Robert S. Dieter
Raymond A. Dieter, Jr
Raymond A. Dieter, Il
Aravinda Nanjundappa
Editors

Critical Limb Ischemia

Acute and Chronic

I €) Springer



Critical Limb Ischemia



Robert S.Dieter « Raymond A.Dieter, Jr
Raymond A.Dieter, Ill < Aravinda Nanjundappa
Editors

Critical Limb Ischemia

Acute and Chronic

@ Springer



Editors

Robert S. Dieter, MD, RVT
Loyola University Medical Center
Maywood, IL, USA

Edward Hines, Jr. VA Hospital
Hines, IL, USA

Raymond A. Dieter, I1I, MD
The University of Tennessee Medical Center
Knoxville, TN, USA

Raymond A. Dieter, Jr., MD, MS
Northwestern Medicine

Central DuPage Hospital

Glen Ellyn, IL, USA

Aravinda Nanjundappa, MD, RVT
West Virginia University
Charleston, WV, USA

Videos can also be accessed at http://link.springer.com/book/10.1007/978-3-319-31991-9

ISBN 978-3-319-31989-6 ISBN 978-3-319-31991-9  (eBook)

DOI 10.1007/978-3-319-31991-9

Library of Congress Control Number: 2016941740

© Springer International Publishing Switzerland 2017

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction
on microfilms or in any other physical way, and transmission or information storage and retrieval, electronic adaptation,

computer software, or by similar or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication does not
imply, even in the absence of a specific statement, that such names are exempt from the relevant protective laws and

regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book are believed
to be true and accurate at the date of publication. Neither the publisher nor the authors or the editors give a warranty,
express or implied, with respect to the material contained herein or for any errors or omissions that may have been made.

Printed on acid-free paper

This Springer imprint is published by Springer Nature

The registered company is Springer International Publishing AG Switzerland


http://link.springer.com/book/10.1007/978- 3-319-31991-9

To my wonderful wife who has been patient and supportive through all my
training and pursuits,

my children who bring a smile to my face every day,

my parents and family who taught me to always strive to do my best,

and to God who makes it all possible.

The Dieters
I dedicate this endeavor to my parents Lakshmidevamma and Nanjundappa

who have been wonderfully supportive of my pursuits, without whom,
none of this would be possible.

Aravinda Nanjundappa



Foreword

As along-term colleague and friend of Raymond A. Dieter, Jr., I applaud the superb contribu-
tions that he and his sons, Raymond A. Dieter, III and Robert S. Dieter, have made to the art,
science, and literature of vascular care. Their careers span the entire gamut of this specialty.
Raymond A. Dieter, Jr., is a pioneer of angiography, endovascular procedures, and hybrid sur-
gical/endovascular procedures. Raymond A. Dieter, III is a cardiothoracic and vascular sur-
geon, and Robert S. Dieter is an interventional cardiologist with an emphasis on vascular
disease. Over the past 7 years, the three of them have produced a series of textbooks designed
to cover all aspects of this subject: Peripheral Arterial Disease (2009), Venous and Lymphatic
Diseases (2011), and Endovascular Interventions (2013). I have had the privilege of writing
the foreword to each of these volumes.

This textbook, Critical Limb Ischemia: Acute and Chronic, complements the previous vol-
umes by addressing the most severe stage of peripheral arterial disease. Unfortunately, critical
limb ischemia (CLI) is one of the most underdiagnosed and undertreated cardiovascular mala-
dies. Patients with CLI have high rates of mortality and morbidity, including limb loss. These
patients often are elderly and have serious comorbid conditions, such as diabetes mellitus,
heart disease, and cerebrovascular disease. Delays in the diagnosis and treatment of CLI are
associated with poor results, including a high incidence of heart attack and stroke. In addition
to taking a heavy human toll, CLI is responsible for increased utilization of medical resources.
As the average age of the Western population continues to rise, the ravages of this disease can
be expected to increase.

In editing this volume, the Dieters were joined by cardiologist Aravinda Nanjundappa. The
result is an outstanding textbook that builds on its predecessors and conforms to their high
standard. As a guide to the diagnosis and successful management of CLI, this work will be an
important resource not only for vascular and endovascular surgeons but also for nonvascular
clinicians, who play a crucial role in the early recognition of CLI and prompt referral for spe-
cialized care.

Houston, TX, USA Denton A. Cooley, MD

Founder and President Emeritus
Texas Heart Institute
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Preface

This textbook, our fourth on vascular disease and fifth medical textbook overall, is focused on
critical limb ischemia. We have purposefully included both acute and chronic conditions in
critical limb ischemia. These two disease processes share many common features, yet are
unique enough in their presentation and treatment that they deserve separation in their diagno-
sis and treatment discussions. It is our intent that one volume that covers both entities will be
a valuable resource to clinicians.

Although once the sole purview of vascular surgeons, the therapeutics of critical limb isch-
emia has been significantly advanced through the multidisciplinary approach to the patient and
disease. Overall, limb and patient care are enhanced by the current group of specialists who
provide care for these patients.

Our book systematically addresses the afflicted patient and the disease process leading to
the very real concern—critical limb ischemia—that may torment the patient, the family, and
the consulting physician. Loss of an extremity, or a portion thereof, is not necessarily a life-
ending process, but it certainly is a debilitating experience whether involvement is of the upper
or the lower extremity.

Depending on the etiology, the list of specialties requiring involvement is long, and the
required multiple specialty disease/patient physician programs become apparent as the disease
progresses. Diabetic, renal, and even oncological consultations are administered concomi-
tantly with the vascular physician, with all working to salvage an extremity, to avoid a prosthe-
sis and lifetime without an arm or leg.

We have included the most frequent as well as the more unusual etiological processes that
may lead to the most dreaded concern of a patient and family—amputation. Atherosclerotic
diseases of the smoker and the diabetic patient, malignancy-induced occlusive disease, and
vasculitic as well as the iatrogenic disorders, while unexpected, are all part of the much larger
etiological group endangering the patient and the extremity.

Physicians face these concerns with recognition of the life and lifestyle changes presenting
to the family and the patient with extremity ischemia. Diagnosis, diagnostic approaches, and
therapeutic options become a major and timely focus for all involved. The multiple disciplines
and specialty recognition of the authors and chapter contributors define the majority of the
disease complex and the goal for salvage whenever possible.

Maywood, IL, USA Robert S. Dieter, MD, RVT
Glen Ellyn, IL, USA Raymond A. Dieter, Jr., MD, MS
Knoxville, TN, USA Raymond A. Dieter, III, MD

Charleston, WV, USA Aravinda Nanjundappa, MD, RVT
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Epidemiology of Acute Critical Limb

Ischemia

Martyn Knowles and Carlos H. Timaran

Introduction

Acute limb ischemia (ALI) is defined as any sudden decrease
in limb perfusion causing a potential threat to limb viability
[1]. The incidence of ALI is 9—-16 cases per 100,000 persons
per year for the lower extremity [2—4] and around 1-3 cases
per 100,000 persons per year for the upper extremity [5].
Etiology includes embolism, in situ thrombosis with coexist-
ing peripheral arterial disease (PAD), graft/stent thrombosis,
trauma, or peripheral aneurysm with embolism or thrombo-
sis. ALI management makes up 10-16% of the vascular
workload for the average vascular specialist. Amputation
and mortality rates are historically high in these patients,
however, with advances in anticoagulation and surgical
therapy that have decreased over time.

Background

Population-based studies have traditionally shown that
3-12% of the worldwide population suffers from PAD [1,
6-8]. It is estimated that approximately 8 million Americans
have impeded lower extremity blood flow, and around half
are symptomatic [9, 10]. Smokers, diabetics over the age of
50, renal failure patients, and those over age 70 are particu-
larly at risk [11-14]. Patients with PAD have a significant
risk of myocardial infarction, cerebrovascular accident, or
death [15, 16]. Symptoms can vary from no symptoms to
pain with walking (intermittent claudication), rest pain, and
subsequently tissue loss. The majority of patients with
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claudication will remain stable at 5 years (70-80 %), with
10-20 % developing worsening claudication and only 1-2 %
progressing to critical limb ischemia [17].

Critical limb ischemia (CLI) is a more advanced state of
arterial occlusive disease, which places the extremity at risk
for loss of function, gangrene, or limb loss. In 2003, more
than 2.5 million Americans had CLI, which resulted in more
than 240,000 amputations in the United States and Europe
[18, 19]. Critical limb ischemia can be split into acute or
chronic and has different etiologies and natural histories.

Acute limb ischemia (ALI) refers to an abrupt cutoff in the
circulation to an extremity —in the absence of trauma or iat-
rogenic injury—caused by either embolism or thrombosis
Cases of CLI with onset <14 days are deemed acute. The sig-
nificance of ALI is seen in the high limb loss and mortality
rates, thus early recognition and treatment is essential to
salvage the ischemic extremity [20].

Incidence and Prevalence of Acute Limb
Ischemia

The true incidence of ALI is difficult to ascertain. Much of the
literature is historical data with no recent updates and has been
summarized in multiple texts [21, 22]. Scandinavia has been
pivotal in population data regarding ALI In 1984, Dryjski and
Swedenborg [3] investigated the incidence of lower extremity
ALI in Stockholm, with a population around 1.5 million. They
found an overall annual incidence of nine per 100,000 people.
This incidence was related to age; 0.4 per 100,000 for those
20-30 years old, with a peak incidence of 180 per 100,000 in
patients over 90. More recently, the Swedish Vascular Registry
identified the national incidence of ALI to be 13 per 100,000
people in 1998 [3]. Ljungman et al. focused on temporal
trends in ALI over a 19-year period from 1965 to 1983 in
Uppsala. They showed an annual increase in ALI from 2.7 to
3.9 %, which remained after age adjustments were made with
a 2.7 % annual increase in men [23]. This increase over time
was felt to be likely due to an aging population.

R.S. Dieter et al. (eds.), Critical Limb Ischemia, DOI 10.1007/978-3-319-31991-9_1
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The other major epidemiological data for ALI have
originated from British studies. Clason et al. showed in 1989
the incidence for lower extremity ALI in an area of Scotland
to be 3.7 per 100,000 [24]. Later, the incidence was assessed
from the entire county of Gloucestershire, England, from a
single year in 1994. All data was prospectively gathered
including hospital and general practice records, for a total
population of 540,000. They found that the incidence during
that period was one per 7000 and rose to one per 6000 when
bypass grafts were included (14.3 per 100,000 and 16.7 per
100,000, respectively) [4].

Acute upper limb ischemia accounts for 16.6 %, approx-
imately one-fifth of all ALI [5]. Upper extremity ALI
occurs with an incidence of 1.2-3.5 cases per 100,000 peo-
ple per year; however, this estimate is an underestimation
as it only includes those that underwent intervention [5].
Dryjski and Swedenborg identified a risk of 1.13 per
100,000 people that included all admissions to the hospital.
The patients who develop upper extremity ischemia tended
to be slightly older than those with lower extremity ALI,
with mean ages of 74 compared to 70 [25], and have a
higher ratio of female to male at 2:1. The female to male
preponderance was noted in a Danish study over a 13-year
period that showed the incidence of upper extremity throm-
boembolectomy was 3.3 per 100,000 person-years among
men and 5.2 per 100,000 person-years among women;
however, they did not look at any patients that underwent
conservative management [26].

Presentation

Campbell et al. showed that 75 % of patients with ALI pre-
sented from home, with 10 % coming from another ward or
8 % from another hospital [27]. Only 3 % presented from a
nursing home. They additionally noted that 14 % of ALI
patients presented with bilateral lower extremity ischemia
and that a similar number of left and right legs were affected.
Furthermore, Campbell et al. showed that 40 % of patients
had a delay in presentation with equal numbers due to
patient, primary care physician, and transport delays [27].
Thirty-five percent had a delay in referral to a vascular spe-
cialist. There does not appear to be a significant seasonal
variation with ALI; however, there is a trend toward a higher
presentation in the winter [28].

Table 1.1 Classification of acute limb ischemia

Patients with ALI present in different stages of severity.
Three stages were developed for ALI standardization
(Table 1.1) [29]. Stage I is termed “viable.” The limb is not
immediately threatened, without continuing ischemic pain,
without neurologic deficit, and clear audible arterial signal in
the pedal arteries. Stage II is termed “threatened.” Within this
stage there are two levels, split for managing therapies. Stage
ITa is marginally threatened and IIb is immediately threat-
ened. Neither have clear audible signals in the pedal arteries.
Those patients in Ila will have transient or minimal sensory
loss which is usually limited to the toes. Those in IIb have
persistent ischemic rest pain, sensory loss above the toes, and
any motor disturbance. Stage III is termed “irreversible.”
These patients have permanent neuromuscular damage with
profound sensory loss and muscle paralysis, absent venous,
and capillary flow distally. Typically there are skin changes
such as skin marbling and muscle. The distribution of the
stages of ALI at presentation is shown in Fig. 1.1 [1].

Etiology

The etiology of lower extremity ALI is traditionally either
embolism, in situ thrombosis with preexisting peripheral arte-
rial disease (PAD), graft/stent thrombosis, trauma, or periph-
eral aneurysm with embolism or thrombosis. The frequency
of these etiologies is shown in Fig. 1.2 [1, 27]. The timing of
presentation depends on the severity of ischemia, which is
linked to the etiology. Patients with embolism, trauma, and
popliteal aneurysms present early (hours), compared to those
with in situ thrombosis presenting later (days) [1].
Reconstructions—either bypass grafts, stents, or angioplasty

@B Category | Viable
@3 Category Il Threatened
@3 Category Il Nonviable

Fig. 1.1 Categories of ALI on presentation. Data from Norgren
etal. [1]

Ischemic stage Sensory deficit Motor deficit Arterial signal Venous signal Treatment

Stage 1 Absent Absent Audible Present Urgent workup
Stage 2a None—minimal Absent Absent (often) Present Urgent surgery
Stage 2b Moderate Mild —moderate Absent (usually) Present Emergent surgery
Stage 3 Profound Profound Absent Absent Amputation

Data from Rutherford et al. [29]
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Fig.1.2 Etiology of acute
limb ischemia. Data from
Norgren et al. [1] and
Campbell et al. [27]

Table 1.2 Differential diagnosis of the mechanism of ALI

Embolism Thrombosis

Atherosclerotic heart disease Atherosclerosis

Coronary heart disease Low-flow states

Acute myocardial infarction
Arrhythmia
Valvular heart disease

Congestive heart failure

Hypovolemia

Hypotension

Rheumatic Hypercoagulable states
Degenerative Vascular grafts
Congenital Progression of disease
Bacterial Intimal hyperplasia
Prosthetic Mechanical
Artery to artery Arterial plaque rupture
Aneurysm Trauma
Atherosclerotic plaque Aortic/arterial dissection
Idiopathic HIV arteriopathy
Iatrogenic Arteritis with thrombosis
Paradoxical embolus Popliteal adventitial cyst with
thrombosis
Trauma Popliteal entrapment with
thrombosis
Other Vasospasm with thrombosis
(e.g., ergotism, cocaine)
Air External compression
Amniotic fluid latrogenic
Fat
Tumor
Chemicals
Drugs

Data from Norgren et al. [1] and O’Connell et al. [30]

sites—can present early or late given whether it is an acute
thrombosis or in situ thrombosis with neointimal hyperplasia
or atherosclerosis. This timing of presentation is generally
related to the presence of or lack of collateral flow, something
chronic PAD that typically affords individuals over time. The
other differential diagnosis for ALI is shown in Table 1.2
[1, 31]. The typical sites for ALI involvement are shown in
Table 1.3 [21, 32].

Upper extremity ALI in contrast to acute lower extremity
ALL is almost all from embolism, between 72 and 90 % [5].
This is likely due to the relative absence of atherosclerosis in

Cause of ALI

In-situ Thrombosis (41%)

Embolism (38%)

Occlusion of bypass/intervention (15%)
Thrombosis of popliteal aneurysm (3%)
Trauma (2%)

latrogenic (2%)

oR0mem

Table 1.3 Mechanism of acute limb ischemia according to anatomic
location

Sites of limb ischemia Embolism (%) Thrombosis (%)
Axillary artery 3 0
Brachial artery 14 3
Aortic bifurcation 3 9
Tliac bifurcation 9 16
Femoral bifurcation 57 53
Popliteal artery 14 19

Data from Hallett et al. [21] and Dryjski et al. [32]

the upper extremities. The heart is the usual source of the
embolism, ranging from 58 to 93 %, and atrial fibrillation is the
usual etiology [5]. Although the source of the atrial fibrillation
has changed from valve disease to ischemic heart disease or
myocardial infarction, the incidence has remained relatively
unchanged. Other rare causes include atrial myxoma, ventricu-
lar aneurysm, cardiac failure, and paradoxical embolus.

Changing Patterns

Over the last 30 years, there has been a change in the pattern of
etiology for ALIL Dryjski et al. identified that 81 % of the cases
they saw in their patient population were embolic, and 19 %
were thrombotic [3]. In the most contemporary data, embolism
now only accounts for 14 % of all cases of ALI [33, 34].

The reasons that arterial embolism has decreased in inci-
dence are multifactorial. There has been a relative decrease
of rheumatic fever and subsequently rheumatic heart disease
(RHD) in the developed world, though it is still a significant
cause of cardiovascular morbidity and mortality in the young
in the less developed world. Additionally, aggressive surgi-
cal management of rheumatic heart lesions has increased the
lifespan and decreased cardiovascular sequelae from RHD.
Furthermore, advances in the management of cardiac valve
disease and anticoagulation for atrial fibrillation have vastly
decreased the number of cardiac embolisms.

Because of the higher prevalence of PAD and an increasingly
aging population, arterial thrombosis has increased over time.
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Current studies show as little as 9% of ALI cases being
caused by embolism [35]. This has, however, not been an
acute change with evidence in the decline of embolism since
the 1980s. SWEDVASC, the Swedish Vascular Registry,
showed a decline of embolism over time from 65 to 43 %
(Fig. 1.3) [36]. A British study evaluated the management of
ALI in 1998 and found that 41 % were from thrombosis in
situ, 38 % from embolism, and 15% from graft or angio-
plasty occlusion [27]. Luther and Albéck evaluated the popu-
lation of Helsinki between 1980 and 1991, reporting
increases in the frequency of thrombosis by 91 % and graft
occlusions by 130 %, with no change in the incidence of
embolism [37].

Current data supports this shift in etiology over time.
Ouriel et al. compared the use of urokinase versus surgical
intervention for ALI, with thrombosis being the main indica-
tion for treatment in 85.6 % and embolism in 14.4 % [33].

80- I Embolism
@ Thrombosis

60-

"qc'; . e

© 40-

[+}]

o
20-

"1987 1988 1989 1990 1991 1992 1993 1994 1995
Year

Fig.1.3 Change in the pattern of embolic and thrombotic disease over

time. Data from Bergqvist et al. [36]

Fig. 1.4 Changes in the
pattern of ALI etiology

latrogenic
Trauma

Thrombosis

Thrombosed popliteal aneurysm
Occlusion of bypass/intervention

Byrne et al. showed the indication for intervention for ALI:
thrombosed bypass (36.4 %), thrombosed stent (26.6 %),
native artery thrombosis (24 %), embolization (14.3 %), and
thrombosed popliteal aneurysm (3.2 %) [34]. These more
current studies show a modern incidence of around 14 % for
embolism, a stark contrast from 81 % in the 1980s (Fig. 1.4).

Natural History

Mortality for lower extremity ALI ranges from 15 to 20 %
[1]. Major morbidity includes bleeding in 10-15 %, major
amputation up to 25%, fasciotomy in 5-25%, and renal
insufficiency in up to 20 %. Campbell et al. evaluated the
results from a Vascular Surgical Society of Great Britain and
Ireland survey looking at ALI results after 30 days. Thirty-
five percent (35 %) had died in the follow-up period of 2
years [38]. The cause of death was thromboembolic in 28 %
including myocardial infarction (15.5%), limb ischemia
(5.6 %), stroke (4.2%), and mesenteric infarct (2.8 %).
Further causes of death included cardiac failure (7 %), malig-
nant disease (14.1 %), and ruptured abdominal aortic aneu-
rysms (2.8 %). Twenty-seven percent (27 %), however, had
an unknown cause of death. Further ALI was noted in 11 %
of patients; vascular intervention was required in 11% of
patients including open surgery, angioplasties, and thrombo-
lytic therapy. Amputation was noted in a further 11% of
patients. Of the patients who represented with ALI, 62 %
required amputations. Survival rates after ALI depend on the
etiology. The 5-year survival rate after embolism was 17 %
and after thrombosis was 44 %. This was likely related to an
older patient age and higher cardiac risk in the embolism
group [30]. Age also appears to affect survival, with older
patients doing significantly worse than younger patients.
In patients over the age of 80 years, there was an operative

Embolism g 1080's
ml 1990's
[ 2000's

Embolism
In situ thrombosis

Thrombosed popliteal aneurysm
Embolization

Native artery thrombosis
Thrombosed stent

Thrombosed bypass
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Percent
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mortality of 50 %; this is in contrast to 5 % in those under the
age of 60 [3].

Acute limb ischemia appears to be a slightly more benign
event than lower extremity ALI. Conservative management
was undertaken prior to the ability to perform an embolec-
tomy. All patients that had upper extremity ALI maintained
their arm without the need for amputation, and in hospital
mortality was 17% [39, 40]. Operative mortality has
improved with the use of thromboembolectomy; however,
there has been little contemporary data evaluating conserva-
tive management.

Results with Intervention

With surgical intervention, morbidity and mortality have tra-
ditionally been high. In 1948, a series from Massachusetts
General Hospital showed an amputation rate of 71 %, with
mostly conservative management [39]. In those that received
heparin, 38 % underwent amputation. These poor results
early on and the introduction of anticoagulants ushered in
nonsurgical management with similar results between anti-
coagulation and surgery [41]. A later review from the same
investigators at Massachusetts General Hospital showed an
earlier referral for treatment, subsequent higher surgical
treatment, and limb survival of 86 % [42]. Over later years in
the 1960s and 1970s, there were increasing numbers of arte-
rial embolectomies after the introduction of a balloon-tipped
catheter. In the early experience with embolectomies, only
23 % survived without amputation [43]. In a later experience
over 20 years in Sweden, ending in 1999, 1-month survival
without amputation was 55% with arterial embolectomy
[44]. Kendrick et al. identified similar mortality and amputa-
tion rates and were related to the timing of embolectomy
[45]. If the patient was operated on within 6 h of the onset of
symptoms, mortality was 15 % and the amputation rate was
4 %. In those that were operated on after 12 h, the mortality
rate was 48 % and the amputation rate was 52 %.

With increasing advances in anticoagulation, long-term
use of anticoagulation, and operative techniques, operative
mortality has improved. In 1998, operative mortality for
embolism was 17 % and was 14 % for thrombosis [30]. More
recent results show a survival rate of 84 % at 1 year after inter-
vention with a major amputation rate of 15 % [34]. The peri-
procedural amputation rate was lower at 6.4%. Time to
presentation was noted to be associated with worse outcomes.
The risk of amputation was four times higher if presentation
was more than 25 h after the onset of symptoms [36].

Thromboembolectomy is the treatment of choice for ALI
from embolism. Amputation rates have been 0-8 % since the
introduction of the embolectomy balloon with a mortality rate
up to 20 %. Recent data suggests a 0-3 % risk of amputation
and 0—4.8 % risk of death [26, 46—48]. There is a risk of stroke

with upper limb embolectomies of up to 19 % [26]. Greater
than 95 % of patients are symptom free after embolectomy,
but over time up to 50% can develop claudication [49].
Recurrent embolization can occur in around 10 % of people
who are anticoagulated and 1/3 of those who are off antico-
agulation, most likely due to continued atrial fibrillation [50].
Recurrent episodes are associated with higher mortality.

Summary

Acute limb ischemia is a harbinger of significant morbidity
and mortality. Despite advances in the medical and surgical
treatment over the last century, limb amputation and mortality
remain high. Furthermore, long-term follow-up of patients
after ALI show a significant risk of cardiovascular morbidity
and loss of life. The etiology for lower extremity ALI has
changed over the last 30 years, with a decrease in the rate of
embolic events, likely related to aggressive anticoagulation
for valvular and cardiac complaints. Embolism remains the
predominant cause of upper extremity ALI. Vascular inter-
vention for ALI is a significant part of any vascular practice
and is likely to increase in an aging population. Expeditious
presentation and operative management, whether with open
or endovascular techniques, yield the best results.
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Epidemiology of Chronic Critical Limb

Ischemia

Akhil Gulati, Lawrence Garcia, and Subasit Acharji

Introduction

Peripheral artery disease (PAD) is often referred to as a con-
tinuum of disease of occlusive arterial syndromes that can
range from asymptomatic obstructive disease through occlu-
sive disease requiring amputation. This entire spectrum of
PAD has prevalence as high as 20 % of the general popula-
tion [1]. This spectrum becomes more progressive and symp-
tomatic as the disease causes an imbalance of distal perfusion
pressure to the tissue and metabolic demands within that tis-
sue. On the latter end of this continuum, chronic critical limb
ischemia (CLI) has a prevalence that is more difficult to
define and is quite variable in the published literature. Unlike
asymptomatic PAD or exertional claudication, CLI occurs
with inadequate perfusion at rest [2].

Like most of the terminology of peripheral vascular dis-
ease, the definitions of CLI have evolved over the years, with
first an increasing need to classify the entire continuum of
PAD, the need to further classify those undergoing surgical
procedures, and then to include more objective measures as
well as the clinical presentation. In this chapter, we will dis-
cuss the epidemiology of CLI. We will present the historical
background of CLI and the risk factors along with its clinical
presentations and then after the epidemiology and preva-
lence of CLI along with its risk stratification and prognostic
data before discussing the socioeconomic impact of this
disease.
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Definition of Chronic Critical Limb Ischemia

The definition of CLI has evolved over time. It has been clas-
sically defined as greater than 2 weeks of extremity rest pain,
ulcers, or extremity gangrene, secondary to objectively
proven peripheral artery disease. In its most extreme case,
CLI can lead to limb loss [1, 2].

Several criteria are often used for objective evidence of
CLI, but most commonly involve: (a) ankle-brachial index
(ABI) of 0.4 or less, (b) ankle systolic pressure of 50 mmHg
or less, (c) toe systolic pressure of 30 mmHg or less, (d) toe-
brachial index (TBI) of 0.25 or less, and (e) reduced supine
forefoot transcutaneous oxygen pressure (TcPO2) less than
30 mmHg [3, 4]. Although not an exact definition, CLI
would be seen as corresponding with stages III and IV of
Fontaine Classification and categories 4 through 6 of the
Rutherford classification system [5, 6] (see Table 2.1).

While the Fontaine and Rutherford classification systems
originally were implemented to categorize peripheral arterial
disease by symptoms several decades ago, objective criteria
were adapted as technology has developed and several consen-
sus documents have then evolved the definition of CLI [7].

The first consensus document was the Second European
Meeting Consensus Document on CLI (1991) that used two
definitions for CLI based on clinical use and on research use
[4] as written below:

1. CLI, in both diabetic and nondiabetic patients, is defined
by either of the following two criteria:

a. Persistently recurring ischemic rest pain requiring
regular adequate analgesia for more than 2 weeks with
an ankle systolic pressure <50 mmHg and/or toe systolic
pressure <30 mmHg

b. Ulceration or gangrene of the foot or toes, with an
ankle systolic pressure <50 mmHg or toe systolic
pressure <30 mmHg

2. A more precise description of the type and severity of

CLI is also necessary for the design and reporting of

R.S. Dieter et al. (eds.), Critical Limb Ischemia, DOI 10.1007/978-3-319-31991-9_2



10
Table 2.1 Fontaine’s stages and Rutherford categories for lower limb
symptom classification

Fontaine’s stages Rutherford categories

Clinical
Stage | presentation Grade | Category | Clinical presentation
1 Asymptomatic 0 0 Asymptomatic
Ila Mild claudication |1 1 Mild claudication
1Ib Moderate to severe 2 Moderate
claudication
Claudication 3 Severe claudication
1 Ischemic rest pain | II 4 Ischemic rest pain
v Ulceration or 11T 5 Minor tissue loss
gangrene

6 Major tissue loss

clinical trials. In addition to the above definition, the

following information is also desirable:

a. Arteriography to delineate the anatomy of the large
vessel disease throughout the leg and foot

b. Toe arterial pressure in all patients, including those
who are not diabetic

c. A technique for quantifying the local microcirculation
in the ischemia area (e.g., capillary microscopy, trans-
cutaneous oxygen pressure [TcPO2], or laser Doppler)

There has been some debate on the value of ankle pres-
sures. However these definitions have been generally agreed
upon as the threshold to be used.

The next large summary consensus was the Trans-Atlantic
Inter-Society Consensus (TASC) Document on Management
of Peripheral Arterial Disease (2000) that did continue the
method of having a clinical definition, as well as a research
definition. It also changed the thresholds for some of the
objective criteria [8]:

1. Clinical definition of critical limb ischemia (CLI): The
term critical limb ischemia should be used for all patients
with chronic ischemic rest pain, ulcers, or gangrene attrib-
utable to objectively proven arterial occlusive disease.
The CLI implies chronicity and is to be distinguished from
acute limb ischemia.

2. Trials and reporting standards definition of CLI: A rela-
tively inclusive entry criterion is favored, the aim being to
ensure that the ulceration, gangrene, or rest pain is indeed
caused by peripheral arterial disease and that most would
be expected to require a major amputation within the next
6 months to a year in the absence of a significant hemody-
namic improvement. To achieve this, it is suggested to use
absolute pressures of either ankle pressure <50-70 mmHg
or toe pressure <30-50 mmHg or reduced supine forefoot
TcPO2 <30-50 mmHg.

Here, there is an emphasis on CLI being defined by
symptoms and showing objective-proven arterial occlusive
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disease. The thresholds for ankle pressure were raised,
possibly to answer some of the critics of the 1991 European
Consensus Document. However, the toe pressure and TcPO2
pressure thresholds were also raised.

The ACC/AHA created practice guidelines in 2005 for
management of patients with peripheral artery disease and
also addressed the definition of CLI using some of the other
consensus statements [9]. It uses the TASC clinical definition
as above and points out that most vascular clinicians would
define CLI as those patients in whom the untreated natural
history would lead to a major limb loss within 6 months [9].

The most recent consensus statement is the TASC
Document that was updated (TASC II 2007) that simplified
the definition: “The term critical limb ischemia should be
used for all patients with chronic ischemic rest pain, ulcers or
gangrene attributable to objectively proven arterial occlusive
disease. The term CLI implies chronicity and is to be distin-
guished from acute limb ischemia” [3]. It also stresses that
ischemic rest pain will most often occur with ankle pressures
<50 mmHg and toe pressures <30 mmHg but that in situa-
tions where healing is needed (if a venous or traumatic ulcer
is not healing well due to poor arterial flow), often ankle
pressures less than 70 mmHg and toe pressures less than
50 mmHg are insufficient [3]. There is not complete consen-
sus as to the objective vascular parameters to be used for
CLI, but the thresholds we have mentioned are the most
commonly used in various clinical practices, as well as for
various research articles and publications.

CLI is most often caused by, and associated with, obstruc-
tive atherosclerotic arterial disease. While most risk factor
modification, research, and focus are on this disease process,
it is important to note that since CLI results from the imbal-
ance between supply of nutrients and metabolic demand in
distal tissues, there are other causes that can result in
CLI. Other causes can include atheroembolic/thromboem-
bolic disease, thrombosis resulting from hypercoagulable
states, vasculitides, thromboangiitis obliterans, cystic adven-
titial disease, Buerger’s disease, thoracic outlet syndrome,
popliteal entrapment syndrome, trauma, and more [9, 10].
There are also multiple risk factors to CLI as well as contrib-
uting factors to the acceleration of the disease process that
will be addressed elsewhere.

Epidemiology of Chronic Critical Limb
Ischemia

Peripheral arterial occlusive disease has been well studied
over the last several decades with most research dealing with
symptomatic disease, including intermittent claudication
through the extreme of limb loss. It has been noted that there
is a prevalence of 8—10 million Americans who suffer from
arterial occlusive disease [3]. While the reported prevalence
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of peripheral arterial disease (PAD) may depend on the
particular population studied, and the modality used to diag-
nose it (subjective and objective criteria), if one uses PAD to
be defined by an ankle-brachial index of <0.90, then it may
likely be present in up to 4-10 % of patients in the USA and
Europe [11-13] and involving a prevalence of an estimated
27 million people in those same areas [14].

There is widespread data about the incidence and preva-
lence of PAD as an entity; however, there is limited data
regarding chronic critical limb ischemia. It is difficult to
obtain specific epidemiologic data for CLI for several rea-
sons [7]. First, the identification of CLI is more difficult than
identifying some other conditions (like PAD as defined by
ABI <0.90). As stated above, a general definition that most
clinicians use is by attributing rest pain, ulcers, or extremity
gangrene to a peripheral arterial occlusive disease, and that
lasts longer than 2 weeks. This requires a level of proficiency
and diagnostic assessments that are not often readily avail-
able in large epidemiological studies [7].

Secondly, as noted, the definition of CLI has evolved over
time. There is a heterogeneity of many studies using differ-
ent definitions and often without the objective parameters to
define that CLI has been published. There are often major
differences between the various studies that can make the
data inconsistent. Lastly, the actual numerical epidemiologi-
cal data that is usually used and cited is often inferred from
other markers, such as the incidence of amputations (which
assumes that a quarter of CLI patients undergo this proce-
dure). Data is often presented from assumptions of the natu-
ral history of PAD (i.e., perhaps the estimate that 5-10 % of
patients with either asymptomatic PAD or claudication will
go on to become CLI at 5 years time) [3, 7].

An Italian study by Catalano et al. tried to confront the
difficult problem of getting accurate epidemiological data
for CLI [15]. The study used three different methods to
obtain data. They first created a prospective study on the
incidence of CLI in 200 patients who had been suffering
from claudication and in 190 controls that showed an inci-
dence of 450 per million people per year for CLI and 112 per
million people per year for amputations in those above the
age of 45. They also did a 3-month prospective study on CLI
hospitalizations in a sample of hospitals in Lombardy, Italy
(Northern Italy region), that showed an incidence of 642 per
million people per year for CLI and 160 per million people
per year in those over the age of 45. Lastly, they also looked
at the number of amputations performed in hospitals of two
regions (6 years in Lombardy and 2 years in Emilia Romagna)
that showed an incidence of 577 per million people per year
for CLI and 172 per million people per year for amputations
in Lombardy and 530 per million people per year for CLI
and 154 per million people per year for amputations in
Emilia Romagna. Interestingly, the results revealed an
incidence of both CLI and amputation rates that were lower

n

than expected, with authors suggesting this to be explained
by the area of Italy studied being one with a known high rate
of “cardiovascular protection” [15].

While epidemiological data may be difficult to obtain,
compare, and contrast, much of the data that is available is
still fairly useful and reveals the scope of the disease, the
natural history of PAD, and the serious effects of CLI and the
socioeconomic impact of this disease.

The TASC II guidelines have estimated that the incidence
of CLI, as inferred from the natural history of PAD and
amputation rates, is approximately 500—1000 per million per
year in a European or North American population (150,000
cases per year in the USA) [3]. As noted, some of the large
prospective population studies have shown an incidence of
220 new cases per million per year in the general population
[15, 16]. The prevalence of CLI is often estimated between
0.5 and 1.2 % in various studies and registries. One particular
European cross-sectional study done in Sweden used an age-
standardized randomly selected population sample of men
and women aged 60-90 years with 5080 subjects included
(64 % participation rate) to answer questionnaires on medi-
cal history, medication, and symptoms as their ABI was also
measured [17]. The study also gave special attention to criti-
cal limb ischemia and gender differences. The prevalence of
CLI was found to be approximately 1.2 %, with women
having a slightly higher prevalence than men (1.5 % vs 0.8 %,
p<0.008), although other studies may show the opposite.
This study also showed that prevalence of CLI increased as
age increased, as one would expect.

In attempting to determine the prevalence of CLI and the
risk factors associated with developing CLI, the largest pub-
lished population study was done in Norway (HUNT 2
Study) between 1995 and 1997 with a questionnaire for the
20,291 participants between the age of 40 and 69 that was
specifically aimed at identifying CLI [18]. Questionnaires
were sent to all patients over age 20, but the focus was on
those 40—69 years of age, and thus the study population con-
sisted of 9640 men and 10,651 women. For the purpose of
the study, CLI was defined as having ulcers on toes, feet, or
ankles that have failed to heal or persistent pain in the fore-
foot while in the supine position but with relief of the pain
when standing up. The study revealed a prevalence of CLI in
this population of 0.24% (0.26 % for men and 0.24 % for
women), with the age-adjusted prevalence of CLI increasing
with age as expected. Tobacco use conferred a 2.3 times
increased risk of CLI compared to those participants who
never smoked, and diabetes mellitus conferred a 4.4 times
increased risk of developing CLI compared to the general
population. Other risk factors that were independently asso-
ciated with increased risk of CLI included older age, elevated
total cholesterol, elevated serum triglyceride, higher body
mass index (BMI), and angina. The prevalence of CLI was
found to be 2500 per million inhabitants, similar between
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both genders and increasing with age. The study did note,
however, that it may be easier and necessary to identify CLI
by symptoms and clinical signs (rather than with objective
measurements). This does cause drawbacks where one may
include patients with non-PAD ulcers or pain in the CLI cat-
egory. The study may also include some patients with acute
limb ischemia (ALI) in the CLI category by the questions
that were used in the questionnaire.

Another study was a population-based, prospective cohort
study of the comparative value of modern risk stratification
techniques for cardiac events and studied 4814 subjects aged
45-75 [19]. As part of this study, PAD was assessed by
obtaining ABI and peak ankle artery pressures for all
patients, and this data was used (along with patient acknowl-
edging a history of specific PAD or CLI) to determine preva-
lence. In this study, CLI was considered present if the highest
ankle artery pressure measured <70 mmHg. The prevalence
of CLI in this population was 0.11 % with a trend toward
increased association with age. The study did have some
limitations that may have lowered the prevalence by not
including some of the more severely ill subjects, not includ-
ing the subjects that could not get an ABI performed (patients
with ulcers or wounds that would already qualify them as
CLI subjects) and the overall low response rate that may
have been a selection bias against CLI, as well.

The TASC 1I study noted that 5-10% of patients with
asymptomatic PAD or claudication will progress to CLI
within 5 years. Up to 1-3 % of patients with PAD present
initially with CLI [3]. This group is often characterized as
patients who are older or sedentary and thus have not exerted
themselves to get claudication symptoms. Also, these are
often patients with sensory neuropathy or patients with other
medical issues such as heart failure. Some studies have
shown that possibly half of CLI patients in the general popu-
lation may not have any PAD symptoms even 6 months prior
to the onset of clinical CLI [7, 20].

CLI is the initial clinical presentation in only 1-3% of
PAD cases, although arteriographic progression has been
documented in up to 60 % of PAD patients after 5 years of
follow-up. Other studies have shown that 40-50 % of those
affected present with atypical leg pains, 10-35 % with inter-
mittent claudication, and 20-50 % with no symptoms at all
[9, 21].

One of the studies that attempted to show the natural his-
tory of those with intermittent claudication was the Edinburgh
Artery Study in 1988, where 1592 participants between ages
55 and 74 were randomly selected and the presence of PAD
was determined by questionnaire on claudication, ABI and a
reactive hyperemia test. This cohort was then followed over
5 years for subsequent vascular events. In this cohort, 116
new cases of claudication were identified, and of those 4.1 %
underwent vascular surgery/arterial reconstruction, 4.1%
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underwent amputation, and 1.4 % developed leg ulceration at
5 years time [22]. Limitations in this study were the small
incidence noted of intermittent claudication in the population
and the variable regional practices regarding when to per-
form amputation.

A much larger and longer study was done over a 15 year
period by Aquino et al. who collected data on 1244 men with
intermittent claudication with a mean follow-up of 45 months
(with some statistically valid data followed for as long as
12 years) [23]. The group collected data on demographics,
clinical risk factors, ABI and serially followed ABI, self-
reported walking distance, and monitored patients for isch-
emic rest pain and ischemic ulceration. Results revealed that
ABI declined an average of 0.014 per year. The cumulative
10-year risk of development of ischemic ulcers was 23 %, and
the 10-year risk of ischemic rest pain was 30 %. Lower ABI
and diabetes mellitus were identified as significant predictors
of ischemic ulcers, with smoking added as a predictor as well
for ischemic rest pain. The study was limited by only follow-
ing amale population (study done at a Veterans Administration
Center), and there was possibly a selection bias (in that it may
be likely that sicker patients were the ones referred to the
vascular lab). Of note, the study also identified a particularly
higher risk of limb event subset of patients who were diabetic
with ABI<0.3 [24, 25].

Risk Factors, Stratification, and Prognosis
of Chronic Critical Limb Ischemia

Chronic critical limb ischemia (CLI) is the result of athero-
sclerotic peripheral arterial occlusive disease and thus shares
many of the same risk factors of atherosclerotic disease in
other vascular territories. The risk factors include hyperten-
sion, hypercholesterolemia, cigarette smoking, and diabetes
mellitus. The latter two are more strongly associated with pro-
gressive CLI than others [3]. Diabetic patients develop early
onset and more rapidly progressive disease with the involve-
ment of distal vessels. The aorta and iliac arteries are relatively
spared when compared to profunda femoris and popliteal and
tibial arteries, which may be less amenable to revasculariza-
tion, thus along with presence of diabetic neuropathy leads to
higher rates of amputation compared to nondiabetic. Similarly
among smokers, the risk of developing CLI increases directly
proportionally to the amount of cigarettes smoked [26].

Transcutaneous oxygen tension (TcPO2), determined by
blood flow and arterial oxygen tension (PaO2), can be a
marker of total distal runoff (arterial and arteriolar runoff) or
perfusion reserve in forefoot and may predict changes in
blood flow to an extremity when flow is severely restricted
[27]. Recently a risk stratification tool based on TcPO2 has
been suggested [7]:
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e Degree 1: 10 mmHg<forefoot TcPO2<35 mmHg in
supine position

* Degree 2: forefoot TcPO2 <10 mmHg in supine position
but clear improvement (<40 mmHg) in sitting position or
under oxygen inhalation

e Degree 3: forefoot TcPO2 <10 mmHg in supine position
and inadequate or no improvement (<30—40 mmHg) in
sitting position or under oxygen inhalation

e Degree 4: forefoot TcPO2 <10 mmHg in supine and in
sitting position and/or under oxygen inhalation (very poor
prognosis)

While a quarter of ),patients presenting with CLI are alive
without clinical CLI and major amputation at one year,
20-25 % of patients will have died, 25-30 % will have had
major amputation, and 20 % will still be in CLI state [3].

Socioeconomic Impact of Chronic Critical
Limb Ischemia

Patients with CLI experience a rapid functional decline and
6 min walk performance [28]. The functional impairment
affects quality of life and may lead to depressed mood [29].

The financial burden of caring for patients with CLI is
sobering. While the yearly cost of clinical care of a patient
with CLI was $43,000 per patient in 1990 [30], the cost of
surgical revascularization for CLI was £23,322 sterling in
BASIL trial [31]. Although there is an initial cost saving with
endovascular revascularization of CLI when compared to
surgical option, higher rates of subsequent revascularization
offsets the cost advantage later [31, 32]. Ultimately, the
yearly cost of managing a patient with CLI undergoing
amputation is actually double that of undergoing a limb salvage
procedure [30].

Conclusion

Chronic critical limb ischemia is a vastly important disease
process and part of the peripheral arterial occlusive disease
spectrum. Much of our data regarding vascular disease covers
the entire continuity of PAD as a whole, but there is more lim-
ited data regarding the distinct process of CLI. This may often
be due to the difficulty and evolution of the CLI definition over
the years, including subjective and objective descriptions of
the disease. However, there is data that can be used in either
population studies as well as inferred data from natural history
of PAD and data from both surgical and endovascular studies
that extrapolate CLI. Understanding the scope of CLI allows
us to not only improve our diagnostic abilities but also our
treatment including prevention. Understanding the devastating
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effects of the end-stage vascular disease as a social effect, as
well as economic effect, will also allow us to further determine
cost-effective treatment (medical, endovascular, and surgical)
and rehabilitation.
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Classification Systems for Acute
and Chronic Limb Ischemia

Taishi Hirai, Amit S. Dayal, Rie Hirai, Timothy E. Tanke,

and Robert S. Dieter

Anatomic Classifications

Joint Endovascular and Noninvasive
Assessment of Limb Perfusion (JENALI)
Classification

JENALLI scoring system divides each tibial vessel (anterior
tibial artery, posterior tibial artery, and peroneal artery) into
proximal, mid-, and distal segments [1]. The segment is con-
sidered patent and assigned a score of 1 if contrast is visual-
ized within the vessel. If the segment is occluded, it is
assigned a score of 0. The segment will be considered patent,
so long as there is constant contrast line regardless if it fills
through direct antegrade flow or indirect retrograde flow. A
maximum score of 9 signifies that all the tibial vessels are
patent, and a minimum score of 0 signifies that none of the
segment is angiographically patent. The strength of the scor-
ing system lies in its simplicity [1].
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Angiosomes

In 1987, Dr. Taylor, the anatomist and plastic surgeon,
introduced the angiosome concept, separating the body into
distinct three-dimensional blocks of tissue fed by source
arteries [2]. Angiosomes of the foot are defined by different
branches of the three main arteries (Fig. 3.1) [3, 4]. The ante-
rior tibial artery supplies the anterior ankle which turns into
the dorsalis pedis and subsequently supplies the dorsum of
the foot. The posterior tibial artery supplies the heel through
the calcaneal artery, instep through the medial plantar artery,
while the lateral plantar artery supplies the lateral midfoot
and forefoot. The peroneal artery breaks off into two seg-
ments which are the anterior perforating branch which sup-
plies lateral anterior portion of the ankle and calcaneal
branch which supplies the plantar portion of the heel.

TransAtlantic Inter-Society Consensus (TASC)
Document Il Classification

The foundations for TASC were laid in 2000 in an attempt to
discuss how to treat arterial disease [5]. In an attempt to dis-
cuss key aspects of diagnosis and management, update the
research, and provide more emphasis on management for the
population with diabetes, the TASC group reconvened and
updated the guideline in 2007 (TASC II system) [6]. TASC II
system has graphically presented and thus is more easily and
uniformly applied. Classifications of aortoiliac lesions and
femoral-popliteal lesions are summarized in Figs. 3.2 and 3.3,
respectively.

Endovascular therapy is the treatment of choice for type
A lesions, and surgery is the treatment of choice for type D
lesions. Endovascular treatment is the preferred treatment
for type B lesions, and surgery is the preferred treatment for
good-risk type C lesions. The patient’s comorbidities, the
fully informed patient preference, and the local operators’
long-term success rates must be considered when making
treatment recommendations for TASC B and C lesions.
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Angiosomes of the lower extremity

Anterior tibial angiosome

Calcaneal
branch

Lateral

plantar branch
Anterior

tibial artery

Fig.3.1 Angiosome defined by arterial supply

Posterior tibial angiosome

Symptom Classifications

Critical limb ischemia (CLI) is a manifestation of peripheral
artery disease that describes patients with typical chronic
ischemic pain [6]. The Rutherford and Fontaine symptom
classification systems are the most widely used [7, 8]. The
walking distance that defines mild, moderate, and severe
claudication is not specified in the Rutherford classification
but is part of the Fontaine classification.

Rutherford Classification

Grade 0 Category 0: Asymptomatic
Category 1: Mild claudication
Grade [ Category 2: Moderate Claudication
Category 3: Severe Claudication
Grade I1 Category 4: Rest pain
Grade I11 Category 5: Ischemic ulceration not exceeding ulcer
of the digits of the foot
Category 6: Severe ischemic ulcers or frank gangrene

Peroneal angiosome

Posterior
tibial artery

Peroneal
artery

Medial
plantar branch

Fontaine Classification

Stage 1: No symptoms

Stage 2: Intermittent claudication subdivided into:
Stage 2a: Claudication at a distance greater than 200 m
Stage 3b: Claudication at a distance less than 200 m

Stage 3: Nocturnal and/or rest pain

Stage 4: Tissue necrosis and/or gangrene in the limb

Wound, Ischemia, and Foot Infection (WIfl)
Classification

Rutherford and Fontaine classifications are based on symp-
tom severity from perfusion. However, perfusion is only one
determinant of outcome. Wound extent and the presence and
severity of infection also greatly impact the threat to a limb.
Therefore, a new classification was implemented by the
Society for Vascular Surgery Lower Extremity Guidelines
Committee [9]. The estimated risk of amputation of each
stage is summarized in Fig. 3.4.
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Type A lesions /\

+ Unilateral or bilateral stenoses of CIA
» Unilateral or bilateral single short (<3 cm) stenosis of EIA

Type B lesions:

= Short (s3cm) stenosis of infrarenal aorta

+ Unilateral CIA occlusion

» Single or multiple stenosis totaling 3—10 cm involving the /\
EIA not extending into the CFA

* Unilateral EIA occlusion not involving the origins of
internal iliac or CFA

Type C lesions
» Bilateral CIA occlusions /\
» Bilateral EIA stenoses 3—10 ¢m long not extending into
the CFA
» Unilateral EIA stenosis extending into the CFA

* Unilateral EIA occlusion that involves the origins of
internal iliac and/or CFA

* Heavily calcified unilateral EIA occlusion with or without
involvement of origins of internal iliac and/or CFA

Type D lesions

« Infra-renal aortoiliac occlusion

» Diffuse disease involving the aorta and both iliac arteries
requiring treatment

- Diffuse multiple stenoses involving the unilateral CIA,
EIA, and CFA

* Unilateral occlusions of both CIA and EIA

- Bilateral occlusions of EIA
= lliac stenoses in patients with AAA requiring treatment

and not amenable to endograft placement or other
lesions requiring open aortic or iliac surgery //\\ / \ /\

Fig. 3.2 TASC classification of aortoiliac lesions. CIA common iliac  Consensus for the Management of Peripheral Arterial Disease (TASC
artery, EIA external iliac artery, CFA common femoral artery, AAA II). Journal of Vascular surgery 45:1 Supplement 2007. With permis-
abdominal aortic aneurysm. From Norgren et al. Inter-Society sion from Elsevier Science and Technology Journals
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Type A lesions
N e
+ Single stenosis S10 cm in length {

* Single occlusion S5 cm in length
(INZ

Type B lesions:

« Multiple lesions (stenoses or occlusions), each €5 cm

+ Single stenosis or occlusion £15 cm not involving the
infrageniculate popliteal artery

« Single or multiple lesions in the absence of continuous
tibial vessels to improve inflow for a distal bypass

* Heavily calcified occlusion S5 ¢cm in length

+ Single popliteal stenosis

R

N /]

Type C lesions

* Multiple stenoses or occlusions totaling >15 cm with or
without heavy calcification

* Recurrent stenoses or occlusions that need treatment
after two endovascular interventions

Type D lesions

» Chronic total occlusions of CFA or SFA (>20 cm,
involving the popliteal artery)

» Chronic total occlusion of popliteal artery and proximal
trifurcation vessels

N

Fig. 3.3 TASC classification of femoral-popliteal lesions. CFA com-  With permission from Elsevier Science and Technology Journals. For
mon femoral artery, SFA superficial femoral artery. From Norgren et al.  the tibial lesions, the unshaded region is the target stenosis/occlusion.
Inter-Society Consensus for the Management of Peripheral Arterial The artery within the shaded rectangle is the associated, “background,”
Disease (TASC II). Journal of Vascular surgery 45:1 Supplement 2007.  disease. Permission granted from Wiley
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TASC A lesions

Single focal stenosis, <5 ¢cm in length, in the
target tibial artery with occlusion or stenosis of
similar or worse severity in the other tibial
arteries.

TASC B lesions

Multiple stenoses, each <5 cm in length, or
total length <10 cm or single occlusion €3 cm
in length, in the target tibial artery with
occlusion or stenosis of similar or worse
severity in the other tibial arteries.

TASC C lesions

Multiple stenoses in the target tibial artery
and/or single occlusion with total lesion length
>10 cm with occlusion or stenosis of similar or
worse severity in the other tibial arteries.

-

\\\

—.——_.\:\\

—

TASCD lesions

Multiple occlusions involving the target tibial
artery with total lesion length >10 cm or dense
lesion calcification or non-visualization of
collaterals. The other tibial arteries occluded
or dense calcification.

Fig.3.3 (continued)
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a, Estimate risk of amputation at 1 year for each combination

Ischemia — 0 _ Ischemia — 1

b, Estimate likelihood of benefit of/requirement for revascularization (assuming
infection can be controlled first)

Ischemia — 0 Ischemia — 1

fI, foot Infection; I, Ischemia; W, Wound.

Premises:

1. Increase in wound class increases risk of amputation (based on PEDIS, UT, and
other wound classification systems)

2. PAD and infection are synergistic (Eurodiale); infected wound + PAD increases
likelihood revascularization will be needed to heal wound

3. Infection 3 category (systemic/metabolic instability): moderate to high-risk of
amputation regardless of other factors (validated IDSA guidelines)

Four classes: for each box, group combination into one of these four classes

Wowi= [ =%linical stai |

Clinical stage 5 would signify an unsalvageable foot

Fig. 3.4 Risk/benefit: clinical stages by expert consensus. IDSA  UT University of Texas. From Mills et al. Society for Vascular Surgery
Infectious Diseases Society of America, PAD peripheral artery disease, Document J. Vasc Surg 2014;59:220-34. With permission from
PEDIS perfusion, extent/size, depth/tissue loss, infection, sensation, Elsevier Science and Technology Journals
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Wound

Wagner Ulcer Classification System

Grade 0: Rest pain; no wound, no ulcer, no gangrene

Grade 1: Superficial diabetic ulcer

Grade 1: Small shallow ulcer(s) on the distal leg or foot, any exposed
bone is only limited to distal phalanx (i.e., minor tissue loss: limb
salvage possible with simple digital amputation [one or two digits] or
skin coverage)

Grade 2: Deeper ulcer on distal leg or foot with exposed bone, joint,
or tendon or shallow heel ulcer without involvement of the calcaneus
(i.e., major tissue loss: salvageable with >3 digital amputations or
standard transmetatarsal amputation plus skin coverage)

Grade 3: Extensive deep ulcer of the forefoot and/or midfoot or
full-thickness heel ulcer with or without involvement of the calcaneus
(i.e., extensive tissue loss: salvageable only with complex foot
reconstruction or nontraditional TMA [e.g., Chopart or Lifranc
amputation])

Ischemia

Grade 0: ABI > 0.8, ankle systolic pressure>100 mmHg, toe pressure
(TP)/transcutaneous oxygen (TcPO,) > 60

Grade 1: ABI 0.6-0.79, ankle systolic pressure 70—-100 mmHg,
TP/TcPO, 40-59

Grade 2: ABI 0.4-0.59, ankle systolic pressure 50-70 mmHg, TP/
TcPO, 3049

Grade 3: ABI<0.39, ankle systolic pressure <50 mmHg, TP/
TcPO, <30

Foot Infection

Grade 0: No symptoms or signs of infection

Grade 1: Infection is present and at least two of the following are
present: local swelling or induration, erythema >0.5 to <2 cm around
ulcer, local tenderness or pain, local warmth, or purulent discharge.
Other causes of inflammatory response of the skin have been
excluded

Grade 2: Local infection is present as defined for Grade 1, but
extends >2 cm around ulcer, or involves the structures deeper than
the skin and subcutaneous tissues (e.g., abscess, osteomyelitis,
septic arthritis, fasciitis). No clinical signs of systemic inflammatory
response

Grade 3: Local infection is present as defined for Grade 2, but
clinical signs of systemic inflammatory response are present as
manifested by two or more of the following: temperature >38 °C or
<36 °C; heart rate >90 beats per minute, respiratory rate >20
breaths per minute or PaCO2 <32 mmHg; white blood cell count
>12,000 or <4000 (cu/mm) or >10 % immature band forms present

Grade 2: Ulcer extension involving the ligament, tendon, joint
capsule, or fascia with no abscess or osteomyelitis

Grade 3: Deep ulcer with abscess or osteomyelitis

Grade 4: Gangrene to the portion of the forefoot

Grade 5: Extensive gangrene of the foot

Peripheral Academic Research Consortium
(PARC) Classification

The goal of the PARC group was to develop standardized
definitions for patients with lower extremity PAD allow-
ing for clinical characterization and evaluation of thera-
pies on the basis of imaging or clinical outcomes [10].
The Fontaine and Rutherford classifications were modi-
fied to use descriptive, rather than numeric, terms to clas-
sify the severity of PAD limb symptoms (Table 3.1). The
limitation of current Rutherford classification system in
part was felt to be due to the changing demographics of
critical limb ischemia (CLI) patients with increased rates
of diabetes and renal disease. PARC has also presented
hemodynamic definition for CLI patients in the same arti-
cle (Table 3.2).

ORC Classification

Finally, in an effort to combine anatomy, physiology, and
patient comorbidities, the “ORC” scheme, initially proposed
by Dr. Raymond Dieter, Jr. for oncological surgery: “O” is
for operability (from a physiological stress standpoint
(including renal function), which is best for patient—open
surgery or endovascular therapy); “R” is for resectability, but
here it would indicate the ability to revascularize either with
open bypass (conduits/distal, vasculature/infection, etc.) or
perform endovascular therapy; and “C” is for curability (if
the patient has life-threatening gangrene or an ulceration that
ultimately will never heal, then amputation rather than revas-
cularization may be preferred). Table 3.3 summarizes ORC
classification modified for CLI treatment.



22

T. Hirai et al.

Table 3.1 Proposed clinical symptom classification by PARC group

Fontaine classification Rutherford classification
Stage | Symptoms <--> | Proposed PARC universal data elements | <--> | Grade | Category |Symptoms
I Asymptomatic 0 0 Asymptomatic
II Intermittent claudication/ Mild claudication/limb symptoms <--> |0 1 Mild claudication
other exertional limb (no limitation in walking)
symptoms
IIa <--> | Moderate claudication/limb symptoms 1 2 Moderate claudication
(able to walk without stopping >2
blocks or 200 m or 4 min)
b Severe claudication/limb symptoms <> |1 3 Severe claudication
(only able to walk without stopping
<2 blocks or 200 m or 4 min)
I Ischemic rest pain <--> | Ischemic rest pain (pain in the distal <> |II 4 Ischemic rest pain
limb at rest felt to be due to limited
arterial perfusion)
v Ulceration or gangrene <--> | Ischemic ulcers on distal leg <--> |1 5 Ischemic ulceration
Ischemic gangrene 1 6 Ischemic gangrene

Adapted from Patel et al. JACC 2015;65:931-41

Table 3.2 Hemodynamic definitions of critical limb ischemia

Table 3.3 ORC classifications modified for CLI treatment

Patients with tissue loss

Patients with ischemic
rest pain

Ankle pressure <80 mmHg

Ankle pressure <50 mmHg

Toe pressure <50 mmHg

Toe pressure <30 mmHg

TcPO,<40 mmHg

TcPO, <20 mmHg

Skin perfusion pressure <40 mmHg

Skin perfusion pressure
<30 mmHg (23)

The PARC group provided hemodynamic support for the definition of
CLI. Atypical leg symptoms are symptoms that are worsened by exer-
tion but that do not meet the classic definition of intermittent claudica-
tion. These patients should have objective/confirmed evidence of PAD
by noninvasive testing

CLI critical limb ischemia, PAD peripheral arterial disease, PARC
Peripheral Academic Research Consortium, 7cPO2 transcutaneous
oxygen pressure

Adapted from Patel et al. JACC 2015;65:931-41
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Pathologic Aspects of Ischemic Limb

Disease

Arno A. Roscher, Raymond A. Dieter, Jr.,

and Beth L. Johnson

Introduction

The title ischemic limb disease affects both the upper but, in
general, predominately the lower extremities. This disease
entity is very multifactorial and in many of its diagnostic
subsections can be very challenging. The principal diagnos-
tic classifications include occlusive arteriosclerotic disease,
with secondary thrombosis or embolism, effecting about
85 % of the cases in this category —as illustrated in Table. 4.1
[1, 2]. Miscellaneous ischemic etiologies comprise the
remainder of the 15 % of clinical cases. The embolic cases,
including the thrombus and tumor emboli, represent a vari-
ety of unrelated but nevertheless equally destructive clinical
outcomes [3, 4]. More uncommonly, in massive trauma and
extremity fractures, the rare fat and marrow embolism may
be associated with extensive ischemia. Vascular dissection of
major arterial channels is definitely associated with ischemic
damage to distally normally perfused extremities and organs
[2, 5]. Consequences of fluid, specifically amniotic fluid
embolism, are significant but rarer.

Both central and peripheral ischemic vascular limb
disease have been studied extensively. Figures 4.1, 4.2
and 4.3 demonstrate the underlying vascular process seen
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in many of these ischemic legs. An early radiologically
and pathologically correlated study of the disease con-
cepts in the study of the aortic arch and brachiocephalic
vessels was presented in Tokyo in 1969 [3]. The vascular
lesions were appropriately documented in a graphic
design. The study was histopathologically amplified by
detailed microphotographs of the classical features of
occlusive atherosclerosis, gamut of cholesterol granulo-
mas, old and recent thrombosis, as well as gitter cells
(macrophages seen in brain infarcts) in the brain. Further,
denoted were white versus hemorrhagic infarcts, a rare
but debilitating and sometimes fatal complication of
carotid endarterectomy [6]. Also of note, in relation to
complications of management of atherosclerotic vessel
disease is the rare but nevertheless significant occurrence
of atherosclerotic embolization to distal organs, such as

Table 4.1 Pathologic considerations of critical ischemia of the
extremities

Occlusive arteriosclerotic disease

Majority of patients
Embolic
Tumor

Thrombus
Fat
Marrow

Amniotic

Foreign body

Vascular dissection

Surgery

Aneurysms with clots

Raynaud’s

Primary

Secondary

Other associated diseases

Buerger’s/thromboangiitis obliterans (TOA)

Behcet’s disease/Marco Polo disease

Coagulation defects
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Fig. 4.1 Artery with calcified media and thrombus in patient who
required a below-knee amputation for ischemia and gangrene

Thrombus

Calcified Plaque

Media

Fig.4.2 Right femoral artery, plaque and thrombus

the liver, spleen, kidneys, and extremities, especially dur-
ing vascular surgery. The following paragraphs depict and
mention a variety of pathological entities, which amplify
the diversity of causes responsible for ischemic limb dis-
eases, as discussed and presented in photographic form by
Endlich and Roscher [4].

Many times the pathologist is the final physician to see
the extremity with severe ischemic concerns. When the
pathologist receives the amputated digit or extremity, the
patient’s options have been exhausted from the clinical and
pathologic aspects in most circumstances. Despite recent
advances in both diagnostic and therapeutic approaches,
many patients face the consideration of amputation each
year. Arteriosclerotic vascular changes with the resultant
loss of the leg are illustrated in amputation specimens
(Fig. 4.4). Multiple experimental and clinical programs and

Fig.4.3 Photomicrograph of luminal thrombus from the right femoral
artery

Fig.4.4 Atherosclerotic gangrene necessitating amputation

products have been developed, applied, and studied with
improvement but not prevention. Thus, new multicenter
programs to involve multi-specialty and various conceptual
programs have been initiated with multi-specialty representation
to hopefully reduce and minimize the amputation rate. The
etiology and variety of ischemic producing diseases are mul-
tiple, and a few of the less common such nonatherosclerotic
causes of ischemic pathology are herein listed.

Raynaud'’s Disease

Pathological entities, such as Raynaud’s disease, affecting
primarily the upper extremities may lead to poor distal perfu-
sion and remains poorly understood. The disease is clinically
characterized by hypersensitivity of the skin to cold items
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such as cold dinnerware to the affected limb (i.e., hand or
arm) and leading to vascular spasm and ischemia. Primary
Raynaud’s has a 75 % predilection for female patients with
the 15-40 age group predominating. In this entity, there usu-
ally is no vascular pathologic damage demonstrable. Primary
Raynaud’s disease (white skin disease) due to the release of
norepinephrine produces muscular vessel spasm and tempo-
rary limb ischemia. However, in secondary Raynaud’s dis-
ease, there is an association with other diseases such as
mono- and polymyositis, dermatomyositis, scleroderma,
lupus, rheumatoid arthritis, and carpal tunnel syndrome.
Sjogren’s syndrome has also been reported to occur in
patients with secondary Raynaud’s disease. In the secondary
form of Raynaud’s, there is a 25 % incidence of a family his-
tory predilection. This implies a genetic causation for
Raynaud’s disease. Causative factors postulated to elicit
Raynaud’s symptoms include a variety of unrelated entities
such as stress, cold remedies, beta blockers, and exposure to
cancer chemotherapy. A very unusual example of a patient
with a long history of the Raynaud’s phenomenon is seen in
Figs. 4.5,4.6,4.7, and 4.8.

Buerger’s Disease

Buerger’s disease (thromboangiitis obliterans, TOA) is a sig-
nificant cause of distal limb disease involving primarily the
fingers and toes and also involves predominately the age group
of 2040 year old patients. Although rare now in the Western
industrialized world and the USA, it is still frequent in Asian
countries, such as India, China, and many other Eastern Asian
countries, including Indonesia, Thailand, Vietnam, Cambodia,
and Taiwan as well as other developing and evolving industri-
alized countries of South America and Africa.

Thrombus

Organized
Thrombus

Fig.4.5 Photomicrograph of a right ulnar artery, with thrombosis and
a history of Raynaud’s phenomenon

Recanalization
Channels

Adventitia Media Endothelium Organizing

Thrombus

Fig.4.6 Right ulnar artery, thrombus, and recanalization in a patient
with a long history of Raynaud’s phenomenon. Vessels forming in the
media, the thrombus, and recanalization channels

Fig.4.7 Section of the right ulnar artery in a patient with a history of
Raynaud’s phenomenon showing organized thrombosis and recanaliza-
tion channels. Vessels forming in both the media and the thrombus

Media

Vessels

Organizing Thrombus

Fig. 4.8 Photomicrograph of section of right ulnar artery in a patient
with a long history of Raynaud’s phenomenon showing thrombosis and
recanalization. Vessels showing thrombosis, organizing thrombus, and
recanalization
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Initially, Buerger’s disease was frequently reported, as
early as 1908, in the USA and Western Europe, where the
disease has markedly declined over the ensuing decades and
yet has shown an increased incidence in the Orient, Asia
Minor, India, China, Indonesia, Korea, Japan, and the
Philippines [7]. The pathogenesis of the disease remains
unclassified. Acceptance as a specific disease entity has been
disputed, and therefore the process has also been referred to
as “Buerger’s syndrome” (not to be confused with Berger
disease, which is an IgA nephropathy). The clinical manifes-
tations of overt long-standing limb ischemia, manifested by
skin ulcerations to overt gangrene of the distal fingers and
toes in affected patients, are readily apparent. Supporting the
overt clinical damage to the affected distal hand and foot
extremities is a variety of classic angiographic findings in the
affected extremity vasculature, including the corkscrew
appearance, the tree root pattern, and the spider leg features.
In earlier stages of ischemic damage to the affected limb or
extremities, plethysmography was applied to document the
reduced vascular flow with the hopes to possibly forestall
further ischemic tissue damage.

Thromboangiitis obliterans (TOA) is an endovasculitis
causing a prothrombotic state initiated by inflammation of
the lamina interna of the affected artery and/or vein vessel
wall [8]. The inflammatory state is usually initiated within
the lamina propria. The mechanisms leading to the endovas-
culitis in affected patients may be multifocal but uniformly
have been associated with smoking tobacco products [7].
The patients exhibit an increased sensitivity to intradermally
injected tobacco extracts and show an increased sensitivity to
collagen fibers types 1 and 3. There is an elevated serum titer
of anti-endothelial cell antibody, as well as impaired periph-
eral endothelium dependent vasorelaxation. They show an
increase in HLA A9, HLA 54, and HLA B5—suggesting a
genetic component to the disease [9].

In 1947, the incidence of Buerger’s disease in the USA
was 104 patients per 100,000 population, dropping today to
arange of 12-20 per 100,000. Currently, natives of Asia and
Eastern Europe, including Ashkenazi Jews, have the highest
incidence of thromboangiitis obliterans (TOA). Ninety-four
percent of the patients who abstain from smoking avoid
amputations of any limbs. In contrast, patients who continue
smoking have an 8-year amputation rate as high as 45 % —
implying a significant cause effect relationship. Of note,
King George VI of England had advanced Buerger’s disease,
for which he had sympathectomy and was advised not to
smoke, but he continued to smoke. In 1879, Felix von
Winiwarter, an Austrian professor of surgery, was the first to
implicate the risk of smoking in Buerger’s disease. In 1908,
Dr. Buerger was the first to describe the pathologic processes
of TAO and describing the histopathologic features [6].
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Bechet’s Disease

Still not fully diagnosed or understood and presenting with a
myriad of apparent unrelated clinical features is Behcet’s
disease which features uveitis, retinitis, oral stomatitis, vagi-
nal and anal ulcerations, and peripheral ischemia. The dis-
ease is frequently seen clinically with hemorrhagic and
pyo-urethritis. On account of the complex clinical manifesta-
tions, sexually transmitted disease (STD) was always
strongly suspected clinically as causative, in particular if
there was STD as a verified comorbidity. It is associated with
an increased titer of human leukocyte antigen 51 (HLAS1)
suggesting the disease, but not yet proven, to belong to the
autoimmune disease categories.

In addition to the clinical manifestations, there is histo-
pathologic involvement of the micro- and macrovascular
system (a vasculitis) associated with thromboembolism. A
paper was presented at the 2004 World International College
of Surgeons (ICS) Congress on the surgical treatment of 11
cases of abdominal aneurysms appearing in patients diag-
nosed with Behcet’s disease [10]. Hulusi Behcet, a Turkish
dermatologist who practiced in Istanbul, Turkey, first
described this disorder in 1930 [10]. Behcet’s disease is also
referred to as Marco Polo and Silk Road disease. Today, the
disease, which traveled from Turkey through the Mideast,
India, China, and the far Eastern Asian continents, is readily
identified in the Korean Peninsula and Japan. So, with some
exaggeration, Behcet’s disease can justifiably be called a his-
torical 1000 year old disease.

Therapy

Following streptokinase, a new therapy, autologous cell
therapy, in ischemic limb disease emerged as a stellar ther-
apy to deliver progenitor cells, stem cells, in angiogenic
cell therapy [11, 12]. This process works through growth
factor secretion by cultured adipose tissue-derived stromal
cells (ADSCs). Growth factors derived through ADSC
markedly increases endothelial cell viability, with associ-
ated vascular endothelial growth factor (VEGF) secretion
as well as hepatocyte growth factor (HGF) secretion. Four
weeks after transplantation of ADSC-derived cells, the
angiogenic score has shown significant improvement.
Doppler laser image procedures (LDI) were utilized to doc-
ument the increased capillary vascular flow. Using immu-
nohistochemistry techniques, the anti CD31 antibodies
were used in the study. However, ADSC injected cells did
not respond to CD 31 cells, Von Willebrand factor, as well
as alpha anti-smooth muscle-active-positive cells in isch-
emic tissue.
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Coagulation

Historical and up-to-date aspects of the coagulation cascades
began in the 1800s. The most pivotal discovery leading to the
theory of thromboembolism from the lower extremities was
embodied by Virchow’s triad: (1) stasis of blood flow, (2)
endothelial cell injury, and (3) hypercoagulability. This the-
sis was evidenced in 1850 by over 90 % of the cases of
thromboembolism occurring in bedridden patients. To
emphasize and amplify on this stellar discovery of Virchow’s
triad, a thorough and up-to-date understanding of the coagu-
lation cascade is necessary for today’s vascular surgeons.

The two major pathways, the extrinsic and the intrinsic —
leading to the formation of the common pathway — will pro-
duce tissue thromboplastin with the resultant transformation
of the liquid molecule of fibrinogen into fibrin with the ulti-
mate clinical thrombus formation. The extrinsic tissue factor
emanates from tissue injury converting factor 7 (proconver-
tin factor) to 7a (activated proconvertin factor) and platelet
factor. The product of this interaction, in association with
factor 10 and 10a (Stuart-Prower factor) converts prothrom-
bin to thrombin and finally fibrinogen to fibrin and thrombus
formation associated with fibrin-stabilizing factor (#13).

The intrinsic factor mechanism is dependent on the pres-
ence of factor 9 (Christmas Factor) conversion to 9a with
association of factor 11 and 11a, plasma thromboplastin (an
antecedent Factor) and Factor 12 (Hageman factor) resulting
in prothrombin and thrombin formation with thrombus as the
end product. Both pathways require Von Willebrand factor in
association with platelet aggregation and factor 8 (antihemo-
philic factor) for clinical activation.

Heyde’s Syndrome

Of great interest is the clinical Heyde’s syndrome of aortic
stenosis associated with hemorrhagic episodes in patients
with aortic stenosis and Von Willebrand’s disease. After
repair of the calcific aortic stenosis, the hemorrhagic episodes
disappear apparently due to the reduced mechanical degrada-
tion of the Von Willebrand factor with the eroded calcific valve
surface rather than enzymatic degradation by the catabolic
enzyme [Adamts #13]. Of great clinical importance for
patients with Von Willebrand’s disease is the large glycopro-
tein molecular size, which for clinical activity, it needs to be
broken down by the catabolic enzyme (Adamts #13).

D-Dimer
Importance is given to the D-Dimer test to follow thromboem-

bolism progress, which was initially described in the 1970s but
not truly appreciated until the late 1990s. In general, a positive

27

test is confirmative of thromboembolism and/or disseminated
intravascular coagulation (DIC) versus a negative test ruling
out the aforementioned conditions. For a more clear under-
standing of the mentioned clinicopathological phenomena in
cardiovascular and peripheral ischemic vascular diseases, a
summary of the currently used nomenclature in coagulopathies
is included. Coagulation factors in today’s usage include: (1)
fibrinogen, (2) prothrombin, (3) thromboplastin, (4) calcium,
(5) proaccelerin, (6) same as 5, (7) proconvertin, (8) antihemo-
philic factor, (9) Christmas factor, (10) Stuart-Prower factor,
(11) plasma thromboplastin antecedent, (12) Hageman factor,
and (13) fibrin-stabilizing factor.

Clotting factors and the process continue to be a chal-
lenge for physicians in the care of their patients. This is
well exemplified by the efforts to predict and prevent the
risks of clots in cancer patients. The Khorana risk model
for detecting “at-risk” individuals has developed over the
past decade as has the operable, resectable, curable (ORC)
concept in the diagnosis and treatment of patients with neo-
plastic processes [13, 14]. Khorana, working at the
Cleveland Clinic, investigated a model including two major
patient factors, (1) site of malignancy (especially stomach
and pancreas) and (2) body mass index (especially 35 kg/
m? or greater), and three laboratory prechemotherapy
results, ((1) leucocyte count over 11,000/mm?, (2)hemoglo-
bin <10g/dL, and (3) platelet count 350,000 mm? or greater).
In studying the Khorana concept, others have added the use
of D-Dimer as well as soluble p-selection in their quest to
predict the risk of untoward thrombosis —especially venous
thromboembolism [15].
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Introduction

Acute limb ischemia occurs when there is a sudden arterial
occlusion resulting in an abrupt cessation of flow to an extremity.
Acute limb ischemia is a surgical emergency mandating urgent
extremity revascularization to avoid the need for amputation.
The potential sources of acute limb ischemia are:

1. Arterial embolus
2. In situ arterial thrombosis in the setting of advanced
chronic arterial occlusive disease
. Acute occlusion of previous vascular reconstruction
4. Peripheral artery aneurysm with distal embolization or
thrombosis
5. Major arterial trauma

9]

The clinical hallmark of acute limb ischemia is the acute
onset of extremity pain in conjunction with absent pulses in
the affected extremity. The severity of pain symptoms can
vary dramatically depending on the etiology of the acute
arterial occlusion. Patients who experience acute limb isch-
emia secondary to an arterial embolism versus patients who
experience in situ arterial thrombosis in the setting of chronic
arterial occlusive disease can have significantly different
clinical presentations.
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Clinical Presentation of Acute Limb Ischemia

History and Physical Exam in Acute Limb
Ischemia

Occlusive arterial embolism to an otherwise normal arterial
bed will nearly universally result in the abrupt onset of severe
pain in the affected extremity. These patients lack collateral
vessels around the flush occlusion, making the affected limb
completely devoid of any arterial flow. The physical exam
findings in this state are the presence of bounding “water
hammer” pulses proximal to the occlusion and absent pulses
distal to the occlusion. The distal extremity will be cool to
touch and after 34 h may have neurological abnormalities
(sensory loss followed by motor loss). The limb is pale with
poor capillary refill. The contralateral limb in this situation
will typically have normal pulses, unless the patient has
underlying peripheral artery occlusive disease (PAD).
Revascularization within 6 h is critical to avoid limb loss.
Sources of arterial embolism are:

1. Cardiogenic (atrial fibrillation, valvular disease,
cardiomyopathy)
2. Paradoxical emboli (venous emboli passing through cardiac

septal defect)
3. Aortic or peripheral aneurysm with associated mural
thrombus

In situ arterial thrombosis secondary to worsening chronic
occlusive disease may present in a more indolent fashion.
These patients experience acute primary vessel thrombosis
due to either plaque rupture and secondary in situ arterial
thrombosis or due to a critically low velocity flow state
resulting in intra-arterial thrombosis. While the primary
symptom will be limb pain, the acuity may be vaguer than
patients with embolism. Physical exam findings will still be
a cool, pulseless foot, often with dependent rubor instead of
pallor. The contralateral pulse and Doppler exam is typically
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abnormal as atherosclerosis affects both limbs. The severity
of pain symptoms is inversely proportional to the quality of
collateral arterial flow around the occlusion.

ALI affects sensory nerves first. Therefore, loss of sensa-
tion is one of the earliest signs of ischemia. Motor nerves are
affected next, and muscle weakness should be a clue to more
severe disease and/or longer duration of ischemia. The skin
and muscle tissue are affected last, making muscle tender-
ness a very late finding. In early acute ischemia, the skin dis-
tal to the affected artery will appear very pale. This can
progress to a dusky blue color as capillary venodilation
occurs. The skin will appear non-blanching, as the associ-
ated vessels are empty. As ischemia progresses capillary dis-
ruption occurs, leading to extravasation of blood and mottled
appearance. There will be no blush with digital pressure at
this point. Once ischemia has reached this stage, the skin is
nonviable, and revascularization bears a significant risk of
compartment syndrome and acute renal failure. Occasionally,
if ALI is secondary to thrombosis, collaterals can develop
over the following 6-8 h and a more normal skin color will
return.

In patients with ALI secondary to peripheral arterial
occlusive disease, the chief complaint may be ischemic rest
pain, whereas the patient previously only had claudication.
This pain may be worse when the patient is lying flat or with
the affected limb elevated. Pain may be alleviated by placing
the limb in a dependent position, thus allowing gravity to
supplement arterial flow to the limb. Diabetic patients may
not complain of pain if they have a coexisting peripheral
neuropathy. This subset of patients may instead present with
ischemic or gangrenous ulceration.

A complete history is essential in patients presenting
with new onset ischemia, as many factors can influence the
diagnosis and treatment course. Pain is most often the first
symptom and chief complaint in patients with ALI. The
severity of symptoms is a clue to the severity of ischemia as
well as to the underlying cause; symptoms may range from
claudication to severe disabling pain. Severe acute ischemia
is typically an easy diagnosis, as patients present with
extreme pain as well as loss of strength and sensation. Less
severe ischemia can present more subtly and is often con-
fused with musculoskeletal pain or sciatica. Duration of
symptoms is a critical element of history. With severe acute
ischemia, irreversible muscle necrosis can occur in 68 h if
untreated. Onset and distribution of symptoms, prior epi-
sodes of pain, and previous functional status of the affected
limb are also important components of the history. Sensory
loss, followed by muscle weakness, and pain are signs of
progressive severe ischemia. The history should be con-
ducted in an attempt to determine the cause of ischemia.
Therefore, it is important to ask carefully about associated
factors, including cardiac disease/events (myocardial infarc-
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tion, atrial fibrillation, valvular disease), hypercoagulable
pathology (history of previous blood clots or malignancy),
and peripheral vascular disease (rest pain, nonhealing
ulcers, claudication). The history of previous vascular pro-
cedures should be ascertained. Comorbidities such as diabe-
tes mellitus, hyperlipidemia, and hypertension are often
present. Tobacco use and family history are also important
contributions to the history. It is important to bear in mind
that patients may have risk factors for both embolic and
thrombotic disease processes; the presence of atherosclero-
sis cannot rule out an embolic source of ALI. Patients with
acute chronic thrombus often have a history of previous
intermittent claudication in either leg.

Examination of the affected limb will define the severity
of ischemia. The “rule of Ps”—pain, pulse deficit, pallor,
poikilothermia, paresthesias, and paralysis—is a guiding
tool.

Pain is often the primary complaint and can be chronic to
severe. It is important to document the severity, localization,
and progression of pain symptoms. Patients with ALI often
have diffuse pain throughout the affected limb. Muscle
weakness and tenderness, especially in the calf, is an omi-
nous finding. In severe cases, pain can be replaced with par-
esthesia as sensory nerves become ischemic.

The vascular supply can be roughly approximated by the
color of the skin. Pallor is seen in the early stages of isch-
emia, which then progresses to cyanosis. Sluggish capillary
refill is a sign that at least some degree of distal flow is pres-
ent and that runoff vessels may be patent. The skin may
appear mottled at this point. A severely pale limb is a late
finding that indicates total ischemia. Figure 5.1 represents an
acutely ischemic limb before and after revascularization.

The limb will be cool to the touch as a result of loss of
distal flow. This temperature change is secondary to vaso-
constriction and plays a role in the propagation of the isch-
emic cascade. Coolness is usually present one level below
the occluded artery and should be documented at presenta-
tion to help determine progression.

Neurologic findings will also help guide classification of
ischemia. Loss of sensation is a relatively early sign; be sure
to test specifically for loss of fine touch and proprioception,
as these small fibers is the most susceptible to ischemic
changes. The first dorsal web space of the foot is often the
first area to become affected.

Paralysis is an indication of limb threatening ischemia. It
is important to determine the extent of paralysis; loss of dor-
siflexion and plantar flexion points to a more proximal level
of occlusion than paralysis of the toes only. There is a
reduced chance of functional limb salvage once motor func-
tion is severely diminished, highlighting the importance of
immediate revascularization in patients with an acutely pain-
ful, cold limb.
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Fig.5.1 Patient with right acute lower extremity ischemia. (a) Note pallor at the patient’s right forefoot. Doppler tones are absent on initial exam.
(b) Illustrating hyperemia after right leg percutaneous revascularization via percutaneous mechanical thrombectomy and thrombolytic therapy

Pulse examination can help determine the level of the
occlusion. Typically pulses are present one arterial level above
the occlusion; however, early clot can sometimes transduce a
weak pulse. Palpable normal pulses in the contralateral limb
point toward embolism as the cause of ALI. Bounding water
hammer pulses may also present proximal to the level of
occlusion after acute embolism, with weakened or absent
pulses distally. Pedal arterial signals may be absent or
reduced with bedside Doppler exam. The presence of normal
triphasic Doppler signals at the pedal level largely excludes
the diagnosis of ALI. Soft monophasic signals may be asso-
ciated with patent distal vessels but proximal occlusion.
Absent Doppler signal at the ankle is a poor prognostic sign;
arteries may be patent with negligible flow or may be com-
pletely occluded. In patients with severe late ischemia,
ankles will be impossible to Doppler secondary not only to
lack of flow, but also to tenderness. Ankle pressures of 30-50
are expected in less severe ALI, and ABI of 0.3 is diagnostic
of critical ischemia. The Doppler can also be used to mea-
sure flow in the extremity veins. Lack of venous signal in the
popliteal fossa indicates popliteal venous occlusion, which is
a poor prognostic sign.

Clinical Classification of ALI

The Society of Vascular Surgery and the International
Society of Cardiovascular Surgery has published guidelines
to help guide classification. These standards were modified
in 2007 by the Trans-Atlantic Inter-Society Consensus
(TASC 1I), which defines acute ischemia as any sudden

decrease in limb perfusion causing a potential threat to limb
viability [1]. Categories of ischemia are based on clinical and
Doppler findings.

Class I ischemia refers to a viable limb in which there
is an absence of pedal rest pain, sensory loss, or muscle
weakness. Arterial and venous Doppler tones are present.

Class II ischemia refers to a threatened limb and is subdi-
vided into class Ila and class IIb. Both of these patient groups
require intervention; however, the urgency of the interven-
tion can vary based on where ischemia falls on this spectrum.
Therefore it is important to distinguish between these two
groups. Class Ila is referred to as marginally threatened isch-
emia. Patients who fall in this category typically have a lon-
ger duration before irreversible nerve injury occurs. This
category is referred to as subacute critical ischemia.
Clinically, category Ila ischemia features minimal sensory
loss, no muscle weakness, and faint monophasic or absent
pedal Doppler tones.

Class IIb ischemia indicates a limb that is immediately
threatened with sensory loss, mild or moderate muscle weak-
ness, and absent pedal Doppler tones. These patients require
urgent intervention to prevent irreversible tissue loss and are
deemed to have acute critical ischemia. Class IIb is the classic
acutely painful, cold limb.

Class III ischemia is severe and irreversible. Clinically it is
characterized by profound sensory loss, paralysis with impend-
ing major tissue loss or permanent nerve damage. Muscle
groups are rigorous, and there is pain with passive movement
of the foot. Revascularization incurs a significant chance of
rhabdomyolysis and acute renal failure. In these patients,
amputation or palliative measures are better choices.
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Confirmation of Diagnosis of Acute Limb
Ischemia

Emergent arterial imaging is indicated for any patient pre-
senting with acute onset limb pain and absent pulses. Imaging
options include duplex ultrasound, CT angiography (CTA),
magnetic resonance angiography (MRA), and invasive diag-
nostic angiogram.

Duplex ultrasound is rapid, can be performed at the bed-
side, and has near 100 % sensitivity for diagnosing complete
arterial occlusion. Ankle-brachial index (ABI) will be near
zero for patients with acute limb ischemia. Evaluating aor-
toiliac inflow and tibial arterial outflow vessels may be sub-
optimal with duplex alone.

CTA has the benefit of rapid availability, high-quality
imaging which allows for precise planning of revasculariza-
tion. CTA provides imaging of the entire arterial tree from
the aortic inflow to the digital level. CTA typically requires
150 mL of iodinated contrast and therefore has to be used
with caution in patients with baseline renal insufficiency
(GFR <40). For patients with renal insufficiency, aggressive
hydration before and following exam with sodium bicarbon-
ate is recommended for CTA or invasive angiography [2].

MRA has a limited role in acute limb ischemia as the
exam can be lengthy (45-60 min), is less often available out-
side regular work hours, and generally has poorer arterial
imaging quality to 64 (or greater) slice CTA.

Invasive angiography has the advantage of allowing for
simultaneous percutaneous revascularization with both
mechanical thrombectomy and thrombolytic therapy.

After revascularization for embolism, patients should
undergo echocardiography and aortic imaging after the limb
is revascularized to investigate the proximal source of
embolus.

Treatment of Acute Limb Ischemia

Before engaging in any revascularization for acute limb isch-
emia, the treating surgeon should perform a global patient
evaluation with confirmation of ambulatory status, relative
quality of life, and surgical risk. A 30-day amputation rate of
15% [3, 4] is discussed with the patient and family.

Once quality arterial imaging has been obtained, urgent
revascularization is undertaken with the goal of achieving
uninterrupted in-line flow from the aorta to the affected
extremity. The goal of revascularization is to achieve non-
disrupted in-line flow from the aorta to the affected extrem-
ity. Lower extremity revascularization is to have at least one
tibial artery patent with angiographic confirmation of out-
flow onto the foot. In the upper extremity, outflow to the
hand via the radial or ulnar artery (ideally both) with filling
of the palmar arch is the treatment goal.
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If no contraindication to anticoagulation exists, the patient
should be given an IV heparin bolus of 100 units per kg fol-
lowed by IV heparin infusion of 15 units per kg with a goal
PTT of 60-80. If a continuous thrombolytic therapy drip is
initiated, then heparin dose should be reduced to prevent
bleeding complications. This dosing, as well as contraindica-
tions to anticoagulation and thrombolytic therapy, is dis-
cussed below.

There are two primary treatment options for acute limb
ischemia:

1. Percutaneous thrombolytic therapy with adjunctive
mechanical thrombectomy

2. Surgical thrombectomy with as needed adjunctive bypass
or endarterectomy

Option 1: Endovascular Percutaneous
Thrombectomy and Thrombolysis for Acute
Limb Ischemia

Arterial access should be achieved proximal to the arterial
occlusion. Most commonly, contralateral retrograde com-
mon femoral arterial access is achieved followed by angio-
gram of the aortoiliac system. The primary predictor of
success for percutaneous revascularization of acute limb
ischemia is successful guidewire crossing through the throm-
bus burden. If the thrombus burden extends proximally to the
aortic bifurcation, then brachial artery access may be neces-
sary to achieve guidewire and catheter passage into the
thrombus.

This is followed by catheter and sheath selection of the
affected limb’s iliac arterial system. Through this, sheath
dedicated lower extremity angiography can then be per-
formed. A hydrophilic guidewire with four French support-
ing catheter can then be used to cross into the arterial
thrombus. The guidewire should be passed as distally as pos-
sible, then the angiojet catheter (Medrad/Possis) can be
passed over the guidewire, activated through the thrombus
burden, and the thrombus treated with both TPA bolus of
5 mg and mechanical pulse spray/suctioning with the cathe-
ter (Fig. 5.2) [5]. Figure 5.3 illustrates an acute iliac artery
embolus treated with percutaneous mechanical thrombec-
tomy. Figure 5.4 displays a patient with in situ thrombosis of
the right common femoral, profunda femoral, and femoral-
above knee popliteal artery bypass. Occlusion was treated
with angiojet percutaneous thrombectomy of the common
femoral and arterial bypass with subsequent TPA drip to
resolve residual mural thrombus and tibial level thrombus.

For mechanical thrombectomy of the iliac, common fem-
oral, superficial femoral, and popliteal arteries, .035 in.
guidewires and six French thrombectomy catheters can be
used. When treating tibial thrombus, smaller-caliber .018 in.
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Fig.5.2 Angiojet catheter for
percutaneous mechanical
thrombectomy. From
Rutherford’s Vascular
Surgery, 7th Edition.
Copyright Elsevier (2010).
Reprinted with permission
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Fig.5.3 Acute arterial embolus to the right distal common iliac artery
seen on the image on the left (a). After 5 mg TPA bolus and percutane-
ous mechanical thrombectomy with angiojet device, successful resolu-

guidewires with three French angiojet thrombectomy catheter
are utilized. The mechanical thrombectomy catheters will
typically create a flow channel of adequate diameter to reper-
fuse the limb. Residual thrombus can then be treated as
needed with continuous TPA drip of 0.05-0.1 U/kg/h.

Adhesive Catheter tip

bond

Catheter tip is welded
to stainless steel tube

tion of the occlusion is seen on the right (b). The underlying external
iliac stenosis would be subsequently treated with angioplasty

Thrombolytic drip is performed through “side hole” infusion
catheters invested into the region of thrombus. Moderate-
dose IV heparin drip is also administered while patients are
receiving TPA infusion. Fibrinogen level, PTT, INR, and
hemoglobin should be checked every 6 h while TPA drip is
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Fig.5.4 Patient with acute thrombosis of right common femoral artery,
profunda femoral artery, and fem-pop bypass. Far left image illustrating
complete occlusion (a). Middle and right images (b, ¢) depicting patent

ongoing. TPA should be held for fibrinogen level below
100 mg/dl and heparinized saline infused through the
catheter until the next angiogram should this occur. PTT
goal while the TPA drip is ongoing is 30-50 s. Higher levels
are associated with increased bleeding risk.

Once follow-up angiography confirms successful lysis of
the thrombus burden, any underlying arterial occlusive dis-
ease can be identified and treated percutaneously with
angioplasty or if necessary surgically with bypass or
endarterectomy.

Unlike anticoagulants and antiplatelet medications (hep-
arins, warfarin, thrombin inhibitors, factor Xa inhibitors,
ASA, clopidogrel) which serve to prevent thrombus forma-
tion, TPA directly induces lysis of fibrin-based clot creating
significant bleeding risks for anyone with recent endothe-
lial injury. Contraindications to thrombolytic therapy
include [6-8]:

e CVA within 3 months

 Intracranial tumor or other gross pathology

* Intrathoracic, abdominal, pelvic, or thoracic surgery
within 3 weeks.

* Major trauma within 3 weeks

* Severe (SBP>180 mmHG) hypertension that cannot be
controlled with medication

* Cirrhosis with coagulation abnormality

Acute limb ischemia patients who are not candidates for
thrombolytic therapy should undergo emergent surgical
revascularization.

common femoral, profunda femoral, and femoral-popliteal artery
bypass after angiojet percutaneous thrombectomy and subsequent
thrombolytic therapy (TPA) drip

Option 2: Open Surgical Thrombectomy
with as Needed Adjunctive Revascularization
or Thrombolytic Therapy

Treatment of Acute Arterial Embolus

For patients experiencing acute embolus to an otherwise nor-
mal arterial tree, surgical embolectomy provides rapid revas-
cularization and is an outstanding treatment option. The
recommended exposure sites for acute embolus are based on
anatomical location and extent of thrombus burden.
Recommended dissection sites are:

e Lower extremity embolus with patent iliac, common
femoral, and profunda femoral arteries: Below-knee
popliteal artery cutdown with retrograde and antegrade
Fogarty balloon thrombectomy. This dissection site
allows for selective Fogarty balloon catheter thrombec-
tomy of both the anterior tibial artery and the tibio-
peroneal trunk.

e Lower extremity embolus with occluded common femo-
ral artery: Common femoral artery cutdown with Fogarty
balloon thrombectomy of the iliac, profunda femoral, and
distal arteries. Secondary cutdown at the below-knee pop-
liteal artery to expose the origin of the tibial vessels may
also be necessary after the inflow thrombectomy if remote
thrombectomy does not result in at least one tibial artery
being widely patent to the foot.

* Upper extremity embolus: Brachial artery cutdown at the
antecubital level just above the bifurcation with control of
the proximal radial and ulnar arteries
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Muscular fascia should never be closed after surgical
thrombectomy due to risk for compartment syndrome.
Appropriate Fogarty balloon sizes are No. 5 for iliac and
subclavian arteries; No. 4 for femoral, popliteal, and brachial
arteries; and No. 3 for tibial, radial, and ulnar arteries. All
embolectomy and thrombectomy procedures should be fol-
lowed by completion angiography with confirmation of in-
line flow to the affected distal limb.

If thrombectomy is unsuccessful at the tibial artery level,
intraoperative direct intra-arterial distal thrombolytic ther-
apy can be performed. A sheath or catheter can be placed in
an antegrade fashion down the proximal arterial system and
5 mg of TPA injected directly into the thrombosed tibial ves-
sel. Ten minutes later, secondary angiogram is performed to
evaluate the efficacy of the TPA.

Surgical Treatment of Acute Limb Ischemia

in Setting of Chronic Arterial Occlusive Disease
Surgical treatment of acute limb ischemia secondary arterial
thrombosis in the setting of coexisting chronic arterial
occlusive disease is a far more challenging scenario than
acute embolus. It can be difficult to discern based on angi-
ography or CTA which vessels have been occluded for sev-
eral months and which arteries are acutely occluded. These
patients, as mentioned above, may present with more subtle
onset of pain. Essentially they are chronic arterial occlusive
disease (discussed below) patients who have developed arte-
rial thrombosis and reached a critical threshold of tissue
ischemia.

Surgical treatment for these patients is “whatever it takes”
to achieve in-line flow to affected extremity. The treatment
armamentarium includes thrombectomy, bypass, endarterec-
tomy, thrombolytic therapy, angioplasty, and stenting.
Treatment is individualized to patient anatomy. Dissection
should be carried out at the level of the most distal inflow
artery which has uninterrupted proximal in-line flow. From
here, attempts at distal thrombectomy can be made with the
understanding that distal outflow vessel exposure, further
thrombectomy, and bypass may be necessary based on post
thrombectomy angiographic findings. Similarly, based on
post thrombectomy imaging, subsequent sheath insertion
with angioplasty can be performed if anatomically feasible.
Ensuring patency of the profunda femoral artery should
always be attempted to potentially prevent limb loss in the
event of revascularization failure.

Percutaneous Versus Open Surgical
Revascularization in Acute Limb Ischemia

Limb salvage and mortality rates were equivalent in the two
largest randomized trials (STILE and TOPAS II trials) com-
paring surgical thrombectomy to percutaneous thrombolysis
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[2, 3]. The endovascular limb in these trials, however, relied
on thrombolysis alone without initial percutaneous mechani-
cal thrombectomy. Mechanical thrombectomy achieves
rapid revascularization and typically removes over 90 % of
the acute thrombus burden within minutes while avoiding the
morbidity of open vascular surgery [9]. The author’s strong
preference is to treat all acute limb ischemia patients (with-
out contraindication to TPA) with percutaneous mechanical
thrombectomy and as needed continued percutaneous throm-
bolytic drip.

Monitoring and Treatment for Post-
revascularization Compartment Syndrome
and Rhabdomyolysis

Compartment Syndrome

Patients undergoing revascularization for acute limb isch-
emia are at high risk for calf compartment syndrome.
Reperfusion edema and the confined space of the anterior,
lateral, and deep/superficial posterior compartments can
result in venous compression, worsening edema, and ulti-
mately neurologic ischemia. Risk for compartment syn-
drome is highest for patients with a lack of collateral vessels
(embolus or trauma in a normal arterial tree) and for patients
with prolonged ischemia.

The anterior and lateral compartments are the most com-
mon first symptomatic distribution, presenting with peroneal
nerve distribution sensory deficit on the dorsum of the foot.
The most reliable physical exam finding is pain with passive
extension of the muscles of the involved compartment.

Any suspicion for compartment syndrome warrants either
immediate four-compartment fasciotomy (Fig. 5.5) or mea-
suring of compartment pressures. Any post-revascularization
compartment pressure greater than 30 mmHg warrants fasci-
otomy. In order to avoid permanent neurologic injury, error
should always be made on the side of full four-compartment
fasciotomy when concerning symptoms or signs of compart-
ment syndrome exist.

Rhabdomyolysis

Patients with prolonged (greater than 6 h) acute limb isch-
emia are at risk for acute renal tubular necrosis due to
recirculation of the necrotic muscle breakdown product
myoglobin. Oliguria and discolored (pink or red) urine
should raise suspicion for rhabdomyolysis. Diagnosis can be
confirmed with urine myoglobin level. Urine microscopy
will be negative for RBC but urine dip will be positive for
blood. Treatment is IV hydration, diuresis with mannitol,
and alkalinization of urine with IV bicarbonate [10]. Urine
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Fig.5.5 Double-incision (anterolateral and medial) fasciotomy of the
lower leg. A longitudinal incision lateral to the tibia and overlying the
intermuscular septum is used to visualize the anterior and lateral com-
partments. Parallel fascial incisions are used to decompress these com-
partments. A medial incision immediately posterior to the tibia is used
to access both posterior compartments. The soleus muscle must be

myoglobin levels may not be rapidly attainable in many
hospitals. Similar to compartment syndrome, it is safest to
empirically treat rhabdomyolysis if the diagnosis is in
question.
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Introduction

“Journey of thousand miles begins with a single step” Lao-tzu:
604 BC - 531 BC

History taking and physical examination are the first steps
in patient evaluation. This chapter describes in detail the
components of the physical exam that are essential in deci-
sion making when confronting patients with critical limb
ischemia. The methods described can be applied as a stand-
alone modality or in conjunction with vascular tests to diag-
nose and follow up vascular disease. This review will allow
an astute clinician to recognize common complaints associ-
ated with critical limb ischemia and correctly associate them
with the characteristic physical manifestations. Consequently,
this highly morbid disease should not go unrecognized.

History

The medical history initiates the physician-patient relation-
ship, guides the uncovering of relevant physical findings,
facilitates appropriate vascular testing, and then assists treat-
ment choices. Per one report, a skilled history can lead to the
correct diagnosis 75 % of the time [1]. The most common
presenting symptom for limb ischemia is pain, and knowing
its severity, location, frequency, exacerbating, and/or relieving
factors along with the duration assists in distinguishing
vascular vs nonvascular leg discomfort.
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Critical Limb Ischemia

A distinction must be made between chronic critical limb
ischemia (cCLI) and acute critical limb ischemia (aCLI).
aCLlI is a medical emergency related to abrupt arterial occlu-
sion which requires immediate treatment. The pathophysiol-
ogy of cCLI is related to slowly progressive, inadequate
arterial limb perfusion that is below the threshold needed to
meet the metabolic demands of the limb, resulting in resting
ischemia with pain, skin breakdown, and eventual tissue
necrosis [2].

Acute Critical Limb Ischemia

aCLI most commonly occurs due to embolism or in situ
thrombosis. Arterial dissection or trauma can also cause
aCLI but at a much lower rate. Unfortunately, the presenting
symptoms do not predict the cause of aCLI. Patients can
present with an asymptomatic loss of pulse, acute deteriora-
tion in previously stable claudication or as sudden onset of
severe rest pain in the affected limb. These symptoms may
develop over several days or over few hours. Acute arterial
occlusion may result in any one or all of the notorious
five “Ps”:

Pain

. Paresthesias

. Pallor

. Paralysis

. Poikilothermia

DA W =

These manifestations typically occur due to lack of col-
lateral blood flow and reestablishment of primary arterial
flow in timely fashion is the key.

The pain in aCLI may be evanescent and pallor may
quickly give way to cyanosis. This discomfort is very differ-
ent than that of cCLI. For instance, it is not localized to the
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Fig.6.1 Arterial emboli after endovascular procedure

acral portion of the foot and is not affected by gravity.
The pain is usually diffuse and can extend above the ankle in
severe cases. It is usually of sudden onset and may quickly
increase in intensity when caused by arterial emboli
(Fig. 6.1). Patients can describe the feeling as being struck in
the limb after which they feel weak. In case of arterial throm-
bosis, the pain develops less rapidly, but patient is aware of
some change in their baseline status. The rapid peak in pain
intensity is also absent in arterial thrombosis. However, in
the case of massive arterial thrombosis where the limb is
threatened, the pain quickly and unexpectedly changes in
intensity. The pain may subside in intensity after the initial
vasospasm subsides and collateral flow is recruited. Finally,
the discomfort may completely resolve if the collateral supply
is able to meet the functional demands of the foot or it may
convert into the pain typically seen in cCLI patients.

Pulses are usually difficult to palpate since the majority of
this patient population have preexisting peripheral arterial
occlusive disease.

The sensory deficit may be minimal and can easily be
missed early in the course of presentation. Patients may lose
sensation of light touch, the ability to differentiate two
points, and experience altered vibratory perception and pro-
prioception before deep pain ensues. Loss of motor function
may present very late in the process as the majority of foot
movements are produced by muscles originating below the
knee. It can be challenging to test for the motor function of
the foot as these muscle groups may not be developed at
baseline in many PAD patients. The tests that are generally
advocated in evaluating the intrinsic foot muscles are the
paper grip test and intrinsic positive test:

e Paper grip test: The patient attempts to grip a standard
paper sheet between two toes while the physician tries to
pull it away. Patient may curl their toes to grip the paper
and this action is hypothesized to activate the long extrin-
sic toe flexors. Therefore, the paper grip test is repeatable
but has questionable validity as a measure of intrinsic
weakness because is likely to be assessing both intrinsic
and extrinsic muscle strength [3].

* Intrinsic positive test: The test involves the participant
extending the great toe while simultaneously attempting
to flex the lesser toes at the MTP joint and extend the
interphalangeal joints. The strength of the intrinsic mus-
cles is determined by the type of lesser toe flexion demon-
strated which includes either (1) intrinsic positive pattern,
which involves flexion at the MTP joint and extension at
the interphalangeal joints, or (2) intrinsic negative pattern,
where the participant is unable to actively flex the MTP
joint and extend the interphalangeal joints. This test has
not been extensively validated and level of strength
required to perform the test is unknown [4].

More objective testing can be performed in centers that
have access to a handheld dynamometer. This instrument can
measure toe flexor strength [5].

The persistence of pain, particularly if followed by numb-
ness and/or weakness suggests the threat of limb loss.

Chronic Critical Limb Ischemia

Inability of the blood flow to meet the functional demands of
tissue produces pain that has two very distinct characteristics:
intermittent claudication and ischemic rest pain.

Intermittent claudication is discomfort associated with
exercise that is relieved by rest. Depending on the anatomical
location and extent of arterial occlusive disease, the patient
may present with buttock, thigh, and/or calf claudication.
Calf claudication is the most common presenting symptom
and is reported as cramps in the calf that are brought on by
walking. This should not be confused with nocturnal cramps
that some elderly people manifest. These cramps have no
known vascular origin and are thought to be the result of an
exaggerated neuromuscular response to stretching. Chronic
exertional compartment syndrome can also produce calf
tightness provoked by exercise, but the distinguishing fea-
ture is that the patient is usually a younger athlete without
atherosclerotic risk factors and large calf muscles. Increased
muscle pressure due to impaired venous outflow is usually
the cause and this pain is not relieved quickly by rest.

Thigh and buttock claudication is different than calf clau-
dication as the exertional pain is much less pronounced.
Instead, patients typically complain of an exertional ache or
discomfort that is associated with weakness. Patients might
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Fig.6.2 Gangrene of the great toe and forefoot

say that their hip or thigh “gives out” or “tires” after they
have walked a stereotypical distance. Thigh and buttock
claudication may be somewhat similar to the pain of hip
osteoarthritis, but the amount of exercise that provokes
discomfort in osteoarthritis is variable; the pain does not
subside promptly upon cessation of activity, and there is con-
siderable day-to-day pain variability. Neurospinal compres-
sion may also cause exertional buttock and thigh pain, but
the main differentiating feature from claudication is associ-
ated limb numbness and that the symptom complex can also
be produced by prolonged standing. Additionally, the pain
and numbness of neurospinal compression can also involve
the perineum. Affected patients often relate their symptoms
are improved with truncal flexion such as when they shop in
the supermarket and lean on the shopping cart. However,
straightening of the lumbar spine is likely to exacerbate their
symptoms. Since patients presenting with lumbar neurofo-
raminal compression are often elderly, coexistent PAD with
claudication can confound the diagnosis and it is paramount
that the predominant complaints be matched to the disease.
Treating mild arterial occlusive disease in this patient will
not relieve their symptoms. Thigh claudication can also be
part of the postthrombotic syndrome that usually occurs
when the patient has history of ilio-femoral deep vein throm-
bosis (DVT) and the collateral venous outflow fails to match
the increased arterial inflow during exercise. The pain is
often described as “bursting” or a severe tightness or heavy

L]

Fig.6.3 Nonhealing ischemic ulceration

sensation that is relieved by cessation of exercise, but the
improvement is not as rapid as in arterial claudication.

Claudication involving the foot is uncommon and can occur
independently or in association with calf claudication. Foot
claudication is more common in the setting of thromboangiitis
obliterans because of the distal distribution of occlusive arterial
lesions. Foot claudication secondary to atherosclerotic occlu-
sive disease is frequently associated with ischemic rest pain.
There might be reference of acral numbness and/or cold sensa-
tion and patients may refer to feeling a “wooden foot.”
Inflammatory processes of the foot can cause similar focal pain
but the variability of the discomfort with exercise that is not
quickly relieved by exercise cessation helps differentiate the
two (ischemic rest pain is not quickly relieved with exercise).
Additionally, non vascular pain may not relate to activity level,
may be affected by weight bearing.

cCLI occurs from severely reduced arterial blood flow
resulting in ischemic rest pain, nonhealing ischemic
ulceration(s), and/or gangrene (Figs. 6.2 and 6.3). The pain
is usually located in the acral portion of the leg, toes, or
heels, is severe, and is persistent. The feet may be insensitive
to cold, the joints could be stiff, and/or patients may suffer
from hyperesthesias. Patients note pain relief when feet are
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Fig.6.4 Buerger’s sign with
dependent rubor and elevation
pallor. (a) Dependent rubor in
critical limb ischemia due to
impaired vasoconstriction. (b)
Elevation pallor in critical
limb ischemia

in dependent position and conversely an increase in pain if
the feet are at or above the level of heart. Patients will often
narrate how they have pain in the feet at night that improves
when they hang their feet over the bedside. Thus, they even-
tually learn to sleep with their feet hanging down or in a
chair with their feet dependent. A clinician may be deceived
by pedal rubor, but it is important to stress that this “depen-
dent rubor” (Fig. 6.4) is matched by “elevation pallor”
(Buerger’s sign) which is consistent with severe limb isch-
emia. Pain may be sharply localized to an ischemic ulcer or
gangrenous toe. However, the initial presentation of cCLI
may be acute gangrene or a minimally painful wound with
associated advanced diabetes mellitus and peripheral neu-
ropathy. It is very important to recognize that this particular
patient subset is insensate and may not manifest rest pain. If
cCLI is untreated, gangrene may ensue with the eventual
loss of the limb (from amputation or mummification) and
perhaps life (from sepsis).

Physical Examination

A comprehensive physical exam must include vital signs,
including the blood pressure, heart rate, and respiratory rate.
The blood pressure should be measured in both arms, with an

appropriately sized blood pressure cuff. The patient’s overall
appearance should be noted. The vascular examination
includes inspection, auscultation of vascular structures, and
palpation of axial pulses, and if the distal pedal pulses are not
palpable, documentation of same should be completed with
a handheld Doppler if available. A systemic approach is
advocated and all the body systems should be examined.
Examination of the abdomen should include more than pal-
pation for an aortic aneurysm. Lower abdominal bruits may
provide the sole clue to arterial occlusive disease in the
patient with thigh and buttock claudication as there may be
no sign of chronic ischemia and the femoral pulse exam
maybe normal at rest. It is outside the scope of this chapter
to detail the heart, lung, musculoskeletal, neurological, etc.,
examinations.

Visual Inspection

The limbs should be inspected carefully, assessing their
appearance, symmetry, and color, and for evidence of edema
or muscle wasting. Special attention should be given to any
areas of discoloration, and if present, the patient should be
interrogated about the timeline of discoloration appearance
as this may clarify the acuity of presenting symptoms. Subtle
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Fig.6.5 Livedo reticularis is rash resembling fishnet pattern

findings of distal hair loss, trophic skin changes, and hyper-
trophic nails should be sought and may suggest severe under-
lying PAD. Patients presenting with lower extremity
ulcerations suspected of having critical limb ischemia should
be examined for the fishnet-like rash of livedo reticularis
(Fig. 6.5). Also, the skin around the ulcerations should be
inspected for changes in texture, color, elasticity, etc. It is
important to visually inspect the base and margins of any
presenting wound. In patients with neuropathy, the plantar
foot surface should be inspected for the presence of unknown
foreign bodies in the skin.

Arterial ulcers typically occur on the toes, heels, and bony
prominences of the foot. They appear “punched out” with
well-demarcated edges and a pale, nongranulating, and often
necrotic base. The surrounding skin may be cool to touch
and can exhibit dusky erythema. Examination of the arterial
system demonstrates decreased or absent distal pedal pulses.

In contrast to the arterial ulceration, the majority of the
venous leg ulcers develop in the gaiter area of the limb, usu-
ally around the malleoli (Fig. 6.6). The ulceration may be
circumferential or discrete, and the ulcer bed is often cov-
ered with a fibrinous layer mixed with granulation tissue sur-
rounded by irregular margins. Pitting-dependent edema is
often present and may predate the ulcer. Extravasation of
erythrocytes into the skin occurs, resulting in the deposition
of hemosiderin within macrophages, which stimulates mela-
nin production, pigmenting the skin brown.

Pulse Exam

The pulse exam of upper and lower extremities is a critical
part of the vascular exam. The exam should be conducted in
warm and well-lit room. Asymmetry, decreased intensity, or
the absence of pulses suggests arterial occlusive disease and
provides clues to the location of disease. There are two

Fig.6.6 Gaiter area venous ulcer

widely used numeric scales used to grade pulses ranging
from O (absent) to 4 (aneurysmal). We recommend using a
simpler O (absent), 1 (diminished), and 2 (normal) scale as
there may be a substantial inter-user variability in grading
pulses on 0—4 scale [6]. A bounding pulse may suggest aortic
valvular insufficiency and an expansive pulse may suggest
the presence of an arterial aneurysm.

Pulse exam of the lower extremity includes palpation of
the femoral, popliteal, posterior tibial, and dorsalis pedis
arteries and the examination should performed with the
patient in supine position.

The femoral pulse is located below the inguinal ligament,
approximately midway between the iliac spine and symphy-
sis pubis. It may be challenging to palpate this pulse in mus-
cular or obese patients. In order to facilitate femoral pulse
detection, the hips should be externally rotated so the artery
can be palpated over the pubic ramus of the ilium
approximately 1-2 finger breadths lateral to the pubic tubercle
where there is less fat.

Palpation of popliteal artery is often difficult and has led
to premise that if the popliteal pulse is very easily palpable,
it should raise suspicion for an aneurysm. The leg should
be straight, slightly flexed at the knee joint. The leg should
be relaxed enough that it “falls” on to the examiner’s hands.
The popliteal pulse is usually palpated with three fingers
from each hand and the thumb applying a moderate opposing
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Fig.6.7 Palpation of popliteal artery

Fig.6.8 Palpation of posterior tibial artery

force to the top of the knee (Fig. 6.7). The pulse can be felt at
the junction of medial and lateral third of the popliteal fossa.

The posterior tibial pulse is located slightly behind the
medial malleolus. The examiner should approach the depres-
sion behind the malleolus from the lateral side and apply
their digits to the lower curvature. Passive dorsiflexion of the
foot may aid the palpation of the posterior tibial pulse
(Fig. 6.8). The absence of posterior tibial pulse is diagnostic
for peripheral arterial disease.

The dorsalis pedis pulse is palpated along the dorsum of
the foot between the first and second metatarsal bones.
Ideally, arteries should be palpated with the sensitive palmer
surface of fingers (Fig. 6.9). The dorsalis pedis artery may be
absent in 5-10 % of the population. In such cases, the lateral
tibial artery, the terminal branch of peroneal artery should be

Fig.6.9 Palpation of dorsalis pedis artery

sought. This artery can be palpated higher up in the foot,
below the lateral ankle, and medial to fibular prominence.
With wide availability of handheld Doppler devices, it is
imperative to document the presence of Doppler signals in
the pedal arteries that are not palpable. This assumes
increased significance in endovascular interventions below
the knee and could help determine if pedal vessels could
potentially be used as an access for complex interventions.
To perform the Doppler exam, a copious amount of gel is
applied to the medial malleolus area where the posterior tib-
ial pulse is expected to be found and the Doppler probe is
held between the index finger and thumb. It is important to
apply minimal pressure with the probe as even slight com-
pression can obliterate flow through a diseased artery
(Fig. 6.10). The Doppler flow can be further documented as
triphasic, biphasic, or monophasic. Similar maneuvers
should be performed on dorsalis pedis artery (Fig. 6.11).
Examiners can use the handheld Doppler along the course of
dorsalis pedis artery toward the hollow between the first and
second phalangeal bones to ascertain the patency of pedal
plantar arch. If the dorsalis pedis artery is not audible, place
the Doppler probe on the dorsum of the foot between the first
and second phalangeal bones to evaluate for the presence of
flow within deep plantar artery (Fig. 6.12); subsequently, try
to follow its course back to the expected location of dorsalis
pedis artery between the first and second metatarsal bones.
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Fig.6.10 Doppler of posterior tibial artery with liberal gel and slight
pressure on the artery

Fig.6.11 Doppler of dorsalis pedis artery

The examiner should document the farthest point that the
flow is detected. This aids in planning future interventions
and may even help ascertain if the disease is even amenable

Fig.6.12 Doppler of deep plantar artery

to intervention. Wounds secondary to thromboangiitis oblit-
erans are not amenable to endovascular interventions.
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Vasculature of the Upper Limbs

The arterial circulation of the upper limb is depicted in
Fig. 7.1. The subclavian arteries are the major arteries sup-
plying the upper limbs. On the right side the subclavian
artery is one of the terminal branches of the brachiocephalic
trunk, while on the left it is one of the direct branches of the
aortic arch. The subclavian artery passes immediately supe-
rior to the first rib and becomes the axillary artery at the lat-
eral margin of this rib. The axillary artery, in turn, becomes
the brachial artery as it reaches the inferolateral aspect of the
teres major muscle. Although the brachial artery occasion-
ally ends in its terminal division in the proximal arm, it usu-
ally continues to reach the neck of the radius, where it
bifurcates into the radial and ulnar arteries just medial to the
tendon of the biceps brachii muscle. The radial and ulnar
arteries continue into the hand, ending as the deep and super-
ficial palmar arterial arches, respectively (see Fig. 7.1).
Venous drainage occurs via both deep and superficial veins.
The deep veins follow the course of the arteries. In the distal
limb, paired veins are intimately associated with the arteries as
venae comitantes. These veins are encased in the perivascular
connective tissue sheath that surrounds both the artery and
these deep veins. More proximally, the venae comitantes join
to form a single deep vein paralleling the artery. The superfi-
cial veins (depicted in Fig. 7.2) include the cephalic (lateral)
and basilic (medial). The superficial veins are connected to the
deep system via venous connections with valves that limit ret-
rograde flow from the deep to superficial systems. We will first
discuss the arterial system before considering the veins.
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The Subclavian Artery

In addition to being the principal artery of the upper limb, the
subclavian artery supplies many structures in the neck, the
scapular region, and pectoral region, with branches reaching
as far distally as the upper abdominal wall. The left subcla-
vian artery is normally somewhat longer, arising directly
from the aortic arch. This is distinct from the right subcla-
vian, which is a terminal branch of the brachiocephalic trunk.
Occasionally, the right subclavian artery takes origin directly
from the aorta, in which case it passes posterior to the
esophagus.

The subclavian artery has three portions (Fig. 7.3) with
the first part extending from the artery’s origin to the medial
border of the anterior scalene muscle, which is directly ante-
rior to the artery. This portion is somewhat longer on the left
side since the left subclavian has a significant intrathoracic
portion prior to reaching the anterior scalene muscle. On
both sides, the first part of the subclavian is just posterior to
the sternoclavicular joint and several muscles (the sternoclei-
domastoid, sternohyoid, and sternothyroid). It is also poste-
rior to several vascular structures (including the internal
jugular vein and, on the left, the thoracic duct) and neural
structures (the phrenic nerve on the left side, the vagus nerve,
parasympathetic and sympathetic cardiac nerves, and the
ansa subclavia of the sympathetic chain, which encircles the
subclavian artery). This first part of the subclavian artery is
just anterior to the apex of the lung (and the associated pleu-
ral cupola and suprapleural membrane) and several neural
structures (including the sympathetic trunk and inferior cer-
vical ganglion as well as the right recurrent laryngeal nerve).

The second portion of the subclavian artery is quite short
and it arches above the clavicle. This portion of the artery is
immediately posterior to the anterior scalene muscle, which
separates the artery from the sternocleidomastoid, right
phrenic nerve, and subclavian vein. It is immediately anterior
to the middle scalene muscle as well as the apex of the lung
and associated membranes.
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Fig.7.1 Arteries of the upper limb. Figure by permission: Basic Human Anatomy. O’Rahilly, Miiller, Carpenter & Swenson (http://www.dart-
mouth.edu/~humananatomy)
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Fig.7.2 Superficial veins of the upper limb with some common varia-
tions. Figure by permission: Basic Human Anatomy. O’Rahilly, Miiller,
Carpenter & Swenson (http://www.dartmouth.edu/~humananatomy)

The third part of the subclavian artery can be palpated
within the supraclavicular triangle at the base of the neck,
where it is immediately superior to the first rib. In this loca-
tion it is posterior to the external jugular vein, the clavicle,
and the subclavian vein. It is anterior to the lower trunk of the
brachial plexus and middle scalene muscle.

The majority of the branches of the subclavian artery
arise from the first part of the artery medial to the anterior
scalene. The exceptions include the right costocervical trunk,
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which usually arises from the second part, and the dorsal
scapular artery (when present), which usually arises from the
third part. The first three branches of the subclavian artery
are the vertebral and internal thoracic arteries and the thyro-
cervical trunk.

The vertebral artery arises from the first part of the subcla-
vian artery, although the left vertebral artery may branch from
the aortic arch or the brachiocephalic trunk on rare occasions.
This artery traverses the transverse foramina of the upper six
cervical vertebrae, where it then turns to pass medially along
the posterior arch of the atlas. It then penetrates the posterior
atlanto-occipital membrane and passes though the foramen
magnum. It joins with its mate of the other side to become the
basilar artery forming the posterior circulation of the brain.
The first part of the vertebral artery, the cervical part, passes
posterior to the common carotid artery. The inferior thyroid
artery crosses anterior to the vertebral artery, as does the
thoracic duct on the left. The inferior cervical sympathetic
ganglion is immediately anterior to the vertebral artery, as are
the C7 and C8 roots of the brachial plexus. The cervical part
of the vertebral artery gives muscular branches to the deep
muscles of the neck.

The second part of the vertebral artery, the vertebral part,
typically ascends through the transverse foramina from C6 to
the atlas, although it rarely begins at C7 or CS. It is accom-
panied by a venous plexus and by sympathetic nerve fibers.
Branches include variable spinal branches that include some
radicular arteries that follow nerve roots to the spinal cord.

The internal thoracic (aka, internal mammary) artery is
the second branch of the subclavian artery. This artery passes
posterior to the subclavian and internal jugular veins and
anterior to the cupola of the lung. The phrenic nerve crosses
it obliquely, where the nerve can be damaged by procedures
that use the internal thoracic artery for coronary bypass
grafting. The internal thoracic artery passes posterior to the
upper six costal cartilages immediately lateral to the sternum
where it is held in place by the endothoracic fascia and slips
of the transverse thoracic muscle intervene. Upon reaching
the costal margin, the internal thoracic artery divides to
become the superior epigastric and musculophrenic arteries.

The thyrocervical trunk (Fig. 7.3) divides into three
branches almost immediately after arising from the first part
of the subclavian artery. These are the inferior thyroid, trans-
verse cervical, and suprascapular arteries.

The inferior thyroid artery (Fig. 7.1), which is occasion-
ally absent, passes superior, immediately anterior to the ante-
rior scalene muscle. It then arches medially to pass anterior
to the vertebral vessels and posterior to the carotid sheath. In
this location it is in very close proximity to the sympathetic
chain, usually adjacent to the middle cervical sympathetic
ganglion at the C6 vertebral level. The inferior thyroid artery
passes anterior to the anterior scalene and longus coli
muscles and to the vertebral artery. The inferior thyroid
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Fig.7.3 The relationship of the subclavian and axillary artery and vein to the brachial plexus and major structures of the upper thorax. Figure by
permission: Basic Human Anatomy. O’Rahilly, Miiller, Carpenter & Swenson (http://www.dartmouth.edu/~humananatomy)

artery may pass posterior or anterior to the recurrent laryn-
geal nerve. This artery penetrates the fibrous capsule at the
lower pole of the thyroid gland, dividing into several branches
usually near the inferior parathyroid glands. These glandular
branches anastomose with superior laryngeal artery branches
and with its mate from the opposite side. In its course the
inferior thyroid artery usually gives rise to visceral branches
and a recurrent laryngeal branch that follows the nerve of the
same name.

The suprascapular (or transverse scapular) artery (Fig. 7.1)
is another branch of the thyrocervical trunk. It passes later-
ally, anterior to the anterior scalene and the phrenic nerve.
Beyond the lateral border of the anterior scalene muscle it is
anterior to the subclavian artery and the cords of the brachial
plexus. More laterally it is posterior to the clavicle and sub-
clavius muscle. It then passes superior to the transverse scap-

ular ligament to reach the posterior aspect of the scapula.
The suprascapular artery has muscular branches in the supra-
spinous fossa and then passes lateral to the root of the spine
of the scapula to enter the infraspinous fossa, where it rami-
fies widely, including muscular branches. Its branches anas-
tomose with branches of other arteries including the dorsal
scapular and subscapular to form an anastomosis around the
scapula. Occasionally the suprascapular artery arises from
the third part of the subclavian artery and very rarely from
other arteries, including the axillary artery.

The transverse cervical artery usually is a branch of the
thyrocervical trunk, often arising as a common stem with the
suprascapular artery. It is somewhat superior to but other-
wise parallels the suprascapular artery, crossing the anterior
scalene muscle and phrenic nerve. It generally passes deep to
the trapezius muscle as it exits the posterior aspect of the
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posterior triangle of the neck. Alternatively, it may divide
into a superficial branch and a deep branch that pass on either
side of the levator scapulae muscle. In this arrangement, the
deep branch takes the place of the dorsal scapular artery
(see below).

The ascending cervical artery may arise either directly
from the thyrocervical trunk or from the transverse cervical
artery. It ascends the cervical spine in close proximity to the
lateral aspect of the spine and the longus colli muscles. It
supplies deep paraspinal muscles and contributes to an arte-
rial plexus in the spinal canal with some branches following
nerve roots to the spinal cord.

The costocervical trunk arises from the posterior aspect of
the first or second part of the subclavian artery with the right
one being a little more distal than the left. It follows the first
rib posteriorly toward its neck in close proximity to the cupola
of the lung. There it ends by dividing into the highest
(supreme) intercostal and the deep cervical arteries. The deep
cervical artery courses posteriorly, immediately caudal to the
transverse process of C7, to ascend in the neck surrounded by
deep posterior neck muscles which it supplies. It also supplies
a spinal branch to the vertebral canal. The highest (supreme)
intercostal artery lies between the parietal pleura of the lung
apex and the necks of the first two ribs where it gives rise to

Fig.7.4 Diagram of a
sagittal section through the
axillary sheath and
clavipectoral region showing
the relationship between the
artery, vein and nerves. Figure
by permission: Basic Human
Anatomy. O’Rahilly, Miiller,
Carpenter & Swenson (http:// |
www.dartmouth.
edu/~humananatomy)

Axillary sheath

Brachial plexus

1strib

49

the posterior intercostal arteries to the first two intercostal
spaces.

The dorsal scapular artery usually arises from the subcla-
vian (second or third part) but may be the deep branch of the
transverse cervical artery. When it arises directly from the
subclavian, it typically passes between the upper and middle
or, occasionally, the middle and lower trunks of the brachial
plexus. This artery passes deep to the trapezius and levator
scapulae muscles and follows the dorsal scapular nerve along
the medial scapular border just deep to the rhomboid mus-
cles. It provides blood supply to these muscles.

Axillary Artery

The axillary artery (Fig. 7.3) is the continuation of the
subclavian artery, beginning lateral to the first rib. It is
divided into three portions by the pectoralis minor muscle,
which is immediately anterior to the mid-portion of the
artery. The first part is superomedial to the muscle; the sec-
ond is directly posterior to it; and the third is inferolateral to
it. The axillary artery and vein, as well as lymphatics and the
brachial plexus, are invested by dense connective tissue cre-
ating an axillary sheath (Fig. 7.4). This sheath is continuous
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with the prevertebral layer of deep cervical fascia. The rela-
tive positions of these neurovascular structures are shown in
Figs. 7.3 and 7.4.

As the axillary artery progresses inferolaterally it passes
anterior to the long thoracic nerve and the muscles that form
the posterior boundary of the axilla: the subscapular, latissi-
mus dorsi, and teres major muscles. The lateral border of the
teres major muscle is where the axillary artery changes its
name to the brachial artery. The axillary artery is posterior to
the pectoralis minor, the extent of which defines the second
part of the axillary artery. The pectoralis major muscle cov-
ers the entire anterior aspect of the axillary artery.

The superior (or supreme) thoracic artery (Fig. 7.1) is the
first branch, arising from the first part of the axillary artery.
This is a small branch that supplies muscles in and around
the first intercostal space.

The thoracoacromial artery (trunk) (Fig. 7.3) is the sec-
ond branch. This arises very close to the superomedial bor-
der of the pectoralis minor muscle on either side of the
transition from the first to second part of the axillary artery.
It is a short trunk with four named branches, some of which
may arise directly from the axillary artery. These branches
pierce the clavipectoral fascia that stretches from the pecto-
ralis minor muscle and coracoid process inferolaterally to
the clavicle superiorly. The four branches are the acromial
branch (which passes directly to the acromion process), the
clavicular branch (to the subclavius muscle and the sterno-
clavicular joint), the pectoral branch (supplying the pectora-
lis major and minor and traveling with branches of the lateral
pectoral nerve), and the deltoid branch (which travels with
the cephalic vein in the groove between the deltoid and pec-
toralis major muscles).

The lateral thoracic artery (Fig. 7.1) is the third branch,
which also arises from the second part of the axillary artery.
It passes inferiorly on the chest wall just lateral to the pecto-
ralis minor. It gives rise to lateral (external) mammary
branches that supply the breast.

The subscapular artery (Fig. 7.1) is a large branch arising
from the third part of the axillary artery near the lateral bor-
der of the pectoralis minor muscle at the level of the lateral
border of the subscapularis muscle. It passes inferiorly along
the lateral border of the scapula, ending by dividing into the
circumflex scapular artery and the thoracodorsal artery. The
thoracodorsal artery descends alongside the thoracodorsal
nerve along the lateral border of the latissimus dorsi muscle
where it anastomoses with lateral branches of intercostal
arteries. The circumflex scapular artery (scapular circumflex
artery) runs posteriorly across the triangular space (between
the teres major and minor muscles and the long head of the
triceps). It forms an anastomosis in the infraspinous fossa
with branches of the transverse cervical and suprascapular
arteries, forming a collateral pathway for blood to pass from
the first part of the subclavian artery to the third part of the
axillary in the event of intervening arterial obstruction.

R.S. Swenson et al.

The anterior humeral circumflex artery is a small artery
that passes anteriorly around the surgical neck of the humerus
deep to the deltoid muscle. It gives a branch that ascends in
the intertubercular groove to the shoulder joint. The anterior
and posterior circumflex arteries end by anastomosing with
each other.

The posterior humeral circumflex artery is a larger branch
that passes posteriorly around the surgical neck of the
humerus through the quadrangular space along with the axil-
lary nerve. It anastomoses with the anterior humeral circum-
flex artery deep to the deltoid muscle. This anastomosis
connects with branches of the profunda brachii artery and
supplies branches to muscles in the region and the shoulder
joint. The circumflex arteries may arise from a common stem
or occasionally from the subscapular artery.

Arteries of the Arm

The brachial artery (Fig. 7.1) begins where the axillary artery
ends at the lower border of the teres major muscle. In the
proximal arm the median nerve is immediately lateral to the
artery, while the radial nerve is posterior, and the ulnar and
medial antebrachial cutaneous nerves are medial (Fig. 7.5).
The proximal brachial artery is easily palpated where it is
medial to the humerus, although the more distal portion is
anterior to the bone, where it can be damaged by supracon-
dylar humeral fractures resulting in limb ischemia and sub-
sequent contractures and disability. The posterior part of the
artery is closely related to the triceps proximally, followed
by the coracobrachialis, and brachialis muscles at more dis-
tal levels (Fig. 7.5). As the median nerve progresses from
proximal to distal in the arm, the nerve gradually transitions
from its lateral position to a medial one, usually passing
anterior to the artery.

The brachial artery lies in the center of the cubital fossa,
with the biceps tendon on its lateral side and the median
nerve on its medial side (Fig. 7.6). The bicipital aponeurosis
crosses anterior to it, separating the artery from the median
cubital vein. The brachial artery ends by dividing into the
radial and ulnar arteries at the level of the neck of the radius,
although more proximal bifurcations, including divisions of
the axillary artery into radial and ulnar arteries, are not
uncommon.

In addition to a more proximal bifurcation, other common
anomalies include persistence of a median artery (following
the median nerve) or a superficial course for the ulnar artery
(which more commonly occurs when there is a more proxi-
mal bifurcation of the brachial artery). More rarely the bra-
chial artery may pass posterior to a supracondylar process on
the medial aspect of the humerus, usually accompanied by
the median nerve.

The brachial artery has a number of branches in the arm.
These include muscular branches to arm muscles and a nutrient
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artery that enters the mid-shaft of the humerus. The most prox-
imal named branch of the brachial artery is the deep brachial
(profunda brachii) artery (Figs. 7.1 and 7.5). This generally
arises from the posterior side of the brachial artery although
it may on rare occasion arise from the subscapular artery.
The deep brachial artery spirals around the posterior humerus
in the spiral groove along with the radial nerve. A deltoid
branch anastomoses with the posterior humeral circumflex
artery. The deep brachial artery ends as it reaches the lateral
aspect of the arm by bifurcating into a radial collateral artery,
which accompanies the radial nerve, and a middle collateral
artery (posterior descending branch), which ramifies posterior
to the lateral epicondyle. These arteries contribute to the
anastomoses around the elbow joint (Fig. 7.1).

The second named branch of the brachial artery is the supe-
rior ulnar collateral artery (Fig. 7.1). This begins approxi-
mately half way down the arm and travels with the ulnar nerve,
passing posterior to the medial epicondyle and anastomosing
mostly with the posterior ulnar recurrent artery.

The inferior ulnar collateral artery arises from the brachial
artery just proximal to the elbow. It passes posteriorly to ramify
both anterior and posterior to the medial epicondyle.

The anastomoses around the elbow joint occur both anterior
and posterior to the medial and lateral epicondyles (Fig. 7.1).
Anterior to the lateral epicondyle the radial collateral artery
anastomoses with the radial recurrent artery (a branch of the
radial artery in the proximal forearm). Posterior to the lateral
epicondyle the middle collateral artery anastomoses with the
interosseous recurrent artery, a branch of the interosseous
branch of the ulnar artery. Anterior to the medial epicondyle
the anterior branches of the inferior ulnar collateral artery anas-
tomose with the anterior ulnar recurrent branch of the ulnar
artery. And posterior to the medial epicondyle the superior
ulnar collateral artery, along with posterior branches of the
inferior ulnar collateral artery, anastomose with the posterior
ulnar recurrent branch of the ulnar artery. All of these branches
are highly variable in their size and ability to convey blood
around obstructions of the distal brachial artery.
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Arteries of the Forearm and Hand

The brachial artery terminates by dividing into a smaller and
more superficial radial artery and a deeper and larger ulnar
artery at the level of the neck of the radius (Figs. 7.1 and 7.6).

The radial artery travels deep to the brachioradialis mus-
cle throughout the proximal forearm but becomes superficial
in the distal part of the forearm, where it can be palpated
immediately lateral to the flexor carpi radialis tendon. In its
course it passes immediately medial to the biceps tendon and
follows the line across the radius that defines the insertions
of the pronator teres and the supinator muscles. It is medial
to the superficial radial nerve through the mid portion of the
forearm. At the wrist the radial artery passes dorsally under
the tendons of the anatomical snuffbox, crossing the scaph-
oid bone in this location (Fig. 7.7). It passes into the hand
between the first and second metacarpal bones.

The most dramatic anomaly of the radial artery is that it
may be absent. The occurrence of a proximal origin in the
arm has previously been described. Also, occasionally it
remains superficial to the muscles of the lateral forearm.

In addition to muscular branches there are few named
branches to the radial artery in the forearm. The radial recur-
rent artery passes superiorly to reach the anterior aspect of
the lateral epicondyle under the cover of the brachioradialis
muscle (Fig. 7.1). It approaches the radial nerve and anasto-
moses with the radial collateral branch of the deep brachial
artery.

The distal part of the radial artery crosses the wrist by
passing dorsally through the anatomical snuffbox (Fig. 7.7)
in close proximity to the radial collateral ligament of the
wrist and to the scaphoid and the trapezium bones. The ten-
dons of the abductor pollicis longus, extensor pollicis brevis,
and extensor pollicis longus muscles are superficial to it, as
is the distal part of the superficial radial nerve. The most dis-
tal part of the radial artery passes between the first and sec-
ond metacarpals and between the heads of the first dorsal
interosseous muscle. It enters the palm between the heads of
the adductor pollicis muscle to anastomose with the deep
branch of the ulnar artery forming the deep palmar arch
(Fig. 7.8).

There are several branches of the radial artery in the
region of the hand. A superficial palmar branch (Figs. 7.8
and 7.9) arises above the wrist and passes superficial to the
flexor retinaculum. It enters the thenar muscles and occa-
sionally anastomoses with the distal part of the superficial
palmar arch.

Palmar and dorsal carpal branches arise as the radial
artery passes the wrist. They contribute to a network of small
vessels on the palmar and dorsal aspect of the wrist. On the
dorsal side the network gives rise to several dorsal metacar-
pal arteries that further divide into small dorsal digital arter-
ies on either side of the ulnar fingers.

The radial digits, including the thumb and the radial side
of the index finger, have dorsal digital branches that may
arise directly from the radial artery or as a common trunk
that is called the first dorsal metacarpal artery when present.
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Fig.7.7 The relationship
between the radial artery at
the wrist and other structures
of the “anatomical snuffbox.”
Figure by permission: Basic
Human Anatomy. O’Rahilly,
Miiller, Carpenter & Swenson
(http://www.dartmouth.
edu/~humananatomy)
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The remainder of the branches of the radial artery arise
after it enters the palm of the hand (Fig. 7.8). The princeps
pollicis artery passes distally along the first metacarpal and
divides into palmar digital arteries for either side of the
thumb. The radialis indicis artery, supplying the radial side
of the index finger, is most often a branch of the princeps
pollicis but may also arise from a first palmar metacarpal
artery or as a branch from either the deep or superficial pal-
mar arch. The radialis indicis divides to supply both sides of
the index finger.

The ulnar artery is larger than the radial artery. As it
leaves the cubital fossa, it passes inferomedially and deep to
the pronator teres muscle. Throughout most of its subsequent
course in the forearm, it is covered by the flexor carpi ulnaris
muscle. Its origin is directed posterior and medially in the
cubital fossa (Fig. 7.6) deep to the muscles arising from the
medial epicondyle. The median nerve crosses this part of the
artery, separated from it by the deep head of the pronator
teres muscle. Once it reaches a position deep to the flexor
carpi ulnaris muscle, it courses distally under the cover of

longus

this muscle in contact with the fascia of the flexor digitorum
profundus muscle. The ulnar nerve travels along the medial
side of the artery through the forearm. In the distal part of the
forearm the ulnar artery and nerve emerge just lateral to the
tendon of the flexor carpi ulnaris muscle where the ulnar
pulse can be felt.

The ulnar artery enters the hand by passing anterior to the
flexor retinaculum of the wrist, immediately lateral to the
pisiform bone. In this location it gives off the deep palmar
branch and continues as the superficial palmar arch (Fig. 7.9).

There are several branches of the ulnar artery in the fore-
arm (Fig. 7.1). It gives rise to many muscular branches to
adjacent muscles arising from the medial epicondyle. The
first named branch is the ulnar recurrent artery, which arises
deep to the flexor muscles and gives rise to anterior and pos-
terior branches that contribute to the anastomosis around the
elbow anterior and posterior to the medial epicondyle (previ-
ously described).

The common interosseous artery is usually the second
named branch (Fig. 7.1). This is a short trunk that arises as
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Fig.7.8 The arterial supply
of the palm of the hand. Note:
the radial artery passes
dorsally after its superficial
palmar branch to contribute to
the deep arch after entering
the palm between the first and
second metacarpals. Figure by
permission: Basic Human 1
Anatomy. O’Rahilly, Miiller,

Carpenter & Swenson (http://

www.dartmouth.

edu/~humananatomy)
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the ulnar artery passes deep to the pronator teres muscle. It
quickly divides into anterior and posterior interosseous
arteries.

The anterior interosseous artery courses distally immedi-
ately anterior to the interosseous membrane between the
flexor pollicis longus and flexor digitorum profundus mus-
cles. It travels with the anterior interosseous nerve branch of
the median nerve. As the anterior interosseous artery
approaches the pronator quadratus muscle, it passes through
a hiatus in the interosseous membrane to join the dorsal car-
pal network (rete) of vessels (Fig. 7.1). It has several
branches, including nutrient branches to the radius and ulna
and also contributes to the palmar carpal network of
vessels.

The median artery is a highly variable branch that usually
arises from the interosseous artery system in the proximal
forearm or directly from the ulnar artery. It accompanies the
median nerve through the forearm into the hand. Although
typically small or absent, at times it can be quite large and
provide significant blood supply to the hand after passing
through the carpal tunnel.

The posterior interosseous artery (Fig. 7.1) passes from
the anterior to the posterior side of the forearm through a gap

Radial

Palmar carpal
Ulnar

immediately proximal to the superior border of the interosse-
ous membrane. It emerges in the posterior forearm near the
distal aspect of the supinator muscle where it joins with the
posterior interosseous nerve. This neurovascular bundle is
located between the superficial and deep extensor muscles.
The artery terminates by anastomosing with the anterior
interosseous artery in the distal forearm, joining the dorsal
carpal network. The only named branch of the posterior
interosseous artery, the interosseous recurrent artery, occurs
near its origin. This branch courses to the posterior aspect of
the lateral epicondyle under the cover of extensor muscles.
The ulnar artery enters the hand anterior to the flexor reti-
naculum, immediately lateral to the pisiform bone. It passes
between that bone and the hook of the hamate (hamulus).
Both the artery and the ulnar nerve, which is just medial to it,
are covered by the pisohamate ligament and some superficial
fibers of the flexor retinaculum (but not the main part of the
flexor retinaculum nor the transverse carpal ligament). It then
splits into terminal branches, the superficial palmar arch and
the deep palmar branch.
As it approaches the wrist, the ulnar artery gives rise to a
palmar (larger) and dorsal (smaller) carpal branch. These
branches contribute to the palmar and dorsal carpal network,
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Fig.7.9 The formation of the
superficial palmar arterial
arch. Figure by permission:
Basic Human Anatomy.
O’Rahilly, Miiller, Carpenter
& Swenson (http://www.
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respectively, joining with corresponding branches of the
radial artery. This network is deep to the tendons and adjacent
to the wrist joint capsule.

The superficial palmar arch (Fig. 7.9) is the main continu-
ation of the ulnar artery. After arching across the palm of the
hand, it may anastomose with the radialis indicis, the super-
ficial palmar branch of the radial or the princeps pollicis
arteries to complete the arch. Less frequently, the median
artery or an enlarged anterior interosseous artery may con-
tribute to the formation of the arch, particularly in rare cases
where the ulnar artery is absent. The distal extent of the
superficial palmar arch typically reaches approximately the
level of the two horizontal creases of the palm. The arch is
superficial to the flexor tendons, the lumbrical muscles, and
the branches of the median nerve but deep to the palmar apo-
neurosis and the palmaris brevis muscle.

The superficial palmar arch gives rise to a branch to the
medial side of the fifth finger and three common palmar digi-
tal arteries. Each of these, in turn, divides to supply the adja-
cent sides of the fingers. In addition to supplying the tissues
of the fingers the digital arteries have extensive arteriovenous
anastomoses.

Brachioradialis m.
Abductor pollicis longus m.

Extensor pollicis brevis
& longus mm.

Radius

The deep palmar branch of the ulnar artery (Fig. 7.8)
passes between the abductor digiti minimi and flexor digiti
minimi brevis muscles accompanied by the deep branch of
the ulnar nerve. It typically anastomoses with the distal end
of the deep palmar arch, completing the arch. This arch is
deep to the flexor tendons, immediately anterior to the meta-
carpal bones and interosseous muscles. It does not extend as
far distal in the hand as the superficial arch. The deep palmar
arch gives rise to three palmar metacarpal arteries, which
course distally on the interosseous muscles, joining the pal-
mar digital branches of the superficial arch and contributing
to the blood supply of the fingers.

Veins of the Upper Limb

The drainage of the upper limb includes both a superficial
and deep system of veins. In the upper extremity the deep
venous system returns less of the blood than the superficial
system. In the forearm the deep system consists of paired
vena comitans that are ensheathed, along with the named
arteries and often a nerve, within a neurovascular bundle.
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This is the arrangement in the deep venous system around
most arteries up to the diameter of the brachial artery.

In the distal arm, just proximal to the elbow, the brachial
artery is accompanied by venae comitantes. More proxi-
mally these venae comitantes are joined by the basilic vein,
which pierces the investing fascia of the arm, to form the
axillary vein (Fig. 7.5).

The superficial and the deep venous systems are con-
nected at irregular intervals through the forearm. These con-
nections have valves that only permit flow from the superficial
into the deep system of veins.

The superficial system of veins is a network of highly vari-
able vessels residing within the superficial fascia (Fig. 7.2).
These veins begin in the fingers and drain via a variable orga-
nization of palmar and dorsal digital veins. These are tributar-
ies of a dorsal venous network or arch on the dorsum of the
hand. There is a much finer superficial network in the palm.
Blood from these networks passes into anastomosing chan-
nels in the forearm that roughly segregate into cephalic and
basilic systems on the radial and ulnar sides of the forearm
respectively. Each vein has several valves.

The cephalic system of veins extends from the dorsal
aspect around the radial side of the forearm to reach the
anterolateral part of the cubital region (Fig. 7.6). Most often
one major trunk continues proximally along the lateral
biceps. This continues in the groove between the deltoid and
pectoralis major muscles. This branch then pierces the clavi-
pectoral fascia to terminate by joining the axillary vein.

The basilic venous system continues from the veins on the
dorsum of the hand around the ulnar aspect of the forearm to
pass anterior to the medial epicondyle. From that position it
continues proximally along the medial margin of the biceps.
In the middle of the arm it pierces the deep fascia to travel
with the brachial artery. Upon reaching the axilla it joins
with the brachial vein or venae comitantes to become the
axillary vein.

R.S. Swenson et al.

The cephalic and basilic veins are often connected anterior
to the elbow by the median cubital vein. This vein classically
courses superomedially from the cephalic to the basilic, cross-
ing superficial to the bicipital aponeurosis which separates
the vein from the deeper brachial artery and median nerve.

There is usually a significant communication between the
superficial and deep venous system in the region of the cubi-
tal fossa, and there are also connections with superficial
veins from the anterior aspect of the forearm. It must be kept
in mind that the pattern of superficial veins anterior to the
elbow is highly variable. There are often accessory connec-
tions between the cephalic and basilic systems. Nonetheless
the median cubital or one of its tributaries is usually more
prominent and therefore more useful for drawing blood or
for catheterization.

The axillary vein begins at the lower border of the teres
major as the continuation of the brachial vein. The axillary
vein is located on the anterior and medial side of the axillary
artery (Fig. 7.4), and it has one or more sets of valves. In its
course it receives the cephalic vein and tributaries analogous
to the branches of the axillary artery. The veins that parallel
the branches of the thoracoacromial artery drain into the
cephalic vein and then into the axillary vein.

The axillary vein commonly receives blood from the tho-
racoepigastric vein, which is actually an anastomotic path-
way. This provides a collateral route for venous return in the
event that the inferior vena cava becomes obstructed.

At the lateral border of the first rib the axillary vein con-
tinues as the subclavian vein (Fig. 7.3). The subclavian vein
lies anterior to the subclavian artery and is separated from it
by the anterior scalene muscle. It is also somewhat inferior to
the artery but does reach the level of the clavicle. Posterior to
the medial end of the clavicle it joins the internal jugular vein
to form the brachiocephalic vein. The right and left brachio-
cephalic veins then join to form the superior vena cava which
enters the heart.
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Vessels of the Lower Limb

This chapter describes the arterial and venous circulation of the
lower limbs. The arterial circulation (Fig. 8.1) begins with the
external and internal iliac arteries. The internal iliac artery
mostly supplies the pelvic organs, although its branches also
contribute to the arterial circulation of the gluteal region and
proximal thigh. The external iliac artery continues as the femo-
ral artery after it passes the inguinal ligament. A large proximal
branch, the deep femoral artery, not only supplies deeper struc-
tures of the anterior thigh but is also the main blood supply of
the posterior thigh and the anastomosis around the hip joint.
The continuation of the femoral artery (often referred to clini-
cally as the superficial femoral artery) transitions to the popli-
teal artery as it passes through the adductor hiatus. Branches of
both the femoral and popliteal arteries contribute to the anasto-
mosis around the knee. The popliteal artery ultimately gives
rise to the three main arteries that supply the leg in a region
sometimes called the “trifurcation.” The posterior tibial artery
is the continuation of the popliteal artery, beginning at the ori-
gin of the anterior tibial artery that branches from the anterior
side of the popliteal. The anterior tibial passes between the tibia
and fibula to supply the anterior leg. The fibular (peroneal)
artery arises from the lateral aspect of the posterior tibial shortly
after the origin of the anterior tibial. The fibular artery mostly
supplies leg structures of the lateral compartment and some of
the posterior compartment, and it ends by joining the anterior
tibial in the distal anterior leg to contribute to the dorsalis pedis
artery. Together, the fibular and anterior tibial arteries supply
most of the dorsum of the foot, the lateral calcaneal region, and
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the deep plantar arch. The posterior tibial arteries pass posterior
to the medial malleolus to reach the plantar surface of the foot
where they give rise to the medial and lateral plantar arteries
and the medial calcaneal artery.

The vascular distribution of the foot has been conceptual-
ized as having at least five “angiosomes,” each with a rela-
tivelydistinctarterial supply andrestrictedintercommunications
through “choke vessels.” These angiosomes include the distri-
butions of the medial and lateral plantar and the dorsalis pedis
arteries, as well as the medial and lateral calcaneal artery dis-
tributions. Similarly, the leg is conceptualized as having at
least three angiosomes, one for each of the major vessels (the
anterior and posterior tibial and the fibular arteries).

The venous system is divisible into deep and superficial
systems with more blood traveling in the deep system. The
deep system consists of venae comitantes distally in the
limb, with single popliteal veins and femoral veins parallel-
ing the arteries back to the iliac system. The superficial
venous system (Fig. 8.2) is complex and includes great and
small saphenous veins, with communications in between and
also from the superficial system to the deep system at various
points along its course.

Arterial Circulation

A discussion of the arterial supply of the lower extremities
must begin with the iliac (formerly hypogastric) vessels. The
newer terminology will be employed here, as will English
(rather than Latin) nomenclature for vessels wherever possible.
The description of lower limb arterial circulation will progress
from proximal to distal in the limb, first with consideration of
the gluteal region and thigh followed by the leg and foot.

Iliac Vessels

Lower limb circulation (Fig. 8.1) begins with the common
iliac vessels, the terminal branches of the abdominal aorta.
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Fig.8.1 The arteries of the lower limb. Figure by permission: Basic Human Anatomy. O’Rahilly, Miiller, Carpenter and Swenson (http:/www.

dartmouth.edu/~humananatomy)

This bifurcation occurs anterior to the fourth lumbar vertebra
slightly to the left of the midline. The common iliac arteries
follow a course initially anteromedial and then medial to the
psoas major muscles. They are usually around 4-5 cm long

and end by dividing into internal and external iliac vessels.
The external iliac vessels are the major supply to the lower
limbs. They travel immediately medial to the psoas major
muscle and give rise to two named branches immediately
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Fig.8.2 A simplified representation of the superficial veins of the lower limb. Details of the veins of the foot have been omitted. Figure by permis-
sion: Basic Human Anatomy. O’Rahilly, Miiller, Carpenter and Swenson (http://www.dartmouth.edu/~humananatomy)

prior to passing the inguinal ligament. The two consistent
branches are the inferior epigastric artery to the anterior
abdominal wall and the deep iliac circumflex artery that is
directed toward the anterior superior iliac spine, supplying

some of the inguinal region. In as many as 20 % of cases,
there is a major artery, usually called the accessory obturator
artery, arising from either the distal external iliac or the infe-
rior epigastric. This wraps around the superior pubic ramus
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Fig.8.3 Above: the branches
of the internal iliac artery,
medial aspect. Below: the
most frequent pattern of
branches of the internal iliac
artery. Figure by permission:
Basic Human Anatomy.
O’Rahilly, Miiller, Carpenter
and Swenson (http://www.
dartmouth.
edu/~humananatomy)
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and usually anastomoses with the obturator artery but can
entirely replace it.

The internal iliac artery (Fig. 8.3) supplies most of the
blood to the pelvis and gluteal region. Here we will consider
its branches that supply the gluteal region. Although the clas-
sic description of the internal iliac artery is that it has anterior
and posterior divisions, variations are frequent.

The main branches extending into the gluteal and thigh
regions are the obturator, the superior and inferior gluteal,
and the internal pudendal arteries (Fig. 8.4). The obturator
artery usually arises from the anterior division of the internal

Superior gluteal a.

Common

o

Inferior
gluteal a.

Pudendal n.

X3

!
e f, Y Internal
} Yl } pudendal a.
Pt

Inferior rectal a. & n.

Posterior

scrotal a. & n. Common iliac a.

Internal iliac a.

External
Y iliaca.
/ ' Superior
i Umbilical a. gluteal a.

Obturator a.
Inferior

luteal a.
Internal "

pudendal a.

iliac. It is crossed by the ureter on its course to the obturator
foramen. As mentioned previously, it may be joined by or
replaced by an accessory obturator artery arising from the
external iliac system. The obturator artery divides into
several branches. These include an anterior and posterior
branch that ramifies around the obturator foramen and an
acetabular branch to the ligament of the head of the femur.
The superior and inferior gluteal arteries (Fig. 8.4) classi-
cally arise from the anterior division of the internal iliac, but
they may originate from the posterior. These arteries pass
between roots of the sacral plexus, exiting the pelvis via the


http://www.dartmouth.edu/~humananatomy
http://www.dartmouth.edu/~humananatomy
http://www.dartmouth.edu/~humananatomy

8 Vascular Anatomy of the Lower Limbs

Fig.8.4 The relationship of
the superior gluteal, inferior
gluteal, and the internal
pudendal arteries to other
structures emerging into the
gluteal region from the
greater sciatic foramen.
Figure by permission: Basic
Human Anatomy. O’Rahilly,
Miiller, Carpenter and
Swenson (http:/www.
dartmouth.
edu/~humananatomy)
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greater sciatic foramen immediately superior and inferior to
the piriformis muscle, respectively.

The superior gluteal artery is the larger of the two gluteal
arteries. Its entry to the gluteal region can be identified by a
point one third of the way between the posterior superior
iliac spine and the tip of the greater trochanter. It passes
between the lumbosacral trunk and the first sacral nerve just
prior to exiting the pelvis through the greater sciatic foramen
superior to the piriformis muscle. It gives rise to muscular
branches and a nutrient artery to the ilium prior to dividing
into superficial and deep branches. The superficial branches
enter the gluteus maximus muscle, while the deep branch
passes between the gluteus maximus and medius muscles,
supplying both. In its course, the deep branch is accompa-
nied by the superior gluteal nerve.

The inferior gluteal artery is a branch of the internal iliac
artery that leaves the pelvis by passing between two of the
upper sacral nerves and exiting the greater sciatic foramen
inferior to the piriformis muscle. Branches enter surrounding
muscles, especially the gluteus maximus muscle, and it then
joins the medial aspect of the sciatic nerve and then the pos-
terior femoral cutaneous nerve. It gives branches to the deep
external rotator muscles of the hip and the upper hamstrings.
It provides cutaneous supply to the upper posterior thigh and,
through coccygeal branches, the region around the coccyx.
A branch passes laterally toward the greater trochanter of the
femur, participating in the cruciate anastomosis posterior to
the hip joint. There is usually a very small artery of the sci-
atic nerve. On occasion this artery can remain quite large
(it is the remnant of a large axial artery in the embryo).

The internal pudendal artery (Fig. 8.3) also usually arises
from the anterior division and exits the pelvis through the
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greater sciatic foramen inferior to the piriformis muscle.
It subsequently crosses the posterior aspect of the ischial
spine and sacrospinous ligament and enters the lesser sciatic
foramen to reach the perineum. It is accompanied by the
pudendal nerve and is the source of the inferior rectal artery
and vessels supplying the scrotum (or labia), perineum, bulb
of the penis (or vestibule), and urethra.

The remainder of the visceral and parietal branches of the
internal iliac system will not be described here.

Femoral Vessels

The main blood supply to the anterior thigh is the femoral
artery (often referred to clinically as the common femoral
artery). This is the continuation of the external iliac as it passes
the inguinal ligament (Fig. 8.5). It is quite superficial in the
upper thigh, but it becomes deep by passing posterior to the
sartorius muscle in the adductor canal about a third of the way
down the thigh. About 2/3-3/4 of the way down the thigh it
passes through the adductor hiatus to leave the anterior thigh
and assume a posterior position as the popliteal artery.

The initial (superior) parts of the femoral artery and vein
are enclosed in a fascial investment called the femoral sheath.
This is located medial to the iliopsoas muscle and anterior to
the pectineus muscle (Fig. 8.5) and consists of fascial
continuations from the transversalis fascia of the abdomen
and the iliac fascia over the iliacus muscle. The sheath is a
few centimeters long, tapering to fuse with the adventitia of
the blood vessels. It is divided by connective tissue septae
into three compartments with a lateral one for the artery, a
middle one for the vein, and a medial, one called the femoral
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Fig.8.5 Structures entering )
the thigh deep to the inguinal
ligament. Figure by
permission: Basic Human
Anatomy. O’Rahilly, Miiller,
Carpenter and Swenson
(http://www.dartmouth.
edu/~humananatomy)
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canal, containing fat and a few lymph vessels. Its superior
end is termed the femoral ring and is normally closed by a
condensation of connective tissue known as the femoral sep-
tum. There is a thickening of connective tissue, Henle’s liga-
ment, which borders the medial aspect of the femoral ring.
Clinically, the femoral canal is the location of femoral her-
nias. The anterior aspect of the femoral sheath is pierced by
small arteries and by the great saphenous vein.

The most proximal named branches of the femoral artery
(Fig. 8.1) arise immediately after the femoral artery enters
the femoral sheath by passing deep to the inguinal ligament.
These arteries pierce the femoral sheath, entering the super-
ficial fascia. They include the superficial epigastric artery,
the superficial iliac circumflex artery, the superficial external
pudendal artery, and the deep external pudendal artery. There
are also several muscular and musculocutaneous branches.
The superficial epigastric artery runs superiorly to enter the
superficial fascia of the abdomen anterior to the inguinal
ligament. It follows a course roughly toward the umbilicus,
anastomosing with branches of the inferior epigastric artery.
The superficial iliac circumflex artery passes superolaterally
toward the anterior superior iliac spine, where it anastomoses
with the deep iliac circumflex artery. The external pudendal
arteries pass medial to the tissues over the medial part of the
inguinal ligament and anterior structures of the pudendum
(anterior scrotal/labial branches).

The superior 1/3 of the femoral artery is in the femoral tri-
angle. This triangle is inferior to the inguinal ligament and is
bounded on the lateral side by the medial border of the sarto-
rius muscle and medially by the medial border of the adductor
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longus muscle. The floor of the triangle is formed by the ilio-
psoas, pectineus, and adductor longus muscles from lateral to
medial. Anteriorly, the triangle is covered by the fascia lata
(the investing fascial layer of the thigh). Just inferior to the
inguinal ligament, the fascia lata is perforated by the small
anterior branches of the femoral artery and by the great
saphenous vein. This perforated fascia has been termed
the cribriform fascia, and the fascial gap has been called the
saphenous hiatus. Within the more inferior portions of the
femoral triangle, the femoral artery assumes a position ante-
rior to the femoral vein, while the majority of the branches of
the femoral nerve remain lateral to the artery in the triangle.

Approximately 1-5 cm distal to the inguinal ligament, the
femoral artery gives off its largest branch, the deep femoral
(profunda femoris) artery (Fig. 8.1). About half the time, this
arises as a common trunk with the femoral circumflex arteries
and can be called a profunda-circumflex trunk.

The deep femoral artery arises from the posterior side of
the femoral artery and assumes a position deep and slightly
medial to the femoral artery. Initially, it is anterior to the ilia-
cus and pectineus muscles and subsequently passes posterior
to the adductor longus muscle as it descends the thigh. At
progressively more distal levels of the thigh, it is located
medial to the femur and anterior to first the adductor brevis
and then the adductor magnus muscles. In its course it gives
rise to three perforating branches that pass through gaps in
the insertion of the adductor magnus to reach the posterior
thigh (Fig. 8.1). In that location they are the major arterial
supply of the hamstrings and the vastus lateralis muscles.
The deep femoral artery, itself, ends as a fourth perforating
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artery. The first perforating artery anastomoses with the infe-
rior gluteal artery and with branches of the lateral and medial
femoral circumflex arteries to form the cruciate anastomosis
around the hip (Fig. 8.6). In addition to many muscular

Femoral a.

Deep femoral
(profunda
femoris) a.

Lat. & med.
circumflex aa.

Fig.8.6 The blood supply to the head and neck of the femur. Figure by
permission: Basic Human Anatomy. O’Rahilly, Miiller, Carpenter and
Swenson (http://www.dartmouth.edu/~humananatomy)

branches, the deep femoral artery and its perforating branches
supply nutrient arteries to the femur.

The lateral circumflex artery of the thigh (Fig. 8.1) takes a
lateral course, passing between the iliacus muscle posteriorly
and the sartorius and rectus femoris muscles on its anterior
side. In its course, it passes between branches of the femoral
nerve. It ends by dividing into ascending, transverse, and
descending branches. The ascending branch passes anterior to
the hip joint and between the gluteus medius and minimus
muscles, anastomosing with the superior gluteal artery. The
transverse branch extends laterally, piercing the insertion of
the vastus lateralis as it reaches the posterior aspect of the
thigh, anastomosing with the end of the medial circumflex
artery (Fig. 8.6). The descending branch passes distally toward
the knee. First it is posterior to the rectus femoris muscle, and
later in its course it is deep to the vastus lateralis muscle.

The medial circumflex artery (Fig. 8.6) arises from the
posterior aspect of the deep femoral artery. It courses posteri-
orly between the psoas major and pectineus muscles and then
passes between the obturator externus and adductor brevis
muscles. Ultimately, it divides into ascending and transverse
branches after passing between the quadratus femoris and
adductor magnus muscles. The ascending branch anastomo-
ses with the gluteal arteries posterolateral to the hip joint. The
transverse branch anastomoses with the end of the lateral cir-
cumflex artery. In its course, the medial circumflex artery has
an acetabular branch that anastomoses with the obturator
artery. This branch gives rise to an artery to the head of the
femur as lateral epiphyseal arteries. These enter the neck of
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Fig. 8.7 Axial section through the middle of the thigh. (a) Depicts the
relation of the vessels to surrounding structures. (b) Defines the location
of the muscles of the thigh that relate to the vessels. Ad.M. adductor mag-
nus, B.F. biceps femoris, Gr. gracilis, R.F. rectus femoris, S. sartorius,
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S-m. semimembranosus, S-z. semitendinosus, V.I. vastus intermedius, V.L.
vastus lateralis, VM. vastus medialis. Figure by permission: Basic Human
Anatomy. O’Rahilly, Miiller, Carpenter and Swenson (http://www.dart-
mouth.edu/~humananatomy)
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the femur and extend toward the head (Fig. 8.6). They can be
disrupted by fractures of the neck of the femur or by proce-
dures to repair such fractures.

Distal to the origin of the deep femoral branch, the femoral
artery is usually referred to as the superficial femoral artery by
clinicians. About a third of the way down the thigh, the artery
enters the adductor canal (Fig. 8.7). In addition to the femoral
artery and vein, the adductor (subsartorial) canal contains the
saphenous nerve and usually a branch from the femoral nerve
to the vastus medialis muscle. The canal is sometimes called
the subsartorial canal because the sartorius muscle and subsar-
torial fascia form an anterior roof to the canal. At more distal
levels of the thigh, the sartorius muscle becomes more medial
(Fig. 8.7). In the canal, the femoral vein is immediately poste-
rior to the artery. The femoral artery has a few muscular
branches but only one named branch, the descending genicu-
lar artery (Fig. 8.1). This arises just above the adductor hiatus
and divides immediately into saphenous and articular
branches. The articular branches pass distally, entering the
vastus medialis muscle and contributing to the anastomosis
around the medial aspect of the knee joint. The saphenous
branch joins the saphenous nerve medial to the knee. It con-
tributes to the anastomosis around the knee by anastomosing
with the inferomedial genicular artery after passing between
the sartorius and gracilis muscles.

Popliteal Region

The popliteal artery is the continuation of the femoral artery
after it passes through the adductor hiatus. This hiatus is the
gap between the portion of the adductor magnus muscle that
inserts on the adductor tubercle and the portion that inserts
on the linea aspera. The popliteal artery is surrounded by fat
but closely approximates the popliteal surface of the femur
and the structures of the posterior knee joint, including the
joint capsule and the popliteus muscle. The artery is anterior
to the lateral portion of the semimembranosus muscle and
the tibial nerve. More distally, the gastrocnemius and plan-
taris muscles are posterior to the artery. In the superior part
of the popliteal fossa, the popliteal vein and tibial nerve are
posterolateral to the artery. This relationship changes in the
inferior part of the fossa, where the vein and nerve are pos-
teromedial to the artery.

The popliteal artery has muscular branches to the mus-
cles of the calf as well as cutaneous branches. One of
these, the superficial sural artery, accompanies the small
saphenous vein.

There are five named genicular arteries that arise from the
popliteal and contribute to the anastomosis around the knee.
Proximal to the knee, the superomedial and superolateral
genicular arteries arise on the medial and lateral side of pop-
liteal artery at the level of the femoral condyles and pass
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medially and laterally, respectively, above the corresponding
femoral condyle and between the origins of the gastrocne-
mius muscles and inferior portions of the hamstring muscles.
They anastomose with other genicular arteries within the
substance of the vastus medialis and lateralis muscles,
respectively. The middle genicular artery arises from the
anterior aspect of the popliteal artery and pierces the oblique
popliteal ligament to enter the knee joint. The inferomedial
and inferolateral genicular arteries course deep to the medial
and lateral heads of the gastrocnemius muscle and then to the
medial and lateral collateral ligaments of the knee joint as
they curve around the medial and lateral aspects of the knee,
respectively. These branches also contribute to the anastomo-
sis around the knee joint.

The popliteal artery ends by dividing into the anterior and
posterior tibial arteries at the inferior border of the popliteus
muscle (Fig. 8.8). This branching is misnamed the “trifurca-
tion” since the third branch, the fibular (peroneal) artery, is a
more distal branch of the posterior tibial artery. Between the
origin of the anterior tibial artery and the origin of the fibular
artery, the posterior tibial is sometimes called the tibiopero-
neal trunk.

In summary, the anastomoses around the knee joint include
anastomoses between the two superior and the two inferior
genicular arteries along with the descending genicular branch
of the femoral artery and the descending branch of the lateral
circumflex artery. There are also contributions from the fibular
circumflex and anterior recurrent arteries of the anterior tibial
artery. The medial and lateral arteries anastomose across the
anterior side of the limb deep and superficial to the quadriceps
muscle and deep to the patellar ligament.

Vessels of the Leg

The popliteal artery terminates by bifurcating into the ante-
rior and posterior tibial arteries at the inferior border of the
popliteus muscle (Fig. 8.8). The anterior tibial artery initially
passes laterally between the fibrous origins of the tibial and
fibular heads of the tibialis posterior muscle before turning
anteriorly to pass the fibrous arch at the superior end of the
interosseous membrane. As it reaches the anterior compart-
ment, it occupies a position anterior to the interosseous
membrane, where it runs distally in the anterior compartment
of the leg. It joins the deep fibular (peroneal) nerve. In the
inferior portion of the leg, it is directly anterior to the tibia,
where it is accessible. On the dorsum of the foot, it continues
into an arterial network usually via a well-defined direct con-
tinuation, the dorsalis pedis artery.

The anterior tibial artery has muscular and cutaneous
branches that supply the adjacent muscles and skin of the
anterior leg. Named branches include an occasional fibular
circumflex branch, which more often arises from the poste-
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Fig.8.8 Structures in the
right popliteal fossa (popliteal
veins omitted). Figure by
permission: Basic Human
Anatomy. O’Rabhilly, Miiller,
Carpenter and Swenson
(http://www.dartmouth.
edu/~humananatomy)

Posterior
tibial a.

rior tibial artery. Additionally, there is a small and inconstant
branch, the posterior tibial recurrent artery, which ascends
deep to the popliteus muscle. The anterior tibial recurrent
artery arises immediately after the anterior tibial artery
passes the interosseous membrane. It courses superiorly
toward the knee joint within the tibialis anterior muscle and
joins the inferior part of the anastomosis around the knee.
Medial and lateral anterior malleolar arteries arise from the
distal part of the anterior tibial artery, immediately proximal to
the ankle joint (Fig. 8.9). These arteries contribute to an anas-
tomosis around the ankle. The medial anterior malleolar artery
passes posterior to the tendons of the extensor hallucis longus
and tibialis anterior muscles, anastomosing with branches of

Femoral
(superficial femoral) a.

Popliteal a.

i

— —

Sciatic n.

Popliteus m.

)

== Common fibular n.

Anterior tibial a.
Tibiofibular
(tibioperoneal)
trunk
Fibular
(peroneal) a.

Tibial n.

the posterior tibial and medial plantar arteries near the medial
malleolus. The lateral anterior malleolar artery passes poste-
rior to the extensor digitorum longus muscle to anastomose
with the perforating branch of the fibular (peroneal) artery
(Fig. 8.9). The contribution of the anterior tibial artery to the
blood supply of the foot is described below.

The larger terminal division of the popliteal artery, which
is essentially a continuation of its course, is the posterior
tibial artery (Fig. 8.1). It is immediately anterior to the tibi-
alis posterior muscle in the upper leg and then the flexor digi-
torum longus muscle and the posterior surface of the tibia at
progressively distal levels. The artery is in the deep compart-
ment of the posterior leg, just deep to the deep transverse
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Fig.8.9 The arteries of the sole and dorsum of the foot. Figure by permission: Basic Human Anatomy. O’Rahilly, Miiller, Carpenter and Swenson
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fascia of the leg, which in turn is deep to the soleus and gas-
trocnemius muscles. It is more superficial distally as it passes
the flexor retinaculum posterior to the medial malleolus and
finally passes deep to the abductor hallucis muscle. It is
closely related to the tibial nerve, which is medial to the
artery in the upper leg and lateral in the lower leg after pass-
ing posterior to the artery in the mid leg.

There are several named branches of the posterior tibial
artery. Shortly after its origin at the inferior border of the
popliteus muscle, the circumflex fibular branch usually arises
from the lateral aspect and passes laterally around the neck
of the fibula under the cover of the origin of the fibularis
(peroneus) longus muscle and contributes to the anastomosis
around the knee joint.

The posterior tibial artery is the origin of a very large
nutrient artery to the tibia that passes through the fibrous
arch formed by the origin of the tibialis posterior muscle. In
the proximal leg, one or more communicating branches with
the fibular (peroneal) artery can be identified.

At the level of the ankle, the posterior tibial artery gives
rise to medial malleolar branches that pass posterior to the
medial malleolus. The medial calcaneal arteries may arise
from these medial malleolar arteries or directly from the
posterior tibial artery. There is a network of vessels that sur-
round the heel that are contributed to by branches of the
anterior tibial, posterior tibial, and fibular arteries. The fibu-
lar (peroneal) artery is the largest and most consistent branch
of the posterior tibial artery, usually arising within a few cen-
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timeters of the origin of the posterior tibial artery. It is nearly
as large as the posterior tibial artery in most cases. It crosses
the tibialis posterior muscle to reach its fibular origin and
passes distally following the medial aspect of the fibula
(occasionally within the substance of the tibialis posterior
muscle). Throughout its course in the leg, it remains in the
posterolateral aspect of the posterior compartment.

The most important branches of the fibular arteries are the
muscular branches (several) that pass through the membrane
that separates the posterior compartment from the lateral
compartment of the leg. These branches are the primary
blood supply of the lateral compartment of the leg.

In the distal leg, the fibular (peroneal) artery ends by
dividing into lateral calcaneal branches to the lateral aspect
of the heel and lateral malleolar branches that contribute to a
network of vessels around the lateral malleolus. There is also
a variable interosseous branch that passes through the hiatus
between the tibia and fibula distal to the interosseous mem-
brane and proximal to the interosseous tibiofibular ligament
of the ankle. This interosseous branch anastomoses with
arteries anterior to the ankle. Occasionally, if the fibular
artery is large and the anterior tibial artery is small, the inter-
osseous branch replaces the anterior tibial artery in forming
the dorsalis pedis artery. In most cases there is also a small
anastomotic branch connecting the fibular artery with the
posterior tibial in the distal leg.

Vessels of Foot

The main arterial supply of the foot is from the posterior tibial
artery (Fig. 8.9). This artery passes posterior to the medial
malleolus deep to the flexor retinaculum. It divides into medial
and lateral planter arteries deep to the abductor hallucis mus-
cle. The medial plantar artery, which is usually smaller than
the lateral plantar, passes in the foot just deep to the abductor
hallucis muscle between that muscle and the deeper-lying
flexor digitorum brevis muscle. The medial side of the big toe
is supplied by a consistent branch of this artery. There are
cutaneous, muscular, and articular branches of the medial
planter, and it usually gives rise to three superficial digital
branches, which are usually joined by the medial three plantar
metatarsal arteries. The medial plantar artery is accompanied
by the artery of the same name on its lateral side.

The lateral plantar artery is usually substantially larger
than the medial plantar artery. It originates on the medial side
of the proximal foot and travels anterolaterally, deep to the
flexor digitorum brevis and superficial to the quadratus plan-
tae (flexor accessorius) muscle, as it progresses distally along
the sole of the foot. Ultimately, it reaches a position between
the flexor digitorum brevis and the abductor digiti minimi.
Near the base of the fifth metatarsal, it turns medially contrib-
uting to the plantar arch, which has its major contribution
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from the deep plantar branch of the dorsalis pedis artery. Prior
to joining the deep plantar arch, the lateral plantar artery gives
off calcaneal, muscular, and cutaneous branches.

The dorsalis pedis artery (Fig. 8.9) is usually the continu-
ation of the anterior tibial artery. It arises at a point midway
between the malleoli deep to the inferior extensor retinacu-
lum. The origin of the extensor hallucis brevis muscle crosses
and covers the initial part of this artery. It successively
crosses the head of the talus, the navicular (which is a good
landmark for palpation), and the intermediate cuneiform
bones. It typically can be found between the extensor hallu-
cis longus tendon and the extensor digitorum longus muscle.
It ends after entering the upper part of the space between the
first and second metatarsals by dividing into a metatarsal
artery and then continues toward the space between the first
and second toes and a deep plantar artery that passes between
the first and second metatarsal to form the deep plantar arch.
On the dorsum of the foot, the deep fibular nerve is immedi-
ately lateral to the dorsalis pedis artery.

The deep plantar branch of the dorsalis pedis artery forms
the deep plantar arch, which is located deeply in the sole of
the foot. The arch lies between the oblique head of the adduc-
tor hallucis muscle, which is part of the third layer of mus-
cles of the sole of the foot and the interossei muscles, which
comprise the fourth (deepest) layer of muscles. The deep
plantar arch is usually completed by anastomosis with the
terminal part of the lateral plantar artery near the medial
aspect of the base of the fifth metatarsal. The deep branch of
the lateral plantar nerve accompanies the arterial arch in the
foot. The second, third, and fourth plantar metatarsal arteries
are branches from the deep plantar arch and run toward the
toes on the plantar aspect of the interossei muscles. Each of
them divides into plantar digital arteries for adjacent aspects
of successive toes. There is a single branch from the plantar
arch that supplies the lateral side of the little toe. There are
connections between the dorsal metatarsal arteries and the
plantar metatarsal arteries via perforating branches.

The plantar arch (Fig. 8.9) gives rise to four plantar meta-
tarsal arteries, the first of which arises just as the lateral
plantar artery joins the dorsalis pedis in forming the plantar
arch. The arch supplies plantar digital branches to the medial
side of the big toe (anastomosing with the medial plantar
artery) and to the adjacent sides of the first and second toes.

Angiosomes

The concept of angiosomes arose from anatomical investiga-
tions of the origin of the cutaneous vascular supply. In 1987,
Taylor and Palmer used an injection technique on fresh
cadavers to define the distribution of blood vessels to the
skin and underlying tissues [1]. They found that the main
feeding arteries to a region of skin also supply the underlying
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connective tissue and muscle tissue such that its distribution
forms a three-dimensional network of arteries and veins.
This organization they called an “angiosome.” They also
reported that adjacent angiosomes were connected by small
arteries and arterioles that they termed “choke arteries.”

Although they viewed the immediate ramification of
their work as demonstrating the large number of poten-
tial skin flaps that might be used in reconstructive surgery,
this concept has become heavily discussed and debated in
revascularization since it implies that the vasculature of
each angiosome must be attended to if tissue is to be pre-
served. However, it must be kept in mind that the original
work did not assess the adequacy of potential collateral cir-
culation through these “choke arteries” other than saying
that many of these interconnections appeared to be through
“spent terminal branches.” Therefore, at this point in time,
the angiosome concept is most controversial in terms
of its implications for revascularization and is most dis-
cussed in terms of the circulation of the distal lower limbs.
Additionally, angiosomes are most frequently discussed
in the literature relating to diabetic vascular complication
presumably because of compromise of whatever “choke
arteries” might contribute to collateral supply from adjacent
angiosomes.
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Fig.8.10 An approximate representation of the original angiosomes of

the foot as defined by Taylor and Palmer [1]
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In their original work, Taylor and Palmer [1] found that the
skin and underlying tissues of the body are divisible into an
average of 374 such regions, each supplied by a single source
artery. They defined the foot and ankle as having five angio-
somes (Fig. 8.10), including one each for the dorsalis pedis,
medial plantar, and lateral plantar arteries and one each for the
calcaneal branches of the posterior tibial artery and peroneal
(fibular) artery (on the medial and lateral aspects of the heel,
respectively). The leg was reported to have three angiosomes,
one each for the anterior tibial, posterior tibial, and peroneal
(fibular) artery. Several additional angiosomes have been sug-
gested in the region of the ankle, including one at the anterior
ankle from a branch of the anterior tibial artery and one on the
anterolateral ankle arising from the peroneal (fibular) artery
(see Attinger et al.[2]). Interestingly, these investigators also
described the in vivo analysis of these angiosomes using
Doppler ultrasound analysis.

There have been several recent systematic reviews and
critical analyses of the clinical utility of angiosome-based
revascularization versus more indirect revascularization pro-
cedures [3-5], and such analysis is beyond the scope of this
chapter. However, there is strong anatomical evidence for
distinct origins of vessels to defined cutaneous and subjacent
subcutaneous tissues, termed “angiosomes,” along with more
tenuous interconnection between these adjacent regions.

Veins of the Lower Limb

The veins of the lower limb are divided into superficial and
deep systems, similar to the two systems in the upper limb.
However, in the lower limb, the majority of blood is returned
through the deep venous system.

Superficial Veins

The superficial venous system (Fig. 8.2) resides in the super-
ficial fascia of the lower limb. It has numerous valves that
only allow unidirectional flow centrally, since the force of
gravity on the blood column must be resisted and since these
veins are not surrounded by compressing structures such as
limb muscles. The superficial system of veins begins distally
on the dorsal aspect of the toes as dorsal digital veins that
mostly unite to form dorsal metacarpal veins. These are
located between the metacarpals and end in a dorsal venous
arch that is quite superficial and crosses the dorsal aspect of
the metacarpals near their heads. This arch is part of a net-
work of veins on the dorsum of the foot that receives com-
munications from the plantar venous arch of the sole of the
foot. The plantar arch receives plantar digital veins. The
medial aspect of the dorsal venous arch continues as the
great (large) saphenous vein traveling anterior to the medial
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malleolus. Laterally the dorsal venous arch joins the lesser
(small) saphenous vein.

The great saphenous vein, accompanied by the saphenous
nerve, crosses the medial surface of the tibia from anterior to
posterior in its course through the leg. More proximally in
the leg, it is posterior to the medial border of the tibia and
passes posterior to the medial femoral condyle, where it is
closely related to the saphenous branch of the descending
genicular artery.

It is located medially through most of the thigh, assuming a
more anterior position over the upper part of the femoral trian-
gle in the upper thigh. Its course can be approximated by a line
connecting the adductor tubercle of the femur with the saphe-
nous hiatus, the gap in the fascia lata through which the great
saphenous vein passes to join the femoral vein. The center of
this hiatus is about 4 cm inferolateral to the pubic tubercle.
At the saphenous hiatus, the great saphenous vein pierces the
cribriform fascia covering the hiatus. The great saphenous
vein then pierces the anterior aspect of the femoral sheath to
join the femoral vein.

There are a great number of unnamed tributaries of the
great saphenous vein. These include perforating (communi-
cating) veins that will be described below. In addition and
despite a high degree of variability, there are several named
vessels. In the proximal leg just below the knee, there is a
posterior arch vein and anterior vein of the leg. In the thigh
there are posterior medial (accessory saphenous vein) and
anterior lateral veins that drain into the great saphenous vein
at or near the saphenous hiatus. Near its termination in the
femoral vein, the great saphenous is joined by the superficial
circumflex iliac, superficial epigastric, and superficial exter-
nal pudendal veins. These may either enter separately or,
quite often, the superficial epigastric and superficial iliac cir-
cumflex vessels join prior to entering the great saphenous as
a common trunk. The superficial epigastric vein anastomoses
with tributaries of the lateral thoracic vein, an arrangement
called the thoraco-epigastric vein. This collateral venous
channel becomes dilated and important following obstruc-
tion of the superior or inferior vena cava.

The lesser (small) saphenous vein is continuous with the lat-
eral end of the dorsal venous arch posterior to the lateral malleo-
lus. It follows the lateral aspect of the Achilles tendon, continuing
proximally in the superficial fascia over the gastrocnemius mus-
cle along with the sural nerve. It pierces the deep fascia between
the heads of the gastrocnemius muscle, entering the popliteal
fossa. In more than half the cases it joins the popliteal vein. It
can also end in deep veins in the lower thigh or join the great
saphenous vein below the knee. Occasionally, it can end in mus-
cular veins draining the gastrocnemius muscle. There are usu-
ally anastomoses with the great saphenous vein with blood
flowing from the lesser to the great saphenous vein. In its course
it has several valves (usually less than 10).
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Deep Veins

Most blood in the lower limb is drained by deep veins. There
are many connections between veins that permit drainage
even with obstruction and ligation of major veins, including
the femoral vein.

Distally up to the level of the popliteal vein, the deep
venous system appears as venae comitantes encased in a
common connective tissue sheath surrounding the arteries,
including the anterior tibial, posterior tibial, and fibular
(peroneal) arteries and their branches. The venae comitantes
of the posterior tibial vein drain most of the blood from the
plantar venous arch. They also receive the venae comitantes
of the fibular (peroneal) arteries. These veins have many
valves. Below the knee, the valves usually appear every few
centimeters or so. It is noteworthy that the soleus muscle
contains large venous sinuses lacking valves.

The popliteal vein (usually single) is formed by the union
of the deep veins that are the venae comitantes of the anterior
and posterior tibial arteries. This vein is tightly encased in a
connective tissue sheath along with the popliteal artery. The
vein crosses from posteromedial to the artery in the inferior
part of the popliteal fossa, to a position posterolateral to the
artery in the superior part of the fossa. The tibial nerve is
lateral to the vein. In the superior aspect of the fossa, the vein
is interposed between the artery and the more superficial
nerve. The popliteal veins have several valves in their short
course through the popliteal fossa. Tributaries include those
corresponding to popliteal artery branches as well as (in
most cases) the small saphenous vein. The popliteal vein (or
veins) ends by passing through the adductor hiatus in the dis-
tal insertion of the adductor magnus muscle, becoming the
femoral vein (or veins).

The femoral vein is often double in its lower extent. It
accompanies the artery in the adductor canal lying posterolat-
eral and then posterior to the artery. As it passes proximally
through the femoral triangle, it becomes more medial, to
assume its position in the femoral sheath. The main tributaries
include the deep femoral (profunda femoris) vein, the medial
and lateral circumflex veins, and the great saphenous vein. The
femoral vein has a few valves, and usually there is no valve
between the femoral vein and the right atrium of the heart.

The femoral vein becomes the external iliac vein as it
passes deep to the inguinal ligament. This joins with the
internal iliac (hypogastric) vein posterior to its correspond-
ing artery, with tributaries corresponding mostly with the
branches of the artery. It is noteworthy that this is the drain-
age of the superior and inferior gluteal veins, which are usu-
ally double. These veins communicate with tributaries of the
femoral vein and can provide an important route for return of
blood from the lower limb when flow is restricted in the
femoral vein.
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Perforating (Communicating) Veins

There are many perforating (communicating) veins that
connect the superficial and deep venous systems of the
lower limbs. The valves in these perforating veins permit
blood to flow only from the superficial to deep veins. There
are direct and indirect perforating veins. Direct perforating
veins directly interconnect a superficial vein to one of the
deep veins accompanying the arteries. These are more con-
sistent with a major one in the thigh and another in the leg.
There are several at the level of the ankle. Each of these
perforating veins has a valve at its origin in the superficial
vein and one at the end attached to the deep vein. Indirect
perforating veins connect the superficial veins and muscular
veins. The muscular veins then drain into the deep veins.
These indirect connections are numerous, quite small, and
inconsistent.

Venous Return

Up to 90% of the blood of the lower limbs is returned
through the deep venous system. The integrity of valves
directing flow proximally and from the superficial to the
deep system assures that blood flows in the proper direction.

R.S. Swenson et al.

Muscular action is a major factor driving venous return by
providing external compressive force on the veins. This can
be quite detrimentally affected by standing still.

Incompetence of the valves of the superficial veins results
in dilated, tortuous (varicose) veins. Since the venous return in
the superficial veins can easily be handled by the deep veins,
the superficial veins can be obliterated without consequence
to venous return.
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Overlap of Atherosclerotic Disease

Natalie Gwilliam and Ross Milner

Introduction

The importance of identifying overlap disease aids not only
in perioperative management but may explain the long-term
success or failure of operative interventions. Arterial disease
represents a systemic process; thus, isolated interventions
may benefit regional symptoms but do not change the overall
prognosis for patients. Mitigating these systemic risk factors
would logically not only improve perioperative morbidity
and mortality but also long-term survival.

Follow-up data from the REACH registry at 3 years dem-
onstrated, similar to the 1-year follow-up, that patients with
multivessel disease had nearly double the event rates (MI,
vascular death, rehospitalization) compared to those with
single disease (40.5% vs 25.5%) [1, 2]. Progression from
uni- to poly-vascular disease varies based upon the initial
location of disease. Not only progression to poly-vascular
disease but event rates also vary based upon the primary
vascular bed with PAD carrying the worst prognosis for both
progression to multivessel disease and event rate [1].

CAD

Coronary artery disease (CAD) manifests as angina and may
culminate as a myocardial infarction (MI) or progress to
heart failure (HF). It may also be silent. It is estimated that in
the USA alone, 620,000 people will have a new coronary
attack, another 295,000 will have a recurrent attack, and
150,000 will have a silent event in 2014. Fatalities from
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these events account for one out of every six deaths in the
USA. This is despite a 39.2% decrease in the number of
deaths attributable to CAD from 2000 to 2010 [3].

Peripheral arterial diseases (PADs) of interest in relationship
to CAD include lower extremity arterial disease (LEAD),
renal artery stenosis (RAS), and carotid artery stenosis
(CAS). Data out of the Cleveland Clinic in the 1980s indi-
cated that patients with a primary diagnosis of PAD of any
region carried a 21-41 % incidence of concomitant CAD [4].
Three decades later, a Japanese study of patients undergoing
non-emergent CAG for suspicion of CAD found a similar
incidence with 24 % of patients having one or more addi-
tional beds of disease (2% CAS and RAS; 3% CAS and
PAD; 3.5% RAS and PAD; 0.8 % CAS, RAS, PAD) [5].

The incidence of lower extremity arterial disease (LEAD)
in CAD patients ranges from 10 to 40 %. Some lower esti-
mates come from studies that use intermittent claudication
(IC) as a surrogate for LEAD and thus underreport its preva-
lence [6-8]. Prevalence also depends on the geographical or
ethnic population studied. The aforementioned Japanese
study found that of patients undergoing CAG, 16% had
concomitant LEAD [5]. In a cross-sectional study of patients
presenting to primary care physicians in France, over a quar-
ter (26.6 %) of patients with CAD had undiagnosed LEAD
based on ABIs [9]. At the higher end of the spectrum, Dieter
et al. reported 40 % prevalence of PAD in patients hospital-
ized for stable CAD. The fact that a higher percentage of
CAD patients ill enough for hospitalization have PAD is con-
sistent with findings that PAD correlates with higher morbid-
ity and mortality for CAD patients [10].

The coexistence of LEAD in CAD patients is associated
with worse prognosis. This has been born out in multiple
studies including REACH, GRACE, CASS, and PAMISCA
[1, 11-14]. LEAD roughly doubles the morbidity and mor-
tality for CAD patients. This is true for both symptomatic
and asymptomatic CAD and symptomatic and asymptomatic
LEAD and post-intervention [1, 14—17]. Furthermore, the
presence of LEAD can predict the severity of CAD. A study
of African-Americans undergoing cardiac catheterization
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with simultaneous ABIs found that 90 % of patients with
ABI<0.9 had CAD on angiography. Of those patients found
to have severe CAD (three vessel or left main), 86 % had
LEAD [18]. This study reinforces findings from larger, his-
torical studies such as the Cardiovascular Health Study that
demonstrated associations between ABI, MI, CHF, and
angina [19].

The association between renal artery stenosis (RAS) and
increased prevalence, severity, and mortality of CAD is well
established [20-22]. Previous reports of renal artery stenosis
(RAS) in patients with known CAD ranged from 22 to 89 %
[23, 24]. These figures are significantly higher than recent
studies which assess patients undergoing CAG to study prev-
alence of RAS in CAD. These studies report a range from 9
to 23 % RAS during CAG [5, 25-28]. In an Austrian study
evaluating RAS in patients undergoing CAG, there was an
overall rate of 10.7 % RAS, with 2.3 % demonstrating bilat-
eral RAS, defined as >50% luminal narrowing [26].
However, this study did not define what percentage of these
patients demonstrated significant CAD. Based upon the
authors’ models, they did find that increasing numbers of ste-
notic coronary segments correlated with increased RAS fre-
quency [26]. A Japanese study of similar design also found
only 9 % prevalence [5] and a Korean study 9.4 % [29]. The
Korean study reported only 26 % CAD in the entire cohort
but did find CAD to be a statistically significant predictor of
RAS with an odds ratio of 5.6 [29]. In a French study using
CAG in patients with known CAD, a higher percentage
(14.5%) had significant unilateral disease of whom 3.1%
had bilateral disease [21]. A Polish study reiterated these
findings with RAS > 50 % found in 6 % of patients with one-
vessel, 11 % with two-vessel, and 13.2% in three-vessel
CAD [30]. These studies also confirmed the correlation
between the number of significant coronary lesions and
RAS. Clinical interest in this relationship involves medical
management of comorbid HTN. Pharmacological manage-
ment of CHF and HTN must taken into account, primarily
the need for an ACE inhibitor or ARB which may worsen
renal function in bilateral renal artery stenosis.

Interest in overlap of CAS in known CAD has primarily
been focused on perioperative screening and optimization to
prevent incidence of stroke [15]. As a result, prevalence data
comes from studies assessing CAS at the time of CAG as part
of a preoperative workup. Estimates of CAS in patients with
CAD range from 7 to 89 %, depending on imaging modalities
and definitions of CAS [31]. For CAS defined as >70 % ste-
nosis on ultrasound, there was 10.2% prevalence. Rate of
CAS increased with number of diseased coronary vessels:
1.3 % for one, 5.8 % for two, and 19 % for three vessels [31].
This is similar to older data defining stenosis as >75 % with
an 8.7 % prevalence of CAS [32]. A Japanese study evaluated
a population by ultrasound and angiography. Rates of CAS
defined as >50 % on ultrasound by a number of diseased coro-
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nary vessels (one, two, three) were 14.5 %, 21.4 %, and 36 %,
respectively. When evaluated angiographically with CAS
defined as >70 % luminal stenosis, these numbers decreased
significantly to 3.4 %, 7.5 %, and 19.4 % [33]. A British study
evaluating stress echo (SE) in new onset chest pain found that
carotid intima-media thickness (CIMT) as a measure of CAS
had better PPV for CAD than clinical stratification, and the
addition of CIMT to SE improved the PPV of CAD from 56
to 70 %. Thirty-seven patients demonstrated CAD on CAG,
of whom 33 had CAS based on CIMT (89 %) [34]. The dis-
parity in prevalence between this and previous studies reflects
different imaging modalities and definitions of CAS. However,
as interest and use of CIMT increases, it will be important
to understand how it relates to definitions based on percent
stenosis and angiography.

LEAD

LEAD affects 3—-10% of the general population with rates
rising with age, up to 12-22 % in those greater than 70, and
twice as common in diabetics [35-38]. In the USA, rates
increase in non-Hispanic blacks and Mexican Americans but
are equivalent among non-Hispanic whites, Hispanics, and
Asians [36, 39]. These numbers are relatively consistent in
studies from multiple European and North American coun-
tries including the USA, England, Holland, Germany, and
Italy [7, 38, 40—44]. As mentioned, LEAD, particularly
symptomatic disease, correlates with two- to eightfold
increase in cardiovascular events, including fatalities [1, 11—
14]. Annual rate of death from combined CV etiologies
(MI, CVA, vascular death) is 5-7 %, with rates corresponding
to symptoms, severity, and a number of affected vascular beds
[35, 42, 45]. Similar incidence rates were found in the
Peripheral Arteriopathy and Cardiovascular Events (PACE)
study, in which Brevetti et al. reported after 24 months of
follow-up, 25 % of patients had a nonfatal CV event while
15 % of PAD patients died, 8 % from CV disease. PAD was
associated with RR 4.03 for all-cause mortality, RR 7.77 for
CV mortality, and RR 3.11 nonfatal CV [40].

Identifying those suffering from LEAD and, therefore,
those at greater risk for CV complications, is not straightfor-
ward. At least two thirds of those with LEAD (ABI<0.9) are
asymptomatic. Studies reporting only symptomatic LEAD
represent more severe disease and thus worse outcomes.
Early studies, such as the Whitehall study, had to rely on
symptoms to diagnose disease and establish correlation
between LEAD and mortality [44]. Later studies investigated
both symptomatic and asymptomatic disease. In the
Rotterdam study, out of 7715 males and females >55, there
was a 19.1% prevalence of PAD but only 6.3 % reported
intermittent claudication (IC) [43]. Meijer et al. also found
patients with PAD had an increased incidence of LVH, com-
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mon carotid IMT, carotid plaques, and larger distal aortic
diameter [43]. An Italian cross-sectional study of primary
care patients 40—80 years old (4352 pts) demonstrated symp-
tomatic LEAD in 1.6 % (0-6.4% by sex and decade). Of
those with LEAD, 34 % had CVD, 32 % had CAD, 12 % had
previous MI, and 5 % had a previous stroke. In comparison,
among controls for sex and age, only 11 % had CVD and 9 %
CAD [7]. Other studies report higher rates ranging from 40
to 90 % for CAD and CVD and 50 % for CAS [35, 41, 46].

Incidence of RAS among LEAD patients varies by defini-
tion (>50 %, >60 %, >70 % stenosis) and means of identifica-
tion (ultrasonography, arteriography, CT, MRI). Rates range
from 9 to 60% [5, 15, 24, 35, 43, 47-49]. For example, a
single study found a 44.9 % overall rate for RS, but 17.3 %
had mild disease, 15.7 % severe disease, and 11.8 % bilateral,
where the severity of LEAD positively correlated with inci-
dence of RAS [50]. A similar relationship was found in
Japanese cohorts by Imori et al. [S]. They found LEAD to be
an independent predictor of RAS in a Japanese population
with an overall rate of 21 %. In a separate Japanese study,
Endo et al. found 22.9 % had RAS >50 % and 11 % had RAS
>75%, demonstrating a positive correlation between
RAS>50% and critical limb ischemia (CLI) (HR 2.519)
[48]. More proximal PAD also carries a higher prevalence of
RAS, with 50 % of patients with aortic, bilateral iliac, femo-
ral, and distal vessel disease having RAS [49].

Cerebrovascular disease is present in almost a quarter of
patients with PAD. Incidence of CAS >50 % ranges from 25
to 33 %, while significant CAS >70 % ranges from 14 to 25 %
[5,46,51,52]. The shared pathophysiology of atherosclerosis
explains the close link between PAD and CAS. In fact, an
ABI <0.8 has been found to be an independent risk factor for
CAS [51]. Furthermore, the presence of PAD is even a stron-
ger predictor of CAS than CAD, AAA, and CBVD symptoms
or carotid bruits [46]. As previously discussed, the presence
of LEAD in addition to when ABI is used to predict stroke,
the specificity is 92 % though sensitivity is low at 16 % with a
likelihood ratio of 2.45 (95% CI, 1.76-3.41) [53]. Adding
ABI to the Framingham Risk Score (FRS) is an alternate
means for predicting cardiovascular events and improved the
overall performance of a risk calculator [54].

RAS

Prevalence of RAS varies by study from 4 to 18.4 % in the
general public [55]. The majority will be unilateral with
12 % of cases bilateral in one study of people >65 years [56].
RAS may be due to atherosclerotic disease, fibromuscular
dysplasia, or external compression of the vessels.
Manifestations include onset and/or acceleration of renal
failure, flash pulmonary edema, and difficult-to-control
hypertension. Understanding the etiology of RAS, including
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uni- vs bilaterality, alters treatment and ultimately outcome.
When assessing overlap disease in other vascular beds, RAS
relates in two ways. First, RAS may share an atherosclerotic
etiology. Second, RAS may serve as the etiology of vascular
bed disease. The second relationship is proposed to occur
through activation of the RAAS pathway, though any of the
numerous hormonal or metabolic pathways intimately asso-
ciated with the kidneys may play a role [57, 58]. As elo-
quently discussed by Hostetter, the mechanism of action —and
directionality —linking renal failure with cardiovascular dis-
ease is yet to be fully elucidated, but the renal vascular bed
might actually serve as a canary in the coal mine for systemic
vascular health [58]. Early recognition of renal demise
allows for early intervention and prevention of progressive
systemic vascular disease.

HTN is the most readily recognized symptom of
RAS. Outside of essential HTN (EH), RAS is the most com-
mon cause of high blood pressure. RAS accounts for
12-27.8 % of patients with HTN [59]. Identifying patients
with HTN due to RAS is important because mortality is
increased by 23 % versus the general population and 7 % ver-
sus EH [60]. Related, there is also increased left ventricular
hypertrophy (79% vs 46 %) [15, 61-63]. Up to 54 % of
patients with HF (EF <40 %) will have >50 % RAS, includ-
ing those with preserved renal function [59]. These patients
should be managed differently, as use of ACE inhibitors risks
AKI [60]. Alternatively, procedure interventions with stent-
ing were initially thought to decrease MAPs and LVH more
than medications [64—66]. However, more recent trials such
as CORAL found optimal medical therapy to be equivalent
to stenting in regard to blood pressure and mortality [67, 68].
What is clear is that appropriate identification and manage-
ment of RAS-HTN alters outcome for renal and systemic
vascular beds [64]. Comparing to the general population,
there are 194.5 adverse events per 1000 patient-years related
to CHF compared to 56.3 in the general population [69].

CAD has an increased prevalence and severity among
those with RAS [64-68, 70]. Rossi et al. found 58 % of
patients with RAS >50 % had clinical evidence of CAD [71].
Multiple studies demonstrate a positive correlation between
a number of atherosclerotic coronary arteries and RAS, with
Safak et al. finding the following: 11.9 % RAS with one ves-
sel, 25.3 % with two vessels, and 42.7 % with three vessels
[59, 71-74]. Severity of CAD also correlates with RAS [26,
73]. Even when controlling for risk factors, RAS maintains
an independent association with CAD [55]. Almost three
fourths of RAS patients have clinical or subclinical symp-
toms, including angina [55]. With long-term follow-up at 10
years, more than a third of patients will have an AMI [72].

ESRD from RAS has been demonstrated to have even
worse outcomes than ESRD from alternate etiologies. Fatica
et al. found RAS-ESRD to have significantly higher rates of
CAD (51% vs 23%), CVD (18% vs 9 %), occlusive PAD
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(44% vs 14 %), HTN (75% vs 71 %), CHF (47 % vs 29 %),
and MI (21 % vs 9%) [57]. The argument that these differ-
ences are the result of increased incidence of HTN —the most
clinically recognizable effect of RAS—is less likely than a
shared etiology of vascular disease. As noted above, RAS is an
independent predictor of mortality compared to EH.

Up to 72.3 % of RAS will have clinical and subclinical evi-
dence of CVD, including increased prevalence of ICA stenosis
and CIMT [55]. This increases to 83 % if there is presence of
HTN, compared to 43 % for EH in one Japanese autopsy study
[73]. Similar to CAD, severity of RAS correlates with severity
of carotid disease [71, 74]. Symptomatic disease is also
increased, with 175.5 CVA/TIA events for RAS vs 52.9 in the
general population per 1000 patient-years [69]. During long-
term follow-up, 5 % of patients with RAS will suffer a stroke
which increases to 18 % for RAS-ESRD [57, 72].

PAD in any bed is found in 26-50% of those with RAS
[49, 75-78]. One study found up to three fourths of patients
with moderate to severe RAS have PAD, defined as ABI
<0.95 [79]. Zierler et al. found a similar incidence of disease,
with 41 % mild LEAD (ABI <0.95), 38 % moderate LEAD
(ABI0.5-0.95), and 21 % severe LEAD (ABI <0.5) [74]. Of
patients with severe RAS (=60 % bilateral or occluded unilat-
eral), 66 % had moderate to severe LEAD [74]. As discussed
earlier, severity of RAS correlates with LEAD severity.

Mesenteric Artery Ischemia

Diagnosis of mesenteric artery disease is clinically challeng-
ing. Presence of mesenteric atherosclerosis is rarely clini-
cally detected until two vessels are severely stenosed or even
occluded due to the highly collateralized vasculature. One
study found that in 18 % of the general population >65, sig-
nificant stenosis of the celiac artery or SMA is present with-
out symptoms [80]. If symptoms are present, it is typically
chronic mesenteric ischemia (CMI) with postprandial
abdominal angina. Mesenteric atherosclerosis can present
acutely and accounts for 25-30 % of acute mesenteric isch-
emia cases [81]. As a result, mesenteric disease is important
to identify but is typically silent and must be sought out
based on comorbidities rather than primary symptoms.

Accurate prevalence estimates in the general population
are challenging and range from 6 to 10% in older autopsy
studies, 14-24% based on arteriography, and 17-18 % on
recent ultrasonographic studies [56, 80, 82]. Among patients
with known atherosclerotic disease, reports range from 8 to
70% [80, 83-85]. Of patients undergoing elective surgical
intervention for CMI, 85 % are found to have coexistent
arterial disease in other beds [86]. The rate for LEAD in this
population was 78 % [86]. CAD is present in 33-58 % with
CHF in 25 % [86-89]. Atkins et al. found CAS in 13% of
patients undergoing endovascular intervention versus 29 % of
open repairs [90].
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AAA

Aortic abdominal aneurysms are increasing in incidence
globally with the exception of Western Europe, where morbid-
ity and mortality have been decreasing since the 1990s [91, 92].
Prevalence is related to increasing age, male sex, and smoking.
For small AAAs, 2.94.9 cm in diameter, prevalence ranges
from 1.3 to 12.5 % in men and 0-5.2 % in women, with increas-
ing incidence in older cohorts [91]. Risk factors overlap between
the two forms of atherosclerosis but biochemical marks and epi-
demiology are distinct [93]. Though grouped under atheroscle-
rotic disease, the pathophysiology of AAA appears distinct
from occlusive atherosclerosis. One group out of Norway found
no correlation between size of AAA and atherosclerosis of other
beds which may suggest that occlusive atherosclerosis and
AAA are parallel rather than sequential processes [94].

Globally, CAD ranges from 25 to 60 % in patients with
AAA [4, 95-98]. An Italian study reported the incidence of
CAD as 25 % in AAA patients qualifying for surgery (AAA
>4.5 cm) [93]. Of patients undergoing surgery for AAA, a
study found serious cardiac events associated with 32 % of
operations and severe events with 24 % [99]. Within the sub-
group of AAA with CAD, 33-43 % will have severe CAD
amenable to operative intervention [100, 101].

Additional affected beds include the renal and mesenteric
arteries. RAS >50 % occurs in 22-38 % [102]. A more recent
report found 23.9 % of patients with AAA had more severe
RAS >75% [103]. In a meta-analysis of AAA and RAS, the
pooled prevalence was 33.1%, demonstrating consistent
finding across time and methods [59]. Mesenteric arterial
stenosis occurs at a slightly higher rate of 40 % [102]. CAS
occurred in 27 % of men with AAA though in a study directly
comparing rates of CAS between AAA and CAD patients,
CAS in AAA was only 9% [93, 104].

CAS

CAS accounts for approximately 20 % of ischemic cerebral
vascular accidents with a mortality rate of 10-30 % [15]. For
those who survive, they face an ever-increasing risk of recur-
rent cerebral events due to both progressive disease and age.
Even asymptomatic patients with >60 % stenosis have a 16 %
risk of stroke over 5 years [105]. As is obvious at this point,
atherosclerotic disease in one bed correlates with increased
rates in other regions resulting in increased morbidity and
mortality, particularly cardiac pathologies. For CAS, the con-
comitant incidence of CAD is from 28 to 32% [106]. The
incidence of LEAD is 43% and RAS 31% in a Japanese
study [5]. Interestingly, patients with CAS and PAD had
higher rates of stokes, MI, and death of cardiovascular etiol-
ogy than those with CAS and CAD [107]. Nearly a quarter of
those with TIA/stroke and symptomatic PAD were hospital-
ized or had another vascular event within 1 year [107].
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Introduction

This chapter will provide a general approach to a patient pre-
senting with symptoms suggestive of acute and/or chronic
upper extremity arterial insufficiency —claudication, isch-
emic rest pain, ulceration, digital gangrene, and Raynaud’s
phenomenon. We hope to provide the reader with an appre-
ciation of the broad differential diagnosis of upper extremity
arterial insufficiency, the appropriate conduct of a thorough
clinical history and physical examination, as well as an
understanding of appropriate diagnostic tools in the assess-
ment of upper extremity arterial disease.

In sharp contrast to the lower extremity where atheroscle-
rosis is by far the predominant cause of ischemia, non-
atherosclerotic conditions play a much greater role than
atherosclerosis in ischemia of the upper extremity. As such,
classification of upper extremity arterial ischemia can be
challenging. The overlap of pathologies in terms of etiology,
anatomic location, size of the vessels, and natural history is
significant. As an example, atherosclerosis of the upper
extremity is most commonly seen in the proximal arteries
after branching from the aortic arch and can result in isch-
emia from both occlusive disease and distal embolization.
Atherosclerosis of the forearm vessels can be seen in isola-
tion, as observed most commonly in diabetic patients with
chronic kidney disease on dialysis, or in conjunction with
proximal large-vessel atherosclerosis, and in either situation,
may become clinically apparent only in the context of a low-
flow state, with the use of vasopressors or after the creation
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of arteriovenous fistulae. Similarly, the proximal arterial
lesions seen in arterial thoracic outlet syndrome (aTOS) may
cause no proximal occlusive effect yet result in severe distal
small-vessel occlusion secondary to embolization. For the
purposes of this chapter, we have elected to classify the
causes of upper extremity arterial ischemia based on both
etiology and anatomic location (Fig. 10.1), recognizing that
the actual ischemic insult occurring in the limb can be due to
occlusive disease, embolic events, or vasospasm.

Differential Diagnosis

The causes of upper extremity arterial ischemia may be similarly
classified based on the mechanism by which ischemia occurs.

Occlusive

Arterial occlusive disease may be further subdivided by ana-
tomic location. Disorders that affect large-sized arteries,
such as the aortic arch, the innominate, subclavian, axillary,
and brachial artery include: atherosclerosis, arterial thoracic
outlet syndrome, fibromuscular dysplasia, radiation-induced
arteritis, trauma (including iatrogenic injuries), and vasculi-
tis (primarily giant cell arteritis and Takayasu’s arteritis).
Small-sized arteries such as the radial, ulnar, and digital
arteries may be affected by occlusive lesions from athero-
sclerosis, Buerger’s disease, hypothenar hammer syndrome
and other traumatic or occupational injuries, vasculopathies
associated with connective tissue disorders, as well as injury
from cold exposure, drugs, and toxins.

Embolic
Arterial embolic events in the upper extremity arise primar-

ily from either cardiac embolism (from cardiac chambers or
valvular vegetations) or embolic events from either
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Fig.10.1 Differential
diagnosis for upper extremity

L. Drudi and K. MacKenzie

ischemia

aneurysms or atherosclerotic lesions in arteries proximal to
the affected vessel.

Vasospastic

Arterial vasospastic disorders may be a result of excessive
systemic vasopressor use, trauma, toxin exposure (such as
ergotamine and vinyl chloride), and Raynaud’s syndrome.
While vasospastic disorders typically affect the small-sized
arteries of the hand and wrist, vasospasm can be seen in larger
proximal arteries as had been described with ergotamine in
the brachial artery. Raynaud’s syndrome (or phenomenon)

Large-sized arteries
Atherosclerosis
Arterial thoracic outiet syndrome
Fibromuscular dysplasia
Radiation arteritis
Vasculitis

Giant Cell Arteritis (GCA)

Takayasu’s arteritis

3

Small-sized arteries
Atherosclerosis
Buerger’s Disease
Connective tissue disorders
CREST syndrome
Rheurnatoid arthritis
Scleroderma
Sjogren's syndrome
Systemic lupus erythematosus
Raynaud’s Syndrome
Repetitive trauma injury
Hypothenar/Thenar hammer syndrome
Palmar arch traurmna
Hand-arm vibration syndrome
Thermal injury
Toxins
Ergot
Vinyl Chloride

results from vasospasm that is limited to the small digital
arteries and in its most common idiopathic or primary form is
not associated with other pathology proximal to the palmar
arch. The causative and associated conditions of secondary
Raynaud’s syndrome are myriad and are discussed at greater
length in another chapter.

Pathophysiology
Arterial ischemia is precipitated by disorders in which direct

endothelial damage, stasis, and mural and/or luminal throm-
bus formation are at play. The common endpoint in all cases
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is reduced arterial perfusion of the limb, hand, or digits.
What follows is a brief discussion of the pathophysiological
pathways of the most common causes of upper extremity
vascular ischemia seen by clinicians.

Atherosclerosis

The most common large-vessel arteriopathy is atherosclero-
sis. Clinical risk factors for atherosclerotic occlusive disease
include tobacco use, hypertension, dyslipidemia, diabetes
mellitus, male sex, and advanced age, although it must be
recognized that many other conditional, predisposing, and
novel associations are also recognized as being important in
atherosclerosis development [1, 2]. Patients with diabetes
mellitus are much more predisposed to cardiovascular dis-
ease and accelerated atherosclerosis compared to those with
other atherosclerotic risk factors but without diabetes melli-
tus [1, 3]. Diabetes mellitus has been shown to promote the
development and progression of aggressive atherosclerotic
lesions through a variety of diabetic-specific mechanisms
involving endothelial dysfunction, myeloid cells, reactive
oxygen species, and insulin resistance [1]. This accelerated,
aggressive atherosclerosis may affect the large and small-
sized arteries of the upper extremity and lead to significant
ischemia. The combination of end-stage renal disease with
diabetes mellitus can result in dramatic examples of severe
hand/digital ischemia from multilevel upper extremity occlusive
disease (Fig. 10.2).

Fig.10.2 Selective
angiogram demonstrating
occlusive disease in forearm
ulnar artery (solid black
arrow, left panel) and diffuse,
severe occlusive disease in
wrist and hand (right panel)

Buerger’s Disease

Thromboangiitis obliterans (TAO), also known as Buerger’s
disease, is a syndrome characterized by segmental throm-
botic occlusions of medium-and small-sized arteries of the
upper extremities [4]. This clinical syndrome has been
shown to be prevalent in young men (onset usually 45 to 50
years of age) who are excessive tobacco smokers. They typi-
cally present with signs of severe ischemia of hands and fin-
gers, such as rest pain, trophic changes, digital ulceration, or
gangrene [5]. Large-sized arteries such as the aortic arch and
cerebral vessels are typically spared. The etiology of
Buerger’s disease is unknown; however, many investigators
hypothesize an immune-mediated mechanism given that his-
topathologically the disease is characterized by vessel wall
inflammation and linear deposition of immunoglobulins
along the elastic lamina [5].

Arterial TOS

Arterial thoracic outlet syndrome (aTOS) is the least com-
mon form of TOS accounting for ~1% of all cases of
TOS. The prevalence of arterial TOS is undefined in the gen-
eral population; however, published literature suggests that
most patients are young, active adults without gender dis-
crepancies. Arterial TOS is associated with various anatomic
abnormalities, the most common being a cervical rib.
Other bone aberrations may be present, including anomalous
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first ribs, fibrocartilaginous bands of the anterior scalene
muscle, clavicular fractures, and enlarged C7 transverse pro-
cesses [6]. These anatomic abnormalities may lead to extrin-
sic compression of the subclavian artery with associated
post-stenotic dilatation from turbulent flow hemodynamics,
aneurysmal degeneration, and subsequent distal emboliza-
tion to digital, palmar, or interosseous arteries. Subclavian
artery compression may further lead to intimal damage
resulting in mural thrombus, embolization or thrombosis,
and subsequent acute extremity ischemia. Variants of aTOS
that may present with similar athletic, occupational, or repet-
itive movement risks also exist. Chronic injury of the second
portion of the axillary artery injury can occur via compres-
sion by the pectoralis minor tendon [7]. Compression of the
third portion of the axillary artery by the humeral head can
similarly result in arterial injury and subsequent arterial
degeneration leading to aneurysm and luminal thrombus
formation.

Fibromuscular Dysplasia

Fibromuscular dysplasia (FMD) affects arterial vessels pre-
dominantly in Caucasian women between the ages of 40 and
50 years [8]. The etiology of fibromuscular dysplasia remains
unknown, and it remains a distinct entity from atherosclerotic
and inflammatory vascular disease. FMD typically affects
medium- and small-sized arteries and has been reported most
commonly in the renal, carotid, and cerebral arteries [9].
Given the rarity of upper extremity arterial ischemia, espe-
cially those affected by FMD, it is not surprising that only a
handful of cases have documented FMD affecting the subcla-
vian, axillary, brachial, radial, and ulnar arterial segments.
Numerous potential etiologies have been proposed, including
endocrine abnormalities, repetitive stress or trauma, as well
as relative ischemia to the vasa vasorum. Despite these
several hypothetical mechanisms, the final outcome results in
medial fibrosis and smoother muscle cell hyperplasia with
subsequent aneurysmal degeneration of the affected arterial
segment [9]. Turbulent flow results in thrombus formation
with the possibility of subsequent distal embolization.
Patients with upper extremity fibromuscular dysplasia may
present with upper extremity claudication from luminal nar-
rowing or arterial ischemia secondary to distal embolization
or thrombosis of the affected arterial segment.

Vasculitis

Giant cell arteritis (GCA) and Takayasu’s arteritis (Fig. 10.3)
are rare inflammatory arteriopathies affecting large arteries,
such as the aorta and its major branches, predominantly
affecting young women [10]. There is no clear consensus on
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Fig. 10.3 Computed tomography (CT) demonstrating the diffuse
smooth narrowing of the left subclavian artery (solid white arrow)
typical of Takayasu’s arteritis

the etiology of GCA and Takayasu’s arteritis; however,
hereditary, autoimmune and infectious causes have been
suggested to be potential causes in the development of these
arteriopathies [10]. It is suspected that an inflammatory pro-
cess leads to stenoses and aneurysmal degeneration, and sub-
sequent end-organ ischemia. Small-vessel vasculitidies, such
as those seen with scleroderma, CREST syndrome, rheuma-
toid arthritis, and systemic lupus erythematosus (SLE)
among others, result in varying degrees of digital ischemia
from small-vessel vasculitis and immune-mediated fibrosis.
These patients typically have continuous digital artery vaso-
spasm and focal segmental occlusion resulting in Raynaud’s
phenomenon and digital ischemic lesions.

Raynaud’s Phenomenon

Vasospastic arterial disorders, such as Raynaud’s phenome-
non, may be primary or secondary to other causes. Primary
or idiopathic Raynaud’s phenomenon has been shown to be
prevalent in young women in cool climates with reports as
high as 20-30 % in otherwise healthy women [11]. Secondary
Raynaud’s phenomenon occurs in the context of other local
or systemic conditions [12]. A more detailed discussion of
secondary Raynaud’s syndrome will be found in Chap. 24.
Raynaud’s phenomenon is characterized by vasospastic
attacks and is typically triggered by cold temperature expo-
sure and emotional stress. The pathophysiologic mechanism of
Raynaud’s phenomenon is believed to be due to a disparity
between the vasoconstriction and vasodilator mechanisms,
including endothelial dysfunction, abnormalities in circulat-
ing mediators, and dysfunction of sympathetic vascular tone
[13]. Attacks may involve both hands with discoloration
of the digits but generally do not result in tissue necrosis.
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The discoloration typically follows a classic pattern of pallor
and cyanosis when exposed to cold and hyperemia when
the attack subsides [13].

Trauma

Repetitive hand trauma can result in direct arterial injury
with resultant digital ischemia from arterial thrombosis or
embolization. The most commonly recognized of these rare
entities is the hypothenar hammer syndrome (HHS). This
rare vascular overuse condition affects predominantly men
employed in physically demanding occupations and involv-
ing the dominant hand in the majority of cases. This clinical
syndrome has been shown to be prevalent in individuals who
use the hypothenar eminence in repetitive activities such as
pushing, hammering, or squeezing objects [14]. Industrial
workers are at particularly high risk for developing hypothe-
nar hammer syndrome, with predisposed occupational haz-
ards being carpenters, butchers, farmers, metal workers,
mechanics, machinists, miners, and sawmill workers [15].
Furthermore, athletic and recreational activities at high risk
for the development of hypothenar hammer syndrome
include badminton, baseball, golf, hockey, tennis, volleyball,
and weight lifting [15]. Given that many individuals partici-
pate in these occupations and recreational activities, the low
prevalence of HHS may be explained by aberrant ulnar anat-
omy as well as likely asymptomatic and subclinical disease
[16] or genetic abnormalities. While repetitive trauma is the
most common setting for the development of hypothenar
hammer syndrome, this clinical syndrome has been observed
after a single severe blow to the hypothenar eminence [16].
Repetitive palmar trauma results in intimal layer injury of the
ulnar artery, which leads to vasospasm, platelet aggregation,
and ultimately formation of thrombus, which may lead to
distal ischemia. Hemorrhage into the medial layer and medial
fibrosis may lead to aneurysmal degeneration of the ulnar
artery. Ulnar artery aneurysms may further lead to compres-
sive symptoms such as paresthesias and pain given the prox-
imity to the ulnar nerve [14]. Repetitive trauma injury in the
hand is not limited to the ulnar artery at the hypothenar emi-
nence. Repetitive injury has also been described in the radial
artery, coined the thenar hammer syndrome [15, 17] as well
as in the palmar arch of the hand [15].

Toxins

Exposure to certain toxins may result in upper extremity
ischemia. Ergotamine is an alkaloid produced by a fungus
(Claviceps purpurea) and is used for the treatment of severe
migraine headaches [18]. Ergotamine-induced upper limb
ischemia is an extremely rare occurrence. Ergotamine may
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cause a direct insult to the vascular endothelium and may
further precipitate peripheral arterial vasoconstriction lead-
ing to ischemia and gangrene. Toxicity from ergotamine may
result from (1) acute ingestion of normal doses in hypersen-
sitive patients, (2) acute ingestion of an excessive dose, or (3)
chronic use of therapeutic doses of ergotamine. Certain med-
ications may be responsible for potentiating the effects of
ergotamine, such as antibiotics interfering with hepatic
metabolism, antiretroviral agents, oral contraceptives, and
xanthine derivatives. Furthermore, a number of medical con-
ditions may potentiate vasospasm in combination with the
use of ergotamine. These conditions include coronary artery
disease, hepatitis, hepatic dysfunction, malnutrition, periph-
eral arterial disease, pregnancy, renal dysfunction, sepsis,
and thyrotoxicosis [18].

Environmental or occupational exposures to heavy metals
and vinyl chloride may cause digital ischemia [19]. Vinyl
chloride is a gas which is used during the production of poly-
vinyl chloride (PVC), a material found in numerous plastic
products including pipes, wires, cable coatings, and packaging
materials [20]. Some chemotherapeutic agents have been
associated with the development of digital ischemia, with
direct arterial injury and vasospasm thought to play a role [21].

latrogenic Injury

Iatrogenic injury may result in compartment syndrome or
local tissue ischemia. A compartment syndrome in the upper
extremity is rare but may be caused by trauma, burns, pro-
longed compression, and intravenous (IV) extravasation
[22]. There are infrequent instances that IV infiltration will
lead to compartment syndrome in the adult population, but
there have been case reports in the pediatric population [23,
24]. Also, there have been documented cases of local tissue
ischemia from peripheral administration of vasopressors sec-
ondary to vasoconstriction. In a recent systematic review,
norepinephrine (80.4 %), dopamine (9.3 %), and vasopressin
(6.9 %) were most commonly administered in instances of
local tissue complications, resulting in skin necrosis, tissue
necrosis, or gangrene [25]. Given the vasoconstrictive prop-
erties of these medications, they should be administered in a
central venous catheter, but may be given peripherally in
life-saving situations as a temporizing measure as a central
venous access is being established.

Clinical History

The clinical endpoint of these various upper extremity pathol-
ogies is similar despite the differing etiologies. The most pre-
dominant presentation is digital cyanosis, although arm
claudication, paresthesias, digital rest pain, and ulceration are
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observed as well. Patients’ initial presentation may include
signs of acute ischemia, with acute pain, pallor, paresthesias,
paralysis, and poikilothermia. Upon further questioning in a
patient with acute symptoms, a history of intermittent pain,
waxing and waning cyanosis, or arm claudication is often elic-
ited. Rarely, patients may present with an insidious history
with symptoms of chronic arterial insufficiency [9].

For all patients it is essential to perform a thorough his-
tory, with a focus on previous similar symptoms, occupa-
tional history, and recreational activities as well as any
known past medical history of atherosclerosis risk factors,
collagen vascular disease, Raynaud’s syndrome, and trauma.
A complete medication list must be compiled. In many cases,
the aggregate of symptoms, clinical risk factors, and past
medical history may direct the clinician to an initial pre-
sumptive diagnosis, even before a physical examination and
further testing have been performed.

For example, the presence of advanced age, diabetes mel-
litus, hypertension, chronic renal insufficiency, or history of
smoking will direct the clinician to the likelihood of large or
small-vessel atherosclerotic disease or perhaps Buerger’s
disease in the younger heavy smoker. Young, active individ-
uals presenting with symptoms of digital ischemia or arm
ischemia are most likely to have aTOS particularly when
symptoms occur in the dominant arm. The vasculitides, con-
nective tissue disorders, or fibromuscular dysplasia may also
be suspected in a younger patient without atherosclerotic
risk factors, particularly if a history of prodromal symptoms
(fever, fatigue, malaise, weight loss, myalgias, and arthral-
gias) or another systemic connective tissue disorder is
obtained. Any history of shoulder girdle trauma, clavicular
fracture, or external beam radiation treatment of the head and
neck, breast, or thorax must heighten the clinician’s suspi-
cion for occlusive lesions of the innominate, subclavian, and
axillary arteries. The patient’s past surgical history including
arteriovenous fistula surgery or upper extremity arterial can-
nulation for diagnostic arteriography should be elicited. Any
history of significant trauma to the thorax and upper extrem-
ity could be a signal to an underlying occult arterial lesion.
Any individual with digital ischemia who has been exposed
to chronic arm/hand trauma from either occupation or recre-
ational activities should be investigated further for the pos-
sibility of repetitive trauma arterial injury.

Raynaud’s phenomenon is a common complaint and may
result in referral to a vascular specialist. A history of repeated
episodes of digital color change, paresthesias, numbness, and
pain when exposed to cold or stressful environments [26] in an
otherwise healthy individual is typical for benign, primary
Raynaud’s syndrome. However, a complete history similar to
the assessments noted above should be done for all patients
presenting with new onset Raynaud’s phenomenon in order to
identify those patients who may have secondary Raynaud’s
syndrome from a potentially more serious underlying cause.
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Physical Examination
Inspection

Evaluation of the hand may reveal signs suggestive of the
underlying cause of arterial insufficiency. The identifica-
tion of pallor and cyanosis is nonspecific but suggests the
presence of severe distal ischemia. Atrophy of the intrin-
sic hand muscles is seen rarely but may indicate the pres-
ence of a chronic arterial lesion. Scars in the arm or hand
may point to previous trauma and/or surgery, and the
presence of visual callus on the hypothenar or thenar
aspect of the palm may increase the suspicion of repeti-
tive trauma injury [16]. The presence of frank digital
ulceration or gangrene can be seen in severe arterial isch-
emia [14]. For patients with vasculitis, especially small-
vessel variants, there may be signs of sclerodactyly and
progressive fibrosis of the extremities, trunk, and face.
Splinter hemorrhages in the nail bed may be indicative of
embolic events.

Auscultation

Cardiac auscultation is an essential part of the evaluation of
patients with upper extremity ischemia as an audible heart
murmur may represent underlying embologenic cardiac
abnormalities such as valvular disease or atrioventricular
septal defects. Bruits may be detected with auscultation of
the supraclavicular and infraclavicular fossae. The presence
of a bruit in these locations, while nonspecific, indicates tur-
bulent flow and may be a result of either severe arterial ste-
nosis, aneurysm, or an arteriovenous communication [27].
Bilateral brachial blood pressures should be measured in all
patients to rule out a proximal upper extremity pressure
gradient.

Palpation

Palpation maneuvers should begin from proximal to distal
in the affected extremity. Palpation in the neck and supracla-
vicular location may suggest the presence of a cervical rib
or remote clavicular fracture callus. A pulsatile and/or
expansile mass at any location, but in particular the supra-
or infraclavicular space, is strongly suggestive of underly-
ing aneurysm. The complete neurovascular exam should
focus on the assessment of subclavian, axillary, brachial,
radial, and ulnar pulses, as well as the motor and sensory
function of the arm and hand. Tenderness over the hypothe-
nar eminence with or without a palpable mass may be seen
in acute presentations of hypothenar hammer syndrome.
Other signs of acute or severe chronic arterial ischemia like
cool extremity or digits with poor capillary refill may be
seen [6].
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Provocative Maneuvers

The Allen test is designed to assess patency of the superficial
palmar arch. A positive Allen test suggests arterial stenosis,
occlusion, or a congenital incomplete development of the
superficial palmar arch [28]. An abnormal Allen test is not
specific for a particular clinical syndrome, and thus further
diagnostic imaging is warranted. However, a positive Allen
test in a patient being evaluated for upper extremity ischemia
may focus the clinician on the potential underlying causes as
well as the expected underlying anatomical abnormality.

The role of arterial compression maneuvers in the con-
text of evaluation of upper extremity ischemia is question-
able. While these maneuvers can be helpful in the evaluation
of patients with thoracic outlet syndrome, most patients pre-
senting with clinically apparent upper extremity ischemia
already have pulse deficits at rest without provocation. The
clinician must also recognize that pulse obliteration with
any of the maneuvers listed simply indicates compression of
the artery, something seen commonly in normal, asymptom-
atic individuals, and not necessarily an underlying patho-
logic process [29]. This being said, the clinician evaluating
patients with upper extremity ischemia should nonetheless
be familiar with the physical examination maneuvers used
to elicit arterial occlusion or compression in the thoracic
outlet. A detailed discussion of positional compression
maneuvers commonly utilized is beyond the scope of this
chapter, but the reader is encouraged to familiarize himself
or herself with the common maneuvers including the Adson
maneuver, Wright maneuver, Roos test, and costoclavicular
maneuver.

A cold immersion test is a functional test to determine the
predisposition to vasospastic reactions and may have utility
in the evaluation and diagnosis of selected patients with
vasospastic disorders like Raynaud’s. Variants of this test
exist and can be conducted using Doppler-derived finger
pressure and PPG measurements or with direct finger and
hand temperature measurements. Baseline measurements of
the warm hand are followed by measurements after immer-
sion of the hand in water at 0 °C. In the temperature-derived
test, temperature measurements at the level of the nail plate
of D3 and at the wrist are recorded with a thermovisory
camera at specified time intervals after cold immersion.
Individuals with vasospastic disorders will demonstrate
delayed return to initial temperature values [30]. It is impor-
tant to understand that these tests are used primarily to con-
firm the diagnosis of vasospastic disorders, particularly if
clinical features do not strongly support a presumptive diag-
nosis. Similar to the provocative compression tests discussed
above, the role of these tests in the primary evaluation and
diagnosis of patients with upper extremity ischemia, however,
remains limited.

Diagnostics Evaluation
Laboratory Studies

For most upper extremity arterial pathologies, there is no spe-
cific laboratory testing. Standard laboratory tests may include
a complete blood cell count (CBC), and coagulation profile.
Further hypercoagulability investigations may be requested if
there is a suspected hypercoagulable syndrome. An erythro-
cyte sedimentation rate (ESR), C-reactive protein (CRP) will
be elevated in the majority of patients with active large-,
medium-, and small-vessel vasculitis autoimmune disorders.
However, in patients with quiescent disease, these tests may
be normal. For patients with suspected connective tissue dis-
orders, such as scleroderma, CREST syndrome, RA, or SLE,
antinuclear antibody (ANA), antiphospholipid antibodies,
and rheumatoid factor will often be positive [12].

Plain Radiographic Studies

Chest and neck radiography is done initially to identify bony
abnormalities, such as elongated transverse process of C7,
cervical ribs, anomalous first rib, and old clavicular fractures
(Fig. 10.4). This is particularly important in patients where
the clinical history and physical examination suggests a
proximal arterial source or cause. The value of plain radiog-
raphy in this context cannot be underestimated and can be
very valuable at directing further investigation.

Fig. 10.4 Plain radiograph indicating left-sided cervical rib (black
arrow, top panel) and bulky callus in healed right clavicular fracture
(white arrow, lower panel)
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Transthoracic Echocardiography

Patients presenting with upper extremity ischemia who have
a history of atrial fibrillation or valvular heart disease or
those patients who have physical examination findings sug-
gesting a potential cardiac abnormality should be evaluated
by echocardiography. Transthoracic echocardiography
(TTE) is an essential screening tool for detecting a potential
cardiac source for peripheral embolism [31]. Transesophageal
echocardiography (TEE) may be employed in patients in
whom the embolic source was not found through TTE [32]
and is significantly better than conventional TTE at detecting
cardiac sources of peripheral embolism [33].

Vascular Laboratory Evaluation

Doppler and Duplex Scanning

The diagnosis, severity, and extent and often the cause of
arterial ischemia in the upper extremity can be determined in
a noninvasive manner in the Vascular Laboratory using a
combination of Doppler and duplex ultrasonography. These
noninvasive tests should be the first-line diagnostic modali-
ties utilized and will aid in directing further imaging of the
arterial tree. Digital-brachial index (DBI), or wrist-brachial
indices, and digital plethysmography will confirm the pres-
ence and severity of extremity ischemia [14]. Normal wrist-
brachial indices range from 0.85 to 1.0, with an index below
0.85 considered abnormal. Segmental wave pressure mea-
surements of the upper limb with photoplethysmography
(PPG) studies of the digits with finger pressures should also
be done [29] and may help to localize a segment of obstruc-
tion (Fig. 10.5).

Continuous-wave Doppler of selected arterial segments
may allow the astute clinician to localize the level of arterial
disease; however, color duplex ultrasonography better
enables the direct assessment of the arterial segments, evalu-
ation for intraluminal thrombus, and identification of steno-
ses or aneurysms. Color duplex ultrasonography may further
visualize arterial segments in the thoracic outlet with assess-
ment of blood flow during performance of positional com-
pression maneuvers [29].

Contrast-Enhanced Imaging: CT and MR
Angiography

Computed tomographic angiography (CTA) and magnetic
resonance angiography (MRA) have both been shown to
have good correlation with diagnostic angiography but can
provide the added advantage of two-dimensional details of
associated bony and soft tissue abnormalities [34]. CTA or
MRA may more clearly demonstrate extensive atheroscle-
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rotic stenosis and post-stenotic aneurysmal dilation of the
subclavian artery and may identify the associated cervical
rib, anomalous first rib, and/or tendinous/cartilaginous bands
that are missed by plain x-ray [6] (Fig. 10.6). High-quality
multi-slice CTA may provide all the information necessary
to diagnose as well as plan surgical intervention, and in many
cases conventional arteriography may not be required.

Arteriography

While many feel arteriography to still be the gold standard to
assess the arterial circulation in the upper extremities, as indi-
cated above, the improved quality of CTA and MRA has in
many cases supplanted arteriography as the primary or sole
imaging method of the upper extremity. However, one cannot
underestimate the value of good conventional angiography or
digital subtraction angiography (DSA) in demonstrating in
detail the characteristics of the offending lesion(s), the quality
of the proximal and distal vessels as well as assessing the pres-
ence of collateralization [35]. In the authors’ opinion, arteriog-
raphy is of particular value in the assessment of the arteries
beyond the elbow or brachial bifurcation as the imaging clarity
and diagnostic specificity is much improved. Arteriography
may also have the advantage of concurrent treatment with
intraluminal intervention using angioplasty, stenting and infu-
sion of intra-arterial vasodilators, or thrombolysis.

Specific angiographic findings are of course dependent on
the underlying cause of ischemia as well as the duration and
extent of disease. However, there are certain classic angio-
graphic findings that may support a particular diagnosis.
Angiography in arterial TOS typically demonstrates luminal
irregularity and tortuosity of the subclavian artery with ste-
nosis, post-stenotic dilatation, and distal occlusion
(Fig. 10.7). Furthermore, an abducted upper extremity angio-
gram may show a positional stenosis or occlusion of the sub-
clavian artery (Fig. 10.8). Embolic phenomenon, both acute
and chronic, can be clearly identified on angiography
(Fig. 10.9), and chronicity of occlusions can be strongly sug-
gested via the presence of collaterals (Fig. 10.10).

Arteriography in the assessment of fibromuscular dyspla-
sia (FMD) in the upper extremities may reveal the classic
“string-of-beads” appearance in the affected arterial segment
secondary to luminal narrowing and adjacent aneurysmal
degeneration. In advanced cases of FMD where angiography
of the arm shows only the segmental occlusions of the arter-
ies of the forearm, angiography of other arterial segments
commonly affected by FMD such as the contralateral limb,
carotid arteries, and renal arteries may be the only evidence
that supports the diagnosis of FMD.

Hypothenar or thenar hammer syndrome and other repeti-
tive trauma syndromes are characterized by the corkscrew
appearance of the artery with alternating areas of stenoses
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Fig.10.5 Pulse volume recording and finger pressures measurements in patients with severe distal digital ischemia

and ecstasies, aneurysms, or occlusions (Fig. 10.11). There
may be significant digital artery occlusions seen. Finally, the
typical angiographic finding for ergotamine toxicity is a thin
and threadlike smooth tapering of the brachial artery without
opacification of the radial and ulnar arteries [18].

Treatment
Medical Treatment
Medical therapy depends on the underlying causative pathol-

ogy as well as acuity and severity of ischemia. Examples of
conservative treatments include risk factor modification,

smoking cessation, and counseling in patients with athero-
sclerosis and the avoidance of repetitive trauma and the use
of padded protective gloves for those with occupational risk
and hypothenar hammer syndrome. Cessation of medication
or exposure to toxins and/or provocative factors, which are
inducing ischemia, is critical. As an example, spontaneous
reversal of ischemia in ergotism may be obtained by simple
discontinuation of ergotamine in most circumstances [36].
Patients with non-atherosclerotic upper extremity ischemia,
particularly those with vasospastic disease, who are also
smokers, must be counseled on the importance of smoking
cessation.

For patients requiring admission to hospital for acute or
subacute ischemia, nonspecific initial measures including
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Fig.10.6 Computed tomography images highlighting atherosclerosis of  panel), articulation of right cervical rib with 1st rib (dashed white arrow,
the innominate artery (solid red arrow, upper left panel), intraluminal  lower right and left panel) and resultant post-stenotic arterial dilatation
filling defect of right subclavian artery (solid white arrow, upper right ~ with intraluminal thrombus (dashed red arrow, lower right panel)

Fig.10.7 Nonselective
angiogram illustrating the
post-stenotic dilatation and
luminal irregularity seen in
arterial thoracic outlet
syndrome

intravenous hydration, institution of antiplatelet therapy, and reduces recurrent ischemic events in the first 16 weeks [37]
intravenous heparin will likely be appropriate in most cases. and long-term outcomes in cardiovascular and cerebrovascu-
This may be definitive treatment in some patients whose lar disease have improved with liberal use of statin therapy.
ischemia improves rapidly; however, in the majority of The benefits of statin therapy seen in chronic cardiovascular
patients, these treatments will be a bridge to further therapy. disease management have been extrapolated to vascular

It has been shown that for patients with acute coronary surgery patients. In patients with symptomatic peripheral
syndrome (ACS), lipid-lowering therapy with statin therapy arterial disease, statin use resulted in an 18 % lower rate of
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Fig.10.8 Nonselective
angiogram illustrating
occlusion of left subclavian
artery (solid black arrows)
with arm in abduction

Fig.10.9 Selective
angiogram demonstrating
embolic occlusion of the left
brachial bifurcation (solid
black arrow) as well as
emboli in mid-radial artery
(dashed black arrow)

Fig.10.10 Selective
angiogram demonstrating a
right subclavian artery
occlusion (solid black arrow)
with reconstitution to the
proximal brachial artery
(dashed black arrow) via
collaterals
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Fig.10.11 Corkscrew
appearance of artery at thenar
eminence (solid white arrow)
as a consequence of chronic
repetitive trauma

worsening symptoms, peripheral revascularization, and
ischemic amputations, as well reducing adverse cardiovascu-
lar events [38]. Specifically for patients with chronic critical
limb ischemia, statins are associated with an improved 5-year
survival after revascularization with infrainguinal bypass
[39]. There have been no studies investigating the benefits of
statin use in patients with acute limb ischemia, although
Baril et al. demonstrated that patients undergoing surgical
revascularization for acute limb ischemia were less likely to
be on a statin and therefore comprise a less medically opti-
mized group of patients [40]. It seems reasonable to consider
the addition of statin therapy for patients who are treated for
chronic upper extremity arterial ischemia secondary to ath-
erosclerosis as well as in patients with acute upper arm isch-
emia from embolic phenomenon who also have risk factors
for atherosclerosis. The association of statin use (particularly
simvastatin) with the development of systemic vasculitis
[41] should probably deter the addition of statin therapy in
patients being treated for upper extremity ischemia secondary
to vasculitis and the connective tissue disorders.

For the small number of patients with vasospastic disor-
ders who present with severe hand-threatening ischemia, ini-
tial intra-arterial vasodilator treatment with agents such as
nitroglycerin, nitroprusside, or papavarine may be required.
These treatments can be used only for short periods of time,
and as such transition to oral therapy with calcium channel
blockers and antiplatelet agents will be required to prevent
vasospasm and reduce blood viscosity, respectively. Other
treatments for vasospasm including prostaglandin E1 and
tolazoline, which all have been demonstrated to produce

vasodilation [18], have been used to treat patients with other
causes of severe distal ischemia, including ergotamine toxicity,
Buerger’s disease, and the advanced distal arterial occlusive
disease seen in diabetic, end-stage renal failure patients.
Nonsurgical sympathetic blockage with botulinum toxin A
(Botox) and other agents has been described in the treatment
of severe upper arterial vasospasm, although efficacy is not
proven [16]. Assessing response to nonsurgical sympathec-
tomy, however, may be an important step in selecting patients
who are appropriately managed with surgical sympathectomy.
In all patients treated for severe arm and hand ischemia, vig-
orous hand physiotherapy is crucial after restoration or
improvement of arterial perfusion to optimize improvement
of range of motion and strength.

For patients with large-vessel vasculitis, the progressive
nature of this inflammatory disease has enabled success in
conservative treatment and spontaneous resolution of isch-
emic symptoms with high-dose corticosteroids, typically
greater than 40 mg/day for 6 weeks to 6 months with subse-
quent tapering thereafter [10].

Surgical Treatment

Selection of patients requiring immediate revascularization
in the context of acute or subacute ischemia is critical to opti-
mize outcomes. Rapid revascularization is the most appro-
priate initial measure in patients with evidence of neurologic
compromise on presentation. The clinician must recognize
that this initial revascularization may not constitute definitive
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Fig.10.12 Surgical specimen of aneurysmal subclavian artery second-
ary to aTOS with intimal ulcer and luminal thrombus

Fig.10.13 Reconstruction
using supraclavicular and
infraclavicular incision for
arterial thoracic outlet
syndrome with vein graft
(solid white arrow)

treatment of the underlying problem. Further investigation of
the patient after initial surgical treatment for acute ischemia
may pinpoint the underlying pathology and perhaps
necessitate other interventions.

In cases of arterial TOS, definitive surgical management
is directed at decompressing the thoracic outlet by removing
the compressive element as well as reconstructing the dis-
eased artery. This can be achieved through various approaches
and may include resection of cervical ribs, anomalous first
rib, normal first rib, fibrous bands, and the anterior/middle
scalene muscles. Revascularization of the limb may involve
resection of aneurysmal or diseased subclavian artery
(Fig. 10.12) with either in-line arterial reconstruction or
bypass from proximal normal artery to distal normal artery.
Achieving appropriate decompression and revascularization
in arterial TOS will almost always require either a supracla-
vicular or a combined supraclavicular/infraclavicular
approach (Fig. 10.13). In the authors’ opinion, the transaxil-
lary approach to arterial TOS has extremely limited applica-
bility. This approach could be considered in the rare case
when the periclavicular region is hostile, no arterial recon-
struction is required, and the subclavian/axillary artery can
be decompressed via first rib resection alone.

Given that fibromuscular dysplasia of the upper extremities
is such a rare condition, there is no consensus on the optimal
surgical intervention for this disease. It has been described
that sequential brachio-brachial exclusion bypass of the
affected arteries with saphenous vein bypass may be ideal for
a long length of brachial artery involvement.
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Arterial reconstructions are pursued if there are vascular
abnormalities. The goal of vascular reconstruction is to
bypass diseased arterial segments with the shortest possible
conduits. First choice for conduits is saphenous vein con-
duits, with a second choice being polytetrafluoroethylene
(PTFE) [35]. An abnormal subclavian artery is typically
resected. A Fogarty balloon catheter is initially passed proxi-
mally and distally to remove residual thrombus. The recon-
struction may be performed via a subclavian to axillary
interposition vein graft or prosthetic graft, subclavian to
carotid transposition, carotid to axillary bypass, or arterial
end-to-end anastomosis. Overall, the patency of these vascu-
lar reconstructions is 67 % at 3 years, and the patency dimin-
ishes with the bypass distal to brachial artery [35].

Endovascular Treatment

The use of catheter-directed thrombolysis (CDT) for upper
extremity ischemia is controversial, and there is no strong
evidence supporting its use. Initial treatment with CDT for
arterial thoracic outlet has been described but not extensively
studied [6]. CDT has been described as a primary and adjunc-
tive treatment for hypothenar hammer syndrome. A small
retrospective study showed clinical improvement in four
patients treated with intra-arterial urokinase [42], and the use
of thrombolysis may be the most useful when thrombus is
unorganized as opposed to chronic, organized thrombus.

The short- and long-term clinical data for the few patients
who have been treated for endovascular repair for upper
extremity arterial disease is certainly lacking. Balloon angio-
plasty has been widely used in the treatment of FMD affect-
ing the renal arteries; however, the role of angioplasty in
upper extremity FMD involvement has not been adequately
studied given the small numbers of patients presenting with
upper arterial ischemia secondary to FMD [9]. Balloon
angioplasty and stenting of the large arteries in the area of
the thoracic outlet and periclavicular region are problematic
because of the risk of stent occlusion from fixed or dynamic
compression. Angioplasty with or without stenting may be
appropriate in this region, however, in patients who are
high risk for surgical intervention because of systemic
comorbidities or local factors that make surgery in this
region hazardous.

Given the small size of the arteries as well as relatively
straightforward surgical accessibility, balloon angioplasty of
the brachial, radial, and ulnar artery is not the preferred treat-
ment. However, in selected patients with good inflow and
outflow and a short, isolated stenosis of either of these arter-
ies, angioplasty can be considered, with reasonable outcomes
[43]. In patients with severe occlusive disease of the forearm
arteries which extends to the wrist and hand (Fig. 10.14), and
in whom no adequate distal surgical target exists, balloon
angioplasty is appropriate (Fig. 10.15).
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Fig. 10.14 Pre-angioplasty image of distal ulnar artery and palmar
branches with both low-flow and diffuse occlusive disease

Fig.10.15 Balloon angioplasty of ulnar artery from origin to the hand
(top panels) with final arteriographic result post angioplasty (bottom
panel)
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Focus on Non-atherosclerotic Etiologies

Sara E. Clark and Faisal Aziz

Arterial Causes of Lower Extremity Ischemia

Atherosclerosis is the most common cause of pain in the
lower extremities. It can present as pain in the affected mus-
cles upon exercise in initial stages of the disease or as rest
pain and tissue loss in cases with advanced disease.
Atherosclerotic plaques can be defined as a combination of
changes in the intima of arteries including accumulation of
lipids, complex carbohydrates, blood and blood products,
fibrous tissue, and calcium deposits. Advanced plaques can
invade the media and produce significant changes in the arte-
rial wall including bulging or enlarged arteries. Advanced
lesions are characterized by round cell infiltration, medial
changes, and neovascularization.

The first stage of atherosclerosis is the “fatty streak” with
minimally raised yellow lesions, containing lipids deposited
intracellularly in macrophages and smooth muscle cells.
This can then progress to form “foam cells” with LDL infil-
tration of macrophages that characterizes more advanced
lesions. Oxidation of LDL causes further attraction of mono-
cytes, which in turn become macrophages that produce cyto-
kines that can initiate an inflammatory cascade. Lesions can
then progress to fibrous plaques which are composed of large
numbers of smooth muscle cells and connective tissue that
forms a fibrous cap over an inner yellow (atheromatous)
core. Fibrous plaques likely evolve from fatty streaks, with
gelatinous plaques or injured arterial areas less commonly
leading to plaque formation. Plaques can protrude into the
arterial lumen causing compensatory remodeling of the arte-
rial wall with dilatation. Plaque formation can also cause
severe inflammatory reaction to promote inflammation,
fibrosis, and lymphocytic infiltration. Neovascularization of
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the adventitia characterizes fibrofatty and fibrous plaque
lesions. Fibrous plaques can further become complicated by
calcification, ulceration, intraplaque hemorrhage, or necro-
sis. Later developments can cause the clinical complications
of stroke, gangrene, and myocardial infarction. Alternatively,
aneurysmal degeneration can develop secondary to severe
atherosclerosis and may represent mechanical arterial
response to the disease process.

There are several theories of the pathogenesis of athero-
sclerotic lesions. The lipid hypothesis proposed by Virchow
states that atherosclerotic lesions are reactive responses to
lipid infiltration. There has been an important epidemiologic
link between hyperlipidemia and atherosclerosis, but this is
not the only pathogenic factor. The thrombogenic hypothesis
proposed in the mid-nineteenth century states that fibrinous
substances are deposited on the arterial intimal surface as a
result of abnormal hemostatic elements in the blood and
undergo changes that result in atheromatous masses.
Hemodynamic effects are also felt to play a role in the devel-
opment of atherosclerotic disease. Pulsations associated with
the cardiac cycle at branch points, unions, curvatures, and
fusiform dilatations are responsible for fatigue failure, and
atherosclerosis develops as a function of age. There is also a
significant response-to-injury hypothesis in which the endo-
thelium is injured either by migration of monocytes and
macrophages in the setting of hypercholesterolemia or by
outside insults including diabetes, cigarette smoking, or
hypertension. Arterial trauma secondary to clamping or bal-
loon injury can also produce stenoses either by myointimal
hyperplasia or atheroma formation.

Atherosclerotic disease is a primary contributing etiol-
ogy in the majority of cases of CLI. There is significant
discussion of atherosclerotic disease throughout this text-
book, and as such, this chapter will only highlight athero-
sclerotic lesions. Of patients with atherosclerotic lower
extremity PAD, <5% (1-3.3 %) will progress to CLI or
amputation [1]. The incidence of new CLI is estimated at
220 new cases/year/million people [1]. Furthermore, it is
important to recognize that above the ankle, most ulcer-
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ations are venous in etiology, whereas the majority of foot
ulcers are arterial in nature [1]. It is important to note that
many ulcers have multiple etiologies and each should be
systematically addressed. Regardless of the arterial etiol-
ogy (atherosclerotic or non-atherosclerotic), when the
blood flow is insufficient to maintain tissue integrity, then
an ulcer will develop; interestingly, cardiac dysfunction
(low output states from congestive heart failure or valvular
heart disease) may contribute to insufficient nutrient supply
[1]. Typically, for CLI to develop, long-segment or multi-
level disease is required.

While it is important to diagnose and appropriately clas-
sify the stage of peripheral arterial disease, the clinician
must recognize the fact that there are multiple causes of
lower extremity ischemia, which might not be related to
atherosclerosis Table 11.1 [1]. Knowledge about non-ath-
erosclerotic etiologies of lower extremity ischemia is cru-
cial in making an accurate diagnosis and implementing
appropriate treatment. The following text describes non-
atherosclerotic conditions, associated with lower extremity
ischemia.

Table 11.1 Non-atherosclerotic causes of peripheral vascular disease
Vasculitis
Takayasu’s arteritis
Giant cell arteritis
Medium vessel (polyarteritis nodosa, Kawasaki’s disease)
Small vessel (Wegener’s granulomatosis, microscopic
polyangiitis, Churg-Strauss syndrome)
Anatomic causes
Femoral and popliteal aneurysms
External iliac artery endofibrosis
Cystic adventitial disease
Popliteal artery entrapment
Congenital causes
Persistent sciatic artery
Mid-aortic syndrome
Ehlers-Danlos syndrome
Pseudoxanthoma elasticum
Immunologic
Thromboangiitis obliterans (Buerger’s disease)
Raynaud’s syndrome
Calciphylaxis
Drug related
Warfarin-induced skin necrosis
Heparin-induced skin necrosis
Ergot derivatives
Others
Atheroembolic episodes
Radiation
Brown recluse spider bite
Neurogenic claudication
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Vasculitis

Systemic vasculitis, involving inflammation of the blood
vessels, often is associated with necrosis and occlusive
changes with diverse clinical manifestations. The most use-
ful classification is based on the arterial size of affected arter-
ies—large vessel vasculitides include giant cell (temporal)
arteritis and Takayasu’s arteritis; medium vessel vasculitides
include polyarteritis nodosa and Kawasaki’s disease; small
vessel vasculitides include Wegener’s granulomatosis,
microscopic polyangiitis, and Churg-Strauss syndrome. The
cause and pathogenesis of most vasculitides are complex and
are currently incompletely understood. An immune-mediated
injury is one of the basic mechanisms proposed that results
in deposition of immune complexes in a vessel wall with
complement activation and injury, deposition of antigen in a
vessel wall, or a delayed hypersensitivity reaction. They are
associated with cellular immunoreaction involving produc-
tion of cytokines that results in neutrophilic, eosinophilic,
monocytic, and lymphocytic interactions at the inflamma-
tory site. The presentation of vasculitis is usually associated
with subjective symptoms such as fever, malaise, myalgias,
and arthralgias [2]. Patients also tend to have elevated
inflammatory markers (erythrocyte sedimentation rate and
C-reactive protein) in the acute phase, and chronically they
can develop long segments of smooth narrowing or aneurys-
mal dilatation.

Treatment during acute stage involves administering anti-
inflammatory agents with corticosteroids being the mainstay
of therapy. Other immunosuppressant agents (methotrexate,
azathioprine, and cyclophosphamide) have been described as
well for refractory or recurrent symptoms. During the later
fibrotic stage of the disease, patients may develop symptom-
atic ischemia with claudication, rest pain, or aneurysmal
degeneration. Patients with symptomatic disease or aneu-
rysm formation can be treated with general endovascular or
open surgical procedures, if appropriate indications exist.

Takayasu’s Arteritis

Takayasu’s arteritis (TA) is a large vessel vasculitis that fre-
quently affects the aorta and its major branches, in addition
to the pulmonary artery. It typically affects young women of
Asian or Latin descent, with a median age of onset of 2541
years. There has been a reported prevalence of 0.8 per mil-
lion in the United Kingdom database, compared with 3.3 per
million in Japan. There are two recognized stages of the dis-
ease with the first characterized by fever, myalgias, and
anorexia in two thirds of patients. In the second stage, the
symptoms are followed by multiple arterial occlusive symp-
toms dependent on disease location. The areas of disease
involvement have been characterized as types II, III, IV, and L.
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Type I TA is limited to the aortic arch and arch vessels and
occurs in 8.4 % of patients. Type II TA involves the descending
thoracic and abdominal aorta and accounts for 11.2% of
patients. Type III TA involves the arch vessels and the abdomi-
nal aorta and its branches and accounts for 65.4 % of cases.
Type IV TA is primary pulmonary artery involvement, with or
without other vessels, and accounts for 15 % of patients.

Diagnosis is made based on history and physical exam, in
addition to imaging modalities. Most lesions are stenotic,
although localized aneurysms have been reported. On physi-
cal exam, diminished peripheral pulses may be seen in addi-
tion to hypertension (due to aortic coarctation or renal artery
stenosis). Neurologic symptoms can result from hyperten-
sion or central nervous system ischemia associated with
cerebrovascular stenosis. Coronary artery involvement in TA
is rare, and any cardiac pathology associated with the disease
is usually secondary to systemic and/or pulmonary hyperten-
sion. Arteriography has traditionally been the diagnostic
modality of choice. Duplex ultrasonography, CT scan, and
MRI have also recently emerged as alternatives to provide
information affected vessels.

Medical therapy is the treatment of choice for the disease
in the acute phase. Corticosteroids are the cornerstone of
medical therapy, with cytotoxic agents (methotrexate),
immunosuppressants (azathioprine, cyclosporine), and anti-
tumor necrosis factor monoclonal antibody (infliximab)
being used occasionally. Surgical intervention is generally
reserved to treat symptomatic or aneurysmal lesions as a
result of chronic Takayasu’s arteritis. Surgical intervention is
not recommended in the acute phase of the disease and is
more likely to be successful in the quiescent state. Restenosis
rates in the presence of active disease are as high as 45 %,
compared with 12 % with the disease in remission. Surgical
management may require bypass graft construction to
disease-free arterial segments with continuation of cortico-
steroid therapy. Long-term survival rates are excellent with
rates up to 75 % at 20 years.

Femoral and Popliteal Artery Aneurysms

Peripheral arterial aneurysms of the lower extremity are the
second most common cause of arterial aneurysm after
abdominal aortic aneurysm (AAA). Unlike AAA, however,
the natural history of extremity arterial aneurysms is throm-
boembolism and not expansion and rupture. True aneurysms
of the lower extremities are secondary to atherosclerosis and
are degenerative in nature, unlike false aneurysms (pseudoan-
eurysms), which are often the result of access site complica-
tions from endovascular procedures. Both femoral and
popliteal artery aneurysms are strongly associated with aneu-
rysms of the contralateral extremity and those of the abdomi-
nal aorta, with as many as 50 % having concurrent AAA.

The diagnosis of lower extremity aneurysm mandates routine
imaging evaluation to rule out disease in the contralateral
extremity and the abdominal aorta.

Femoral Aneurysms

True degenerative aneurysms (including all three layers of
the arterial wall) must be distinguished from false aneurysms
or pseudoaneurysms. True degenerative aneurysms of the
common femoral artery are relatively rare, with aneurysms
of the superficial and deep femoral arteries being even less
common. Femoral aneurysms are frequently asymptomatic
and can be discovered incidentally as pulsatile masses or
may present with localized pain or distal ischemia secondary
to thromboembolic events. It is rare that a femoral aneurysm
would rupture or bleed spontaneously. Once discovered, they
should be evaluated with duplex ultrasound or contrast-
enhanced CT scan with additional objective to evaluate for
other concurrent aneurysms and the anatomic extent of the
aneurysm. Contrast angiography and MRA can be used as
adjunctive diagnostic tests to further provide information
regarding the patency of outflow vessels if concern for
thromboembolism exists.

All symptomatic femoral aneurysms regardless of etiol-
ogy should be repaired. True aneurysms larger than 2.5 cm at
presentation should be considered for repair; aneurysms less
than 2.5 cm typically have a benign natural history and can
be followed serially with duplex ultrasound. Open surgical
repair for aneurysms isolated to the common femoral artery
remains the gold standard of management with excellent
early- and long-term results. Endovascular options are gen-
erally not recommended due to the flexion crease at the
groin, which can subject endovascular prostheses to poten-
tial kinking, migration, and stent fatigue. Reconstruction
depends on the extent of the aneurysm, the patency of the
femoropopliteal segment, and the aneurysm patency. Type |
femoral aneurysms (limited to the proximal common femo-
ral artery) are often repaired with an interposition graft.
Aneurysms that involve the origin of the deep femoral artery
(type II) will require more complex reconstruction that
involves revascularization of both the deep and superficial
femoral arteries. Prosthetic grafts with 8—10 mm polyester or
expanded polytetrafluoroethylene (ePTFE) can be used for
most cases, although if concern for infected or mycotic aneu-
rysms exists reversed saphenous vein graft would be the con-
duit of choice. Exposure can be achieved through a vertical
groin incision to allow for proximal control of the common
femoral artery as well as control of the superficial femoral
artery and deep femoral artery branches. For aneurysms of
the deeper branches of the deep femoral artery, ligation may
be used or endovascular techniques with coil embolization
can be utilized. Treatment of aneurysms of the superficial
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femoral artery depends on location with open surgical
techniques preferred with interposition grafting of the proxi-
mal superficial femoral artery. Alternatively, bypass in
conjunction with proximal and distal ligation of the aneurys-
mal segment is another viable option. Endovascular stent
grafts have also been reported in the mid to distal superficial
femoral artery.

Individual institution results have shown a 5-year patency
rate of up to 85 % for open surgical repair of common femo-
ral artery aneurysms, with choice of conduit not affecting
results. Deep and superficial femoral artery aneurysms are
rarer and do not have long-term results reported. Endovascular
repairs have been recently reported with satisfactory short-
term patency rates, but long-term patency remains unknown.
Lack of adequate distal outflow appears to be negative prog-
nostic factor when determining long-term patency.

Popliteal Aneurysms

Popliteal artery aneurysms are uncommon, with an estimated
incidence of 1 % in the general population [3]. They account
for almost 70 % of lower extremity aneurysms [4] and are
most commonly true degenerative aneurysms. They can be
bilateral in up to 50 % of patients and can be associated with
abdominal aortic aneurysm in 30-50 % [4, 5]. They are fre-
quently asymptomatic at time of presentation, with 25-50 %
of popliteal artery aneurysms found incidentally. They can
also present with symptoms from local compression, throm-
boembolism or acute limb ischemia, and ischemic rest pain
or rarely rupture (less than 2 %). Symptoms from compres-
sion usually occur when the aneurysm reaches a size greater
than 3 cm and can cause posterior knee fullness, nerve-
related pain with paresthesias and foot drop, and congestive
venous swelling from associated deep venous thrombosis.
Diagnostic modalities are often dependent on initial presen-
tation and will include physical exam findings, duplex ultra-
sound, and contrast-enhanced CT scans or MRI, which may
assist in procedural planning. Vascular ultrasound can be
used to evaluate the size of aneurysm, presence of mural
thrombus and velocities through the vessel, as well as evi-
dence of leg perfusion with ankle-brachial indices. Contrast
angiography alone is limited by showing only luminal flow
(when compared to 3D modalities of CT and MRI), but can
be useful in demonstrating distal outflow, especially in cases
in which there is evidence of distal thromboembolism or
when endovascular intervention is considered.

Popliteal artery aneurysms can present as a limb-
threatening event, usually caused by thrombosis of the aneu-
rysm with concomitant loss of runoff vessels. From 40 to
50 % of patients present in this manner, an overall have the
worst prognosis in respect to limb salvage. If patients present
with symptomatic popliteal artery aneurysm or evidence of
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extremity ischemia, they should undergo urgent repair. In
asymptomatic patients with aneurysms greater than 2 cm,
elective repair is often recommended. The choice of repair is
often dependent on patient-specific issues such as medical
comorbidities, functional status, and life expectancy. Elective
open repair can be accomplished via two different exposures:
medial and posterior. The medial approach can be performed
with non-tunneled saphenous vein graft with ligation of the
intervening aneurysmal segment of artery. Although the
medial approach allows greater ease at greater saphenous
vein harvest, it permits the genicular branches to continue to
feed the aneurysm sac and can lead to endotension and
increased aneurysm size in few cases. The posterior approach
with the patient in the prone position allows the surgeon to
perform open repair of the aneurysm with ligation of genicu-
late branches — with complete aneurysm excision, ligation of
all branches, and relief of compression symptoms by larger
aneurysms. Vein harvest can be more challenging with the
patient in the prone position, and the tibial nerve is at risk
with a posterior approach.

Endovascular repair is an option for patient with suitable
anatomy and adequate outflow vessels and may have a major
role in patients with major medical comorbidities. As with
any endograft, adequate proximal and distal seal zones are
required with freedom from thrombus, excessive calcifica-
tions, or tortuosity. CT angiography is usually performed to
assist in pre-procedural planning to determine diameter,
length, and number of stent grafts necessary for the proce-
dure. Access can be performed percutaneously in patients
with normal-sized proximal and distal landing zones, but in
patients with arteriomegaly and larger diameter landing
zones requiring larger diameter devices, open arterial expo-
sure may be required. When planning endovascular interven-
tion that crosses the knee joint, proper stent graft overlapping
can minimize graft slippage and kinking. After repair,
patients should remain on dual antiplatelet therapy (clopido-
grel and aspirin) with close follow-up with duplex ultraso-
nography or CT angiogram usually recommended. In
patients with acute ischemia from thrombosis or distal embo-
lism, mechanical thrombectomy and catheter-directed
thrombolysis are recommended to restore distal runoff and
are more likely to be successful with recent thromboembolic
events. If there is severe limb ischemia at the time of diagno-
sis, then endovascular therapy would be contraindicated due
to the increased amount of time required to establish distal
perfusion, and surgical mechanical thrombectomy would
instead be indicated.

Overall 30-day amputation rates are reported as 14.1%
with approximately 20 % of those amputations performed as
the primary procedure without attempt at thrombectomy,
thrombolysis, or surgical revascularization. Ruptured popliteal
aneurysms tend to have higher risk of amputation, with rates
as high as 50-75 %. Open operative therapy remains the gold
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standard for elective repair of popliteal artery aneurysms with
long-term limb salvage rates of up to 90% at 10 years for
asymptomatic aneurysms. Success rates decrease significantly
with symptomatic popliteal aneurysms, in particular those
with acute limb ischemia. Endovascular repair is becoming a
more popular option, especially in patients with significant
comorbidities, and success rates are dependent on number of
patent outflow vessels, with at least two vessels necessary for
favorable short-term outcomes. Although patency rates tend to
be similar to open repair, there is an increased incidence of
interventions required to maintain patency.

External lliac Artery Endofibrosis

Exercise-induced external iliac endofibrosis is a rare cause of
arterial stenosis and is most commonly seen in high-
functioning and competitive cyclists. Although it results from
repetitive trauma of the external iliac artery, it is unclear why
some individuals are affected and others are not. Histologically,
the process is different from atherosclerosis, with loosely
packed collagen, no calcification, and minimal cellularity
causing narrowing of vessel lumen. Patients typically present
with intermittent claudication and a sensation of swelling or
paresthesias of the proximal lower limb at the time of exer-
cise. Occasionally a bruit can be heard over the pelvic fossa
or inguinal region. Diagnosis is made with pre-exercise and
post-exercise ankle pressure determinations and duplex ultra-
sound. Contrast angiography can reveal concentric stenosis
and lengthening of the external iliac artery, and intravascular
ultrasound can also be used to aid in the diagnosis with mea-
surement of intra-arterial trans-lesional pressure gradients.
Conservative therapy should be the initial recommendation,
as patients are typically only symptomatic with extreme lev-
els of activity. If patients wish to continue with competitive
athletics, there are surgical options available. Surgical treat-
ment can be performed with endofibrosectomy with patch
angioplasty or interposition graft replacement of the external
iliac artery. Typically the external iliac artery needs to be
treated because of the diffuse nature of the disease. Prosthetic
bypass should be avoided in these predominantly young,
healthy patients. Endovascular treatment has been described
with angioplasty or stent placement across the lesion, with
early recurrence of symptoms [6, 7].

Cystic Adventitial Disease
Cystic adventitial disease is a rare cause of claudication. Of

the 400 described cases, 85 % have been reported in popliteal
artery [8]. It is more prevalent in males as compared to

females. It is caused by cysts that develop between the media
and adventitia of the popliteal artery, which can be single or
multiloculated. Theoretical etiologies including involvement
of systemic disorders, repetitive trauma to the popliteal
artery, and persistent embryonic synovial tract from the
knee joint have been reported. Symptoms occur due to com-
pression of the arterial lumen by the cystic collection of
mucinous material that causes progressive narrowing of
arterial lumen.

Most patients report a waxing and waning course with a
sudden onset of calf cramps followed by intermittent claudi-
cation that is exacerbated by flexion of the knee. Rarely acute
limb ischemia can be a presenting symptom due to compres-
sion and thrombosis of an already symptomatic artery.
Diagnosis can be made with physical examination with
reduced or absent pedal pulses on the affected side and a
normal ipsilateral femoral pulses and on the asymptomatic
leg. Symptoms are typically unilateral and are present at rest
(distinguishing from popliteal artery entrapment which also
causes claudication symptoms in young patients). Distal
pulses can also be obliterated by sharp flexion of the knee
(Ishikawa’s sign), which can also distinguish from popliteal
artery entrapment in which pulses disappear with knee exten-
sion due to contraction of the gastrocnemius. Traditionally
the diagnosis of adventitial cystic disease was confirmed
with arteriography with the intramural cyst causing a focal
eccentric smooth stenosis (scimitar sign). Duplex ultrasound
can also be used to combine arterial imaging with flow
abnormalities and may be useful as an initial diagnostic
modality. It may demonstrate an avascular, sonolucent arte-
rial stenosis. CTA or MRA can be used to aid in the diagno-
sis, which can confirm narrowing of arterial lesion, by an
intraluminal cystic structure.

There are no uniform recommendations regarding treat-
ment. Image-guided aspiration of the cyst under ultrasound
or CT guidance has been reported, but has a high recurrence
rate. Endovascular therapy is typically successful for treat-
ment of focal arterial stenosis, however; most attempts at
endovascular treatment of adventitial cystic disease have not
had durable success. Surgery remains the treatment of choice
in popliteal adventitial cystic disease. Preoperative diagnosis
with imaging techniques allows for selection of a posterior
approach rather than the standard medial approach, and an
S-shaped incision is made from medially above to lateral
below the knee joint. In most patients, the cyst can be evacu-
ated, and the artery can be reconstructed with patch angio-
plasty or interposition grafting. Arterial occlusion may
require resection with interposition or bypass grafting.
Endovascular angioplasty has not been very successful.
Recurrence is 15 % after cyst evacuation and 6.7 % after cyst
resection [9].
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Popliteal Artery Entrapment

Popliteal artery entrapment is a rare anatomic abnormality
that typically affects young men. Postmortem studies have
shown an overall incidence of 3.5 % [10], but clinically the
disease is even less prevalent with an incidence of 0.1 %.
Median age at presentation is 32 years [11]. Symptoms result
from pressure exerted on the popliteal artery by surrounding
muscles and ligaments in the popliteal fossa. During the
period of femoral maturation and sciatic artery regression as
the popliteal artery develops, the heads of the gastrocnemius
muscles also develop. As the muscle matures, it divides into
larger medial and smaller lateral heads that gain their final
attachments to the femoral epicondyles. The medial head of
the gastrocnemius migrates from its lateral origin toward the
medial epicondyle at the same stage as the mature popliteal
artery develops from the femoral and sciatic arteries.

There are six different types of popliteal artery entrap-
ment described, which are determined by which structures
entrap the artery. Type I accounts for approximately 50 % of
cases, in which the popliteal artery deviates medial to the
normally placed medial head of the gastrocnemius. Type II
occurs in 25 % of cases and involves an abnormal attachment
of the medial head of the gastrocnemius with the popliteal
artery passing medially with less deviation than type I. In
type III (6 % of cases), the normally situated popliteal artery
is compressed by muscle slips of the medial head of the gas-
trocnemius. Type IV entrapment has fibrous bands of the
popliteus or plantaris muscles compressing the popliteal
artery. Type V lesions occur with the popliteal vein accom-
panying the artery in it abnormal course, and type VI (or
functional entrapment) occurs in symptomatic patients with-
out identifiable anatomic abnormalities.

Majority of patients with popliteal entrapment syndrome
present with intermittent claudication, but up to 10% can
present with acute limb ischemia. Symptoms are due to
obstruction of the popliteal artery with gastrocnemius con-
traction, and repeated microtrauma to the vessel leads to
inflammatory cell infiltration and vessel wall disruption.
This ultimately causes fibrosis and collagen scar formation.
Popliteal artery thrombosis, embolism, or aneurysm forma-
tion may then occur, and symptoms can progress to rest pain
and tissue loss. The diagnosis of popliteal artery entrapment
is difficult and can be made by physical examination by loss
of distal pulses with active pedal plantar flexion against
resistance, which causes popliteal artery compression.
Adjunctive studies can include pulse volume recordings and
segmental pressures measured at rest and with the ankle in
neutral position, dorsiflexion, and plantar flexion. Exercise
treadmill studies can also be useful to demonstrate decreased
limb arterial pressure after exercise. Arterial duplex ultra-
sound may be able to demonstrate abnormalities in popliteal
waveforms in those provocative positions as well. Dynamic
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CTA or MRA is also used in order to confirm the diagnosis
and describe anatomic abnormalities. Digital subtraction
angiography may show evidence of medial deviation of the
popliteal artery, segmental occlusions, or post-stenotic dila-
tations. MRI is currently considered the gold standard for
defining the popliteal anatomy at rest and provides superior
soft tissue definition. It is important to investigate both limbs
regardless of whether symptoms are unilateral or bilateral
due to high incidence of bilateral abnormalities.

Treatment of popliteal artery entrapment is aimed at
relieving the compression through resection or translocation
of the compression elements and restoring normal blood
flow to the extremity. Early operation is advocated to prevent
arterial occlusion or embolization. Medial or posterior
approaches may be used for exposure and myotomy of the
medial head of the gastrocnemius frees up the entrapped
popliteal artery. Arterial reconstruction may be required in
patients with significant arterial stenosis, occlusion, or aneu-
rysm formation with autogenous vein being the favored con-
duit for bypasses across the knee joint. Long-term patency is
reported as 94 % with early myotomy alone and 58-80 %
patency with the need for concurrent revascularization.
Functional popliteal entrapment (type VI) is a controversial
topic with patients having clinical findings of popliteal
entrapment with normal popliteal fossa anatomy. Proposed
mechanisms include compression due to gastrocnemius
hypertrophy and compression by the soleal sling or against
the lateral condyle of the tibia.

Persistent Sciatic Artery

Persistent sciatic artery is a rare congenital anomaly that
occurs as a result of the embryonic sciatic artery failing to
regress during development. The reported incidence of this
condition is 0.05% in the general population [12]. During
embryonic development, the sciatic artery serves as the main
blood supply to the lower extremity, until it begins to regress
during the sixth week of gestation. Its remnants will then
serve to form the inferior gluteal, deep femoral, popliteal,
peroneal, and pedal arteries. A complete sciatic artery, occur-
ring in 63-79 % of cases, originates from the internal iliac
artery, courses through the greater sciatic foramen, and runs
along the adductor magnus muscle, joining the popliteal
artery lateral to the insertion of the adductor magus. In this
case, the superficial femoral artery is completely hypoplastic
and ends in the thigh. An incomplete persistent sciatic artery
is hypoplastic and ends in the thigh with the superficial fem-
oral artery providing the main blood supply of the popliteal
artery. They can be bilateral in up to 20 % of cases and can be
associated with venous anomalies including persistent sci-
atic vein or large communicating veins between the deep
femoral and popliteal vein.
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Persistent sciatic arteries are asymptomatic in 40 % of
patients, but can be prone to early atherosclerosis and aneu-
rysm formation of the segment of the artery in the buttocks
[13, 14]. This is thought to be secondary to congenital hypo-
plasia of the wall in addition to repetitive traumatic forces to
the artery during sitting and hip flexion and extension. Patients
can present with symptoms, most commonly buttock pain or
mass that occur in 31 %. Claudication and gangrene are less
common (25 and 11 %, respectively) and most commonly are
secondary to distal embolization, thrombosis, or rupture.
With larger aneurysms, the adjacent sciatic nerve can be com-
pressed leading to sciatica, foot drop, or progressive loss of
extremity function. Detection of a persistent sciatic artery by
physical exam alone can be difficult, but should be suspected
with the absence of femoral pulses and palpable popliteal and
pedal pulses. In patients with aneurysmal degeneration, a pal-
pable pulsatile mass can sometimes be felt over the buttock
with an associated audible bruit. More commonly it is an inci-
dental finding on arteriogram with selective internal iliac
catheterization. Associated findings include enlargement of
the internal iliac artery with or without a hypoplastic superfi-
cial femoral artery. The use of CTA and MRA has also been
described for diagnostic use and surgical planning and allows
visualization of surrounding structures, aneurysm size if pres-
ent, intramural thrombus burden, and evaluation of the con-
tralateral artery and demonstration of occluded vessels that
may not be visualized on conventional arteriography.

Treatment for persistent sciatic artery is reserved for those
patients who develop aneurysmal disease or complications.
Even in the absence of symptoms, the presence of an aneu-
rysm warrants treatment due to high rate of limb loss (up to
25 %) if left untreated. The goals of treatment are to prevent
aneurysm rupture and distal embolization, and several meth-
ods have been described including arterial ligation, aneurys-
morrhaphy, coil embolization, and covered stent placement.
If there is an incomplete sciatic artery, embolization or liga-
tion is often sufficient because it is not the main source of
distal perfusion to the extremity. In the setting of a complete
sciatic artery, the need for revascularization is more impor-
tant to maintain lower extremity perfusion. Traditionally
repair is performed with open surgical exposure of the sciatic
artery through a retroperitoneal approach or high ligation by
a transgluteal approach, with concurrent bypass procedure or
interposition graft placement. If the common femoral artery
is too diseased or hypoplastic to provide inflow, the sciatic
artery proximal to the aneurysm can be approached through
a posterolateral buttock curvilinear incision with splitting of
the gluteus maximus muscle in the direction of its fibers.
Careful dissection is necessary to avoid sciatic nerve injury,
and proximal control can be difficult secondary to adjacent
bony structures. A lower abdominal incision can aid in prox-
imal control with common iliac artery exposure. Posterior
interposition graft placement often results in graft thrombosis
from repeated compression with sitting, and obturator or

standard iliofemoral-popliteal bypasses have been used with
greater success to avoid transgluteal approaches.
Endovascular approaches have also been described with cov-
ered stent placement to exclude aneurysm flow, but have
been limited to few case reports and may be difficult second-
ary to vessel tortuosity or presence of bilateral sciatic arter-
ies. Success rates are high for open repair with vein bypasses
having technical success rates of up to 85 %.

Mid-aortic Syndrome

Mid-aortic syndrome is a form of coarctation that occurs dur-
ing development in the subisthmic aorta. It is rare and accounts
for only 2% of all aortic coarctations with an incidence of
1:62,500 in autopsy studies. It can affect the suprarenal, renal,
or infrarenal segments of the abdominal aorta and is usually
diagnosed in children or young adults. The renal arteries are
typically involved and will be diagnosed by patients develop-
ing renovascular hypertension, with claudication of the lower
extremities being a much less described symptom. Other pre-
senting symptoms include cardiac failure, abdominal bruit,
and absent lower extremity pulses. 80 % of patients present
with bilateral renal artery stenosis, 22 % with mesenteric ste-
nosis, and up to 70 % with accessory renal arteries. The natural
history of abdominal coarctation if untreated is severe hyper-
tension, with death from either renal or cardiac failure within
a few years of the onset of symptoms.

Diagnosis is usually made by duplex ultrasound, CT scan,
or MRI to evaluate renovascular hypertension. Arteriography
is generally necessary to define the extent of the lesion and
plan treatment (either with traditional subtraction angiography
or in combination with CT or MRI). Treatment usually is sur-
gical resection with primary anastomosis or interposition
grafting with renal artery reimplantation. Endovascular treat-
ments with angioplasty usually have a high rate of recurrence
due to extensive aortic involvement and elastic recoil, but may
have a role as a bridge to surgery. Reports of high radial
strength balloon-expandable stents have been made and may
be an effective primary treatment modality. Outcomes are
good with reported operative mortality of 0-8 %. Long-term
outcomes are excellent with 89—-100 % of patients being nor-
motensive or with easily controlled hypertension. Patients
usually can expect normal growth and development following
repair with normal life span and long-term graft patency.

Thromboangiitis Obliterans (Buerger’s
Disease)

Thromboangiitis obliterans is a non-atherosclerotic, seg-
mental inflammatory condition affecting small and medium
arteries nerves and veins. It is generally seen in young
patients (less than 50 years) with a history of tobacco abuse,
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with cigarette use being the most classically described. Other
than tobacco, patients usually do not have other significant
atherosclerotic risk factors. It has a worldwide distribution,
but is more prevalent in the Mediterranean, the Middle East,
and Asia. Recently the prevalence of disease has declined in
the United States and Europe. The etiology of Buerger’s dis-
ease is unknown, but it is strongly associated with heavy
tobacco use, although a causal relationship has not been
established. It is classified pathologically as a vasculitis but
is distinguished from other forms of vasculitis in that it has
highly inflammatory thrombus with relative sparing of the
blood vessel wall, with normal acute phase reactants and no
serum markers of immunoactivation.

Patients typically present with pain in their digits or
extremity, with digital ischemia being the most common.
The onset of symptoms usually occurs before the age of
40-45 years. Two or more limbs are always involved and all
four limbs are affected in about 40 % of patients. Although
Buerger’s disease predominantly affects the vessels of the
extremities, a few cases of aortic, cerebral, coronary, mesen-
teric, pulmonary, and renal involvement have been reported.
Digital ischemia may progress to ulcerations and gangrene
and may eventually require amputation. The risk of major
amputation in patients with Buerger’s disease is 4.4—11.8 %.

Diagnosis is typically made based on history and imag-
ing. The physical exam often reveals cyanotic and erythema-
tous extremities with sensory abnormalities due to ischemic
neuropathy and cold sensitivity related to ischemia or
increased muscle sympathetic nerve activity. Absent distal
pulses in the presence of normal proximal pulses are typical,
and ankle-brachial indices should be performed.
Inflammatory markers and antibodies are usually absent;
although anti-endothelial antibodies have been described,
these are not routinely measured. In order to rule out other
diseases that mimic TAO, often serologic studies are per-
formed including complete blood count, electrolyte, renal
and liver function tests, fasting blood glucose, urinalysis,
sedimentation rate, C-reactive protein, and hypercoagulabil-
ity workup including antiphospholipid antibodies. Other
serologic markers that should be obtained include antinu-
clear antibodies, rheumatoid factor, complement measure-
ments, and serologic markers for CREST syndrome and
scleroderma (SCL-70 and anticentromere antibody). Imaging
studies show normal proximal arteries with disease in distal
small vessels. Noninvasive imaging methods such as mag-
netic resonance angiography (MRA) and computed tomog-
raphy angiography (CTA) are alternatives for initial
evaluation. Segmental arterial pressures and digital plethys-
mography are useful to documental distal occlusive disease.
Proximal embolic sources should be considered with workup
including echocardiogram and evaluation of the aorta with
contrast studies (CTA). Digital subtraction angiography is
typically performed to demonstrate involvement of medium
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to small arteries with absence of atherosclerotic lesions.
Segmental arterial occlusions and corkscrew collaterals
(Martorell’s sign) are typical but not pathognomonic for
Buerger’s disease. A definitive diagnosis can only be made
with vessel biopsy that demonstrates highly cellular throm-
bus with relative sparing of the vessel wall.

The mainstay of treatment is tobacco cessation, with
complete abstinence being critical to prevent tissue necrosis
and limb loss. Smoking is also closely related to exacerba-
tion and remission of the disease, and a correlation has been
found between continued smoking and limb loss. In patients
with disease progression despite tobacco cessation, medical
therapy may be started. Antiplatelet agents [15], therapeutic
anticoagulation [16], pentoxifylline [17], calcium channel
blockers, NSAIDs, and cyclophosphamide [18-22] have all
been described with varying degrees of success. However,
smoking cessation remains the cornerstone for any success-
ful treatment plan [23, 24].

Raynaud’s Syndrome

Raynaud’s syndrome is a condition that occurs with an exag-
gerated vasoconstrictive response in the extremities that is
triggered by cold or emotional stimuli. Characteristically a
triphasic color progression is observed in the fingers and
toes. Initially digital pallor occurs due to arterial spasm, fol-
lowed by cyanosis as a consequence of reduced venous flow
and pooling of deoxygenated blood, and finally a hyperemic
response from warming reperfusion. Raynaud’s is referred to
as primary Raynaud’s syndrome if there is no underlying dis-
ease process and is Raynaud’s disease or secondary
Raynaud’s syndrome if there is an associated underlying
disease such as systemic sclerosis or mixed connective tissue
disease.

Raynaud’s syndrome can occur at any age but typically
has onset at younger ages, with overall incidence of 16 %
among men and 21 % in women [25]. There is an increased
prevalence in colder climates and increased frequency of
attacks. Primary Raynaud’s is the most common form in the
general population and typically has a benign course with
rare need for intervention. Secondary Raynaud’s is less
common and is associated with immune disorders and is
characterized by episodes of intense pain that can eventually
progress to ischemic ulceration and gangrene. Patients with
secondary Raynaud’s often need medical therapy and may
progress to surgical intervention. It is unclear what is the
underlying pathogenesis of Raynaud’s syndrome with dis-
ruption of the vasoconstrictive and vasodilatory responses.
Impaired endothelial productions of nitric oxide and prosta-
cyclin, as well as endothelin-I and angiotensin II, have been
theorized to contribute to impaired vasodilatory and vaso-
constrictive responses. Hypercoagulable states with activated



11 Differential Diagnosis for Lower Extremity Ischemia and Ulcerations: Focus on Non-atherosclerotic Etiologies

platelets and leukocytes as well as diminished fibrinolysis
have been observed in both primary and secondary Raynaud’s
syndrome as well. Inflammatory responses that lead to struc-
ture changes including intimal fibrosis have been thought to
be a result of abnormal expression of endothelial cytokines
and growth factors. Impaired smooth muscle cell responses
that lead to abnormal production of the vasodilator and calci-
tonin-related peptide or activation of the alpha-2 adrenergic
receptor have also been thought to contribute to Raynaud’s
syndrome, as well as unopposed sympathetic vascular tone.

Diagnosis of Raynaud’s syndrome is largely based on his-
tory, with episodes of pain with notable color variation. It is
also important to note triggers that are related to the onset of
symptoms and to exclude secondary causes with comprehen-
sive occupational history, drug and medication use, family
history, and current smoking status. Vascular exam should be
performed to exclude underlying symptomatic aneurysmal
or atherosclerotic arterial occlusive disease, thoracic outlet
obstruction, as well as observation of scars or healed digital
ulcerations, flexion deformities, skin pigmentation, or ulcers
that can be associated with systemic diseases such as sclero-
derma or systemic lupus erythematosus. Blood work should
include a complete blood count, immunologic and inflamma-
tory markers for autoantibodies, antinuclear antibodies,
Sjogren factors, rheumatoid factor, thyroid hormone levels,
and an erythrocyte sedimentation rate. Temperature-
dependent digital plethysmography can be obtained in non-
invasive vascular laboratories. Angiography should be
considered in the presence of severe hand ischemia or gan-
grene, particularly to exclude atherosclerotic occlusive dis-
ease or embolic sources.

It is important to distinguish between primary and sec-
ondary forms of Raynaud’s disease to determine treatment
plans. In primary Raynaud’s, episodes are generally self-
limited and respond to conservative supportive measures,
changes in lifestyle, and avoidance of triggering factors. In
secondary Raynaud’s, it is important to treat the underlying
systemic disease, and pharmacologic therapy is often
required. Surgery may ultimately be required in the presence
of digital ulceration and gangrene in addition to local wound
care. Conservative therapies include avoidance of cold expo-
sure and other triggers, discontinuation of smoking to reduce
severity of symptoms, and reduction in stress with coping
and relaxation techniques.

Surgery is generally reserved for those patients with
severe and disabling symptoms that do not improved follow-
ing conservative and pharmacologic interventions.
Debridement and amputation may be necessary with pro-
gression to critical ischemia or digital ulcerations.
Sympathectomy can be used to eliminate sympathetic tone
to improve blood flow and reduce ischemic pain, improve
oxygenation, and prevent further tissue damage. Injecting a
regional anesthetic near the cervical or lumbar sympathetic

103

ganglia or distally with a digital or wrist block can perform
chemical sympathectomy. Interdigital injections of botuli-
num toxin have also been shown to be effective in decreasing
pain, healing digital ulcers, and improving blood flow.
Surgical sympathectomy is reserved for patients with refrac-
tory patients with digital ulceration and has more favorable
outcomes in patients who have primary Raynaud’s syn-
drome. Various methods are described, including chemical
ablation, resection, and clipping and stripping of the thoracic
sympathetic chain. Digital and palmar sympathectomy can
also be performed with less of the major side effects associ-
ated with thoracotomy or thoracosopy, it may provide some
symptomatic relief and enhance ulcer healing, but additional
studies are needed to assess long-term benefit.

Calciphylaxis

Calciphylaxis is an uncommon necrotizing calcific ulcer-
ative panniculitis that occurs in the setting of end-stage renal
disease. Patients present with irregular livedo reticularis with
subcutaneous nodules and plaques that can progress to pain-
ful large necrotic ulcerations. The lower extremities are most
commonly involved, but the upper extremities, abdomen,
and buttocks have also been reported. Patients may other-
wise have a normal vascular exam with palpable distal
pulses. Diagnosis is made with elevated parathyroid hor-
mone and hyperphosphatemia, with decreased levels of pro-
tein C and S also reported. On x-ray one may be able to
visualize calcified small and medium arteries, and pathologic
examination shows calcium deposition within dermal-sized
blood vessels (arterioles and venules) and subcutaneous tis-
sues. Concurrent intimal hyperplasia, lymphohistiocytic
infiltration and/or fibrin microthrombi can also be present.
Treatment is aimed at treating the hyperparathyroidism,
including medical treatment with decreasing dietary phos-
phate and calcium and substituting sevelamer hydrochloride
for calcium-based phosphate binders. Parathyroidectomy is
usually recommended, but its long-term value is controver-
sial. Other treatment modalities described include hyperbaric
oxygen, TPA, sodium thiosulfates, and bisphosphonates.

Warfarin-Induced Skin Necrosis

Warfarin-induced skin necrosis is a rare complication associ-
ated with warfarin therapy and most typically occurs in the
first 10 days of anticoagulation therapy. It presents as a wide-
spread, painful, full-thickness skin necrosis in fatty regions,
typically in the buttocks and legs but can also be present on
the abdominal wall, breasts, arms, and back. There may be
periulcerative patchy erythema, petechiae, and hemorrhagic
vesicles and bullae. There is a tendency toward female
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predisposition and an increased incidence with inherited or
acquired protein C and protein S deficiency or can be associ-
ated with heparin-induced thrombocytopenia. Pathologically
the dermis and subcutaneous tissues show evidence of necro-
sis and erythrocyte extravasation with microthrombosis in
capillaries, venules, and small veins. Therapy is mostly sup-
portive and conservative with discontinuation of warfarin
therapy first and vitamin K or FFP reversal. Temporary anti-
coagulation can be achieved with LMWH or unfractionated
heparin. Surgical intervention is often necessary for debride-
ment, and wounds may ultimately require skin grafting or
myocutaneous flaps. Warfarin therapy can occasionally be
reinitiated in low doses and with long periods of overlapping
heparin therapy.

Heparin-Induced Skin Necrosis

Similar to warfarin-induced skin necrosis, heparin can also
be rarely associated with skin lesions, typically 6-12 days
after exposure. Multiple painful erythematous nodules and
plaques can progress to hemorrhagic bullae and full-
thickness necrotic ulcerations, either at the site of heparin
injection or at distant sites. It has been described to occur
with both unfractionated and low molecular weight heparin
therapies and may be a sign of heparin-induced thrombocy-
topenia, local trauma, or allergic reaction. It occurs as a
result of an IgG antibody directed against the platelet factor
4 when heparin is present and histologically resembles
warfarin-induced necrosis. Treatment is supportive with
immediate discontinuation of heparin products (especially in
the setting of heparin-induced thrombocytopenia) and treat-
ment with direct thrombin inhibitors or fondaparinux.
Surgical debridement with reconstruction may be necessary
to treat wounds.

Atheroembolic Episodes

Arterial macroembolism can cause significant morbidity and
also be associated with mortality. In the extremity, it can
cause acute limb ischemia, which requires rapid diagnosis
and restoration of blood flow to decrease limb loss. Typically
it occurs in aged patients with significant medical comor-
bidities that can contribute to their mortality even after suc-
cessful revascularizations. Arterial macroembolisms are
most commonly from a cardiac source, typically in a patient
with atrial fibrillation and left atrial thrombus or after myo-
cardial infarction with left ventricular thrombus. Emboli
tend to lodge at arterial bifurcations where the artery caliber
changes, such as the aortic bifurcation (35 %), femoral bifur-
cation (50 %), or popliteal artery (12%). The diagnosis is
typically made with history and physical with the typical
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symptoms of limb ischemia, the six “Ps”: pain, pulseless-
ness, poikilothermia, pallor, paresthesias, and paralysis.
Often the level of the embolism can be determined by physi-
cal exam alone and may have complete normal pulses con-
tralateral to the occlusion. Men and women are equally
affected, and modern series have amputation rates as high as
13 % with mortality approaching 10 %.

Treatment should begin with fluid resuscitation and oral
or rectal aspirin, and standard laboratory screening should be
done. All patients with acute limb ischemia should receive
rapid, full anticoagulation with heparin therapy (or direct
thrombin inhibitors in the case of previously documented
HIT or antithrombin deficiency). Open embolectomy is the
most direct and quickest way to reestablish blood flow surgi-
cally and can be performed under local anesthesia if the
patient is too critically ill to undergo more extensive surgery.
Typical complications include infection, bleeding, and car-
diac events with groin incision complications being the most
common. Anticoagulation should be continued through the
procedure and until the patient is fully anticoagulated with a
vitamin K antagonist. An echocardiogram and CTA of the
chest, abdomen, and pelvis should be performed to evaluate
for a source. If the embolism occurs in a younger patient
without known source, a thrombophilia workup should be
performed in addition to scan for deep venous thrombosis (to
rule out paradoxical embolism source).

Atheroembolism involves the process of embolization of
atherosclerotic plaque debris into small arteries and arteri-
oles. It can occur spontaneously, but can also occur after
interventional procedures and anticoagulation, and multiple
organ systems may be involved. A single embolic episode can
occur with acute plaque rupture, but may also consist of mul-
tiple episodes of embolic showers. A fibrin layer that sepa-
rates the underlying atheromatous debris from the bloodstream
covers ulcerated plaques. The microdebris can be launched
into the blood stream and traverse large- and medium-sized
vessels to lodge in small arteries and arterioles. Cholesterol
crystals can then cause an inflammatory reaction within the
arteriolar wall causing patchy ischemia of affected organs and
tissues leading to scarring, fibrosis, and infarction with tissue
loss. The aorta, sometimes in its entirety (shaggy aorta), is
most commonly involved, with the iliac and femoral popliteal
segments less commonly the source.

Although spontaneous atheroembolism may not be silent
and not clinically significant, there are several syndromes that
can be present. The classic “blue toe syndrome” usually
occurs secondary to lesions in the infrarenal aorta and
branches. Patients present with painful cyanotic toe or toes
with scattered petechiae and mottled reticular cyanosis of the
soles of the lower extremities (livedo reticularis). This can
extend to the thighs and buttocks, and calf muscle tenderness
and skin infarcts can also occur. This typically occurs in the
presence of palpable pulses. If occurring in other vascular
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beds, renal involvement can present as sudden kidney failure,
hypertension, and eosinophilia; colon or small bowel involve-
ment may present with GI bleeding. Patients usually have
other signs of atherosclerosis with risk factor history includ-
ing smoking, hypertension, and hyperlipidemia. Evaluation
includes duplex ultrasound to evaluate the peripheral arterial
supply as well as evaluation for a popliteal artery aneurysm as
an embolic source. CTA should be performed of the chest,
abdomen, and pelvis to evaluate for aortic and iliac sources
(aneurysms and intramural thrombus). Echocardiogram is
also indicated to evaluate for cardiac source of emboli.
Arteriography is indicated even with distal pulses being pres-
ent if there is a concern for a potentially treatable source.

Therapy is aimed at pain control and prevention of addi-
tional embolic events with antiplatelet agents, statin therapy,
and potentially therapeutic anticoagulation. Surgical or
endovascular procedures may be indicated to exclude,
bypass, or replace involved arteries to prevent additional
embolic events [2].

Radiation

Radiation therapy is commonly used to treat a variety of neo-
plastic processes including radiation to the lower abdomen
and pelvis for cervical, ovarian, bladder, prostate, and tes-
ticular cancers. Acutely this results in injury to the endothe-
lium with increased permeability to lipids. This is followed
by platelet and fibrin deposition and in weeks leads to fibro-
sis and hemolytic necrosis of the media and adventitial lay-
ers of the artery. In months the intima and adventitia become
thickened and periadventitial fibrosis results, leading to an
increased incidence of large artery or aortoiliac occlusive
disease. Most typically this results after significant radiation
(dosages of 4125-7500 rads) at a mean interval of approxi-
mately 9 years following treatment. There is an unusually
high incidence of carotid artery stenosis in patients following
neck irradiation. In the lower extremities, iliac arteries are
most typically involved, followed by femoral and then aorta,
and most patients present with claudication or rest pain
symptoms.

Diagnosis may be made by noninvasive methods including
duplex ultrasonography showing evidence of stenosis without
significant atherosclerotic disease present. CT and MRI may
also be used to evaluate symptoms noninvasively. The gold
standard in diagnosis is arteriogram which may demonstrate
segmental occlusions or diffuse arterial involvement.
Treatment may be accomplished with standard revasculariza-
tion procedures or may require extra-anatomic bypass to avoid
the radiated field. Thromboendarterectomy can be performed,
but it may be preferable to avoid this technique due to inability
to define the subadventitial planes. Successful treatment has
also been described with endovascular techniques, which
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avoid re-operative or irradiated fields. Increased incidence
of late graft infections occurring 2-5 years after surgery has
been shown [3].

Brown Recluse Spider Bite

Brown recluse spiders of the Loxosceles species group can
cause dermonecrotic, ischemic-appearing wounds most
commonly on the thigh. Initially they are painless but then
can develop pruritis, swelling, and erythema and progress to
vesicles or blebs and develop central necrosis with a “bull’s-
eye” appearance. Systemic manifestations include arthral-
gias, fever, vomiting, and widespread rash. Severe reactions
can progress to disseminated intravascular coagulation, renal
failure, hemolysis, hemoglobinuria, and myoglobinuria,
although this is rare, occurring in 0.7-1.8 %. Treatment is
usually supportive but may require debridement of necrotic
tissues and reconstruction. Different pharmacotherapy may
be used including colchicine, dapsone, corticosteroids, anti-
histamines, NSAIDS, and hyperbaric oxygen. Antibiotics
are also frequently given for the soft tissue infection.

Ehlers-Danlos Syndrome

Ehlers-Danlos syndrome is a disorder of collagen synthesis
and processing and has 11 described types. Clinically the
disease is characterized by hyperextensible skin, hypermo-
bile joints, fragile tissue, and a bleeding diathesis primarily
related to fragile vessels. It is the most common of the heri-
table connective tissue disorders and occurs in autosomal
dominant, autosomal recessive, and sex-linked patterns with
an incidence of approximately 1 in 5000 live births. The
extreme fragility of the tissues leads to problems with surgi-
cal repair with skin and soft tissues being easily disrupted
and heal poorly. In additional to problems with any surgery,
many patients with Ehlers-Danlos syndrome are prone to
arterial disorders that may require intervention. Types I, III,
and IV frequently have arterial complications. Type IV is a
deficiency of type III collagen that is of major structural
importance in vessels, viscera, and skin. It accounts for 4 %
of Ehlers-Danlos patients but causes the most severe surgical
complications. The mean age of presentation is 26 years of
age, and it is often seen involving large and medium arteries
including the aorta, visceral arteries, subclavian and axillary
arteries, cerebrovascular arteries (carotid/vertebral), and
lower extremity (iliac/femoral/popliteal) and coronary arteries.
Patients are prone to spontaneous rupture of major vessels,
aneurysm formation, and acute aortic dissections. Other
complications include spontaneous lacerations, false aneu-
rysms, and arteriovenous fistulas. Bleeding and easy bruising
occur in two thirds of patients with type IV Ehlers-Danlos
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syndrome. Hemorrhage can be life-threatening despite nor-
mal platelet function and coagulation proteins.

Diagnosis is typically made by history and physical exam
and arterial disease confirmed with duplex ultrasonography
or CT scan. It is important to avoid arteriogram if possible as
this can result in significant morbidity and mortality (67 and
17 %, respectively) due to extremity vessel friability.
Treatment of spontaneous arterial rupture in patients with
Ehlers-Danlos syndrome should be nonoperative, consisting
of compression and transfusion whenever possible. If opera-
tion for major arterial disruption is required, the objective
should be ligation to control bleeding if it can be accom-
plished without tissue loss. Gentle dissection techniques
with proximal vessel control with external tourniquets or
internal balloon catheters and the use of carefully applied
heavy ligatures reinforced with fine vascular sutures are keys
to success. Overall mortality is high with up to 44 % death
before intervention, 29 % operative mortality, and a 64-76 %
overall mortality. Long-term survival in these patients is poor
with a 51 % mortality before the age of 40 [4].

Pseudoxanthoma Elasticum

Pseudoxanthoma elasticum is an inherited disorder of elastic
fibers with an unknown precise biochemical abnormality. It
occurs in 1:160,000 persons with an equal distribution
between males and females. Patients can present with vascu-
lar complications due to stenosis or occlusion of peripheral,
cerebral, and coronary arteries. On pathology there is evi-
dence of fragmentation and clumping of the elastic tissue,
with medial calcification of muscular arteries and endocar-
dium. Clinically, 18 % of patients present with intermittent
claudication and are often associated with additional symp-
toms including GI hemorrhage, visual impairment, hyperten-
sion, and angina. Diagnosis is made by physical exam (85 %
have apparent angioid streaks on fundoscopic exam) or skin
biopsy showing fragmented, elastic elastin. Noninvasive
studies and arteriography may demonstrate advanced marked
calcification of arteries. Arterial occlusive disease occurs at
an early age, usually presenting in the 20s or 30s. Treatment
is performed with standard vascular procedures but may be
complicated by presence of heavily calcified arteries. Overall
the disease is progressive and patients can expect slightly
deceased life expectancies. Outcomes from revascularization
are not affected but the underlying disease process and are
comparable to standard outcomes.

Ergot Derivatives

Ergot derivatives are used for treatment of migraine head-
aches, postparturition hemorrhage, or occasionally DVT
prophylaxis. Very rarely, the use of these medications can

S.E.Clark and F. Aziz

result in ergotism (St. Anthony’s fire) which presents as
severe burning in the lower extremities due to a severe vaso-
spastic reaction. This occurs in 0.001-0.002 % of users and
predominantly in young females. The vasospasm usually
begins in the SFA and progresses more distally and can result
in occlusion. Upper extremities and cerebrovascular vessels
may also be involved. Patients typically develop acute onset
of pain, pallor, and numbness of the legs, and arteriogram
will demonstrate severe spasm, segmental narrowing, and
rarely intravascular thrombosis. Treatment consists of dis-
continuing the offending agent and administration of intrave-
nous nitroprusside with close hemodynamic monitoring.
Intra-arterial nitroprusside and nifedipine have also been
described. In severe cases, patients may need angioplasty to
break the vasospasm, but its use is controversial. Limb isch-
emia may progress to gangrene and amputation if untreated.

Neurogenic Claudication

Neurogenic claudication is due to intrinsic disease of the spi-
nal cord, cauda equina, or the nerve roots. This may result
from tumors, arteriovenous malformations, amyloidosis, or
rarely syphilis or may be due to extrinsic compression with
degenerative change of the lumbar vertebrae. Patients pres-
ent with back pain, paresthesias, and weakness (typically in
high thigh with dermatomal distribution). Unlike vascular
claudication, they experience relief with spinal flexion or
recumbent positioning and worsening symptoms when
standing. Diagnosis can be made with CT scan or MRI dem-
onstrating compression or neurologic involvement. EMG
can be performed but is variable and not reliable. Noninvasive
vascular testing usually demonstrates a normal vascular
exam. Treatment is generally conservative and consists of
rest, analgesia, and spinal support. Surgical decompression
with laminectomy or facetectomy or interruption of the AVM
has good results (80-90 % with relief) but overall 50 % fail-
ure rates at 10 years.
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Arterial occlusive disease is associated with many cardiac
etiologies including atrial fibrillation (AF) or flutter, ventricu-
lar mural thrombus, valvular diseases (rheumatic or prosthetic
valves and endocarditis), cardiac tumors, paradoxical emboli
via patent foramen ovale or atrial septal defect, aortic dissec-
tion, and iatrogenic causes. Limb-threatening or critical limb
ischemia may have a variable time course, acute or chronic,
and is associated with high morbidity and mortality. Critical
limb ischemia occurs when the blood flow is compromised
to the point that the affected extremity or extremities will be
lost without intervention [1]. Presenting symptoms of
patients with critical limb ischemia include limb pain at rest,
ulceration, gangrene, numbness, and/or paralysis.

Chronic limb ischemia is almost always a manifestation
of peripheral arterial atherosclerotic disease. It progresses
slowly over a period of time and eventually reaches the criti-
cal stage. Similar to coronary atherosclerosis, progression of
peripheral atherosclerosis has been well linked to traditional
risk factors such as smoking, diabetes, hypertension, hyper-
lipidemia, age, and chronic kidney disease [1, 2].

Acute limb ischemia occurs from an abrupt interruption
of blood flow to an extremity, usually because of embolic or
thrombotic vascular occlusion. It can also result from trauma
and dissection. Thrombosis in situ mainly occurs in the
setting of underlying atherosclerotic disease and accounts
for about 85 % of the acute limb ischemia [3]. The gradual
progression of atherosclerotic narrowing often stimulates the
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formation of collateral channels. Therefore, thrombosis in
this setting may not exhibit severe symptoms. Embolism, on
the other hand, results in a greater degree of ischemia than
thrombosis, as the embolus characteristically lodges in a
“virgin” vascular bed with no prior collateral development.
Therefore, the symptomatology of an acute limb ischemia
may vary depending on the degree of collateral flow if
chronic disease is present. The classic pentad to look for in
acute limb ischemia includes extreme lower extremity pain,
pallor, pulselessness, paresthesia, and paralysis.

With an embolic occlusion, a cardiac origin is the source
of emboli in about 80-90 % of cases, most commonly in the
setting of atrial fibrillation/flutter or acute myocardial infarc-
tion [4]. The presence of rheumatic or prosthetic cardiac
valves, endocarditis, and cardiac tumors (such as left atrial
myxoma) is also associated with increased risk of embolic
events. Furthermore, paradoxical embolism of venous
thrombi through an intra-atrial communication (such as an
atrial septal defect or patent foramen ovale), or less com-
monly an intraventricular communication, is also encoun-
tered in some patients.

Atrial Fibrillation

Atrial Fibrillation (AF) is the most common arrhythmia and
affects about 1 % of the US population [5]. The lifetime inci-
dence of atrial fibrillation is about 26 % for men and 23 % for
women [6]. The prevalence of AF in a population increases
with age, a correlation with the increased incidence of acute
occlusive disease in our aging population.

Thromboembolic events, both central and peripheral, are
increased and contribute to the high morbidity and mortality
with atrial fibrillation. The most common destination of
emboli from atrial fibrillation is the cerebral circulatory sys-
tem leading to strokes and transient ischemic attacks.
Although the incidence of peripheral embolism from AF is
lower as compared to cerebral vasculature, about 30-80 % of
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Fig. 12.1 (a) Left atrial appendage (arrow) without evidence of thrombus on transesophageal echocardiogram. (b) Left atrial appendage with
thrombus (arrow) on transesophageal echocardiogram

patients with peripheral thromboembolic phenomenon have
AF [7]. This makes AF one of the most significant risk
factors in embolic peripheral ischemia. More specifically,
the annual incidence of acute limb ischemia in AF is 0.4 %
(lethality 16 %) [8]. Symptoms can vary depending on the
degree of arterial luminal obstruction and extent of collateral
flow caused by preexisting peripheral arterial disease.

Most thrombi associated with AF are formed in left atrial
appendage. Echocardiography is an important diagnostic
tool, with transesophageal echocardiography (TEE) signifi-
cantly increasing the sensitivity of the detection of left atrial
appendage thrombus (Fig. 12.1). Newer imaging technolo-
gies such as magnetic resonance imaging (MRI) or comput-
erized tomography can also be utilized but are used less
frequently in clinical practice.

The risk of thromboembolism varies widely across the
population of patients with AF, according to the presence or
absence of clinical risk factors. The rate of ischemic stroke
or peripheral embolization (without antithrombotic therapy)
also increases as the number of risk factors increase. This
trend is the basis of the two major risk prediction models
used in clinical practice to determine the need for anticoagu-
lation—CHADS, score and more recently CHA,DS,-VASc
score [9, 10]. Anticoagulation decreases the risk of thrombo-
embolism (Tables 12.1, 12.2, and 12.3). The -current
American Heart Association guidelines recommend antico-
agulation for patients with CHA,DS,-VASc score >2 [11].

Warfarin has been well established to reduce the risk of
stroke or embolism in patients with atrial fibrillation, however
requires regular blood level monitoring. Recently, new oral anti-
coagulants have been approved that do not require rigorous
blood level monitoring of warfarin. These include dabigatran,
apixaban, and rivaroxaban [11]. The major trials studying these
novel oral anticoagulants did not separately analyze for periph-
eral embolism in their primary outcome. However, the overall

Table 12.1 CHADS, score [9]

CHADS, criteria Score
C Congestive heart failure 1
H Hypertension 1
A Age >75 years 1
D Diabetes mellitus 1
S, Stroke/TIA 2

Maximum total score=6 points

American College of Cardiology/American Heart Association/Heart
Rhythm Society 2006 Anticoagulation Recommendations

Score=0 aspirin. Score=1 aspirin or oral anticoagulation. Score > 2
Oral anticoagulation

Table 12.2 CHA,DS,-VASc score [10]

CHA,DS,-VASc criteria Score
C Congestive HF 1
H HTN 1
A, Age >75 years 2
D Diabetes mellitus 1
S, Stroke/TIA 2
Y Vascular disease (MI, PAD, aortic |1
plaque)
A Age 65-75 1
S Female 1

Maximum total score =9 points

American College of Cardiology/American Heart Association 2014
Anticoagulation Recommendations

Score=0 no therapy or aspirin (no therapy preferred). Score=1 aspirin
or oral anticoagulation (oral anticoagulation preferred). Score >2 oral
anticoagulation

rate of the combined primary outcome (i.e., stroke plus periph-
eral thromboembolism) has shown to be either non-inferior or
significantly lower as compared to warfarin [12—14].
Furthermore, new devices to ligate, resect, or occlude the
left atrial appendage, the most common location to form a
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Table 12.3 Adjusted risk of stroke for CHADS, and CHA,DS,-VASc
scores [9, 10]

Score CHADS, (%/year) CHA,DS,-VASc (%/year)
0 1.9 0

1 2.8 1.3
2 4 2.2
3 5.9 32
4 8.5 4.0
5 12.5 6.7
6 18.2 9.8
7 9.6
8 6.7
9 15.2

thrombus, are under investigation. The Watchman device, man-
ufactured by Boston Scientific, has shown superiority in pri-
mary outcome of stroke, cardiovascular death, and systemic
embolism over warfarin [15]. In December 2013, Food and
Drug Administration (FDA) advisors voted 13-1 that the ben-
efits associated with the Boston Scientific Watchman device
outweighed the risks in AF patients. The FDA approved the
device in 2015.

Ventricular Mural Thrombus

Sluggish flow of the intracavitary blood in the ventricles
predisposes to thrombus formation. As such, ventricular
mural thrombus is most commonly associated with myo-
cardial infarctions (MI), ventricular aneurysms, and
dilated cardiomyopathies among other systemic diseases
that affect the heart (e.g., amyloidosis, Chagas disease,
systemic lupus erythematosus, carcinoid heart disease).
Myocardial infarction can cause wall motion abnormality
and/or systolic dysfunction, hence causing the sluggish
flow. The likelihood of developing a left ventricular (LV)
thrombus after an acute MI varies with infarct location
and size. A large anterior myocardial infarction with
anteroapical aneurysm formation has the highest rates of
LV thrombus development, compared to other areas of
infarction. Earlier studies, prior to the percutaneous coro-
nary intervention (PCI) era, had reported the rates of up to
46 % in anterior MI [16—18]; however, more recent studies
with PCI report an incidence of about 4 % [19]. Most LV
mural thrombi develop within the first two weeks after MI
[16, 20].

In the pre-thrombolytic era, the risk of embolization from a
left ventricular thrombus has been reported to be anywhere
from 10 to 20% in patients not on anticoagulation [21-23].
Embolization from cardiomyopathies seems to occur more
often than thrombus within an aneurysm, likely secondary to the
thrombus surface exposure to the LV cavity [24]. The incidence

m

Fig.12.2 Left ventricular protruding mural thrombus (arrow) on apical
four-chamber view on transthoracic echocardiogram. RV right ventricle,
RA right atrium, LA left atrium, LV left ventricle

of systemic embolization of mural thrombus for left ventricular
aneurysms, myocardial infarctions, and congestive cardiomy-
opathy are 0-36, 0-24, 11 %, respectively [25].

A number of diagnostic modalities can be used to diag-
nose ventricular mural thrombus. The most widely used
modality in clinical practice is echocardiography (Fig. 12.2).
Certain echocardiographic characteristics can predict the risk
of embolization; the two most important ones associated with
higher risk are thrombus mobility and protrusion into the left
ventricular cavity [20-26]. Other diagnostic studies include
angiography, radionuclide scintigraphy, indium II-labeled
platelets, and computed tomography (CT). Once diagnosed,
the recommended treatment is anticoagulation with warfarin
or heparin products for at least three months.

Endocarditis

Endocarditis, whether acute or subacute, can be a source of
emboli causing central nervous system injury, arteritis, and
end-organ ischemia. Nearly 50 % of patients will develop an
embolic event and often involve the coronary vessels, spleen,
kidneys, brain, and extremities [27, 28]. The incidence of
critical limb ischemia, however, is not very well defined.
The risk of embolization is correlated with the size of the
vegetation, location, and organism involved. Some studies
have shown significantly greater rates of embolization with
vegetation size >10 mm. This risk seems to be highest when
mitral valve is involved [28-30]. Infective endocarditis (IE)
caused by Staphylococcus or fungal organisms appears to
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carry a higher risk of embolization independent of the
vegetation size [29].

Modified Duke’s criterion is utilized to evaluate the patient
with infective endocarditis (Table 12.4). The emphasis is given
to the two more important diagnostic tests, the blood cultures
and echocardiography. Echocardiography is fundamental in
diagnosing endocarditis. The echocardiographic features
included in the major classification of the Modified Duke’s
criteria are the evidence of an oscillating intracardiac mass or
vegetation, an annular abscess, a prosthetic valve partial dehis-
cence, and a new valvular regurgitation [28].

Echocardiography should be done on all cases suspicious
of infective endocarditis. In patients whom the clinical suspi-
cion is low, and where it is likely to obtain good images, a
transthoracic echocardiogram (TTE) is reasonable. On the
other hand, if there are poor echocardiographic windows
(e.g., in obese patients or patients with severe lung disease)
or if there is high clinical suspicion of IE or its complications
(prosthetic valve, staphylococcal bacteremia, or new atrio-
ventricular block), then transesophageal echocardiogram
should be performed first. This is because in these cases a
negative TTE will not definitely rule out IE or its potential
complications (Fig. 12.3).

There are no randomized controlled trials to assess the
benefits of surgical intervention in infective endocarditis.
However, observational data comparing the mortality risk of
complications of IE with and without surgery have assisted
in the development of certain indications for surgery in IE
[28, 31, 32].The mainstay of treatment is medical manage-
ment with antibiotics. Initial antimicrobial therapy is chosen
based on clinical suspicion of the source bacteria. The risk of
embolization drops significantly after 2-3 weeks of appro-
priate antibiotic therapy [29, 30].

Surgical intervention is mostly indicated in complicated
IE [32]. Patients with IE should be evaluated for early surgery
(during initial hospitalization before completion of a full ther-
apeutic course of antibiotics) that develops heart failure or
paravalvular complications such as heart block, annular or
aortic abscess, or destructive penetrating lesions. It should
also be considered in patients who have left-sided IE caused
by S. aureus and fungal or other highly resistant organisms
and in patients with evidence of persistent bacteremia or
fever lasting longer than 5-7 days after onset of appropriate
antimicrobial therapy [28].

To reduce the risk of embolic complications, it is also
reasonable to consider surgical intervention in patients with
recurrent emboli and persistent vegetations despite appro-
priate antibiotic therapy and in patients with native valve
endocarditis who exhibit mobile vegetations greater than
10 mm in length (with or without clinical evidence of
embolic phenomenon) [28].

R.A. Dieter, lll et al.

Table 12.4 Definition of infective endocarditis (IE) according to the
modified Duke criteria

Definite IE
Pathological criteria

Microorganisms (via culture or histology) in a vegetation, an
embolized vegetation, or an intracardiac abscess specimen

Pathologic lesion; vegetation or intracardiac abscess on histologic
examination showing active endocarditis

Clinical criteria
2 major criteria
1 major and 3 minor criteria
5 minor criteria
Possible IE
2 major criteria
1 major and 3 minor criteria
5 minor criteria
Rejected IE
Firm alternative diagnosis explaining evidence of IE
Resolution of IE syndrome with antibiotic therapy for <4 days

No pathological evidence of IE at surgery or autopsy, with
antibiotic therapy for <4 days

Does not meet criteria for possible infective endocarditis as above

Definition of terms used in the modified Duke’s criteria for the
diagnosis of infective endocarditis
Major criteria
1. Blood culture positive for IE
(a) Typical microorganisms consistent with IE from two separate
blood cultures: viridans streptococci, Streptococcus bovis,
HACEK group, Staphylococcus aureus; or community-
acquired enterococci in the absence of a primary focus
(b) Microorganisms consistent with IE from persistently positive
blood cultures defined as follows: At least two positive
cultures of blood samples drawn >12 h apart or all of three or
a majority of >4 separate cultures of blood (with first and last
sample drawn at least 1 h apart)

(c) Single positive blood culture for Coxiella burnetii or
anti-phase 1 IgG antibody titer >1:800

2. Evidence of endocardial involvement

Echocardiogram positive for IE (TEE recommended for patients
with prosthetic valves, rated at least “possible IE” by clinical
criteria or complicated IE [paravalvular abscess]; TTE as first
test in other patients) defined as follows: oscillating intracardiac
mass on valve or supporting structures, in the path of regurgitant
jets, or on implanted material in the absence of an alternative
anatomic explanation; or abscess; or new partial dehiscence of
prosthetic valve; new valvular regurgitation (worsening,
changing, or preexisting murmur not sufficient)

Minor criteria

1. Predisposition, predisposing heart condition, or IDU

2. Fever, temperature >38 °C

3. Vascular phenomena, major arterial emboli, septic pulmonary
infarcts, mycotic aneurysm, intracranial hemorrhage,
conjunctival hemorrhages, and Janeway’s lesions

4. Immunologic phenomena: glomerulonephritis, Osler’s nodes,
Roth’s spots, and rheumatoid factor

5. Microbiological evidence: positive blood culture but does not
meet a major criterion as noted above or serological evidence of
active infection with organism consistent with IE
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Fig. 12.3 (a) Aortic valve endocarditis (arrow pointing at the vegeta-
tion) on parasternal long-axis view of transthoracic echocardiogram.
(b) Mitral valve endocarditis (arrow pointing at the vegetation) on
transesophageal echocardiogram. (¢) Tricuspid valve endocarditis

Cardiac Tumors

Primary cardiac tumors (Table 12.5) are extremely rare,
whereas the metastatic involvement of heart is much more
common. Up to around 80 % of primary cardiac tumors are
benign. Among the primary benign tumors, atrial myxomas
are the most common [33-35]. Although atrial myxoma is
histologically benign, it can be catastrophic due to emboliza-
tion. Embolization can occur in up to 30 % of patients with an
atrial myxoma [36]. These tumors most commonly embolize
to the central nervous system; however, peripheral emboliza-
tion also occurs [37]. Large/saddle aortoiliac occlusions and
acute limb ischemia have been documented in case reports as
a result of myxoma embolization [38, 39].

Diagnosis is usually made on echocardiogram (Fig. 12.4);
however, other imaging modalities can also be utilized. Patients
with an unknown etiology of limb ischemia should undergo an
echocardiogram. And vice versa, when a surgical intervention

(arrow) on a parasternal short-axis view on transthoracic echocardio-
gram. RV right ventricle, RA right atrium, 7'V tricuspid valve, AV aortic
valve, LA left atrium, LV left ventricle

Table 12.5 Cardiac tumors

Primary benign tumors Primary benign or malignant

Myxomas Paragangliomas
Papillary fibroblastoma Mesotheliomas
Rhabdomyomas

Fibromas Primary malignant
Teratoma Sarcomas

Purkinje cell tumors/hamartomas

Lipomas

Lipomatous hypertrophy of the interatrial septum
Pseudoneoplasms

is performed for critical limb ischemia, the embolism should be
sent for pathological evaluation to determine its source. Most
myxomas can be successfully treated with surgical resection,
with low operative risk and low recurrence rate [40].

Other primary tumors of the heart have been reported in
variable frequencies; however, papillary fibroelastomas are
being reported more commonly. Papillary fibroelastomas are



14

R.A. Dieter, lll et al.

the most common tumors of the cardiac valves [41], although
they can occur on the non-valvular surfaces as well. The
most common valve involved is the aortic valve [42, 43].
Echocardiography can be utilized for diagnosis. They usu-
ally present as single, small, approximately 9 mm mean size,
pedunculated, and mobile with a homogenous speckled pat-
tern and a characteristic stippling along the edges [43, 44].

Because of their mobile and pedunculated nature, they
most commonly present with an embolic event, whether of
tumor itself or thrombus [42-44]. Because of their risk of
embolization and associated morbidity, many suggest surgi-
cal excision as a curative treatment.

Paradoxical Embolism

Paradoxical embolism is an arterial embolism with an origin
in the venous system, most common site being the lower
extremity venous system. Although the thrombus is not car-
diac in origin, these emboli usually occur in the presence of
a patent foramen ovale (PFO) or an atrial septal defect
(ASD). Foramen ovale is a flap between septum primum and
septum secundum that is necessary in the fetus to bypass the
immature lungs and transfer the oxygenated maternal blood
to the fetal systemic circulation. After birth, expansion of the
lungs lowers the right atrial pressure, and increased vascular
resistance increases the left atrial pressure. This reversal of
pressure gradient leads to the closure of the foramen flap

Patent foramen ovale

Fig.12.5 Left patent foramen ovale; right atrial septal defect

against the septum secundum. The contact between the sep-
tum primum flap and the septum secundum leads to fusion of
these tissues with permanent closure of foramen ovale within
the first year of life. The foramen ovale flap fails to fuse in
approximately 20-30 % of the population [45, 46] (Fig. 12.5).

Less commonly, an open communication persists between
the atria after septation, called atrial septal defect. This is due
the abnormal development of the septum and the absence of
sufficient tissue between the atria (Fig. 12.5).

Fig. 12.4 Left atrial myxoma (arrow) attached to the left atrial septal
wall on transesophageal echocardiogram. LA left atrium, RA right atrium,
MYV mitral valve, TV tricuspid valve, RV right ventricle, LV left ventricle

Atrial septal defect
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Fig.12.6 (a) Large atrial septal defect (ASD) on transesophageal echocardiogram. RA right atrium, LA left atrium. (b) Color flow through the

large ASD

Fig 12.7 (a) Possible patent foramen ovale (arrow) on transesopha-
geal echocardiogram. (b) Positive bubble study to confirm the patent
foramen ovale (PFO) on transesophageal echocardiogram. The bubbles

Patients with PFO or, much less often, with an ASD with
right-to-left shunt are at a risk of paradoxical embolization.
The two processes have different pathophysiology leading to
different clinical presentations. ASD usually causes symp-
toms of right heart failure, dyspnea, and decreased exercise
capacity, whereas a PFO usually presents with a transient
ischemic attack or stroke due to paradoxical emboli to the
cerebral circulation. While both ASD and PFO can cause
paradoxical embolism to the peripheral circulation leading to
limb ischemia, this is an infrequent occurrence [47, 48].
While considering paradoxical emboli, other constitutional
symptoms should also be kept in mind such as lower extrem-
ity swelling (deep venous thrombosis) and shortness of
breath (pulmonary embolism).

The diagnosis of paradoxical embolism is often a diagno-
sis of exclusion. The best imaging modality to identify

cross from right atrium to left atrium through the PFO (arrow). RA right
atrium, LA left atrium

intracardiac shunts is a transesophageal echocardiogram
(Figs. 12.6 and 12.7), which is 100 % sensitive and 92 %
sensitive [49].

The therapeutic interventions for intracardiac shunts in
adults include surgical and catheter-based approaches.
Catheter-based percutaneous interventions are still evolving
and are being performed more often. The indications for
ASD closure are well developed, whereas the indications for
PFO closure are still being investigated. Currently the main
indication for ASD closure is for the right-sided heart failure
and symptoms. In PFO the consideration for closure is given
for cryptogenic strokes or recurrent strokes.

Treatment modalities for secondary prevention of stroke
in patients with a PFO include medical treatment (warfarin
or antiplatelet agents) or closure of the PFO. A review of
nonrandomized trials suggests that the rate of recurrence of
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stroke is at least as low or lower with PFO closure compared
with medical treatment [50]. However, the results reported
from the CLOSURE I trial [51], the first randomized clini-
cal trial, which randomized 900 patients to either medical
therapy or transcatheter closure of PFO with a CardioSEAL-
STARFlex PFO device (NMT Medical, Inc., Boston,
Massachusetts), showed no benefit in PFO closure over best
medical management in preventing recurrence of stroke or
transient ischemic attack.

There are two other percutaneous devices for PFO clo-
sure, namely, Amplatzer PFO/ASD occluder (St. Jude
Medical, Plymouth, Minnesota), and Gore Helex occluder
(W. L. Gore & Associates, Inc., Flagstaff, Arizona), that are
currently being investigated in randomized clinical trials
(RESPECT trial and REDUCE trail, respectively).

latrogenic Causes of Peripheral Ischemia

Cardiovascular devices and technologies are imperative in
the treatment of cardiac disease. An understanding of com-
plications associated with such devices is important in early
diagnosis and treatment. Devices commonly used to support
the cardiovascular system include intra-aortic balloon
pumps (IABP), extracorporeal cardiopulmonary support
during cardiac procedures, and extracorporeal membrane
oxygenation (ECMO).

Intra-aortic balloon pumps use counterpulsion technology
to increase coronary blood flow and decrease myocardial oxy-
gen demand. Its use can be associated with thrombocytopenia,
bleeding at insertion site, thromboembolism, and balloon
entrapment-rupture [52, 53]. Along with these, lower extremity
complication rates can be as high as 42-45 % [54, 55].

Extracorporeal membrane oxygenation is potentially a
life-saving technique for patients with severe cardiopulmo-
nary collapse. Among many other complications related to
ECMO, it includes lower extremity ischemia from femoral
artery cannulation. Arterial vascular complication rate varies
from 3.2 to 28 % with venoarterial access [56, 57].

Percutaneous cardiac catheterizations usually result in digi-
tal ischemia due to cholesterol crystal emboli. However, criti-
cal limb ischemia has also been reported due to access site
arterial thrombosis after a cardiac catheterization, including
the radial artery access especially with underlying calcinosis
or Raynaud’s disease [58—60]. Now with the use of arterial
closure devices, case reports have also described limb isch-
emia as a complication due to device embolization [61, 62].

Aortic or Arterial Dissection

Aortic dissection occurs after intimal rupture with hemorrhage
into the arterial media. Medial degeneration is thought to pre-
dispose to dissection. The incidence of aortic dissection is
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2-305/100,000. Overall mortality is 27.4 %. Stanford type A
(Fig. 12.8) dissections are associated with mortality rates of
26 % in patients treated surgically versus 58 % if treated medi-
cally. Mortality rates for type B dissections are 31 % and 10.7 %
for operative versus medical treatment, respectively [63].

Patients with dissection typically present with chest or
back pain, hypotension, and/or renal failure. Isolated arterial
dissections causing lower extremity ischemia are uncommon
but can occur from iatrogenic, traumatic, or fibrodysplastic
causes. Etiologies include aortic aneurysms, familial tho-
racic aortic aneurysms, Turner’s syndrome, hypertension,
hypercholesteremia, atherosclerosis, cardiac and vascular
access-based interventions, aortic coarctation, inflammatory
vasculitis, bicuspid aortic valves, trauma, and patients with
connective tissue disorders. Cocaine abuse is a well-
established association in aortic dissections in young
patients. It is seen in 1 % of cocaine abusers [64]. Other con-
tributors include tobacco and amphetamine abuse. Patient’s
most common presentation is pain from the dissection and
can be variable but is located in the truncal region and a ven-
tral or dorsal distribution. Pain is sudden and tearing or rip-
ping in nature. Clinically, the patient may have discordant
pulses, acute abdominal pain, peripheral pulselessness, pleu-
ral effusions, acute heart failure, acute mesenteric ischemia,
acute renal failure, syncope, and various neurologic syn-
dromes. Visceral infarction is a dismal sign [65]. Limb isch-
emia can be present in up to half of type A dissections and
25 % of type B dissections. When there is a clinical suspicion
of a dissection, a prompt diagnosis is paramount [66—68].

The most accurate imaging modalities are computed
tomography angiography (CTA), magnetic resonance imag-
ing (MRI), aortography, and TEE. The most common used
diagnostic modality is CT (Fig. 12.9). However, it is poor at
identifying the origin of the intimal tear. Intimal tears are best
visualized with MRI and TEE [65, 69]. Type A dissections
are treated with surgical intervention unless there is a contra-
indication to therapy. The operative approach is through a
median sternotomy with use of cardiopulmonary bypass. The
origin of the intimal tear and aneurysm is typically replaced
with a graft. Repair usually involves the ascending aorta but
may also include the aortic root and arch.

Type B dissections are usually treated medically, control-
ling hypertension. Early repair of distal dissection is indicated
with expanding aneurysm, impaired organ/limb perfusion,
and impending rupture. Open surgical approach is via left
posterolateral thoracotomy. Cardiopulmonary bypass may be
required. Endovascular therapy is becoming more widely
used in distal dissections. Successful treatment with endovas-
cular therapy in type B aortic dissections is as high as 82 %
with an overall survival at 5 years of 78 % and 30-day mortal-
ity of 8.5 %. Complications of endovascular therapy include
retrograde type A dissections and endoleaks. Failure after
endovascular therapy may require secondary endovascular
intervention or open surgical therapy [70]. For uncomplicated
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Fig.12.8 Classification of De Bakey Type 1
aortic dissection; DeBakey
and Stanford types

Stanford

De Bakey

Type |  Originates in the ascending aorta, propagates at least to the
aortic arch and often beyond it distally

Type Il Originates in and is confined to the ascending aorta

Type Il Originates in the descending aorta and extends distally
down the aorta

Stanford
Type A All dissections involving the ascending aorta
Type B Involves the descending but not the ascending aorta

Fig.12.9 (a) TT demonstrating acute aortic dissection involving ascending and descending aorta. Arrow depicts aortic flap. (b) Same patient near
total occlusion of right iliac artery due to dissection flap on CT. Arrow depicts right iliac artery



118

type B dissections, medical management is still considered
the treatment of choice. However, for complicated type B
aortic dissections, thoracic endovascular repair (TEVAR) and
open surgery may be considered. This is based on data from
the International Registry of Acute Aortic Dissection (IRAD)
and takes into account the INSTEAD-XL trial. Further stud-
ies are still underway to help better define the role of TEVAR
in aortic dissection [71].

Lower limb ischemia that persists despite treatment may
need to be addressed depending on the degree of malperfu-
sion. A recent review of lower limb malperfusion in type B
aortic dissections by Faggiola et al. compared medical, sur-
gical, and endovascular treatment. Thirty-day morbidity and
mortality for surgical versus endovascular treatment were
31%/14% and 46 %/8 %, respectively [72]. Endovascular
treatment included stenting, fenestration, and TEVAR.
Surgical treatment included open fenestration and extra ana-
tomic bypass. Complications are high in both groups but
mortality was lower in the endovascular group. Trimarchi
also suggests that open fenestration be used as an option if
endovascular procedures are contraindicated or fail for com-
plicated type B dissections [73].
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Introduction

Critical limb ischemia (CLI), often considered the end
stage of peripheral artery disease (PAD), is a tipping point
in the balance between metabolic supply and demand of
the lower extremity. This balance hinges on many factors,
and the progression from stable PAD to CLI depends on
the complex interplay of these variables. Despite the fact
that PAD is classically categorized by disease severity, the
natural history of PAD progression and general develop-
ment of CLI does not follow a strictly linear path, a fact
characterized by the often insidious clinical presentation
of CLI. From a pathophysiologic perspective, CLI is the
final result of the common atherogenic pathway that causes
PAD. However, CLI manifests only in selected case largely
due to a loss of compensatory mechanisms that leads to
overt tissue ischemia. Many of the risk factors that contrib-
ute to the development of PAD are also responsible for its
progression and ultimately for development of CLI, and
important information can be gleaned from their modifica-
tion both in PAD and CLI.
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Pathophysiology

CLI clinically presents with rest pain and tissue ulceration
that are a result of insufficient peripheral perfusion [1].
This presentation is gradual and chronic, unlike the sudden
manifestations of acute limb ischemia [1]. The progression
rom stable arterial narrowing to outright hemodynamic com-
promise in the lower extremity depends on many factors.
From a pathophysiologic standpoint, CLI can be difficult to
distinguish from stable PAD, and they are, in fact, part of the
same spectrum [1]. In certain cases, CLI may develop in the
setting of conditions such as atherothrombotic or embolic
disease, in situ thrombosis, inflammation, or trauma [1, 2].
These situations, however, do not account for the vast
majority of CLI cases, which ultimately stem from severe
peripheral atherosclerotic disease [2]. Underlying disease
progression to CLI is thus generally a progression of under-
lying atherosclerosis [3, 4], in contrast to acute limb isch-
emia where a defined perfusion-limiting event is culprit [1].
Atherosclerosis in the extremities occurs in the arterial inti-
mal layer [3], specifically in regions of turbulent blood flow
[5], and some evidence points to periods of rapid progression
involving plaque ulceration and hemorrhage similar to that
seen in coronary artery disease [3].

What separates CLI from stable PAD is the complex
chronic regulation of macro-vascular and microvascular
circulation that results in an inability of innate protective
mechanisms to maintain capillary bed perfusion [6]. When
blood flow is restricted to the point that tissue viability is
compromised, compensatory mechanisms fail, and tissue
ischemia leads to pain and poor wound healing [6]. This
process occurs initially with macrocirculatory reduction in
arterial lumen diameter as a result of severe atherosclerotic
disease, a situation which reduces blood flow. The severe
multi-segment arterial disease is compounded by vaso-
motor paralysis and vasogenic edema [1, 7].
Microcirculatory compensatory mechanisms ultimately
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cannot withstand this critical level of ischemia [6]. This
leads to multisystem vascular dysfunction in
CLI. Endothelial cell dysfunction and dysregulation, white
blood cell activation and inflammation, impaired defense
mechanisms, altered microvascular flow regulation, and
significant oxidative stress, among others, contribute to the
final clinical picture of CLI [6].

Epidemiology and Natural History

The epidemiologic burden of CLI varies per study, but
general estimates put the prevalence at between one to two
million in the United States [8, 9] with an annual incidence
of 220-300 per million per year [10, 11]. One large Medicare
cohort, including patients only over age 65, reported an over-
all prevalence and annual incidence of 0.23 and 0.20 %,
respectively, which is in line with prior estimates [8].
However, it was noted that with the aging population, this
implies a potential increase in prevalence to 2.8-3.5 million
by 2020 [8]. These numbers are significant given the high
morbidity and mortality of this condition. Each decrease of
ankle-brachial index (ABI) of 0.10 is associated with a 10 %
increase in relative risk for a major vascular event, primarily
ischemic heart disease [1, 12], and there is a 20 % mortality
in the first year following presentation of CLI [1]. In fact, the
5-year mortality of CLI is estimated at 60 % [13], greater
than that of acute myocardial infarction, stroke, and prostate,
breast, and colorectal cancers [6].

The natural history of PAD and development of CLI,
especially in an era of treatment and intervention, is difficult
to define but represents a combination of both progressive
decline and less linear primary presentation [1]. Con-
temporarily, many patients with PAD progression are treated
before their symptoms reach the critical tipping point [1]. In
general, more than half of patients with PAD receive some
form of medical or interventional treatment, with those not
receiving treatment having generally stable symptoms [1].
Claudication symptoms remain stable in approximately 75 %
of patients throughout their lifetime, without evidence of
progressive lower extremity deterioration [3, 14]. And when
progression does occur, it is more common during the first
year following diagnosis [15]. Between 6 and 9 % of patients
develop symptom worsening in this first year, compared to
an annual rate of 2-3 % thereafter [16]. There is evidence,
however, that functional decline may not be readily recog-
nized and may be more common than previously realized
[3]. For example, in one cross-sectional study, diminished
ABI was highly correlated to leg weakness and multiple
functional outcomes, including reduced 6-min walk, even
after adjustment for initial symptom score [16].
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Longitudinal data support a progressive decline in PAD [6,
15, 17]. Of patients with claudication, approximately 15-20 %
will develop rest pain or gangrene within their lifetime [1, 2].
In one cohort with claudication, more severe claudication was
reported in 60 % of patients after 2.5 year follow-up, with a
decline in ABI by at least 0.15 carrying a relative risk of 1.8
for severe claudication [18]. An additional longitudinal study
of smokers with claudication reported an annual decrease in
ABI by 21, 16, and 17 % in the first three consecutive years of
follow-up, with an overall 12.5% incidence of CLI during
follow-up [19]. One 15-year outcome study of patients with
claudication demonstrated gradual increase in need for major
and minor amputations over time, though with a relative pla-
teau after 2 years [17]. There remains a cohort of patients,
however, who present initially with CLI without prior symp-
toms [6, 19-21]. This cohort represents 1-3 % of patients
with CLI and is particularly common in patients who present
after minor trauma and subsequent development of a non-
healing ulcer [22]. These patients are typically limited by
multiple comorbidities and have impaired functional capac-
ity, often attributing pain to other etiologies limiting detection
of PAD until advanced stages [22].

Much additional information can be extrapolated from
data on symptom development in PAD prior to reaching
CLI. The vast majority of patients develop claudication subtly
[3]. Using clinical and imaging data, several characteristics of
this transition have been identified. In the landmark Edinburgh
Artery Study, a large-scale cohort of 1592 subjects aged
55-74 years, the overall PAD incidence, as defined by devel-
opment of claudication, was reported in 179 cases (11.2 %)
during 12-year follow-up [23]. Conversion to claudication is
often a bilateral phenomenon, demonstrated in a small series
assessing subjective symptom progression [3]. This was con-
firmed via angiographic data that demonstrated more rapid
progression of arterial disease in superficial femoral arteries
with concomitant contralateral superficial femoral artery
occlusion [24]. Atherosclerotic disease may progress without
significant change in symptoms in legs with higher ABIs [3].
In these patients, symptom development may lag behind
imaging-based progression. In one small cohort with known
PAD, claudication symptoms progressed in two extremities
over a 5-year period, while angiographic disease progressed
in 14 of the 19 assessed extremities (73 %) [25]. In an addi-
tional cohort, those with known PAD developed new or pro-
gressive lesions in 17 of 48 extremities (35%), which
correlated with development of claudication and functional
impairment as a result of decreased 6-min walk distance [3].
These results indicate that PAD progression, while ultimately
leading to increased symptoms, may often proceed unnoticed
despite radiographic evidence of disease progression. Patients
may subtly decrease their activity levels to compensate for
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increasing disease burden [26, 27], giving both patients and
caregivers a false sense of security. Over time, as disease
severity increases and tissue perfusion is compromised, CLI
may emerge. And unfortunately, in many cases, patients die
secondary to cardiovascular events before stable PAD
progresses to CLI.

Table 13.1 Risk factors associated with the progression of PAD to CLI

Traditional, Older age

non-modifiable Race

Traditional, Smoking

modifiable Diabetes mellitus
Hypertension
Dyslipidemia

Nontraditional Obesity

Sedentary behavior

Chronic renal insufficiency
Hyperhomocysteinemia

Elevated CRP and other inflammatory markers
Hypothyroidism?*

Hyperviscosity*

Acute illness®

Reduced cardiac output®

Peripheral neuropathy*

*Proposed but with limited evidence

Fig.13.1 Risk factors, with
corresponding approximate
magnitude, for development
of critical limb ischemia in
patients with peripheral
arterial disease [1]. From
Norgren et al. Inter-society
consensus for the
management of peripheral
arterial disease (TASC II). J
Vasc Surg. Copyright ©
2007;45 Suppl S:S5-67.
Reprinted with permission
from Elsevier Science and
Technology Journals

Lipid
'abnormalities
triglycerides

X2
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Risk Factor Modification and Effect on CLI
Development

Many of the same risk factors that give rise to PAD initially
are also suspected in the development of CLI (Table 13.1 and
Fig. 13.1). Early recognition and aggressive risk factor modi-
fication in PAD is thought to decrease symptom severity and
reduce incidence of CLI [28], but data in this area is limited.
Given the difficulty in identifying the transition between
stable PAD and CLI, much of the recommendations for man-
agement and prevention of CLI are extrapolated from stable
PAD and claudication data and management recommenda-
tions [28]. Additionally, since CLI is rarely studied in isola-
tion, it is important to extract information from surgical and
amputation-based studies where CLI, resulting in significant
ischemia and gangrene, may prompt treatment necessity.
Non-modifiable risk factors, namely, age, race, and gen-
der, all have associations with PAD and development of
CLI. PAD develops in a longitudinal pattern with prevalence
increasing linearly with age [1]. Both the seminal Fram-
ingham Study [29] and National Health and Nutrition
Examination Survey (NHANES) report [30] document this
increased prevalence. A large series of Medicare data in
patients with CLI demonstrated that this longitudinal pro-
gression is also true of CLI. A progressive rise in prevalence
and incidence was noted in patients between 65 and 85 years
[8]. Though patients who first present at younger ages repre-

Diabetic
x4

Risk of
developing CLI
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sent a small portion of the overall PAD cohort, they have
overall poorer long-term outcomes [31]. This includes higher
late amputation rate (17 versus 3.9 %) [32] and increased rate
of failed bypasses (92 versus 65 %) [33]. Additionally, in a
comparative series of contrasting patients younger than 49
years of age (mean age 43 years) and those between 60 and
75 years of age (mean age 67 years) who had PAD requiring
amputation, though there was no overall difference in 5-year
survival between the groups (62 versus 47 %), the mean age
of death in the younger cohort was greater than 20 years
earlier than the older group (mean age of death 48 versus
69 years) [33].

Racial predispositions identified for PAD appear to be
similar in CLI. In the aforementioned Medicare cohort, over-
all prevalence and incidence of CLI was highest in black
patients (0.49 and 0.41 %, respectively), while lowest in
Asian patients (0.12 and 0.10 %, respectively) [8]. Black
patients, after risk factor adjustment, had a 2.3 times higher
risk of CLI development than white patients [8]. This differ-
ence has important clinical applications, as black patients are
also at 2—4 times higher risk of lower limb loss than white
patients. Additionally, in the year following CLI diagnosis,
black patients demonstrated the highest incidence of ampu-
tation and lowest rates of revascularization (27.8 %, HR 0.87,
respectively) in stark contrast to white patients who demon-
strated the highest incidence of revascularization with lower
rates of amputation (32.8 %, HR 1.3, respectively) [8].

Gender differences may also have significant clinical
impact in the progression of CLI. Women tend to have lower
overall prevalence of symptomatic PAD, but are more likely
to present with CLI [34]. This initial PAD prevalence gap
narrows significantly with advancing age [34]. Sex-related
differences have been reported in several vascular diseases,
and a multitude of prior studies have demonstrated essen-
tially equivocal rates of amputation and overall survival in
PAD between men and women [34]. However, one recent
study investigating gender differences in the era of interven-
tion reports that women were on average 3.5 years older at
the time of intervention and were more likely to present with
CLI(OR 1.21) [34]. This study noted that women were more
likely to present with more advanced disease, resulting in
higher mortality in both intermittent claudication and CLI
[34]. This was attributed, potentially, to relative underutiliza-
tion of preventative care in women [35], with less consistent
achievement of target outcomes (e.g., blood pressure, low-
density lipoprotein, and hemoglobin Alc) [36], which may
have resulted in increased perioperative cardiovascular
events and death in this intervention-based study [34].

Tobacco use, specifically smoking, is the greatest modifi-
able contributor to PAD and is a well-defined driver of CLI
development. Smoking increases the risk of PAD, with
greater risk evident in heavy smokers (RR3.94) [23]. A direct
correlation has been noted with number of cigarettes smoked
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[37, 38]. In fact, the association between smoking and PAD
is almost twice that of smoking and coronary artery disease
[39]. Smoking also directly correlates with PAD progression
[40, 41]. Smoking accelerates claudication onset by nearly
10 years compared to nonsmoking patients, and these
patients are more than twice as likely to develop CLI [23,
31]. This has many important clinical implications, as smok-
ers with PAD have greater disease severity, poorer survival
rates, increased amputation risk, and reduced arterial bypass
graft patency [31, 42]. In patients with claudication, contin-
ued smoking increases amputation risk [43, 44]. Smoking
cessation, not surprisingly, leads to clinical benefit. Smoking
cessation, even within just a few years, reduces risk of pro-
gression from PAD to CLI [1, 12], with improved ankle pres-
sure and exercise tolerance and decreased risk of fatal
vascular complications [37]. Smoking cessation also
improves 10-year survival compared to continued smoking
(82 versus 46 %, respectively) [40]. Additionally, alternative
vascular pathology associated with smoking, including
thromboangiitis obliterans (Buerger’s disease), increases
risk of ulcer formation by limiting protective sensory mecha-
nisms and increasing inflammation [1].

Diabetes mellitus (DM) similarly has a strong link to PAD
and is a substantial contributor to CLI development, though
minimal data is available to assess the effect of DM control
in prevention of CLI. There is a high coincidence of these
two diseases, with as many as 20-30 % of patients with PAD
having concomitant DM [40]. Annual CLI prevalence and
incidence are remarkably higher in those with DM (1.03 and
0.86 %, respectively) than in the general population [8]. Both
the degree and duration of DM are linked to PAD develop-
ment, and there are independent associations between PAD
progression to CLI and diabetes [40, 45, 46]. Patients with
diabetes are at least five times as likely as nondiabetics to
develop CLI and have an overall mortality two times that of
nondiabetics [45]. There are also increased rates of compli-
cations. In patients who have developed CLI, progression
to gangrene is much greater in those with diabetes (40 versus
9%) [47]. In fact, greater than 50 % of gangrenous lesions
causing amputation occur in the diabetic population [48].
DM patients have lower limb salvage rates [49], with an
overall 15-28 times greater likelihood of requiring amputa-
tion [8, 50]. This situation is compounded by increased
interventional complication rates, including postoperative
myocardial infarction, wound infection and need for addi-
tional surgical debridement, and increased hospital and
long-term mortality [37, 51-53]. The etiology of this
increased morbidity is unclear but likely multifactorial.
Pathophysiologically, PAD in DM is similar to non-DM
though with a greater predilection for the infrapopliteal ves-
sels [40]. The altered metabolic milieu of DM is pro-
inflammatory and pro-atherogenic, with increased vascular
bed dysfunction [40]. Additionally, DM presents a host of
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increased clinical complications. These include peripheral
neuropathy masking symptoms and delaying PAD diagnosis
as well as the additional effect of diabetes and hyperglyce-
mia in impairment of wound healing [40]. And among those
with DM, risk of CLI development may be predicted by less
traditional PAD risk factors, highlighting the large effect that
DM plays on CLI development [54]. As demonstrated in a
small survey of PAD and CLI patients, these less traditional
risk factors include ABI less than 0.5 in the prior 1-3 years
(OR 3.39), microvascular complications such as retinopathy
(OR 12.98), heart failure (OR 1.91), and previous prostanoid
treatment (OR 15.92) [54]. Overall, DM presents great risk
for both the development and management of CLI, a situa-
tion of increasing concern as rates of DM continue to increase
in the US population at large.

Hypertension is an independent risk factor for PAD but
has unclear direct association to CLI. The NHANES and
PAD Awareness, Risk and Treatment: New Resources for
Survival (PARTNERS) reports both demonstrated a high
prevalence of hypertension in patients with PAD (74 and
92 %, respectively), and patients in the Framingham Heart
study demonstrated a 2.5-4 times rate of claudication in
those with elevated blood pressure [4, 29]. In patients with
DM and PAD, blood pressure lowering leads to reduced car-
diovascular events [40, 55]. However, tight blood pressure
control in the United Kingdom Prospective Diabetes Study
(UKPDS), also assessing DM and PAD, did not have any
effect on PAD development as assessed by amputation risk
[56]. Traditional recommendations have followed general
guidelines, with target blood pressure less than 140/90 mmHg
in the absence of other comorbidities [1]. However, acute
blood pressure reduction carries a potential risk of decreased
limb perfusion [49]. Of note, initial concern that blood pres-
sure control with nonselective beta-blockade (e.g., proprano-
lol) may be detrimental through reduction of cardiac output
and decreased skeletal muscle vasodilatation was not con-
firmed in two meta-analyses of mild-moderate lower limb
ischemia, and beta-blockers are generally safe to use in this
population [49]. In CLI, lower extremity perfusion is para-
mount and blood pressure control becomes a less clear goal.
In one center, target blood pressure for CLI is recommended
to be set above traditional guidelines until ulcer healing has
occurred, though this approach has not been scientifically
investigated [37, 57]. Interestingly, in one longitudinal study
of claudication, systolic blood pressure in the middle tertile
(153-170 mmHg) was the only variable which led to a
reduced risk of ABI deterioration [19].

Dyslipidemia is a common vascular risk factor thought to
significantly contribute to the progression of PAD to
CLI. Elevated total cholesterol, low-density lipoprotein, tri-
glycerides, and lipoprotein(a) all have independent associa-
tions with PAD, with a prevalence of hyperlipidemia in PAD
patients as high as 77 % and a direct relationship to total cho-
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lesterol [49]. Statin therapy, via both lipid lowering and
pleiotropic effects, has been shown to decrease major vascu-
lar events in a PAD subgroup of the Heart Protection Study
[58] as well as to reduce ischemic heart disease in patients
with claudication in the Scandinavian Simvastatin Survival
Study [59]. A Cochrane review of statin use in PAD demon-
strated reduced coronary events, but unclear direct associa-
tions with lipid lowering [60]. Much of the benefit derived
from statin therapy may be a result of beneficial effects on
plaque stabilization, platelet adhesion, thrombosis, inflam-
mation, increased endothelial progenitor cells, extracellular
microvesicle modification, and endothelial function [37, 61,
62]. Statin therapy is associated with improved survival
especially in patients with severe PAD and elevated inflam-
matory states and may improve objective measures of leg
function [2, 63]. Statins additionally improve functional
parameters and reduce longitudinal decline in PAD. High-
intensity atorvastatin intervention was shown to improve
ambulation from both a subjective quality of life perspective
and more objective pain-free walking time 12 months fol-
lowing initiation of treatment in patients with stable PAD
[64]. Statin use is associated with decreased lower extremity
performance decline, including less annual decline in tradi-
tional and rapid walking velocity, overall 6-min walk perfor-
mance, and summary performance score in a longitudinal
study of functional outcomes in PAD with mean follow-up of
12.4 months [65]. Low high-density lipoprotein level [51]
and elevated lipoprotein(a) levels, an independent inflamma-
tory marker, are associated with increased mortality in CLI
[37, 66]. The general inflammatory state of PAD and particu-
larly CLI often leads to a negative acute phase reaction and
falsely low lipid levels [67]. The best data available assessing
the use of statin therapy in CLI comes from a subgroup anal-
ysis of PREVENT III, a study of lower extremity bypass
grafts comparing edifoglide, a novel transcription regulator,
to placebo [68]. Statin therapy in a cohort with CLI was asso-
ciated with reduced 1-year mortality, whereas beta-blocker
and antiplatelet medications had no effect on survival [69].
This analysis also reported that hypertriglyceridemia, among
both lipid-specific and general variables, was the only risk
factor independently associated with progression from clau-
dication to CLI (RR 1.9) [19]. However, data is limited
assessing the effects of statin therapy and lipid-lowering on
development of CLI, and no data is available directly inves-
tigating the potential effect of reducing triglycerides in CLI
progression [7].

Weight reduction and exercise are generally recom-
mended in patients with PAD to improve functional capacity;
however, the direct effect on progression of CLI and with
CLI in general is less clear [1]. Overall higher daily physical
activity, importantly, is associated with reduced 5-year mor-
tality (HR 3.48) in patients with stable PAD [70]. An optimal
exercise regimen in PAD consists of intermittent walking to
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near-maximal pain to improve claudication pain distance
[43, 71]. Exercise has beneficial functional effects in stable
PAD. In a randomized study of patients with PAD comparing
supervised exercise to stent revascularization or optimal
medical therapy, supervised exercise led to improved tread-
mill walking performance compared to both stent revascular-
ization and optimal medical therapy at 6 months [72].
Self-directed walking exercises, likewise, are associated
with decreased functional decline in PAD, as determined by
6-min walk distance in an observational study of stable PAD
over a median 36-month follow-up [73]. These results are
especially impactful in PAD, as these patients have a signifi-
cantly lower baseline physical activity level compared to
non-PAD patients [26, 27]. There is, however, no available
data on the effect of PAD progression and development of
CLI. Additionally complicating the picture, exercise is often
contraindicated in CLI due to risk of causing or worsening
ischemic lower extremity wounds [49].

The role of thrombosis in the development of CLI and
subsequent prevention with antiplatelet agents has limited
data with primary recommendations stemming from studies
conducted in PAD. For example, both the Clopidogrel versus
Aspirin in Patients at Risk of Ischemic Events (CAPRIE)
trial and Antithrombotic Trialists” Collaboration report
reduced vascular events with antiplatelet therapy in PAD
[49]. However, one of the primary drivers of this effect is
likely the prevention of vascular events in other related dis-
eases such as myocardial infarction and stroke [2]. Some evi-
dence exists linking antiplatelet therapy to improved
outcomes following lower limb bypass and endovascular
therapy [49], but this does not have direct implications for
the natural progression of PAD or CLI.

Chronic renal insufficiency, and in particular end-stage
renal disease, induces a strong inflammatory reaction and is
associated with PAD [1]. In a secondary analysis of the Heart
and Estrogen/Progestin Replacement Study (HERS) examin-
ing PAD development, renal insufficiency was associated
with significant risk of PAD development (creatinine clear-
ance less than 30 and 30-59 mL/kg/m? HR 1.63 and 3.24,
respectively) [74]. While less data is available regarding the
effect of renal disease on CLI and the development of CLI,
one recent study from the Veteran Affairs National Surgical
Quality Improvement Program (NSQIP) demonstrated an
increased rate of limb loss following revascularization in
CLI patients receiving dialysis compared to those with no or
mild degrees of renal impairment [7]. This same group also
reported dialysis dependence as the most important risk fac-
tor limiting amputation-free survival [7]. In an additional
prospective single-center study of patients admitted to the
hospital with CLI, elevated serum creatinine was an indepen-
dent marker of mortality at 1 year [51].

Given the multifactorial nature of PAD progression, a
host of additional variables may contribute to disease evolu-
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tion. These include elevation of C-reactive protein (CRP),
hyperhomocysteinemia, hyperviscosity, hypothyroidism,
acute illness, reduced cardiac output, and peripheral neurop-
athy [1, 75]. However, as previously noted, the transition
from PAD to CLI is difficult to target, and there is currently
limited data suggesting a definitive causal relationship
among many of these variables. Elevated baseline levels of
CRP, as demonstrated in the Physicians Health Survey, are
predictive of future PAD development [76]. CRP also corre-
lates to overall PAD severity, as determined by need for
revascularization (highest quartile PAD RR 4.1) [76]. In
addition to CRP, both fibrinogen and IL-6, additional impor-
tant inflammatory markers, are correlated to PAD develop-
ment [77]. Higher baseline markers of inflammation, namely,
D-dimer, CRP, amyloid A, and fibrinogen, have also been
associated with lower extremity functional decline in patients
with PAD as determined by a physical performance test but
not by 6-min walk performance [78]. Elevation of other
inflammatory markers, including increased leukocyte count,
interleukin-6, tumor necrosis factor-a, neopterin, and high-
sensitivity CRP, have all been associated with increased mor-
tality in patients with CLI [51]. Peripheral neuropathy in
particular poses an increased risk for development of
CLI. This has traditionally been thought secondary to loss of
protective sensory mechanisms but may have direct circula-
tory effects [1]. For example, one recent meta-analysis of
spinal cord stimulation in CLI, which is presumed to relieve
pain through improved tissue microcirculation, demonstrated
improved pain relief and an 11 % decrease in amputation rate
[79]. But, again, limited data is available regarding the direct
effect of these variables in progression to CLI. Table 13.1

Conclusions

The progression of PAD and ultimate development of CLI is
a difficult and ill-defined area of study. Much of the current
understanding of this transition stems from data available in
PAD and in surrogate studies on need for intervention and
amputation. However, these data together paints a picture
of CLI development that is progressive yet insidious.
Atherosclerosis builds until compensatory hemodynamics
cannot overcome a critical obstruction. While some patients
may present initially with CLI, it remains likely that their
underlying arterial disease progressed in the same slowly
building fashion as others. There are definite predispositions
to CLI development, and a multitude of environmental risk
factors play a role in increasing this predisposition and tip-
ping the scale in the direction of ischemia. Among the most
significant of these risk factors are smoking, diabetes, and
hyperlipidemia. By creating a pro-atherogenic, pro-
inflammatory environment, arterial disease flourishes and
limb viability fades.
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Stephanie R. Goldberg and Robert F. Diegelmann

Introduction

A wound can be defined as any disruption of the normal tissue
architecture resulting in a loss of function [1]. Acute healing
wounds “progress through an orderly and timely healing
process so as to restore anatomic continuity and function.” In
contrast, chronic non-healing wounds such as seen in dia-
betic, venous stasis, and pressure ulcers “fail to proceed
through an orderly and timely process to produce anatomic
and functional integrity, or proceeded through the repair pro-
cess without establishing a sustained anatomic and func-
tional result” [1]. This review will analyze the various phases
of wound healing with specific attention to the key elements
responsible for normal repair as contrasted to the factors and
influences responsible for delayed healing present in chronic
ischemic limbs.

Phases of Wound Healing

Wound healing consists of a set of four highly coordinated
phases in which specific cells interact with an extracellular
matrix to provide a new architecture for collagen growth and
deposition [2]. These phases include hemostasis, inflamma-
tion, proliferation, and remodeling (Fig. 14.1). The interac-
tion between the cells and the extracellular matrix is driven
by chemical mediators including growth factors, chemo-
kines, and their inhibitors. One of the most critical growth
factors required for normal wound repair is transforming

S.R. Goldberg, MD (><)

Surgery Department, Virginia Commonwealth University
Medical Center, 1200 East Marshall Street, PO Box 980454,
Richmond, VA 23298, USA

R.F. Diegelmann, PhD
Biochemistry and Molecular Biology, Virginia Commonwealth
University Medical Center, Richmond, VA, USA

© Springer International Publishing Switzerland 2017

factor beta (TGF-), and it functions throughout the healing
response [3, 4]. Because of the central role of growth factors
required for wound healing, many attempts have been made
to apply them locally to chronic non-healing wounds to [5].
However, Robson points out “numerous clinical studies of
recombinant growth factors used to treat chronic dermal
wounds have generally reported disappointing results” [6].

Hemostasis Phase

The process of wound healing begins immediately after a tis-
sue sustains an injury and mechanisms are triggered to con-
trol the bleeding. This initial process is called hemostasis and
consists of vasoconstriction followed by platelet activation by
binding to collagen on the extracellular matrix. Activated
platelets release proteins including fibronectin, thrombospon-
din, sphingosine- 1-phosphate, and von Willebrand factor that
facilitate further platelet activation and subsequent aggrega-
tion and, in turn, enhance the clotting cascade [7-9].
Additionally, a “provisional matrix” of insoluble fibrin is
formed; platelets aggregate to and become lodged in the
matrix to form a plug or clot-like structure (Fig. 14.2) [10].
The hemostasis phase of wound healing is regulated by
chemical mediators released by platelets. These substances
are vital to the progression of wounds through the subse-
quent phases of wound healing. Abnormalities in these
mediators can contribute to impaired wound healing at both
extremes including excessive scarring and fibrosis or an
overall lack of scar formation. Overproduction of TGF-f,
released by platelets, has been associated with keloid forma-
tion, pulmonary fibrosis, and cirrhosis [11-14]. Conversely,
the application of TGF-p in chronic venous stasis and pres-
sure ulcers have been shown to improve wound healing
[15, 16]. Platelet-derived growth factor (PDGF), produced
by platelets as well as macrophages, appears to have a syner-
gistic role with TGF-f by recruiting neutrophils and macro-
phages into the wound thus facilitating progression through
the following wound healing phases [17]. PDGF also recruits
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Fig. 14.1 Phases of normal wound healing. Cellular and molecular
events during normal wound healing progress through four major, inte-
grated, phases: hemostasis, inflammation, proliferation, and remodel-

Fig.14.2 Hemostasis phase.
At the time of injury, the
fibrin clot forms the
provisional wound matrix,
and platelets release multiple
growth factors that initiate the
repair process. Reprinted with
permission from the Textbook
of Surgery: Scientific
Principles and Practice, J. B.
Lippincott Co., Philadelphia,
PA, 1992

cell

Bood
vessel

and stimulates proliferation of fibroblasts which are respon-
sible for collagen deposition and formation of the extracel-
lular matrix [10, 18, 19]. In addition, it has been reported
recently in animal studies that a platelet neuropeptide (NPY)
is critical for ischemic revascularization [20]. It remains to
be determined if NPY is also active in human ischemic limbs
as it is in stress-related diseases [21]. If it does play a role in
human ischemic limb pathology, agonists may be beneficial
to promote revascularization.

Inflammatory Phase

Following hemostasis and within the first 24 h post-injury,
the wound progresses into a second phase of wound healing
called inflammation. The purpose of this phase is twofold: to
allow for removal of bacteria and necrotic and/or devitalized
tissue components to create a “clean” canvas for collagen
deposition and neovascularization in subsequent stages.
Successfully progression beyond the inflammatory phase,
which typically lasts to post-injury day 4, serves as a key
determinant as to whether a wound will heal appropriately or
progress to a chronic non-healing wound.

The inflammatory phase relies on mast cells, neutrophils,
and macrophages to further prepare the injury site for repair

ing. Reprinted with permission: Haggstrom, Mikael (2014). “Medical
gallery of Mikael Higgstrom 2014”. Wikiversity Journal of Medicine 1
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Red blood

Fibroblast

Fixed tissue
monocyte

Platelet

(Fig. 14.3). In this phase, mast cells release vasoactive
amines and histamine-rich granules which cause blood ves-
sels to vasodilate and leak allowing plasma-rich fluid and
neutrophils to migrate to the wound bed. Clinically, these
wounds are characterized by redness (rubor), swelling
(tumor), warmth (calor), and pain (dolor), the cardinal signs
of inflammation recognized since ancient times.

Neutrophils play a main role in the inflammatory phase as
scavenger cells and are attracted to wound sites by binding to
specialized cell adhesion molecules (CAMs) called selecting
on nearby endothelial cells within blood vessels. Through a
series of coordinated movements, the neutrophils are grabbed
and bound to the endothelial cell surface (“pavementing”),
roll along the endothelial lining, and then squeeze through
leaky cell junctions into the interstitial space by a process
termed diapedesis [22].

The process of neutrophil migration to the wound is called
“chemotaxis” and is mediated by both the chemokine IL-8
and the breakdown products of the complement system acti-
vated by the presence of bacteria in a wound [23, 24].
Neutrophils release interleukin 1 and TNFa that activates
fibroblasts and epithelial cells and transitions to the next
stage of wound healing, the proliferative phase [25].

Once the neutrophils migrate to the site of injury, they
release reactive oxygen species as a first line of defense
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Fig.14.3 Inflammatory
phase. Within a day following
injury, the inflammatory
phase is initiated by
neutrophils that attach to
endothelial cells in the vessel
walls surrounding the wound
(margination), change shape
and move through the cell
junctions (diapedesis), and
migrate to the wound site
(chemotaxis). Reprinted with
permission from the Textbook
of Surgery: Scientific
Principles and Practice, J. B.
Lippincott Co., Philadelphia,
PA, 1992

Wound

against bacteria and they also phagocytize foreign debris and
nonfunctional cells. As neutrophils die, they release enzymes
such as matrix metalloproteinases and elastase to further
digest surrounding damaged tissue [26, 27]. Excessive
amounts of these enzymes cause severe damage to the extra-
cellular matrix and are responsible for much of the pathology
seen in chronic, non-healing wounds [27].

On a basic science level, an overproduction of MMPs not
only causes extensive tissue damage but also destruction of
vital growth factors such as PDGF and TGF-f [28-30]. These
wounds exhibit an unregulated, continuous inflammatory
phase resulting in extensive loss of tissue and become chronic
non-healing wounds [27]. In situations of chronic inflamma-
tion, macrophages and fibroblasts proliferate such that new
tissue cannot be productively formed. Examples include repet-
itive trauma, the presence of foreign bodies, and the use of
cytotoxic agents such as Betadine and hydrogen peroxide. In
fact, a greater understanding of these factors which influence
chronic inflammation has led to a shift in the standard of care
for wound consisting of a wet to dry normal saline gauze
mechanical debridement to gentler, cytotoxic, and trauma-free
wound care in continued moist environments.

In addition to mast cells and neutrophils, macrophages
are activated within the wound from chemokines, cytokines,
growth factors, and digested extracellular matrix byproducts
produced by proteolytic degradation of collagen and fibro-
nectin [31]. Macrophages have incredible phagocytic func-
tion and are the most important inflammatory cell required
for healing [32, 33]. Similar to neutrophils, macrophages
remove residual foreign bodies, necrotic debris, and bacteria,
yet their phagocytic abilities are enhanced by their release of
protease inhibitors and resulting proteolytic destruction of
injured tissue [34]. Furthermore, macrophages ingest and
remove bacterial-laden neutrophils and secrete multiple growth
factors and cytokines to recruit fibroblasts and endothelial

Fibroblast
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tissue
monocyte
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cells into the wound to enhance the repair process. These
factors consist of PDGF, TGF-p, TNFa, FGF, IGF-1, and
IL-6 and mediate progression from into the next stage of
wound healing, the proliferative phase [32].

In contrast, many clinical conditions can impair the inflam-
matory phase such that minimal inflammation occurs and the
normal repair process is impaired. These include patients
with impaired immune systems resulting from autoimmune
disorders and acquired immune system disorders, diabetes,
and drug-induced immunosuppression from the consumption
of high doses of steroids and/or nonsteroidal anti-inflamma-
tory drugs [35]. Advanced age and poor nutritional status also
lead to effective immunosuppression and prevent wounds
from progressing through subsequent phases.

For inflammation to occur, there must be adequate vascu-
larization and an absence of necrotic tissue such that neutro-
phils can migrate into the wounds. Some wounds lack
enough MMPs to breakdown all necrotic debris or have such
extensive devitalized tissue such that debridement is neces-
sary. Excisional sharp debridement to vascularized tissue
may be required. Other wounds with less necrotic debris
have been shown to benefit from the use of topical bacterial
collagenase which functions similar to the body’s MMPs to
facilitate degradation and removal of devitalized tissue but in
a more controlled manner [36].

Proliferative Phase

The proliferative phase occurs typically between days 4 and
21 post-injury and is characterized by collagen deposition,
cross-linking, and reestablishment of the extracellular matrix
(Fig. 14.4). Fibroblasts proliferate and migrate in great num-
bers into the provisional fibrin matrix and begin to synthe-
size collagen, proteoglycans, and fibronectins which can



134

Fig.14.4 Proliferation phase.
Fixed tissue monocytes
activate, move into the site of
injury, transform into
activated wound macrophages
that kill bacteria, release
proteases that remove
denatured ECM, and secrete
growth factors that stimulate
fibroblast, epidermal cells,
and endothelial cells to
proliferate and produce scar
tissue. Reprinted with
permission from the Textbook
of Surgery: Scientific
Principles and Practice, J. B.
Lippincott Co., Philadelphia,
PA, 1992

Neutrophil

then serve as a scaffold for new tissue structure. Angiogenesis
is driven by pericytes to regenerate capillaries and endothe-
lial cells to produce the lining of the blood vessels [37]. This
allows nourishment for the new wound matrix. Clinically,
these wounds appear to have “beefy” red granulation tissue
and easily bleed if mechanically agitated. Finally, special-
ized fibroblasts with tight junctions that have some cytoskel-
etal elements characteristic of smooth muscle cells such as
SMA-actin have been termed “myofibroblasts” and are
thought to facilitate wound contraction [38].

The proliferative phase of wound healing relies heavily
on fibroblast migration into the wound bed and is mediated
by the release of cytokines and growth factors from platelets
and macrophages remaining in the wound site. Fibroblast
movement through the extracellular matrix by the binding of
their integrin transmembrane receptors a specific amino acid
sequence (R-G-D or arginine-glycine-aspartic acid) on fibro-
nectin, vitronectin, and fibrin already present as part of the
hemostatic plus at the site of injury [39]. Further fibroblast
movement through the wound matrix occurs from their
release of MMPs to digest and facilitate further removal of
damaged matrix components. The balance of MMP activity
and regulation by tissue inhibitor of matrix metalloprotein-
ases (TIMPs) is vital such that there is more tissue deposition
rather than tissue destruction [40]. Fibroblasts then produce
collagen, proteoglycans, adhesion glycoproteins, and other
key components for the new extracellular matrix.

Fibroblast activity is mediated primarily by the growth fac-
tors platelet-derived growth factor (PDGF) and TGF-p.
Specifically, PDGEF is secreted by platelets and macrophages;
stimulates fibroblast proliferation, migration, and angiogene-
sis; and is mediated in part by oxygen tension and thrombin
within a wound along with other factors such as hypoxia-
inducible factor alpha and vascular endothelial factor [41, 42].

Overexpression of PDGF has been associated with fibrotic
diseases including pulmonary fibrosis, cirrhosis, and sclero-
derma [43]. These forms of fibrosis result from an initial
insult and subsequent abnormal wound healing process.
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Given the role of PDGF in myeloproliferation and fibrosis,
PDGEF receptors have emerged as a potential therapeutic tar-
get for anti-fibrotic drugs. Animal studies have shown some
promise especially in the treatment of lung fibrosis [44].

Similar to PDGF, TGF-p has long been shown to play a
key role in wound healing specifically in cell proliferation
and differentiation. At least three isoforms of TGF-f exist
including TGF-p1, TGF-p2, and TGF-3. All 3 isoforms
bind the same serine/threonine kinase cell receptor but acti-
vate different Smad cell signaling pathways leading to very
different effects on wound healing [45]. Overexpression of
TGF-p1 has been associated with pulmonary fibrosis and cir-
rhosis, whereas TGF-f3 has been associated with decreased
fibrosis and scar formation [13, 14]. Mutations in fibrillin
gene results in overexpression of TGF- and has been linked
to connective tissue disorders including Marfan’s syndrome.

Interestingly, much of our understanding of the role of
TGF-p in wound healing stems from research in fetal animal
wounds [46]. Fetal wounds heal in a scarless fashion with
very minimal TGF- present [47, 48]. Midgestational fetal
wounds in the rabbit model contract in the presence of TGF-
B1 and TGF-p3. We have shown that midgestational wounds
heal rapidly and are associated with an increase in TGF-f1
and TBR-2 expression compared with surrounding normal
skin [49].

Remodeling Phase

Once the various components of granulation tissue have been
deposited, the wound then undergoes the process of remod-
eling and evolves into a scar during the final phase of wound
healing (Fig. 14.5). This phase can last for many years post-
injury, and the maximum regain in tensile strength usually is
only about 80 % of the original tissue strength prior to injury
[50]. The ability to heal these wounds relies significantly on
good nutrition and oxygen delivery to support a high meta-
bolic rate [41, 51-53]. The role and use of hyperbaric oxy-
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Fig. 14.5 Remodeling phase. The initial, disorganized scar tissue is
slowly replaced by a matrix that more closely resembles the organized
ECM of normal skin. Reprinted with permission from the Textbook of
Surgery: Scientific Principles and Practice, J. B. Lippincott Co.,
Philadelphia, PA, 1992

gen for the treatment of chronic limb ischemia is the focus of
Chap. 39 and therefore will not be discussed here.

The changes that occur within the wound during the
remodeling phase result in a mature wound with a gradual
replacement of the initial type III collagen by the stronger
type I collagen cross-linked by the enzyme lysyl oxidase
[54]. As the wound desiccates, small capillaries coalesce into
larger blood vessels. The high metabolic rate that was neces-
sary to support the proliferative phase decreases as the key
components of the evolving wound are maturing. Grossly,
the wound takes on less of a reddish hue and the neo-dermis
begins to resemble normal, mature skin.

Critical Limb Ischemia and Wound Healing

Critical limb ischemia is often associated with tissue loss
resulting from lack of adequate blood flow to limbs.
Treatment efforts employing medical, endovascular, and sur-
gical techniques have focused largely on reestablishing
blood perfusion to distal blood vessels and risk factor modi-
fication to relieve pain, heal wounds, and preserve limbs
[55]. For those patients who progress to amputation, they
often face challenges in healing their surgical stump wounds
due to chronic small vessel disease leading to high morbidity
and wound complications of up to 30 % in these high-risk
patients [56—60].

At-risk wounds in the setting of critical limb ischemia
have been monitored using transcutaneous oximetry (PtCO2)
to measure the partial pressure of oxygen on the skin surface
[61, 62]. The challenge in using PtCO2 clinically is that
PtCO2 levels represent an estimation; measurements in adja-
cent tissue may not adequately reflect oxygen tension within
wounds. Consensus statements for the use of PtCO2 have
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been used to qualitatively predict response rates to wound
healing and hyperbaric oxygen therapy but further research
is necessary to define a clinical role [63].
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Introduction

Critical limb ischemia (CLI), if left untreated, is associated
with a high risk of limb loss [1-3]. Before revascularization
can be performed, a thorough but efficient diagnostic approach
is warranted. The diagnostic process begins with an initial clin-
ical evaluation to assess for the presence of peripheral artery
disease (PAD). Any underlying comorbidities the patient has
must be identified as they will influence decisions regarding
the diagnostic evaluation. CLI is manifested by rest pain and/or
tissue loss of the lower extremity but is also an indicator of
atherosclerotic disease in other vascular beds that increases the
patient’s risk of cardiovascular events [4-8]; this along with
other comorbidities will determine the patient’s risk of revas-
cularization. The process then proceeds to diagnostic studies to
confirm the presence of PAD, localize the lesions that need
treatment, and finally plan a revascularization procedure if
indicated [1]. With the recent explosion of treatment modalities
for PAD, there has been an equal development of imaging
modalities available to delineate the patient’s vascular anatomy
prior to revascularization [9, 10]. Noninvasive vascular lab
studies are used to determine the hemodynamic significance of
the patient’s vascular lesions [3]. Anatomic imaging by arterial
duplex ultrasound, computed tomography angiography (CTA),
magnetic resonance angiography (MRA), or catheter-based
digital subtraction angiography (DSA) can then be used to plan
a revascularization procedure [3, 10-13]. The best imaging
study to obtain depends on the patient’s underlying comorbidi-
ties, distribution of disease, and institution-specific imaging
capabilities (Fig. 15.1).
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Clinical Diagnosis

Each CLI patient should undergo a thorough history and
physical examination to establish a clinical diagnosis of CLI,
determine the etiology of CLI, and assess suitability for
revascularization prior to proceeding with further diagnostic
imaging [1, 3, 14, 15]. The clinical evaluation should focus
on the patient’s symptoms, cardiovascular risk factors, and
comorbidities [1]. Patients with CLI will complain of rest
pain or have tissue loss of their lower extremities [14]. The
duration of symptoms and status of tissue loss are important
indicators when determining the urgency of further workup
and need for revascularization [2]. A time course of periph-
eral vascular symptoms can also be helpful in establishing a
diagnosis of PAD or other etiologies for CLI such as embolic
disease [1]. Patients with PAD will often (but not always)
have pre-existing symptoms of claudication. These patients
are at significant risk of having atherosclerotic disease in
other vascular beds that contributes to cardiovascular morbid-
ity and mortality. Furthermore, they often have other comor-
bidities that may require diagnostic consideration in tandem
with the CLI workup [4-8]. Diabetes mellitus, renal insuffi-
ciency, decreased cardiac output, and a smoking history are
commonly found in patients with CLI and also contribute to
poor microvascular blood supply [1, 16]. This information is
critical to determine the patient’s ability to tolerate a revascu-
larization procedure [1, 14]. These comorbidities will also
influence which imaging modality is best suited to each
patient individually. Lastly, the functional status of the
patient should be assessed along with their living situation
and ambulatory status to determine the risk/benefit ratio of
open revascularization, endovascular revascularization, pri-
mary amputation, or best medical management [1, 3, 14].
On physical examination, CLI patients require an assess-
ment of the cardiovascular system with a systematic exami-
nation of pulses and evaluation of tissue perfusion to establish
the level of obstructive lesions. All pulses should be palpated
and recorded, including the common femoral, popliteal,
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Fig.15.1 Diagnostic
decision tree for patients with
critical limb ischemia
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dorsalis pedis, and posterior tibial arteries. An ankle-brachial
index (ABI) should be measured at the bedside even if a pulse
is palpated as it is a much more objective measure that quanti-
fies blood flow to the limb [14, 17-19]. Signs of severe
chronic ischemia include dependent rubor, pallor of the
extremity with elevation, reduced capillary refill, and a pau-
city of hair. The skin should be evaluated for signs of athero-
embolization; the characteristic livedo reticularis is suggestive
of an embolic source from the heart, proximal arterial aneu-
rysm, atherosclerotic plaque, or hypercoagulable state that
may require further diagnostic consideration [1]. The feet and
legs should be meticulously inspected for wounds. When
tissue loss is encountered, it is important to determine if the

— |

Medical therapy Anato_mic
or primary limb Imaging
amputation evaluation

™~ |

Revascularization Revascularization
not possible possible

A

Proceed to
revascularization

underlying etiology is due to arterial disease, venous disease,
or pressure-related problems or if it is multifactorial [1].
Careful attention must be paid to signs of infection, and the
clinician must have a low threshold for administration of anti-
biotics and early debridement [14]. The extent of tissue loss
and involvement of deep structures are an important factor in
determining if the limb is salvageable [2]. If deemed a candi-
date for revascularization, patients with CLI should undergo
an expedited evaluation for revascularization as this condition
is associated with high risk of major limb amputation [1, 3].
Further diagnostic evaluation depends on the patient’s comor-
bidities, characteristics of each imaging modality, and the
technical expertise of the given institution [10].
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Diagnostic Testing

The objective of diagnostic testing in patients with CLI is to
confirm the presence of PAD, identify the distribution and
hemodynamic significance of disease, and provide anatomic
information to plan a revascularization procedure [1, 3, 14].
Diagnostic tests can be grouped into three broad categories:
(1) hemodynamic/physiologic measurements, (2) tissue per-
fusion, and (3) anatomic imaging. Most patients with CLI
should undergo a noninvasive physiologic vascular laboratory
study and an anatomic imaging study prior to revasculariza-
tion. Anatomic imaging of the vascular tree is required to plan
a revascularization procedure. Catheter-based DSA has long
been accepted as the gold standard for anatomic imaging in
patients with PAD, but arterial duplex ultrasound, CTA, and
MRA have emerged as excellent noninvasive alternatives [1,
3, 10, 12, 14]. With the increased utilization of endovascular
interventions and broad spectrum of device options, preoper-
ative noninvasive imaging is becoming utilized more fre-
quently for device selection along with planning open bypass
and hybrid operations [10]. Noninvasive imaging modalities
can potentially reduce the operative risk to the patient by min-
imizing the contrast volume during the intervention and
selecting the safest site for vascular access [20].

Noninvasive Physiologic Tests
Continuous Wave Doppler

The handheld continuous wave Doppler (CWD) is the most
basic noninvasive diagnostic tool used in the assessment of
arterial flow. The probe emits continuous ultrasound waves
and is continuously listening for the reflection of these ultra-
sound waves to measure the velocity of blood flow. It can be
used in a variety of clinical settings from the office, to the
emergency department, to the operating room. The audible
Doppler signal provides a qualitative assessment of the arte-
rial flow in a vascular bed. In a high-resistance vascular bed,
like the lower extremity, a normal Doppler signal is triphasic
with forward flow in systole, reversal of flow in early dias-
tole, and forward flow in late diastole (Fig. 15.2). As a vas-
cular bed develops occlusive disease, the Doppler signal
becomes biphasic losing the reversal of flow during early
diastole and then becomes monophasic as the disease pro-
gresses further (Fig. 15.2) [21]. The diagnostic accuracy of
CWD can be improved with waveform analysis; this is most
commonly used in combination with other noninvasive
diagnostic tools that will be discussed later in the chapter
[22, 23]. The main limitation to the CWD is its qualitative
nature, but its ease of use makes it a very helpful tool in the
assessment of patients with CLI.
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Ankle-Brachial Index

The ankle-brachial index (ABI) is a simple, noninvasive test
that can be used in most clinical settings to establish a diag-
nosis of PAD [1, 3]. The ABI is a ratio of the ankle systolic
blood pressure to the brachial blood pressure. Systolic blood
pressure measurements are taken using a CWD ultrasound
probe and a manual blood pressure cuff. To measure the
ankle pressure, an appropriately sized blood pressure cuff is
placed just proximal to the ankle; measurements are recorded
for both the posterior tibial (PT) and dorsalis pedis (DP)
arteries in each leg. The brachial artery pressure is measured
in each arm, and the highest recorded systolic brachial pres-
sure is used to calculate the ABI for both legs. The ratio of
highest ankle systolic pressure in each leg to the highest bra-
chial pressure in either arm is then recorded to two decimal
points (Fig. 15.3). Normal systolic blood pressures at the
ankle are 10—15 mmHg higher than the systolic blood pres-
sure in the brachial artery. A normal range for the ABI is
0.91-1.29 [18, 24]. An ABI of 1.3 and greater is abnormal
and considered to be falsely elevated or noncompressible,
generally due to heavily calcified tibial vessels. In these
patients, the ABI cannot be used as a diagnostic index. An
ABI of 0.41-0.9 is consistent with mild to moderate PAD,
and an ABI of less than 0.4 is consistent with severe
PAD. Furthermore, patients with an ABI of less than 0.4 are
more likely to have CLI with either rest pain or tissue loss
[3, 18]. Several investigations have been conducted to evalu-
ate the interobserver variability of the ABI. These studies
have demonstrated a measurement difference of between
0.05 and 0.08 [25, 26]. These results have been interpreted to
indicate a change in ABI of greater than 0.15 to be clinically
significant [14, 27]. The ABI is a useful diagnostic tool and
can also be used to monitor a patient over time and evaluate
the quality of a therapeutic intervention [1].

In addition to being used as a diagnostic tool in PAD, a
reduced ABIl is also an indicator of the patient’s overall health
status [1, 14, 27]. Both a reduced ABI and a noncompressible
ABI are predictors of cardiovascular events and premature
mortality [6-8]. In a meta-analysis of almost 50,000 patients,
an ABI of less than 0.9 was associated with a twofold increase
of all-cause mortality, cardiovascular mortality, and major
coronary events [6]. This demonstrates the systemic effects of
atherosclerotic disease and the need to risk stratify these
patients prior to proceeding to revascularization.

The ABI is a useful, quick, and simple test to determine
the presence of PAD, but it is not without its limitations.
Several studies have demonstrated a significant variability in
the method in which the ABI is measured by clinicians [25].
The ABI may also be insensitive to detect disease progres-
sion over time [27]. The information obtained from the
ABI can only establish the presence of an occlusive lesion
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Fig.15.2 Continuous Doppler waveforms and segmental limb pressures in a patient with bilateral superficial femoral artery occlusion. The femo-
ral waveform is triphasic. The popliteal waveform is biphasic. The dorsalis pedis (DP) and posterior tibial (PT) waveforms are monophasic

but cannot localize the lesion. With slight differences in tech-
nique and insensitivity to early disease progression, the test
may be less reliable when conducted over long periods of
time and between institutions.

The ABI is of limited reliability in patient populations
that have a falsely elevated ankle pressure. The result is the
illusion of a normal ABI when there is actually significant

ischemia. Patients with diabetes, who have a high prevalence
of medial arterial calcification, may have a falsely elevated
ABI because of severely calcified tibial vessels [28-30].
Elderly patients, patients with very distal tibial lesions, and
those with minor stenosis may also have a falsely elevated
ABI (Fig. 15.4) [30]. Clinicians must have a high index of
suspicion for PAD in these high-risk patient populations.
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Calculation of the ABI
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|
\ 0.91-1.3 Normal
t ) 0.41-09 Mid-Moderate
VY /I peripheral arterial
Right Ankle % [i BP Left Ankle 0.00-0.4 Severe peripheral
Systolic Pressure y S PT Systolic Pressure 0 arterial disease

Fig. 15.3 Ankle-brachial index. From Hiatt WR, Medical Treatment of Peripheral Arterial Disease and Claudication, NEJM, 344: p 21 [18].
Copyright (2001) Massachusetts Medical Society. Reprinted with permission from Massachusetts Medical Society

CWD waveform analyses, toe-brachial index, or tissue
perfusion examinations can be used in these patients with a
noncompressible ABI to evaluate and monitor over time
[28, 31, 32]. Despite these limitations, the ABI is a simple
noninvasive test that can be used to diagnose PAD, follow
patients over time, and evaluate the quality of therapeutic
interventions in the right patient population.

Segmental Limb Pressure

Similar to the ABI, measurement of segmental limb pressures
is a noninvasive test that uses blood pressure cuffs and a
CWD probe to assess the perfusion of the lower extremities.
The arrangement of cuffs can vary by institution by using
either two, three, or four cuffs. When using four cuffs, in
addition to the brachial artery cuff, the lower extremity cuffs
are typically placed on the high thigh, low thigh, calf, and
ankle (Fig. 15.5) [33, 34]. Figure 15.2 shows the segmental
pressures using a two-cuff method. This study shows a char-
acteristic pressure gradient between the brachial artery pres-
sure and the low thigh pressure along with changes in the
CWD waveform from triphasic in the common femoral artery
to biphasic in the popliteal artery. The cuff width should be
40 % greater than the diameter of the limb, as inappropriately
small cuffs are associated with a falsely elevated pressure
[35]. A gradient of over 20 mmHg between cuffs within the

same limb is indicative of a hemodynamically significant
lesion in the intervening segment (Fig. 15.6) [1]. In contradis-
tinction to the ABI that is not able to localize an occlusive
lesion, having segmental cuffs distributed along the length of
the leg gives the clinician a good idea of the level of disease
especially when using the four-cuff system [34, 36-38].
Though there is some ability to localize the level of disease,
this is still an indirect assessment of the vascular tree as there
isnodirect visualization of the diseased segment. Furthermore,
the pressure gradient may be the result of a short occlusion or
a long stenosis. As with the ABI, severely calcified arteries
can falsely elevate the recorded pressures, making the study
invalid [28, 29]. Despite these limitations, this remains a
useful tool to establish a diagnosis of PAD and plan further
imaging studies or as a means to survey patient before and
after an intervention.

Pulse Volume Recording

Segmental air plethysmography or pulse volume recording
(PVR) is another noninvasive technique to evaluate patients
with PAD. This technique measures the subtle changes in
limb volume with each arterial pulsation to obtain qualitative
information regarding the nature of arterial flow to the
extremity. Similar to segmental limb pressures, cuffs are
placed on the thigh, calf, ankle, and forefoot to record the PVR.
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Fig. 15.4 Continuous Doppler waveforms in a patient with diabetes.
Note the noncompressible ankle pressures with pressure measured
>250 mmHg. The common femoral artery waveform is triphasic and
the popliteal artery waveform is biphasic. The right leg has monophasic

A brachial cuff is also used to record a PVR in the upper
extremity and is used as a comparison for the lower extremity
waveforms. The cuffs are inflated to ~60-65 mmHg to record
the waveform but not occlude the vessel being measured. The
waveforms collected are similar but not identical to those
recorded using the CWD for segmental limb pressure mea-
surements. The normal PVR waveform has a quick and sharp
upstroke with a rapid decline (Fig. 15.7) [39]. As arterial
obstruction progresses, the PVR waveform flattens and widens

dorsalis pedis (DP) and posterior tibial (PT) waveforms and a toe pres-
sure of 0. The left leg has preserved DP and PT waveforms with a toe
pressure of 62. These findings are consistent with severe right tibial
occlusive disease, often observed in patients with diabetes

[39, 40]. The PVR is more reliable in patients who have
noncompressible vessels than the ABI [41]. Foot PVR wave-
forms have been shown to be an indicator of heeling potential
of tissue loss and forefoot amputations. The major limitation
of the PVR is its qualitative nature. PVR is also abnormal in
patients with a diminished cardiac stroke volume, making the
test less reliable in this patient population. In this situation,
the brachial artery waveform is a helpful comparison to the
lower extremity waveforms to determine if the abnormality is
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Fig. 15.5 Cuff position for segmental limb pressures. (a) Four-cuff
technique with two thigh cuffs, a calf cuff, and an ankle cuff. (b) Three-
cuff technique with a single wide thigh cuff, a calf cuff, and an ankle

the result of PAD or poor cardiac function. Segmental limb
pressures have better interobserver reliability than PVR
[36, 38]. Currently, PVR is not widely used due to its qualitative
nature and the development of arterial duplex ultrasound.

Toe Pressure

As mentioned previously, the ABI is not a valid diagnostic
test to assess the degree of PAD in certain patient popula-
tions [28-30]. In patients that have noncompressible tibial
vessels, the digital vessels are typically spared from signifi-
cant calcification, making the toe systolic blood pressure a
more reliable indicator of lower extremity perfusion [42].
Similar to the ABI, the toe-brachial index (TBI) is the ratio
of the toe systolic blood pressure to the highest brachial sys-
tolic blood pressure. A normal toe systolic blood pressure is
30 mmHg less than that of the systolic ankle pressure mak-
ing a normal TBI 0.7 or greater. A TBI of less than 0.25 is
considered to be severe CLI. The TBI has been shown to be
more reliable than the ABI when assessing lower extremity
perfusion in diabetic patients who have noncompressible
arteries [28]. The absolute toe systolic blood pressure is also

cuff. The two-cuff technique (not shown) uses a single thigh cuff and an
ankle cuff. (¢) Transmetatarsal cuff and great toe cuff

a useful clinical indicator. Diabetic patients with an absolute
toe pressure of 55 mmHg or higher have been shown to have
a better chance of healing their tissue loss [14]. One of the
main limitations of measuring the toe pressure is that it
cannot be used in patients that have painful tissue loss or
inflammation of their digits. Measuring a toe pressure also
requires specialized equipment that prevents it from being
used in the variety of clinical settings that the ABI can be
conducted (Fig. 15.4c). Lastly, the toe pressure will vary
corresponding to the systolic pressure. For this reason, the
TBIl is often a better indicator. Despite these limitations, the
TBI is a useful clinical index in patients that have a non-
compressible ABI.

Evaluation of Tissue Profusion

Inadequate tissue perfusion is the underlying etiology of CLI
and the goal of revascularization is to restore tissue perfusion
to the meet the demands of the affected tissue. Several
noninvasive techniques, such as transcutaneous oxygen
pressure, skin perfusion pressure, and hyperspectral imag-
ing, have been developed to assess the quality of tissue
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Fig. 15.6 Continuous Doppler waveforms and segmental limb pres-
sures in a patient with bilateral aortoiliac disease as well as infraingui-
nal occlusive disease. The four-cuff technique is able to identify a

perfusion in patients with CLI [31, 43, 44]. Unfortunately,
due to limitations in their techniques, none of these diagnos-
tic studies are widely used; though there are emerging
technologies that may prove to be valuable in the evaluation
of tissue perfusion.
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pressure gradient across the left thigh suggesting a mid-superficial
femoral artery (SFA) stenosis

Transcutaneous Oxygen Pressure
Transcutaneous partial pressure of oxygen (TcPO2) is a non-

invasive test that measures the partial pressure of oxygen at
the skin surface. Small probes are placed on the foot or leg.
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Fig.15.7 Pulse volume recordings (PVR) from normal limbs with vari-
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A probe placed on the chest is used as a reference to stan-
dardize the test for each patient. The probes are constructed
of a platinum cathode with a surrounding silver-silver chlo-
ride anode ring. Oxygen diffusing to the surface of the skin
reacts with the cathode producing an electric current that is
then used to measure the partial pressure of oxygen in the
target tissue [45]. A normal TcPO2 is above 60 mmHg. A
TcPO2 above 30 mmHg has been associated with wound
healing in diabetic patients [32, 45]. Some have argued that
the TcPO2 may be a better indicator for wound healing and
resolution of rest pain compared to a palpable pulse because
it is a direct measurement of tissue perfusion at the affected
site. A TcPO?2 less than 30 mmHg indicates severely reduced
perfusion to the target tissue and that healing is less likely to
occur [32]. TcPO2 has been shown to be a better indicator of
wound healing with hyperbaric oxygen therapy than the TBI
or ABI in diabetic patients [46]. Another benefit of the
TcPO?2 is that heavily calcified vessels do not influence the
reliability of the test, and as such it is useful in diabetic
patients with a noncompressible ABI [31, 32].

The measured TcPO?2 is affected by the amount of arterial
flow to the tissue, but it is also impacted by several other factors
that may limit its clinical reliability. The measurements are
affected by variables such as skin temperature, sympathetic
tone, cellulitis, hyperkeratosis, obesity, edema, metabolic
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activity, age, and probe position [47—49]. Additionally, an
abnormal TcPO2 does not necessarily indicate poor perfusion
to the tissue; a low TcPO2 can be found when oxygen con-
sumption is increased in the target tissue [45]. The use of
TcPO2 has not been shown to be superior to toe pressure mea-
surement in the management of patients with CLI [49]. Because
of the number of variables that impact the measurement of
TcPO2, it is not routinely used by most vascular labs.

Skin Perfusion Pressure

Skin perfusion pressure is another noninvasive method of
measuring tissue profusion that uses laser Doppler. The
laser Doppler probe is placed on the target tissue and
detects the motion of cutaneous red blood cells. The wave-
form generated by the laser Doppler corresponds to arterial
flow, but due to the irregular geometry of the cutaneous
capillary network, the actual arterial flow cannot be calcu-
lated. As laser Doppler detects flow within the skin, it is
used in conjunction with a pressure cuff to measure the skin
perfusion pressure [45]. A normal skin perfusion pressure
is 50-70 mmHg, with skin perfusion pressures of less than
30 mmHg associated with CLI [50, 51]. The variables that
impact the reliability of TcPO2 also impact the reliability
of laser Doppler. This technique is not widely used among
vascular labs because of the inability of laser Doppler to
directly measure arterial flow and limitations on calibrating
the instrumentation.

Hyperspectral Imaging

Hyperspectral imaging is an emerging noninvasive technique
being used in patients with PAD to assess tissue perfusion.
The test uses scanning spectroscopy to evaluate the relative
cutaneous  concentrations of  oxyhemoglobin  and
deoxyhemoglobin. An image is captured with wavelengths
of visual light between 500—660 nm; this includes the absorp-
tion peaks for oxyhemoglobin and deoxyhemoglobin. These
wavelengths only penetrate 1-2 mm below the skin, so only
the cutaneous concentrations of these molecules are being
measured. A two-dimensional (2D) surface map is then con-
structed, giving a visual representation of differential oxy-
genation of the tissue being imaged [43, 52, 53]. Studies
evaluating concentrations of deoxyhemoglobin concentra-
tions have shown statistically different concentrations
between patients with and without PAD [43]. Additionally
there are statistically different concentrations of deoxyhemo-
globin between angiosomes with monophasic, biphasic, and
triphasic CWD waveforms [43]. This technique has been
used to evaluate healing potential of diabetic foot ulcers at 6
months [54]. Although there have been several promising
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studies in patients that have tissue loss, there have been other
studies that show no correlation between the ABI and hyper-
spectral imaging [52, 53].

Unlike the other noninvasive tests that require placement
of probes on the skin or inflation of pressure cuffs to measure
pressures, this technique does not require any physical con-
tact with the patient. There is a clear benefit to using this
technique for patients that have painful tissue loss in which
the other tests may be poorly optimized. Additionally the
other tests of tissue profusion can only take measurements at
a single point, whereas hyperspectral imaging generates a
2D image of the perfusion to a larger surface area [53]. At
this time there have been no large-scale studies involving
patients with CLI. As this is an emerging diagnostic tool,
more investigation is required before it can be widely
implemented.

Noninvasive Anatomic Imaging
Arterial Duplex Ultrasound

Duplex ultrasonography is a noninvasive, inexpensive imag-
ing modality that can provide both physiologic data and ana-
tomic imaging in a variety of clinical settings. Duplex
ultrasound equipment is now widely available and inexpen-
sive. With the portability of modern equipment, this imaging
modality can be utilized in a variety of clinical settings rang-
ing from the office, to the emergency department, to the
operating room. When B-mode imaging is combined with
pulsed wave Doppler (PWD), this is commonly referred to as
duplex ultrasonography. B-mode or gray-scale imaging pro-
duces 2D cross-sectional images of an arterial wall, the arte-
rial lumen, and surrounding tissue. This provides anatomic
information about the artery, characteristics of any athero-
sclerotic plaque within the wall of the artery, or other ana-
tomic pathologies such as aneurysmal disease. As opposed
to DSA and MRA, duplex ultrasound can provide useful
information about the size and degree of calcification to help
identify suitable targets for a distal bypass [12]. PWD gives
the ultrasonographer the ability to obtain physiologic mea-
surements within the arterial system [37]. The velocity of
blood through an area of stenosis increases relative to the
velocity of blood in the artery immediately proximal to the
stenosis. Using this principle, the ultrasonographer can iden-
tify areas of stenosis in the arterial system by identifying seg-
ments with increased velocities. The velocity prior to the
stenosis and highest velocity within the stenosis are recorded.
A peak systolic velocity (PSV) within a lesion of greater
than 200 cm/sec or a ratio of PSV prior to the lesion to the
PSV within the lesion of greater than 2.5 is generally con-
sistent with a 50 % or greater stenosis and is considered
hemodynamically significant [55]. The combination of these
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imaging characteristics can give anatomic information about
the location, length, and degree of stenosis [23, 56].
Figure 15.8 shows an example of a stenotic lesion in the
native superficial femoral artery.

Though there are many benefits to duplex ultrasound in
the assessment of patients with CLI, there are also some lim-
itations. As with any ultrasound study, the accuracy and reli-
ability of the results are operator dependent and require an
experienced technician [23]. The entire leg must be scanned
in a continuous systematic manor as to not miss a focal
lesion. Ultrasound becomes less reliable the further away the
target is from the probe, which can limit the utility in obese
patients. This does not pose as much of a problem in the
lower leg but can severely limit studies conducted on the aor-
toiliac segment. Ultrasound does not travel through air, mak-
ing overlying bowel gas an additional challenge when
imaging vessels in the abdomen and pelvis. Sound waves are
also reflected off high-density surfaces, making heavily cal-
cified lesion difficult to image and obtain reliable physio-
logic data. The patient must be positioned in a way for the
technologist to evaluate the entire vascular tree. The patient’s
pain or wounds may make this challenging and limit the
quality of the study. Imaging of pedal vessels may be con-
ducted, but they are easily compressed with the probe and
may invalidate the measured values.

The anatomic information obtained from duplex arterial
ultrasound can be used to plan revascularization procedures
in patients with CLI. This imaging modality has been used to
select tibial targets for a distal bypass in place of DSA
[11, 20]. Interestingly, one study showed no difference in
patency or limb salvage of distal bypasses constructed using
either duplex ultrasound versus other angiographic methods
to determine the distal target [57]. An arterial duplex ultra-
sound done prior to an endovascular procedure allows for
selective angiography, thereby minimizing the contrast dose
during the procedure [20, 58].

Though there has been tremendous advancement in the
resolution of modern ultrasound equipment, further advance-
ments are on the horizon to further aid in the diagnostic eval-
uation of patients with CLI. The addition of intravenous
contrast agents can be used to improve the assessment of the
lower extremity vasculature [59, 60]. Contrast-enhanced
ultrasound of the tibial vessels has been shown to improve
the accuracy of arterial duplex ultrasound when compared to
DSA [59]. The use of contrast agents may be able to assess
the adequacy of muscle perfusion before and after revascu-
larization, which may prove to be a superior means to assess
the quality of revascularization compared to other noninva-
sive tests [61, 62]. The advancement of 3D ultrasound may
aid in characterizing the anatomy of short segments of the
arterial tree [63]. Robotic ultrasound systems are also being
developed in the hopes of automating the study to eliminate
some of the variability of the current ultrasound examina-
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Fig.15.8 Arterial duplex
ultrasonography. (a) A normal
triphasic waveform in the
common femoral artery and
(b) a superficial femoral
artery stenosis with an
increased peak systolic
velocity and biphasic
waveform with spectral
broadening
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tions [63, 64]. With these advances, duplex ultrasound will
become an even more powerful noninvasive tool in the evalu-
ation of patients with CLIL.

Computed Tomography Angiography

Computed tomography angiography (CTA) is a noninvasive
imaging modality that has become widely accepted as a
primary imaging technique in patients with CLI [9]. The
CTA images are produced using an X-ray source and a series
of detectors surrounding the patient. The data obtained by
this technique is then processed by a computer to produce

147

> Vel -270 cm/s

--300

=-200

--100

LS Inv
cm/s

W

i I ’ |
1 LR QT LA LT

cross-sectional images of the patient for analysis. Modern
multi-detector scanners allow for rapid image acquisition
with high anatomic detail of the vascular tree and surround-
ing soft tissue [65-68]. CTA has a high accuracy to identify,
characterize, and measure peripheral arterial occlusive dis-
ease with a sensitivity of 91-100% and specificity of
93-96 % when compared to DSA [65, 69, 70]. The sensitiv-
ity of CTA to occlusive lesions is higher than that for stenotic
lesions [69]. With a high negative predictive value, a CTA
without significant stenosis is clinically important to rule out
occlusive arterial disease as the cause of CLI [12]. As with
duplex ultrasound, but in contrast to DSA and MRA, CTA
gives morphologic characteristics of the arterial wall and
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surrounding structures that can be used to determine the
quality of the artery as a target for distal bypass [12, 69].
This information can also be used to identify other nonath-
erosclerotic causes of limb ischemia such as peripheral aneu-
rysmal disease [69]. This imaging modality is also faster and
more comfortable to patients when compared to MRA that
requires a long acquisition time in a confined space and the
invasive catheter-based angiography [12]. CTA allows for
imaging through previously stented arteries that appear as
flow voids when imaged by MRA [71]. Using CTA as a pri-
mary imaging modality, though associated with the increased
need for additional imaging, is more cost effective than pri-
mary DSA and MRA [65, 72].

Modern multi-detector scanners obtain axial images
that can then be reformatted into other views that can aid
in preoperative planning [69]. These reformats can be 2D
multiplanar reformats, curved planar reformats perpendic-
ular to the arterial centerline, or 3D renderings (Fig. 15.9)
[68, 70]. Maximum intensity projection is a reformatting
method that displays the highest attenuation value, prefer-
entially displaying high-density structures such as arteries
with intravenous contrast [65, 70]. Advances in software
development have been helpful in increasing the speed at
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which these reconstructions are produced and may improve
the interpretation of the luminal characteristics within
heavily calcified arteries. The quality of reformatted
images depends on the type of scanner used to generate the
axial images, the protocol used to obtain the axial images,
and the software used to make the reconstructed images
[66, 67]. Reformatted images give the clinician more
information about the anatomic characteristics of the vas-
cular tree that can be used to plan revascularization proce-
dures [73].

CTA has some limitations when imaging the vasculature.
Heavily calcified vessels, as seen in diabetic patients, with
median calcinosis can make it difficult to determine if small
vessels are patent [12]. The way the scanners are designed, the
contrast bolus must be followed down the leg as it moves
through the arterial tree. Poor timing or high-grade proximal
obstruction may impact the quality of the contrast bolus within
the distal vessels, limiting the diagnostic accuracy of the study
[66]. Additional scans with or without additional contrast may
be required to obtain diagnostic images of the tibial vessels.
This comes with added radiation exposure and the risk associ-
ated with additional intravenous contrast administration.
Modern scanners have reduced some of the issues encountered

Fig.15.9 Computed tomography angiography. (a) Axial image show-
ing a left iliac occlusion (green arrow) and (b) 3D reformat showing left
iliac occlusion (green arrow), right superficial femoral artery (SFA)

occlusion (red arrow), and left SFA stenosis (yellow arrow).
Calcifications are also depicted (white arrows)
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with previous-generation scanners but have not eliminated the
problem [66, 67].

Though there are some significant benefits of using CTA
as a primary anatomic imaging modality in patients with
CLI, there are also several drawbacks. CTA requires intrave-
nous contrast to obtain clinically relevant information when
planning a revascularization procedure. Iodinated contrast
agents used for CTA are nephrotoxic and must therefore be
used cautiously in patients with renal insufficiency [74-77].
Contrast-induced nephropathy (CIN) is defined as an
increase in serum creatinine greater than 25 % or greater than
0.5 mg/dl above baseline within 3 days of contrast adminis-
tration without another identifiable cause [74, 75]. All
patients exposed to iodinated contrast are at risk of develop-
ing CIN, but patients with renal insufficiency are at an
increased risk [78]. Diabetes is an independent risk factor for
CIN, and diabetic patients with renal insufficiency are at the
highest risk of developing CIN [76, 79]. The incidence of
CIN ranges from 2.9 to 12.1 % and is largely dependent on
the degree of renal insufficiency prior to the contrast expo-
sure [76, 78, 79]. Fortunately, only about 1 % of patients will
have a persistent change in renal function and only a small
fraction of these patients will go on to require hemodialysis
[76, 79]. However, the development of CIN is associated
with an increased all-cause hospital mortality [75]. To pre-
vent CIN, high-risk patients should be hydrated prior to and
after exposure to intravenous contrast [80-83]. The adminis-
tration of Mucomyst and/or sodium bicarbonate before and
after exposure to iodinated contrast has been shown to reduce
the risk of CIN in some studies [84, 85]. When used intrave-
nously, as with CTA, there is no difference in the incidence
of CIN between iso-osmolar and low-osmolar contrast
agents; however, there is a decreased incidence of CIN when
iso-osmolar contrast agents are used intra-arterially [86].
Nephrotoxic medications should be held around the time of
contrast exposure to also reduce the risk of CIN [74, 75].

Another drawback to using CTA as a primary imaging
modality is the exposure of patients to ionizing radiation.
Most of the patients that have CLI are elderly with reduced
life expectancy and will therefore be less likely to develop
malignancy from repeated exposure [87]. Nevertheless,
exposure to radiation should be considered. Though CTA
does require radiation, the effective dose of radiation can be
abouthalf of what a patient is exposed to during catheter-based
angiography depending on the technique [70]. Modern scan-
ners allow for rapid image acquisition time, reducing the
radiation exposure encountered with previous-generation
scanners [67, 88]. This also allows for a reduction in contrast
volume required to obtain the images. Despite these poten-
tial drawbacks, in the right patient population, CTA is a
quick and inexpensive primary imaging modality for patients
with CLI.
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Magnetic Resonance Angiography

Magnetic resonance angiography (MRA) has emerged as
another noninvasive imaging modality that provides high-
resolution images of the aorta and peripheral vascular tree in
patients with CLI [9]. MRA uses strong magnetic field and
electromagnetic waves to produce cross-sectional images
that do not require ionizing radiation [89]. Just as there has
been a rapid development and deployment of advanced
imaging technology for CTA, there has been an equal devel-
opment of advanced imaging for MRA that has shortened the
image acquisition time and improved image resolution [89—
93]. MRA has been shown to have a sensitivity of 73-98 %
and specificity 64-97 % for the detection of peripheral ste-
notic lesions greater than 50 % and occlusions [12, 90, 94,
95]. There is conflicting evidence, but some studies have
suggested that MRA is superior to DSA when evaluating the
outflow vessels as a target for distal bypass in patients with
CLI [13, 90, 96-98]. This was also seen in a series of dia-
betic patients who had patent pedal vessels detected by MRA
that were not visualized on DSA [96]. The large range in
sensitivities reported in the literature and variability of results
likely reflects the variety of methods available to perform
MRA that are largely center specific [9, 89, 98].

However the MRA study is performed, image reformat-
ting is required to create meaningful images for interpreta-
tion by the clinician (Fig. 15.10). As with CTA, maximum
intensity projection images are generated and additional 3D
images can be constructed. Some anatomic information of
the arterial wall and surrounding structures can provide addi-
tional information regarding the extent of atherosclerosis or
presence of peripheral aneurysmal disease [92, 94].
Information regarding the degree of calcification of vessels
is not readily apparent on MRA [72]. The anatomic informa-
tion acquired by MRA is much harder for the general clini-
cian to interpret when compared to CTA.

As with CTA, MRA uses intravenous contrast to maxi-
mize the visualization of the arterial system when evaluating
patients with CLI. Gadolinium-based contrast agents are the
most commonly used contrast agents for MRA [89]. Until
recently, these contrast agents were thought to be non-
nephrotoxic and safe to use in patients with renal insuffi-
ciency. The use of MRA in patients with severe renal
insufficiency was touted as one of the benefits of this imag-
ing modality over CTA that carries a known risk of contrast-
induced nephropathy. This is no longer the case, as the use of
gadolinium in patients with severe renal insufficiency is now
contraindicated because of both renal toxicity and the poten-
tial of systemic complications [99, 100]. Several studies have
shown a risk of acute renal failure with standard MRA doses
of gadolinium [99, 101]. Patients with diabetic nephropathy
and low glomerular filtration rate are at the highest risk of
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Fig. 15.10 Magnetic resonance angiography. (a) Left common iliac stenosis (white arrow), (b) left superficial femoral artery occlusion (red
arrow), and (c) long segment left anterior tibial artery stenosis (yellow arrows)

developing acute renal failure from exposure to gadolinium
[99, 101]. Nephrogenic systemic fibrosis (NSF) is the other
complication of using gadolinium in patients with severe
renal insufficiency [100, 102]. With just under 400 reported
cases of NSF [103], it remains a rare but serious syndrome
that causes severe systemic fibrosis in a number of organ sys-
tems. The disorder was originally called nephrogenic fibros-
ing dermopathy because of the characteristic skin lesions but
was subsequently renamed because of the clear involvement
of other organ systems including the cardiovascular, pulmo-
nary, and musculoskeletal systems. Cases of NSF have only
been reported in patients that have some element of renal
insufficiency, so patients with normal renal function are
thought to be safe from developing this devastating compli-
cation [100, 102].

Though contrast-enhanced MRA (CE-MRA) is contrain-
dicated in patients with severe renal insufficiency, non-
contrast-enhanced MRA (NC-MRA) can be performed
safely in this patient population. The algorithms used to

obtain the images are beyond the scope of this chapter, but
several techniques have been developed that use arterial spin,
electrocardiographic (ECG) gating, or a combination of the
two to obtain angiographic images without the need of intra-
venous contrast [92, 104-107]. Older techniques of time of
flight and phase contrast have been replaced with ECG-gated
Fourier fast spin and balanced steady-state free precession.
At our institution, we use ECG-gated quiescent-interval
single-shot MRA (QISS-MRA) as our NC-MRA technique
(Fig. 15.11). Regardless of imaging technique, NC-MRA
requires longer acquisition times and suffers from poorer
image resolution when compared to CE-MRA [92]. QISS-
MRA has been shown to have superior detection of segmen-
tal stenosis in the tibial vessels when compared to CE-MRA;
however, CE-MRA was superior for imaging the distal aorta,
pelvic arteries, and femoral arteries [106]. Other studies have
shown comparable results for the evaluation of these seg-
ments between NC-MRA and CE-MRA [105, 107]. Though
NC-MRA has some limitations, it is a viable option for
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Fig.15.11 Electrocardiographic-
gated quiescent-interval single-shot
magnetic resonance angiography
(QISS-MRA). (a) Patent aortoiliac
segment and (b) tibial station.
Occluded anterior tibial artery
(white arrow). Occluded distal
peroneal artery (red arrow).
Occluded posterior tibial artery
(yellow arrow)

patients that cannot receive intravenous contrast because of
severe renal insufficiency.

The major limitations of MRA are cost, duration of
exam, and patient intolerance of the examination. Of the
noninvasive imaging modalities used to assess patients with
CLI, MRA is the most expensive. Patients with severe claus-
trophobia or inability to lay flat for extended periods of time
frequently cannot tolerate the length of the study. Many
patients are excluded from MRA because of metallic devices
that cannot be exposed to high magnetic fields such as pace-
makers, automatic implantable cardioverter-defibrillators,
certain stent grafts, and other metal implants [12, 72]. More
powerful 3 T magnets may also prevent some patients with
certain types of intravascular stents from getting this study
[93]. Though MRA-compatible, intravascular stents appear
as a flow void within the artery and may be interpreted as an
occlusion when one is not present [71]. Alternatively there
may be a high-grade stenosis or occlusion within the stent
that could be missed in these patients. Though MRA has
many disadvantages in the evaluation of patients with CLI,
it has been shown to have a higher sensitivity for the detec-
tion of occlusive lesions than duplex ultrasound, has better
specificity than CTA, and is better tolerated than DSA [12].
MRA protocols are vendor specific so no single universal
protocol has been standardized [89]. Characteristic of the
machine used to acquire the MRA images, vendor-specific
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protocols used to obtain these images, and the software used
to reconstruct these images make the quality of MRA center
specific.

Venous contamination and short intra-arterial half-life of
traditional gadolinium-based contrast agents are major limi-
tations of MRA when used for the planning of lower extrem-
ity revascularization procedures in patients with CLI [89].
This is most problematic for the visualization of the tibial
vessels and can make it difficult to identify a viable target for
distal bypass. Venous contamination is seen in up to 43 % of
studies in the infrapopliteal segment causing the images to be
nondiagnostic (Fig. 15.12) [108]. Blood-pool contrast agents
are a new class of intravenous contrast used for MRA that
have a longer intravascular half-life. These contrast agents
bind to circulating albumin keeping them intravascular, maxi-
mizing acquisition time compared to traditional contrast
agents that quickly diffuse into the extracellular space [91,
109, 110]. When blood-pool contrast agents are used in the
same manner as traditional gadolinium-based contrast agents,
they have similar results in the identification of PAD [91,
109]. In this situation, first-pass MRA can overestimate the
degree of an infrapopliteal stenosis. A study using gadofosve-
set, a blood-pool contrast agent, showed better concordance
with DSA in the steady-state phase of the MRA than first-pass
MRA [91]. The blood-pool contrast agent allows for longer
acquisition times that results in better image quality.
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Fig. 15.12 Magnetic resonance angiography demonstrating venous
contamination of the tibial station, making it hard to diagnose disease in
the arterial system

Invasive Imaging
Digital Subtraction Angiography

Digital subtraction angiography is the gold standard imaging
modality in patients with PAD and CLI. The use of DSA
provides high-quality images of the arterial tree with the
added benefit of simultaneous treatment of appropriate
lesions. However, it is the most costly imaging strategy,
requires nephrotoxic iodinated contrast, exposes the patient
to radiation, and is invasive with potentially local and sys-
temic complications [12]. DSA only provides images of the
lumen of the artery and does not provide any images of the
morphologic information regarding the arterial wall.
Eccentric plaque may not be detected without orthogonal
views. Long segment occlusion may limit the visualization
of distal vessels preventing the characterization of these
potential targets for distal bypass [96].

BREdrAiineh

Fig. 15.13 Appropriate cannulation of the right common femoral
artery at the mid-femoral head location (arrow)

There are techniques that can be employed to minimize
the risk to the patient associated with DSA. Contrast expo-
sure and radiation exposure can be limited by selective visu-
alization of the vascular bed. Other noninvasive imaging
modalities may provide information that allows the clini-
cian to perform a targeted angiogram, reducing the amount
of contrast and radiation exposure [20, 58, 111]. The other
risk associated with invasive imaging modalities is the pos-
sibility of access site complications such as a hematoma,
pseudoaneurysm, arteriovenous fistula, dissection, and
embolization [112—-114]. Care should be taken to limit the
risk of these complications by selecting appropriate vessels
for arterial access, minimizing the sheath size, and using
image-guided access [115-117]. At our institution, we con-
firm appropriate cannulation of the common femoral artery
by performing an angiogram with a small micropuncture
sheath in place prior to upsizing to a larger sheath
(Fig. 15.13). Despite these limitations, in the right patient
population, catheter-based DSA is a good primary anatomic
imaging modality that has the added benefit of possible
simultaneous revascularization.
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Carbon Dioxide Angiography

Carbon dioxide (CO,) angiography can be a useful tool when
evaluating CLI patients that have renal insufficiency and a
high risk of developing CIN [118]. To perform catheter-
based CO, angiography, CO, gas is used in place of iodin-
ated contrast. The CO, gas temporarily displaces blood from
the artery being imaged. The gas is radiolucent relative to
blood and the surrounding soft tissue, creating a void in the
imaging (Fig. 15.14). This technique requires faster frame
rates and special equipment to infuse the CO,, thereby limit-
ing its use [118]. Detailed tibial vessel imaging may be
limited especially in the setting of long segment proximal
occlusion. CO, angiography does not eliminate the need for
contrast but can reduce the volume required [119, 120].

Intravascular Ultrasound

Intravascular ultrasound (IVUS) is an invasive imaging tech-
nique that uses a miniature ultrasound probe attached to the
tip of a catheter. When used for patients with CLI, the cathe-
ter is inserted intra-arterially over a wire to image the artery
from the lumenal surface. IVUS can accurately measure the
diameter of the artery and can be used to determine the length

Fig.15.14 Carbon dioxide
angiography. (a) Carbon
dioxide angiography
demonstrating a right
superficial artery stenosis
(green arrow) and (b) digital
subtraction angiography of
the same lesion (higher
magnification)

of a lesion without using intravenous contrast [121]. The main
benefit of IVUS is that it can replace the need for intravenous
contrast used during an intervention [122], potentially reduc-
ing the risk of contrast-induced nephropathy. The anatomic
information obtained by IVUS can be used to plan revascular-
ization procedures and perform endovascular interventions
[121, 123]. Newer IVUS catheters have more advanced imag-
ing, providing improved characterization of atherosclerotic
lesions and better assessment of how these lesions will
respond to endovascular intervention [124—126]. The main
limitation to wide adopting the use of IVUS for infrainguinal
interventions is the high cost of the catheters.

Alternative Imaging Modalities

Positron Emission Tomography

Positron emission tomography (PET) is a nuclear medicine
imaging modality that detects the metabolic activity of a
variety of tissues and has been applied to patients with
PAD. To produce the images, a positron emitting radionu-
clide is attached to glucose, water, or other biologically
active molecules. When introduced to the body, the tagged
molecule concentrates in areas of higher metabolic activity.
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This technique is most commonly applied to cancer imaging
in which the metabolically active cancer cells have higher
concentrations of the tagged molecule [127, 128]. The mol-
ecules being used in the evaluation of patients with PAD are
fluorodeoxyglucose (FDG) and oxygen-15-water (H,°O)
[129-132]. Studies have evaluated this imaging modality in
the assessment of PAD severity and tissue response to revas-
cularization, but it has yet to be studied in the diagnosis of
PAD [133]. Several studies have applied this technique to
measure regional blood flow to lower extremity skeletal
muscle tissue in patients with PAD [129, 130, 134]. In the
future, FDG-PET could help differentiate viable and nonvi-
able skeletal muscle based on the metabolic activity [130].
This would be useful in determining those patients with CLI
that will benefit from revascularization from those that have
a non-salvageable limb. H,'’O-PET has not shown difference
in signal uptake between healthy controls and patients with
PAD but has shown a decrease in flow reserve among patients
with PAD [129]. The main limitation to wide acceptance of
implementing this imaging modality is the economic cost to
the patient.

Molecular Imaging

Molecular imaging is an emerging technology that uses tagged
molecules to visualize specific molecular processes in vivo
[135]. Currently used imaging modalities focus on the struc-
tural components of an atherosclerotic plaque and the hemo-
dynamic effects these lesions have on the circulation in order
to determine the appropriate intervention. In contrast, molecu-
lar imaging focuses on specific molecular processes within the
atherosclerotic plaque that could supplement the anatomic
information when planning revascularization procedures in
patients with CLI. Specialized algorithms and imaging strate-
gies are being developed for currently available imaging sys-
tems like MRI, PET, CT, single-photon emission computed
tomography, and optical imaging to conduct these molecular
imaging studies [127, 133, 136-139]. Depending on what
markers are visualized, this imaging technology could poten-
tially identify what lesions are likely to rupture in the future or
how they will respond to specific therapeutic interventions.
This could allow for tailoring therapeutic interventions spe-
cifically to the needs of the patient, whether they be medical,
interventional, or surgical.

Summary

Patients with CLI require an expedited but thorough diag-
nostic evaluation to plan the appropriate therapeutic strategy.
If deemed to be a surgical candidate, most patients will
undergo a physiologic study and an anatomic imaging study

T.M. Tomita and M.R. Kibbe

to plan a revascularization procedure with the goal of limb
salvage. With advances in noninvasive anatomic imaging
and potential cost saving associated with them, most patients
will undergo either a CTA or a MRA prior to revasculariza-
tion. The choice of which study is most appropriate depends
on the patient’s underlying comorbidities, presence and
degree of renal insufficiency, presence of MRI-incompatible
devices, ability to lay flat for an extended period of time, and
expertise of the local imaging facility. As technology devel-
ops, newer imaging modalities will become available that
may better aid the clinician in selecting patients who will
benefit from revascularization as well as the means to accom-
plish that revascularization.
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Introduction

Acute limb ischemia (ALI) is a serious medical emergency
leading to high rate of complications, being not only limb
but even life threatening, often despite early successful
revascularization. The prognosis of this potentially devastat-
ing disease is mainly related to the rapidity and accuracy of
diagnosis and treatment. However, timely recognition of
signs and symptoms may be challenging, since clinical onset
may range from sub-clinic and pauci-symptomatic to dra-
matic and irreversible ischemia.

Every specialist involved in the management of vascular
diseases (preferably every physician) must be able to
promptly recognize the singular signs and symptoms of ALI,
avoiding any time loss to the establishment of the correct
treatment.

This chapter focuses on epidemiology, natural history,
etiology, clinical manifestation, classification, and noninva-
sive and invasive evaluation.

Definitions, Epidemiology, and Natural
History

Acute limb ischemia (ALI) is defined as any sudden decrease
in limb perfusion causing a potential threat to limb viability
in patients who present within two weeks of the acute event
[1]. The incidence of this condition is approximately 15 cases
per 100,00 persons per year [2]. The prevalence is <0.1 % in
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general population and about 5-10 % in patients with other
risk factors for cardiovascular disease.

The lower limbs are more frequently involved, being
caused by acute arterial thrombosis in the most of cases.
The acute ischemia of upper limbs represents only 1/5 of
all ALI events, with an incidence of 2.4 cases per 100.000
persons per year. The embolization from a cardiac source is
the most common etiology (80 % of cases). Acute upper
limb ischemia has a better prognosis quoad vitam and
quoad valitudinem than ALI of lower limbs, even if the
conservative treatment is associated to a higher risk of limb
dysfunction.

Acute lower limb ischemia is still considered to be a dra-
matic event, carrying a risk of amputation between 15 and
30 % and a high perioperative morbidity and mortality (20—
30%) [3-8]. Concomitant underlying diseases, the meta-
bolic derangement that seems as a result of the acute insult,
and a possible reperfusion injury following revascularization
may account for this severe prognosis [9—11].

The natural history of any ALI is characterized by the
rapid onset of ischemia and by the tissue injuries when the
ischemia persists. The sudden cessation of blood supply and
nutrients to the metabolically active tissues of the limb,
including the skin, muscles, and nerves, is responsible to tis-
sue damage and cell death. Firstly energy metabolism shifts
from aerobic to anaerobic process, and then established isch-
emia leads to cell dysfunction and death.

Nervous tissue cells are the most susceptible to ischemia,
followed by muscle cells, the skin, and subcutaneous tissue.
Peripheral nerves are perfused by arterioles that anasto-
mosed themselves with a “T shape” along the nerve trunk.
The longitudinal vessels that derive from these anastomoses
are fundamental for the functionality of the nerve. So lesion
of these vessels can lead to serious and irreversible alteration
and can explain the failure of nerve resumption even after
revascularization. In the pathogenesis of nerve injury, in
addition to the ischemia, extrinsic compression due to edem-
atous tissue is important. The prognosis of these lesions is
variable: in general, the resumption of sensibility is more

159

R.S. Dieter et al. (eds.), Critical Limb Ischemia, DOI 10.1007/978-3-319-31991-9_16



160

C. Setacci et al.

common than motility, depending on the time spent between
the ischemic insult and revascularization.

Muscle is also sensitive to anoxia due to its high oxygen
consumption. Intramuscular edema causes the dissociation
of the fibers and the loss of their syncytium feature, instead
becomes more evident the transverse streak and starts
Bowman degeneration with loss of muscle contractility [12].
The last stage of muscle necrosis is characterized by Zenker’s
degeneration in which fibers become swollen and homoge-
neous and lose their streak. The time of ischemia that a mus-
cle can endure it’s difficult to determine; it seems that within
6 h lesions are still reversible, instead after 12 h they can’t
regress [13, 14]. Muscle necrosis can be massive or circum-
scribed and in the same muscle may coexist different degrees
of cell degeneration.

Sequential modifications of the skin are related to the
time of ischemia: after 10 h modifications of the nucleus and
homogenization of the deep layers are evident, while after
20 h the detachment of basal layers of the papillae occurs.
These alterations are still reversible after 48 h. Skin phlyc-
tena, which results from an increased capillary permeability
and extravasation of plasma fluid, comes just before
gangrene and carries a very high negative prognostic
significance.

After ischemia onset, a series of compensatory mecha-
nisms are activated in order to ensure adequate perfusion,
including vasodilatation and perfusion through collateral
vessels. If these mechanisms are unsatisfactory, secondary
thrombosis of distal and smaller vessels may occur.

The rapidity of evolution of any ALI event is related to
general and local factors. Systemic hemodynamic condi-
tions are really crucial, since an acute arterial occlusion
could be almost completely compensated if systemic blood
pressure is satisfactory. On the other hand, extension of
thrombosis can occur in case of hypercoagulable concomi-
tant acute episode or real thrombophilic states [15]. Local
factors influencing natural history of ALI include the site of
occlusion (i.e., more proximal location of clot causes a
severe ischemia due to the lower possibility of compensa-
tion by the collateral circulation) and a preexisting chronic
ischemia, which typically promotes formation of collateral
circulation that can ensure distal compensation during an
acute event. However, an acute occlusion of these collater-
als can determine rapid secondary thrombosis of the whole
arterial tree.

Etiology

The etiology of ALI can be roughly distinguished in two
large categories: thrombosis and embolism. Distinction of
these two conditions is important because treatment and
prognosis are different.

Table 16.1 Etiology of acute limb ischemia
1. Embolus

Cardiac source
Atrial fibrillation
Valvular heart disease

Endocarditis

Myocardial infarction (with mural thrombus)

Atrial myxoma

Cardiomyopathy

Arterial source

Aortic and peripheral arterial aneurysms

Ulcerated atherosclerotic plaque with intraplaque hemorrhage

Venous source

Venous embolism in the presence of inter-atrium or inter-
ventricle abnormal communication

2. Thrombosis

On pathologic artery

Atherosclerotic occlusive disease

Aortic and peripheral arterial aneurysms

Intraplaque hemorrhage with arterial stenosis and occlusion

Buerger disease

Vasculities

Adbventitial cystic disease

Post-actinic arteritis

On healthy artery

Hypercoagulable states (C or S protein deficiencies)

Entrapment syndromes

Stasis/low-flow states

Drugs of abuse

Heparin-induced thrombosis

3. Trauma

Penetrating
Blunt
Interventional vascular procedures

4. Distal progression of aortic dissection

5. Ischemic thrombophlebitis (phlegmasia cerulea dolens)

Basically any ALI should be distinguished as consequence
of embolism or thrombosis [16, 17] and more specifically as
occurring on a pathologic or healthy artery or related to other
less common conditions (Table 16.1).

Embolism

The embolic disease is characterized by the presence of a
mass (embolus) that travels in the bloodstream and lodges in
a blood vessel. The etiology of embolism is changing;
before 1950, the majority of ALI (x60 %) was caused by
rheumatic heart disease; today that figure is about 8 %.
Nowadays cardiac emboli are commonly associated with
atrial fibrillation or mural thrombus after a myocardial
infarction. Rarely, the embolus arises from valve vegetation
or from an atrial myxoma. Emboli may also arise from
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aneurysms, so the abdomen and popliteal fossa should be
palpated carefully. Atheromatous arteries may also cause
distal emboli in case of plaque rupture.

Embolism on Healthy Artery
Embolism on healthy artery may have a cardiac, arterial, and
venous origin.

Approximately 80-90 % of all embolisms are associated
with heart disease and predisposing conditions as atrial
fibrillation, valvular disease, severe cardiac failure, aneu-
rysms of left ventricle, myocardial infarction, thrombus
endocarditic vegetation, and valve replacements [18-20].
Clinical onset generally occurs in case of sudden rhythm and
frequency modifications, which may occur spontaneously or
after drug administration.

Embolism of arterial generally arises from aortic or
peripheral (femoral, popliteal) aneurysms but may also be
the consequence of atheromatous plaque ulceration or rup-
ture, iatrogenic lesions secondary to invasive diagnostic or
interventional procedures, and other lesions of the arterial
wall (bruises, compressions, inflammatory processes) [21].
The propulsive element is represented by abrupt modifica-
tions of pressure or direct trauma on the artery, especially in
the presence of aneurysm.

The circumstance of “paradoxical embolism” (also called
“crossed embolism”) is a rare condition when a venous
thromboembolism may reach the arterial circulation through
inter-atrium or inter-ventricle abnormal communication,
potentially causing arterial ischemia of any tissue.

Other possible causes of embolism on healthy artery include
lipid embolism (i.e., trauma, fractures), neoplastic/septic embo-
lism, and air embolism (decompression in divers).

Embolism on Pathologic Artery

In some cases embolism may occur on pathologic artery.
This condition is typical of elderly patient with a cardiac
source of emboli (i.e., atrial fibrillation) and asymptomatic
femoropopliteal artery disease. The embolism causes the
acute blood flow blockage at the level of stenotic segment,
with consequent thrombosis of collateral vessels causing a
severe acute limb ischemia. This kind of embolism should be
considered and treated as arterial thrombosis.

Thrombosis

Thrombosis generally occurs in the setting of preexisting vas-
cular lesion. Clinical presentation in case of thrombosis on
atherosclerotic stenosis (so-called acute-on-chronic ischemia)
may be less severe than in patients with embolic occlusion, as
with the former, there may be sufficient collaterals present.
It’s essential to obtain information about any history of
claudication or rest pain, to look for the changes associated
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with chronic ischemia such as atrophy of skin appendages,
and to examine the opposite leg for loss of pulses and the
presence of bruits.

Thrombosis on Atherosclerotic Plaque

More frequently thrombosis occurs on a pathologic artery
for the presence of an atherosclerotic lesion. It is character-
ized by a referred history of intermittent claudication and
cardiovascular disease, and it is generally associated by a
less severe limb dysfunction.

Thrombosis of peripheral aneurysm is the second cause of
ALI on pathologic artery. The sudden interruption of the
blood flow may occur at the level of popliteal aneurysm, but
also iliac or femoral aneurysms may occlude acutely. The
thrombosis is generally related to an increase of peripheral
artery resistances. Emboli can depart from the aneurysmal
sac causing an acute occlusion of more distal vessels (blue
toe syndrome).

Thrombosis on Non-atheromatous

Pathological Artery

This situation may occur in patients with Buerger disease, vas-
culitis, adventitial cystic disease, and post-actinic arteritis
[22, 23]. Thrombosis is the result of the presence of a chronic
narrowing in the bloodstream, and clinical presentation is simi-
lar to ALI that occurs in patients with atherosclerotic plaques.

Thrombosis on Healthy Artery
Thrombosis may also occur on a healthy artery. This is a less
frequent cause of ALI that may be secondary to an ab-
estrinseco compression (i.e., popliteal entrapment), to hyper-
viscosity (hemoconcentration in great dehydrations,
thrombophilia, severe hypotension, hemoglobinopathies), to
systemic coagulation disorder (congenital anomalies such as
protein C or S and antithrombin III deficiencies, malig-
nancy), or to drugs (oestroprogestative, ergotism, drug addic-
tion, chemotherapy). Heparin-induced thrombosis is another
important cause of ALI on healthy artery; it is generally rec-
ognized by a significant decrease in the platelet count during
heparin therapy and the manifestation of the thrombosis.
Extreme low-flow states can produce ALI in patients with
hypovolemic shock or cardiac failure, especially when
chronic peripheral arterial disease (PAD) is already evident.

Post-traumatic Thrombosis

Trauma may cause acute thrombosis, rupture, or embolism of
the artery. Penetrating trauma may directly damage the artery,
while blunt trauma may cause indirect injury including
spasm, arterial rupture, mural hematoma or intimal dissec-
tion, and consequent thrombosis. Blunt trauma may also
cause fracture with associated arterial injury.
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In case of partial arterial rupture, the natural evolution is
represented by pseudoaneurysm formation, vessel occlusion,
or artero-venous fistula.

Distal Progression of Aortic Dissection

Occasionally ALI represents the clinical presentation of
acute aortic dissection. Patients are typically hypertensive
and complain intensive chest and back pain. If aortic dissec-
tion is misdiagnosed and patient is treated for ALI by throm-
boembolectomy, Fogarty catheter passage beyond the
occlusion generally fails, carrying the risk of vessel damage
and disconnecting part of the dissected intima rather than
removing the clot. Of course, failure to determine the correct
diagnosis may be fatal.

Ischemic Thrombophlebitis (Phlegmasia
Cerulea Dolens)

Infrequent cause of ALI occurs in the setting of massive deep
venous thrombosis that causes severe soft tissue swelling of
sufficient magnitude to impede arterial inflow to the extrem-
ity. Usually, phlegmasia cerulea dolens occurs in those
afflicted by a life-threatening illness (underlying malignancy
in 50 % of cases).

Clinical Presentation
Clinical Manifestation

When acute limb ischemia occurs, it represents an emergency
in which restoration of perfusion through early intervention
can lead to limb salvage, whereas delay may results in signifi-
cant morbidity, including limb loss and, potentially, death. In
many ways, this kind of acute vascular disease in the leg may
be considered similar to that in the heart. The risk factors,
underlying conditions, and pathogenic process are the same,
and in many cases, patients have both conditions. And just as
cardiologist has learned that in acute myocardial infarction
“time is muscle,” the vascular community is coming to recog-
nize that in cases of limb ischemia, “time is tissue.” In fact, as
we know, any sudden decrease in limb perfusion—because of
either embolic or in situ thrombotic vascular occlusion—can
lead a potential threat to limb viability [11, 24].

The rapid onset of limb ischemia results from a sudden
cessation of blood supply and nutrients to the metabolically
active tissues of the limb, including the skin, muscle, and
nerves. The severity of symptoms depends on the level of the
obstruction and, most important, the presence of adequate
collateral vessels.

C. Setacci et al.

Table 16.2 Clinical features of embolic and thrombotic ALI

Acute embolic occlusion | Thrombotic occlusion

Symptom onset | Abrupt and severe More gradual, less

severe initially

Prior PAD Infrequent Common
Contralateral Often normal Frequent evidence of
limb coexistent PAD
Coexistent Frequent (especially AF) | May or may not be

cardiac disease present

PAD peripheral arterial disease, AF atrial fibrillation

The clinical presentation is considered to be acute if it
occurs within 2 weeks after symptom onset: symptoms can
develop over a period of hours to days. Patients with cardiac
embolism, trauma, and aneurysms responsible for peripheral
embolization or occlusion of vascular reconstruction tend to
present early (hours) due to the severity of symptoms related
to the lack of collaterals, the extension of thrombus to arte-
rial outflow, or a combination of both. On the other hand,
later presentation—within days—tends to be restricted to
those patients with a native thrombosis (“‘acute-on-chronic
ischemia”).

The clinical evaluation of acute limb ischemia should
include both a physical examination and an investigation of
patient’s medical history: these factors, combined together,
could provide clues to the origin of ALIL. The collection of
medical records should focus on history of claudication, pre-
vious ischemic symptoms, and previous vascular reconstruc-
tion or diagnostic cardiac catheterization and heart disease.
Moreover, any potential risk factor and/or disease contribut-
ing to the genesis of the ALI should be carefully investigated
(i.e., hypertension, diabetes, smoking, hypercholesterolemia,
blood clots, arterial aneurysms as possible embolic sources,
family history of cardiovascular disease, hematologic disor-
ders). A correct diagnosis should carefully assess the onset
of pain, its abruptness, the location, and the intensity, as well
as its change over time and the presence of any motor or
sensory deficit. A concomitant examination of the contralat-
eral lower limb provides important suspicions regarding the
pre-ischemic status of the involved limb (Table 16.2).

ALI typically presents a clinical manifestation of pain,
paresthesia, paralysis, pallor, pulselessness, and poikilothermia
(so-called six Ps):

The “Six Ps” of ALI Clinical Presentation
Pain

Paresthesia

Paralysis

Pallor

Pulselessness

Poikilothermia
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Pain It is usually severe and progressive, with major local-
ization at most distal part of the extremity. Although pain is
generally always present, in diabetic and elderly patients, it
may be more vague. The pain of acute ischemia is usually
also at the level of the ischemic muscle, which may be tender
on palpation or on passive movement of the toes or foot. At
the beginning pain is confined and after it became crampy
(muscular ischemia). Finally when ischemia continues and
sensory deficits appear, they may mask the pain, making
diagnosis more complex.

Paresthesia Nerves are generally very sensitive to isch-
emia and are rapidly damaged when blood perfusion is
interrupted. Fibers responsible for touch impulse are the
most sensitive, while pain fibers are less ischemia sensitive.
This explains why paresthesia is so frequent in patients with
ALLI and it is associated to numbness and tingling in more
than half of patients. Because of underlying neuropathy,
diabetic patients may already have a sensory deficit that
masks the change. When ischemia persists, paresthesia
leads to anesthesia.

Paralysis Motor nerve fibers are more resistant to isch-
emia. However, when ischemia persists for hours, loss of
motor function occurs due to motor nerve fiber injury firstly
and because of ischemic injury direct on the muscular issue
subsequently. Asking the patient to move and spread the
toes generally allows collection of information about the
evolution of motor deficit. The degree of motor deficit can
vary from mild paresis of toes to complete paralysis of leg,
whose prognostic value is really unfavorable. At physical
examination muscles injured by ischemia are tender, and
this rigid paralysis may simulate consequence of cerebral
stroke.

Pallor Change of skin color is a very common finding in
ALI. Acute arterial occlusion is associated with intense
spasm in the distal arterial tree, and initially the limb appears
“marble” (Fig. 16.1a). Typically the obstruction is one joint
above the level of pallor demarcation. In the following hours,
the spasm typically decreases, and the skin fills with deoxy-
genated blood leading to mottling that is light blue or purple,
having a fine reticular pattern, and blanches on pressure
(Fig. 16.1b). As ischemia endures, stagnant blood coagulates
leading to mottling that is darker in color, is gross in pattern,
and does not blanch. Finally, large patches of fixed staining
progress to blistering and liquefaction.

Pulselessness Physical examination should always include
the research of palpable pulse at different level of the lower
extremity (i.e., femoral, popliteal, anterior and posterior
tibial pulses). A palpable pulse means that the flow at that

Fig.16.1 Clinical findings of ALI: at early inspection the foot is typi-
cally pale (a), later spasm typically decreases, and the skin fills with
deoxygenated blood leading to mottling that blanches on pressure to
cyanosed (b)

level is sufficient and that ischemia is located at a more distal
level. A particular circumstance is when the palpation is
performed exactly at the level of the beginning of the occlu-
sion: in such a case pulse may be appreciated even as stron-
ger than normal, representing the stump flow at the level of
vessel blockage. So the general principle that a palpable
pulse rejects the hypothesis of occlusion at that level should
be applied with caution. In all cases it is a good recommen-
dation to measure blood pressure by CW Doppler at different
level to confirm data obtained by pulse palpation. Ankle/bra-
chial index is then crucial to determine the severity of ALI
and to estimate the prognosis.

Poikilothermia This is the inability to regulate temperature
of the affected limb that generally compares immediately
after flow interruption. At palpation, the skin is cold, and the
level of temperature change is an important parameter of
occlusion estimation.



164

C. Setacci et al.

All findings at physical examination of the affected leg are
most important when different from the contralateral limb.

Two particular clinical manifestations of ALI are the blue
toe syndrome and the phlegmasia cerulea dolens. The first is
typically caused by microembolization from plaque or thrombi
located in aorta and iliac/femoral or popliteal artery. It leads to
the occlusion of small vessels of the toes; lesions are small in
size, multiple, painful, and cyanotic [25] (Fig. 16.2).

The phlegmasia cerulea dolens is an infrequent cause of
ALL It occurs in the setting of massive deep venous thrombo-
sis that causes severe soft tissue swelling of sufficient magni-
tude to impede arterial inflow to the extremity (see also
Ischemic Thrombophlebitis (Phlegmasia Cerulea Dolens).

Fig.16.2 Occlusion of small vessels of the big toe due to microembo-
lization from popliteal aneurysm (blue toe syndrome)

Clinical Classification

When ALI is diagnosed, the determination of its severity is
crucial to evaluate the prognosis of the event. A classification
of ALI that reflects patient’s complaints, objective findings,
and prognosis has been offered by the Society for Vascular
Surgery/International Society for Cardiovascular Surgery
(Table 16.3).

Patients with a viable limb (class I) don’t generally com-
plain persevering pain, lower limb extremity is not cyanotic,
and they are able to voluntarily move the toes. The flow at
the level of dorsalis pedis or posterior tibial artery can be
appreciated by CW Doppler examination. Generally a
threshold of 30 mmHg for the ankle pressure is the applied
limit to make sure that the insonated flow, which may be very
slow, is from the artery and not from the vein.

Patients in class Ila present limbs that are marginally
threatened. Sensibility is impaired, and there is no audible
Doppler signal. When ischemic pain persists, sensory deficit
increases, and there are initial signs of motor deficit, isch-
emia is classified as class IIb, and limb has to be considered
as immediately threatened. The threatened leg differs from
the irreversibly damaged leg by the presence of venous
Doppler signal. In class IIT ALI sensory and motor deficits
are profound, venous flow is stagnant, and any tissue changes
are basically irreversible.

According to the classification of ALI severity, a viable
leg does not need immediate intervention and a careful diag-
nostic workout can be performed; a class II threatened leg
requires urgent revascularization, minimizing any lose of
time before intervention especially for marginally threatened
limb (class IIb).

Noninvasive Instrumental Diagnostics

Although diagnosis of acute limb ischemia is essentially
based on clinical examination, instrumental investigations
may allow a better evaluation of the level of obstruction and
severity of ischemia. In case of immediately threatened

Table 16.3 Classification system by the society of vascular surgery and international society of cardiovascular surgery

Category Description/prognosis Findings Doppler signals ‘
Sensory loss Muscle weakness | Arterial Venous

1. Viable Not immediately threatened None None Audible Audible

Ila. Marginally threatened | Salvageable if promptly treated | Minimal (toes) or none | None (Often) inaudible Audible

IIb. Immediately threatened | Salvageable with immediate More than toes, Mild, moderate (Usually) inaudible | Audible
revascularization associated with rest pain

III. Irreversible Major tissue loss or permanent | Profound, anesthetic Profound, Inaudible Inaudible
nerve damage inevitable paralysis (rigor)

Obtaining an ankle pressure is very important. However, in severe ALIL blood flow velocity in the affected arteries may be so slow that Doppler
signals are absent. Differentiating between arterial and venous flow signals is vital: arterial flow signals will have a rhythmic sound (synchronous
with cardiac rhythm), whereas venous signals are more constant and may be affected by respiratory movements or be augmented by distal
compression (caution needs to be taken not to compress the vessels with the transducer)
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limbs, any further radiologic or vascular laboratory tests may
be unnecessary and should not be performed to avoid any
delay of treatment. When the ischemic limb is still viable or
marginally threatened, there is room for a more precise diag-
nostic evaluation.

In recent years, noninvasive imaging of the peripheral
arteries has had a great development. Technological improve-
ments that have increased the performance of CT angiogra-
phy and MRA have widely extended the indication of use of
these methods for the preliminary study of PAD [26-30].
The quality and completeness of images may assist the spe-
cialist in the choice of a therapeutic option (conventional or
endovascular surgery, palliative or medical), as well as in the
selection of the best level for surgical access.

First-Level Noninvasive Diagnostic
Examination: Duplex Ultrasound

The advantages of duplex ultrasound (DUS) investigation
are well known; in particular the noninvasiveness, the low
cost, and the repeatability of this examination make it a
widely used first-level diagnostic approach in all centers of
vascular surgery for the diagnosis of ALIL. It has been shown
that DUS in experienced hands for the study of hemody-
namic arterial lesions in the vascularization of the lower

Fig.16.3 Duplex ultrasound
findings at different limb
levels: (a) Doppler spectral
analysis above the acute
occlusion (“stump” signal).
(b) The vessel profile is
irregular, some calcifications
appear as hyperechoic
thickening of the vessel wall,
and hypoechoic material is
present intraluminally at the
level of thrombotic occlusion.
(¢) Downstream to the
occlusion a monophasic
flowmetry (reduced PSV and
significant systolic phase
prolongation) with low
resistance patterns may be
appreciated

extremities may offer quality data as high as coming from
the angiography [31-34].

The B-mode investigation provides the ability to display
important morphological details. It is possible to observe the
thromboembolism which is characterized by an echogenicity
equal to that of the blood, appearing almost completely
anechoic in the acute phase and gradually increasing in echo-
genicity in a later phase (thrombus organization). The echo-
genicity of the thrombus is therefore a key parameter by
which is possible to hypothesize the onset of the disease,
which results to be a key point for the choice of treatment.

Not only thrombus echogenicity but also vessel wall status
are important findings that a DUS examination may offer. The
embolus tends to localize at sites of bifurcation, and the vessel
walls appear healthy, with regular profile and lumen and no
signs of atherosclerotic lesion. In thrombotic disease DUS
may show signs of chronic arteriopathy: the vessel profile is
irregular, and calcifications appear as hyperechoic thickening
of the vessel wall (Fig. 16.3). Occasionally calcified plaque
causes intense shadowing that may mask the thrombosis.

For a proper performance of the test, it’s important that
the environment is at a suitable temperature (>20 °C) to pre-
vent peripheral vasoconstriction that could affect the velocity
pattern. The combined use of the three main functions:
B-mode, power/color, and Doppler, is essential for a com-
plete evaluation.
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Modulation of PRF (pulse repetition frequency) and color
gain is an indispensable element for the assessment of low-
speed pathological flows. The Doppler spectral analysis and
the calculation of the speed should always be performed with
an angle of 60°, positioning the cursor along the main axis of
the vessel, which coincides with the direction of flow.

The “color” mode allows deriving direct and indirect
signs of thromboembolic disease. The direct sign is the
absence of flow within the vessel (this finding is purchasing
the highest sensitivity after reducing the PRF, increasing the
color gain, or even using the function power Doppler). An
indirect sign quite characteristic is the presence of a down-
stream indirect flow at low speed, which is characterized by
the need to reduce the PRF or having to use the power
Doppler for proper viewing. The display of an indirect flow
downstream of the disease is also an index of the presence of
collateral circulation and therefore of capacity of hemody-
namic compensation, but this can only occur in case of
thrombosis where the underlying atherosclerotic disease had
made possible the establishment of collateral circulation dur-
ing time. Sometimes is possible to see the collateral circula-
tion upstream of the obstruction and circles back to the
valley, whose flows are hyperdynamic (high-speed Doppler
aliasing) and can be mistaken for stenosis.

The Doppler spectral analysis provides information on
the type of flow inside the vessel. Direct sign of thromboem-
bolic occlusion is the lack of flow within the vessel lumen
(also in this case, the use of Doppler gain may be useful to
increase the sensitivity of the procedure, especially in the
case of pathological arteries). Upstream of the occlusion, the
Doppler signal is often physiological, preserving the typical
triphasic morphology. As flow analysis gets closer to the
occlusion, the Doppler signal acquires the characteristic
findings due to the obstacle encountered by the flow. Typical
is the monophasic or biphasic “stump” signal (Fig. 16.3a) in
which the lack of antegrade flow during diastole expresses
the effective difficulty of unloading that the flow meets
immediately upstream occlusion. This sign can however be
absent in case of abundant collateral circulation, as in the
case of thrombosis on pathological artery; in fact a well-
developed collateral circulation can ensure a discharge suf-
ficient to render the Doppler signal almost normal (as in the
case of complete occlusion of the superficial femoral artery
with deep femoral artery disease-free and able to ensure the
metabolic demand of the periphery).

Other signs of downstream occlusion are the progressive
reduction of the PSV (peak systolic velocity) that expresses
the difficulty of unloading flow and the prolongation of the
systolic descent of the signal that is due to the reflection of
the pressure wave immediately upstream of the obstacle.

The situation downstream of the occlusive disease is
always dependent on the timing and type of disease. In
acute occlusion, as in the case of embolic occlusion, the
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hemodynamic status downstream is often characterized by
the absence of flow, contrary to what happens in the case of
thrombotic disease, in which, thanks to the development of
collateral circulation, we will have downstream to the
occlusion a reentrant indirect flowmetry (monophasic, with
reduced PSV and with significant prolongation of systole)
with low resistance patterns typical of low amplitude (par-
vus) and a slowing of systolic rise time (tardus) of spectrum
analytical wave (Fig. 16.3c).

Second-Level Noninvasive Diagnostic
Examination: CT Angiography and MR
Angiography

Both CT angiography and MR angiography (MRA) allow an
accurate analysis of the location, extent, and grading of
steno-obstructive disease with high overall sensitivity and
specificity [35]. CT angiography has a sensitivity of 92 %
and a specificity of 93 %, while the MRA with 3D technique
has a sensitivity between 75 and 100% and a specificity
between 85 and 100 % [36-38].

Images acquired by CT and MR angiography may be post-
processed, offering a two-/three-dimensional reconstructions
using VR (volume rendering), MIPs (maximum intensity pro-
jections), and MPR (multiplanar reconstruction) algorithms,
which offer an overview of the disease and a documentation
of synthesis (Fig. 16.4). Undoubted advantages of CT angiog-
raphy are linked to the higher spatial resolution and to the
higher speed of acquisition, plus the ability to display also the
arterial wall. In contrast, CT angiography has disadvantages
associated with the use of ionizing radiation, to the nephro-
toxicity of iodinated contrast media and to the difficult analy-
sis of small and calcified vessels. In fact, the most important
limitation of CT angiography is in fact determined by the
“blooming artifact,” which affects the evaluation of the lumen
of diffusely calcified vessels and increases with the reduction
of the caliber of the vessels in question (in particular at the
level of below-the-knee vessels).

The disadvantages of MRA include reduced availability
and higher costs compared with CT angiography, the largest
number of artifacts, and the inability to perform the investi-
gation in claustrophobic patients or in patients with contrain-
dications to exposure to the magnetic field [39, 40].

In general, CT angiography and MRA offer significant
advantages compared to angiography in terms of preliminary
treatment planning, less invasiveness, and a more precise
assessment of the actual length of the segments affected by
vascular occlusive disease due to improved visualization of
collateral circulation and to the good visualization of the
arteries of the foot, often obtainable in a comparable manner
only with a selective catheterization during angiography.
Furthermore, the multiplanar reconstruction allows a more
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Fig. 16.4 CT angiography: overview of thrombotic occlusion of the
femoropopliteal arterial segment

precise grading of eccentric stenotic lesions that in some
cases are underestimated by angiography [41, 42].

In the case of acute occlusive disease with thrombotic etiol-
ogy (i.e., thrombosis on plaque or bypass thrombosis), these
methods are efficient for the detection of location, extension,
and type of lesion and for the visualization of any collateral
circulation or vessel upstream and downstream the lesion.
CT angiography has become a determinant gold standard in
the polytrauma patient, where very often the acute ischemic
lesions may overlap with musculoskeletal limb lesions, with
respect to which the vascular “timing” is predominant.

In conclusion, CT angiography and MRA are currently
reliable and complementary methods in the evaluation of
patients with acute occlusive disease. The availability and
accessibility of these methods, as well as the organization of
dedicated staff, are essential requirements for the manage-
ment of vascular disease (see also section “Summary of
Diagnostic Algorithm for Acute Leg Ischemia™).
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Invasive Instrumental Diagnostics

In addition to medical history and physical examination,
angiography has been considered the only diagnostic
method to assess arterial disease including ALI for a long
time. However, the role of angiography has profoundly
changed in recent years, and the reasons are related to the
evolution of both diagnostic and therapeutic approaches to
ALL The etiology of the disease has changed, and the treat-
ment has evolved from embolectomy under local anesthe-
sia to the current hybrid revascularization procedures that
include the use of surgical and endovascular techniques
[43]. Then there has been a considerable development of
noninvasive diagnostic methods, which are useful to con-
firm the clinical diagnosis.

As aresult, the use of angiography as pure diagnostic tool
has diminished. It is still practiced occasionally as a diagnos-
tic test in cases of clinical signs not well defined and with not
diriment hemodynamic tests, being able to document accu-
rately the type and the level of the occlusion and the eventual
coexistence and extension of parietal lesions and to ensure
an appropriate treatment planning.

Actually the development of less-invasive imaging meth-
ods has questioned the role of arteriography in the preopera-
tive diagnosis; currently it is no longer the gold standard in
diagnosis of acute arterial disease. Actually angiography has
a more defined role as part of endovascular treatment of ALI
that now is considered more and more as therapeutic option
complementary, supplementary, or alternative to the conven-
tional surgical technique.

Angiography may still offer detailed and accurate informa-
tion regarding the etiology, the location of the obstruction, and
the extent of the insult that has caused ALI and may allow a
catheter-based treatment in some patients. On the other hand,
angiography has to be considered as an invasive diagnostic test
that exposes patient both to radiation, to potentially nephro-
toxic contrast medium, and to the risk of post-procedural
access complications. Nevertheless it is quite time consuming
and often related to the availability of a radiology staff.

Different angiographic pictures may be very useful in the
discrimination of etiology (emboli or thrombus): embolus
may appear as squashing of contrastive material just above
the blocked place (“abrupt interruption’), with identification
of a crescent-shaped occlusion (meniscus sign) in an other-
wise normal artery (Fig. 16.5a); in case of acute thrombosis
on plaque, the break of contrastive material in the shape of
diagonal cloth line shape may be evident, and a typical col-
lateral arterial circulation is present (Fig. 16.5b), as well as
atherosclerotic signs in other arterial segments. The location
of the occlusion may also be helpful, with emboli tending to
lodge in areas of bifurcations. However, this distinction can
be less clear in case of clot propagation, which may occur
both after an embolic and a thrombotic event.
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Fig.16.5 (a) Typical
angiographic picture of
embolic acute limb ischemia.
(b) Angiographic aspect of
acute thrombosis on chronic
atherosclerotic plaque. To
note differences on clot line
shape and collateral arterial
circulation, see text

Nowadays intraoperative arteriography may have a role
during arterial thromboembolectomy as a guide for exten-
sion of the procedure to ensure complete clearance of the
arterial tree and distal patency and for the evaluation of
immediate results after surgical treatment [44]. When intra-
operative arteriography shows inadequate clearance of the
distal tree, further attempts to remove the distal clot should
be undertaken. Moreover, in patients with preexisting arte-
riosclerotic disease, angiography provides objective infor-
mation about the collateral circulation and outflow. In such
cases further treatments may be evaluated as possible or
required (i.e., “on-table” fibrinolysis, transluminal angio-
plasty, or bypass surgery).

It is still a matter of debate if intraoperative angiography
should be routinely performed in all cases or only in selected
cases, depending on operative findings, when the surgeon
suspects an incomplete revascularization after clot removal.

Summary of Diagnostic Algorithm for Acute
Leg Ischemia

Prompt recognition of signs and symptoms of ALI is clearly
the key point for the management of ALI (Fig. 16.6). The
morbidity and mortality of this acute event are deeply related
to the overall medical condition of the patients, to the sever-
ity of ischemia at presentation, and to the promptness of
diagnosis and management.

Physical examination should be focused on the presence
of one or more of the “six Ps” (pain, pallor, paralysis, pares-
thesia, pulselessness, poikilothermia). At the same time, the
history of the status of lower limb before the acute event
should be collected, since it can reveal important clinical
clues about the etiology of the current event. Patients with a
clear source of emboli and with no history of intermittent
claudication or previous vascular intervention and with
normal contralateral limb are probably suffering from embo-
lization; patients with history of PAD, claudication, or previ-
ous vascular intervention, with contralateral limb suggestive
of PAD, and with no identifiable source of emboli are prob-
ably suffering from thrombosis.

At the time of presentation, ALI patients should also be
evaluated for general condition, since acute myocardial
infarction, heart failure, and arrhythmias may occur simulta-
neously. In such cases stabilization of hemodynamics,
replenishment of circulating volume, and an adequate urine
output are mandatory before any further investigation. In the
meantime, heparinization of patients with ALI is a well-
established recommendation to limit proximal and distal
propagation of thrombus (at least 10,000 UI of intravenous
heparin to achieve immediate and complete anticoagulation).
A patient with a history of heparin-induced thrombosis or
with associated injuries is not a candidate for systemic
heparinization.

When hemodynamics has been stabilized, and adequate
clinical examination of the limb is completed, a duplex ultra-
sound examination should be rapidly performed to obtain
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Physical examination of the affected limb, recognition of one or more of the “six Ps”,
(pain, paresthesia, paralysis, pallor, pulselessness and poikilothermia)

History of the status of the limb
before the event
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Examination of the contralateral
limb
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Fig.16.6 Diagnostic algorithm for acute limb ischemia

details regarding the level of the occlusion and the patency of
distal vessels. Other important findings at duplex ultrasound
examination are the echogenicity of the thrombus (which can
reveal data about the onset of the disease) and the quality of
vessel walls (which can suggest an etiology of acute-on-
chronic atherosclerotic disease). DUS examination is not
time consuming in experienced hands, and it is recommend-
able as first-line diagnostic strategy for any kind of ALIL

While any further loss of time should be avoided for
immediately threatened ALI (class IIb), in case of margin-
ally threatened (class Ila) or viable (class I) ALI, a second-
level instrumental examination as CT and RM angiography
may have a role, especially when findings at DUS are not
diriment. CT angiography offers a higher spatial resolution
of vascular lesions with two-/three-dimensional reconstruc-
tions (VR, MIPs, and MPR algorithms) for an overview of
the disease and a documentation of synthesis but has disad-
vantages associated with the use of ionizing radiation (neph-
rotoxicity). MR angiography has similar advantages but is
not easily available because of costs and may be affected by
several artifacts, although being not appropriate in claustro-
phobic patients.

Intervention

Finally angiography, which has been considered the gold
standard for ALI diagnosis for decades, has now a limited
role as diagnostic test, mainly in cases of clinical signs not
well defined and with not diriment hemodynamic tests.
Nowadays arteriography has a limited role as preoperative
test, while it has an expanding role as intraoperative test
during surgical, endovascular, or hybrid procedure.
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Introduction

Since the advent of multi-detector CT scanners, much prog-
ress has been made in the evaluation of peripheral arterial
disease. Spiral CT was introduced in the early 1990s provid-
ing basic assessment of vasculature during contrast injection
studies. However, it was multichannel CT that provided the
resolution required to confidently elucidate vascular disease.
Multi-slice CT emerged in the late 1990s and allowed for
better volume coverage with shorter scan times, as multiple
slices could be captured during one gantry rotation with
decreased gantry rotation time. Overlapping image slices
during reconstruction add to the improved longitudinal reso-
lution, and post-processing techniques using submillimeter
slices allow for superior two and three-dimensional render-
ing (Fig. 17.1). Table 17.1 provides a list of key terms to
better understand the literature.

In a meta-analysis published in JAMA in 2009, 20 diag-
nostic cohort studies analyzed with 957 patients predomi-
nately presenting with intermittent claudication (68 %)
showed that the overall sensitivity for CTA detecting more
than 50 % stenosis or occlusion was 95 % (95 % CI, 92-97 %)
and specificity was 96% (95 % CI, 93-97 %), when com-
pared to intra-arterial DSA [1] (Fig. 17.2). Understaging
(underestimation of disease severity) occurred in 9 % of seg-
ments and overstaging (a significant stenosis was diagnosed
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by CTA as an occlusion) occurred in 4% of segments.
However, this meta-analysis only included one study with
critical limb ischemia (CLI) patients, identifying the need
for further evaluation in this population. In addition to lesion
severity, CTA is also highly accurate in identifying length
and number of lesions [2], as are required for correct treat-
ment decisions per TASC guidelines, making CTA a valu-
able tool for therapeutic planning. More recent data with 64
slice CT scanning echoes previous studies, with 98 % accu-
racy for CT angiography detecting greater than 70 % steno-
sis, in a prospective cohort of 212 symptomatic PAD patients
(acute CLI excluded) [3] (Fig. 17.3). It further suggested that
results could be used to effectively guide clinical manage-
ment, as therapy recommendations based on CT angio-
graphic findings alone were identical to those based on DSA
findings in all but one patient. Similar results can be found in
a cohort of 41 patients with critical limb ischemia and severe
claudication [4], making CTA a useful tool in treatment
planning.

CT Angiogram: Protocol Basics

Typical CT angiography scanning protocols include a digital
radiograph called the “scout image,” a non-enhanced scan, a
test bolus or bolus triggering, the contrast-enhanced CT
angiogram, and an optional delayed-phase acquisition to
capture late opacification of distal vessels. The delayed-
phase acquisition may be necessary in conditions of slow
moving contrast, due to severe vascular disease, low cardiac
output states, or significant aneurysms. Popliteal artery aneu-
rysms can be well visualized by CTA (Fig. 17.4).

Patients are positioned supine, arms overhead to reduce
contributing artifact, and legs close together with slight
internal rotation of the feet. Proper positioning is important.
For example, plantar extension of the foot can cause com-
pression of the popliteal artery by the gastrocnemius muscle
in popliteal artery entrapment syndrome and can be misinter-
preted as atherosclerotic steno-occlusive disease. Only a
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Fig.17.1 A 67-year-old male who presented, with LLE ischemic pain,
found to have left popliteal artery occlusion, and seen in a—f. (a)
Zoomed 3D VR with transparent bone for visual landmarks. (b) MIP,
posterior view, with abrupt interruption of luminal enhancement at the
L popliteal artery (arrow). (¢) 3D full MIP showing L popliteal occlu-
sion (white arrow) with faint distal reconstitution of the peroneal artery

single breath-hold is necessary (during abdominal acquisi-
tions), and scan times can be as short as 15-40 s. The entire
study can involve less than 15 min of room time, making

S.Rao et al.

(green arrow) due to collateral flow. (d) 3D VR with transparent bone
to better appreciate the vascular anatomy in relation to adjacent bony
structures. (e) Sagittal MIP with contrast proximal to occlusion high-
lighted (arrow). (f) Axial image showing R popliteal artery with normal
enhancement (green arrow) as compared to diseased L popliteal artery
(white arrow)

CTA useful when rapid assessment of critical limb ischemia
is required, as opposed to more time-consuming modalities
such as ultrasound or MRI. Table 17.2 contains a CTA runoff
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Table 17.1 Key terms

Pitch Table feed per rotation in a spiral scan divided by the
total width of the collimated beam. Pitch, p<1 signifies
data acquisition with overlap in the longitudinal

direction

Gantry
rotation

The gantry is the spherical portion of the CT that
houses the X-ray tube and the detector. One gantry
rotation is one 360-degree rotation around the patient
over a period of time

Voxel Each CT image has a defined thickness. The smallest
distinguishable matrix in a CT image is known as

voxel, which is a pixel with a defined thickness

Attenuation | The loss of X-ray beam strength as it passes through
an object. Usually highly attenuating structures are
denser, making it harder for X-rays to pass through,
allowing for stronger reflection and brighter

appearance on CT imaging

Dual-source | Makes use of two X-ray and detector sources

CT perpendicular to each other. This increases temporal
resolution, reduces radiation, and increases the speed
of image acquisition

Kernels Post-processing filter or algorithm applied to the raw
CT images to specifically select for desired structures.
For example, a “sharper” kernel will increase the
image contrast but will also introduce more noise

Hounsfield | A unit of measurement to quantify radiodensity. A

Unit more radiopaque structure has a higher value. A HU
of 0 is calibrated to the radiodensity of distilled water
at standard pressure and temperature (STP)

Detector The area across from the X-ray beam within the

rows gantry. It receives the X-ray beam after it passes

through an object. Multiple detector rows allow the
acquisition of images from slightly different angles
resulting in greater volume coverage and scan speed

Fig.17.2 A 65-year-old male
with known peripheral arterial
disease, with a history of
acute-on-chronic left lower
extremity claudication, found
to have stenosis of the right
superficial femoral artery. (a)
Magnified CTA-MIP showing
severe stenosis of SFA
mid-thigh with atherosclerotic
plaque along its course. (b)
DSA showing the same SFA
stenosis
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protocol utilized at Loyola University Medical Center,
adopted from D. Fleischmann at Stanford University.

Basic Principles of Image Acquisition

The scout image is typically a coronal topogram from below
the diaphragm (to include the renal arteries) to the tip of the
feet, roughly 130 cm. Contrast is injected through an estab-
lished peripheral IV typically no smaller than 20G. The
amount of time needed for contrast to appear in the abdomi-
nal aorta, the contrast transit time, can be accounted for via
test bolus or bolus-triggering protocols. This is important as
it determines when to start image acquisition. For bolus trig-
gering, a region of interest is identified in the abdominal
aorta typically at a level above the renal arteries, and an
attenuation threshold is set (e.g., 130 HU). The scan is started
when a desired attenuating threshold is met. A test bolus
(typically 20 cc) can allow for correct timing of scan initia-
tion; however, table speed and overall scan times should be
carefully selected as to not allow image acquisition to “out-
run” the contrast. Low flow states, such as with cardiomy-
opathy, and severe atherosclerotic disease should be
accounted for. Additionally, aortic aneurysms can have tur-
bulent blood flow with dilution of contrast media and cause
delay in transit. Another approach is to calculate aortic and
popliteal transit times via the use of two test boluses. Of note,
prolonged scan times may also result in venous opacification,
which can be adjusted for in post-processing. Contrast flow
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Fig.17.3 A 65-year-old male
with HTN, DM, HLD
presenting with LLE
claudication and L common
iliac stenosis. (a) CTA-MIP
showing calcified plaque
causing high-grade stenosis at
the origin of L common iliac
artery (inferior arrow). Also,
note the presence of mural
thrombus with calcification
(superior arrow) in the distal
abdominal aorta just above
the bifurcation. (b) DSA
demonstrating the same
severe L common iliac
stenosis (arrow)

Fig.17.4 A 58-year-old
heavy smoker, who presents
with LLE pain, found to have
a popliteal aneurysm
containing thrombus. (a) Full
MIP showing bilateral
fem-pop circulation with L
popliteal aneurysm (starred).
(b) MPR-left sagittal view of
popliteal aneurysm with
thrombus. (¢) MPR-axial
images of the left popliteal
aneurysm. Note the normal
right popliteal artery for
comparison in axial view.
Arrows in b and c outline the
aneurysm containing
thrombus

S.Raoetal.
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Table 17.2 Scanning protocol; adapted from D. Fleischmann, Stanford University Medical Center

Lower extremity runoff, Siemens S 64

Topogram 1500 mm AP; feet first, arms up; feet still and relaxed; support with cushions/tape
Range 1+2 Bolus tracking, ROI in the abdominal aorta at the level of the celiac artery
Range 3 Runoff: from above the celiac trunk (D12 vertebral body) through the toes 120 kV/Care dose 4D w. 250 ref-mAs (voltage weight
adjusted)
64 x0.6 mm, 0.5 s gantry rotation
40 s scan time (will result in a pitch <1)
Set scan range first and then change scan time to 40 s
Range 4 Runoff: Preprogrammed optional second CTA acquisition to cover popliteal and crural territories. This range is only initiated

if there is no contrast medium opacification seen in the popliteal/crural vascular territories

Breath-hold

At inspiration

Scan direction

Cranio-caudal

Injection 20-22G IV line, Isovue (iopamidol) 370
Protocol Bolus tracking with ROI in the abdominal aorta (beginning of scan range)

Minimum delay (3 s including automated breath-hold command)

Use biphasic injection protocol with 35 s injection duration

Injection rates and volumes (adjusted to patient size)

Weight (kg) Voll (mL) Flow1 (mL/s) Vol2 (mL) Flow2 (mL/s)
XS <55 20 4 96 32
S <65 23 4.5 108 3.6
Avg 75 25 5 120 4
L >85 28 55 132 44
XL >95 30 6 144 4.8

Saline flush: 40 mL volume, flow rate equal to “Flow2”

Reconstruction (STh/RI)

Range 3 2/1.0, B25f (patients w. Fontaine IIb)
1/0.7, B25f (patients w. Fontaine IT1I/IV)
5/5, B31f Abd/Pel only

Range 4 1/0.7, B25¢f

rate and volume can be adjusted for body weight/size and
delivered via a power injector. Typical flow rates are between
3 and 6 mL/s of iodinated contrast media, resulting in
approximately 1.5 g of iodine per second depending on
media concentration selected and total contrast volume
around 130 mL. Biphasic injections are often used to provide
steady delivery over time.

Radiation Exposure

Tube voltage, collimation, and pitch can be adjusted to
reduce radiation exposure and maintain adequate resolution,
with lower voltage for patients with lower BMI. Protocols
have been developed lowering the tube voltage from com-
monly used 120-80 kVp, showing significant reductions in
radiation exposure [5]. Using a 64 channel multi-detector
CT, Iezzi et al. demonstrated a weighted CT dose index of
12.96 mGy for their 120-kVp moderate noise reduction pro-
tocol, 6.34 mGy for their 80-kVp moderate noise reduction
protocol, and 5.89 mGy for their 80-kVp high noise reduction
protocol, with an effective calculated dose of 29.32, 14.64,
and 11.43 mSy, respectively. These protocols combined with

a high iodine concentration media allowed for significant
radiation reduction, up to 61 %, without sacrificing image
quality. Low radiation doses and good diagnostic perfor-
mance have also recently been demonstrated with 128 slice
dual-source CT using 80 kVp with high pitch [6]. For a point
of reference, a chest X-ray gives aradiation dose of 0.01 mSv,
and annual background radiation is 3.0 mSv [1]. Preserving
scan quality with decreasing radiation remains an active area
of research.

Post-processing Techniques

Post-processing techniques have dramatically advanced our
ability to detect steno-occlusive disease, aiding in identifica-
tion of lesion severity, length, and number along the course
of any given vessel. Stacks of two-dimensional axial slices
can be assimilated into three-dimensional volumetric data
sets. From these data sets, maximum intensity projections
(MIPs), multiplanar reformatted (MPR) images, curved mul-
tiplanar (CPR) images, and volume-rendered images can be
created to aid in pathological analysis (Fig. 17.5). A maxi-
mal intensity projection (MIP) provides a layout that most
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Fig.17.5 A 50-year-old female with known PAD and RLE claudica-
tion, found to have severe right SFA stenosis with collateralization.
(a) and (b) show VR images with transparent bone and bone removed,
respectively, that help visualize the vasculature in relation to adjacent
structures. (¢) Coronal CPR of R SFA highlighting atherosclerotic

closely resembles an invasive angiogram and is very useful
in providing a road map view of the course of peripheral ves-
sels. MIPs are created by displaying the brightest voxel in
every ray or line of sight. This ensures that high attenuation
structures such as contrast-filled vessels and calcification/
bone are prominently displayed. The bone is typically
removed by automated or semiautomated programs, leaving
the arterial tree. One should be aware that this can be a source
of artifact (editing misregistration, Fig. 17.6). MIPs however
do not provide adequate depth information and can pose a
problem defining relationships to anatomic structures.
Volume-rendered images however provide color and three-

disease (arrow). (d) MIP showing diseased R SFA (white arrows) and
well-developed collateralization via the deep femoral artery (yellow
arrows). (e¢) VR with transparent bone showing extent of vasculature
to pedal arteries (arrow)

dimensional displays of the vasculature in relation to organs
and bone, which can additionally be edited. The MIP and VR
image alone is not sufficient for evaluating vessel stenosis in
the presence of dense calcifications or stents, because the
brightness of these elements can obscure interpretation of
the vessel lumen. Thin-slab MIPs and multiplanar reforma-
tions allow better visualization of steno-occlusive disease in
the presence of calcifications and stents (Fig. 17.7). The
most basic MPRs are transverse cuts such as sagittal and
coronal images. However, because peripheral vessels can be
tortuous, they may cut in and out of the MPR plane, thus
allowing only short segments of the vessel of interest to be
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Fig. 17.6 Editing artifact secondary to bone removal misregistration,
leading to inadvertent removal of adjacent vasculature (arrows)

viewed. In this case, the vessel path can be traced along its
center line using multiple MPR (coronal, sagittal, oblique)
and axial images to create a curved planar reformatted image
(CPR) which can delineate an entire vessel’s course, in one
image. CPR images are essential in evaluating eccentric
lesions, since multiple cross-sectional views are obtained to
adequately visualize the vessel lumen and construct the CPR
image. MPR/CPR slices can be thickened as needed for full
vessel view.

Imaging Artifacts

With calcifications, endovascular stents and automated
image processing, certain artifacts, and misrepresentations
may arise, which are summarized in Table 17.3. In the set-
ting of a narrow viewing window, calcifications or stent
struts can display overly bright and appear artificially larger
in size giving the appearance of more severe steno-occlusive
disease and thus overestimation of disease severity. This is
known as blooming artifact (Fig. 17.8). Window level/width
should be increased for better grayscale differentiation to
diminish brightness of calcification/stents and allow visual-
ization of vessel lumen when possible. Editing artifacts,
perhaps during automated bone removal, may lead to false
vessel narrowing or occlusion if part of the vessel is misreg-
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istered and removed as the bone. Alternatively, misregistra-
tion can cause part of the bone to be left in mimicking
pathological disease. Stents can also provide streak artifacts
known as beam hardening. Multiple view MPR and CPR
images are paramount for further analysis. However, inac-
curately drawn center lines when constructing CPR images
can overestimate steno-occlusive disease.

CTA Evaluation of Vascular Stents

Stent evaluation has made progress in the era of 64 slice
multi-detector CT scanning with improved resolution and
image reconstruction. Despite this, there are still challenges,
such as metallic (gold) markers at bilateral stent edges pro-
viding artifact that can hinder interpretation [7]. When stents
are overlapped, the artifact can extend to the stent body. In a
study using 64 slice MDCT to evaluate 41 patients with a
total of 81 stents, Li et al. found that 19 stents (23.5 %) had
uninterpretable segments due to artifact. Protocol parameters
included collimation width 64 mm x0.6 mm, pitch 1.1, rota-
tion time 0.33 s, table speed 63 mm/s, tube voltage 120 kV,
and tube current 250 mAs. They determined that specificity
remained high despite sensitivity being somewhat lower due
to un-evaluable stents and concluded that overall accuracy
for detecting in-stent stenosis was still acceptably good [7].
Multiple cross-sectional views using multiplanar reformat-
ted images should be used for stent lumen evaluation.
Furthermore, contrast enhancement of distal runoff vessels
alone was found not to be a reliable indicator of stent patency,
due to the presence of collateral vessels. Collateralization
can be well appreciated by CT angiography (Fig. 17.9).

In order to evaluate stent restenosis, not only must one
visualize the lack of contrast within the lumen in a sagittal or
coronal section but also look at specific axial sections to truly
evaluate stent patency. Manipulation of raw CTA is needed
to help enhance spatial resolution. Spatial resolution can be
improved by decreasing slice thickness and by manipulating
reconstruction kernels or filters.

Kohler et al. used dual-source CT (DSCT) to evaluate
stent characteristics by analyzing lumen diameter, intralumi-
nal density, and noise of 22 peripheral stents in a vessel
phantom [8]. The vessel phantoms that were used were made
of plastic tubes of different diameters filled with contrast
material and then submersed in vegetable oil diluted to
250 HU and then in a larger plastic container, which was
then diluted to —70 HU to simulate perivascular fat. Each of
the 22 stents of different luminal size and length then under-
went DSCT with four different types of image acquisitions
that were obtained by different reconstruction kernels. It was
found that visualized stent lumen diameter varied depending
on the type of stents. Visibility of the lumen diameter could
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Fig.17.7 A 64-year-old female
with history of PAD status-post
RLE bypass, presenting with LE
ischemic pain found to have left
common iliac stent stenosis. (a)
DSA with selective engagement of
the L iliac artery showing in-stent
stenosis. (b) CTA-MIP reveals
in-stent stenosis (arrows). (c)
Sagittal CPR and (d) coronal CPR
are used to delineate vessel course
along with stenotic disease
(arrows)

Left lliac

Table 17.3 Common artifacts [13]

Beam hardening Artificial darkening of the center of an object compared to its edges. This happens secondary to the polychromatic
nature of the X-ray beam with different attenuation rates as it passes through an object
Blooming This artifact is caused by the CT software’s averaging of signal intensity from a given imaging region. This is common

to see in images with high-attenuating structures adjacent to low attenuating structures. For example, vessel stenosis
severity may be overestimated secondary to blooming from adjacent calcified plaque

Streaking Dark streaks that appear between highly attenuating structures. It can be reduced by increasing the kV of the
X-ray, with risk of compromising the contrast of the image
Cone beam artifact With MDCT, the X-ray beam is detected at an angle from the individual detector source. Thus if there is a high

contrast edge, it can lead to dark streaks on the image
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Left F@moral

Fig.17.8 (a) Cross-sectional image of a femoral stent shows streaking  Femoral stent in a and b, in curved planar reconstruction, providing
artifact (radial lines emanating from the center) and blooming artifact ~ visualization of the lumen throughout the vessel’s course. The green
(inappropriate radiodensity of stent struts leading to concealment of  line represents the constructed “center line.” Arrow approximates the
vessel lumen). (b) Blooming artifact reduced by manual changes in  half-way point of the femoral stent

window/level allows for the vessel lumen to be visualized (arrow). (c)

Fig.17.9 A 53-year-old
patient with history of . Thickness
bilateral lower extremity PAD | 5
status-post L fem-peroneal
bypass and multiple
peripheral stents, with
bilateral femoral stent
occlusion and patent LLE
bypass graft (green arrow)
and patent RLE collaterals.
(a) MPR image showing
bilateral stents that are
occluded (arrows). (b) 3D
MIP showing the patency of
LLE bypass graft (green
arrow) and RLE collateral
vessels (white arrow) which
provide adequate distal flow
in the setting of occluded
femoral stents
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Fig.17.10 An example of
the level of detail of the
infra-popliteal system that can
be achieved by CTA with
distal runoff and bolus
tracking

be increased with increasing the sharpness of reconstruction
kernel, whereas smoothening of the reconstruction kernel
resulted in more realistic intraluminal density measurement
with less intraluminal noise. It is important to note that while
assessing for stent restenosis, the CTA protocol may need to
be tailored based on the type of stent being evaluated [8].

Imaging of Infra-popliteal Vasculature

In patients with extensive arterial wall calcification or
atherosclerosis, imaging of infra-iliac and specifically infra-
popliteal arteries can be difficult due to slower flow of con-
trast through these areas and resulting CT image acquisition
“outrunning” the contrast. To compensate, a test run is done
from below the diaphragm to the toes. Next, the delay time
between the initiation of contrast administration and the ini-
tiation of scanning for optimal intraluminal contrast enhance-
ment is calculated. Those with poor cardiac output or slow

S.Raoetal.

distal runoffs can undergo delayed imaging, for example,
90 s delay from contrast initiation. This technique is not
always necessary and should only be employed when the
poor enhancement of the distal arteries is noticed after the
initial scan (Fig. 17.10).

Digital Subtraction Angiography (DSA)
and CTA

Although DSA is used as a reference standard against which
noninvasive imaging is compared, it has downsides as well,
one limitation being two-dimensional imaging of a three-
dimensional structure. The severity of an occlusion may be
over- or underestimated depending on the angle from which
the vessel’s image is acquired [9]. In a study comparing
pre-amputation angiogram vs. post-amputation pathology,
DSA tended to underestimate the severity of stenosis, plaque
concentricity, and grading of calcification even in normal-
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Fig. 17.11 A 68-year-old female with CAD status-post CABG, ESRD,
DM who underwent fem-fem bypass grafting after DSA revealed occluded
L iliac artery. (a) 3D VR shows severe steno-occlusive disease of the left
iliac artery (superior arrows depict L and R external iliac arteries, inferior

appearing vessels [10]. Another drawback is DSA’s need for
good contrast timing for visualization of the vasculature in
satisfactory detail. This task may be difficult in assessing
different bypass grafts given complex anatomy leading to
poor contrast timing and suboptimal vessel opacification
(Fig. 17.11). Compared with conventional DSA, the sensitivity
and specificity of multi-detector row CT (MDCT)

arrow depicts bypass graft). (b) CPR showing patency of the fem-fem
bypass graft. (¢) 3D full MIP again showing calcified atherosclerotic
disease burden with patent fem-fem bypass graft (arrow). (d) DSA
performed pre-bypass grafting showing occlusion of the L iliac artery

angiography in the detection of significant stenosis, aneurys-
mal changes, and arteriovenous fistulas of arterial bypass
grafts were more than 95% [11] (Fig. 17.12). Advances in
MDCT and post-processing techniques make CT angiogra-
phy a valuable tool in the assessment of critical limb isch-
emia, acute and chronic [12].
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Fig.17.12 A 28-year-old
male with history significant
for a gunshot wound to his
RLE, status-post fem-
popliteal bypass, who
presents with LE pain. (a)
CTA-MIP showing femoral-
popliteal bypass (arrow) and
its distal touchdown site. (b)
DSA in comparison. Note the
similar angiographic findings

Acknowledgment Mr. Vasilios “Bill” Vasilopoulos, AA, AAS,
R.T.(R), 3D Technologist in Radiology at Loyola Medical Center
for post-processed images, annotated vascular anatomy, adjusted the
colors of the indicator arrows for homogeneity, and anonymized for
exporting.
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Introduction

Cardiovascular magnetic resonance imaging (CMR) is rou-
tinely used in the evaluation of a wide variety of cardiovascu-
lar diseases. CMR is a noninvasive imaging modality and is
widely regarded as the reference standard in the assessment
of cardiovascular morphology and function. A combination
of function, morphology, stress imaging for perfusion and
wall motion, and late gadolinium enhancement for infarct or
fibrosis imaging provides a comprehensive diagnostic evalu-
ation by CMR. Appropriate indications for CMR have been
published by the American College of Cardiology, Society of
Cardiovascular Magnetic Resonance, American College of
Radiology, and other relevant societies [1]. These include
evaluation of LV function in heart failure or after myocardial
infarction, determining viability prior to revascularization,
evaluation of specific cardiomyopathies (amyloid, sarcoid,
hypertrophic cardiomyopathy, arrhythmogenic right ventric-
ular cardiomyopathy, etc.), evaluation of myocarditis or myo-
cardial infarction with normal coronary arteries, pericardial
diseases, cardiac masses, and complex congenital heart dis-
ease. There is significant ongoing research and development
in CMR leading to new acquisition methods, image process-
ing and viewing tools, and novel applications. The high spa-
tial and temporal resolution of CMR has made it possible to
investigate myocardial tissue in more detail with imaging of
extracellular matrix and biologic processes at the cellular or
subcellular level (molecular imaging).
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Magnetic resonance angiography (MRA) of central
and peripheral arteries and veins with the use of gado-
linium contrast is a well-established method. Appropriate
indications for vascular imaging include pulmonary vein
imaging prior to radiofrequency ablation for atrial fibril-
lation, pulmonary artery imaging in congenital heart dis-
ease, evaluation for aortic dissection or aneurysm,
diagnosis of peripheral arterial disease (PAD), selecting
patients for endovascular intervention or surgical bypass
of lower extremity PAD, and post-revascularization sur-
veillance of lower extremity PAD [1-3]. ACC/AHA 2005
Practice Guidelines for the Management of Patients with
Peripheral Arterial Disease recommends that MRA of the
extremities should be performed with gadolinium
enhancement (class I recommendation); however, there is
significant ongoing development in the field of non-con-
trast MRA due to the cost and safety risk of gadolinium-
based contrast agents, which has shown initial promising
results (see below).

CMR of heart and blood vessels is performed on clinical
MRI scanners with some additional equipment. MRI scan-
ner is a large cylindrical structure that house a powerful
superconducting magnetic whose magnetic field strength is
measured in Tesla (T). Commercially available MRI scan-
ners suitable for CMR are 1.5 T or 3.0 T. Generally 3.0 T
scanner provides better spatial resolution and faster acqui-
sition speed compared to 1.5 T but may have more artifacts
related to the higher field strength. Due to the technical
requirements of CMR, the so-called open MRI machines
are not at present suitable for cardiovascular applications.
MRI images the hydrogen nuclei ("H protons) which are in
high concentration in the body. Radiofrequency signals
from the MRI scanner excite the 'H protons which leads to
image signal generation. Special surface coils are placed
over the area of interest to receive the generated signal.
Images are processed and displayed on dedicated work-
stations. A power injector is needed to inject contrast for
MRA and certain cardiac applications. A moving patient
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table is required to chase the contrast bolus after injection
for extremity imaging. MRI-compatible patient monitoring
system and infusion pump (for delivering drugs) is needed
for imaging critically ill patients.

CMR has several advantages in imaging of cardiovascular
system compared to other modalities. CMR provides high
spatial and temporal resolution and images can be acquired in
any tomographic plane without body habitus limitations.
There is no ionizing radiation which makes this modality
ideal for serial follow-up imaging particularly in younger
patients whose radiation-related risk may be higher due to
accumulated lifetime exposure. MRA is inherently three-
dimensional; hence, eccentric lesions or complex vascular
anatomy is better characterized to aid in procedural planning.
A variety of CMR methods are used for evaluating vascular
pathology. Black-blood imaging with T1-and T2-weighted
techniques is used for vessel wall imaging. Vascular blood
flow is evaluated by phase contrast imaging, and more
recently introduced time-resolved MRA allows direct visual-
ization of blood flow dynamics which is useful in the assess-
ment of shunts, dissections, and conduits. There are also
several specialized sequences used for non-contrast MRA
that are discussed below.

This chapter provides a concise overview of contrast-
enhanced and non-contrast MRA in patients with PAD. A
review of MRI contrast agents and MRA techniques is also
provided. For more information, readers are directed to arti-
cles referenced in bibliography and dedicated textbooks on
this subject.

MRI Contrast Agents

Image contrast refers to the relative difference in signal
intensity between two adjacent tissues and forms the basis
for visual perception to differentiate between the two tissues
in MRI. Contrast media is frequently used to enhance these
differences by modifying the amplitude of the signal gener-
ated by 'H protons [4]. Gadolinium, a lanthanide metal ele-
ment, is currently the most commonly used contrast agent in
clinical practice. In its free form, Gd* is highly toxic and
therefore must be complexed to a ligand or chelate before
intravenous (IV) administration [5]. The chelate encapsu-
lates the gadolinium, resulting in a thermodynamically stable
and biologically inert complex.

There are currently nine available gadolinium-based con-
trast agents (GBCAs) approved for clinical use by the FDA in
the United States. GBCAs can be further classified into cate-
gories based on their biodistribution, which is determined by
the chemical structure of the chelate. The two most clinically
relevant categories are the extracellular and intravascular/
blood pool contrast agents.

R.R.Fernando et al.

Extracellular Contrast Agents

The first approved GBCAs were extracellular contrast agents
(ECCAs). ECCAs distribute rapidly into both intravascular
and extracellular spaces. After IV injection, the water-soluble
contrast agent initially distributes into the intravascular
space. Peak intravascular enhancement occurs over a short
period, the arterial phase typically lasting less than 20 s in
duration, followed by rapid extravasation into the interstitial
space. This makes the timing of arrival of the contrast bolus
with image acquisition critical. Therefore, although extracel-
lular contrast agents are frequently used for MRA, they are
not the ideal agents for this because of their pharmacokinetic
profile.

Intravascular/Blood Pool Contrast Agents

Intravascular or blood pool contrast agents were specifically
designed to overcome this limitation of ECCAs through
deliberate confinement to the intravascular space. This was
achieved by modifying the size, charge, and molecular shape
of the ligand relative to the permeability of the capillary bed,
resulting in a longer plasma half-life with prolonged intra-
vascular enhancement on the order of tens of minutes as
compared to seconds with ECCAs [6]. Blood pool agents
therefore eliminate the need for bolus timing and allow for
the imaging of multiple vascular beds, both arterial and
venous phase imaging, and covering a larger anatomic area
without the need for reinjection. The commercially available
intravascular contrast agent is gadofosveset (Ablavar) which
is FDA approved for imaging of aortoiliac disease in adults.

Novel/Experimental Contrast Agents

Ferumoxytol = (Feraheme, @AMAG  Pharmaceuticals,
Cambridge, MA) is a ultrasmall paramagnetic iron oxide
nanoparticle which is FDA approved as an IV iron replace-
ment therapy for the treatment of iron deficiency anemia in
adult patients with chronic kidney disease (CKD). More
recently, ferumoxytol has been investigated for use as a con-
trast agent in MRI [7]. Ferumoxytol has a long half-life of
14—15 h and behaves as a blood pool agent, distributing only
in the intravascular compartment. Because ferumoxytol is
made of iron oxide particles, it carries no risk of nephrogenic
systemic fibrosis (NSF) as seen with GBCAs. Ferumoxytol
has been used off-label as a MRA blood pool agent, in the
imaging of the carotid arteries, thoracic and abdominal aorta,
renal arteries, and peripheral arteries and veins. The main
advantage is likely to be in patients with end-stage renal dis-
ease where GBCA use is contraindicated.



18 Magnetic Resonance Imaging in Acute and Chronic Limb Ischemia

Safety of Gadolinium-Based Contrast Agents

GBCAs are generally considered safe with an exceptionally
low incidence of adverse reactions occurring with a fre-
quency of 0.07-2.4 % [8]. The vast majority of reactions are
considered mild as defined by the American College of
Radiology (ACR). The largest assessment of GBCA safety
came in 2013 in 120 million administrations which reported
an incidence of severe reactions of only 0.003 % [9].

Nephrogenic Systemic Fibrosis (NSF)

NSF is a rare disorder characterized by fibrosis, most often
involving the skin. In its more severe form, NSF can result in
systemic fibrosis of the connective tissue, lungs, liver, and
heart leading to debilitating contractures, multi-organ dys-
function, and occasionally death [10]. Treatment options are
limited. In 2006, the link between GBCA exposure to this
rare but potentially fatal disease was recognized [11].

The incidence of NSF primarily varies with the degree of
renal insufficiency. It is estimated that patients with stage
4-5 CKD (eGFR <30 mL/min/1.73 m?) have a 1-7 % risk of
developing NSF after exposure to GBCAs [8]. There have
been no reported cases of NSF in patients with normal renal
function to date. Other identified risk factors include acute
kidney injury (AKI) accounting for 12-20 % of confirmed
NSF cases, high dose GBCA [12], and multiple GBCA
exposures [13].

Although the link between NSF and the exposure to
GBCAs in the setting of severe renal impairment is widely
recognized, the exact pathogenesis remains unknown. The
leading hypothesis relates to the dissociation of gadolinium
from its chelate due to prolonged elimination times in
patients with impaired renal function. This has been sup-
ported by the finding that the agents most associated with
NSF are the least thermodynamically stable contrast agent
[14]. The data for the intravascular contrast agent gadofosve-
set (Ablavar) is limited.

Based on the current level of understanding, there are sev-
eral measures that should be taken to minimize the risk of
NSF. First and foremost, a screening method should be insti-
tuted to identify those patients at risk for NSF prior to GBCA
exposure. Once a patient at risk is identified, alternative diag-
nostic testing should be considered. If there is no acceptable
alternative and the clinical indication is compelling enough,
a GBCA with a lower incidence of NSF should be used and
at the lowest possible dose necessary. The institution of such
simple precautions has already resulted in a profound reduc-
tion in the incidence of NSF with a near elimination of new
cases [15].
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Special Populations

Pregnancy

In animal models, GBCAs have been shown to cross the pla-
centa within minutes of IV administration and, when adminis-
tered at high and/or repeated doses, result in several adverse
effects including fetal growth retardation, fetal loss, and tera-
togenicity [16]. In the limited human studies, there have been
no known adverse human fetal effects after giving clinically
recommended doses of GBCAs during pregnancy [17].
However, given the findings in animal studies, all FDA-
approved gadolinium chelates are classified as “Pregnancy
Category C” and should only be used during pregnancy when
the benefits outweigh the potential fetal risks. In that event, a
GBCA considered low risk for the development of NSF should
be used and at the lowest possible dose necessary.

Breastfeeding

It has been shown that <0.04% of the maternal dose is
excreted into the breast milk in the first 24 h and estimated
that <1 % of the contrast medium is subsequently absorbed
from the infant’s gastrointestinal tract [18]. This would result
in an expected systemic dose absorbed by the infant of
<0.0004 % of the maternal dose, an amount far less than the
permissible dose in neonates [8]. Accordingly, the current
ACR position is that it is likely safe for a mother to continue
breastfeeding after receiving GBCAs. Ultimately, an
informed decision to abstain from breastfeeding should be
left up to the mother, although there is no benefit in doing so
beyond 24 h.

MRA Techniques
Contrast-Enhanced MRA (CE-MRA)

CE-MRA was first introduced in the early 1990s and repre-
sents the workhorse MR technique for imaging peripheral
vasculature. CE-MRA uses GBCA, which shortens the T1 of
spins in blood and is independent of flow pattern, direction,
or velocity [19]. Because the arterial phase of GBCA is only
20 s, the images are acquired rapidly by arterial first pass
imaging; however, newer blood pool gadolinium-based
agents are available for steady-state imaging as discussed
above.

CE-MRA Technique

Patient Preparation

MRA procedure must be explained to the patient in detail.
If a patient has rest pain or skin ulcerations, appropriate care
must be taken of the affected limb and analgesics provided if
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necessary. Patients must remain still during the scan, as
movement will affect image quality. A 1.5 T MRI machine
with high-performance gradient strength is adequate for
peripheral MRA. Incremental gains in study quality can be
obtained with higher gradient strengths, multichannel phased
array coil, and a 3 T scanner. Dedicated bilateral lower
extremity phased array coils are ideal for peripheral MRA
image quality. Additional body coils will often be placed
over the lower abdomen just above the extremity coil assem-
bly to image the abdominal aorta and iliofemoral vessels.
Patients are placed feet first with their arms by their sides and
are forewarned that the table will move during the study and
compression devices may be placed about the thighs to mini-
mize venous contamination [20]. Care must be taken not to
compress any regions especially the calves because this may
result in pseudo stenosis. For lower extremity MRA, a 20
gauge venous access must be obtained in either antecubital
fossa. Lower limb venous access is not recommended due to
significant venous contamination of the region of interest. A
multiphase MR-compatible injector pump is important in
attaining consistency in injection timing and flow rates [21].
Extension tubing flushed with normal saline is required to
reach the pump injector. Once a patient is appropriately posi-
tioned, large field of view localizers are obtained. In obese
patients and crossover bypass grafts, it is important to ensure
that relevant vascular anatomy is not excluded from the

Fig.18.1 Peripheral a
multi-station 3D contrast-
enhanced MRA. The sketches
show a longitudinal cross
section of a scanner. The
patient, with RF surface coils
on top, is firstly positioned with
the thorax in the isocenter of
the scanner (a). The coronal 3D
acquisition volume [three-
dimensional (3D) slab] is
positioned within the isocenter.
During the course of the
examination, the patient
platform, together with the
patient, is advanced stepwise
toward the feet (b—d). Given
the appropriate synchronization
between the contrast agent
bolus and the imaging time per
station, the contrast agent bolus
is followed along its path from
the aorta via the pelvis-leg
vessels to the feet. This also
allows vessels to be depicted
whose dimensions exceed the
size of a conventional FOV
(MRA in Fig. 18.2). From
Kramer H et al. Eur Radiol
2008; 18:1925-1936. Reprinted
with permission from Springer

Table Movement
«T———g

imaging volume. Rapid scout images in axial, coronal, and
sagittal orientations are obtained. These initial images are
useful to define the vascular territory to plan the eventual
MRA examination. Individual 3D volumes oriented in the
coronal plane are acquired sequentially in multiple stations
(abdomen, pelvis, legs, and calves) chasing a gadolinium-
based contrast agent as it flows down into the peripheral
vessels (Fig. 18.1). Subtraction of the post-contrast images
from the pre-contrast images is performed and the data is
transmitted to a 3D workstation.

MRA Acquisition

To maximize tissue contrast, the sequences are heavily T1
weighted, and acquisition is timed to the maximum intra-
vascular concentration of gadolinium. Typically a fast 3D
gradient echo sequence is used for imaging acquisition.
Images are acquired first without contrast (mask images) and
then same acquisition is repeated with contrast. Subtraction
of mask images from the contrast-enhanced images sup-
presses the background tissue signal. The major limitation
with this method is patient movement and breathing between
the mask and contrasted portions of the scan and different
table positions between stations, which may result in misreg-
istration artifacts. Image acquisition (both mask and actual
CE-MRA) must be obtained with breath holding, which
significantly improves image quality [22].
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In CE-MRA the synchronization of image acquisition to
intra-arterial GBCA concentration is extremely important,
and data acquisition must coincide with the arrival of the con-
trast in the vessel of interest. The GBCA dose volume is
small, and since the acquisition time for MRA is long, the
contrast bolus must encompass 40-60 % of the duration of
acquisition for optimum image contrast. Improper timing of
acquisition results in image artifacts that can be especially
problematic with bolus chase MRA of extremities, in which
multiple stations are acquired with one contrast bolus. On
average, the contrast material requires 24 s to reach the femo-
ral artery but only 5 more seconds to reach the popliteal artery
and additional 7 s to reach the ankle artery [23]. The rapid
transit of contrast makes it especially difficult for first pass
CE-MRA as table movement and imaging time needs to be
fast enough to keep up with the bolus transit. In recent years,
parallel imaging (SENSE, SMASH, GRAPPA) has emerged
as powerful method to decrease acquisition time without
degrading spatial resolution. In parallel imaging, data are
acquired simultaneously using multiple surface coils with dif-
ferent spatial sensitivities. The disadvantage of parallel imag-
ing is reduced signal to noise ratio (SNR) in proportion to the
acceleration factor. Due to intrinsically higher SNR, higher
acceleration factors can be achieved with 3 T MRI scanners.

We typically use 0.1-0.2 mmol/kg dose of intravenous
GBCA for CE-MRA at the infusion rate of 2 cc/s using a
power injector followed by a saline flush of 20 cc to ensure
that the contrast material does not pool within the tubing or
peripheral veins and is delivered to the central veins. Since
the time to peak arterial enhancement is dependent on mul-
tiple variables such as contrast injection volume and rate,
saline flush volume and rate and cardiac output, it is not pos-
sible to predict the scan delay reliably; a “test bolus method”
or “bolus-tracking method” should be used to assess the
peak-enhancement time.

* The test bolus method measures the time taken for a small
amount of contrast agent (1-2 mL) to travel from the injec-
tion site to the vessel of interest. After injection of 1-2 mL.
contrast, serial images of the target vessel are sequentially
acquired at the rate of 1 image/s for 40-60 s. Signal inten-
sity in the vessel is then graphically plotted against time
and the time to peak enhancement is calculated. However,
physiological changes in heart rate, cardiac output, and
depth of breath hold may vary between the test bolus and
the full bolus.

* Real time bolus-tracking method: With this method visu-
alizing contrast arrival in the vessel of interest triggers the
acquisition of CE-MRA. This technique is especially use-
ful for imaging vessels below the knees. Repetitive low
resolution, background suppressed 2D images are acquired
until contrast arrival and CE-MRA acquisition is triggered
manually or automatically.
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An important factor in achieving high diagnostic accu-
racy in peripheral MRA is the spatial resolution. Reliable
diagnosis of arterial stenosis in MRA requires at least
3 pixels to be present across the arterial lumen. In the lower
leg, this can be challenging, as the vessel diameters are
2-3 mm in this area. 3D computer workstations are used for
image post-processing and viewing. The post-processing
techniques used are multiplanar reformations (MPR),
curved MPR, maximum intensity projections (MIP), and
volume rendering (VR). MPR allows viewing anatomy in
all planes and the image resolution is improved if the acqui-
sition voxels are isotropic. Curved MPR allows reformation
along tortuous vessels. MIPs produce images comparable
to digital subtraction angiography and can provide a quick
preview of the peripheral vasculature, but diagnosis must
always be confirmed by looking at thin MPR images.
Volume-rendered images allow excellent display of sur-
face-rendered 3D images but are not useful for stenosis
quantitation.

Types of CE-MRA

First Pass CE-MRA

There are several types of first pass CE-MRA acquisitions
based on region of interest. Single-station MRA is used to
acquire a single field of view when the area of interest is lim-
ited such as the abdominal aorta, carotid arteries, and renal
arteries. Multi-station MRA is used to image the peripheral
vasculature from the abdominal aorta to the feet by acquiring
multiple overlapping fields of views. In multi-injection MRA,
contiguous overlapping stations are acquired with separate
injection of GBCA at each station but are limited by the total
volume of GBCA that can be administered and by the effects
of residual contrast in the blood pool from the previous injec-
tions. In moving table MRA, the entire region of interest is
acquired by moving the scanner table through the center of
the magnet in a stepwise fashion chasing a single contrast
bolus through multiple discrete stations (Figs. 18.1 and 18.2).
Typically three discrete stations are imaged in peripheral
MRA: aortic bifurcation and the iliac arteries, femoral arter-
ies, and the runoff vessels (Fig. 18.3). Image acquisition must
be fast enough to keep up with the arterial bolus. Failure to do
so will result in incomplete arterial opacification and venous
contamination that can further degrade image quality. The
sequential bolus chase acquisition images the lower leg region
last and is most likely to suffer from venous contamination.
The most common cause of venous contamination is timing
problems but may also occur as a result of inflammatory
hyperemia in cellulitis or spontaneous or iatrogenic formation
of arteriovenous shunts in patients with diabetes and prior
surgical or endovascular interventions. Faster acquisition
times decrease the likelihood of venous contamination.
Biphasic contrast administration with the initial rate of
1.5 mL/s followed by 0.5 mL/s prolongs the arterial phase.



Fig. 18.2 Contrast-enhanced peripheral MRA acquired with the
multi-station technique (a) compared with the “move during
scan“(MDS) technique (b), with which continuous data acquisition
takes place during patient table movement. The multi-station tech-
nique requires acquisition from several discrete, easy-to-overlap FOVs
(a), whereas the MDS technique delivers a large, seamless FOV. From
Kramer H et al. Eur Radiol 2008; 18:1925-1936. Reprinted with per-
mission from Springer

The latter phase equals tissue extraction and reduces venous
filling [24]. Venous compression techniques using blood
pressure cuffs inflated to 50-60 mmHg around the thigh or
calf have proven effective in reducing venous contamination
[20]. However, cuff compression should not be used in
patients with superficial vascular bypass grafts due to the risk
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of thrombosis. In patients with bypass grafts, hybrid protocols
in which the leg station is imaged first followed by abdomen
and thigh result in lesser venous contamination.

Steady-State MRA

Blood pool contrast agents allow us to image the peripheral
vasculature beyond the short arterial first-pass phase [25].
Because there is no time constraint, MRA with very high
spatial resolution can be achieved. Steady-state MRA
(SS-MRA) provides images of both arteries and veins, but
the excellent spatial resolution allows separation of arteries
and veins. Combined first-pass and SS-MRA approach of the
peripheral arteries improves results as compared to first-pass
imaging alone [26].

Time-Resolved MRA

Time-resolved MRA is based on rapid repeated acquisitions
of 3D images at the same location over time. Due to the
rapidity of image acquisition, there is no need for appropri-
ate contrast timing, and it provides both arterial and venous
phase information in a dynamic fashion. Time-resolved
acquisition techniques when used with parallel imaging can
efficiently improve temporal resolution but degrade spatial
resolution. Time-resolved MRA is more reliable than first-
pass MRA and digital subtraction MRA for the leg station,
especially in patients with arteriovenous malformations and
diabetics with small vessel disease.

Advantages of CE-MRA

CE-MRA is a noninvasive imaging technique that does not
require arterial access such as digital subtraction angiography.
Unlike CT angiography and DSA, CE-MRA does not expose
patients to the deleterious effects of ionizing radiation or iodin-
ated contrast agents. Since it is unobstructed by the bone and
has excellent tissue characterization, protocols can be tailored
to the tissue type and clinical question. Unlike ultrasound, MRI
has the unique ability to acquire images in numerous planes
without repositioning the patient and generate excellent three-
dimensional recreations of anatomic structures.

CE-MRA has >90 % sensitivity and specificity as com-
pared with DSA. Table 18.1 summarizes studies reporting
diagnostic accuracy of CE-MRA for the detection of
significant stenosis in patients with known or suspected PAD
[27]. CE-MRA performs similar to CT in the evaluation of
the aorta and renal arteries but is superior to CT in vessel
segments with extensive calcifications as calcium tends to
bloom on CT limiting lumen evaluation.

Disadvantages of CE-MR

CE-MRA conventionally has longer acquisition times com-
pared to CT. Although moving table ensures coverage from
the mid-abdomen to the foot, covering a large volume over
several vascular territories with sufficient intra-arterial
contrast without venous overlay can be difficult. Since MRA
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Fig.18.3 Peripheral
CE-MRA in a patient with
peripheral arterial disease.
Note: occlusion of the left
superficial femoral artery
(arrow). In this patient,
bolus-acquisition timing was
successful with resulting good
arterial contrast and no
venous overlay. From Nielsen
YW, et al. Acta Radiologica
2012;53:769—-77. Reprinted
with permission from Sage
Publications
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Station 1

has lower spatial resolution when compared to CT, evalu-
ating vessels with smaller diameters can be problematic.
Total examination times for CE-MRA is longer (average 35
vs 24 min for CT [28].

CE-MRA depends upon optimal timing of data acquisi-
tion relative to peak arterial enhancement. Early data acqui-
sition results in incomplete arterial opacification and may
cause a ringing artifact that mimics a dissection [29]. Delayed
acquisitions will have reduced signal to noise ratio and arti-
facts from venous and soft tissue enhancement that will
obscure the visualization of arteries [30]. Metallic clips and
intravascular stents can cause artifacts that may mimic steno-
sis on CE-MRA images but can be clarified by reviewing the
source images and patient’s clinical history (Fig. 18.4).
Prosthetic joint replacements can cause extensive signal loss
that cannot be resolved. Inappropriate positioning of the
acquisition slices may result in exclusion of the vessel of

Station 3

interest, in which case the acquisition must be repeated with
appropriate positioning. Vessel segments near the edge of
coils can appear to have stenosis due to decreased coil
sensitivity near the edges, which can be avoided by overlap-
ping slices between contiguous stations. Patient movement
between the unenhanced and enhanced images can result in
misregistration artifacts, when severe may require a repeat
study. It’s essential to review the source images in order to
confirm a finding seen on processed images.

Non-Contrast-Enhanced MRA (NC-MRA)

CE-MRA is considered the standard method of acquiring
MRA with high spatial resolution and accuracy. However, due
to safety issues with GBCA particularly the risk of NSF in
patients with advanced renal disease, there is increased interest
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Table 18.1 Diagnostic accuracy of contrast-enhanced magnetic reso-
nance angiography for the detection of significant stenosis in patients
with known or suspected peripheral arterial disease

Number Sensitivity Specificity
Study (year)? of patients (%) (%)
Rofsky et al. (1997) 15 97 96
Yamashita et al. (1998) 20 96 83
Ho et al. (1998) 28 93 98
Sueyoshi et al. (1999) 23 97 99
Meaney et al. (1999) 20 81-89° 91-95°
Winterer et al. (1999) 76 100 98
Ruehm et al. (2000) 61 91 97
Huber et al. (2000) 24 100 96
Ruehm et al. (2001) 11 91-94° 93-90P<
Loewe et al. (2002) 106 97 96
Goyen et al. (2002) 13 95¢ 95¢
Hentsch et al. (2003) 186 90+91¢ 90+97¢
Leiner et al. (2004) 23 86-90° 76-76°
Herborn et al. (2004) 51 92-93b¢ 89-88¢
Krause et al. (2005) 26 79 93
Leiner et al. (2005) 152 84 97
Janka et al. (2005) 25 94-91° 91-91°
Gjonnaess et al. (2006) 58 94 95
Fenchel et al. (2006) 34 95be 95be

From Dellegrottaglie S, Sanz J, Macaluso F, et al. Technology insight:
magnetic resonance angiography for the evaluation of patients with
peripheral artery disease. Nature Clinical Practice Cardiovascular
Medicine 2007;4:677-87. Reprinted with permission from Nature
Publishing Group

For consistency, study selection was conducted on the basis of the fol-
lowing criteria: publication period (1996-2006), reference test (inva-
sive angiography), definition of lesion significance (luminal stenosis
>50 %), and evaluation of the entire arterial tree in the lower extremities
(aortoiliac, femoropopliteal, and infrapopliteal levels)

®Values refer to two independent readers

“Values are cumulative for multiple territories, as detected by whole-
body magnetic resonance angiography

9Values refer to the detection of stenoses and occlusions, respectively
*Values obtained with lesion significance defined as >70% luminal
stenosis

in non-contrast MRA (NC-MRA) techniques. NC-MRA was
first described 30 years ago, but recent improvements in MRI
hardware technology have made it clinically feasible. There are
several techniques of acquiring NC-MRA, most of which are
used in specialized centers and may not be available on com-
mercial scanners; the detailed description of each technique
is beyond the scope of this chapter.

* Time of flight MRA (TOF-MRA)—This technique is per-
haps the most well-described non-contrast technique for
MRA and is primarily used in neurovascular imaging
including assessment of extracranial carotid and vertebral
arteries [31]. TOF images are acquired by a 3D or 2D
technique with better spatial resolution with 3D technique.
Both techniques are time consuming and susceptible to
motion artifacts that limit their use in peripheral MRA.
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Fig.18.4 Coronal gadolinium-enhanced MR angiographic MIP image
of the iliac arteries in a 57-year-old female patient with two metallic
stents in the left internal iliac artery. The MIP image shows the absence
of signal in the lumen of both stents due to susceptibility artifact. Both
stents were patent on ultrasound examination. Also note susceptibility
artifact over aorta at origin of renal arteries due to metal in patients’ bra.
From Ho K, et al. Eur Radiol 1999;1765-74. Reprinted with permission
from Springer

* Phase contrast angiography—This technique provides
information about blood flow, velocities, and an estima-
tion of pressure gradients across stenosis. Clinical appli-
cations include neurovascular imaging (intracranial,
carotid, and vertebral arteries), aortic imaging for dissec-
tion (may demonstrate entry and exit sites between true
and false lumens) or coarctation, and evaluating intra- or
extracardiac shunts. It has not found widespread use in
peripheral angiography.

* Flow-spoiled fresh blood imaging (FS-FBI)—This tech-
nique was first described in 1985 but has only recently
become clinically feasible due to significant improve-
ments in MRI technology [32]. FBI is a 3D, ECG-gated
technique that relies on the physiological signal intensity
changes in blood vessels due to differential arterial and
venous flow velocities during the cardiac cycle. In fast
flow vessels, diastolic-triggered images show bright-blood
arteries due to maintained flow, but in systolic-triggered
images, fast arterial flow causes signal void resulting in
black-blood arteries. Because venous flow is slow and
nonpulsatile, it will appear bright in both systolic- and
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Fig. 18.5 (a) Three-station FBI runoff image on a 66-year-old patient
with occlusions of the right superficial femoral artery and the right ante-
rior tibial artery. (b) A 16-row CTA image. Good agreement between
the two modalities for depicting normal to occlusion regions with col-
lateral branches. (¢) Arterial MIP images of three-station peripheral
runoffs on a patient acquired using FS-FBI. (d) The additional subtrac-

diastolic-triggered images. A bright-blood arteriogram
without venous overlay is produced after subtracting the
systolic images from the diastolic images [33]. Continuous
acquisition of both systolic and diastolic images during a
single scan minimizes motion-related misregistration arti-
facts. However, in peripheral vessels due to slower flow
and smaller flow velocity differences between systole and
diastole, all vessels are depicted in bright blood even in
systolic triggering making it difficult to separate arteries
from veins. The system is usually preset to subtract the
systolic from diastolic-triggered source images, which
generates the arteriogram after MIP processing (Fig. 18.5).
Because the MIP images represent flow difference between
systole and diastole, evaluation of the diastolic source
image is important especially to prevent overestimation of
the severity and length of stenosis. Fresh blood imaging is
faster than TOF, 10 min for a whole-leg examination ver-
sus 25 min with fewer artifacts and better vessel to back-
ground contrast resolution [34]. Lim et al. compared FBI
with bolus chase and time-resolved CE-MRA for imaging
peripheral runoff vessels in 36 patients. Serious artifacts
led to poor diagnostic imaging in 47 % patients and a
reported sensitivity of 85.4 %, specificity of 75.8 %, and a

tion of arterial images from systolic images provides venous images.
Note that varicose veins (arrows) are unambiguously depicted in the
popliteal station. Because of double subtraction, fluid is depicted in (d).
From Miyazaki M & Akahane M. J Magn Reson Imaging 2012;35:1—
19. Reprinted with permission from John Wiley and Sons

negative predictive value of 92.3% [35]. Gutzeit et al.
reported excellent overall image quality for FBI in the
thigh and calf regions, yet insufficient diagnostic quality
in the pedal arteries [36]. Tachycardia and atrial fibrilla-
tion pose a challenge as the technique relies on the pre-
scription of fixed trigger delays. In patients with severely
reduced left ventricular systolic dysfunction, due to the
narrow pulse pressures, differentiation of arteries and
veins may be difficult. Patients with critical limb ischemia
may have rest pain and resultant involuntary twitching
which can degrade image quality, as fresh blood imaging
is exquisitely sensitive to motion.

e Arterial spin labeling angiography — Arterial spin label-
ing (ASL) acquires two sets of images followed by sub-
traction which displays the arteries and provides complete
suppression of background signal. ASL is used in neuro-
vascular imaging and can have potential applications in
imaging of small vessels of hands and feet, where CE-
MRA can be challenging due to slow arterial flow and
venous contamination.

* Flow-dependent non-contrast MRA —These techniques
include quiescent-inflow single-shot (QISS) angiography,
inflow inversion recovery angiography, and velocity
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Fig.18.6 A 77-year-old male patient with occlusion of the right super-
ficial femoral artery (thick arrow) and severe arteriosclerosis of the
lower leg. The length of the occlusion is overestimated with QISS-MRA
(a) as compared to CE-MRA (b). From Klasen J et al. Clinical Radiology
2012;67:441-446. Reprinted with permission from Elsevier Limited

selective angiography. QISS is an emerging technique for
imaging the peripheral arteries and can provide static
images of blood vessels (conventional QISS) or cine
images of blood flow patterns (cine QISS). In a pilot study
of this technique using CE-MRA as the reference stan-
dard, the sensitivity and specificity of QISS-MRA for
detecting arterial occlusion or stenosis > 50 % were 87 %
and 95 %, respectively [37]. The positive predictive value
and negative predictive value were 84 % and 96 %, respec-
tively (Fig. 18.6). Further large studies are needed to
assess the clinical value of this technique.

NC-MRA has other advantages besides reducing costs
and eliminating the risk of NSF. Unlike CE-MRA, which
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usually can only be acquired once in each exam, NC-MRA
can be repeated in the case of technical error. NC-MRA
acquired before CE-MRA can also serve as a backup exami-
nation if CE-MRA images are nondiagnostic due to patient
motion or technical error.

Clinical Applications of MRA

MRA of peripheral arteries has become a routine application
for a variety of established and evolving indications [38].
Most common indication of peripheral MRA is symptomatic
peripheral vascular disease. Dellegrottaglie et al. suggested
an algorithm for diagnostic evaluation of patients with
known or suspected PAD as shown in Fig. 18.7 [27]. Clinical
history, physical examination, and ankle-brachial index
remain the cornerstone of initial evaluation of patients with
known or suspected PAD. Noninvasive angiography of
peripheral arteries with MRA or CTA is indicated for patients
who are diagnosed with moderate to severe disease on initial
evaluation. MRA is useful in treatment planning particularly
when revascularization option is being considered. In these
patients, MRA can help with decision making between per-
cutaneous or surgical revascularization by characterizing the
degree and extent of stenosis or occlusion and the site of
reconstitution of native circulation. Suboptimal filling of
small, diffusely diseased vessels or early venous filling
affecting image interpretation can complicate the evaluation
of below knee PAD. There are dedicated protocols to address
these issues that have been described above and include
rapid acquisition on a bolus chase MRA, use of time-resolved
MRA, steady-state MRA, acquiring leg station first, or a
combination of these methods. If imaging of pedal arteries is
required, then it’s best to acquire a dedicated high-resolution
CE-MRA as a separate station.

Evaluation of bypass grafts usually does not pose a prob-
lem for MRA image quality (Fig. 18.8). Occasionally a
metallic clip at the anastomotic site may cause an artifact.
Due to 3D nature of MRA acquisition and ability to do mul-
tiplanar reformatting that allows for viewing the dataset from
different angles, a detailed evaluation of grafts and anasto-
motic sites can be performed. Visualization of lumen inside
the stent can be challenging particularly in stainless steel
stents, which causes a signal void mimicking stenosis; how-
ever, the artifact is minimal in nitinol stents (Fig. 18.4). Stent
grafts for abdominal aortic aneurysms have been well stud-
ied using MRA (Fig. 18.9). Both in vitro and in vivo studies
of 3D CE-MRA of stent grafts have not only documented
safety of MR imaging but also accuracy of lumen diameter
measurements and stent patency [39, 40]. In a small study,
CE-MRA was compared with CTA for follow-up evaluation
of patients with thoracic aortic stent graft [41]. MRA was
comparable to CTA for stent-graft morphology evaluation;
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Fig.18.7 Suggested
diagnostic algorithm in
patients with known or
suspected peripheral artery
disease. From Dellegrottaglie
S et al. Nat Clin Pract
Cardiovasc Med 2007; 4:
677-87. Reprinted with
permission from Nature
Publishing Group
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however, arterial phase leak assessment (endoleak) was less
evident on CE-MRA compared to CTA. In this setting,
delayed imaging of the aorta is necessary and is best per-
formed with a VIBE technique (3D, T1 weighted with fat
saturation).

The role of MRA is limited in patients with acute critical
limb ischemia primarily due to the need for urgent diagnosis
and intervention that can readily be achieved with invasive
angiography. However, in these patients CE-MRA can detect
a clot in the peripheral arteries in the form of filling defect
(Fig. 18.10). In patients with peripheral embolism, CMR is
an excellent modality to evaluate the heart and proximal
aorta to assess for source of embolism and is superior to
echocardiography for the detection of ventricular thrombi.
Spontaneous dissection of iliofemoral arteries is less com-
mon than propagation of dissection in thoracic aorta. MRA
is a useful technique for the initial assessment and subse-
quent follow-up of patients with aortic dissection (Fig. 18.11).
Short- or long-term complications of dissection can be read-
ily identified, e.g., arterial supply to abdominal or pelvic
organs from false lumen, aneurysm formation, etc.

MRI Safety

MRI is an established and safe imaging modality with mil-
lions of diagnostic studies performed worldwide. MRI itself
does not have short- or long-term adverse effects unlike
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radiation-based imaging modalities. However, there are cer-
tain precautions and safety consideration that are critical to
understand before using this methodology. These safety con-
siderations are similar to all cardiovascular or non-
cardiovascular MR imaging. The sources of patient risk are
the electromagnetic field of the MRI scanner and the contrast
agents used for MRI. MRI generates a strong static magnetic
field and is always “on” whether or not actual patient scan-
ning is taking place. The static magnetic field generated by
MRI is 30, 000 (1.5 T scanner) to 60, 000 (3 T scanner) times
the earth magnetic field (0.00005 T). In addition to the static
magnetic field that is present all the time, MRI scanner also
generates gradient field and radiofrequency field during
scanning. The risk of these electromagnetic fields is signifi-
cantly higher when a ferromagnetic material is present. The
ferromagnetic material may be implanted inside the patient
in the form of medical devices (pacemakers, insulin pumps,
neurostimulators, aneurysm clips) or introduced from exter-
nal sources in the form of non-MRI-compatible equipment
(oxygen tanks, wheelchairs, infusion pumps, monitoring
devices, IV poles, etc.).

There are few reported cases of deaths associated with
MRI scanning in the presence of ferromagnetic materials.
All these deaths were related to poor screening procedures,
lack of patient monitoring during the scan, and unfamiliar-
ity with established safety precautions. There are also
reported cases of burns next to ferromagnetic implants
from radiofrequency waves [42]. Gradient field causes loud
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Fig.18.8 A 65-year-old female patient with a femoropopliteal bypass
graft. (a) Coronal MIP of the upper leg shows patent proximal portion
of the femoropopliteal bypass graft on the right leg. Note moderate ste-
noses in both external iliac arteries and occlusions of both superficial
femoral arteries. (b) Coronal MIP of the calf shows patent distal portion
of the bypass graft and a 50 % stenosis distal to the anastomosis.
Insufficient opacification of the calf arteries. (¢) Corresponding DSA

noise which necessitates use of ear protection by ear plugs
and/or MRI compatible headphones. Other adverse effects
may include peripheral nerve stimu