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Preface

Peripheral arterial disease (PAD) is a universal problem affecting 10–15% of the 
general population and is particularly prevalent with age. PAD is a marker for higher 
cardiovascular events and mortality. A broader approach to treat these patients is of 
paramount importance to reduce the morbidity and mortality of patients with this 
disease. There has been a shift in the PAD treatment from a focus on revasculariza-
tion to implementing aggressive preventative therapies and improving the quality of 
life of these patients. Pharmacologic and structured exercise interventions are now 
first steps to improve the symptoms of patients with claudication. Revascularization 
is typically reserved for claudicants that fail medical therapy, and for patients with 
advanced limb ischemia with rest pain or ulcerations. Chronic limb-threatening 
ischemia (CLTI) needs to be addressed aggressively with simultaneous preventa-
tive, pharmacologic, and revascularization strategies to reduce its burden of amputa-
tion and mortality. Smoking, diabetes, and chronic kidney disease are major risk 
factors that need to be addressed and controlled. Several pharmacologic interven-
tions including antiplatelets, statins or PCSK-9 inhibitors, low dose rivaroxaban, 
SGLT2 inhibitors, and others are now available for the endovascular specialist to 
treat the PAD patient.

The endovascular treatment of peripheral arterial disease has gained momentum 
and surpassed surgical therapies. Since early endovascular treatment of PAD with 
balloon angioplasty, multiple newer therapies have emerged including second- 
generation self-expanding stents, atherectomy devices, specialty balloons and wires, 
drug-coated balloons and drug-eluting stents, and crossing catheters and devices. 
The strategy to leave the least metal behind has gained momentum particularly in 
traditional no-stent zones such as the common femoral and popliteal arteries, 
younger patients, in-stent restenosis, long and complex disease, and vessels below 
the knee. An optimal strategy to treat infrainguinal arterial disease with the least 
metal behind focuses on vessel prepping to gain the maximum minimal luminal area 
without disruption of the deeper layers of the vessel, protecting the distal vascular 
bed, and applying antiproliferative therapy to reduce restenosis. Although stenting 
is endorsed by the guidelines, and in the short- and intermediate term provides good 
outcomes, loss of patency is evident in the long term along with stent fractures and 
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thrombosis. Carpet stenting becomes a real problem in the long term with a progres-
sive disease that requires multiple recurrent treatments. The least stent approach 
allows overall excellent results with the combination of vessel prepping and drug- 
eluting balloons while keeping the doors opened for future therapies, a particularly 
important strategy in younger patients. Randomized trials have not compared best- 
stent strategy to a no-stent strategy of vessel prepping and antiproliferative therapy.

In this book, we review peripheral arterial atherogenesis with a focus on risk fac-
tors and the global nature of atherosclerotic disease. Exercise and pharmacologic 
therapies are then discussed followed by a review of strategies and devices and how 
to approach different plaque morphologies in various vascular beds. Well-powered 
randomized trials are unfortunately scarce in the field of PAD treatment. However, 
world experts have been assembled in this book to fill in some of the gaps on how 
to approach various PAD treatments. The last chapter puts it all together to provide 
operators an optimal strategy for peripheral arterial interventions.

I am grateful to the many people who have contributed to this book and to the 
excellent team at Springer for agreeing to publish it. This book is the culmination of 
efforts by many experts dedicated to improve and prolong the lives of PAD patients. 
A special thanks to our patients who voluntarily and willingly participated in the 
many clinical trials that led to advancing this field. For them, we are forever 
indebted. Furthermore, I could have not done this book without my wonderful wife, 
Gail Shammas, for her relentless dedication to our research program, and her over-
whelming unconditional love and support to me and my family. Finally, I am also 
grateful to our children W John, Andrew Nicolas, and Anna Elizabeth for appreciat-
ing and understanding the need to be away from them for long hours and days, and 
to the entire Midwest Cardiovascular Research Foundation staff for being there for 
me when I needed them. I do hope you will enjoy and make good use of this book. 
This book is not intended to give medical advice or be a substitute to the medical 
advice or a substitute to the medical judgment and decisions of endovascular spe-
cialists and other providers.

Davenport, IA, USA Nicolas W. Shammas  

Preface
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Chapter 1
Peripheral Arterial Atherogenesis

Joseph M. Meyer, Thorsten M. Leucker, Steven R. Jones, Seth S. Martin, 
and Peter P. Toth

 Peripheral Artery Disease

The terms describing the diseases of peripheral arteries are not uniformly used [1–
3]. In general, peripheral arterial disease is atherosclerosis of the vertebral, carotid, 
mesenteric, and renal arteries and arteries of the upper and lower extremities. 
Peripheral artery disease (PAD) technically refers to atherosclerosis in the upper 
and lower extremities [4]. However, atherosclerosis of the lower extremities is more 
common and more often symptomatic and thus will be the focus of this chapter [5]. 
Atherosclerosis of the upper extremities most commonly involves the brachioce-
phalic trunk and subclavian and axillary arteries [1]. The clinical spectrum of PAD 
ranges from asymptomatic to critical limb ischemia (CLI) with limb loss (Table 1.1). 
CLI is due to chronic ischemia with ankle pressures usually ≤50  mmHg and is 
defined by rest pain or gangrene [6]. Chronic PAD severity is staged by the Fontaine 
or Rutherford classifications (Table  1.2). Non-atherosclerotic processes, such as 
external compression, vasculitis, or embolism, may mimic the signs and symptoms 
of PAD, but are separate entities of peripheral arterial disease and will not be 
addressed in this chapter.
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Table 1.1 Common terms to describe the symptoms of peripheral artery disease

Hemodynamics Limb symptoms Function

Asymptomatic 
PAD

Abnormal ABI at rest or 
after exercisea or other 
objective evidence of 
PAD (duplex ultrasound, 
computed tomographic 
angiography, magnetic 
resonance angiography)

None recognized Limited date available, but 
reduced walking endurance 
and slower walking velocity 
have been documented; rate 
of decline in walking 
performance is at least as 
great as for patients with 
intermittent claudication

Atypical 
claudication

Abnormal ABI at rest or 
after exercise

Leg pain on exertion 
that is not consistent 
with classic 
“claudication”; may 
include calf, thigh, or 
buttock

Limited walking distance 
and exercise performance 
due to PAD may be present; 
symptoms may or may not 
be reproducible on a daily 
basics as for classic 
claudication

Claudication Abnormal ABI at rest or 
after exercise

Reproducible 
lower-extremity 
muscle fatigue or 
discomfort on 
exertion, relieved by 
rest within 10 min

Limited walking distance, 
exercise performance due to 
PAD

Critical limb 
ischemia

Hemodynamics evidence 
of severe PAD

Distal leg pain at 
rest, with or without 
ischemic ulcers or 
gangrene

Very limited, usually 
ambulatory only for short 
distance

Acute limb 
ischemia

Hemodynamics evidence 
of severe PAD

Acute limb pain, 
neurological 
dysfunction

Very limited as above

Additional 
terms
Nonvascular 
claudication

Normal leg 
hemodynamics at rest and 
with exercise

Typical or atypical 
limb discomfort with 
effort

May be caused by 
rheumatologic or 
neuromuscular disease

ABI ankle–brachial index
Table from Hiatt [4]
a An abnormal ABI has previously been defined as <0.90, but recent evidence suggests that an ABI 
<1.00 is indicative of PAD and an increased risk of systemic atherosclerotic events. In the presence 
of diabetes mellitus, pressure measurements may be unreliable in some patients

PAD is traditionally defined by the resting ankle brachial pressure index (ABI) 
<0.9, which is the ratio of ankle blood pressure to brachial artery blood pressure. If 
abnormal, segmental blood pressure measurements of the lower extremity may be 
performed to localize the stenosis. On physical exam, PAD may manifest as dimin-
ished or absent distal pulses, a femoral bruit, or discoloration of the lower extremity, 
particularly pallor with elevation or dependent rubor. Other means to diagnose PAD 
include the toe-brachial index (TBI), tissue oxygen pressure (TcPO2), and skin per-
fusion pressure, which may be particularly useful when clinical suspicion is high 
despite a normal ABI, or when ABI >1.4, which suggests the artery is non- 
compressible secondary to extensive calcification.

J. M. Meyer et al.
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Table 1.2 Peripheral artery disease severity described by the Fontaine and Rutherford 
classifications

Stages of peripheral artery disease

Fontaine classification
Stage I Asymptomatic
Stage II Intermittent claudication without rest 

pain
IIa Claudication walking >200 m
IIb Claudication walking <200 m
Stage III Nocturnal pain or pain at rest
Stage IV Tissue loss (ulcers or gangrene)

Rutherford classification
Grade 0 Category 0 Asymptomatic
Grade I Category 1 Mild claudication

Category 2 Moderate claudication
Category 3 Severe claudication

Grade II Category 4 Ischemic rest pain
Grade III Category 5 Minor tissue loss

Category 6 Major tissue loss

Adapted from Aboyans [1]

 Epidemiology and Risk Factors

PAD is a common disease with growing worldwide prevalence, particularly in low- 
and middle-income countries (LMIC). Globally, an estimated 236.6 million people, 
or 5.6% of the population aged 25 or older, are living with PAD as of 2015, an 
increase from 202 million in 2010 [7, 8]. Between 2010 and 2015, the rise in PAD 
was mostly observed in LMIC, where the prevalence rose over 22% compared to a 
4.5% rise in high-income countries (HIC) [7].

The prevalence of PAD increases with age, particularly in HIC where the odds of 
PAD increased 65% for each decade of life over age 25 years [7]. PAD steadily rises 
after age 50, with a prevalence of 5.7% in patients aged 50–54, 9.1% in patients 
aged 60–64, 14.1% in patients aged 70–74, 21.2% in patients aged 80–84, and 
31.3% in patients aged 90 and older (Fig. 1.1). As the share of the US population 
above age 65 is expected to continue to rise, the total burden of PAD is also expected 
to rise [9]. In LMIC, factors such as rising pollution, sedentary lifestyle, psychologi-
cal stressors, and adoption of the Western diet may explain the recent rise of PAD in 
these countries, which is expected to continue increasing [3]. In the USA, it is esti-
mated that approximately 30% of African American men and 27.6% of African 
American women will develop PAD by the age of 80, compared to an estimated 
19% of white men and women and 22% of Hispanic men and women [10]. This 
racial difference remains even after adjusting for traditional risk factors [10], and 
socioeconomic factors that limit access to healthcare and risk factor modification 
likely account for some of this disparity [11].

1 Peripheral Arterial Atherogenesis
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HICs (male) LMICs (male)
Sample size (n)0.5

0.4

0.3

0.2

P
re

va
le

nc
e

0.1

0

8−500

501−2000

2001−5000

>5000

HICs (female) LMICs (female)
0.5

0.4

0.3

0.2

P
re

va
le

nc
e

0.1

0

30 40 50 60
Age (years)

70 80 90 30 40 50 60
Age (years)

70 80 90

Fig. 1.1 Prevalence of peripheral artery disease in high-income countries (HIC) and low- to 
medium-income countries (LMIC) by sex. Prevalence rises with age for men and women. (Figure 
from Song [7]. This is an open-access article distributed under the terms of the Creative Commons 
CC-BY license, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. You are not required to obtain permission to reuse this 
article)

Other significant risk factors for PAD include a history of cigarette smoking and 
diabetes [12]. Hypertension, dyslipidemia, concomitant cardiovascular disease 
(CVD), and renal dysfunction are also associated with PAD (Table  1.3) [7, 10]. 
While early studies recognized male sex as a risk factor, a more contemporary sam-
ple suggests that women <65 years of age are 24% more likely to have PAD (ABI 
<0.9) compared to men, a finding that was attenuated but remained even in older age 
[10]. A meta-analysis of worldwide population data showed men were 26% less 
likely to have PAD than women after adjustment for risk factors, including age by 
decade, driven primarily by women in LMIC despite these women having lower 
prevalence of current smoking, hypertension, and diabetes [7]. In the Reduction of 

J. M. Meyer et al.
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Table 1.3 Risk of peripheral artery disease for common risk factors, expressed as odds ratios (OR)

Risk factor OR (95% CI)

Age (per 10-year increase) 1.55 (1.38–1.75)
Male sex 0.74 (0.61–0.91)
Current smoker 2.82 (2.0–3.98)
Former smoker 1.70 (1.39–2.09)
Hypertension 1.67 (1.50–1.86)
Diabetes 1.89 (1.68–2.13)
Hypercholesterolemia 1.34 (1.17–1.53)
Cardiovascular disease 2.31 (1.89–2.83)
Obesity 0.96 (0.82–1.13)
Renal impairmenta 1.79 (1.03–3.12)

Data are from pooled observational studies of worldwide populations
Adapted from Song [7]
a High-income countries only

Atherothrombosis for Continued Health (REACH) registry, a large, diverse sample 
of outpatients with established CVD (coronary, cerebrovascular, or peripheral) 
showed these atherosclerotic diseases have a broad overlap of risk factors, yet only 
one in six patients had symptomatic polyvascular disease (disease of two or more 
vascular territories). [13] This finding suggests that while atherosclerosis is a sys-
temic disease, risk factor exposure affects individual patients differently. While there 
is significant overlap in risk factors in ASCVD, cigarette smoking and diabetes are 
strongly linked to PAD [14]. Observational data suggest that current smokers have a 
two- to threefold increase in risk of developing PAD [3, 7]. Patients with diabetes are 
particularly at risk for severe complications of PAD, namely, due to reduced recogni-
tion of wounds due to diabetic neuropathy and poor wound healing [15].

The clinical phenotype of PAD also varies depending on the presence of risk fac-
tors. Among consecutive patients undergoing endovascular therapy for PAD 
(Fontaine Stages II–IV), the distribution of PAD was classified as iliac (proximal), 
femoropopliteal, or crural (distal) [14]. As depicted in Fig. 1.2 with the reference 
comparator of femoropopliteal disease, current smoking and hypercholesterolemia 
are associated with proximal disease, whereas age and diabetes are more highly 
associated with distal disease. Hypertension has a relatively uniform impact on all 
vascular territories, and male sex is more prevalent in proximal and distal disease. 
Similar results were found in a large sample of outpatients referred for PAD evalu-
ation, which re-demonstrated proximal and distal phenotypes of PAD linked to spe-
cific risk factors: smoking, hypertension, and dyslipidemia associated with proximal 
disease and older age, male sex, and diabetes associated with distal disease [16]. 
However, it is not currently possible to accurately prognosticate outcomes based on 
disease location, likely due to the heterogeneous nature of PAD and differing clini-
cal status of selected patients [16, 17].

The presence and severity of PAD are associated with increased morbidity and 
mortality [18–27]. Regardless of the presence of symptoms, patients with PAD are 

1 Peripheral Arterial Atherogenesis
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Age

Iliac

Femoro-
popliteal

Crural

Male
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Diabetes
mellitus

Hyper-
tension

Hyperchole-
sterolemia

Current
smoking

Fig. 1.2 Association of risk factors to the distribution of target lesions in a group of patients with 
endovascular intervention for peripheral artery disease. Disease was classified as iliac (proximal), 
femoropopliteal, or crural (distal), and wider and darker shading represents increase prevalence for 
a given risk factor. (Figure from Diehm [14])

less active, have reduced functional capacity, and have reduced quality of life [18, 
19]. The incidence of all-cause mortality was 19% after 5 years in patients with 
asymptomatic PAD, which was nearly 50% higher than healthy controls. 
Furthermore, the risk of disease progression from asymptomatic PAD to intermit-
tent claudication (IC) was 7% and IC to critical limb ischemia was 21% after 5 years 
[20, 21]. Perhaps predictably, all-cause mortality in symptomatic patients was even 
higher, occurring in 27% of patients after 5 years with a 2.8-fold higher rate of CV 
mortality compared to healthy controls [20]. The risk of CV and all-cause mortality 
increases as the ABI becomes progressively more abnormal (either <0.9 or >1.4) 
[22], and the addition of ABI improves risk prediction when combined with the 
Framingham risk score [23]. Among symptomatic patients with PAD in the 
Examining Use of Ticagrelor in Peripheral Artery Disease (EUCLID) trial, 10.7% 
of patients experienced CV death, myocardial infarction, or ischemic stroke; 1.7% 
of patients were hospitalized for acute limb ischemia; and 12.5% underwent lower 
extremity revascularization over a 30-month follow-up period [24]. The French 
COhorte de Patients ARTériopathes (COPART) registry followed 940 hospitalized 
patients with PAD. The risk of mortality and amputation increased with severity of 
symptoms, ranging from IC to rest pain, and ultimately tissue loss. In patients with 
tissue loss, mortality was highest at 28.7%, and the rate of amputation was 24.2% at 
1 year [25]. More than half of amputees require contralateral amputation within 
3 years, and mortality was as high as 50% at 5 years after first amputation [26]. In a 
population study in Germany, the risk of CV events, amputation, or mortality 
increased significantly with Rutherford category (Fig. 1.3). Even among patients 

J. M. Meyer et al.
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Fig. 1.3 Kaplan-Meier curves in a population with peripheral artery disease. The rate of death (a), 
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with less severe PAD (Rutherford categories 1–3), the risk of amputation and mor-
tality was 4.6 and 18.9% at 4-year follow-up, respectively, and the incidence of 
myocardial infarction and ischemic stroke after 4 years was 6.6% and 5.4%, respec-
tively [27].

In summary, while risk factors associated with PAD overlap with other CVD, 
there is significant heterogeneity in the location and severity of atherosclerosis. 
However, once PAD is clinically apparent, the risk of death, limb amputation, myo-
cardial infarction, and stroke rises, and this risk further increases as PAD becomes 
more severe and symptomatic.

 Detection of PAD

 Clinical Findings and Imaging

PAD may be diagnosed after a complete history and physical, but is often detected 
by non-invasive imaging techniques in asymptomatic patients [1]. The classic 
symptom of PAD is IC, which is muscle discomfort, cramping, or pain distal to an 
arterial stenosis that is consistently induced with exercise and relieved with rest [2]. 
As the superficial femoral artery (SFA) most commonly develops obstructive dis-
ease, calf pain is most commonly reported as the presenting symptom [28]. Atypical 
leg symptoms, defined as pain that does not involve the calves or does not resolve 
with 10 min of rest, are also common [2, 29]. In patients who do not report IC, 39% 
of patients developed leg pain during a 6-min walk test, suggesting patient inactivity 
may mask inducible leg ischemia [30]. Patients may also develop non-healing 
wounds or gangrene, which should trigger an evaluation for PAD [2].

In clinical practice, PAD screening is recommended for patients aged 65 years or 
older; patients aged 50–64 with risk factors for atherosclerosis (e.g., diabetes, ciga-
rette smoking history, hyperlipidemia, hypertension, or family history of PAD); 
patients <50 years with type 1 diabetes mellitus and one additional risk factor for 
atherosclerosis; or those with known atherosclerotic disease in another vascular bed 
[2, 31]. It is estimated that only 20–33% of patients with PAD will have IC, making 
it important for clinicians to screen patients at high risk of the disease and explain 
why PAD is under-detected in routine clinical practice [1]. In the Progression of 
Early Subclinical Atherosclerosis (PESA) study, 4184 bank employees ranging 
from 40 to 54 years of age without CVD were screened with ABI, vascular ultra-
sound, and computed tomography (CT) scan. This evaluation revealed that 71% of 
men and 48% of women had subclinical atherosclerosis, of which ilio-femoral dis-
ease was the most common (53% of men and 29% of women) [32]. Disease pro-
gression by 3 years correlated significantly with baseline ASCVD risk [33]. In the 
MESA (Multi-Ethnic Study of Atherosclerosis) study, 16.8% of the population had 
an abnormal ABI (defined in the study as <1.0 or >1.3) despite not having tradi-
tional ASCVD risk factors [34]. Furthermore, while the ABI is the standard for 
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diagnosing PAD, 21% of patients undergoing revascularization for CLI had normal 
preoperative ABIs (0.91–1.4), 11% had non-compressible ABI (>1.4), and only 
16% had ABI ≤0.4 [35]. The IN.PACT DEEP (Randomized IN.PACT Amphirion 
Drug-Coated Balloon vs. Standard Percutaneous Transluminal Angioplasty for the 
Treatment of Below-the-Knee Critical Limb Ischemia) trial found similar results 
with a normal (0.91–1.4) and severely abnormal ABI (<0.4) in 19% and 6% of 
patients, respectively [36].

Consequently, vascular imaging is useful to obtain additional anatomic informa-
tion. Duplex ultrasound, CT and magnetic resonance (MR) angiography, or invasive 
angiography can all localize and characterize PAD [2]. Functional imaging, such as 
flow-mediated dilation (FMD) of the brachial artery, may offer additional prognos-
tic information, as FMD is predictive of events in symptomatic patients with PAD 
and an ABI <0.9 (particularly with an ABI <0.65) [37].

 Biomarkers

As PAD is often underrecognized, there is increasing interest in biomarkers to detect 
and assess the severity of disease. General categories of biomarkers for PAD with 
some common examples are listed in Table 1.4 [40]. Levels of circulating oxidized 
phospholipids (OxPLs) and lipoprotein (a) (Lp(a)), the latter the major carrier of 
OxPL in plasma, are both correlated with an increased risk of PAD with nearly a 
twofold increased risk in the highest tertile [41]. A recent meta-analysis evaluated a 
number of biomarkers, including inflammatory markers (high-sensitivity C-reactive 
protein (hs-CRP), growth differentiation factor 15 (GDF-15), myeloperoxidase, the 
neutrophil-lymphocyte ratio (NLR)), coagulation markers (fibrinogen, D-dimer), 
cardiac markers (high-sensitivity cardiac troponin T (hs-cTnT) and N-terminal pro- 
brain natriuretic peptide (NT-proBNP)), and markers of arterial damage (asymmet-
ric dimethylarginine (ADMA), adiponectin, and homocysteine) [42]. Each of these 
parameters is associated with a relatively modest increase in mortality, major acute 
coronary events (MACE) or major adverse limb events (MALE), ranging from a 
1.2- to 4.6-fold increase in patients with PAD. P-selectin is marginally associated 
with prevalence and incidence of PAD (OR 1.17 [1.11–1.53] and OR 1.30 
[1.11–1.53], respectively) [43].

Other novel biomarkers have also been assessed, including noncoding RNA, pro-
protein convertase subtilisin/kexin type 9 (PCSK9), endothelial progenitor cells 
(EPCs), thrombospondin-1 (TSP-1), and trimethylamine N-oxide (TMAO), as well 
as genetic factors. Noncoding RNAs, including microRNAs (miRNA) and long 
noncoding RNAs (lncRNA), are important regulators of mRNA expression and are 
linked to PAD. A number of circulating miRNA were identified to discriminate 
patients with PAD from normal, matched controls, including miRNA involved in 
vascular endothelial growth factor-A (VEGF-A) and transforming growth factor β 
(TGF-β) signaling and vascular adhesion [40, 44]. Of these, miR-15b, miR-16, and 
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Table 1.4 General categories of biomarkers for peripheral artery disease by pathophysiologic 
pathway with some representative examples

Pathophysiologic pathway Biomarkers

Inflammatory cytokines and 
acute-phase reactant proteins

• CRP
• IL-6
• β2-microglobulin
• TNF-αa

• SAA
Markers of endothelial cells/
leukocyte activation and chemokines

• VCAM-1
• ICAM-1
• P-selectin
• MCP-1
• CD40 ligand
• MPO

Markers of thrombosis cascade • VWF
• tPA
• d-dimer
• tPA antigen
• PAI antigen
• VWF:ADAMTS13 ratio
• Fibrinogen

Lipids, apolipoproteins, and 
phospholipids

• Lp-PLA2

• Lipoprotein(a)
Modulators of angiogenesis • VEGF-A

• Soluble tunica intima endothelial kinase 2 (TIE-2)
• Angiopoietin-2

Oxidative stress and other 
biomarkers

• Homocysteine
• ADMA
• Glutathione peroxidase 1 activity
• 8-isoprostaglandin F2α

• Heme oxygenase-1
• Matrix metalloproteinases [38, 39]

Circulating microRNAs microRNAs let 7e, miR-15b, -16, -20b, -25, -26b, -27b, 
-28-5p, -126, -195, -335, -363, -130a, -210, and -27b

ADMA asymmetric dimethylarginine, CRP C-reactive protein, ICAM-1 intercellular adhesion 
molecule- 1, La PLA2 lipoprotein associated phospholipid A2, MCP-1 monocyte chemoattractant 
protein-1, MPO myeloperoxidase, PAI plasminogen activator inhibitor, SAA serum amyloid apoli-
poprotein, TNF-α tumor necrosis factor-α, tPA tissue plasminogen activator, VCAM-1 vascular cell 
adhesion molecule-1, VEGF-A vascular endothelial growth factor A, VWF von Willebrand factor
Table from Hazarika [40]

miR-363 were most predictive (receiver operating characteristic AUC >0.92) [44]. 
Most of the identified miRNA are downregulated, resulting in increased expression 
of downstream genes. Only miRNA-210 was found to have significantly higher 
expression in atherosclerotic plaque [45], suggesting that depletion of circulating 
miRNA is not related to translocation into plaques. miRNA-26b, which is down-
regulated in PAD [44] and acute ischemia [46], enhances angiogenesis, as well as 
endothelial cell (EC) survival and proliferation [46]. A number of miRNA are linked 
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to angiogenesis, EC health and permeability, cholesterol regulation, and macro-
phage phenotype switching, to name a few key regulatory mechanisms (fully 
reviewed elsewhere [47]). Several lncRNA are linked to angiogenesis, particularly 
in hypoxic conditions, but are less conserved between mice and humans making 
them more difficult to study [47]. Noncoding RNAs offer potential diagnostic and 
therapeutic utility, but will require further investigation prior to routine clinical use.

PCSK9 regulates low-density lipoprotein receptor (LDLR) degradation in the 
liver (reviewed elsewhere [48]). Commercially available PCSK9 inhibitors have 
demonstrated significant reductions in low-density lipoprotein (LDL) cholesterol 
and CV events, as well as a modest reduction in Lp(a) [49, 50]. PCSK9 inhibition 
also significantly reduced the risk of MALE by 42% in patients with PAD enrolled 
in the FOURIER (Further Cardiovascular Outcomes Research with PCSK9 
Inhibition in Subjects With Elevated Risk) trial [51]. Additionally, administration of 
a PCSK9 inhibitor improved coronary endothelial function at 6-week follow-up as 
measured by coronary MR imaging [52]. Comparing patients with intermittent 
claudication with matched controls, plasma PCSK9 and Lp(a) were both signifi-
cantly higher in patients after controlling for multiple ASCVD risk factors, includ-
ing smoking and diabetes [53]. PCSK9 was significantly higher in a population with 
asymptomatic PAD (ABI <0.9) compared to patients at risk without atherosclerotic 
disease, and PCSK9 was significantly higher as the extent of PAD worsened as 
assessed by CT angiography [54].

Tissue ischemia increases circulating EPCs, suggesting a possible role to aug-
ment neovascularization [55]. In patients with PAD, while circulating EPCs were 
significantly higher than controls, the proangiogenic capacity of these circulating 
EPCs was reduced [54]. Additionally, levels of apoptotic circulating ECs were also 
higher. Interestingly, the higher levels of circulating EPCs were previously shown to 
associate with a lower risk of CV mortality and ASCVD events in patients with 
CAD, but these EPCs were also dysfunctional [56]. Understanding how EPC level 
and function are regulated in PAD requires further investigation, particularly rela-
tive to other atherosclerotic diseases.

TSP-1 is significantly elevated in patients with PAD relative to normal controls 
[57]. TSP-1 is increased in response to ischemia and is released by activated plate-
lets, whereas other angiogenic growth factors including VEGF and placental growth 
factor (PlGF) were not significantly different. TSP-1 has both pro- and anti- 
angiogenic properties and remains a possible diagnostic and therapeutic target for 
PAD [57].

TMAO levels may help assess PAD severity and predict CV and all-cause mor-
tality. TMAO is a gut-derived metabolite of dietary choline that modulates platelet 
reactivity and increases thrombotic risk in a dose-dependent manner and is, in part, 
believed responsible for the increased risk of CV events in Western diets [58]. In 
symptomatic patients with IC or CLI, TMAO levels were associated with PAD 
severity and CV mortality (particularly when levels exceeded 2.26 μmol/L) [59].

Specific genetic factors correlate with PAD risk. Using genetic data from the 
Million Veteran Program, a large sample identified 19 loci associated with PAD 
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[60]. Of these, 11 were also associated with atherosclerosis of coronary and carotid 
arteries, including lipid-related genes (LDLR, LPL, and LPA, corresponding to LDL 
receptor, lipoprotein lipase, and Lp(a)), hypertension (PTPN11), and diabetes 
(TCF7L2). However, four were unique to PAD, most notably F5 variant responsible 
for Factor V Leiden, supporting the observation that thrombus formation may be 
particularly important in the pathogenesis of PAD.

Given the heterogeneity of PAD, it remains possible that a marked abnormality 
of a specific biomarker could help individualize treatment (e.g., as a hypothetical 
example, if a pro-coagulation marker was high, a patient may derive greater benefit 
from anticoagulation). However, further investigation of biomarkers and response 
to therapies is required.

 Vascular Anatomy and Rheology

The primitive embryonic vascular plexus is generated by angioblasts derived from 
mesodermal cells during vasculogenesis [61]. We learned from animal studies that 
vascular cords are established starting on embryologic day 6.5–7 through a complex 
process of cell proliferation, migration, and aggregation that creates the primitive 
vascular network required to support ensuing organ development [62]. Angiogenesis 
is the process of expanding the primitive network by forming new blood vessels 
from the existing vascular plexus, and this begins by embryologic day 9.5 [62]. ECs, 
derived from angioblasts, are activated to proliferate, secrete matrix metalloprotein-
ases (MMPs), and migrate toward angiogenic factors, such as VEGF [63]. The sub-
sequent primitive vessels are stabilized and form the expansive network of 
closed-circuit blood vessels, including arteries, arterioles, capillaries, veins, and 
lymphatic vessels [62, 63]. As will be further described below, angiogenesis can be 
triggered in the setting of lower extremity ischemia. The lower extremity artery 
anatomy and Doppler pulse waveforms are shown in Fig. 1.4.

Arterial blood flow in the lower extremities is dependent on upstream pressure 
and downstream resistance. At rest, the lower extremities receive approximately 
one-third of the blood volume passing through the thoracic aorta and have a rela-
tively high vascular resistance in the low metabolic state. The remaining two-thirds 
of blood perfuse the low-resistance renal arteries and celiac artery [66]. With activ-
ity, lower extremity arteries vasodilate in response to hypoxia and sympathetic stim-
ulation [67, 68]. The resulting reduction in vascular resistance coupled with the rise 
in cardiac output increases blood flow to the lower extremities to try to match meta-
bolic demand. This normal response involves a complex interaction of local and 
systemic signaling (biochemical and neurological) to affect arteries and their con-
stituent wall components [67].

Even in the apparently healthy population, the lower extremity (particularly ilio- 
femoral region) is commonly the first anatomic location to develop atherosclerosis 
[32]. It has been recognized that atherosclerotic lesions tend to occur at atheroprone 
regions where blood flow is non-laminar, which occurs primarily at vessel 
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Fig. 1.4 (a) Arteries of the 
lower extremity. (b) 
Schematic tracings of 
arterial Doppler signals of 
the lower extremities. 
Normal Doppler signals 
are triphasic with a sharp 
systolic upstroke, short 
retrograde wave, and 
diastolic runoff. With 
proximal stenosis, the 
waveform is initially 
biphasic, but eventually 
becomes monophasic with 
severe arterial obstruction. 
(Figures from Sieggreen 
[64] and Del Conde [65])

arborization or curvature where there is low shear stress, high oscillatory flow, or 
turbulent flow [69, 70]. The SFA is a common site for atherosclerosis particularly 
within the adductor canal, a region where the artery passes through muscle bodies 
with marked tortuosity. This region was noted to form early atherosclerosis in a 
spiral distribution, suggesting that blood flow disturbances play a role in atheroscle-
rosis [71]. The hemodynamic pattern of flow in the SFA in young men and women 
was mapped with MR imaging, showing complex cross-sectional flow patterns with 
distinct longitudinal regions of low shear stress and oscillatory shear. These 
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locations of disturbed flow are similar to the distribution of atherosclerosis seen in 
postmortem samples [71]. The pathophysiology of atherosclerosis in these athero-
prone regions is further described below.

 Arterial Structure

Arterial walls consist of three tunicae, the intima, media, and adventitia, each of 
which plays an essential role in normal blood flow and regulation (Fig. 1.5) [72, 73]. 
These layers are separated by two layers of elastin, the inner and outer elastic lami-
nae, and the components of each vessel layer vary based on the size and function of 
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Fig. 1.5 Depiction of the arterial wall, consisting of the vascular lumen and three tunicae (or lay-
ers), the intima, media, and adventitia. The endothelium is a continuous layer of endothelial cells 
that lines the vascular lumen. Vascular smooth muscle cells are the predominant cell in the media 
in the normal artery. The adventitia contains resident immune cells that can be activated in response 
to inflammatory signals. In large arteries with a wall exceeding 0.5 mm, a small blood vessel net-
work called the vasa vasorum supplies nutrients and a pathway for cellular migration. Arteries are 
also supported by a lymphatic system that removes cholesterol via the reverse cholesterol transport 
system, as well as other cellular debris and fluid. Inflammatory cells migrate and differentiate in 
attempt to clear the pro-inflammatory lipids that are retained in the subendothelial space. (Figure 
from Libby [72])
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the artery. Three additional components support the normal function of arteries, 
including the vasa vasorum, autonomic nerves, and lymphatic vessels.

The most inner layer, the tunica intima, has a single, continuous layer of ECs 
attached to a basement membrane composed of a thin elastin layer called the inter-
nal elastic lamina. ECs are aligned parallel to the direction of blood flow, except at 
branch points, and any disruption of orientation (e.g., with vascular trauma) is rap-
idly corrected [74]. ECs in atheroprone areas are often disorganized and fail to align 
[75]. In a model allowing acute changes in blood flow direction, endothelial nitric 
oxide synthetase (eNOS) was maximally activated when flow was parallel to the 
orientation of ECs, whereas the inflammatory NF-κB (nuclear factor kappa-light- 
chain-enhancer of activated B cells) pathway was activated with perpendicular flow 
[76]. Furthermore, perpendicular flow results in higher levels of reactive oxygen 
species (ROS) and lower nitric oxide (NO) generation. These effects were sup-
pressed if ECs were not aligned, suggesting EC alignment is important to maintain 
normal function [76]. ECs exhibit significant structural and biochemical variation 
across the vascular tree depending on the local tissue. Veins and arteries, responsible 
for the transfer of blood to and from the heart, have a continuous layer of ECs that 
limits extravasation, while capillaries, particularly those of filtering organs like the 
liver and kidney, have a fenestrated or even discontinuous endothelial layer that 
enables the tissue to function [77]. ECs vary in thickness, ranging from 0.1 μm in 
capillaries to 1 μm in the aorta, and have a total surface area of 4000–7000 m2 in 
adults [74, 78, 79].

The middle layer is the tunica media and contains layers of vascular smooth 
muscle cells (VSMCs) intermixed with an extracellular matrix (ECM) composed of 
elastic and collagen fibers. Collagen fibers of the ECM are aligned predominately 
circumferentially to restrict pulsatile expansion under physiologic conditions. 
VSMCs are responsible for maintaining the ECM and inducing vascular constric-
tion or relaxation; the latter is regulated by ECs and autonomic signaling.

The outer tunica adventitia is a complex milieu containing resident inflammatory 
cells, autonomic and nociceptive nerves, vasa vasorum, and lymphatics. While this 
layer was previously overlooked for its biological role, it is now clear the adventitia 
plays an essential role in normal vascular function, as well as in atherogenesis. The 
adventitia houses a number of resident cells types, including fibroblasts, pericytes, 
and immune cells, including macrophages, dendritic cells, T and B cells, and mast 
cells [80]. While the intima has EPCs and the media has vascular smooth muscle 
progenitor cells, the adventitia has multiple types of progenitors, including VSMC, 
EPCs, mesenchymal stem cells, and myeloid progenitor cells. These progenitor 
cells are particularly numerous in the stem cell niche (or vasculogenic zone) at the 
outer interface of the media and adventitia [80]. Fibroblasts are the most numerous 
cell type in healthy adventitia and are responsible for synthesizing type I and type 
III collagen. Collagen fibers in the adventitia are stiffer with a biaxial alignment 
(circumferential and axial) and are primarily responsible for limiting axial (longitu-
dinal) expansion [81]. Under healthy conditions, the adventitia is thought to serve 
primarily in immunosurveillance and cell trafficking while providing structural and 
nutrient support to the artery [80–82].
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The vasa vasorum are microvessels that penetrate from the adventitia to supply 
blood to the media. When the arterial wall exceeds 0.5 mm (>29 lamellar units), 
simple diffusion from the tunica intima or adventitia is inadequate to supply the 
metabolic requirements of the VSMCs [80, 83].

Autonomic innervation of the artery, acting through ECs or VSMC, is partly 
responsible for regulating vascular tone. Perivascular nerves are confined to the 
adventitia and are not known to penetrate into the media regardless of vessel size 
[80]. Both parasympathetic and sympathetic nerve endings release neurotransmit-
ters intercellularly that bind ECs or VSMCs to induce constriction or relaxation 
[80, 84].

Finally, an extensive lymphatic plexus surrounds arteries to support the removal 
of extravasated fluid, solutes, and macromolecules, including lipids and immune 
cells. Cholesterol homeostasis in peripheral tissues is heavily dependent on the 
reverse cholesterol transport (RCT) pathway and high-density lipoprotein (HDL), 
and this will be described further below [85, 86]. Lymphatic vessels are also impor-
tant for immunosurveillance and immunoregulation. Lymphocytes and antigen- 
presenting cells that return from the periphery via the lymphatic system can induce 
an immune response to pathogens. Additionally, the lymphatic system directly 
removes antigens and cytokines and thus influences the intensity and duration of the 
immune response [85].

 Normal Function of the Endothelium

Given its location at the interface between blood and tissues, the endothelium is a 
key regulator of vascular hemostasis and responds to various physical and chemical 
signals. As ECs are directly exposed to blood, they play a crucial role in barrier 
function, trafficking nutrients and cells, regulating blood flow and thrombogenesis, 
as well as angiogenesis [39, 74].

In its most basic role, the endothelium serves as a physical semi-permeable bar-
rier between the blood and the surrounding tissue. ECs are linked by two main types 
of intercellular junctions that are responsible for cell-to-cell adhesion: tight junc-
tions and adherens junctions [74, 87]. A third type called gap junctions mediates 
cell-to-cell communication [87]. The spatial distribution of these junctions varies 
based on the primary function of the vessel, and tight junctions, in particular, con-
trol vessel permeability. For example, proximal arteries have a well-developed net-
work of tight junctions to withstand the arterial pulsatility and pressure of conduit 
arteries. In conduit arteries with a continuous endothelial layer, only particles under 
3 nm in molecular radius (Mr) cross paracellularly (between ECs), which includes 
water, glucose, and amino acids, and their migration is dictated by solute gradients 
and Starling forces [88]. More distally, this tight network becomes porous, which 
allows the transcellular transfer of cells and nutrients [74]. Consistent with this, ECs 
of specific organs express unique transcriptomes, further suggesting ECs serve their 
local environment [89]. Hemodynamic shear stress regulates EC alignment and 
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intercellular junction expression [90, 91]. When bovine aortic ECs were cultured at 
increasing shear stress within physiologic ranges (up to 8 dynes/cm2), ECs changed 
from polygonal to ellipsoidal shape and aligned with the direction of blood flow 
within 48 h [90]. Mechanical shear stress is a key factor in modifying the permeabil-
ity of the endothelial layer [88, 91].

ECs mediate the transfer of biochemical signals, nutrients, and cells from blood 
to meet the specific metabolic requirements of local tissue [77]. While small mole-
cules can cross paracellularly, larger molecules require transcellular transport. The 
glycocalyx, the negatively charged luminal proteins expressed on ECs, repels nega-
tively charged macromolecules (e.g., red blood cells, albumin) and may allow 
charge-selective transcellular transport, particularly for positively charged mole-
cules [88].

ECs also regulate blood flow through anti-thrombotic effects and by affecting 
VSMC tone via local NO signaling. NO limits platelet and neutrophil binding, mak-
ing an anti-thrombotic surface on the endothelial wall [92, 93]. NO also induces 
vasorelaxation in healthy arteries, as seen directly with the administration of sublin-
gual nitroglycerin or indirectly (i.e., endothelium-dependent) via the administration 
of acetylcholine [94]. NO is generated from L-arginine by eNOS, the isoform of 
NOS that regulates vascular tone. This enzyme is activated via multiple stimuli, 
through either the calcium-independent pathway as seen in shear stress or the 
calcium- dependent pathway involving calmodulin triggered by acetylcholine, bra-
dykinin, or histamine [95]. NO generated from either pathway, which has a half-life 
of 3–5 s depending on oxygen tension, diffuses down its concentration gradient into 
the VSMC layer of the tunica media and regulates vascular tone in three ways (fully 
reviewed elsewhere [95]).

Briefly, the first occurs under normal conditions, where NO induces a powerful 
vasodilatory effect by stimulating soluble guanylyl cyclase (sGC). sGC catalyzes 
the production of cyclic guanosine monophosphate (cGMP), which activates pro-
tein kinase G (PKG). PKG induces intracellular calcium depletion by inhibiting 
extracellular calcium influx (via the voltage-dependent calcium channel), decreases 
calcium release from the sarcoplasmic reticulum (via binding to inositol 
1,4,5- trisphosphate (IP3) receptor), and increases reuptake of cytosolic calcium into 
the sarcoplasmic reticulum (via the sarco-/endoplasmic reticulum calcium ATPase 
[SERCA]). Calcium depletion activates myosin light chain phosphatase (MLCP) 
and inactivates calmodulin and subsequently myosin light chain kinase (MLCK), 
the net result of breaking actin-myosin cross-bridging and inducing vasorelaxation. 
The second mechanism is activated under hypoxic conditions, where sGC generates 
inosine-3′, 5′-cyclic monophosphate (cIMP), which activates Rho-associated pro-
tein kinase (ROCK) to inhibit MLCP and activate MLCK, inducing paradoxical 
vasoconstriction [96]. In the third pathway, NO produces S-nitrosylated proteins 
from cysteine thiols. These S-nitrosylated proteins induce a number of effects, such 
as increase the activity of SERCA to induce vasodilation and regulate G protein- 
coupled receptors (GPCR) signaling, particularly GPCR kinase 2, which is involved 
in β-adrenergic signaling in the myocardium and peripheral vessels. Notably, NO 
can also be generated by endothelium-independent pathways using nitrite or nitrate 
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stores predominately under hypoxic conditions, including by deoxyhemoglobin, 
xanthine oxidoreductase, and mitochondrial cytochrome c oxidase [95]. Normal 
arteries adapt to maintain a basal level of wall stress, which is 15–20 dynes/cm2 
across a number of species [66]. In the short term, arteries dilated in response to 
increased shear stress (e.g., exercise). Over time, arteries remodel to maintain this 
baseline of shear stress [66].

The intact endothelium maintains hemostasis by inactivating pro-thrombotic 
pathways while secreting anti-thrombotic vasodilators [97]. First, tissue factor, 
which is the primary physiologic activator of the clotting cascade, is not expressed 
on the luminal surface of ECs, but is abundant in cells of the media and adventitia, 
including VSMCs and fibroblasts. In the event of vascular injury with disruption of 
the endothelial barrier, platelets are activated by the exposed tissue factor and col-
lagen. Second, ECs express enzymes to hydrolyze ATP and ADP into adenosine, 
which has anti-inflammatory effects. Additionally, as ADP is a key mediator of 
platelet activation and aggregation, EC hydrolysis of ADP limits platelet activation 
and aggregation [97, 98]. Third, ECs release NO and prostacyclin I2 that induce 
vasodilation, although both also have antiadhesive and antiaggregating effects. 
Fourth, ECs express a number of membrane-bound proteins, including heparin-like 
proteoglycans, thrombomodulin, tissue factor pathway inhibitor, and protein recep-
tor C (PRC). PRC also stabilizes EC barrier function and induces the expression of 
anti-apoptotic and anti-inflammatory regulators. In the event of vascular injury, ECs 
rapidly promote hemostasis by releasing a number of agents, including von 
Willebrand factor (VWF), P-selectin, angiopoietin-2, and endothelin-1, which con-
tribute to platelet activation and aggregation, as well as a cascade of other pro- 
thrombotic effects [79].

Finally, ECs rarely proliferate under normal circumstances, but have the poten-
tial to rapidly expand in the event of vascular injury or when triggered for angiogen-
esis [63]. When tissue is hypoxic or nutrient-deprived, angiogenic signals are 
released, such as VEGF. ECs are activated to secrete MMPs that enables tip ECs, 
followed by stalk ECs, to migrate and proliferate toward the angiogenic signal. 
Once tip ECs intersect, progenitor cells follow to build the normal arterial structure. 
With restoration of sufficient oxygen and nutrients, angiogenic signals decrease, 
and ECs return to a dormant state.

 Development of Atherosclerosis

 Pathogenesis of Atherosclerosis

As there is significant heterogeneity of vascular phenotype and function under 
healthy conditions, it is unsurprising that atherosclerosis itself manifests as a het-
erogeneous disease. The structure of the atherosclerotic plaque in peripheral arter-
ies differs from coronary arteries [99]. There has been significant progress in the 
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understanding of atherosclerosis in the last century. Much of this work has been on 
CAD, but there is now increased attention being paid to PAD.  However, there 
remain significant gaps in our understanding of the pathogenesis and progression 
of atherosclerosis and even more uncertainty in atherogenesis in the lower 
extremities.

Historically, the response-to-injury hypothesis suggested that atherosclerosis 
resulted from an injury to the medium- and large-vessel ECs. This focal injury 
caused endothelial denudation and allowed abnormal binding of circulating plasma 
cells, namely, platelets which were thought to induce intimal VSMC proliferation 
and eventual formation of atherosclerotic plaque [100, 101]. After repeated injuries, 
it was hypothesized that the plaque would expand to cause significant flow obstruc-
tion. However, autopsies of young patients between 15 and 34 years of age demon-
strated that an intact endothelial layer formed over most atherosclerotic lesions and 
that early atherosclerosis occurred in a somewhat predictable distribution [102]. At 
these locations, fluid mechanical forces were shown to induce a change in EC shape 
and orientation, surface protein expression, and alteration in the configuration of 
cytoskeletal and intercellular junctional proteins, and these changes were thought to 
allow increased lipid deposition [103].

But it was also clear that the increase in cholesterol influx alone could not explain 
the formation of atherosclerotic plaque; in fact, studies differed on whether athero-
prone areas demonstrated increased or decreased cholesterol entry [101]. A model 
that relied only on cholesterol influx, particularly in response to endothelial shear 
stress, was too narrow to explain the pathogenesis of atherosclerosis.

This realization led to the response-to-retention hypothesis [101]. As LDL 
crossed the endothelial layer in healthy and diseased arteries (at that time through 
unknown pathways), Williams and Tabas postulated that retention of atherogenic 
cholesterol induced a series of alterations that propagated atherogenesis, including 
expansion of proteoglycans and glycosaminoglycans in the ECM (which binds 
LDL), cellular chemotaxis (including monocytes and VSMCs), and expression of 
endothelial adhesion molecules, all of which enhanced further cholesterol influx 
and retention. Retention also required insufficient cholesterol efflux, although it was 
believed cholesterol was only removed passively from the arterial wall at that time. 
Four years later, Ross expanded upon this hypothesis and emphatically acknowl-
edged that atherosclerosis is better explained as an inflammatory disease [39]. While 
parts of the response-to-injury theory remain accepted today, atherosclerosis is now 
recognized as an inflammatory disease that occurs in response to lipid deposition 
and retention, called the inflammatory hypothesis of atherosclerosis [103]. Further 
investigation has uncovered significant heterogeneity in how ECs respond to shear 
stress, resulting in changes in morphology, metabolism, and immunoregulatory 
regulation, that yield either an atheroprotective or atheroprone responses in the local 
vascular territory [78, 103]. It has become increasingly apparent that atherogenesis 
is a highly complex and maladaptive process involving endothelial dysfunction of 
arteries and lymphatics, surrounding vasa vasorum, macrophages and other inflam-
matory cells, VSMCs, the adventitia, and numerous lipid receptors [104].
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Even prior to lipid deposition, diffuse intimal thickening (DIT) is observed in 
atheroprone arterial segments and can develop in fetal life or in young infants. These 
regions contain VSMC and an expanded ECM including elastin and proteoglycans 
that are well-organized, but notably do not contain lipid deposits or neovessels, and 
are thought to arise secondary to mechanical stress on the vascular wall [105]. 
VSMCs in DIT serve a more synthetic role, as suggested by increased representa-
tion of synthetic organelles relative to contractile proteins, and are the thought to 
generate the majority of the expanded ECM in DIT [106].

It remains unclear what transforms DIT into pathologic intimal thickening (PIT), 
and not all DIT becomes pathologic. Historically, this transformation was thought 
secondary to lipid-laden macrophage apoptosis that allowed extracellular deposi-
tion [105]; however, as the mechanisms of lipid handling are being better eluci-
dated, it appears increasingly likely that the rate of lipid influx and efflux contributes 
to this transformation. As such, it is important to consider how lipids enter and exit 
the arterial wall.

 Entry of LDL into the Subendothelial Space

Circulating apolipoprotein B (apoB)-containing lipid particles, particularly LDL, 
are causal in the development of atherosclerotic plaque. For some time, macromol-
ecule transfer across the endothelium was thought to be passive through paracellular 
pores down molecular gradients [107]. However, research has shown LDL is too 
large (up to 70 nm in diameter) to cross through the narrow gap junctions of intact 
endothelium to any significant degree and an intact endothelium is seen in early 
atherosclerotic lesions. Instead, LDL is transported through a process called trans-
cytosis [104, 107, 108]. While LDL receptors (LDLR) are expressed on ECs, their 
role in the regulation of LDL transport in the vascular endothelium remains unclear, 
but they do not appear to be a major contributor to the extravascular transfer of lip-
ids in atherosclerosis. This is particularly apparent as patients with LDLR mutations 
(as seen in familial hypercholesterolemia) are at heightened risk for atherosclerosis. 
Administration of PCSK9 results in almost complete loss of murine coronary endo-
thelial LDLR in vitro, yet the transfer of LDL is unaffected [109]. LDL transcytosis 
is mediated by scavenger receptor-B1 (SR-B1) and activin receptor-like kinase 1 
(ALK1) as shown in Fig. 1.6.

SR-B1 is involved in LDL transcytosis. Upregulation of Scarb1, the gene encod-
ing SR-B1, in mouse ECs results in a 50% increase of LDL transcytosis, whereas 
knockout SR-B1 mice experienced a >40% reduction in aortic LDL accumulation 
over a 3-h period [109]. In early work, SR-B1 and apoE double knockout mice 
demonstrated rapid and extensive atherosclerosis, but this was attributed to loss of 
hepatic SR-B1 function responsible for HDL binding in hepatocytes in the RCT 
pathway [111, 112]. However, an elegant study showed that mice with selective 
silencing of endothelial-specific SR-B1 had marked reduction in transcytosis of 
LDL and oxidized (oxLDL), as well as intermediate- and very-low-density 
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Fig. 1.6 Schematic of the endothelium and the mechanism of transcytosis of low-density lipopro-
tein (LDL) cholesterol. Endothelial cells (ECs) are connected by tight junctions and adherens 
junctions, which maintain cell-to-cell adhesion, and gap junctions, which mediate cell-to-cell com-
munication. Small molecules (<3 nm in molecular radius) are able to cross paracellularly. LDL 
receptors (LDLR) are expressed on the apical aspect of ECs, but do not appear to be involved in 
LDL transcytosis. Scavenger receptor-B1 (SR-B1) and activin receptor-like kinase 1 (ALK1), 
which are expressed in caveolae (small plasma membrane rafts), are primarily responsible for LDL 
transcytosis and eventual entry into the subendothelial space. (Figure from Zhang [110]. This is an 
open-access article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution, or reproduction in other forums is permitted, provided the original 
author(s) and the copyright owner(s) are credited and that the original publication in this journal is 
cited, in accordance with accepted academic practice)

lipoproteins (IDL and VLDL, respectively) [112]. This study further demonstrated 
that LDL binds to SR-B1 with colocalized dedicator of cytokinesis 4 (DOCK4) and 
suppression of Dock4 resulted in reduced LDL transcytosis, confirming that both 
SR-B1 and DOCK4 are involved in LDL transcytosis. mRNA expression of both 
SR-B1 and Dock4 was increased in atherosclerotic-prone areas (i.e., lesser curvature 
of the aorta), and expression of both of these molecules was higher in atheroscle-
rotic arteries compared to normal arteries.

Further investigation revealed a positive feedback loop between nuclear high 
mobility group box 1 (HMGB1) and SR-B1 expression [113]. HMGB1 is highly 
expressed in human atherosclerotic plaques, and local expression of HMGB1 is 
increased in the setting of inflammation. In the presence of HMGB1, monocytes 
release various cytokines, including TNF-α, IL-1, and IL-6 [114]. These cytokines 
stimulate ECs to increase expression of intercellular cell adhesion molecule-1 
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and tissue plasminogen 
factor (tPA) [115], which in turn induce VSMC reorganization and migration into 
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the intima [115]. Knockdown of nuclear HMGB1 results in reduced LDL transcyto-
sis, and loss of HMGB1 results in reduced SR-B1 (but not ALK1) and sterol regula-
tory element-binding protein 2 (SREBP2), a critical transcriptional regulator of 
genes involved in cholesterol handling, such as LDLR and Scarb1. Importantly, 
when ECs are incubated with LDL, levels of HMGB1 increased, suggesting a posi-
tive feedback loop where LDL induces increased HMGB1 expression, which subse-
quently increases SR-B1 expression and further accelerates transcytosis of LDL 
[113]. SR-B1 is also linked to HDL transcytosis and has been extensively investi-
gated in its role in hepatic HDL uptake. In the periphery, HDL and LDL competi-
tively bind SR-B1, and excess LDL reduces HDL transcytosis [107, 109]. SR-B1 is 
also thought to be at least partially responsible for the atheroprotectiveness of estro-
gen. Previously, estrogen was shown to increase LDLR receptors on hepatocytes, 
resulting in a reduction in circulating LDL.  In more recent studies, compared to 
cells from premenopausal women, ECs from men and a postmenopausal woman 
had increased LDL transcytosis. When these ECs were exposed to physiologic lev-
els of estrogen, there was a dose-dependent reduction in coronary endothelial 
SR-B1 (but not ALK1) and LDLR with subsequent reduction in LDL transcytosis, 
but no effect on hepatocytes [116]. Neither HMGB1 nor estrogen appeared to affect 
endothelial barrier function, and their effects were specific for LDL transcytosis. 
Therefore, SR-B1 is a crucial regulator of LDL transcytosis and appears to be a 
pathway by which inflammation induces and accelerates atherosclerosis, as well as 
how estrogen is atheroprotective.

ALK1 also plays an independent role in vascular LDL transport. ALK1 was ini-
tially found by genome-wide RNAi screening (which also identified Scrab1, though 
not studied in the publication) and is a TGF-β-type receptor that is highly expressed 
by ECs [117]. ALK1 knockdown in mice resulted in a significant reduction in LDL 
transcytosis; however, ALK1 is required for embryologic vascular development. As 
such, long-term studies of ALK1 inhibition or silencing are prohibitively lethal [117].

Caveolae, the small plasma membrane rafts classically involved in endocytosis, 
have also recently been shown to mediate lipid transcytosis [118, 119]. In apoE 
knockout mice with deleted caveolin-1 (Cav1), the protein responsible for caveolae 
formation, atherosclerosis is significantly reduced despite hyperlipidemic condi-
tions. Recently, Cav1 deletion was shown to significantly reduce LDL influx 
(approximately 80% reduction) in LDLR knockout mice [120]. Three key observa-
tions were generated from this work. First, the atheroprone lesser curvature of 
murine aorta showed increased expression of Cav1 and more abundant intracellular 
caveolae compared to the atheroresistant greater curvature. Intracellular caveolae 
and lipid influx were completely abolished in atheroprone regions in CAV1 knock-
out mice, and reintroduction of Cav1 showed rapid accumulation of lipids in the 
vascular wall. These findings support the conclusion that mechanical signaling 
appears to control caveolae morphology and location. Second, Cav1 knockout mice 
had reduced surface expression of ICAM-1 and VCAM-1, as well as reduced fibro-
nectin deposition and macrophage infiltration, a finding that persisted even in the 
presence of inflammatory cytokines. Third, ECs exposed to oscillatory shear stress, 
a model of disrupted blood flow, demonstrated a two- to threefold increase in 
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ICAM-1, VCAM-1, and p65 phosphorylation, and these increases were silenced in 
Cav1 knockout mice. Notably, these Cav1 knockout mice demonstrated cardiac 
hypertrophy, as seen in previous reports. In short, Cav1 appears to be a key mediator 
of lipid transcytosis, fibronectin deposition, and regulation of adhesion molecule 
expression in response to abnormal shear stress or inflammation.

Both SR-B1 and ALK1 are expressed on the EC apical surface within caveolae, 
and inhibition of each receptor individually results in an approximately 50% reduc-
tion in immediate LDL transcytosis, whereas combined inhibition reduces LDL 
transcytosis by 70% [112]. Consequently, other means of LDL transcytosis are 
likely undiscovered. Notably, LDLR, cluster of differentiation 36 (CD36), and oxi-
dized LDL receptor-1 (LOX-1) bind LDL, but these receptors are not involved in 
LDL transcytosis in vascular ECs outside of the brain [112]. Additionally, the 
uptake of other lipoproteins or modified lipoproteins (e.g., oxLDL, modified non- 
oxidized lipoproteins) likely contributes to atherogenesis, although the contribution 
of these pathways is less clear. For example, LOX-1 is the primary receptor for 
oxLDL for ECs, and expression is significantly amplified by inflammatory cyto-
kines, creating an additional positive feedback loop [121]. Binding of oxLDL to 
LOX-1 on ECs results in EC activation with increased expression of adhesion mol-
ecules, activation of the NF-κB pathway, and reduced EC vasorelaxation, among 
other effects [121].

Once lipids cross the luminal membrane of ECs, relatively little is known about 
the trafficking and modification of cholesterol within the EC.  This transfer is 
believed to occur within minutes, and it is unclear if LDL undergoes any modifica-
tion, such as oxidation, while still in the EC [107]. However, caveolae containing 
the LDL integrate into the basal membrane, likely mediated by soluble 
N-ethylmaleimide-sensitive factor (NSF) attachment protein receptor (SNARE) 
machinery, which allows exocytosis of LDL into the subendothelial space.

Transluminal influx of LDL appears to be the primary pathway of lipid accumu-
lation in arterial walls. While there may be some component of cholesterol influx 
via the vasa vasorum, this appears to be relatively modest [107].

 Clearance of LDL into the Subendothelial Space

Peripheral cells are unable to catabolize cholesterol, so accumulated and excess 
cholesterol in the vessel wall needs to be recycled and returned to the liver via the 
central circulation [122]. In the vessel wall, LDL is engulfed by macrophages and 
VSMCs, effluxed to extracellular HDL, and transported back to the liver for excre-
tion in the bile in the RCT pathway. Alternatively, the liver can also either convert 
the cholesterol into bile salts via 7α-hydroxylase or simply package it back into 
apoB containing particles and re-secrete it into the circulation.

Once across the EC barrier, positively charged lipoproteins on native LDL, 
which is LDL that is not yet modified, bind with negatively charged proteoglycans 
and glycosaminoglycans deposited by VSMC to become aggregated LDL [123]. 
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Aggregated LDL (agLDL) uptake by macrophages is primarily mediated by the 
LDL receptor-related protein 5 (LRP5), an enzyme that is part of the LDLR family 
[124]. In human macrophages, LRP5 is located in the cytoplasm, but is translocated 
to the cell membrane and upregulated in response to agLDL. PCSK9 expression, 
which is nearly undetectable in monocytes, increases significantly as macrophages 
differentiate in response to agLDL. Together, PCSK9 and LRP5 form a complex, 
and LRP5 appears involved in the release of PCSK9. Selective inhibition of either 
PCSK9 or LRP5 leads to a significant reduction in cholesterol ester (CE) accumula-
tion in macrophages, and simultaneous silencing of both led to a nearly 70% drop 
in intracellular CE after 24 h. Furthermore, in the presence of agLDL, silencing 
RNA (siRNA) against PCSK9 reduced TNF-α and IL-1β expression to baseline 
levels and reduced NF-κB pathway signaling. In mice, PCSK9 is not expressed in 
normal aortas, but is increased in atherosclerotic plaques. Silencing of PCSK9 (with 
siRNA) reduces TNF-α, IL-1β, and monocyte chemoattractant protein-1 (MCP-1) 
expression by inhibiting the toll-like receptor 4 (TLR4)/NF-κB signaling pathway, 
despite no significant change in circulating lipids [125]. Recent data demonstrated 
that TNF-α reduced eNOS activation and NO production, but that administration of 
PCSK9 siRNA restored eNOS function and NO production even in the presence of 
TNF-α [126]. There is also evidence of cross-talk between LOX-1 and PCSK9 such 
that each can positively upregulate the expression of the other [127]. These studies 
support the conclusion that agLDL induces a pro-inflammatory state and that block-
ing PCSK9 reduces atherosclerosis by inhibiting inflammatory signaling, in addi-
tion to its known role in augmenting hepatic LDL uptake to reduce plasma 
LDL levels.

Aggregated LDL deposits may then undergo further modification (e.g., oxidiza-
tion), which makes them more atherogenic by producing oxysterols, as well as 
OxPLs (including oxLDL) and fatty acids. A number of lipid receptors have a rec-
ognized role in atherosclerosis (reviewed elsewhere [104]), but key receptor will be 
reviewed.

Macrophages, the primary immune cell involved in atherosclerosis, identify and 
internalize oxLDL (by either phagocytosis or pinocytosis) via scavenger receptors 
(SRs) that are primed to detect oxidation-specific epitopes (OSE), which are moi-
eties on oxidized lipids that are particularly pro-atherogenic. The functions of the 
macrophage with lipid handling are depicted in Fig. 1.7. A number of these scaven-
ger receptors exist, although in vitro up to 90% of macrophage uptake of fully oxi-
dized LDL is mediated by CD36, SR-A1, and SR-B1 [129, 130]. LOX-1 also binds 
oxLDL, though primarily delipidated oxLDL and partially oxidized LDL. Under 
normal conditions, LOX-1 expression is low, but expression can be significantly 
increased in response to inflammation and thus may be an additional minor pathway 
of macrophage uptake of oxLDL [121, 131]. The two primary OSEs, OxPL and 
malondialdehyde (MDA)-modified amine groups, bind to cellular pattern recogni-
tion receptors (PRRs) CD36 and SR-A, respectively, although other OSEs are 
known to bind these scavenger receptors as well. Toll-like receptors (TLRs) appear 
to work in concert with SRs to mediate a sterile inflammatory response. For exam-
ple, CD36 was shown to recognize oxLDL and trigger the formation of a 
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Fig. 1.7 Lipoprotein uptake and efflux by macrophages from the extracellular matrix. Normal 
state: Macrophages uptake lipoproteins, including native low-density lipoprotein (LDL), aggre-
gated LDL, and oxidized LDL (oxLDL), via phagocytosis or pinocytosis, or by receptor-mediated 
uptake via scavenger receptor-A1 (SR-A1), oxidized LDL receptor-1 (LOX-1), cluster of differen-
tiation 36 (CD36), and SR-B1. Upon entry, lipids are degraded in lysosomes into free cholesterol, 
which may be effluxed to lipid-poor apolipoprotein-A1 (apo-A1) or high-density lipoprotein 
(HDL) via ATP-binding membrane cassette transport protein A1 (ABCA1) or ABCG1, destined 
for the reverse cholesterol transport pathway. Free or oxidized cholesterol may also be stored by 
converting them into cholesterol esters via acetyl-CoA acetyltransferase-1 (ACAT1) to form lipid 
droplets. Accumulated cholesterol activates nuclear liver X receptor-retinoid X receptor (LXR- 
RXR), which enhances expression of ABCA1 and ABCG1. Lipid droplets are mobilized by either 
lipolysis by neutral cholesterol ester hydrolase 1 (NCEH1) or lipophagy to return to lysosomes. 
Pathologic state: oxLDL is recognized by toll-like receptors (e.g., TLR4) or scavenger receptors, 
such as the CD36-TLR4/TLR6 heterotrimer, which activate NF-κB signaling and the production 
of cytokines. Excess free cholesterol can also precipitate to form cholesterol crystals, which are 
potent activators of the NLRP3 (NOD−, LRR−, and pyrin domain-containing 3) inflammasome. 
With significant oxidative stress, macrophages may be triggered to undergo apoptosis or secondary 
necrosis. (Figure from Moore [128])

CD36-TLR4/TLR6 heterotrimer, a complex that activates the NF-κB pathway and 
increased expression of cytokines, such as IL-1β [132]. CD36 also forms a hetero-
trimer with TLR2/TLR6 and can induce macrophage apoptosis and plaque necrosis 
in the setting of endoplasmic reticulum stress [133]. Soluble PRRs, such as CRP, are 
known to bind OSEs of apoptotic cells and inhibit the cellular PRR response, 
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triggering the alternative complement pathway to clear OSE-expressing cellular 
debis [134]. Given the variety of OSE generated by lipid peroxidation combined 
with the various PRRs, there are likely numerous undiscovered signaling pathways 
involved in oxidized lipid handling.

Engulfed OxPLs in macrophages are converted into CEs via acetyl-CoA acetyl-
transferase- 1 (ACAT1) on the endoplasmic reticulum to prevent free cholesterol 
toxicity. Under normal conditions, a balance of phospholipids and CE is main-
tained without significant accumulation of lipids in the vascular wall, but macro-
phages can become foam cells, the prototypical cell of atherosclerotic plaque, as 
more lipid is retained [108]. To clear lipids, CEs are converted back to free choles-
terol via neutral cholesterol ester hydrolase (nCEH) and effluxed by macrophages 
to lipid-poor apoA-1 or HDL [131, 135]. This is accomplished either by direct 
efflux to free apoA-1 via the ATP-binding membrane cassette transport protein A1 
(ABCA1) or by efflux to mature HDL particles via ABCG1 [122]. Mature HDL is 
generated by conversion of free cholesterol into CE via lecithin/cholesterol acyl-
transferase (LCAT). Mature HDL then travels predominately via the lymphatic sys-
tem to return to the liver. The importance of the lymphatic system was demonstrated 
in a series of observations [136]. First, in apoE knockout mice, hyperlipidemia 
resulted in impaired lymphatic drainage, as well as accumulation of fluid (as 
edema), macrophages, and cholesterol. When treated with ezetimibe, which inhib-
its dietary and biliary cholesterol absorption and increases VEGF-C, lymphatic 
drainage improved. Lymphatic vessels dilated with a subsequent improvement in 
edema and a reduction in accumulated lipids. Second, labelled cholesterol-loaded 
macrophages injected into a mouse were first detected in the lymph and then later 
in the plasma, liver, and eventually feces. When lymph drainage was surgically 
disrupted, labeled HDL was poorly cleared from peripheral tissue, and labeled 
HDL concentrations in the lymphatic fluid and plasma of were reduced 90% and 
80%, respectively. Finally, downregulation of lymphatic SR-B1 impaired HDL 
uptake by 80%, suggesting that HDL primarily binds to SR-B1 on lymphatic ECs 
to be removed from the periphery. These findings demonstrated that the lymphatic 
system is a key player in lipid homeostasis and that venous efflux of cholesterol 
was insufficient to support physiologic requirements [136]. Hyperlipidemia and 
inflammation impair clearance of lipids via obstructing lymphatic flow. Furthermore, 
expression of ABAC1 and ABCG1 is downregulated in response to inflammation of 
atherosclerosis, further reducing cholesterol transfer from macrophages to 
HDL [131].

Additionally, VSMC are also important in lipid clearance. With lipid accumula-
tion, VSMC undergo phenotypic switching to become macrophage-like cells via the 
Krüpple-like factor 4 (KLF4) pathway [137]. KLF4 is a transcription factor that 
regulates VSMC differentiation and proliferation that is stimulated by platelet- 
derived growth factor (PDGF) released by macrophages [137]. AgLDL uptake by 
VSMC appears to be mediated by LRP1 [138]. The SRs responsible for oxLDL 
uptake in VSMC are similar to those in macrophages, including SR-A1, SR-A2, 
CD36, and LOX-1 (Fig. 1.8) [139]. An estimated 30–40% of foam cells are derived 
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Fig. 1.8 Roles of vascular smooth muscle cells (VSMCs) in atherosclerosis. In early atheroscle-
rosis, VSMC migrate from the media to the intima and deposit proteoglycans and glycosaminogly-
cans in the extracellular matrix (ECM) to induce diffuse intimal thickening (DIT). Myocardin 
(MYOCD) family proteins increase the expression of contractile genes of VSMCs, and expression 
of MYOCD decreases as VSMC phenotype switch from a contractile to synthetic function. Low- 
density lipoprotein (LDL) trancytoses through the endothelial cell (EC) wall where positively 
charged lipid moieties bind negatively charged proteoglycans resulting in lipid retention. Retained 
LDL undergoes modification, including oxidation, which is pro-inflammatory and promotes 
monocyte recruitment, secretion of cytokines and chemokines, and expression of adhesion mole-
cules that leads to pathologic intimal thickening (PIT). Macrophages release platelet-derived 
growth factor (PDGF) that induces the Krüpple-like factor 4 (KLF4) pathway, a transcription fac-
tor that upregulates VSMC differentiation and proliferation. VSMC phenotype switches into a 
macrophage-like state, marked by reduced contractile proteins (e.g., α-smooth muscle actin, 
αSMA) and increased expression of cluster of differentiation 68 (CD68), a protein that is typically 
expressed on macrophages. Macrophage-like VSMCs and macrophages use scavenger receptors 
(SR) to uptake oxidized LDL (oxLDL) and offload it to the reverse cholesterol transport pathway 
(not shown) via ATP-binding membrane cassette transport protein A1 (ABCA1) or ABCG1, but 
can become foam cells with significant cholesterol uptake that are at risk for apoptosis if inflam-
mation is sustained. ICAM-1 intercellular adhesion molecule-1, VCAM-1 vascular cell adhesion 
molecule-1. (Figure from Basatemur [106])

from VSMCs, suggesting they play a significant role in lipid uptake and clearance. 
VSMC may be particularly susceptible to form cell formation in response to 
enzyme-modified non-oxidative LDL [140].

After the lymph fluid is returned to the circulation via the thoracic duct, CEs in 
HDL undergo uptake to the liver either directly via HDL binding to hepatic SR-B1 
or indirectly whereby cholesteryl ester transfer protein (CETP) offloads cholesterol 
from HDL to apoB-containing lipids and binds to hepatic LDLR for hepatic 
uptake [122].
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 Propagation of Atherosclerosis

Lipids in the arterial wall upregulate a number of pro-inflammatory signaling path-
ways that recruit monocytes and VSMCs to recognize and eliminate lipid deposits. 
Under ideal circumstances, a transient pro-inflammatory state would recruit these 
cells to clear excess lipids and subsequently be downregulated as the excess lipids 
are eliminated. However, if the response is insufficient to clear excess lipids, a posi-
tive, pro-inflammatory feedback loop is created that only further propagates athero-
genesis, particularly in pro-atherogenic states, such as hyperlipidemia, diabetes, or 
chronic systemic inflammation [39, 101].

Macrophages exist throughout most tissues and act to maintain tissue homeosta-
sis through antimicrobial defense, clearance of cellular debris, and regulation of the 
inflammatory response via inflammatory signaling [141]. Various phenotypes of 
macrophages exist in tissues, and their phenotype is likely controlled via the inflam-
matory signaling of the microenvironment, which enables macrophages to dynami-
cally mediate either a pro- or anti-atherosclerotic response [142].

Retained lipoproteins in the subendothelial space continue to undergo oxidation 
through various enzymatic and nonenzymatic pathways that further induce inflam-
mation [143]. Oxidative reactions are essential for the survival of eukaryotes, 
including for the generation of energy and cellular signaling [129]. However, these 
vital reactions also induce oxidative stress, and the balance of essential versus 
excessive ROS generation skews toward harm in pathologic states [134, 144]. 
Lipids, particularly phospholipids, are major targets for peroxidation that produces 
OSE that are recognized by PRRs of the innate immune system [134, 145]. 
Membrane phospholipids in apoptotic macrophages and VSMCs are also a source 
of OSE, and the generation and clearance of OSE-expressing cells is an important 
signaling mechanism for clearance of cellular debris in normal or pathologic cell 
turnover [146].

OxPLs induce a number of pro-inflammatory signaling pathways, including acti-
vating macrophages to release various cytokines (e.g., IL-6, IL-8, MCP-1) [147] 
and chemokines (e.g., CCL2 (C-C motif chemokine ligand 2) and CX3CL1), result-
ing in further monocyte recruitment and differentiation into macrophages at the site 
of injury [128]. VSMCs also are responsible for secreting some of these chemoat-
tractants [106]. OxPLs also activate monocytes via the NLRP3 (NOD-, LRR-, and 
pyrin domain-containing 3) inflammasome, which is also involved in responding to 
danger signals and exogenous threats (e.g., bacterial lipopolysaccharides (LPS)). 
However, distinctly different than the immune response to exogenous ligands, 
OxPLs trigger the binding of only monocytes to luminal surface of ECs instead of 
both monocytes and neutrophils. This allows enhanced migration and homing of 
monocytes in response to OxPL deposition in the subendothelial vascular space. 
OxPL activates ECs that results in the increased expression of IL-8, CXCL2 (C-X-C 
motif ligand 2), and CXCL3 and the activation of NF-κB pathway; surface adhesion 
molecules E-selectin, P-selectin, VCAM-1, and ICAM-1; MCP-1; and CD40/
CD40L pathway [121]. oxLDL also decreases NO production, increases ROS 
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formation, and induces EC apoptosis [121]. With accumulation and continued 
retention of lipids in the subendothelial space, apoB-containing lipoproteins, par-
ticularly those that are oxidized, initiate a complex positive feedback loop of inflam-
mation and cellular recruitment that propagates the formation of atherosclerotic 
plaque as depicted in Fig. 1.9.

OxPLs also stimulate angiogenesis via upregulating expression of VEGF [148]. 
As the vascular wall expands due to lipid accumulation, inflammatory cell recruit-
ment, and ECM expansion, neovessels form to support the increased metabolic 
requirements. In particular, VEGF stimulates proliferation and migration of ECs, 
increases EC production of ROS via the NOX family of NADPH oxidases, and 
promotes monocyte migration via VEGF receptor 1 (VEGFR-1) [148, 149]. While 
the density of vasa vasorum correlates with the quantity of monocytes in atheroscle-
rotic plaques, it remains uncertain to what extent these neovessels allow further 
plaque expansion, such as by increasing delivery of lipids and inflammatory cells.
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Fig. 1.9 The response-to-retention hypothesis of atherogenesis. Low-density lipoprotein (LDL) 
enters the arterial wall via transcytosis and binds proteoglycans (PG) and glycosaminoglycans 
(GAG) and in the extracellular matrix (ECM). Retained LDL undergoes enzymatic modification 
(e.g., oxidation) to enzyme-modified oxidized LDL and non-oxidized LDL, which creates choles-
terol esters (CE) and free cholesterol (FC) aggregates. These modified lipids are particularly pro- 
inflammatory and express oxidation-specific epitopes (recognized as damage-associated molecular 
patterns, DAMPs) that are recognized by macrophages and macrophage-like vascular smooth 
muscle cells (latter not shown) that try to contain and remove inflammatory lipids via the reverse 
cholesterol transport pathway. As lipids accumulate in these cells, they become foam cells rich in 
CE and may undergo apoptosis or necrosis. Increased oxidative stress and DAMPs expressed by 
dead immune cells results in a positive feedback loop that further stimulates the inflammatory 
cascade. ROS, reactive oxygen species. (Figure from Borén [108])
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Additionally, up to 20–30% of IgM in serum of healthy mice bind OSEs, particu-
larly to MDA epitopes, suggesting involvement of the adaptive immune system 
[129]. These antibodies bind OxPL and activate T and B cells. Initially, the adaptive 
immune system appears to favor atheroprotective effects, but as atherosclerosis pro-
gresses, the adaptive immune system becomes pro-atherogenic, and adaptive 
immune cells release pro-inflammatory mediators, including interferon-γ (INF-γ), 
IL-2, IL-3, TNF, and lymphotoxin, which further activate macrophages and T 
cells [150].

These inflammatory signaling pathways recruit macrophages and VSMCs to 
clear the pro-inflammatory lipids. However, if excess intracellular CEs accumulate, 
macrophages and VSMCs phenotypically become foam cells. Foam cells secrete an 
abundance of inflammatory mediators, which further propagates atherogenesis 
[150]. Additionally, cholesterol can precipitate as extracellular crystals, which are 
also potent stimulators of the immune system, including the NLRP3-depdent 
inflammasome (Fig.  1.7). While most crystals are thought to arise from macro-
phages, a recent study demonstrated apoE knockout mice showed rapid accumula-
tion of cholesterol crystals in the aortic arch, even prior to significant macrophage 
recruitment with significant compromise of the EC barrier [151]. This may repre-
sent an additional pathway of cholesterol crystal deposition mediated by ECs, par-
ticularly in early atherosclerosis formation, but further investigation is required. 
With enhancement of the response with foam cell and cholesterol crystal formation, 
sustained inflammation induces significant oxidative stress, which can trigger mac-
rophage and VSMC apoptosis. VSMCs are also susceptible to apoptosis particularly 
in response to oxLDL [152].

In advanced atherosclerotic plaque, PIT can progress to fibroatheromas, which 
notably have a characteristic necrotic core and fibrous cap. Non-resolving inflam-
mation due to defective lipid and cellular clearance propagates further cellular 
recruitment and escalation of the inflammatory response. Increased cytokines, par-
ticularly IL-8 and IL-1β, reduce efferocytosis, the process of removing apoptotic 
cells, including lipid-laden macrophages that underwent cell death due to excessive 
oxidative stress [108]. Efferocytosis pertaining to cholesterol handling involves the 
adhesion G protein-coupled receptor B1 (ADGRB1), which allows direct contact 
with the macrophage (acting as an efferocyte), or indirection via the MER proto-
oncogene tyrosine kinase (MERTK) with a bridging molecule growth arrest- specific 
protein 6 (GAS6) or LDL-related protein 1 (LRP1) receptors, shown in Fig. 1.10 
[153]. ADGRB1 promotes the assembly of engulfment and cell motility protein 1 
(ELMO1) with downstream activation of RAC1 to facilitate phagocytosis of the 
apoptotic cell. With indirect binding of MERTK or LRP1, free cholesterol is inter-
nalized and converted to CEs by ACAT. Both direct and indirect pathways (the latter 
through LXR) induce ABCA1 expression, which effluxes cholesterol to the ECM to 
prevent excess intracellular cholesterol accumulation. Atherosclerosis can induce 
defective efferocytosis. Several possible mechanisms exist to explain this, such as 
proteolytic destruction of MERTK or downregulation of LRP1  in response to 
oxLDL, although apoptotic cells may have inappropriate expression of CD47, a 
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Fig. 1.10 Clearance of cholesterol of apoptotic cells by efferocytosis. Apoptotic, lipid-laden mac-
rophages are recognized by other macrophages serving as efferocytes. Direct adhesion to the mac-
rophage surface via adhesion G protein-coupled receptor B1 (ADGRB1) promotes the assembly of 
engulfment and cell motility protein 1 (ELMO1) with downstream activation of RAC1 to facilitate 
phagocytosis of the apoptotic cell for further intracellular processing. Indirect adhesion via either 
MER proto-oncogene tyrosine kinase (MERTK) with a bridging molecule growth arrest-specific 
protein 6 (GAS6) or LDL-related protein 1 (LRP1) receptors facilitates offloading of cholesterol 
to be processed into cholesterol esters by acetyl-CoA acetyltransferase-1 (ACAT1). Both the direct 
and indirect pathway (latter via upregulation of nuclear liver X receptor (LXR)) induce expression 
of ATP-binding membrane cassette transport protein A1 (ABCA1), which effluxes cholesterol 
extracellularly. (Figure from Doran [153])

signal that makes apoptotic cells resistant to efferocytosis [153]. Additionally, 
VSMC are relatively poor at efferocytosis [154].

Uncleared apoptotic cells eventually undergo secondary necrosis. In this rela-
tively uncontrolled pathway, membrane dissolution releases the cellular contents, 
which further exacerbates inflammation by the release of damage-associated molec-
ular patterns (DAMPs) molecules. A necrotic core results within the plaque, which 
is covered and contained by a fibrous cap. There is increasing evidence to support 
that both intimal and medial VSMCs are responsible for synthesizing the ECM and 
collagen of the fibrous cap in response to pro-inflammatory cytokines, including 
TGF-β, IL-1, PDGF, and others [106]. Depending on the local milieu of cell signal-
ing, activated inflammatory cells, and MMP activity, VSMCs may develop a thick 
protective fibrous cap or release enzymes that promote plaque erosion and rupture 
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[140]. What controls the fate of advanced atherosclerotic plaques and the stability 
of the fibrous cap remains uncertain, but appears dependent on the balance of spe-
cialized pro-resolving mediators (SPMs) and pro-inflammatory signaling (e.g., 
prostaglandins and leukotrienes). There are at least four distinct SPM families, 
including lipoxins, resolvins, protectins, and maresins, and a higher ratio of SPM to 
inflammatory signals is correlated with a smaller necrotic core and thicker fibrous 
cap [155]. Administration of resolvin E1, an SPM generated by endogenous oxida-
tion of eicosapentaenoic acid (EPA), to atherosclerotic-prone mice attenuated ath-
erosclerotic lesion area, appeared to slow the progression of atherosclerotic lesions, 
and reduced INF-γ and TNF-α [156]. SPMs were also shown to enhance efferocy-
tosis [153]. As advanced atherosclerotic plaques have lower SPMs compared to 
earlier lesions, this likely contributes to a thinner fibrous cap and reduced efferocy-
tosis [153]. The fibrous cap is vulnerable to rupture if it is thin, and it is estimated 
that 95% of plaque ruptures in coronary arteries occur when the cap is <65 μm [108].

Lastly, arterial calcification is associated with all-cause mortality and is promi-
nent in PAD, particularly in patients with diabetes or end-stage renal disease (ESRD) 
[157]. While bulkier calcification (≥3  mm) appears relatively stable, “spotty” 
microcalcifications (0.2–3  mm) are unstable and susceptible to rupture [108]. 
Atherosclerotic debris allows hydroxyapatite deposition to form microcalcifica-
tions, which further stimulates the inflammatory cascade [157]. The mechanism of 
arterial calcification is not well understood, although VSMCs appear to be the pri-
mary cell mediator. Enzyme-modified non-oxLDL, another modified LDL compo-
nent of atherosclerotic plaque produced by hydrolytic enzymes, appears to be 
particularly important in transforming VSMCs into an osteoblast-like phenotype to 
promote arterial calcification [140]. Further, oxidized lipoproteins inhibit osteoclas-
tic differentiation of macrophages [157]. Additional investigation is required to 
understand what controls plaque calcification, as well as what lipoproteins are 
implicated in this (e.g., Lp(a) may have significant causal role in calcification) [108].

This pro-inflammatory feedback loop can be disrupted to improve CV outcomes, 
as demonstrated by the use of canakinumab [158] or colchicine [159] in patients 
following a myocardial infarction. Additionally, reduction in LDL also improves 
CV outcomes [49, 160, 161]. In LDLR knockout mice fed a high-cholesterol diet to 
develop atherosclerosis, subsequent treatment with an anti-apoB antisense oligo-
nucleotide to reduce plasma cholesterol showed that LDL permeability of ECs fell 
within 1  week, followed by a substantial reduction in foam cells and increased 
plaque collagen content by 4 weeks [162]. There was no change in the size of the 
necrotic core by 4 weeks, but the duration of follow-up was likely insufficient to see 
this effect [162]. These studies suggest that even advanced plaques can be rescued 
with anti-inflammatory or lipid-reducing therapies.

In summary, the presence of sustained lipid transcytosis in excess of clearance 
results in a chronic inflammatory milieu that supports plaque expansion. Aggregated 
phospholipids are modified, and OxPLs induce the expression of inflammatory 
cytokines and chemokines to recruit inflammatory cells, stimulate pro-adhesion 
molecules on ECs, and enhance neovascularization. Monocytes respond to inflam-
matory signals, differentiate predominately into macrophages, and, with VSMCs, 
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attempt to clear OxPLs. If these mechanisms fail to clear excess lipids, chronic 
inflammation induces plaque expansion, cellular death with necrotic core forma-
tion, and vascular calcification, all of which increase the risk of plaque rupture.

 Atherosclerosis in Peripheral Artery Disease

The pathogenesis and progression of PAD are assumed to be similar to 
CAD.  However, while similar risk factors and biological pathways are likely 
involved, there is growing evidence that the pathogenesis and phenotype of athero-
sclerosis vary widely depending on the vascular bed. Recent analysis of gene 
expression in atherosclerotic plaques of aortic, carotid, and femoral arteries demon-
strated that 156 pathways were altered compared to controls, but only approxi-
mately 50% of genetic pathways overlap across all three arterial beds [163]. 
Additionally, the hallmark of coronary atherosclerosis is PIT and formation of a 
fibrous cap with abundance of lipid deposition and inflammatory cells. Acute coro-
nary syndrome occurs in the setting of plaque rupture with formation of overlying 
thrombus and sudden onset myocardial ischemia in approximately two-thirds of 
cases and plaque erosion, where the endothelial layer is denuded resulting in an 
exposed subendothelial layer, in one-third of cases [164]. However, these findings 
are less common in PAD [165]. Several studies investigated the distribution and 
histopathology of atherosclerosis in PAD.  Among patients with CLI undergoing 
amputation, multiple studies demonstrate several distinguishing phenotypical fea-
tures of PAD compared to CAD [165–168].

First, there is significant intimal thickening (>90% of samples, mostly in a con-
centric distribution) with a relative paucity of lipid deposition and absence of mac-
rophages, found in only one-quarter (39% in Soor [167]) and one-third of patients, 
respectively [166]. Intimal thickening and macrophage presence did not differ 
among patients with diabetes, smoking, or ESRD. These results were similar in a 
more recent study evaluating the location of maximum stenosis of amputations from 
patients predominately with CLI. Despite stenosis ≥70%, insignificant atheroscle-
rosis was found in 29 and 59% of patients with above-the-knee (AK) and below-the-
knee (BK) amputations, respectively [165]. In those patients with atherosclerosis, 
the majority of plaques were fibrocalcific (57% in AK and 60% in BK) instead of 
fibroatheromas (39% in AK and 30% in BK). A more recent MR-based study of the 
SFA in patients with PAD found that only 24% had lipid-rich necrotic cores and 
59% had arterial calcification; interestingly, only the presence of a lipid- rich core 
was predictive of future PAD events [169]. Whether non-atherosclerotic intimal 
thickening is similar to DIT observed in CAD or is instead an end-stage form of 
atherosclerosis in PAD remains unclear.

Second, calcification is significantly more prevalent in PAD and occurs most 
commonly in the tunica media adjacent to the internal elastic lamina (IEL). 
Prevalence of medial calcification increases with age [170] and is higher in patients 
with cigarette smoking history [166], ESRD [167], and diabetes [167]. The severity 
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(defined by percent circumference) of medial calcification was higher in arteries 
below the knee, and there was a trend for higher prevalence (59% in AK, 73% in 
BK) [165]. Intimal calcification was noted in 43% of patients and was typically 
continuous with a calcified IEL and medial calcification. Interestingly, in amputa-
tion samples in patients without PAD, the prevalence of intimal thickening, lipid 
accumulation, and calcification were all similar, but less severe [166]. Vascular cal-
cification in PAD is thought to be deposited by VSMCs similar to atherosclerosis in 
CAD, but why it is more common in PAD remains unclear [170]. Vascular calcifica-
tion, particularly in the tunica media, causes arterial stiffening that limits vasomotor 
reactivity and increases systolic blood pressure due to reduced arterial elasticity [99].

Finally, there appear to be significant differences in the etiology of stenosis in 
AK versus BK lesions. In amputated limbs with ≥70% stenosis, 73% had acute or 
chronic thrombi, and, of those, 68% did not have significant underlying atheroscle-
rosis, suggestive that plaque rupture is less common in PAD compared to CAD 
[165]. Further, the presence of chronic thrombi without atherosclerosis was signifi-
cantly higher in BK, whereas acute thrombi were more common in AK compared to 
BK. Similar results were noted in a small study that compared CT findings to arte-
rial histopathology extending from proximal SFA to distal leg vessels in patients 
with risk factors for PAD (but notably not clinically diagnosed) [168]. In this study, 
acute thrombosis was exclusively found AK and usually associated with calcified 
nodules, whereas BK stenoses were mostly chronic total occlusions, of which half 
appeared to be related to embolization from a proximal source. Layered chronic 
thrombus in distal vessels suggests repeat embolization leading to progressive ste-
nosis [168]. In CLI, these findings suggest de novo thrombus formation is more 
likely AK, whereas distal embolization is more likely BK.

Taken together, these studies demonstrate that PAD differs substantially from 
CAD in the nature of intimal thickening, prevalence and severity of calcification, 
and characteristics of thrombus formation. These studies are limited by relatively 
small sample sizes, differing clinical status and accompanying comorbidities, obser-
vation at an advanced stage of disease (often using amputations), and lack of stan-
dardization as to the extent of lower extremity arteries assessed.

Despite having an extensive investigation into the pathogenesis of atherosclero-
sis in other vascular territories, particularly CAD, these histologic differences 
should prompt further investigation specifically into the pathogenesis of PAD. There 
are likely overlapping, but differing, mechanisms for lipid handling, cellular dys-
function, and propagation of inflammation. Recent studies combining imaging and 
histology offer a promising strategy to better study PAD phenotypes.

 Ischemia-Induced Changes

Limb ischemia occurs when there is inadequate tissue perfusion and is a major 
cause of reduced quality of life and morbidity in PAD. Depending on the time of 
onset, limb ischemia is termed acute limb ischemia (ALI) if the onset of 
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hypoperfusion is less than 2 weeks’ duration or CLI if ischemia results in rest pain 
lasting longer than 2 weeks’ duration [21].

Acute limb ischemia is recognized by the “6 Ps” pneumonic, including paresthe-
sia, pain at rest, pallor, pulselessness, poikilothermia (impaired temperature regula-
tion of the limb), and paralysis (or noted limb weakness) [171]. The acute loss of 
adequate blood flow, typically with a measured ankle blood pressure <50 mmHg, 
results in cellular ischemia and death. The outcome of ALI depends on the rapid 
recognition and treatment to restore blood flow [171, 172]. The estimated annual 
incidence is 1.5 cases per 10,000 people [171]. While a number of mechanisms can 
result in ALI, such as trauma, dissection, external compression (e.g., compartment 
syndrome), or use of vasoactive medications, thromboembolic causes are most 
common. In the large population-based Oxford Vascular (OXVASC) study in the 
UK, ALI was most commonly embolic (46% of cases), followed by thrombotic with 
accompanying atherosclerosis (24% of cases) [173]. Of those with ALI, age was 
significantly associated with incidence, and the incidence of ALI rose drastically 
after 75 years of age. CV risk factors were present in 99% of ALI cases, with ever 
smoking (69% of cases, RR 2.07 [CI 1.22–3.50]), hypertension (61% of cases, RR 
2.04 [CI 1.18–3.53]), and atrial fibrillation (39%, RR not calculated) the most prev-
alent. Only 42% of patients with ALI carried a diagnosis of PAD. Notably, of the 
ALI patients who were independent prior to the event (defined by the modified 
Rankin score of ≤2), only 52% were able to remain independent at 6 months. In 
patients with symptomatic PAD enrolled in the TRA2°P-TIMI 50 (Thrombin 
Receptor Antagonist in Secondary Prevention of Atherothrombotic Ischemic 
Events—Thrombolysis in Myocardial Infarction) study, the incidence of ALI was 
1.3% per year and was more common in patients with an ABI that was very low or 
high (≤0.5 or ≥1.3) or those who were actively smoking or had prior peripheral 
revascularization [174]. The majority of ALI cases were due to thrombosis of a 
surgical graft (62%) or peripheral stent (9%); the remainder were due to native ves-
sel thrombosis (25%) or thromboembolic disease (4%), suggesting that the pre- 
event diagnosis of PAD changes the etiology of ALI events compared to a general 
population, which in part may be related to significant baseline differences in medi-
cation use [174].

The hallmark signs and symptoms of CLI are rest pain, non-healing wounds, or 
tissue loss in the setting of proven ischemia lasting over 2 weeks [21]. It is estimated 
that the annual incidence of CLI is 2.2–35 cases per 10,000 people and as many as 
11% of patients with PAD may have CLI [21]. In the OXVASC study, the majority 
of patients with CLI had underlying PAD (71%), and the most prevalent risk factors 
were ever smoking (71% of cases, RR 2.22 [CI 1.31–3.76]), hypertension (71% of 
cases, RR 3.28 [CI 2.12–5.09]), hyperlipidemia (55%, RR not calculated), and dia-
betes (44% of cases, RR 5.96 [CI 3.15–11.26]) [173]. CLI was similarly debilitating 
compared to ALI, where only 46% of CLI patients who were previously indepen-
dent remained so at 6 months after a CLI event.

In response to chronic hypoperfusion, the arterioles dilate and are less sensitive 
to vasodilator stimuli [175]. Additionally, distal ischemic tissue responds to pro-
mote collateral circulation through angiogenesis. ECs and VSMCs migrate and 
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proliferate to form neovasculature in response to growth factors, namely, VEGF, 
hepatocyte growth factor (HGF), and fibroblast growth factor (FGF) [176]. The 
resulting angiogenesis may be adequate in the early stages of PAD, but is generally 
inadequate as PAD progresses, leading to persistent tissue ischemia [175]. VEGF 
is the most studied of these growth factors. Acute hypoxia creates ROS that stimu-
late hypoxia-inducible factor 1-α (HIF 1-α), which increases the expression of 
VEGF.  Results differ in amputated samples regarding the expression of pro- 
angiogenic growth factors and capillary density [177], again suggesting significant 
heterogeneity in the PAD phenotype. In skeletal muscle samples analyzed from 
amputated extremities with acute-on-chronic ischemia, gene expression of HIF 
1-α and VEGF, as well as TNF-α, was upregulated; interestingly, in amputation 
samples from patients with CLI, HIF 1-α and VEGF were downregulated, whereas 
anabolic factors insulin growth factor-1 (IGF-1) and IGF-2 were upregulated 
[178]. IGF promotes VEGF expression and is thought to play an important role in 
skeletal muscle survival and regeneration in ischemia [178]. Another study noted 
significant heterogeneity of the expression of pro-angiogenic growth factors, with 
38% of samples demonstrating upregulation of VEGF-A and HIF1A, the genes 
corresponding to VEGF-A and HIF 1-α [179]. Further research showed increased 
VEGF expression in the skin and muscle of the foot compared to more proximal 
samples from the calf and thigh, and VEGF mRNA was increased in skin border-
ing ischemic ulcers and gangrene [180]. While surgical or endovascular revascu-
larization remains the preferred treatment in CLI, there are an increasing number 
of studies investigating the use of pro-angiogenic growth factors, progenitor cells 
(e.g., EPCs), and scaffolds for CLI that have so far produced mixed results 
[181, 182].

Chronic ischemia results in downstream effects on ECs and skeletal muscle 
cells. As noted above, FMD of the brachial artery is reduced in patients with PAD, 
suggesting systemic endothelial dysfunction [37]. More recently, ECs from ampu-
tated samples showed increased albumin extravasation, suggesting increased EC 
permeability, as well as increased evidence of inflammation, cellular adhesion 
marker expression, and macrophage infiltration [183]. These changes were linked 
to Dhh (desert hedgehog), which is downstream of KLF2 and downregulated by 
inflammatory cytokines. An agonist of Dhh (Smo agonist—SAG) resulted in 
improved endothelial function with reduced permeability, capillary perfusion, 
and skeletal muscle organization [183]. As for skeletal muscle, chronic ischemia 
results in reduced muscle area and increased fat infiltration, decreased mitochon-
drial activity, and increased mitochondrial damage [177]. Changes in myofiber 
typing are heterogeneous in PAD with studies reporting disparate findings regard-
ing the composition of type I and type II myofibers in ischemic tissue (see 
McDermott) [177]. Samples from amputations of severe PAD patients revealed 
immature muscle fibers with increased areas of fibrosis [183]. Mitochondrial cell 
DNA (mtDNA), which accumulates mutations faster than nuclear DNA due to its 
proximity to ROS, accumulates mutations with ischemia. In patients with PAD, 
the mixture of mutated mtDNA, called heteroplasmy, in the gastrocnemius was 
significantly increased compared to controls, suggesting increased oxidative 
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stress [184]. Furthermore, among those patients with PAD, those with a lower 
level of mitochondrial damage had better walking performance [184].

In addition to atherosclerosis of the large arteries in PAD, microvascular dys-
function (MVD) is also recognized as an independent risk factor for adverse limb 
events. MVD is considered a systemic process similar to atherosclerosis that clini-
cally manifests as retinopathy, nephropathy, and peripheral neuropathy [26]. Patients 
with MVD involvement in one territory often have evidence of MVD in all other 
territories [26]. Diabetes is a common cause of MVD, and patients with diabetes 
have a 1.7-fold and 2.9-fold higher risk of ischemic rest pain and ischemic ulcers 
compared to non-diabetic patients after controlling for ABI [185, 186]. As noted 
above in patients undergoing revascularization for CLI, between 19 and 21% of 
patients had a normal ABI [35, 36]. The presence of MVD may explain why some 
patients with a normal ABI can still have limb symptoms or CLI [26, 36]. MVD is 
defined as disease of the arterioles and capillaries <100 μm [26]. Biopsy samples 
from the lower extremity (gastrocnemius or vastus lateralis) of patients with IC 
demonstrated reduced capillary density [187–189], although a study in patients with 
PAD largely without IC showed increased capillary density [190]. It remains unclear 
whether symptoms develop secondary to capillary atrophy or from inadequate 
angiogenesis, but capillary density increased significantly in patients with IC after 
exercise training which preceded subsequent improvements in peak VO2 [191]. 
Exercise therapy was shown to significantly improve walking distance and pain-free 
walking distance [189]. In a large observational study of veterans, patients with 
MVD defined by the presence of peripheral neuropathy, retinopathy, or proteinuria 
had a 3.7-fold increase in the risk of amputation [192]. Moreover, the presence of 
PAD or PAD with MVD resulted in a 13.9- and 22.7-fold higher risk of amputation, 
respectively. In patients with MVD alone, accounting for 18% of all amputations, 
73% of amputations were below the ankle, whereas 53% of amputations in patients 
with PAD alone were above the ankle, suggesting MVD more commonly affects the 
distal lower extremity. Patients with PVD with MVD represented only 4% of the 
population, but accounted for 40% of all amputations. The use of the toe-brachial 
index may help diagnose MVD in patients with symptoms concerning for CLI with 
a normal ABI [2].

 Conclusion

PAD is a common and underrecognized atherosclerotic disease that can result in 
progressive loss of function from claudication, gangrene, or limb amputation. 
Patients with PAD have a significant risk of ASCVD events and an even higher risk 
of all-cause mortality compared to patients with CAD or prior stroke. Our under-
standing of atherosclerosis has significantly advanced especially over the last few 
decades, highlighting the complexity of lipid influx, modification, and clearance in 
the subendothelial space. However, numerous areas of uncertainty remain within 
atherogenesis, particularly pertaining to PAD and its unique phenotype.
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Chapter 2
Risk Factors of Patients with Peripheral 
Arterial Disease

Michael J. Gimbel III

Peripheral arterial disease (PAD) is a prevalent condition with an estimated 200 mil-
lion people affected worldwide. There are many different presentations for PAD 
which may go unrecognized by patients and providers. It is critical to recognize this 
condition in order to implement measures to reduce cardiovascular morbidity and 
mortality and to reduce its progression. In patients with claudication and reduced 
ankle brachial index (ABI) <0.85 or those with prior revascularization for ischemia, 
about 20% will undergo elective revascularization and 4% urgent revascularization 
at 2-year follow-up. Cardiovascular death, myocardial infarction, and stroke will 
occur in 11% of these patients during the same 2 years [1, 2]. Faringa et al. reported 
in patients with an ABI <0.90 a 10-year mortality of 40%. The comorbid conditions 
that increased the risk of death were renal dysfunction, heart failure, ST segment 
changes, age >65 years, hyperlipidemia, ABI <0.60, Q waves, diabetes, cerebrovas-
cular disease, and pulmonary disease [3]. In the VOYAGER-PAD study, in patients 
who had lower extremity revascularization, the 3-year incidence of death from car-
diovascular causes, ischemic stroke, acute limb ischemia, major amputation from 
vascular causes, or ischemic stroke was almost 20% despite aggressive revascular-
ization and medical therapy [4]. An even higher-risk population would include 
patients with diabetic foot wounds and PAD. Kim et al. looked at this group and 
found that 38% of these patients underwent major amputation. Osteomyelitis, con-
gestive heart failure, leukocytosis, and dementia considerably increased the risk for 
amputation in this patient population [5].

Recognition of significant PAD may not be as simple as it would seem. In the 
Rotterdam Study, the vast majority of people with normal ABI (>0.9) had no clau-
dication. However, of those with an abnormal ABI (<0.9), only 6.3% had 
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claudication [6]. Likewise, a study on elderly women showed only 18.3% had clau-
dication with low ABI [7]. So symptoms of PAD cannot be solely relied on to detect 
PAD, and one must have a higher index of suspicion, especially in those who have 
risk factors. Diagnosing PAD can be done with rest/exercise ABI testing, Doppler 
evaluation, and CT or MR angiography with varying levels of sensitivity and 
specificity.

 Non-modifiable Risk Factors of PAD

 Age

PAD increases in prevalence as we age. In patients in their 40s, approximately 2% 
had vascular disease. This increases steadily to 22.3% of patients in their 80s [1]. 
Males appear to have more claudication than females, but differences in incidence 
are less clear. The Framingham Study showed an incidence of claudication among 
males of 7.1 per 1000 and 3.6 per 1000 among women [8]. This increased preva-
lence of claudication is not consistently shown, but overall, the data do suggest that 
claudication is more common in men. This does not mean that PAD is more com-
mon in men than women, however. The Framingham Offspring Study had the inci-
dence of claudication of 1.9% among men and 0.8% among women. However, the 
incidence of PAD diagnosed by abnormal ABI was 3.9% for men and 3.3% for 
women [9].

 Family History

Family history of atherosclerotic disease is another risk factor that increases the risk 
of cardiovascular disease in general and PAD in particular. The National Heart, 
Lung, and Blood Institute Twin Study evaluated 94 monozygotic and 90 dizygotic 
white male twins [10]. 33% and 31% of monozygotic and dizygotic twins had con-
cordantly reduced ABIs. The overall prevalence of reduced ABIs in the population 
studied was 8.2%, suggesting a four times increased risk of PAD among the twins. 
Another analysis of the Framingham Offspring Study looked at 2286 participants 
from 999 families [11]. They used two separate statistical analyses to determine the 
heritability of PAD. They found that after adjusting for cardiovascular risk factors, 
the estimated heritability of PAD was 22 and 21%. In the GENOA study [12], they 
looked at the heritability of low ABIs in 1310 African Americans and 796 non- 
Hispanic white people in a hypertensive sibling study. After adjusting for other car-
diovascular disease risk factors, they noted an increased risk of 19.5% and 21.2% in 
the respective groups.
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 Renal Dysfunction

Renal dysfunction also increases the risk of developing PAD. The Atherosclerosis 
Risk in Communities (ARIC) study [13] had >15,000 patients in the United States, 
of which 14,280 had appropriate creatinine clearance and no history of PAD by 
ABIs or claudication. After a mean follow-up of 13.1  years, 1016 developed 
PAD. They found that those with CKD defined as eGFR 15–59 mL/min per 1.73 m2 
were at 1.5 times increased risk of developing PAD compared to those with normal 
renal function. This is not dissimilar from the observed risk found in the NHANES 
III analysis which had an OR of 2 for those with CKD [14]. Guerrero [15] looked at 
73 patients with stage IV–V renal dysfunction that were not yet on dialysis. They 
did ABIs and transcranial and carotid ultrasound. 14 (19%) of the patients had ABI 
<0.91. Of these, 11 (15%) had claudication. Since the average age of the population 
was 58, this is much higher than the expected incidence based on age. There was 
also a significantly increased risk of mortality at 5 years for those with CKD and 
PAD of 64% vs 20% for those without CKD.

 Ethnicity

There is also a difference in prevalence of PAD in different ethnicities. Allison et al. 
[16] combined seven studies to look at the prevalence of PAD in different ethnicities 
in the United States. This showed that the rate of PAD in black men was about twice 
the rate of non-Hispanic whites at any age. Rates for other studied groups (Hispanics, 
Asian Americans, and Native Americans) were similar to non-Hispanic whites. The 
data for women was similar, but Native American rates were elevated to rates simi-
lar with black women. The others were similar and lower at every age. The CHS 
study [17] measured ABIs in 5084 patients and after a multivariate analysis found 
non-white race had an odds ratio of 2.36.

 Modifiable Risk Factors for PAD

There are risk factors that patients and providers can address to try to reduce com-
plications of PAD. The most common of these are smoking tobacco, hypertension, 
hyperlipidemia, and diabetes. By aggressively treating these, we would hope to 
reduce overall cardiovascular risk and morbidity/mortality. Unfortunately, it seems 
that patients with PAD are undertreated as compared to those with CAD and cere-
brovascular disease. Krishnamurthy et al. [18] looked at patients with PAD alone or 
in combination with CAD and/or cerebrovascular disease or polyvascular disease. 
1318 patients had only PAD, whereas 3141 had polyvascular disease. The 
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PAD- only patients were younger, more commonly women, and more likely to be 
smoking. They had less diabetes, hyperlipidemia, ESRD, and COPD. Even after the 
patients had revascularization procedures, the PAD-only group was less likely to be 
on an ACE/ARB (53% vs 64%) or B-blocker (47% vs 77%) or be prescribed a statin 
(62% vs 80%). This tells us there is significant room for improvement in the said 
risk factor modification.

 Tobacco Use

Smoking is one of the strongest predictors of risk for the development of PAD. It is 
also important that is at least partially modifiable. Murabito [19] looked at the data 
from the Framingham Heart Study to look at the risk factors that contributed to the 
development of claudication. The odds ratio for smoking was 1.4. In the Rotterdam 
Study [20] of 6450 patients over age 55, when looking at the increased risk of devel-
oping PAD as measured by low ABI, the highest odds ratio was noted for smoking 
at 2.8. The risk of amputation in patients is 10–11 times higher in smokers than 
non-smokers [21, 22]. One of the difficulties with attributing risk to smoking is that 
it is not merely a binary risk. There is stratification according to current smoking 
status, past smoking, and amount of smoking, i.e., pack-years. The Edinburgh 
Artery Study looked at 1592 patients aged 55–74 who were followed for 5 years. 
After 5 years, 5.1% had developed PAD but not CAD. 11.1% had developed CAD 
but not PAD.  Only 1.1% developed both. They looked at those classified as 
never smokers, moderate smoking (0–25 pack-years), and heavy smoking 
(>25 pack-years). The odds ratio for moderate smokers compared to never smokers 
of developing PAD was 1.87 and for heavy smokers was 3.94. The ratios for devel-
oping CAD were lower for each group, particularly in the heavy smokers at 1.59 
and 1.66, respectively.

Quitting smoking is a very challenging undertaking for many patients. As stated 
above, smoking significantly increases the risk of PAD. 1215 Japanese men aged 
60–79 were evaluated according to smoking status (never, current, quit >20 years, 
and pack-years) and ABI [23]. The odds ratio of low ABI (<0.90) for smokers to 
never smokers was 3.7 and 4.2 for men with >45 pack-years of smoking. For men 
who had quit smoking for more than 20 years, the prevalence of low ABI was simi-
lar to never smokers. As stated above, the risk of amputation in smokers with PAD 
is 10–11 times higher than non-smokers. Stopping smoking does reduce the likeli-
hood of symptomatic progression of PAD, but does not reduce the risk of amputa-
tion over the following 2–3 years [22]. This was likely at least partially a result of 
relatively short follow-up. A study in Sweden [24] looked at the risks 10 years after 
the onset of claudication. In current smokers, the incidence of myocardial infarction 
was 53% vs 11% in non-smokers. The overall survival rate was 42% in current 
smokers vs 82% in former smokers. This shows that smoking cessation has a large 
impact on not only progression of PAD but also other vascular and non- vascular beds.
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 Hypertension

Hypertension was also noted to increase the risk of claudication in the Framingham 
Heart Study. It showed that stage I hypertension increased the risk of developing 
claudication by 1.5 and stage II hypertension increased the risk by 2.2 [19]. In the 
Rotterdam Study, the odds ratio for hypertension was not as high at 1.2 [20]. As 
hypertension is the most common cardiovascular risk factor [25], it impacts the 
highest number of patients. Of patients at diagnosis for hypertension, 2–5% of them 
have intermittent claudication, increasing with age [26]. Likewise, 35–55% of 
patients at the time of diagnosis with PAD have hypertension [26]. A large meta- 
analysis of 123 studies showed a 10 mmHg decrease in systolic blood pressure was 
associated with a 20% reduction in major cerebrovascular events, 17% reduction in 
coronary heart disease, 17% reduction in stroke, and 13% reduction in all-cause 
mortality. It does appear that some care should be taken in how aggressively PAD 
patients have their hypertension treated. In a post hoc analysis of the INternational 
VErapamil-SR/Trandolapril STudy [27], 2699 patients with CAD and PAD were 
followed for 2.7 years. The primary outcome of all-cause death, non-fatal MI, or 
non-fatal stroke occurred in 16.3% of the patients with PAD vs 9.2% without 
PAD. Interestingly, as the systolic blood pressure dropped below 130 mmHg, the 
incidence of the primary endpoint began to rise in the PAD patients, but not in the 
others. The J-shaped curve implies lower systolic BPs could be harmful in PAD 
patients.

 Hyperlipidemia

Hyperlipidemia was not as potent of a risk factor when looking at the Framingham 
Heart Study in that it only increased risk with an odds ratio of 1.2 [19]. However, 
therapy for lipid-lowering improving outcomes is overall strong. One study that 
goes contrary to this was an evaluation of bezafibrate. This randomized, double- 
blind, placebo-controlled study of 1568 men with lower extremity PAD showed no 
significant reduction of the incidence of coronary heart disease or stroke combined, 
but did show a reduction in the severity of intermittent claudication at 3 years. The 
Heart Protection Study evaluated 674 UK adults with PAD among other high-risk 
groups. They were randomly selected to 40  mg simvastatin vs placebo. After a 
mean of 5 years, those in the PAD group assigned to simvastatin had a 22% relative 
reduction in the rated of first vascular event. The REACH registry looked at 5861 
patients with symptomatic PAD. 62.2% were on a statin at baseline. At 4 years, 
there was an 18% reduction in worsening claudication, new episode of critical limb 
ischemia, new percutaneous/surgical revascularization, or amputation noted. The 
IMPROVE-IT trial [28] looked at the addition of zetia to simvastatin post- 
ACS. 18,144 patients post-ACS were randomized to simvastatin 40  mg or 
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simvastatin/zetia 40/10 mg daily and followed for 6 years. There was a significant 
decrease in cardiovascular death, MI, stroke, unstable angina leading to hospital-
ization, and coronary revascularization >30 days post-randomization. The data for 
lipid- lowering agents continues to rise with the study of PCSK-9 inhibitors. 
Evolocumab was studied in randomizing 27,564 patients with cardiovascular dis-
ease and LDL >70 on statin therapy to drug vs placebo and followed for a median 
duration of 2.2 years. The primary endpoint of cardiovascular death, MI, stroke, 
hospitalization for unstable angina, or coronary revascularization was reduced 
from 11.3 to 9.8%.

 Diabetes

Diabetes is a particularly strong risk factor for PAD. Also looking at the Framingham 
Heart Study data, the odds ratio for increased risk with diabetes was 2.6 [19]. The 
only risk factor that they found with a higher risk was coronary artery disease at 2.7. 
The MetS-Greece Multicentre Study [29] looked at a cross-section of 4153 Greek 
people to assess the prevalence of PAD in patients with metabolic syndrome with 
and without diabetes. The odds ratio of those with metabolic syndrome without 
diabetes was 1.48, all metabolic syndrome was 1.94, and diabetes and metabolic 
syndrome was 3.04. Unfortunately, those who also have PAD are also at risk of 
increased risk of cardiovascular complications including death. In multiple studies 
looking at the increased risk of developing PAD and risk factors, having diabetes 
increased the risk of developing PAD two to four times [30]. As for those patients 
who do have diabetes and develop PAD, they were five times more likely to have an 
amputation and had three times the mortality than patients with PAD but no diabe-
tes. The extent of other complications of diabetes, including albuminuria and reti-
nopathy, has also been shown to increase the likelihood of PAD development and 
advancement. In the ADVANCE study, they followed 10,624 patients with type 2 
diabetes for 5 years. They found that 6% of the patients developed PAD. Those hav-
ing macroalbuminuria and photocoagulation therapy had the highest risk of major 
PAD, including chronic lower limb ulceration and amputation.

As we do classify diabetes as a modifiable risk factor, one wonders about the 
impact of improved diabetes control and outcomes in PAD.  Unfortunately, this 
information is lacking. The UK Prospective Diabetes Study [31] looked at 3867 
newly diagnosed patients with type 2 diabetes, average age of 54. They were placed 
into a conventional group with focus on diet and medications only if needed, 
sulfonylurea- based therapy, and insulin-based therapy. After 10 years, the HbA1c 
was 7.0% in both intensive groups and 7.9% in the conventional group, an 11% 
reduction. There were a 12% reduction in any diabetes-related complication and a 
6% reduction in all-cause mortality. The majority of the risk reduction, 25%, was 
the reduction of microvascular complications including the need for retinal photo-
coagulation. No significant risk reduction was noted for peripheral vascular disease. 
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Newer therapies with SGLT2 inhibitors in patients with cardiovascular disease 
including PAD have shown a significant reduction in major cardiovascular adverse 
events in the diabetic patient irrespective of HbA1c at baseline. In the EMPA-REG 
study [32], the empagliflozin group had a lower rate of death from cardiovascular 
causes (3.7% vs 5.9% in the placebo group), hospitalization for heart failure (2.7% 
and 4.1%, respectively), and death from any cause (5.7% and 8.3%, respectively). 
PAD was present in 21% and 20.5% of the empagliflozin and placebo groups, 
respectively.

 Obesity

Obesity has also been associated with PAD.  Gorter et  al. [33] looked at 1117 
patients, of which 232 had PAD. Others had CAD, AAA, or cerebrovascular dis-
ease. The prevalence of metabolic syndrome overall was 46%, but was higher in the 
PAD group at 58%. Some studies have linked elevated BMI to PAD, but others have 
failed to show any association. Planas et al. [34] looked at 708 men aged 55–74 who 
were evaluated for PAD with ABI. 13.4% had PAD as defined by ABI <0.9. There 
was no association noted with BMI and PAD. A logistic regression model was fitted 
for smoking, DM, HTN, HDL cholesterol, and triglycerides and noted an increased 
waist-to-hip ratio was independently associated with PAD, odds ratio of 1.68. Data 
for improving outcomes with the reduction of BMI or wait-to-hip ratio, etc. have not 
been shown. However, lifestyle modifications with improved diet and exercise rou-
tines are universally recommended.

 Inflammation

Inflammation has been one of the primary mechanisms proposed for the develop-
ment of vascular disease from smoking, DM, metabolic syndrome, hyperlipidemia, 
and obesity. Evaluating 144 apparently healthy men in the Physicians’ Health 
Study who went on to develop PAD were matched by age and smoking status with 
144 who did not develop PAD [35]. Median CRP levels were significantly higher 
among those who developed PAD vs those who did not (1.34 vs 0.99 mg/L). The 
relative risk of developing PAD increased with each quartile of CRP as well from 
the lowest to highest of 1.0, 1.3, 2.0, and 2.3. CRP can also be a marker for the 
extent of PAD. 387 patients had baseline Hs-CRP and ABIs measured with ABIs 
repeated in 12 months [36]. The ABIs decreased with each tertile of Hs-CRP (0.70, 
0.65, 0.57) and at 12-month follow-up (0.78, 0.70, 0.65). These associations held 
after correction for conventional risk factors. It was also associated with 24-month 
death or any cardiovascular event. This finding has not been universal, however. 
Musicant et al. looked at 332 patients in an NIH prospective study of PAD that had 
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baseline CRP and D-dimer levels. They were followed every 6 months with clinical 
history and exam, ABIs, and carotid duplex imaging for a median of 38.4 months. 
Patients with elevated CRP or D-dimer were no more likely to have progression 
than the lowest tertile. An elevated D-dimer was associated with an increased 
risk of MI.

CRP and D-dimer are not the only biomarkers that have been evaluated. The 
InCHIANTI study [37] looked at several aspects of 955 patients over 60 years 
old, of which 107 had PAD.  They evaluated ABI, comorbidities, cholesterol, 
HDL, albumin, alpha-2 macroglobulin, CRP, fibrinogen, IL-1beta, IL-1 receptor 
antagonist, IL-6, IL-6 receptor, IL-10, IL-18, TNF-alpha, and transforming 
growth factor beta. They adjusted for age, sex, BMI, smoking status, comorbidi-
ties, HDL, and total cholesterol. After these adjustments, patients with PAD had 
significantly higher levels of IL-1 receptor antagonist, IL-6, fibrinogen, and 
CRP. Interestingly, these associations were attenuated with additional adjustment 
for physical activity.

The changes in inflammatory markers with exercise have been more rigorously 
evaluated. Saetre et al. [38] evaluated 29 patients with PAD who underwent 8 weeks 
of a supervised exercise program. They measured walking differences, plasma 
E-selectin, ICAM-1, and VCAM-1 before and after the 8 weeks. They found sig-
nificantly reduced levels of E-selectin and ICAM-1, but unchanged VCAM-1. 
Walking distances significantly improved as well. Signorelli et al. [39] looked at 40 
people, 20 with PAD and claudication and 20 healthy controls. TNF-alpha, IL-6, 
E-selectin, L-selectin, P-selectin, VCAM-1, and ICAM-1 were measured at rest and 
immediately after treadmill exercise. All measurements were higher at baseline in 
the PAD patients. Levels were elevated from baseline in both groups after exercise, 
but the amount of change was significantly higher in the PAD patients compared to 
controls.

 Summary

Evaluation and treatment of patients with possible PAD can be challenging. A 
thorough evaluation of a patient’s risk of developing PAD may enable the diag-
nosis in someone at an earlier stage. This enables earlier interventions. Included 
in these interventions are aggressive management of DM, lipids, hypertension, 
and smoking cessation. Dietary modifications and exercise programs are of 
paramount importance as well. Other medical therapies, i.e., antiplatelet ther-
apy, anticoagulant therapy, and revascularization, are also important and 
addressed elsewhere. With all of these different aspects involved, having a 
strong team of vascular specialists, exercise physiologists, diabetologists, and 
therapists is extremely advantageous. It is also important to remember that these 
interventions are aimed at not only treating PAD but also reducing death, MI, 
and stroke.
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Chapter 3
The Role of Exercise in Treating 
Symptomatic Claudication in Patients 
with Peripheral Arterial Disease

Nicolas W. Shammas

Exercise has been recognized as an important first step in treating patients with 
peripheral arterial disease (PAD) and claudication. Exercise does improve walking 
performance as a sole therapy or in combination with revascularization. There is a 
greater benefit when revascularization and exercise are combined [1]. In this chap-
ter, we review data on exercise in symptomatic PAD patients with claudication.

Peripheral arterial disease (PAD) affects more than 200 million people world-
wide and is associated with a poor quality of life, higher cardiovascular mortality, 
and higher major adverse limb events. A large percentage of patients with PAD are 
asymptomatic, and a smaller percentage has advanced limb ischemia. The remain-
ing patients fall in the category of claudication or atypical limb pain. Claudication 
is defined as pain in the affected leg with exertion that resolves within 10 min of 
rest. The first-line treatment of claudicants, advanced limb ischemia patients, and 
asymptomatic patients is different. There is a consensus that patients with rest pain 
or ulcerations (chronic limb-threatening ischemia or CLTI) need to undergo revas-
cularization to save their limbs as a first-line therapy. CLTI patients have a very high 
rate of amputation and cardiovascular death [2]. On the other hand, first-line treat-
ment of asymptomatic patients is preventative with a focus on smoking cessation, 
exercise, high-dose statins, and antiplatelets. Revascularization for asymptomatic 
patients is not warranted in the majority of patients. Finally, exercise is now consid-
ered a first-line treatment for patients with claudication [1], with or without the 
addition of cilostazol. High-dose cilostazol 100  mg twice daily had a variable 
response in individual PAD patients, but there is an overall improvement in walking 
distance with this drug [3]. Failure of this initial conservative approach generally 
implies proceeding with revascularization. In patients, however, with very limiting 
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symptoms and a significant compromise of their quality of life, a combined approach 
of preventative therapy, cilostazol, exercise, and revascularization may provide an 
optimal combined initial treatment strategy.

 Definitions

Supervised exercise (SE): structured aerobic exercise under direct supervision in a 
facility.

Home-based exercise (HE): structured aerobic exercise performed at home.
Peak walking distance (PWD): maximum distance that can be walked before 

stopping because of limiting claudication on a treadmill test.
Peak walking time (PWT): maximum time that can be walked before stopping 

because of limiting claudication on a treadmill test.
6-min walk test (6 MW): maximum walking distance on a 6-min walking test.
Endurance shuttle walk test (ESWT): constant-load walk at submaximal capac-

ity with endpoint is how long the subject can walk.
Medical Outcomes Short Form-36 (SF-36): questionnaire that assesses func-

tional status and quality of life (QOL) and is non-disease-specific.
Walking Impairment Questionnaire (WIQ): self-reported measure of walking 

capacity and limitations. It incorporates speed and distance as well as stair 
climbing.

Vascular Quality of Life Assessment (VascuQOL): PAD-specific questionnaire. 
It assesses social and emotional well-being, activities, symptoms, and pain.

Peak walking performance: “the maximum distance or time walked, mea-
sured by an exercise treadmill, 6  MW, or shuttle walk within an individual 
study” [1].

Absolute claudication distance (ACD) is defined as the number of meters a 
patient walks before intolerable severe claudication occurs.

 Vascular Effects of Exercise

Benefits of exercise in PAD patients include suppression of inflammatory pro-
cesses, improving endothelial function and increasing nitric oxide synthase, 
remodeling of skeletal muscle by increasing capillary density, changing in 
microRNA expression, and increasing in arteriogenesis and angiogenesis. 
Angiogenesis is the budding of newly formed capillaries induced by hypoxia, 
whereas arteriogenesis is triggered by exercise and is the formation of functional 
collaterals from pre-existing arterio-arteriolar connections [4].
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 Exercise and/or Revascularization Versus Control

A meta-analysis of 27 randomized trials by Biswas et al. [1] showed that peak walk-
ing performance is better with exercise than control at 18-month follow- up. 
Depending on the measurement method, there was a net improvement of 8% (using 
6MWD) to 54% (as measured by exercise treadmill testing). Furthermore, exercise 
improved claudication onset and QOL. Similarly, lower extremity revascularization 
(endovascular or surgical) resulted in superior peak waking distance and claudica-
tion onset on follow-up between 6 and 18 months. Using exercise treadmill, improve-
ment in peak walking distance was about 54% based on strong evidence (level B) 
with additional strong evidence that this was sustained beyond 18 months. When 
exercise was compared to revascularization, a net benefit of peak walking perfor-
mance using treadmill testing was 94% with exercise when compared to revascular-
ization between 6 and 18  months. Weaker evidence suggested that in the first 
6 months, revascularization performed better than exercise. Using the PAD- specific 
VascuQOL questionnaire, exercise and revascularization performed similarly. 
Finally, the combination of exercise and revascularization had the best improvement 
in peaking walking performance as measured by treadmill testing through 18 months 
of follow-up when compared to either exercise alone (156% net benefit) or revascu-
larization alone (73% net benefit). Based on this most recent comprehensive meta-
analysis, it appears that a revascularization-first approach to treat patients with 
limiting claudication will likely yield a quicker improvement in symptoms and along 
with exercise, a superior and sustained benefit will likely be seen on long follow-up 
[5]. Although the evidence is not strong, the combination therapy also led to less 
repeat revascularization at 12–18 months, whereas revascularization alone increased 
the need for repeat revascularization. Exercise combined with revascularization 
seems to yield the opposite outcome of less need for revascularization and therefore 
is a critical component of a comprehensive treatment of the patient [1, 5].

 Exercise Programs for PAD Patients

The benefits of exercise are not immediate as normally seen with revascularization. 
A long-term commitment to exercise is critical to achieve the desired positive and 
durable results. Exercise can be performed in a supervised facility or at home [6, 7]:

 (a) Supervised exercise training (SE).
 (b) Home-based exercise training (HE).

Supervised exercise (SE) consists of at least 30–60 min of therapeutic exercise in 
patients with established symptomatic PAD and conducted in a hospital outpatient 
setting or physician’s office supervised by qualified and trained individuals and 
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under the direct supervision of a physician or an advanced practice provider trained 
in both basic and advanced life support. The trainer needs to determine the appropri-
ate training modality and its intensity and educate the patient about what to expect 
from the exercise program. The program is a 12-week program with the option of 
extending this to 36 sessions. Transitioning the patient to a long-term program is 
important to continue to benefit from exercise.

Home-based exercise training (HE) is not as well defined as SE.  The typical 
length is three to five sessions per week for 8–12 weeks. Long-term data beyond 
36 weeks is not available. HE is flexible and generally better adhered to than SE and 
is more affordable. However, long-term data on HE and its impact is not clear 
although short-term improvements in functional capacity, QOL, and cardiovascular 
risk profile seem to be similar to SE despite the superiority of SE in improving 
maximal walking and claudication distances. HE however may carry some risks as 
in-person supervision is not available. Therefore, this is best suited for those who 
are stable and are mild- to moderate-risk patients.

There are several methods of exercise that have been evaluated. Data however 
comparing these methods remain of poor quality in general. These include super-
vised walking exercises, exercises to strengthen leg muscles, exercises that 
strengthen both arms and legs (Nordic), cycling, and arm ergometry. In a review of 
the types of exercise training on intermittent claudication, Janssen et al. [7] con-
cluded that the various modalities of exercise were all beneficial in improving mean 
walking distance (MWD) and pain-free walking distance (PFWD). These different 
modes of exercise when compared to walking showed no clear differences for 
MWD or PFWD at 12 weeks or at the end of training. Also the walking impairment 
questionnaire (WIQ) distance score was not different between the two groups. The 
certainty of this evidence was judged by the authors to be low because of bias con-
cerns and small sample size.

A sex-related difference in response to supervised exercise has been reported. 
Gommans et al. [8] reported on data from the prospective 2010 Exercise Therapy in 
Peripheral Arterial Disease (EXITPAD) study that randomized patients to SE or a 
walking advice. Analysis included 113 men and 56 women. ACD improved in both 
males and females but was significantly better in males during the first 3 months (Δ 
280 m for men vs Δ 220 m for women; p = 0.04). Also the absolute walking distance 
was shorter for women after 1 year (565 m vs 660 m; p = 0.032). QOL and WIQ 
were similar however.

 Cost-Effectiveness of Exercise for PAD

Bermingham et al. [9] reviewed data on cost-effectiveness of SE vs unsupervised 
exercise (USE). SE was cost-effective in 75% of model stimulations with an incre-
mental cost-effectiveness ratio of £711 to £1608 per QALY gained. The authors 
concluded that SE should be made widely available and be a first-line treatment for 
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PAD patients with claudication. When compared to revascularization, SE was a 
more cost-effective primary treatment and was associated with more cost savings at 
a 5-year time (−€6412, 95% credibility interval (CrI) −€11,874 to −€1939) [10]. In 
order to reduce cost, a stepped-care model (SCM) that needs to be implemented 
with SE is the first strategy to treat claudicants. When this strategy was implemented 
among DUTCH patients, average cost of claudication treatment was 6% lower than 
a revascularization-first strategy [11]. Cost-effectiveness for revascularization needs 
to be looked at on the long term. The benefit of revascularization is lost on long- 
term follow-up (5 years). No improvement in QOL or walking capacity is seen fol-
lowing revascularization when compared to a non-invasive treatment approach at 
5  years. The revascularization cost was also twice than that of the non-invasive 
conservative approach ($13,098 vs $6965, p = 0.02) [12].

 Summary

Exercise is a very effective treatment for patients with intermittent claudication. 
Structured exercise is an ideal first approach to treatment but may not be affordable 
or convenient for some patients. HE is a good alternative. Both SE and HE require 
adherence to the program by the patient to optimize benefit, and the program should 
be at least for 3 months. The exercise program should be tailored to the patient, and 
several modalities of exercise are effective when compared to a supervised walking 
exercise. Although revascularization is effective in improving peak walking perfor-
mance early after revascularization and likely more so in the very symptomatic 
patients, QOL and walking capacity are not superior to a non-invasive approach at 
5  years and are costlier. A combination approach of SE and revascularization is 
promising as an initial first treatment, but the data is not strong, and more evidence 
is needed.
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Chapter 4
Pharmacologic Interventions in Patients 
with Peripheral Arterial Disease

Qais Radaideh and Nicolas W. Shammas

Peripheral arterial disease (PAD) is a global pandemic with more than 200 million 
people affected worldwide [1, 2]. The disease is asymptomatic in more than half of 
the patients. When symptomatic, patients can have claudication or advanced symp-
toms such as rest foot pain or ulcerations. Among symptomatic patients, 5–10% will 
progress to chronic limb-threatening ischemia (CLTI), a strong predictor for ampu-
tation and mortality [3]. CLTI affects two–three million people in the United States 
alone [4–6]. The Reduction of Atherothrombosis for Continued Health (REACH) 
registry showed that primary adverse limb outcome at 4 years in patients not taking 
statins was 26.2% vs 22.0% among those on statins (p = 0.0013) [2, 3].

PAD has a set of risk factors. Fowkes et al. [1] noted that in high-income versus 
low-income population, smoking (odds ratio 2.72 (95% CI: 2.39–3.09) vs 1.42 
(1.25–1.62)), diabetes (1.88 [1.66–2.14] vs 1.47 [1.29–1.68]), hypertension (1.55 
[1.42–1.71] vs 1.36 [1.24–1.50]), and hypercholesterolemia (1.19 [1.07–1.33] vs 
1.14 [1.03–1.25]), respectively, were all important risk factors for PAD.  In the 
United States, PAD affects 10–15% of the population and remains a growing prob-
lem [1, 7, 8] likely due to the rise of diabetes and the growing number of the aging 
population, both risk factors for PAD. The importance of modifying these risk fac-
tors is critical in reducing PAD and its cardiovascular morbidity and mortality.

PAD patients die mostly of myocardial infarction and stroke. In the REACH 
registry, the 1-year combined endpoint of cardiovascular death, myocardial infarc-
tion, stroke, and hospitalization was 21.14% for PAD patients [6]. All-cause death 
at 1 year was 16% as it has been shown in the Swedish national registry, and the 
worse the PAD, the worse the prognosis [9, 10]. Atherosclerosis is the primary 
underlying cause of these ischemic events in the PAD patient. Antithrombotic drugs, 
therefore, have become a cornerstone in the management of these patients to reduce 
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cardiovascular events but have no impact on symptom improvement. Higher-risk 
PAD patients [11] are more likely to benefit from antithrombotic therapy. In addi-
tion to these therapies, some oral diabetic drugs have emerged as important pharma-
cologic interventions in patients with diabetes and established cardiovascular 
disease, including PAD patients, to reduce the likelihood of cardiovascular mortal-
ity, non-fatal stroke, and non-fatal myocardial infarction.

In this chapter, we examine current data on antiplatelet, oral anticoagulant, and 
oral diabetic therapies in reducing cardiovascular events in the PAD patient as well 
as review pharmacologic interventions that reduce claudication in these patients.

 Oral Antiplatelet Therapies

 Aspirin

The role of aspirin in asymptomatic patients with diabetes and PAD was evaluated 
in the prevention of progression of arterial disease and diabetes (POPADAD) trial 
[12]. In this randomized, placebo-controlled study, 1276 adults with type 1 and 2 
diabetes and abnormal ankle brachial index (ABI) were included. Patients were 
randomized to aspirin or placebo (with a 2 × 2 factorial design including antioxidant 
capsule). Similar major adverse events including death, amputation, non-fatal myo-
cardial infarction (MI), and stroke were seen (18.2% vs 18.3%). Also, in the Aspirin 
for Asymptomatic Atherosclerosis trial [13], 3350 patients with abnormal but 
asymptomatic ABI were randomized to aspirin versus placebo. The primary end-
point was a composite of fatal or non-fatal coronary event or stroke or revasculariza-
tion. After a mean follow-up of 8  years, there was no statistically significant 
difference between the two groups (13.7 events per 1000 person-years in the aspirin 
group vs 13.3 in the placebo group; hazard ratio [HR], 1.03; 95% CI: 0.84–1.27). 
Also, there was no statistical difference between the two groups in vascular events 
or all-cause mortality or major hemorrhage requiring admission to the hospital. 
Currently, it is a class III indication (not recommended) to prescribe aspirin in 
patients with asymptomatic PAD in the 2017 European Society of Cardiology 
guidelines [14]. The 2016 American College of Cardiology/American Heart 
Association guidelines [15] consider antiplatelet drugs in asymptomatic patients 
with PAD (ABI ≤0.90) to be reasonable to reduce the risk of MI, stroke, or vascular 
death. The ACC/AHA points out that the trial by Fowkes et al. [13] was not powered 
to analyze subgroups and the “uncertainty of the result does not rule out the possi-
bility that aspirin could provide benefit in such patients, especially in those at 
increased risk of cardiovascular events.” The ACC/AHA however acknowledges 
that in patients with asymptomatic PAD and borderline ABI (0.91–0.99), the role of 
antiplatelet therapy remains uncertain.

In contrast to the asymptomatic PAD patient, antiplatelet drugs including aspirin 
are recommended in the symptomatic PAD patient to prevent major cardiovascular 
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events including MI, stroke, or vascular death. In a meta-analysis by the 
Antithrombotic Trialists’ Collaboration [16], there was a 22% odds reduction for 
cardiovascular events, including MI, stroke, or vascular death. A dose of 75–150 mg 
led to a reduction in vascular events by 32%.

 Clopidogrel

In the Clopidogrel Versus Aspirin in Patients at Risk of Ischemic Events (CAPRIE) 
[17] trial, there was an 8.7% relative risk reduction in MACE with clopidogrel com-
pared to aspirin. A greater reduction of MACE was observed in the PAD subgroup 
with a relative risk of 0.76 [95% CI: 0.64–0.91]. Currently, the ACC/AHA guide-
lines [15] indicate that antiplatelet therapy with aspirin alone (range 75–325 mg per 
day) or clopidogrel alone (75 mg per day) is recommended to reduce MI, stroke, 
and vascular death in patients with symptomatic PAD. The ESC guidelines state that 
clopidogrel can be considered over aspirin therapy in symptomatic PAD patients 
(class IIb) [14].

The use of dual antiplatelet therapy is not recommended based on the Clopidogrel 
for High Atherothrombotic Risk and Ischemic Stabilization, Management, and 
Avoidance (CHARISMA) trial [18, 19] but may be considered for high-risk PAD 
patients with no increased risk of bleeding. A total of 9478 patients were included 
in CHARISMA and followed for 27.6 months. MACE was lower in the clopidogrel 
plus aspirin arm than in the placebo plus aspirin arm (7.3% vs 8.8%, p = 0.01), and 
no significant differences in the rate of severe bleeding (1.7% vs 1.5%, p = 0.50) 
were seen. An increase in moderate bleeding was, however, noted (2.0% vs 1.3%, 
p = 0.004).

 Ticagrelor

The Prevention of Cardiovascular Events in Patients with Prior Heart Attack Using 
Ticagrelor Compared to Placebo on a Background of Aspirin-Thrombolysis in 
Myocardial Infarction 54 (PEGASUS-TIMI-54) trial suggested a greater benefit 
with ticagrelor plus aspirin versus aspirin alone in PAD patients with prior myocar-
dial infarction [20]. In this trial and of 21,162 patients with prior MI (1–3 years) 
randomized to ticagrelor 90 mg twice daily, ticagrelor 60 mg twice daily, or pla-
cebo, all on a background of low-dose aspirin, 1143 patients had known 
PAD.  Ticagrelor plus aspirin versus aspirin monotherapy conferred an absolute 
risk reduction of MACE (defined as CV death, MI, or stroke) in this PAD popula-
tion by 4.1% and a significant reduction in risk of MALE (defined as acute limb 
ischemia or peripheral revascularization for ischemia) (HR, 0.65 [95% CI: 
0.44–0.95]). The risk of major bleed however was higher in the ticagrelor group 
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regardless of the presence of PAD (the absolute excess of TIMI major bleeding 
was 0.12%). The 60 mg dose had particularly favorable outcomes for CV and all-
cause mortality.

The Examining Use of Ticagrelor in Peripheral Artery Disease (EUCLID) trial 
[11, 21] enrolled 13,885 patients with symptomatic PAD randomized to ticagrelor 
vs clopidogrel. Ticagrelor was not superior to clopidogrel in preventing MACE 
(HR, 1.02 [95% CI: 0.92–1.13]) or ALI (HR, 1.03 [95% CI: 0.79–1.33]). In both 
groups, acute limb ischemia (ALI) was 1.7% and major bleeding 1.6%.

In the Effect of Ticagrelor on Health Outcomes in Diabetes Mellitus Patients 
Intervention Study (THEMIS), 19,220 patients were randomized to ticagrelor ver-
sus placebo on a background of aspirin. Patients were included if they were more 
than 50 years or older with type 2 diabetes and stable CAD with either a prior per-
cutaneous coronary intervention (PCI) or angiographic stenosis of 50% or more. Of 
these patients, 9% had PAD. Patients could not be included if they had prior MI or 
stroke. The prespecified endpoint of coronary, cerebral, and peripheral ischemic 
events was significantly reduced with ticagrelor compared with placebo. The com-
posite of all-cause death, myocardial infarction, stroke, acute limb ischemia, or 
major amputation of vascular cause was lower (9.0%) compared with placebo 
(11.0%) in those with a history of PCI receiving ticagrelor and no benefit in those 
with no prior PCI. A 55% reduction in MALE was achieved with additional use of 
ticagrelor and aspirin vs aspirin only (HR, 0.45 [95% CI: 0.23–0.86]), at the expense 
of increased TIMI major bleeding (HR, 2.32 [95% CI: 1.82–2.94]).

In the Dual Antiplatelet Therapy (DAPT) trial [22], there were 649 patients with 
PAD who were randomized to thienopyridine plus aspirin therapy for an additional 
18 months versus aspirin therapy alone. Extended DAPT was associated with con-
sistent ischemic benefit at the expense of increase in major bleeding. Patients with 
PAD had higher rates of MI/stent thrombosis (6.03% vs 2.92%; p < 0.001), major 
adverse cardiovascular and cerebrovascular events (11.65% vs 4.62%; p < 0.001), 
and bleeding (4.86% vs 1.74%; p < 0.001) than those with no PAD. Extended DAPT 
showed a continued reduction in MI and stent thrombosis in the PAD patients (with 
PAD, HR: 0.63; 95% CI: 0.32–1.22; without PAD, HR: 0.53; 95% CI: 0.42, 0.66; 
interaction p = 0.631).

In the Prolonging Dual Antiplatelet Treatment After Grading Stent-Induced 
Intimal Hyperplasia Study (PRODIGY) trial [23], the presence of PAD was associ-
ated with poor prognosis. This trial showed that a prolonged versus shorter DAPT 
duration was associated with a greater reduction in MACE in patients with PAD 
compared with patients without PAD, particularly among those presenting with 
ACS. Prolonged (24 months) vs short DAPT (<6 months) conveyed a lower risk of 
the primary efficacy endpoint of the composite of death, myocardial infarction, or 
cerebrovascular accidents in patients with PAD (19 [16.1%] vs 35 [27.3%]; HR, 
0.54; 95% CI: 0.31–0.95; p = 0.03) but not in patients without PAD (81 [9.3%] vs 
63 [7.4%]; HR, 1.28; 95% CI: 0.92–1.77; p = 0.15). Bleeding was not statistically 
different between the long and short DAPT treatment (HR, 0.77; 95% CI: 0.27–2.21; 
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p  =  0.62). It’s important to note that DAPT and PRODIGY did not assess limb 
events. However, patients with PAD seem to benefit more from prolonged DAPT 
therapy.

 Vorapaxar

Platelet activation is mediated by three main pathways: thromboxane A2, adenosine 
diphosphate acting on the P2Y12 receptor, and thrombin acting on the protease- 
activated receptors (PAR)-1; the latter is considered the most potent platelet 
activator.

Aspirin irreversibly inhibits the COX-1 enzyme, therefore blocking the produc-
tion of TXA2. P2Y12 receptor antagonists block adenosine diphosphate from acti-
vating platelets. Vorapaxar is a PAR-1 and PAR-4 receptor blocker. Blocking more 
than one pathway leads to stronger inhibition of platelet activation but likely also 
more bleeding [24, 25].

Vorapaxar is the first oral PAR-1 antagonist approved in the United States and 
was shown to reduce major cardiovascular events in patients with history of MI and 
PAD. It is contraindicated in patients with history of central nervous system events. 
In the Thrombin Receptor Antagonist in Secondary Prevention of Atherothrombotic 
Ischemic Events-Thrombolysis in Myocardial Infarction 50 (TRA2°P-TIMI 50), 
patients with prior MI, ischemic stroke, or PAD were randomized to either vora-
paxar or placebo. Both MACE (HR, 0.85 [95% CI: 0.73–0.99]) and MALE (HR, 
0.70 [95% CI: 0.53–0.92]) were reduced with vorapaxar in patients with PAD [26]. 
Patients with both CAD and PAD had greater reductions in MACE than PAD alone, 
but a greater reduction in MALE was observed in PAD patients with prior history of 
revascularization. PAD patients with no prior history of CAD or PAD revasculariza-
tion had no significant benefit from vorapaxar for reduction of MACE or MALE 
[27]. Finally, vorapaxar reduced hospitalizations for acute limb ischemia (ALI) (HR 
0.58; 95% CI: 0.39–0.86; p = 0.006) and decreased need for PAD revascularization 
(HR 0.84; 95% CI: 0.73–0.97; p = 0.017) [28].

 Oral Anticoagulants

 Rivaroxaban

The Cardiovascular Outcomes for People Using Anticoagulation Strategies 
(COMPASS) trial randomized 27,395 patients with chronic atherosclerotic car-
diovascular disease to a regimen of either rivaroxaban 5 mg twice daily or rivar-
oxaban 2.5 mg twice daily plus low-dose aspirin or low-dose aspirin alone [29]. 
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After a mean follow-up of 23 months, the trial was stopped as the rivaroxaban 
2.5 mg twice a day plus a baby aspirin versus aspirin alone was superior in reduc-
ing the primary outcome of cardiovascular death, stroke, or MI group (HR, 0.76 
[95% CI: 0.66–0.86]). There were more major bleeding events with rivaroxaban 
plus aspirin than aspirin alone (HR, 1.70 [95% CI: 1.40–2.05]), though no signifi-
cant difference in intracranial or fatal bleeding was detected between the 
two groups.

In a substudy from COMPASS limited to 7470 patients with PAD or carotid 
artery disease, rivaroxaban plus aspirin compared with aspirin alone reduced MACE 
(HR, 0.72 [95% CI: 0.57–0.90]), as well as MALE (HR, 0.54 [95% CI: 0.35–0.82]), 
albeit with an increase in major bleeding (HR, 1.61 [95% CI: 1.12–2.31]) [30].

In the Vascular Outcomes Study of ASA Along with Rivaroxaban in Endovascular 
or Surgical Limb Revascularization for PAD (VOYAGER-PAD) [31], a double- 
blind trial, 6564 patients with PAD and revascularization were randomly assigned 
to receive rivaroxaban (2.5 mg twice daily) plus aspirin or placebo plus aspirin. The 
primary efficacy outcome was a composite of acute limb ischemia, major amputa-
tion for vascular causes, myocardial infarction, ischemic stroke, or death from car-
diovascular causes. At 3  years, rivaroxaban was associated with a significantly 
lower incidence of the primary endpoint than aspirin alone (17.3% and 19.9%, 
respectively (hazard ratio, 0.85, 95% confidence interval [CI]: 0.76–0.96; p = 0.009)) 
with no significant difference in Thrombolysis in Myocardial Infarction (TIMI) 
major bleed (2.65 and 1.87%, p  =  0.07) but a higher incidence of International 
Society of Thrombosis and Hemostasis (ISTH) major bleeding (5.94 and 4.06%, 
p = 0.007).

 Warfarin

Anticoagulation among patients with stable PAD was evaluated in different trials. In 
the Warfarin Antiplatelet Vascular Evaluation (WAVE) [32] trial, 2161 patients with 
symptomatic PAD were randomized to anticoagulation with Coumadin plus anti-
platelet therapy versus antiplatelet therapy alone and followed for 35 months. The 
first co-primary outcome was MI, stroke, or death from cardiovascular causes; the 
second co-primary outcome was MI, stroke, severe ischemia of the peripheral or 
coronary arteries leading to urgent intervention, or death from cardiovascular 
causes. The first co-primary outcome occurred in 12.2 and 13.3% for warfarin and 
aspirin versus aspirin alone (relative risk, 0.92; 95% confidence interval [CI]: 
0.73–1.16; p  =  0.48). The second co-primary outcome occurred in 15.9% and 
17.4%, respectively (relative risk, 0.91; 95% CI: 0.74–1.12; p  =  0.37). Life- 
threatening bleeding occurred in 4.0% of the warfarin group compared to 1.25% of 
the aspirin only group (relative risk, 3.41; 95% CI: 1.84–6.35; p < 0.001). Warfarin 
and aspirin were not more effective than aspirin alone and were associated with an 
increase in major bleeding.
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 Edoxaban

In the Edoxaban in Peripheral Arterial Disease (ePAD) [33] study, 203 patients who 
underwent femoropopliteal endovascular therapy were randomized to receive aspirin 
plus edoxaban or aspirin plus clopidogrel. The primary safety endpoint was bleeding 
as classified by the TIMI and ISTH criteria; the efficacy endpoint was the rate of 
restenosis/reocclusion. The bleeding risk was not statistically different with treatment 
when assessed by either TIMI or ISTH. At 6 months, there was a numerically lower 
incidence of restenosis/reocclusion with edoxaban compared with clopidogrel, but 
this was not statistically significant (30.9% vs 34.7%; RR 0.89, 95% CI: 0.59–1.34, 
p = 0.643). This study, however, was not powered for efficacy but only for safety.

 Cilostazol (Pletal)

Cilostazol is an oral antiplatelet agent (phosphodiesterase 3 inhibitor) which has 
been shown to be effective in reducing intermittent claudication (IC) [34]. 
Pentoxifylline has been used for reducing claudication, but data suggest that it is not 
more effective than placebo.

Dawson et al. [35] compared cilostazol to pentoxifylline. A total of 698 patients 
with moderate to severe IC were randomized to a standard dose of cilostazol 100 mg 
twice daily, a standard dose of pentoxifylline (400 mg three times daily), or placebo 
(three times daily). At 24 weeks, cilostazol had a 54% improvement in maximal 
walking distance from the baseline compared with increases of 30% in the pentoxi-
fylline group (p < 0.05) and 34% in the placebo group (p < 0.05).

In a prospective, randomized, open-label, blinded endpoint study, Lida et al. [36] 
randomized 127 patients following treatment of femoropopliteal de novo disease to 
cilostazol (200 mg/day, n = 63) or ticlopidine (200 mg/day, n = 64) in addition to 
aspirin (100  mg/day). Vessel patency and freedom from TLR were significantly 
higher in the cilostazol group than the ticlopidine group. Also, Soga et  al. [37] 
investigated the role of cilostazol in a cohort of 80 patients with IC due to a femo-
ropopliteal lesion. Patients were randomized to cilostazol in addition to aspirin ver-
sus aspirin alone. The rate of restenosis was lower in the cilostazol group (43.6% vs 
70.3%, p = 0.02), and freedom from target lesion revascularization and freedom 
from major adverse cardiovascular events were higher in the cilostazol group 
(87.2% vs 67.6%, p = 0.046, 76.8% vs 45.6%, p = 0.006, respectively).

The Sufficient Treatment of Peripheral Intervention by Cilostazol (STOP-IC) 
[38] study randomized 200 patients who underwent femoropopliteal angioplasty 
with nitinol stenting to aspirin either with or without cilostazol. At 12-month fol-
low- up, the angiographic restenosis rate at 12 months was 20% (15/75) in the cilo-
stazol group versus 49% (38/77) in the non-cilostazol group (p  =  0.0001). The 
cilostazol group also had a significantly higher event-free survival at 12  months 
(83% vs 71%, p = 0.02).
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 Lipid-Lowering Drugs

 Statins

The Heart Protection Study randomized over 20,536 to statin (simvastatin) or pla-
cebo [39]. Among the 6748 patients with PAD, there was a 22% relative reduction 
(95% CI: 15–29) in the rate of first major vascular events (26.4% simvastatin- 
allocated vs 32.7% placebo-allocated; p < 0.0001). Among all patients included, 
simvastatin group had a 16% relative reduction in rate of first peripheral vascular 
event compared to placebo.

In the retrospective REACH study [2], 5861 patients with PAD were evaluated. 
Among those using statins, there were 18% lower rate of adverse limb outcomes, 
including worsening symptoms, peripheral revascularization, and ischemic amputa-
tions. These findings suggest that statins reduce MALE in PAD patients.

 PCSK9 Inhibitors

In the Further Cardiovascular Outcomes Research with PCSK9 Inhibition in 
Subjects with Elevated Risk (FOURIER) [8], 3642 patients had PAD (1505 with 
no prior MI or stroke). The primary endpoint of the trial was a composite of car-
diovascular death, myocardial infarction, stroke, hospital admission for unstable 
angina, or coronary revascularization. One secondary outcome was major adverse 
limb events defined as acute limb ischemia, major amputation, or urgent periph-
eral revascularization for ischemia. Evolocumab significantly reduced the pri-
mary endpoint consistently in patients with PAD (hazard ratio [HR] 0.79; 95% 
confidence interval [CI]: 0.66–0.94; p  =  0.0098) and without PAD (HR 0.86; 
95% CI: 0.80–0.93; p = 0.0003). Evolocumab also reduced the risk of MALE in 
all patients (HR, 0.58; 95% CI: 0.38–0.88; p  =  0.0093) with and without 
known PAD.

 Oral Antidiabetic Drugs

 GLP-1 Agonists

The role of GLP-1 agonists in the PAD patient has yielded mixed results. In the 
Exenatide Study of Cardiovascular Event Lowering (EXSCEL) trial [40], 2800 
patients with PAD were included. PAD patients had higher rate of MACE when 
compared to placebo (13.6% vs 11.4%, respectively), higher all-cause mortality 
(adjusted hazard ratio 1.38 [95% CI: 1.20–1.60]; p  < 0.001), and more frequent 
amputations (adjusted hazard ratio 5.48 [95% CI: 4.16–7.22]; p < 0.001). Treatment 
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with exenatide showed no differences in MACE or amputation rates versus placebo. 
In contrast, in a recent analysis from the LEADER and SUSTAIN trials presented at 
the American Heart Association (AHA) in 2019, more MACE (LEADER, HR 1.27, 
95% CI: 1.12, 1.44; SUSTAIN 6, HR 1.72, 95% CI: 1.36, 2.15) was observed in 
patients with PAD at baseline vs those without PAD. However, liraglutide (hazard 
ratio 0.77 (95% CI: 0.59, 1.02) and 0.89 (95% CI: 0.79, 1.00)) and semaglutide 
(hazard ratio 0.57 (95% CI: 0.3–1.07) and 0.78 (95% CI: 0.59–1.02)) appear to 
lower the risk of cardiovascular events in patients with and without PAD, respec-
tively [41].

 SGLT2 Inhibitors in Diabetics

In patients with type 2 diabetes mellitus and PAD, empagliflozin reduced mortality, 
heart failure, and progression of renal disease with no observed increase in the risk 
of lower limb amputation [42]. In this substudy of EMPA-REG, empagliflozin 
reduced cardiovascular death by 43% (HR, 0.57; 95% CI: 0.37–0.88) and all-cause 
mortality by 38% (HR, 0.62; 95% CI: 0.44–0.88) versus placebo, consistent with 
findings in patients with PAD. The reduction in cardiovascular death with empa-
gliflozin in patients with T2DM and PAD translates to a number needed to treat of 
29 patients over 3.1 years to prevent 1 event.

In the DECLARE-TIMI 58 trial [43], 17,160 patients with type 2 diabetes mel-
litus were enrolled. 1025 (6%) had PAD. Patients were randomized to dapagliflozin 
versus placebo. Overall, there were no significant differences in any limb outcome 
with dapagliflozin versus placebo including limb ischemic adverse events (HR, 1.07 
[95% CI: 0.90–1.26]) and amputation (HR, 1.09 [95% CI: 0.84–1.40]).

In the CANagliflozin cardioVascular Assessment Study (CANVAS) trial, the 
effect of canagliflozin on amputation risk was evaluated and found to be increased 
[44, 45]. There were 1.8% subjects with atraumatic lower extremity amputations 
(minor 71%, major 29%) with a hazard ratio of 1.97 [95% CI: 1.41, 2.75] when 
compared to placebo. An increased risk of amputation was seen in those patients 
with prior history of amputation, peripheral vascular disease, and neuropathy. The 
amputation rate was 6.30 with canagliflozin vs 3.37 per 1000 participant-years 
among the placebo group.

 Summary

The use of antiplatelets in symptomatic patients with PAD is recommended, and 
clopidogrel is preferred over aspirin.

The use of ticagrelor and aspirin in patients with PAD and prior history of myo-
cardial infarction confers additional benefits than aspirin alone but at the expense of 
bleeding.
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Vorapaxar reduces MACE and MALE in PAD patients with prior history of CAD 
or PAD revascularization and reduces hospitalizations for acute limb ischemia and 
the need for PAD revascularization.

Rivaroxaban 2.5 mg twice a day with a baby aspirin reduces MACE and MALE 
in high-risk CAD and PAD patients and in PAD patients post-revascularization.

Warfarin and aspirin are not more effective than aspirin alone, and warfarin is 
associated with an increase in major bleeding.

Cilostazol reduces claudication and restenosis post-vascular intervention.
Statins and PCSK9 inhibitors appear to reduce cardiovascular events in patients 

with PAD.
Empagliflozin reduces the risk of MACE in patients with atherosclerotic vascu-

lar disease and type 2 diabetes including PAD and reduces cardiovascular mortality 
with no increase in amputation.

Canagliflozin had higher amputation rates in the PAD diabetic patient, and dapa-
gliflozin had no significant impact on limb outcome.

Liraglutide and semaglutide reduce MACE in diabetic patients with or without 
PAD, whereas exenatide showed no differences in MACE or amputation rates ver-
sus placebo in the PAD patient. Dulaglutide is indicated to reduce MACE in type 2 
diabetics with atherosclerotic cardiovascular disease or multiple cardiovascular risk 
factors.
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Chapter 5
Blood Vessel Compliance, Barotrauma 
and Angioplasty-Induced Dissection 
Following Treatment of the Patient 
with Peripheral Artery Disease

Alexandra Stathis, Michiel T. Voûte, and Ramon L. Varcoe

 Blood Vessel Wall Structure and Compliance

The arterial wall is composed of three concentric layers, the tunica intima, media 
and adventitia. The intima consists of a single layer of endothelium on the luminal 
surface, a subendothelial connective tissue matrix and the internal elastic lamina 
(IEL) [1]. The collagen, laminin-rich IEL as well as the smooth muscle and elastin 
of the media give the artery the flexibility to adapt to stretch and movement accom-
modating the diameter changes associated with pulsatile flow [2, 3]. It is these fea-
tures that constitute vessel compliance.

Compliance may be reduced by several factors; however, age, calcification and 
atherosclerotic disease are the most common [4, 5]. As the artery ages, the intima 
and media become thickened due to the accumulation of additional matrix fibres 
and calcification of elastic fibres [6]. Moreover, arteries increase in diameter and 
elongate, further reducing compliance [7].

 Pathophysiology of Intimal and Medial Calcification

Atherosclerotic plaque formation begins in the subendothelial layer of intima, 
immediately deep to the endothelium [8]. A fibrous cap of smooth muscle cells 
and connective tissue fibres develops over a central necrotic core which contains 
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lipid- rich cells, apoptotic macrophages, amorphous debris and matrix fibre rem-
nants [9]. That cap may thicken and calcify the intima over time creating the 
appearance of plaque calcification during procedural imaging [10]. Concurrently, 
the necrotic core may enlarge causing luminal reduction and stenosis. Advanced 
plaque expansion which involves a significant proportion of the blood vessel cir-
cumference and the associated calcification is known to reduce elasticity and 
compliance [11].

Calcification of the media layer occurs with ageing and is associated with chronic 
kidney disease (CKD) and diabetes mellitus [12, 13]. It is independent of athero-
sclerosis, despite the two processes commonly occurring together as they have simi-
lar risk factors [14]. The process begins when hydroxyapatite crystals are deposited 
on to degraded elastin fibres inciting an osteoblast-like differentiation of the adja-
cent vascular smooth muscle cells (VSMC) [15]. This VSMC differentiation is also 
observed as part of normal ageing and the increased oxidative stress which may 
occur with CKD, smoking and diabetes [16].

It is common for atherosclerotic plaque stenosis to require angioplasty revascu-
larisation in the context of coexisting blood vessel wall calcification and reduced 
compliance. Dissection is a frequent complication, with the potential to limit the 
durability of that procedure.

 Barotrauma and the Immediate Cellular Response 
to Angioplasty

Percutaneous transluminal angioplasty (PTA) uses high-pressure expansion to dilate 
the stenotic plaque and achieve luminal gain. During inflation, the intima, media 
and adventitia are mechanically stretched by the outward force exerted from the 
balloon [17, 18]. With low-pressure inflation, the inherent elastic properties of the 
blood vessel (compliance) allow it to return to the original luminal diameter when 
the balloon deflates [18, 19]. However, with high pressure and increased stretch, the 
elastic properties of the artery are overcome, cleaving the intima and often media 
[19, 20]. These disrupted layers of blood vessel wall heal and remodel, ultimately 
facilitating an increased luminal diameter which restores blood supply to the 
extremity [18, 20].

It is important for angioplasty to disrupt the atherosclerotic plaque and the 
elastic properties of the inner layers of arterial wall if it is to result in permanent 
remodeling [18, 21]. This involves a physical trauma at the plaque-artery inter-
face, stretching and tearing of the endothelium and alteration of the blood vessel 
substructure [20]. With that angioplasty-induced barotrauma come denudation 
of the endothelium and the immediate release of thrombogenic and vasoactive 
factors which promote platelet aggregation, thrombus formation and inflamma-
tion [22, 23]. Damage at the media level results in the necrosis of VSMC and 
matrix fibres, macrophage activation and release of cytokines and growth factors 
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[23]. This triggers a cascade response which ultimately results in the migration 
of VSMC from the media to intima, where they proliferate, undergo metaplasia 
and produce additional extracellular matrix [23, 24]. This process, and the cel-
lular/matrix lesion which results, is called neointimal hyperplasia (NIH). In its 
early stages, it is considered a healthy response which facilitates blood vessel 
healing.

 Mid-Term Cellular Response and Remodeling

Vascular remodeling can be described as negative (luminal reduction) or positive 
(luminal enlargement) [25, 26] and under normal conditions relies on an intact 
endothelium. Glagov et al. were the first to demonstrate that human coronary arter-
ies undergo compensatory positive remodeling in response to decreased blood flow 
[26], with the same mechanism now also described in peripheral vessels [27]. 
However, angioplasty trauma mediated through cytokine and chemokine release 
may also lead to tissue remodeling and structural change. Normally, the intact endo-
thelial layer inhibits platelet aggregation; however, angioplasty-induced barotrauma 
damages and denudes that inner layer of cells with an immediate release of throm-
bogenic and vasoactive factors that promote platelet aggregation and localised 
inflammation [23]. The degranulation of platelets releases chemokines and cyto-
kines that lead to the migration and proliferation of VSMC located in the media. 
Furthermore, if the angioplasty trauma leads to stretching and tearing of the media, 
it may result in localised VSMC necrosis and release of additional growth factors. 
Together, these trigger a complex interaction between VSMC, platelets, endothelial 
cells, leukocytes and cellular mediators that culminate in remodeling and formation 
of neointimal hyperplasia (NIH) [24]. The mitogenic substances released by the 
degranulating platelet plug, together with those by the damaged media, result in the 
migration of VSMC from the media to intima. A significant proportion of those 
migratory VSMC proliferate and form new extracellular matrix (ECM) within the 
neointima [28]. If over- exuberant, NIH can lead to a pathophysiological compro-
mise of the lumen, a description synonymous with negative remodeling which may 
lead to restenosis and the return of ischemic symptoms.

In addition to migration and proliferation of VSMC, there is evidence to suggest 
the barotrauma from angioplasty results in permanent functional change of the 
endothelium. It is known that regions of chronic denudation feature a layer of fibro-
nectin, which can prevent the regrowth of endothelial cells [24, 29]. The increased 
production of the extracellular matrix protein fibronectin is driven by the release of 
transforming growth factor β1 (TGF- β1) from aggregated platelets [24, 29–31]. 
This process highlights the impact of the ECM on endothelial recovery following 
balloon angioplasty. In regions where the endothelium has recovered, the presence 
of actin stress filaments within them suggests that those overlying the NIH are oper-
ating in an altered functional state [32].
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 The Concept of Controlled Versus Uncontrolled Dissection

The goal of PTA is to create a series of small, controlled, blood vessel wall dissec-
tions that facilitate permanent luminal gain by enabling radial expansion [18] while 
avoiding large, flow-limiting dissections that might result in acute occlusion or lead 
to restenosis (Fig. 5.1) [19]. Histopathology studies demonstrate that microdissec-
tion and arterial wall disruption occur to some degree after every angioplasty [17, 
33, 34]. However, there are aspects of the individual disease and procedural tech-
nique that can help predict the likelihood of uncontrolled dissection which may 
have detrimental clinical consequences. The nature of the atherosclerotic plaque 
may influence the angioplasty result and type of dissection observed. Calcified 
lesions are less compliant and more susceptible to dissection, even at lower force 
[20, 35]. Circumferential plaque is thought to evenly distribute the forces of angio-
plasty, resulting in small fractures and dissections at the thinner portions of the 
plaque [17, 20, 35], whereas eccentric lesions are more likely to dissect entirely 
from the blood vessel wall and at the margin of plaque and the normal underlying 
media [22]. Angioplasty of calcified vessels may result in cleavage of the plaque, 
putting the underlying vessel under high stress and increasing the risk of significant 
intimal dissection [20]. Moreover, sections of non-compliant artery may dispropor-
tionately transfer the angioplasty force in a proximal and distal direction causing 
stretch and increasing the risk of uncontrolled dissection in those adjacent zones 
[20, 35]. Angioplasty techniques used during treatment may also play a role. 

A1 A2 A3

B1

Intima Media Calcified plaqueAdventitia

B2 B3

Fig. 5.1 Controlled and uncontrolled dissection. Controlled dissection induced by balloon angio-
plasty (A1–A3). A2 demonstrates the microdissections which result from balloon inflation (black 
arrows) and A3 the final result with circumferential dilatation of the luminal area (A3). Uncontrolled 
dissection (B1–B3) with calcified plaque in the intimal layer (grey shaded area), balloon inflation 
transfers shearing force to the plaque edge (B2, white arrows) leading to uncontrolled macrodis-
section which may have negative clinical consequences (B3, white arrows)
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Subintimal wire passage prior to balloon inflation and the use of adjunctive atherec-
tomy are two procedural aspects known to increase the risk of dissection [36], 
whereas prolonged angioplasty inflation times and the use of long (versus multiple 
short) balloon lengths are known to reduce it [37–39].

 Stents for Mechanical Support

Nitinol self-expanding bare metal stents were developed to overcome some of the 
limitations observed with PTA. By providing mechanical scaffolding, they stabilise 
the treated blood vessel segment and overcome elastic recoil by exerting ongoing 
force on the vessel wall. However, that same chronic outward force results in a 
chronic low-grade vascular injury which can lead to the development of NIH depos-
ited between the stent interstices. This NIH may also limit the durability of any 
stent-based intervention. A next generation of nitinol stents coated in antiprolifera-
tive drugs such as paclitaxel have been developed to limit the NIH response and 
reduce the incidence of in-stent restenosis. They have been shown to be superior to 
PTA and bare metal stents in multiple randomised trials [40, 41].

 Modes of Failure Following Balloon Angioplasty

As described, angioplasty-induced barotrauma leads to a cellular response, and the 
blood vessel remodeling which follows can result in acute or delayed target lesion 
restenosis/failure. Uncontrolled macrodissection can also lead to poor clinical out-
comes. Those may also occur in the acute setting within 24 h of PTA or take the 
form of a recurrent stenosis weeks or months after the index procedure.

 Acute Occlusion

Acute occlusion occurs during or immediately after (<24 h) an angioplasty proce-
dure. It is caused by mechanical obstruction which may result from any combina-
tion of occlusive dissection, thrombus formation, intraplaque haemorrhage, 
vasospasm and elastic recoil [42]. In practice, it is difficult to distinguish between 
these multiple mechanical factors, and it is common for there to be significant over-
lap. However, intravascular imaging with ultrasound or optical coherence tomogra-
phy may be useful to determine the dominant mechanism.

Hypercoagulability factors are also known to play a role [43]. These range from 
the disruption of plaque contents which leads to tissue factors within the lipid core 
encountering the circulating blood to inadequate intra-procedural heparinisation. 
There are also a group of patients who are resistant to heparin and/or antiplatelet 
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agents making them more susceptible to thrombus formation, even with correct dos-
age administration [44, 45].

A dissection which results in pressurised blood flow into the false lumen may 
propagate, spiral, compromise the true lumen and result in complete obstruction of 
flow. Stents and tack devices may be useful to treat flow-limiting dissection and 
overcome elastic recoil. However, they are not without their own limitations. The 
introduction of a foreign body into the circulation may result in platelet aggregation 
and thrombus formation unless antiplatelet agents are used and they remain vulner-
able to metal fatigue-related fracture [46, 47].

 Restenosis

It is well established that the barotrauma exerted on the blood vessel wall by an 
inflated angioplasty balloon may lead to negative remodeling and recurrent stenosis 
[23]. It is also a common view amongst peripheral interventionalists that dissection 
itself is a predictor of negative remodeling and target lesion failure [48]. It is uncer-
tain whether the dissection is a marker for more advanced patterns of disease leading 
to reduced vessel compliance which predisposes to both the dissection and progres-
sive disease or whether the dissection itself triggers a more exuberant form of NIH 
and elastic recoil that results in that recurrent stenosis. In the coronary literature, 
angiographic dissection has been classified and found to be associated with worse 
clinical outcomes [49, 50]. While it is known that physicians are more likely to 
implant stents with more severe forms of dissection, we know less about whether 
peripheral artery dissections lead to early restenosis and loss of patency [51, 52]. One 
observational study by Kobayashi et al. divided dissection types into 3 groups (A, no 
dissection; B, mild dissection; C, severe dissection) and followed 319 patients longi-
tudinally after undergoing PTA for femoropopliteal disease. They found that 3-year 
primary patency was significantly reduced in those patients with severe dissection, 
but not mild (66.0% in group A, 63.8% in group B and 32.5% in group C; p < 0.001). 
This finding was more pronounced in longer length disease which was another inde-
pendent predictor of reduced patency. They recommended that stents were not 
required for mild and short dissections, but that they continue to be used for severe 
dissection, particularly over longer lengths. Another study by Fujihara et al. used the 
NHLBI angiographic grading system to evaluate outcomes in 621 patients being 
treated for de novo disease of the superficial femoral artery [52]. They found that 
severe dissection was a significant risk factor for restenosis, which rose progressively 
from types C to F, and that after 2-year follow-up, the severe dissection group (types 
C–F) showed a significantly lower patency rate (p  < 0.001) and higher clinically 
driven TLR (p < 0.001) compared to the non-severe group (no dissection and type 
A–B dissection). Together, these studies support the view of many experts in the field 
that severe dissection is a predictor of early restenosis and target lesion failure.
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 The Classification of Dissection

A detailed classification of angioplasty-induced dissection is helpful to provide 
uniform consistency in reporting and use in clinical trials and to guide discussion 
around treatment. Several classification systems have been proposed, many of 
which have been developed as tools to guide coronary interventions. Translation 
to a peripheral artery application is feasible as most systems can be made to 
apply to both arterial regions. However, experts disagree as to the relevance of 
some coronary dissection characteristics to peripheral arteries which have sev-
eral distinct and important differences. Herein, we discuss the systems in 
common use.

 Classification Systems: Angiography

The National Heart, Lung, and Blood Institute Percutaneous Transluminal Coronary 
Angioplasty (NHLBI PTCA) Registry published its manual of operations in 1985, 
describing the morphological presentations of arterial dissections that occur during 
percutaneous coronary interventions [53]. In the mid-1980s, cine-loop fluoroscopy 
was the dominant imaging modality used to diagnose and classify dissections, with 
less availability of intravascular ultrasound. The classification system developed by 
the NHLBI reflected that period. It distinguished six categories ranging from simple 
linear to spiral morphologies (A–F). It included contrast extravasation as a separate 
category and those with a persistent filling defect and total occlusion of the target 
vessel. These are illustrated in Table 5.1.

NHLBI has been the predominant classification method used for peripheral 
artery dissection for many years; however, some suggest that it is overly complex to 
be applied in routine daily practice and may incorporate features that are not rele-
vant to peripheral artery angioplasty. For example, extravasation of contrast may be 
a very important finding in the coronary vascular bed but is usually a benign feature 
of peripheral artery interventions. This led to the simplified classification system 
developed specifically for peripheral artery interventions by Kobayashi et al [54]. It 
consists of three categories based on digital subtraction angiography (Table 5.2): 
group A where there was no angiographic dissection; group B, where there was 
mild dissection (the width of the dissection was less than one-third of the lumen); 
and group C, severe dissection, where the width of the dissection was more than 
one-third of the lumen. Spiral dissection was included in group C. Its simple design 
was intended to facilitate wide adoption in everyday practice; however, its lack of 
detail limited its utility in differentiating features which experts recognise as having 
clinical prognostic value and its use in clinical research as a method of 
categorisation.
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Table 5.1 The National Heart, Lung, and Blood Institute (NHLBI) dissection classification 
system of procedural coronary artery dissections [53]

Type Description Depiction

A Minor radiolucency within the lumen during 
contrast injection with no persistence of contrast 
after luminal clearance

B Linear dissection with parallel tracts or double 
lumen, with no persistence of contrast

C Extra-luminal ‘cap’ of contrast with persistence 
after clearance of luminal contrast

D Spiral-shaped dissection, usually with filling 
defects within the false lumen

E New persistent filling defect in the arterial 
lumen

F Dissection with total occlusion of the arterial 
lumen and no distal antegrade flow

Table 5.2 Classification of angiographic dissections after balloon angioplasty for superficial 
femoral artery disease

Category Degree of dissection

A No angiographic dissection
B The width of the dissection was less than one-third of the lumen
C The width of the dissection is more than one-third of the lumen, or there is a spiral 

dissection

From Kobayashi et al. [54]

 Classification Systems: Intravascular Ultrasound (IVUS)

Angiographic assessment of peripheral arteries during percutaneous intervention 
has several limitations. It relies upon a two-dimensional image of the arterial 
lumen. The detail of the blood vessel wall is limited to calcification and contrast 
entering a false lumen even with multiple orthogonal views. It provides little detail 
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of plaque morphology, is challenged in the evaluation of thrombus and often 
underestimates blood vessel diameter and also the presence/severity of dissec-
tion itself.

The use of IVUS as an adjunctive imaging modality has grown in popularity 
since the 1990s. It provides information not available from angiography and is par-
ticularly useful in the evaluation of dissection, where it gives an accurate determina-
tion of depth and degree of arterial injury. Moreover, high-resolution IVUS can 
visualise the nature of material which is compromising the lumen, to differentiate 
between plaque, thrombus and intramural haematoma.

A Dutch study investigated the use of IVUS for the evaluation of dissection, 
performing both qualitative and quantitative analyses [55]. The qualitative analysis 
evaluated vascular wall damage, classifying the degree of injury as atherosclerotic 
plaque radial tear of the intimal surface, dissection (a radial tear separating the 
lesion from the underlying arterial wall) and/or medial rupture. The extent of dissec-
tion was then quantified and classified into one of the four groups (absent, minor, 
moderate and severe) as determined by 30° incremental arcs of the blood vessel 
circumference in cross section (Table  5.3). While this system provides a good 
framework to classify the degree and extent of dissection, it is limited in its descrip-
tion of other features thought to be clinically important, such as length, luminal 
diameter reduction and spiral morphology.

The more contemporary iDissection grading system is an alternative IVUS- 
based method proposed by Shammas et al. in 2018 [56]. It consists of six dissec-
tion grades which combine depth of injury (from the intima to adventitia) with 
circumference of dissection (<180° or ≥180°), features known to influence clini-
cal outcomes (Table 5.4). However, those authors acknowledged that the grading 
system did not consider the length of the dissection and the presence of thrombus. 

Table 5.3 Classification of dissections in femoropopliteal arteries after balloon angioplasty

Dissection Extent of dissection as assessed by IVUS

Absent No dissection
Mild 30°–90° arc of the circumference involved
Moderate 120°–180° arc of the circumference involved
Severe 210°–360° arc of the circumference involved

Adapted from Van der Lugt et al. [55]

Table 5.4 The iDissection classification scheme

Dissection Circumference <180° Circumference ≥180°

Intima A1 A2
Media B1 B2
Adventitia C1 C2

Adapted from Shammas et al. [56]
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It also failed to include spiral morphology and flow; however, it is a practical sys-
tem that has the potential for wide adoption. The authors recommended a large, 
prospective registry to determine its role in predicting outcomes after arterial 
intervention.

While IVUS has been shown to identify dissections at higher frequency and in 
greater detail than conventional angiography, it is not available to all interventional-
ists and is more challenged in considering flow patterns, and its interpretation 
requires both skill and experience [36, 57]. It is therefore not universally applicable 
and is likely to remain an adjunctive imaging modality for the foreseeable future. It 
is our view that we will continue to rely on an angiographic classification system for 
dissection, one that is developed for peripheral arteries, underscored by expert opin-
ion and validated as a predictor of clinical outcomes.

 The DiSForM Classification System

The DiSForM (Diameter reduction, Spiral shape, Flow impairment or adverse 
Morphology) classification system was developed as a practical, universally appli-
cable, angiography-based method of categorising arterial dissection designed spe-
cifically for peripheral arteries. It was developed utilising a three-stage Delphi 
consensus panel of experts to first determine angiographic features of clinical 
importance and then rank them for significance. Subsequently, a treatment algo-
rithm was designed to assist interventionalists in managing angioplasty-induced 
dissection.

The features identified were luminal diameter reduction of ≥50%, spiral configu-
ration, degree of flow impairment (by developing the FLIPI (FLow Impairment in 
Peripheral Intervention) grading system) and adverse morphology (length ≥2 cm 
and/or multiple dissections). The DiSForM classification system was based on the 
consensus of 17 expert interventional radiologists, interventional cardiologists, vas-
cular surgeons and vascular medicine specialists who were asked to rate a series of 
combined dissection features for their likelihood to lead to acute occlusion and/or 
restenosis (Table  5.5). This then gives each individual dissection a pathological 
classification (DxSxFxMx) which can be used to aid treatment planning and evalua-
tion, prognosis prediction, information exchange and the ongoing investigation of 
peripheral artery dissections. This classification system has features similar to the 
TNM system which is in common use for the classification of malignant tumors 
[58]. Examples of peripheral dissections classified using DiSForM are given in 
Fig. 5.2.

In the final Delphi round, the results of all possible DxSxFxMx combinations were 
collated and analysed to validate its use as a decision-making tool and provide a 
treatment algorithm, which is given in Fig. 5.3.
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Table 5.5 The DiSForM (Diameter reduction, Spiral shape, Flow impairment or adverse 
Morphology) classification system for peripheral artery dissection

DiSForM 
category Parameter Description of parameter as assessed on DSAa

Di Diameter 
reduction

D0 Diameter reduction of <50%
D1 Diameter reduction of ≥50%

S Spiral shape S0 Non spiral (linear) configuration
S1 Any spiral configuration

F Flow 
impairmentb

F0 FLIPI 0: Normal antegrade flow
F1 FLIPI 1: Reduced antegrade flow
F2 FLIPI 2: Minor antegrade penetration
F3 FLIPI 3: No flow-through dissected segment, only 

collateral filling
M Morphology M0 On single dissection <2 cm length

M1 Multiple <2 cm length dissections OR a single 
dissection ≥2 cm

M2 Multiple ≥2 cm dissections
a DSA digital subtraction angiography
b FLIPI flow impairment in peripheral intervention

a

D1S0F0M0

D1S1F2M1

D0S0F1M1

b

c

D1S0F3M1

d

Fig. 5.2 (a–d) Dissection examples classified using the DiSForM classification system for periph-
eral artery dissections (note that flow must be rated on digital subtraction angiography and cannot 
be determined by a static image)

The strengths of the DiSForM classification system are that it is broadly appli-
cable, does not rely on the availability of IVUS, is designed by experts in peripheral 
intervention specifically for use in that region and requires little additional training 
to incorporate into clinical practice. Future studies are planned to validate its utility 
as a tool for predicting short- and mid-term clinical outcomes.
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Diameter reduction
≥ 50% of lumen?

SCAFFOLD
RECOMMENDEDyesD

SCAFFOLD
RECOMMENDEDyes

SCAFFOLD
RECOMMENDED

SCAFFOLD
RECOMMENDED

CONSIDER
SCAFFOLDING

CONSIDER
SCAFFOLDING

CONSIDER
SCAFFOLDING

CONSIDER
TO LEAVE

LEAVING
RECOMMENDED

yes

S

F

M

Spiral shape?

no

no

no

no

FLIPI 2 or 3

Multiple ≥2cm
dissections

One ≥2cm long
dissection

Any number of
dissections <2cm

FLIPI 1

FLIPI 0

One of more ≥2cm
dissections

Multiple <2cm
dissections

One single <2cm
dissections

Fig. 5.3 Flowchart for the management of dissections in peripheral arterial interventions

 Summary

Balloon angioplasty remains the cornerstone of endovascular treatment for occlu-
sive arterial disease. Controlled dissection to facilitate luminal expansion is its main 
goal. However, that vascular injury may trigger a cellular response that leads to 
negative remodeling, restenosis and return of ischemic symptoms. Furthermore, 
uncontrolled dissection and deep blood vessel wall injury may result in acute 
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occlusion and early target lesion failure. An understanding of the mechanisms of 
PTA and the pathophysiology which results is critical for interventionalists to guide 
PAD management and procedural decision-making.

Disclosures RV is a consultant for Abbott Vascular, Medtronic, Boston Scientific, Intact Medical, 
BD Bard, Surmodics and Intervene. No other authors have relevant disclosures.
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Chapter 6
Controlling Dissections in Peripheral 
Arterial Interventions

Nicolas W. Shammas

Injury to the deeper layers of an infrainguinal artery is a potent trigger for resteno-
sis, loss of patency, and the need for future target revascularization [1–3]. Dissections 
are an inevitable consequence of balloon angioplasty (PTA) and are the main mech-
anism to gain minimal luminal area (MLA) and prevent vessel recoil [4]. Recent 
research has focused on how to balance the occurrence of dissections and the gain 
in MLA without a detrimental disruption to the deeper layers of an artery. Also the 
interaction between residual narrowing, dissections’ extent, dissection repair, and 
the use of antiproliferative therapy needs to be better explored because paclitaxel- 
coated balloons and dissection repair have been shown to partially mitigate some of 
the negative consequences of dissections. In this chapter, I will explore this concept 
more based on some findings from clinical trials.

Traditionally, the NHLBI classification has been used to classify dissections 
based on angiographic findings [5] (Table 6.1). This classification was adopted from 
the coronary literature and has several limitations. It only considers the single worst 
dissection regardless of number of dissections and does not consider the length, 
depth, and extent of dissections. Deeper injury is also not well appreciated using 
angiography, and therefore, this type of injury is not adequately or accurately cap-
tured by the NHLBI classification. These deeper injuries may not be visible or may 
appear low grade on angiogram. Larger arcs of dissections can also be missed on 
angiography and may not be well represented by the NHLBI classification. Despite 
its shortcomings, the NHLBI classification has been able to predict acute vessel 
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Table 6.1 NHLBI classification for coronary dissections

Dissection Description

Type A Small radiolucent area within the lumen of the vessel disappearing with the passage 
of contrast material

Type B Appearance of contrast medium parallel to the lumen of the vessel disappearing 
within a few cardiac cycles

Type C Dissection protruding outside the lumen of the vessel persisting after passage of the 
contrast material

Type D Spiral-shaped filling defect with delayed runoff of the contrast material in the distal 
vessel

Type E Persistent luminal filling defect with delayed runoff of the contrast material in the 
distal vessel

Type F Filling defect accompanied by total coronary occlusion

closure and loss of patency [6, 7]. NHLBI types C–F showed a significantly lower 
patency rate (p < 0.001) and higher clinically driven TLR (p < 0.001) compared to 
type A and B dissections.

Recently, a new angiographic-based classification was published which is dedi-
cated to peripheral arteries. In the DISFORM study, Voute et al. [8] obtained expert 
consensus on features of dissections in the femoropopliteal artery that can poten-
tially predict a poor outcome following intervention. An expert panel of 17 interven-
tionalists ranked dissection features that have the potential to lead to acute technical 
failure and/or early restenosis and which combination of features would require 
repair of these dissections to improve outcome. Panelists recommended scaffolding 
in the presence of significant diameter reduction, spiral shape, flow impairment, or 
adverse morphology (Fig.  6.1). The Flow Impairment in Peripheral Intervention 
(FLIP) method was adopted (Table 6.2). The relationship of this classification to 
clinical outcome is yet unclear and needs to be determined in future studies.

 Precise Imaging

Precise imaging within the vessel wall is critical to evaluate the degree and extent of 
dissections. The iDissection grading system uses intravascular ultrasound (IVUS) to 
classify dissections in infrainguinal interventions. The depth of dissection is graded 
as A (intima), B (media), and C (adventitia). The arc of dissection is graded as 1 
(less than 180°) or 2 (more or equal 180°). This six-grade classification (A1, B1, C1, 
A2, B2, C2) is reliable and can quickly be performed during the procedure (Fig. 6.2, 
Table 6.3) [9].

The iDissection grading system was used for the first time in a small study evalu-
ating the number, depth, and extent of dissections following atherectomy [10]. In 
this study, Jetstream atherectomy (n = 13) and B-laser (n = 2) were used. De novo 
and non-stent restenotic lesions were included. Angiography and IVUS (Eagle Eye 
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Diameter reduction
≥50% of lumen

CENTRAL ILLUSTRATION: Flowchart for Management of Postangioplasty

Voûte, M. T. et al.  J Am Coll Cardiol Intv. 2021;14(21):2391-2401.
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Dissections of the Femoral and Popliteal Arteries

Fig. 6.1 Central illustration: flowchart for management of postangioplasty dissections of the fem-
oral and popliteal arteries
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Table 6.2 The FLIPI score for peripheral artery dissections

Score descriptor

FLIPI 0 Normal antegrade flow
FLIPI 1 Mild reduction in antegrade flow
FLIPI 2 Minor antegrade contrast penetration, faint flow beyond the 

dissection
FLIPI 3 No flow-through, only collateral filling distal to the 

dissection

Fig. 6.2 Dissection 
involving the media and 
less than 180°. Based on 
iDissection classification, 
this is a B1 dissection

Table 6.3 iDissection, depth of injury, and arc of injury

iDissection Depth of injury
A Intima
B Media
C Adventitia
iDissection Arc of injury
1 <180°
2 ≥180°

Platinum, Philips) were performed at baseline, post-atherectomy, and post- 
adjunctive balloon angioplasty. Core angiographic (Midwest Cardiovascular 
Research Foundation, Davenport, IA) and intravascular ultrasound (Midwest 
Cardiovascular Research Foundation, Davenport, IA, and St John Hospital, Detroit, 
Michigan) laboratories evaluated all images. In this study, critical limb ischemia 
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was present in 26.7% of patients, and 60% of lesions had grade 3 and 4 PACCS 
grade calcification. Adjunctive balloon angioplasty was performed in all patients 
(Shockwave 33.3%, drug-coated balloons 100%). Mean balloon pressures and infla-
tion times were 10.3 atmospheres and 310 s. Procedural success (<30% residual 
narrowing at the end of procedure) was accomplished in all patients, and residual 
narrowing post-angioplasty was 19.7%. Dissections were identified four to six times 
more on IVUS when compared to angiography (post-atherectomy and adjunctive 
angioplasty IVUS to angiographic dissection ratios were 5.75–1 and 3.55–1, respec-
tively) (Fig. 6.1). Wider dissections >180° were also noted on IVUS in 13% and 
31% post-atherectomy and adjunctive PTA, respectively. Furthermore, deeper dis-
sections involving the media and adventitia occurred in 39.1% and 33.3% post- 
atherectomy and adjunctive PTA, respectively. Finally, IVUS identified intramural 
hematoma in 13.3% of vessels post-atherectomy. These results showed clearly that 
Jetstream atherectomy can create a damage to the inner layer of the arterial wall and 
potentially this may offset some of its benefit in reducing restenosis from plaque 
removal.

The iDissection classification also was tested with the Flex VP (VentureMed 
Group) atherotome and was found to have a low number of deeper dissections. The 
FLEX Vessel Prep System (VentureMed Group) is a one-size-fits-all device with 
three atherotomes mounted on a self-expanding treating element designed to create 
multiple longitudinal, controlled-depth, continuous micro-incisions across the 
entire lesion length. IVUS-based analysis post-FLEX VP was recently published 
and confirmed less deep dissections (media and adventitia) than seen with historical 
data from some atherectomy devices [11]. In 15 patients treated with the FLEX VP 
followed by adjunctive balloon angioplasty (Shockwave 33.3%, PTA 26.7%, drug- 
coated balloon 40%) for de novo or non-stent restenotic femoropopliteal disease, 
procedural success was 86.7% (<30% residual narrowing at the end of procedure). 
Minimal luminal area increased from a median of 5.2 to 15.0 mm2 (p < 0.001) with 
no change in reference lumen diameter or plaque burden area (p = 0.32). Of all new 
dissections (n = 37) post-FLEX VP and PTA, 18.9% were more than 180° in cir-
cumference, and 21.6% involved the media and adventitia. These numbers appear 
favorable compared to rotational and aspiration atherectomy, but head-to-head com-
parison data are not available. The low number of large flaps and deeper dissections 
may offer an explanation to the low provisional stenting seen with this device. The 
impact of these encouraging acute results on long-term outcomes is not yet known.

A recent study with the Auryon laser system has shown a very minimal number 
of C dissections based on the iDissection classification system [12]. In a prospective 
study of 29 patients, adventitial injury was assessed by IVUS following Auryon 
laser treatment and adjunctive balloon angioplasty. Core laboratory analysis was 
carried on all cases except for one patient (that crossed over to Jetstream atherec-
tomy). Bailout stenting occurred in 21.4% patients (three for dissections, two for 
residual >30%, and one for both). By IVUS, there were 9 new dissections post-laser 
(1 adventitial; 3 ≥180°) and 21 new dissections post-laser and PTA (3 adventitial; 1 
≥180°). This small number of deep dissections can be attributed to the physics 
property of the long wavelength (355 nm) of the Auryon laser. The Auryon laser 
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thermal injury dissipates quickly as it travels away from the tip of the catheter mak-
ing deeper thermal injury less likely.

It is clear from precision imaging that various devices have the ability to remove 
a different amount of tissue from the treated vessels and lead to a range of deep 
damage to the inner layers of the artery. A balance between the extent of tissue exci-
sion and deep injury is likely to be of paramount interest when it comes to reducing 
long-term adverse events. The interaction of tissue removal, deep injury, dissection 
repair, and the application of antiproliferative therapy needs to be explored further.

 The Relationship Between Deep Injury, Plaque Excision, 
Dissection Repair, and Antiproliferative Therapy

Several studies suggested an association between arterial dissections and high resid-
ual narrowing on poor outcomes in the treatment of infrainguinal arterial disease. 
However, the applications of antiproliferative therapy and dissections’ repair seem 
to mitigate at least partially the subsequent adverse outcomes of dissections and 
high residual narrowing. Below are some studies that may give some insights into 
this interaction.

 Aggressive Debulking, High Rate of Deeper Dissections, 
and Antiproliferative Treatment

The Jetstream atherectomy device is a high-power device in plaque excision and 
leads to low residual narrowing on its own (typically less than 50%). However, it 
also causes its share of deeper dissections into the vessel wall by IVUS although 
angiographically this may not always be apparent [9]. In the JET Registry [13], a 
prospective study of Jetstream atherectomy with no drug-coated balloons (DCB), 
the freedom from TLR was 79–80% at 1 year. In the JET-SCE [14], a retrospective 
study of all comers treated with the Jetstream atherectomy device, freedom from 
TLR was reduced to 69.8% at 1  year, but the cohort of patients receiving 
Jetstream + DCB had a freedom from TLR of 95.2%. Recently, data from the JET- 
RANGER [15] study presented at TCT 2021 have shown that freedom from TLR 
was 100% at 1 year in the cohort of patients who received the Jetstream atherectomy 
and either the Ranger DCB or IN.PACT DCB balloons. In the JET-RANGER, there 
was no bailout stenting in the Jetstream  +  DCB cohort based on lack of angio-
graphic presence of a flow-limiting dissection or the presence of more than 30% 
residual narrowing. These studies point to the following:

 (a) Aggressive debulking does not on its own lead to a better outcome.
 (b) The administration of antiproliferative therapy had a strong mitigating factor on 

reducing the poor outcomes of deeper dissections with (JET-SCE) or without 
(JET-RANGER) repair in the setting of aggressive debulking device.
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 No Debulking, Deeper Dissections, Dissection Repair, and/or 
Antiproliferative Treatment

Angioplasty (PTA) leads to high rate of deeper dissections particularly in complex 
arterial disease. Also PTA is not a debulking tool, and its mechanism of vessel 
expansion is mostly through dissections. Therefore, PTA leaves a high residual nar-
rowing and leads to a high rate of deeper dissections. This combination is likely to 
be a major predictor of loss of patency and high TLR in most femoropopliteal or 
tibial interventions.

Multiple studies have shown that this poor outcome with PTA alone can be 
impacted positively by the application of DCB balloons [16–18] and repair of dis-
sections [19–23] with limited metal left behind irrespective of the dissection sever-
ity (types A to F). With this wide application of focal repair of dissections with and 
without DCB, freedom from TLR seems to markedly improve when compared to 
historic control. Several randomized studies comparing DCB to PTA have shown a 
superiority in patency and freedom from TLR when compared to PTA alone. In the 
PTA + DCB arm of the JET-RANGER [15], a 92% freedom from TLR was noted at 
the expense of bailout stenting in almost half these patients. Lesions included in this 
study were complex with high rate of moderate to severe calcium, long lesions, and 
total occlusions which explain the need for high bailout stenting. In the TOBA II 
trial [21], an excellent outcome was seen with or without DCB after PTA when a 
strategy of focal repair was applied. Even mild type A and B NHLBI dissections 
were repaired in this study. This was also reproduced in the TOBA III study [22]. 
The application of wide focal repair or bailout stent to flow-limiting dissections 
along with DCB seems to have a strong mitigating factor on poor outcomes follow-
ing treatment of femoropopliteal lesions. This was also seen in THUNDER trial 
[24] where DCB led to a significant reduction in TLR irrespective of the presence 
of dissections. These studies also point to the following:

 (a) PTA leads to a high rate of deeper dissections and leaves a large residual of 
plaque behind.

 (b) DCB with bailout stenting mitigates the poor outcome of PTA.
 (c) The application of a wide range of repair of dissections (types A to F) with or 

without DCB seems to have a positive impact on outcome.

 Low-Level Debulking, Minimal Rate of Deep Dissections, 
and Antiproliferative Therapy

From the iDissection Auryon study [12], IVUS showed that the Auryon laser has a 
low level of debulking with residual narrowing over 50% after laser only, but no to 
minimal deep dissections. This serves as an interesting platform to determine how 
this impacts TLR with or without DCB. Bailout stenting, when occurred, was driven 
by either the occurrence of dissections or high rate of residual narrowing after 
adjunctive PTA following the laser.
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In the EX-PAD-03 IDE study [25], bailout stenting was very low, and the free-
dom from TLR was lower than 5% at 6 months in all comers including femoropop-
liteal artery disease or tibial disease and irrespective of the lesion being de novo or 
restenotic (stent or not). Also in this study, only 60% of treated limbs received a 
DCB. The limited damage to the deeper layers of the vessel could have played an 
important role in reducing the TLR rate. Patency was also very favorable when 
compared to historic control. The Auryon SCE (In print JIC 2022) was a retrospec-
tive study that evaluated the impact of the Auryon laser on outcome in a real-world 
cohort of patients. In this study, a total of 56 patients (66 procedures, 71 lesions) 
were enrolled. 48.2% were diabetics and 25% had limb ischemia. Baseline stenosis 
was 91.4 ± 9.7%, post-laser 56.0 ± 17.3%, and post-final treatment 11.6 ± 11.2%. 
Lesion length was 117.1 ± 100.4 mm and treated length 177.3 ± 115.5 mm. Bailout 
stenting occurred in 12/66 procedures (18.2%). Post-laser, there was no D dissec-
tion, and post-laser + PTA, there was one D dissection. DCB usage was the follow-
ing: 46.5% Lutonix, 28.2% IN.PACT, and 1.4% both. The probability of freedom 
from TLR was 100.0% at 6 months.

Orbital atherectomy has likely the same mechanism of action with softer debulk-
ing. The TRUTH study [26] has shown a low rate of deep dissections by IVUS fol-
lowing orbital atherectomy. In the COMPLIANCE trial [27], residual narrowing 
was very low with a low rate of bailout stenting at 5.3%. Patency at 1 year was high 
at 81.2% despite the presence of severe calcium and complex disease enrolled.

These studies point to the following:

 (a) A soft debulking approach while preserving the deeper layer of the vessel has 
an excellent short-term and intermediate-term outcome despite a low rate of 
overall bailout stenting with or without drug-coated balloons.

 (b) Long-term outcomes need to be evaluated to ensure no late loss of patency and 
increase in TLR.

 Other Technologies to Reduce Dissections

Several technologies besides atherectomy and the FLEX VP were developed to con-
trol dissections as seen on angiography. These include cutting (Boston Scientific 
Corp.) and scoring balloons (AngioSculpt® scoring balloon (Philips); UltraScore 
Focal Force (BD/Bard)), the Serranator (Cagent Vascular), and the lithotripsy 
shockwave balloon (Shockwave Medical).

Cutting balloons (CB) continue to show angiographic dissections post-treatment 
of femoropopliteal lesions, and more than half of these dissections are NHLBI type 
C or higher (54.8%). High-grade angiographic dissections have been shown to cor-
relate with loss of patency on follow-up. CB was shown by IVUS to be more effec-
tive than scoring balloons [28, 29] in modifying calcified plaque with a higher acute 
luminal gain and better stent symmetry. In calcified lesions, the larger luminal gain 
occurs in lesions with evidence of dissections and without significant change in 
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vessel expansion (external elastic lumen surface area remains unchanged) or plaque- 
media cross-sectional area. On the other hand, CB in non-calcified lesions yields 
larger lumen area mostly by larger plaque reduction and less vessel expansion com-
pared to PTA [30]. The depth and extent of dissections seen by IVUS following CB 
have not been well defined. CB as a sole intervention has not been shown to yield 
better outcome than PTA in treating restenotic or femoropopliteal disease.

The AngioSculpt scoring balloon (Philips) has three nitinol spiral elements 
mounted on the surface of a semi-compliant balloon. This allows a homogenous 
transmission of pressure over the plaque, theoretically reducing dissections irre-
spective of calcification. AngioSculpt, when assessed by IVUS, increased minimal 
luminal area post-stenting [31] and had a low rate of angiographic dissections and 
stenting [32–34]. It also had no impact on target lesion revascularization. The 
UltraScore Focused Force PTA balloon (Bard/BD) has two longitudinal wires 
intended to concentrate the force against the plaque for a controlled fracture at low 
pressure. IVUS-based patterns of dissections with this balloon are lacking.

Lithotripsy using the Shockwave balloon [35] uses sound waves to disrupt cal-
cium in the vessel wall. Optical coherence tomography (OCT) has shown that litho-
plasty modifies calcium with fracture as the predominant mechanism leading to 
significant favorable luminal area gain and stent expansion [35]. Applications of 
lithoplasty to calcified stenotic common femoral artery also showed excellent acute 
success with no dissections needing stenting. There were only 5 NHLBI type B non- 
flow- limiting dissections (out of 21 patients treated) and no perforation, distal 
embolization, or abrupt closure [36]. Patterns of dissections using IVUS with 
Shockwave lithoplasty have not been defined.

 Dissection Repair

Dissection repair has been recently introduced as a strategy to improve outcomes of 
infrainguinal interventions. Repair of dissections in the TOBA BKA study showed 
a freedom from CD-TLR of 93.5% and patency of 78.4% at 1 year, significantly 
better than historic control [23]. In the TOBA II study [21], 213 patients with 100% 
dissected vessels following plain old balloon angioplasty or drug-coated balloons 
underwent repair of their dissections using the Tack Endovascular System. Of all 
dissections identified, 92.1% were repaired. Freedom from TLR and patency at 
1 year were 86.5% and 79.3%, respectively. Bailout stent rate was 0.5%.

In conclusion, high-grade dissections and high residual narrowing predict higher 
TLR rates and reduced patency. Using IVUS, the depth and width of dissections can 
be more accurately classified. Several devices are now available to reduce deeper 
dissections with a wide range of plaque removal from none to soft debulking (>50% 
residual) to aggressive debulking (<50% residual). The interaction between the 
degree of debulking, deep dissections, application of antiproliferative therapies, and 
dissection repair needs to be further explored to determine their impact on long- 
term outcomes.
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Chapter 7
The Role of Atherectomy in Vessel 
Prepping During Infrainguinal Arterial 
Interventions

Andrew N. Shammas and Nicolas W. Shammas

Vessel prepping (VP) is a strategy utilized during infrainguinal arterial endovascular 
interventions with several key benefits when used prior to definitive treatment. VP 
results in a reduction in vessel barotrauma, increases vessel compliance, allows 
optimal luminal gain, and decreases dissection rate. There are various options for 
VP including balloon angioplasty, atherectomy, lithotripsy (Shockwave Medical), 
specialty balloons, and the FLEX VP system (VentureMed). Quite often, the device 
selection appears to depend on operator comfort, training, availability, cost, reim-
bursement, and lesion morphology.

Atherectomy has been shown to be an effective VP device with multiple systems 
available to the operator (Fig.  7.1). Atherectomy utilizes debulking as a way to 
change vessel compliance. Although there is no well-powered randomized com-
parative data among various atherectomy devices, operators’ preference and lesion 
characteristics seem to play a significant role in the choice of the device. Over the 
past several years, we have used a softer debulking strategy in less bulky or less 
calcified lesions. For instance, fatty, fibrofatty, and mild to moderately calcified 
lesions can be modified with a gentler debulking approach just enough to alter com-
pliance and reduce subsequent barotrauma and deeper dissections. Another alterna-
tive to prepping these lesions would be the FLEX VP device or specialized balloons. 
We find a more aggressive debulking methods are more likely to be needed in com-
plex disease such as chronic total occlusions (CTO), in-stent restenosis (ISR), and 
severely calcified lesions. In an aggressive debulking approach, a residual narrow-
ing of about 30–40% lesion severity is targeted. On the other hand, we target a 
reduction in lesion severity by about 30% when using a softer debulking approach 
(for instance, a 90% lesion can be targeted to be about 60%). One advantage of a 
softer debulking strategy is less distal embolization and less dissections. An 
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aggressive debulking strategy can be associated with distal embolization, dissec-
tions, and need for bailout stenting although the latter is likely to be less than no 
debulking. Intravascular ultrasound (IVUS) can be very useful to guide therapy as 
this helps in determining lesion morphology and residual narrowing more accu-
rately as well as helps in better sizing of the reference vessel diameter (Fig. 7.2).
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Fig. 7.2 Algorithm using intravascular ultrasound and atherectomy in approaching various lesion 
morphologies during infrainguinal arterial endovascular interventions (Reprinted with permission 
from HMP communications)
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In general, atherectomy for vessel prepping includes laser, orbital, directional, 
and rotational devices. Below, we discuss how various atherectomy methods can 
achieve the debulking strategies described above. Table 7.1 illustrates a summary on 
how various atherectomy devices are likely to be more effective in specific lesion 
morphologies (Fig. 7.3).
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Table 7.1 Suggested atherectomy device choices in different lesion subsets

c da b

Fig. 7.3 (a) Chronic total occlusion of the superficial femoral artery. (b) Jetstream atherectomy 
catheter. (c) Post-atherectomy with the Jetstream rotational and aspiration device. (d) Final out-
come post-PTA. No dissections or need for bailout stenting
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 Laser Atherectomy

Laser-based devices include the excimer laser (Philips) and the Auryon™ laser 
(AngioDynamics).

The CVX-300 excimer laser system (Philips) is indicated in fibrotic, calcific, and 
thrombotic infrainguinal lesions. Excimer or excited dimer is a form of ultraviolet 
light. The CVX-300 excimer uses xenon and chloride (XeCl) which under high 
pressure and electrical stimulation generates laser light in the ultraviolet range. The 
wavelength of the XeCl is 308 nm. Several studies have shown the effects of the 
excimer laser-based system on 1-year patency including the CELLO trial [1] which 
included 65 patients with moderate to severe calcified lesions of the femoropopliteal 
arteries. The percent diameter stenosis was reduced to 34.7 ± 17.8% from 77 ± 15%. 
This was further reduced to 21 ± 14.5% after balloon angioplasty (PTA) in 42 sub-
jects and PTA plus stenting in 15 patients. The 12-month patency rate was 54%, and 
the freedom from TLR was 76.9%. Based on this study, the laser-based system 
appeared to be an effective plaque removal device, with no adverse events noted in 
this study. With adjunct therapy with PTA and stenting, procedural and long-term 
outcomes at 1 year appear reasonable but numerically suboptimal to the application 
of drug elution devices such as drug-coated balloons (DCB) or drug-eluting 
stents (DES).

The use of the excimer laser prior to PTA versus PTA alone was analyzed in the 
EXCITE ISR trial [2]. Patients with femoropopliteal in-stent restenosis (ISR) 
treated with laser and PTA had a greater freedom from TLR at 6 months when com-
pared to PTA alone (61.8% vs 73.5% p = 0.05). The study also showed less residual 
stenosis in the laser plus PTA arm compared to the PTA arm alone (4.7% vs 13.6%, 
p = 0.02). The goal of VP in ISR is not to alter vessel compliance (as the vessel is 
confined within a stent) but to debulk excessive restenotic tissue particularly in 
chronic total occlusions (CTO). The Photoablation Using the Turbo-Booster and 
Excimer Laser for In-Stent Restenosis Treatment (PATENT) study [3], a European 
multicenter prospective study, evaluated the Turbo-Elite laser atherectomy catheter. 
Of the 90 ISR lesions, procedural success was 96.7% with percent stenosis reduced 
to 32.3% from 87.0%. Percent stenosis further reduced to 7.4% following adjunc-
tive PTA which was performed in 79 of the lesions. Target lesion revascularization 
(TLR) at 6 and 12 months were 87.8% and 64.4%, respectively. The 30-day major 
adverse event (MAE) was 2.2%. Another important finding is the reduction of bail-
out stenting in the laser and PTA arm.

The Auryon™ is hybrid technology with a laser and a blunt blade. The blade 
creates a slit that enables deeper catheter penetration into the tissue. The laser is a 
solid-state third harmonic Nd:YAG (neodymium-doped yttrium aluminum garnet) 
with a wavelength of 355 nm and a pulse duration less than 25 ns. The Auryon™ 
system has single-use catheters, with diameters ranging from 0.9 to 2.35 mm (4–7 
French). The smaller catheters can be used for below-the-knee applications. The 
larger catheters (2 and 2.35 mm) have an aspiration system that seems to reduce 
distal embolization as was shown in the pivotal Investigation Device Exemption 
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(IDE) trial EX-PAD-03 study [4]. Having a solid-state medium, the Auryon™ sys-
tem has a 15-s warm-up time, and no catheter calibration is required. Furthermore, 
the longer wavelength of 355  nm does not require saline flush since there is no 
interaction with contrast media. In the EX-PAD-03 trial, symptomatic (Rutherford 
2–4) infrainguinal peripheral arterial disease patients were enrolled in a prospective, 
single-arm, international, multicenter, open-label trial at 8 US and 3 European sites. 
A total of 97 patients were enrolled and treated. Severe calcification was seen in 
26.2% of patients. CTO was present in 21.5, and 20.6% were restenotic (of which 
15.9% were ISR). The average reduction in residual stenosis post-laser alone prior 
to any adjunctive therapy was 33.6% and was not affected by lesion morphology. 
Patency by duplex evaluation at 30  days and 6  months was 96.8% and 85.6%, 
respectively, and was similar between those treated with drug-coated balloons and 
not [5]. Clinically driven target lesion revascularization (TLR) occurred in 3% of 
lesions, and no distal embolization was reported although only two patients had an 
embolic filter production. These results were encouraging and demonstrated that a 
soft ablation is effective in generating low bailout stenting and promising patency 
and TLR.  It is speculated that these results are likely due to less damage to the 
deeper layers of the vessel wall given the short penetration distance of this laser and 
the softer debulking that seems to occur in all lesion subtypes treated.

 Orbital Atherectomy

The orbital atherectomy (OA) system (Cardiovascular Systems, Inc.) utilizes a 
crown coated with diamond dust (Diamondback 360™) to sand moderate to severely 
calcified lesions. The benefits of the OA system in calcified lesions are the reduction 
of intimal calcium, as well as fracture of the deeper calcium layers due to transmis-
sion of mechanical rotational energy into the vessel wall [6]. The outcomes of this 
vessel preparation are the reduction of angiographic dissections due to the reduction 
in intimal calcium and improvement in vessel compliance.

The COMPLIANCE 360 study [7] was a randomized, prospective, and multi-
center trial which evaluated the outcomes of OA plus PTA vs PTA alone. The study 
showed similar freedom from TLR when comparing OA plus PTA vs PTA alone at 
81.2% and 78.3%, respectively. PTA alone showed significantly lower number of 
lesions being stented in the OA plus PTA arm vs PTA arm alone (5.3% vs 77.8%, 
p < 0.001). The OA plus PTA group also utilized a lower maximal balloon pressure 
when compared to the PTA alone (4.0 atm vs 9.1 atm, p < 0.001). At 12 months, 
freedom from TLR was similar between the two groups, 81.2% for OA plus PTA vs 
78.3% for PTA alone (p > 0.99). While not significantly different, the PTA group 
had a significantly higher stenting rate which could have favored a lower long-term 
TLR in the PTA group. The study also suggested that OA was an effective vessel 
prep device in calcified femoropopliteal lesions. The overall results showed better 
luminal gain and less stenting.

7 The Role of Atherectomy in Vessel Prepping During Infrainguinal Arterial…



114

The use of OA in vessel prepping was also evaluated in the CALCIUM 360 trial 
[8]. This randomized multicenter study evaluated the 1-year outcome in treating calci-
fied lesions. The study utilized the Diamondback 360 Orbital atherectomy system 
followed by adjunct PTA versus PTA alone. A total of 50 patients were enrolled. The 
primary endpoint was defined as residual stenosis of ≤30% without bailout stenting 
type C through F dissection. OA plus PTA when compared to PTA alone had a numer-
ically higher procedural success rate (93.1% vs 82.4%, p = 0.27) as well as lower use 
of bailout stenting (6.9% vs 14.3%, p = 0.44). At 1 year, there was an increased rate of 
freedom from TLR at 93.3% for OA plus PTA and 80% for the PTA group. There was 
a significant difference in freedom from all-cause mortality in the OA plus PTA 
groups vs PTA alone, at 100% and 68.4%, respectively, p = 0.01. While procedural 
success, rate of bailout stenting, and freedom of TLR were not statistically significant, 
the data suggest that OA when used for vessel preparation prior to definitive PTA in 
calcified infrapopliteal lesions may improve outcomes and reduce bailout stenting.

 Rotational Atherectomy

The Jetstream atherectomy device (Boston Scientific) utilizes a combination of 
rotational cutting and aspiration. It is approved for infrainguinal peripheral arterial 
disease as well as thrombectomy. The Jetstream was evaluated in moderate and 
severely calcified vessel in the Jetstream Calcium study [9], which utilized intravas-
cular ultrasound (IVUS) to evaluate the effectiveness of the device in calcified 
lesions. Study size included 55 patients. The study showed Jetstream use increased 
luminal area from 6.6 ± 3.7 to 10.00 ± 3.6 mm2 (p = 0.001) where calcium removal 
was responsible for 86 ± 23% of the change. Patients who underwent PTA post- 
Jetstream saw a further increase from 7.1 to 11.9 mm2 (p = 0.001). From this study, 
it was shown in moderate and severely calcified lesions, the Jetstream was effective 
at enhancing luminal area with further improvement post-PTA. It should be noted 
there were no flow-limiting dissection or adverse events 30-day post-procedure. 
This indicated that Jetstream could be an effective prepping device before PTA with 
excellent procedural outcomes.

The JET Registry study evaluated de novo and non-stent restenotic lesions in the 
femoropopliteal arteries [10]. Lesion length was 16.4 ± 13.6 mm, and pretreatment 
stenosis was 92.7% for patient who received a stent and 90.2% for non-stented 
lesions. Of 241 patients, 224 underwent PTA, and 84 of those received additional 
stenting. Post-Jetstream stenosis was 54.8 ± 22.0%. For those who underwent stent-
ing, final stenosis was 6.6 ± 10.2% compared to 11.6 ± 11.7% in the adjunctive PTA 
group. Procedural success rate was 98.3%. At 30 days, MAE was 2%. At 12 months, 
TLR rate was 18.3%. Distal embolization occurred in three patients. This data sug-
gest Jetstream atherectomy is an effective and safe treatment modality in de novo 
and non-stent restenosis lesions.

The JET-ISR study [11] evaluated Jetstream atherectomy in the setting of femo-
ropopliteal ISR. In this multicenter prospective registry, the freedom from TLR at 
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6  months was 79.3% (95% CI 68.9–89.8%) and at 1  year 60.7% (95% CI 
47.8–73.6%). No drug-coated balloons were used. Bailout stenting was seen in 6/60 
(10%) lesions. Lesion length was 19.9 ± 13.5 cm, and 33/60 (55%) lesions were 
CTO. This suggests that for complex ISR and CTO lesions, vessel prepping with 
Jetstream produces good outcomes at 1 year with a reduced need for bailout stent-
ing. Jetstream atherectomy in ISR remains off-label in the United States.

The Phoenix atherectomy system (Philips) is another rotational device that uses 
a front cutting device and internal helix screw designed to remove debulked mate-
rial while cutting. The device is indicated in femoropopliteal and below-the-knee 
lesions. The EASE study [12] evaluated the safety and effectiveness of the device in 
de novo and restenotic infrainguinal arterial lesions. The study was a prospective, 
multicenter, nonrandomized investigational trial with sites located in the United 
States and Germany. 105 patients and 123 lesions were included in the primary 
analysis with a primary efficacy endpoint of post-atherectomy residual stenosis of 
≤50%. Technical success was achieved in 95.1% of lesions with further reduction 
to ≤30% in 99.2%. There were a 5.7% major adverse event rate through 30 days and 
16.8% through 6 months including arterial restenosis in seven cases, four type A 
and B dissections, three with intermittent claudication, two vessel perforations, one 
type C dissection, one in-stent restenosis, one stent occlusion, and one skin ulcer. 
TLR was 88% and TVR 86.1% at 6 months. Based on this data, the Phoenix system 
appears to be an effective debulking device when followed with adjunctive therapy. 
More comparative trials should be performed to fully assess the device as a debulk-
ing option prior to adjunctive therapy.

The Rotarex Rotational Excisional Atherectomy System (BD) also utilizes a 
rotating catheter and internal helix screw that removes debulked material simultane-
ously. The system utilizes blunt facets, as well as side windows to further remove 
debulked material. The device is approved in the United States and European mar-
kets. Bérczi et al. [13] evaluated the device in 18 patients and 19 limbs with acute or 
subacute occlusion of the femoropopliteal artery. Technical success was achieved in 
15/19 vessel, with 17 of limbs utilizing adjunctive therapy with angioplasty or stent. 
The study reported two perforations in heavily calcified plaques, one arteriovenous 
fistula, and three distal embolizations. Wissgott et al. [14] evaluated the device in 40 
patients with chronic occlusion of the iliac (n  =  4) and femoropopliteal arteries 
(n = 36). In this study, technical success was 100% with 27/40 patients receiving 
adjunctive balloon and 7/40 requiring stenting. There was a 22.5% restenosis rate at 
12 months. There was no distal embolization, amputations, or death. Two dissec-
tions were seen after balloon dilation.

 Directional Atherectomy

There are multiple directional atherectomy (DA) devices that utilize a direct cutting 
method for plaque removal in the infrainguinal arteries. Devices including the 
SilverHawk, TurboHawk, and HawkOne (Medtronic) as well as newer devices such 
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as the Pantheris (Avinger), which utilizes built-in optical coherence tomography 
(OCT), are available to operators.

The SilverHawk was evaluated in the DEFINITIVE LE trial [15], an 800-patient 
multicenter single-arm study. Technical success was 89% with 3.8% distal emboli-
zation, 2.3% dissection, 5.3% perforation, and 2.0% acute vessel occlusion. Bailout 
stenting was seen in 3.2% of lesions. At 1 year, primary patency was 84% with 
freedom from amputation at 97.1% [16].

The DEFINITIVE AR trial [17] investigated how directional atherectomy and 
anti-restenotic therapy (DAART), a combination of DA and drug-coated balloon 
therapy, performed when compared to DCB alone. Technical success was 89.6% for 
DAART therapy when compared to DCB alone at 64.2% (p = 0.004). The trial also 
showed lower rates of flow-limiting dissections in favor of DARRT at 2% vs DCB 
at 19% (p = 0.01). One-year data showed TLR of DAART at 7.3% and 8.0% for 
DCB (p = 0.90). The combination of DCB and DA delivered excellent technical 
success and reduced dissections, though 1-year data showed no significant differ-
ence in TLR. Following the DEFINITIVE AR trial, the ISAR-STATH study [18] 
evaluated the difference between DCB plus stenting and PTA plus stenting vs DA 
plus bailout stenting in superficial femoral lesions. This randomized trial included 
155 patients with de novo lesions and showed that paclitaxel-based DCB and stent-
ing had a 6-month angiographic diameter stenosis of 34 ± 31%, compared to PTA 
and stenting at 56 ± 29% (p = 0.009) and DA and bailout stenting at 55 ± 29% 
(p = 0.007). At 24 months, the DCB group had a decreased risk of TLR as well as 
no difference in target lesion thrombosis, mortality, or amputation. Angiographically, 
the ISAR-STATH study showed DCB and stenting were superior to DA and bailout 
stenting and BA with stenting.

The randomized trial of SilverHawk atherectomy and PTA versus PTA alone was 
the first trial that evaluated the added benefit of atherectomy when compared to PTA 
alone [19]. In this prospective, two-center randomized trial of PTA versus 
SilverHawk and PTA of infrainguinal arteries, 58 patients were included. Of these, 
29 (36 vessels) were randomized to the atherectomy arm and 29 (48 vessels) to the 
PTA arm. There was no statistical difference in TLR (16.7% vs 11.1%) or TVR 
(21.4% vs 11.1%) or major adverse events between the PTA and atherectomy 
groups, respectively. Bailout stent placement was performed in 18 of 29 patients 
(62.1%) in the PTA arm and 8 of 29 patients (27.6%) in the atherectomy arm 
(p = 0.017). Distal embolization was more frequently seen in the atherectomy arm. 
This study was the first randomized study to show that atherectomy as a technique 
has a major impact on VP by reducing bailout stenting but did not affect the long- 
term outcome of the procedure.

The Pantheris OCT atherectomy device was evaluated in the VISION study [20], 
a single-arm, multicenter study with 158 subjects and 198 lesions. After use of the 
Pantheris device, the mean diameter stenosis decreased to 30.3  ±  11.8% from 
78.7 ± 15.1%, p < 0.001. Further reduction to 22.4 ± 9.9% was seen after adjunctive 
therapy with PTA of 84 lesions and stenting in 10 lesions. At 6 months, a TLR rate 
of 6.4% was noted. The use of OCT appears to be key in the low adverse events. 
There were no significant perforations, a 0.5% catheter-related dissection rate, and 
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a 2% rate of embolic events. Histological analysis showed less than 1% involvement 
of the adventitia in 82.1% of samples. The use of the OCT-guided device appears to 
be an effective plaque removal device with excellent procedural results. The device 
has the advantage of limiting adventitial damage, which is a key predictor in loss of 
patency post-intervention.

 Atherectomy and Drug-Coated Balloons

Preclinical studies have shown that atherectomy enhances drug elution into the ves-
sel wall which in return may improve the long-term outcomes of a procedure when 
compared to DCB alone. The dual advantage of improving acute procedural results 
and optimizing long-term outcome is a viable concept that was seen in some obser-
vational studies and small randomized trials, but more definitive large-scale trials 
are lacking. The JET-RANGER (NCT03206762) was designed to test this hypoth-
esis with the Jetstream atherectomy and DCB vs DCB alone, but terminated early 
because of poor enrolment resulting from the DCB and mortality debate fueled by 
the Katsanos et al. meta-analysis [21] as well as the COVID-19 pandemic.

Severe calcium is a barrier to drug elution. Fanelli et al. [22] have shown that 
severe calcium has a negative impact on patency and TLR. In 60 patients with de 
novo lesions of the superficial femoral artery treated with DCB, dissections were 
more prevalent in patients with severe calcium. Higher circumferential degree of 
calcium (>270° vs <90°) resulted in more late lumen loss (0.75 ± 0.21 vs 0.45 ± 0.1) 
and loss of patency (50% vs 100%). Furthermore, TLR was higher in patients with 
severe calcium (TLR 25% vs 0%). In the Directional Atherectomy Followed by a 
Paclitaxel-Coated Balloon to Inhibit Restenosis and Maintain Vessel Patency—A 
Pilot Study of Anti-Restenosis Treatment (DEFINITIVE AR study) [17], a total of 
19 patients with severely calcified lesions were treated with DA + DCB. Less rate 
of flow-limiting dissections was seen with DA + DCB (19% for DCB and 2% for 
DA + DCB (p = 0.01)). Patency by duplex ultrasound was 84.6% for DA + DCB, 
81.3% for DCB (p = 0.78), and 68.8% for calcified lesions. In addition, Gandini 
et al. [23] randomized 48 patients with chronic superficial femoral artery in-stent 
occlusion to laser atherectomy + DCB (n = 24) versus DCB only (n = 24). Patency 
at 6 and 12 months (91.7% and 66.7%, respectively) were significantly higher than 
in the DCB group (58.3% and 37.5%, respectively) (p  =  0.01). Also, TLR at 
12 months was 16.7% in the laser + DCB group and 50% in the DCB only group 
(p = 0.01). Furthermore, observational data suggest a sustained long-term benefit of 
the combination of atherectomy and DCB when compared to atherectomy only. In 
75 patients with de novo or restenotic femoropopliteal lesions, adjunctive PTA was 
performed on 50 patients (26 de novo, 13 in-stent restenosis, 3 non-stent restenosis, 
8 mixed lesions) and adjunctive DCB (Lutonix® 24 (Bard/BD), IN.PACT® 1 
(Medtronic)) on 25 patients (21 de novo, 1 in-stent restenosis, 2 non-stent resteno-
sis, 1 mixed lesion). Freedom from TLR was significantly higher with atherectomy 
and adjunctive DCB compared to atherectomy with adjunctive PTA at 12 months 

7 The Role of Atherectomy in Vessel Prepping During Infrainguinal Arterial…



118

(94.7% vs 68.0%, p  =  0.002) and 16  months (94.4% vs 54%; p  =  0.002) [24]. 
Finally, in a single-center cohort, 89 patients (139 lesions) were treated with DCB, 
of whom 40 (29%) were treated with orbital atherectomy (OA) + DCB. Less bailout 
stenting was seen in those with OA + DCB (18% vs 39%, p = 0.01), but freedom 
from TLR (82% in both groups (p  =  0.6)) and patency (81% DCB and 77% 
DCB + OA (p = 0.8)) were similar at 1 year [25]. One could conclude that OA + DCB 
with less bailout stenting yielded similar outcome to DCB with a higher rate of 
stenting.

 Conclusion

The use of atherectomy as a plaque removal device appears to be an effective 
method prior to definitive treatment with PTA or drug-coated balloons in reducing 
angiographic dissections and bailout stenting. Atherectomy, however, does not 
appear to impact the long-term outcome of the procedure with the exception of in- 
stent restenosis when compared to PTA. Recently, Shammas et al. [26] showed that 
IVUS-based dissections can be significant with certain atherectomy devices, such as 
Jetstream atherectomy, in the femoropopliteal arteries. These dissections are not 
identified on angiography, which may partially explain the loss of patency in these 
vessels on long-term follow-up without the adjunctive treatment with a mitigating 
factor such as drug-coated balloons or stents. Other atherectomy devices have also 
been evaluated and have shown various degrees of dissection not visible on angiog-
raphy [27]. Recently, the Auryon laser with its softer debulking capacity was shown 
to have a very low number of adventitial dissections which may partly explain the 
excellent intermediate-term patency and TLR on follow-up [28]. Finally, in the 
VISION study [20] where the adventitia has been mostly spared, the TLR rate was 
only 6.4% at 6 months. This certainly poses the important question whether too 
much of an aggressive debulking strategy is always needed and whether the choice 
of the atherectomy device can make a difference in the long-term outcome. Further 
studies are needed to prove this hypothesis.

VP using atherectomy requires that devices are tailored to certain lesion subsets 
as indicated in Table 7.1. Excimer laser atherectomy as a VP device appears to have 
success with limited adverse events in ISR lesions, in fatty and fibrofatty lesions, 
and in mild to moderate calcium. The Auryon laser appears to be quite effective in 
severe calcium and can also be used in other lesion subtypes including ISR. OA is 
an excellent device for severe calcium and particularly in below-the-knee lesions. 
Rotational atherectomy with the Jetstream device has been shown to yield good 
results in de novo and non-stent restenosis lesions as well as calcified lesions par-
ticularly in the femoropopliteal segments. It has also been shown to be safe in ISR 
although remains off-label in the United States for this application. Directional 
atherectomy is also effective for many lesions, but preferred overall for short and 
eccentric lesions [29] when compared to the laser, as it requires frequent removal 
and emptying of the nosecone and has a higher rate of distal embolization [30]. The 
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Pantheris OCT system appears to spare the adventitia because of OCT-guided deb-
ulking and performs well in multiple lesion subtypes at the expense of longer pro-
cedure time. It also requires an understanding of OCT imaging.

VP remains critical to the success of infrainguinal arterial endovascular treat-
ment. Atherectomy is an important modality to VP, and devices are best tailored to 
lesion morphology. Other emerging technologies besides atherectomy are likely to 
play a significant role in VP without debulking such as the FLEX VP longitudinal 
microincision system (VentureMed Group), Shockwave lithoplasty (Shockwave 
Medical), or other specialty balloons. A common denominator among all vessel 
prepping devices is the ability to obtain excellent acute procedural results leaving 
the least metal behind. This is achieved by limiting dissections while maximizing 
luminal gain. Optimal imaging needs to play a critical role in understanding the best 
mechanism of VP devices in various lesion morphologies.
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Chapter 8
Vessel Preparation with Longitudinal 
and Controlled-Depth Micro-Incisions

John P. Pigott

Peripheral artery disease (PAD) involving the lower extremities is an increasingly 
prevalent problem. It is estimated that worldwide more than >200 million people 
have PAD [1]. The standard practice for endovascular treatment of peripheral artery 
disease is percutaneous transluminal angioplasty (PTA), including plain balloon 
(POBA) and drug-coated balloons (DCB). The safety and efficacy of PTA com-
pared to surgical revascularizations have been established [2]. PTA is intended to 
increase luminal gain in the obstructed vessel. Although PTA and DCB are primary 
therapies, there is risk of uncontrolled dissections, including those that are flow- 
limiting. Severe dissections can require bailout stenting and have subsequent nega-
tive effects on long-term clinical outcomes, including restenosis and the need for 
future reinterventions [3]. The FLEX Vessel Prep (FLEX VP) System (VentureMed 
Group, Minneapolis, MN) is a proprietary technology that enables for controlled 
and predictable plaque modification in long, complex lesions of varying morphol-
ogy. The FLEX VP System is designed to create longitudinal, controlled-depth, 
circumferential micro-incisions along the entire length of a lesion that reduce the 
number and severity of dissections and other complications often seen with other 
vessel preparation devices. These controlled-depth micro-incisions help reduce the 
circumferential tension along the entire length of stenoses, improving vessel com-
pliance that enables enhanced luminal gain at lower balloon inflation pressures.
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 The Clinical Benefit of Reducing Dissections

PTA remains the primary intervention to treat peripheral arterial stenoses [4]. 
Balloon dilatation can result in uncontrolled dissections that separate the intima 
from the media of a vessel wall and/or cause injury to the adventitia [5, 6]. The acute 
vessel damage may range from a superficial plaque disruption to deep, flow-limiting 
dissections. Dissections are a clinical concern as dissection-induced damage to 
smooth muscle tissue increases the risk of stenosis due to induction of an inflamma-
tory response, leukocyte recruitment, platelet activation, thrombosis, and neointi-
mal hyperplasia [7–12].

Dissections have been reported across a wide range of superficial femoral artery 
(SFA) and popliteal angioplasties (7–84%) [13–18]. However, the reported occur-
rence and severity of dissection may be underestimated as data from clinical studies 
that utilize independent core lab review tend to report significantly higher extent and 
severity of dissections as compared to the dissection data reported from non- 
adjudicated clinical studies [19]. It has also been noted that intravascular imaging 
methods such as intravascular ultrasound (IVUS) or optical coherence tomography 
(OCT) allow for more precise identification of arterial dissections, as compared to 
conventional angiography, with a comparative analysis demonstrating that IVUS 
identified four to six times more dissections than angiography [20]. High-grade dis-
sections post balloon angioplasty correlate with reduced patency and increased tar-
get lesion revascularization (TLR) [14, 20]. Mild-to-moderate-grade dissections 
also may be associated with lower patency and higher TLR rates (National Heart, 
Lung, and Blood Institute [NHLBI] Classification of Dissection) [4]. PTA-induced 
dissections have been identified as a contributing factor in acute procedure compli-
cations, such as bailout stenting, long-term clinical outcomes such as reduced 
patency, acute occlusions, thrombus formation, in-stent restenosis, and an increased 
need for future target lesion revascularization (TLR) [4, 14, 16, 20–24]. Minimizing 
dissection rate and severity are key to successful endovascular procedures.

Plaque morphology and lesion length play a key role in the severity of dissec-
tions after angioplasty. It is widely accepted that calcification is a more challenging 
lesion morphology to treat and often results in higher rates of severe dissections [16, 
25–28]. In a study involving IVUS in coronary and peripheral arteries to assess dis-
sections and calcium burden of the lesion, it was noted that 87% of dissections 
showed calcium deposits on the same side of the vessel wall as the dissection [25]. 
Unfortunately, our understanding of calcification’s contribution to dissection rates 
during endovascular procedures is limited because severely calcified lesions that are 
associated with higher rates of dissections are routinely excluded as part of trial 
criteria [4, 28]. In addition, lesion length was found as independent predictor of 
severe dissection rate [14, 21].

Often dissections are treated with adjunctive therapies, such as stenting, to maxi-
mize luminal gain and improve flow dynamics. Another commonly used technique to 
treat dissections is prolonged balloon inflation. Contributing factors such as the loca-
tion, depth, and magnitude of dissections determine the treatment algorithm. Minor 
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dissections (Type A or B) may not require further treatment, while more severe (Types 
C through F) dissections may require a bailout stent. A retrospective analysis of the 
incidence of post-PTA dissections found an occurrence of 84% [14]. Lesions with Type 
C–F dissections had a 34% TLR at 6 months, as compared to a 14% TLR for Type A 
and B dissections or patients with zero dissections identified in the same study [14].

The THUNDER study evaluated the safety and efficacy of a paclitaxel-coated 
balloon and reported that lesions with Type A and B dissections had statistically 
similar rates of TLR at 6 months as lesions with Types C through E (33% and 44%, 
respectively). At 24 months, the TLR rates increased to 43% for Type A and B dis-
sections and to 78% for Type C through E dissections [17]. The prevalence of dis-
sections identified via angiography has been reported to be between 50 and 85% 
following balloon angioplasty in the SFA [14]. POBA complication rates have been 
reported to be as high as 30%, including high rates of uncontrolled dissections with 
higher rates observed in longer lesions with likelihood that angiographically identi-
fied dissections are under-reported [20, 29–32].

 Current Methods for Vessel Preparation

Although PTA remains the most common endovascular intervention, the dissections 
that occur remain uncontrolled and have the potential to impact the patient’s long- 
term outcomes. Advances in vessel preparation prior to PTA show promise in reduc-
ing the risk of severe dissections and long-term adverse consequences. Numerous 
technologies have been developed to modify the plaque prior to endovascular treat-
ments in order to improve therapeutic response and reduce procedural complica-
tions. Additionally, vessel preparation and plaque modification may potentially 
facilitate the delivery of anti-restenotic drugs across the arterial wall [33, 34]. 
Current technologies include specialty angioplasty balloons, atherectomy, and 
intravascular lithotripsy.

 Specialty Angioplasty Balloons

Specialty angioplasty balloons include additional features that modify plaque by 
focal force, static cutting, or scoring. These balloon-based scoring devices utilize 
the combination of external wires or atherotomes and balloon dilatation to attempt 
to create controlled dissections by exerting focal force to the lesion [32]. However, 
limitations of these devices include fixed scoring elements, application of symmet-
rical focal force even when lesions are asymmetrical, potential requirement for 
overlapping dilatations, and risk for injury to healthy tissue due to dilatation of more 
normal vessel segments. A pivotal trial for evaluating intervention of a specialty 
scoring balloon in 245 patients with SFA/PA lesions reported dissection and stent 
rates of 26% and 32%, respectively [35].
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 Atherectomy

Atherectomy is intended to provide lumen gain by removing (debulking) the plaque 
through cutting, shaving, grinding, or vaporizing. The four current types of atherec-
tomy technologies are directional, rotational, orbital, and laser. Atherectomy has 
reported advantages in shorter lesions, severely calcified lesions, and longer non- 
occlusive lesions [36, 37]. However, limitations to atherectomy include the inability 
to control depth of plaque removal, risk of vessel perforations during debulking, 
damage to the media and adventitia, and risk of embolization [38–40]. Dissection 
rates related to atherectomy range from 2 to 17% [41–43]. In addition to clinical 
risks, atherectomy may both increase procedure times and require the use of addi-
tional procedural resources related to training, capital equipment, extra time with 
fluoroscopy, additional ancillary products like filter devices, and inventory of mul-
tiple size single-use devices [36].

 Intravascular Lithotripsy (IVL)

IVL is intended to achieve plaque modification in calcified lesions by using sonic 
pressure waves to create microfractures or microfissures [22, 44]. IVL relies on 
energy absorption by calcium and thus may have suboptimal impact on lesions with 
mixed morphology and/or light calcification. Furthermore, the current device is lim-
ited to 300 pulses with longer lesions requiring overlapping treatments for complete 
coverage. Based on its design, IVL may be best suited for shorter, severely calcified 
lesions with circumferential calcium deposition [45].

 Creating Longitudinal Micro-Incisions to Modify Plaque 
with Fewer Complications

The FLEX VP System is a novel approach to vessel preparation and plaque modi-
fication that uses proprietary non-balloon technology to create multiple, longitu-
dinal, controlled-depth micro-incisions across the entire lesion length (Fig. 8.1). 
These circumferential controlled-depth micro-incisions are an integral part of the 
design that reduce the number and severity of dissections and other complications 
(Fig. 8.2). The FLEX VP System is indicated for use with PTA catheters to facili-
tate dilation of stenoses in the femoral and popliteal arteries and treatment of 
obstructive lesions of native or synthetic arteriovenous dialysis fistulae. The 
device is also indicated for the treatment of in-stent restenosis (ISR) of balloon- 
expandable and self-expanding stents in the peripheral vasculature. The FLEX VP 
is designed for mixed morphology lesions with a range of characteristics (e.g., 
long, calcified).
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Fig. 8.1 FLEX Vessel Prep System product overview

Fig. 8.2 Longitudinal optical coherence tomography reconstruction pre- (left) and post-FLEX VP 
(center, right) in a porcine model of superficial femoral artery in-stent restenosis demonstrating the 
micro-incisions (longitudinal view, center; cross-sectional view, right)

The FLEX VP is an over-the-wire sheathed catheter with a three-strut treatment 
element at the distal tip. It is compatible with a 6-French sheath and 0.014 in or 
0.018 in guidewire and is available in two working lengths (40 cm or 120 cm). The 
proximal portion of each treatment element strut includes a 0.010 in height micro-
surgical blade. Once the device is advanced past the lesion, the treatment element 
(TE) is deployed and expanded, and the catheter is drawn back, allowing the micro-
surgical blades on the proximal end of each TE strut to independently engage in the 
lesion and create three parallel, circumferential continuous micro-incisions, with a 
consistent depth, along the entire length of the lesion. After the first pass, the TE is 
re-sheathed and advanced again through the lesion, rotated approximately 30 
degrees before the treatment element is re-deployed and the retrograde pullback 
described above is repeated. This process is repeated based on the patient’s disease 
characteristics. For example, a procedure with 4 passes of the device prepares the 
artery by performing 12 longitudinal micro-incisions in the lesions (as illustrated in 
Fig. 8.2 center and right panels). Additional features that benefit the clinician and 
adoption into current clinical practice include a braided shaft that is engineered to 
facilitate tracking the pullback performance; an atraumatic tip, with a 2 mm cross-
ing profile that provides trackability and a low risk of perforation; a radiopaque 
marker band that facilitates placement of the FLEX VP System to treat any length 
lesion; and a single size that applies to most complex, mixed morphology lesions by 
self-sizing to the lumen diameter.
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 Clinical Data in Peripheral Arterial Disease

Clinical data has reported consistent outcome with FLEX VP treatment across long 
complex lesions [20, 46]. In over 700 peripheral arterial disease patients, average 
luminal gain following FLEX VP alone was 20–30% with average balloon opening 
pressure <5 atm and provisional stent rate of <20% in lesions with average length 
ranging from 136 to 245 mm (see Table 8.1 for study summary details).

Collectively, these data indicate that FLEX VP is effective in a broad range of 
PAD lesion lengths across real-world plaque morphologies, improves vessel com-
pliance, is associated with reduced rate/grade/severity of dissections, and creates 
luminal gain without perforations or embolization.

 Mechanism of Action

The longitudinal micro-incisions created by FLEX VP are key to the technology’s 
mechanism of action in several ways. First, the treatment element struts are designed 
to independently “flex” (adaptively expand and compress) to the contour of the ves-
sel wall morphology (Fig. 8.3). This is in contrast with other vessel preparation or 
plaque modification technologies that utilize concentric expansion of angioplasty 
balloons to apply focal force to the vessel wall. The independent, dynamic action of 

Table 8.1 Summary of clinical studies

Subset
Patient 
(N)

Average lesion 
length (mm)

Lumen gain 
(%)

Balloon 
opening 
pressure (atm)

Provisional 
stent use (%)

Jobst retrospective 
study [47]

123 245 ± 102 22.4 ± 16a 4.8 ± 1.4a 17 (12)

BELONG 
feasibility study 
[48]

63 196 ± 127 N/A N/A 11 (16.9)

iDissection study 
[20]

15b 63.6 ± 32.5 17 N/A 6 (40)

Acute outcomes 
[46]

255c 133.4 ± 87.5d 25.2 ± 16.4a 4.2 ± 1.5a 49 (19.2)

Post-market 
surveillance 
summarye

523e 136 ± 96f 31 ± 20%a 4.5 ± 1.6a 103 (19%)

a Subset analysis
b Patients also enrolled in Intact Vascular study
c Initial 255 patients of Post-Market Surveillance Study
d N = 252
e Data on file; N = 538 lesions in 523 patients
f N = 531
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the protective struts of the FLEX VP System enables precise, controlled-depth 
micro-incisions that self-size to the lesion during the retrograde pullback. The 
FLEX VP is also indicated for ISR which can be difficult to treat due to the limita-
tions of other vessel prep devices inside a stent (Fig. 8.4).

Minimizing disruption to the elastic lamina during vessel prep reduces the dam-
age to the media and adventitia and associated risk of an inflammatory response 
leading to lower rates of restenosis [7–12]. FLEX VP evaluated in cadaveric tissue 
demonstrates minimal disruption to the elastic lamina while offering continuous 
engagement along the treated lesion (Figs. 8.5 and 8.6).

Fig. 8.3 FLEX VP 
treatment element shown 
expanded in a non-stenotic 
segment of the vessel (left) 
and FLEX VP treatment 
element self-sized and 
engaged in stenosis (right)

Fig. 8.4 Angiography 
images of in-stent 
restenosis in the SFA at 
baseline ISR (left), 
post-FLEX VP 
recanalization (middle), 
and final result post-DCB 
(right)
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Fig. 8.5 Histology (hematoxylin and eosin stain; H&E) in a tibial cadaveric lesion with an asym-
metrical neointima with partial luminal occlusion (left) and a calcified cadaveric SFA lesion (right) 
post-FLEX VP. Arrows indicate micro-incisions created by FLEX VP used to treat cadaveric pop-
liteal stenosis. Micro-incision depth is equivalent to the blade height (0.25 mm)

Fig. 8.6 Scanning electron microscopy (SEM) image of a cadaveric SFA treated with FLEX 
VP. Longitudinal lines (left to right) demonstrate consistent and parallel FLEX VP micro-incision 
engagement along the entire length of the lesion

Next, the circumferential placement and controlled depth of the micro-incisions 
improve vessel compliance and enable even lumen gain and controlled expansion of 
the artery during PTA or DCB. Figure 8.7 provides an optical coherence tomogra-
phy (OCT) cross-sectional image of pre- and post-different vessel preparation tech-
nologies tested in an ISR porcine lesion. Vessel prep technology tested included 
scoring PTA, direction atherectomy, and FLEX VP. Note the lack of circumferential 
engagement in alternative technologies as compared to FLEX VP, which demon-
strates a consistent circumferential engagement (Fig. 8.8).
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Fig. 8.7 OCT cross section of pre- (baseline, top image) and post- (bottom images) application of 
different vessel preparation technologies tested in an ISR porcine lesion. Vessel prep technology 
tested included wire-wrapped balloon scoring PTA directional atherectomy and FLEX VP

a

b

Fig. 8.8 Confirmation of drug deposition along FLEX VP micro-incisions. (a) Sirolimus drug 
microspheres deposited in the FLEX micro-incisions after DCB treatment in cadaveric lesions. (b) 
Shards of paclitaxel from a drug-coated balloon treating a cadaveric lesion post-FLEX VP
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 FLEX VP Micro-Incisions May Facilitate Drug Delivery

In addition to improving vessel compliance, FLEX VP micro-incisions potentially 
facilitate the diffusion of anti-restenotic drugs to the target lesions from drug-coated 
or drug-eluting technologies. SEM evaluation in human cadaver studies confirms 
the deposition of both sirolimus and paclitaxel anti-restenotic drugs into FLEX VP 
micro-incisions (Fig. 8.8).

A retrospective clinical study evaluating 12-month outcomes of patients with de 
novo SFA/PA lesions treated with FLEX VP prior to a DCB reported freedom from 
TLR rates (>93%) that were comparable to freedom from TLR rates reported for 
DCBs with published superior performance characteristics [49, 50]. Thus, these 
encouraging early patency results suggest that vessel preparation with circumferen-
tial, controlled-depth, continuous micro-incisions may facilitate DCB drug delivery 
[33, 34]. Results from this retrospective observational study are currently being 
investigated in the BELONG prospective study (NCT03721939).

 Future Directions

In conclusion, the FLEX VP System provides safe plaque modification and vessel 
preparation via consistent circumferential controlled-depth micro-incisions in 
complex, mixed morphology PAD lesions. FLEX VP is currently indicated for use 
with PTA catheters to facilitate dilation of stenoses in the femoral and popliteal 
arteries and treatment of obstructive lesions of native or synthetic arteriovenous 
dialysis fistulae. In addition, FLEX VP is indicated for ISR treatment of balloon-
expandable and self-expanding stents in the peripheral vasculature. Future direc-
tions include seeking expanded indications to include below-the-knee lesions. 
Other new indications being evaluated include venous, iliac, and coronary 
applications.
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Chapter 9
Intravascular Lithotripsy for Calcified 
Peripheral Arterial Disease

Ari J. Mintz and Peter A. Soukas

 Introduction

The presence of vascular calcification imparts specific difficulties for the cardiovas-
cular interventionist to provide safe and effective therapies. Vascular calcification is 
often seen in patients with comorbidities, such as diabetes mellitus and chronic 
kidney disease, as well as in those with advanced age [1]. Moderate to severe vas-
cular calcification is common, being present in up to one third of patients presenting 
with acute coronary syndromes and up to one half of patients undergoing peripheral 
artery revascularization [1, 2]. Extensive vascular calcification is associated with 
reduction in lesion crossing, device delivery, and adequate lesion preparation 
(including a decrease in the effect of antiproliferative therapies), which, in turn, is 
directly related to an increase in procedural failure [3, 4]. Recently, there has been 
increasing use of large-bore access for interventional therapies such as endovascular 
aneurysm repair (EVAR), thoracic endovascular aneurysm repair (TEVAR), and 
transcatheter aortic valve replacement (TAVR) with transfemoral access being the 
preferred site. Iliofemoral calcification is a predominant factor for the utilization of 
alternative access [5]. Current techniques in the management of noncompliant calci-
fied lesions include high-pressure balloon angioplasty, specialty cutting and scoring 
balloons, and atherectomy devices, which are associated with increased risk of ves-
sel dissection, acute closure, perforation, and no reflow phenomenon [6, 7].
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Intravascular lithotripsy (IVL) is a novel device therapy which modifies both 
intimal and medial calcified lesions using pulsatile sonic waves which are converted 
to mechanical energy. External shock wave lithotripsy has been used for decades in 
the treatment of renal calculi and gallstones [8, 9]. In a similar way, IVL utilizes 
electrohydraulically generated sonic waves which pass harmlessly through soft tis-
sue and target high-density calcium in the intimal and medial walls of the artery. 
The pressures generated by the sonic waves fracture vascular calcium with effective 
dilating force of approximately 50 atmospheres (atm), thereby rendering the vessel 
more compliant and reducing elastic recoil [10].

 IVL: Device Specifics

In 2016, Shockwave Medical, Inc. (Santa Clara, CA) received 510  k premarket 
approval for their peripheral IVL system for the treatment of calcified peripheral 
artery disease. This device, labelled the Shockwave M5, consisted of an over-the- 
wire system on an 0.014″ wire platform (Fig. 9.1). The balloon sizes ranged from 
3.5 to 7.0 mm, in 0.5 mm increments, in a single available 60 mm length mounted 
on a 110 cm shaft. The M5+ catheters became available in 135 cm shaft length with 
the additional availability of an 8.0 mm device in April 2022. The M5 catheter has 
a slightly increased profile when compared to comparable-sized noncompliant bal-
loons (0.050–0.066 in), similar in crossing profile to contemporary cutting balloons. 
The M5 catheters up to 6.0 mm are compatible with a 6-Fr sheath with 6.5, 7.0 mm, 
8  mm requiring a 7-Fr sheath. The balloon is semi-compliant with five emitters 
located between two radiopaque markers. Balloon preparation is done in the stan-
dard over-the-wire fashion with the central lumen being flushed prior to loading of 
the 0.014  in guidewire. A mixture of 50/50 saline/contrast is used to prepare the 
balloon. Balloon sizing is based on a 1.1:1 balloon-to-reference lumen ratio with the 
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Generator
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180 Lithotripsy Pulses
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Fig. 9.1 Shockwave equipment and setup
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balloon being inflated to subnominal pressures, typically starting at 4  atm and 
increasing to nominal pressure of 6 atm after several inflations. This ensures contact 
with the vessel wall and minimizes the risk of endothelial trauma. If contact with the 
vessel wall is not accomplished, the sonic waves will not reach the intimal or medial 
calcification as the energy does not traverse dead space. The M5 catheter is attached 
to the power generator which is programmed to deliver 30 pulses at a rate of 1 pulse 
per second. Each M5 catheter is capable of delivering a maximum of 300 pulses 
allowing for overlapping inflations of adjacent arterial segments. After each round 
of 30 pulses, it is imperative to deflate the balloon in order to remove microbubbles 
which are generated as a byproduct of the sonic waves. It is recommended that any 
single segment is treated with no more than 180 pulses. When overlapping inflations 
are done, it is important to ensure at least 1 cm of overlap in treated segments to 
avoid “geographic miss” of intentional treatment zones.

The Shockwave S4 is a smaller design catheter for below-the-knee angioplasty 
and was FDA approved for use in 2019. The balloon sizing is 2.5–4.0 mm in 0.5 mm 
increments with a single 40 mm length housing four emitters. The catheter comes in 
a 135 cm length and requires a minimum of 5 Fr sheath. Each catheter has the abil-
ity to provide 180 pulses in 20 pulse/cycle increments (Table 9.1). The coronary 
device, labelled Shockwave C2, is a shorter catheter specifically designed for intra-
coronary lithotripsy. This device obtained investigational device exemption in 2020 
after several clinical trials provided data on safety and effective use [11, 12]. The C2 
device is available in 2.5–4.0  mm balloons in 0.5  mm increments. The balloon 
length is 12 mm and available on a 138 cm catheter. The C2 requires a minimum of 
a 6 Fr guiding catheter. Each catheter is capable of delivering 80 pulses in 10 pulse/
cycle increments to limit coronary artery occlusive time.

Table 9.1 Technical features of shockwave IVL catheters

Features M5 S4 C2

Guide/Sheath size 6 Fr: 3.5 mm–6 mm
7 Fr: 6.5 mm, 7.0 mm

5 Fr 6 Fr guide

Balloon size (mm) 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 
7.0

2.5, 3.0, 3.5, 
4.0

2.5, 3.0, 3.5, 
4.0

Catheter length (cm) 135 135 138
Wire compatibility (in) 0.014 0.014 0.014
Balloon length (mm) 60 40 12
Number of emitters 5 4 2
Nominal pressure (atm) 6 6 6
Rated burst pressure 
(atm)

10 10 10

Pulses per catheter 300 pulses
30 pulses/cycle
1 pulse/s

180 pulses
20 pulses/cycle
1 pulse/s

80 pulses
10 pulses/cycle
1 pulse/s

atm atmosphere, cm centimeter, Fr French, in inch, mm millimeter
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 IVL in Peripheral Artery Disease

Although there is no standard definition for grading severity of calcification in 
peripheral arteries, several scoring systems have been proposed. The Society for 
Cardiovascular Angiography and Intervention (SCAI) in a 2018 consensus docu-
ment defined severe calcification as >180° involving both sides of the vessel [13]. 
The Peripheral Arterial Calcification Scoring System (PACSS) takes into account 
the lesion length (greater than 5 cm) as well as location of calcification (intimal, 
medial, mixed, unilateral, bilateral) in the anteroposterior fluoroscopic projection. 
The PARC (Peripheral Academic Research Consortium) scoring system defines 
severe calcification as greater than 180° on both sides of the vessel and greater than 
one half of the total lesion length [14].

It is well described that in patients with peripheral artery disease, the presence of 
vascular calcification is associated with worse outcomes including higher Rutherford 
classification and higher rates of amputation [15]. The use of percutaneous translu-
minal angioplasty (PTA) with conventional angioplasty balloons in severely calci-
fied peripheral artery disease is associated with low success rates due to acute recoil, 
suboptimal lesion expansion, and the potential of vessel injury, dissection, or even 
perforation [16]. Rotational and orbital atherectomy are able to achieve acute lumi-
nal gain by affecting superficial calcium, but medial calcium is unaffected [17]. IVL 
has been studied in an attempt to overcome the limitations of the previously avail-
able devices for calcium modification.

DISRUPT PAD I/II were multicenter, single-arm registries which enrolled a 
total of 95 patients with symptomatic peripheral artery disease (Rutherford 2–4), 
ankle- brachial index (ABI) <0.9, and angiographic evidence of calcific femoro-
popliteal stenosis of >70% with at least 1 patent runoff vessel to the foot [18, 19] 
(Table 9.2). Using the PARC definition, severe calcification was seen in over half 
of participants, and procedural success, defined as residual stenosis of <50%, 
was achieved in all patients. IVL showed a reduction in luminal stenosis from 76 
to 23% with a mean acute luminal gain of 3.0 mm (1.2 ± 0.8 to 4.2 ± 0.6 mm) 
[18]. Clinically important outcomes from this showed that at 1 and 6 months, no 
target lesion revascularization (TLR) occurred and vessel patency rates were 
100% and 82%, respectively. At 12 months, patency rates were 54% with TLR 
rates of only 21% [19]. In a subgroup analysis of DISRUPT PAD II, when opti-
mal technique was performed, patency rates were elevated to 63%, there was an 
improvement of 15%, and TLR decreased to 8.6% at 12  months (Fig.  9.2). 
Optimal techniques include appropriate balloon sizing of 1.1:1 balloon-to-refer-
ence ratio and full lesion coverage of treatment zones with at least 1 cm of emit-
ter overlap (Fig. 9.3).

IVL has also been shown effective in the treatment of below-the-knee disease in 
patients with critical limb ischemia (CLI) as well [20]. The DISRUPT BTK study 
reported 20 patients, Rutherford classes 3–5 (16 patients with CLI), with heavily 
calcified infrapopliteal lesions (angiographic stenosis 72.6%, mean lesion length 
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Table 9.2 Trials of IVL in peripheral artery disease

DISRUPT PAD 
I/II (N = 95)

DISRUPT PAD III 
RCT (N = 306)

DISRUPT BTK 
(N = 20)

Design Multicenter, 
single arm

Multicenter, 
prospective, 
randomized

Multicenter, 
single arm

Population IVL PTA
Rutherford 2 33.7% 17% 17% –
Rutherford 3 65.3% 77% 74% 20.0%
Rutherford 4 1.1% 6% 8% 5.0%
Rutherford 5 – – 1% 75.0%
Rutherford 6 – – –

Angiographic 
appearance

IVL PTA

Severe calcification 
(PARC)

54.7% 82.9% 89.5% 47.6%

RVD (mm) 5.3 5.3 5.4 3.2
Lesion length (mm) 71.9 101 97 52.2
CTO 18.9% 26% 31% 9.5%

Safety IVL PTA
Complications 1% 1.1% 15.1% 0.0%
Grade > C 
dissections

0.0% 0.7%

Perforations
Thromboembolic 
events

0.0% 0.7%

Efficacy Residual stenosis 24% 23.6% 26%
Acute gain (mm) 3 3.4 1.5

Outcomes 30 days Freedom from 
TLR: 100%
Patency: 100%

Freedom from TLR at 
12 months 
(IVL+DCB): 95.7% 
vs. 98.3% 
(PTA+DCB), P= .94 

Freedom from 
TLR: 100%
MAE: 0%

6 months Freedom from 
TLR: 96.8%
Patency: 76.7%

Primary patency at 12 
months (IVL+DCB): 
80.5% vs. 68.0%, 
(PTA+DCB), P= .017

CTO chronic total occlusion, MAE major adverse events [myocardial infarction, amputation, 
death], PARC peripheral academic research consortium, RVD reference vessel diameter, TLR tar-
get lesion revascularization

52.2 ± 35.8 mm). Procedural success was achieved in 95% of patients, with a resid-
ual percent stenosis of 26.2% and an acute lumen gain of 1.5 ± 0.5 mm. Two stents 
were implanted for residual stenosis, but none for flow-limiting arterial dissection, 
without major adverse events.
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(30/55)
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Fig. 9.2 12-month primary patency and freedom from target lesion revascularization (FF-TLR)

a b

Fig. 9.3 Optimal technique. (a) Balloon sizing 1.1:1 balloon-to-reference vessel ratio. (b) At least 
1 cm emitter overlap
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 Effect of Calcium on Drug Elution

The use of drug-coated balloons (DCB) as adjunctive therapy in peripheral angio-
plasty has been tested as a means to overcome the shortcomings of traditional 
angioplasty. Studies have shown excellent vessel patency and low rates of both tar-
get lesion revascularization (TLR) and complications [21–23]. Drug-eluting tech-
nologies have lower efficacy rates in severe calcific disease, likely a result of reduced 
drug penetration into the vessel wall [24]. As a result, combination therapy utilizing 
specialty balloons and atherectomy devices prior to DCB has shown promising 
results; however, long-term efficacy remains unproven.

The recently presented DISRUPT PAD III trial was designed to compare the use 
of combination IVL and DCB versus combination PTA and DCB [25]. DISRUPT 
PAD III provides the first level I evidence comparing the effect of calcific disease on 
drug elution. 306 patients were randomized in a 1:1 fashion to receiving IVL + DCB/
stent versus PTA  +  DCB/stent with primary endpoint being procedural success, 
defined as residual stenosis of <30% without flow-limiting dissection. Powered sec-
ondary endpoints included primary patency and clinically driven target lesion revas-
cularization (CD-TLR) at 12 months of 80.5% and 95.7% in the IVL + DCB group, 
vs. 68.0% and 98.3% in the PTA + IVL group, respectively; P= 0.94 for FF TLR and 
P= 0.017 for primary patency [26]. Lower maximum inflation pressures were seen 
in the IVL group (6.3 atm vs. 11.3 atm) which resulted in a 75% relative risk reduc-
tion in bailout stenting. DISRUPT PAD III also included 2% below-the-knee, 15% 
iliac, and 13% common femoral artery target lesions vs. only femoropopliteal 
lesions in DISRUPT PAD I/II. Moreover, DISRUPT PAD III lesion characteristics 
were more challenging- longer lesion lengths, greater calcification, higher percent-
ages of CTO, and CLI patients. These encouraging results suggest that lesion prepa-
ration and calcium modification with IVL prior to drug-eluting devices are more 
effective, and safe, than PTA in the management of moderate to severe calcific 
peripheral artery disease. Although more evidence is needed, it can be surmised that 
calcium modification prior to DCB provides better milieu for drug elution.

 IVL-Facilitated Large-Bore Vascular Access

With the increasing use of minimally invasive strategies for the management of 
aortic and cardiac valvular disease, large-bore vascular access is frequently required. 
Randomized trials in the investigation of TAVR included transfemoral as well as 
other alternative access sites in the approach to valve delivery [27]. Transfemoral 
access has become the access site of choice as studies have shown it to be the only 
superior access site when compared to traditional surgical aortic valve replacement 
[28]. Unfortunately, given concurrent peripheral artery disease with calcified aorto- 
iliac bifurcations, up to 15–20% of TAVR candidates may be deemed ineligible for 
transfemoral access due to the inability to successfully and safely advance the 
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required large-bore delivery sheaths resulting in more invasive methods such as 
trans-axillary, trans-aortic, trans-apical, trans-carotid, trans-septal, and trans-caval 
[29]. Initial case reports suggested the feasibility of IVL technology to aid in the 
delivery of large-bore access [30, 31]. In a prospective registry of 40 patients with 
peripheral artery disease who were deemed ineligible for transfemoral access, IVL 
facilitated successful placement of the delivery sheaths in >90% with no iliofemoral 
perforations or dissections observed [32]. Numerous case reports have highlighted 
the efficacy of IVL in the facilitation of other large-bore vascular access including 
percutaneous LV assist devices, TEVAR, and EVAR [33, 34]. IVL therefore pro-
vides a useful tool in the management of this complex patient population.

 Indications for IVL in Specific Vascular Beds 
with Case Examples

 Brachiocephalic Lesions in Patient with Symptomatic Arm 
Claudication or TIA

Endovascular treatment of brachiocephalic arteries is challenging due to their larger 
diameter, short length, and proximity to the intracranial vasculature [35]. The pres-
ence of calcific disease adds to procedural complexity and increases risks of com-
plications due to perforation, dissection, embolization, and stent underexpansion. 
Case 9.1 demonstrates the use of IVL to treat symptomatic concomitant innominate 
and subclavian calcific disease.

 Carotid In-Stent Restenosis (ISR) Due to Stent Underexpansion

Dense calcification of carotid bifurcation stenoses is a frequent exclusion for enroll-
ment in studies of carotid artery stenting (CAS). In cases of CAS ISR due to stent 
underexpansion, IVL may be used to allow for further stent expansion (off-label 
use) as illustrated in Case 9.2. There are very limited options for treating underex-
panded stents. High-pressure inflations may be ineffective or induce dissections or 
rupture. This is the first reported use of IVL for CAS ISR and was included in a first 
published review of IVL for use in calcified carotid lesions [36].

 Mesenteric Ischemia Due to Calcific Stenosis of the Superior 
Mesenteric Artery (SMA)

The feasibility of IVL both for the treatment of symptomatic mesenteric ischemia 
for native de novo calcific stenosis and for the treatment of managing ISR due to 
stent underexpansion was recently reported by Khan et al. [37]. Case 9.3 illustrates 
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the ability to treat severe circumferential underlying calcified stenosis with IVL, 
allowing for full stent expansion.

 Treatment of Aorto-Iliac Calcific Disease

IVL disrupts both intimal and deep wall calcification improving vessel compliance, 
allowing for the introduction of large-bore devices, and may offer an alternative for 
high-pressure dilation (with associated risk of dissection or rupture) or expandable 
sheaths and may obviate the need for open exposure with conduit placement (“pave 
and crack” technique). A recent report from a subset of the Disrupt PAD III study 
confirms the safety and efficacy of IVL for the treatment of calcified stenotic iliac 
arteries [38]. Case 9.4 demonstrates a case of severe aorto-iliac calcific occlusive 
disease in a patient deemed high risk for open repair treated with IVL and stenting, 
performed as an outpatient. Case 9.5 illustrates the off-label use of IVL for acute 
iliac stent suboptimal stent expansion.

 Treatment of Calcific Common Femoral Artery (CFA) Stenosis

Endarterectomy has been an established treatment for CFA disease but is associated 
with extended length of stay and higher 15% composite rate of morbidity and mor-
tality than endovascular techniques [39]. Brodmann evaluated 21 patients with cal-
cified CFA stenoses treated with IVL with an acute lumen gain of 3.1 ± 1.3 mm, few 
non-flow-limiting dissections, and no perforations, distal embolization, thrombus, 
and no-reflow or abrupt closure [40]. IVL is an effective treatment for calcific com-
mon femoral disease as stand-alone therapy, or in combination with atherectomy 
and/or drug-coated balloon angioplasty, as seen in Case 9.6.

 Calcified Femoropopliteal Lesions in Patients with Symptomatic 
Claudication or Critical Limb Ischemia

Calcified femoropopliteal lesions are often long occlusions, and traversal is often 
subintimal where use of atherectomy may result in a higher incidence of dissection 
or perforation. IVL, by virtue of its ability to penetrate transmural calcification, is 
uniquely suited to the treatment of subintimal calcification. As described earlier, in 
DISRUPT PAD III, IVL demonstrated a significant reduction in dissections and 
provisional stenting and less need for bailout stenting in the largest randomized 
clinical trial of severely calcified femoropopliteal lesions. Case 9.7 is an example of 
the utility of IVL to achieve an excellent result without the need for a stent in “no- 
stent zones” such as the CFA and popliteal arteries.
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 Calcified Below-the-Knee (BTK) Lesions in Patients 
with Symptomatic Claudication or Critical Limb Ischemia (CLI)

Medial calcification is more prevalent in BTK arteries and is a marker for amputa-
tion in patients with PAD [41]. This is particularly true for patients with diabetes 
mellitus, chronic kidney disease, and CLI, where diffuse calcific disease with infr-
apopliteal occlusions is common. Stents are limited to short lesions in proximal 
locations, and balloon angioplasty is burdened by a high rate of recoil and restenosis 
[42]. Atherectomy devices are problematic in these patients due to the risks of per-
foration with possible resultant compartment syndrome. Distal embolization after 
atherectomy may have catastrophic consequences and transform the CLI patient 
into an acute limb ischemia patient, with high risk of amputation. IVL has been 
shown to have a high procedural success and excellent safety profile.

 Future Applications

As the population ages, calcified vascular disease is a growing challenge for the 
cardiovascular interventionist. Since its foray in the cardiovascular space, IVL has 
shown significant utility in the safe and effective treatment of moderate to severe 
calcified stenosis. Future applications will extend into other vascular beds. Already 
being evaluated is the use of IVL in the coronary arteries as has been adjudicated in 
the DISRUPT CAD studies, with recent FDA approval in the USA [11, 12, 43]. IVL 
has been used off-label in the treatment of aortic arch vessel angioplasty as well as 
to aid in the treatment of carotid artery revascularization, both transfemoral and 
trans-carotid [44, 45]. Increasing clinical experience supports the utility of combi-
nation atherectomy to create a pilot channel followed by IVL as the mechanism for 
enhanced luminal gain. Future improvements of IVL will include larger vessel 
diameters and longer balloon lengths. Currently, research and development are 
underway for the evaluation of IVL for the management of calcific cardiac valvular 
disease; however, no evidence currently exists to support its use. IVL has shown 
promising potential in many aspects of cardiovascular intervention, with its ceiling 
yet to be defined.
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Case 9.1 Brachiocephalic

 

Baseline aortogram showing densely calcified innominate stenosis
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Selective innominate angiogram demonstrating eccentric densely calcified high-grade innominate 
artery stenosis and proximal right subclavian stenosis, left anterior oblique view (LAO)
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PTA of the innominate artery stenosis with a 4 mm balloon after delivery of a 7F sheath from the 
left common femoral access

 

IVL of right subclavian artery with a 7 mm × 60 mm Shockwave Medical balloon
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IVL of right subclavian artery with a 7 mm × 60 mm Shockwave Medical balloon

 

IVL of right subclavian artery with a 7 mm × 60 mm Shockwave Medical balloon
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IVL of innominate artery with a 7 mm × 60 mm Shockwave Medical balloon

 

IVL of innominate artery with a 7 mm × 60 mm Shockwave Medical balloon
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Post-IVL angiogram

 

Intravascular ultrasound (IVUS) of the right subclavian post-IVL
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Post-subclavian and innominate IVL, LAO

 

Post-subclavian and innominate IVL, RAO

 

Deployment of 8 mm × 24 mm Cordis Genesis balloon-expandable stent
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Final angiogram after post-dilation of stent with a 9 mm × 20 mm balloon

 

IVUS of innominate artery post-IVL/stenting
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Case 9.2 Carotid In-Stent Restenosis (ISR): Off-Label Indication!

 

Baseline angiogram demonstrating calcific stenosis of CCA bifurcation with 80% stenosis within 
the stent, arrow
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Baseline optical coherence tomography (OCT) image showing circumferential vessel wall calcifi-
cation with reduced stent diameters and cross-sectional area
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IVL of the carotid artery with 6 mm × 60 mm Shockwave balloon
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OCT post-IVL showing doubling of stent lumen cross-sectional area

 

Post-IVL dilation with a 6 mm × 40 mm Bard Lutonix drug-coated balloon (DCB)
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OCT post-IVL/DCB showing minimal additional lumen gain and stent expansion post- DCB—
most gain from IVL
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Final angiogram post-IVL/DCB demonstrating excellent stent expansion after IVL/DCB
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Case 9.3 Calcified Superior Mesenteric Artery Stenosis

 

Baseline angiogram showing celiac occlusion, patent iliac, IMA stents, and patent ostial SMA 
stent with proximal SMA calcified stenosis
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Selective SMA angiogram demonstrating patent ostial SMA stent with calcified proximal stenosis
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Intravascular ultrasound of the SMA
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IVUS image showing circumferential severe calcification with high grade cross sectional stenosis

 

IVL SMA 5.0 mm × 60 mm balloon
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Angiogram post-IVL showing good lumen expansion
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4.5 mm × 30, 5.0 mm × 15 mm Onyx drug-eluting stents after IVL
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IVUS post-stenting
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IVUS image post-IVL/stenting showing full stent apposition and expansion

 

Final angiogram post-IVL/stenting
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Case 9.4 Calcified Aorto-Iliac Occlusions

 

Baseline angiogram showing distal aortic occlusion with dense calcified common iliac artery 
occlusions
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Angiography after obtaining retrograde right CFA access
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Angiography after obtaining retrograde left CFA access
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Right iliac occlusion crossed antegrade, wire then exteriorized
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Upsized to 7F sheaths, pre-dilated with 5 mm balloons
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Kissing inflations of distal aorta with two 7 mm × 60 mm Shockwave balloons
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Kissing inflations of proximal common iliac arteries with two 7 mm × 60 mm Shockwave balloons
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Angiogram post-IVL showing restoration of antegrade flow
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Final angiogram after post-dilation with 8 mm balloons
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Case 9.5 IVL to Treat Stent Underexpansion

 

Baseline angiogram showing eccentric calcified iliac stenosis
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Significant residual stenosis post-stenting
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IVL of iliac ISR with 7 mm × 60 mm Shockwave balloon
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Successful stent expansion post-IVL
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Case 9.6 IVL to Treat Stent Underexpansion

 

Baseline angiogram showing high-grade calcified CFA stenosis
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IVL CFA with 7 mm × 60 mm Shockwave Medical balloon
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Angiogram after IVL shows full vessel expansion
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DCB CFA with 7 mm × 60 mm
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Final angiogram post-IVL/DCB
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Case 9.7 IVL to Treat a Heavily Calcified Popliteal Artery “No-Stent Zone” 
Stenosis

 

Baseline angiogram showing heavily calcified popliteal artery stenosis
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Fluoroscopy demonstrating severe calcification pre-inflation of IVL balloon
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IVL of proximal popliteal stenosis with 6 mm × 60 mm Shockwave balloon

 

IVL of behind knee popliteal with same balloon
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Angiogram post-IVL

 

IVL popliteal artery with 6.5 mm × 60 mm Shockwave balloon
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Angiogram post-IVL showing excellent vessel expansion

 

DCB of the popliteal artery with 7 mm × 80 mm IN.PACT balloon
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Final angiogram showing excellent expansion without dissection
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Chapter 10
Preserving Vessel Integrity and Reducing 
Vascular Recoil with Focal Force Balloons

Effie K. Lambrinos, Edward D. Tubberville, Vinayak Subramanian, 
and George L. Adams

 Introduction

Percutaneous angioplasty (PTA) has been the trailblazer in the management of vas-
cular disease for many years. More innovative tools have been created to treat vari-
ous types of arterial lesions as the understanding of peripheral arterial disease has 
advanced. Scoring balloons and focal force balloon technologies have become an 
essential part of the interventionalist’s equipment. The “leave nothing behind” strat-
egy has gained traction over the years due to the prevalence of in-stent restenosis 
and vessel recoil following peripheral vascular interventions (PVI). This method 
intends to diminish the development of permanent vascular prosthesis, which can 
likely allow for future restenosis [1, 2]. Furthermore, recent developments in drug 
technology have allowed for even more strides in the individualization of patient 
care. In the following chapter, we will review the techniques utilizing focal force 
and scoring balloons for vessel preparation and further evaluate the literature for the 
use of such devices.
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The idea of vessel preparation has become mainstreamed among endovascular 
specialists specifically aiming to treat patients with infrainguinal arterial disease [3, 
4]. Focal force balloons are used mainly for two vessel preparatory purposes, the 
first one being to decrease vessel elastic recoil [5] and the second, to reduce the risk 
of perforation and/or dissection [6].

The acknowledgement of the role of plaque characteristics can aid in differenti-
ating between which device is most appropriate for preparing the vessel. Plaque 
characteristics span a vast range of features, from including calcific, heterogenous, 
and homogenous plaque [7]. Homogenous plaque is linked with thrombus develop-
ment, typically seen in chronic total occlusions (CTO) and acute occlusions, and 
also contains fibrocalcific or fibroelastic matter which is often seen in lesions of 
chronic stenosis [8, 9]. In contrast, heterogenous plaque is associated with an 
increased amount of calcification and cerebrovascular symptoms along with a pre-
dominance in carotid artery stenosis when compared to homogenous plaque [10, 
11]. Calcified plaque is made of predominantly calcific deposits with a large variety 
in presentation and is typically observed as deposits within intimal and medial layer 
of the vessel [12]; they are mostly found in diabetic patients or those with chronic 
renal insufficiency and are commonly found in the blood vessels inferior to the 
knee. The evaluation of the various plaque characteristics can be performed by con-
sidering the patient risk factors, the angiographic pattern, and the intraprocedural 
intravascular ultrasound (IVUS) which allows the angiologist to personalize care 
improving outcomes and reducing complications.

 Functionalities of Balloon Angioplasty and Focal 
Force Balloons

The functionalities of balloon angioplasty are intricate and can be found in other 
literature. In summary, a radial circumferential force is administered on the walls of 
the individual vessel following the distention of the balloon, thereby causing the 
size of the lumen to increase.

The greatest force from the balloon is focused primarily on the disease-free por-
tions of the artery. A large force is also focused on the area between the disease-free 
portions and the plaque causing the stenosis [13], followed by an elastic recoil that 
presents whenever these over-expanded portions are returned to their normal size. A 
potential poor outcome involves an arterial wall dissection that may occur when the 
stress produced by the PTA is distributed through a fragile portion of either the 
plaque or the vessel itself and is spread down the vessel. In the worst-case scenario, 
this stress can produce an arterial perforation.

The purpose of the scoring balloons and focal force is to allow for a progressive 
expansion of the vessel by focusing the pressure strictly on the plaque as opposed to 
the vessel. A number of different designs have been manufactured to utilize this 
strategy (Table 10.1).
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Table 10.1 Summary of focal force balloon types and sizes

Focal force balloons
Device name Size range

Peripheral cutting balloon 5–8 mm diameter, 15–20 mm lengths
Chocolate balloon 2.5–6 mm diameter, 40–120 mm lengths
Angiosculpt 2–8 mm diameter, 10–40 mm lengths
VascuTrack 2.0–7.0 mm diameter, 20–300 mm lengths
FLEX scoring catheter Variable diameter, 40–120 cm working length

Fig. 10.1 Peripheral 
Cutting Balloon device by 
Boston Scientific

 Peripheral Cutting Balloon (Boston Scientific) (Fig. 10.1)

 Device Mechanism

The peripheral cutting balloons are standard balloons that include four blades of 
microsurgical precision found along the balloon surface, whose function is to make 
distinct longitudinal cuts within the plaque. Initially, inflation of the balloon occurs 
to a pressure of 2 atm to set the blades into position, which are then followed by an 
inflation to nominal pressures of 6 atm once in contact with the plaque in order to 
cut into the plaque.

 Specifications

There are two accessible forms of the peripheral cutting balloon: a monorail rapid 
exchange (RX) catheter system and an over the wire (OTW). The two balloon 
lengths that are currently marketed are 15 and 20 mm, with available balloon diam-
eters that span from 5.0 to 8.0 mm. Catheter lengths range from 50 to 137 cm (OTW) 
and 142 cm (RX).
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 Evidence and Use

Current evidence pertaining to the complexity of cutting balloons (CB) is limited. 
RESCUT, the largest randomized controlled trial, analyzed the use of cutting bal-
loons in the coronary arteries for in-stent restenosis [14]. The conclusion of this 
study stated that the occurrence of in-stent restenosis did not decrease with the use 
of cutting balloon angioplasty. However, it did in fact decrease the quantity of bal-
loons that were required for each intervention and pointed toward a decrease in a 
need for the use of stenting. Within the femoropopliteal arteries, studies have indi-
cated safety in the treatment of these lesions. The use of cutting balloons in contrast 
to plain old balloon angioplasty (POBA) in small (defined as <5 cm) focal femoro-
popliteal lesions was analyzed in a randomized controlled trial [15, 16]. The study 
concluded that POBA was superior to cutting balloon angioplasty and that cutting 
balloon angioplasty, at 6 months, has greater rates of restenosis. Furthermore, PTA 
use was weighed against CB-PTA use in a prospective study involving 83 patients 
with femoropopliteal lesions of short calcified occlusive nature (<3 cm). This study 
concluded that elastic recoil, arterial perforations, and dissections requiring stenting 
were not experienced by lesions treated with CB-PTA, along with rates of both pri-
mary and secondary patency improving with the use of cutting balloon angio-
plasty [17].

There is inadequate proof that supports the use of CB as the first-line treatment 
of femoropopliteal lesions. An appreciation of plaque characteristics can allow for 
better understanding of the use of this device. Additionally, the CB may be used for 
hemodialysis fistula site lesions, but further analysis shows that the CB has primar-
ily been used and studied only within the treatment of in-stent stenosis and femoro-
popliteal stenosis, although the use of these balloons to treat these issues may be 
considered an off-label use for this equipment. Care should be taken when station-
ing this balloon during the treatment of in-stent restenosis due to the possibility of 
fracturing the stent from the microsurgical blades.

 Chocolate PTA Balloon (Medtronic) (Fig. 10.2)

 Device Mechanism

The Chocolate PTA balloon incorporates a semi-compliant balloon surrounded by a 
cage made of nitinol. Enlargement of the balloon allows for the balloon to expand 
through the open spaces of the cage. At the locations where the balloon does not 
expand, on the frame of the cage, it creates a network that places increased forces 
on the plaque which gives rise to limited breaks within the plaque. The capacity to 
focus the force from the balloon onto a smaller location allows for angioplasty to be 
performed under lower pressures with lower rates of flow-limiting dissection.
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Fig. 10.2 CHOCOLATE 
PTA device by Medtronic

 Device Specifications

The Chocolate balloon can be currently found in diameters of 2.5–6.0 mm and with 
balloon lengths of 40–120 mm and a working length of 120–150 cm. Compatibility 
with a 0.014″ and 0.018″ guidewire is possible with its over-the-wire design. 
Another version, with paclitaxel coating, is available and being assessed for effec-
tiveness and safety in the USA.

 Evidence and Use

The majority of evidence for the use of the Chocolate balloon can be found in the 
Chocolate BAR registry, a prospective multicenter study used to examine the 
Chocolate balloon when treating patients with peripheral artery disease [18]. The 
study consisted of 262 patients totaling 290 femoropopliteal lesions with most of 
the patients having moderate to severe peripheral artery disease (PAD, including 
Rutherford 3–6). The average length of each lesion among those evaluated in the 
study was 83.5 mm, and 63.5% had calcific disease. In 85.1% of the cases, success 
in the procedure was attained, with the dissection rate at 22.6%. Additionally, no 
flow-limiting dissections were noted. Only 1.6% of cases necessitated bail-out 
stenting. A drug-coated adaptation of the Chocolate balloon is being assessed for 
effectiveness and safety.
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The FDA has indicated that the Chocolate balloon may be used for the treatment 
of peripheral vasculature lesions, including those of the iliac and infrainguinal arter-
ies. The balloon is specifically appropriate for heterogenous calcific plaque and 
lesions of in-stent restenosis. Furthermore, the device is appropriate for lesions that 
are located near bifurcations due to the plaque not typically shifting when the 
inflated balloon is in contact, in contrast to when used in conventional angioplasty.

 AngioSculpt Balloon (Philips) (Fig. 10.3)

 Device Mechanism

The device includes two helical nitinol struts (scoring elements) that surround a 
semi-compliant balloon. Upon inflation of the balloon, the helical struts pierce the 
plaque on direct contact and limit the balloon force onto these struts. This method 
allows for angioplasty to occur at lower pressures of inflation and overall decreases 
the risks involved with dissections of uncontrolled nature. Originally, the device 
was created to treat coronary lesions but has more recently been utilized for the 
treatment of patients with peripheral arterial disease.

 Device Specifications

The AngioSculpt balloon can be currently found in diameters of 2.0–8.0 mm and 
with balloon lengths of 10–40  mm, with a working length of 90–155  cm. 
Compatibility is with a 0.014 and 0.018 guidewire along with 5–6 F sheaths.

 Evidence and Use

A multicenter prospective study researched the technique of the AngioSculpt bal-
loon for the treatment of infrapopliteal disease. The study included 42 patients (with 
a total of 56 lesions). Most patients had a severe case of PAD, with Rutherford class 
≥4 (90.5%). A total of 73% of lesions that were treated had moderate to severe 

Fig. 10.3 Agniosculpt 
PTA device by Phillips

E. K. Lambrinos et al.



201

calcific disease with an average lesion length of 33.9 ± 42.2 mm. Procedural success 
was achieved in 98.2% of all cases. Dissections that occurred following the angio-
plasty were present in 10.7% of lesions [19]. Another prospective study evaluated 
31 patients (with a total of 36 lesions) with severe infrapopliteal disease to gauge the 
effectiveness and safety of the device, with its successful use in all cases. A rate of 
35.5% was evaluated for the stenting rate performed after device use due to a dis-
section of sub-optimal therapy. The survival rate after 1 month without complica-
tions was 96.8%, and the primary patency after 1 year was 61% [20].

The AngioSculpt may be used for lesion dilation in peripheral vasculature—
more specifically the femoropopliteal, iliac, and infrapopliteal arteries.

 VascuTrak (Bard) (Fig. 10.4)

 Device Mechanism

The device includes two wires attached to a semi-compliant balloon. After the bal-
loon expands, the stress from the balloon is transferred through the wires to produce 
contained breaks within the plaque. This equipment has not been studied systemati-
cally but is similar in action to other focal force balloons.

 Specifications

The VascuTrak can be found with diameter of 2–7 mm and with balloon lengths of 
20–300 mm. The working length ranges from 80 to 140 cm and is compatible with 
a guidewire of 0.014 and 0.018.

Fig. 10.4 VascuTrack 
Device by BARD

10 Preserving Vessel Integrity and Reducing Vascular Recoil with Focal Force Balloons



202

 Evidence and Use

There is little evidence assessing the use of the VascuTrak balloon. Indications for 
use of the VascuTrak include treatment of peripheral vessel lesions. The device may 
also be used to treat fibrocalcific disease. The device’s simplistic design allows for 
a vast selection of balloon lengths and sizes. Traditionally, a second wire was used 
alongside an inflated balloon to attain the same result in most coronary 
interventions.

 Shockwave Intravascular Lithotripsy (IVL) (Shockwave) 
(Fig. 10.5)

 Device Mechanism

Shockwave intravascular lithotripsy (IVL) comprises of a traditional angioplasty 
balloon mounted with ultrasound emitters capable of emitting pulsatile ultrasound 
waves which mechanically modify the hard, typically calcific, plaque in the lesion 
without damaging the elastic components of the healthy artery. The balloon is first 
inserted into the occluded artery and inflated to a pressure of 4 atm, and 30 shock-
wave impulses followed by 60 more are delivered after dilation to nominal pressure 
has been achieved. The impulses function to break the calcified lesions into small 
particles while preserving vessel integrity.

 Specifications

The Shockwave IVL device is available in two configurations: the Shockwave M5 
used for treating peripheral arteries above the knee and the Shockwave S4 used to 
target arteries below the knee (BTK). The M5 series ranges from 3.5 to 7.0 mm in 

Fig. 10.5 Shockwave 
intravascular lithotripsy by 
Shockwave Medical
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diameter, has a length of 60 mm and a working length of 110 cm, and can deliver up to 
300 pulses maximally. The S4 series ranges from 2.5 to 4.0 mm in diameter, is 40 mm 
in length, has a 135 cm working length, and can deliver up to 160 maximum impulses.

 Evidence and Use

Research on the use of Shockwave IVL has shown its effectiveness in treating 
lesioned vessels resulting in better outcomes compared to traditional PTA.  In a 
study conducted by Marianne et al., 35 individuals presented with femoropopliteal 
lesions that were on average 76.3% stenotic with an average lesion length of 
61.5 mm [21]. These lesions were heavily calcified in 64.1% of the patients with an 
average calcified lesion length of 80.3 mm. The study concluded with all patients 
having procedural success with an average residual stenosis of 23.4% and a 2.9 mm 
acute gain. There were no implanted stents or vascular complications during the 
procedure. The patients also showed 100% vessel patency as defined as <50% reste-
nosis and 100% freedom from target lesion revascularization (TLR) at a 30-day 
follow-up and 82.1% patency and 100% freedom from TLR at a 6-month follow-up.

Further studies demonstrated the increased efficacy of intravascular lithotripsy 
(IVL) compared to traditional PTA [22, 23]. The largest randomized clinical trial of 
IVL vs. PTA demonstrated that IVL was superior in most aspects. IVL demon-
strated higher procedural success by 15.5%, higher lesions with residual stenosis 
<30% by 14.5%, fewer flow-limiting dissections by 5.4%, fewer post-dilatations by 
14.8%, and fewer stent placements by 13.7%. The main shortcoming of IVL was 
that it was on par with PTA in TLR and major adverse events, although minimal in 
both techniques.

Although IVL has had more extensive research in above-the-knee vessels, fur-
ther evidence is still being collected for use in BTK treatment. Currently, there is 1 
available study, conducted on a cohort of 20 patients with 100% calcification in 
BTK vessels that resulted in 100% success in residual stenosis being <50% at 
30 days [24]. Overall, IVL is useful in a multitude of scenarios including where 
stenting is contraindicated and in high-risk locations such as bifurcating lesions.

 FLEX Scoring Catheter (VentureMed) (Fig. 10.6)

 Device Mechanism

The FLEX scoring catheter functions by preparing the lesion for balloon angio-
plasty by way of three microblades attached to three flexible struts located along the 
end of the catheter. FLEX focuses on improving vessel compliance, leading to lower 
balloon pressures, leading to less vessel trauma. The catheter is mounted on a 
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Fig. 10.6 Flex Scoring Catheter by Venturemed

guidewire, and the section with three microblades is directed to the distal end of the 
lesion. The operator can then engage the scoring elements of the catheter and pull 
retrograde across the lesions within vessel. The unique aspect of the FLEX catheter 
is that it will maintain 1 atm of pressure on the blades as the operator pulls the cath-
eter retrograde through the vessel. This dynamic scoring technology allows for pre-
cise parallel cuts along the treated vessel segment. Once proximal to the lesion, the 
catheter blades can be disengaged, sent distal to the lesion, and rotated 30° or 90°, 
and the process repeated for maximal plaque modification.

 Specifications

The FLEX catheter comes in one design. It is 6F compatible and can be used with 
both 0.014″ and 0.018″ guidewire platforms and has working lengths of 40 
or 120 cm.

 Evidence and Use

Studies using the FLEX scoring catheter have produced evidence supporting the 
use in vessel preparation prior to angioplasty. In particular, the International 
Symposium on Endovascular Therapy in 2018 referenced compiled data from mul-
tiple hospitals and operators on the FLEX catheter prior to angioplasty [25]. From 
the symposium, the study titled “Early Clinical Results Using the FLEX Scoring 
Catheter in 100 Femoropopliteal Chronic Total Occlusions” showed that of 100 

E. K. Lambrinos et al.



205

patients with femoropopliteal chronic total occlusions, FLEX catheter prep was 
successful in 99% of the cases with only 4% having minimal dissections, and stents 
were provisionally used in 19% of cases. Efficacy of FLEX prep was seen when 
less than nominal balloon opening pressures averaged at 4.1 atm with maximum 
pressures of 9.4 atm. Another abstract, “Use of the FLEX Scoring Catheter as a 
New Arteriovenous Access Management Device,” presented data on 59 patients 
treated with FLEX before balloon angioplasty and demonstrated balloon opening 
pressures averaging 6.5 atm and maximal balloon pressures averaging 12.1 atm.

The FLEX scoring catheter’s main advantage is that there is no need for constant 
inflation and deflation as with other scoring elements. With its dynamic scoring 
technology, lesion preparation can be achieved in much less time, and risk of vessel 
dissection is minimal. Current research suggests that optimal use of the FLEX scor-
ing catheter should be used as preparation for drug-coated balloon angioplasty. 
However, further evidence is needed to demonstrate if the device assists in lowering 
restenosis with adequate treatment as other scoring elements do.

 Conclusions

Peripheral arterial disease includes a diverse patient population with a multitude of 
disease presentations. Acknowledgement of various plaque characteristics can aid 
in providing individualized care to patients presenting with varying lesion features. 
The use of focal force balloons in conjunction with other therapies can minimize 
elastic recoil and dissections, ultimately decreasing the necessity of a scaffold.

The principal objective of using focal force balloons is to not only decrease the 
necessity of supplementary stenting but also eliminate elastic recoil after therapeu-
tic intervention by using a mechanical advantage when attempting to treat stenotic 
plaque. High procedural success rates have been observed in prospective studies of 
the devices described in this chapter. However, some patients still develop arterial 
wall dissections and require bail-out stents.

As drug-coated balloons (DCBs) have emerged in the treatment algorithm for 
PAD, the adjunctive use of focal force technologies may aid in improved outcomes 
as a result of more thorough vessel preparation. Known evidence of restenosis 
along with increased awareness of financial responsibility should be considered 
when adding these devices, especially in multilevel disease where numerous devices 
may need to be used. With these factors considered, new technologies such as the 
XO Score (Transit Scientific) are being developed. The XO Score catheter allows 
operators to use a single catheter designed device with multiple balloon sizes mak-
ing it well suited for multilevel disease. Also, the ability to use one specialized 
device multiple times with balloons widely available to practitioners will reduce 
overall cost. Along with development of new device designs, the addition of biolog-
ics to current focal force technologies may provide the next generation of this 
treatment.
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Chapter 11
Reducing the Metal Burden 
in the Infrainguinal Arteries: Tack 
Endovascular System

Marianne Brodmann

Intentional dissection is a key mechanism for luminal gain post-balloon angioplasty 
(PTA). Balloon angioplasty functions by both mechanically stretching the athero-
sclerotic artery and inducing dissection, resulting in acute vascular injury [1] 
(Fig. 11.1).

Angiographic evidence of dissections is frequent, reported in up to 84% of femo-
ropopliteal angioplasties [2]. Acutely, dissection can reduce or obstruct flow, requir-
ing additional therapeutic intervention, and over the long term, lesions with 
dissections have 3.5 times the rate of repeat target lesion revascularization (TLR) 
than lesions without [3–5].

Controlling the severity of dissections has been the subject of many adjunctive 
technologies prior to PTA including debulking with atherectomy [6–8] or treatment 
with scoring or focal force balloons [9–11].

Data show that despite debulking of plaque, atherectomy is not superior to PTA 
in achieving better patency and target lesion revascularization [12, 13], which may 
partly be explained by the occurrence of deep and wide dissections, which can be 
seen if IVUS is used in addition to angiography.

In the drug-coated balloon (DCB) era, the negative impact of dissections on out-
comes appears to have been partially mitigated, as seen in the Thunder trial [4], but 
with increasing lesion complexity, the stent rate is increasing even after DCB treat-
ment, mainly due to visible dissections.

Dissections are mostly treated with stent placement. By scaffolding the vessel 
wall with high radial outward force, stents treat the dissections but can present addi-
tional challenges, especially with longer lesions. Stents have been shown to improve 
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Courtesy of Intact Vascular

Fig. 11.1 Mechanism of angioplasty: dissection. (Courtesy of Intact Vascular)

procedural outcomes, but beyond the acute treatment phase, the aggressive radial 
force combined with an extensive amount of nitinol can cause inflammation and 
lead to intimal hyperplasia formation, in-stent restenosis, and high rates (20–37%) 
of restenosis 1 year posttreatment [14–17]. The dynamic forces exerted in the femo-
ropopliteal segment can lead to additional shear stress, inflammation, and occa-
sional stent fracture [18, 19].

Given the inherent limitations of stent placement, limiting the metal footprint for 
dissection treatment represents an alternative solution.

The Tack Endovascular System (Intact Vascular, Wayne, Pennsylvania) is a novel 
device specifically designed to address the limitations of stents while providing 
durable repair of post-PTA dissections in the superficial femoral artery (SFA) and 
infrapopliteal arteries. To reduce the metal surface area in contact with the luminal 
wall, Tack implants are short (4–6 mm), also for BTK, with an open-cell design 
resulting in lower chronic outward force compared with similar-sized stents 
(Fig. 11.2). This allows focal dissection treatment and scaffolding with less metal 
implant (Fig. 11.3).

A large data set for this technique has been created and presented for above- and 
below-the-knee treatment.

The first trial, the TOBA trial, which was a prospective, single-arm study, evalu-
ated 130 patients with Rutherford clinical category 2–4 and lesions of the superficial 
femoral and popliteal arteries. Patients were treated with standard balloon angio-
plasty, and post- PTA dissections were treated with Tacks. The primary endpoints 
were core laboratory-adjudicated device technical success, defined as the ability of 
the Tack implants to resolve post-PTA dissection, and device safety, defined as the 
absence of new onset major adverse events. Patients were followed up to 12 months 
after implantation.

Tacks were used in 130 patients with post-PTA dissections (74.0% ≥ grade C). 
Technical success was achieved in 128 (98.5%) patients with no major adverse 
events at 30 days. The 12-month patency was 76.4%, and freedom from target lesion 
revascularization was 89.5%. Significant improvement from baseline was observed 
in Rutherford clinical category (82.8% with grade ≤1) and ankle-brachial index 
(0.68 6 0.18 to 0.94 6 0.15; p < 0.0001) [20].
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Courtesy of Intact Vascular

Fig. 11.2 Mode of 
dissection repair by Tack. 
(Courtesy of Intact 
Vascular)

Pre Post
Fig. 11.3 Mode of 
dissection repair by Tack

The authors concluded that Tack implant treatment of post-PTA dissection was 
safe, produced reasonable patency and resulted in low rates of target lesion revascu-
larization, and represents a new, minimal metal paradigm for dissection repair that 
can safely improve the clinical results associated with PTA.
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This study was followed by TOBA II which is a prospective, single-arm, multi-
center study enrolling 213 patients, all with dissection following angioplasty [21]. 
Eligibility included Rutherford classification 2–4 with a de novo or nonstented 
restenotic lesion in the superficial femoral artery or proximal popliteal artery. The 
study allowed the use of plain balloon angioplasty (POBA) or Lutonix drug-coated 
balloons (DCBs) for treatment of the SFA or PPA. Balloon choice was at the discre-
tion of the operator. Training in dissection identification and the use of the study 
device was provided to each operator prior to the index procedure. For the first time, 
the additional benefit of minimal metal as a concept of dissection treatment after 
DCB angioplasty was evaluated. Following dilation, lesions with <30% residual 
stenosis and the presence of ≥1 dissection were enrolled.

The 12-month efficacy endpoint was primary patency (freedom from duplex- 
derived binary restenosis and clinically driven target lesion revascularization).

Patients’ mean age was 68 ± 9 years, and 43.2% had diabetes. Twenty-three per-
cent of lesions were chronic total occlusions, and around 60% had moderate to 
severe calcium. The mean lesion length was 74.3 ± 40.6 mm. Severe dissections 
(grade ≥C) were present in 69.4%. By operator choice, 57.7% of patients under-
went DCB angioplasty. Most (92.1%) dissections resolved completely, and only 1 
bailout stent was required. There were no 30-day major adverse events. The 
12-month efficacy endpoint was met, with Kaplan-Meier primary patency and free-
dom from clinically driven target lesion revascularization of 79.3% and 86.5%, 
respectively. At 12 months, there were no device fractures or clinically significant 
migrations, and significant improvements were noted in Rutherford category, ankle- 
brachial index, and quality of life.

The TOBA II study results support the use of the Tack Endovascular System as a 
therapeutic option that is both safe and effective for focal dissection repair follow-
ing standard and DCB angioplasty of the SFA and PPA.

TOBA III addressed the issue of dissection repair in a purely DCB-treated cohort 
in the femoropopliteal arterial segment to show the effect of minimal metal repair 
after drug-coated technology [22].

The Tack Optimized Balloon Angioplasty III (TOBA III) study is a prospective, 
multicenter, single-arm study in which patients who underwent percutaneous trans-
luminal angioplasty with the Medtronic IN.PACT™ Admiral™ drug-coated bal-
loon and experienced post-angioplasty dissection(s) were treated with Tack 
implants. The primary endpoints were freedom from major adverse events at 
30 days and primary patency at 12 months. Within this study also, the additional 
benefit of minimal metal as a treatment concept for patients with complex long 
lesions and dissections after DCB treatment was evaluated.

A total of 201 patients were enrolled in the trial, 169 with standard length lesions 
(≥20 mm and ≤150 mm) and 32 with long-length lesions (>150 mm and ≤250 mm). 
Safety and effectiveness results were favorable compared with historical bench-
marks at 12 months in the standard lesion cohort. Notably, patients in the standard 
lesion length cohort experienced 95.0% primary patency, 97.5% freedom from clin-
ically driven target lesion revascularization, 100% freedom from amputation, and 
100% survival at 12 months (p < 0.0001). Primary patency in long lesion patients 
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was 89.3%, freedom from clinically driven target lesion revascularization was 
96.8%, and freedom from amputation was 100% at 12 months. Device success was 
achieved in 95.8% (182/190) and 97.7% (43/44) of devices deployed into standard 
and long lesion patients, respectively. Procedural success was 99.4% (168/169) and 
100% (44/44) in the standard and long lesion cohorts, respectively, with only 1 
bailout stent placed in the entire population.

These data show that the Tack Endovascular System is a safe and effective treat-
ment option for patients with post-angioplasty dissections in the superficial femoral 
and proximal popliteal arteries, with a high patency, low rates of secondary inter-
vention, and a low incidence of bailout stenting when used in combination with 
drug-coated balloon angioplasty, even in a long and complex lesion cohort.

In infrapopliteal arteries, there is even more discussions with regard to the ade-
quate treatment for mechanical issues after angioplasty. No final solution so far can 
be proposed for this vessel area. Drug eluting stents in short lesions have shown 
some benefit, but there is still reluctance with regard to broader acceptance [23].

In a prospective, single-arm study, the concept of minimal metal for dissection 
repair in BTK arteries after POBA treatment was evaluated in patients with CLI and 
BTK lesions [24]. 11.4% were Rutherford category (RC) 4 and 88.6% were RC 5. 
BTK occlusive disease was treated with standard PTA, and post-PTA dissections 
were treated with Tack placement. The primary safety endpoint was a composite of 
major adverse limb events (MALE) and perioperative death (POD) at 30 days. Other 
endpoints included device success, procedure success (vessel patency in the absence 
of MALE), freedom from clinically driven target lesion revascularization (CD-TLR), 
primary patency, and changes in RC. Data through 12 months are presented.

Thirty-two of 35 (91.4%) patients had post-PTA dissection and successful deploy-
ment of Tacks. Procedural success was achieved in 34/35 (97.1%) patients with no 
MALEs at 30  days. The 12-month patency rate was 78.4% by vessel, 77.4% by 
patient, and freedom from CD-TLR was 93.5%. Significant (p < 0.0001) improve-
ment from baseline was observed in RC (75% of patients improved four or five steps).

Tack implant treatment of post-PTA dissection was safe and effective for treat-
ment of BTK dissections and resulted in reasonable 12-month patency and low rates 
of CD-TLR.

The concept proving TOBA BTK trial was followed by the TOBA II BTK study, 
which is a prospective, single-arm pivotal IDE study, including 233 patients with 
CLI and angiographic evidence of a dissection post-PTA requiring repair in the mid- 
popliteal/distal popliteal, tibial, and/or peroneal arteries at 41 US international sites 
[25]. Device success was achieved in 96.5% (303/314) of patients, bailout stent rate 
was low with 1.3% (3/233), and only 1 stent 0.4% (1/233) had to be placed within 
the tacked segment. The mean dissection length was 24 ± 18 mm, and a mean of 
4.0 ± 2.8 tacks was placed per patient. The primary efficacy endpoint (freedom from 
MALE at 6 m + POD at 30 days) was achieved in 95.6% (196/205). Primary target 
lesion patency was 87.3%, freedom from CD-TLR was 92.0%, and this resulted in 
target limb salvage of 98.6% at 6 months. 6-month amputation-free survival was 
95.7%. With regard to the clinical aspect of wound healing or improving in a CLI 
cohort, this could be achieved in 73.8% of wounds at 6 months.
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Chapter 12
Drug-Coated Balloons in Infrainguinal 
Arteries

Sriya A. Avadhani, Serdar Farhan, and Prakash Krishnan

 Background

Peripheral arterial disease (PAD) affects >200 million people worldwide and con-
tributes to significant lifestyle-limiting claudication and to significant morbidity 
and mortality [1]. It involves some of the largest conduits in the body and is associ-
ated with significant atherosclerotic disease burden. Advances in endovascular 
therapies offer a minimally invasive approach to revascularization as an alternative 
to surgery with equal efficacy and lower periprocedural risk and complications [2, 
3]. However, these therapies have limited long-term durability and have a high risk 
of restenosis.

The discovery of balloon angioplasty in 1977 by Andreas Gruentzig revolution-
ized the field of interventional cardiology as it offered a minimally invasive therapy 
for the treatment of coronary artery disease [4]. This was followed by the use of bare 
metal stents (BMS), which were initially developed to treat complications such as 
dissections and acute vessel closure; however, these were also limited by high rates 
of in-stent restenosis that affected nearly 30–40% of percutaneous coronary inter-
ventions (PCIs) [5]. This led to the discovery of drugs that inhibit smooth muscle 
proliferation and neointimal hyperplasia, processes which underlie the pathophysi-
ology of restenosis.
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Drug-coated balloons (DCBs) were developed as a therapy to address restenosis 
by the delivery of antiproliferative drugs to the arterial wall upon balloon inflation. 
DCBs were first described in human use in 1995 by Camenzind et al. with the use 
of a coil-based dispatch balloon in 22 patients in the coronary arteries [6]. The 
porous balloon was designed to elute intracoronary heparin (known inhibitor of 
smooth muscle cells) under low-pressure inflation while maintaining distal perfu-
sion for targeted therapy in an area of restenosis. This was fallen out of favor by the 
lack of significant inhibition of neointimal proliferation by the low molecular weight 
heparin, reviparin [7]. Other antiproliferative drugs such as colchicine and metho-
trexate were tested, however unsuccessful due to high washout rates and inadequate 
retention [8, 9]. Scheller et al. first described paclitaxel use in coronary arteries as a 
treatment for in-stent restenosis [10]. In a small study of 52 patients, 1 out of 22 
(5%) patients treated with DCB had restenosis as compared to 10/23 (43%) in the 
uncoated balloon angioplasty group [10]. Subsequent studies also demonstrated 
efficacy of paclitaxel in the inhibition of coronary artery restenosis [11, 12]. The 
evolution and subsequent success of drug-coated therapies in the coronary arteries 
led to their extension into the treatment of peripheral artery disease.

Patency rates in femoropopliteal disease are limited by long lesions (which can 
sometimes measure between 200 and 300 mm) that are often accompanied by severe 
calcifications and chronic total occlusions (CTOs). Patency rates also vary depend-
ing on the therapy used. Percutaneous transluminal angioplasty (PTA) in focal 
lesions has patency rates of about 87% at 6  months and 78% at 3  years [13]. 
However, in longer lesions, this can be as low as 20–33% at 1 year [14, 15]. Data for 
the use of atherectomy in addition to PTA is limited to small single-center or regis-
try data which demonstrate improved luminal gain and less bailout stenting; how-
ever, patency rates still remain around 60–80% at 1 year [16–18]. Although stents 
improve initial patency compared with PTA alone [18], the sustained benefit remains 
suboptimal, in particular for longer SFA lesions, with 1-year patency rates of 
63–81% [19, 20]. Patency rates of contemporary drug-eluting stents (DES) remain 
at 79–86% and 77–83% at 12 and 24 months, respectively [21, 22], and drop to 
72.4% at 5 years [23]. Challenges for stenting in the femoropopliteal space might 
include the length and calcification of arteries that can contribute to stent underex-
pansion and other factors including external compression and torsional forces from 
hip flexion/extension which can contribute to stent deformation and fractures and 
thereby lower patency.

Drug-coated balloons (DCBs) were developed to offer an attractive alternative 
therapy for femoropopliteal disease. With the delivery of sustained, localized anti- 
restenotic therapy upon balloon inflation, these devices avoid residual scaffold and 
polymer effects that might contribute to inflammatory or hypersensitivity reactions 
and thereby restenosis. DCBs are semi-compliant balloons covered in an antineo-
plastic drug, designed to locally deliver the drug upon contact with the vessel wall. 
At the time of writing of this chapter, DCB technology contains three main compo-
nents which include currently approved cytostatic therapeutic agent, coating, and an 
excipient designed for efficient drug delivery to the vessel wall.
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 Technical and Pharmacologic Considerations of DCBs

The three components of the DCB—drug, coating, and excipient—play a crucial 
role in ensuring adequate drug uptake and retention, efficient transfer of the drug to 
the vessel wall, and minimal systemic loss and toxicity. Paclitaxel and sirolimus 
have been tested for use in DCBs. While both demonstrate rapid uptake and bind-
ing, paclitaxel achieves greater tissue concentrations, especially in the presence of 
contrast agents [24]. Paclitaxel’s lipophilicity, which ensures drug uptake and reten-
tion by the vessel wall, wide therapeutic window, and lack of systemic toxicity at 
the doses adequate to inhibit restenosis, make it a drug of choice for DCBs.

Paclitaxel, a taxane, is an antineoplastic agent that induces the polymerization of 
elastin and tubulin leading to the formation of nonfunctional microtubules, thereby 
impairing intracellular signaling, protein secretion, and cell migration [25]. The 
inhibition of smooth muscle cell migration and endothelial cells occurs at much 
lower doses compared to those needed to achieve its antineoplastic effects. The 
lower doses seemingly affect the microtubule assembly leading to inhibition of cell 
structure, secretory processes, and motility; however, higher doses are necessary for 
cell apoptosis [26]. The local antiproliferative effects on vascular smooth muscle 
and extracellular matrix and inhibition of neointimal proliferation and hyperplasia 
make it an attractive agent for the treatment of de novo and restenotic atheroscle-
rotic lesions. Early studies revealed inhibition of smooth muscle proliferation up to 
14 days after a single-dose exposure to paclitaxel [26].

Current DCBs contain paclitaxel doses ranging from 1.3 to 3.5 μg/mm2 with 
doses as low as 1 μg/mm2 showing effective inhibition of neointimal hyperplasia 
[27]. Porcine studies have demonstrated that about 10% of the drug dosage is lost 
before it reaches target site and about 80% is released during balloon inflation [28]. 
However, only 20% is retained at the target site, while the remainder is lost into the 
distal circulation. While drug concentration may decline for a few days after deliv-
ery, up to 80% in 24 h [29], there is persistent drug concentration at the site even 
6  months after therapy [30]. Additionally, studies show persistent inhibition of 
smooth muscle cells and collagen accumulation up to 90 days after DCB therapy 
[31]. Freyhardt et al. studied the bioavailability of paclitaxel in the plasma among 14 
patients with SFA disease who underwent paclitaxel DCB therapy [32]. A maximum 
paclitaxel plasma concentration of 40.1 ± 76.6 ng/mL was found immediately after 
intervention, and within 24 h, the paclitaxel plasma level was below detectable levels 
in all patients [32]. In an FDA analysis, paclitaxel dose during treatment with current 
drug-coated balloons and stents corresponded to a dose range of 0.167–3.5 μg/mm2 
(maximum total drug load of 0.1–17  mg), while cytotoxic effects were noted to 
occur when drug concentrations exceeded 135–175 mg/m2 over 3 to 24-h period [33].

There are several forms of paclitaxel in current DCB coatings ranging from 
amorphous, crystalline, hybrid, microcrystalline, and nanoencapsulations. 
Crystalline and amorphous are the most common forms and affect the amount of 
drug retention, drug loss, and, thereby, the pharmacokinetic behavior of the coating. 
While the amorphous paclitaxel provides a more homogenous coating, it results in 
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a shorter duration of drug retention. In contrast, the crystalline form results in a 
prolonged retention time and, thereby, higher tissue levels and biologic efficacy, 
however at the expense of more drug loss. The crystalline formulation was found to 
have a lower washout rate (88.6% vs. 99.9% with amorphous at 7 days) and thereby 
higher concentration in the vessel wall at 7 and 28 days after treatment [34].

However, lipophilic substances are not necessarily soluble, a property required 
for quick release from the balloon and efficient delivery of the drug to the arterial 
wall. This was circumvented by the use of excipients or substances that prevent 
paclitaxel washout and enhance its transfer to the vessel wall. Paclitaxel in a con-
trast agent resulted in a higher local tissue concentration indicating the need for 
additional compounds to ensure drug transfer [28]. Early studies use iopromide, a 
contrast agent to enhance drug delivery, retention, and bioavailability by increasing 
the solubility of paclitaxel [28]. Preclinical data by Albrecht et al. investigated inhi-
bition of restenosis in varying paclitaxel doses and coating with or without contrast 
medium [35]. Compared to a rate of in-stent restenosis close to 38% in the control 
group of uncoated balloons, there was a reduction of restenosis to about 18% in all 
subgroups treated with paclitaxel doses of 330 μg, 480 μg, and 6.4 mg dissolved in 
iopromide [35]. Polymer-based carriers, resorbable polymers, or non-polymeric 
agents such as urea, fatty acids, and contrast agents are also used to enhance effi-
cient drug delivery.

Several other compounds have been used in various DCB platforms—including 
urea, shellac, BTHC (n-butyryl tri-n-hexyl citrate), polyethylene glycol (PEG), and 
ATEC (acetyl triethyl citrate). BTHC, a hydrophobic excipient used in the Passeo-18 
Lux DCB (Biotronik), enhances paclitaxel retention in tissue to nearly 28 days after 
exposure [36]. Studies [37, 38] have suggested that there is heterogeneity in drug 
uptake with the use of various excipients. In a study of 45 patients [39], the IN.PACT 
Falcon DCB (urea-based) was associated with lower late lumen loss (LLL) and 
diameter stenosis at 6 months compared to the shellac-based DIOR DCB (Eurocor). 
The urea-based DCB was also associated with a higher in-stent fractional flow 
reserve (FFR) and lower decrease in neointimal volume at follow-up by optical 
coherence tomography (OCT) suggesting variations in the inhibition of neointimal 
hyperplasia and restenosis [39]. Interestingly, the Lutonix 035 and Stellarex excipi-
ent were noted to bind very strongly to the drug causing a slower dissolution rate 
and minimal drug release upon inflation [40]. Current DCBs that are approved for 
use in the United States along with their properties are summarized in Table 12.1.

Other important characteristics that play a role in drug delivery to the vessel wall 
include properties of the balloon catheter and vessel wall characteristics. 
Homogenous drug coating over the balloon catheter is essential to ensure unifor-
mity in vessel wall coverage. Drug delivery catheters have gone through a series of 
evolution from hydrogel coated to double balloons and iontophoretic balloon cath-
eters. Contemporary DCBs use balloons in which the drug is stored within pleats 
and folds to minimize drug loss during transfer. Vessel wall and plaque characteris-
tics are also critical determinants of drug absorption. Calcium presents a barrier to 
paclitaxel absorption as shown by Fanelli et al. In lesions with significant calcium 
burden, the effect of paclitaxel was significantly lower [41]. In lesions treated with 
DCB, those with greater than 270 degree arc of calcium on CT angiography had 
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Table 12.1 Paclitaxel DCBs currently available for treatment of PAD in the United States

DCB Company

Dose 
(μg/
mm2) RCT

Dose 
range 
in RCT 
(mg) Excipient

Length 
(mm)

Diameter 
(mm)

IN.
PACT

Medtronic 3.5 IN.PACT SFA 
I, II

1.9–
21.7

Urea, THF, 
pyrogen-free 
water

40–220 4–7

Stellarex Phillips 2 ILLUMENATE 1.3–9.4 PEG 8000 and 
iodine

40–120 4–6

Lutonix Bard 2 LEVANT 1/2 1.0–
11.3

Polysorbate and 
sorbitol

40–220 4–7

Ranger Boston 
scientific

2 RANGER SFA 6.97 
(Avg 
dose)

Acetyltributyl 
citrate

30–200 2–7

PEG polyethylene glycol, RCT randomized controlled trial, THF tetrahydrofuran

lower primary patency, ABIs, and higher LLL, TLR, and major adverse events com-
pared to those with less than 90 degree arc of calcium suggesting that the effect of 
paclitaxel was diminished by the presence of calcium [41].

Lastly, the mechanical effect of balloon inflation not just allows for arterial wall 
stretch and plaque reduction to achieve an acute luminal gain but also facilitates 
drug delivery and retention. Drug delivery depends on the duration of balloon infla-
tion, usually 30–60 s, after which drug concentrations plateau. The duration of bal-
loon inflations was evaluated by Cremers et  al. who found that balloon inflation 
times of 10 s were equally efficacious as longer inflations in the treatment of reste-
nosis [42]. The study suggested that the drug (5 μg/mm2 coated balloons) was rap-
idly transferred, within seconds after balloon inflation. In addition, they also 
demonstrated that doses up to 10 μg/mm2 from two consecutive DCB inflations did 
not necessarily correlate with increased toxicity such as aneurysm formation or 
thrombosis [42].

Since drugs are mounted on semi-compliant balloons, adequate lesion prepara-
tion is also essential prior to DCB therapy. Pre-dilation is not just recommended for 
its acute mechanical effects; it is also shown to improve drug penetration into the 
vessel wall. Adequate pre-dilation minimizes drug loss upon balloon delivery and 
results in a more uniform expansion, hence more homogenous drug delivery to the 
lesion [43].

 Clinical Applications of DCBs in PAD

 Drug-Coated Balloons in Native Femoropopliteal Lesions

Current guidelines for the management of femoropopliteal disease after failed 
guideline-directed medical and exercise therapy support the use of endovascular 
therapies (Class IIA, LOE A) [44]. Endovascular intervention is recommended for 
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patients with lifestyle-limiting claudication with hemodynamically significant 
lesions (Class IIA). Most lesions that contribute to intermittent claudication (70%) 
include femoropopliteal lesions, while the others include aortoiliac disease. 
Although treatment approaches may vary depending on the location, length, and 
lesion characteristic and clinical factors, an endovascular-first approach is usually 
recommended for iliac and femoropopliteal disease [45]. DCB use in native femo-
ropopliteal disease is generally associated with improved patency rates compared to 
plain balloon angioplasty (PTA) as evaluated in several clinical trials, summarized 
in Table 12.2.

Drug-coated balloons in PAD were first evaluated in the Local Taxan with Short 
Time Contact for Reduction of Restenosis in Distal Arteries (THUNDER) trial in 
2008 which assessed the efficacy of using DCBs in femoropopliteal disease among 
154 patients [46]. Sixty six of these patients, followed up to 5 years, demonstrated 
restenosis rate of 17% (vs. 54% in PTA) and target lesion revascularization (TLR) 
of 21% in the DCB group (vs. 56% in the uncoated PTA) [46]. There was no evi-
dence of safety concerns in the 5-year data including aneurysm formation and con-
strictive fibrosis [47]. There was significantly lower late luminal loss (LLL) in the 
DCB group compared to the balloon angioplasty group. Furthermore, these results 
were maintained despite the presence of moderate to severe dissections without 
stent implantation [56].

Similar results were established in the Femoral Paclitaxel Randomized Pilot 
(Fem-Pac) trial of iopromide-paclitaxel DCB vs balloon angioplasty of 87 patients 
[48]. Significantly lower LLL (0.5 ± 1.1 vs. 1.0 ± 1.1 mm; p = 0.031) and TLR 

Table 12.2 DCB RCTs in native femoropopliteal lesions

Treatment 
groups

Avg. 
lesion 
length Primary EP Outcome

THUNDER 
2015 [46, 47]

Multicenter 
RCT 1:1:1
N = 154

Uncoated 
balloon PTA vs 
iopromide- 
paclitaxel 
(3 μg/mm2) vs. 
paclitaxel 
diluted in 
iopromide 
(0.171 mg/
cm3)

7.5 cm LLL, TLR at 
6 months and 
5 years

Iopromide-PCB 
sig. lower LLL 
(0.4 mm vs. 
1.7 mm vs. 
2.2 mm 
p < 0.001) and 
TLR (4% vs. 
29%) for DCB 
vs. PTA
At 5 years: 
restenosis, 17% 
DCB vs. 54% 
PTA
TLR of 21% 
DCB vs. 56% 
PTA
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(continued)

Table 12.2 (continued)

Fem-Pac 2008 
[48]

Multicenter 
RCT 1:1
N = 87

Iopromide- 
paclitaxel 
(3 μg/mm2) 
DCB vs. 
uncoated PTA

6.0 cm LLL, TLR at 
6 months
Sustained at 
18 months

Sig. lower LLL 
(0.5 vs. 
1.0 mm, 
p = 0.031) and 
TLR (6.7% vs. 
33% p = 0.002) 
for DCB vs. 
PTA

PACIFIER 
2012 [49]

Multicenter 
RCT 1:1
N = 91

IN.PACT 
Pacific (3 μg/
mm2) vs. 
uncoated PTA

7.0 cm LLL, binary 
restenosis and 
MAE at 6 months

Sig. lower LLL 
was −0.01 mm 
vs. 0.65 mm 
(p = 0.001), 
binary 
restenosis (9% 
vs. 32%) and 
major adverse 
events (7% vs. 
35%) for DCB 
vs. control

LEVANT I 
2014 [50]

Multicenter 
RCT 1:1
N = 101

PTA vs. bailout 
stent-assisted 
strategy-both 
randomized to 
Lutonix DCB 
(2 μg/mm2) vs. 
uncoated PTA

8.0 cm 
(42% 
CTO)

LLL at 6 months Both PTA and 
stent groups—
better LLL at 
6 months with 
the use of DCB 
(0.46 mm vs. 
1.09, p = 0.016)

LEVANT II 
2015 [51]

Multicenter 
RCT 2:1
N = 543

Lutonix (2 μg/
mm2) DCB 
(N = 316) vs. 
standard PTA 
(n = 160)

6.27 cm 
(21% 
CTO)

Freedom from 1° 
safety EP and 1° 
patency at 1 year

65% vs. 52.6% 
DCB vs. PTA 
for 1° patency 
(p = 0.015) at 
12 months
58.6% patency 
with DCB at 
24 months
84% vs. 79% 
DCB vs. PTA 
for freedom 
from 1° safety 
EP (p = 0.005 
for 
non-inferiority)
No diff. in TLR 
at 1 year
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Table 12.2 (continued)

IN.PACT
SFA I and II 
[52, 53]

Multicenter 
RCT 2:1
N = 331

IN.PACT DCB 
(admiral 
3.5 μg/mm2) 
N = 221 vs 
PTA N = 111

8.9 cm 
(20–25% 
CTO)

1° patency or 
freedom from 
TLR (d/t 
symptoms or 
decrease in ABI), 
1° safety EP and 
MACE at 1 year 
and up to 5 years

At 1 year: 
82.2% vs. 
52.4% 1° 
patency DCB 
vs. PTA 
(p < 0.001)
TLR 2.4% vs. 
20.6% 
(p < 0.001)
Vessel 
thrombosis 
1.4% vs. 3.7% 
(p = 0.10)
At 3 years: 1° 
patency (69% 
DCB vs. 45% 
PTA, p < 0.001) 
and freedom 
from TLR 
(15.2% vs. 31% 
p = 0.02); not 
maintained in 
years 4–5
No sig. safety 
concerns up to 
5 years

ILLUMENATE 
RCT [54]

Multicenter 
RCT 3:1
N = 294

DCB (Stellarex 
2 μg/mm2) vs. 
PTA with 
uncoated 
balloon

7.1–
7.2 cm
(19% 
CTO)

1° patency at 12 
month
1° safety EP 
(device-/
procedure-related 
death) at 1 month 
and freedom from 
TLR/major 
amputation at 
12 months

Superiority of 
DCB over 
POBA for 1° 
patency (83.9% 
vs 60.6%) at 
12 months 
p < 0.001
Non-inferiority 
of safety EP 
(94% freedom 
from major 
amputation) 
and 83% 
freedom from 
TLR at 
12 months

RANGER SFA 
[55]

Prospective 
RCT 2:1
N = 105

Ranger DCB 
(2-μg/mm2 
hydrophobic 
paclitaxel with 
TransPax 
coating) vs. 
uncoated 
balloon

6–6.8 mm 
(34% 
CTO)

1° patency
Freedom from 
TLR
Time to 
re-intervention

1° patency 
86.4% DCB vs. 
56.5% PTA at 
12 months 
p < 0.001 
freedom from 
TLR (91.2% 
DCB vs. 69.9% 
PTA, p = 0.01)

Treatment 
groups

Avg. 
lesion 
length Primary EP Outcome
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(6.7% vs. 33%; p = 0.002) were observed in the DCB cohort compared to uncoated 
balloon angioplasty [48]. TLR results were maintained up to 18 months of follow-
 up. The findings of these trials were further confirmed in the Paclitaxel-coated 
Balloons in Femoral Indication to Defeat Restenosis (PACIFIER) trial which 
assessed the efficacy of IN.PACT Pacific DCBs [49]. In addition to the primary 
endpoints of LLL and restenosis, there is a significant reduction in TLR and major 
adverse limb events at 1 year compared to uncoated angioplasty [49].

Lower-dose DCBs were studied in the Lutonix Paclitaxel-Coated Balloon for the 
Prevention of Femoropopliteal Restenosis (LEVANT I and II) trial using Lutonix 
2  μg/mm2 dosing using a sorbitol-based excipient. While the LEVANT I RCT 
showed promising results of reduced LLL at 6 months, there was no difference in 
TLR at 24 months [50]. The study was limited by a significant rate of balloon mal-
function (due to a manufacturing defect of twisted balloon folds) that resulted in 
failed deployments [49]. Hence, the LEVANT II trial involving 476 patients with 
2:1 randomization to Lutonix DCB vs PTA was conducted with a larger sample size 
and greater statistical power [51]. While there was a significant improvement in 
primary patency (defined as a composite freedom from TLR and binary restenosis) 
at 12 months, DCB was shown to be non-inferior to uncoated balloon angioplasty 
with respect to safety endpoints such as freedom from limb-related events and peri-
operative death (83% with DCB vs 79% in control, p = 0.005 for non-inferiority) 
[51]. Notably, there was no significant difference in functional outcomes (including 
change in Rutherford class, walking impairment score, and quality-of-life mea-
sures) and freedom from TLR (87.7% vs 83.2%, p  =  0.21) which was concern-
ing [51].

Using clinical endpoints such as clinically driven TLR (either due to symptoms 
or decrease in ABI), the IN.PACT SFA trial demonstrated that primary patency was 
still significantly higher in the DCB group up to a follow-up duration of 3 years 
[52]. In the IN.PACT SFA trial, the 3-year patency rate associated with the use of 
DCB was 69.5% which was significantly higher than PTA (45%) [52]. There was no 
significant difference between the two groups with respect to functional improve-
ment. Through 5 years of follow-up, the DCB group demonstrated superiority in 
freedom from clinically driven TLR compared to the PTA group (74.5% DCB vs. 
65.3% PTA, p = 0.02) [53]. Although there was no difference in the primary safety 
composite endpoint between the two groups, there was a statistically nonsignificant 
trend toward higher all-cause death in the DCB arm (15.8% DCB vs 9.6% PTA, 
p = 0.156).

Similar paclitaxel dosing with a polyethylene glycol coating was assessed in the 
Randomized Trial of a Novel Paclitaxel-Coated Percutaneous Angioplasty Balloon 
(ILLUMENATE) study using the Stellarex DCB (Phillips, Spectranetics). This 
study met its superiority endpoint over balloon angioplasty with respect to primary 
patency at 12 months (83.9% DCB vs. 60.6% PTA, p < 0.001) [54]. The DCB was 
found to be non-inferior compared to PTA (94% DCB vs. 83% PTA) for the safety 
endpoint (defined as freedom from TLR and major amputations) [54].

Recently, the Ranger (Boston Scientific) low-dose paclitaxel DCB with a novel 
TransPax coating was approved for use. In the pilot RCT of the Ranger DCB which 
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included 105 patients, there was a significant improvement in primary patency 
(86.4% vs. 56.4% with PTA) and freedom from TLR at 12 months [55]. Subsequently, 
the Ranger II SFA (presented at Vascular InterVentional Advances, VIVA 2019) of 
376 patients aim to randomize 3:1 treatment with the Ranger DCB vs. PTA. The 
primary patency (defined by ultrasound in the absence of CD-TLR or bypass of the 
target lesion) was 94.1% in the DCB arm compared to 83.5% wit PTA (p < 0.01 for 
non-inferiority). Significant reduction in CD-TLR (16.5% vs. 5.5%) was seen in the 
DCB group, and importantly, there was no significant difference in mortality 
between the two groups.

These proof-of-concept RCTs were supplemented by data from large, multi-
center registries. The LEVANT SFA Global was a multicenter, prospective registry 
that enrolled 691 patients in 38 centers from 10 countries treated with Lutonix DCB 
for a follow-up period of 24 months [57]. Freedom from TLR, amputation and death 
was 89.3% overall, 88.2% for long lesions, and 84.6% for in-stent restenosis at 
24 months. Site-reported primary patency (defined as the onset of patency failure) 
was 85.4% and 75.6% at 12 and 24 months, respectively. Seventy-six percent of 
patients had an improvement in at least 1 Rutherford class [57].

The larger IN.PACT SFA Global Study of 1535 patients and 1773 lesions from 
64 sites worldwide and included complex femoropopliteal arterial disease (long 
lesions (≥150 mm, mean lesion length 12.09 cm), chronic total occlusions (CTOs) 
(35.5%), calcified lesions (68.7%), and in-stent restenotic (ISR) (18%) lesions) 
[58]. Procedural and angiographic data were measured by an independent core lab 
analysis. There was a 92.6% rate of freedom from TLR at 12  months using the 
IN.PACT Admiral DCB. At 36 months, this dropped to 76.9% and was significantly 
lower in patients with chronic limb-threatening ischemia (CLTI) vs. intermittent 
claudication (IC). The composite safety endpoint was met in 75.6% of the study 
population [58]. Additionally, a multivariate analysis predicted increased lesion 
length, ISR, bilateral disease, hyperlipidemia, CLTI, and vessel diameter <4.5 mm 
as predictors of CD-TLR [58].

In the ILLUMENATE Global prospective, multicenter registry of 371 patients 
treated with the Stellarex DCB, the patency (evaluated by Doppler ultrasound) was 
81.4% and freedom from CD-TLR 95% at 12/24 months [59]. This was accompa-
nied by clinical improvement in Rutherford classification to 90.3% and walking 
impairment questionnaire by 84% [59]. At 2 years, however, the primary patency 
was lower, at 72.4% [60].

 Drug-Coated Balloons in Below-the-Knee Interventions

Endovascular interventions are an emerging tool for the management of below-the- 
knee critical limb-threatening ischemia (CLTI). Given the increased risk of amputa-
tion and major adverse cardiovascular events, the ACC/AHA 2018 guidelines 
provide an appropriate use indication for both endovascular and surgical approaches 
to the treatment of below-the-knee vessels [61]. Endovascular therapies to establish 
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direct in-line blood flow to the foot in patients with nonhealing wounds or gangrene 
(Class I) is recommended. However, strong evidence for the use of DCB in below- 
the- knee interventions is still lacking.

In a meta-analysis of 6769 patients treated with infrapopliteal disease, primary 
patency at 1 year was 63%, 15% underwent repeat revascularization, and about the 
same also underwent amputation and died as a result of all-cause mortality [62]. 
Possible challenges with tibial artery interventions include extensive calcifications; 
long, diffusely disease segments; large number of CTOs; inability to estimate true 
vessel size; and, therefore, appropriate balloon sizing and possible loss of drug from 
the DCB due to longer delivery time.

Several studies have explored the safety and efficacy of DCBs in infrapopliteal 
disease. Table 12.3 summarizes the major RCTs that assessed the use of DCBs in 
major RCTs. Most of these trials are limited by a small sample size. The Drug- 
Eluting Balloon Evaluation for Lower Limb Multilevel Treatment (DEBELLUM) 
trial [63] which included 50 patients had about 25% below-the-knee lesions. At 6- 
and 12-month follow-up, the DCB arm had significantly lower LLL (0.5 mm vs 
1.6 mm), TLR (6.1% vs. 23.6%), and binary restenosis rates (9.1% vs. 28.9%) com-
pared to PTA. In addition, there was a significant improvement in Fontaine class in 
the DCB group compared to PTA (80% vs. 56%). The Drug-Eluting Balloon in 
Peripheral Intervention for Below-the-Knee Angioplasty Evaluation (DEBATE- 
BTK) trial evaluated patients with long lesions below the knee, and a significant 
proportion of them had occlusions (77–82%). In spite of these high-risk lesions, 
there was still a superiority benefit with the use of DCBs with respect to TLR and 
binary restenosis rates at 12 months [64].

These smaller trials which were followed by data from a large, multicenter 
randomized trial in below-the-knee critical limb ischemia [65] failed to show any 
significant benefit with the use of DCBs over PTA in the tibial arteries. In the 
Randomized IN.PACT Amphirion Drug-Coated Balloon vs. Standard Percutaneous 
Transluminal Angioplasty for the Treatment of Below-the-Knee Critical Limb 
Ischemia (IN.PACT DEEP) trial, 358 subjects were randomized 2:1 to DCB 
angioplasty with the IN.PACT Amphirion balloon or uncoated balloon angio-
plasty. The study demonstrated no significant benefit of DCB angioplasty over 
uncoated PTA at 5 years with respect to restenosis and TLR rates. This study also 
assessed a safety endpoint of all-cause death up to 5 years. While there was no 
difference in all-cause death, there was a nonsignificant but 2.4-fold increased 
risk of major amputations compared to the DCB group at 12 months and at 5 years 
of follow-up [65].

More recently, the IN.PACT BTK study (presented as an LBCT at TCT Connect 
2020) evaluated the efficacy of the IN.PACT 0.014 DCB (3.5 μg/mm2) compared to 
uncovered balloon angioplasty as a control. The study included patients with critical 
limb ischemia (CLI) and CTOs of the infrapopliteal arteries and lesions that were 
severely calcified and long (average length 17.6 cm). The results were promising, as 
the DCB group was associated with a 53% lower LLL compared to the PTA control 
group, both in the subsegmental (across the entirety of the lesion) and the classic 
LLL (at the narrowest segment of the artery) groups. In addition, there was no 
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Table 12.3 DCB RCTs in infrapopliteal PAD

Treatment 
groups

Avg. 
lesion 
length Primary EP Outcome

DEBELLUM 
2014 [63]

RCT 1:1
N = 50 
patients, 
N = 122 
lesions

IN.PACT 
Amphirion 
(3.5 μg/mm2) 
DCB vs. 
PTA
75% fem-pop 
lesions, 25% 
below-the- 
knee disease

7.5 cm LLL, TLR, and 
restenosis rates at 
6 and 12 months

LLL 0.66 DCB vs. 
1.69 PTA (0.03) at 
6 months BTK
TLR 12% vs. 35%
Amputation rate 
4% vs. 12% 
(p = 0.36)
DCB vs. PTA

DEABTE- 
BTK 2013 
[64]

RCT, single 
center
N = 132, 
158 lesions

IN.PACT 
Amphirion 
(3.5 μg/mm2) 
DCB vs. 
PTA

13 cm
77–82% 
CTO

TLR at 12 months Superiority of 
DCB with TLR 
(18% vs. 43%), 
binary restenosis 
rates (27% vs. 
74%) and 
amputation rate 
(0% vs. 1.5%) 
DCB vs. PTA

IN.PACT 
DEEP 2014 
[65]

RCT 2:1
N = 358

IN.PACT 
Amphirion 
(N = 239) 
(3.5 μg/mm2) 
DCB vs. 
PTA 
(N = 119)

10–
13 cm

Freedom from 
TLR at 5 years
Safety composite 
major amputation 
and all-cause 
mortality

Freedom from 
TLR 68.6% vs. 
78.4% and from 
CD-TLR 70.9% 
vs. 76% DCB vs. 
PTA
Major amputation 
rate (15.4% DCB 
vs. 10.6% PTA 
p = 0.11)
MAE at 5 years 
60.8% vs. 58.4% 
p = 0.2 DCB vs. 
PTA

IN.PACT BTK 
2020 (results 
to be 
published)

Prospective 
multicenter
RCT 1:1
N = 104

IN.PACT 
0.014 DCB 
(3.5 μg/mm2) 
vs. PTA

17.6 cm LLL (classic and 
subsegmental), 
TLR at 9 months
Safety EP of 
device-/procedure- 
related mortality 
and freedom from 
CD-TLR and 
amputation at 
9 months

Subsegmental LLL 
0.59 mm vs. 
1.26-mm DCB vs. 
PTA
Classic LLL 
0.89 mm vs. 
1.31-mm DCB vs. 
PTA
No sig. difference 
in safety EPs
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significant difference in the safety endpoints which included device- and procedure- 
related death, major amputations, and clinically driven TLR at 9 months.

In a network meta-analysis by Katsanos et al., the secondary endpoint of TLR in 
infrapopliteal arteries demonstrated a significant 40% reduction associated with 
DCB use. The crude risk of TLR was 11.8% in the DCB group versus 25.6% in the 
uncoated balloon group. The calculated pooled risk ratio was 0.53 (95% CI 
0.35–0.81; p = 0.004), with a corresponding number needed to treat eight patients 
(95% CI 4–25) [66].

 DCB Use in Other Lesion Subsets: In-Stent Restenosis, Long 
Lesions, and Combination Therapy

 In-Stent Restenosis (ISR)

Outcomes for the treatment of ISR depends on the type of lesion—focal lesions, 
classified as <5 cm; diffuse, generally >5 cm; and total occlusions [67]. In-stent 
lesions that are total occlusions are usually associated with high recurrent ISR than 
focal lesions in spite of the use of adjunctive therapies such as atherectomy [68].

Early studies from a single-center, Italian registry of 38 patients suggested suc-
cessful treatment of SFA ISR with PTA followed by DCB post-dilation. This study 
showed a 2-year patency rate (defined as proximal velocity ratio of <2.4) of 70.3% 
in those treated with DCB [69]. This was followed by the Femoropopliteal In-Stent 
Restenosis Repair: Midterm Outcomes After Paclitaxel-Eluting Balloon Use 
(PLAISIR) trial, a small sample size prospective cohort study involving 53 patients 
with femoropopliteal ISR treated with IN.PACT Admiral DCB, which was found to 
have a 1-year patency rate of 84% and freedom from TLR of 90.2% [70]. Subsequent 
studies [71–74] demonstrated the efficacy of DCB in treating ISR lesions; however, 
these were limited by single-center studies and small study populations. These find-
ings are reviewed in Table 12.4.

A meta-analysis by Cassese et  al. included four RCTs which evaluated DCB 
angioplasty for femoropopliteal ISR [75]. A total of 367 patients were followed for 
a period of 12 months. The study showed that DCB angioplasty resulted in a lower 
risk of TLR, recurrent ISR, and sustained improvement in Rutherford class com-
pared to plain balloon angioplasty. The DCB group had a lower risk for TLR (odds 
ratio 0.20, p = 0.002) and recurrent ISR (OR 0.24, p = 0.003) and a sustained RC 
improvement (OR 2.57, p = 0.002) compared to PTA [75].

This was also confirmed from a subsequent patient-level meta-analysis (2532 
patients and 16 RCTs) which showed superiority of drug-coated therapies in ISR 
lesions [76]. The analysis compared multiple therapies including bare nitinol stents, 
covered stents, paclitaxel, or sirolimus stents and paclitaxel balloons with plain bal-
loon angioplasty in femoropopliteal ISR. Restenosis and TLR were the lowest in 
paclitaxel stents and balloons, respectively, supporting the use of drug-coated thera-
pies in in-stent restenotic lesions [76].
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Table 12.4 DCB use in in-stent restenotic lesions

Trial
Treatment 
arms

Avg. 
length Endpoints Outcomes

DEBATE- 
ISR 2014 
[71]

RCT
N = 44
Diabetics + fem- 
pop ISR

IN.PACT 
admiral 
(N = 44) 
(3.5 μg/mm2) 
DCB vs. PTA 
(N = 42)

137 cm Recurrent ISR, 
TLE rate, up to 
3 years

Recurrent ISR 
19.5% vs. 
71.8% DCB vs. 
POBA
TLR 13.6% vs. 
31%
At 3 years: TLR 
40% vs. 43% in 
DCB vs. PTA

FAIR 2016 
[72]

Prospective 
single-center 
RCT 1:1
N = 119
SFA ISR

IN.PACT 
admiral 
(3.5 μg/mm2) 
DCB vs. PTA 
(admiral 
Xtreme)

82.2 mm
29% 
CTO

Restenosis at 
6 months and 
1 year
Freedom from 
CD-TLR
All-cause 
mortality at 
12 months
Thrombosis at 
12 months

Restenosis at 
1 year 29.5% 
vs. 62.5% DCB 
vs. POBA 
(p = 0.004)
Freedom from 
CD-TLR 90.8% 
vs. 52.6% DCB 
vs. POBA at 
1 year
(p = 0.0001)
All-cause 
mortality 4.3% 
vs. 6.8% 
(p = 0.59) at 
12 month

PACUBA 
2016 [73]

Prospective, 
dual-center RCT
N = 74
ISR of fem-pop 
lesions

Freeway 
balloon with 
shellac 
(3.0 μg/mm2) 
DCB (N = 35) 
vs. PTA 
(N = 39)

173 mm 1° patency at 
12 months (<50% 
stenosis by duplex 
or CTA without 
TLR)
Complication rate 
at 1 month
Clinical success 
(change in 
Rutherford/ABI, 
CD-TLR) at 
30 days

40.7% vs. 
13.4% DCB vs. 
PTA patency 
rate at 
12 months 
p = 0.02
Freedom from 
CD-TLR 49% 
vs. 22% DCB 
vs. PTA, 
p = 0.11
Change in 
Rutherford 69% 
vs. 54.5% DCB 
vs. PTA
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 Long Lesions

Long femoropopliteal lesions remain a challenge for endovascular intervention with 
patency rates of 35–50% and often complicated by restenosis that is difficult to treat 
[77]. The SFA-Long study specifically addressed the role of DCB therapy in long 
femoropopliteal lesions [78]. The prospective, multicenter, single-arm study 
included 105 patients who had lesions greater than 15 cm (average lesion length 
251 mm) and followed them for a period of 12 months. At follow-up, the patency 
rate, defined as freedom from combined endpoints of CD-TLR and by duplex ultra-
sound, was 83.2% [78]. In addition, at 12 months, there was a significant improve-
ment in the quality of life (measured by walking impairment questionnaire) and in 
the ankle-brachial indices [78]. There was a 7% risk of adverse events which 
included death from any cause, thrombosis, or nontarget vessel revasculariza-
tion [78].

In the single-arm sub-study of 131 patients from the IN.PACT Global study [79] 
with long and complex native ISR lesions (N = 149 lesions, 59% calcified and 34% 
CTOs), there was an 88% primary patency rate at 12  months treated with 
DCB. Preliminary data confirmed the safety and efficacy of using DCBs in long and 
complex ISR lesions in the femoropopliteal arteries [79]. Clinically driven TLR rate 
was 7.2%, and freedom from device-/procedure-related events was 92.7% at 
1 year [79].

 Combination Therapies

The increasing prevalence in the use of DCBs was accompanied with the develop-
ment of several other therapies to address restenosis and improve patency rates in 
PAD. Most RCTs evaluating the use of DCBs in PAD excluded the use of other 
adjunctive therapies such as atherectomy, laser atherectomy, scoring balloons, and 
stents in their trial subjects. Data regarding the use of these adjunctive therapies 

Table 12.4 (continued)

ISAR- 
PEBIS 
2017 [74]

Dual-center RCT 
1:1
N = 70
SFA ISR

IN.PACT 
admiral 
(3.5 μg/mm2) 
DCB N = 36 
vs. PTA 
N = 34

139 mm
36% 
CTO

% diameter 
stenosis at 
6–8 months
Binary restenosis, 
TLR, amputation/
bypass surgery, 
and all-cause 
mortality at 
24 months

% diameter 
stenosis 44% 
vs. 65% at 
6–8 months
Binary 
restenosis 30% 
versus 59% 
p = 0.03
TLE 19% vs. 
50% p = 0.007 
at 24 months
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with drug-coated balloons is limited. Calcium presents a barrier to paclitaxel absorp-
tion as shown by Fanelli et al. which showed significantly lower patency rates in 
calcified lesions treated with DCB [41]. In addition, elastic recoil, incomplete stent 
expansion, and dissections might affect the patency rates of balloon angioplasty, 
especially in long and calcified lesions. Atherectomy appears to reduce the risk of 
dissections and bailout stenting and improve acute procedural results [80, 81].

The Directional Atherectomy (HawkOne, Silver Hawk, TurboHawk Medtronic) 
Followed by a Paclitaxel-Coated Balloon to Inhibit Restenosis and Maintain Vessel 
Patency (DEINITIVE-AR) study first evaluated if vessel preparation with atherec-
tomy prior to drug delivery improved outcomes [82]. It was suggested that plaque 
modification with directional atherectomy might enable a more homogenous drug 
delivery and increased penetration into the vessel wall [83]. In this pilot, prospec-
tive, multicenter randomized study of 102 patients, subjects were randomized to 
treatment with DAART (directional atherectomy with anti-restenotic therapy) plus 
DCB vs. DCB alone (Cotavance paclitaxel balloon with Paccocath coating, 3 μg/
mm2) alone [80]. The mean lesion length was 106 mm, and about 28% of them were 
occlusions [80]. One-year primary outcome of angiographic percent diameter ste-
nosis was 33.6% in the atherectomy  +  DCB arm vs. 36.4% in the DCB arm 
(p = 0.48). Primary patency and rates of major adverse events were similar between 
the two groups demonstrating that the use of directional atherectomy prior to DCB 
therapy was safe and effective [80]. The rate of flow-limiting dissections was lower 
in the atherectomy plus DCB arm (2% vs. 19.4%, p = 0.01) [82]. In a single-center 
study of 78 patients, there was a statistically significant difference between primary 
patencies at 1 year associated with the use of DAART which was 82% compared to 
65% with DCB alone [83].

In the recently presented data from the prospective Directional Atherectomy and 
DCB to Treat Long Calcified Femoropopliteal Lesions (REALITY study presented 
at Vascular InterVentional Advances (VIVA) 2020, November 6–7, 2020) study of 
102 subjects evaluated the use of TurboHawk (Medtronic) atherectomy in conjunc-
tion with DCB. Preliminary data demonstrated a 12-month primary patency rate (by 
duplex ultrasound) of 77% and freedom from CD-TLR of 93% with the use of 
directional atherectomy prior to DCB (IN.PACT Admiral DCB) for long, calcified 
femoropopliteal lesions. The average lesion length was 17.9 cm, 39% were CTOs, 
and 86% had moderate-severe calcification.

Other debulking techniques, especially in the setting of in-stent restenosis, have 
also been gaining traction. The use of laser atherectomy (Philips) to debulk the ISR 
lesion, prior to the application of DCB, might help reduce restenosis and improve 
patency. While laser atherectomy has been shown to improve patency rates compared 
to PTA alone in the treatment of ISR [84], few studies have investigated its applica-
tion with DCB. A dual-center observational study of 112 patients with Tosaka II–III 
lesions [67] underwent laser atherectomy plus DCB treatment and compared with 
laser atherectomy and plain balloon angioplasty. The use of DCB was associated 
with a significantly higher freedom from reocclusion (86.7% vs. 57.1%) and TLR 
(72.5% vs. 50.5%) at 1 year [85]. Further data from the currently enrolling Photo-Pac 
trial by Zeller et al. might add additional information regarding this therapy.
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The use of orbital atherectomy (OA, CSI) in ex vivo peripheral arteries demon-
strated a 50% increase in radiolabeled paclitaxel uptake and deeper penetration 
compared to the untreated segment in calcified plaque [86]. OA use was associated 
with thinner intima and less plaque calcification [86]. OA with the use of DCB was 
also investigated in a small retrospective study of 113 patients by Kokkinidis et al. 
[87]. In patients with heavily calcified femoropopliteal lesions, there were similar 
outcomes at 2 years with the use of OA in addition to DCB treatment compared to 
DCB alone (p = NS). The 2-year freedom from TLR was 76.1% in the OA plus 
DCB group vs. 55.5% in the DCB alone group [87]. There was a significantly lower 
rate of bailout stenting in the OA group; however, other procedural outcomes and 
complications were similar between the two groups.

More recently, the use of Jetstream atherectomy (JA) device (Boston Scientific), 
a rotational cutter with aspiration capacity approved for treatment of calcified femo-
ropopliteal disease, was evaluated in adjunction to DCB in the single-center JET- 
SCE comparative study of 75 patients [88]. At 16 months, there was a significantly 
higher freedom from TLR associated with JA and DCB use compared with JA plus 
PTA (94.4% vs. 54%) [88]. The currently enrolling JET-RANGER randomized 
study will provide additional information.

The use of drug-eluting stents with DCB remains controversial. While the use of 
two different antineoplastic agents (paclitaxel-based balloons with limus-based 
stents) might offer a potential option in complex or recurrent ISR lesions, there 
remains concern about drug toxicity in overlap areas, incomplete endothelialization 
of stent struts, and the need for longer duration of dual antiplatelet agents [89].

 Future Innovations in DCB Technology

A newer-generation, paclitaxel-coated SurVeil® DCB (Surmodics Inc.) was studied 
in PREVEIL, a prospective, US, multicenter, feasibility trial at three different clinical 
sites for the treatment of native femoropopliteal arteries. The lower-dose paclitaxel 
DCB (2 mcg/mm2 loading dose) uses an excipient that improves efficacy and unifor-
mity of paclitaxel drug transfer and minimizes systemic doses. In total, 13 patients 
were included with an average lesion length of 56  mm (Vascular InterVentional 
Advances (VIVA) 2018, Las Vegas, NV). Median paclitaxel plasma concentration 
peaked immediately post-procedure (Cmax 1.07  ng/mL) and was undetectable at 
30  days (Vascular InterVentional Advances (VIVA) 2018, Las Vegas, NV). The 
plasma concentration achieved was much lower than the currently available DCBs, 
and there were no adverse events related to the drug or device reported. In addition, 
there was an improvement in ABI by 0.28, improvement in 6-min walk test by 90.4 m, 
and improvement in Rutherford class by 69%. Primary patency was achieved in all 
patients, LLL was 0.27 mm, and there were no reported TLR at 6 months (Vascular 
InterVentional Advances (VIVA) 2018, Las Vegas, NV). Although not available for 
clinical use in the United States, further larger trials including TRANSCEND RCT 
that compares the SurVeil DCB to IN.PACT DCB are still pending.
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While sirolimus- and everolimus-coated stents have demonstrated safety and 
efficacy in the treatment of femoropopliteal disease [90, 91], limus-coated balloons 
offer a new alternative therapy for de novo and restenotic lesions. Given that limus- 
based, coronary stents have been shown to have more antiproliferative effect than 
paclitaxel-based stents [92] and are the cornerstone of interventional therapies for 
coronary artery disease, limus-based DCBs might offer the same benefit. Sirolimus 
is a cytostatic molecule that binds to the FKBP-12 molecule blocking cell cycle 
progression from G1/S phase [93]. However, given short tissue retention time and 
slow absorption, delivery of sirolimus for several weeks might be necessary for 
effective inhibition or neointimal proliferation [94]. The physical properties of the 
drug have made it difficult to be applied in DCB technology. Three sirolimus-coated 
balloons have been developed for intracoronary use—Magic Touch (Concept 
Medical) with a phospholipid excipient and carrier, the Virtue balloon (Orchestra 
BioMed), and SELUTION (MedAlliance). These balloons are also being applied in 
the peripheral vasculature.

The pilot SELUTION trial was a prospective, multicenter, single-arm trial that 
assessed 6-month safety and efficacy outcomes of the SELUTION SLR DCB in 
femoropopliteal arteries [95]. In this study of 50 subjects, outcomes including angi-
ographic late lumen loss (LLL), binary restenosis, improvement in Rutherford class, 
ankle-brachial index, and patency by duplex ultrasound were all in favor of DCB 
over plain balloon angioplasty. The patency rate, measured by duplex ultrasound, 
was 88.4%, and freedom from binary restenosis was 91.2% at 6 months with the use 
of DCB [95]. Longer-term data pertaining to the use of this DCB remains to be seen. 
The ongoing XTOSI study by Edward Choke aims to study the application of the 
Magic Touch, a sirolimus-coated DCB in femoropopliteal arteries in critical limb 
ischemia.

Paclitaxel scoring balloons also offer an exciting new frontier in the treatment of 
PAD. With the ability for simultaneous plaque modification and drug delivery, these 
devices might offer better patency and restenosis rates compared to standard ther-
apy. The recently approved Chocolate Touch DCB balloon was evaluated in the 
ENDURE trial which included 67 patients, majority with Rutherford class III. The 
6-month patency rate was 90% by Duplex ultrasound and LLL of 0.16 mm, which 
was improved compared to the Lutonix and Stellarex DCBs [90]. Final results 
remain to be seen.

 Mortality and Paclitaxel

In December 2018, a study-level meta-analysis by Katsanos et  al. [96], which 
pooled data from 28 RCTs and included 4432 patients, found an increase in mortal-
ity associated with DCB use. While there was no statistically significant difference 
in 1-year mortality in the 28 RCTs, an increase in 2-year all-cause mortality was 
reported based on 12 RCTs which persisted at 5 years in 3 studies.
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Of the three RCTs (THUNDER, ZILVER-PTX, and IN.PACT SFA) with 5-year 
follow-up, there was a 14.7% risk of death in the paclitaxel-treated arm vs. 8.1% in 
the non-paclitaxel arm (6.6% absolute risk) [96]. The authors reported a dose- 
related increase in mortality postulated to be due to downstream embolization and 
toxicity. However, the analysis was limited by study-level pooled data and the 
absence of patient-level data including individual cause of deaths to establish a 
causal relationship. The study was also limited by several RCTs that were under-
powered to detect a mortality difference between the two groups, missing data 
beyond 2 years, crossover of treatment, and patients lost to follow-up. This led to an 
FDA guidance to healthcare professionals that cautioned against the use of drug- 
coated balloons due to an increase in long-term mortality [97].

Following this, a 3-year patient-level meta-analysis of the ILLUMENATE trials 
[98] was performed and failed to show any association of the Stellarex DCB with 
mortality for up to 3 years. In the meta-analysis, patient-level data from all patients 
treated with Stellarex DCB from six studies were included. Of the 1906 patients that 
were included, all-cause mortality was similar among the groups treated with DCB 
and PTA [98]. All-cause mortality was 2.1% at 1 year and 7.0% at 3 years of follow-
 up. Also, an independent patient-level meta-analysis of 1980 patients with 5-year 
follow-up data of the IN.PACT Admiral DCB showed no association of paclitaxel 
dose exposure and mortality [99].

Subsequently, an independent FDA analysis included the four RCTs (Zilver 
PTX, LEVANT 2, IN.PACT SFA I and II, and ILLUMENATE) with available 
5-year follow-up data and incorporated trials that were not part of the Katsanos 
meta- analysis. A patient-level analysis by the FDA also found an increase in mortal-
ity associated with paclitaxel use, especially between 2 and 5  years (13.7% vs. 
18.3% with DCB); however, this was limited by missing data of 14–38% in some 
trials [100]. At the same time, the Vascular InterVentional Advances (VIVA) physi-
cians group meta-analysis was performed, which included 2185 subjects from 8 
paclitaxel trials with 4-year follow-up of patient-level data and recovered missing 
data that was not included in the original meta-analysis. This study demonstrated a 
4.6% absolute increase in all-cause death in patients treated with paclitaxel devices, 
which was lower than previously reported [101]. In addition, there was no evidence 
of drug dose-related exposure and mortality risk over 5 years [101]. However, since 
freedom from TLR and clinical improvement were still maintained, a full discus-
sion of risks and benefits related to paclitaxel devices was recommended by the FDA.

Following this data, several large observational studies including Vascular 
Quality Initiative (VQI), OPTUM, and SAFE-PAD attempted to elucidate this mor-
tality signal better. In the propensity-matched, Vascular Surgery VQI analysis of 
8376 patients undergoing endovascular treatment of femoropopliteal disease, there 
was no difference in mortality at 1  year between paclitaxel and non-paclitaxel 
groups (9.6% vs. 12.6%, respectively) [102]. Mortality was lower in the paclitaxel 
subgroup of patients with intermittent claudication; however, this was not signifi-
cant in the CLTI group [102]. A multicenter cohort of 16,560 patients from the 
Centers for Medicare and Medicaid Services, by contrary, found a lower cumulative 
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incidence of all-cause mortality among those treated with paclitaxel therapies in 
femoropopliteal arteries (32.5% vs. 34.3%, p = 0.007). After multivariate adjust-
ment, there was no difference in all-cause mortality between the two groups includ-
ing patients with CLI and among those treated with DCB alone or DES with or 
without DCB [103]. This was also maintained among patients treated with DES 
compared to BMS in a Medicare cohort of 51,456 patients (51.7% DES vs. 50.1% 
BMS at 4.1 years, p = 0.16) [104]. Further data is awaited in the larger yet SAFE- 
PAD observational retrospective study by Secemsky et  al., which includes all 
Medicare beneficiaries undergoing lower extremity revascularization.

Additional independent analyses that included large registry data in Germany 
also failed to show any association of mortality related to paclitaxel devices. In a 
large, propensity-matched cohort of 14,738 patients, there was no evidence of 
increase in mortality associated with paclitaxel use [105]. In a propensity-matched 
model, there was a lower all-cause mortality, amputation, and cardiovascular death 
in the paclitaxel cohort [105]. Freisinger et al. included all patients with BARMER 
health insurance who underwent any paclitaxel-based therapy for PAD (64,771 
patients) [106]. The study also found no association of paclitaxel-coated devices 
with mortality for up to 11 years posttreatment [106]. Surprisingly, during the first 
year of follow-up, there was a decrease in mortality with paclitaxel devices com-
pared to uncoated devices (HR 0.92, p < 0.001) which disappeared subsequently 
[106]. In a retrospective analysis of a similar cohort of 37,914 patients from the 
BARMER insurance group, a propensity score-matched analysis found an improved 
overall and amputation-free survival in the paclitaxel-treated CLTI and intermittent 
claudication (IC) groups [107].

The more recently published results of the SWEDEPAD [108] RCT also support 
these findings. In this randomized study, 2289 patients were randomized to drug- 
coated devices vs. uncoated therapies (65% with CLTI) and followed for 2–4 years. 
The multicenter trial was powered to detect a difference in the primary endpoint of 
mortality between the two groups. During the follow-up period, there was no differ-
ence in all-cause mortality between the two groups. The overall mortality in the 
DCB group was 10.4%. vs. 9.8% in the uncoated device group [108] which was not 
significant. The wealth of data since the publication of the meta-analysis by Katsanos 
et al. continue to support that paclitaxel-coated devices are not associated with an 
increase in all-cause mortality compared to uncoated devices (Fig. 12.1).
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Katsanos (99) (N=8630; 4−5yr)

FDA Summary (103) (N=1035; ≤5yr)

VIVA summary (104) (N=2185; 4yr)

VQI (105) (N=5436; 405 days)

OPTUM (115) (N=16796; 2.66yr)

Medicare (106) - DCB/DES vs. non-
coated (N=16550; 389 days)
Medicare (107) - DES vs. BMS
(N=51456; 2yr)

Fresinger (109) (N=64771; 92 mth)

Behrendt (110) - CLI (N=23122;
983 days)

Behrendt (110)- IC (N=14792; 983 days)

SWEDEPAD (111)  (N=2289; 2.49yr)

Fig. 12.1 Mortality risk associated with paclitaxel use among various contemporary studies. 
Hazard ratio greater than one corresponds to an increased risk in mortality. Study population size 
and duration of follow-up are listed along with the referenced study

 Cost-Effectiveness of Drug-Coated Balloons

In addition to the lower rates of TLR and restenosis associated with DCB thera-
pies, there is also evidence for an economic benefit related to these devices. The 
economic impact of drug-coated therapies was first examined by Pietzch et al. 
in a systematic economic analysis that included payers and providers in the 
United States and Germany [109]. Thirteen studies with 2406 subjects were 
included following BMS, DCB, DES, and plain balloon angioplasty. The 
24-month probability for TLR was 14.3% vs. 19.3% vs. 28.1% vs 40.3% in the 
DCB, DES, BMS, and PTA groups, respectively. This corresponded to a lower 
economic budget over 24  months in the drug-coated groups compared to 
uncoated therapies ($10,214 DCB vs. $12,904 DES vs. $13,114 PTA vs. $13,802 
BMS) [109].

Following this data, in a prospective randomized economic study of 181 patients 
from the IN.PACT SFA II trial, Salisbury et al. evaluated resource utilization over 
2  years [110]. While the initial costs were $1129 higher in the DCB cohort, at 
24 months of follow-up, limb-related costs were $1212 lower in the DCB group 
compared to uncovered balloon angioplasty (PTA) [110]. This is attributed to a 
lower number of repeat revascularization procedures in the DCB group including 
repeat target limb revascularization, amputation, and recurrent hospitalization, 
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thereby contributing to increased costs in the PTA group. Overall, with the offset of 
costs between the two groups, there was no significant difference between the two 
groups at 2 years [110]. This data was similar to that derived from the UK National 
Health Service [111] which also reflected a lower lifetime costs and greater effec-
tiveness associated with drug-coated therapy.

 Conclusion

Since their initial discovery and application, drug-coated technology has made 
major advances and broadened its application in the treatment of infrainguinal 
peripheral artery disease. From the treatment of native femoropopliteal arteries to 
their extension into below-the-knee vessels, in-stent restenosis, and in combination 
therapies, DCBs play a critical role in the prevention of restenosis. The role of DCB 
in several of these applications remains to be elucidated as long-term data continues 
to emerge. While earlier concerns regarding the safety of paclitaxel therapies 
reflected an increase in mortality, several large, multicenter studies since then have 
failed to reproduce this finding. Sirolimus-coated balloons also offer an emerging 
therapeutic alternative for this technology. DCBs continue to remain a critical com-
ponent for the treatment of PAD with their ability to efficiently deliver therapies to 
inhibit restenosis and improve patency rates in infrainguinal arterial 
revascularization.
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Chapter 13
Stenting in Infrainguinal Interventions

Steve Henao

 A Brief History of Femoropopliteal Stenting

On January 16, 1964, Charles Dotter, an American vascular radiologist working at 
the Oregon Health & Science University, performed the first-in-man percutaneous 
transluminal angioplasty (PTA) procedure in a stenotic superficial femoral artery. 
Dr. Dotter’s successful procedure was an important medical milestone that forever 
changed the way physicians treat vascular disease. Since that time, multiple tech-
nologies have been developed to treat atherosclerotic disease of the superficial fem-
oral artery (SFA), including plain balloon angioplasty, atherectomy, drug-coated 
balloons, bare metal self-expanding stents, and drug-eluting self-expanding stents. 
Over the last two decades, stent technologies have evolved to address the specific 
anatomical and pathophysiological challenges unique to the femoropopliteal 
segment.

 Challenge of the SFA

The femoropopliteal segment poses several mechanical challenges in the treatment 
of atherosclerotic disease in the SFA. The SFA is one of the longest arteries in the 
body and extends between the hip and the knee, two regions of the body that are 
subjected to a high amount of mechanical force. Because the SFA extends through 
a highly muscular segment of the leg and is unsupported by the surrounding tissue, 
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Fig. 13.1 Forces exerted on the SFA – flexion, compression, torsion, extension, and extension/
contraction. (Abbott data on file)

it experiences a variety of intermittent mechanical stresses and deformations when 
performing activities such as walking, sitting, or climbing stairs. Forces exerted on 
the SFA include flexion, compression, torsion, extension, and contraction (Fig. 13.1) 
[1]. These forces, especially in the presence of a stent, are believed to cause constant 
injury to the vessel after an intervention, prolonging the duration of biological 
response to treatment and making the SFA more susceptible to restenosis.

The vascular wall of the femoropopliteal segment contains a higher density of 
vascular smooth muscle cells. Muscular arteries are more prone to develop exten-
sive scar formation as a response to injury which can lead to restenosis [2]. 
Additionally, because the SFA is highly elastic, it undergoes longitudinal extension 
and axial distention which make it prone to deformation. From a pathophysiological 
perspective, the SFA is usually characterized by long, complex, heavily calcified 
lesions. This pattern of disease makes it more prone to acute PTA failure due to 
elastic recoil, vessel dissection, and residual restenosis.

 Initial Treatment Approaches

Despite advances in balloon design and technique, the treatment of peripheral arte-
rial disease (PAD) in the SFA with stand-alone PTA continues to demonstrate disap-
pointing results with an estimated primary patency of less than 40% at 12 months 
[3]. Suboptimal clinical results and the risk of recoil and dissection have led to the 
adoption of stents for the treatment of SFA disease, both as a primary treatment 
therapy and as a bailout option in the case of acute PTA failure or complications. 
Balloon-expandable stents, like those used to treat coronary artery disease, were the 
first stents introduced to treat lesions in the SFA. However, these stents were short 
in length which limited their use to short femoral lesions, and because they were 
made of malleable metals, such as stainless steel or cobalt-based alloys, they were 
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susceptible to stent crush by external forces. Additionally, multiple randomized tri-
als failed to show a benefit with balloon-expandable stents compared to PTA [4–8].

The limitations of balloon-expandable stents in the treatment of femoropopliteal 
disease led to the development of self-expanding stents. Wallstent (Boston 
Scientific), one of the first self-expanding stents, was made of Elgiloy, a “super- 
alloy” with high strength and ductility. Wallstent delivered good acute clinical 
results in the femoropopliteal artery but failed to sustain those results in the long 
term, and it was susceptible to stent fractures in the SFA [9, 10]. While Wallstent 
continues to be used in the venous anatomy today, it was eventually abandoned for 
the treatment of SFA lesions.

 Nitinol-Based Self-expanding Stents

The development of self-expanding nitinol stents brought about an important 
advancement in the treatment of femoropopliteal disease providing strong radial 
force and resistance to crush. Nitinol, a super-elastic metal alloy of nickel and tita-
nium, was invented in the early 1960s by William J. Buehler, a scientist at the US 
Naval Ordnance Laboratory who was experimenting with alloys for the develop-
ment of aircraft nosecones. The unique mechanical properties of nitinol were imme-
diately recognized, but it wasn’t until the mid-1990s that nitinol self-expanding 
stents made their first appearance for the treatment of femoropopliteal disease. 
Multiple design factors, such as material selection, stent pattern, strut thickness, 
surface finish, connector geometry, and manufacturing process, are considered in 
the development of a nitinol stent, and each factor can have a profound impact on 
the acute performance of the stent as well as the longer-term clinical outcomes 
(Fig. 13.2) [11]. During the past two decades, manufacturers have made continuous 
advancements to nitinol stent design to improve stent performance and achieve bet-
ter and more durable patient results.

Initially, nitinol was only available in a wire form, so the first nitinol stents con-
sisted of coiled, knitted, or braided designs. These early designs tended to be thicker 
because of the crossing over of the wire, and they were more susceptible to 
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Fig. 13.2 Self-expanding stents produced by laser cutting of nitinol tubing (Boston Scientific data 
on file)
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corrosion or wear at the crossover points. The first laser-cut nitinol stents were 
developed once nitinol sheets and tubing became available several years later. Most 
self- expanding stents today are produced by laser cutting of nitinol tubing.

 First-Generation Stents

The first generation of nitinol stents was designed to provide good radial strength 
and crush resistance and to avoid permanent deformation, but they tended to be 
more rigid and were highly susceptible to stent fracture. Additionally, the early 
stents showed disappointing mid- and long-term clinical outcomes. In the Femoral 
Artery Stenting Trial (FAST), the Luminexx stent (Bard), a stent originally designed 
for treatment of the iliac arteries, was evaluated in the SFA. Despite the relatively 
short average lesion length in the study (45  mm), Luminexx failed to show an 
improvement in binary restenosis rates compared to stand-alone PTA, and stent 
fracture was reported in 12% of the patients [12]. The high fracture rate may be 
attributed to the rigidity of the stent and the suboptimal surface finish. The Vienna 
Absolute study (Abbott Dynalink/Absolute) was the first randomized trial to show 
superiority of nitinol self-expanding stents compared to PTA in the treatment of 
SFA lesions (63% vs 37% primary patency at 12 months, p = 0.01) [13]. These 
results represented a statistically significant improvement over stand-alone PTA, but 
they left room for improvement.

Issues with late mechanical fatigue and the resultant stent fractures were also 
observed in studies evaluating the performance of early-generation nitinol self- 
expanding stents. The SIROCCO I trial (drug-eluting versions of the Cordis SMART 
stent) reported fractures in 27% of the patients at 6 months. Despite reducing the 
allowed amounts of stents from three to two in the SIROCCO II trial, a study proto-
col that was intended to reduce the likelihood of fractures, investigators still 
observed a stent fracture rate of 11% [14].

 Newer-Generation Stents

Manufactures sought to reduce fracture rates in newer-generation nitinol self- 
expanding stents by improving stent flexibility. This was achieved through several 
mechanisms: the quality of the nitinol was improved, open-cell designs were refined, 
and there were advancements in the stent surface finishing process, among other 
adaptations. Whereas many of the first-generation nitinol stents were designed to be 
implanted in less mechanically stressful anatomies (such as the biliary tract or iliac 
artery), newer, more flexible stents were designed to handle the unique biomechani-
cal challenges experienced in the SFA. These stents demonstrated an improvement 
in patient outcomes and reduced fracture rates in the SFA. Randomized controlled 
trials evaluating these stents, including RESILIENT (Bard LifeStent), DURABILITY 
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II (Medtronic EverFlex), and SuperNOVA (Boston Scientific Innova), reported 
12-month primary patency range from 74 to 81%, and fracture rates were below 5% 
[15–17]. The SUPERB trial, a single-arm study evaluating the Supera (Abbott) 
woven nitinol stent, reported an 86.3% primary patency at 12 months with no frac-
tures. It is important to note that 50% of the stents in the SUPERB study were 
elongated and stent elongation was shown to reduce primary patency and freedom 
from target lesion revascularization [18].

Stent fractures have been found to occur more frequently in long stented seg-
ments with multiple overlapping stents [19]. In addition to improving stent design 
to minimize the likelihood of fracture, manufacturers also introduced longer stent 
lengths to the market to reduce the need to overlap stents when treating longer 
lesions. Other stent designs intended to increase conformability in the femoropopli-
teal artery are being investigated. The SMART Flex (Cordis/Cardinal) stent was 
designed with helical strut bands and “flex bridges” to reduce stent fractures. The 
BioMimics 3D stent (Veryan Medical) also has a three-dimensional helical shape 
which is intended to provide natural curvature in the SFA and to promote a laminar 
blood flow, which may have a protective effect on the endothelium.

 Stent-Grafting in the SFA

Though initially reserved for treatment of traumatic lesions and exclusion of arterial 
aneurysms, adoption of covered stents as a treatment option for atherosclerotic dis-
ease of the SFA has increased with improvements in stent design. Early studies 
evaluating the performance of Dacron-covered stents in the SFA reported very low 
primary patency rates (23% at 12 months) [20]. The transition to stents covered with 
ePTFE improved primary patency rates and provided more favorable interaction 
with the vessel tissue. A physician-sponsored IDE trial evaluating the safety and 
efficacy of the Viabahn covered stent (Gore) reported a 73% primary patency at 
12 months with an average lesion length of 26 cm [21].

 Drug-Eluting SFA Stents

Initial efforts to bring drug-eluting stent technologies into the SFA were hindered by 
a lack of clinical improvement compared to bare metal stents. The SIROCCO II 
trial, which evaluated a sirolimus-eluting version of the SMART stent (Cordis), 
failed to show a statistically significant difference in efficacy between the sirolimus- 
eluting stent and the bare metal stent at 18 months [22]. The STRIDES trial, which 
evaluated an everolimus-eluting version of Abbott’s Dynalink stent, demonstrated a 
concerning 32% restenosis rate at 12 months [23]. Efforts to commercialize these 
first DES stents were eventually abandoned. Results from the Zilver PTX random-
ized trial (Cook Medical) were more promising, showing an 83% primary patency 
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rate at 12 months compared to 32% for the PTA arm. Zilver PTX is a self-expanding 
nitinol stent that releases paclitaxel without the use of a polymer or coating [24].

Results from the IMPERIAL study, a large randomized controlled trial compar-
ing the Eluvia drug-eluting stent (Boston Scientific) to Zilver PTX, were recently 
reported. IMPERIAL demonstrated a 92% primary patency rate versus 82% for 
Zilver PTX at 1 year (p = 0.0094). Target lesion revascularization (TLR) rates were 
13% for Eluvia and 20% for Zilver PTX at 2 years (p = 0.0495). The results for 
Eluvia represent some of the most impressive outcomes seen thus far in the treat-
ment of SFA disease [25]. Eluvia is currently the only polymer-based drug delivery 
device for the treatment of femoropopliteal disease. Polymer-based drug delivery 
allows for a highly controlled and localized mechanism to deliver the lowest effec-
tive dose of drug to the site of treatment. It has been shown to significantly minimize 
downstream drug particulates, and it ensures that drug concentrations are sustained 
in the lesion long enough to match the restenotic physiologic process in the SFA [26].

 Conclusion

Endovascular treatment of femoropopliteal lesions has seen dramatic advances 
since the advent of the first SFA stents. The transition from balloon-expandable 
stents to nitinol-based self-expanding stents, improvements in stent design, and the 
arrival of drug-eluting stents have led to better and more durable clinical outcomes 
with fewer adverse events.
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Chapter 14
Femoropopliteal Chronic Total Occlusions: 
Approach and Considerations for Crossing 
and Intervention

Michael H. Vu and Subhash Banerjee
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BTK Below-the-knee
CA Contrast angiography
CCD CTO crossing device
CFA Common femoral artery
CTA Computed tomography angiography
CTO Chronic total occlusion
DSA Digital subtraction angiography
DUS Duplex ultrasound
FP Femoropopliteal
IVUS Intravascular ultrasound
MRA Magnetic resonance angiography
PCTO Peripheral chronic total occlusion
RC Rutherford classification
RCART Reverse controlled antegrade-retrograde tracking
SFA Superficial femoral artery
SI Subintimal
STAR Subintimal tracking and reentry
WC Wire catheter
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 Introduction

Femoropopliteal (FP) artery disease is responsible for a majority of lower extremity 
peripheral artery endovascular interventions. This accounts for approximately 55% 
of cases [1]. The FP artery crosses the hip and knee joints and courses through the 
adductor canal. This subjects the FP artery to increased mechanical stress resulting in 
a higher burden of atherosclerotic disease and restenosis [2]. Chronic total occlusions 
(CTOs) are a common finding in this vascular distribution and account for 40–50% 
of lesions treated [3, 4]. Therefore, it is necessary for an endovascular specialist to be 
adept at tackling FP-CTO lesions. Interventions on FP-CTOs are technically more 
challenging and are associated with higher complication rates, longer procedural 
time, and lower procedural success [5]. In this chapter, we will cover a framework for 
FP-CTO intervention with a systematic and step-by-step approach, which can lead to 
reproducible procedural success.

The following topics are covered in this section:

 1. General principles
 2. Procedure planning
 3. Imaging
 4. Vascular access
 5. Treatment

 (a) Intraluminal and subintimal
 (b) Retrograde
 (c) Hybrid approaches

 6. Below-the-knee chronic total occlusions

 General Principles

A CTO is a completely occluded artery with thrombolysis in myocardial infarction 
(TIMI) 0 flow for a duration of at least 3 months. Without prior imaging, it can be 
clinically defined as an occluded artery without filling defects in the body to indicate 
an acute or subacute occlusion and no clinical history of acute lower extremity symp-
toms or acute limb ischemia [6, 7]. The CTO lesion length is defined as the angio-
graphic distance between the proximal and distal caps and the CTO segment includes 
any additional lesions of ≥70% diameter stenosis compared to the reference vessel. 
Vascular calcifications associated with these lesions can be identified on angiography. 
They are classified as mild (isolated foci), moderate (contiguous segments on one or 
alternating sides), or severe (contiguous on both sides) [8]. Figure 14.1 displays an 
angiographic example of an SFA CTO with proximal and distal caps and collateral 
vasculature visualized.

Key decisions to make prior to FP-CTO intervention are vascular access, approach 
(antegrade, retrograde, or both), crossing strategy (guidewire or dedicated crossing 
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CTO length

Fig. 14.1 Mid-superficial 
femoral artery chronic total 
occlusion (CTO). Thick 
arrow, proximal CTO cap; 
thin arrow, distal CTO cap; 
arrowhead, collateral 
vessels

device), and endovascular technique for intervention. Although a systematic and hier-
archal approach is critical to successful crossing of FP-CTO lesions, it is important to 
maintain flexibility to account for intraprocedural findings and obstacles. This flexi-
ble strategy is termed the “hybrid approach.” It refers to the utilization of all available 
techniques and approaches in order to achieve procedural success. This can be done 
by shifting the base of operations, the guidewire catheter complex, or the dedicated 
crossing device and attempting advanced crossing techniques. Advanced crossing 
techniques include but are not limited to reentry devices, reverse controlled ante-
grade-retrograde tracking (RCART), and subintimal tracking and reentry (STAR) 
[9, 10].

 Procedure Planning

Preparation and planning for a FP-CTO procedure requires consideration of patient, 
angiographic, and technical factors. A patient’s body habitus, renal function, current 
medications (antiplatelets or anticoagulants), surgical history, and comorbidities can 
influence body positioning during the said procedure and likelihood of procedural 
success or adverse events. Angiographically, lesion length, calcification, CTO cap 
characteristics (blunted or tapered), distal reconstitution, vessel course, and quality 
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of target and vascular access vessel can be identified prior to the procedure. The 
chronic total occlusion crossing approach based on plaque cap morphology (CTOP) 
classification by Saab et  al. is a useful guide (Fig.  14.2). It characterizes lesions 
based on proximal and distal cap morphology with type 1 being amendable to an 
anterograde approach and type IV lesions more suitable for a retrograde approach 
[11]. The scheme in the Percutaneous Crossing Algorithm for Femoropopliteal and 
Tibial Artery Chronic Total Occlusion (PCTO) algorithm described by Banerjee 
et al. incorporates lesion length, proximal cap features, and quality of target vessel 
and classifies them in three types with subgroups A, B, and C. An anterograde, ante-
grade or retrograde, or hybrid approach is recommended based on the classification 
(Fig. 14.3).

FP-CTO lesions tend to be heavily calcified, long (>150 mm), and multilevel 
[12]. Intervention on such lesions can be difficult as standard, luminal approaches 
are not sufficient. Failure to cross FP-CTOs is the primary reason for procedural 
failure. Failure rate can be as high as 30%. These lesions also carry a high risk of 
complications that include dissection, access site or retroperitoneal hematoma, 
embolization, perforation, bleeding diathesis, contrast-induced nephropathy, radi-
ation injury, and others [5, 8]. As such, an ad hoc intervention on peripheral 
FP-CTOs is not advised. To maximize the likelihood of procedural success and to 
prepare for alternate techniques and approaches, thorough examination, lesion and 
vessel characterization through diagnostic testing, and planning cannot be 
overemphasized.

Proximal

Ι ΙΙ ΙΙΙ Ι

CTOP Classification

Cranial to caudal evaluation:
Type I: two concave caps
Type II: concave proximal, convex distal
Type III: convex proximal, concave distal
Type IV: two convex caps

Distal

Λ

Fig. 14.2 The chronic total occlusion crossing approach based on plaque cap morphology (CTOP) 
classification

M. H. Vu and S. Banerjee



257

Type IIIA
Ambiguous proximal

cap and/or suboptimal
target vessel*

Tapered proximal cap

Tapered proximal cap +
suboptimal target 

vessel*
Type IIA

Type IA

Length <50 mm Length 50-150 mm Length >150 mm

Type IIB

Type IB Type IC

Antegrade Antegrade or retrograde approach Hybrid

Type IIIB Type IIIC

Type IIC

Fig. 14.3 Schema in the Percutaneous Crossing Algorithm for Femoropopliteal and Tibial Artery 
Chronic Total Occlusion (PCTO) algorithm incorporating proximal cap features, quality of target 
vessel, and lesion length. (Note: From Banerjee S, Shishehbor MH, Mustapha JA, et  al. A 
Percutaneous Crossing Algorithm for Femoropopliteal and Tibial Artery Chronic Total Occlusions 
(PCTO Algorithm). The Journal of Invasive Cardiology. 2019;31 [4]:18)

 Imaging

Imaging modalities that are available for FP-CTO lesions include duplex ultrasound 
(DUS), computed tomography angiography (CTA), magnetic resonance angiography 
(MRA), digital subtraction angiography (DSA), and invasive contrast angiography 
(CA). CA remains the gold standard for diagnosis and endovascular treatment as it 
allows for optimal visualization of lesion length, lesion morphology, calcifications, 
patency of distal target, tibial vasculature, and contralateral iliac, profunda femoris, 
and pedal vessels [13]. DSA is preferred as it provides superior characterization of 
proximal and distal PCTO caps, side branches, collateral vessels, and distal vessel 
reconstitution [14]. CTA and MRA can provide valuable diagnostic information in 
regard to vascular anatomy and lesion morphology and are reliably accurate when 
compared to DSA [15, 16]. Proper selection of one or more of the aforementioned 
imaging techniques will provide the operator with an in-depth understanding of the 
target PCTO’s anatomic features and help establish a safe, effective, and efficient 
strategy for crossing the occluded vascular segment.

For optimal CA, we advise beginning with an abdominal aortogram with the 
frame set to capture the infrarenal aorta, 10–20-mm superior to the aortic bifurcation. 
This can visualize multiple factors that can assist with case planning: aortoiliac dis-
ease, steepness of aortoiliac artery bifurcation, accessory renal artery takeoffs from 
common iliac arteries, external iliac tortuosity, presence of prior stents, and profunda 
femoris origin. A marker pigtail or RIM catheter (AngioDynamics, Latham, NY) can 
be used for this purpose.
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The RIM catheter can be dropped to engage the contralateral common iliac artery 
origin. Imaging can be achieved by either (1) contrast injection into the contralateral 
common iliac artery to image the CFA bifurcation and capture the mid and distal 
superficial femoral artery segments or (2) using the CFA bifurcation image from the 
aortography and plan for selective injection of CFA.  For the latter, a supportive 
hydrophilic 0.035-in guidewire (Advantage Glidewire, Somerset, NJ) can be 
advanced through the RIM catheter into the distal SFA, the RIM catheter is with-
drawn and exchanged, and a straight tip end-hole 0.035-in catheter (CXI, Bloomington, 
IN) can then be advanced. Advancement of the RIM catheter into the distal SFA is not 
advised. The curved catheter tip is positioned against the vessel wall, and contrast 
injection can cause dissection or contrast staining. Selective cannulation of the SFA 
allows for FP and below-the-knee (BTK) angiography. It is important to note that if 
the ostial or proximal SFA is occluded, selective angiography of the CFA with filling 
of the profunda femoris can opacify distal reconstitution to evaluate distal FP, BTK, 
and distal foot perfusion. In patients with critical limb ischemia, visualization of 
pedal vessels is especially necessary. In claudicants, imaging up to the ankle vessels 
is highly recommended. It is best practice to evaluate foot perfusion in all cases if 
feasible. Selective DSA of distal FP or BTK angiography is preferred over runoffs in 
the absence of proximal or ostial SFA occlusion.

For FP and BTK CTOs, it is necessary to visualize the contralateral CFA, ipsilat-
eral CFA bifurcation, and bilateral iliac vessels. The CFA bifurcation anatomy is rela-
tively symmetrical, and an SFA origin with flush ostial occlusion can be estimated 
based on either its contralateral takeoff or linear calcification tracks that typically 
follow an occluded SFA course. Contralateral oblique projections are best for the 
iliac artery, whereas ipsilateral oblique projections are often needed for the CFA 
bifurcation. Anteroposterior and lateral oblique projections should be obtained in all 
cases in order to visualize the vascular anatomy of the foot.

The inferior epigastric artery origin is important to identify during CFA angiogra-
phy. It serves as a landmark for the intrapelvic boundary of the external iliac artery 
and can be used during antegrade access of the SFA. Repeat diagnostic imaging of 
the SFA and BTK arteries is recommended if staged SFA intervention is planned after 
initial diagnostic angiogram or if initial diagnostic images are suboptimal. Finally, it 
is important to mention that the profunda femoris artery supplies most of the collater-
als to the lower extremity, distal FP, and BTK vessels. Injury, dissection, emboliza-
tion, ostial plaque shift, or obstruction must be avoided as failure to do so could result 
in acute ischemia of the lower extremity.

 Vascular Access

Planning and obtaining adequate vascular access are crucial to the success of CTO 
crossing. Access selection should be based on choosing sites that support the opera-
tor’s technical skill and an approach most appropriate for the given lesion. As detailed 
above, one may need to consider multiple or alternative access points to enable 
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sufficient visualization of the primary lesion, delineation of distal and BTK vessels, 
account for surrounding atherosclerosis, and facilitation of the hybrid approach. 
Beginning with a 6- or 7-Fr vascular access sheath placed in the contralateral com-
mon femoral artery is frequently used to treat FP-CTO lesions. Of note, the tip of the 
45-cm crossover sheath should be placed near the SFA-popliteal artery bifurcation as 
this will provide adequate support for additional guidewires and catheters.

 Treatment

In patients with Rutherford Classification (RC) two to three symptoms who have 
failed or cannot tolerate exercise and pharmacologic therapy, with RC four to six 
symptoms, or critical limb ischemia, percutaneous intervention of FP-CTO lesions is 
advisable [17, 18]. Primary technical success is achieved when the initial strategy, 
wire catheter or crossing device, is successful in PCTO crossing. Secondary technical 
success includes switching from initial strategy to the other alternative. Provisional 
technical success refers to the use of a reentry device. When the CTO is crossed, it is 
important to confirm entry into the distal true lumen with intravascular ultrasound 
(IVUS) or angiography [8]. If the initial guidewire approach is unsuccessful in tra-
versing the CTO segment, guidewire escalation or use of a crossing device is advised 
[19]. An escalation strategy should be attempted for approximately 10 min. If still 
unsuccessful, the operator should consider a retrograde approach [20].

 Intraluminal and Subintimal

Intraluminal (IL) FP-CTO crossing is commonly used as an initial approach. A 
0.014-, 0.018-, or 0.035-in hydrophilic guidewire is used with a support catheter or a 
CTO crossing device (CCD). CCDs are often only compatible with a 0.014 or 0.018 
guidewire. The most frequently used wire catheter (WC) combination is a 0.035-in 
guidewire and microcatheter with a straight or angled tip. The operator advances the 
WC based on tactile feedback provided by the WC and the perceived vessel course. 
To prevent looping and dissection into the subintimal spice, the catheter tip must be 
kept close to the wire tip to limit the width of the guidewire loop [21]. Once the CTO 
is successfully crossed, the use of balloon angioplasty, atherectomy devices, or scor-
ing balloons may be needed to debulk plaque material and create adequate space for 
larger stents or devices.

A subintimal (SI) crossing technique is when the WC is intentionally used to cre-
ate a lumen between the intima and the adventitia of the artery (Fig. 14.4). The WC is 
advanced through the subintimal space until access to the distal true lumen is achieved. 
Again, a 0.035-in WC is frequently utilized [22]. The microcatheter should be flushed 
against the vessel wall, and the hydrophilic guidewire is advanced to create a loop. In 
order to maintain a narrow loop size, the two are advanced simultaneously, and the 
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Fig. 14.4 Subintimal 
tracking of guidewire and 
catheter during crossing of 
a long and calcified 
superficial femoral artery 
chronic total occlusion 
(CTO). Thick arrows, 
subintimal tracking; 
arrowheads, extensive 
vascular calcification

catheter tip should be kept 10–20 mm away from the guidewire. If a specialized SI 
reentry device is needed, then it is delivered over the guidewire in the SI space, but a 
fresh guidewire should be passed into the true lumen through the reentry device. It is 
important to mention that SI passage limits the use of atherectomy catheters and is 
associated with a higher complication rate that includes perforation and loss of col-
lateral vessels. Stenting is typically required to secure subintimal FP-CTO crossing.

 Retrograde

Retrograde access to the SFA can be achieved through the popliteal or pedal arteries 
[23]. Traditionally, popliteal artery access requires the patient to be in the prone posi-
tion, and this is not comfortable or ideal for the patient or operator. Pedal access is an 
option but is often limited by the length of available equipment for FP-CTOs. A ret-
rograde approach via the supine position has been described by Shin et al. [24] A 
15-mm, 21-gauge needle is used to penetrate the medial and ventral aspect of the 
patient’s lower medial thigh which approximates the SFA, distal to the adductor 
canal. The puncture should be performed under fluoroscopy, and contrast injection 
through the sheath tip placed in the ipsilateral common femoral artery or proximal 
SFA may be necessary. The C-arm should be initially positioned in a contralateral 
oblique (30–45°) position. Once the puncture is made and the needle is advanced 
through the thigh muscles, the C-arm should be moved to a 90-degree orthogonal 
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position to confirm if the needle is in line with the SFA. Once proper needle position 
is confirmed, the distal SFA can be punctured. A 0.018-in guidewire (V-18 Control, 
Boston Scientific, Natick, MA, USA) can be inserted through the needle followed by 
a 4- or 6-Fr, 10-cm sheath (Terumo) or support catheter. To deliver CCDs, a sheath 
may need to be inserted through the retrograde SFA puncture. Externalization and 
preferably antegrade delivery of balloons and stents complete FP-CTO recanaliza-
tion. A retrograde guidewire can be advanced to engage the distal cap to serve as a 
distal cap marker when it is ambiguous or suboptimally visualized on angiographic 
imaging. This can assist with antegrade crossing. Pedal artery access is included in 
the section dedicated to below-the-knee CTO.

 Hybrid Approaches

Antegrade reentry can be achieved with the knuckle wire technique. A looped 
polymer- jacketed guidewire is advanced toward the distal CTO cap through the SI 
space. This is done by avoiding excessive torqueing or rotation along with repeatedly 
retracting and advancing the guidewire in order to prevent a wide knuckled loop [25]. 
Subintimal tracking and reentry (STAR) technique is when a looped guidewire is 
advanced through the SI plan until it spontaneously enters the distal true lumen. The 
limited antegrade subintimal (LAST) technique utilizes an acute distal bend in the 
guidewire, approximately 45–60°.

Subintimal arterial flossing with antegrade-retrograde intervention (SAFARI) is a 
technique that can be utilized when antegrade SI approach is unsuccessful and retro-
grade access is in place. Retrograde SI dissection is performed until the SI space 
created by the antegrade attempt is reached. The retrograde guidewire is advanced 
through the antegrade sheath or catheter and externalized. Distal retrograde vascular 
access can be obtained via the popliteal, distal anterior tibial, distal posterior tibial, or 
dorsalis pedis arteries [26]. The rendezvous technique is a modified SI dissection 
technique where the antegrade SI space is kept very limited and is occupied by a sup-
port catheter. As seen in Fig. 14.5, a retrograde guidewire is advanced from the true 
or false lumen into the antegrade catheter, thereby creating a through-and-through 
guidewire connection [27]. Snares or balloon catheters can be used for distal or proxi-
mal vessel targeting.

With retrograde crossing, the knuckled loop guidewire technique is used to create 
and further dissect the SI space, similar to the antegrade approach. Reentry can be 
achieved through controlled antegrade-retrograde dissection or reentry (CART) or 
reverse CART (RCART). CART refers to when a balloon is inflated and then deflated 
over the retrograde guidewire when the antegrade guidewire is advanced into the 
distal true lumen. RCART is more frequently utilized and involves balloon inflation 
over the antegrade guidewire followed by advancement of the retrograde wire into the 
proximal true lumen. A detailed illustration is provided in Fig. 14.6. The most com-
mon reason for RCART failure is balloon undersizing. Therefore, performing this 
technique alongside IVUS is advised for correct balloon sizing [28].
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a b

Fig. 14.5 Hybrid approach. (a) Antegrade guidewire and catheter enter the subintimal space 
(thick arrow). A 0.035-inch support catheter is placed in the narrow antegrade subintimal space 
(thin arrow). (b) Retrograde guidewire and catheter advanced via retrograde pedal access (dashed 
arrow). Retrograde guidewire penetrates the antegrade subintimal space into the receiving catheter 
present in the antegrade subintimal space and externalized to complete the procedure

1. Targeted advancement of
    antegrade guide wire
2. Limited antegrade subintimal
    dissection
3. Prevent recoil of subintimal
    space by placing a receiving
    catheter
4. Retrograde entry into subintimal
    space with penetrating guide wire
    followed by catheter to achieve
    rendezvous

Fig. 14.6 Detailed illustration depicting concept of reverse controlled antegrade-retrograde dis-
section or reentry
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“Tunneling” refers to passing a retrograde or antegrade guidewire from a respective 
retrograde or antegrade catheter into a receiving catheter on the contralateral side [29]. 
The re-back technique involves the use of a needle-based reentry device into a retro-
grade balloon [30]. Inflation of two balloon catheters over antegrade and retrograde 
guidewires in order to merge the subintimal places is referred to as the double-balloon 
technique. This can facilitate true lumen entry in either the antegrade or the retrograde 
direction [23]. Finally, controlled dissection reentry can be achieved through special-
ized reentry devices. Figure 14.7 highlights guidewire selection for FP-CTO crossing. 
Tables 14.1 and 14.2 depict preferred guidewires and crossing devices.

FP PCTO

Crossing device

ADR

Retrograde

Guide-wire

Polymer Jacketed

Non-polymer jacketed

Viance, Frontrunner,
TruPath

Outback, Pioneer

0.018”- V18, Gladius
0.014”- Regalia

0.035”- Glidewire, Glidewire advantage
0.018”- V18, Gladius
0.014”- Regalia, HT Command, Gladius

0.018”- Treasure 12, Astato 30
0.014”- Astato 20, Confianza P12,
Approach CTO

Fig. 14.7 Scheme for guidewire selection in femoropopliteal chronic total occlusion crossing. 
(Note: From Banerjee S, Shishehbor MH, Mustapha JA, et al. A Percutaneous Crossing Algorithm 
for Femoropopliteal and Tibial Artery Chronic Total Occlusions (PCTO Algorithm). The Journal 
of Invasive Cardiology. 2019;31 (4):18)

Table 14.1 Preferred guidewires with specifications for femoropopliteal chronic total occlusion 
crossing

Guidewire

Outer 
diameter 
[in]

Core 
material Tip load Description

0.035″ polymer jacket
GlideWire 3 cm 
straight [Terumo]

0.035″ Nitinol 44.8 g Supportive 0.035″ guidewire 
for delivering devices

GlideWire advantage 
5 cm angled 
[Terumo]

0.035″ Nitinol 11.1 g Nitinol guidewire with lower 
tip load for navigation

0.018″ polymer jacket
V18—control wire/
short taper [Boston 
Scientific]

0.018″ Stainless 3 g Supportive peripheral 
guidewire

Gladius [Asahi 
Intecc]

0.018″ Stainless 4 g Composite core improves 
torque response with increased 
support for device delivery

Glide tip gold 3 cm 
straight/angled 
[Terumo]

0.018″ Stainless/
nitinol

4.1 Stainless-steel body with 
nitinol tip

(continued)
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Table 14.1 (continued)

Guidewire

Outer 
diameter 
[in]

Core 
material Tip load Description

0.018″ non-polymer jacket
Treasure 12 [Asahi 
Intecc]

0.018″ Stainless 12 g Consistent response and tactile 
feedback for complex lesion 
navigation

Astato 30 [Asahi 
Intecc]

0.018″ Stainless 30 g Tapered tip and high tip load 
for penetration

Platinum plus 0.018 
[Boston Scientific]

0.018″ Stainless NA High support to deliver devices

SV5 [Cordis] 0.018″ Stainless NA High support to deliver devices
High-torque steel 
Core [Abbott
Vascular]

0.018″ Stainless NA High support to deliver devices

0.014″ polymer jacket
Regalia XS 1.0 
[Asahi Intecc]

0.014″ Stainless 1 g Balanced lubricity and 
trackability for below-the-knee 
procedures

Hi-torque command 
ES [Abbott vascular]

0.014″ Stainless/
nitinol

3.5 g Stainless-steel body with 
nitinol tip for durability

Gladius 0.014 [Asahi 
Intecc]

0.014″ Stainless 3 g Composite core for improved 
torque and durability

GlideWire advantage 
0.014 [Terumo]

0.014″ Nitinol 2.1 g Stiff nitinol body with flexible 
nitinol tip

Victory 14 [Boston 
Scientific]

0.014″ Stainless 12/18/25/30 g Non-tapered tip with varying 
tip loads for different 
penetration

0.014″ non-polymer jacket - specialty
Halberd 0.014 
[Asahi Intecc]

0.014″ Stainless 12 g Non-tapered spring coil/
tapered micro cone tip to 
improve penetration

Approach CTO 
[cook medical]

0.014″ Stainless 6/12/18/25 g Non-tapered tip for complex 
lesion navigation

Astato 20 [Asahi 
Intecc]

0.014″ Stainless 20 g Tapered spring coil for 
penetration

Confianza pro 12 
[Asahi Intecc]

0.014″ Stainless 12 g Tapered spring coil for 
penetration

0.014″ non-polymer jacket - support
Hi-torque Spartacore 
[Abbott vascular]

0.014″ Stainless NA High support to deliver devices

Platinum plus 
[Boston Scientific]

0.014″ Stainless 7 g High support to deliver devices

This list is not all-inclusive. Guidewire specifications sourced from published literature or manu-
facturer websites
Note: From Banerjee S, Shishehbor MH, Mustapha JA, et al. A Percutaneous Crossing Algorithm 
for Femoropopliteal and Tibial Artery Chronic Total Occlusions (PCTO Algorithm). The Journal 
of Invasive Cardiology. 2019;31 (4):18
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Table 14.2 Preferred crossing devices with specifications for femoropopliteal chronic total 
occlusion crossing

Crossing 
device Description

TruePath 
[Boston 
Scientific]

Creates microdissection in PCTOs to facilitate access into hard and calcified 
caps; 0.018 guidewire compatible with diamond-coated tip that rotates at 
13,000 rpm. It has audible and visual alerts that are activated when excessive 
resistance is encountered. The tip may be bent up to 15° to help steer in 
different directions. Tabletop device without external console

Viance 
[Medtronic]

2.3 Fr coiled multiwire shaft and 3 Fr rounded atraumatic tip. Over-the-wire, 
0.014″ guidewire compatible. Tip is advanced to the proximal PCTO cap and 
manually spun using a torque handle

Frontrunner 
[Cordis]

No guidewire lumen, advanced within a microguide. Consists of a proximal 
braided shaft for pushability and torque and a flexible distal shaft that can be 
shaped. Radiopaque distal actuating jaws for blunt microdissection through a 
PCTO

Crosser 
[C.R. Bard]

Comprised of an electronic generator, foot switch, high-frequency transducer, 
FlowMate injector, and crosser catheter; 0.014″ and 0.018″ guidewire 
compatible. Tip is either stainless-steel or titanium, uses high-energy vibration 
to penetrate hard caps. Catheter is advanced over the guidewire to the 
occlusion. Following guidewire removal, the device is activated and slowly 
advanced into the lesion

Wildcat 
[Avinger]

Rotatable tip with passive [wedges in] and active [wedges out] configurations. 
Passive mode is initial mode and active is for fibrocalcific lesions. Offers 
0.014″ versions [Kittycat and Kittycat 2] for below-the-knee PCTOs

Ocelot 
[Avinger]

Over-the-wire device with optical coherence tomography [OCT] imaging; 
catheter shaft with crossing distal tip and a proximal handle. ОСT identifies 
plaque morphology and provides continuous scans for navigating the tip within 
the PCTO. Intravascular tip position altered using directional markers that 
remain stationary in the display unless the outer shaft is rotated

This list is not all-inclusive. Guidewire specifications sourced from published literature or 
manufacturer websites

Peripheral chronic total occlusion [PCTO) re-entry devices
Crossing 
device Description

Pioneer 
[Philips)

0.014″ guidewire compatible catheter with solid-state intravascular ultrasound 
[IVUS] and intraluminal hypotube with a curved retractable nitinol needle. 
After subintimal entry and reaching the desired true lumen entry point, the 
catheter is rotated so the true lumen is at 12 o’clock on the IVUS image. The 
curved needle tip is then plunged into the true lumen and the guidewire is 
advanced

Outback 
[Cordis]

Advanced over 0.014″ guidewire to desired re-entry site. Retractable curved 
nitinol needle positioned under fluoroscopy in two different orthogonal views: 
the Lradiopaque marker is oriented toward the lumen and after rotating the 
image intensifier 90° orthogonally, the T radiopaque marker is oriented over the 
lumen. Needle is then plunged into the true lumen and the guidewire is 
advanced

(continued)
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Table 14.2 (continued)

Peripheral chronic total occlusion [PCTO) re-entry devices
Crossing 
device Description

Enteer 
[Medtronic)

0.018″guidewire compatible, flat, self-orienting balloon with two 180° offset 
exit ports. Barbed angle tip re-entry wire with different stiffness to enter true 
lumen through exit port located in the subintimal space

Offroad 
(Boston 
Scientific)

70 cm, over-the-wire, 0.035″ catheter with 5.4 mm conical balloon and a 
flexible neck that allows directing the balloon toward the true lumen, and 0.014″ 
compatible lancet for re-entry into the true lumen

Note: From Banerjee S, Shishehbor MH, Mustapha JA, et al. A Percutaneous Crossing Algorithm 
for Femoropopliteal and Tibial Artery Chronic Total Occlusions (PCTO Algorithm). The Journal 
of Invasive Cardiology. 2019;31 (4):18

 Below-the-Knee Chronic Total Occlusions

Though a full, thorough discussion of below-the-knee (BTK) CTOs is beyond the 
scope of this chapter, they are important to briefly mention given their complexity, 
high prevalence, and role in critical limb ischemia (CLI). BTK atherosclerosis plays 
a large role in CLI and nonhealing diabetic foot ulcers. Supportive care, medical 
therapy, and adequate revascularization are all needed to achieve the maximum 
potential for limb salvage and healing. Multilevel CTOs are extremely prevalent in 
the BTK vasculature. They comprise 60–70% of lesions encountered with 50–60% 
coupled with multivessel disease [31]. The most commonly affected vessels are the 
anterior and posterior tibial arteries. The peroneal artery is typically spared [32].

Treatment of BTK disease can be based on an angiosome concept which refers to 
the phenomenon that areas of the foot supplied blood by an underlying source artery. 
These angiosomes are perfused by branches of the anterior tibial, posterior tibial, and 
peroneal arteries. Collaterals perfuse the tissue if the direct flow in the angiosome is 
compromised. Choke vessels allow perfusion of angiosomes by the adjacent one. 
Intervention should aim for direct revascularization, or at least indirect via collaterals, 
in order to achieve maximum clinical success [33]. As with FP-CTO lesions, obtain-
ing high-quality angiographic imaging of the vasculature via digital subtraction is 
imperative in order to plan an approach suitable for the target lesion. This may require 
antegrade, retrograde, or simultaneous antegrade- retrograde contrast injection to 
adequately visualize the CTO caps, lesion length, distal vasculature, and dorsal and 
pedal arches.

Vascular access can be achieved through contralateral, antegrade, or retrograde 
approaches. The contralateral femoral artery is commonly used for above-the-knee 
lesions but is not favored for BTK disease. It does not provide as much sheath support 
as other approaches, is limited by device length, and produces suboptimal angio-
graphic images. However, it can be suitable if a longer sheath (55, 65, or >70 cm) 
device is used along with adequate anticoagulation and intact inflow. Antegrade CFA, 
CFA-SFA junction, or proximal SFA access supplies substantial device support, can 
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Fig. 14.8 Retrograde 
pedal access obtained 
under angiographic 
guidance by positioning 
the access needle first in an 
anteroposterior view and 
then in a lateral orthogonal 
view. Thick arrow indicates 
the needle inserted into the 
posterior tibial artery of the 
foot with guidewire 
advancement (thick arrow)

access distal vessels, and produces high-quality images. Retrograde pedal or tibial 
access can be achieved through the dorsalis pedis, posterior tibial (just above medial 
malleolus, Fig. 14.8), or distal anterior tibial arteries. Operators should consider this 
approach when intervention on a BTK-CTO lesion is planned as the proximal caps 
may not be well visualized and the presence of collaterals can complicate the proce-
dure. Therefore, a retrograde pedal or tibial approach may improve BTK-CTO cross-
ing success [34]. Direct ultrasound-guided micropuncture is advised rather than 
fluoroscopic or angiographic guidance. It is important to note that the peroneal artery 
can be accessed but, typically, is not given its deep course and potential for bleeding.

The tibio-pedal arterial minimally invasive retrograde revascularization (TAMI) 
approach utilizes retrograde tibial or pedal access for BTK lesions. It is centered on 
avoiding any femoral access. With a pure retrograde approach, this avoids any groin 
complications, improves crossing device support, and allows for improved visualiza-
tion of distal vasculature. Of note, the TAMI approach depends on delivery of devices 
that are compatible with a pedal sheath as well as pedal access patency. The latter can 
be achieved with infusion of de-aired heparinized vasodilator solution (TAMI solu-
tion) through the sheath’s side arm [35]. It is important to consider pedal loop revas-
cularization and access as intact pedal vasculature plays a vital role in wound healing. 
Retrograde access can be obtained alongside ipsilateral antegrade access [36].

14 Femoropopliteal Chronic Total Occlusions: Approach and Considerations…
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BTK-CTO lesions tend to be long and heavily calcified [37]. This proves to be a 
technical challenge, similar to FP-CTOs. As such, we advise that all aspects of the 
procedure including alternate techniques and vascular access points be planned prior 
to performing the intervention. However, the crossing approach to BTK-CTOs dif-
fers. Crossing the lesion through the true lumen is preferred compared to subintimal 
reentry or the hybrid approach. There is often a large plaque burden, and crossing 
through the true lumen allows debulking to be performed with atherectomy devices. 
Additionally, no stent placement is required. With an SI approach, stents are often 
needed to secure crossing, but due to the small diameter and length of BTK vessels, 
this limits the available choices for appropriate stents. We advise the use of IVUS to 
determine the degree of SI passage, confirm distal true lumen entry, and visualize 
segments that are amendable to atherectomy. However, SI and hybrid techniques 
such as CART and RCART as mentioned above can still be employed to achieve 
technical success. For both FP and BTK CTOs, the crossing technique greatly impacts 
the selection of final revascularization strategy (stent vs non-stent).
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Chapter 15
Approach to Treatment of Iliac Artery 
Disease

Razan Elsayed and Beau M. Hawkins

 Introduction

Peripheral artery disease (PAD) is a prevalent condition affecting roughly eight mil-
lion individuals in the United States [1]. In addition to being associated with excess 
cardiovascular risk [2], many patients with PAD suffer from claudication or have 
critical limb ischemia (CLI) manifesting as ischemic rest or tissue loss. Epidemiologic 
studies report that over half of the patients with symptomatic PAD have iliac 
involvement [3]. This chapter summarizes the presentation and management of iliac 
artery disease, the cornerstone of which includes medical therapy and revasculariza-
tion for select populations.

 Clinical Presentation and Evaluation

While claudication most often originates in the calf segment, individuals with iliac 
disease may have symptoms involving the thigh or more proximal leg musculature. 
Moreover, the internal iliac artery supplies the pelvis, and disease in this segment or 
that involving the ipsilateral common iliac artery can result in symptoms localizing 
to the hip. Leriche syndrome is a unique manifestation of aortoiliac disease and is 
characterized by an abnormal femoral artery pulse exam, impotence, and 
claudication.
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As with other forms of PAD, the evaluation of patients with iliac disease starts 
with obtaining a full clinical history with special attention paid to symptom descrip-
tion and presence of predisposing risk factors. Physical exam is of paramount 
importance and includes pulse examination and assessment for the presence of tis-
sue changes including wounds, ulcers, and discoloration. A femoral bruit is often 
present but does not exclude the presence of significant ipsilateral iliac disease. 
Likewise, a relatively normal peripheral exam does not definitely exclude the pres-
ence of significant aortoiliac obstruction.

Multiple noninvasive testing modalities are available to evaluate for iliac artery 
disease. Arterial physiologic testing most often includes hemodynamic assessment 
with ankle pressures, pulse volume recordings, and segmental limb pressures and 
provides important information relating to diagnosis and severity of any existing 
PAD.  It should be noted that the resting ankle-brachial index may be normal at 
baseline in individuals with isolated aortoiliac disease. In this situation, supple-
menting the baseline physiologic study with an exercise treadmill protocol may 
unmask hemodynamically significant inflow disease. In individuals with isolated 
internal iliac artery disease, physiologic testing will be normal necessitating alterna-
tive diagnostic modalities. Duplex ultrasonography (DUS) may not fully evaluate 
the proximal iliac arteries, particularly in individuals that are larger. Computed 
tomography angiography (CTA) and magnetic resonance angiography (MRA) do 
provide good anatomic assessment of the distal aorta and iliac arteries.

 Treatment

Guideline-directed medical therapy (GDMT) is the first-line treatment for all indi-
viduals with iliac artery disease [4]. This includes antiplatelet agents, statins, smok-
ing cessation, and glycemic and hypertension control. In addition, a walking 
program is an essential component of care for patients with PAD. Revascularization 
is indicated for patients with lifestyle-limiting claudication despite GDMT and in 
patients with chronic limb-threatening ischemia. The goal of revascularization in 
claudicants is to improve functionality and quality of life.

Several studies evaluated the effect of revascularization versus conservative 
management. The CLEVER study randomized 111 patients with intermittent clau-
dication secondary to aortoiliac disease to one of the three arms: medical manage-
ment alone, medical management plus supervised exercise program, and medical 
management plus stent revascularization [5]. The primary outcome was peak walk-
ing time (PWT). At 6  months of follow-up, both exercise and revascularization 
groups showed improvement in PWT and quality of life. The exercise group had 
more improvement in PWT, and the revascularization group had the greatest 
improvement in quality of life at 6 months [5]. The subsequent 18-month clinical 
and treadmill follow-up assessments, which included 79 patients, showed similar 
improvement in PWT in both exercise and revascularization groups as compared to 
medical management alone [6].
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The IRONIC trial randomized 158 patients to receive either noninvasive medical 
management or revascularization (endovascular or open surgical) [7]. Thirty-one 
patients (20%) had aortoiliac disease, and another 31 patients (20%) had combined 
aortoiliac and femoropopliteal disease. Thirty-two percent had aortoiliac endovas-
cular revascularization. There was a marked improvement in health-related quality 
of life and intermittent claudication distance in the invasive group compared to the 
noninvasive group after 1 year of follow-up.

 Options for Revascularization

Revascularization options for aortoiliac disease include endovascular and open sur-
gical approaches. The Trans-Atlantic Inter-Society Consensus (TASC) II classifica-
tion scheme divides aortoiliac lesions into one of four types in increasing order of 
complexity (Table 15.1) [8]. Traditionally, the recommended approach was endo-
vascular therapy for TASC A and B lesions, with surgery reserved for TASC C and 
D groups. However, endovascular techniques have substantially evolved, and 

Table 15.1 TASC classification of aortoiliac lesions

Type A

• Unilateral or bilateral stenoses of the common iliac artery (CIA)
• Unilateral or bilateral single short (≤3 cm) stenosis of the external iliac artery (EIA)
Type B

• Short (≤3 cm) stenosis of the infrarenal aorta
• Unilateral CIA occlusion
• Single or multiple stenoses totaling 3–10 cm involving EIA not extending into the common 
femoral artery (CFA)
• Unilateral EIA occlusion not involving origins of the internal iliac artery or CFA
Type C

• Bilateral CIA occlusions
• Bilateral EIA stenoses 3–10 cm long not extending into the CFA
• Unilateral EIA stenosis extending into the CFA
• Unilateral EIA occlusion that involves origins of the internal iliac and/or CFA
• Heavy calcified unilateral EIA occlusion with or without involving origins of the internal 
iliac and/or CFA
Type D

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

Adapted from [8]
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several studies have now shown equivalent rates of success, limb salvage, and 
improvement in symptoms in TASC C and D lesions. Additionally, an endovascular 
approach is associated with lower procedural risk, fewer complications, and quicker 
recovery time when compared to surgery, which allows for inclusion of high-risk 
patients who would not be ideal surgical candidates [9–12].

Ichihashi et al. retrospectively compared outcomes of endovascular stenting in 
TASC A/B versus TASC C/D iliac disease in 413 patients [12]. Median follow-up 
was 72 months. Technical success rates were 99% for both groups, and both groups 
had comparable long-term patency rates (88% for A/B and 83% for C/D at 5 years, 
p 0.17). The C/D group had higher complication rates (9% vs 3%; p 0.014) and 
longer procedural times. Another analysis of over 2000 patients compared outcomes 
in TASC C/D lesions to A/B subgroups and demonstrated slightly lower procedural 
success rates, similar 5-year primary patency rates, and nominally higher rates of 
procedure complications [12].

To summarize, an endovascular approach has become the first line revasculariza-
tion option for most patients with iliac artery disease. Surgical revascularization 
remains an effective therapy in patients with suitable operative risk with lesion sub-
sets of increased complexity.

 Considerations for Endovascular Therapy

Access determination depends predominantly on lesion location. Commonly used 
sites include the common femoral, radial, and brachial arteries. An ipsilateral retro-
grade CFA approach is ideal for common iliac lesions, but may not be feasible if there 
is concurrent severe distal iliac disease. In these scenarios, a radial or brachial 
approach may be used, understanding that these sites require appropriate length 
equipment. An anterograde “up-and-over” approach via contralateral CFA access is 
suitable for external iliac or distal common iliac disease. When bilateral common iliac 
disease is present, dual access is used to allow for kissing angioplasty and stenting.

Iliac revascularization techniques include angioplasty with or without selective 
stenting, and primary stenting. Several studies have evaluated success and long-
term patency between these two techniques. In the Dutch iliac stent trial, 279 
patients were randomized to either primary stenting or angioplasty with bailout 
stenting when the residual mean pressure gradient was >10 mmHg across the treated 
site. No differences in ankle-brachial index, patency, or quality of life were identi-
fied between groups. It is worth mentioning that 43% of patients in the angioplasty 
arm actually had provisional stent placement [13].

In contrast, the randomized STAG trial results favored primary stenting over 
angioplasty. While there was no significant difference in patency at 2 years, techni-
cal success was higher, and complications were lower in the stent arm (98% vs 84%, 
p = 0.007, 5% vs 11% p = 0.01, respectively) [14]. Owing to better procedural suc-
cess and lower complications, primary stenting has become the strategy of choice 
for most iliac lesions.
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Commonly used stents for iliac endovascular therapy include balloon- expandable 
and self-expanding bare-metal stents. Both types come in bare and covered plat-
forms. Balloon-expandable stents are usually rigid, have high radial force, and 
allow for precise deployment. They are ideal for ostial common iliac and highly 
calcified lesions. In contrast, self-expanding stents are flexible and are better suited 
for tortuous vessels like the external iliac artery.

Several studies evaluated different types of stents for iliac artery disease. The 
COBEST trial randomized 125 patients with aortoiliac occlusive disease (168 
lesions) to either covered balloon-expandable or bare-metal stenting. Patients were 
followed up to 18 months. Covered stents had better long-term patency for TASC C 
and D lesions, but there was no difference between the two for TASC B lesions [15]. 
A subsequent 5-year post hoc analysis of the COBEST trial showed higher patency 
in the covered stent group (74.7 vs 62.5%; p 0.01), but this difference was again 
most pronounced in TASC C and D groups. There was also less target lesion revas-
cularization (TLR) in the covered stent group [16]. These data suggest that covered 
stents are more beneficial in complex aortoiliac lesions.

The ICE trial sought to determine if balloon-expandable or self-expanding stents 
were more efficacious for iliac artery disease [17]. In total, 660 patients were ran-
domized to either balloon-expandable or self-expanding stents. Sixteen percent of 
lesions were chronic total occlusions (CTOs), and 25% were heavily calcified. At 
12 months, the primary outcome of binary restenosis was significantly lower in the 
self-expanding stent group (6.1% vs 14.9%; p < 0.006); the self-expanding group 
also had lower rates of TLR. There was no difference between the two groups in 
terms of walking impairment, amputations rate, all-cause death, or procedural 
complications.

Intravascular ultrasound (IVUS) is a helpful tool in the diagnosis and manage-
ment of iliac disease. In addition to characterizing lesions, IVUS can also help with 
determining angioplasty diameter, and with assessing adequacy of stent deploy-
ment. One such study evaluated stent deployment in 71 limbs (52 patients) using 
IVUS compared to arteriography alone [18]. Primary patency estimates at 3 and 
6 years were significantly higher in the IVUS-guided group. There was also a sig-
nificantly higher secondary intervention rate in the non-IVUS group. Another more 
recent study of 154 patients identified IVUS-detected small minimum stent area and 
stent-edge dissection as predictors of TLR and long-term patency [19]. In this sense, 
IVUS may be helpful in optimizing technical results during iliac interventions.

Iliac chronic total occlusions (CTO) are more complex and challenging with a 
higher incidence of complications at the time of revascularization. An endovascular 
approach has been shown to be an effective and safe approach to CTO revascular-
ization. One retrospective analysis of 48 patients demonstrated good long-term pri-
mary and secondary patency along with high rates of limb salvage at 36 months of 
follow-up [20]. Another analysis of 120 patients with iliac CTOs reported a success 
rate of 84% with 14% of lesions requiring reentry devices. A significant proportion 
of the lesions were TASC C and D. Good patency and limb salvage rates were dem-
onstrated [21]. These studies, along with others, further emphasize the important 
role of endovascular therapies in the treatment of complex iliac disease.
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a b c

Fig. 15.1 (a) A 64-year-old male presents with lifestyle-limiting right lower extremity claudica-
tion. Angiography reveals a severely calcified right common iliac stenosis (arrow). (b) Lithotripsy 
is performed followed by angioplasty. (c) A balloon-expandable stent is deployed with excel-
lent results

Intravascular lithotripsy is a new therapeutic modality to treat heavily calcified, 
stenotic iliac artery lesions (Fig. 15.1). This technology utilizes ultrasonic energy to 
fracture calcium within atherosclerotic plaque, thereby facilitating successful dila-
tion with angioplasty balloons. The safety and efficacy of this technique have been 
shown in the Disrupt PAD III study which reported outcomes in 118 patients with 
200 iliac lesions [22]. Technical success was 100%, and complication rates were 
remarkably low. On the basis of these and other data, increased utilization of this 
technology can be anticipated in the near future.

 Complications of Endovascular Revascularization

Although the overall rates of complications, morbidity, and mortality are low with 
endovascular therapy, serious and sometimes fatal complications can occur. In gen-
eral, complication risk is highest in more complex lesion subsets and, in particular, 
those lesions that are heavily calcified. In addition to commonly encountered com-
plications with arteriograms, such as those related to contrast media, access site, and 
intra-procedural sedation, there are a specific subset of complications unique to iliac 
and other peripheral interventions. These include arterial dissection, arterial rupture 
(Fig.  15.2), thrombosis, and distal embolization (Fig.  15.3). When recognized 
quickly, the majority of these vascular complications can be treated endovascularly 
at the time of index procedure. Such treatments include balloon dilation and covered 
stenting of hemodynamically significant iliac dissections and arterial ruptures, 
thrombectomy or catheter-directed thrombolysis for vessel thrombosis, and addi-
tional stenting with kissing techniques for contralateral iliac artery occlusion fol-
lowing index lesion stenting [23].
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Fig. 15.2 (a) A 60-year-old male present with a left plantar foot wound. Angiography demon-
strates a left external iliac occlusion (arrow) with reconstitution in the common femoral artery. (b) 
The lesion is crossed and angioplasty is performed. (c) A perforation is present (arrow). (d) A 
covered stent is deployed with successful resolution of the perforation
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Fig. 15.3 (a) A 72-year-old male with prior iliac stenting presents with recurrent right leg claudi-
cation. Angiography demonstrates stent underexpansion in the right external iliac artery (arrow). 
There is a 60-mmHg pressure gradient across this lesion. (b) Laser atherectomy and angioplasty 
are performed. (c) The stenosis is reduced to 30%, and there is abolishment of the preexisting 
hemodynamic gradient. (d) Completion angiography reveals acute occlusion of the right anterior 
tibioperoneal trunk from embolization (arrow). (e) Aspiration thrombectomy and angioplasty 
result in restoration of flow through the tibioperoneal trunk into the posterior tibial artery

 Conclusion

Iliac arterial disease is one of the common subtypes of PAD. Management of iliac 
arterial disease includes optimal medical therapy and an exercise program in all 
patients. Patients with life-limiting claudication despite these interventions along 
with patients who have limb-threatening ischemia may require revascularization. 
An endovascular first approach is now the technique of choice in most iliac lesions 
and can be effectively performed in most complex lesions with excellent success 
rates and a low risk of periprocedural complications.
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Chapter 16
Chronic Limb-Threatening Ischemia: 
Evaluation and Management

Timir K. Paul and Subhash Banerjee

 Introduction

Critical limb-threatening ischemia (CLTI) is an advanced stage of peripheral artery 
disease (PAD) that leads to limb loss/amputation. In the USA, the prevalence of 
CLTI is estimated to be between 2 and 3.4 million, and these numbers are projected 
to increase to 4.7 million by 2030 [1]. Approximately 29% of CLTI patients suffer 
a major amputation or die within the first year, and the risk of mortality is about 
54% over 4 years [2]. In 2011, data from CLTI Medicare beneficiaries revealed that 
per CLTI patient, there was an average total cost of $93,800 over a 4-year follow-up 
period [2]. However, there is no consensus on the optimal management strategies of 
CLTI. The terms CLTI and critical limb ischemia (CLI) are often used interchange-
ably. In general, CLTI management aims pain reduction, wound healing, prevention 
of major amputation, and reduction of mortality [3]. Although revascularization 
whether endovascular or surgical bypass is regarded as an essential part of CLTI 
management [4], there is inconsistency in treatment approaches among providers as 
to the optimal initial and ongoing management of this complex subset of PAD.
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 Definition and Diagnosis

Chronic limb-threatening ischemia (CLTI) is the updated terminology of CLI, the 
advanced form of PAD characterized by rest pain, nonhealing ulcer/wound, or gan-
grene and categorized as Rutherford classes 4–6 [5]. The first test to diagnose CLTI 
is the ankle-brachial index (ABI) which is recommended as class I [6]. If ABI is 
between ≤0.9 and >0.70, additional perfusion assessment such as toe-brachial index 
(TBI) with waveform, transcutaneous oxygen pressure (TcPO2), and skin perfusion 
pressure (SPP) is reasonable to perform (IIa) [6]. TBI is indicated for non- 
compressible arteries (ABI >1.40). The likelihood of wound healing decreases with 
toe pressure <30 mmHg, and SPP ≥30–50 mmHg is associated with increased odds 
of wound healing [6]. Other noninvasive imaging such as duplex ultrasound, com-
puted tomography angiography (CTA), or magnetic resonance angiography (MRA) 
are recommended as class I for the diagnosis of CLTI [6].

Invasive angiography including selective digital subtraction angiography (DSA) 
is the gold standard for detecting CLTI.  However, only approximately 25% of 
patients undergo invasive angiography at time of diagnosis and less than one-third 
receive optimal medical therapy (OMT) [7, 8]. Studies have shown that the majority 
of the CLTI patients who underwent primary amputation had no diagnostic angiog-
raphy or revascularization procedure prior to the amputation [8, 9]. Although con-
sidered gold standard, the invasive angiography predominantly allows for evaluation 
of the lumen, without the ability to fully examine the vessel wall. Lately, intravas-
cular ultrasound (IVUS) has been used for the diagnosis of CLTI that provides 
information on the vessel wall, plaque morphology, plaque burden, and the extent of 
disease. The CLI Global Society has recently published an interdisciplinary expert 
recommendation for superselective DSA of the ankle and foot with an algorithm in 
appropriately indicated CLTI patients to optimize limb salvage and reduce the inci-
dence of primary amputation [10]. A superselective digital subtraction angiography 
(DSA) should be utilized to determine a salvageable limb prior to amputation, and 
primary amputation should not be the first line of treatment for CLTI unless the limb 
is deemed nonviable [10]. This Society also recommends for the evaluation of CLTI 
patients by an interdisciplinary specialty care team and determination of whether a 
CLTI limb is salvageable or not.

 Treatment Modalities

 Medical Management

Although maintaining direct arterial blood flow with revascularization remains the 
key for the treatment of CLTI, concomitant guideline-directed medical therapy is 
equally important to prevent future major adverse limb events (MALE) and cardio-
vascular events. Ongoing aggressive cardiovascular risk factors modification, and 
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regular exercise are essential parts of CLTI management similar to the management 
of any other forms of PAD.  The 2016 American Heart Association/American 
College of Cardiology (AHA/ACC) guidelines on PAD stated that there are critical 
evidence gaps to support the determination of optimal antiplatelet and statin therapy 
[6]. There is limited evidence on statin therapy for CLTI patients. A meta-analysis 
including 19 studies with 26,985 CLTI patients demonstrated that patients treated 
with statin were 25% less likely to have amputation and 38% less chance of having 
a fatal event [11]. With current evidence, all patients with CLTI should be treated 
with statin and one antiplatelet therapy along with other guideline-directed thera-
pies for hypertension and diabetes. Unfortunately, regardless of guideline recom-
mendations for OMT with antiplatelet, antidiabetic, antihypertensive, and 
lipid-lowering medical therapy, less than one-third receive OMT [7, 8].

 Revascularization

Although revascularization is the key for managing CLTI patient [12], whether sur-
gical bypass or endovascular therapy as a first approach is still a matter of debate. 
However, endovascular approach is gaining popularity and has been proven to be an 
effective and safe approach and probably the better approach as compared to surgi-
cal revascularization for CLTI patients. Patients with CLTI often present with mul-
tilevel disease, and >70% have some degree of infrapopliteal disease for which [13] 
treatment of both inflow and outflow diseases is necessary for proper would healing. 
Progression of intermittent claudication to CLTI is rare; therefore, preemptive 
revascularization of claudicants to prevent progression to CLTI is not indicated [6].

 Endovascular Approach

Technical Aspects of Endovascular Intervention

The complete discussion of the technical aspects of the endovascular therapy is 
beyond the scope of this chapter. Briefly, we discuss the key points of the endovas-
cular approaches.

Access Site

Like any endovascular intervention, choosing an appropriate arterial access site is 
the key. Several factors that play roles in selecting access site are severity of disease 
including calcification in common femoral artery, tortuosity of the femoral and iliac 
arteries, bifurcating angle of the abdominal aorta, the lesion length and site, obesity, 
infection in the groin area, previous surgery, and available endovascular device 
compatibility. Antegrade access in the common femoral artery is one of the 
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commonly used approaches to perform tibial and foot artery revascularization. This 
approach provides excellent wire pushability and other devices for crossing the 
lesions especially the chronic total occlusion (CTO) as this access site is closer to 
the lesions. Ultrasound-guided access may reduce radiation doses and vascular 
complications. However, if antegrade access fails to cross the lesion retrograde, 
pedal or tibial access is usually successful. The ultrasound-guided retrograde tib-
iopedal arterial access is becoming one of the popular and successful alternatives 
for endovascular interventions in CLTI patients. Saab et al. showed that pedal access 
was required in up to 67% of cases based on the findings of the CTOP (chronic total 
occlusion crossing approach based on plaque cap morphology) classification par-
ticularly if the disease involves the popliteal and tibial vessels [14]. Retrograde tib-
iopedal arterial minimally invasive (TAMI) technique was used to treat CLTI 
patients for whom common femoral artery access was not favorable [15]. This ret-
rograde access was used to cross the lesion, and atherectomy, balloon angioplasty, 
and stenting were performed as well via this access [15].

Guidewire

The tip load, tip stiffness, hydrophilic coating of the tip and body (polymer- 
jacketed), guidewire flexibility, ability to shape, shaping memory, shaft support, 
torque transmission, trackability, and pushability are all critical components of a 
guidewire for a below-the-knee intervention [16]. Selection of the guidewire 
depends on the lesion location, lesion length, severity of stenosis, calcification, and 
CTO. Non-hydrophilic guidewires allow better tactile feedback and greater torque 
response and are less likely to cause dissection compared with hydrophilic wires. 
However, these guidewires have the lower chance of crossing a lesion particularly a 
CTO or severely calcified stenosis. Contrary, hydrophilic wire provides good 
maneuverability in tortuous and long vessels with minimal resistance but with 
higher chance of vessel dissection and reduced tactile feeling. Guidewires with 
higher tip stiffness increase penetration ability. Both 0.014-in and 0.018-in wires 
have been successfully used in below-the-knee interventions, but the selection of 
the wires is usually operator-dependent with some operators start with 0.018-in 
wires for CTOs.

Balloon/Support Catheter

There are many low-profile balloons of various sizes and lengths with either a 
0.014-in or 0.018-in platform available for the below-the-knee (BTK) intervention. 
A 0.018-in over-the-wire (OTW) angioplasty balloon with increased shaft strength 
provides adequate pushability and wire support to cross a complex CTO. An OTW 
balloon catheter system with 0.018-in platform allows good control of the wire and 
allows a smooth exchange of the 0.018 in with a 0.014-in wire when needed. It also 
allows wire exchange without sacrificing the progress made through the lesion, and 
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their lumen can be used to inject contrast as well for the verification of position and 
distal flow suggesting true lumen entry. There are various 0.018-in and 0.014-in 
compatible support catheters available and can be used for the similar purposes as 
OTW balloon.

The Concept of Angiosome in Treating CLTI

The foot and ankle area is composed of six demarcated angiosomes supplied by the 
anterior tibial artery, posterior tibial artery, and peroneal artery [17, 18]. The ante-
rior tibial artery supplies the dorsal side of the foot and toes and the posterior tibial 
artery supplies the plantar side of the foot, toes, interdigital web spaces, and inner 
side of the heel, while the peroneal artery supplies the lateral ankle and lateral side 
of the heel. There are extensive connections between below-the-knee arteries sup-
plying the foot with inter-angiosome supplying vessels. Whether angiosome-guided 
endovascular revascularization is necessary is not yet well validated as there is no 
objective method to evaluate foot perfusion after successful revascularization. The 
current AHA/ACC guidelines give class IIb recommendations for the use of 
angiosome- directed endovascular therapy for patients with CLTI and nonhealing 
wound or gangrene [6].

Different Endovascular Modalities

During the past decade, the catheter-based revascularization technologies have been 
profoundly advanced, replacing surgical bypass as the initial therapy in most cases 
especially with Rutherford class 5 and 6 diseases. This paradigm shift toward endo-
vascular revascularization results in higher repeat interventions due to high resteno-
sis rates and progression of disease. There are several endovascular access strategies 
for BTK/CLTI/CTO patients such as contralateral, antegrade, retrograde, and loop 
technique via the pedal arch, and choosing one of them as an initial approach 
depends on the operators’ experience and preference. One of the important aspects 
of BTK CTO procedures is being flexible for switching from one approach to 
another and having a backup plan. Usually if one strategy is unsuccessful within 
10 min, it is better to switch to alternate approach for successful recanalization and 
avoid the risks of injury to the BTK arteries for future attempts even it fails for the 
first time.

There is no consensus on evidence-based endovascular revascularization modali-
ties for CLTI. Percutaneous transluminal angioplasty (PTA) with plain old balloon 
angioplasty (POBA)/conventional balloon angioplasty (BA), drug-coated balloon 
(DCB), scoring/cutting balloons, stents, and atherectomy devices either alone or in 
combination are used as the revascularization options for infrainguinal vessels. 
Patients with CLTI tend to have severely calcified arteries that pose significant chal-
lenges to endovascular techniques. Additionally, calcification decreases the effect of 
antiproliferative drugs delivered by current DCB and drug-eluting stent (DES) due 
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to physical barrier to reach the endothelium proper. Although cheap, BA alone is not 
always sufficient/successful in these complex calcified lesions due to frequent ves-
sel recoil, potential for spiral dissections, and perforations and tends to have the 
worst outcomes among all endovascular options [19].

Although stents provide better acute results, it is associated with in-stent resteno-
sis, thrombosis, and stent fracture, poses a challenge to reintervention, and hinders 
for future surgical anastomotic sites [20]. A meta-analysis by Katsanos et al. dem-
onstrated that infrapopliteal intervention with DES was associated with significantly 
reduced rates of restenosis, target lesion revascularization (TLR), and amputations 
and improved wound healing when compared with BA and bare-metal stent (BMS) 
[21]. In addition, DES was associated with significantly reduced amputations com-
pared with paclitaxel-coated balloon [21].

Although associated with less TLR, DCBs are expensive, and like conventional 
BA, they also present with suboptimal results due to early recoil and flow-limiting 
dissections especially in calcified lesions if debulking/plaque modifications are not 
performed. Paclitaxel-based DCBs (IN.PACT Admiral, Lutonix, Stellarex, and 
Ranger balloons) are widely accepted interventional approaches after several ran-
domized trials (RCT) showing benefit over conventional BA. Both IN.PACT SFA 
(Admiral™ DCB) [22] and LEVANT 2 trials (Lutonix DCB) [23, 24] revealed 
higher primary patency over conventional BA alone. IN.PACT SFA trial revealed 
superior primary patency and lower TLR with DCB compared with BA (69.5% vs 
45.1% and 15.2% vs 31.1%, respectively) [25]. At 12 months, the rate of primary 
patency with DCB was higher as compared with conventional BA (65.2% vs 52.6%, 
p  =  0.02) [24]. However, controversies arise after the publication of the meta- 
analysis by Katsanos et al. in 2018 showing increased risk of mortality in patients 
treated with paclitaxel-coated balloons [26]. A meta-analysis of individual level 
data (2185 subjects) from 8 RCTs that used paclitaxel containing devices with 
4-year median follow-up demonstrated an absolute 4.6% increased mortality risk 
associated with the use of these devices [27]. However, several studies/analyses 
have showed no evidence of increased mortality with the use of paclitaxel-coated 
devices including in the treatment of CLTI patients [28–32]. Discussing the results 
of all these studies in detail is beyond the scope of our discussion. Results from a 
recent meta-analysis showed that there was no significant difference in short-term 
to midterm mortality in a predominately CLTI patients treated with paclitaxel- 
coated balloons or stents compared with uncoated balloons [29]. An unplanned 
analysis from the multicenter, randomized, open-label, registry-based SWEDEPAD 
(Swedish Drug-Elution Trial in Peripheral Arterial Disease) clinical trial demon-
strated no significant difference in all-cause mortality between treatment with 
paclitaxel- coated or paclitaxel-uncoated devices between 1 and 4 years of follow-up 
[33]. This study randomized 2289 patients to drug-coated devices (1149 patients) or 
drug-uncoated devices (1140 patients). During a mean follow-up of 2.49  years, 
there was no significant difference in the incidence of death between the treatment 
groups among patients with CLTI. Results from the ILLUMENATE EU RCT and 
ILLUMENATE pivotal RCT were presented by Marianne Brodmann (University of 
Graz, Graz, Austria) at LINC 2021 (Leipzig Interventional Course; 25–29 January, 
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virtual). These two RCTs which comprised of 600 patients showed that at 5 years, 
there was no difference in all-cause mortality (19.3% with the Stellarex DCB vs 
19.4% with BA).

Atherectomy devices have been used for challenging calcified lesions for prepar-
ing vessels by debulking or modifying plaque for conventional BA or DCB angio-
plasty, but it is associated with higher cost. The available atherectomy devices for 
infrainguinal vessels are rotational, orbital, and directional atherectomy (DA) 
(Jetstream, Rotablator, Phoenix, ROTAREX®S, Diamondback 360, SilverHawk™, 
TurboHawk, and HawkOne™) and laser atherectomy (excimer and B-laser). 
However, for BTK vessels SilverHawk/TurboHawk, laser and Diamondback 360 
orbital atherectomy are indicated. Each device has its unique properties with advan-
tages, disadvantages, and contraindications and usually selected as per operators’ 
experience, cost, and availability at individual institution. There are no head-to-head 
comparisons of these devices, and some atherectomy devices need concomitant dis-
tal embolic protection to capture atheroembolic debris. The individual description 
with specific advantages and disadvantages of each atherectomy device is beyond 
the scope of this section. The DEFINITIVE LE study, a large prospective study of 
800 patients (1022 target lesions) with PAD including CLTI patients with infrapop-
liteal lesions, has demonstrated the safety and effectiveness of directional atherec-
tomy [34]. In CLTI patients, the patency at 12 months was 68% for the superficial 
femoral artery, 67% for the popliteal artery, and 78% for the infrapopliteal artery 
[34]. Bailout stenting rate in DEFINITIVE LE trial was 3.2% and in DEFINITIVE 
Ca++ study was 4.1% in short, calcified femoropopliteal disease [34, 35]. A study 
by Rastan et al. revealed that the freedom from major amputation rate at 1 year was 
97.1% in the infrapopliteal CLTI cohort [36]. A recent analysis of 36,860 Medicare 
patients with CLTI who had revascularization demonstrated that the rate of mortal-
ity and major amputation over 4 years were lower in atherectomy group compared 
with other modalities, including surgical bypass [19]. Intravascular shockwave lith-
otripsy is an alternate strategy without the need for distal protection and was used to 
treat moderate or severe calcification in DISRUPT PAD II trial with a technical 
success rate of 100% and residual stenosis of 24.2% [37].

The combination of atherectomy with balloon angioplasty alone or DCB or DES 
has showed improved clinical outcomes as compared to BA alone. In the random-
ized DEFINITIVE AR trial, the SilverHawk and TurboHawk atherectomy devices 
were used comparing DA plus DCB versus DCB alone [38]. Grade C/D dissections 
were seen less frequently in the DA group (2.1% vs 18.5%; p = 0.01) with a need 
for bailout stenting in 3.7% versus none in patients who received a DCB alone vs 
DA, respectively, and the rate of flow-limiting dissections was 19% for DCB alone 
and 2% for DA plus DCB (p = 0.01) [38]. Another study revealed primary patency 
rate at 1 year was significantly higher in the DA + DCB group compared to DCB 
alone (65% vs 82%; p = 0.021) in isolated popliteal lesions [39]. The REALITY 
(DiRectional AthErectomy  +  Drug CoAted BaLloon to Treat Long, CalcifIed 
FemoropopliTeal ArterY Lesions) study prospectively enrolled 102 patients with 
8- to 36-cm femoropopliteal stenoses or occlusions with bilateral vessel wall calci-
fication treated with DA prior to DCB angioplasty. The results were presented at 
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VIVA (Vascular InterVentional Advances) annual meeting, November 6–8, 2020. 
This study revealed that provisional stents were implanted in 9% of patients, the 
12-month primary patency rate was 77%, and the freedom from clinically driven 
TLR rate was 93%.

Despite adequate vessel preparation, some patients still may have flow-limiting 
dissections or recoil, resulting in severe residual stenosis that need stenting. A “spot-
stenting” approach with short stents using Tack Endovascular System (Intact 
Vascular, Inc.) rather than using full metal jacket will allow the future interventional 
technique simpler than those required to intervene typical long in-stent resteno-
sis [40].

 Surgical Approach

Several factors may be considered as favorable for surgical revascularization: (1) 
patients with a life expectancy of >2 years and potential to have good functional 
capacity after revascularization; (2) long segment tibial occlusion (TASC D), femo-
ral bifurcation disease, and popliteal (P2, P3) occlusive disease; (3) failed endovas-
cular treatment; (4) lack of healing or symptom relief despite endovascular therapy; 
and (5) significant tissue loss >2 cm. Although conducted in remote past, the results 
of the BASIL trial indicated that patients with relatively good functional capacity 
and expected to live >2 years should be considered for surgical bypass given the 
apparent improved durability and reduced reintervention rate of surgery, whereas 
those with significant comorbidities or a life expectancy <2 years should be offered 
endovascular therapy when possible [41]. Larger areas of tissue loss (>2-cm trans-
verse diameter) may heal more often and more rapidly with bypass [42]. Bypass 
may be better for patients with chronic total occlusions (TASC D lesions), with 
involvement of the common femoral bifurcation especially if the profunda femoris 
artery is diseased, and with long, complex tibial artery occlusion, particularly if an 
autogenous conduit is available [43]. Of course, surgical bypass is warranted after 
failed endovascular therapy [44]. Availability of appropriate bypass graft conduit 
particularly the autologous conduit is the key for long-term patency. The great 
saphenous vein remains the ideal choice, either ipsilateral or contralateral, with 
80% good patency and limb preservation at 5 years [45]. On the other hand, the 
prosthetic bypass conduit showed a 52% and 35% limb preservation rates at 2 and 
5 years, respectively, for femoropopliteal revascularization, and the rate for tibial 
arteries is much lower [46].

 Endovascular Versus Surgical First

There is no consensus on the evidence-based endovascular-first versus surgical-first 
modality for treating patients with CLTI. The “endovascular first” is considered as 
the preferred revascularization approach for symptomatic infrainguinal atheroscle-
rotic disease [47]. Currently, endovascular intervention for BTK vessel is a prefer-
able first-line treatment for patients with CLTI due to high technical success and 
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better clinical outcomes with a low complication rate. The main purpose for tibial 
and pedal artery intervention in CLTI patients is limb salvage and prevention of 
amputations. As many CLTI patients have severe comorbidities, the endovascular- 
first approach generally preferred in view of the reduction of surgical site infection, 
recovery time, and other potential systemic complications.

Evidence by randomized data is lacking to guide us in choosing optimal mode of 
revascularization for patients with CLTI and the waited BEST-CLI [48] and BASIL-2 
[49]. RCTs would provide further evidence for clarity in managing these subsets of 
patients. Two recent retrospective studies revealed equivocal results between surgi-
cal and endovascular means of revascularization. A retrospective analysis of 108 
patients with infrageniculate disease comparing surgical and endovascular modali-
ties demonstrated no significant difference in MALE, overall survival, or amputa-
tion-free survival (AFS) at 3  years [50]. However, an endovascular strategy was 
associated with increased revascularization rate during the follow-up period [50]. 
Another retrospective study including 264 CLTI patients who underwent bypass or 
percutaneous transluminal angioplasty in femoropopliteal vessels showed similar 
technical success and limb preservation rates between the two approaches [51]. 
However, angioplasty was associated with a shorter hospital stay and fewer reinter-
ventions for procedural complications [51]. The National Surgical Quality 
Improvement Program (NSQIP) database included patients with CLTI and isolated 
infrageniculate disease who underwent bypass-first or endovascular-first revascular-
ization [52]. The results demonstrated that patients who had bypass first as compared 
with endovascular first had lower amputation rate (4.3% vs 7.4%; 95% CI, 0.36–0.98). 
There were no differences in MALE, 30-day loss of patency, reintervention, read-
missions, or reoperations between two groups [52]. However, there was increased 
wound complication rates (9.7% vs 3.7%; 95% CI, 1.71–4.42), major adverse car-
diovascular events (6.9% vs 2.6%; 95% CI, 2.18–6.88), and higher 30-day mortality 
rates (3.23% vs 1.8%; 95% CI, 1.26–6.11) in surgical bypass patients [52]. The limi-
tation of this database analysis is that no follow-up beyond perioperative period. An 
observational study using Medicare claims data (N = 36,860) with propensity-match 
analysis on CLTI patients revealed all-cause mortality rate was 54.7% for angio-
plasty, 53.7% for stent deployment, and 51.4% for surgical bypass (p < 0.05 for all 
pairwise comparisons) [19]. The higher amputation was observed in surgical bypass 
patients (10.8%) versus angioplasty (8.1%) and stent deployment (7.8%) (p < 0.05 
for all pairwise comparisons except angioplasty vs stent) [19].

 Novel Treatment Modalities

 Deep Venous Arterialization (DVA)

End-stage CLTI or “dessert foot” was observed in up to 20% of CLTI patients who 
have no bypass or endovascular revascularization options aka “no options” due to the 
uncrossable severely calcified lesions, extensive comorbidities, and especially 
absence of or very poor distal target vessels [53, 54]. Major amputation remains as 

16 Chronic Limb-Threatening Ischemia: Evaluation and Management



290

the only viable option in these patients unless percutaneous deep vein arterialization 
(pDVA) can be performed as a last resort if not a surgical DVA candidate [53, 54]. 
The LimFlow pDVA System (LimFlow, Inc.) is a promising revascularization option 
for this end-stage CLTI population. The PROMISE I (the United States) early feasi-
bility study included 32 “no-option” CLTI patients who were indicated for major 
amputation presented by Clair D at VIVA (November 5–6, 2019, Las Vegas). The 
study demonstrated that 67% of patients wound had healed or healing with 74% 
major amputation-free survival at 6  months. A study published recently demon-
strated that pDVA with the LimFlow device is associated with 97% technical success 
rate and 83.9%, 71.0%, and 67.2% amputation-free survival at 6, 12, and 24 months, 
respectively [55]. In addition, limb salvage was 86.8%, 79.8%, and 79.8% at 6, 12, 
and 24 months, respectively, and complete wound healing was achieved with 36.6%, 
68.2%, and 72.7% of patients at 6, 12, and 24 months, respectively [55].

 Endovascular Bypass Technology

Approximately two-thirds of CLTI patients present with a combination of femoro-
popliteal and infrapopliteal disease [56], making endovascular treatment outcomes 
for these long lesions suboptimal with prohibitively high surgical risk in these criti-
cally ill high comorbid patients [6]. The PQ Bypass System (PQ Bypass, Inc.) is an 
endovascular approach to femoropopliteal bypass that aims to provide long-term 
durability and minimize surgical risks. The safety and effectiveness of this device 
will be investigated in the prospective, international DETOUR II study 
(NCT03119233).

 Postrevascularization CLTI Management

 Wound Care

After reestablishment of arterial blood flow, a comprehensive wound care manage-
ment is a part and parcel for limb preservation and wound healing. Innovative 
wound care treatment methods are being developed and utilized (e.g., amniotic 
membrane grafts), and ongoing investigation is essential to advance the wound 
healing process.

 Future Perspectives

Future studies are needed investigating systematically on medication, dietary, and 
exercise therapy to optimize and sustain successful revascularization outcomes with 
the aim of reducing mortality, improving quality of life, and preventing amputation. 
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More trials are needed to compare different endovascular treatment modalities 
among devices and combination of devices such as atherectomy plus BA, DCB, and 
DES versus these devices alone or combinations for choosing appropriate devices 
and defining optimal outcomes.

 Conclusion

Screening PAD and early diagnosis of CLTI are essential to prevent amputation, 
improve quality of life, and reduce mortality. Multidisciplinary team approach with 
a joint decision-making including patients, caregivers, and physicians is crucial, and 
close communication between interventionalists and vascular surgeons is para-
mount to providing the optimal care for patients with CLTI. Aggressive manage-
ment of cardiovascular risk factors, standardized and advanced wound care, and 
close surveillance of perfusion status are essential as well. There is a gap in evi-
dence, and current guidelines are lacking in providing clear recommendations for 
the management of CLTI. pDVA is emerging as promising treatment modality in 
“no-option” CLTI patients. Prospective BEST-CLI and BASIL-2 RCTs will provide 
further evidence in managing CLTI patients.
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Chapter 17
Distal Embolization in the Treatment 
of Peripheral Arterial Disease

Michael H. Wholey

 Historical Background

In early interventional radiology literature, writers reported a rate of distal emboli-
zation rates between 3.8 and 37% related to angioplasty of arteries in the iliac and 
femoropopliteal system [1–3]. In 2005, we submitted the first publications on the 
use of distal embolic protection with atherectomy devices used in the femoropopli-
teal artery and recorded a high incidence (10/10) of embolic plaque ranging in size 
from 0.5 to 10 mm [4, 5]. We did not expect the ensuing controversy about the cre-
ation and the treatment options for distal emboli during peripheral arterial interven-
tions of the lower extremities [5, 6]. For nearly 16 years, this debate has continued 
with several studies and reviews despite the highly charged economic forces 
involved. There are multiple variables in addressing the problem, the most impor-
tant being how relevant are the distal emboli.

 The Problem: Distal Embolization 
from Endovascular Procedures

All arterial interventions be it crossing an atherosclerotic lesion with a wire, bal-
looning, stenting, or debulking all can result in distal embolic material [7]. (Refer to 
Fig. 17.1a–c). This distal embolization includes material ejected off the atheroscle-
rotic plaque as well as thromboemboli. Distal embolization occurs in all arterial 
beds including the coronary, carotid, and intracerebral, renal, aortic, and pelvic and 
lower extremities. The clinical significance and the ability to diagnose the 
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a b c

Fig. 17.1 (a) Initial carbon dioxide angiogram revealing moderate disease at the distal end of the 
fem-pop bypass graft. (b) Contrast injection with a 4-Fr Glide catheter near the distal anastomosis 
revealing greater stenosis along native popliteal artery and patent three vessels distally (not shown). 
(c) With the Glidecath across the stenosis, contrast injection reveals the new filling defect in the 
tibial peroneal artery (arrow)

occurrence of the distal emboli depend upon the region treated and the imaging 
available. For example, with carotid artery angioplasty and stent placement, the 
diagnosis of distal emboli depended much upon the use of diffusion-weighted MR 
images documenting the multiple ischemic insults. Neurological correlation would 
then be provided to determine the resultant clinical significance.

So how is distal embolization determined in PAD cases? This ranges from the 
following:

• Increased Doppler signals that occur distal to the treated area during a case.
• Whether there is material retained within the embolic protection device (EPD) 

basket if used. The material has been delineated to visible and macroscopic 
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material or as microscopic; the determining diameter of microscopic versus mac-
roscopic material varies to under 2  mm in some studies and under diameter 
<100 μm in other studies [8, 9].

• Angiographic findings of distal embolization pre- and post-intervention which 
usually pertains to those large vessels of the trifurcation; there has been little 
written about the loss of the small arteries in the foot. Likewise, most studies did 
not employ an independent core lab. The quality of conventional digital subtrac-
tion angiography can vary resulting in different resolution and detection of small 
emboli [10].

• Whether further intervention is needed. Some studies have used “distal emboli” 
to denote the need for TLR or other interventions.

 What are the Rates of Distal Embolization?

As the table below reveals, there is a wide range of reported distal emboli that 
occurs with PAD inventions depending upon a multitude of factors including:

 1. Target location: Aortoiliac which has had larger vessel diameter with more 
chronic disease, femoropopliteal which has the largest series of data with exten-
sive use of distal protection (DP), and below the knee (BTK) with generally less 
plaque volume and vessels too small for DP.

 2. Acuteness of symptoms: Acute ischemia traditionally had higher fresh clot and 
clot burden with larger and more disastrous distal embolization downstream. 
Most studies deal with chronic ischemic disease with older plaque and estab-
lished thromboemboli.

 3. Whether EDP is used and how is the debris counted: Microemboli or macroem-
boli in the basket.

 4. Who measures the severity of the distal emboli? (Table 17.1).

 Incidence of Distal Emboli

The incidence of distal embolization during lower extremity arterial intervention is 
easily determined by visible or macroscopic debris particles, usually greater than 
2 mm, retained in the EDP basket. In Krishnam’s study of 508 patients, he had 62% 
of cases with macroscopic debris [14]. Yet in Shammas’ study of 557 patients, there 
were only 2.4% [13]. This variation in incidence from two respective centers with 
similar procedures and patient types may reflect the random nature of the embolic 
debris created. Microscopic debris found in the filter baskets was highly prevalent 
in some studies such as Spiliopoulos and Lewis’ studies showing 100% and 87%, 
respectively [9, 10]. Müller et al. evaluated the safety and effectiveness of EPD in 
reducing distal embolization during percutaneous lower extremity interventions 
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Table 17.1 Review of distal embolization incidence in major PAD studies

Author
Targ 
sites Years

Pt 
no.

Lesion 
no. Device

EDP 
filter?

% Distal 
emboli

% Clinical 
significance

Cassius [11] Iliac/
SFA- 
POP

2017 10,875 All Angio 1.7% 66%req’d 
treatment

Shirankde 
[12]

SFA- 
POP

2011 1029
18
18
55
570
740
736

2137 Jetstream
CSI
Laser
PTA
PTA/Stent
SilverHawk

Angio 1.6%
22%
22%
3.6%
0.9%
0.7%
0.1%

Shammas 
[13]

SFA- 
POP

2009 557 1183 All types Yes 2.4% 2.4%

Krishnan 
[14]

SFA- 
POP

2017 508 All 62% macro 15% filter 
overflow

Balzer [15] Iliac 2010 195 285 PTA/Stent Yes 4.2%
Definitive 
CA study 
[16]

SFA- 
POP

2014 133 168 SilverHawk Yes 97.5% 3 cases

Milnerowicz 
[17]

Iliac/
SFA

2019 74 Rotarex Angio. 8.1%

PROTECT 
registry [18]

SFA- 
POP

2008 40 43
13

PTA/Stent
SilverHawk

Yes
Yes

28%
91%

>2 mm

DEEP 
Emboli [8]

SFA- 
POP

2009 20 44 Laser 
spectra

Yes 66% Macrodebris 
in 12 cases

Spiliopoulos 
[9]

SFA- 
POP

2014 40 PTA/Stent Yes 100%micro No 
angio- 
occlusions

Lewis [10] SFA- 
POP

2010 35 64 PTA/Stent Yes 87% micro 3 DP baskets 
completely 
full

Hadidi [19] SFA- 
POP

2012 30 36 All Balloon 89% Angiographic 
5.5%

including angioplasty/stenting and directional atherectomy [20]. All patients under-
going directional atherectomy with the SilverHawk device demonstrated significant 
macroembolization, and 37.9% of patients undergoing angioplasty and/or stenting 
demonstrated significant macroembolization [20].

The incidence of distal embolization detected angiographically or clinically was 
reported between 1.6 and 8.1%; however, contemporary studies have demonstrated 
a much higher incidence of 3.8–67% [1, 10, 18, 21–24]. As for other modalities, 
Lam et al. used a transcranial Doppler to detect signals related to DE during super-
ficial femoral artery (SFA) interventions and found 100% occurrence [25]. So why 
would the angiographic detection be so much lower for distal emboli detection com-
pared to filter retention studies? It may be due to equipment used, limited views of 
the foot and distal circulation, and economic forces: Why look for trouble?
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As the above chart shows, the incidence of distal emboli is difficult to determine 
from the various registries and single-center studies. In PTA/stent procedures 
involving the SFA-POP, distal emboli occurred from 0.7 to 100%. For atherectomy 
usage, the range for distal embolization was from 0.1 to 97.5%. Obviously, the rate 
of distal embolization is higher with atherectomy and other invasive means of treat-
ing atherosclerotic disease compared to angioplasty and stenting. In the PROTECT 
registry, basket captured distal embolization occurred in 28% of the PTA/stent cases 
versus 91% of the atherectomy (FoxHollow SilverHawk) [18]. In Shirankde’s study, 
there was a 22% angiographic rate of embolization with the CSI and Jetstream ver-
sus 0.9% for PTA/stent [12].

A special risk is treating acute arterial occlusions: high rate of distal emboliza-
tion often resulting in complete occlusions downstream. The rate of distal emboliza-
tion during thrombolytic therapy in limb-threatening ischemia has been reported as 
3.8–37% [22, 24].

 The Clinical Relevance of Distal Emboli

All arterial interventions can cause distal embolic complications. For the PAD, posi-
tive embolic debris findings are reported either with distal protection devices with 
full or partially full baskets, with angiographic findings of distal vessels occluded, 
or by ultrasound. But for PAD cases, it is difficult to determine how significant the 
loss of a peroneal, anterior, or a posterior tibial artery following an embolic shower. 
These lost vessels raise questions: Does distal emboli result in discoloration? Does 
it result in the poor healing of a wound? Does it clear in time? Does the patient have 
worsening claudication, ABI, or other parameters? These are all questions with 
vague answers, which are easily overlooked, and which are why it is hard to justify 
and to subsequently provide adequate reimbursement for the use of distal protection 
and why after 16 years we ask the same question: Do we really need distal protec-
tion for PAD cases?

Muller et al. reported performing 30 lower extremity revascularizations for the 
femoropopliteal artery and used an embolic protection device (DP) in all of the 
cases. All of the filters were found to have debris under microscope examination, 
and 90% were deemed “clinically significant” because they were visible by the 
naked eye [20]. In our limited series in 2005, we were surprised by the large size of 
the fragments of plaque for the diameters of the tibial vessels are often under 
2–3 mm [5]. As Shammas et al. said, large debris >2 mm do occur at a high fre-
quency, ranging from 20 to >90% depending on lesions and devices used [18]. 
Thus, it would not take much to totally occlude the infrapopliteal vessels.

The pathological features of the captured distal emboli have been interesting to 
study. We found that when angioplasty and stent placement were performed in high- 
risk patients, the debris tended to be small fragments or microembolization. 
Treatment with atherectomy devices led to larger or more visible fragments. 
According to published data, embolic material during peripheral endovascular 
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procedures consists of plaque and vessel lumen components, such as fibrin, calci-
fied deposits, cholesterol clefts, and inflammatory and endothelial cells [26, 27]. In 
Karnabatidis et al.’s study, they found in their 50 cases the total area of occlusion 
was 2.76 ± 6.5 mm2 with 12% of the particles greater than 3 mm [27]. Collected 
particles included platelets, fibrin conglomerates, trapped RBC, inflammatory cells, 
and extracellular matrix which compose atherosclerotic plaque and thrombosed ele-
ments [27]. Hence, with such material occluding infrapopliteal arteries, it will be 
hard to succeed with standard thrombolytic therapy with tPA that only works on a 
thrombus 2–3 weeks or less.

The peripheral microcirculation in ischemic patients has been compromised, and 
any further downstream embolization may result in worsening or persistent isch-
emia [12]. This is supported by the findings of Karnabatidis in which histologic 
analysis demonstrated a greater amount of collected particles in the filter baskets 
positively correlating with increased lesion length and reference vessel diameter, 
acute thrombosis, and total vessel occlusion [4, 10]. All of these factors could lead 
to disastrous consequences for our typical CLI patient.

A main issue in the endovascular community has been the lack of consensus for 
the definition of “clinically significant” distal emboli and when, how, and in whom 
this should be treated. Operators at present might differ in their approach in defining 
and treating distal emboli [13]. However, it appears that only a small fraction (2.4% 
in Shammas et al.’s study) of these debris requires further treatment [13]. Limb- 
threatening distal embolization occurred in approximately 2% of patients during 
routine intervention in other major studies [28, 29] Given the previous discussion on 
the unreported incidence of distal emboli and the size and pathological features of 
these emboli, it is hard to understand why there are not more limb-threatening 
events. The consequence of distal embolization resulting in occlusion of the vascu-
lar bed in patients with poor arterial inflow, poor collateralization, or poor runoff 
may be devastating.

Possible reasons include the durability of the distal circulation of “healthy” PAD 
patients such as claudicants, patients with three vessel runoff, and nondiabetics. 
Namely, if the patient has limited reserve in the distal circulation, then he or she can 
take less embolic insult. Also, despite increased debris from our procedures, many 
patients seem to clear these obstructions over a week or 2  weeks. Possibly, the 
patients develop collaterals, the spasm reduces, or the inflammation improves allow-
ing the flow to return.

This complication may require the use of additional intervention including 
thrombectomy or thrombolysis, resulting in longer procedure time, greater volumes 
of contrast administered, and increased radiation exposure [10, 18]. The acute out-
comes are less symptom relief, worsening of symptoms, and increased emergent 
surgical bypass. Long-term outcomes are also adversely affected with decreased 
symptom relief at 2  years and increased above-the-knee, below-the-knee, and 
below-the-ankle amputations [13, 25, 30].

Freeman et al. defines high-risk patients as those with limited distal runoff, vul-
nerable or unstable plaque, history of thromboembolic disease, or aneurysmal dis-
ease [31]. Features separating patients with stable claudication from those with 
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ongoing ischemia include the length of the stenosis and the length of the lesion, 
presence of distal runoff, and chronicity of disease [30]. Embolism has also been 
reported in patients with concentric stenoses [26, 27]. However, Shammas et  al. 
state that predicting which vessels will embolize based on lesion characteristics is 
not always possible [13].

Shirkande et al. showed some lesion types that are more prone to embolization 
[12]. TASC C and D lesions had higher rates of embolization than TASC A and B 
lesions (2.2% vs 0.9%, p = 0.018) [12]. In a study by Lam et al., there was no dif-
ference in sonographically detected embolic signals between TAIC classifications 
[25]. Shirkande et al. showed total occlusions (2.4%) or ISR (3.2%) had a higher 
rate of DE than native stenotic lesions (0.9%; p<0.01) [12]. The higher rate of distal 
emboli in ISR could reflect the nature of the material within the stent, which may be 
softer and more friable than standard atherosclerotic plaque [25]. Shammas pro-
vided a good review of patients with a high risk of distal emboli are those with a 
prior history of amputation, TASC D lesions, and the presence of angiographic 
thrombus. In his study, thrombotic lesions had 5.9 times greater odds of emboliza-
tion than nonthrombotic ones [13]. Also, patients presenting with acute thrombotic 
occlusions (within 24  h of symptom onset) showed a trend toward more distal 
emboli than those presenting subacutely/chronically [13].

 Indications for the Use of Distal Embolic Filters

Common sense indicates that EPD use may be of value in a lesion with vulnerable 
or unstable plaque, acute thrombosis, chronic total occlusions, or aneurysmal dis-
ease [10]. It is safe to generalize that all CTO, ISR, and thrombotic lesions treated 
with atherectomy merit the use of embolic protection devices because of high risk 
of embolization. Current recommendations support the use of these filters in cases 
of significant calcification, although operator discretion plays a pivotal role in their 
deployment. The decision for the use of EPD in calcific lesions and atherosclerotic 
lesions is dependent on lesion length. Lesions >140 mm when atherosclerotic and 
>40 mm when calcific warrant the use of an embolic protection device to prevent 
complications.

Although embolization is a potential complication of any atherectomy device, it 
remains unclear whether certain devices or techniques predispose patients to distal 
embolization. Further, certain devices may be preferred in a given lesion morphol-
ogy, and additional research may be necessary to address this question. Third, the 
incremental cost of EPD is significant (often in the range of $1000), and additional 
cost-benefit analyses could help clarify the optimal clinical scenarios for both ather-
ectomy and embolic protection device uses. Although the proposed algorithm is 
therefore a useful guide, it is not clear that this algorithm would apply to every clini-
cal scenario in which atherectomy is being used [32].

Krishnan et al. prepared a good algorithm for the use of EPD with atherectomy 
devices depending upon lesion characteristics [30]. Once the diagnostic angiogram 
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is performed, the operator assesses the following morphology and anatomic charac-
teristics: thrombotic, calcific, restenotic, CTO, lesion length, and runoff [30].

EPD filters are recommended for the following:

• Calcium with length greater than 4 cm.
• In-stent restenosis, thrombus, and complete total occlusions.
• Atherosclerotic lesions in lesions longer than 14 cm and with distal runoffs of 

less than 2 vessels.

 Current Status of Distal Protection

Currently, there is no consensus for the use of EPD during atherectomy, and the only 
Food and Drug Administration-approved device with an indication in the femoro-
popliteal segment is the SpiderFX for use in conjunction with directional atherec-
tomy in heavily calcified lesions [16].

There are currently two available EPD filter protections in treating PAD. The 
SpiderFX Embolic Protection Device (Medtronic, Minneapolis, Minnesota) is indi-
cated for use as a guidewire and embolic protection system to contain and remove 
embolic material in conjunction with the TurboHawk (Medtronic, Minneapolis, 
MN), either during standalone procedures or together with PTA and/or stenting, in 
the treatment of severely calcified lesions in arteries of the lower extremities. The 
SpiderFX device (Fig. 17.2) has a braided nitinol filter that conforms to the vessel 
wall and maintains apposition. The pore size is 167–209 μm. The capture wire 
rotates and moves longitudinally independent of the filter and is available in diam-
eter sizes 3–7 mm.

Advantages for the SpiderFX device include:

 – The ease of use with the ability to cross a lesion with a 0.014–0.018″ wire of 
choice followed by the delivery catheter or the ability to deliver it through a 4-Fr 
compatible catheter.

 – The EPD filter allows flow through the vessel while deployed reducing the 
chance of fibrin buildup to occlude flow.

 – Recovery catheter (opposite end of the delivery catheter) is very easy to use and 
captures efficiently.

Disadvantages for the SpiderFX device and for many EPD include:

Fig. 17.2 SpiderFX embolic protection device
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 – The pore size is rather large and lets smaller debris (200 μm) flow through.
 – The proximal busing holding the strut for the basket is susceptible to become 

stuck with coaxial balloon catheters, stents, and other devices.
 – The filter basket with the nitinol basket design can easily become ensnared with 

self-expandable stents.
 – When the filter becomes full of debris, it is very hard to get a catheter down to 

basket to aspirate the debris out, and if a solid plaque is captured, it may not be 
withdrawn into the overlying sheath.

 – Then the length of the filter and diameter is limited, so it will not capture the 
large iliac vessels well.

 – It is useful primarily with the FoxHollow (Medtronic line) atherectomy line.
 – Once the system is retracted, a second wire must be passed to the treated lesion.

A second EPD filter is the Mednova later Abbott Emboshield Nav [6] (Plymouth, 
MN) (Fig. 17.3) which is indicated for use as a guidewire and embolic protection 
system to contain and remove embolic material (thrombus/debris) while performing 
angioplasty and stenting procedures while performing atherectomy, during stand-
alone procedures or together with PTA and/or stenting, in lower extremity arteries. 
The diameter of the artery at the site of the filtration element placement should be 
between 2.5 and 7.0 mm. It has a centered wire design to prevent bias against the 
vessel wall; circumferential nitinol frame maintains optimal wall apposition.

Advantages for the Abbott Emboshield Nav [6] system include:

 – The unique wire technology allows the wire to rotate and advance freely, inde-
pendent of the filter. This allows the device to be used with most of the atherec-
tomy devices.

 – The filter is designed to stay in place during device delivery.
 – Continued wire access, after the filter is fully retracted, allows for easy delivery 

of additional therapy.

Disadvantages of the Abbott Emboshield Nav [6] system include:

 – The filter can be pulled back but cannot be easily pushed forward without recap-
turing it.

Fig. 17.3 Abbott 
Emboshield Nav [6]
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 – The two struts with plastic covering can deflect plaque to sides and can fail to 
capture them.

 – The filter has 140 μm pore size which is very efficient in capturing small debris 
but can lead to a full basket.

 Technique of Distal Protection

The standard technique for use of distal protection is simple. After an angiogram is 
performed involving the pelvis and/or lower extremity from either retrograde or 
antegrade approach, the site of EPD filter deployment is selected. Selection is based 
upon a region well enough distal to the targeted treatment zone. Other consider-
ations include trying to preserve as many main vessels and collateral vessels as 
possible (Fig. 17.4a–g). Deployment is best if the vessel does not have extensive 
plaque and is fairly straight.

If the lesion is not terribly tight and we cross with our 4-Fr catheter or complete 
target occlusion (CTO) catheter which utilizes a 0.035″ wire, then we will simply 
remove the 0.035″ wire and advance our filter and deploy it. If we use a 0.014″ wire 
and are worried about the plaque/thrombus, we will use the special rapid exchange 
catheter to allow deployment of the filter. Once the filter is in place, we will move 
swiftly to perform the needed intervention. For atherectomy, we will be more vigi-
lant for a full basket. After the procedure is done, we advance the filter recovery 
catheter quite slowly in the smaller vessel, capture the ringlike structure, and then 
remove the catheter and filter very carefully especially with a sent in the path of the 
filter and recovery system.

There are several inherent limitations with the use of EPD through selected 
lesions including chronic total occlusions which may pose a challenge. The EPD 
devices are routinely mounted on medium support wires, which are not intended to 
function as primary crossing wires.

EPD typically requires a rather long length of vessel for safe implantation, which 
may pose a challenge since many patients with CLI have extensive and diffuse ath-
erosclerotic disease. Incomplete apposition of the device to the vessel wall may 
allow side escape of engendered debris. Furthermore, arterial spasm, arterial injury 
(including dissection), and de novo thrombus may occur as a result of the EPD 
device itself [27].

Revascularization procedures often result in the production of large amounts of 
macroscopic debris. The size of the filter basket may be inadequate for collection of 
debris. Extreme care must be taken since filter wire retrieval may also result in dis-
lodgment of debris due to squeezing of the basket. Larger clots may also remain 
outside the struts of the EPD filter and are too large to be removed by filter closing 
and standard re-sheathing techniques. EPD provides no protection to the collateral 
circulation. Therefore, the collateral vessels are vulnerable to the sequelae of distal 
embolization should it occur.
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Fig. 17.4 (a) Complicated left leg rest pain in a patient with occluded native left iliac, SFA, and 
fem-pop bypass graft with a patent fem-fem bypass graft. CTA had been performed several months 
earlier. (b) Initial angiogram from the right end of bypass graft showing the occluded left main 
PFA. (c) Lesion was crossed and TPA administered overnight. High-grade stenosis seen at PFA 
origin. (d) The lesion is crossed with a 4-Fr Glidecath over the 0.035″ Wholey wire. Once across, 
a 6-mm-diameter SpiderFX is deployed in a distal portion. Penumbra aspiration and 4-mm PTA 
are then performed. (e) After the above intervention, increased collaterals are now seen, but PFA 
plaque or probable clot persists. The distal filter can be seen with wire extending into the medial 
side branch now with debris in the basket (arrow). Filter was removed with the recovery catheter. 
(f) With the native SFA open at the stump, decision was made to use a Fogarty balloon over the 
wire to pull the recalcitrant plaque/clot back into the CFA and have it float into the occluded 
SFA. (g) Final angiogram after additional angioplasty showing the improved flow to the PFA and 
its branches. The plaque/clot of the PFA can be seen in the SFA stump (arrow)

 Conclusion and Future of Distal Protection

The role of distal protection in PAD cases has remained an enigma for most inter-
ventionalists. EPD is extremely useful in treating large caliber vessels such as the 
iliac, CFA, SFA, PFA, and popliteal arteries especially when atherectomy are being 
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used. EPD are useful in treating high-risk lesions such as thrombotic segments, long 
segment occlusions, in-stent restenosis, and heavy calcified lesions all complicated 
by limited distal runoff.

If not useful, why are EPD not used more frequently in treating PAD? There 
appears to be three main factors. Firstly, as the various studies, corporate-sponsored 
registries, and few randomized trials have shown, it is difficult to obtain standard 
complication rates. The fact that distal embolization occurs cannot be denied, but 
the rate of significant events related to the distal emboli is hard to determine; there 
are many variables that involve assessing and treating PAD patients; it is hard to 
determine what is successful and what is not in treating the PAD population.

Secondly, EPD are not perfect and have faults. You lose wire access when you 
need to get distal to the filter, filter baskets can get full and hard to clean out, and, 
importantly, filters cannot prevent distal emboli from getting past or through the 
filter. There is much improvement that can be done with EPD technology. Possibly, 
as EPD are used more frequently in the cerebral, coronary, and other circulations, 
there will be improvements in its use and design in the PAD.

Finally, after 20 years since their invention, EPD for PAD are still not reimbursed 
in the US market. We looked into creating a randomized trial for one of the EPD in 
2006, but it was not possible to establish reliable endpoints. Strangely, the reim-
bursement of PTA and atherectomy in outpatient facilities is $11,000 versus $3500 
for PTA alone (CPT 37,225–37,224). So with EPD costing approximately $1600–
$2000 per device, there is much hesitation for interventionists especially at outpa-
tient facilities to employ EPD use, especially in cases without atherectomy use.

In summary, distal embolization can occur with any intervention in treating 
PAD. When it does occur, it results in longer case time, contrast, and fluoroscopy at 
the minimum. Worse cases will result in worsened claudication, rest pain, amputa-
tion, and even death. The best approach to avoid distal embolization is to prevent its 
occurrence: though EPD filters are not perfect, they do provide protection from 
harmful embolic debris.
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Chapter 18
Management of Aortic Aneurysms

Mel J. Sharafuddin and Jeanette H. Man

 Introduction

Abdominal aortic aneurysms (AAA) are a common disorder with an estimated inci-
dence of 4–7% in western countries [1–5]. It is the 13th leading cause of death in 
the United States, with 15,000 deaths yearly. Ruptured AAA carry an operative 
mortality of 40–70% and overall mortality of 80–90% [6–11]. Risk factors include 
smoking, hypertension, hyperlipidemia, and family history of aneurysms. Screening 
is recommended to adults >65 years who have smoked or have a family history of 
aneurysms.

AAA are defined as an enlargement of the aorta 1.5 times the normal diameter, 
which has led to conventional diameter requirement >3  cm. The risk of rupture 
increases dramatically with increasing aortic size. Therefore, elective repair is indi-
cated when the aortic diameter is >5.5 cm in men and >5.0 cm in women or when 
the growth rate is faster than average, >0.3 cm/year.

Traditionally, open repair was the gold standard of repair. Endovascular repair of 
aortic aneurysm (EVAR) has since revolutionized the treatment of AAA and has 
become the new standard. EVAR is associated with decreased morbidity, operative 
times, hospital stay, and perioperative mortality [12]. The idea of using vascular 
endoprosthesis to exclude aneurysms originated in the late 1960s with animal 
experimentation. The first landmark deployment of an aortic stent to exclude a 
human AAA was reported by Parodi et al. in 1991 [13]. Straight grafts consisting of 
polyester tubes were used and reinforced with Palmaz stents. Today, this design has 
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evolved into modular grafts. Furthermore, with the constant evolution of endovas-
cular technology, variations of EVAR are also being used to treat increasingly com-
plicated aneurysms. Patients who are poor candidates for open repair have the 
option of treatment with fenestrated EVAR (FEVAR), chimney EVAR (ch-EVAR), 
and physician-modified endografts (PMEG) [14–16].

There have been several randomized trials demonstrating the early advantage of 
EVAR compared to open repair. The EVAR 1 trial demonstrated that EVAR offered 
a 30-day mortality benefit over open repair [12]. The DREAM and OVER trials 
demonstrated that although this early benefit was not sustained long term, EVAR 
patients still had a similar survival rate compared to the open group at 6 and 9 years, 
respectively, despite having long-term problems related to graft durability such as 
endoleaks that may require reintervention [17, 18]. Meanwhile, the IMPROVE trial 
showed that patients with ruptured AAA were more likely to discharge to home 
when compared to those who underwent open repair [19].

 Indications for EVAR

The ideal candidate for EVAR must have the anatomy amendable for stent grafts. 
This includes having adequately sized access vessels, good proximal and distal fixa-
tion zones (with special attention to the aortic neck and iliac arteries), good aortic 
wall quality without excessive calcification, and non-severe angulation. Different 
devices will have different anatomical criteria based on their instructions for use. 
However, in general, the ideal candidates for EVAR will have a neck length >15 mm, 
neck diameter <32 mm, neck angulation <60°, iliac artery diameter <22 mm, and 
iliac artery length >20 mm. Below are graphs comparing some of the criteria of dif-
ferent devices currently available (Table  18.1). With the constant technological 
developments, there are also several newer devices that continue to push boundar-
ies. Gore Excluder Iliac Branch Endoprosthesis is the first off-the-shelf aortic 
branch solution approved in the United States that allows for preservation of blood 
flow to the external and internal iliac arteries. Furthermore, currently in trial is Gore 
Excluder Conformable AAA Endoprosthesis with Active Control System that can 
be used for AAA with a shorter neck length of 10 mm, high neck angulation up to 
90°, and smaller diameter neck of 16 mm. Meanwhile, other indications for EVAR 
include ineligibility to open repair due to reduced cardiac reserve, reduced pulmo-
nary capacity, hostile abdomen, or multiple comorbidities. EVAR may also be used 
a bridge to open repair in patient who are too sick to undergo emergent open repair, 
such as those with aorto-enteric fistulas.
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 Preoperative Assessment and Planning

Imaging plays in an important role in sizing aneurysms to allow for the appropriate 
choice of stent grafts. A CTA abdomen/pelvis should be obtained at 2.5-mm inter-
vals. MRA abdomen/pelvis with time of flight can be obtained instead in patients 
with renal disease. After obtaining the proper imaging, one can use 3D reconstruc-
tion programs and centerline calculations to obtain accurate measurements. The key 
areas of focus include dimensional details of angles, areas of wall irregularity, exis-
tence of any thrombus, the shape and diameter of the flow lumen, the level of tortu-
osity, the severity of calcification, and the relationship with the lowest renal artery. 
Once these measurements are performed, most endovascular device companies rec-
ommend oversizing by 10–15% to allow for good seal. However, beware of exces-
sive oversizing which can cause excessive radial expansile force and graft migration 
(Fig. 18.1).

Fig. 18.1 Clinical example. Here is an example of an EVAR we performed. It was complicated by 
a right iliac artery aneurysm and distal tortuosity that required us to perform a right internal iliac 
artery embolization to allow for extension of the stent graft limb into the right external iliac artery. 
(a) Preoperative scan. Preoperative measurements for the stent graft were performed using a CTA 
with fine cuts. Centerline measurements were then made through the aorta, right iliac artery, and 
left iliac artery. (b) Intraoperative. Access was gained with a 12-Fr sheath in the right common 
femoral artery and 18-Fr sheath in the left common femoral artery. An Active Control Conformable 
Excluder Device was chosen for the repair. A 28-mm × 14.5-mm × 16-cm device was deployed in 
the recommended manner. The contralateral gate was cannulated and then extended into the 
expected position of the right iliac bifurcation using a 16-mm × 12-mm × 7-cm iliac extension. 
Angiography revealed extreme deformity of the straightened tortuous iliac segment with the com-
mon iliac aneurysm as well as the hypogastric artery readily filling. It became obvious that achiev-
ing seal in the distal right common iliac artery right above the bifurcation would not be 
accomplishable with the excluder limb. We therefore proceeded with embolization of the internal 
iliac artery and extension of the right iliac limb into the distal external iliac artery. A 14-mm 
Amplatzer plug was used to occlude the ostium of the internal iliac artery and then extended using 
a 13-mm × 100-mm Viabahn stent graft. The interfaces were dilated with a 14-mm balloon angi-
ography which revealed persistent endoleak which we felt might represent a junctional endoleak. 
Because of that and because of the now improved accessibility across that segment, we decided to 
reline the entire limb using a 14.5-mm × 16-cm excluder limb. The ipsilateral limb of the device 
was then deployed, and we extended further to the level of the bifurcation using a 16-mm × 13.5- 
cm excluder limb. The proximal seal zone and the overlap segments were all dilated with either a 
CODA balloon or 14- or 12-mm angioplasty balloons. Angiography revealed excellent position of 
the endograft with exclusion of the aneurysm and maintained patency of both renal arteries and the 
left hypogastric artery. Occlusion of the plugged right internal iliac artery was confirmed. There 
was no evidence of type I or III endoleak. (c) Postoperative scan (1 year after). On 1-year follow-
 up, the patient remained asymptomatic. CTA scan showed interval mild regression of his sac diam-
eter. There was a small type II endoleak emanating from the inferior mesenteric artery that we will 
continue to monitor
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b

Fig. 18.1 (continued)
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 Operative Technique

Several different types of anesthesia can be used when performing EVAR. If the 
patient can tolerate lying flat, monitored anesthesia cares and local anesthetic are 
sufficient and quite common. However, if the patient has more worrisome risk fac-
tors, general anesthesia can also be used. An epidural is another option in frail and 
sick patient who cannot undergo general anesthesia.

The following steps for an EVAR are for modular devices. The patient is pre-
pared from the xiphoid to the bilateral knees, in case there is a need for emergent 
conversion to open repair. First, obtain percutaneous access in the bilateral common 
femoral arteries with ultrasound guidance, and use preclose technique. Next, intro-
duce the wire into the descending abdominal aorta. Upsize the sheaths based on the 
stent graft being used and if a sheath is required for the device. Heparinize the 
patient to keep ACT >200–250. Perform an aortogram using a flush catheter. 
Angulate the C-arm and mark where the lowest renal artery is. Introduce the main 
body, position just the lowest renal artery, and deploy. An additional piece may or 
may not be needed depending on the length to the ipsilateral common iliac artery. 
Afterward, cannulate the contralateral gate. Introduce the contralateral iliac delivery 
system, and deploy with care to not cover the internal iliac artery. Once the stent 
grafts are in place, use a molding balloon to ensure good expansion of the stent 
grafts. Lastly, perform a completion angiogram to assess for stent graft apposition, 
exclusion of the aneurysm, and the presence of any endoleaks.

c

Fig. 18.1 (continued)
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 Postoperative Surveillance and Complications

Postoperative surveillance is performed at 30 days, 6 months, 1 year, and then annu-
ally afterward. EVAR complications can be grouped into access complications, 
graft-related complications, and organ system failure [20–22]. Access-related com-
plications can include hematoma, pseudoaneurysm, infection, lymphocele, dissec-
tion, and distal limb emboli. Graft-related complication includes endoleaks, limb 
kinking or thrombosis, graft migration, and graft infection. Endoleaks are a com-
mon complication and can be further subdivided into five types. A type I endoleak 
occurs when there is an inadequate seal at either the proximal or the distal seal zone. 
A type II endoleak occurs when there is back bleeding from a collateral artery, such 
as a lumbar artery. A type III endoleak occurs when there is a leak between the stent 
grafts. A type IV endoleak occurs when the material of the stent graft has high 
porosity. A type V endoleak occurs when there is endotension of unknown origin. 
Of all the endoleaks, type I and III should be repaired upon diagnosis to prevent 
continued transmission of systemic pressure into a confined sac. Last but certainly 
not least, there are several organ systems that can fail postoperatively. Renal failure 
is not uncommon secondary to contrast nephropathy from the large amounts of 
contrast used during the procedure. Renal failure may also result from atheroem-
boli, acute renal artery obstruction, and cephalad graft migration. Meanwhile, mes-
enteric ischemia is a known and feared consequence when the inferior mesenteric 
artery is covered and there is otherwise poor blood supply to the bowels. Pelvic 
ischemia may result when there is coverage of both internal iliac arteries. 
Furthermore, spinal cord ischemia is another potential consequence when an exten-
sive length of descending aorta is covered.

 Conclusion

In conclusion, EVAR has revolutionized the treatment of AAA by allowing for 
decreased mortality and morbidity. Proper imaging and sizing of stent graft are 
crucial for its success. The durability of EVAR is dependent on long-term surveil-
lance and being mindful of potential postoperative complications.
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Chapter 19
Putting It All Together: An Algorithmic 
Approach to Treat Patients with Peripheral 
Arterial Disease

Nicolas W. Shammas

Approaching the peripheral arterial disease (PAD), patient starts with understanding 
the severity of the disease on presentation and the patients’ cardiovascular risk fac-
tors. A comprehensive history and exam are imperative to gather the information 
needed to optimally treat each patient. Furthermore, an understanding of the 
patient’s quality of life on presentation and the goals of treatment can help the vas-
cular specialist tailor therapeutic interventions uniquely to each individual. A shared 
decision between the provider and the patient is critical to achieve excellent patient’s 
satisfaction and the intended goals of interventions.

The first target of therapy is to reduce cardiovascular mortality and morbidity in 
the PAD patient who is at an exceptionally high risk for cardiac death, amputation, 
and strokes. An intense preventative program that consists of quitting smoking, 
structured exercise, tailored cardiovascular diet, high-dose statins, baby aspirin, and 
low-dose rivaroxaban should be implemented as soon as possible and when feasible 
[1–12]. In diabetics with established cardiovascular disease including PAD, the 
addition of SGLT2 inhibitors or GLP agonists has also been shown to reduce major 
adverse cardiovascular events [13–17]. This first-line approach applies to nearly all 
PAD patients whether they present with symptomatic or asymptomatic PAD.

When the initial presentation is chronic limb-threatening ischemia (CLTI) with 
rest pain or ulcerations, the consensus is to proceed with revascularization with a 
straight in-line flow to the foot in the majority of patients to prevent amputation and 
possibly death [8, 18]. The only exception will be a patient with severe leg contrac-
ture or overall multiple medical comorbidities where revascularization does not 
change the overall prognosis or outcomes of the patient. Amputation in this case 
may be considered.

Claudicants, on the other hand, are not at immediate risk of losing their legs, and 
therefore a period of structured exercise (supervised or home-based) along with 
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cilostazol should be considered for several months before revascularization [19–
21]. This approach however needs to be tailored to the individual patient as some 
patients have severe symptoms that are disabling and are unable to adhere to a struc-
tured exercise program. Also, patients with large inflow severe disease such as the 
iliac arteries are likely to benefit from revascularization as a first approach. The 
failure of medical therapy and exercise to relieve symptoms warrants a revascular-
ization approach. In order to reduce the recurrence of symptoms and additional 
future treatments, a structured exercise program is recommended following 
revascularization.

The endovascular approach to revascularization varies with the target segments. 
Stenting of the iliac arteries is generally preferred and has excellent long-term out-
comes [22–25]. In severely calcified iliac arteries, Shockwave Lithoplasty can be 
considered as an adjunctive treatment before stenting to help achieve full-stent 
expansion [26, 27]. In contrast, in the common femoral artery and infrainguinal 
arteries, we have adopted the strategy of leaving the least metal behind. With this 
strategy, the use of the Tack Endovascular System or spot stenting is reserved for 
vessels with flow-limiting dissections or suboptimal results on angiography. 
Although data from the TOBA observational trials also included repairing a good 
proportion of type A and B dissections with promising long-term outcomes, there 
are no randomized data to confirm the superiority of this approach versus no treat-
ment [28, 29]. When more precise imaging is used such as intravascular ultrasound 
(IVUS), more dissections are noted when compared to angiography [30–33]. We 
generally reserve repairing these dissections that appear to involve the adventitia 
and those with a wider arc (≥180°) although data on this approach are needed 
(Fig. 19.1). Drug-coated balloons may partially mitigate the negative effect of dis-
sections on restenosis, but the full interaction with dissection severity, drug-coated 
balloons, and dissection repair remains poorly understood [34]. Despite the overall 
short and intermediate low target lesion revascularization, particularly with drug- 
eluting stents in the femoropopliteal segments, stents may carry several problems 
on longer follow-up including fracture and restenosis and can potentially limit 
future therapies. In our opinion, technologies that can leave the vessel with no or 
least metal and result in successful acute and long-term outcomes would be pre-
ferred. This latter strategy has gained significant momentum and is now a preferred 
approach by many endovascular specialists.

In order to optimize acute procedural results, there are several approaches that 
can be taken. Vessel prepping prior to definitive therapy is a key step to obtain maxi-
mal luminal gain while limiting dissections and bailout stenting. Angioplasty alone 
can lead to high rate of dissections and bailout stenting and has been shown to have 
a high patency loss and TLR. Vessel prepping consists of different approaches to 
prepare the vessel for a more definitive treatment to gain the maximum luminal 
diameter while limiting the extent of damage to the vessel wall. Vessel prepping can 
be achieved by three primary modalities:

 (a) Remove part of the plaque, a concept of debulking that is accomplished by 
atherectomy.
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 (b) Modify the plaque itself by various methods based on morphology. A severely 
calcified plaque can be modified by lithoplasty, while other softer plaques can 
be modified my microincision such as with the Flex VP longitudinal microinci-
sional catheter.

 (c) Redistribute the force of the balloon in focal areas such as with the use of spe-
cialty balloon including the chocolate balloon and other focal force balloons 
[35–39].

There are no data to compare the differences between these vessel prepping 
devices. Also, the degree of debulking with atherectomy devices remains unknown 
(soft vs aggressive). Vessel prepping has been shown to mostly impact the short- 
term acute procedural results reducing the need for bailout stenting and maximizing 
the overall success of the procedure. Also, vessel prepping can increase antiprolif-
erative drug uptake (paclitaxel), and this may in return improve long-term patency 
and reduce TLR. Randomized, well-powered data are needed however to prove this 
concept.

Vessel prepping is part of a broader strategy of optimizing the outcome of endo-
vascular treatment of peripheral arterial disease (Fig. 19.2) [40, 41]. Protecting the 
distal vascular bed and applying antiproliferative therapy are important steps to 
maximize short- and long-term outcomes. Protecting the distal vessels can be done 
by using atherectomy devices with aspiration capabilities (Auryon laser or Jetstream 
atherectomy and others) and the use of embolic protection filters [42–45]. These 
filters are shown to be highly effective in capturing debris. Although no randomized 
trials are available with and without filters, data suggest that filters reduce radiation 
exposure, amount of contrast use, and procedure time. Also, some nonrandomized 
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Fig. 19.2 Approach to vessel prepping with debulking or non-debulking strategies

data suggest a positive impact on overall long-term outcome [46–48]. 
Antiproliferative therapies (drug-coated balloons and stents) can be very effective in 
reducing TLR and improve patency when compared to treatments that do not 
include antiproliferative therapies [49–52]. Recently, there has been a concern about 
an increase in mortality with paclitaxel-based antiproliferative therapies [53], but 
most recent data could not confirm these findings [54]. Of interest, data from the 
AcoArt I trial suggest that when dissections are not visualized angiographically 
post-endovascular treatment, the overall primary patency is similar to those patients 
who received DCB [55]. This emphasizes the importance of vessel prepping to 
reduce dissections which may reduce the need for additional paclitaxel therapy. 
This concept needs to be proven with randomized prospective data and with the use 
of precise imaging such as IVUS which is more accurate in identifying 
dissections.

There is no one algorithm to treat infrainguinal symptomatic PAD. Our approach 
(Fig. 19.3) has been to define lesion morphology and complexity. Complex disease 
warrants vessel prepping typically with some debulking or non-debulking methods 
to minimize vessel barotrauma and limit dissections and bailout stenting. Complex 
disease includes CTO, calcified disease, and long lesions. ISR, particularly in the 
setting of an occluded stent, will respond well to debulking followed by angioplasty 
and drug-coated balloons [56–60]. Angioplasty alone is not an optimal treatment 
and should be avoided in ISR. Noncomplex disease can be treated with angioplasty 
(with or without vessel prepping) followed by angioplasty and DCB (if no flow- 
limiting dissection) or DES (if flow-limiting dissection or significant residual nar-
rowing). Stenting remains a class I indication in the guidelines because of 
randomized trials that show its superiority to angioplasty. The Zilver PTX stent was 
superior to angioplasty, but there is conflicting data to its superiority versus bare- 
metal stents [61, 62]. The Eluvia stent was superior to the Zilver PTX stent in the 
IMPERIAL randomized trial [63]. Bare-metal stents such as the Supera stent and 
more recently the BioMimics 3D stent seem to have very good long-term results 
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Fig. 19.3 Proposed algorithm in treating infrainguinal arterial disease based on lesion complexity 
and morphology

[64]. On the other hand, well-powered, large randomized trials with atherectomy 
versus angioplasty and/or stenting are not available, and therefore atherectomy 
remains a class III indication in the guidelines except for ISR. Observational data 
however support the role of atherectomy in improving acute procedural results 
although it is unclear if long-term outcomes are improved. The combination of 
atherectomy and DCBs however seems to have promising good long-term results, 
but also larger randomized trials are needed to conclusively demonstrate its 
effectiveness.

In conclusion, PAD patient should receive aggressive preventative therapies to 
reduce their morbidity and mortality. Modifying risk factors and exercise are impor-
tant therapies for all PAD patients. Low-dose rivaroxaban with baby aspirin needs 
to be considered to reduce major adverse limb and cardiovascular events. 
Revascularization is reserved for those with severe limiting symptoms including 
severe claudication and advanced limb ischemia. A strategy of leaving the least 
behind has gained momentum in treating infrainguinal arterial disease (with vessel 
prepping and DCB). Bailout stenting or focal Tack Endovascular repair is consid-
ered with flow-limiting dissections. Primary stenting needs to be avoided when pos-
sible in no-stent zones such as the common femoral artery, distal superficial femoral 
artery, and popliteal artery. Stents are superior to balloon angioplasty, but well- 
powered randomized data comparing vessel prepping and DCB versus stenting 
(DES or BMS) are not available.
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