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          Introduction 

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

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

    CAD 

  Coronary artery disease (CAD)      manifests as angina and may 
culminate as a myocardial infarction (MI) or progress to 
 heart failure (HF)  . It may also be silent. It is estimated that in 
the USA alone, 620,000 people will have a new coronary 
attack, another 295,000 will have a recurrent attack, and 
150,000 will have a silent event in 2014. Fatalities from 

these events account for one out of every six deaths in the 
USA. This is despite a 39.2 % decrease in the number of 
deaths attributable to CAD from 2000 to 2010 [ 3 ]. 

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

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

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

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

 Interest in overlap of CAS in known CAD has primarily 
been focused on perioperative screening and optimization to 
prevent incidence of  stroke   [ 15 ]. As a result, prevalence data 
comes from studies assessing CAS at the time of CAG as part 
of a preoperative workup. Estimates of CAS in patients with 
CAD range from 7 to 89 %, depending on imaging modalities 
and defi nitions of CAS [ 31 ]. For CAS defi ned as ≥70 % ste-
nosis on ultrasound, there was 10.2 % prevalence. Rate of 
CAS increased with number of diseased  coronary vessels  : 
1.3 % for one, 5.8 % for two, and 19 % for three vessels [ 31 ]. 
This is similar to older data defi ning stenosis as >75 % with 
an 8.7 % prevalence of CAS [ 32 ]. A Japanese study evaluated 
a population by ultrasound and angiography. Rates of CAS 
defi ned as >50 % on ultrasound by a number of diseased coro-

nary vessels (one, two, three) were 14.5 %, 21.4 %, and 36 %, 
respectively. When evaluated angiographically with CAS 
defi ned as >70 % luminal stenosis, these numbers decreased 
signifi cantly to 3.4 %, 7.5 %, and 19.4 % [ 33 ]. A British study 
evaluating  stress echo (SE)   in new onset chest pain found that 
carotid intima-media thickness (CIMT) as a measure of CAS 
had better PPV for CAD than clinical stratifi cation, and the 
addition of CIMT to SE improved the PPV of CAD from 56 
to 70 %. Thirty-seven patients demonstrated CAD on CAG, 
of whom 33 had CAS based on CIMT (89 %) [ 34 ]. The dis-
parity in prevalence between this and previous studies refl ects 
different imaging modalities and defi nitions of CAS. However, 
as interest and use of CIMT increases, it will be important 
to understand how it relates to defi nitions based on percent 
stenosis and angiography.  

    LEAD 

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

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

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

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

    RAS 

 Prevalence of RAS varies by study from 4 to 18.4 % in the 
general public [ 55 ]. The majority will be unilateral with 
12 % of cases bilateral in one study of people >65 years [ 56 ]. 
RAS may be due to atherosclerotic disease, fi bromuscular 
dysplasia, or external compression of the vessels. 
Manifestations include onset and/or acceleration of renal 
failure, fl ash pulmonary edema, and diffi cult-to-control 
hypertension. Understanding the etiology of RAS, including 

uni- vs bilaterality, alters treatment and ultimately outcome. 
When assessing overlap disease in other vascular beds, RAS 
relates in two ways. First, RAS may share an atherosclerotic 
etiology. Second, RAS may serve as the etiology of vascular 
bed disease. The second relationship is proposed to occur 
through activation of the RAAS pathway, though any of the 
numerous hormonal or metabolic pathways intimately asso-
ciated with the kidneys may play a role [ 57 ,  58 ]. As elo-
quently discussed by Hostetter, the mechanism of action—and 
directionality—linking renal failure with cardiovascular dis-
ease is yet to be fully elucidated, but the renal vascular bed 
might actually serve as a canary in the coal mine for systemic 
vascular health [ 58 ]. Early recognition of renal demise 
allows for early intervention and prevention of progressive 
systemic vascular disease. 

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

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

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

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

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

    Mesenteric Artery Ischemia 

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

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

    AAA 

 Aortic abdominal  aneurysms   are increasing in incidence 
globally with the exception of Western Europe, where morbid-
ity and mortality have been decreasing since the 1990s [ 91 ,  92 ]. 
Prevalence is related to increasing age, male sex, and smoking. 
For small AAAs, 2.9–4.9 cm in diameter, prevalence ranges 
from 1.3 to 12.5 % in men and 0–5.2 % in women, with increas-
ing incidence in older cohorts [ 91 ]. Risk factors overlap between 
the two forms of atherosclerosis but biochemical marks and epi-
demiology are distinct [ 93 ]. Though grouped under atheroscle-
rotic disease, the pathophysiology of AAA appears distinct 
from occlusive atherosclerosis. One group out of Norway found 
no correlation between size of AAA and atherosclerosis of other 
beds which may suggest that occlusive atherosclerosis and 
 AAA   are parallel rather than sequential processes [ 94 ]. 

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

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

    CAS 

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