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Abstract 

 

Cardiovascular risk remains difficult to assess, particularly in women. It is known that 

patients with ankle-brachial index (ABI)-indicated peripheral arterial disease (PAD) have an 

increased risk of cardiovascular morbidity and mortality. Femoral ultrasound, a sensitive marker 

of PAD, has potential value as a screening tool. However, the association of femoral plaque 

burden with coronary artery disease (CAD) severity and extent remains unknown. Furthermore, 

little information is available on sex differences in the burden of PAD and its relationship to 

CAD, a consideration that may improve patient risk management algorithms. To explore this, 

five hundred study participants (34% female) underwent bilateral carotid and femoral ultrasound 

within 24 hours of coronary angiography. A subset of 124 participants underwent ABI 

measurements. It was found that in women, increased combined common femoral and carotid 

bulb plaque area yielded the strongest association with significant CAD (odds ratio (OR) 7.3 

(95% CI 3.5-16.8)), independently of age and traditional cardiac risk factors, while in men, this 

was achieved by increased combined plaque height at the carotid bulb and femoral bifurcation 

(OR 4.3 (CI 2.4-8.2)). Additionally, ultrasound-detected femoral plaque burden more accurately 

identified participants with significant CAD (area under the curve (AUC) = 0.731) than ABI 

(AUC = 0.578) (p = 0.02). Femoral plaque burden had a higher sensitivity (84%) than ABI 

(25%) for ruling out disease. In conclusion, we determined sex-specific markers of ultrasound-

detected atherosclerotic disease that may improve risk stratification when used uniquely in 

women and men. A combined assessment of common femoral and carotid plaque area is most 

advantageous in women, while men may benefit most from a combined analysis of carotid and 

femoral bifurcation plaque height. Furthermore, femoral ultrasound, while being an equally safe, 
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inexpensive, and rapid tool, more accurately predicts significant coronary disease than a 

traditional ABI assessment. Used clinically, vascular ultrasound may have immense value when 

incorporated into cardiovascular management algorithms, especially for those patients in which 

risk remains uncertain despite the use of conventional stratification tools. 
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Chapter 1 

 

Introduction 

 

 

1.1 The Epidemiology of Coronary Artery Disease  

 

 Coronary artery disease (CAD) is the leading cause of premature death globally, together 

with ischemic stroke, accounting for 15.2 million deaths in 2015. The age-standardised global 

mortality rate due to CAD decreased by 12.8% between 2005 and 2015 (1), a trend reflected in 

the majority of high-income regions, including North America, Western Europe, and Australasia. 

Conversely, such mortality rates increased in various low- and middle-income areas, including 

areas of Eastern Europe and Asia (2). Observed declines in CAD-related mortality rates were 

largely associated with improvements in treatment strategies and, in primary prevention, risk 

factor management (3).  

 

 

1.2 The Pathology of Atherosclerosis  

 

 CAD is characterized by the progressive formation of atherosclerosis within the coronary 

arteries. In this complex, inflammatory process, the endothelium lining the inner surface of the 

vasculature is exposed irritative stimuli, including hypertension, elevated levels of plasma low-

density lipoprotein (LDL), and pro-inflammatory molecules, such as cytokines, chemokines and 

platelet activating factor (4). In response, the endothelial cells induce the expression of surface 

adhesion molecules, including intercellular adhesion molecule-1 (ICAM-1) and vascular cell 

adhesion molecule-1 (VCAM-1), which aid in the recruitment and activation of monocytes and 

lymphocytes from adventitial vessels and the arterial lumen into the tunica intima (5).  

As a result of endothelial permeability changes, LDL also infiltrates the tunica intima (6), 

the lipid moieties of which become oxidized thereafter (7). This process induces the recruitment 
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and differentiation of monocytes into macrophages, which then endocytose the oxidized LDL 

particles, transforming into foam cells (6). Over time, these foam cells may undergo apoptosis, 

the cellular remnants of which accumulate within the plaque, forming a necrotic core (8). In 

addition, smooth muscle cells migrate from the tunica media into the tunica intima. These cells 

then proliferate and excrete extracellular matrix molecules, such as collagen and elastin, to form 

a fibrous cap over the atherosclerotic lesion (6). Over time, calcium granules may deposit within 

the extracellular matrix and necrotic core to form aggregate calcium plates (9). 

 Spatial distribution variation in the development of atherosclerosis is a well-documented 

phenomenon. Atherosclerosis tends to develop in areas with high curvature, tortuosity, and 

branching, where disturbed blood flow and low wall shear stress induce endothelial cell turnover, 

increase oxidative stress (10), and changes in cell morphology, leading to an atherosclerosis-

prone phenotype (11). Consequently, certain vascular regions, such as the aortic arch, adductor 

canal region of the superficial femoral arteries, and bifurcations of the coronary, carotid and 

femoral arteries, are particularly vulnerable. As anatomical sex differences exist in vascular 

anatomy, it reasonably follows that sex differences are seen in the distribution pattern of disease 

(12,13). For instance, a study using magnetic resonance imaging found that in males, tortuosity 

and curvature of the distal superficial femoral artery were greater and mean wall shear stress 

lower than in females, contributing to increased focal atherosclerosis in males (12). 

 

1.3 The Clinical Implications of CAD 

 The development of atherosclerosis is associated with increased morbidity and mortality. 

As the atherosclerotic lesion, or plaque, advances, luminal stenosis leads to downstream 

myocardial ischemia. Adverse manifestations may include stable angina, which develops 
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predictably during periods of stress, or acute coronary syndromes of unstable angina and 

myocardial infarction (MI). In addition to the correlation of stenosis with adverse events, there 

also exists a relationship between disease extent, or the number of affected coronary vessels, and 

risk of cardiovascular outcomes. In a retrospective study of 37,674 patients without prior CAD, 

the hazard ratio (HR) for 1-year MI in 1-vessel obstructive CAD, defined as >70% coronary 

luminal stenosis or >50% left main stenosis, was 9.0 (95% confidence interval (CI) 4.2-19.0) 

while HRs for 2- and 3- vessel or left main obstructive CAD was 16.5 (CI 8.1-33.7) and 19.5 (CI 

9.9-38.2), respectively. One-year mortality rates also increased from 1.38% in those without 

CAD to 4.3% in patients with 3-vessel or left main obstructive disease (14). 

Two important atherosclerotic processes, thrombosis and embolism, are implicated in 

arterial luminal narrowing and subsequent adverse cardiovascular events. The initial phase in the 

development of occlusive disease involves arterial remodelling, a process in which the arterial 

wall expands to accommodate for plaque development in order to preserve the luminal diameter, 

termed the “Glagov phenomenon” (15). Plaque growth occurs predominantly through the 

repeated rupture and release of thrombogenic contents, which then become incorporated into the 

lesion. Remodelling ceases once 40% narrowing has occurred, and the progressing lesion begins 

to hinder blood flow (16). In fact, only 11% of acute ruptures are the first to occur (17). 

Additionally, thrombosis may result in embolism, wherein the plaque contents travel to 

downstream vessels. It is thought that the majority of such atherosclerotic events are associated 

with vulnerable plaque. Such vulnerability is characterized by a soft, necrotic core, thin, fibrous 

cap, and neovascularization arising from the adventitial vasa vasorum, all features that contribute 

to a fragile, rupture-prone phenotype (18).  
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 Both genetic and modifiable risk factors contribute to the development of atherosclerotic 

disease. Several important modifiable risk factors include hypertension, hyperlipidemia, diabetes 

mellitus, chronic kidney disease, body mass index (BMI), and smoking, in many of which the 

causal relationship to atherosclerosis has been established. For example, in 2002, the Prospective 

Studies Collaboration, involving one million participants, described a doubling of cardiovascular 

risk with each 20 mm Hg and each 10 mm Hg increase above normal systolic and diastolic blood 

pressures, respectively (19,20). Such risk is reversible, in which each 10 mm Hg reduction in 

systolic blood pressure decreases the rate of cardiovascular disease events (relative risk (RR) 0.8 

(CI 0.8-0.8)) and CAD (RR 0.8 (CI 0.8-0.9)) (21). Diabetes mellitus is another important risk 

factor in atherosclerosis development. In 1993, the Multiple Risk Factor Intervention Trial 

demonstrated a 3-fold increased risk of cardiovascular disease after a 12-year follow-up in 

patients with diabetes compared to non-diabetic counterparts (22). Such risk factors act 

synergistically to contribute to atherosclerotic progression.  

 

1.4 The Diagnosis of CAD  

The current clinical standard for diagnosing CAD in symptomatic patients is coronary 

angiography. This invasive and costly procedure involves the insertion of a catheter, via the 

radial or femoral artery, and subsequent injection of an iodine-based contrast agent to allow for 

direct visualization of the coronary vasculature through X-ray imaging. Risks associated with 

angiography, although rare, include bleeding, MI, and infections (23,24). In the assessment of 

CAD, the angiogram produces a two-dimensional luminal projection of the coronary vasculature, 

from which the interventionalist seeks to determine the degree of luminal stenosis in one region 

through comparison to adjacent, “normal” reference segments.  
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The nature of angiography presents several limitations. In cases of diffuse and 

symmetrical disease that involves the entire vessel, the patient may be deemed disease-free (25). 

Similarly, as a lumenogram, this diagnostic tool does not account for wall expansion that is 

associated with arterial remodelling, and therefore cannot resolve atherosclerotic development 

that occurs into the arterial wall (15). Although such lesions do not hinder blood flow, they have 

been demonstrated as functionally relevant and an important origin of future MI (26). Moreover, 

as coronary angiography depicts the vasculature as a two-dimensional luminal projection, one 

cannot determine the plaque composition and thus cannot identify vulnerable features that may 

indicate increased patient susceptibility for acute coronary syndromes (25). However, despite 

these limitations, angiography has added immense value in the management of CAD and 

provides a platform for possible revascularization following the identification of disease. 

In addition to coronary angiography, various other methods for CAD diagnosis have been 

proposed. As one such alternative to the lumenographic technique applied by angiography, 

intravascular ultrasound provides a tomographic means to more accurately assess coronary 

lesions in cases where the lumen is distorted in shape, such as following intervention (27). 

Furthermore, this imaging modality allows for the visualization of atherosclerosis otherwise 

concealed by arterial remodelling in visualization by a lumenogram. Such an ability permits the 

view of lesions that may later play a role in acute coronary syndromes (28). In this way, 

intravascular ultrasound may provide a means to better assess the patient’s true cardiovascular 

risk.  

An additional technique described for the diagnosis of CAD is contrast material-

enhanced multidetector computed tomographic (CT) angiography, which involves the injection 

of a radiocontrast agent, followed by X-ray scans at various angles to produce multiple cross-
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sectional slices of the vasculature. The non-invasive nature of this method is favourable for 

routine screening, and new technological advancements have led to significant improvements in 

the diagnostic performance for significant, >50%-diameter stenoses, and more coronary 

segments are now assessable for visualization (29). Despite the emerging evidence for benefits of 

alternative techniques in CAD diagnosis, the potential role of such novel techniques in CAD 

diagnosis remains undetermined. At present, coronary angiography remains the current clinical 

standard assessment.  

 

1.5 Sex Differences in CAD: Historical and Pathological Considerations  

 

It is essential to account for relevant sex differences when exploring the pathology, 

diagnosis, and treatment of atherosclerotic diseases. Cardiovascular disease is the leading cause 

of death in women in both developed and developing regions. In the United States, for example, 

1 in 6 women dies of CAD (30). Particularly vulnerable are women at increased risk due to 

social and economic disadvantages, South Asian or Indigenous ancestry, and increased age (31). 

Although classically regarded as a male issue, prevalence rates are similar between the sexes, in 

which CAD is responsible for 38% of cardiovascular deaths in women and 46% in men. Despite 

these statistics, women at the same cardiovascular risk relative to men are less likely to be 

prescribed beneficial pharmacotherapies, such as statins (32,33), and are less likely to receive 

recommendations for preventative therapy. Inaccurate perception of risk has been demonstrated 

as the factor most strongly associated with such measures (34). Likewise, there is decreased 

awareness of the burden of disease in women and, correspondingly, a delay in the seeking of 

treatment relative to men (35). Indeed, although global cardiovascular mortality rates have been 
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decreasing in the last few decades (1), this decline is not as significant in women, a trend related 

to global unawareness of risk and associated inadequacies in diagnosis and treatment.  

 Unique, sex-specific CAD pathophysiologies exist. Development of atherosclerosis is 

normally delayed by 10 years in women relative to men. The risk of atherosclerotic disease is 

low in pre-menopausal women and increases to that of men post-menopause (36). Until age 50, 

LDL levels are lower in women than in men; thereafter, these levels increase. Throughout life, 

high-density lipoproteins (HDL) are approximately 10 mg/dl higher in women than in men, and 

low HDL levels correspond more strongly to coronary risk in women (37). Other cardiovascular 

risk factors also play differential roles between the sexes. In a population-based study of 11,843 

participants, current smoking was a stronger risk factor for MI in women (RR 3.3 (CI 2.1-5.1)) 

than in men (RR 1.9 (CI 1.6-2.3)). Diabetes mellitus is also a particularly important risk factor in 

women; notably, in a meta-analysis involving 447,064 patients, the RR for fatal CAD associated 

with type 2 diabetes was 50% greater in women than men (38). Pregnancy-related disorders, 

unique to women, are also associated with increased cardiovascular risk. Preeclampsia, which 

involves new onset hypertension after 20 weeks of gestation, proteinuria and end-organ 

dysfunction, is associated with an increased risk of myocardial ischemia (RR 2.2 (CI 2.7-5.1)) 

after 14.1 years and stroke (RR 1.8 (CI 1.5-2.3)) after 10.4 years (39). Other female-specific risk 

factors are gestational diabetes mellitus, autoimmune diseases, and radiation and chemotherapy 

for breast cancer (40). 

The prevalence of anatomically obstructive CAD is low in women. In contrast, functional 

rather than structural coronary abnormalities largely comprise the female-specific coronary 

disease phenotype (41). Specifically, myocardial ischemia in women is frequently associated 

with coronary microvascular dysfunction (CMD) and plaque erosion, and correspondingly, the 
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term ischemic heart disease (IHD) has been proposed as a more appropriate, encompassing term 

of the female-specific pathophysiology. Although the exact mechanism has not been fully 

elucidated, this CMD is characterized by decreased epicardial and microvessel size, diffuse 

atherosclerosis, arterial stiffness, and endothelial dysfunction (40), all of which contribute to 

diminished coronary flow reserve. Vascular dysfunction can be detected by measures of 

abnormal coronary reactivity. In the Women’s Ischemia Syndrome Evaluation (WISE) study, 

after controlling for traditional cardiovascular risk factors, impaired coronary vasomotor 

responses to acetylcholine corresponded to an increased risk of hospitalization for angina, MI, 

congestive heart failure, stroke, revascularization, and death (42).  

The historical underrepresentation of women in cardiovascular clinical trials has had 

implications in diagnosis and screening for CAD. As discussed, in men, mortality rates have 

significantly decreased in recent years, attributable toward the development of valuable 

diagnostic and therapeutic tools that effectively identify and treat high-risk patients. In women, 

however, this decrease is less noteworthy; evidently, female-specific ischemia is insufficiently 

addressed by modern medicine. Notably, half of women discharged with normal coronaries post-

angiographic assessment continue to experience adverse symptoms that are not amendable to 

antianginal medications. Moreover, a high proportion of such individuals undergo repeat 

angiography for increasing symptom severity (43). In a study of 673 WISE study participants, 

those with chest pain who were found to be absent of obstructive CAD upon angiography had a 

worse prognosis than those without chest pain and underwent twice the rate of events including 

MI (p = 0.11), stroke (p = 0.03), congestive heart failure (p = 0.38), and cardiovascular death (p 

= 0.73) (44). Evidently, such non-obstructive causes of ischemia are associated with increased 
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cardiovascular risk. Such information highlights the need for more effective management of 

women with suspected ischemia.  

 

1.6 Managing Suspected CAD: Current and Emerging Technologies  

 

 The current management algorithm for patients with suspected ischemic disease involves 

a number of sequential steps prior to the recommendation for coronary angiography. In general, 

the goals of management in cases of stable or suspected ischemia are to prevent premature 

cardiovascular death and adverse events and maintain a satisfactory quality of life for the patient 

(45). This is carried out through four steps, including determination of a diagnosis and prognosis, 

initiation of medical treatment, consideration of revascularization, and follow-up (46). In the 

initial diagnostic phase, the probability of obstructive CAD is determined through evaluation of 

clinical history.  In brief, angina-like symptoms are evaluated for ischemic context wherein 

discomfort and heaviness radiates to the jaw, neck, shoulders, or arms. Additionally, the 

relevance of atypical symptoms is considered, such as dyspnea, palpitations, fatigue, sweating, 

and nausea, which are especially common in women (47). Subsequently, a physical examination, 

including an assessment for pulse or chest wall abnormalities and a 12-lead electrocardiogram 

(ECG) is carried out, as well as a consideration of cardiovascular comorbidities and presence of 

relevant blood markers (46).  

Patients with intermediate pretest probabilities of disease may be recommended for non-

invasive testing, which may include treadmill exercise testing with a 12-lead ECG and blood 

pressure monitoring, or pharmacological testing with vasodilator perfusion imaging or 

dobutamine echocardiography, depending on patient characteristics, contraindications, 

limitations, and availability. Other risk-stratification tools are often implemented into the 
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management algorithm if available, such as CT coronary artery calcium (CAC) scoring or CT 

angiography. Those with a high pretest probability for CAD or high-risk features on non-

invasive testing may be recommended for invasive coronary angiography to assess for CAD 

(46).  

 Several limitations hinder the ability for the current management algorithm to effectively 

stratify patient cardiovascular risk. Correspondingly, coronary angiography demonstrates a low 

diagnostic yield for CAD (48). Risk scores that consider biomarker thresholds established in 

male cohorts may not accurately predict risk in women (43); conversely, sex-specific risk 

factors, such as estrogen status and gestational diabetes mellitus, may add value to 

cardiovascular risk-stratification in women (49). Furthermore, exercise ECG, while inexpensive 

and widely available, demonstrates fairly low pooled sensitivities (68% in men and 61% in 

women) and specificities (77% in men and 70% in women). ST-segment changes are a less 

specific marker of CAD in women due to effects of estrogen and regular baseline ST-T changes 

(50). In addition, stress testing cannot distinguish between obstructive CAD and non-stenotic 

causes of ischemia, a particularly important consideration in women, and thus many patients 

with positive stress test results do not have obstructive CAD on angiography (51). CT CAC 

scoring utilizes identification of hydroxyapatite in the coronary vessel walls, a form of calcium 

deposit associated with atherosclerotic lesions (52). However, a high calcium score does not 

always coincide with significant CAD and, accordingly, the specificity for this test is only 40-

63% (53). Other limitations of this technique include high costs and radiation exposure, making 

it a less practical option for routine screening. Clearly, there is an unmet need for accurate, sex-

specific risk-stratification tools. 
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1.7 Vascular Ultrasound in Cardiovascular Risk-Stratification   

 

 Vascular ultrasound is a radiation-free, inexpensive, and non-invasive tool that may be 

used to assess atherosclerotic burden in accessible arterial beds, such as in the carotid arteries at 

the neck or at the femoral arteries of the legs. Several anatomical arterial and atherosclerotic 

features may be assessed by ultrasound, including measures of intima-media thickness (IMT) 

and strain at the arterial wall, plaque presence, plaque quantity, and more recently, 

considerations of plaque activity, morphology, and composition. Such features detected at 

extracoronary beds have shown value as surrogate markers of coronary atherosclerosis and 

cardiovascular risk. Two-dimensional (2D) ultrasound provides an opportunity to quantify 

parameters such as plaque height and area, within a single plane, while three-dimensional (3D) 

ultrasound allows for a volumetric analysis of plaque, providing a more thorough representation 

of disease burden by revealing features that may be out of the 2D plane (18). Several definitions 

of plaque have been proposed to distinguish early atherosclerotic disease from normal or 

minimally thickened regions of the arterial wall. The Mannheim criteria, defined on behalf of the 

advisory board of the European Stroke Conference and one of the most well-recognized 

definitions, classifies plaque as a focal structure that protrudes into the arterial lumen by at least 

0.5 mm or that is at least 50% thicker than the adjacent, unaffected IMT or that spans at least 1.5 

mm from the medial-adventitial border to the intimal-luminal border (54). 

The majority of vascular ultrasound-based research has involved the carotid artery. In 

some of the earliest studies in this field, groups sought to determine the correlation of IMT to 

CAD severity and extent (55); however, the literature on this remains conflicting, and such an 

association is not always found (56). More recently, IMT measures have been shown to largely 

reflect age and hypertension and, thus, may not correspond well to atherosclerotic development 
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(57). Correspondingly, identifying the presence of atherosclerotic lesions improves risk 

prediction. In the Atherosclerotic Risk in Communities (ARIC) study, comprised of 13,145 men 

and women, adding carotid plaque information to IMT measurements and traditional risk factor 

models reclassified 23% of patients (58). Furthermore, in a meta-analysis of 54,336 patients, 

carotid plaque presence was a better predictor of MI than IMT (receiver operating characteristic 

(ROC) curve area under the curve (AUC) 0.64 versus 0.61, relative diagnostic odds ratio 1.4 (CI 

1.1-1.8; p = 0.04) (59).  

Better, still, in risk-stratification is plaque quantification (60). In a study of 318 

individuals, carotid plaque height and area corresponded to significant, obstructive CAD, with 

proposed threshold values of 1.54 mm and 25.6 mm2 yielding sensitivities of 94% and 67%, and 

specificities of 49% and 66%, respectively, for coronary stenosis >50%. Moreover, increased 

plaque height and area correlated to increased CAD extent (61). Similarly, in the Northern 

Manhattan Study, those with carotid plaque height greater than 1.9 mm had a 2.8-fold increased 

risk of vascular events, including ischemic stroke, MI, and vascular death (HR 2.8 (CI 2.0-3.8)) 

(62). Most recently, three-dimensional ultrasound has been described as a method to visualize 

carotid plaque in all planes, and, correspondingly, is a more strongly predictive of coronary 

stenosis than two-dimensional assessments (63).  

 

1.8 Evidence for the Detection of Lower Extremity Peripheral Arterial Disease in Risk-

Stratification 

 

Ultrasound-based detection of atherosclerotic disease at other peripheral arteries, aside 

from the carotid arteries, has also shown incremental value as a cardiovascular risk-stratification 

tool. Peripheral arterial disease (PAD) of the lower extremities is in itself associated with adverse 
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manifestations, including intermittent claudication, and in more advanced stages, tissue 

hypoperfusion, ischemic ulceration and gangrene, often requiring amputation (64).  Prevalence 

rates of PAD are high, with the disease affecting over 800,000 Canadians and, interestingly, 

frequently more often in women than in men (65). Despite this, in a Canadian survey of 501 

adults over 50 years of age, only 36% were familiar with PAD (66).  

Current national patient management guidelines, including those outlined by the 

Canadian Cardiovascular Society and the American Heart Association (AHA)/American College 

of Cardiology (ACC), recommend the ankle-brachial index (ABI) as a frontline diagnostic tool 

for lower extremity PAD in their executive summaries (67,68). The ABI, measured with a blood-

pressure detection devise and, typically, an ultrasound system, is defined as the ratio of the 

systolic ankle artery blood pressure (the lower of either the anterior or posterior tibial artery) and 

that of the brachial artery. The ABI value corresponds to the severity of occlusive disease, 

wherein a ratio of greater than 1.0 is deemed normal, that between 0.50 and 0.90 is indicative of 

claudication, and levels lower than 0.50 correspond to ulcers, gangrene, and acute limb ischemia 

(64). Furthermore, an ABI greater than 1.4 may be suggestive of severe arterial calcification and 

is similarly predictive of mortality (69). 

The adverse effects of PAD are often overshadowed by parallel atherosclerotic 

development at the level of the coronaries; indeed, those with an ABI reading less than 0.9 

demonstrate an increased risk of MI and stroke that is fivefold (70), and as well as a two- to 

three-fold increased risk of mortality (71). Conversely, only 10% of patients with PAD have 

normal coronaries on angiography (70). Despite the evidence, additional research is needed. The 

evaluation of PAD is not currently incorporated as a frontline screening tool in those with 

suspected ischemic disease, although it is recommended in the 2013 ACC/AHA Guideline on the 
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Assessment of Cardiovascular Risk to assist in treatment decision-making in cases of uncertainty 

(72). The accurate detection of PAD is essential. Studies have shown support for treating any 

form of atherosclerotic disease, including both CAD and PAD, as beneficial on cardiovascular 

outcomes (73,74). Correspondingly, current guidelines recommend aggressive cardiac risk factor 

treatment in patients with ABI-detected PAD (68).  

Atherosclerosis detected in the femoral arteries by vascular ultrasound has been 

demonstrated as a more accurate assessment of PAD than traditional ABI measures (75); 

notably, during the earlier phases of atherosclerotic development, the ABI is >1.1 in over 93% of 

individuals (76), and even the presence of non-stenotic, asymptomatic lower extremity disease, 

detected by ultrasound, increases risk of cardiovascular events (77). Although a less extensively 

explored area than ABI and carotid ultrasound, studies have highlighted the potential benefit of 

femoral ultrasound in patient cardiovascular risk-stratification. Similarly, as for the carotid 

artery, femoral IMT increases with age and has shown associations with BMI, increased systolic 

and diastolic blood pressures, cholesterol levels, and smoking history (78). In a study of 224 

patients undergoing coronary angiography, both common femoral IMT (p <0.01) and carotid 

artery IMT (p = 0.02) were independently predictive of CAD extent (79). However, also 

similarly to carotid IMT, increased IMT at the femoral artery is largely conditional on advancing 

age and thus may not correspond well to the atherosclerotic process. In a study of 58-year-old-

men, the presence of plaque within the femoral arteries exhibited a similar predictive value as 

carotid plaque for cardiovascular events, independently of traditional risk factors (80). 

Furthermore, the atherosclerosis burden score (ABS), defined as the number of carotid and 

femoral arterial bifurcations containing plaques, demonstrated improved accuracy over carotid 

IMT and analysis of plaque presence in either arterial bed alone (81). Moreover, Sosnowski et al. 
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determined that femoral plaque presence is a stronger indicator of significant CAD than carotid 

plaque (82).  

The association of femoral plaque quantity with CAD severity and extent remains 

unknown. It is expected that, similar to the carotid artery, the two- and three-dimensional 

quantification of femoral plaque would increase detection of significant coronary disease more 

accurately than evaluation in a single plane. Furthermore, little is known on sex-specific vascular 

ultrasound markers of disease. In the AXA Study, carotid IMT corresponded more strongly to 

risk factors, including age, sex systolic blood pressures, total to HDL cholesterol ratio, current 

smoking, diabetes, and left ventricular hypertrophy in men than in women, indicating that this 

measure may more closely represent coronary risk in men (78). Similarly, in the ARIC study, 

including plaque presence to traditional risk factor information had a more profound effect on 

improving prediction of MI, cardiovascular death, or coronary revascularization in women, while 

in men, carotid IMT had a more pronounced effect on risk prediction (58). In the 6-year follow-

up Tromsø study of 6,226 participants, carotid plaque area was a stronger predictor of MI in 

women (RR 4.0 (CI 2.2-7.2)) than in men (RR 1.6 (CI 1.0-2.4)) (83). It seems that ultrasound-

detected plaque changes at the peripheral arteries may be useful in cardiovascular risk prediction, 

perhaps showing most value in women. Nevertheless, even less information is available on sex 

differences in the association of femoral plaque with patient risk, and to date, no study has 

evaluated the association between sex-specific vascular ultrasound markers and CAD severity 

and extent. Accounting for such sex differences is important given the ineffectiveness of current 

screening tools, particularly in women. Such information might improve the management 

protocol for patients with suspected ischemia. 
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1.9 Study Overview  

 

The present study sought to evaluate the utility of a femoral plaque quantification 

assessment by vascular ultrasound to detect women and men with significant, obstructive CAD. 

It was hypothesized that arterial changes detected by vascular ultrasound would unveil novel 

sex-specific markers of coronary atherosclerosis, and furthermore, that vascular ultrasound 

would demonstrate improved performance over the traditionally-used ABI technique for CAD 

prediction. 

The aims were: 

1) To identify sex-specific vascular ultrasound-detected atherosclerotic features that    

      correlate to CAD severity and extent. 

2) To compare the abilities of vascular ultrasound and ankle-brachial  

blood pressure measurements to rule-out significant, obstructive CAD.  

 To accomplish these two aims, this study involved male and female participants 

undergoing assessment for suspected ischemia by coronary angiography. By more accurately 

identifying those at high-risk, vascular ultrasound may progress the current management 

algorithm for patients with suspected ischemic disease. 
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Chapter 2 

 

Combined Common Femoral and Carotid Bulb Plaque Area Assessment Predicts 

Obstructive Coronary Artery Disease in Women 

 

 

2.1 Abstract 

 

Objectives: We sought to determine sex-specific plaque quantification markers by vascular 

ultrasound for predicting significant, obstructive coronary artery disease (CAD). 

Background: Plaque detection by ultrasound has potential value as a cardiovascular screening 

tool; however, the association of femoral plaque burden with CAD severity and extent remains 

unknown. Furthermore, little information is available on sex differences in CAD prediction by 

vascular ultrasound, a consideration that may improve cardiovascular management algorithms.  

Methods: Five hundred study participants (34% females) underwent bilateral carotid and 

femoral ultrasound following coronary angiography. Maximal plaque height (MPH) and total 

plaque area (TPA) were quantified. Logistic regression was used to determine associations of 

plaque burden with significant, obstructive CAD (>50% stenosis) when adjusted for age, sex, 

and traditional cardiac risk factors. Predictive values for CAD were determined using receiver 

operating characteristic areas under the curve (AUC). 

Results: Increased femoral plaque burden was an independent predictor of CAD in both males 

(MPH OR 2.6 (CI 1.7-3.9); TPA OR 2.8 (CI 1.7-5.0)) and females (MPH OR 2.5 (CI 1.5-4.4); 

TPA OR 3.8 (CI 2.1-7.5); p <0.01). In females, increased common femoral TPA was most 

indicative of CAD (OR 3.5 (CI 1.9-6.7); p <0.01), while in males, increased femoral bifurcation 

plaque burden was most strongly associated with CAD (MPH OR 3.9 (CI 2.4-6.6); p <0.01). In 

females, combined measurements of TPA at the carotid bulb and common femoral artery yielded 
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the best prediction of CAD (AUC = 0.764 (CI 0.691-0.837)), while in males, this was achieved 

by combined measurements of MPH at the carotid bulb and femoral bifurcation (AUC = 0.773 

(CI 0.716-0.830)).  

Conclusions: The present study demonstrates potential value of sex-specific vascular ultrasound 

assessments for predicting significant, obstructive CAD. A combined assessment of common 

femoral and carotid plaque area is most advantageous in women, while men benefit from a 

combined analysis of carotid and femoral bifurcation plaque height. Such tools may have 

immense value when incorporated into cardiovascular management algorithms. 

 

2.2 Introduction  

 

Globally, cardiovascular disease remains the most prominent cause of death in both men and 

women. In 2015, 85% of these deaths were due to ischaemic heart disease (IHD) and stroke (1). 

While such mortality rates have decreased substantially in men over the last three decades, this 

rate has not been matched in women (84,85), an alarming trend reflecting underestimation of 

cardiovascular risk that leads to underdiagnoses and treatment of IHD in women (86). It is 

accepted that sex differences exist in the pathophysiology of IHD. In men, the common 

manifestation is anatomically obstructive coronary artery disease (CAD). In contrast, in women, 

the burden of obstructive CAD is lower, particularly in those who are pre-menopausal (87). 

Myocardial ischemia is frequently associated with non-stenotic and diffuse atherosclerosis, 

plaque erosion, and coronary microvascular dysfunction in women (88,89). 

An additional cause for concern is the historical underrepresentation of women in clinical 

trials (90). As such, current IHD management algorithms have been derived from largely male 

studies (86). Thus, although unique, sex-specific IHD pathophysiologies exist, diagnostic and 

therapeutic tools that focus largely on “critical stenosis” assessment are still utilized in both 
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sexes. Consequently, current pre-angiographic risk stratification tools fail to distinguish between 

stenotic and other ischemia-causing pathologies and thus are not adequate in ruling out 

obstructive CAD in women.  For example, in a study of 397,954 patients undergoing elective 

angiography in the American College of Cardiology National Cardiovascular Data Registry, 73% 

of the female patients had no obstructive CAD (91).    

Several non-invasive imaging tools have shown value in the detection of obstructive CAD, 

such as vascular ultrasound, computed tomographic (CT) coronary angiography, and stress 

testing (63,92,93). The unique advantages of ultrasound, including low cost and the absence of 

radiation risk, lend favourability towards its use as a routine screening tool. However, the 

majority of vascular ultrasound studies have involved male cohorts; conversely, little data is 

available on the use of vascular ultrasound as a cardiovascular screening tool in women. Most 

recently, the Progression of Early Subclinical Atherosclerosis study suggested that evaluation of 

carotid and femoral atherosclerosis may help improve early atherosclerotic disease detection in 

both men and women (60). The current study aimed to evaluate the utility of vascular ultrasound 

as a sex-specific imaging marker for identification of obstructive CAD in symptomatic women.  

2.3 Methods 

2.3.1 Participant Recruitment 

 

For this prospective study, participants referred for coronary angiography were recruited 

from the Cardiac Catheterization Laboratory at the Kingston Health Sciences Centre in Kingston, 

Ontario, Canada between January 2017 and February 2018. Participants were eligible for the 

study if they met the following criteria: males and females aged >18 years, referred for clinically 

indicated coronary angiography, and willing to give informed, written consent. Exclusion criteria 

included presentation of an acute coronary syndrome, clinical contraindications to angiography 
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or ultrasound, and previous femoral or carotid artery surgery. Participant demographic and 

baseline characteristics, including cardiovascular risk factors, use of medications, and stress test 

results, were collected from participant medical charts and interviews. Investigators analyzing 

and conducting the ultrasound scans results were blinded to the angiogram results. 

2.3.2 Ethics 

 

This study was approved by Queen’s University Health Sciences and Affiliated Teaching 

Hospitals Research Ethics board. All participants provided informed, written consent prior to 

entry into the study. 

2.3.3 Coronary Angiography Interpretation 

Coronary angiography was carried out by one of four experienced interventional 

cardiologists using the standard Judkins imaging protocol. Angiogram results were scored using 

a previously reported system as follows: 0 = no or minimal disease (0%-19% narrowing in any 

segment), 1 = mild disease (20%-49% narrowing in any segment), 2 = moderate disease (luminal 

narrowing of at least one segment of 50%-69%), and 3 = severe (>70% narrowing within any 

segment of the main branches of the coronary artery or >50% in the left main coronary artery) 

(63). Segments with previous percutaneous coronary intervention and stenting were deemed to 

have severe disease. Significant obstructive CAD was defined as a luminal diameter reduction of 

>50% (score of 2 or 3). CAD extent was defined by >50% stenosis in 0, 1 (single-vessel), 2 

(double-vessel), or 3 (triple-vessel) coronary segments. Given its prognostic significance, >50% 

stenosis in the left main coronary artery was defined as triple-vessel disease (14). 
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2.3.4 Ultrasound Analysis and Interpretation 

Ultrasound examinations were conducted using a Vivid E9 Cardiovascular Ultrasound 

System, equipped with a 9L transducer (GE Healthcare, Mississauga, Canada). Ultrasound scans 

were performed by an experienced imaging technician within 24 hours of coronary angiography. 

All images were captured at 10 MHz and a mechanical index of 1.1. The focal zone (range 0.4 to 

0.8 cm), gain (-10 to +10 dB) and depth (3.0 to 6.0 cm) were adjusted per participant, according 

to vessel depth and size, in order to achieve image clarity and to minimize acoustic shadowing 

and artifacts. An axial sweep and longitudinal still images were acquired at the distal 3 cm of the 

common femoral artery, the femoral bifurcation, and the proximal 3 cm of the superficial and 

profunda femoral arteries. Subsequent images were acquired at the distal 15 cm region of 

superficial femoral artery, within the adductor’s canal. In the carotid artery, images were 

obtained at the distal 3 cm of the common carotid artery, the carotid bifurcation, and the 

proximal 1 cm of the internal and external carotid arteries (Figure 2.1).  

Acquired images were analyzed offline using GE Healthcare EchoPAC software. Plaque 

was defined using the Mannheim criteria as a focal structure that protruded into the arterial 

lumen by at least 0.5 mm or by 50% of the surrounding intima-media thickness (IMT) or that 

was >1.5 mm in thickness from the media-adventitia border to the intima-lumen border (54). 

Plaque height was measured manually in the axial or longitudinal view. A caliper was extended 

from the medial-adventitial border to the intimal-luminal border at a 90° angle from the vessel 

wall. To determine plaque area, the plaque perimeter was traced in longitudinal view and 

calculated automatically. Maximal plaque height (MPH) and total plaque area (TPA) values were 

determined from the right and left vessels of each participant.  
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A) 

B) 

 
 

 

Figure 2.1 Segments of the Femoral Artery Visualized by Ultrasound. Imaging at the 

proximal femoral artery (A) included the distal 3 cm of the common femoral artery, the femoral 

bifurcation, and the proximal 3 cm of both the superficial and profunda femoral arteries. The 

femoral bifurcation was defined as the interface of the common, superficial, and profunda 

femoral arteries, containing 1 cm segment of each. Imaging at the adductor’s canal (B) included 

the distal 15 cm of the superficial femoral artery. 

 

 

. 

. 
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2.3.5 Statistical Analyses 

Statistical analyses were conducted using JMP®12 software (SAS Institute Inc., Cary, 

NC, USA). Two-group comparisons were conducted using Wilcoxon-Mann-Whitney test for 

continuous variables and Fisher’s exact test for categorical variables. Logistic regression was 

used to determine independent odds ratios of femoral and carotid plaque burden, scaled by 

interquartile ranges (IQR)s, for significant obstructive CAD (>50% stenosis), when adjusted for 

age, sex, body mass index (BMI), estimated glomerular filtration rate (eGFR), and traditional 

cardiac risk factors, including presence of diabetes, hypertension, hyperlipidemia, and smoking 

history. Linear regression was used to explore plaque burden changes with increasing angiogram 

score in either sex. Spearman’s rank correlation coefficient was used to assess correlations of 

carotid and femoral plaque measures with the burden and extent of coronary disease. Receiver 

operating characteristic (ROC) curves were created to determine the most accurate ultrasound 

methods for predicting significant obstructive CAD in either sex. The intra-class correlation 

coefficient (ICC) was utilized to evaluate interobserver reproducibility from a subset of 30 

participants (60 femoral arteries) measured independently by two imaging technicians. To 

determine intraobserver reproducibility, an imaging technician repeated analysis of a subset of 

30 participants twice, 60 days apart. A p-value <0.05 was considered significant. 

2.4 Results 

2.4.1 Study Population Characteristics 

The final study population was composed of 500 participants, 34% (n = 170) of whom 

were female (Figure 2.2). The majority of both females (66%) and males (74%) were 

hypertensive, hyperlipidemic (56% and 73%, respectively), and had a history of smoking (64% 

and 71%, respectively). Males with significant obstructive CAD (>50% coronary stenosis upon 
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angiography) were older, had a lower eGFR, and were more often diabetic, hyperlipidemic, with 

histories of smoking and myocardial infarction than those without significant CAD. Females 

with significant CAD were more likely to be diabetic, hypertensive, and hyperlipidemic, and to 

have histories of myocardial infarction (p <0.05).  

The most common presenting symptom of males and females was chest pain (61% and 

56%, respectively).  However, in both sexes, there were no differences in the rates of chest pain 

presentation between individuals with significant obstructive CAD and those without disease. 

Notably, a higher proportion of participants without CAD were referred for angiography due to a 

positive stress test result than were participants with CAD (n = 81; p <0.01). Fifty-three percent 

of such participants were female. The baseline characteristics of the study population are 

summarized in Table 2.1. 
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Figure 2.2 Flow Chart of the Study Population 
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Table 2.1 Baseline Characteristics of the Study Population by Sex and According to the 

Presence of Significant Obstructive CAD 

  Females Males 

Variable 

All 

(n=170) 

With 

CAD 

(n=78) 

Without 

CAD 

(n=92) 

p-

Value 

All 

(n=330) 

With 

CAD 

(n=231) 

Without 

CAD  

(n=99) 

p-

Value 

CV Risk Factors, mean + SD 

Age (years) 66 + 11 66 + 11 66 + 11 0.86 64 + 10 65 + 9 60 + 11 <0.01 

BMI (kg/m2) 33 + 27 32 + 7 34 + 36 0.11 30 + 6 30 + 6 30 + 6 0.82 

eGFR (mL/min/1.73 m2) 77 + 19 77 + 19 78 + 19 0.73 79 + 19 78 + 19 83 + 18 0.03 

CV Risk Factors, N (%) 

Diabetes 43 (25) 28 (36) 15 (16) <0.01 110 (33) 91 (39) 19 (19) <0.01 

Hypertension 113 (66) 61 (78) 52 (57) <0.01 242 (74) 177 (77) 65 (66) 0.06 

Hyperlipidemia 95 (56) 53 (68) 42 (46) <0.01 239 (73) 185 (80) 54 (55) <0.01 

Hx smoking 107 (64) 54 (71) 53 (58) 0.11 230 (71) 169 (74) 61 (62) 0.04 

Family hx CVD 125 (76) 64 (86) 61 (68) <.01 204 (63) 151 (67) 53 (55) 0.04 

Hx MI 43 (25) 36 (46) 7 (8) <0.01 115 (35) 108 (47) 7 (7) <0.01 

Hx intervention 27 (16) 27 (35) 

  

68 (21) 68 (29) 

  
Referral Indications, N (%) 

       
MI 39 (23) 30 (38) 9 (10) <0.01 82 (25) 75 (32) 7 (7) <0.01 

Arrhythmia 17 (10) 5 (6) 12 (13) 0.20 31 (9) 16 (7) 15 (15) 0.02 

Dyspnea 73 (43) 32 (41) 41 (45) 0.76 105 (32) 71 (31) 34 (34) 0.52 

Chest pain 103 (61) 47 (60) 56 (61) 1.00 185 (56) 135 (58) 50 (51) 0.19 

(+) stress test 64 (38) 21 (27) 43 (47) 0.01 112 (34) 74 (32) 38 (38) 0.31 

Valve disease 8 (5) 3 (4) 5 (5) 0.73 19 (6) 13 (6) 6 (6) 1.00 

Heart failure 12 (7) 5 (6) 7 (8) 1.00 16 (5) 11 (5) 5 (5) 1.00 

↓ LV function 17 (10) 4 (5) 13 (14) 0.07 45 (14) 27 (12) 18 (18) 0.16 
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CV Medications, N (%) 

        
Antilipidemic 96 (56) 56 (72) 40 (43) <0.01 234 (71) 185 (80) 49 (49) <0.01 

Antihypertensive 139 (82) 71 (91) 68 (74) <0.01 269 (82) 199 (86) 70 (71) <0.01 

Antidiabetic 35 (21) 21 (27) 14 (15) 0.09 87 (26) 70 (30) 17 (17) 0.01 

 BMI = body-mass index; CAD = coronary artery disease; CV = cardiovascular; CVD = cardiovascular disease; 

eGFR = estimated glomerular filtration rate; Hx = history; MI = myocardial infarction; (+) = positive; ↓ = lowered. 

History of intervention included previous percutaneous coronary intervention and/or coronary artery bypass graft. 

The p-values for the differences between those with and without significant CAD (>50% stenosis) are shown. 
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2.4.2 Sex Differences in Plaque Burden and Arterial Distribution 

Plaque burden per arterial segment by sex and the presence or absence of significant, 

obstructive CAD are presented in Table 2.2. Male and female participants with significant CAD 

had increased mean plaque burden in all observed carotid and femoral segments, including the 

carotid bulb, and proximal superficial, profunda, bifurcation, common femoral, and adductor’s 

canal segments, compared to those without significant CAD (p <0.05). Between sexes, males had 

greater plaque burden than females in the carotid bulb, adductor canal region, and proximal 

femoral artery (p <0.01), with the exception of TPA at the superficial femoral (p = 0.11) and 

bifurcation (p = 0.05) segments in those with significant CAD. 
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Table 2.2 Plaque Burden Distribution by Sex and According to the Presence of Significant 

Obstructive CAD 

 Females Males   

 

Arterial 

Segment 

All 

(n=170) 

With 

CAD 

(n=78) 

Without 

CAD 

(n=92) 

p-

Value* 

All 

(n=330) 

With 

CAD 

(n=231) 

Without 

CAD  

(n=99) 

 

p-

Value* 

 

p-

Value† 

 

p-

Value‡ 

MPH (mm), mean + SD         

Prox. 

Femoral 3.0 + 1.7 3.6 + 1.5 2.5 + 1.7 <0.01 3.9 + 1.9 4.3 + 1.6 2.8 + 2.1 <0.01 <0.01 <0.01 

Profunda 0.5 + 0.9 0.7 + 0.9 0.4 + 0.8 0.02 0.9 + 1.1 1.0 + 1.1 0.6 + 1.0 <0.01 <0.01 0.03 

Superficial 1.2 + 1.3 1.4 + 1.3 1.0 + 1.3 0.04 1.6 + 1.5 1.9 + 1.4 1.1 + 1.4  <0.01 <0.01 0.02 

Bifurcation 2.2 + 1.7 2.6 + 1.7 1.8 + 1.7 <0.01 2.7 + 1.9 3.2 + 1.8 1.5 + 1.8 <0.01 <0.01 <0.01 

Common 2.6 + 1.8 3.2 + 1.8 2.1 + 1.7 <0.01 3.5 + 2.0 4.0 + 1.8 2.5 + 2.2 <0.01 <0.01 <0.01 

Adductor  1.5 + 1.1 1.7 + 1.1 1.3 + 1.0 0.06 2.3 + 1.3 2.5 + 1.4 1.9 + 1.3 <0.01 <0.01 <0.01 

Carotid 2.47 + 

1.55 3.0 + 1.4 2.1 + 1.6 <0.01 3.0 + 1.4 3.3 + 1.3 2.3 + 1.4 <0.01 

<0.01 0.02 

TPA (mm2), mean + SD        

Prox. 

Femoral 

89.9 + 

90.5 

125.8 + 

101.4 

59.4 + 

66.8 <0.01 

155.7 + 

136.3 

183.3 + 

131.7 

91.1 + 

125.1 <0.01 <0.01 <0.01 

Profunda 

4.1 + 9.0 5.2 + 9.8 3.1 + 8.1 0.02 

10.0 + 

17.7 

11.8 + 

19.1 5.6 + 12.9 <0.01 <0.01 0.02 

Superficial 15.0 + 

28.3 

23.0 + 

35.0 8.2 + 18.6 <0.01 

26.9 + 

44.8 

31.5 + 

46.9 

16.2 + 

37.6 <0.01 <0.01 0.11 

Bifurcation 29.6 + 

32.9 

40.7 + 

37.6 

20.1 + 

24.7 <0.01 

41.4 + 

40.4 

50.5 + 

40.2 

20.3 + 

32.7 <0.01 <0.01 0.05 

Common 41.3 + 

42.4 

56.9 + 

46.8 

28.0 + 

33.5 <0.01 

77.4 + 

68.0 

89.8 + 

63.9 

48.9 + 

69.3 <0.01 <0.01 <0.01 

Adductor  35.6 + 

59.1 

49.2 + 

76.6 

23.9 + 

34.5  0.04 

88.4 + 

121.5 

103.2 + 

132.9 

53.4 + 

79.0 <0.01 <0.01 <0.01 
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Carotid 35.2 + 

33.1 

50.4 + 

36.6 

22.3 + 

23.2 <0.01 

58.9 + 

48.5 

68.0 + 

49.9 

37.5 + 

37.5 <0.01 
<0.01 

0.01 

CAD = coronary artery disease; MPH = maximal plaque height; TPA = total plaque area. *p-value of the differences 

between participants with CAD (>50% stenosis) and without. †p-value of differences between males and females. 

‡p-value of the differences between males and females with CAD. 
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2.4.3 Associations of Femoral and Carotid Plaque Burden with Significant CAD  

Logistic regression indicated that in females, none of age, BMI, eGFR, or presence of 

hyperlipidemia, hypertension, diabetes, or smoking history were independently predictive of 

significant CAD. In males, independent risk factors for the presence of significant obstructive 

CAD were increased age (OR 1.0 per year (CI 1.0-1.1); p <0.01), and presence of hyperlipidemia 

(OR 2.7 (CI 1.5-4.8); p <0.01) and diabetes (OR 2.1 (CI 1.1-4.0); p = 0.02). When adjusting for 

risk factors, odds ratios of significant CAD for IQR increases in MPH or TPA for the carotid and 

proximal femoral arteries and the adductor canal region of the femoral artery are found in Table 

2.3. Notably, in both females and males, increased plaque burden at the proximal femoral artery 

was the strongest indicator of significant CAD. In females, increased TPA had a stronger 

association with CAD than increased MPH, where each TPA increase of 64.0 mm2 corresponded 

to 3.8 times greater odds of significant coronary disease. Conversely, in males, MPH and TPA 

were similarly indicative of CAD. 
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Table 2.3 Odds Ratios of Plaque Buren in the Proximal Femoral, Adductor Canal, and 

Carotid Arteries for Significant CAD 

Logistic regression showing unit odds ratios of arterial territories for the prediction of significant CAD (>50% 

stenosis) by sex, after adjusting for risk factors including age, body-mass index, estimated glomerular filtration rate, 

presence of hypertension, hyperlipidemia, diabetes, and smoking history. CI = confidence interval; IQR = 

interquartile range; MPH = maximal plaque height; TPA = total plaque area. 

 

 

 

 

 

 

 

 

 

 

 
 

Females  Males 

Arterial 

Segment 

Median (IQR) Odds ratio 

(95% CI) 

p-

Value 

Median (IQR) Odds ratio 

(95% CI) 

p-

Value 

MPH (mm)       

Prox. Femoral 3.1 (2.1-4.1) 2.5 (1.5-4.4) <0.01 4.2 (2.7-5.1) 2.6 (1.7-3.9) <0.01 

Adductor  1.6 (0.3-2.1) 2.2 (1.1-4.8) 0.03 2.2 (1.6-3.0) 1.2 (0.8-1.7) 0.37 

Carotid 2.5 (1.6-3.5) 2.0 (1.2-3.5) <0.01 3.0 (2.2-3.9) 2.2 (1.5-3.3) <0.01 

TPA (mm2) 
   

   

Prox. Femoral 64.0 (14.6-134.5) 3.8 (2.1-7.5) <0.01 125.6 (43.5-233.0) 2.8 (1.7-5.0) <0.01 

Adductor  12.0 (0.5-44.4) 1.7 (1.2-2.7) <0.01 43.0 (11.0-111.0) 1.2 (0.9-1.8) 0.21 

Carotid 27.7 (10.7-50.5) 3.3 (2.0-6.0) <0.01 48.1 (25.1-83.2) 2.1 (1.4-3.4) <0.01 
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2.4.4 Associations of Individual Femoral Segment Plaque Burden Assessments with CAD  

In comparing the proximal femoral arterial segments, including the common, superficial, 

and profunda femoral arteries, as well as the femoral bifurcation, in females, increased plaque 

burden at the common femoral segment yielded the most powerful association with significant 

CAD (TPA OR 3.5 (CI 1.9-6.7); p <0.01). In contrast, in males, increased plaque burden at the 

femoral bifurcation was most indicative of significant CAD (MPH OR 3.9 (CI 2.4-6.6); p <0.01) 

(Figure 3). All femoral and carotid plaque burden measures were significantly, positively 

correlated with increased angiogram scores, from 0 to 3, as well as increased extent of diseased 

coronary vessels, from no disease to triple-vessel disease. Furthermore, in females, increased 

common femoral plaque burden was most strongly correlated with increased angiogram score (r 

= 0.37; p <0.01) and CAD extent (r = 0.35; p <0.01). In contrast, in males, increased plaque 

burden at the femoral bifurcation was most strongly correlated with increased angiogram score 

and CAD extent (r = 0.39; p <0.01 for both). 

2.4.5 Combined Plaque Burden Assessments in CAD Prediction  

In both sexes, associations with CAD were improved when utilizing such sex-specific 

femoral segment analyses in combination with carotid bulb plaque burden (Figure 2.4). On ROC 

curve analysis, the true-positive rate (sensitivity) for significant CAD by coronary angiography 

was plotted as a function of the false-positive rate (1-specificity) for various singular and 

combined femoral and carotid MPH and TPA threshold values. In females, adding carotid bulb 

TPA information (AUC 0.740 (CI 0.665-0.815) increased the AUC of common femoral TPA 

from 0.691 (CI 0.610-0.772) to 0.764 (CI 0.691-0.837) (p <0.01). Similarly, in males, a model 

that included both carotid and femoral bifurcation plaque burden yielded the greatest AUC for 

the prediction of significant obstructive CAD. The AUC increased from 0.718 (CI 0.656-0.781) 
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when considering carotid MPH alone to 0.773 (CI 0.688-0.816), when adding femoral 

bifurcation MPH information (AUC 0.749 (CI 0.694-0.810)) into the model (p <0.01). Notably, 

use of this most accurate predictor of significant CAD in males, a combined femoral bifurcation 

and carotid MPH assessment, yielded a decreased AUC of 0.659 (CI 0.577-0.740), when used in 

females (p <0.01). 
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Figure 2.3 Schematic Diagram Illustrating the Odds of Significant CAD with Increased 

Plaque Burden in Each Proximal Femoral Segment by Sex. The odds (95% confidence 

interval) of significant CAD with increased TPA in females and MPH in males in each proximal 

femoral segment. MPH = maximal plaque height; OR = odds ratio; TPA = total plaque area. 
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Figure 2.4 Odds of Significant CAD According to Combined Plaque Burden Assessments 

by Sex. Forest plots show odds ratios of combined proximal femoral (superficial, profunda, 

bifurcation, and common) and carotid MPH and TPA assessments for significant CAD in 

females (A) and males (B), adjusted for age and traditional risk factors. MPH = maximal plaque 

height; TPA = total plaque area.  
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2.4.6 Test Reproducibility 

We have previously reported good agreement between observers for carotid plaque 

quantification (94). Intraobserver agreement for femoral plaque burden quantification was 

deemed excellent, where ICCs of femoral MPH and TPA were 0.952 and 0.984, respectively. 

Interobserver agreement was deemed good, where ICC of femoral MPH was 0.801 and that of 

femoral TPA was 0.828.  

2.5 Discussion 

 

The present study demonstrates the potential utility of a non-invasive, risk-free, and cost-

effective means to reveal significant, obstructive CAD in both women and men. Such a tool is 

becoming increasingly essential given prevalence rates of cardiovascular risk factors, such as 

diabetes and obesity, which are projected to increase dramatically over the next two decades 

(95,96). It is known that patients with peripheral arterial disease are at increased risk for 

cardiovascular events (97). Accordingly, the 2013 ACC/AHA Cardiovascular Risk Guideline 

recommends assessment of peripheral arterial disease via an ankle-brachial index (ABI) measure 

to inform treatment decision making (72). However, even with a normal resting ABI, occlusive 

disease may be present in the lower extremities (75), and correspondingly, studies have sought to 

utilize identification of peripheral arterial plaque presence by ultrasound for predicting the 

presence of coronary disease (81,82,98). To our knowledge, this study is the first to explore the 

quantification of femoral plaque as a tool to predict CAD.  

Few studies have acknowledged sex differences when exploring vascular ultrasound as a 

cardiovascular screening tool. In the ARIC study, accounting for carotid plaque presence in 

addition to IMT led to greater improvement of risk prediction in females than in males (58). 

More recently, in the PESA study, which applied three-dimensional vascular ultrasound, carotid 
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and femoral plaque burden correlated strongly with cardiovascular risk factors in both males and 

females and reflected estimated cardiovascular risk better than plaque detection (60). To our 

knowledge, this is the first study to reveal sex-specific vascular ultrasound markers of 

atherosclerotic disease in CAD prediction. 

2.5.1 Sex Differences in the Pattern of Atherosclerotic Disease 

This work unveils unique sex differences in the arterial distribution pattern of 

atherosclerotic disease. As expected, participants with CAD had increased plaque burden in all 

studied arterial segments. Furthermore, our results were consistent with those of previous 

studies, which showed increased carotid and femoral plaque burden in males compared to 

females (12,60). In addition to these patterns, we found sex differences in the burden of disease 

among proximal femoral artery segments. Specifically, males had greater plaque burden in all 

femoral territories than females, including the superficial, profunda, bifurcation, and common 

femoral segments.  

Such sex differences in atherosclerotic burden may be partially attributable toward 

anatomical sex differences existing in vascular anatomy (12,13). A study using magnetic 

resonance imaging found that in males, tortuosity and curvature of the distal superficial femoral 

artery were greater and mean wall shear stress lower than in females, contributing to increased 

focal atherosclerosis in males, consistent with our findings (12).  To our knowledge, no study has 

explored sex differences in vascular anatomy at the segments of the proximal femoral artery, and 

how such differences may contribute to variations observed in the distribution pattern of 

atherosclerotic disease, indicating a potential area of future research. Additionally, hormonal 

factors likely contributed to the differences observed in disease burden. It is known that 

premenopausal women are afforded protection from the development of atherosclerosis, 
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associated with increased levels of endogenous estrogen. Such protection diminishes during 

menopause, when estrogen levels decrease (99). Although the mean age of the females in our 

study was 66 + 11 years, which is beyond the average age of menopause, protection earlier in life 

leads to an approximate 10-year delay in the development of disease (36). Moreover, increased 

prevalences of hyperlipidemia and a history of previous MI in the males may have further 

contributed to advanced disease relative to the female group. 

2.5.2 Femoral Plaque has a Stronger Association with CAD than Carotid Plaque 

Our findings have implications in the sex-specific prediction of significant, obstructive 

CAD. Notably, a vascular ultrasound that specifically incorporates assessment of disease burden 

at the common femoral artery may be valuable in identifying obstructive CAD in females, while 

males may benefit most from an assessment of disease at the femoral bifurcation. The 

associations of carotid plaque with risk factors, CAD severity and extent, and cardiovascular 

outcomes are well established (61,94,100). More recently, studies have revealed the utility of a 

femoral plaque assessment in patient risk-stratification. In a study of middle-aged men, femoral 

plaque presence had a stronger correlation with traditional cardiovascular risk factors and 

positive coronary calcium score than did plaque within the carotid arteries (101). Furthermore, 

Griffin et al. demonstrated increased odds of cardiovascular disease with increased number of 

femoral bifurcation plaques (102). However, few studies have accounted for sex differences 

when exploring vascular ultrasound screening tools.  

We have confirmed the stronger association of femoral over carotid ultrasound with 

significant coronary disease in both sexes; additionally, we have identified unique femoral 

segments for optimal prediction of significant, obstructive CAD in either sex. Similar segment-

specific patterns emerged in the association between femoral plaque burden and CAD extent. 
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Although this was a cross-sectional analysis, previous studies have indicated increased risk of 

mortality and major adverse cardiovascular events with increased CAD extent, from single to 

triple-vessel disease (14), further demonstrating the potential role of sex-specific femoral 

ultrasound in risk-stratification.   

2.5.3 Plaque Area Rather than Height is Associated with CAD in Women 

In addition to spatial differences, we also noted sex differences in optimal atherosclerosis 

quantification methods. In females, plaque area yielded the highest diagnostic accuracy for 

obstructive CAD prediction. Such a pattern suggests that plaque area may better reflect the true 

burden of atherosclerotic disease in females. Indeed, within the carotid artery, longitudinal 

plaque growth develops twice as fast as plaque height into the lumen (103). Such a process may 

also occur in the femoral artery, allowing disease progression to be detected with higher 

sensitivity by accounting for growth in the longitudinal plane. Akin to this notion, previous 

studies have noted benefits of plaque quantification versus the simple detection of plaque 

presence in risk stratification (60). Contemporarily, three-dimensional ultrasound has emerged as 

a technique allowing for the visualization of atherosclerosis in all planes and, correspondingly, 

shows improved discriminatory capabilities for disease (63). Future studies that assess the utility 

of three-dimensional ultrasound at the common femoral artery may have substantial value in the 

development of a female-specific risk-stratification tool. 

Conversely, in males, plaque area and height had similar associations with CAD. A 

comparable finding was reflected in our previous study of a 68% male cohort, which 

demonstrated improved CAD prediction by carotid plaque height versus area assessment (61). 

This difference may be reflective of increased arterial remodelling in males relative to females, a 

hormone-driven process in which the artery undergoes compensatory enlargement to preserve its 
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luminal diameter during plaque development (104,105). Such a process may account for the 

discrepancy between an angiographically-determined coronary stenosis and outwardly growing 

plaque area visualised at the level of the femoral and carotid arteries. Our results demonstrate the 

necessity of accounting for such potentially sex-specific cardiovascular processes in determining 

appropriate screening tools. 

2.5.4 A Combined Analysis of Femoral and Carotid Plaque Best Predicts CAD 

In females, a combined assessment of TPA at the common femoral and carotid arteries 

yielded the most accurate prediction of significant CAD. Previous studies have demonstrated the 

increased value of a combined plaque burden analysis over that of a single arterial bed alone 

(81,106). Atherosclerotic disease typically manifests first in the aorta, followed by the coronary, 

carotid, and peripheral arteries. However, as this progression is not identical among all 

individuals, an aggregate arterial assessment may most safely capture the disease burden (106).  

Overall, the most notable findings of our study are: 1) changes in femoral plaque burden 

are more indicative of diseased coronaries than carotid plaque burden in both sexes; moreover, 

the femoral segments showing the greatest impact on risk-stratification are sex-specific, wherein 

females display the strongest association with coronary atherosclerosis at the common femoral 

artery, while in males, this occurs at the femoral bifurcation; 2) plaque area is a stronger 

indicator of coronary disease in females, while in males, there is no preference between area and 

height; and 3) a combined femoral and carotid plaque burden assessment demonstrates improved 

disease detection over an assessment of either arterial bed alone in both sexes. Cumulatively, our 

findings highlight the potential value of sex-specific cardiovascular screening tools.  

 



 43 

2.5.5 Unraveling the Cause of Ischemia 

 

It is essential to recognize the cause of myocardial ischemia in order to determine 

appropriate treatment strategies. In this study, the majority of participants presented with chest 

pain (n = 288; 58%). Despite this high prevalence, 37% of this cohort did not have significant 

obstructive CAD on angiography, 53% of whom were female. Studies have shown that the 

absence of coronary stenosis with persistence of symptoms is not benign.  Those with stable 

angina and normal coronaries or diffuse, non-obstructive CAD have worse prognoses compared 

to those who are asymptomatic (14,44). Reis et al. demonstrated that 50-65% of patients with 

angina without angiographic CAD have coronary microvascular dysfunction (CMD) (88), a term 

encompassing functional and structural abnormalities, including increased arterial stiffness, 

altered vascular remodeling, diffuse atherosclerosis, and endothelial or smooth muscle 

dysfunction, which lead to increased microvascular resistance and impaired coronary blood flow 

(107). In the iPOWER study, 26% of females with angina-like chest pain without a significant 

coronary artery stenosis of >50% had CMD, as measured by coronary flow velocity reserve 

(108). Those with CMD are at increased risk for hospitalization, myocardial infarction, and 

sudden cardiac death (109). 

Despite adverse prognoses associated with both stenotic and non-stenotic causes of 

ischemia, diagnosis and treatment of IHD has traditionally focused on the former. As such, 

currently-used risk stratification tools, while identifying the presence of ischemia, often fail to 

distinguish between specific pathologies. In the present study, a substantial cohort of participants 

referred, in part, due to a positive stress test result, did not have significant obstructive CAD on 

angiography (81 of 176 of participants with positive results, 53% of whom were female), a 

finding echoed by previous studies (51,110). Although classically deemed as false-positives, 
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such results may reflect ischemic pathologies not visualized by angiography (51,108,111). Such 

challenges presented by current risk-stratification protocols indicate the need for a more accurate 

evaluation for ischemia, particularly in women. The present study demonstrates the potential 

value of a sex-specific vascular ultrasound assessment for ruling out significant obstructive 

CAD, an integral component of a cardiovascular management algorithm. 

2.6 Study Limitations 

 

As the study population was made up by high-risk, symptomatic patients referred for 

angiography, it remains unknown whether these methods can be utilized in assessing 

asymptomatic patient risk. Ideally, patients should seek treatment prior to the development of 

advanced CAD, before symptoms manifest. Furthermore, as this was a cross-sectional study, we 

do not yet know associations of carotid and femoral plaque burden with future cardiovascular 

risk. Later analyses on cardiovascular outcomes will provide more information on benefits of 

utilizing vascular ultrasound for risk reduction in females and males. Lastly, our study 

population was primarily Caucasian (96%), potentially reducing the generalizability of our 

results, which will thus require validation in other cohorts. 

2.7 Conclusions 

 

The present study demonstrates an inexpensive and risk-free method to predict 

obstructive CAD, feasible for routine use as a cardiovascular screening tool. Furthermore, we 

have determined sex-specific markers of atherosclerotic disease that may improve risk-

stratification when used uniquely in men and women. Specifically, a combined assessment of 

common femoral and carotid plaque area is most advantageous in women, while men may 

benefit most from a combined analysis of carotid and femoral bifurcation plaque height. Used 
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clinically, such sex-specific tools may have immense value when incorporated into current 

cardiovascular management algorithms.  
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Chapter 3 

 

 

Ultrasound-Detected Femoral Plaque Burden more Accurately Predicts Obstructive 

Coronary Artery Disease than the Ankle-Brachial Index  

 

 

 

3.1 Abstract 

 

Objectives: We sought to compare the abilities of vascular ultrasound and ankle-brachial index 

(ABI)-detected atherosclerotic burden to rule out significant, angiographic coronary artery 

disease (CAD). 

Background: It is well-established that patients with ABI-indicated peripheral arterial disease 

(PAD) have worsened risk of cardiovascular morbidity and mortality. As vascular ultrasound is a 

more sensitive marker of PAD than ABI, this assessment may thus provide a more accurate 

prediction of significant, angiographic disease. 

Methods: One hundred and twenty-four coronary angiography participants underwent ABI 

measurements and femoral ultrasound for assessment of intima-media thickness (IMT), maximal 

plaque height (MPH) and total plaque area (TPA). Receiver operating characteristic areas under 

the curve (AUC) and weighted Youden indices were calculated to determine predictive values of 

ABI, IMT, and plaque burden values for significant, obstructive CAD (>50% stenosis). Logistic 

regression was utilized to evaluate the abilities of these tools to predict CAD, and to assess the 

associations of traditional cardiac risk factors with abnormal ABI, IMT, and plaque burden 

measurements. 

Results: Participants with significant CAD had higher femoral MPH (4.2 + 1.5 mm vs. 3.3 + 2.1 

mm; p <0.01) and femoral TPA (173.9 + 130.5 mm2 vs. 95.2 + 129.8 mm;2 p <0.01), whereas 
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there were no differences in femoral IMT or ABI measurements between participants with and 

without CAD. An analysis of TPA by femoral ultrasound yielded the highest area under the ROC 

curve (AUC) for identifying participants with significant, obstructive CAD (AUC = 0.731 (CI 

0.632-0.829)), followed by MPH (AUC = 0.667 (CI 0.559-0.778)). AUCs for IMT and ABI were 

0.599 (0.488-0.703) and 0.578 (0.456-0.663), respectively. All of femoral TPA, MPH, and IMT 

had greater sensitivities (84%, 81%, and 78%, respectively) than ABI (25%) for ruling out 

significant, obstructive CAD. 

Conclusions: Ultrasound-captured femoral plaque burden is a more useful tool than ABI to rule 

out significant, obstructive CAD.  

3.2 Introduction 

 

It remains difficult to identify individuals at high cardiovascular risk. Correspondingly, 

studies have sought to utilize early detection of atherosclerosis in peripheral arterial beds as 

surrogate markers of coronary artery disease (CAD). Classically, peripheral arterial disease 

(PAD) has been diagnosed by the ankle-brachial index (ABI) measurement, calculated as the 

ratio of the systolic blood pressure at either the dorsalis pedis or posterior tibial artery of the 

ankle to that at the brachial artery of the arm. Appealing features of the ABI measurement 

include its high speed, low cost, and simplicity of use for detection of disease (112). 

It is well-established that those with ABI-indicated PAD have worsened risk of 

cardiovascular morbidity and mortality (69,113). In a systematic review that identified 11 studies 

involving 44,590 individuals from six countries, an ABI measurement of less than 0.9 was 

associated with increased risk of cardiovascular death (pooled relative risk 2.0 (CI 1.5-2.6)) after 

adjusting for age, sex, and traditional cardiac risk factors (114). Similarly, studies have 

demonstrated associations of lowered ABI measurements to increased obstructive coronary 
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artery disease (CAD) severity and extent (115,116). Subsequently, the 2013 ACS/CCS 

Cardiovascular Risk Guideline recommends an ABI measurement to help guide treatment 

decision-making (72), while large, multicentre trials, such as COMPASS, have involved patients 

with ABI-indicated PAD to assess drug efficacy in cardiovascular event and death prevention 

(117). However, although a low ABI measurement is associated with a worsened prognosis, a 

normal ABI measurement does not always indicate the absence of lower extremity disease (75).  

Femoral ultrasound has shown promising value as a cardiovascular risk-stratification tool 

(81,98) and, notably, has been shown to detect lower extremity disease more accurately than an 

ABI measurement. Moreover, certain cardiovascular risk factors, including age and smoking 

history, while associated with ultrasound-detected femoral atherosclerosis, do not independently 

contribute to an abnormal ABI (75). Thus, an ABI measurement may not detect the full extent of 

the patient’s cardiovascular risk. Despite these findings, it remains unknown whether vascular 

ultrasound can more accurately identify patients with significant CAD than can an assessment of 

ABI. Thus, we sought to compare the abilities of ABI and femoral ultrasound for detecting 

significant, obstructive CAD in patients undergoing coronary angiography.  

3.3 Methods 

 

3.3.1 Participant Recruitment 

 

One hundred and twenty-four participants referred for coronary angiography were 

recruited from the Cardiac Catheterization Laboratory at the Kingston Health Sciences Centre in 

Kingston, Ontario, Canada between September 2017 and April 2018. Participants were eligible 

for the study if they met the following criteria: males and females aged >18 years and willing to 

give informed, written consent. Exclusion criteria included presentation of an acute coronary 

syndrome, clinical contraindications to angiography or ultrasound, and previous femoral or 
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carotid artery surgery. Participant demographic and baseline characteristics were collected from 

participant medical charts and interviews. Investigators analyzing and conducting the ABI 

measurements and ultrasound scans were blinded to the angiogram results. 

3.3.2 Ethics 

 

This study was approved by Queen’s University Health Sciences and Affiliated Teaching 

Hospitals Research Ethics board. All involved participants provided informed, written consent. 

3.3.3 Coronary Angiography Interpretation 

Coronary angiography was carried out by one of four experienced interventional 

cardiologists using the standard Judkins imaging protocol. Significant obstructive CAD was 

defined as a luminal diameter reduction of >50%. Angiogram results were scored as previously 

as follows: 0 = no or minimal disease (0%-19% narrowing in any segment), 1 = mild disease 

(20%-49% narrowing in any segment), 2 = moderate disease (luminal narrowing of at least one 

segment of 50%-69%), and 3 = severe (>70% narrowing within any segment of the main 

branches of the coronary artery or >50% in the left main coronary artery) (63). Segments with 

previous percutaneous coronary intervention and stenting were deemed to have severe disease. 

Participants were stratified as having significant CAD if having a score of 2 or 3 (>50% stenosis 

in at least one coronary segment). CAD extent was defined by >50% stenosis in 0, 1 (single-

vessel), 2 (double-vessel), or 3 (triple-vessel) coronary segments. Left main stenosis >50% was 

defined as triple-vessel disease (14). 
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3.3.4 ABI Analysis and Interpretation 

 ABI measurements were performed using a Vivid E9 Cardiovascular Ultrasound System, 

equipped with a 9L transducer (GE Healthcare, Mississauga, Canada), along with a FlexiPortTM 

Reusable Blood Pressure Cuff (Welch Allyn, Skaneateles Falls, USA), by an experienced 

imaging technician within 24 hours of coronary angiography. Ankle blood pressure readings 

were taken at the posterior tibial arteries of both legs. Brachial blood pressures were taken at the 

arm not affected by the radial catheterization of coronary angiography, typically the left arm. 

Two ABIs were then calculated as each ankle systolic blood pressure divided by the brachial 

blood pressure. For our purposes, the lower of the two ABIs obtained was utilized in subsequent 

analyses. An ABI measurement of <0.90 was deemed abnormal and indicative of PAD, as 

established by previous studies (114).   

3.3.5 Ultrasound Analysis and Interpretation 

Ultrasound examinations were conducted using the same ultrasound system, also by an 

experienced imaging technician within 24 hours of coronary angiography. Plaque was defined 

using the Mannheim criteria as a focal structure that protruded into the arterial lumen by at least 

0.5 mm or by 50% of the surrounding intima-media thickness (IMT) or that was >1.5 mm in 

thickness from the media-adventitia border to the intima-lumen border (54). An axial sweep and 

longitudinal still images were acquired at the distal 3 cm of the common femoral artery, the 

femoral bifurcation, and the proximal 3 cm of the superficial and profunda femoral arteries. 

Acquired images were analyzed offline using GE Healthcare EchoPAC software. The IMT was 

measured at the distal far wall of the common carotid and femoral segments. The mean of the 

right and left sides was recorded. Plaque height and area were measured as previously described 

(see Chapter 2.3.4). 
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3.3.6 Statistical Analyses 

Statistical analyses were conducted using JMP®12 software (SAS Institute Inc., Cary, 

NC, USA). Two-group comparisons were conducted using Wilcoxon-Mann-Whitney test for 

continuous variables and Fisher’s exact test for categorical variables. Receiver operating 

characteristic (ROC) curves were created using DeLong’s methods to determine the most 

accurate ultrasound methods for predicting significant obstructive CAD (>50% stenosis). 

Weighted Youden indices were calculated to determine optimal threshold values of femoral 

plaque measures for predicting significant, obstructive CAD. Contingency tables were created to 

determine the positive and negative predictive values, sensitivities, and specificities of ABI and 

plaque burden measures to identify significant, obstructive CAD. 

In order to determine the independent associations of ABI and femoral plaque burden 

measurements with significant obstructive CAD, logistic regression was used on binary 

measurements (above or below unique threshold values), when adjusted for age, sex, body mass 

index (BMI), estimated glomerular filtration rate (eGFR), and traditional cardiac risk factors, 

including presence of diabetes, hypertension, hyperlipidemia, and smoking history. A p-value 

<0.05 was considered significant. 

3.4 Results 

 

3.4.1 Study Population Characteristics 

 

 The study population included 40 (32%) female participants. The majority of participants 

were hyperlipidemic (65%) and had histories of smoking (73%) and family histories of 

cardiovascular disease (71%). Sixty-four percent (n = 79) of participants had significant, 

obstructive, angiographic CAD (>50% coronary stenosis). Those with significant CAD were 

more often male, hyperlipidemic, and had family histories of cardiovascular disease and histories 
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of myocardial infarction than those without disease (p <0.05). Participants with significant CAD 

had higher femoral MPH (4.2 + 1.5 mm vs. 3.3 + 2.1 mm; p <0.01) and femoral TPA (173.9 + 

130.5 mm2 vs. 95.2 + 129.8 mm;2 p <0.01). However, there were no differences in the femoral 

IMT or ABI measurements between participants with and without significant CAD. A summary 

of the complete study population baseline characteristics is shown in Table 3.1.  
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Table 3.1 Baseline Characteristics of the Study Population According to the Presence of 

Significant, Obstructive CAD 

 

All (n=124) With CAD (n=79) 

Without CAD 

(n=45) p-Value 

CV Risk Factors, mean + SD 

Age (years) 64 + 10 65 + 9 62 + 10 0.09 

BMI (kg/m2) 30 + 6 30 + 5 29 + 6 0.39 

eGFR (mL/min/1.73 m2) 78 + 18 79 + 18 78 + 18 0.63 

CV Risk Factors, N (%)     

Males  84 (68) 59 (75) 25 (56) 0.05 

Caucasian 116 (94) 75 (95) 41 (91) 0.46 

Diabetes 35 (28) 26 (33) 9 (20) 0.15 

Hypertension 36 (29) 61 (77) 27 (60) 0.06 

Hyperlipidemia 81 (65) 59 (75) 22 (49) <0.01 

Hx smoking 90 (73) 57 (73) 33 (73) 1.00 

Family hx CVD 84 (71) 59 (78) 25 (58) 0.04 

Hx MI 34 (27) 29 (37) 5 (11) <0.01 

Hx intervention 21 (17) 21 (27) 

  
BMI = body-mass index; CAD = coronary artery disease; CV = cardiovascular; CVD = cardiovascular disease; 

eGFR = estimated glomerular filtration rate; Hx = history; MI = myocardial infarction; N = number; SD = standard 

deviation. History of intervention included previous percutaneous coronary intervention and/or coronary artery 

bypass graft. The p-values for the differences between those with significant CAD (>50% stenosis) and without 

CAD (<50% stenosis) are shown. 
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3.4.2 Femoral Ultrasound has Increased Sensitivity for Identifying CAD Over ABI 

 

 The ROC curve analyses of ABI alongside femoral ultrasound IMT, MPH, and TPA 

measurements are illustrated in Figure 3.1. An analysis of TPA by femoral ultrasound yielded the 

highest area under the ROC curve (AUC) for identifying participants with significant, 

obstructive CAD (AUC = 0.731). Notably, the areas of all femoral ultrasound assessments 

tended to be higher than that of the ABI assessment. Femoral TPA yielded a significantly higher 

AUC than that of femoral IMT (p = 0.01) and ABI (p = 0.02).  

Utilizing a standard ABI cut-off value of 0.90, in accordance with the literature, 59 (75%) 

participants with significant CAD had a normal ABI, yielding a low sensitivity of 25% in this 

population. From Weighted Youden index analysis, the optimal threshold values of femoral 

IMT, MPH, and TPA for identifying significant, obstructive CAD were 0.77 mm, 3.2 mm, and 

61.2 mm,2 respectively. Using these threshold values, 45 of such participants with significant 

CAD with normal ABIs were identified correctly as high-risk by a femoral IMT assessment, and 

48 participants by both femoral MPH and TPA assessments. Correspondingly, sensitivities of 

femoral IMT, MPH and TPA for detecting significant CAD were higher, at 78%, 81%, and 84%, 

respectively (Figure 3.2). Conversely, of 24 participants with abnormal ABI measurements, only 

4 (17%) did not have significant CAD, yielding a high specificity of 91%, while, in contrast, 

using the above cut-off value of the femoral ultrasound assessment with the highest sensitivity, 

TPA, 17 individuals were falsely classified as having significant CAD, producing a lower 

specificity of 62% (Table 3.2).  
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Figure 3.1 Femoral Ultrasound Yields an Improved Prediction of Significant CAD over 

ABI. ROC curves for the prediction of significant CAD (>50% stenosis) by ABI or femoral 

IMT, MPH or TPA measurements. ABI = ankle-brachial index; CAD = coronary artery disease; 

CI = confidence interval; IMT = intima-media thickness; MPH = maximal plaque height; TPA = 

total plaque area. 

 

 

 

 

 

TPA     AUC: 0.731 (CI 0.632-0.829) 

 

MPH    AUC: 0.667 (CI 0.559-0.778) 

 

IMT     AUC: 0.599 (CI 0.488-0.703) 

 

ABI     AUC: 0.578 (CI 0.456-0.663) 
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Figure 3.2 Ultrasound Images Illustrating the Increased Sensitivity for CAD Prediction 

Conferred by a Femoral Plaque Burden Assessment. Abnormal femoral ultrasound images of 

two participants (A and B) with significant, obstructive CAD (>50% stenosis) who would have 

been identified as low-risk by ABI. In participant A, femoral IMT was 0.93 mm, MPH 4.7 mm, 

and TPA 102.6 mm2, while ABI was 1.09. In participant B, femoral IMT was 0.90 mm, MPH 2.7 

mm, and TPA 124.7 mm2, while ABI was 1.05. TPA and MPH measurements are indicated by 

blue and green calipers. ABI = ankle-brachial index; CAD = coronary artery disease; IMT = 

intima-media thickness; MPH = maximal plaque height; TPA = total plaque area. 
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Table 3.2 Contingency Table of ABI, IMT, and Femoral Plaque Burden Threshold Values 

to Identify of Significant, Obstructive CAD 

ABI = ankle-brachial index; CAD = coronary artery disease; FN = false negative; FP = false positive; IMT = intima-

media thickness; LR+ = positive/negative likelihood ratio; MPH = maximal plaque height; NPV = negative 

predictive value; PPV = positive predictive value; Sens = sensitivity; Spec = specificity; TN = true negative; TP = 

true positive; TPA = total plaque area. 

 

 

 

 

 

 

 

 

 

 

 

Measure Threshold 

Value 

With CAD  Without 

CAD 

PPV 

(%) 

NPV 

(%) 

Sens 

(%) 

Spec 

(%) 

LR+ LR- 

ABI <0.90  TP 20 FP 4 87 41 25 91 3.71 0.80 

 <0.90 FN 59 TN 41       

IMT >0.77 mm TP 62 FP 25 72 57 78 44 1.46 0.42 

 <0.77 mm FN 17 TN 20       

MPH >3.2 mm TP 64 FP 20 76 63 81 56 1.83 0.34 

 <3.2 mm FN 15 TN 25       

TPA >61.2 mm2 TP 66 FP 17 80 70 84 62 2.21 0.26 

 <61.2 mm2 FN 13 TN 28       
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3.4.3 Femoral Ultrasound is More Strongly Associated with CAD than ABI 

 

Using Spearman’s rank correlation coefficient, femoral TPA had the strongest association 

with CAD severity (r = 0.42; p <0.01) and extent (r = 0.37; p <0.01), followed by femoral MPH 

(r = 0.32; p <0.01 and r = 0.29; p <0.01, respectively). Associations of femoral IMT and ABI 

with CAD severity and extent were nonsignificant. Logistic regression was utilized to determine 

the independent contributions of femoral IMT, plaque burden, and ABI measurements to 

significant CAD, when adjusting for age, sex, BMI eGFR, and traditional cardiovascular risk 

factors. An abnormal femoral TPA measurement (>61.2 mm2) was most strongly associated with 

significant CAD, followed by an abnormal femoral MPH measurement (>3.2 mm), and an 

abnormal ABI measurement (<0.90). An abnormal femoral IMT measurement (>0.77 mm) was 

not independently associated with significant CAD (Table 3.3). 
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Table 3.3 Odds Ratios of ABI, Femoral IMT, and Femoral Plaque Burden Measurements 

to Predict Significant, Obstructive CAD 

Odds ratios describe the associations of measurements beyond weighted Youden index-derived threshold values 

with significant CAD (>50% stenosis), after adjusting for age, sex, body-mass index, estimated glomerular filtration 

rate, presence of hypertension, hyperlipidemia, diabetes, and smoking history. ABI = ankle-brachial index; CAD = 

coronary artery disease; CI = confidence interval; IMT = intima-media thickness; MPH = maximal plaque height; 

TPA = total plaque area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Measure Threshold Value Odds ratio (95% CI) p-Value 

ABI < 0.90  4.9 (1.4-21.3) 0.01 

IMT > 0.77 mm 2.6 (1.0-7.1) 0.05 

MPH > 3.2 mm 5.3 (2.0-15.1) <0.01 

TPA > 61.2 mm2 12.0 (4.1-40.8) <0.01 



 60 

3.4.4 More Cardiovascular Risk Factors Contribute to Increased Femoral Plaque Burden 

than Decreased ABI 

 Logistic regression indicated that age independently contributed to an abnormal femoral 

IMT measurement. Predictors of femoral MPH were age, male sex, and smoking, while 

hyperlipidemia contributed to femoral TPA. In contrast, none of age, sex, BMI, eGFR, or 

traditional cardiovascular risk factors independently contributed to an abnormal ABI 

measurement (Table 3.4). 
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Table 3.4 Odds Ratios for Associations of Traditional Cardiac Risk Factors with Abnormal 

ABI, Femoral IMT, and Femoral Plaque Burden Measurements 

ABI = ankle-brachial index; BMI = body-mass index (kg/m2); CI = confidence interval; eGFR = estimated 

glomerular filtration rate (mL/min/1.73 m2); Hx = history; IMT = intima-media thickness; MPH = maximal plaque 

height; TPA = total plaque area. 

 

 

 

 

 

 

 

 

 

 

 

 ABI IMT MPH TPA 

Risk Factor 

Odds ratio 

(95% CI) 

p-

value 

Odds ratio 

(95% CI) 

p-

value 

Odds ratio 

(95% CI) 

p-

value 

Odds ratio 

(95% CI) 

p-

value 

Age 1.0 (1.0-1.1) 0.65 1.1 (1.1-1.2) <0.01 1.0 (1.0-1.2) <0.01 1.1 (1.0-1.1) 0.06 

Sex (male) 1.2 (0.4-3.7) 0.74 2.1 (0.8-5.8) 0.12 4.1 (1.6-11.2) <0.01 2.6 (1.0-7.0) 0.05 

Hypertension 3.2 (1.0-12.8) 0.06 1.8 (0.6-5.7) 0.31 2.0 (0.7-6.2) 0.21 2.8 (1.0-8.6) 0.06 

Hyperlipidemia 0.7 (0.2-1.9) 0.45 1.9 (0.7-5.5) 0.21 2.0 (0.7-5.4) 0.18 3.0 (1.1-8.2) 0.03 

Diabetes 0.7 (0.2-2.3) 0.53 0.3 (0.1-0.8) 0.02 0.6 (0.2-1.8) 0.36 0.7 (0.3-2.3) 0.60 

Smoking hx 3.0 (0.9-14.4) 0.08 1.5 (0.6-4.2) 0.39 2.6 (1.0-7.0) 0.05 1.2 (0.5-3.3) 0.68 

eGFR 1.0 (1.0-01.0) 0.12 1.0 (1.0-1.0) 0.74 1.0 (1.0-1.0) 0.78 1.0 (1.0-1.0) 0.33 

BMI 0.9 (0.8-1.0) 0.06 1.0 (0.9-1.1) 0.97 1.0 (0.9-1.1) 0.46 0.9 (0.8-1.0) 0.03 
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3.5 Discussion 

 

3.5.1 The Use of the ABI in PAD Diagnosis and Risk-Stratification 

 

 The ABI measurement, first proposed in 1950, has long been utilized to detect occlusive 

disease of the lower extremities (118,119), and currently, it is recommended by the AHA as the 

initial diagnostic test for patients with histories indicative of PAD (68). A cardiovascular disease 

that affected 202 million individuals worldwide in 2010, PAD is associated with adverse clinical 

manifestations, such as claudication and acute limb ischemia (120). In a systematic review 

involving 112,027 participants, prevalence rates of PAD increased by 28.7% in low and middle-

income and 13.1% in high-income countries between 2000 and 2010 (121).  

Notably, those affected by PAD have increased 10-year cardiovascular mortality rates 

than their healthy counterparts, with a hazard ratio of 4.2 (CI 3.5-5.4) in men and 3.5 (CI 2.4-5.1) 

in women, owing to the systemic nature of atherosclerotic disease. Furthermore, use of the ABI 

in concert with cardiovascular risk factor information, such as a Framingham risk score, has 

shown incremental value in risk prediction (122). Thus, more contemporarily, beyond its use in 

screening for PAD, the ABI has also been incorporated into cardiovascular management 

algorithms (72). However, despite its extensive diagnostic use, the ABI may perform poorly in 

recognizing significant disease; notably, in a review of 8 studies involving 2043 patients, Xu et 

al. demonstrated ABI sensitivities of 15-79% for detecting peripheral stenoses of >50%. While 

the ABI is useful in identifying advanced stenosis, it may fail to detect low or intermediate levels 

of lower extremity disease (123). Thus, with the development of technology more prudent in 

atherosclerosis detection, studies have sought to develop tools with correspondingly increased 

accuracy in cardiovascular risk-stratification. 
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3.5.2 Vascular Ultrasound as a Surrogate Measure of Atherosclerosis 

 

 In addition to the ABI measurement, vascular ultrasound has emerged as a non-invasive 

surrogate tool in cardiovascular risk assessment. Carotid ultrasound is a well-studied area of 

research that has demonstrated value in this regard. Ultrasound-detected increased carotid IMT, a 

marker first described in the 1980s, is associated with CAD severity and extent (124), as well as 

increased risk of cardiovascular events (125). More contemporarily, detection of carotid plaque 

presence improves this prediction (58), while plaque quantification improves risk-stratification 

further (60). By comparison, studies of ultrasound-detected atherosclerosis within the lower 

extremity arteries are not as extensive. Plaque presence within the femoral arteries has been 

demonstrated as a predictor of CAD (81), and more recently, femoral plaque quantity has shown 

potential improved value in risk-stratification (60). However, we do not yet know the value that 

this information may add to patient cardiovascular risk management over traditional measures of 

ABI. In the present study, we sought to compare the abilities for femoral ultrasound and ABI to 

detect significant, obstructive CAD in a population undergoing coronary angiography. 

3.5.3 Improved Accuracy for Detecting CAD by Femoral Ultrasound  

 

The present study demonstrates the increased value of a femoral ultrasound assessment 

over ABI for identifying patients with significant, obstructive CAD. Compared with ultrasound, 

ABI demonstrated a high specificity (91%) but low sensitivity (25%) and for CAD detection, a 

finding reflected in previous studies (116,126). Such a result indicates that although an abnormal 

ABI very likely indicates significant CAD, a normal ABI reading >0.90 cannot rule out disease, 

and in doing so, one may underestimate patient risk. Correspondingly, in the present study, the 

majority (75%) of participants with a coronary stenosis of at least 50% had a normal ABI 

reading. Each of the femoral IMT, MPH, and TPA assessments yielded a higher sensitivity for 
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identifying significant CAD than ABI, with femoral TPA demonstrating the greatest ability to 

rule out disease (sensitivity of 84%). Similarly, increased femoral TPA was the strongest 

independent predictor of coronary disease, followed by femoral MPH, and subsequently an 

abnormal ABI, while IMT did not independently predict CAD.  

Cumulatively, our results suggest that a plaque area test, the lower extremity assessment 

which allows for the most comprehensive estimate of atherosclerotic burden within two planes, 

may be most useful in identifying significant disease, followed by maximal height, a single-plane 

estimator. As demonstrated in other arterial beds, we thus hypothesize that an assessment of 

femoral plaque volume, a triple-plane evaluation of disease, would be further useful still (63). 

Conversely, as indicated elsewhere, intima-media thickening is associated with pathological 

processes distinct from atherosclerosis and is thus less useful in identifying coronary disease 

(57). Furthermore, we show differences in the contributions of cardiovascular risk factors to each 

subclinical tool. An abnormal ABI measure demonstrated a weaker association with risk factors 

than each ultrasound measure, echoed by previous studies (75), further supporting the evidence 

that this tool is less useful and may not represent patient risk as well as more direct assessments 

of the femoral artery. 

3.5.4 Implications and Feasibility of Ultrasound-Detected PAD in Patient Management 

 The diagnosis of PAD has implications in patient management and treatment. Current 

2016 AHA/ACC Guidelines on the Management of Patients with Lower Extremity Peripheral 

Artery Disease recommend intensive risk factor modification and pharmacotherapy, including 

antiplatelet and statin therapy (68). Such therapy has shown improved morbidity and lowered 

mortality for patients with ABI-detected PAD (127). Here, we have demonstrated more accurate 

detection of the patient burden of atherosclerotic disease by ultrasound than by ABI. We thus 
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hypothesize that more aggressive therapy of individuals with vascular ultrasound-detected PAD 

may lead to further improved prognoses in individuals who may not have been identified by 

traditional screening means. Indeed, even non-stenotic, asymptomatic lower extremity disease is 

associated with adverse cardiovascular events (77). Future studies will elucidate the benefit of 

increased therapy in those with ultrasound-detected PAD for preventing adverse cardiovascular 

outcomes. 

In selecting a feasible cardiovascular screening tool, several factors must be considered, 

including cost, ease of use, and safety. Particularly advantageous features of the ABI that allow 

for its routine use include low-cost, ease of use, and absence of radiation risk. Importantly, a 

vascular ultrasound assessment shares these features, being equally non-invasive in nature, and 

requiring largely the same equipment to perform, namely an ultrasound system but less a blood 

pressure-measuring device. Moreover, the assessments are similarly rapid, and speed of use has 

been previously reported as almost identical, at approximately 4.5 minutes (75). Moreover, with 

the current development of rapid, focus vascular ultrasound (FOVUS) protocols and point-of-

care ultrasound devices (94), the cost-effectiveness, speed, simplicity, and thus feasibility of 

ultrasound-assessed PAD is expected to further increase. 

3.6 Study Limitations 

 

As the purpose of this study was to compare the abilities for ABI and femoral ultrasound 

assessments to detect significant, angiographic CAD, the studied population is comprised of a 

high-risk group, wherein the average age of the participants is 64.1 + 9.7 years, and the majority 

demonstrate cardiovascular risk factors, including hyperlipidemia and smoking histories. 

Furthermore, as this was a preliminary analysis involving a relatively small sample size, we did 

not account for sex-differences. However, our previous study has highlighted the benefit of 
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utilizing sex-specific vascular ultrasound markers in CAD prediction, and in 2010 in the US, 

more women than men had PAD among those >40 years of age (65). Thus, future studies will 

need to validate our findings in a larger sample to investigate the benefit of ultrasound-detected 

PAD in a low-risk population of women and non-Caucasian individuals. Moreover, due to time 

constraints within the catheterization laboratory setting, only one artery at each ankle, the 

posterior tibial artery, was used in this analysis. Previous studies have demonstrated the benefit 

of utilizing the lower blood pressure value of the anterior and posterior tibial arteries in risk-

prediction (128); however, regardless, we have demonstrated similar predictive values of ABI for 

CAD detection as previous studies, indicating comparable ABI measurements (116,126). Finally, 

as this was a cross-sectional study, we have not evaluated cardiovascular outcomes. In future 

studies, outcome analysis will help elucidate the role of ultrasound-detected PAD in risk 

prediction and event prevention. 

3.7 Conclusion 

 

In the present study, we demonstrated that femoral ultrasound, while being an equally 

safe, inexpensive, and rapid tool, is a more accurate predictor of significant, obstructive coronary 

disease than the traditional ABI assessment. Compared with ABI, femoral plaque is more 

strongly correlated with CAD severity and extent, is associated with a greater number of 

cardiovascular risk factors, and more safely rules out significant disease. Used clinically, femoral 

ultrasound may improve upon patient stratification conferred by an ABI assessment, especially 

in those who are at low-risk for CAD. 
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Chapter 4 

 

General Discussion and Future Directions 

 

 

 

The present study conveys two key messages: 1) sex-specific vascular ultrasound 

markers are valuable in the detection of significant, obstructive CAD and 2) vascular ultrasound 

may provide such information more accurately than currently available, non-invasive screening 

tools. Specifically, it was determined that a combined assessment of common femoral and 

carotid plaque area is most advantageous in women, while men may benefit most from a 

combined analysis of carotid and femoral bifurcation plaque height. Furthermore, femoral 

ultrasound, while being an equally safe, inexpensive, and rapid tool, is a more accurate predictor 

of significant coronary disease than a traditional ABI assessment. 

Mortality rates due to CAD have decreased by over 12% during the last decade. Despite 

this trend, CAD remains the leading cause of death globally (1). Many patients with low pretest 

probabilities for CAD, determined by traditional risk-factor assessment, have obstructive disease 

and go on to have adverse cardiovascular events (129); in contrast, as demonstrated here, a large 

proportion of those deemed high-risk are found without angiographically significant disease. 

Such information indicates the necessity for improved cardiovascular screening and treatment 

strategies. The current management algorithm for patients with suspected ischemia incorporates 

tools that, while are undoubtedly useful, demonstrate limitations, such high costs and radiation 

risks. Moreover, especially important in women, such tools lack the intrinsic inability to 

differentiate between pathologies of ischemic coronary disease, whether it be obstructive 

atherosclerotic disease, dysfunction of the microvasculature, or coronary spasm. Here, we 

demonstrate the utility of a tool that specifically identifies significant, occlusive disease, 
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providing a means to more accurately determine the cause of ischemia. Such a tool may help to 

differentiate those who are at high-risk for obstructive CAD, who may require invasive coronary 

angiography, from those who may instead benefit from other relevant diagnostic and treatment 

strategies. Notably, in the studies presented here, a large proportion of men and women 

undergoing coronary angiography did not have obstructive disease. Presently, many patients 

found to be without significant CAD are not provided testing or treatment for alternative 

diagnoses, such as CMD, despite the adverse prognoses associated with these common 

pathologies (86). Such information highlights the necessity of departure from a management 

strategy that only accounts for stenotic ischemia. Vascular ultrasound may meet this need as it is 

able to distinguish between patients experiencing symptoms due to atherosclerotic disease and 

patients who are not, who may thus benefit from other forms of testing. 

Historically, the majority of cardiovascular research has not accounted for sex differences 

and has had poor representation by female participants, despite the existence of sex-specific risk 

factors and disease pathologies (90). This thesis demonstrates the importance of such 

considerations; notably, the vascular assessment that corresponded most strongly to significant, 

obstructive CAD in men, a combined femoral bifurcation and carotid plaque bulb assessment, 

yielded reduced predictive strength in women. Similarly, current risk-stratification tools, 

established within largely male cohorts, show relatively less predictive power when used in 

women who are undergoing assessment for suspected ischemia (130). In recent efforts to account 

for such sex differences, groups have sought to determine alternative risk factors and screening 

tools that demonstrate improved disease prediction in women, including imaging technologies, 

such as magnetic resonance subendocardial perfusion, and inflammatory markers, such as high 

sensitivity C-reactive protein (hsCRP) and serum amyloid- (131-133). Further investigation is 
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of critical importance, and the current management algorithm for patients with suspected 

ischemia has yet to incorporate such potentially beneficial tools. Recent emphasis on sex 

differences will hopefully lead to more effective care, reducing the global burden of 

cardiovascular mortality. 

In the present study, femoral ultrasound displayed an improved ability to rule out 

significant, obstructive CAD over an ABI measurement. Similarly, in a small study of 42 

patients undergoing computed tomography angiography, the absence of carotid plaque yielded an 

improved negative predictive value for coronary stenosis >50% over CAC scoring, carotid IMT, 

and hsCRP (134). Despite its high sensitivity, femoral ultrasound demonstrated a reduced 

specificity for disease detection. Such a result may be associated with the lumen-oriented nature 

of coronary angiography, which does not account for atherosclerosis developing into the wall 

due to positive arterial remodelling. It is possible that in patients with femoral atherosclerosis 

and without obstructive CAD, disease has developed in the coronaries but, due to remodelling, 

does not appear on angiography. Such a result could also explain the reduced sensitivity of ABI 

to detect PAD, a test that also only accounts for stenosis. Importantly, such outward growth of 

atherosclerosis may contribute to adverse events, and as improved technology is used to diagnose 

CAD, the association between coronary and extracoronary disease may become more apparent in 

time. 

 Beyond its use to indicate the presence or absence of obstructive CAD in cases of 

suspected ischemia, assessment by vascular ultrasound may have implications in reducing 

adverse cardiovascular events in asymptomatic patients. Recent, large, multicentre trials, such as 

COMPASS, seek to evaluate the efficacy of medications to reduce rates of MI, stroke, and 

cardiovascular death in patients with atherosclerotic disease, including in patients with ABI-



 70 

indicated PAD (127). Given that even non-stenotic femoral atherosclerosis is associated with 

adverse events (77), it is possible that a larger cohort of patients with subclinical disease, not 

detected by ABI, may also benefit from such interventions. In time, adequate demonstration of 

increased cardiovascular risk conferred by subclinical femoral atherosclerosis may warrant more 

aggressive treatment of patients with ultrasound-detected PAD. 

 Several areas requiring further research can be identified from the presented data. 

Focusing on the limitations of the present study, these results require validation in larger, 

multicentre, and non-Caucasian cohorts. Furthermore, although the goal of this study was to 

determine the ability of vascular ultrasound to identify significant CAD, and thus required 

involvement of participants undergoing coronary angiography, the intended purpose of this tool 

will likely be to inform the management of patients with suspected ischemic disease at lower 

risk. Therefore, future studies that validate the benefit of vascular ultrasound in a cohort at 

intermediate- or low-risk will be essential. Moreover, it will be important to compare the ability 

of vascular ultrasound to other established screening tools, such as stress testing and CAC 

scoring, in order to justify its use over, or in addition to, such other techniques in disease 

prediction. All such future studies should involve considerations of sex differences.  

Beyond the scope of this study, to further elucidate the correlation of vascular ultrasound-

detected plaque features to patient risk, it would be beneficial to utilize a tool that can more 

comprehensively assess the progression of atherosclerotic disease within the coronaries. For 

instance, intravascular ultrasound, which allows for the visualization of lesions concealed by 

arterial remodelling, may reveal a truer representation of the patient’s disease burden. Such an 

assessment may eliminate the discrepancy observed between vascular ultrasound and the 

lumenogram nature of angiography, revealing improved agreement of disease progression at the 
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level of the carotid, femoral, and carotid arteries. It will also be important to address the topic of 

carotid and femoral plaque vulnerability. Gray-scale median and pixel distribution analyses 

allow for non-invasive assessments of plaque stability and tissue composition, which are features 

that may help to identify rupture-prone plaque phenotypes. Such information, in addition to 

outcome analyses, will further elucidate the role of femoral and carotid ultrasound in patient risk-

stratification. Used clinically, vascular ultrasound may have immense value when incorporated 

into cardiovascular management algorithms. 
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