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Background: Information regarding the pathogenesis of ischemic heart disease (IHD) in women is limited. 
Sex-specific responses to atherosclerosis and coronary arterial remodelling in women versus men have been 
hypothesized, but limited study exists.
Methods: Case-matched study of 174 women with suspected ischemia referred for coronary 
angiography: 87 with non-obstructive coronary artery disease (CAD) (no luminal diameter stenosis >20% 
in any coronary artery) and 87 age and ethnicity matched women with obstructive CAD. Groups were 
compared with regard to atheroma burden and coronary arterial remodelling assessed by coronary artery 
intravascular ultrasound (IVUS).
Results: IVUS revealed more extensive atheroma with obstructive CAD vs. those without obstructive 
CAD, with greater percent atheroma volume (PAV) (36.1%±9.8% vs. 25.4%±9.1%, P<0.0001), total 
atheroma volume (TAV) (140.8±58.7 vs. 98.8±46.9 mm3, P<0.0001) and percentage of images containing 
plaque (70.0%±30.5% vs. 35.7%±32.6%, P<0.0001). Adjusting for risk factors, PAV (35%±1% vs. 28%±1%, 
P=0.0008), TAV (131±7 vs. 115±7 mm3, P=0.110) and percentage of images containing plaque (66%±4% vs. 
45%±5%, P=0.0008) remained greater with obstructive CAD. Obstructive CAD was associated with smaller 
lumen volumes (251.9±92.8 vs. 289.7±91.8 mm3, P=0.005), but surprisingly, the external elastic membrane 
(EEM) volume was very similar comparing the groups (392.7±128.1 vs. 388.6±113.7 mm3, P=0.910). 
Conclusions: Our findings suggest that women referred to angiography for suspected ischemia, have 
differing patterns of coronary arterial response to injury with regard to accumulation of atherosclerosis 
and compensatory remodelling related to the presence and absence of obstructive CAD. Preservation and 
cultivation of compensatory arterial remodelling may be a novel CAD therapeutic target.
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Introduction

Ischemic heart disease (IHD) is the leading cause of 
mortality in women at all ages in the Western world (1-3). 
When a diagnosis of IHD is established, women are less 
likely to be treated with established medical therapies and 
suffer greater adverse outcomes compared to men (4-8). 
Given an under-representation in clinical studies of IHD, 
little is known about the natural history and pathogenesis of 
atherosclerotic coronary disease in women (9).  

A number of important distinctions between men and 
women have been noted. Women are more likely to present 
with atypical symptoms and have more functional disability 
from their symptoms (10). Rates of non-obstructive 
coronary artery disease (CAD) on angiography are higher in 
women with suspected ischemia (10,11). In order to provide 
further insight into the factors that promote coronary heart 
disease (CHD) in women, the National Institutes of Health-
National Heart, Lung, and Blood Institute sponsored the 
Women’s Ischemia Syndrome Evaluation (WISE) study (12). 
Investigating a cohort of women presenting for a clinically 
indicated coronary angiogram for suspected ischemia, a high 
rate of atherosclerosis, vascular dysfunction, ischemia and 
adverse events was observed in women without obstructive 
CAD (10,13). This has led to the hypothesis that coronary 
vascular dysfunction in the setting of atherosclerosis with 
preserved epicardial coronary lumen dimensions, due to 
compensatory remodelling, may be a prevalent pattern of 
CAD in women with ischemia (13).  

While sex-specific responses to arterial wall injury, 
with regard to atherosclerosis and epicardial arterial 
remodelling, have been hypothesized, little is known about 
the relationship between plaque accumulation and arterial 
remodelling in women. Interaction between atheroma 
burden and epicardial arterial remodelling is an important 
determinant of the degree of luminal obstruction for a 
given amount of plaque (14). The WISE intravascular 
ultrasound (IVUS) findings, although documenting a 
very high prevalence of atherosclerosis among a subgroup 
of symptomatic women without obstructive CAD by 
angiography (13), were limited by lack of a comparison with 
women having obstructive CAD. 

Accordingly, to better understand the coronary 
remodelling process among women, this analysis was 
conducted using a case-control design. The objective was to 
characterize and compare coronary remodelling and extent 
of atherosclerosis and among women with and without 
obstructive CAD on angiography using IVUS, the most 

sensitive imaging modality for characterization of extent of 
atherosclerosis and patterns of arterial remodelling.

Methods

Selection of subjects

The WISE study (NCT00832702) enrolled women with 
chest pain and findings suggesting ischemia who presented 
for clinically indicated coronary angiography to further 
evaluate suspected myocardial ischemia, as described in 
detail previously (12). An IVUS sub-study was conducted 
in a subgroup of 100 women without significant luminal 
narrowing (>50%) and defined as having non-obstructive 
CAD (13). For the purpose of the current analysis, 87 of 
these women had IVUS images satisfactory of detailed 
analysis of remodelling indices and matchable by age and 
ethnicity to women with obstructive CAD on angiography 
selected from a clinical trials database had employed serial 
evaluations of plaque progression using IVUS (15-18). 
In addition to age and ethnicity match, the latter women 
were required to be symptomatic and have at least one 
obstructive stenosis on an angiogram. All participants 
provided written informed consent prior to enrollment.

Acquisition and analysis of IVUS images

IVUS images were acquired and analyzed as described in 
detail previously (13,15-18). In brief, a catheter containing 
a high frequency (30–40 MHz) ultrasound transducer on 
the tip was placed as distally as possible within the coronary 
artery selected for evaluation following anticoagulation and 
administration of intracoronary nitroglycerin. For patients 
with non-obstructive CAD the longest and least angulated 
vessel was selected for analysis. For patients with obstructive 
CAD it was required that the target vessel contained a 
segment of at least 30 mm in length with no stenosis greater 
than 50%. Continuous ultrasonic imaging was performed 
during withdrawal of the catheter by an automatic pullback 
device at a rate of 0.5 mm/s and recorded on videotape 
at 30 frames/s. All images were analyzed using the same 
protocol by investigators in the Intravascular Ultrasound 
Core Laboratory at the Cleveland Clinic. The longest 
arterial segment, whose limits were defined by the presence 
of a proximal and distal side branch, were chosen for 
analysis. Cross-sectional images, spaced 1 mm apart, were 
selected for analysis. The leading edges of the external 
elastic membrane (EEM) and lumen were traced by manual 
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planimetry using the National Institutes of Health Image J 
(version 1.62, National Institutes of Health public domain 
software, Bethesda, MD). 

Calculation of the total atheroma volume (TAV) was 
performed by summation of plaque areas, defined as the 
difference between EEM and lumen area, of all evaluable 
images (19). 

area area(EEM Lumen )
Normalized TAV = Median number of imagesin cohort
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−
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To account for variability in the length of segment 
evaluated in different subjects TAV, total lumen volume 
and total EEM were normalized by adjusting for the 
median number of images in the entire study population. 
Normalized volumes occupied by the EEM and lumen were 
determined in a similar fashion. Percent atheroma volume 
(PAV) was calculated as the percentage of the sum of EEM 
areas occupied by TAV (19). 
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Atheroma burden was also expressed as the percentage 
of images containing plaque, defined as a maximal plaque 
thickness greater than 0.5 mm.

The arterial remodelling index at the site containing the 
greatest plaque area in each pullback was also determined 
as the ratio of the EEM area at that site compared with 
the EEM area at a reference point, defined as the slice 
within the proximal 10 mm that contained the least amount 
of plaque. In accordance with consensus guidelines, 
remodelling at the most diseased site was defined as 
constrictive (index <0.95) or expansive (index >1.05) 
according to the remodelling index (20).

Statistical analysis

All statistical analyses were performed using SAS software 
version 8.2 (SAS Inc., Cary NC). Continuous variables are 
expressed as mean ± standard deviation (SD) and categorical 
variables as percentage. Comparisons between matched 
groups were performed using chi-square tests for categorical 
variables and t-tests for continuous variables. An analysis of 
covariance (ANCOVA) model was used to compare IVUS 
measures between groups adjusting for differences in clinical 
characteristics (congestive heart failure, hypertension, 
metabolic syndrome, previous myocardial infarction, low-
density lipoprotein (LDL) cholesterol, triglyceride and 
diastolic blood pressure). Adjusted measures are expressed 

as least square mean ± standard error of the mean (SEM). A 
P value <0.05 was considered significant.

Results

Clinical characteristics

Pert inent  c l in ica l  charac ter i s t i c s  o f  the  women 
undergoing coronary  angiography for  suspected 
i schemia  wi th  and wi thout  obstruct ive  CAD on 
coronary angiography are summarized in Table 1. For 
reference purposes, the women with non-obstructive 
CAD had an angiographic CAD severity index 7.0±3.8, 
calculated based on the stenosis severity weighted 
by proximal  les ion as  previously  publ ished (21) .  
Women with obstructive CAD had a more atherogenic risk 
factor profile with greater rates of hypertension (86.2% vs. 
36.0%, P<0.001), smoking (38.8% vs. 13.8%, P<0.001), 
hyperlipidemia (77.0% vs. 31.0%, P<0.001), metabolic 
syndrome (62.1% vs. 34.6%, P<0.001) and previous 
myocardial infarction (32.2% vs. 7.1%, P<0.001). Women 
with obstructive CAD also had higher levels of total 
cholesterol (212.7±46.1 vs. 182.5±33.0 mg/dL, P<0.001), 
LDL cholesterol (126.4±39.4 vs. 102.3±37.3 mg/dL,  
P<0.001), triglyceride (182.9±87.4 vs. 99.6±79.9 mg/dL,  
P<0.001) and diastolic blood pressure (77.5±10.9 vs. 
74.5±10.7 mmHg, P=0.080), although the later failed to 
meet statistical significance.

Atheroma burden

Measures of the extent of coronary atherosclerosis in 
women with and without obstructive CAD are summarized 
in Table 2. All indices of atheroma burden were greater in 
women with obstructive CAD on angiography including 
PAV (36.1%±9.8% vs. 25.4%±9.1%, P<0.0001), TAV 
(140.8±58.7 vs.  98.8±46.9 mm3, P<0.0001) and the 
percentage of images containing plaque (70.0%±30.5% 
vs. 35.7%±32.6%, P<0.0001). This distinction remained 
significant following adjustment for differences between the 
groups with regard to clinical characteristics.

Epicardial coronary arterial wall remodelling

Indices of coronary arterial remodelling, throughout the 
entire segment and at the site containing the greatest 
amount of plaque in women with and without obstructive 
CAD on angiography, are summarized in Table 2. Women 
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with obstructive CAD had smaller lumen volumes 
(251.9±92.8 vs. 289.7±91.8 mm3, P=0.005). Despite 
the presence of more extensive atherosclerosis, women 
with obstructive CAD did not have a greater volume 

occupied by the EEM (392.7±128.1 vs. 388.6±113.7 mm3,  
P=0.910). The difference in lumen, but not EEM, volume 
remained following adjustment for differences in clinical 
characteristics between the groups. In contrast, no 

Table 1 Clinical characteristics by absence and presence of obstructive CAD

Characteristic Non-obstructive CAD (n=87) Obstructive CAD (n=87) P value

Age (years) 54.8±8.9 54.8±8.8 N/A

Caucasian (%) 87.4 87.4 N/A

Body mass index (kg/m2) 31.9±8.8 32.2±7.7 0.780

Diabetes (%) 17.2 20.7 0.560

Hypertension (%) 36.0 86.2 <0.001

Current smoker (%) 13.8 38.8 <0.001

Hyperlipidemia (%) 31.0 77.0 <0.001

Metabolic syndrome (%) 34.6 62.1 <0.001

Previous myocardial Infarction (%) 7.1 32.2 <0.001

Systolic blood pressure (mmHg) 129.4±19.8 132.0±18.6 0.200

Diastolic blood pressure (mmHg) 74.5±10.7 77.5±10.9 0.080

Total cholesterol (mg/dL) 182.5±33.0 212.7±46.1 <0.001

LDL cholesterol (mg/dL) 102.3±37.3 126.4±39.4 <0.001

HDL cholesterol (mg/dL) 50.5±13.0 49.8±11.3 0.920

Triglyceride (mg/dL) 99.6±79.9 182.9±87.4 <0.001

Continuous variables expressed as mean ± SD and categorical variables expressed as percentage. CAD, coronary artery disease; LDL, 
low-density lipoprotein; HDL, high-density lipoprotein; SD, standard deviation; N/A, not available.

Table 2 Atheroma burden and remodelling parameters by absence and presence of obstructive CAD

Characteristic Non-obstructive CAD (n=87) Obstructive CAD (n=87) P value Adjusted P value*

Percent atheroma volume (%) 25.4±9.1 36.1±9.8 <0.0001 0.0008

Total atheroma volume (mm3) 98.8±46.9 140.8±58.7 <0.0001 0.110

Percent images containing plaque (%) 35.7±32.6 70.0±30.5 <0.0001 0.0008

EEM volume (mm3) 388.6±113.7 392.7±128.1 0.910 0.400

Lumen volume (mm3) 289.7±91.8 251.9±92.8 0.005 0.050

Remodelling index 0.96±0.25 0.96±0.20 0.89 –

Constrictive remodelling (%) 40.2 46.4 0.41 –

Expansive remodelling (%) 25.3 25.0 0.97 –

Measures of arterial wall remodelling throughout the segment of vessel evaluated and at the site containing the greatest plaque area in 
age and ethnicity matched females without and with obstructive CAD. Univariate results expressed as mean ± SD. Multivariate results 
expressed as least square mean ± SEM. *, adjusted for differences in clinical characteristics (congestive heart failure, hypertension, 
metabolic syndrome, previous myocardial infarction, LDL cholesterol, triglyceride and diastolic blood pressure). CAD, coronary artery 
disease; LDL, low-density lipoprotein; EEM, external elastic membrane; SEM, standard error of the mean; SD, standard deviation.
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difference was observed between the groups with regard to 
the remodelling index or percentage of subjects undergoing 
constrictive or expansive remodelling at the site containing 
the greatest amount of plaque. 

To further explore this difference in remodelling pattern 
throughout the evaluated arterial segment, groups were 
also compared following additional matching for TAV 
(Table 3). Women with obstructive CAD (n=61) continued 
to demonstrate greater levels of PAV (32.0%±10.0% vs. 
27.5%±7.9%, P=0.007) and percentage of images containing 
plaque (53.7%±31.8% vs. 39.9%±31.2%, P=0.020). Women 
with obstructive CAD had smaller volumes occupied not 
only by the lumen (235.7±79.8 vs. 284.3±85.9 mm3, P=0.002) 
but also the EEM (343.3±92.9 vs. 391.3±105.6 mm3,  
P=0.010). Among the women without obstructive CAD, the 
correlation between EEM volume and PAV was r=0.82 (P<0.05), 
supportive of a continuous process of EEM expansion in the 
lesions with larger PAV in non-obstructive CAD.

Discussion

Ultrasonic coronary artery imaging provides a unique 
opportunity to study the natural history of atherosclerosis 
in vivo using a quantitative analytical approach that can be 
applied to elucidate factors influencing the pathogenesis 
of IHD. We have previously shown, in a sample of women 
from the WISE without obstructive CAD on angiography, 
that most (~80%) had evidence of coronary artery 
atherosclerosis by IVUS and that plaque was concealed on 
angiography by negative remodelling in a subgroup (13). 
However, those findings were difficult to interpret in the 

absence of a comparison group of women. In the current 
study, IVUS data from the WISE sample of women with 
symptoms and signs of ischemia without obstructive CAD 
was compared with a group of women with symptoms and 
signs of ischemia with obstructive CAD on angiography 
matched by age and ethnicity. Both groups were analysed by 
the same IVUS core lab masked to clinical and angiographic 
findings. While no direct implication can be made with 
regard to chronicity of the disease process in these women 
studied cross-sectionally, our finding that women with 
obstructive CAD harboured considerably more, as well as, 
more extensive coronary atheroma is consistent with an 
evolving disease process which results in the appearance 
mild atheroma without luminal narrowing and then luminal 
narrowings associated with increasing accumulation of 
plaque. The current findings provide important insight 
into the relationship between plaque deposition and the 
coronary arterial remodelling response, as well as the 
appearance on angiography.

The arterial wall is not a passive participant in the 
development and accumulation of atherosclerotic plaque. 
Rather, considerable evidence suggests that the coronary 
artery wall undergoes changes in size and shape, termed 
remodelling, in response to both progression and regression 
of atherosclerosis. The initial report of remodelling, 
on the basis of necropsy specimens, to early atheroma 
accumulation is of expansion of the EEM (22). This is 
associated with a relative preservation of lumen dimension 
and provides a rationale for accumulation of substantial 
atheroma, despite the presence of a normal angiogram, in 
many patients. The findings of the current analysis may 

Table 3 Atheroma burden and arterial remodelling in subjects matched according to total atheroma volume by absence and presence of 

obstructive CAD

Characteristic Non-obstructive CAD Obstructive CAD P value

Total atheroma volume (mm3) 107.0±41.1 107.7±40.8 0.910

Percent atheroma volume (%) 27.5±7.9 32.0±10.0 0.007

Percent images containing plaque (%) 39.9±31.2 53.7±31.8 0.020

EEM volume (mm3) 391.3±105.6 343.3±92.9 0.010

Lumen volume (mm3) 284.3±85.9 235.7±79.8 0.002

Remodelling index 0.99±0.26 0.97±0.26 0.680

Constrictive remodelling (%) 34.4 45.0 0.240

Expansive remodelling (%) 26.2 31.7 0.510

Continuous variables expressed as mean ± SD and categorical variables expressed as percentage. CAD, coronary artery disease; EEM, 
external elastic membrane; SD, standard deviation.



410 Nicholls et al. Atherosclerosis and coronary remodelling in women

© Cardiovascular Diagnosis and Therapy. All rights reserved. Cardiovasc Diagn Ther 2018;8(4):405-413cdt.amegroups.com

provide further insight into the role of coronary arterial 
remodelling in the pathogenesis of atherosclerotic CAD 
in women. It is of particular interest to note that there 
was no difference between the women with and without 
obstructive CAD with regard to the volume occupied 
by the EEM despite a significant difference in atheroma 
volume (Figure 1). The consequence of this inadequate 
compensatory remodelling of the coronary artery in the 
presence of more extensive atherosclerosis is the contraction 
of lumen dimensions, which appears as obstructive CAD 
on angiography. Potential differences between the groups 
of women are further emphasized by the finding that when 
subjects were matched on the basis of atheroma volume, 
the absence of obstructive CAD was accompanied by larger 

EEM and lumen volumes.
A large number of studies have employed IVUS to 

characterize patterns of coronary arterial remodelling (14).  
These investigations have confirmed the typical pattern of 
expansive remodelling of the EEM in the early stages of plaque 
accumulation. The relationship between expansive remodelling 
of culprit lesions, elevated systemic metalloproteinases 
and acute ischemic syndromes highlights further potential 
mechanistic links between remodelling and the clinical 
expression of disease (23,24). The current results expand 
these observations to include study of women with suspected 
ischemia but non-obstructive CAD and support the hypothesis 
that compensatory arterial remodelling may be prevalent in 
women. Further prospective studies, as well as sex-specific 

Figure 1 Illustrative example of differences in remodelling between a female subject with symptomatic ischemia in the absence (left panels) 
or presence (right panels) of obstructive disease on coronary angiography. Location of atherosclerotic plaque in cross-sectional images is 
depicted by shading in the lower panels. A lack of compensatory expansion of the outer vessel border in the presence of a greater plaque 
burden results in a smaller lumen, which would be detected as an abnormality on angiography.
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comparative studies, are clearly needed in this area. 
More recent studies, mostly among men, have utilized 

serial evaluations of coronary arteries by IVUS to 
evaluate the impact of medical therapies on atheroma 
progression rates (15-18,25-29). Of interest, regression of 
atherosclerotic plaque is associated with a pattern of reverse 
remodelling, characterized by contraction of the EEM and 
relative preservation of lumen dimensions (30). In a pooled 
analysis of these studies, it was suggested that women 
harbored less atherosclerotic plaque, despite the presence 
of a more atherogenic risk factor profile than observed 
in men from these studies (31). The finding that women 
had smaller vessel volumes following correction for body 
size was consistent with different patterns of remodelling 
between women and men at baseline (31). More recently, 
it has been reported that there are no differences between 
genders with regard to the pattern of reverse remodelling 
that accompanies plaque regression (32). 

A number of caveats should be noted with regard to 
our current analysis. Given the requirement for invasive 
catheterisation of the coronary arteries, all of the women 
had presented for a clinically indicated coronary angiogram 
for suspected myocardial ischemia that creates potential for 
an indication bias. It is uncertain whether current findings 
can be extrapolated to asymptomatic women. A treatment 
bias may have influenced risk factor status, particularly 
among women with an established diagnosis of obstructive 
CAD. Specifically, women with obstructive CAD were 
more likely to receive statin therapy and this may have 
also had a direct impact on vessel wall remodelling. A 
segment of only one coronary artery was evaluated in each 
woman: it is unknown whether the data confidently reflects 
findings throughout the entire coronary arterial tree. Also, 
of note, some segments of the women with obstructive 
CAD contained no stenosis >50%, and therefore uncertain 
whether the current distinction applies to women with more 
severe forms of obstructive CAD. IVUS provides a limited 
characterization of plaque components and therefore it is 
not possible to accurately investigate relationships between 
plaque composition and arterial remodelling in these two 
groups of women.

In summary, the current findings suggest that among 
women referred for suspected ischemia, there appear 
to be differing patterns of coronary arterial response 
to accumulation of atherosclerosis, and compensatory 
remodelling related to the presence and absence of 
obstructive CAD. The presence of obstructive CAD 

on angiography is associated with more extensive 
atherosclerosis and an inadequate compensatory arterial 
remodelling response of the arterial wall. The inability 
of the outer vessel wall to expand likely results in relative 
lumen contraction and the appearance of obstructive 
CAD. Combined with the relatively high rates of non-
obstructive CAD in the setting of ischemia among women 
undergoing coronary angiography, these findings suggest 
that compensatory coronary arterial remodelling may 
be prevalent in women. Preservation and cultivation of 
compensatory arterial remodelling may be a novel CAD 
therapeutic target.
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