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A B S T R A C T   

Background and aims: Clinical atherosclerosis manifestations are different in women compared to men. Since 
endothelial shear stress (ESS) is known to play a critical role in coronary atherosclerosis development, we 
investigated differences in anatomical characteristics and endothelial shear stress (ESS)–related plaque growth in 
human coronary arteries in men compared to women. 
Methods: 1183 coronary arteries (male/female: 944/239) from the PREDICTION study were studied for differ-
ences in artery/plaque and ESS characteristics, and ESS-related plaque progression (6–10 months follow-up) 
among men and women and after stratification for age. All characteristics were derived from IVUS-based 
vascular profiling and reported per 3 mm-segments (13,030 3-mm-segments (male/female: 10,465/2,565)). 
Results: Coronary arteries and plaques were significantly smaller in females compared to males; but no important 
differences were observed in plaque burden, ESS and rate of plaque progression. Change in plaque burden was 
inversely related to ESS (p<0.001) with no difference between women versus men (β: -0.62 ± 0.13 vs − 0.68 ±
0.05, p=0.62). However, stratification for age demonstrated that ESS-related plaque growth was more marked in 
young women compared to men (<55 years, β: − 2.02 ± 0.61 vs − 0.33 ± 0.10, p=0.007), reducing in magnitude 
over the age-categories up till 75 years. 
Conclusions: Coronary artery and plaque size are smaller in women compared to men, but ESS and ESS- related 
plaque progression were similar. Sex-related differences in ESS-related plaque growth were evident after strat-
ification for age. These observations suggest that although the fundamental processes of atherosclerosis pro-
gression are similar in men versus women, plaque progression may be influenced by age within gender.   

1. Introduction 

Although coronary artery disease is the leading underlying cause of 
mortality in both men and women, clinical presentation of the disease is 
very different. Men are more likely to present with sudden death and 
acute myocardial infarction, whereas women display atypical symptoms 
and/or angina pectoris [1]. Atherosclerosis manifests differently in 
women compared to men in terms of atherosclerotic plaque size, 
composition and rupture risk [2]. In general, coronary plaques of 
women are smaller in size and display fewer features of plaque vulner-
ability [3–5. Furthermore, women more often exhibit non-obstructive 

coronary disease, which is associated with coronary microvasculature 
abnormalities [6]. Despite the often mentioned sex-related differences in 
plaque distribution in coronary arteries, no systematic, detailed analysis 
has been previously performed. 

Endothelial shear stress (ESS), the frictional force of blood flowing 
along endothelial cells, is recognized for its influence on endothelial cell 
function and thereby on plaque distribution and progression. Low ESS 
causes inflammation-driven endothelial cell dysfunction [7,8] and is 
unevenly distributed over the vasculature with pronounced low ESS 
areas close to side branches, on inner aspects of artery curvature, outer 
waists of artery bifurcations, and up- and down-stream from a 
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flow-limiting obstruction. Based on longitudinal studies, we and other 
researchers have demonstrated that low ESS is one of the main de-
terminants of plaque localization and influences plaque size [9–11], 
composition [12–14] and progression [13–15]. 

To explain the observed sex-related differences in plaque size and 
distribution, we hypothesized that coronary arteries of females show 
different ESS patterns compared to coronary arteries in males or that 
ESS-related plaque progression is different over time. We also hypoth-
esized that rates of plaque progression were related to age and sex: i.e., 
that men display more marked ESS-related progression at a younger age 
compared to women, but that men and women display similar rates of 
ESS-related progression at a older age. 

Therefore, the aim of this study was to investigate differences in 
coronary artery size; plaque size, characteristics, and distribution; and 
coronary flow and ESS characteristics in coronary arteries from men and 
women. Furthermore, we studied differences in the role of local ESS in 
plaque distribution and progression between men and women, and at 
different age ranges. We utilized the PREDICTION data set which 
included information on clinical characteristics (including the sex and 
age of the patient), and ESS distribution, plaque morphology and plaque 
progression over time in all major coronary arteries. 

2. Patients and methods 

2.1. Patient population 

The PREDICTION study was an anatomic natural history study per-
formed in Japanese clinical sites and has been previously described [15]. 
Written informed consent was obtained from each patient included in 
the study. The study protocol conforms to the ethical guidelines of the 
1975 Declaration of Helsinki and the study protocol has been priorly 
approved by the institution’s ethics committee on research on humans. 
In brief, 506 patients presenting with an acute coronary syndrome un-
derwent intravascular ultrasound imaging (IVUS) and bi-plane angiog-
raphy of all major coronary arteries (average 2.7 per patient) at baseline, 
and by study design 374 patients invasive imaging was repeated 6–10 
months later. From the 506 patients enrolled in the PREDICTION study, 
vascular profiling methods of 3-D coronary artery reconstruction and 
computational fluid dynamics were successful in 496, of which 479 had 

a complete data set that could be included in the analysis. 

2.2. Vascular profiling methods 

Arterial and plaque characteristics, and ESS measures were derived 
from vascular profiling methods as previously described [15]. Vascular 
profiling utilizes a three-dimensional (3D) reconstruction of the coro-
nary artery as input for computational fluid dynamics. 3D-reconstruc-
tions were obtained by combining information on lumen and outer 
vessel wall segmented from end-diastolic intravascular ultrasound 
(IVUS) frames with information on the 3D-arterial geometry centerline 
derived from biplane angiography. This process provided the anatom-
ical dimensions and characteristics of the arteries (lumen, wall, plaque 
area, wall thickness). Coronary blood flow was calculated from the time 
that radiopaque material after injection traveled from the beginning to 
the end of the reconstructed lumen region of interest using x-ray coro-
nary angiography. The 3D-reconstruction of the lumen and the flow 
were fed into a finite element software package to calculate the local ESS 
(Phoenics CHAM, England). The ESS was calculated as the product of the 
local gradient of the blood velocity at the vessel wall and the viscosity, 
which was derived from the patient-specific hematocrit at each invasive 
procedure. 

2.3. Data analysis and definitions 

To allow detailed, serial analysis of differences in anatomical/plaque 
characteristics and ESS of men versus women, the coronary 3D-recon-
structions were subdivided longitudinally into consecutive 3-mm seg-
ments starting from the ostium. A number of geometrical and ESS 
parameters were calculated for each 3-mm segment: average lumen area 
(LA), minimal lumen area (LAmin), average plaque area (PA), average 
vessel area (VA, i.e. the area circumscribed within the external elastic 
lamina) and plaque burden (PB, average PA/average VA) were calcu-
lated. Within each 3-mm segment, the maximal and minimal plaque 
thickness (PTmin and PTmax) were determined within a moving 90◦ arc 
and used to calculate the plaque eccentricity index (EI), as the ratio of 
PTmax to PTmin. A plaque was defined as a region with ≥3 consecutive 
segments with a PTmax> 0.5 mm. For each artery and plaque, the 
minimal LAmin, the maximal PTmax, the maximal EI and the maximal 

Table 1 
Demographics stratified by sex (all patients; n = 506).  

Characteristic Male (N ¼ 404) Female (N ¼ 102) p value 

Age, years 63.5 (56.7–71.1) 69.4 (64.4–75.5) <0.001 

Risk factors 
Hypertension, n (%) 247 (61.1) 74 (72.5) 0.033 
Dyslipidemia      
LDL >100 mg/dl, n (%) 292 (72.3) 82 (80.4) 0.095 
HDL <40 mg/dl, n (%) 171 (42.3) 25 (24.5) 0.001 
Cigarette smoking (within last 2 yrs), n (%) 229 (56.7) 20 (19.6) <0.001 
Diabetes mellitus, n (%) 147 (36.4) 32 (31.4) 0.344 
Insulin dependent, n (%) 10 (2.5) 5 (4.9) 0.198 
Family history of premature CAD, n (%) 27 (6.7) 5 (4.9) 0.509 
Previous CAD history, n (%) 50 (12.4) 9 (8.8) 0.318 

ACS presentation    0.376 
Unstable angina, n (%) 119 (29.5) 36 (35.3)  
Non-ST elevation MI, n (%) 51 (12.6) 9 (8.8)  
ST elevation MI, n (%) 234 (57.9) 57 (55.9)  

Physical exam 
Heart rate, bpm 69 (62–78) 70 (64–76) 0.226 
Systolic blood pressure, mmHg 126 (111–140) 128 (112–146) 0.183 
Diastolic blood pressure, mmHg 72 (65–81) 70 (62–80) 0.039 

Laboratory data 
Hematocrit, % 40 (36–43) 35 (33–39) <0.001 
LDL, mg/dl 107 (86–135) 117 (95–138) 0.029 
HDL, mg/dl 42 (34–50) 49 (42–60) <0.001 
Total cholesterol, mg/dl 175 (148–210) 190 (171–230) <0.001 
Triglycerides, mg/dl 114 (76–157) 99 (69–143) 0.097 
C-reactive protein, mg/dl 0.4 (0.1–1.1) 0.3 (0.1–1.0) 0.826  
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Fig. 1. Distribution of male and female coronary arteries. 
(A) Distribution of studied number of arteries and of 3 mm segments (seg) at baseline and follow-up over the different vessel types stratified to sex. (B) Distribution of 
studied number of plaques at baseline and follow-up over the different vessel types and stratified to sex. 
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PB were also determined. Calculated ESS variables included average 
ESS, minimal ESS (ESSmin: the 90◦ arc with the lowest ESS) and 
maximal ESS (ESSmax: the 90◦ arc with the highest ESS) per segment. 
Also, per artery and per plaque, the minimal ESSmin and the maximal 
ESSmax were calculated. To account for the patient specific flow, the 
ESS were also normalized by the flow and compared between men and 
women. For the serial analyses, the changes in these parameters over 
time were calculated (Δ = follow-up− baseline). 

2.4. Statistics 

Categorical variables were presented as count/percentages and 
continuous variables as mean ± SEM for variables with normal distri-
bution, median (25 percentile – 75 percentile) for variables that are not- 
normally distributed or estimated means and standard error if derived 
from the mixed linear models. To test differences of the baseline char-
acteristics or frequency distribution comparing men and women in the 
study population Kruskal Wallis test and Х2 test was used respectively. 
For the other statistical analysis, ANOVA, mixed effect linear regression 
models or mixed effect logistic regression models with patient (and ar-
tery) as random factors were used where appropriate. For detailed 
description see supplement. For the ESS-related plaque progression the 
mixed-effects regression analysis was used and repeated after stratifi-
cation for 4 different age ranges (<55 years, 55–65 years, 65–75 years, 
>75 years). For all the statistical analysis IBM SPSS statistics version 24 
was used. A p value < 0.05 was considered as significant. 

3. Results 

Among the 479 total patients included in the baseline analysis of 

plaque characterization there were 384 men and 95 women, who 
contributed 944 male and 239 female coronary arteries (total 1183 ar-
teries, mean 2.5 per patient). Among the 324 patients included in the 
follow-up plaque progression analysis, there were 262 men and 62 
women, contributing 613 male arteries and 150 female arteries. Table 1 
shows the demographics of the total patient population. In general, fe-
male patients were significantly older (69.4 [64.4–75.5] vs 63.5 
[56.7–71.1] years, p < 0.001) presented more often with hypertension 
(73% vs 61%, p = 0.033), and were less often smokers or former smokers 
(19.6% vs 56.7%, p < 0.001). Cholesterol levels were significantly 
higher in female patients compared with male patients (LDL: 117 [95- 
138] vs 107 [86–135] mg/dl, p = 0.029, HDL: 49 [42–60] mg/dl vs 42 
[34–50], p < 0.001), total cholesterol: 190 [171–230] vs 175 [148–210] 
mg/dl, p < 0.001). The detailed vascular analysis included a total of 
13,030 segments (10,465 in male and 2,565 in female patients) from 
1183 arteries, and 1041 plaques. Fig. 1 illustrates the details of coronary 
artery distribution, 3-mm arterial segments, and plaques. 

3.1. Sex-related differences in coronary artery anatomic characteristics 
and ESS 

Sex-related differences in artery characteristics are reported in Sup-
plementary Table S1 for the LAD, LCX and RCA, respectively. In general, 
coronary arteries in women were significantly smaller in size, as re-
flected by the smaller LA and smaller VA with smaller plaque area and 
smaller average PTmax compared to coronary arteries in men (Supple-
mentary Table S1). This difference in PTmax was also clearly observed 
in the distribution of PTmax in male compared to female coronary ar-
teries (Fig. 2 A and B, p < 0.001). Even though plaques were eccentric 
with PTmax approximately 2 times higher than PTmin, no sex-related 

Fig. 2. Histogram of plaque size. 
Histograms of maximal plaque thickness per 3-mm segment in coronary arteries from men (A) and women (B) and histogram of plaque burden per 3-mm segment in 
coronary arteries from men (C) and women (D). 
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differences in plaque eccentricity were observed. Of note, PB was not 
different for the LAD and LCX, but there was a small, but significant, 
difference for RCA between men and women, respectively. Also, the 
distribution in PB (Fig. 2C and D, p < 0.001) was significantly different 
among men and women. Compared to men, coronary arteries in women 
tended to have lower coronary blood flow (Supplementary Table S1 A-C) 
which, in combination with the smaller artery size in women, resulted in 
similar exposure to average ESS, ESSmin and ESSmax values (Supple-
mentary Table S1), which was also true after normalization for the flow. 

3.2. Sex-related differences in plaque distribution at the proximal and 
mid-distal portion of coronary arteries 

In all coronary arteries, the PTmax and PB were significantly larger 
at the proximal portion compared to the mid-distal portion (p < 0.001) 
(Supplementary Figs. 1 and 2). At both locations, the PTmax was 
significantly smaller in coronary arteries from women compared to men, 
however, for PB these sex-related differences were much less clear. 
These observations were also reflected by the observed differences in the 
frequency of affected segments with PTmax>1.0 mm or PB>40% 
(Figs. 3 and 4); the proximal portion of the LAD and RCA in women were 
less often affected with large plaques (PTmax>1.0 mm) compared to the 
LAD and RCAs in men. 

Fig. 3. Frequency of maximal plaque thickness >1.5 mm proximal versus distal portion of the coronary artery. 
Frequency of segments affected with maximal plaque thickness >1.5 mm in the proximal (<30 mm distance from the ostium) versus distal (30–60 mm from the 
ostium) portion of the LAD, LCX and RCA stratified for sex. 

J.J. Wentzel et al.                                                                                                                                                                                                                               



Atherosclerosis 342 (2022) 9–18

14

3.3. Sex-related differences in per-plaque anatomic characteristics and 
ESS 

1041 plaques were studied for their differences in characteristics 
comparing 187 female and 854 male plaques. The average length of the 
plaques and the location, expressed as the distance from the ostium, 
were similar for plaques located in coronary arteries from women and 
men (Table 2). The average PA and VA were respectively 15% (p <
0.001) and 14% (p < 0.001) smaller in women compared to men, which 
was also reflected by the 8% smaller PTmax of female plaques 
(p=0.002). No differences in plaque eccentricity were observed 
comparing male and female plaques (2.40 ± 0.04 vs 2.45 ± 0.07, p =
0.56). Although the lumen size was 13% smaller in female compared to 
male coronary arteries, the average ESS over the plaque was not 

different, but normalization of the ESS with the flow revealed a higher 
average and minimal ESS in women (p = 0.049, p = 0.024, Table 2). 
Interestingly, the ESSmin that female plaques were exposed to was 17% 
higher than for male plaques (p=0.037). 

3.4. Sex-related differences in plaque growth and changes in ESS 

The studied plaques demonstrated significant plaque regression over 
time with respect to PA and VA (Supplementary Table S2). However, 
these plaque changes were not different in coronary arteries in men 
versus women (Supplementary Table S2). Although at baseline the ESS 
surrounding the plaque was not different between men and women, the 
change in average ESS and maximum ESSmax over time tended to be 
higher for plaques in coronary arteries of women compared to men. 

Fig. 4. Frequency of plaque burden >40% proximal versus distal portion of the coronary artery. 
Frequency of segments affected with plaque burden >40% in the proximal (<30 mm distance from the ostium) versus distal (30–60 mm from the ostium) portion of 
the LAD, LCX and RCA stratified for sex. 

J.J. Wentzel et al.                                                                                                                                                                                                                               



Atherosclerosis 342 (2022) 9–18

15

3.5. Sex-related differences in ESS-related plaque progression at follow- 
up 

ESS-related plaque growth showed the previously reported signifi-
cant inverse relationship between changes in PB and the baseline ESS-
min (β = − 0.68 ± 0.04, p < 0.001) and changes in PTmax and the 
baseline ESSmin (β = − 0.01 ± 0.001, p < 0.001). However, no differ-
ences in ESS-related plaque growth were observed comparing coronary 
arteries from women and men (PB: β = − 0.62 ± 0.13 vs β = − 0.68 ±
0.05, p=0.62; PTmax: β = − 0.011 ± 0.004 vs β = − 0.01 ± 0.001, p =
0.63), and similarly after adjustment for baseline plaque characteristics 
(Supplementary Table S3). 

However, significant differences in ESS-related plaque growth were 
observed between men and women after stratification for age (Fig. 5). 
Fig. 5A shows the relationships between plaque burden and ESS for the 
different age categories, whereas Fig. 5B gives an overview of the 
different slopes (β) as estimated for women and men for the various age 
categories. Interestingly, among the youngest patients (<55 years), low 
ESS-related plaque growth was much more pronounced in women 
compared to men (PB: β = − 2.02 ± 0.61 vs β = − 0.33 ± 0.10; p = 0.007; 
PTmax: β = − 0.054 ± 0.02 vs β = 0.0008 ± 0.003; p = 0.005, Supple-
mentary Fig. 4A). Among patients aged between 65 and 75 years a small, 
but significant, difference in ESS-related plaque growth was also 
observed comparing women and men, but only for change in PB (β =
− 0.27 ± 0.17 vs β = − 0.79 ± 0.10; p = 0.008). The number of segments, 
vessels and patients per age-category are listed in Supplementary 
Table S4. 

Women showed a continuous change in magnitude of ESS-dependent 
plaque growth over the different age categories (p < 0.001). The clearest 
significant trend was the reduction in magnitude of ESS-related plaque 
growth (β) up till 75 years of age (Fig. 5B). This changing age-dependent 
plaque growth rate among women persisted after adjustment for base-
line plaque characteristics (Supplementary Figs. 3 and 4B). In contrast, 
ESS-dependent plaque growth in coronary arteries in men (>55 years) 
was generally consistent throughout the age groups (Fig. 5 and Sup-
plementary Figs. 3 and 4). 

4. Discussion 

We investigated sex-related differences in both anatomic and ESS 
parameters in human coronary arteries both at the per-artery and per- 
plaque level. Coronary arteries in women were smaller in size and 
contained smaller plaques compared to coronary arteries in men. 
Proximal coronary artery regions were most often affected with coro-
nary disease in both men and women and the frequency of larger plaques 
(>1 mm PTmax or >40% PB) was significantly lower in women 
compared to men. Furthermore, since coronary blood flow was lower in 
coronary arteries in women, no differences in ESS were observed among 
coronary arteries from men and women. Interestingly, plaques in 
women were exposed to higher ESSmin than plaques in coronary ar-
teries of men. The frequently observed inverse relationship between 
plaque progression and ESSmin was confirmed, but no differences in 
ESS-related plaque progression were observed comparing coronary ar-
teries from men and women. When stratified for patient age at baseline, 
however, young women exhibited more marked plaque progression than 
men at a young age (<55 years). Women demonstrated a clear reduction 
in magnitude of the ESS-related plaque progression (β) up till 75 years of 
age. 

Even though sex-hormones and gender have been known to influence 
the development of atherosclerotic plaques and clinical presentation and 
cardiovascular events [1,16,17], only recent imaging technology 
enabled refined, detailed analysis of the vessel wall and allowed for 
comparison of plaque size, growth and composition in coronary arteries 
of men and women [3,4]. Plaques imaged in coronary or carotid arteries 
from women presented less often with signs of plaque vulnerability 
compared to plaques in men [3,18]; such observations were also sup-
ported by studies on endarterectomy-derived histological specimens 
obtained from carotid arteries [19]. Although local plaque development 
and changes in plaque composition have been shown to be associated 
with blood flow–induced ESS, there have been no studies that investi-
gated sex-related differences in ESS-related plaque development. There 
is also no information on the ESS distribution in the different coronary 
arteries stratified for sex. We investigated whether the magnitude of ESS 
itself could be the reason for the observed differences in plaque size and 

Table 2 
Coronary plaque characteristics at baseline in patients stratified according to sex.  

Plaque characteristics Men  Women  p-value 

Number of plaques 854 187  
Plaque length (# segments) 9.03 ± 0.182 8.71 ± 0.38 0.45 
Distance of plaque from ostium 24.7 ± 0.5 24.0 ± 1.1 0.53 
Flow 1.59 ± 0.03 1.53 ± 0.06 0.38 
Endothelial shear stress 

Average ESS (Pa) 2.17 ± 0.054 2.30 ± 0.11 0.30 
Min ESS per plaque (Pa) 0.72 ± 0.02 0.84 ± 0.05 0.037 
Max ESS per plaque (Pa) 4.26 ± 0.12 4.43 ± 0.25 0.54 
Normalized average ESS per plaque Pa s/ml 1.50 ± 0.03 1.64 ± 0.07 0.049 
Normalized min ESS per plaque Pa s/ml 0.56 ± 0.02 0.67 ± 0.04 0.024 
Normalized max ESS per plaque Pa s/ml 2.83 ± 0.06 3.05 ± 0.12 0.113 

Anatomic characteristics per plaque 
Lumen area (mm2) 10.17 ± 0.14 8.83 ± 0.29 <0.001 
Plaque area (mm2) 8.78 ± 0.12 7.47 ± 0.25 <0.001 
Vessel area (mm2) 18.94 ± 0.21 16.3 ± 0.44 <0.001 
Plaque burden (%) 46.7 ± 0.36 46.5 ± 0.75 0.48 
Maximum plaque thickness (mm) 0.92 ± 0.01 0.85 ± 0.021 0.002 
Eccentricity index 2.40 ± 0.04 2.45 ± 0.07 0.56 
Max eccentricity index 3.58 ± 0.06 3.58 ± 0.13 0.98 
Minimum lumen area per plaque (mm2) 7.75 ± 0.12 6.67 ± 0.25 <0.001 
Maximum plaque burden per plaque (%) 55.9 ± 0.44 54.6 ± 0.93 0.23 
Maximum plaque thickness per plaque (mm) 1.22 ± 0.015 1.11 ± 0.03 0.002 

Reported values are estimated means ± standard error based on mixed regression model with artery and patient as random factors. Min and max ESS per plaque are 
derived as minimum ESSmin per plaque (ESSmin: minimal ESS over 90◦ arc in a 3-mm segment) or maximum ESSmax per plaque (ESSmax: maximal ESS over 90◦ arc in 
a 3-mm segment); max plaque thickness is average PTmax over plaque (PTmax: maximal PT over 90◦ arc in a 3-mm segment) and maximum plaque thickness per 
plaque is the maximum PTmax per plaque. Eccentricity index = is derived as ratio of PTmax and PT min (PTmin: minimal PT over 90◦ arc in a 3-mm segment). 
Maximum eccentricity index = per plaque the maximum eccentricity index is derived. bold p < 0.05 men vs women. 
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composition in coronary arteries of women and men, but found no ev-
idence to support that hypothesis. The only difference that we found was 
the higher ESSmin that plaques from women were exposed to compared 
to plaques from men. Whether the small difference can explain the large 
differences observed in atherosclerosis manifestation needs further 
research. 

The observation that coronary arteries in women are smaller in size, 
contain smaller plaques and have lower wall thickness, compared to 
coronary arteries in men, confirm earlier studies on sex-related 

differences in the cardiovascular system and cardiovascular disease [2, 
4]. Even though plaques in women were smaller in size, they presented 
with the same plaque burden as plaques in coronary arteries of men 
(Table 2). Only minor sex differences in plaque burden became evident 
when the location (proximal or distal) was taken into consideration 
(Supplementary Fig. 2 and Fig. 4). These differences were more evident 
if PTmax was compared (Supplementary Fig. 1 and Fig. 3). Interestingly, 
the PROSPECT study also did not demonstrate any difference in plaque 
burden comparing plaques in coronary arteries of men and women [2]. 

Fig. 5. Shear stress related plaque burden progression stratified for AGE. 
(A) Plaque burden (PB) versus shear stress (ESSmin) with sex as fixed factor stratified for age using a linear mixed model with vessel and patient as random factors. (B) 
Estimated slopes (β) of the association between plaque burden (PB) and shear stress (ESSmin) with sex as fixed factor stratified for age using a linear mixed model 
with vessel and patient as random factors. *p < 0.05 MEN vs WOMEN; within MEN: #: <55 years are significantly different from 55–65, 65–75, >75 years; within 
WOMEN: $: <55 years is different from 55–65, 65–75 years, +: 65–75 years is different from <55, >75 years. 
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An explanation for this observation might be that even though women 
manifest smaller plaques compared to men, they are also located in 
smaller coronary arteries, resulting in similar plaque burden. 

ESS was not different among men and women for each of the coro-
nary arteries even after normalization for flow Plaques were exposed to 
higher ESS in women, but only by about 0.1 Pa, which is probably not 
biological significant (Table 2). Although there are no previous studies 
investigating sex-related differences in ESS in coronary arteries, an ul-
trasound study by Samijo in carotid arteries also reported that the time- 
average ESS was similar in men and women [20]. Of note, however, the 
peak ESS over the cardiac cycle in the carotid arteries was significantly 
higher in men than women. 

The data from the PREDICTION trial are unique in that its large size 
allowed us for the first time to investigate differences in ESS-related 
plaque progression among men and women as a function of age. Since 
this study was not designed for that purpose our data should be 
considered as an exploratory post-hoc analysis. We expected to find a 
lower rate of ESS-related plaque progression in younger women (<55 
years), since estrogen in pre-menopausal women is known to improve 
endothelial function and thereby prevent ESS-related atherosclerotic 
plaque build-up [17,21]. We observed, however, that younger women in 
our study group (<55 years) exhibited substantially larger ESS-related 
plaque progression over time than men as reflected by the larger, 
more negative β. Although the number of female patients in PREDIC-
TION was limited, the trend of more robust ESS related progression at a 
young age was clearly evident (Fig. 5). Moreover, we noticed in women 
a trend that with age (up till 75) the magnitude of ESS-related pro-
gression diminished even after adjustment for baseline plaque size. A 
larger group of women may be necessary to confirm these observations. 
The observed sex-related differences in this young age group could be 
attributed to other confounding life style or risk factors that might have 
contributed to the early manifestation of an ACS in these women or to 
the earlier described ‘catch up’ phenomena after menopause [21]. Un-
fortunately, we have no information concerning the age of menopause in 
these women nor the duration from the onset of menopause to the time 
of their clinical manifestations of coronary disease. Also no information 
was available regarding the prevalence of pre-eclampsia in this patient 
group, known to be one of the new female risk factors of atherosclerosis 
[22]. The decline in high ESS-related plaque progression with age 
compared to age-matched men may reflect increased medical in-
terventions, such as initiation of statin therapy and antiplatelet agents 
for women following menopause, which would moderate the magnitude 
of this catch-up phenomenon. For older women we did not anticipate 
any difference in ESS-related plaque progression with men of similar age 
since estrogen is significantly reduced in older women and thus their 
protection from atherosclerosis is no longer present. Our results confirm 
the similar rate of plaque progression in older men and women. For men 
ESS-related plaque growth is much more consistent above 55 years. 

4.1. Limitations of the study 

An important limitation is the imbalance in the number of female (N 
= 102) compared to the male (N = 404) patients. In this study, we used 
data from every patient included in the PREDICTION study in an unbi-
ased manner, but there were many fewer women enrolled compared to 
men. The PREDICTION Study is unique and the most appropriate dataset 
to perform this post-hoc analysis, since it is the largest study of male and 
female ACS patients with comprehensive and serial invasive coronary 
imaging and data on local ESS, plaque characteristics and progression of 
all three major coronary arteries. Clinical studies of CAD inevitably 
include fewer number of females than males for a variety of behavioral 
and socio-economic reasons [23]. 

Another limitation of the study is the unavailability of the body 
surface area value for each patient. Since female patients are in general 
smaller than males, correction of the data for BSA would have been 
preferable, so that our study observations would be independent of the 

well-known size-differences. However, such data were not available in 
the PREDICTION study, and the observed differences do reflect the daily 
practice differences in geometry and plaque size. 

In this study, we had no access to the hormonal status of the patients 
and the duration of the post-menopausal status of the women. Unfor-
tunately, differences in plaque growth and ESS-related plaque growth 
among men and women could not be related to individual hormone 
levels. Since estrogen is known to influence endothelial function [17] it 
can be anticipated that information on hormone levels explains some of 
the observed variation especially in the younger age group. Future 
research should include that information into the analysis. 

This study was performed in an Asian population only. Since Asian 
compared to Caucasian patients showed clear differences in vessel size, 
plaque morphology and composition [24,25], these data cannot be 
translated one-to-one to the general (multi-ethnic) population. With 
higher plaque burdens at baseline compared to Caucasian individuals, 
ESS-related plaque progression might be higher in Japanese patients 
than in Caucasians. However even after adjustment of baseline plaque 
size the observed differences remained. Moreover, in our study we found 
similar trends as reported based on studies that had a more multi-ethic 
character [4]. 

Lastly, although we used state-of-the art methodology to calculate 
the ESS, a number of assumptions/simplifications are generally needed 
to allow computation of the local ESS. For instance, we calculated the 
viscosity based on the hematocrit only. However, other parameters (e.g. 
proteins in the serum) may have a minor effect on blood viscosity as 
well. Thus there may still be minor differences in viscosity that we did 
not take into account. Furthermore, we assumed that the arteries were 
rigid, however elasticity was shown to minimally influence ESS [26]. 
Since for the ESS calculation in coronary arteries of men and women 
utilized the same methodology, the absence in sex-related differences in 
ESS is presumably not influenced by those assumptions. 

4.2. Conclusion 

Coronary arteries in women were smaller and contained smaller 
plaques than coronary arteries in men, although plaque burden was 
similar. Coronary blood flow was lower in women resulting in similar 
ESS in the coronary arteries of women compared to men. ESS-related 
plaque progression was not different between men and women in gen-
eral, but the youngest female patients (<55 years) exhibited much more 
marked ESS-related plaque growth compared to men of similar age. Men 
generally demonstrated a consistent ESS-related plaque progression 
across the age-categories studied, whereas plaque progression in women 
evolved, with marked ‘catch-up’ of plaque progression early, to even-
tually get a similar plaque progression as men later in life. The patho-
physiology of atherosclerosis progression is influenced by gender and 
age, and may provide opportunities for different prognostic and thera-
peutic management strategies for male and female patients dependent 
on their age. 

CRediT authorship contribution statement 

Jolanda J. Wentzel: Conceptualization, statistics, drafting and 
revision manuscript. Michail I. Papafaklis: Formal analysis, data 
analysis, statistics, revision manuscript. Antonios P. Antoniadis: 
Formal analysis, data analysis, revision manuscript. Saeko Takahashi: 
Formal analysis, patient recruitment, data analysis, revision manuscript. 
Nicholas V. Cefalo: Formal analysis, data analysis, revision manuscript. 
Michelle Cormier: Formal analysis, data analysis, revision manuscript. 
Shigeru Saito: patient recruitment, data analysis, revision manuscript. 
Ahmet U. Coskun: Formal analysis, data analysis, revision manuscript. 
Peter H. Stone: Conceptualization, statistics, drafting and revision 
manuscript. 

J.J. Wentzel et al.                                                                                                                                                                                                                               



Atherosclerosis 342 (2022) 9–18

18

Declaration of competing interests 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Appendix A 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.atherosclerosis.2021.12.013. 

References 

[1] EUGenMed Cardiovascular Clinical Study Group, V. Regitz-Zagrosek, S. Oertelt- 
Prigione, E. Prescott, F. Franconi, E. Gerdts, A. Foryst-Ludwig, A.H.E.M. Maas, 
A. Kautzky-Willer, D. Knappe-Wegner, U. Kintscher, K.H. Ladwig, K. Schenck- 
Gustafsson, V. Stangl, Gender in cardiovascular diseases: impact on clinical 
manifestations, management, and outcomes, Eur. Heart J. 37 (2016) 24–34. 

[2] A.J. Lansky, V.G. Ng, A. Maehara, G. Weisz, A. Lerman, G.S. Mintz, B. De Bruyne, 
N. Farhat, G. Niess, I. Jankovic, D. Lazar, K. Xu, M. Fahy, P.W. Serruys, G.W. Stone, 
Gender and the extent of coronary atherosclerosis, plaque composition, and clinical 
outcomes in acute coronary syndromes, JACC Cardiovasc, Imaging 5 (2012) 62–72. 

[3] M. ten Haaf, M. Rijndertse, J.M. Cheng, S.P. De Boer, H.M. Garcia Garcia, R.M. van 
Geuns, E. Regar, M.J. Lenzen, Y. Appelman, E. Boersma, Sex differences in plaque 
characteristics by intravascular imaging in patients with coronary artery disease, 
EuroIntervention 13 (2017) 320–328. 

[4] J. Ruiz-Garcia, A. Lerman, G. Weisz, A. Maehara, G.S. Mintz, M. Fahy, K. Xu, A. 
J. Lansky, E. Cristea, T.G. Farah, R. Teles, H.E. Botker, B. Templin, Z. Zhang, B. De 
Bruyne, P.W. Serruys, G.W. Stone, Age- and gender-related changes in plaque 
composition in patients with acute coronary syndrome: the PROSPECT study, 
EuroIntervention 8 (2012) 929–938. 

[5] J. Tian, X. Wang, J. Tian, B. Yu, Gender differences in plaque characteristics of 
nonculprit lesions in patients with coronary artery disease, BMC Cardiovasc. 
Disord. 19 (2019) 45. 

[6] E. Aribas, J.E. Roeters van Lennep, S.E. Elias-Smale, J.J. Piek, M. Roos, 
F. Ahmadizar, B. Arshi, D.J. Duncker, Y. Appelman, M. Kavousi, Prevalence of 
microvascular angina among patients with stable symptoms in the absence of 
obstructive coronary artery disease: a systematic review, Cardiovasc. Res. online 
ahe (2021), https://doi.org/10.1093/cvr/cvab061. 

[7] C.J. Slager, J.J. Wentzel, F.J.H. Gijsen, J.C.H. Schuurbiers, A.C. van der Wal, A.F. 
W. van der Steen, P.W. Serruys, The role of shear stress in the generation of 
rupture-prone vulnerable plaques, Nat. Clin. Pract. Cardiovasc. Med. 2 (2005) 
401–407. 

[8] J.J. Wentzel, Y.S. Chatzizisis, F.J.H. Gijsen, G.D. Giannoglou, C.L. Feldman, P. 
H. Stone, Endothelial shear stress in the evolution of coronary atherosclerotic 
plaque and vascular remodelling: current understanding and remaining questions, 
Cardiovasc. Res. 96 (2012) 234–243. 

[9] R. Krams, J.J. Wentzel, J.A.F. Oomen, R. Vinke, J.C.H. Schuurbiers, P.J. De Feyter, 
P.W. Serruys, C.J. Slager, Evaluation of endothelial shear stress and 3D geometry as 
factors determining the development of atherosclerosis and remodeling in human 
coronary arteries in vivo: combining 3D reconstruction from angiography and IVUS 
(ANGUS) with computational fluid dyna, Arterioscler. Thromb. Vasc. Biol. 17 
(1997). 

[10] J.J. Wentzel, E. Janssen, J. Vos, J.C.H. Schuurbiers, R. Krams, P.W. Serruys, P.J. de 
Feyter, C.J. Slager, Extension of increased atherosclerotic wall thickness into high 
shear stress regions is associated with loss of compensatory remodeling, Circulation 
108 (2003) 17–23. 

[11] P.H. Stone, A.U. Coskun, S. Kinlay, M.E. Clark, M. Sonka, A. Wahle, O.J. Ilegbusi, 
Y. Yeghiazarians, J.J. Popma, J. Orav, R.E. Kuntz, C.L. Feldman, Effect of 
endothelial shear stress on the progression of coronary artery disease, vascular 

remodeling, and in-stent restenosis in humans: in vivo 6-month follow-up study, 
Circulation 108 (2003) 438–444. 

[12] J.J. Wentzel, J.C.H. Schuurbiers, N.G. Lopez, F.J.H. Gijsen, A.G. Van Der Giessen, 
H.C. Groen, J. Dijkstra, H.M. Garcia-Garcia, P.W. Serruys, In vivo assessment of the 
relationship between shear stress and necrotic core in early and advanced coronary 
artery disease, EuroIntervention 9 (2013). 

[13] H. Samady, P. Eshtehardi, M.C. McDaniel, J. Suo, S.S. Dhawan, C. Maynard, L. 
H. Timmins, A. a Quyyumi, D.P. Giddens, Coronary artery wall shear stress is 
associated with progression and transformation of atherosclerotic plaque and 
arterial remodeling in patients with coronary artery disease, Circulation 124 
(2011) 779–788. 

[14] Y.S. Chatzizisis, M. Jonas, A.U. Coskun, R. Beigel, B.V. Stone, C. Maynard, R. 
G. Gerrity, W. Daley, C. Rogers, E.R. Edelman, C.L. Feldman, P.H. Stone, Prediction 
of the localization of high-risk coronary atherosclerotic plaques on the basis of low 
endothelial shear stress: an intravascular ultrasound and histopathology natural 
history study, Circulation 117 (2008) 993–1002. 

[15] P.H. Stone, S. Saito, S. Takahashi, Y. Makita, S. Nakamura, T. Kawasaki, 
A. Takahashi, T. Katsuki, S. Nakamura, A. Namiki, A. Hirohata, T. Matsumura, 
S. Yamazaki, H. Yokoi, S. Tanaka, S. Otsuji, F. Yoshimachi, J. Honye, D. Harwood, 
M. Reitman, A.U. Coskun, M.I. Papafaklis, C.L. Feldman, Prediction of progression 
of coronary artery disease and clinical outcomes using vascular profiling of 
endothelial shear stress and arterial plaque characteristics: the PREDICTION Study, 
Circulation 126 (2012) 172–181. 

[16] M. Garcia, S.L. Mulvagh, C.N.B. Merz, J.E. Buring, J.A.E. Manson, Cardiovascular 
disease in women: clinical perspectives, Circ. Res. 118 (2016) 1273–1293, 47. 

[17] V. Regitz-Zagrosek, G. Kararigas, Mechanistic pathways of sex differences in 
cardiovascular disease, Physiol. Rev. 97 (2017) 1–37. 

[18] C. Wendorff, H. Wendorff, J. Pelisek, P. Tsantilas, A. Zimmermann, A. Zernecke, 
A. Kuehnl, H.H. Eckstein, Carotid plaque morphology is significantly associated 
with sex, age, and history of neurological symptoms, Stroke 46 (2015) 3213–3219. 

[19] W.E. Hellings, G. Pasterkamp, B.A.N. Verhoeven, D.P. V De Kleijn, J.P.P.M. De 
Vries, K.A. Seldenrijk, T. van den Broek, F.L. Moll, Gender-associated differences in 
plaque phenotype of patients undergoing carotid endarterectomy, J. Vasc. Surg. 45 
(2007) 289–296. 

[20] S.K. Samijo, S.K. Samijo, J.M. Willigers, J.M. Willigers, R. Barkhuysen, 
R. Barkhuysen, P.J. Kitslaar, P.J. Kitslaar, R.S. Reneman, R.S. Reneman, P. 
J. Brands, P.J. Brands, a P. Hoeks, a P. Hoeks, Wall shear stress in the human 
common carotid artery as function of age and gender, Cardiovasc. Res. 39 (1998) 
515–522. 

[21] L. Mosca, E. Barrett-Connor, N. Kass Wenger, Sex/gender differences in 
cardiovascular disease prevention: what a difference a decade makes, Circulation 
124 (2011) 2145–2154. 

[22] E.M. Bovee, M. Gulati, A.H. Maas, Novel cardiovascular biomarkers associated 
with increased cardiovascular risk in women with prior preeclampsia/HELLP 
syndrome: a narrative review, Eur. Cardiol. (2021 Sep 24), 16:e36. 

[[23] S. Feldman, W. Ammar, K. Lo, E. Trepman, M. Van Zuylen, O. Etzioni, Quantifying 
sex bias in clinical studies at scale with automated data extraction, JAMA Netw. 
Open 2 (2019) 1–14. 

[24] T. Saam, J.M. Cai, Y.Q. Cai, N.Y. An, A. Kampschulte, D. Xu, W.S. Kerwin, 
N. Takaya, N.L. Polissar, T.S. Hatsukami, C. Yuan, Carotid plaque composition 
differs between ethno-racial groups: an MRI pilot study comparing mainland 
Chinese and American Caucasian patients, Arterioscler. Thromb. Vasc. Biol. 25 
(2005) 611–616. 

[25] R.P. Rusinova, G.S. Mintz, S.Y. Choi, H. Araki, D. Hakim, E. Sanidas, T. Yakushiji, 
G. Weisz, R. Mehran, T. Franklin-Bond, M. Fahy, M.B. Leon, G.W. Stone, J. 
W. Moses, S.J. Tahk, M. Ochiai, A. Maehara, Intravascular ultrasound comparison 
of left main coronary artery disease between white and Asian patients, Am. J. 
Cardiol. 111 (2013) 979–984. 

[26] P. Eslami, J. Tran, Z. Jin, J. Karady, R. Sotoodeh, M.T. Lu, U. Hoffmann, 
A. Marsden, Effect of wall elasticity on hemodynamics and wall shear stress in 
patient-specific simulations in the coronary arteries, J. Biomech. Eng. 142 (2020) 
245031–2450310. 

J.J. Wentzel et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.atherosclerosis.2021.12.013
https://doi.org/10.1016/j.atherosclerosis.2021.12.013
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref1
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref1
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref1
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref1
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref1
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref2
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref2
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref2
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref2
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref3
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref3
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref3
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref3
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref4
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref4
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref4
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref4
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref4
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref5
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref5
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref5
https://doi.org/10.1093/cvr/cvab061
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref7
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref7
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref7
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref7
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref8
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref8
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref8
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref8
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref9
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref9
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref9
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref9
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref9
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref9
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref10
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref10
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref10
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref10
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref11
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref11
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref11
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref11
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref11
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref12
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref12
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref12
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref12
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref13
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref13
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref13
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref13
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref13
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref14
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref14
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref14
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref14
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref14
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref15
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref15
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref15
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref15
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref15
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref15
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref15
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref16
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref16
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref17
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref17
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref18
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref18
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref18
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref19
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref19
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref19
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref19
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref20
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref20
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref20
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref20
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref20
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref21
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref21
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref21
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref22
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref22
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref22
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref23
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref23
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref23
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref24
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref24
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref24
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref24
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref24
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref25
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref25
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref25
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref25
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref25
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref26
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref26
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref26
http://refhub.elsevier.com/S0021-9150(21)01511-2/sref26

	Sex-related differences in plaque characteristics and endothelial shear stress related plaque-progression in human coronary ...
	1 Introduction
	2 Patients and methods
	2.1 Patient population
	2.2 Vascular profiling methods
	2.3 Data analysis and definitions
	2.4 Statistics

	3 Results
	3.1 Sex-related differences in coronary artery anatomic characteristics and ESS
	3.2 Sex-related differences in plaque distribution at the proximal and mid-distal portion of coronary arteries
	3.3 Sex-related differences in per-plaque anatomic characteristics and ESS
	3.4 Sex-related differences in plaque growth and changes in ESS
	3.5 Sex-related differences in ESS-related plaque progression at follow-up

	4 Discussion
	4.1 Limitations of the study
	4.2 Conclusion

	CRediT authorship contribution statement
	Declaration of competing interests
	Appendix A Declaration of competing interests
	References


