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Background: The importance of sex as a risk factor for stroke has been established. This study aimed to 
assess sex-related disparities in carotid artery diameter and stroke in a hypertensive population. 
Methods: The cross-sectional survey was conducted in rural areas of northeast China. A multistage cluster 
sampling method was employed to select a representative population. The study comprised 3,245 individuals 
with hypertension. The common carotid artery (CCA) interadventitial diameter was measured by ultrasound. 
A linear model of restricted cubic spline function was used to characterize the concentration-response (C-R) 
relationship between CCA diameter and stroke.
Results: The overall prevalence of stroke was 8.9% among hypertensive individuals, with a higher rate in 
men than in women (10.8% vs. 7.6%). When the women’s CCA diameters were divided into quartiles, the 
top quartile (>8.10 mm) had a 2.49 (95% CI: 1.36–4.56) times greater risk of stroke compared to the bottom 
quartile (≤6.80 mm) after adjustment was made for other variables. The C-R relationship further confirmed 
a positive association between CCA diameter and stroke prevalence in women. Moreover, a category-free net 
reclassification index (0.325; 95% CI: 0.173–0.476; P<0.001) and an integrated discrimination index (0.008; 
95% CI: 0.004–0.012, P<0.001) showed improvement in predicting the probability of stroke from CCA 
diameter. However, no significant relationship between CCA diameter and prevalence of stroke was found in 
men.
Conclusions: The risk of stroke increased proportionally with the enlargement of the CCA diameter in 
women, supporting the sex-specific value of CCA diameter in optimizing the risk stratification of stroke. 
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Introduction

Stroke remains the second leading cause of death and the 
major cause of disability globally, incurring a considerable 
societal burden in terms of productivity losses and health 
care costs (1). As a highly preventable disorder, the 
incidence of stroke could be reduced by approximately 
75% by controlling risk factors (2). Hypertension is the 
most important modifiable risk factor for stroke, and the 
risk of stroke increases steeply with increases in diastolic 
and systolic blood pressure (3). Hypertension often coexists 
and interacts with other risk factors such as atherosclerosis, 
which further increase stroke risk and worsen stroke 
outcomes. Therefore, early screening and prevention of 
stroke in hypertensive populations could yield considerable 
benefits and should be emphasized.

H y p e r t e n s i o n  i s  a l s o  a  k n o w n  r i s k  f a c t o r  o f 
atherosclerosis and plays an important role in atherogenesis 
and endothelial dysfunction (4). Vascular remodeling is 
an important stage in the process of atherosclerosis (5). It 
usually manifests as carotid artery diameter enlargement, 
reflecting arterial structural changes over time or in 
response to risk factors, including hypertension (6). 
Therefore, carotid diameter enlargement, measured at the 
common carotid artery (CCA), has been hypothesized to be 
a surrogate marker of atherosclerosis in predicting stroke in 
the general population (7). 

Furthermore, sex-related disparities in stroke and related 
risk factors have been consistently confirmed (8). Women 
tend to have a higher lifetime risk of stroke than do men (9). 
In addition, previous studies have reported that an enlarged 
CCA diameter is related to the incidence of adverse 
cardiovascular outcomes, including stroke, cardiovascular 
diseases, and mortality; however, they failed to adjust for 
important potential confounders such as sex (7,10). As 
differences in CCA diameter related to ethnicity and sex 
have previously been observed, reported associations may 
not be valid for the Chinese population (11). 

Therefore, the exact association between carotid artery 
enlargement and stroke among a hypertensive population 
remains uncertain. To optimize the risk stratification 
of stroke in hypertensive individuals, the present study 
aimed to estimate the sex-specific effect of carotid 
arterial enlargement on the prevalence of stroke among a 
hypertensive population and to assess the incremental value 
of carotid artery enlargement. We present the following 
article in accordance with the STROBE reporting checklist 
(available at https://dx.doi.org/10.21037/qims-21-598).

Methods

Data collection and definitions

This study was a cross-sectional survey conducted in rural 
areas of northeast China between September 2017 and May 
2018. A multistage, geographically stratified random cluster 
sampling method was employed to ensure the selected study 
population was representative (12). In brief, a total of 13 
villages were randomly selected from 2 counties (Chaoyang 
and Lingyuan) of Liaoning Province, and all permanent 
residents aged over 40 years (n=6,830) were recognized 
as eligible participants, excepting those with pregnancy, 
cancer, or mental health disorders (13). We enrolled 5,838 
participants (response rate: 85.5%) in the study. Following 
the 2010 Chinese guidelines for the management of 
hypertension, hypertension was diagnosed in individuals 
who met 1 of the following criteria: mean systolic blood 
pressure (SBP) ≥140 mmHg, mean diastolic blood pressure 
(DBP) ≥90 mmHg, or self-reported use of antihypertensive 
drugs in the past 2 weeks (14). All the participants enrolled 
in the study were measured 3 times at 2-minute intervals 
after more than 5 minutes of rest in a seated position. We 
finally included 3,245 hypertensive participants in the 
study. The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study 
protocol was approved by the central ethics committee of 
the China National Center for Cardiovascular Disease. 
Written consent was obtained from all participants. If the 
participants were unable to provided signed consent, their 
proxies provided written informed consent for them.

For data collection, the following related risk factors were 
defined: diabetes [fasting plasma glucose (FPG) ≥7.0 mmol/L  
or glycated hemoglobin (HbA1c) ≥6.5% and/or self-
reported diagnosis as previously determined by a physician], 
dyslipidemia [serum total cholesterol level ≥6.22 mmol/L,  
or serum low-density lipoprotein cholesterol (LDL-C) level 
≥4.14 mmol/L, or serum triglyceride level ≥2.27 mmol/L,  
or serum high-density lipoprotein cholesterol (HDL-C) 
level <1.04 mmol/L, or self-reported use of lipid-
regulating medications], lack of exercise (no moderate-
intensity exercise or less than the equivalent to walking for  
≥30 minutes, ≥3 times per week), current smoking habit  
(≥1 cigarette/day for at least 6 months), and excess weight 
or obesity [body mass index (BMI) ≥24 kg/m2], all of which 
have been consistently described in previous studies (15,16). 

Stroke was defined following the World Health 
Organization recommendation (17), and the point-
prevalence date was set as August 31, 2017. New-onset 
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strokes in the 8-month survey were not included in the 
stroke prevalence calculation. Participants with uncertain 
histories of stroke were further assessed by a well-
trained neurologist (18). Clinical records and computed 
tomography (CT) scans and/or magnetic resonance imaging 
(MRI) scans obtained during each participant’s hospital stay 
were retrieved and carefully reviewed (12).

Carotid ultrasonography

Carotid ultrasound was performed using high-resolution 
B-mode ultrasonography (Mindray M7, Shenzhen, China) 
with a broadband 7L4S linear array transducer. The 
procedure was performed by certified sonographers with 
>3 years of experience in vascular ultrasound imaging. All 
participants were examined in the supine position, and both 
left and right carotids were scanned.

For each participant, images of the right and left 
CCAs were centered 10–15 mm below the CCA bulb. 
The smallest diameter of the artery (end-diastolic image) 
was captured. Measurements were made with an edge 
detector that identified the media-adventitia interfaces 
of the near and far walls. Once the CCA measurement 
was taken on each side, the average values of the left and 
right sides were calculated and used for analysis. Fifty 
participants were randomly selected for the intraobserver 
variability of the CCA diameter. Variability was determined 
by calculating the coefficients of variation, which were 
calculated as the standard deviation of differences. A paired 
t test was employed to test the difference between the 2 
measurements. 

Statistical analysis

Descriptive statistics were calculated for all variables. 
Continuous variables with normal distribution are 
summarized as means and standard deviations and expressed 
as medians and interquartile ranges. Differences between 
groups were compared using a χ2 test for categorical 
variables. Univariate and stepwise multivariate logistic 
regression analyses were employed to assess the relationship 
between carotid parameters and the prevalence of stroke. 
A category-free net reclassification index (NRI) and an 
integrated discrimination index (IDI) were used to assess 
the potential value of the CCA diameter in refining the risk 
stratification of stroke. A restricted cubic spline function 
linear model was used to characterize the concentration-
response (C-R) relationship between CCA diameter and 

stroke prevalence (with 95% CI). In accordance with our 
previous study, we chose CCA diameter levels that were 
encoded using a restricted cubic spline function with 3 
knots, located in the 5th, 50th, and 95th percentiles (19). 
Statistical analyses were conducted using SPSS v. 22.0 
(IBM Corp., Armonk, NY, USA), the R statistical software 
package (http://www.R-project.org, The R Foundation, 
Vienna, Austra), and SAS 9.4 software (SAS Institute, Cary, 
NC, USA). P values <0.05 were considered statistically 
significant.

Results

Characteristics of the hypertensive population

A flowchart of the population selection process for the study 
is shown in Figure 1. The characteristics of the hypertensive 
population are shown in Table 1. The study population 
comprised 3,245 hypertensive individuals, including 1,301 
(40.1%) men and 1,944 women (59.9%). The overall 
prevalence of stroke was 8.9%. Prevalence was higher in 
men than in women (10.8% vs. 7.6%). 

Stroke and nonstroke groups among the hypertensive 
population were compared. Among the women, individuals 
with stroke had a significantly larger CCA diameter, 
higher systolic blood pressure, and a higher HbA1c 
level. However, no significant differences were found in 
BMI or levels of LDL-C or HDL-C between the stroke 
and nonstroke groups. Among the men, there were no 
significant differences in CCA diameter measurements 
between the stroke and nonstroke groups. The CCA 
diameters measured in the male nonstroke group were 
higher than those in the female nonstroke group (P<0.001). 
Participant age in these 2 groups also presented significant 
differences (P<0.01). There were no significant differences 
in CCA diameter and age between the male and female 
stroke groups. Intraobserver variability analysis revealed 
that the correlation coefficient between the first and second 
CCA diameter measurements was 0.92 (P>0.05), with no 
significant difference. The mean difference was 0.62 mm 
(standard deviation 0.25 mm).

Relationship between CCA diameter and prevalence of 
stroke

Multivariate logist ic  regression was employed to 
demonstrate the relationship between CCA diameter and 
prevalence of stroke in men and women (Table 2). We 
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Figure 1 Flowchart of population selection.

Two counties were randomly selected from 
14 counties in Liaoning Province

13 villages were randomly selected

Permanent residents ≥40 years were invited 
(n=6,830) 

5,838 completed the study 
(response rate 85.5%) 

 Subjects with hypertension (n=3245)

Subjects without hypertension (n=2,593)

992 subjects failed to complete the study

10 villages in Chaoyang

Men (n=1,301)

Stroke (n=140) Stroke (n=148)

3 villages in Lingyuan

Women (n=1,944)

Non-stroke (n=1,161) Non-stroke (n=1,796)

divided the CCA diameters into quartiles. Among the 
women, the CCA diameters were ≤6.80 mm in Q1, 6.81–
7.35 mm in Q2, 7.36–8.10 mm in Q3, and >8.10 mm in Q4.

The highest quartile (CCA diameter >8.10 mm) had a 
3.41 times (95% CI: 1.96–5.92) greater risk than the lowest 
quartile (CCA diameter ≤6.80 mm) in the crude model. 
The risk of stroke attenuated to 2.49 (95% CI: 1.36–4.56) 
after adjusting for age, education level, household income, 
excess weight or obesity, current smoking habit, current 
drinking habit, lack of exercise, diabetes, and dyslipidemia (P 
for trend <0.05). Among the men, the CCA diameters were 
≤7.10 mm in Q1, 7.11–7.70 mm in Q2, 7.71–8.45 mm in 
Q3, and >8.45 mm in Q4. However, we found no significant 
trends across the quartiles in men. 

C-R relationship between CCA diameter and the risk of 
stroke

The C-R relationship was analyzed to assess the association 
between CCA diameter and the risk of stroke (Figure 2). In 

this plot, we found a positive nonlinear relationship between 
CCA diameter and the risk of stroke in women. This result 
further confirmed the logistic regression analysis.

Incremental ability of CCA diameter to optimize the risk 
stratification of stroke 

Reclassification analysis was conducted to exam the 
incremental value of the CCA diameter in optimizing 
stroke risk stratification in men and women (Table 3). In 
women, we found a significant category-free NRI (0.325; 
95% CI: 0.173–0.476; P<0.001) and IDI (0.008; 95% CI: 
0.004–0.012; P<0.001) when introducing CCA diameter 
as a clinical risk factor for the reclassification analysis. 
However, no significant difference was found in men when 
we introduced the CCA diameter as a clinical risk factor.

Discussion

In the present study, we observed a sex-specific relationship 
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Table 1 Baseline characteristics of the study participants (N=3,245)

Men (n=1,301, 40.1%) Women (n=1,944, 59.9%)

Nonstroke Stroke Nonstroke Stroke 

Participant, n (%) 1,161 (89.2) 140 (10.8) 1,796 (92.4) 148 (7.6)

Age (years) 61.41±9.94 64.37±9.38*** 60.39±9.80 63.98±8.95***

40–49, n (%) 152 (13.1) 7 (5.0) 266 (14.8) 6 (4.1)

50–59, n (%) 316 (27.2) 32 (22.9) 564 (31.4) 40 (27.0)

60–69, n (%) 443 (38.2) 61 (43.6) 630 (35.1) 60 (40.5)

≥70, n (%) 250 (21.5) 40 (28.6) 336 (18.7) 42 (28.4)

Education level, n (%)

Primary school or lower 560 (48.2) 77 (55.0) 1,277 (71.1) 120 (81.1)

Middle school 407 (35.1) 51 (36.4) 404 (22.5) 27 (18.2)

High school or above 194 (16.7) 12 (8.6) 115 (6.4) 1 (0.7)

Income (CNY), n (%)

<5,000 425 (36.6) 78 (55.7) 767 (42.7) 73 (49.3)

5,000–9,999 252 (21.7) 32 (22.9) 421 (23.4) 39 (26.4)

10,000–19,999 225 (19.4) 16 (11.4) 339 (18.9) 21 (14.2)

≥20,000 259 (22.3) 14 (10.0) 269 (15.0) 15 (10.1)

BMI 24.54±3.67 24.63±3.15 25.80±3.94 26.09±4.93

Overweight or obese, n (%) 608 (52.4) 81 (57.9) 1,213 (67.5) 100 (67.6)

Current smoking, n (%) 618 (53.2) 61 (43.6)* 96 (5.3) 6 (4.1)

Current drinking, n (%) 701 (60.4) 48 (34.3)*** 168 (9.4) 9 (6.1)

Lack of exercise, n (%) 141 (12.1) 42 (30.0)*** 309 (17.2) 52 (35.1) ***

Diabetes, n (%) 167 (14.4) 22 (15.7) 313 (17.4) 36 (24.3)*

SBP (mmHg) 154.82±16.96 155.11±17.07 156.55±18.60 162.50±22.10***

DBP (mmHg) 94.29±10.11 94.03±10.37 93.51±10.24 94.68±13.32

FPG (mmol/L) 6.13±1.65 6.14±1.54 6.18±1.91 6.45±2.40

HbA1c (%) 5.54±0.83 5.60±1.00 5.73±0.97 5.98±1.47**

TC (mmol/L) 4.95±0.99 4.76±0.85* 5.26±1.07 5.38±1.12

TG (mmol/L) 1.51±1.18 1.45±0.93 1.69±1.28 1.80±1.12

HDL-C (mmol/L) 2.23±2.19 2.19±0.69 2.36±0.75 2.44±0.83

LDL-C (mmol/L) 2.01±1.86 1.86±0.82 2.11±0.97 2.10±0.97

Dyslipidemia, n (%) 295 (25.4) 27 (19.3) 579 (32.2) 56 (37.8)

CCA diameter (mm) 7.74±1.03 7.82±0.97 7.40±0.93 7.77±0.87***

Q1, n (%) 339 (29.2) 33 (23.6) 518 (28.8) 19 (12.8)

Q2, n (%) 267 (23.0) 37 (26.4) 452 (25.2) 32 (21.6)

Q3, n (%) 290 (25.0) 36 (25.7) 466 (25.9) 52 (35.1)

Q4, n (%) 265 (22.8) 34 (24.3) 360 (20.0) 45 (30.4)

*P<0.05, **P<0.01, ***P<0.001 versus nonstroke group in both men and women. Data are expressed as mean ± standard deviation (SD) 
or median (interquartile range) and numbers (percentage) as appropriate. CNY: Chinese yuan (1CNY=0.15 USD); BMI, body mass index; 
SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; TC, total cholesterol; TG, triglyceride; HDL-C, 
high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.
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Figure 2 Concentration-response association between common carotid artery (CCA) diameter (mm) and stroke in hypertensive women 
after adjustments for age, education level, income, excess weight/obesity, current smoking habits, current drinking habits, lack of exercise, 
diabetes, and dyslipidemia. CCA diameter values were encoded using a linear model of a restrictive cubic spline (RCS) function with 3 knots 
located at the 5th, 50th, and 95th percentiles of CCA diameter distribution. Y-axis values show the changes of stroke prevalence between the 
indicated CCA diameter values and the reference value. The dashed lines are the 95% CIs. 

Table 2 Associations between CCA diameter and stroke in multiple logistic models after adjustment for cerebral vascular risk factors

Model
OR (95% CI)

Q2 vs. Q1 Q3 vs. Q1 Q4 vs. Q1 Overall trend

Quartile of CCA diameter in men

Model 1 1.42 (0.87–2.34) 1.28 (0.78–2.10) 1.32 (0.80–2.18) 1.08 (0.92–1.26)

Model 2 1.26 (0.76–2.08) 1.03 (0.62–1.72) 1.00 (0.59–1.69) 0.98 (0.83–1.15)

Model 3 1.16 (0.68–1.96) 0.99 (0.58–1.68) 0.90 (0.52–1.56) 0.95 (0.80–1.13)

Quartile of CCA diameter in women

Model 1 1.93 (1.08–3.45)* 3.04 (1.77–5.22)*** 3.41 (1.96–5.92)*** 1.47 (1.26–1.73)***

Model 2 1.64 (0.91–2.97) 2.35 (1.33–4.16)** 2.52 (1.38–4.60)** 1.34 (1.12–1.60)***

Model 3 1.64 (0.90–2.98) 2.41 (1.36–4.26)** 2.49 (1.36–4.56)** 1.34 (1.12–1.60)***

*P<0.05, **P<0.01, ***P<0.001. Model 1: unadjusted; Model 2: adjusted for age; Model 3: adjusted for age, education level, income,  
excess weight or obesity, current smoking habit, current drinking habit, lack of exercise, diabetes, and dyslipidemia. Q: quartile; OR, odds 
ratio; CCA, common carotid artery.

between CCA diameter and the risk of stroke among 
individuals with hypertension. In the hypertensive 
study population, we found significant improvement in 
predictive ability when including CCA diameter as one 
of several major clinical risk factors in women, suggesting 
it has potential incremental value for optimizing the risk 

stratification of stroke in women. 
Stroke i s  reported to  be the most  devastat ing 

manifestation of atherosclerosis and hypertension. 
Hypertension accounts for between 59.8% and 65.1% of 
the disability-adjusted life years lost due to stroke (20). 
Evidence consistently demonstrates a strong relationship 

Test for overall association: df=2, x2=11.08, P=0.004
Test for non-linear association: df=1, x2=4.27, P=0.039
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between high blood pressure, atherosclerosis, and the risk 
of stroke (21,22). Management of these risk factors would 
significantly reduce the incidence of stroke and attenuate 
stroke-related cognitive impairment (23). There is thus 
an urgent need to deploy all possible measures to prevent 
atherosclerosis and stroke in the hypertensive population. 

Unlike previous studies conducted in different countries 
(7,24,25), the present study found CCA diameter to 
be independently associated with stroke prevalence in 
hypertensive Chinese women in particular, even after 
adjustments for traditional clinical risk factors were made. 
These findings suggest that arterial remodeling is an 
important factor in the risk of stroke in individuals with 
hypertension. Hypertension can independently trigger the 
process of atherogenesis at different stages (26). Large- and 
medium-sized artery dilatation is also an atherosclerotic 
process in response to chronically elevated blood pressures 
and is not only associated with aging (10,27). Rupture of the 
load-bearing elastin fibers resulting from elevated tensile 
wall stress potentially contributes to arterial enlargement 
in a hypertensive population (10,28). Moreover, large 
and elastic artery dilation is considered an adaptive 
process in response to the elevated afterload in individuals 
with hypertension (28). In addition, a previous study 
demonstrated that increased pulse pressure was associated 
with cyclic stretch, which might contribute to large, elastic 
artery dilation in hypertensive individuals (29). Therefore, 
compensatory carotid artery enlargement has been 
considered to be a valid predictor of adverse cardiovascular 
events (24), especially in women.

A pooled analysis that examined 4,887 participants from 
4 cohort studies found that individuals in the top quartile of 
CCA diameter (>8.10 mm) had a higher incidence of stroke 
[odds ratio (OR) 1.5; 95% CI: 1.1–2.0] when compared to 
the bottom quartile (diameter ≤6.80 mm) after adjusting for 
cardiovascular risk factors. However, the study population 
included participants of different ethnicities (7), and ethnic 
differences in CCA diameter and carotid intima-media 

thickness (CIMT) have been confirmed (11). In our study 
of a Chinese hypertensive population, we found the highest 
quartile of CCA diameter (>8.10 mm) had a 2.49 times (95% 
CI: 1.36–4.56) greater risk of stroke than did the lowest 
quartile (diameter ≤6.80 mm) in a fully adjusted model for 
women, indicating the potential incremental value of CCA 
diameter in improving risk stratification in hypertensive 
women.

The sex-specific association between CCA diameter and 
stroke risk in the present study could be partially explained 
by different risk profiles for atherosclerosis and stroke 
in men and women. According to our previous studies, 
men in northeast China were more likely to have multiple 
cardiovascular risk factors, such as a current smoking 
habit, excess weight, or obesity (12,15,30). The interaction 
between risk factors might have a complicated effect on the 
atherosclerotic process. Although the diameters in male 
nonstroke populations were higher than those in female 
nonstroke populations in our study, the ages in these 2 
groups also presented significant differences. Therefore, 
a larger number of participants might be needed to 
further identify differences. In addition, a previous study 
demonstrated greater stiffening and enlargement of the 
carotid arteries in older women, possibly due to higher 
afterload (31). The differences arising from the age-sex 
interaction in men and women may also explain the sex-
related disparities in the present study. 

Sex-related disparities in stroke and risk factors have 
been reported previously (8). Women tend to have a 
higher lifetime risk and are more likely to be adversely 
affected by stroke than men, especially in high-income 
countries (32). Although the strength of the associations 
between stroke and risk factors are similar in men and 
women, the frequencies of risk factors differ between the 
sexes (33). The heavy burden of stroke in women calls for 
greater consideration of stroke in women’s health (33). 
Therefore, identifying women at higher risk of stroke and 
formulating appropriate prevention strategies are critically 

Table 3 Incremental value of CCA diameter in predicting the probability of stroke

Variables NRI (95% CI) P value IDI (95% CI) P value

CCA diameter

Men 0.077 (–0.091 to 0.245) 0.37 0.001 (–0.001 to 0.004) 0.33

Women 0.325 (0.173–0.476) <0.001 0.008 (0.004–0.012) <0.001

Reclassification indices were calculated for the addition of CCA diameter in the model adjusted for age, education level, income, excess 
weight or obesity, current smoking habit, current drinking habit, lack of exercise, diabetes, and dyslipidemia.
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important. Our study suggested the value of CCA diameter 
in optimizing stroke risk stratification in a hypertensive 
population, providing a valid monitoring index to help 
reduce the incidence of stroke in women.

The strengths of the study include its large population-
based design in a Chinese hypertensive population and 
a comprehensive estimation of the relationship between 
CCA diameter and stroke. However, the study had several 
limitations. First, we could only clarify association between 
CCA diameter and stroke prevalence, but the causality of 
this relationship still needs to be determined by further 
longitudinal studies. Second, our population originated 
from the rural areas of northeast China, and whether our 
results are transferable to patients of different ethnicity 
and economic status also needs to be confirmed in further 
studies. 

Conclusions

The present study demonstrated the potential relationship 
between CCA diameter and stroke prevalence in a Chinese 
hypertensive population. We demonstrated the positive 
associations in the full range of CCA diameter in women, 
indicating that CCA diameter might be a possible predictor 
of stroke in women with hypertension. Furthermore, our 
results suggested the potential incremental value of CCA 
diameter in optimizing the risk stratification and prevention 
of stroke, which might provide a cost-effective and simple 
solution to alleviate the stroke burden in women.
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