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Chinese visceral adipose index is more 
closely associated with risk of arterial stiffness 
than traditional obesity indicators: a cohort 
study
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Abstract 

Background  The Chinese visceral adiposity index (CVAI) is a new index to evaluate visceral adipose tissue in the Chi-
nese population. Arterial stiffness (AS) is a kind of degeneration of the large arteries, and obesity is an essential con-
tributing factor to AS. Our study aimed to explore the longitudinal association between CVAI and the risk of AS and 
to compare the predictive power of CVAI, body mass index (BMI), and waist circumference (WC) for AS.

Methods  Between 2010 and 2020, a total of 14,877 participants participating in at least two brachial-ankle pulse 
wave velocity (baPWV) measurements from the Kailuan study were included. The Cox proportional hazard regres-
sion models were performed to evaluate the longitudinal association between CVAI and the risk of AS. The area 
under the receiver operating characteristic (ROC) curve was calculated to compare the predictive power of CVAI, BMI, 
and WC for AS.

Results  After adjusting for potential confounding factors, CVAI was significantly associated with the risk of AS. Com-
pared with the first CVAI quartile, the hazard ratios (HR) and 95% CI of the second, third, and fourth quartiles were 1.30 
(1.09–1.56), 1.37 (1.15–1.63), and 1.49 (1.24–1.78), respectively. The area under ROC curve of CVAI was 0.661, signifi-
cantly higher than BMI (AUC: 0.582) and WC (AUC: 0.606).

Conclusion  CVAI may be a reliable indicator to identify high-risk groups of AS in the Chinese general population, 
and the predictive power of CVAI for AS was better than BMI and WC.
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Introduction
With the development of the social economy and the 
change in residents’ lifestyles, the prevalence of car-
diovascular diseases continues to rise. According to the 

Global Burden of Cardiovascular Diseases (CVD) and 
Risk Factors [1], in 2019, the global prevalence of cardio-
vascular diseases reached 523 million, with 18.6 million 
deaths attributed to it. In China, the number was 120 
million, resulting in 4.58 million deaths from it [2]. CVD 
is a significant contributor to the global burden of disa-
bility-adjusted life years [3] and accounts for more than 
50% of the economic losses incurred by non-communi-
cable diseases. Arterial stiffness (AS) is a degenerative 
disease of the large arteries, characterized by breakage of 
elastic fibers, deposition of collagen, intimal fibrosis, and 
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medial calcification [4, 5], resulting in decreased arterial 
elasticity and increased pulse pressure. Existing research 
indicates that AS can cause damage to organs such as the 
heart, brain, and kidneys. It can serve as an independent 
predictor for conditions like myocardial infarction, heart 
failure, stroke, and all-cause mortality [6–8]. AS is a long-
term pathological process. Therefore, finding reliable and 
simple markers to identify patients in the early stages was 
enormously significant for preventing and delaying it.

Obesity is an essential risk factor for AS, and body 
mass index (BMI) and waist circumference (WC) are tra-
ditional indicators used to assess obesity. Some studies 
found a positive association between BMI and AS [9, 10], 
while others showed a negative or no association [11–13]. 
The inconsistent results may be attributed to the fact that 
BMI only reflects total body adipose but does not distin-
guish between lean body mass and adipose tissue. Two 
cross-sectional studies demonstrated that WC was more 
strongly associated with AS than BMI [14, 15]. However, 
WC only reflects the accumulation of abdominal adipose 
and can not distinguish between subcutaneous and vis-
ceral adipose tissue. Sun et  al. reported a significantly 
positive association between visceral adipose tissue and 
AS [16]. Orr et al. also showed that the increased abdom-
inal visceral adipose tissue was associated with increased 
AS [17]. The current methods for measuring visceral adi-
pose tissue include nuclear magnetic resonance imaging 
(MRI) and computed tomography (CT). However, these 
methods have the drawbacks of high technical require-
ments, high costs, and potential radiation side effects, 
making them challenging to implement in large-scale 
epidemiological studies. On the basis of the visceral adi-
posity index (VAI), the Chinese visceral adiposity index 
(CVAI) was proposed in accordance with the character-
istics of fat distribution in the Asian population, taking 
into consideration the factors of sex and age [18]. CVAI 
has been proven to be an independent predictor of CVD 
[19–21], but its association with AS remains unclear. 
Therefore, we used data from the Kailuan study [22] to 
explore the association between CVAI and AS measured 
by brachial-ankle pulse wave velocity (baPWV) from a 
longitudinal perspective and compared the predictive 
power of CVAI and traditional obesity indicators (BMI 
and WC) for AS.

Methods
Study population
The Kailuan Study was a cohort study (trial registra-
tion number: ChiCTR-TNRC-11001489) in the Kai-
luan community of Tangshan, China, which started in 
2006. Detailed study design and procedures have been 
described in detail [23–25]. All participants underwent 
questionnaire assessments, physical examinations, and 

laboratory measurements and were followed biennially 
to update the aforementioned information. Since 2010, 
baPWV measurement has been added for some par-
ticipants to assess the health status of blood vessel walls. 
In our study, participants were included and excluded 
according to the following criteria—inclusion criteria: 
(1) individuals with at least two baPWV measurements 
between 2010 and 2020; (2) individuals who participated 
in the first baPWV measurement at the same time as the 
current survey. Exclusion criteria: (1) individuals with 
missing baseline CVAI data; (2) individuals with base-
line ankle-brachial index < 0.9; (3) individuals with a his-
tory of stroke, myocardial infarction, atrial fibrillation, or 
various cancers at baseline; (4) individuals with baseline 
baPWV ≥ 1800  cm/s. Finally, a total of 14,877 partici-
pants were included in our study (Fig. 1). Our study fol-
lowed the Declaration of Helsinki and was approved by 
the Ethics Committee of Kailuan Medical Group. All par-
ticipants agreed to participate in the Kailuan study and 
signed informed consent forms.

Data collection
Data from a standardized questionnaire was collected 
via face-to-face interviews. Information on socio-demo-
graphic factors (sex, age, and educational level, etc.), 
lifestyles (smoking status, alcohol consumption, physi-
cal activity, and salt intake, etc.), and medication history 
(antihypertensive drugs, antidiabetic drugs, antihyper-
lipidemic drugs, etc.) was included in the questionnaires. 
Smoking status and alcohol consumption were stratified 
into two levels: current and former or never. Current 
smoking or drinking was defined as consumption within 
the past year while quitting smoking or drinking was 
defined as abstaining for more than 1 year. Physical activ-
ity was stratified into three levels: low-intensity activity 
(< 10 min/week), moderate-intensity activity (10–80 min/
week), and high-intensity activity (> 80  min/week). Salt 
intake was stratified into low, medium, and high. Educa-
tion was stratified into two levels: high school graduation 
and below or college graduation and above.

Uniformly trained researchers measured the height, 
weight, and WC of the participants. Height was meas-
ured with a tape measure, accurate to 0.1  cm. Weight 
was measured with a calibrated bench scale, accu-
rate to 0.1  kg. BMI was calculated as weight (kg) 
divided by height squared (m2). BMI was stratified into 
three levels: normal: BMI < 24.0  kg/m2, overweight: 
24.0  kg/m2 ≤ BMI < 28.0  kg/m2, and general obesity: 
BMI ≥ 28.0  kg/m2. WC was measured with a dedicated 
measuring tape, and the measurement unit was in cen-
timeters (cm). WC was stratified into two levels: nor-
mal: WC < 90 cm in men or WC < 85 cm in women, and 
central obesity: WC ≥ 90  cm in men or WC ≥ 85  cm in 
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women. Blood pressure was measured by a mercury 
sphygmomanometer in a sitting position. Three consecu-
tive measurements were taken, and the average of systolic 
blood pressure (SBP) and diastolic blood pressure (DBP) 
was recorded as the measurement result. Since 2014, 
blood pressure has been measured by a HEM-8102A 
electronic sphygmomanometer manufactured by Omron 
(Dalian, China) Co., LTD. Mean arterial pressure (MAP) 
was defined as 1/3 * SBP + 2/3 * DBP. Hypertension was 
defined as SBP ≥ 140 mmHg or DBP ≥ 90 mmHg, and/or 
the use of antihypertensive drugs, and/or a self-reported 
history of hypertension.

Participants fasting for more than 8  h had fasting 
venous blood collected in the morning on the day of the 
physical examination. Biochemical parameters including 
fasting blood glucose (FBG), triglycerides (TG), low-den-
sity lipoprotein cholesterol (LDL-C), high-density lipo-
protein cholesterol (HDL-C), serum uric acid (SUA), and 
high-sensitivity C-reactive protein (hs-CRP) were meas-
ured on the Hitachi 747 auto-analyzer (Hitachi, Tokyo, 

Japan). The instruments used in all hospitals were of the 
same model, calibrated uniformly, reagents purchased 
uniformly, and medical staff trained uniformly. Diabe-
tes was defined as FBG ≥ 7.0 mmol/L, and/or the use of 
antidiabetic drugs, and/or self-reported history of diabe-
tes. HDL-C and TG levels were measured by the direct 
test and the enzymatic colorimetric method, respectively. 
CVAIs were calculated as follows:

Male: CVAI = − 267.93 + 0.68 × age (years) + 0.03 × BMI 
(kg/m2) + 4.00 × WC (cm) + 22.00 × log10 TG 
(mmol/L) − 16.32 × HDL-C (mmol/L);

Female: CVAI = − 187.32 + 1.71 × age 
(years) + 4.23 × BMI (kg/m2) + 1.12 × WC 
(cm) + 39.76 × log10 TG (mmol/L) − 11.66 × HDL-C 
(mmol/L).

Outcomes assessment
We used baPWV to assess the AS of participants, and 
the baPWV was measured by a PB-203RPEIII networked 
AS measurement device produced by Omron Healthcare 

Fig. 1  Flow diagram for participants included in the study. CVAI Chinese visceral adipose index, baPWV brachial-ankle pulse wave velocity, ABI 
ankle-brachial index
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(China) Co., LTD. Participants should refrain from smok-
ing and consuming alcoholic or caffeinated beverages 
and rest adequately to achieve the optimal state before 
measurements. Binding of the instrument cuff was per-
formed by an experienced researcher. The detailed opera-
tions and principles can be found in the literature [26]. 
BaPWV was measured twice, with a 5-min interval, and 
the second measurement was taken as the final result. 
The higher values on the left and right sides were used for 
the analysis in our study. According to the previous study, 
baPWV ≥ 1800 cm/s was considered as AS [27].

Statistical analyses
Baseline characteristics were expressed as mean ± stand-
ard deviation (SD), median with interquartile range, or 
frequency with percentage, as appropriate. Comparisons 
between groups were performed by analysis of variance 
(ANOVA), Kruskal–Wallis test, or chi-square test.

The person-time of follow-up for each participant was 
determined from the date when the first baPWV was 
measured to either the date of AS onset, death, or the 
end of the follow-up in this study (December 31, 2020), 
whichever occurred first. The Cox proportional haz-
ard regression models were performed to evaluate haz-
ard ratios (HR) and 95% confidence intervals (CI) for 
AS across the CVAI quartiles. The proportional hazards 
assumption was satisfied by checking the Schoenfeld 
residual plots. Three Cox proportional hazards regres-
sion models were developed: Model 1, adjusted for sex 
and age; Model 2, adjusted for variables in model 1 plus 
education, smoking, alcohol drinking, physical activity, 
salt intake, LDL-c, SUA, Hs-CRP, MAP and FBG; Model 
3: adjusted for variables in model 2 plus hypertensive 
drugs, hypoglycaemic drugs, and lipid-lowering drugs. 
Subgroup analyses were employed according to sex, age, 
smoking status, alcohol consumption, hypertension, and 
diabetes. The restricted cubic spline (RCS) with 3 knots 
defined at the 25th, 50th, and 75th percentiles of CVAI 
was used to evaluate the dose–response relationship 
between CVAI and the risk of AS.

The receiver operating characteristic (ROC) curve was 
established, and the area under the ROC curve (AUC) 
was calculated to compare the predictive power of CVAI, 
BMI, and WC for AS. The best CVAI, BMI, and WC cut-
off values were calculated based on the Youden Index.

Three sensitivity analyses were performed to test the 
robustness of our findings. Firstly, the primary analysis 
was repeated after excluding participants with medi-
cation usage to minimize the impact of medication. 
Secondly, the Fine-Gray competing risk model was 
performed by considering death as a competing risk 
event. Lastly, to avoid potential measurement bias, the 

primary analysis was repeated to exclude participants 
who attended two baPWV measurements (N = 8095).

All data processing and analysis were performed using 
SAS, version 9.4 (SAS Institute Inc., Cary, NC), and a 
two-tailed P value < 0.05 was considered statistically 
significant.

Results
Baseline characteristics
The baseline characteristics of the participants were pre-
sented by the CVAI quartiles (Table 1). MAP, FBG, TG, 
BMI, WC, SUA, and Hs-CRP of the participants in the 
highest CVAI quartile were significantly higher than 
those in the lowest CVAI quartile. In addition, partici-
pants in the highest CVAI quartile had a higher propor-
tion of males, individuals aged ≥ 45, current smoking, 
current alcohol drinking, diabetes, hypertension, and 
medication usage.

Association of CVAI and the risk of AS
In a median follow-up spanning 5.96  years (IQR: 3.83–
9.04  years), after 2.8 ± 1.2 measurements of baPWV, 
1902 out of 14,877 participants (12.8%) developed AS. 
We developed three Cox proportional hazard regres-
sion models to evaluate the association between CVAI 
and the risk of AS (Table 2). Relative to that of the first 
CVAI quartile, in model 3, the adjusted HR of the second, 
third, and fourth CVAI quartile were 1.30 (1.09–1.56), 
1.37 (1.15–1.63), and 1.49 (1.24–1.78), respectively. The 
risk of AS increased by 9% for each SD increase in CVAI 
(HR = 1.09, 95% CI 1.03–1.15). Kaplan–Meier curves 
showed significant differences (P < 0.001 for the log‐rank 
test) in the risk of AS among baseline CVAI quartiles 
(Fig. 2). The restricted cubic spline revealed a nonlinear 
relationship between CVAI and the risk of AS (P non-
linearity < 0.001) (Fig. 3). However, neither BMI nor WC 
was significantly associated with the risk of AS (Supple-
ment Tables 1 and 2).

Subgroup analyses
To verify the stability of the association between CVAI 
and the risk of AS, subgroup analyses were conducted 
stratified by sex, age, smoking status, alcohol consump-
tion, hypertension, and diabetes (Fig.  4). CVAI was sig-
nificantly associated with the risk of AS in women, 
those aged ≥ 45, former or never smokers (drinkers), 
and those without hypertension or diabetes (P < 0.05). 
Sex, age, smoking status, alcohol consumption, and 
chronic diseases all significantly modified the association 
between CVAI and the risk of AS (P for multiplicative 
interaction < 0.01).
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Receiver operating characteristic curve analysis
The ROC curve analysis was performed to compare the 
predictive power of CVAI, BMI, and WC for AS. The 
ROC curve analysis identified that CVAI had the high-
est accuracy in predicting AS (Fig.  5). The area under 
the ROC curve of CVAI was approximately 0.7, while for 
BMI and WC, the areas were 0.582 and 0.606 (Table 3), 
respectively, indicating that CVAI had relatively higher 
discriminatory power for AS compared to BMI and WC. 
The Youden index of CVAI for predicting AS was 0.241, 
higher than that of BMI (Youden index: 0.121) and WC 

(Youden index: 0.154). The best cut-off value of CVAI for 
predicting AS was 92.18.

Sensitivity analysis
In sensitivity analyses that excluded participants with 
medication history at baseline (Supplement Table  3) 
and the competing risk model was used to account for 
death (Supplement Table 4), findings for the association 
of CVAI and the risk of AS were not appreciably altered 
compared with our primary analyses. The baseline char-
acteristics were similar for participants who attended at 

Table 1  Baseline characteristics of the participants according to baseline CVAI quartiles

CVAI Chinese visceral adipose index, Q quartiles, HDL-C high-density lipoprotein, LDL-C low-density lipoprotein, TG triglyceride, SUA serum uric acid, hs-CRP high-
sensitivity C-reactive protein, FBG fasting blood glucose, SBP systolic blood pressure, DBP diastolic blood pressure, MAP mean arterial blood pressure, BMI body mass 
index, WC waist circumference, baPWV brachial-ankle pulse wave velocity

Characteristics Total (n = 14,877) CVAI P value

Q1 (n = 3719) Q2 (n = 3721) Q3 (n = 3718) Q4 (n = 3719)

Age (year, mean [SD]) 44.89 ± 11.57 39.71 ± 9.62 44.39 ± 11.00 46.75 ± 11.35 48.72 ± 12.15 < 0.001

Age ≥ 45 (year, mean [%]) 7508 (50.47) 996 (26.78) 1848 (49.66) 2202 (59.23) 2462 (66.20) < 0.001

Gender (n [%]) < 0.001

 Female 4857 (32.65) 2207 (59.34) 1354 (36.39) 799 (21.49) 497 (13.36)

 Male 10,020 (67.35) 1512 (40.66) 2367 (63.61) 2919 (78.51) 3222 (86.64)

HDL-C (mmol/L, mean [SD]) 1.49 ± 0.42 1.70 ± 0.46 1.54 ± 0.40 1.40 ± 0.36 1.32 ± 0.35 < 0.001

LDL-C (mmol/L, mean [SD]) 2.69 ± 0.76 2.40 ± 0.70 2.71 ± 0.72 2.81 ± 0.75 2.85 ± 0.79 < 0.001

TG (mmol/L, median [IQR]) 1.24 (0.84–1.95) 0.81 (0.62–1.10) 1.13 (0.83–1.57) 1.49 (1.04–2.18) 1.91 (1.30–2.97) < 0.001

SUA (μmol/L, mean [SD]) 306.30 ± 96.53 262.10 ± 80.46 297.17 ± 89.65 322.72 ± 94.12 343.23 ± 101.19 < 0.001

hs-CRP (mg/L, median [IQR]) 1.05 (0.46–2.20) 0.70 (0.30–1.50) 1.00 (0.48–2.00) 1.10 (0.50–2.30) 1.50 (0.70–3.07) < 0.001

FBG (mmol/L, mean [SD]) 5.47 ± 1.30 5.05 ± 0.75 5.37 ± 1.08 5.61 ± 1.48 5.85 ± 1.58 < 0.001

SBP (mmHg, mean [SD]) 126.17 ± 16.57 116.11 ± 14.66 124.62 ± 14.95 129.66 ± 15.27 134.28 ± 15.66 < 0.001

DBP (mmHg, mean [SD]) 80.69 ± 10.48 75.07 ± 9.25 79.54 ± 9.50 82.50 ± 9.83 85.67 ± 10.28 < 0.001

MAP (mmHg, mean [SD]) 95.84 ± 11.65 88.72 ± 10.28 94.55 ± 10.44 98.21 ± 10.69 101.86 ± 10.96  < 0.001

BMI (kg/m2, mean [SD]) 24.85 ± 3.38 21.79 ± 2.22 24.10 ± 2.31 25.60 ± 2.47 27.91 ± 3.06 < 0.001

WC (cm, mean [SD]) 85.48 ± 9.85 74.44 ± 6.25 82.45 ± 4.51 87.94 ± 4.02 97.08 ± 6.39 < 0.001

baPWV (cm/s, mean [SD]) 1374.12 ± 196.79 1255.61 ± 183.39 1362.92 ± 181.87 1419.01 ± 180.89 1458.94 ± 179.21 < 0.001

Current smoker, n (%) 5026 (33.78) 742 (19.95) 1198 (32.20) 1457 (39.19) 1629 (43.80) < 0.001

Current alcohol use, n (%) 4729 (31.79) 720 (19.36) 1139 (30.61) 1369 (36.82) 1501 (40.36) < 0.001

College graduation and above (n [%]) 3413 (22.94) 1260 (33.88) 825 (22.17) 671 (18.05) 657 (17.67) < 0.001

Physical activity (n [%]) < 0.001

 Low intensity 5763 (38.74) 1402 (37.70) 1441 (38.73) 1446 (38.89) 1474 (39.63)

 Moderate intensity 7438 (50.00) 1988 (53.46) 1885 (50.66) 1820 (48.95) 1745 (46.92)

 High intensity 1676 (11.27) 329 (8.85) 395 (10.62) 452 (12.16) 500 (13.44)

Salt intake (n [%]) < 0.001

 Low salt intake 2278 (15.31) 599 (16.11) 570 (15.32) 550 (14.79) 559 (15.03)

 Medium salt intake 11,217 (75.40) 2858 (76.85) 2827 (75.97) 2818 (75.79) 2714 (72.98)

 High salt intake 1382 (9.29) 262 (7.04) 324 (8.71) 350 (9.41) 446 (11.99)

Hypertension (n [%]) 4628 (31.11) 404 (10.86) 883 (23.73) 1372 (36.90) 1969 (52.94) < 0.001

Diabetes (n [%]) 1161 (7.80) 54 (1.45) 186 (5.00) 339 (9.12) 582 (15.65) < 0.001

Hypotensive drugs (n [%]) 978 (6.57) 59 (1.59) 148 (3.98) 257 (6.91) 514 (13.82) < 0.001

Hypoglycaemic drugs (n [%]) 283 (1.90) 9 (0.24) 46 (1.24) 85 (2.29) 143 (3.85) < 0.001

Lipid-lowing treatment (n [%]) 89 (0.60) 8 (0.22) 13 (0.35) 20 (0.54) 48 (1.29) < 0.001
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least three baPWV measurements (Supplement Table 5) 
and at least two baPWV measurements. In addition, the 
association between CVAI and the risk of AS among par-
ticipants with at least three baPWV measurements was 
also similar to the core results (Supplement Table 6).

Discussion
In this large cohort study, we identified the follow-
ing: (1) increased CVAI was a risk factor for AS; (2) 
the association between CVAI and the risk of AS was 
age- and sex-dependent; (3) the ROC curve analysis 

Table 2  Association of BMI with the risk of arterial stiffness

Model 1: adjusted for sex and age; Model 2: adjusted for variables in model 1 plus education level, smoking status, alcohol consumption, physical activity, salt intake, 
LDL-C, SUA, hs-CRP, MAP, and FBG; Model 3: adjusted for variables in model 2 plus hypertensive drugs, hypoglycaemic drugs, and lipid-lowering drugs

CVAI Chinese visceral adipose index, HR hazard ratio, CI confidence interval, Q quartiles, SD standard deviation

Characteristics CVAI, HR (95% CI)

Q1 Q2 Q3 Q4 CVAI, per SD

Arterial stiffness

 Cases /n 184/3719 385/3721 528/3718 805/3719

 Incident rate, per 1000 
person-years

7.22 16.22 23.89 35.79

 Model 1 1.00 1.72 (1.44–2.05) 2.24 (1.88–2.66) 3.03 (2.56–3.59) 1.35 (1.28–1.42)

 Model 2 1.00 1.31 (1.09–1.56) 1.37 (1.15–1.64) 1.52 (1.28–1.82) 1.10 (1.04–1.16)

 Model 3 1.00 1.30 (1.09–1.56) 1.37 (1.15–1.63) 1.49 (1.24–1.78) 1.09 (1.03–1.15)

Fig. 2  Kaplan–Meier estimates of the cumulative incidence of arterial stiffness by baseline CVAI quartiles
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identified that CVAI was the best predictor of AS com-
pared with BMI and WC.

We found that increased CVAI was a risk factor 
for AS. The risk of AS in the highest CVAI quartile 
increased by 49% compared with the lowest CVAI quar-
tile. This association still persisted even after adjust-
ment for traditional risk factors of AS and medications 
that had potential influences on AS. In addition, our 
study also manifested a nonlinear association between 
CVAI and the risk of AS. The risk of arterial stiffness 
increased with the rise of CVAI when CVAI < 133. 
Although there has been no previous research explor-
ing the association between CVAI and AS, a cross-sec-
tional study reported VAI was a risk factor for AS in the 
elderly in China [28]. The risk of AS prevalence in the 
highest VAI tertile increased by 323% compared with 
the lowest VAI tertile. The association between VAI and 
baPWV was nonlinear. BaPWV increased with the rise 
of VAI when VAI < 2.10, but the association between 
VAI and baPWV was insignificant when VAI ≥ 2.10. 
To the best of our knowledge, our study is the first to 

reveal that increased CVAI was a risk factor for AS in a 
full population, including all age groups.

The association between CVAI and the risk of AS 
showed sex dependency. Subgroup analysis revealed that 
the strength of the association between women’s CVAI 
and the risk of AS was more significant than that for 
men. The HR for the highest quartile of CVAI in women 
was 2.30 (95% CI 1.27–4.18). Zuo et  al. found a linear 
association between BMI and AS in Chinese women but 
was not observed in men [29]. Scuteri et al. reported that 
the association between BMI, WC, and AS was stronger 
in Western women than in men [30]. Wohlfahrt et  al. 
adopted the method of repeated measurements to assess 
obesity and long-term longitudinal changes of ventricu-
lar stiffness and identified the significant association 
between WC and increased left ventricular end-sys-
tolic stiffness in women but not in men [31]. Our study 
showed that increased CVAI had a more pronounced 
impact on AS in women.

It should be noted that we identified a significant asso-
ciation between CVAI and the risk of AS in middle-aged 

Fig. 3  The dose–response relationship of CVAI and the risk of arterial stiffness. Data were fitted using a Cox regression model of the restricted 
cubic spline with 3 knots at the 25th, 50th, and 75th percentiles of baseline CVAI. The reference point was the median of the CVAI in the 14,877 
participants. The solid line represented point estimation on the association of CVAI and the risk of arterial stiffness, and the shaded portion 
represented 95% CI estimation. Covariates in the model included sex, age, education level, smoking status, alcohol consumption, physical activity, 
salt intake, LDL-C, SUA, hs-CRP, MAP, FBG, hypertensive drugs, hypoglycaemic drugs, and lipid-lowering drugs. CVAI Chinese visceral adipose index, 
HR hazard ratio, CI confidence interval
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Fig. 4  The association of CVAI and the risk of arterial stiffness in different subgroups. Each subgroup was adjusted for sex, age, education level, 
smoking status, alcohol consumption, physical activity, salt intake, LDL-C, SUA, hs-CRP, MAP, FBG, hypertensive drugs, hypoglycaemic drugs, 
and lipid-lowering drugs. Q quartiles, HR hazard ratio, CI confidence interval
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and older elderly participants, and the HR of the highest 
CVAI quartile was 1.59 (95% CI 1.29–1.96), compared to 
the lowest CVAI quartile. At present, many studies have 
generated results that are consistent with our study. The 
Whitehall II study in the UK reported significant asso-
ciations between BMI, WC, body fat percentage, and 
increased AS in the late middle-aged population [32]. The 
ARIC study in the US showed significant associations 
between BMI, WC, body fat percentage, and increased 
ventricular-arterial stiffness in older adults [33]. How-
ever, there were variations in the association between 
obesity and AS in young individuals across different stud-
ies. A cross-sectional study involving 1306 participants 
based on the FLEMENGHO study found a higher BMI 

was closely associated with increased AS in middle-aged 
and elderly women, but this association was not present 
in young women [34]. Another cross-sectional study 
involving 186 young individuals and 177 middle-aged 
and elderly individuals found insignificant differences in 
the association between BMI, WC, and AS in young and 
middle-aged/elderly populations [35]. The inconsistent 
measurement methods of AS may cause the differences 
in the results of the above studies. Based on a large-scale 
cohort, we identified that increased CVAI in middle-aged 
and elderly individuals leads to a more pronounced AS 
than young ones.

There was also a notable association between CVAI 
and the risk of AS in participants considered relatively 

Fig. 5  The ROC curves for the CVAI, BMI, and WC to diagnose arterial stiffness. Significant differences in the AUC for each obesity index were 
compared with the method of the DeLong test. CVAI Chinese visceral adipose index, BMI body mass index, WC waist circumference

Table 3  Predictive power of CVAI, BMI, and WC for arterial stiffness

CVAI Chinese visceral adipose index, BMI body mass index, WC waist circumference, AUC​ area under the curve, CI confidence interval

AUC (95% CI) Cut-off Sensitivity and 
specificity, %

Youden index P for comparison

CVAI 0.661 (0.648–0.673) 92.18 0.648/0.593 0.241 Ref

WC 0.606 (0.593–0.620) 84.39 0.676/0.478 0.154 < 0.001

BMI 0.582 (0.569–0.595) 24.35 0.629/0.492 0.121 < 0.001
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healthy, excluding those with hypertension and diabetes 
in our study. Compared to the lowest CVAI quartile, the 
HR of the highest CVAI quartile in non-hypertension 
and non-diabetes groups were 1.89 (95% CI 1.40–2.54) 
and 1.52 (95% CI 1.25–1.86), respectively. The increased 
CVAI may be a risk factor for AS in relatively healthy 
individuals. Another possible reason was both hyperten-
sive and diabetic participants were highly homogeneous 
as high-risk groups for AS, resulting in the insignificance 
of the effect of CVAI.

It is worth noting that in the analysis of this study, we 
found an insignificant association between BMI, WC, 
and the risk of AS. Currently, the association between 
BMI, WC, and AS is inconsistent in different studies. Li 
et  al. reported positive associations between BMI, WC, 
and the risk of AS prevalence in overweight and obese 
participants in China [35]. On the other hand, several 
prior studies had reached opposite conclusions, which 
suggested there was no strong association between 
them. In a cohort study with 30  years of follow-up, the 
association between the long-term burden of BMI from 
childhood to adulthood and AS was insignificant [36]. A 
cross-sectional study based on the MARK study reported 
an insignificant association between WC and AS [37]. 
Kim et  al. found an insignificant association between 
increased WC and increased AS in different age groups 
and both sexes [38]. Our findings, along with previous 
studies, suggested that BMI and WC may not be reliable 
indicators for AS.

The ROC curve analysis found BMI and WC had lower 
predictive power for AS than CVAI. Zhang et  al. also 
showed BMI and WC had low predictive power for AS 
[39]. Our study identified that CVAI may be a more accu-
rate predictor of AS compared to traditional obesity indi-
cators such as BMI and WC.

Our observational study could not explore the mecha-
nism of the association between CVAI and AS. However, 
based on previous studies, the mechanisms may include: 
(1) the accumulation of visceral adipose tissue led to an 
increase in components of the Renin–Angiotensin–
Aldosterone System (RAAS). Renin hydrolyzed angio-
tensinogen to produce angiotensin I, which was then 
converted to angiotensin II by the action of angioten-
sin-converting enzyme. Angiotensin II enhanced renal 
sodium reabsorption and vasoconstriction, leading to an 
increase in blood pressure. Aldosterone induced an oste-
ogenic phenotype of vascular smooth muscle cells, vas-
cular inflammation, and gene expression profiles at the 
vascular levels, ultimately contributing to calcification 
and stiffness of the vascular wall [40]; (2) two inflamma-
tory factors, including tumor necrosis factor-α (TNF-α) 
and interleukin-6 (IL-6), were secreted by macrophages 
infiltrating adipose tissue. In obesity, IL-6 was mainly 

produced by visceral adipose tissue [41]. Accumulation 
of visceral adipose tissue increased the release of TNF-α 
and IL-6, causing vascular remodeling and endothelial 
dysfunction [42]; (3) the visceral adipose tissue accumu-
lation promoted the secretion of adipokines, with most 
being pro-inflammatory adipokines, including leptin, 
resistin, and visfatin. High levels of leptin cause vascular 
inflammation [43]. Resistin promotes the proliferation 
and migration of vascular smooth muscle cells, leading 
to endothelial dysfunction [44]. Visfatin increased oxi-
dative stress [45], the production of matrix metallopro-
teinases (such as MMP-9) [46], and collagen deposition. 
Adiponectin was one of the few anti-inflammatory and 
protective adipokines. Adiponectin protects endothe-
lial function by inhibiting the proliferation of vascular 
smooth muscle cells induced by resistin [44]. However, 
the accumulation of visceral adipose tissue reduced the 
secretion of adiponectin, diminishing its protective 
effects on blood vessels.

The strength of our study was the confirmation of new-
onset AS in a large cohort by performing and repeating 
baPWV measurements. In addition, we evaluated the 
participants’ visceral adipose tissue by CVAI instead of 
VAI. There were significant differences in visceral adi-
pose tissue between different ethnic groups [47], and VAI 
developed for Caucasians may not be suitable for Chi-
nese populations [48]. CVAI has been reported to be pos-
itively associated with visceral adipose tissue as assessed 
by CT [19]. However, our study had several limitations: 
(1) although many confounding factors were adjusted, 
there may still be some unmeasured or residual con-
founding factors. (2) The participants in our study were 
all from the Kailuan community, which may be consist-
ent in some aspects. Therefore, whether the results could 
be generalized to other populations remains to be deter-
mined. (3) Our study did not use CT or MRI to measure 
the actual content of participants’ visceral adipose tissue, 
which prevented us from verifying whether CVAI was 
consistent with the actual content of visceral adipose tis-
sue. (4) As a long-term cohort study, bias due to loss of 
follow-up inevitably existed. However, sensitivity analysis 
identified that the association between CVAI and the risk 
of AS in participants with at least three baPWV measure-
ments still persisted.

Conclusions
CVAI may be a valuable obesity indicator for identifying 
individuals at high risk of AS in the Chinese population. 
In public health practice, reducing the accumulation of 
visceral adipose tissue could be an intervention to pre-
vent AS. This hypothesis needed to be confirmed by a 
large-scale randomized clinical trial.
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