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The relationship between visceral
adiposity index and estimated

pulse wave velocity: insights from
NHANES database
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!Department of Neurology, The First People’s Hospital of Yibin, Yibin, China, 2Department of
Neurosurgery, West China Hospital of Sichuan University, Chengdu, China, *Department of
Neurosurgery, The First People’s Hospital of Yibin, Yibin, China

Background: Obesity and arterial stiffness are known risk factors for
cardiovascular disease, but the relationship between visceral adiposity index
(VAI) and estimated pulse wave velocity (ePWV) is still unclear.

Methods: This study used cross-sectional study data from the National Health
and Nutrition Examination Survey (NHANES) database from 2007 to 2016. After
data cleaning, we performed a comprehensive weighted statistical analysis of
the final dataset. This included data on demographics, medical history, test
results, and chronic comorbidities. We used restricted cubic spline analysis
to explore potential non-linear relationships between VAl and ePWV. We also
performed weighted linear univariate and multivariate regression analyses to
further explore the relationship between VAl and ePWV. Finally, we performed
multiple subgroup analyses and interaction tests, as well as sensitivity analyses,
to test the stability of this relationship.

Results: Finally, 10,458 adult participants aged 20 years or older were included
in this study, with a mean (SD) age of 49.2 + 17.4 years after weighted analysis.
Restricted cubic spline analysis showed a potentially “inverted-L" non-linear
relationship between VAl and ePWV (P for non-linearity: <0.001). The inflection
point analysis suggests its inflection point is (1.48: 1.38—-1.57). Linear multivariate
regression analysis suggested a significant positive correlation between VAl
(0.2SD) and ePWYV values (f = 0.1, 95% Cl 0.04-0.17, p < 0.001). The positive
correlation between VAI (0.2SD) and ePWV levels remained stable in model
analyses adjusted for all covariates. This association was also consistent across
quartiles of VAl (p-value <0.001 for trend test). These findings remained stable
and consistent in subsequent subgroup and sensitivity analyses.

Conclusion: In this study, we found that elevated VAl values were significantly
and positively associated with ePWV, especially below the inflection point of VAI
less than 1.48. This association remained robust after adjustment for multiple
confounders and was consistent across multiple subgroup analyses. This
suggests that abdominal obesity may play an important role in atherosclerosis
and highlights the importance of addressing abdominal obesity to reduce
cardiovascular risk.
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Introduction

The global burden of cardiovascular disease has increased
significantly as a result of economic growth and an ageing population
(1). A loss of arterial elasticity with age is often observed. Progressive
stiffening of the vessel wall is an inherent physiological feature
associated with vascular aging (2). However, this feature is exacerbated
by ageing and chronic non-communicable diseases. As an important
marker of vascular ageing, arterial stiffness is important in the
assessment of vascular health (3). It is also associated with the
development of cardiac, cerebrovascular and diabetic diseases. A
growing number of studies have confirmed the potential positive
association between the degree of atherosclerosis and these
diseases (4).

Studies of arterial stiffness are currently a hot topic in the field. The
current study has confirmed the diagnostic role of arterial stiffness in
the assessment of cardiovascular disease risk (5). Carotid-femoral pulse
wave velocity (cf-PWV) is considered the gold standard for assessing
aortic stiffness (6). Despite the non-invasive nature of (cf-PWV) and
brachial-ankle pulse wave velocity (baPWV) measurements. However,
the clinical use of this method is currently extremely limited due to the
need for specialised equipment (7). Estimated pulse wave velocity
(ePWV) is a new index based on mean blood pressure (MBP) and age
that has now been shown to be a reliable predictor of atherosclerosis.
Although estimated PWYV is not a complete replacement for cf-PWYV,
recent clinical studies have demonstrated its ability to independently
predict cardiovascular disease events and survival (8, 9).

Obesity has been identified as a global epidemiologic challenge and
its prevalence continues to rise despite several public health measures
currently in place worldwide (10). Recent studies have shown that
visceral adipose tissue (VAT) is a more reliable indicator of obesity than
total body fat mass (11). There is a potential link between visceral obesity
and a variety of conditions, including vascular aging, carotid
atherosclerosis, metabolic disorders, and increased all-cause mortality
(12, 13). However, imaging techniques such as computed tomography
(CT) and magnetic resonance imaging (MRI) are costly, time-
consuming, and radiation intensive. There are still major obstacles to
universal clinical application. VAI, calculated from waist circumference,
body mass index (BMI), triglyceride levels, and high-density lipoprotein
cholesterol (HDL-C), has been identified as a gender-specific index.
Current studies have demonstrated that VAI is a reliable predictor of a
variety of disease states, particularly associated with obesity (14, 15). VAI
is a novel index for the assessment of obesity that integrates a variety of
metabolic indicators. It can reflect the distribution of visceral fat and
metabolic status more comprehensively. ePWV is an important indicator
for assessing arterial stiffness. ePWV is closely related to metabolic
health and the onset and progression of cardiovascular disease. However,
there are relatively few studies on the relationship between VAI and
ePWV. The purpose of this study was to analyze the potential
relationship between VAI and ePWV using data from a national survey.

Methods
Study design and population in NHANES

This study is based on data from NHANES, a US national survey
conducted from 2007 to 2016 using a complex stratified multistage
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probability sampling design to ensure national representation. The
NHANES study protocol was approved by the Research Ethics
Review Board of the National Center for Health Statistics, and
written informed consent was obtained from all participants. The
study report was prepared in accordance with the Enhanced
Guidelines for Reporting Observational Studies in Epidemiology. An
ethical exemption was granted by the Academic Review Board of the
First People’s Hospital of Yibin, as the raw data used in this study
were obtained from publicly available databases. This study analyzed
data from five NHANES survey cycles (2007-2008, 2009-2010,
2011-2012,2013-2014 and 2015-2016). And the final analysis data
were obtained after strict inclusion and exclusion criteria. The final
analysis included 10,458 individuals. (The flow chart is shown in
Figure 1).

Assessment of visceral adiposity index

For men and women, VAI was calculated using two separate
equations: for men, VAI = (WC/[39.68 + 1.88 x BMI)] x (TG/1.03)
x (1.31/HDL), and for women VAI = [WC/(36.58 + 1.89 x BMI)]
x (TG/0.81) x (1.52/HDL), where BMI is body mass index (kg/m2),
WC is waist circumference (cm), TG is triglycerides (mmol/L), and
HDL is high-density lipoprotein in mmol/L (14).

VAl normalization process

In the subsequent analyses of this study, we standardized the
visceral adiposity index (VAI) to 0.2 standard deviations (SD) to
improve the interpretability of the model and the stability of the
results. Specifically, we calculated the mean and standard deviation of
the VAI and divided each participant’s VAI value minus the mean by
0.2 times the standard deviation. This standardization method is very
common in epidemiological and biostatistical studies, especially when
dealing with variables with different scales. With this treatment, the
regression coefficient can be interpreted as the effect of each 0.2
standard deviation increase in VAI on estimated pulse wave
velocity (ePWV).

Assessment of ePWV

The Arterial Stiffness Reference Values Collaborative Group
formulae, as described by Greve et al, were used to calculate
ePWV using age (years) and mean blood pressure (MBP,
mmHg),as follows: ePWV = 9.587-0.402 x age + 4.560 x 107> x age*-
2.621 x 107° x age* x MBP + 3.176 x 10~ x age xMBP-1.832 x 10~*
x MBP. The formula for MBP is DBP plus 0.4 times the difference
between SBP and DBP (16). Blood pressure was recorded by a trained
health technician, with participants having three consecutive
measurements after 5 min of quiet sitting.

Covariables data extraction

The selection of covariates was based on previous reports in the
literature and clinical experience. The covariates included several
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Total participants from NHANES 2007-2016
(N=50,588)
Exclusion 1 1. Age<20 (N=21,387)
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Participants aged > 20 (N=29,201)
. 2. Missing SBP,DBP data
Exclusion 2 (N=4,192)
y
Remained Participants (N=25,009)
Exclusion
Blsion 3 3. MissingWC,BMLTG data
(N=14,108)
v
Remained Participants (N=10,901)
Exclusion 4 4. Dietary intake data
T (N=443)
Y
In the financial analysis (N=10,458)
FIGURE 1

Flowchart of sample selection from NHANES 2007-2016.

demographic factors such as age (in years), sex (categorised as male
and female), ethnicity, marital status, poverty income ratio (PIR) and
education level. The laboratory results included triglycerides, high-
density lipoprotein (HDL), low-density lipoprotein (LDL), glycated
haemoglobin (HbA1c) and fasting blood glucose. Dietary information
was collected from two 24-h recall interviews (midnight to midnight)
in which participants reported the types and amounts of food and
beverages (including all types of water) consumed in the 24 h prior to
the interview, along with an estimate of energy, protein, carbohydrate,
fibre, total fat, and sugar intakes, and information on hypertension,
diabetes, coronary heart disease, and stroke. Detailed descriptions of
the study variables are available on the official CDC website: www.cdc.
gov/nchs/nhanes/. Diagnostic criteria for diabetes mellitus included
an official diagnosis by a physician, use of glucose-lowering
medication or insulin, a glycated haemoglobin (HbA1c) level of 6.5%
or higher, a fasting blood glucose level of 7.0 mmol/L or higher, or a
blood glucose level of 11.1 mmol/L or higher on a random blood
glucose test or 2-h oral glucose tolerance test. Hypertension was
characterised by an average systolic blood pressure of 140 mmHg or
higher and an average diastolic blood pressure of 90 mmHg or higher,
as diagnosed by a physician or treated with antihypertensive
medication.
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Weights processing

To ensure the national representativeness of the study results,
we processed sample weights in strict accordance with official
NHANES guidelines. As this study integrated NHANES data from five
cycles from 2007 to 2016, we used the following weight processing
steps:1. weight standardization: sample weights for each cycle were
standardized using the formula: standardized weight = original
weight/mean of weights for that cycle. 2. weight merging: the
standardized weights were merged into a single unified weight using
the formula: merged weight = standardized weight/number of cycles.
3. weighted analyses: all statistical analyses were performed using the
merged weights to ensure that the results reflected the true picture of
the US national population.

Statistical analysis and sensitivity analysis

The sample was weighted and stratified according to NHANES
guidelines, and the NHANES study population was categorised into
four different groups based on VAI quartiles. Categorical data were
presented as frequencies (expressed as percentages), while continuous
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variables were presented using the mean and standard deviation if the
distribution was normal, and the median and interquartile range
(IQR) for skewed distributions. Comparative analyses were performed
using one-way analysis of variance (ANOVA) for continuous variables
with normal distributions, the Kruskal-Wallis H test for continuous
variables with skewed distributions, and the chi-squared test for
categorical variables to assess statistical significance between
different groups.

Prior to linear regression analysis, we performed an initial test
of the distribution of the dependent variable (estimated pulse wave
velocity, ePWV). Although the original distribution of ePWV may
not be exactly normal, the key assumption of the linear regression
model is that the residuals should be approximately normal.
Therefore, the distribution of the residuals was tested as follows:
histograms of the residuals were plotted and the Shapiro-Wilk
normality test was performed. The results show that the
distribution of the residuals is close to normal and the p-value of
the Shapiro-Wilk test is greater than 0.05, indicating that there is
not enough evidence to reject the hypothesis that the residuals are
normally distributed. We also attempted to log-transform the
ePWYV to improve the normality of its distribution, but ultimately
decided to use the original ePWV values for analysis because the
interpretation of the log-transformed values was not as intuitive
as the original values. We confirmed the appropriateness of using
the raw ePWV values for linear regression analysis using
residual tests.

In this investigation, potential confounding variables were first
identified through a screening process, and then a series of statistical
analyses were performed to explore the relationship between VAI and
ePWV. In this study, the restricted cubic spline method was used to
model the exposure-outcome relationship. Where potential non-linear
correlations were detected, inflection point analyses were performed
to identify inflection points where the relationship between VAI and
ePWV changed significantly. Univariate and multivariate linear
regression analyses and model analyses with stepwise adjustment for
covariates were then performed to further explore the potential
relationship between VAI and ePWV. For modelling analyses,
we compared VAI when it was used as a continuous or categorical
variable. To assess the relationship between VAI and ePWYV, we used
weighted multivariate linear regression analyses with stepwise
adjustment for multiple potential confounders. We developed four
different models with progressively more adjusted variables. Model 1
did not adjust for any confounders and assessed only the crude
correlation between VAI and ePWYV; model 2 adjusted for sex and
race; model 3 further adjusted for education level and PIR based on
model 2; and model 4 further adjusted for other confounders such as
hypertension, diabetes mellitus, cardiovascular disease, SBP, DBP,
cigarette smoking and alcohol consumption based on model 3. In
addition, we examined the interactions between the main confounders
and VAI and performed several sensitivity analyses to ensure the
robustness of the results. We also performed detailed diagnostic
analyses of the final model, including residual analysis, linear
hypothesis testing, and multiple covariance testing, to ensure the
applicability of the model and the reliability of the results.

For the statistical computations, the Free Statistics software
version 2.0 (Beijing, China) and the R programming environment
version 4.3.2 were utilized. The p-values reported are two-tailed, with
a threshold of less than 0.05 set to determine statistical significance,
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thereby allowing for the identification of associations that are unlikely
to occur by chance.

Results
Study population

This study analyzed data from five NHANES survey cycles (2007-
2008, 2009-2010, 2011-2012, 2013-2014, and 2015-2016), initially
excluding participants younger than 20 years (n = 21,387) from the
total of 50,588 individuals. We then excluded participants with
missing systolic blood pressure data (n =4,129), diastolic blood
pressure data (n = 63), waist circumference data (n = 1,142), body
mass index data (n = 55), triglyceride data (n =12,911), and other
variables (n = 443). With strict exclusion, the missing covariate data
for the remaining participants was less than 5%. As a result, multiple
interpolation was used to cleanse the study, resulting in the inclusion
of 10,458 subjects in the final analysis (Figure 1).

Characteristics of the participants

All participants were divided into four groups according to
baseline VAI quartiles. As shown in Table 1, group Q1 (VAL <0.87,
N =2,575); group Q2 (VAL 0.87-1.42, N = 2,642); group Q3 (VAIL
1.42-2.41, N = 2,608); and group Q4 (VAL >2.41, N = 2,633). Data on
demographic characteristics, dietary intake, examination data,
laboratory data, and questionnaires for all participants in each
subgroup are shown in Table 1.

Univariate and multivariate linear
regression analyses

In this study, univariate regression analysis between VAI and
various covariates and ePWV was systematically analysed using linear
regression analysis. The results indicated a possible positive association
between VAI and ePWYV [f: 0.1; (95% CI: 0.04, 0.17), p = 0.003]. In
addition, univariate analyses performed with all covariates for
exposure suggested statistically significant differences between age,
male, race, education, PIR and energy intake and outcomes (all
P <0.001). Detailed results are presented in Supplementary Table 1.

Covariance tests for covariates were then performed using
methods such as variance inflation factor (VIF). The results indicated
a significant colinearity between energy intake, carbohydrate intake,
total sugar intake, total fat intake, BMI, WC, TC, TG, HDL-c and
LDL-c. Detailed results are presented in Supplementary Table 2.
Covariates that were significantly colinearity were removed in
subsequent multivariate analyses.

In the multivariate linear regression analysis, we found a potential
positive association between VAI and ePWYV. This association
remained significant after adjustment for multiple confounders. In
model 1, no adjustment for covariates was made and the results
indicated a possible positive correlation between VAI and ePWV [f:
0.1; (95% CI: 0.04, 0.17), p = 0.003]. Stable positive associations were
also observed in models with stepwise adjustment for covariates. In
model 4, adjusted for all covariates, the results were suggestive [£: 0.09;
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TABLE 1 Baseline characteristics of participants in NHANES (N = 10,458).

Variables

Total

(n =10,458)

Quartilel
(n = 2,575)

Quartile2
(n =2,642)

Quartile3
(n =2,608)

10.3389/fnut.2025.1544084

Quartile4
(n=2,633)

Demographics data

Gender, 1 (%) <0.001

Male 5,192 (49.6) 1,368 (53.1) 1,292 (48.9) 1,254 (48.1) 1,278 (48.5)

Female 5,266 (50.4) 1,207 (46.9) 1,350 (51.1) 1,354 (51.9) 1,355 (51.5)
Age, year 492+ 17.4 46.1 £17.8 48.7£17.8 50.8+17.3 51.3+16.3 <0.001
Race/Ethnicity, n (%) <0.001

Mexican American 1,658 (15.9) 258 (10) 384 (14.5) 489 (18.8) 527 (20)

Non-Hispanic White 1,200 (11.5) 221 (8.6) 302 (11.4) 332 (12.7) 345 (13.1)

Non-Hispanic Black 4,578 (43.8) 1,030 (40) 1,131 (42.8) 1,122 (43) 1,295 (49.2)

Other Hispanic 1989 (19.0) 771 (29.9) 569 (21.5) 412 (15.8) 237 (9)

Other Race 1,033 (9.9) 295 (11.5) 256 (9.7) 253 (9.7) 229 (8.7)
Education, 1 (%) <0.001

<9th Grade 1,134 (10.8) 182 (7.1) 254 (9.6) 308 (11.8) 390 (14.8)

9th-11th Grade 1,512 (14.5) 320 (12.4) 354 (13.4) 394 (15.1) 444 (16.9)

High school

2,347 (22.4) 521(20.2) 611 (23.1) 603 (23.1) 612 (23.2)

graduate

Some college 2,988 (28.6) 751 (29.2) 733 (27.7) 740 (28.4) 764 (29)

>College graduate 2,477 (23.7) 801 (31.1) 690 (26.1) 563 (21.6) 423 (16.1)
Marital Status, n (%) <0.001

Married 6,345 (60.7) 1,469 (57) 1,579 (59.8) 1,643 (63) 1,654 (62.8)

Divorced 4,113 (39.3) 1,106 (43) 1,063 (40.2) 965 (37) 979 (37.2)
PIR, Mean + SD <0.001

Low income (<1.3) 3,093 (32.2) 674 (28.4) 728 (29.9) 762 (31.9) 929 (38.5)

Medium (1.3-3.5) 3,604 (37.5) 888 (37.4) 912 (37.5) 935 (39.2) 869 (36)

High income (>3.5) 2,906 (30.3) 810 (34.1) 794 (32.6) 689 (28.9) 613 (25.4)
Dietary data
Energy, kcal 1938.0 (1434.0, 2570.0) ~ 2011.0 (1488.0, 2660.5) = 1934.0 (1432.0, 2552.0) 1906.5 (1417.0,2539.2) = 1892.0 (1387.0, 2537.0) <0.001
Protein, gm 74.5 (52.8, 100.9) 77.1 (55.3,106.7) 75.0 (52.8, 100.4) 72.6 (52.3,98.7) 73.3 (51.0, 99.0) <0.001
Carbohydrate, gm 232.6 (167.8, 312.8) 231.7 (166.5, 314.2) 231.3(168.2,311.4) 234.0 (169.2, 312.5) 232.8 (167.2,313.0) 0.877
Total sugars, gm 95.3 (58.2, 143.7) 93.4 (55.7, 142.6) 95.6 (59.7, 140.3) 96.6 (59.6, 144.7) 95.4 (58.2, 147.5) 0.118
Dietary fiber, gm 14.6 (9.6, 21.6) 14.9 (9.9, 21.6) 14.7 (9.8, 21.5) 15.0 (9.7, 21.7) 14.1(9.2,21.4) 0.019
Total fat, gm 71.3 (47.4, 102.0) 74.8 (51.2,108.0) 71.8 (47.4, 100.6) 70.8 (46.9, 101.1) 68.0 (44.6, 98.5) <0.001
Examination data
BMI, kg/m? 289+ 6.6 259+58 283+6.4 30.1+£6.5 31.3+6.3 <0.001
Wait circumference,
om 99.1 +16.0 90.5+ 14.4 97.3+£153 102.4£15.2 106.2 + 14.6 <0.001
SBP, mmHg 122.8 £17.7 120.1 £17.5 122.1 £17.7 1232 +£17.5 125.6 £17.7 <0.001
DBP, mmHg 69.0 +12.0 67.8 £11.6 68.5+11.8 69.1 +12.1 70.5+12.4 <0.001
Laboratory data
Hemoglobin Alc (%) 58+1.1 55+0.7 56+0.9 58+1.1 6.1+1.4 <0.001
FPG, mmol/L 6.1+2.0 5612 58+1.5 6.1+2.0 6.7+2.7 <0.001
TG, mmol/L 1.2 (0.8, 1.7) 0.6 (0.5, 0.8) 1.0 (0.8, 1.1) 1.4 (1.2,1.6) 2.2(1.8,2.9) <0.001
LDL-cholesterol, 2.9(2.3,3.5) 2.6(2.1,3.2) 2.9(2.3,3.5) 3.0 (2.5,3.6) 3.1(24,3.8) <0.001
mmol/L

(Continued)
Frontiers in Nutrition 05 frontiersin.org
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TABLE 1 (Continued)

Quartilel
(n = 2,575)

Variables Total

(n =10,458)

Quartile2
(n =2,642)

10.3389/fnut.2025.1544084

Quartile4
(n=2,633)

Quartile3
(n=2,608)

HDL-Cholesterol, 1.3 (1.1, 1.6) 1.7 (1.4, 2.0) 14 (1.2,1.7) 1.2(1.1,1.4) 1.0 (0.9,1.2) <0.001
mmol/L

Questionnaire data

Hypertension, 7 (%) 3,738 (35.7) 680 (26.4) 891 (33.7) 978 (37.5) 1,189 (45.2) <0.001
Yes

Diabetes, 1 (%) Yes 1,293 (12.4) 166 (6.4) 255 (9.7) 378 (14.5) 494 (18.8) <0.001
CVD, n (%)Yes 419 (4.0) 81(3.1) 90 (3.4) 103 (3.9) 145 (5.5) <0.001
Secondary calculated data

MAP, mmHg 90.5+ 11.7 88.7 £11.6 89.9+11.5 90.7 + 11.7 92.5+11.7 <0.001
ePWV, m/s 7.7 (6.4,9.8) 7.1(6.2,9.3) 7.6 (6.4,9.7) 8.0 (6.6, 10.0) 8.1(6.8,9.9) <0.001

BMI, body mass index; PIR, family poverty income ratio; SBPsystolic blood pressure; DBP: diastolic blood pressure;, FBG: fasting blood glucose; TG, Triglyceride; CVD, Cardiovascular
disease; MAP,mean arterial pressure;ePWV, Estimated pulse wave velocity; Quartile 1, VAI<0.87; Quartile 2, VAI(0.87-1.42); Quartile 3, VAI(1.42-2.41); Quartile 4, VAI>2.41. All statistical
analyses in table were weighted using sample weights provided by NHANES to ensure that the results are nationally representative.

TABLE 2 Linear multiple regression analysis model to assess the relationship between visceral adiposity indexs and estimated pulse wave velocity
concentrations.

Variable Model 1 Model 2 Model 3 Model 4
Crude. p-value Adjusted. p-value Adjusted. p-value Adjusted. p-value
Coefficient Coefficient Coefficient Coefficient
(95ClI) (95CI) (95ClI) (95Cl)
VAI (0.2SD) 0.1 (0.04,0.17) 0.003 0.1 (0.03 ~ 0.17) 0.004 0.09 (0.02 ~ 0.17) 0.009 0.09 (0.02 ~ 0.16) 0.007
Quartilel
0(Ref) 0(Ref) O(Ref) 0(Ref)
(<0.87)
Quartile2
0.31(0.19 ~ 0.43) <0.001 0.34 (0.22 ~ 0.46) <0.001 0.3 (0.19 ~ 0.42) <0.001 0.27 (0.16 ~ 0.38) <0.001
(0.87-1.42)
Quartile3
0.54 (0.42 ~ 0.65) <0.001 0.6 1(0.48 ~ 0.72) <0.001 0.53 (0.41 ~ 0.65) <0.001 0.49 (0.37 ~ 0.6) <0.001
(1.42-2.41)
Quartile4
241) 0.62 (0.5 ~ 0.74) <0.001 0.67 (0.56 ~ 0.79) <0.001 0.61 (0.48 ~ 0.72) <0.001 0.53 (0.41 ~ 0.64) <0.001
Trend.test <0.001 <0.001 <0.001 <0.001

CI, Confidence Interval; PIR, Poverty income ratio; Model 1: unadjusted; Model 2: adjusted for gender+race; Model 3: adjusted for Model 2 + (educational level and PIR); Model 4:adjusted for
Model3 + (Hypertension, Diabetes, Cardiovascular disease, Systolic blood pressure, Diastolic blood pressure, Smoking and Alcohol consumption).

(95% CI: 0.02, 0.16), p = 0.007]. All participants were then divided
into four different groups according to the quartiles of the VAL The
lowest group (Q1, VAI < 0.87) was used as the reference group. Linear
multivariate regression analysis continued with four different models.
No covariate adjustment was performed in model 1. Groups Q2 [:
0.31; (95% CI: 0.19, 0.43), p < 0.001], Q3 [B: 0.54; (95% CI: 0.42, 0.65),
p<0.001] and Q4 [B: 0.62; (95% CI: 0.50, 0.74), p < 0.001] showed a
progressively higher positive correlation. The results remained stable
and consistent in model 4 adjusted for all covariates. The results
remained stable and consistent in models with stepwise adjustment
for covariates. In model 4 adjusted for all covariates, the results were
Q2 [B: 0.27; (95% CI: 0.16, 0.38), p < 0.001], Q3 [B: 0.49; (95% CI: 0.37,
0.60), p < 0.001] and Q4 [B: 0.53; (95% CI: 0.41, 0.64), p < 0.001].
Detailed results are presented in Table 2. We also tested for interactions
between the main confounders and VAI and found no significant
interactions. The results of the sensitivity analysis were consistent with
those of the main analysis, further validating the robustness of the
results. Model diagnostic analysis showed that the residual distribution
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was close to normal, the linearity assumption was valid, and no
significant multicollinearity problems were found.

Restricted cubic spline models

Restricted cubic spline models were constructed to fit the curve
between VAI and ePWV. Smoothed curve fits between variables are
indicated by the solid red line, and shaded bands indicate 95% confidence
intervals. Adjustment for covariates revealed a non-linear relationship
between VAI values and ePWYV (P for non-linearity <0.001) (Figure 2).

To further validate the stability of the findings, we performed RCS
analysis after stratifying the population. An “inverted L-shaped”
non-linear relationship, consistent with the whole population, was
observed in the male, female and age <60 years strata. The age >60 years,
hypertension and diabetes strata showed higher levels of VAI and ePWV
than the total population (Supplementary Table 3). Potential negative
linear associations were found in stratified RCS analyses (Figure 3).
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Restricted cubic spline analysis of the relationship between VAl and ePWV.

Subgroup analysis and sensitivity analysis

To further validate the potential relationship between VAI and
ePWYV, we also analysed participants in subgroups based on age, sex,
race, education, history of hypertension, history of diabetes, and
history of CVD. Figure 4 shows the results of the subgroup analysis
based on VAI quartiles, showing the relationship between VAI and
ePWV in different subgroups. When VAI was grouped as a continuous
and categorical variable, the results were consistent with the overall
results in most subgroups. This means that there is a potential positive
association between VAI and ePWV. However, a significant interaction
was found in the subgroups of age > 60 years, hypertension and
diabetes. This means that there was a possible negative association
between VAI and ePWV (Supplementary Tables 4, 5).

Inflection point analysis

Inflection point analysis In our study, we used restricted cubic
spline analysis to explore the non-linear relationship between VAI and
ePWV. The inflection point analysis showed that the relationship
between VAI and ePWV changed significantly at a VAI value of 1.48.

Frontiers in Nutrition

Specifically, when VAI was less than 1.48, there was a significant positive
correlation between VAI and ePWV with a statistically significant
difference (p < 0.001), whereas when VAI was greater than 1.48, this
correlation was significantly attenuated and there was no statistically
significant difference (p = 0.09) (Table 3 and Supplementary Figure 1).

Discussion

In this cross-sectional study, we examined the relationship
between the VAL, a novel indicator of adiposity distribution and
dysfunction, and ePWYV, a marker of arterial stiffness, in a
representative sample of US adults. Our results showed a significant
positive association between VAI and ePWYV, particularly below a VAI
inflection point of 1.48. This association remained robust after
adjustment for various confounders and was consistent across
subgroup analyses, except for potential interactions within the
age>60 years, hypertension, and diabetes subgroups. These findings
suggest that abdominal obesity, as quantified by VAI, may be an
important contributor to atherosclerosis. This study provides valuable
insights into the complex interplay between obesity and vascular
health and highlights the need for further research to develop targeted
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<60 years) and special category (E: hypertension; F: diabetes).

Restricted cubic spline analysis stratified by age, sex, etc. Association between VAl and ePWV stratified by (A: men; B: women), age (C: >60 years; D:

interventions to mitigate the impact of abdominal obesity on arterial
stiffness and reduce cardiovascular risk.

Arterial stiffness, which progresses with age, results in thickening
of the arterial walls and narrowing of the lumen (17). Arterial stiffness
is largely determined by the severity of ischaemia in the affected organ,
with most patients showing few clinical signs in the early stages.
Research has shown that arterial stiffness is associated with an increased
risk of cardiovascular disease, stroke and other diseases, yet a sensitive
and specific laboratory diagnostic method for early arterial stiffness is
lacking (18). As cf-PWV has not been widely used in clinical practice,
ePWYV has played a role in raising awareness of the risks of aortic
stiffness and assisting physicians in its clinical application (19). The
study involved using a previously published formula to assess ePWV
and investigate its correlation with visceral adiposity index. Some recent
research suggests a positive association between body fat levels and
arterial stiffness, while other studies suggest a negative or no association
(20). A study from the United States, which used VFA to accurately
measure visceral fat to assess obesity, showed that the normal weight
visceral obese group was associated with arterial stiffness and increased
10-year cardiovascular risk (21). A study from Spain, which also used
body mass index, ratio and BMI to assess obesity, showed that indicators
of obesity were inversely correlated with arterial stiffness, as measured
by the cardio-ankle vascular index (CAVI) and brachial-ankle pulse
wave velocity (22).

A study from Japan showed that measures of obesity, such as fat
volume index, body mass index and body circumference index, were
positively correlated with brachial-ankle PWV (23). In a study of
Korean adults, ePWV was found to correlate more significantly with
waist circumference than with BMI, supporting the concept that
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visceral obesity is more closely associated with arterial stiffness than
total obesity (24). The results of our study regarding the association
between visceral adiposity index and vascular stiffness are consistent
with this. Therefore, our study offers the following advantages: The
first notable advantage is that ePWV, as a marker of arterial stiffness,
is more accessible and easily reproducible in clinical practice; the
second important feature is that VAL, as a measure of visceral adipose
function, is a sex-specific index that includes simple anthropometric
and common epidemiological parameters, and this calculated value
provides an association between abdominal obesity and arterial
stiffness; Thirdly, the study we conducted this time had a sufficiently
large sample size; and fourthly, for clinical purposes, this association
provides a simple, valid and comprehensive assessment of
cardiovascular disease in primary prevention populations and even in
Stage 0 prevention groups, which is crucial for reducing the global
burden of cardiovascular events. Future clinical guidelines and public
health policies on obesity and cardiovascular health may be influenced
by the results of this study.

A number of underlying mechanisms have been proposed to
elucidate the initiation and progression of obesity and arterial stiffness.
On the one hand, visceral adiposity actively secretes large amounts of
inflammatory mediators, which can lead to increased insulin
resistance, enhanced oxidative stress and endothelial cell dysfunction,
all of which induce structural changes in the arterial wall and thus
promote arterial stiffness (25). A critical element to consider is the role
of adipokines, bioactive peptides with endocrine activity released from
visceral adipose tissue. For example, leptin, an adipokine, is thought
to activate the sympathetic nervous system. This activation can lead to
increased blood pressure and increased arterial stiffness (26). On the
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FIGURE 4

Forest plot of subgroup analysis of the relationship between VAl and ePWV.

other hand, levels of lipocalin, which has anti-inflammatory and anti-
atherosclerotic properties, tend to be reduced in individuals with
visceral obesity (27). It is also noteworthy that visceral adipose tissue
actively expresses and releases components of the renin-angiotensin
system, such as angiotensinogen and angiotensin II. The involvement
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of this system in the development of hypertension and vascular
remodelling is well established, and both play an important role in
atherosclerosis (28). In addition, abdominal obesity and atherosclerosis
share common risk factors, including hypertension, diabetes,
dyslipidaemia and sedentary lifestyle. It is conceivable that these
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TABLE 3 Inflection point analysis.

Model Breakpoint. Lower95ci Upper95ci p
parameters Beta value
E_BKI 1.48 138 1.57

Slopel 0.49 031 0.67 <0.001
Slope2 0.06 —0.01 0.12 0.09
Likelihood

- <0.001

Ratio test

Breakpoint.Beta: Breakpoint of the VAI value. Lower95ci: Lower limit of the 95% confidence
interval. Upper95ci: Upper limit of the 95% confidence interval. Slopel: Effect size of the
slope between VAI and ePWV for VAI values below the inflection point with statistically
significant difference (p < 0.001). Slope2. Effect size of the slope between VAI and ePWV for
VAI values above the inflection point with no statistically significant difference.

diseases, while increasing atherosclerosis, may also have feedback
mechanisms that indirectly contribute to abdominal obesity (29, 30).

In the present study, we found a significant positive correlation
between VAI and ePWYV. However, the basal level of ePWV was
significantly higher than the total population level in the subgroups of
patients older than 60 years, hypertensive patients and diabetic
patients (Supplementary Table 6). An interaction between VAI and
ePWYV was observed in these subgroups. This phenomenon suggests
that obesity seems to have an “inverse effect” on atherosclerosis in
these specific subgroups. The higher the degree of VAI, the less
pronounced the increase in ePWV compared to the total population.
This phenomenon may be related to the interaction of several
pathophysiological mechanisms associated with VAL

The relationship between visceral obesity and arterial stiffness is
not a simple linear one. Visceral obesity has been shown to be strongly
associated with increased arterial stiffness. VAT secretes a variety of
inflammatory factors and adipokines, such as leptin and lipocalin.
These factors contribute to increased arterial stiffness by affecting
insulin resistance, oxidative stress and endothelial cell function,
promoting structural changes in the arterial wall (26) However, in
specific populations, visceral obesity may have a complex effect on
arterial stiffness through other mechanisms. In the subgroup aged
&amp;amp;amp;gt;60 years, ePWV levels were significantly higher
than in the total population. This is consistent with previous studies
showing that atherosclerosis increases with age (19). However, the
positive correlation between VAI and ePWV was attenuated and even
reversed in this subgroup. This phenomenon may be related to the
pathophysiological mechanisms of atherosclerosis in the elderly
population. With age, the ratio of collagen to elastin in the arterial wall
changes, leading to increased arterial stiffness (7). In this context,
obesity may have a “buffering” effect on arterial stiffness by affecting
the metabolic and inflammatory state of the vascular wall. In addition,
there is a high prevalence of comorbid chronic diseases (e.g.,
hypertension, hyperuricemia,diabetes mellitus) in the elderly
population, and these diseases may themselves exacerbate arterial
stiffness, thus masking the direct effect of obesity on arterial stiffness
(25, 31). In the hypertensive subgroup, ePWV values were also
significantly higher than in the total population. Hypertension is a
major risk factor for increased atherosclerosis. It can lead to structural
remodelling of the arterial wall and increased stiffness by increasing
blood flow shear and vessel wall pressure (17). In this subgroup, the
interaction between VAI and ePWV may be related to the effect of
obesity on blood pressure regulation. Obese patients tend to have
hyperactivation of the sympathetic nervous system, which may further
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exacerbate elevated blood pressure and increased arterial stiffness in
hypertensive patients (20). However, obesity may also have a complex
effect on arterial stiffness in hypertensive patients by affecting the
renin-angiotensin-aldosterone system (RAAS) and vascular endothelial
function. On the one hand, obesity may exacerbate arterial stiffness by
increasing RAAS activation; on the other hand, obesity may have a
protective effect on arterial stiffness by affecting vascular endothelial
function (27). In the diabetic subgroup, ePWV values were significantly
higher than in the total population, which is consistent with previous
studies indicating the presence of higher arterial stiffness in diabetic
patients (13). Patients with diabetes tend to have insulin resistance,
hyperglycaemia and a chronic inflammatory state. Together, these
factors lead to increased glycosylation and oxidative stress in the
arterial wall, exacerbating atherosclerosis (29). In this subgroup, the
interaction between VAI and ePWV may be related to the effect of
obesity on the metabolic status of diabetic patients. Obese patients tend
to have more severe insulin resistance, which may further exacerbate
elevated blood glucose and increased arterial stiffness in diabetic
patients (11). However, obesity may also have some protective effect on
atherosclerosis by affecting lipid metabolism and inflammatory status
in diabetic patients. For example, obese patients tend to have higher
levels of high-density lipoprotein cholesterol (HDL-C), which may
have a protective effect on oxidative stress and the inflammatory state
of the arterial wall.

Limitations

We acknowledge several limitations of our study. First, in the
cross-sectional analyses, we excluded data with missing exposures and
outcomes, which may introduce selection bias. Second, some of the
data were collected by questionnaire, which may have introduced
significant recall bias. Despite accounting for various confounding
factors, there may still be other yet-to-be-discovered factors that could
influence the results of the study and thus affect the validity of the
findings. Further rigorously designed clinical trials are needed to
investigate the potential association between visceral adiposity index
and ePWV. In addition, the cross-sectional design of our study did not
allow us to establish a causal relationship between VAI and ePWV.

Conclusion

In this cross-sectional study, a significant positive association was
observed between visceral adiposity index and estimated pulse wave
velocity in a representative sample of US adults, particularly below a
VAI inflection point of 1.48. This association remained robust after
adjustment for various confounders and was consistent across
subgroup analyses, highlighting the potential role of abdominal
obesity in atherosclerosis and the importance of addressing this issue
to reduce cardiovascular risk. Further research is warranted to explore
interventions that may mitigate the effects of abdominal obesity
on atherosclerosis.
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