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Evaluating the visceral adiposity
inflammatory index for enhanced
stroke risk assessment

Qun Xiao!, Aohan Xue?, Weicheng Huang'** & Jian Yuan**

Stroke is a leading cause of global morbidity and mortality, with risk factors like visceral adiposity and
inflammation playing significant roles. This study introduces the Visceral Adiposity Inflammatory Index
(VAIl), combining the Visceral Adiposity Index (VAI) and high-sensitivity C-reactive protein (CRP), to
better predict stroke risk. Analyzing data from 8415 participants in the China Health and Retirement
Longitudinal Study over 9 years, the study found that higher VAII levels were strongly associated with
increased stroke incidence, with a hazard ratio of 1.91 for the highest quartile. VAIIl outperformed VAI
and CRP alone in predictive accuracy, enhancing traditional risk models as shown by improved Net
Reclassification Index and Integrated Discrimination Improvement Index. Furthermore, blood pressure
and the triglyceride-glucose index were identified as mediators in the VAll-stroke relationship. These
findings underscore VAl as a promising tool for stroke risk assessment, suggesting that public health
interventions targeting VAIl reduction could help mitigate stroke risk.
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Stroke represents a critical public health challenge, accounting for a substantial burden of morbidity and
mortality globally'. Despite advances in understanding its pathophysiology, effective prevention strategies
remain a critical challenge. Identifying novel and modifiable risk factors for stroke is essential to improve early
detection, risk stratification, and intervention*.

Visceral adiposity, characterized by an excessive accumulation of visceral fat, is recognized as a pivotal
contributor to metabolic dysregulation and systemic inflammation, both of which are established precursors to
stroke>. The Visceral Adiposity Index (VAI), a widely recognized surrogate marker for visceral fat dysfunction,
and high-sensitivity C-reactive protein (CRP), a robust indicator of systemic inflammation, likely interact
through interconnected biological pathways to influence stroke risk. Visceral adipose tissue actively secretes
pro-inflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a), inducing
a state of chronic low-grade inflammation and stimulating hepatic CRP production®. Additionally, visceral
fat contributes to metabolic abnormalities, including insulin resistance and dyslipidemiag'lo, These metabolic
disturbances contribute to the development and progression of atherosclerosis'!2. CRP exacerbates vascular
injury by promoting endothelial dysfunction, reducing nitric oxide bioavailability, and increasing oxidative
stress. These processes enhance the infiltration of inflammatory cells and lipids into arterial walls, accelerating
the progression of atherosclerosis'>!4. Together, elevated levels of VAI and CRP may synergistically intensify
vascular inflammation, endothelial damage, and lipid deposition, thereby amplifying the risk of stroke. Although
the individual roles of VAI and CRP in stroke risk are well-documented!>!3, their combined and cumulative
effects remain underexplored. Further research is essential to elucidate the mechanisms linking visceral adiposity
and inflammation to cerebrovascular events and to develop targeted strategies for stroke prevention.

To comprehensively assess visceral obesity and low-grade inflammation, we developed the Visceral Obesity
Inflammation Index (VAII), derived from the VAI and CRP. In this study, we evaluated the stroke predictive
ability of the VAII by analyzing baseline, cumulative levels, and changes in VAII in relation to stroke risk,
utilizing data from the China Health and Retirement Longitudinal Study (CHARLS) from 2011 to 2020'8. Our
findings elucidate the effects and potential mediating mechanisms of the combined impact of visceral obesity
and inflammation on stroke risk, emphasizing the role of the VAII in stroke risk assessment.
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Blood Sample

Methods

Study participants

Our study utilized data from the China CHARLS, a nationally representative longitudinal survey targeting
individuals aged 45 and above. CHARLS, organized by the National School of Development at Peking University,
has been conducted in five waves between 2011 and 2020'°. For this analysis, we selected participants from
the 2011 baseline survey (n=17,708) and tracked them through four subsequent waves (2013, 2015, 2018,
and 2020). Data were collected using standardized questionnaires and face-to-face interviews conducted by
trained personnel, covering socio-demographic factors, lifestyle behaviors, and health-related indicators. After
excluding individuals missing baseline blood test data, or follow-up participation, those younger than 45 years,
and participants with a history of stroke at baseline, our final sample included 8,415 respondents (Fig. 1). The
CHARLS protocol received ethical approval from the Biomedical Ethics Review Board of Peking University
(IRB00001052-11,015), and written informed consent was obtained from all participants. All procedures
adhered to the ethical principles of the Declaration of Helsinki.

Assessment of visceral adiposity inflammatory index (VAIl), visceral adiposity index (VAI)
and high-sensitivity C-reactive protein (CRP)

The VAL an indicator of visceral fat dysfunction®, serves as a reliable measure of visceral adiposity?'. The VAI is
calculated using the following formulas: [WC (cm)/(39.68 + 1.88 x BMI (kg/m2))] x (TG (mmol/L)/1.03) x (1.31/
HDL (mmol/L)) =VAI for men and [WC (cm)/(36.58+1.89 xBMI (kg/m2))] x (TG (mmol/L)/0.81) % (1.52/
HDL (mmol/L))=VAI for females??. Here, WC represents waist circumference, BMI is body mass index,
TG is triglycerides, and HDL refers to high-density lipoprotein cholesterol. The VAII was calculated using
a modification of the method proposed by Chen, J., et al. for the Remnant Cholesterol Inflammatory Index
(RCII)*. Specifically, the VAII was calculated by multiplying the VAI by CRP: VAII = VAI x CRP. The cumulative
VAIl (CumVAII) was derived using the formula: CumVAII=[(VAIL,,+VAIL, ) / 2]x(2015—2012).
Similarly, cumulative VAI (CumVAI) and cumulative CRP (CumCRP) were computed using the same approach:

17708 participants in wave1
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With stroke (n=477)
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Missing age and birth year (n=167)
Missing baseline VAl and CRP data
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9143 participants
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Fig. 1. Flowchart of CHARLS participants.
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CumVAI=[(VAL,,+VALy,.) / 2]x(2015—2012) and CumCRP =[(hs-CRP,, +hs-CRP,,.) / 2] x (2015—
2012). Here, VAII combines the effects of visceral adiposity and inflammation, while CumVAII, CumVAI, and
CumCRP quantify their cumulative exposure over the study period. Using cluster analytical techniques in our
prospective cohort study, we identified distinct temporal patterns of VAII evolution spanning two observational
intervals (wavel and wave3).

Outcome

The primary outcome of this study was the incidence of stroke. Consistent with prior research, stroke events
were identified through the standardized question: "Did your doctor tell you that you were diagnosed with a
stroke?". The timing of stroke events was determined as occurring within the interval between the date of the
most recent interview and the date of the interview in which the stroke was first reported.

Covariates

The covariates included in this study were gender, baseline age, marital status (classified as ‘married’ or ‘other’),
and educational attainment, categorized into three levels: Less than upper secondary education,” 'Upper
secondary,’ and 'Tertiary education,’ based on years of schooling. Residential status was defined as ‘urban’ or
'rural.’ Lifestyle factors such as current smoking, alcohol consumption, and exercise habits were dichotomized
as ‘yes’ or 'no.' Health-related variables included loneliness, diagnosed history of hypertension, diabetes, heart
disease, dyslipidemia, depression and the use of antihypertensive or antidiabetic medications. The estimated
glomerular filtration rate (¢GFR) (mL/min/1.73 m?), a measure of kidney function, was calculated using baseline
creatinine levels and the 2021 CKD-EPI formula?.

Statistical analysis

Baseline characteristics across the different VAII groups were analyzed using statistical methods tailored to
the data distribution, including analysis of variance (ANOVA), chi-square tests, or the Kruskal-Wallis rank-
sum test. Continuous variables are presented as means with standard deviations, while categorical variables are
reported as percentages for each of the four VAII categories. To handle missing data, we performed multiple
imputation using mice package to ensure the robustness and reliability of the analyses. Kaplan-Meier survival
curves were employed to assess the cumulative incidence of stroke among the groups over the study period.

Stroke risk was estimated using multivariable Cox proportional hazards models, which provided hazard
ratios (HRs) and 95% confidence intervals (ClIs) for VAII, VAL, and CRP. Univariate analyses were conducted
without adjustments, while adjusted models included all covariates. The proportional hazards assumption was
evaluated using Schoenfeld residuals, with the *cox.zph()® function employed to test both individual covariates
and the global model. The results indicated no significant violations of the proportional hazards assumption (all
P-values>0.05), confirming that the model assumptions were appropriately satisfied.

The predictive performance of various indices was evaluated using receiver operating characteristic
(ROC) curves. The significance of incremental predictive values between groups was assessed using the
Net Reclassification Index (NRI) and the Integrated Discriminant Improvement Index (IDI). To quantify
the contribution of VAII, VAL or CRP in predicting stroke, we analyzed their relative importance alongside
traditional risk factors by calculating the R? values of the Cox models?®. Additionally, the explainable log-
likelihood attributed to each risk factor was computed to ensure consistency in the results®.

For multiplicative interactions, a product term combining VAI and CRP indicators was included in the Cox
model, with the HR and corresponding 95% CI of the product term used to evaluate significance. For additive
interactions, three metrics were calculated using the delta method: the relative excess risk due to interaction
(RERI); the attributable proportion (AP); and the synergy index (S)%.

To evaluate the mediating effects of VAII, VAI and CRP, we dichotomized VAI and CRP at their median
values. Regression models were then used to assess the direct and indirect effects of high VAI and high CRP on
stroke risk?®. The natural direct effect (NDE) represents the direct influence of the primary variable on stroke
risk, while the natural indirect effect (NIE) quantifies the portion of stroke risk mediated by the primary variable.
To determine the relative contribution of the mediating variable, the mediation ratio was calculated as: NIE /
(NIE + NDE)%,

We determined the optimal cut-off values for CumVAII, CumVAI, and CumCRP to classify participants
into high- and low-exposure groups. K-means clustering was employed to evaluate the change in VAII from
wave 1 to wave 3. The optimal number of clusters was identified as 2 based on the elbow method and the
silhouette coefficient approach. Furthermore, a cross-lagged panel model was constructed using Mplus software
to investigate the temporal relationship between VAI and CRP, providing insights into the potential bidirectional
associations between these variables over time.

To ensure the robustness of our results and to explore potential differences, we performed several sensitivity
analyses: (1) The Chinese Visceral Adiposity Inflammation Index (CVAII) was utilized to assess stroke risk in
place of the VAL This substitution allowed for a more comprehensive evaluation of the combined effects of
visceral adiposity and inflammation on stroke risk. (2) We conducted our analyses using datasets with complete
covariates to ensure a robust and comprehensive evaluation of the associations. (3) Stratified analyses were
conducted by sex (male and female), age group (<60 and = 60 years) and the presence of diabetes, hypertension,
and heart disease. (4) Additionally, a 3-node restricted cubic spline (RCS) was utilized to explore the dose-
response relationship and the linear association of stroke risk with VAIIL, VAL and CRP. (5) E-values were
calculated to evaluate the potential impact of unmeasured confounders on the observed associations in this
observational study.

All statistical analyses were performed using R software (version 4.2.2) and Mplus software (Version 8.11
URL: https://www.statmodel.com). We also performed multiple comparisons using the Bonferroni correction.
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Multiple imputation of missing data was performed using mice package to address incomplete cases and enhance
the reliability of the analyses. Mediation analyses were conducted using the mets package, and Cox regression
analyses were conducted using the survival package, while both additive and multiplicative interactions were
calculated using the interactionR package. We determined the optimal truncation value using the survminer
package, the cluster package is used for cluster analysis. RCS curves were plotted using the rcssci package. ROC
curves were calculated using the rms package, and NRI and IDI were calculated using the survIDINRI package.

Results

Population characteristics

A total of 8415 participants in CHARLS from 2011 to 2020 were included in the final analyses. During a median
follow-up of 9.0 years, 796 participants (9.46%) experienced a stroke. The baseline characteristics of these
participants, categorized by stroke status, were detailed in Table S 1. Table 1 presents a summary of the baseline
characteristics of participants, categorized according to quartiles of the VAIIL The mean (SD) age was 59.12
(9.19) years, a higher proportion of females, rising from 43.71% to 62.68% (p <0.001). Renal function, indicated
by eGFR, declined significantly with higher VAII (p <0.001). Metabolic and cardiovascular conditions, including
diabetes, hypertension, dyslipidemia, heart disease, and stroke, showed a clear upward trend with increasing
VAII levels (all p<0.001). These findings suggest that higher VAII is closely linked to adverse health outcomes.

Association between CRP, VAI and VAII and incident stroke
Participants in the highest quartiles of VAII exhibited significantly higher cumulative hazards compared to those
in the lowest quartiles (Fig. 2). Figure 3 illustrates the associations of VAII, VAI, and CRP with the risk of stroke.
After adjusting for potential confounders, the results showed significant associations. Participants in the highest
quartile of VAII (Q4) had a significantly higher risk of stroke compared to the lowest quartile (Q1), with an
adjusted HR of 1.91 (95% CI: 1.53-2.38, p<0.001). A similar trend was observed for VAI, where the adjusted
HR for Q4 versus Q1 was 1.74 (95% CI: 1.38-2.19, p<0.001). For CRP, participants in Q4 also had an increased
stroke risk with an adjusted HR of 1.52 (95% CI: 1.23-1.87, p<0.001).

Notably, the association between CRP, VAI and stroke risk was weaker compared to VAII in the highest
quartiles. These findings suggest that VAII maybe a stronger predictors of stroke risk compared to CRP and VAI,
highlighting the importance of visceral adiposity and related inflammation in cerebrovascular disease.

Predictive value of CRP, VAl and VAl in incident stroke
Figure 4A, B demonstrates the Receiver Operating Characteristic (ROC) curves and the relative importance
of VAIL, VAL and CRP in predicting stroke. The Area Under the Curve (AUC) values indicate that VAII has
the highest predictive power among the three indices. For individual models, VAII achieved an AUC of 0.648
(95% CI: 60.51-69.1), followed by CRP (AUC=0.637, 95% CI: 59.21-68.19) and VAI (AUC=0.588, 95% CI:
54.05-63.51). When combined with the base model, the AUC further improved to 0.764 (95% CI: 72.73-79.98),
highlighting the added discriminatory value of VAIL

The incremental predictive value of VAII, VAI, and CRP for stroke is summarized in Table 2. When added
to the base model, which included traditional risk factors, each marker significantly improved the model’s
predictive ability. The integrated discrimination improvement (IDI) and net reclassification improvement (NRI)
metrics highlight VAII as the strongest contributor. Specifically, adding VAII to the base model resulted in an IDI
0f 0.006 (95% CI: 0.001-0.012, p<0.001) and an NRI of 0.169 (95% CI: 0.028-0.244, p <0.001), outperforming
CRP (IDI=0.004, NRI=0.138) and VAI (IDI=0.002, NRI=0.120). When each index was utilized individually
for stroke prediction, the VAII had improved predictive ability compared with both CRP and VAI (Table S2).

The relative importance analysis (Fig. 4C) further underscores the significant role of VAII in predicting
stroke, ranking higher in importance compared to CRP and VAI VAII consistently ranked as the most
important marker compared to traditional risk factors such as hypertension, dyslipidemia, and heart disease.
To validate our findings, we also examined the relative strengths of these risk factors for stroke using explained
log-likelihood (Figure S1) and found that the ranking of VAII, VAI, CRP was consistent with that observed
using explained relative risk (R?) model. These findings collectively underscore the predictive strength of VAII
as a marker for stroke and its superiority over VAI and CRP. The integration of VAII into clinical models may
improve risk stratification for cerebrovascular events.

Interactive effects of VAl and CRP on incident stroke

The interactive effects of VAI and CRP on incident stroke are presented in Table 3. For additive effects, the
relative excess risk due to interaction (RERI) was — 0.01 (95% CI: — 0.43 to 0.4), the attributable proportion
(AP) was — 0.01 (95% CI: — 0.23 to 0.21), and the synergy index (SI) was 0.98 (95% CI: 0.62 to 1.56). For
multiplicative interactions, the interaction term (INTM) was 0.9 (95% CI: 0.67 to 1.2). These findings indicate
that there was no statistically significant interaction between VAI and CRP in the risk of stroke, either on an
additive or multiplicative scale.

Mediation analyses of stroke risk factors

Figure 5 illustrates the mediation analyses of stroke risk factors. For the VAII-stroke pathway, the analysis
reveals that systolic blood pressure (SBP) and diastolic blood pressure (DBP) serve as significant mediators. The
triglyceride-glucose index (TyG) emerges as another critical mediator in this pathway, exhibiting an total HR of
1.433 (95% CI: 1.239-1.657) and an indirect HR of 1.069 (95% CI: 1.002-1.114), which accounts for 18.5% of the
mediation effect. This emphasizes the significance of metabolic dysfunction in linking VAII to increased stroke
risk. Fasting blood glucose (FBG) also demonstrates mediation effects.
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VAII Quartilel | VAII Quartile2 | VAII Quartile3 | VAII Quartile4 | Total
Group (N=2107) (N=2134) (N=2108) (N=2066) (N=8415) P
Age 58.11+9.00 59.15+9.17 59.36+9.17 59.86+9.35 59.12+9.19 <0.001
eGFR (Cystatin C) 81.26+18.51 79.06+18.70 78.47+20.10 79.49+23.18 79.57+20.21 <0.001
VAI 0.86+0.47 1.50+0.85 2.26+1.49 4.10£2.75 2.17+2.03 <0.001
CRP 0.51+0.31 0.96+0.71 1.85+1.54 4.42+3.10 1.92+2.32 <0.001
VAIL 0.37+0.16 1.08+0.29 2.86+0.84 14.08+13.21 4.54+8.57 <0.001
Gender <0.001
Male 1186 (56.29%) 1022 (47.89%) | 911 (43.22%) 771 (37.32%) 3890 (46.23%)
Female 921 (43.71%) | 1112 (52.11%) | 1197 (56.78%) | 1295 (62.68%) | 4525 (53.77%)
Marital Status 0.152
Other 228 (10.82%) 245 (11.48%) 265 (12.57%) 265 (12.83%) 1003 (11.92%)
Married 1879 (89.18%) 1889 (88.52%) 1843 (87.43%) 1801 (87.17%) 7412 (88.08%)
Education Level 0.536
Less than upper secondary education | 1895 (89.94%) 1923 (90.12%) 1898 (90.03%) 1862 (90.12%) | 7578 (90.05%)
Upper secondary 188 (8.92%) 196 (9.18%) 189 (8.97%) 176 (8.52%) 749 (8.90%)
Tertiary education 24 (1.14%) 15 (0.70%) 21 (1.00%) 28 (1.36%) 88 (1.05%)
Rural Area <0.001
No 587 (27.86%) 697 (32.66%) 771 (36.57%) 828 (40.08%) 2883 (34.26%)
Yes 1520 (72.14%) | 1437 (67.34%) | 1337 (63.43%) | 1238 (59.92%) | 5532 (65.74%)
Smoking Status <0.001
No 1196 (56.28%) 1470 (69.34%) 1548 (73.78%) 1653 (79.78%) 5867 (69.72%)
Yes 929 (43.72%) | 650 (30.66%) | 550 (26.22%) | 419 (20.22%) | 2548 (30.28%)
Diabetes <0.001
No 2033 (96.49%) 2044 (95.78%) 1971 (93.50%) 1851 (89.59%) 7899 (93.87%)
Yes 74 (3.51%) 90 (4.22%) 137 (6.50%) 215(10.41%) | 516 (6.13%)
Hypertension <0.001
No 1781 (84.53%) 1683 (78.87%) 1481 (70.26%) 1302 (63.02%) | 6247 (74.24%)
Yes 326 (15.47%) 451 (21.13%) 627 (29.74%) 764 (36.98%) 2168 (25.76%)
Antidiabetic Medication <0.001
No 2059 (97.72%) 2081 (97.52%) 2019 (95.78%) 1930 (93.42%) | 8089 (96.13%)
Yes 48 (2.28%) 53 (2.48%) 89 (4.22%) 136 (6.58%) 326 (3.87%)
Antihypertensive Medication <0.001
No 1889 (89.65%) 1827 (85.61%) 1637 (77.66%) 1456 (70.47%) | 6809 (80.92%)
Yes 218 (10.35%) 307 (14.39%) 471 (22.34%) 610 (29.53%) 1606 (19.08%)
Drinking Status <0.001
No 1433 (68.01%) 1606 (75.26%) 1672 (79.32%) 1661 (80.40%) | 6372 (75.72%)
Yes 674 (31.99%) 528 (24.74%) 436 (20.68%) 405 (19.60%) 2043 (24.28%)
Dyslipidemia <0.001
No 2004 (95.11%) 1965 (92.08%) 1881 (89.23%) 1756 (85.00%) 7606 (90.39%)
Yes 103 (4.89%) 169 (7.92%) 227 (10.77%) 310 (15.00%) 809 (9.61%)
Depression 0.987
No 1424 (67.58%) 1444 (67.67%) 1416 (67.17%) 1393 (67.42%) 5677 (67.46%)
Yes 683 (32.42%) 690 (32.33%) 692 (32.83%) 673 (32.58%) 2738 (32.54%)
Loneliness 0.557
No 1518 (72.05%) 1511 (70.81%) 1477 (70.07%) 1470 (71.15%) 5976 (71.02%)
Yes 589 (27.95%) 623 (29.19%) 631 (29.93%) 596 (28.85%) 2439 (28.98%)
Exercise Status 0.545
No 766 (36.36%) 756 (35.43%) 755 (35.82%) 708 (34.27%) 2985 (35.47%)
Yes 1341 (63.64%) 1378 (64.57%) 1353 (64.18%) 1358 (65.73%) 5430 (64.53%)
Heart Disease <0.001
No 1922 (91.22%) | 1905 (89.27%) | 1834 (87.00%) | 1751 (84.75%) | 7412 (88.08%)
Yes 185 (8.78%) 229 (10.73%) 274 (13.00%) 315 (15.25%) 1003 (11.92%) | <0.001
Incident Stroke
No 1982 (94.07%) | 1955 (91.61%) | 1884 (89.37%) | 1798 (87.03%) | 7619 (90.54%)
Yes 125 (5.93%) 179 (8.39%) 224 (10.63%) 268 (12.97%) 796 (9.46%)

Table 1. Baseline characteristics of participants. Abbreviations: VAI, visceral adiposity index; CRP, high-

sensitivity C-reactive protein; VAII, visceral adiposity inflammation index.
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Fig. 2. K-M plot of cumulative incidence of new-onset stroke based on VAI, CRP and VAII levels.

Figure 5 summarizes the mutual mediating effects linking VAI and CRP to stroke events. High CRP
significantly mediated 16.2% (P <0.001) of the association between a high VAI and stroke events, while VAI
simultaneously mediated 9.0% (P <0.001) of the association between high CRP and stroke risk in the fully
adjusted model. These analyses reveal significant mediation effects, highlighting the interrelationship between
systemic inflammation and visceral adiposity in stroke risk.

Association between cumulative VAII, VAl and CRP and incident stroke

Figure S2 identifies the optimal cut-off values for cumulative indices of visceral adiposity (CumVAI), inflammation
(CumCRP), and visceral adiposity inflammatory index (CumVAII): 5.48 for CumVAI, 4 for CumCRP, and
6.29 for CumVAIJ, stratifying individuals into high- and low-level groups. Using these cut-offs, Kaplan-Meier
plots in Figure S3 demonstrate that high levels of cumulative indices are associated with significantly greater
cumulative stroke risk over time.
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Fig. 3. Associations of VAII, VAI and CRP with the risk of stroke. Adjusted Model included Age, eGFR
(Cystatin C), Depression, Gender, Marital Status, Education Level, Rural Area, Smoking Status, Diabetes,
Hypertension, Antidiabetic Medication, Antihypertensive Medication, Drinking Status, Dyslipidemia,
Loneliness, Exercise Status, and Heart Disease.

Further quantification in Fig. 6 reveals that each index independently predicts stroke risk after adjustment
for confounding factors. Higher levels of CumVAII (HR=1.41, 95% CI: 1.15-1.71), CumVAI (HR=1.32,
95% CI: 1.09-1.59), and CumCRP (HR=1.36, 95% CI: 1.12-1.65) are significantly associated with increased
stroke incidence. Moreover, Figure S4highlights the combined effects of CumVAI and CumCRP, showing that
individuals with elevated levels of both markers experience the highest stroke risk (HR=1.7, 95% CI: 1.31-2.19).
The change in VAII was categorized into two groups based on clustering analysis of wave 1 and wave 3 VAII
(Figure S5). After multivariate adjustment, the high-VAII cluster was not significantly associated with stroke risk
(HR: 1.35, 95% CI: 0.97-1.87, P=0.076) (Fig. 6).

Figure S6 shows the cross-lagged panel model of the relationship between VAI and CRP. Cross-lagged effects
indicate that baseline VAI predicts future CRP (3 =0.22), while baseline CRP has a effect on future VAI (3 =0.07).
These results suggest the temporal correlation and chronic interplay observed between VAI and CRP.

Subgroup and sensitivity analysis

Figure S7 demonstrates the associations of Chinese Visceral Adiposity Inflammatory Index (CVAII) and Chinese
Visceral Adiposity Index (CVAI) with stroke risk. In Figure S7, higher quartiles of both CVAII and CVAI are
significantly associated with an increased risk of stroke. The dataset incorporating the full set of covariates
further validates these associations (Figure S8). Specifically, VAIIL, VAI, CRP, as well as cumulative VAII, VAL,
and CRP, were consistently and strongly positively associated with stroke risk. Subgroup analyses in Figures
S9 and S10 reveal that the associations between VAII (both baseline and cumulative) and stroke are consistent
across various demographic and clinical subgroups, including age, gender, and comorbidity status. Figures S11
to S13 highlight the nonlinear relationships between baseline and cumulative measures of VAII, VAI, and CRP
with stroke risk. Table S3 presents E-values, providing sensitivity analysis for unmeasured confounding. The
high E-values for the upper quartiles of VAII (3.23), VAI (2.87), and CRP (2.41) demonstrate that the observed
associations with stroke risk are unlikely to be entirely explained by unmeasured confounders.

Discussion

Stroke is a significant global health concern, being one of the leading causes of morbidity and mortality
worldwide!2. As the prevalence of stroke continues to rise, understanding its risk factors and mechanisms
becomes increasingly vital. While traditional risk factors, such as hypertension, diabetes, and smoking, have
been extensively studied?, there remains a critical need to identify additional biomarkers and novel risk factors
to enhance prevention and treatment strategies.

Abdominal obesity is linked to a range of metabolic abnormalities, including insulin resistance, dyslipidemia,
and inflammation®!%?8, These metabolic disturbances play a significant role in the onset and advancement of
atherosclerosis, which is a major factor in the occurrence of stroke?. Atherosclerosis is a chronic inflammatory
condition. The interaction between lipid metabolism and vascular inflammation plays a pivotal role in the
development of atherosclerotic plaques!'!%. VAT, an index reflecting visceral fat dysfunction, and CRP, a marker
of systemic inflammation, likely interact through multiple interconnected biological pathways to influence stroke
risk. Visceral adipose tissue is metabolically active, secreting a variety of pro-inflammatory cytokines, which
contribute to a state of chronic low-grade inflammation. The individual contributions of VAI and CRP to stroke
risk are well-documented!>~!8, These findings underscore the importance of simultaneously assessing VAI and
CRP to enhance stroke risk prediction. In our study, we introduced the VAII, a novel and comprehensive metric
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Fig. 4. ROC curve and relative importance of VAII, VAI and CRP for predicting stroke. (A) Receiver
Operating Characteristic (ROC) curves for VAII, VAI and CRP were used independently to evaluate their
discriminatory ability by calculating the Area Under the Curve (AUC). (B) The base model included the
following variables: Age, eGFR (Cystatin C), Depression, Gender, Marital Status, Education Level, Rural Area,
Smoking Status, Diabetes, Hypertension, Antidiabetic Medication, Antihypertensive Medication, Drinking
Status, Dyslipidemia, Loneliness, Exercise Status, and Heart Disease. Combine VAII, VAI and CRP with the
basic model in that order. (C) Relative importance of risk factors for predicting stroke.

designed to evaluate the interaction between visceral adiposity and inflammatory pathways in the pathogenesis
of stroke. The combined and cumulative effects of these factors may involve a more complex interplay of
metabolic and inflammatory pathways. Our findings revealed that VAII is significantly associated with stroke
risk and outperforms traditional markers such as VAI and CRP in predictive accuracy. This is demonstrated
by its superior AUC values and enhanced performance in incremental predictive metrics, including IDI and
NRI as well as in relative importance analyses. By integrating VAII into clinical models, we observed a marked
improvement in stroke risk stratification, highlighting its potential as a novel and robust biomarker. This method
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Comparison [DI©s%C) [Py, | NRI(95%CI) P
Stroke

Basic model 0 [Reference] 0 [Reference]

Basic model + VAT | 0.002(0, 0.007) <0.001 | 0.12(0.013,0.171) | <0.001
Basic model+ CRP | 0.004(0.001, 0.006) | <0.001 | 0.138(0.015,0.192) | <0.001
Basic model + VAII | 0.006(0.001, 0.012) | <0.001 | 0.169(0.028, 0.244) | <0.001

Table 2. Incremental predictive value of VAL, CRP, VAIIL The base model included the following variables:
Age, eGFR (Cystatin C), Depression, Gender, Marital Status, Education Level, Rural Area, Smoking

Status, Diabetes, Hypertension, Antidiabetic Medication, Antihypertensive Medication, Drinking Status,
Dyslipidemia, Loneliness, Exercise Status, and Heart Disease. VAII, VAL, and CRP were categorized into four
groups based on interquartile thresholds. Abbreviations: VAL visceral adiposity index; CRP, high-sensitivity
C-reactive protein; VAII, visceral adiposity inflammation index; NRI, net reclassification improvement; IDI,
integrated discrimination improvement; LR, likelihood ratio test.

Interactive items (VAI and CRP)

Stroke

Unadjusted model | Adjusted model

Additive effects

RERI

0.12[-0.34,0.57] | —0.01 [-0.43,0.4]

AP

0.05 [-0.14, 0.24] -0.01 [-0.23,0.21]

SI

1.1 [0.76, 1.59] 0.98 [0.62, 1.56]

Multiplicative effect

INTM

‘ 0.91 [0.68, 1.21] ‘ 0.9 [0.67,1.2]

Table 3. Interactive effects of VAI and CRP on incident stroke. Adjusted Model included Age, eGFR (Cystatin
C), Depression, Gender, Marital Status, Education Level, Rural Area, Smoking Status, Diabetes, Hypertension,
Antidiabetic Medication, Antihypertensive Medication, Drinking Status, Dyslipidemia, Loneliness, Exercise
Status, and Heart Disease. Abbreviations: VAL, visceral adiposity index; CRP, high-sensitivity C-reactive
protein; RERI, relative excess risk due to interaction; AP, proportion attributable to interaction; SI, synergy
index; INTM, interaction term.
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Fig. 5. Mediation analyses of stroke risk factors. Adjusted for Age, eGFR (Cystatin C), Depression, Gender,
Marital Status, Education Level, Rural Area, Smoking Status, Diabetes (with the exception of the FBG model),
Hypertension (with the exception of the SBP and DBP models), Antidiabetic Medication, Antihypertensive
Medication, Drinking Status, Dyslipidemia, Loneliness, Exercise Status, and Heart Disease. VAII, VAI and CRP
were categorized into two groups based on the 50% cut-off. Abbreviations: VAL visceral adiposity index; CRP,
high-sensitivity C-reactive protein; SBP, systolic blood pressure; DBP, diastolic blood pressure; FBG, fasting
blood glucose; TyG, triglyceride-glucose index.
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Fig. 6. Association between cumulative and change in VAII, VAI and CRP and incident stroke. Adjusted
Model included Age, eGFR (Cystatin C), Depression, Gender, Marital Status, Education Level, Rural Area,
Smoking Status, Diabetes, Hypertension, Antidiabetic Medication, Antihypertensive Medication, Drinking
Status, Dyslipidemia, Loneliness, Exercise Status, and Heart Disease.

offers a practical approach for identifying high-risk patients, enabling clinicians to perform more precise risk
assessments and implement targeted interventions aimed at reducing stroke incidence. These results support the
clinical utility of VAII as an innovative tool for improving patient outcomes.

Our study also explored the potential interaction between VAI and CRP in relation to stroke risk. Contrary
to our initial hypothesis, the findings indicate no significant synergistic or interactive effect between these two
factors. While both VAI and CRP independently contribute to stroke risk!>~!8, their combined impact does
not appear to exceed the sum of their individual effects. This observation adds a layer of complexity to our
understanding of how these markers collectively influence stroke risk. Stroke is a multifactorial condition driven
by a complex interplay of diverse risk factors, including hypertension, smoking, diet, genetics, and metabolic
health®®3!. These underlying factors may modulate or overshadow the interaction between VAI and CRP,
potentially explaining the absence of a pronounced synergistic effect. These results underscore the importance
of considering the broader context of stroke pathophysiology and highlight the need for further research to
elucidate the mechanisms underlying the relationship between metabolic and inflammatory markers in stroke
risk prediction.

While our study did not reveal a synergistic interaction between VAI and the CRP, it did underscore the
importance of considering these factors jointly in stroke risk assessment. Our findings suggest that the
combination of both VAI and the CRP may provide greater efficacy in predicting stroke risk than either factor
alone. However, the exact physiological mechanisms connecting VAI and the CRP to the onset of stroke are still
unclear. In this study, we employed mediation analysis to investigate the mediating roles of VAI and the CRP in
stroke development. We found that elevated levels of VAI significantly mediated 9.0% of the relationship between
CRP and stroke risk, while increased CRP, in turn, mediated 16.2% of the association between VAI and stroke,
highlighting the reciprocal mediating relationship between these two biomarkers. Moreover, mediation analyses
revealed that the association between VAII and stroke is partially mediated through systemic inflammation and
metabolic dysfunction, as reflected by elevated systolic and diastolic blood pressure, TyG, and fasting blood
glucose. Cross-lagged analyses also indicate a bidirectional relationship between VAI and CRP, supporting the
hypothesis that visceral fat perpetuates a pro-inflammatory state.

By evaluating the combined long-term effects of the VAI and CRP through the cumulative VAIL, we identified
a strong and significant association between elevated cumulative VAII levels and increased stroke risk. This novel
index provides a more comprehensive assessment by integrating the chronic interplay between VAI and CRP
over time, thereby reflecting the sustained influence of metabolic and inflammatory factors on stroke risk. The
introduction of the cumulative VAII concept offers a valuable tool for evaluating long-term stroke risk and
deepens our understanding of the role that prolonged elevations in VAI and CRP play in stroke development.
These findings underscore the importance of considering cumulative exposures to metabolic and inflammatory
markers in stroke risk assessment and suggest that VAII could serve as a clinically relevant biomarker for
identifying high-risk individuals and guiding early interventions.

This study has several strengths, including its large sample size, long follow-up duration, and comprehensive
adjustment for potential confounders. By examining both baseline and cumulative measures, we captured the
dynamic and long-term impacts of visceral adiposity and inflammation on stroke risk. Advanced statistical
approaches, such as mediation and interaction analyses, further enhance the robustness of our findings.

However, certain limitations should be acknowledged. First, the observational design of this study restricts
our ability to establish causal relationships between VAII and stroke incidence. Residual confounding cannot be
entirely excluded despite rigorous adjustments. Second, reliance on self-reported stroke diagnosis may introduce
misclassification bias, although validation studies in similar settings suggest high reliability. Lastly, the study
population, predominantly middle-aged and older Chinese adults, may limit the generalizability of findings
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to other ethnic groups or younger populations. Future studies should aim to address these limitations through
more rigorous validation methodologies and diverse cohorts.

Conclusion

In conclusion, this study underscores the significant association between VAII and stroke risk, emphasizing the
critical roles of visceral adiposity and systemic inflammation in cerebrovascular events. Our findings demonstrate
the superior predictive performance of VAII compared to traditional biomarkers, highlighting its potential as a
clinical tool for enhanced risk stratification and prevention strategies. As stroke remains a critical public health
challenge, further research is essential to validate these results and elucidate the underlying mechanisms linking
visceral fat dysfunction to stroke. Ultimately, integrating VAII into clinical practice could contribute to improved
patient outcomes, reduced healthcare burdens, and more effective management strategies for populations at risk
of stroke.
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