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Background: Both visceral fat accumulation and inflammation are commonly observed in cardiometabolic diseases (CMD). We 
aimed to evaluate their joint effects on CMD risk, and assessed their temporal relationship and biological interactions.
Methods: The study comprised 9559 individuals from the China Health and Retirement Longitudinal Study (CHARLS), a nationally 
representative cohort initiated in 2011 and completed follow-up through 2020. Visceral fat was measured by the Chinese visceral adiposity 
index (CVAI), and inflammation was indicated by high-sensitivity C-reactive protein (hs-CRP). Multivariate regression analyses were 
applied to evaluate the joint effects of CVAI and hs-CRP on CMD, including hypertension, diabetes, heart diseases, and stroke. A cross- 
lagged panel model was used to examine the temporal relationship. Multiplicative and additive interactions were also assessed.
Results: The mean age of the study population was 59.3 ± 9.6 years, and 5164 (54.0%) were women. Both cross-sectional and 
longitudinal analyses yielded consistent results that visceral fat and inflammation were individually and jointly associated with 
CMD. When evaluating the effect of co-exposure, the highest CMD risks were observed for individuals with high CVAI and 
hs-CRP levels. Compared with people with low CVAI (< 93.32 [median]) and hs-CRP (< 1 mg/L), those concurrently with high 
CVAI (≥ 93.32) and hs-CRP (≥ 1 mg/L) had double the increased risk of diabetes and stroke, and 40% increased risk of 
hypertension and heart diseases. A unidirectional temporal relationship from baseline CVAI to follow-up hs-CRP was observed, 
with a standardized correlation coefficient of 0.130 (P <0.001). There was significantly biological interaction between CVAI 
and hs-CRP, and the attributable proportion due to interaction was 19% for hypertension and 14% for diabetes.
Conclusion: The concurrent visceral fat accumulation and elevated inflammation synergistically lead to highest risks of CMD. The 
combined assessment of both factors may improve risk stratification and primary prevention of cardiometabolic diseases.
Keywords: visceral fat, inflammation, cardiometabolic diseases, additive interaction, temporal relationship

Introduction
Cardiometabolic diseases (CMD), mainly involving hypertension, diabetes, obesity, dyslipidemia, coronary heart disease 
(CHD) and stroke, contribute more to morbidity and mortality than any other disorders.1,2 Globally, CMD is one of the greatest 
challenges to the public health burden, resulting in huge financial costs.3 In China, cardiovascular disease (CVD) was 
estimated in 2019 to affect about 330 million patients, in which 245 million with hypertension, 11.39 million with CHD, 
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and 13 million with stroke, and more than 40% of deaths were attributable to CVD.4 The prevalence of diabetes was 12.8%, 
with an estimated 129.8 million adults affected in China.5 Along with the population aging and steady rise in the prevalence of 
metabolic risk factors, CMD has been and is rapidly increasing, and the burden will continue to expand. Although the 
mortality and disability rates are high, CMD is largely preventable and controllable. Given the impact on quality of life and 
financial implications, the opinion that prevention is always better than cure is desirable. In this perspective, early identifica
tion of high-risk individuals for primary prevention would be highly beneficial. However, although many factors have been 
proven to be predictive for CMD, approximately one third of individuals who experience a first-time cardiovascular event are 
misclassified as being low risk on the basis of traditional risk factors.6 Identifying entirely novel biomarkers that can 
significantly improve risk prediction is arduous. In reality, the complex process of CMD indicates that studying such diseases 
from the perspective of a single factor is inherently one-sided and limited.

Both visceral fat accumulation and chronic systemic inflammation are closely associated with CMD.7–9 As a phenotype of 
obesity, visceral adiposity has been demonstrated to outperform the general obesity phenotype in predicting CMD, and the 
Chinese visceral adiposity index (CVAI) is considered the optimal non-invasive indicator for measuring visceral fat.10–12 

Moreover, its association with CMD has been robustly demonstrated in several recent studies.13–15 A proinflammatory milieu 
usually exists in patients with hypertension, obesity, diabetes, or other cardiovascular disorders.16 Mechanically, visceral 
adipose tissue (VAT) can promote the production and release of inflammatory cytokines directly or indirectly, which amplifies 
inflammatory response.17 These VAT-related pro-inflammatory cytokines, such as tumor necrosis factor-α and interleukin-6, 
contributes to abnormal metabolism by inducing insulin resistance, promoting endothelial dysfunction, fostering oxidative 
stress, and altering lipid metabolism.18,19 A genetic study reported a polygenic overlap between C-reactive protein (CRP) and 
plasma lipids, indicating the need to consider the role of both inflammation and lipid metabolism in evaluating risk of related 
diseases.20 Evidence has accumulated supporting the use of high-sensitivity C-reactive protein (hs-CRP) as a clinical measure 
of inflammation.21 In recent years, several studies found that some indicators related to obesity or lipid profile have different 
effects on CMD at different CRP levels, and some of them have synergistic effects with CRP.22–24 However, few studies have 
focused on the temporal relationship and the combined effect between CVAI and CRP.

Understanding the joint effects on diseases and the potential causal relationship can provide new insights into the 
mechanisms of disease occurrence and development. It would be beneficial for prevention strategies by translating the 
biological interweaving into epidemiological practice. Therefore, we conducted the present study using a nationally 
representative cohort to evaluate the combined effects of visceral fat (measured by CVAI) and inflammation (measured 
by hs-CRP) on the risk of CMD, including hypertension, diabetes, heart diseases, and stroke. We also assessed the 
temporal relationship between CVAI and hs-CRP, and explored their biological interactions.

Materials and Methods
Study Design and Population
The study population was from the China Health and Retirement Longitudinal Study (CHARLS), which is an ongoing 
nationally representative survey that aims to evaluate the social, economic, and health circumstances of Chinese 
community residents. The study procedure and the cohort profile were detailed previously.25 Briefly, a total of 17,708 
individuals from 150 counties or districts and 450 villages within 28 provinces of China participated in the baseline 
survey between June 2011 and March 2012. Four subsequent follow-ups were performed in 2013–2014 (wave 2), 
2015–2016 (wave 3), 2017–2018 (wave 4), and 2020 (wave 5), with blood samples collected in wave 1 and wave 3. The 
CHARLS received approval from the institutional review board of Peking University, and all participants provided 
written informed consent. The present study was conducted in accordance with the Declaration of Helsinki and was 
approved by the Ethics Committee at the First Affiliated Hospital of Shantou University Medical College.

Study design and population selection were illustrated in Figure 1. Firstly, we excluded those without data of blood and 
physical examination, diagnosed malignant tumor, and with missing data. Accordingly, 9559 individuals out of 17,708 
participants were included in the cross-sectional analysis. Secondly, among the 9559 individuals with complete baseline 
information, we further excluded those with history of cardiometabolic diseases and who were without any available follow- 
up data. The remaining subjects were followed up until 2020 and were included in the longitudinal analyses. Thirdly, those 
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with complete blood examination in both wave 1 and wave 3 were included in the cross-lagged path analysis to evaluate the 
temporal relationship between visceral fat and inflammation.

Data Collection and Definition of Diseases
Details of data collection and the row data are available on the CHARLS website (http://charls.pku.edu.cn/en). A standardized 
questionnaire was applied for collecting information on demographic, socioeconomic and health-related data through face-to- 
face computer-assisted personal interviews at baseline survey and at each follow-up wave. Physical examinations were 
conducted by trained staff members, and venous blood samples were collected and tested using uniform assay methods.26 

Variables extracted for the present study included age, sex, height, weight, waist circumference (WC), smoking status (ever/ 
current or never), alcohol consumption (ever/current or never), educational levels (primary and below, middle school, or high 
school and above), systolic blood pressure (SBP), diastolic blood pressure (DBP), fasting plasma glucose (FPG), total 
cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol 
(HDL-C), serum creatinine (Scr), uric acid (UA), high-sensitivity C-reactive protein (hs-CRP), and disease status (including 
hypertension, diabetes, heart diseases, and stroke). Body mass index (BMI) was calculated by dividing weight by height- 
squared. The mean value of three measurements of blood pressure (BP) was used for analysis. Abdominal obesity was defined 
as a WC ≥90 cm for men and ≥85 cm for women.

Exposure and Outcome
Primary exposure was the joint effect of visceral fat and inflammation, which was assessed by CVAI and hs-CRP, 
respectively. The combined effect was defined according to baseline CVAI median (<93.32 or ≥93.32) and hs-CRP 
threshold (<1 mg/L or ≥1 mg/L). Therefore, four groups were generated as follows: group 1 served as reference and 
included those with CVAI <93.32 and hs-CRP <1; group 2 included those with CVAI <93.32 and hs-CRP ≥1; group 3 
included those with CVAI ≥93.32 and hs-CRP <1; and group 4 included those with CVAI ≥93.32 and hs-CRP ≥1. The 
calculation formula of CVAI is as follows:27

Figure 1 Flow chart of sample selection.
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The study outcome was cardiometabolic diseases, which included hypertension, diabetes, heart diseases, and stroke. The 
information of such diseases was collected by self-reported physician’s diagnosis, with the question of “Have you been 
told by a doctor that you have been diagnosed with hypertension/diabetes/heart diseases/stroke?” In addition, individuals 
who reported no history of hypertension or diabetes, but had a BP ≥140/90 mmHg or FPG ≥7.0 mmol/L, were classified 
as diagnosed with hypertension or diabetes, respectively. Heart diseases included heart attack, CHD, angina, and 
congestive heart failure. In the longitudinal analyses, participants contributed their follow-up time until the occurrence 
of the disease or the last available follow-up visit.

Statistical Analyses
Baseline information was summarized across the four co-exposure groups. Data are presented as mean ± standard 
deviation (SD), median (interquartile range), or number (percentage) where appropriate. Analysis of variance and chi- 
square tests were used for comparison of continuous and categorical variables, respectively. Kruskal–Wallis H-test was 
used for comparison of variable with skewed distribution.

The prevalences and person-year incidences of cardiometabolic diseases were calculated in the cross-sectional and 
longitudinal analyses, respectively. Logistic and Cox regression analyses were applied to explore the effect of CVAI and hs- 
CRP separately and their joint effect on each of the diseases. Three multivariable models were constructed for evaluating the 
independent association. Model 1 adjusted for demographic factors, including age, sex, smoking status, alcohol consumption 
and educational level. Model 2 further considered physical and laboratory examinations, including SBP, FPG, TC, LDL-C, 
Scr, and UA. Model 3 adjusted for variables in model 2 plus the cardiometabolic diseases (for the other disease analyses). The 
effect coefficients and the 95% confidence intervals (CIs) were calculated for binary CVAI and hs-CRP separately, each SD 
increase, and co-exposure (4 groups). Several sensitivity analyses were performed to evaluate the robustness of the main 
results. Firstly, given that no clear threshold for hs-CRP currently exists, we repeated the above analyses using another 
suggested clinical cutoff (<1, 1 to 3, ≥3 mg/L)28,29 to re-define the co-exposure. Secondly, for addressing the potential reverse 
causation, we performed repeated analyses by excluding those with endpoints occurring within the first follow-up visit. 
Thirdly, those with kidney diseases or hs-CRP ≥10 mg/L were excluded, considering potential confounding effects. To 
evaluate heterogeneity of the association, stratified analyses with multiplicative interaction terms were conducted according to 
different subgroups of age (<60 or ≥60 years), sex (female or male), BMI (<24 or ≥24 kg/m2), abdominal obesity (yes or no), 
smoking status (ever/current or never), and drinking status (ever/current or never).

The longitudinal design and repeated measurements of CVAI and hs-CRP at two time points (in both wave 1 and wave 3) 
was typically a cross-lagged panel design,30 which was applied in the present study to assess the temporal relationship between 
CVAI and hs-CRP. As a form of path analysis, the cross-lagged panel analysis simultaneously examined reciprocal and 
longitudinal relationships among a set of intercorrelated variables.23 One of two paths was designed to describe the effect of 
baseline CVAI (T1_CVAI) on follow-up hs-CRP (T2_hs-CRP), and another path indicated the effect of baseline hs-CRP 
(T1_hs-CRP) on follow-up CVAI (T2_CVAI). Prior to path analysis, the baseline and follow-up values of log-transformed 
CVAI and log-transformed hs-CRP were adjusted for age, sex, smoking and drinking status, educational levels, SBP, FPG, TC, 
LDL-C, Scr, UA, and history of cardiometabolic diseases by regression residual analyses, and then standardized by 
Z-transformation (mean =0, SD =1). The cross-lagged path coefficients were estimated simultaneously based on the 
correlation matrix using the maximum likelihood method. A significant coefficient would suggest directionality of the 
relationship. Based on the significant temporal relationships in path analysis, we further evaluated the joint effect of 
T1_CVAI and T2_hs-CRP on the disease, by using the above analysis strategies.

We also assessed biological interactions between visceral fat and inflammation by calculating parameters of additive 
interaction,31 including relative excess risk due to interaction (RERI), attributable proportion due to interaction (AP), and 
synergy index (SI).32,33 Specifically, when the 95% CI did not contain 0 for RERI and AP, and did not contain 1 for SI, it 
would indicate a significant interaction between the two variables. When RERI >0, AP >0, and SI >1, it would suggest 
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that the combined effect of CVAI and hs-CRP on the cardiometabolic disease exceeded the sum of their individual 
effects, indicating a synergistic effect. Statistical analyses were conducted using SPSS 23.0 and R version 4.0.3 for 
Windows. A two-sided P <0.05 was considered statistically significant, except for interaction testing, in which P <0.1 
was considered significant given the reduced statistical power for detecting interaction effects and the exploratory nature 
of the analyses.

Results
Baseline Characteristics of the Study Population
A total of 9559 participants were finally included (Figure 1), with mean age 59.3 ± 9.6 years, and 54.0% (n =5164) were 
female. The mean BP and FPG were 131/76 mmHg and 6.1 mmol/L, respectively. The proportions of cardiometabolic 
diseases at baseline were 40.9% (n =3907) for hypertension, 16.1% (n =1541) for diabetes, 14.6% (n =1394) for heart 
diseases, and 3.1% (n =294) for stroke. Details of baseline characteristics across the CVAI and hs-CRP groups are shown 
in Table 1. Participants with higher CVAI and hs-CRP had higher BMI, BP, FPG, TC, LDL-C, and UA levels, and also 
higher prevalence of cardiometabolic diseases (P for trend <0.001). Significant differences were observed in the 
prevalences between group 1 (low CVAI & low hs-CRP) and group 4 (high CVAI & high hs-CRP), which including 
26.3% vs 57.7% for hypertension, 8.8% vs 24.5% for diabetes, 10.9% vs 19.0% for heart diseases, and 1.9% vs 4.5% for 
stroke (all P <0.001).

Table 1 Baseline Characteristics of the Study Population

Characteristics CVAI <Median &  
hs-CRP <1mg/L  

(n =2885)

CVAI <Median and 
hs-CRP ≥1mg/L  

(n =1895)

CVAI ≥Median and 
hs-CRP <1mg/L  

(n =1783)

CVAI ≥Median and 
hs-CRP ≥1mg/L  

(n =2996)

P-value

Age (years) 56.7 ± 9.0 58.9 ± 9.6 60.4 ± 9.7 61.3 ± 9.6 < 0.001

Sex, female, n (%) 1576 (54.6) 832 (43.9) 1012 (56.8) 1744 (58.2) < 0.001

Smoking, n (%) 1116 (38.7) 919 (48.5) 616 (34.5) 1058 (35.3) < 0.001

Drinking, n (%) 1186 (41.1) 862 (45.5) 731 (41.0) 1117 (37.3) < 0.001

Education, n (%)

Primary and below 2027 (70.3) 1366 (72.1) 1271 (71.3) 2061 (68.8)

Middle school 583 (20.2) 372 (19.6) 352 (19.7) 604 (20.2) 0.044

High school and above 275 (9.5) 157 (8.3) 160 (9.0) 331 (11.0)

Body mass index (kg/m2) 21.3 ± 2.4 21.2 ± 2.6 25.3 ± 3.4 26.1 ± 3.7 < 0.001

Waist circumference (cm) 78.1 ± 6.3 78.2 ± 6.5 91.2 ± 7.0 93.1 ± 7.9 < 0.001

Systolic blood pressure (mmHg) 124.6 ± 20.2 126.5 ± 20.6 133.7 ± 21.1 137.3 ± 21.7 < 0.001

Diastolic blood pressure (mmHg) 73.0 ± 11.9 73.9 ± 11.7 77.2 ± 11.8 78.8 ± 12.0 < 0.001

Fasting plasma glucose (mmol/L) 5.7 ± 1.5 5.9 ± 2.1 6.2 ± 1.8 6.5 ± 2.5 < 0.001

Total cholesterol (mmol/L) 4.9 ± 0.9 4.9 ± 1.0 5.0 ± 1.0 5.2 ± 1.0 < 0.001

Triglycerides (mmol/L) 0.92 (0.70–1.25) 0.92 (0.69–1.26) 1.42 (1.04–2.03) 1.54 (1.11–2.22) < 0.001

LDL-C (mmol/L) 2.9 ± 0.8 2.9 ± 0.9 3.0 ± 0.9 3.2 ± 1.0 < 0.001

HDL-C (mmol/L) 1.5 ± 0.4 1.5 ± 0.4 1.2 ± 0.3 1.1 ± 0.3 < 0.001

Serum creatinine (μmol/L) 64.9 (55.9–74.9) 67.9 (56.9–77.9) 66.9 (57.9–77.9) 67.9 (58.9–79.9) < 0.001

Uric acid (mg/dl) 4.1 ± 1.2 4.4 ± 1.2 4.4 ± 1.2 4.8 ± 1.3 < 0.001

CVAI 66.3 (49.9–80.2) 69.7 (52.4–82.8) 116.8 (104.0–134.8) 126.7 (109.5–148.2) < 0.001

hs-CRP (mg/L) 0.5 (0.4–0.7) 2.1 (1.4–4.1) 0.6 (0.4–0.8) 2.1 (1.4–3.9) < 0.001

Cardiometabolic diseases at baseline, n (%)

Hypertension 760 (26.3) 577 (30.4) 842 (47.2) 1728 (57.7) < 0.001

Diabetes mellitus 254 (8.8) 222 (11.7) 332 (18.7) 733 (24.5) < 0.001

Heart disease 315 (10.9) 213 (11.2) 296 (16.6) 570 (19.0) < 0.001

Stroke 55 (1.9) 47 (2.5) 56 (3.1) 136 (4.5) < 0.001

Notes: Data are presented as the mean ± SD, n (%), or median (interquartile range). 
Abbreviations: CVAI, Chinese visceral adiposity index; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein; LDL-C, low-density 
lipoprotein cholesterol.
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Joint Effects of Visceral Fat and Inflammation on Cardiometabolic Diseases 
(Cross-Sectional Analyses)
CVAI was independently associated with all of the four cardiometabolic diseases in both dichotomous and continuous 
variables (Table S1). The fully adjusted model, which considered demographic factors, biochemical indicators and health 
status, showed that those with higher CVAI (compared with CVAI <median) had more than double the odds for diabetes, 
and increases of 81% for hypertension, 35% for heart diseases, and 32% for stroke (Table S1, model 3). Similarly, hs- 
CRP was independently associated with hypertension and diabetes, and was marginally associated with stroke (P =0.079, 
Table S2). In addition, the association between hs-CRP and heart disease was attenuated after further considering for the 
combination of other diseases (Table S2, model 3). We further evaluated the association between CVAI and cardiometa
bolic diseases in different CRP strata (Table S3). Consistent results were observed for hypertension, diabetes and heart 
disease regardless of CRP level, whereas increase of CVAI-associated stroke odds were found only in those with higher 
hs-CRP.

The prevalence of each disease across groups defined by CVAI combined with hs-CRP are shown in Figure S1. As 
expected, those with high CVAI and high hs-CRP had highest prevalences for all cardiometabolic diseases. Compared 
with group 1 (low CVAI and low hs-CRP), the crude odds for individuals with high CVAI and high hs-CRP (group 4) 
were more than 3-fold for hypertension and diabetes, more than 2-fold for stroke, and nearly 2-fold for heart disease 
(Table 2). After adjustment for age, sex, smoking and drinking status, educational level, BP, FPG, TC, LDL-C, Scr, UA 
and disease status, group 4 carried highest odds for prevalent cardiometabolic diseases. The ORs of group 4 were 2.06 
(95% CI: 1.74–2.43) for hypertension, 2.88 (95% CI: 2.45–3.40) for diabetes, 1.37 (95% CI: 1.16–1.61) for heart disease, 
and 1.51 (95% CI: 1.07–2.13) for stroke.

Table 2 Joint Effect of CVAI and Hs-CRP on Cardiometabolic Diseases (Cross-Sectional Association)

Diseases Crude Model Model 1 Model 2 Model 3

OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value

Hypertension

CVAI <93.32 and hs-CRP <1 Reference Reference Reference Reference

CVAI <93.32 and hs-CRP ≥1 1.22 (1.08–1.39) 0.002 1.13 (0.99–1.29) 0.069 1.07 (0.89–1.29) 0.497 1.06 (0.88–1.29) 0.525

CVAI ≥93.32 and hs-CRP <1 2.50 (2.21–2.83) < 0.001 2.21 (1.94–2.51) < 0.001 1.68 (1.40–2.01) < 0.001 1.61 (1.34–1.93) < 0.001

CVAI ≥93.32 and hs-CRP ≥1 3.81 (3.41–4.25) < 0.001 3.31 (2.96–3.71) < 0.001 2.21 (1.87–2.61) < 0.001 2.06 (1.74–2.43) < 0.001

Diabetes

CVAI <93.32 and hs-CRP <1 Reference Reference Reference Reference

CVAI <93.32 and hs-CRP ≥1 1.37 (1.14–1.66) 0.001 1.35 (1.11–1.63) 0.002 1.38 (1.14–1.68) 0.001 1.38 (1.14–1.67) 0.001

CVAI ≥93.32 and hs-CRP <1 2.37 (1.99–2.83) < 0.001 2.31 (1.93–2.76) < 0.001 2.17 (1.81–2.60) < 0.001 2.10 (1.75–2.51) < 0.001

CVAI ≥93.32 and hs-CRP ≥1 3.36 (2.88–3.91) < 0.001 3.25 (2.78–3.80) < 0.001 3.03 (2.57–3.56) < 0.001 2.88 (2.45–3.40) < 0.001

Heart diseases

CVAI <93.32 and hs-CRP <1 Reference Reference Reference Reference

CVAI <93.32 and hs-CRP ≥1 1.03 (0.86–1.24) 0.729 1.00 (0.83–1.21) 0.977 0.99 (0.82–1.20) 0.938 0.98 (0.81–1.19) 0.848

CVAI ≥93.32 and hs-CRP <1 1.62 (1.37–1.93) < 0.001 1.45 (1.22–1.72) < 0.001 1.40 (1.17–1.67) < 0.001 1.30 (1.09–1.55) 0.004

CVAI ≥93.32 and hs-CRP ≥1 1.92 (1.65–2.22) < 0.001 1.64 (1.41–1.91) < 0.001 1.54 (1.31–1.80) < 0.001 1.37 (1.16–1.61) < 0.001

Stroke

CVAI <93.32 and hs-CRP <1 Reference Reference Reference Reference

CVAI <93.32 and hs-CRP ≥1 1.31 (0.88–1.94) 0.181 1.18 (0.80–1.76) 0.405 1.15 (0.77–1.71) 0.500 1.13 (0.76–1.68) 0.559

CVAI ≥93.32 and hs-CRP <1 1.67 (1.15–2.43) 0.008 1.52 (1.04–2.22) 0.032 1.43 (0.97–2.10) < 0.001 1.20 (0.82–1.77) 0.354

CVAI ≥93.32 and hs-CRP ≥1 2.45 (1.78–3.36) < 0.001 2.19 (1.59–3.03) < 0.001 1.92 (1.37–2.69) < 0.001 1.51 (1.07–2.13) 0.019

Notes: Results are shown as odds ratios (95% CI) derived from logistic regression models. Model 1 adjusted for age, sex, smoking, drinking, and education. Model 2 further 
adjusted for SBP, FPG (except for diabetes analyses), TC, LDL-C, Scr and UA. Model 3 was adjusted for the variables in model 2 plus cardiometabolic diseases (for the other 
diseases analyses), including hypertension, diabetes, heart diseases and stroke. 
Abbreviations: CVAI, Chinese visceral adiposity index; FPG, fasting plasma glucose; hs-CRP, high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; 
SBP, systolic blood pressure; Scr, serum creatinine; TC, total cholesterol; UA, uric acid.
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Joint Effects of Visceral Fat and Inflammation on the Risk of Cardiometabolic Disease 
(Longitudinal Analyses)
Details of data sets for longitudinal analyses are shown in Table S4. The follow-up period was 9 years. Consistent with results 
in cross-sectional analyses, CVAI was independently associated with all of the four cardiometabolic diseases, in both its 
dichotomous and continuous forms (Table S5). After considering all potential confounders, each SD increase in CVAI 
corresponded to an increased risk of 25% increased risk for hypertension, 39% for diabetes, 20% for heart diseases, and 26% 
for stroke (all P <0.001). Similarly, hs-CRP was associated to varying degrees with the risk of cardiometabolic diseases, 
except for hypertension risk, which was significant only in the demographic-adjusted model (Table S6). The significant 
association between CVAI and risk of cardiometabolic disease was observed in both the low and high CRP strata (Table S7). It 
is noteworthy that the association appears to be stronger in those with high hs-CRP levels.

Among the four groups, the highest person-year incidences of the four diseases were observed in those with concurrently 
high CVAI and hs-CRP (Figure 2). Findings in the joint effects of CVAI and CRP on cardiometabolic diseases from the cross- 
sectional analyses were confirmed in the longitudinal analyses, in which the highest risks of disease were observed for 
individuals with high CVAI and CRP levels (Table 3). Crude Cox regression analyses showed that the HRs for the diseases for 
those in group 4 ranged from 1.72 to 2.83 (all P <0.001). After adjusting for demographic factors and biochemical indicators 
(Table 3, model 2), individuals with high CVAI and CRP were associated with more than a 2-fold increased risk of diabetes 
and stroke, and 47% increased risk of hypertension and heart diseases. Further consideration of the patient disease history did 
not substantially change the results (Table 3, model 3).

Sensitivity analyses by re-defined co-exposure stratified by hs-CRP thresholds (1 and 3 mg/L), and excluding those 
with endpoints occurring within the first follow-up visit, those with kidney disease at baseline, and those with hs-CRP 
≥10 mg/L, confirmed the robustness of the main results (Table S8 to S11). Consistently, individuals with concurrently 
high CVAI and CRP had the highest risk for developed cardiometabolic diseases in all sensitivity analyses. Subgroup 
analyses by age, sex, obesity (general obesity defined by BMI and abdominal obesity defined by WC), and smoking and 
drinking status roughly confirmed the consistency of the results, with slight heterogeneity found in some subgroups 
(Table S12 to S17). The effects of co-exposure were found to be stronger on the risk of heart diseases and stroke in those 

Figure 2 Incidence rates of chronic diseases across groups. 
Abbreviations: CVAI, Chinese visceral adiposity index; hs-CRP, high-sensitivity C-reactive protein.
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<60 years old, men, those with BMI ≥24 kg/m2, and ever/current smokers or drinkers (P for interaction <0.1). It was 
stronger on hypertension risk in those with BMI <24 kg/m2 and in never drinkers (P for interaction <0.1), and stronger on 
diabetes risk in those with abdominal obesity, and on stroke risk in the aged (P for interaction <0.1).

Temporal Relationship Between Visceral Fat and Inflammation
The model design and results of the temporal analysis of CVAI and hs-CRP are displayed in Figure 3. A unidirectional 
temporal relationship between CVAI and hs-CRP was observed. In the fully adjusted model, the standardized correlation 
coefficient for T1_CVAI to T2_hs-CRP was 0.130 (P <0.001), indicating that for per standard deviation increase in CVAI 
at baseline, there is an average increase of 0.13 standard deviation in hs-CRP levels at the follow-up assessment. We then 
re-defined the exposure used baseline CVAI and follow-up hs-CRP, and further evaluated the joint effects on CMD risk 
(Table S18). Similarly, individuals with high baseline CVAI and follow-up hs-CRP carried the highest risk for 

Table 3 Joint Effect of CVAI and Hs-CRP on the Risk of Cardiometabolic Diseases (Longitudinal Association)

Diseases Crude Model Model 1 Model 2 Model 3

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Hypertension

CVAI <93.32 and hs-CRP <1 Reference Reference Reference Reference

CVAI <93.32 and hs-CRP ≥1 1.00 (0.86–1.17) 0.959 0.98 (0.84–1.14) 0.764 0.94 (0.80–1.10) 0.418 0.94 (0.81–1.10) 0.437

CVAI ≥93.32 and hs-CRP <1 1.65 (1.42–1.92) < 0.001 1.57 (1.35–1.83) < 0.001 1.32 (1.14–1.54) < 0.001 1.31 (1.12–1.52) 0.001

CVAI ≥93.32 and hs-CRP ≥1 1.95 (1.70–2.22) < 0.001 1.87 (1.64–2.15) < 0.001 1.47 (1.27–1.67) < 0.001 1.44 (1.25–1.66) < 0.001

Diabetes

CVAI <93.32 and hs-CRP <1 Reference Reference Reference Reference

CVAI <93.32 and hs-CRP ≥1 1.12 (0.88–1.39) 0.382 1.12 (0.89–1.41) 0.346 1.09 (0.87–1.38) 0.452 1.09 (0.87–1.37) 0.463

CVAI ≥93.32 and hs-CRP <1 2.06 (1.68–2.52) < 0.001 2.04 (1.67–2.51) < 0.001 1.78 (1.45–2.19) < 0.001 1.72 (1.40–2.11) < 0.001

CVAI ≥93.32 and hs-CRP ≥1 2.62 (2.20–3.13) < 0.001 2.61 (2.18–3.13) < 0.001 2.14 (1.77–2.58) < 0.001 2.02 (1.67–2.44) < 0.001

Heart diseases

CVAI <93.32 and hs-CRP <1 Reference Reference Reference Reference

CVAI <93.32 and hs-CRP ≥1 1.08 (0.92–1.28) 0.353 1.08 (0.91–1.28) 0.378 1.08 (0.91–1.28) 0.393 1.07 (0.91–1.27) 0.412

CVAI ≥93.32 and hs-CRP <1 1.48 (1.26–1.74) < 0.001 1.37 (1.16–1.61) < 0.001 1.32 (1.12–1.56) 0.001 1.30 (1.10–1.53) 0.002

CVAI ≥93.32 and hs-CRP ≥1 1.72 (1.50–1.98) < 0.001 1.54 (1.33–1.77) < 0.001 1.47 (1.26–1.71) < 0.001 1.42 (1.22–1.65) < 0.001

Stroke

CVAI <93.32 and hs-CRP <1 Reference Reference Reference Reference

CVAI <93.32 and hs-CRP ≥1 1.61 (1.27–2.05) < 0.001 1.51 (1.19–1.92) 0.001 1.50 (1.18–1.91) 0.001 1.50 (1.18–1.91) 0.001

CVAI ≥93.32 and hs-CRP <1 1.96 (1.56–2.47) < 0.001 1.80 (1.43–2.27) < 0.001 1.62 (1.28–2.05) < 0.001 1.55 (1.23–1.96) < 0.001

CVAI ≥93.32 and hs-CRP ≥1 2.83 (2.32–3.45) < 0.001 2.67 (2.10–3.14) < 0.001 2.17 (1.76–2.67) < 0.001 2.03 (1.65–2.51) < 0.001

Notes: Results are shown as hazard ratios (95% CI) derived from Cox regression models. Model 1 adjusted for age, sex, smoking, drinking, and education. Model 2 further 
adjusted for SBP, FPG, TC, LDL-C, Scr and UA. Model 3 was adjusted for the variables in model 2 plus history of cardiometabolic diseases (for the other diseases analyses), 
including hypertension, diabetes, heart diseases and stroke. 
Abbreviations: CVAI, Chinese visceral adiposity index; FPG, fasting plasma glucose; hs-CRP, high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; 
SBP, systolic blood pressure; Scr, serum creatinine; TC, total cholesterol; UA, uric acid.

Figure 3 Cross-lagged path analysis for CVAI and hs-CRP. The cross-lagged model was adjusted for age, sex, smoking status, drinking status, education, SBP, FPG, TC, LDL- 
C, Scr, UA, history of hypertension, diabetes, heart disease, and stroke. 
Abbreviations: CVAI, Chinese visceral adiposity index; FPG, fasting plasma glucose; hs-CRP, high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; 
SBP, systolic blood pressure; Scr, serum creatinine; TC, total cholesterol; UA, uric acid.

https://doi.org/10.2147/JIR.S539644                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Inflammation Research 2025:18 14920

Lin et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/article/supplementary_file/539644/539644%20Revised%20Supplementary%20Materials.docx


cardiometabolic disease, with HRs of 1.77 for hypertension risk, 2.31 for diabetes risk, 1.38 for heart disease risk, and 
1.72 for stroke risk. It is noteworthy that, in a low level of follow-up CRP, the hypertension risk for individuals with high 
CVAI was comparable to those with low CVAI.

Multiplicative and Additive Interaction of Visceral Fat and Inflammation on 
Cardiometabolic Diseases
No significant multiplicative interaction was found. We additionally evaluated the biological interaction by assessing 
additive interactions (Table 4). There were significant additive interactions between visceral fat and inflammation on 
hypertension (RERI: 1.09, 95% CI: 0.71–1.47; AP: 0.28, 95% CI: 0.20–0.37). After considering all potential confoun
ders, the additive interactions were attenuated but remained significant, with 19% attributable to the joint effect of their 
interaction. Similar interaction was observed in diabetes. In the fully adjusted model, the attributable proportion of the 
joint effect was 14% for the interaction between CVAI and hs-CRP. There were no addictive interactions were found for 
heart disease and stroke. The results were confirmed in longitudinal analyses (Table S19).

Table 4 Interactive Effects of CVAI and Hs-CRP on Cardiometabolic Diseases

Interactive Items Crude Model Fully Adjusted Model

Coefficients  
(95% CI)

P-value Coefficients  
(95% CI)

P-value

Hypertension
Additive effect

RERI 1.09 (0.71–1.47) < 0.001 0.38 (0.03–0.74) 0.033
AP 0.28 (0.20–0.37) < 0.001 0.19 (0.02–0.35) 0.027

SI 1.63 (1.34–1.98) < 0.001 1.57 (0.95–2.61) 0.081

Multiplicative effect 1.24 (1.05–1.48) 0.014 1.20 (0.93–1.55) 0.157
Diabetes

Additive effect

RERI 0.61 (0.16–1.05) 0.007 0.41 (−0.01–0.83) 0.058
AP 0.18 (0.05–0.31) 0.006 0.14 (−0.001–0.28) 0.052

SI 1.35 (1.05–1.73) 0.018 1.27 (0.97–1.68) 0.086

Multiplicative effect 1.03 (0.81–1.31) 0.809 1.00 (0.78–1.27) 0.976
Heart diseases

Additive effect

RERI 0.26 (−0.06–0.58) 0.109 0.09 (−0.19–0.36) 0.537
AP 0.14 (−0.03–0.30) 0.106 0.06 (−0.14–0.27) 0.537

SI 1.39 (0.86–2.26) 0.176 1.31 (0.48–3.57) 0.597

Multiplicative effect 1.14 (0.90–1.45) 0.278 1.07 (0.84–1.37) 0.569
Stroke

Additive effect

RERI 0.47 (−0.26–1.20) 0.209 0.18 (−0.40–0.76) 0.537
AP 0.19 (−0.10–0.49) 0.204 0.12 (−0.27–0.51) 0.540

SI 1.48 (0.70–3.15) 0.309 1.58 (0.24–10.09) 0.642

Multiplicative effect 1.12 (0.68–1.86) 0.659 1.12 (0.67–1.86) 0.674

Notes: Fully adjusted model including age, sex, smoking, drinking, education, SBP, FPG (except for diabetes 
analyses), TC, LDL-C, Scr, UA, cardiometabolic diseases (for the other diseases analyses) including hyperten
sion, diabetes, heart diseases and stroke. 
Abbreviations: AP, attributable proportion due to interaction; CVAI, Chinese visceral adiposity index; 
FPG, fasting plasma glucose; hs-CRP, high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein 
cholesterol; SBP, systolic blood pressure; Scr, serum creatinine; TC, total cholesterol; RERI, relative 
excess risk due to interaction; SI, synergy index; UA, uric acid.
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Discussion
The present study, based on a nationally representative population, involving 9559 participants followed up for 9 years, 
comprehensively evaluated the individual and joint effects, statistical and biological interactions, and temporal relation
ship of visceral fat and inflammation on CMD risk. Moreover, a series of sensitivity and subgroup analyses were 
conducted to confirm the consistency and stability of the principal results. Primarily, visceral fat and inflammation are 
individually and jointly associated with CMD risk, and individuals with both high visceral fat accumulation and elevated 
inflammation have the highest risk of developing hypertension, diabetes, heart diseases, and stroke, independent of 
a cluster of potential confounders, including age, sex, smoking and drinking status, educational level, SBP, FPG, TC, 
LDL-C, Scr, UA, and disease situation. Among them, a significant biological interaction between CVAI and hs-CRP was 
observed, with the attributable proportion due to interaction being 19% for hypertension and 14% for diabetes. There was 
a unidirectional temporal relationship from baseline CVAI to follow-up hs-CRP. Sensitivity and subgroup analyses 
roughly confirmed the main results. These findings suggest that the combined assessment of both visceral fat and 
inflammation may improve risk stratification and primary prevention of cardiometabolic diseases.

Obesity and inflammation are two well-known independent risk factors of CMD. Visceral adiposity has been demonstrated 
to be the most damaging to target organs compared to other phenotypes of obesity.34,35 Among several common indicators, 
CVAI is the optimal for predicting diabetes in non-general obese patients, and for predicting renal damage in patients with 
hypertension and diabetes,7,36 and it is also associated with other cardiovascular and metabolic factors.37–39 Most of the 
previous studies mainly focused on the association of CVAI with diabetes. The present study yielded similar results, which 
confirmed the findings and extended the association to the common CMD. We found higher CVAI is independently associated 
with increased risk of hypertension, diabetes, heart disease, and stroke. Elevated inflammation is similarly associated with 
increased risk of diabetes, heart disease and stroke, which is consistent with previous studies.40–42 However, the association 
between hs-CRP and hypertension risk disappeared after adjusting for confounders. This finding is supported by several 
previous studies.43,44 Inflammation is generally considered a secondary change involving hypertension-related factors, such as 
obesity, dyslipidemia and abnormal glucose metabolism. The impact of these factors on hypertension may far exceed the 
influence of the inflammatory response, which could partly explain the results. In addition, differences among populations and 
study design may also lead to varying observations.45,46

Based on the nationally representative cohort, our study provides epidemiological evidence on the combined effects 
between visceral fat and inflammation on CMD risk. Although there was a slight difference in the individual effect of hs-CRP 
on diseases, consistent results were observed for the joint effects of CVAI and hs-CRP on the risk of the four CMDs, which has 
rarely been focused in previous studies. A recent study reported that adiposity, measured by BMI, WC, and fatty liver, has 
a joint effect with inflammation on diabetes, with 11.5% to 15.7% attributable to their interaction.47 The present study found 
that visceral fat accumulation, as measured by CVAI, increases diabetes risk by interacting biologically with elevated hs-CRP, 
with the attributable proportion due to interaction being 14%. Moreover, for the first time, a significant interaction between the 
two was observed on hypertension risk, with 19% of the effects attributable to the interaction. Additionally, it is noteworthy 
that the highest risk for heart diseases and stroke is also observed in individuals with both high CVAI and CRP levels, although 
not statistically significant in interaction. These findings expand the understanding of the links between adiposity, inflamma
tion, and CMD, providing insight into the mechanisms of related diseases. In clinical practice, more attention is paid to the role 
of a single factor in the occurrence and development of diseases, while the combined effect of multiple factors is ignoring, 
which may contribute to the unsatisfactory prevention and control rates of CMD. A comprehensive analysis of the combined 
effects of potentially related factors and their biological interactions may fill this gap. According to our findings, approaches 
that simultaneously target adiposity and inflammation should yield greater benefits than targeting each individual risk factor. 
Moreover, future studies focus on the incremental utility of CVAI and hs-CRP in risk prediction models would be valuable.

Although adiposity concomitant with elevated inflammation has long been observed,48,49 the temporal relationship 
between visceral fat accumulation and inflammation remains to be explored. Recently, a bidirectional relationship 
between CRP and atherogenic index of plasma (AIP) was reported, with an interesting negative association for baseline 
AIP to future CRP.24 Liu et al reported in temporal analyses that inflammation had a greater impact on metabolic 
disorders than vice versa.50 Our study shows a unidirectional temporal relationship between CVAI and hs-CRP, where the 
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accumulation of visceral fat occurs before the elevation in inflammation, which seems to suggest a potential mediating 
effect of CRP. However, the significant association between CVAI and disease risk persisted even in individuals with low 
CRP level, which may imply the presence of alternative pathways. It is noteworthy that, in a recent study regarding 
dementia, the effect of adiposity was mainly driven directly by factors associated with body fat distribution, with no 
evidence of mediation through inflammation.51 Studies have shown that inflammation can affect lipid metabolism.52 

However, there is insufficient evidence demonstrating an effect of inflammation on visceral fat accumulation. A recent 
experimental study reported that macrophages are involve in the process of adipose tissue biology by regulating 
adipocyte stem cell differentiation via the TGFβ1 signaling pathway.53 Adipose tissue macrophage-derived miR-690, 
an anti-inflammatory molecule, modulates adipocyte precursor cell maintenance and adipogenesis.54 The lipid overload 
leads to endoplasmic reticulum stress, increased expression of the inflammation regulator NF-κB and the production of 
inflammation-inducing signals such as IL-6.55,56 Other molecules/signaling pathways, including extracellular signal- 
regulated kinase, TNF-α and inositol-requiring protein 1, are also involving into this complex process.57,58 In brief, the 
accumulation of visceral fat directly or indirectly leads to inflammation, and the effects of both are superimposed, 
ultimately contributing to the increased risk of CMD. Drugs that target inflammation have been shown to be potentially 
effective in improving glucose metabolism and reducing cardiovascular events.59–61 Colchicine has been shown to reduce 
cardiovascular events in patients with established coronary artery disease.62,63 Similarly, canakinumab, a monoclonal 
antibody targeting interleukin-1β, has demonstrated efficacy in reducing cardiovascular risk in secondary prevention.61,64 

Anti-inflammatory treatments may reduce CMD risk by reducing the damage of visceral fat. Clinical trials targeting 
inflammatory pathways for its treatment are warranted.

This study has several strengths. First, the study is based on a nationally representative cohort conducted by an excellent 
research team with well-established design, ensuring data quality and reliability. Second, the longitudinal design and analysis 
for temporal relationships provide evidence supporting the causal hypothesis. The consistency and stability of the main results 
were confirmed by a series of sensitivity and subgroup analyses. Third, comprehensive insight for understanding the 
association and potential mechanisms between visceral fat, inflammation and CMD was obtained by cross-sectional and 
longitudinal analyses, temporal relationships, and statistical and biological interactions analyses. There are also certain 
limitations that should be discussed. Firstly, given the number of groups and sample size, we used a CRP cutoff of 1 mg/L 
in the primary analyses, which is different from the cutoffs (2 or 3 mg/L) used in some previous studies. The lower value may 
have attenuated the effect of inflammation, although significant results were observed in most analyses. Nonetheless, 
sensitivity analysis using 1 or 3 as the threshold for CRP yielded similar results. Notably, the present study suggests that 
even a low-grade inflammation could increase CMD risk by interacting with CVAI. Secondly, a post hoc power calculation 
indicated moderate power (approximately 60–68%) to detect the observed interaction at α=0.1, which is a common challenge 
in observational studies due to the high sample size requirements for interaction tests. Thirdly, the status of visceral fat 
accumulation was defined by median CVAI (93.32), which was not entirely consistent with previous studies. Future researches 
with specialized design are needed for assessing the diagnostic threshold of CVAI for visceral adiposity. Fourthly, the lack of 
details on subtypes of heart diseases and stroke limited further evaluation. Fifthly, our findings require verification in 
populations from other regions or ethnic backgrounds, as well as in younger individuals. Additionally, residual confounding 
from unmeasured factors, such as cultural and dietary patterns, cannot be ruled out, which may have influenced the estimation 
of effect sizes.

In conclusion, this study provides comprehensive insight for understanding the association between visceral fat and 
inflammation and their effects on CMD risk, involving individual and joint effects, statistical and biological interactions, and 
the temporal relationship between the two factors. Elevations in both visceral fat and inflammation have joint effects, that 
increased the risk of hypertension, diabetes, heart disease, and stroke, in a manner greater than the sum of the two separate 
effects. Dual assessment of both visceral fat and inflammation is important for the primary prevention and management of 
cardiometabolic diseases. Specifically, early monitoring of CRP levels is recommended for individuals with high CVAI. 
Furthermore, future randomized controlled trials are warranted to evaluate the efficacy of anti-inflammatory therapies in 
reducing CMD risk for in this high-risk population.
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