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Abstract
Background  Globally, cardiovascular disease (CVD) constitutes the primary cause of death, with insulin resistance 
(IR), measured by the triglyceride-glucose (TyG) index, and visceral obesity, reflected by the Chinese Visceral Adiposity 
Index (CVAI), as key contributors. However, the relationship between the TyG index and CVAI regarding CVD risk 
remains insufficiently understood. This research investigates the interactive impact of the TyG index and CVAI on the 
risk of cardiovascular disease.

Methods  We analyzed data from 8,358 participants from the China Health and Retirement Longitudinal Study 
(CHARLS) over a 9-year follow-up period. Participants were classified into four groups based on median TyG index 
(8.59) and CVAI values (101.26), and baseline characteristics were summarized. Missing data were addressed using 
multiple imputation by chained equations (MICE). Cox proportional hazards models assessed associations between 
TyG index, CVAI, CVD, coronary heart disease (CHD), and stroke risks, with Kaplan-Meier analysis used for cumulative 
hazard. Interaction effects were evaluated using both multiplicative and additive measures. Subgroup analyses by 
age, gender, and clinical conditions were conducted to explore interaction effects across different populations. 
Sensitivity analyses re-tested models, excluding the covariates BMI and diabetes, using tertiles for classification, and 
re-evaluating imputed data.

Results  Over the 9-year follow-up, 1,240 participants (14.8%) developed CVD, including 896 cases of CHD and 475 
strokes. Kaplan-Meier curves indicated that participants with low TyG index but high CVAI had the highest cumulative 
hazard of CVD. Cox regression showed that this group had the highest CVD risk (HR = 1.87, 95% CI: 1.57–2.24), 
followed by those with both high TyG index and high CVAI (HR = 1.75, 95% CI: 1.49–2.06). Interaction analysis revealed 
a negative interaction effect between high TyG and high CVAI on CVD and CHD risks, with no significant effect 
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Introduction
With 31% of all fatalities globally occurring each year, 
CVD is the major cause of death worldwide [1]. Since 
1990, the number of global CVD cases has increased 
from 271  million to 523  million, and the number of 
deaths has risen from 12.1 million to 18.6 million, reflect-
ing increases of 92% and 54%, respectively [2]. In China, 
CVD is also the primary cause of death, accounting for 
40% of the national mortality rate [3, 4]. In 2016, approxi-
mately 94 million Chinese people were living with CVD, 
with deaths caused by atherosclerotic cardiovascular dis-
ease (ASCVD) representing 61% of total CVD deaths [1]. 
Despite advancements in the prevention and treatment 
of CVD in China, the incidence of ischemic heart disease 
(IHD) and ischemic stroke (IS) continues to increase, 
presenting a significant public health challenge [5].

Insulin resistance, a common metabolic disorder in 
type 2 diabetes, has been closely linked to CVD. IR con-
tributes to metabolic abnormalities such as dyslipid-
emia, hypertension, and hyperglycemia, all of which are 
risk factors for CVD [6, 7]. The TyG index has recently 
emerged as a widely used surrogate marker for IR due 
to its simplicity, low cost, and strong correlation with 
CVD risk [8]. Studies have shown that the TyG index is 
associated with increased risks of coronary artery cal-
cification, carotid atherosclerosis, and adverse cardio-
vascular outcomes such as heart failure [9–12]. Beyond 
serving as a marker of IR, emerging research suggests 
that the TyG index may be involved in pathways linking 
IR to increased CVD risk, including lipid metabolism 
disturbances, chronic inflammation, and endothelial 
dysfunction. These mechanisms—characterized by pro-
inflammatory cytokines, oxidative stress, and alterations 
in vascular function—indicate that the TyG index reflects 
significant metabolic processes associated with cardio-
vascular risk [13–17].

In parallel, obesity, particularly visceral adipose tissue 
(VAT) accumulation, has been recognized as an indepen-
dent risk factor for CVD [18]. Recent research has indi-
cated that VAT plays a more prominent role in increasing 
cardiometabolic risk compared to subcutaneous adipose 
tissue (SAT) [19]. Although imaging techniques can accu-
rately assess visceral fat, their application is limited due 
to high costs, time consumption, and radiation risks [20]. 
Therefore, non-invasive and cost-effective alternatives 
such as the CVAI have been developed. CVAI, designed 

to reflect the unique body fat distribution in Asian popu-
lations, has proven effective in assessing visceral obesity 
and predicting diabetes and CVD risk [21–23]. VAT con-
tributes to CVD risk not only directly but also by pro-
moting inflammation, oxidative stress, and abnormal 
adipokine secretion [24, 25]. These processes suggest that 
visceral fat can influence CVD both independently and in 
conjunction with IR.

Given the complex and potentially synergistic rela-
tionship between IR, visceral obesity, and CVD, fur-
ther investigation is needed to elucidate their combined 
effects. Using data from the CHARLS, this study aims 
to analyze the relationship between the TyG index and 
CVAI with CVD incidence and explore potential interac-
tions between these factors. This research may provide 
new insights into how IR and visceral fat accumulation 
jointly influence CVD risk, informing more nuanced 
approaches to CVD risk assessment and prevention.

Materials and methods
Data source and study population
This study utilized data from the CHARLS, a nationally 
representative survey that tracks Chinese residents aged 
45 and above. The survey began in 2011, with follow-
up assessments conducted every two years, and as of 
2020, five waves have been completed. Participants were 
selected through a multi-stage, stratified probability sam-
pling method proportional to population size, covering 
150 counties or districts across 28 provinces in China. 
The baseline survey achieved a high response rate of 
80.5%, significantly reducing the potential for selection 
bias and enhancing the representativeness of the cohort. 
This sampling approach ensures that the CHARLS data-
set reflects the diverse demographic, socioeconomic, and 
geographic characteristics of China’s middle-aged and 
elderly population. Detailed information on study design 
and cohort characteristics can be found on the official 
CHARLS website [26].

In this study, we defined the baseline cohort as par-
ticipants who completed the first wave (2011–2012), and 
these participants were subsequently followed in the next 
four survey waves (2013–2014, 2015–2016, 2017–2018, 
and 2020). The follow-up time for each participant was 
calculated as the period from the baseline interview date 
to the date of their last completed follow-up interview 
[26].

on stroke. Subgroup and sensitivity analyses further confirmed these findings, showing consistent results across 
demographic groups and under various analytical conditions.

Conclusion  This study suggests that the interaction between IR (TyG index) and visceral fat accumulation (CVAI) 
plays a complex role in CVD risk, with a potential antagonistic effect observed between high TyG and high CVAI 
on CVD events. These findings highlight the importance of considering both IR and visceral adiposity in CVD risk 
assessments to improve the identification of high-risk individuals.
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In the baseline survey conducted in 2011, 17,705 indi-
viduals participated. For our analysis, we applied the 
following exclusion criteria: participants lacking blood 
measurements necessary for calculating the TyG index 
(fasting triglyceride and fasting plasma glucose) were 
excluded (N = 6,069); Participants missing the necessary 
data to calculate CVAI, such as WC, age, triglyceride 
(TG), high-density lipoprotein cholesterol (HDL-C), and 
body mass index (BMI), were excluded (N = 1,908); Addi-
tionally excluded were those who at baseline had a diag-
nosis of CVD (N = 1,370). After applying these criteria, 
the final analysis contained 8,358 participants. Figure  1 
illustrates the flow chart of participant inclusion and 
exclusion.

The CHARLS study received ethical approval from 
the Ethics Review Committee of Peking University 
(IRB00001052-11015), and all participants provided 
informed written consent prior to their involvement. The 

study was conducted in accordance with the Declaration 
of Helsinki principles and adhered to the Strengthening 
the Reporting of Observational Studies in Epidemiology 
(STROBE) guidelines.

TyG index assessment
Expert medical staff obtained venous blood samples 
from fasting patients by following established protocols, 
and the analyses were conducted in a central laboratory. 
Serum triglyceride and fasting plasma glucose (FPG) 
were measured using an enzymatic colorimetric method. 
The coefficients of variation for TG and FPG were both 
below 5%, ensuring high reliability. The TyG index was 
calculated using the formula: TyG index = ln(TG (mg/dL) 
× FPG (mg/dL) / 2) [27], where TG was measured using a 
Roche Modular P and Cobas 6000 system, and FPG was 
determined by the hexokinase method using a Roche/

Fig. 1  Flow diagram of clinical research from CHARLS 2011 to 2020
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Hitachi Cobas C 501 analyzer. The TyG index was used in 
this study as an indicator of insulin resistance.

CVAI assessment
Fasting blood samples were taken to assess TG and 
HDL-C levels, and height, weight, and waist circumfer-
ence (WC) were measured in accordance with standard 
protocols. CVAI was used to evaluate visceral fat distri-
bution and function, calculated separately for males and 
females using specific formulas [21]. For males: CVAI 
= -267.93 + 0.68 × age + 0.03 × BMI + 4.00 × WC + 22.00 
× log10(TG) − 16.32 × HDL-C; for females: CVAI = 
-187.32 + 1.71 × age + 4.23 × BMI + 1.12 × WC + 39.76 × 
log10(TG) − 11.66 × HDL-C.

CVD events assessment
The primary outcome of this study was the occurrence 
of CVD events, CHD, and stroke. CVD diagnoses were 
assessed through standardized questions based on previ-
ous research [28]: “Has a doctor ever told you that you 
had a heart attack, coronary heart disease, angina, con-
gestive heart failure, or other heart problems?” or “Has a 
doctor ever told you that you had a stroke?” During fol-
low-up, the occurrence of new CVD events was defined 
if participants reported experiencing heart disease or 
stroke, with the time of the event recorded as the period 
between the previous interview and the interview report-
ing the new CVD event. For secondary outcomes, CHD 
and stroke were analyzed separately. CHD was defined 
as any self-reported physician diagnosis of heart-related 
conditions, including heart attack, coronary heart dis-
ease, angina, congestive heart failure, or other heart 
problems. Stroke was defined as any self-reported physi-
cian diagnosis of stroke. The occurrence of new CHD or 
stroke events was documented in the same manner as for 
CVD, with the event time defined as the interval between 
the previous interview and the interview when the new 
CHD or stroke diagnosis was reported.

Covariates
The covariates in this study included age, gender, educa-
tion level, BMI, marital status, smoking status, alcohol 
consumption, obesity, hypertension, diabetes, and dys-
lipidemia. Education was categorized into four levels: 
college and above, middle/high school, primary school, 
and illiterate. Marital status was classified into four cat-
egories: married, divorced, widowed, and never married. 
Smoking status was determined based on participants’ 
responses to whether they had ever used tobacco prod-
ucts and if they currently smoke or have quit. Partici-
pants were classified as current smokers, former smokers, 
or never smokers. Drinking status was based on whether 
participants had consumed alcohol in the past year, clas-
sifying them as drinkers or non-drinkers. Obesity was 

defined as BMI ≥ 28. Hypertension was defined by a self-
reported history of hypertension, systolic blood pres-
sure ≥ 140 mmHg, diastolic blood pressure ≥ 90 mmHg, 
or current use of antihypertensive medications [29]. 
Diabetes was determined by fasting glucose levels ≥ 7.0 
mmol/L, hemoglobin A1c (HbA1c) ≥ 6.5%, current use 
of antidiabetic medications, or a self-reported history of 
diabetes [30]. Dyslipidemia was diagnosed based on a 
self-reported history, use of lipid-lowering medications, 
or lipid measurements such as TG ≥ 150  mg/dL, total 
cholesterol (TC) ≥ 240  mg/dL, HDL-C < 40  mg/dL, or 
low-density lipoprotein cholesterol (LDL-C) ≥ 160 mg/dL 
[31].

Statistical analysis
We used descriptive statistics to summarize the baseline 
characteristics of the study participants. For continuous 
variables with a normal distribution, results were pre-
sented as mean and standard deviation (SD), while cat-
egorical variables were described using frequencies and 
percentages. Based on previous studies, we used the 
median values of the TyG index (8.59) and CVAI (101.26) 
as cut-off points, classifying each into “low” and “high” 
groups. Using this classification, participants were fur-
ther grouped into four categories to analyze baseline 
characteristics. Differences in baseline characteristics 
between these groups were assessed using the chi-square 
test for categorical variables and analysis of variance 
(ANOVA) for continuous variables.

Approximately 21.2% of the data were missing (detailed 
missing data information is provided in Additional file 1: 
Table S1 and Fig. S1). To explore the pattern of missing 
data, we created a missingness matrix and assessed cor-
relations between missing values (Additional file 1: Table 
S2). High correlations in missingness among certain vari-
ables suggested systematic patterns, indicating that these 
data were likely missing at random (MAR). Therefore, we 
addressed these missing values using the MICE method. 
In contrast, missing data for gender and age showed low 
correlations with other variables, suggesting that these 
data were likely missing completely at random (MCAR). 
Given their low proportion and independence, we chose 
to directly exclude observations with missing values for 
these two variables. Five imputed datasets were gener-
ated, and Rubin’s rules were applied to combine the final 
analysis results (Additional file 1: Fig. S2-S6).

To assess the incidence of CVD, CHD, and stroke, 
we calculated incidence rates per 1,000 person-years 
for each outcome. Kaplan-Meier survival analysis was 
employed to estimate the cumulative incidence of CVD, 
CHD, and stroke across the four TyG and CVAI combi-
nation groups. Cumulative hazard curves were generated 
using the Kaplan-Meier method, with group differences 
assessed using the Log-rank test.
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To evaluate the association between the TyG index, 
CVAI, and the risks of CVD, CHD, and stroke, we first 
classified participants into “low” and “high” groups based 
on the median values of the TyG index and CVAI. Cox 
proportional hazards regression models were then used 
to independently analyze the association of TyG index 
and CVAI with each of these outcomes. The propor-
tional hazards assumption was assessed using Schoenfeld 
residuals, with the cox.zph() function applied to test each 
variable and the overall model. No significant violations 
of the proportional hazards assumption were observed 
(P > 0.05), indicating that the model assumptions were 
met.

After confirming the independent associations of the 
TyG index and CVAI with CVD, CHD, and stroke risks, 
we further investigated the potential interaction effect 
between the TyG index and CVAI. To assess multiplica-
tive interaction, we introduced an interaction term (TyG 
× CVAI) into the Cox model and evaluated the signifi-
cance of this interaction term for each outcome. Addi-
tionally, we explored additive interaction to examine the 
combined effect of TyG index and CVAI on CVD, CHD, 
and stroke risks. For additive interaction analysis, we cal-
culated the relative excess risk due to interaction (RERI), 
synergy index (SI), and attributable proportion due to 
interaction (AP). Specifically, RERI reflects whether the 
combined effect of both exposures exceeds the sum of 
their independent effects; SI measures synergy, where 
SI > 1 indicates synergistic interaction, and SI < 1 suggests 
antagonism; AP estimates the proportion of excess risk 
attributable to the combined exposure.

To further validate the robustness of the interaction 
effect between the TyG index and CVAI on CVD risk, we 
conducted subgroup analyses across different age groups, 
genders, and among individuals with conditions such as 
diabetes, hypertension, dyslipidemia, as well as obesity 
status. 

In sensitivity analyses, we performed three types of 
assessments. First, to address potential multicollinearity 
concerns, given the close association between BMI and 
visceral adiposity, as well as the derivation of the TyG 
index from fasting glucose and triglycerides, we re-ran 
the models excluding the covariates BMI and diabetes. 
Second, to examine the effect of different cut-off points, 
we reclassified CVAI and the TyG index into tertiles and 
repeated the analyses. Third, we used multiple imputa-
tion to handle missing data and ensure that the results 
were not biased by incomplete information.

All statistical analyses were performed using R soft-
ware (version 4.4.1), with the following packages: “final-
fit” for descriptive statistics and baseline characteristic 
analysis, “survival” for Cox proportional hazards regres-
sion, Kaplan-Meier survival analysis, Schoenfeld residu-
als testing, and multiplicative interaction analysis, “mice” 

for multiple imputation by chained equations, “interac-
tionR” for additive interaction calculations (RERI, SI, and 
AP), “naniar” for missing data analysis, and “dplyr” and 
“ggplot2” for data manipulation and visualization.

Results
Descriptive statistics
This study included 8,358 participants from the CHARLS 
dataset, collected between 2011 and 2020, with an aver-
age age of 58.8 years (standard deviation: 9.6 years), and 
3,896 (46.6%) were male. Among the participants, 891 
(10.7%) were obese, 3,166 (38.1%) had hypertension, 
594 (7.2%) had diabetes, and 2,017 (24.1%) had dyslip-
idemia. Based on the median values of the TyG index 
(8.59) and CVAI (101.26), participants were divided into 
four groups: 2,874 (34.4%) with low TyG index and low 
CVAI, 1,349 (16.1%) with low TyG index but high CVAI, 
1,305 (15.6%) with high TyG index but low CVAI, and 
2,830 (33.9%) with both high TyG index and high CVAI 
(Table 1). The characteristics of participants based on the 
presence or absence of CVD are shown in Additional file 
1: Table S3.

We observed that, in contrast to participants with low 
TyG index and low CVAI, individuals with elevated lev-
els of both were generally older, had a higher likelihood 
of obesity, a greater proportion of females, and were 
more frequently affected by diabetes, hypertension, and 
dyslipidemia. Over a maximum follow-up period of 9.0 
years, a total of 1,240 participants (14.8%) experienced 
CVD events, with 896 cases (10.7%) of CHD and 475 
cases (5.7%) of stroke. The incidence of CVD was 10.80 
per 1,000 person-years among participants with low TyG 
index and low CVAI, 23.70 per 1,000 person-years in 
those with low TyG index but high CVAI, 15.10 per 1,000 
person-years in participants with high TyG index but low 
CVAI, and 23.10 per 1,000 person-years in those with 
both high TyG index and high CVAI (Table 2). Figure 2 
shows the Kaplan-Meier curves for cumulative CVD haz-
ard, indicating that participants with low TyG index but 
high CVAI exhibited the highest hazard of CVD.

Regression results
Table  2 shows the associations between the TyG index, 
CVAI, and the risk of CVD events after adjusting for 
multiple potential confounders. In the Cox proportional 
hazards regression models, both the TyG index and CVAI 
were independently associated with an increased risk 
of CVD, CHD, and stroke. Participants in the high TyG 
group had significantly higher risks of CVD (HR = 1.22, 
95% CI: 1.08–1.38), CHD (HR = 1.15, 95% CI: 1.0-1.33), 
and stroke (HR = 1.37, 95% CI: 1.11–1.67) compared to 
those in the low TyG group. Similarly, individuals with 
high CVAI showed elevated risks of CVD (HR = 1.61, 95% 
CI: 1.42–1.83), CHD (HR = 1.53, 95% CI: 1.31–1.77), and 
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Characteristics Overall Group 1 Group 2 Group 3 Group 4 P valuea

N = 8358 N = 2874 N = 1349 N = 1305 N = 2830
Age, mean ± SD, years 58.8 (9.6) 57.2 (9.4) 61.9 (10.2) 56.6 (8.8) 60.0 (9.4) < 0.001
Age (%) < 0.001
 < 59 4745 (56.8) 1823 (63.4) 594 (44.0) 883 (67.7) 1445 (51.1)
 60–69 2360 (28.2) 706 (24.6) 431 (31.9) 294 (22.5) 929 (32.8)
 > = 70 1253 (15.0) 345 (12.0) 324 (24.0) 128 (9.8) 456 (16.1)
BMI, mean ± SD 23.7 (12.4) 21.2 (2.6) 25.7 (11.6) 21.8 (15.5) 26.2 (16.0) < 0.001
BMI (%) < 0.001
 < 24 5062 (60.6) 2529 (88.0) 487 (36.1) 1145 (87.7) 901 (31.8)
 24–28 2405 (28.8) 329 (11.4) 618 (45.8) 138 (10.6) 1320 (46.6)
 >=28 891 (10.7) 16 (0.6) 244 (18.1) 22 (1.7) 609 (21.5)
Gender (%) < 0.001
 Female 4462 (53.4) 1427 (49.7) 664 (49.2) 709 (54.3) 1662 (58.7)
 Male 3896 (46.6) 1447 (50.3) 685 (50.8) 596 (45.7) 1168 (41.3)
Education level (%) < 0.001
 College/uni+ 103 (1.2) 27 (0.9) 29 (2.2) 16 (1.2) 31 (1.1)
 Second/high school 2374 (28.4) 811 (28.2) 364 (27.0) 373 (28.6) 826 (29.2)
 Primary 3441 (41.2) 1238 (43.1) 545 (40.4) 564 (43.3) 1094 (38.7)
 Illiterate 2437 (29.2) 797 (27.7) 410 (30.4) 351 (26.9) 879 (31.1)
Marital status (%) < 0.001
 Married 7384 (88.3) 2585 (89.9) 1144 (84.8) 1170 (89.7) 2485 (87.8)
 Divorced 91 (1.1) 40 (1.4) 15 (1.1) 12 (0.9) 24 (0.8)
 Widowed 824 (9.9) 216 (7.5) 185 (13.7) 110 (8.4) 313 (11.1)
 Unmarried 59 (0.7) 33 (1.1) 5 (0.4) 13 (1.0) 8 (0.3)
Drinking status (%) < 0.001
 Yes 2814 (33.7) 1051 (36.6) 484 (35.9) 443 (33.9) 836 (29.5)
 No 5544 (66.3) 1823 (63.4) 865 (64.1) 862 (66.1) 1994 (70.5)
Smoking status (%) < 0.001
 Non-smoker 5095 (61.1) 1649 (57.6) 822 (61.1) 766 (58.9) 1858 (65.8)
 Ex-smoker 671 (8.1) 181 (6.3) 141 (10.5) 81 (6.2) 268 (9.5)
 Smoker 2567 (30.8) 1035 (36.1) 382 (28.4) 453 (34.8) 697 (24.7)
Obesity (%) < 0.001
 Yes 891 (10.7) 16 (0.6) 244 (18.1) 22 (1.7) 609 (21.5)
 No 7467 (89.3) 2858 (99.4) 1105 (81.9) 1283 (98.3) 2221 (78.5)
Hypertension (%) < 0.001
 Yes 3166 (38.1) 684 (24.0) 623 (46.5) 378 (29.1) 1481 (52.7)
 No 5135 (61.9) 2168 (76.0) 717 (53.5) 920 (70.9) 1330 (47.3)
Dyslipidemia (%) < 0.001
 Yes 2017 (24.1) 235 (8.2) 153 (11.4) 348 (26.7) 1281 (45.3)
 No 6340 (75.9) 2639 (91.8) 1195 (88.6) 957 (73.3) 1549 (54.7)
Diabetes (%) < 0.001
 Yes 594 (7.2) 68 (2.4) 61 (4.6) 93 (7.2) 372 (13.2)
 No 7701 (92.8) 2780 (97.6) 1279 (95.4) 1206 (92.8) 2436 (86.8)
CVD (%) < 0.001
 Yes 1240 (14.8) 270 (9.4) 255 (18.9) 169 (13.0) 546 (19.3)
 No 7118 (85.2) 2604 (90.6) 1094 (81.1) 1136 (87.0) 2284 (80.7)
CHD (%) < 0.001
 Yes 896 (10.7) 197 (6.9) 197 (14.6) 135 (10.3) 367 (13.0)
 No 7462 (89.3) 2677 (93.1) 1152 (85.4) 1170 (89.7) 2463 (87.0)
Stroke (%) < 0.001

Table 1  Characteristics of 8,358 participants according to TyG index and CVAI levels
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stroke (HR = 1.75, 95% CI: 1.41–2.16) relative to those 
with low CVAI. These findings indicate that both a higher 
TyG index and a higher CVAI are independently associ-
ated with increased risks of cardiovascular outcomes.

Interaction analysis
We then examined the interaction between the TyG 
index and CVAI on the risk of CVD events (Table  2). 
Results from the multiplicative interaction analysis 
showed that the interaction term (TyG × CVAI) was sig-
nificant for both CVD (P for interaction < 0.05) and CHD 
(P for interaction < 0.05) in the Cox model, but not for 
stroke (P for interaction > 0.05). Further analysis revealed 
that, compared to participants with low TyG and low 
CVAI, those with low TyG but high CVAI had the high-
est risk of CVD (HR = 1.87, 95% CI: 1.57–2.24), followed 
by those with both high TyG and high CVAI (HR = 1.75, 
95% CI: 1.49–2.06), and those with high TyG but low 
CVAI (HR = 1.33, 95% CI: 1.10–1.62). A similar pattern 
was observed for CHD, where participants with low TyG 
and high CVAI had the highest risk (HR = 2.03, 95% CI: 
1.65–2.49), followed by those with both high TyG and 
high CVAI (HR = 1.63, 95% CI: 1.34–1.99), and those with 
high TyG but low CVAI (HR = 1.47, 95% CI: 1.18–1.84).

In the additive interaction analysis, we looked at how 
the TyG index and CVAI together influenced the risks of 
CVD, CHD, and stroke by calculating RERI, AP, and SI. 
For CVD, our findings pointed to a negative interaction 
effect, with a RERI of -0.47 (95% CI: -0.89, -0.14), an AP 
of -0.28 (95% CI: -0.52, -0.08), and an SI of 0.59 (95% CI: 
0.42, 0.83). CHD showed a similar pattern, with a RERI of 
-0.87 (95% CI: -1.36, -0.37), an AP of -0.53 (95% CI: -0.83, 
-0.23), and an SI of 0.42 (95% CI: 0.28, 0.63), suggesting 
an antagonistic interaction between high TyG and high 
CVAI on CHD risk. For stroke, however, the interaction 
measures didn’t reveal a significant effect, with a RERI of 
-0.11 (95% CI: -0.74, 0.52), an AP of -0.05 (95% CI: -0.36, 
0.25), and an SI of 0.90 (95% CI: 0.52, 1.56). Overall, these 
results suggest that high TyG and high CVAI together 
show a negative interaction effect on CVD and CHD 
risks, though this effect was not seen for stroke.

Subgroup analysis
Table 3 presents the results of subgroup analyses strati-
fied by age, gender, hypertension, diabetes, dyslipidemia, 
and obesity. No significant interactions were observed 
between these variables and the combined effect of the 
TyG index and CVAI on CVD risk (all P for interac-
tion > 0.05). This suggests that the impact of TyG index 
and CVAI on CVD risk is consistent across different 
demographic and clinical subgroups.

Sensitivity analysis
To validate the robustness of our findings, we conducted 
three sensitivity analyses. First, to address potential mul-
ticollinearity arising from the close relationship between 
BMI and visceral adiposity, as well as the derivation of 
the TyG index from fasting glucose and triglycerides, we 
reanalyzed the data, excluding the covariates BMI and 
diabetes (Additional file 1: Table S4). The results were 
consistent with the primary analysis, showing signifi-
cant multiplicative and additive interactions between the 
TyG index and CVAI for CVD and CHD (P for interac-
tion < 0.05), but no significant interaction for stroke (P 
for interaction > 0.05). Second, when the TyG index and 
CVAI were categorized into tertiles, significant multipli-
cative interactions were observed for CVD, CHD, and 
stroke (P for interaction < 0.05), whereas additive interac-
tions for CVD and stroke were not statistically significant 
(95% CI for RERI included zero). Further analysis indi-
cated that participants in the medium TyG × high CVAI 
group had the highest CVD risk (Additional file 1: Table 
S5 and Fig. S7). Finally, using multiple imputation to 
handle missing data yielded results consistent with those 
before imputation (Additional file 1: Table S6).

Discussion
In this large, nationwide, longitudinal cohort study 
involving 8,358 middle-aged and older adults in China, 
followed for up to 9.0 years, we found a significant asso-
ciation between elevated TyG index, CVAI, and the risk 
of new-onset CVD. Both the TyG index and CVAI were 
independently associated with increased risks of CVD, 
CHD, and stroke. When stratified by the TyG index 
and CVAI, participants with low TyG index but high 
CVAI exhibited the highest cumulative hazard of CVD, 

Characteristics Overall Group 1 Group 2 Group 3 Group 4 P valuea

N = 8358 N = 2874 N = 1349 N = 1305 N = 2830
 Yes 475 (5.7) 89 (3.1) 91 (6.7) 58 (4.4) 237 (8.4)
 No 7883 (94.3) 2785 (96.9) 1258 (93.3) 1247 (95.6) 2593 (91.6)
Group 1 refers to low TyG & low CVAI; Group 2 refers to low TyG & high CVAI; Group 3 refers to high TyG & low CVAI; Group 4 refers to high TyG & high CVAI

Abbreviations: TyG index, triglyceride-glucose index; CVAI, Chinese visceral adiposity index; BMI, body mass index; SD, standard deviation; Uni+, university; CVD, 
cardiovascular disease; CHD, coronary heart disease
aP value was based on χ2 or analysis of variance test where appropriate

Table 1  (continued) 
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followed by those with both high TyG index and high 
CVAI. Additive interaction analysis revealed a nega-
tive interaction effect for CVD and CHD, suggesting an 
antagonistic relationship between high TyG index and 
high CVAI in these outcomes. Subgroup analyses across 
different demographic and clinical characteristics, as 
well as multiple sensitivity analyses, further supported 
the robustness of our findings. Collectively, these results 
highlight the importance of considering both insulin 
resistance (reflected by the TyG index) and visceral adi-
posity (measured by CVAI) in assessing cardiovascular 
risk.

 A substantial body of research has established a posi-
tive correlation between the TyG index, as a marker of IR 
and metabolic syndrome, and CVD. IR increases CVD 
risk by inducing hyperglycemia, inflammatory responses, 
lipid metabolism disorders, and vascular damage [32, 33]. 
As a measure reflecting triglyceride and glucose levels, 
the TyG index has been shown to be a reliable predictor 
of CVD in several cohort studies. For instance, Da Silva et 
al. analyzed data from 2,330 patients in Brazil and found 
that a higher TyG index was significantly associated with 
an increased risk of symptomatic coronary artery disease 
(CAD) [34]. Similarly, Barzegar et al., in their analysis 
of the Tehran Lipid and Glucose Study (TLGS) involv-
ing 7,521 participants, further validated the positive 
correlation between the TyG index and increased risks 
of both CVD and CHD, especially in older populations 
[35]. Additionally, research conducted by Zhang and 
Liang revealed that an elevated TyG index was signifi-
cantly linked to higher rates of CVD and related mortal-
ity among individuals with diabetes or prediabetes (1,072 
participants) as well as older adults aged 60 and above 
(6,502 participants) [12, 36].

Visceral fat accumulation is considered a major risk 
factor for CVD, as it impairs vascular endothelial func-
tion through multiple pathways, including the release of 
pro-inflammatory cytokines and oxidative stress, thereby 
significantly increasing CVD risk [37, 38]. CVAI, a com-
posite visceral obesity index based on age, BMI, WC, 
and metabolic parameters, has been validated in several 
studies as an effective predictor of CVD. For example, in 
a 10-year study of 1,252 postmenopausal women, Liu et 
al. found that among several abdominal obesity indices, 
including WC, WHR, visceral adiposity index (VAI), lipid 
accumulation product (LAP), and CVAI, the latter had 
the strongest predictive value for CVD risk in postmeno-
pausal women [21]. Similarly, Qiao et al., in a 59-month 
follow-up study of 2,328 patients with type 2 diabetes, 
found that WC, VAI, LAP, and CVAI were all signifi-
cantly associated with the risk of cardiovascular events, 
with CVAI showing the best predictive performance [39]. 
Liu et al. also demonstrated that among seven surrogate 
markers of IR, CVAI outperformed others in predicting 

Table 2  Independent and combined effects of TyG index and 
CVAI on CVD events risk
Variables Incidence 

rate (1,000 
PY)

HR (95% 
CI)a

P for 
interactionb

Interac-
tion 
measuresc

CVD incidence
 Low TyG 14.50 Reference
 High TyG 20.50 1.22(1.08, 

1.38)
 Low CVAI 12.20 Reference
 High CVAI 23.00 1.61(1.42, 

1.83)
 Low TyG & 
low CVAI

10.80 Reference 0.005 RERI: -0.47 
(-0.89, 
-0.14)
AP: -0.28 
(-0.52, 
-0.08)
SI: 0.59 
(0.42, 0.83)

 Low TyG & 
high CVAI

23.70 1.87 (1.57, 
2.24)

 High TyG & 
low CVAI

15.10 1.33 (1.10, 
1.62)

 High TyG & 
high CVAI

23.10 1.75 (1.49, 
2.06)

CHD incidence
 Low TyG 10.90 Reference
 High TyG 14.40 1.15(1.00, 

1.33)
 Low CVAI 9.21 Reference
 High CVAI 16.20 1.53(1.31, 

1.77)
 Low TyG & 
low CVAI

7.90 Reference < 0.001 RERI: -0.87 
(-1.36, 
-0.37)
AP: -0.53 
(-0.83, 
-0.23)
SI: 0.42 
(0.28, 0.63)

 Low TyG & 
high CVAI

17.60 2.03 (1.65, 
2.49)

 High TyG & 
low CVAI

12.10 1.47 (1.18, 
1.84)

 High TyG & 
high CVAI

15.50 1.63 (1.34, 
1.99)

Stroke incidence
 Low TyG 4.99 Reference
 High TyG 8.47 1.37(1.11, 

1.67)
 Low CVAI 4.08 Reference
 High CVAI 9.41 1.75(1.41, 

2.16)
 Low TyG & 
low CVAI

3.58 Reference 0.417 RERI: -0.11 
(-0.74, 
0.52)
AP: -0.05 
(-0.36, 
0.25)
SI: 0.90 
(0.52, 1.56)

 Low TyG & 
high CVAI

8.11 1.82 (1.34, 
2.46)

 High TyG & 
low CVAI

5.19 1.33 (0.95, 
1.86)

 HIgh TyG & 
high CVAI

10.00 2.03 (1.55, 
2.67)

Abbreviations: CVD, cardiovascular disease; TyG index, triglyceride-glucose 
index; CVAI, Chinese visceral adiposity index; HR, hazard ratio; CI, confidence 
interval; 1,000 PY, per 1,000 person-years; RERI, relative excess risk due to 
interaction; AP, attributable proportion due to interaction; SI, synergy index
aAge, gender, education level, BMI, marital status, hypertension, diabetes, 
dyslipidemia, smoking, and alcohol consumption status were adjusted
bThe significance of the interaction term was evaluated through likelihood 
tests, which involved comparing the model that included the interaction term 
with a model that did not
cAdditive interactions were calculated based on the reference group with low 
TyG & low CVAI
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CHD risk, further supporting its importance as a CVD 
predictor [40].

In this study, our findings suggest that IR and visceral 
fat accumulation together increase CVD risk through 
multiple pathological mechanisms. As an independent 
risk factor for CVD, IR triggers several metabolic dis-
turbances that heighten cardiovascular risk. Firstly, IR 
leads to hyperglycemia, which promotes the formation 
of advanced glycation end products (AGEs) that directly 
damage vascular endothelium and accelerate atheroscle-
rosis [41]. Additionally, IR-associated hyperinsulinemia 
stimulates vascular smooth muscle cell proliferation and 
vasoconstriction, exacerbating vascular hardening and 
inflammation [42].

 Visceral fat accumulation is also an independent 
risk factor for CVD and promotes risk through several 

pathways. Firstly, visceral fat releases pro-inflamma-
tory factors that drive chronic low-grade inflammation, 
impair vascular endothelial function, and exacerbate 
oxidative stress, thereby accelerating the progression of 
atherosclerosis [43–45]. Visceral fat can also accumulate 
in ectopic sites such as the heart and liver, disrupting 
lipid metabolism and resulting in elevated triglyceride 
levels, reduced HDL-C, and an increase in small, dense 
LDL particles—all of which significantly increase CVD 
risk, even in individuals with mild IR [46–49]. Moreover, 
visceral fat affects adipokine secretion, decreasing anti-
inflammatory adiponectin and increasing pro-inflamma-
tory leptin. Reduced adiponectin levels weaken vascular 
protection, while elevated leptin promotes inflammation 
and lipid deposition, further aggravating vascular damage 
and substantially raising CVD incidence [50–53].

Fig. 2  K-M plot of CVD risk by TyG index and CVAI. Abbreviations: TyG index, triglyceride-glucose index; CVAI, Chinese visceral adiposity index
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Subgroup (cases/total) Incidence rate (1,000 PY) Variables HR (95% CI)a P for interactionb

Overall (N = 8358)
10.80 Low TyG & low CVAI Reference
23.70 Low TyG & high CVAI 1.87 (1.57, 2.24)
15.10 High TyG & low CVAI 1.33 (1.10, 1.62)
23.10 High TyG & high CVAI 1.75 (1.49, 2.06)

Age, years 0.93
 < 59 (4745/8358) 9.96 Low TyG & low CVAI Reference

22.04 Low TyG & high CVAI 1.96 (1.52, 2.52)
13.34 High TyG & low CVAI 1.26 (0.98, 1.63)
20.92 High TyG & high CVAI 1.70 (1.36, 2.12)

 60–69 (2360/8358) 12.96 Low TyG & low CVAI Reference
23.95 Low TyG & high CVAI 1.72 (1.25, 2.35)
19.73 High TyG & low CVAI 1.45 (1.01, 2.08)
27.29 High TyG & high CVAI 1.71 (1.28, 2.29)

 ≥ 70 (1253/8358) 11.31 Low TyG & low CVAI Reference
22.41 Low TyG & high CVAI 1.92 (1.22, 3.03)
17.24 High TyG & low CVAI 1.34 (0.73, 2.47)
21.39 High TyG & high CVAI 1.70 (1.07, 2.70)

Gender 0.14
 Female (4462/8358) 11.80 Low TyG & low CVAI Reference

25.68 Low TyG & high CVAI 1.94 (1.51, 2.48)
17.39 High TyG & low CVAI 1.43 (1.11, 1.84)
24.05 High TyG & high CVAI 1.69 (1.35, 2.10)

 Male (3896/8358) 9.91 Low TyG & low CVAI Reference
19.91 Low TyG & high CVAI 1.79 (1.37, 2.33)
12.47 High TyG & low CVAI 1.17 (0.86, 1.60)
21.69 High TyG & high CVAI 1.86 (1.45, 2.39)

Obesity 0.96
 Yes (891/8358) 6.94 Low TyG & low CVAI Reference

31.33 Low TyG & high CVAI 3.77 (0.52, 27.38)
10.47 High TyG & low CVAI 1.42 (0.13, 15.85)
29.93 High TyG & high CVAI 3.28 (0.45, 23.71)

 No (7467/8358) 10.87 Low TyG & low CVAI Reference
20.89 Low TyG & high CVAI 1.40 (1.13, 1.75)
15.21 High TyG & low CVAI 1.35 (1.11, 1.64)
21.24 High TyG & high CVAI 1.32 (1.08, 1.62)

Hypertension 0.79
 Yes (3166/8358) 14.52 Low TyG & low CVAI Reference

27.44 Low TyG & high CVAI 1.94 (1.47, 2.57)
20.21 High TyG & low CVAI 1.38 (0.99, 1.92)
28.22 High TyG & high CVAI 1.91 (1.47, 2.46)

 No (5135/8358) 9.73 Low TyG & low CVAI Reference
18.94 Low TyG & high CVAI 1.83 (1.44, 2.33)
13.21 High TyG & low CVAI 1.31 (1.03, 1.68)
17.68 High TyG & high CVAI 1.61 (1.29, 2.02)

Diabetes 0.79
 Yes (594/8358) 24.52 Low TyG & low CVAI Reference

29.23 Low TyG & high CVAI 1.18 (0.53, 2.62)
27.85 High TyG & low CVAI 1.19 (0.59, 2.41)
29.55 High TyG & high CVAI 1.04 (0.55, 1.97)

Table 3  Subgroup analysis for the combined effect of the TyG index and CVAI on CVD risk
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 Notably, the combined analysis of IR and visceral 
fat accumulation reveals a more complex mechanism. 
We observed that when the TyG index and CVAI were 
divided into two or three groups, individuals with high 
CVAI had a lower incidence of CVD at high TyG index 
levels compared to those with low or medium TyG levels. 
This finding differs from the typical positive correlation 
observed when the TyG index or CVAI are analyzed sep-
arately [54–57]. These results suggest that in the presence 
of significant visceral fat accumulation, a high TyG index 
may not act as a risk factor for CVD and could even have 
a protective effect.

 This phenomenon may be due to prolonged insulin 
resistance leading to the gradual exhaustion of pancreatic 
β-cells, resulting in a decrease in insulin secretion levels 
in the body [58, 59]. With lower insulin levels, insulin’s 
regulatory effect on lipid metabolism is weakened, and 
the extent of lipid metabolism disorders may be some-
what alleviated [60, 61]. Furthermore, in individuals with 
high CVAI, visceral fat accumulation triggers the release 
of pro-inflammatory cytokines (such as TNF-α and IL-6) 
and free fatty acids (FFA), which continuously impair 
insulin signaling pathways and further aggravate insu-
lin resistance [62, 63]. This excessive inflammatory load 
gradually reduces the effectiveness of insulin, leading to 
further declines in insulin levels.

 In contrast, individuals with low or medium TyG index 
levels may maintain higher insulin levels, and hyperinsu-
linemia itself is a risk factor for CVD. Hyperinsulinemia 
can directly harm vascular health by promoting the 
proliferation of vascular smooth muscle cells, increas-
ing vasoconstriction, and enhancing inflammatory 
responses [7, 64, 65]. Therefore, in individuals with mild 
to moderate insulin resistance but significant visceral fat 

accumulation, the combined harmful effects of hyperin-
sulinemia and visceral fat may lead to an elevated risk of 
CVD.

 In summary, this study reveals the complex interactive 
roles of IR and visceral fat accumulation in influencing 
CVD risk among middle-aged and older adults in China. 
We found that both the TyG index and CVAI indepen-
dently contributed to increased risks of CVD, CHD, and 
stroke. Notably, the combined analysis showed that in 
cases of significant visceral fat accumulation, high IR lev-
els may not increase CVD risk as traditionally expected; 
instead, it may exhibit a protective effect, suggesting a 
potential antagonistic interaction between IR and vis-
ceral fat accumulation. This finding highlights the impor-
tance of assessing the combined effects of IR and visceral 
fat, as their interaction may produce distinct CVD risk 
profiles. Moving forward, a comprehensive assessment 
incorporating both IR and visceral fat indicators will 
help to more accurately identify high-risk individuals and 
develop more targeted prevention strategies to reflect the 
nuanced relationship between these risk factors and car-
diovascular health.

Limitations
This study has several limitations. First, as an observa-
tional study, while we revealed associations between the 
TyG index, CVAI, and CVD risk, causality cannot be 
established. Second, although we adjusted for various 
known confounders (e.g., age, gender, smoking status), 
unmeasured confounders (e.g., diet, physical activity, 
socioeconomic status) may still affect the results. Third, 
we lacked direct measurements of insulin levels and 
could not assess the direct impact of insulin secretion 
and hyperinsulinemia on CVD risk. Fourth, while CVAI 
and TyG index serve as indirect markers, they may not 

Subgroup (cases/total) Incidence rate (1,000 PY) Variables HR (95% CI)a P for interactionb

 No (7701/8358) 10.54 Low TyG & low CVAI Reference
22.52 Low TyG & high CVAI 1.91 (1.59, 2.30)
14.28 High TyG & low CVAI 1.33 (1.08, 1.63)
22.33 High TyG & high CVAI 1.84 (1.55, 2.18)

Dyslipidemia 0.98
 Yes (2017/8358) 10.76 Low TyG & low CVAI Reference

21.99 Low TyG & high CVAI 1.63 (0.91, 2.93)
15.46 High TyG & low CVAI 1.54 (0.91, 2.58)
24.09 High TyG & high CVAI 1.66 (1.04, 2.64)

 No (6340/8358) 10.86 Low TyG & low CVAI Reference
22.74 Low TyG & high CVAI 1.91 (1.58, 2.31)
15.01 High TyG & low CVAI 1.33 (1.07, 1.66)
22.24 High TyG & high CVAI 1.75 (1.46, 2.10)

Abbreviations: CVD, cardiovascular disease; TyG index, triglyceride-glucose index; CVAI, Chinese visceral adiposity index; HR, hazard ratio; CI, confidence interval; 
1,000 PY, per 1,000 person-years
aAge, gender, education level, BMI, marital status, hypertension, diabetes, dyslipidemia, smoking, and alcohol consumption status were adjusted
bP for interaction was derived from Cox proportional hazards models by including multiplicative interaction terms to test for heterogeneity across subgroups

Table 3  (continued) 
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fully capture true visceral fat content and insulin sensitiv-
ity; more precise measurement methods (e.g., MRI, CT, 
or HOMA-IR) might provide more accurate assessments. 
Finally, as the study population comprised middle-aged 
and older Chinese individuals, the results may not be 
generalizable to other ethnic groups, age ranges, or life-
styles, and validation in other populations is necessary.

Conclusion
Our study suggests that the interaction between IR and 
visceral fat may influence CVD risk differently than tra-
ditionally expected, with high IR possibly acting as a pro-
tective factor in individuals with significant visceral fat. 
Considering both IR and visceral adiposity may improve 
CVD risk assessment and help identify high-risk individ-
uals more accurately.
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