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Abstract
Background:
The primary aim of this study is to investigate the association and joint effects of BMI and WC in the risk of heart disease.
Methods:
A retrospective cohort study was conducted involving 11,700 participants from the China Health and Retirement Longitudinal Study with 9 years following up. For all analyses, we imputed missing data of the covariates by using multiple imputations. The Cox proportional hazards model and propensity score matching (PSM) were used to exclude confounding factors. The additive interaction test was to explore the joint effect of BMI and WC.
Results:
During a median follow-up of 8.49 years, 2055 (17.6%) people were diagnosed with heart disease. Upon full adjustment model and after PSM, a positive association was observed between BMI (HR: 1.41, 95% CI: 1.21-1.63), WC (HR: 1.22, 95% CI: 1.09-1.36) and the risk of heart disease. The joint effect (HR: 1.54, 95% CI: 1.34-1.77) of BMI and WC was higher than the simple effect.
Conclusions:
This cohort study demonstrated a significant association and joint effect between both high levels of BMI as well as high levels of WC and the risk of heart disease among individuals with Chinese people.
Keywords body mass index, waist circumference, heart disease, association, joint effect.


Introduction
Despite the introduction of new guidelines, medications, and technologies, heart disease morbidity and mortality rates in China continue to increase on an annual basis [1]. According to the Annual Report on Cardiovascular Health and Disease in China (2022), the prevalence of heart disease in China has risen significantly, affecting approximately 330 million people, including a large number of patients suffering from stroke, coronary artery disease, heart failure, and other related diseases [2, 3].
Furthermore, up to 50.7% of Chinese adults are overweight or obese, which may serve to exacerbate the burden of heart disease[4]. However, body mass index (BMI), a commonly used metric for assessing obesity, may not adequately reflect an individual's cardiovascular metabolic risk[5]. While BMI is a simple calculated value based on height and weight, it does not directly measure body fat or its distribution. For instance, individuals with a normal BMI but abdominal obesity exhibit an elevated risk of mortality and cardiovascular events[6]. This information is not discernible through BMI alone. Waist circumference (WC) and other body measurements can be employed as supplementary tools to more precisely assess abdominal fat and associated cardiovascular risk[7]. For instance, waist circumference measurements can assist in identifying individuals with a normal BMI but still at high risk for cardiovascular disease[8, 9].
The objective of this study is to investigate the relationship between BMI, WC, and heart disease, as well as their combined effects, in a large Chinese population.
Methods
Study design
We utilized data from the China Health and Retirement Longitudinal Study (CHARLS)[10], a nationally representative longitudinal survey that gathers information from individuals aged 45 years and above in China[11]. The survey covers a wide range of data including economic status, physical and psychological health, demographics, and social networks[12]. Anthropometric indicators and cardiometabolic diseases are also assessed in CHARLS. The initial national baseline survey of CHARLS was conducted in 2011, with 17,385 individuals from 150 counties/districts and 450 villages/resident communities participating. Subsequently, participants were followed up every 2 years. This study was approved by the Biomedical Ethics Review Committee of Peking University, and all participants provided signed informed consent forms[1, 13]. 
Study population
All participants recruited in the national baseline survey were included if they met the following criteria: (1) no history of heart disease at baseline; (2) successful collection of BMI and WC; and (3) successful follow-up. Ultimately, 11,700 individuals without any heart disease at baseline in 2011 were included (Figure 1). 
BMI and WC measurements
BMI is calculated as weight (kg) divided by the square of height (m). Height and weight are measured using a stadiometer and a weighing scale, with participants barefoot and in light clothing. When measuring waist circumference, trained measurers use a flexible tape measure to encircle the waist at the level of the navel. 
Outcome and follow-up
Heart disease was defined as self-report of a physician's diagnosis, indicated by a positive response to the question "Have you been diagnosed with any heart disease, including angina, myocardial infarction, coronary heart disease, or any other heart problems?" based on the CHARLS questionnaire. 
The outcome of this study was the occurrence of incident heart disease, identified through a self-reported physician diagnosis. This was determined by a positive response to the question, "Have you been diagnosed with any heart disease, including angina, myocardial infarction, coronary heart disease, or any other heart problems?" Participants were monitored from the baseline year of 2011 until the onset of heart disease or the date of the most recent survey in 2020, whichever occurred first. 
Covariates
Covariates included Social demographic characteristics, lifestyle factors, laboratory examination and current disease status [20]. Social demographic characteristics included age, sex, marital status and residence (rural/urban). Lifestyle factors included smoking status (ever smoking/never smoking) and drinking status (ever drinking/never drinking).Laboratory examination at baseline 2011 include white blood cell count (WBC), mean corpuscular volume (MCV), platelet count, blood urea nitrogen (BUN), glucose levels, serum creatinine (Scr), total cholesterol (TC), triglycerides (TG), high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, C-reactive protein (CRP), glycosylated hemoglobin (HbA1c), uric acid (UA), hematocrit (HCT), hemoglobin (HGB). Current diseases (yes/no) included hypertension, diabetes, cancer, lung disease, stroke, liver disease, renal disease, digestive disease, asthma[10].
Statistical analysis
All normally distributed continuous variables were reported as mean ± standard deviation, while skewed continuous variables were described as median (interquartile range [IQR]). Categorical variables were presented as frequencies and percentages. The comparison of continuous variables among groups was conducted using the independent samples Student’s t-test or Mann-Whitney U-test based on the distribution's normality. Categorical data were compared using the chi-square test as appropriate.
Multivariate Cox regression models were utilized to estimate hazard ratios (HRs) and their corresponding 95% confidence intervals (95% CI) for the heart disease. BMI and WC was included in the model as a continues and categorical variable according to clinical significance.
Confounding variables were selected based on clinical relevance, existing scientific literature, or if they were found to be associated with the outcomes of interest or caused a change in the effect estimate of more than 10%. Three models were constructed: Model 1, which was unadjusted analysis; Model 2, which adjusted for age, sex, marital status, and rural residence; Model 3 (the primary model), which additionally adjusted for age, sex, marital status, rural residence, smoking status, alcohol consumption, white blood cell count, platelet count, hemoglobin level, hypertension, diabetes, cancer, lung disease, stroke, liver disease, renal disease, digestive disease, and asthma.
We utilized a restricted cubic spline model to construct smooth curves in order to explore potential nonlinear dose-response relationships between BMI, WC and heart disease. In this model, BMI and WC was treated as a continuous variable with four knots (5th, 35th, 65th, and 95th percentiles) recommended by Harrell. Nonlinearity was assessed through a likelihood ratio test, which compared a model containing only a linear term with a model including both linear and cubic spline terms. 
To account for missing data, we employed multiple imputation with 5 replications and the chained equation approach method using the R mice procedure, as outlined in Van Buuren and Groothuis-Oudshoorn (2011). This approach aimed to enhance statistical power and minimize bias. Additionally, we repeated all analyses using the complete data cohort for comparison purposes. Furthermore, we performed a series of sensitivity analyses to evaluate the robustness of our study findings and assess the impact of employing various association inference models.
In the sensitivity analysis, we applied several association inference models, including propensity score adjusted (PSA), propensity score matching (PSM), inverse probability of treatment weighting (IPTW), standardized mortality ratio weighting (SMRW), pairwise algorithmic (PA), and overlap weight (OW) models. The effect sizes and p-values obtained from these models were calculated and compared.
R software (version 4.2.1; R Foundation for Statistical Computing; http:// www.Rproject.org), the R survey package (version 4.1-1), and Free Statistics software (version 1.7.1; Beijing Free Clinical Medical Technology Co., Ltd.) were used for analyses. In all analyses, a two-sided p-value < 0.05 was taken to indicate statistical significance. 
Results
Flow chart of the study population inclusion
Of a total of 17385 patients, 11700 patients were included. We excluded 2075 patients because of diagnosed with heart disease in 2011. Another 3610 patients were excluded because of Missing data on body mass index and waist circumference (Fig. 1). 
Baseline characteristic of participants
The baseline clinical characteristics of the included patients are summarized in Table 1. The participants were divided into two groups according to whether the WC was less than 85cm for men and less than 80cm for women. The mean age of the included patients was 58.6 ± 9.9. Among them, 52.3% were male. In high WC group, people tended to have higher levels of lipids, blood sugar, and inflammation and high incidence of  hypertension, diabetes, stroke and digestive disease. During an median follow-up of 8.49 years, 2055 (17.6%) people were diagnosed with heart disease. 
Association of BMI and WC with heart disease
In the multivariable Cox proportional hazards model, after adjusting for potential confounders as shown in Table 2 (model 3), A high BMI and WC was found to be significantly associated with an increased risk of heart disease (Per 1 unit: BMI, HR: 1.04, 95% CI: 1.02-1.05, P<0.001; WC, HR: 1.020, 95% CI: 1.010-1.021, P<0.001). In the multivariable Cox proportional hazard models, after adjusting for potential confounders (Table 2, model 3), individuals in the group2 of BMI and the group 2 of WC exhibited a higher risk of heart disease compared to the group 1 of BMI and the group 1 of WC (BMI. group 2 vs 1, HR: 1.41, 95% CI: 1.21-1.63, P<0.001; WC. group 2 vs 1, HR: 1.22, 95% CI: 1.09-1.36, P<0.001). Moreover, a linear relationship between the BMI, WC and heart disease was shown in Figure S1. 
Joint effect of BMI and WC with the risk of heart disease
Figure 2 shows the joint association of BMI and WC with the risk of heart disease. The HRs for individuals of high BMI (BMI ≥ 28.0 kg/m2) and high WC (WC ≥ 85cm in male, WC ≥ 80cm in female) compared with those with low BMI and low WC were 1.54 (95% CI: 1.34-1.77, P<0.001) for the risk of heart disease after adjusting for confounders (Table 3), which was higher than the group of high BMI and low WC and the group of low BMI and high WC. 
But no significant additive interactions were found between BMI and WC on heart disease incidence, which requires further investigation (Additive: RERI: 0.14, 95% CI: -0.71-1.15, AP: 0.14, 95% CI: -0.46-0.75) (Table 3). 
Subgroup analysis, PSM analysis and other Sensitivity analyses
Subgroup analysis, PSM analysis and other Sensitivity analyses were conducted to further explore the findings of the study. Subgroup analysis indicated no evidence of effect modification based on common risk factors for heart disease, as evidenced by HR all exceeding 1 (Figure 3). 
Furthermore, propensity score matching analysis was employed to account for potential confounding variables between the BMI and WC groups, aiming to ensure the robustness of the results. Even after adjusting for multiple factors, the results remained consistent and similar (Figure 4).
Additionally, a multivariable regression analysis was conducted using only patients with complete data as a sensitivity analysis, which yielded results consistent with the main findings (Table S1).
Discussion
To the best of our knowledge, this extensive retrospective cohort study on heart disease has demonstrated a significant independent association between BMI and WC and an increase in the risk of heart disease. It is noteworthy that the joint effect of BMI and WC on the incidence of heart disease requires further investigation. Further robustness of the results was achieved through subsequent subgroup analysis, PSM, and a multivariable COX proportional hazard model. These findings have substantial clinical significance[14-16].
Our research investigated the positive association and joint effect of BMI and WC with heart disease in the China Health and Retirement Longitudinal Study. Our findings are consistent with those of previous observational studies[17, 18]. For example, Chaofu Ke et al. found a significant association between obesity and increased risk of cardiometabolic multimorbidity in the Chinese population (BMI: HR: 1.48, 95% CI: 0.98-2.24; WC: HR: 2.06, 95% CI: 1.29-3.27)[19]. A recent longitudinal cohort study initiated by Zahra Raisi-Estabragh et al. showed a remarkable association between obesity and cardiovascular outcomes, while Sarah Lewington et al. found the same result[17].
We observed BMI, WC as an independent risk factor for heart disease in a large Chinese cohort population and demonstrated for the first time the joint effect of BMI and WC on heart disease risk[20-22]. Our findings support the characterization of obesity by integrating BMI and WC to better discriminate health from disease (minimize misclassification) and improve the prediction of cardiovascular outcomes[23-25].
The study has important strengths, including a large sample size, a population-based design, and the ability to simultaneously examine the risks of BMI and WC in relation to heart disease in different subgroups[26-28]. In an observational study, despite efforts to control for many important confounders, the possibility of unmeasured confounders associated with heart disease risk cannot be ruled out[29]. Although, sensitivity analyses after exclusion of some confounders did not alter the associations between BMI, WC, and major outcomes, it is acknowledged that there may still be residual confounding influencing the results[30].
Conclusions
In Chinese individuals, high BMI or WC was significantly associated with an increased risk of incident heart disease. What's more, the combined use of BMI and WC to characterize obesity may better discriminate "pathological" obesity and provide better estimates of cardiovascular risk than either measure alone.
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Figure legends

Fig. 1 Flow chart of the study population inclusion.

Fi. 2 BMI, associations with high risk of heart disease and interaction with WC. BMI: body mass index, WC: waist circumference.
 
Fig. 3 Subgroup analyses for the association of BMI (A) and WC (B) with risk of heart disease. HR hazard ratio, CI confidence interval, BMI: body mass index, WC: waist circumference.

Fig. 4 Forest plot shows HRs of heart disease in BMI group (A) and WC (group) using propensity score matching (PSM).

Fig. S1 A multivariable-adjusted restricted cubic spline for the association of BMI (A) and WC (B) with heart disease. Adjusted for age, sex, marry state, rural, smoke, drink, WBC, Platelet, HGB, hypertension, diabetes, cancer, lung disease, stroke, liver disease, renal disease, digestive disease, asthma. BMI: body mass index, WC: waist circumference.
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