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Association of body mass index
combined with triglyceride-glucose
index in cardiovascular disease risk:
a prospective cohort study

Yu Cheng?, Shouling Wu?, Shuohua Chen? & Yuntao Wu?™*

Previous studies have mainly explored the effects of body mass index (BMI) and triglyceride-glucose
index (TyG index) on cardiovascular disease (CVD) separately or by examining the composite parameter
(TyG-BMI) formed by multiplying the two and its association with CVD. However, few studies have
investigated the combined effect of BMI categories and the TyG index on CVD. This study aimed to
determine the association of BMI categories combined with the TyG index in new-onset CVD. A total of
94,002 participants were included from the Kailuan study. Their BMI combined with the TyG index was
categorized into six groups: Low-BMI/Low-TyG, Middle-BMI/Low-TyG, High-BMI/Low-TyG, Low-BMI/
High-TyG, Middle-BMI/High-TyG, and High-BMI/High-TyG. A multifactorial Cox proportional hazards
model was used to analyze the longitudinal association between BMI combined with the TyG index

and new-onset CVD events. During a follow-up period of 15.95 + 3.59 years, 9791 new CVD events were
recorded. After adjusting for confounding factors such as sex, age, smoking, drinking, physical activity,
systolic blood pressure, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol,

uric acid, high-sensitivity C-reactive protein, antihypertensive drugs, hypoglycemic drugs, and lipid-
lowering drugs, Cox regression analysis showed that the risk of CVD events was 52% higher in the
High-BMI/High-TyG group (HR: 1.52; 95% Cl 1.42-1.64) compared to the Low-BMI/Low-TyG group. The
combination of high BMI (228.0) and high TyG index (> 8.58) significantly increases individual CVD risk.
This study suggests that the combination of BMI and the TyG index may better help identify individuals
at risk of developing CVD.

Keywords Body mass index, Triglyceride-glucose index, Cardiovascular disease, Combined effect, Cohort
study
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ANOVA One-way analysis of variance

M Median
HR Hazard ratio
CI Confidence interval

Cardiovascular disease (CVD) is among the leading causes of premature death and rising healthcare costs
globally!, and therefore prevention of CVD has become particularly important, especially in high-risk groups
(e.g., the elderly, hypertensive patients, etc.)>™.

In addition to hypertension and dyslipidemia, overweight/obesity and insulin resistance are also major
risk factors for developing CVD>S. Body mass index (BMI), a commonly used measure of overweight/obesity,
has been confirmed to be associated with increased CVD risk”8. A longitudinal cohort study suggests that
overweight/obese adults have a higher risk of CVD compared to those with normal BMI°. Meanwhile, the
triglyceride-glucose (TyG) index has been recognized as a cost-effective and reliable marker of insulin resistance,
demonstrating superiority over homeostatic model assessment of insulin resistance (HOMA-IR) in population
studies because of its independence from insulin assays and its enhanced reproducibility'®. Several cohort
studies have verified that a higher TyG index is conspicuously correlated with an augmented risk of CVD!!~13,

However, current research evidence demonstrates that BMI inaccurately reflects body fat content, as elevated
muscle mass may also contribute to increased BMI'*-1. Thus, Korean scholars proposed the triglyceride
glucose-body mass index (TyG-BMI) in 2016, a composite metric constructed through a multiplicative model
integrating TyG and BMI, aiming to holistically characterize the synergistic effects of adipose accumulation and
insulin resistance'”. While prior studies have validated the applicability of TyG-BMI in evaluating CVD risk, it
fails to account for nonlinear interactions and may obscure threshold effects within specific BMI categories. To
address these limitations, this study leverages longitudinal cohort data from the Kailuan Study to investigate the
joint association and multiplicative interactions between BMI categories (normal weight, overweight, obesity)
and the TyG index in relation to CVD risk. Therefore, we can provide evidence for precision risk stratification of
CVD, thereby optimizing the efficiency of clinical screening and reducing associated healthcare costs.

Methods

Study population

Participants in this study were drawn from the Kailuan Study (registration number: ChiCTR-TNRC-11001489),
a large-scale prospective cohort study conducted in Tangshan City, China. Details of the study design and
methodology have been published elsewhere!®. The initial health check-ups for current and retired employees of
Kailuan Group were conducted by 11 hospitals, including the Kailuan General Hospital, in 2006-2007 (referred
to as 2006), with follow-up visits every two years thereafter. A total of 101,510 participants underwent health
check-ups in 2006. After excluding 2052 participants with missing BMI and TyG data, 3372 participants with a
history of cardiovascular disease, 332 participants with a history of cancer, and 1752 participants with BMI < 18.5,
a total of 94,002 participants were included in the study (Fig. 1). The study was conducted in accordance with the
Declaration of Helsinki and approved by the Ethics Committee of Kailuan General Hospital, with all participants
provided informed consent. This study adhered to the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) guidelines for cohort studies.

Data collection and related definitions
Trained professionals collected epidemiologic study content through questionnaires that included comprehensive
information on age, sex, smoking, alcohol use, physical activity, medication use (e.g., hypoglycemic,

Participants included the baseline survey in 2006
(N=101,510)

Participants without data of baseline BMI and TyG
(N=2052)

Participants with a history of CVD, or various
cancers at baseline (N=3704)

Participants with baseline BMI < 18.5
(N=1752)

94,002 participants were included in the study

Fig. 1. Flow chart of study participants. Abbreviations: BMI, body mass index; TyG, triglyceride-glucose;
CVD, cardiovascular disease.
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antihypertensive, and lipid-lowering medications), and self-reported past medical history (e.g., hypertension
and diabetes). Smoking was categorized as current smoking and current non-smoking, with current non-
smoking including quitters. Alcohol consumption was categorized as current alcohol consumption and current
non-alcohol consumption, with current non-alcohol consumption including abstainers. Active physical activity
was defined as a frequency of at least three times per week and a duration of at least 30 min per session. Physical
activity was divided into two categories: active and inactive.

Participants’ height, weight, systolic blood pressure (SBP), and diastolic blood pressure (DBP) were measured
by trained physicians or nurse practitioners. Height and body mass were measured using calibrated RGZ-120
body mass scales, accurate to 0.1 cm for height and 0.1 kg for body mass. BMI was calculated as weight (kg)
divided by height squared (m?). Hypertension was defined as SBP>140 mmHg or DBP>90 mmHg, or the
presence of a history of clearly diagnosed hypertension, or the use of antihypertensive medication, even if
SBP < 140 mmHg and DBP <90 mmHg".

For biochemical markers, fasting blood glucose (FBG), triglyceride (TG), high-density lipoprotein cholesterol
(HDL-C), low-density lipoprotein cholesterol (LDL-C), total cholesterol (TC), uric acid (UA), and high-
sensitivity C-reactive protein (Hs-CRP) were measured using the Hitachi Autoanalyzer 747. FBG was measured
by the hexokinase/glucose-6-phosphate dehydrogenase method with a coefficient of variation <2.0%; TG was
measured by the enzyme colorimetric method. Diabetes mellitus was defined as FBG =7.0 mmol/L or, in cases
with FBG < 7.0 mmol/L, a history of diabetes mellitus or the use of hypoglycemic medication®.

Calculation formula and grouping

According to previous studies?!, TyG index was calculated as TyG=In [TG (mg/dl)xFBG (mg/dl)/2]. We
divided BMI categories into three groups according to the recommendations of the Chinese Obesity Working
Group??, Low-BMI: normal weight (18.5 < BMI < 24.0); Middle-BMI: overweight (24.0 <BMI < 28.0); and High-
BMI: obesity (BMI>28.0). Like previous studies?***, TyG index was divided into two groups according to the
median: Low-TyG (<8.58) and High-TyG (>8.58). BMI combined with TyG index was categorized into six
groups: Low-BMI/Low-TyG; Middle-BMI/Low-TyG; High-BMI/Low-TyG; Low-BMI/High-TyG; Middle-BMI/
High-TyG; High-BMI/High-TyG.

Outcomes

The follow-up period began with the 2006 physical examination, and the endpoint events were defined as new-
onset CVD events, including myocardial infarction and stroke (both cerebral infarction and cerebral hemorrhage).
For participants who experienced two or more events, the time of the first event was recorded as the follow-up
endpoint. The final follow-up date was December 31, 2022. For participants who did not experience an endpoint
event but died during the study, the follow-up endpoint was recorded as the date of death. The definitions of
endpoint events are provided in published literature?®, and the diagnostic criteria followed the World Health
Organization standards?®?’. Like previous studies?®?’, we used the International Classification of Diseases, 10th
Revision (ICD-10), myocardial infarction was coded as 121, and stroke was coded as 163 or 160-161. Each year,
trained medical personnel reviewed the hospitalization diagnoses of the study participants at hospitals affiliated
with Kailuan Group and designated medical insurance hospitals in Tangshan City, documenting the occurrence
of endpoint events. All diagnoses were confirmed by specialist physicians based on the hospitalization medical
records.

Statistical analysis

The 2006 physical examination data were used as baseline data. Normally distributed continuous variables were
expressed as mean + standard deviation (SD) and compared between groups using one-way analysis of variance
(ANOVA). Skewed continuous variables were expressed as median (M) with interquartile range and compared
using the Kruskal-Wallis test. Categorical variables were expressed as percentages (%), and comparisons between
groups were made using the chi-square test.

The Schoenfeld residual test showed that all variables met the proportional hazards assumption (P> 0.05).
The Cox proportional hazards model was used to analyze the hazard ratio (HR) and 95% confidence interval
(CI) for the risk of endpoint events in groups based on BMI and TyG, both separately and jointly.

Three progressively adjusted Cox proportional hazards models were constructed: Model 1: Adjusted for sex
(male/female) and age (continuous). Model 2: Additionally adjusted for smoking (current smoking/current
non-smoking), drinking (current drinking/current non-drinking), physical activity (active/inactive), SBP
(continuous), LDL-C (continuous), HDL-C (continuous), UA (continuous), and Hs-CRP (continuous). Model
3: Further adjusted for antihypertensive drugs (taking/not taking), hypoglycemic drugs (taking/not taking),
and lipid-lowering therapies (taking/not taking). Meanwhile, We evaluated the multiplicative interactions
between BMI and TyG index on CVD risk in Model 3 of the multivariate Cox regression by including their
product term (BMIxTyG). Statistical significance was determined using the likelihood ratio test (P for
interaction <0.05). Additionally, Subgroup analyses were also conducted based on sex, age, and the presence of
diabetes. Lastly, several sensitivity analyses were conducted to assess robustness: First, we excluded participants
who developed CVD within 2 years of follow-up to avoid reverse causality; Second, we excluded patients who
were using antihypertensive, hypoglycemic, or lipid-lowering drugs at baseline, respectively, to reduce treatment
confounding factors; At last, we conducted the Fine-Grey subdistribution hazard model to account for death as
a competing risk.

All statistical analyses were conducted using SAS software (version 9.4; SAS Institute, Cary, NC, USA), with
a P-value of less than 0.05 (two-tailed) considered statistically significant.
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Results

Baseline characteristics of the participants

The mean age of the participants was 51.5+12.4 years, with 75,040 (79.8%) of them being male. Significant
differences in baseline characteristics were observed among the groups classified by BMI combined with the
TyG index (P<0.05) (Table 1).

Cox proportional risk modeling of BMI combined with TyG index groups affecting endpoint
events

During a follow-up period of 15.95 + 3.59 years, a total of 9791 new CVD events were recorded. After adjusting
for confounding factors such as sex, age, smoking, drinking, physical activity, SBP, LDL-C, HDL-C, UA, Hs-CRP,
and the use of antihypertensive, hypoglycemic, and lipid-lowering medications, Cox regression analysis showed
that, compared to the Low-BMI/Low-TyG group, the HR (95% CI) of CVD, stroke and myocardial infarction
in H-BMI/H-TyG group were 1.52 (1.42-1.64), 1.44 (1.33-1.55) and 1.89 (1.60-2.24), respectively. (Tables 2, 3).

Subgroup analysis

Subgroup analyses revealed that the risk of CVD associated with the High-BMI/High-TyG group was more
pronounced among females, younger individuals (under 60 years), and non-diabetic populations compared to
the Low-BMI/Low-TyG group. The HR with 95% CI for these groups were 2.05 (1.65-2.52), 1.46 (1.34-1.60), and
1.47 (1.36-1.58), respectively. It was observed that BMI combined with TyG index in CVD risk were influenced
by sex, age, and diabetes (P<0.05 for interaction) (Table 4).

Sensitivity analysis

We repeated the Cox proportional hazard models analysis after excluding participants who had a CVD event
within the first two years of follow-up and those who were taking medications at baseline, respectively. In
addition, 11,850 deaths from any cause occurred during follow-up. Due to the competing risk of death, the
traditional Cox model may have a bias in the risk of CVD. Therefore, death was regarded as a competing event,
and the Fine-Gray model was used to analyze the difference of CVD risk in different groups. The results of the
above sensitivity analyses all showed a higher CVD risk in the high BMI/ high TyG group, which was consistent
with the results of the previous main analysis (Table 5).

Discussion
In this prospective cohort study of 94,002 participants, we found that BMI and TyG index had a joint effect on
the risk of CVD development. Those with High-BMI/High-TyG had the highest risk of CVD development. This

Total L-BMI/L-TyG | M-BMI/L-TyG | H-BMI/L-TyG | L-BMI/H-TyG | M-BMI/H-TyG | H-BMI/H-TyG | P

Variables (n=94,002) | (n=23,945) (n=17,710) (n=5398) (n=12,439) (n=22,300) (n=12,210) value

Age, years 51.5+12.4 50.3+13.7 51.7+12.3 51.1+12.7 52.4+12.5 52.3+11.3 51.3+11.8 <0.001
Male, n (%) 75,040 (79.8) | 17,705 (73.9) 14,269 (80.6) 4155 (77.0) 9995 (80.4) 18,800 (84.3) 10,116 (82.9) <0.001
SBP, (mmHg) 130.8+£20.7 123.4+19.2 130.2+20.1 135.5+20.9 129.4+20.1 134.5+20.5 139.2+20.5 <0.001
TC, (mmol/L) 49+1.1 4.8+0.9 4.8+0.9 4.8+0.9 50+1.3 51+£1.2 51+1.2 <0.001
TG, (mmol/L) 1.3(0.9-1.9) | 0.9 (0.7-1.1) 1.0 (0.8-1.1) 1.0 (0.8-1.2) 1.8 (1.5-2.5) 2.0 (1.5-2.8) 2.1(1.6-3.0) <0.001
LDL-C, (mmol/L) 23(1.8-2.8) |22(1.7-27) |24(1.8-28) [24(1.9-29) [24(19-28) |24(1.9-29) 2.4(1.9-2.9) <0.001
HDL-C, (mmol/L) 1.5+0.4 1.6+0.4 1.5+0.4 1.5+0.4 1.6+0.4 1.5+0.4 1.5+0.4 <0.001
FBG, (mmol/L) 55+1.6 49+0.7 5.0+0.7 5.0+0.7 6.0+2.2 6.0+2.0 6.0+1.9 <0.001
UA, (umol/L) 289.4+£82.8 |266.2+72.8 282.6+£76.6 296.2+83.8 286.0+81.8 303.5+£86.0 319.2+89.9 <0.001
Hs-CRP, (mg/L) 0.8(0.3-2.3) |0.6(02-1.8) |0.8(0.3-22) [1.2(0.5-3.0) |0.7(0.3-2.0) | 1.0 (0.4-2.4) 1.3 (0.6-3.1) <0.001
BM]I, (kg/mz) 252+34 21.8+1.4 25.7+1.1 30.2+£2.3 22313 259+1.1 30.3+2.2 <0.001
TyG index 8.7+0.7 8.1+0.3 82+0.3 82+0.3 9.1+£0.5 9.2+0.5 9.3+0.5 <0.001
Current smoking, n (%) 32,138 (34.2) | 7983 (33.3) 5685 (32.1) 1585 (29.4) 4590 (36.9) 8111 (36.4) 4184 (34.3) <0.001
Current drinking, n (%) 35,193 (37.4) | 8674 (36.2) 6487 (36.6) 1817 (33.7) 4673 (37.6) 8858 (39.7) 4684 (38.4) <0.001
Active Physical activity, n (%) 14,256 (15.2) | 3555 (14.8) 2779 (15.7) 863 (16.0) 1801 (14.5) 3376 (15.1) 1882 (15.4) <0.001
Hypertension, n (%) 41,262 (43.9) | 6572 (27.4) 7298 (41.2) 2893 (53.6) 5051 (40.6) 11,688 (52.4) | 7760 (63.6) <0.001
Diabetes, n (%) 8605 (9.2) 375 (1.6) 395 (2.2) 117 (2.2) 1816 (14.6) 3717 (16.7) 2185 (17.9) <0.001
Taking antihypertensive drugs, n (%) | 9447 (10.0) 1079 (4.5) 1591 (9.0) 730 (13.5) 944 (7.6) 2828 (12.7) 2275 (18.6) <0.001
Taking hypoglycemic drugs, n (%) 2038 (2.2) 130 (0.5) 165 (0.9) 47 (0.9) 406 (3.3) 818 (3.7) 472 (3.9) <0.001
Taking lipid-lowering drugs, n (%) 708 (0.8) 82(0.3) 84 (0.5) 50 (0.9) 82(0.7) 243 (1.1) 167 (1.4) <0.001

Table 1. Baseline characteristics of participants grouped by BMI and TyG index levels. SBP systolic blood
pressure, TC total cholesterol, TG triglyceride, LDL-C low-density lipoprotein cholesterol, HDL-C high density
lipoprotein cholesterol, FBG fasting blood glucose, BMI body mass index, TyG index triglyceride-glucose
index, UA uric acid, Hs-CRP high-sensitivity C-reactive protein, L-BMI low-BMI, M-BMI middle-BMI, H-BMI
high-BMI, L-TyG low-TyG, H-TyG high-TyG.
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HR (95% CI)
Groups Events/n Incident rate (per 1000 person-years) | Model 1 Model 2 Model 3
BMI category
18.5<BMI<24 (Low) |3049/36,384 | 5.75 Ref Ref Ref
24<BMI<28 (Middle) | 4469/40,010 | 7.73 1.30 (1.23-1.36) | 1.17 (1.11-1.22) | 1.15(1.10-1.21)
>28 (High) 2273/17,608 | 9.05 1.60 (1.51-1.68) | 1.30 (1.23-1.38) | 1.27 (1.20-1.35)
TyG index category
<8.58 (Low) 3934/47,053 | 5.71 Ref Ref Ref
>8.58 (High) 5857/46,949 | 8.74 1.49 (1.43-1.55) | 1.35(1.29-1.40) | 1.32(1.26-1.37)
Combined variables
P for interaction=0.011
L-BMI/L-TyG 1712/23,945 | 4.85 Ref Ref Ref
M-BMI/L-TyG 1635/17,710 | 6.32 1.24 (1.15-1.32) | 1.13 (1.06-1.21) | 1.12(1.05-1.20)
H-BMI/L-TyG 587/5,398 | 7.53 1.55 (1.41-1.70) | 1.29 (1.17-1.41) | 1.28 (1.16-1.40)
L-BMI/H-TyG 1337/12,439 | 7.55 1.47 (1.36-1.57) | 1.36 (1.26-1.46) | 1.34 (1.24-1.44)
M-BMI/H-TyG 2834/22,300 | 8.87 1.72 (1.62-1.83) | 1.48 (1.39-1.57) | 1.44 (1.35-1.53)
H-BMI/H-TyG 1686/12,210 | 9.73 1.99 (1.86-2.13) | 1.58 (1.47-1.69) | 1.52 (1.42-1.64)

Table 2. Multivariate Cox regression analysis of the combined association of BMI and TyG index with CVD.
Model 1: adjusted for sex (male/female) and age (continuous); Model 2: adjusted for variables in Model 1 plus
smoking (current smoking/current non-smoking), drinking (current drinking/current non-drinking), physical
activity (active/inactive), SBP (continuous), LDL-C (continuous), HDL-C (continuous), UA (continuous), Hs-
CRP (continuous); Model 3: adjusted for variables in Model 2 plus antihypertensive drugs (taking/not taking),
hypoglycemic drugs (taking/not taking), lipid-lowering therapies (taking/not taking). TyG index triglyceride-
glucose index, BMI body mass index, L-BMI low-BMI, M-BMI middle-BMI, H-BMI high-BMI, L-TyG low-
TyG, H-TyG high-TyG.

HR (95% CI)
Groups Events/n Incident rate (per 1000 person-years) | Model 1 Model 2 Model 3
Myocardial infarction
L-BMI/L-TyG | 277/23,945 | 0.77 Ref Ref Ref
M-BMI/L-TyG | 261/17,710 | 0.98 1.21(1.02-1.43) | 1.12 (0.94-1.33) | 1.11 (0.94-1.31)
H-BMI/L-TyG | 98/5398 1.22 1.58 (1.26-1.99) | 1.33 (1.05-1.68) | 1.32 (1.04-1.66)
L-BMI/H-TyG | 292/12,439 | 1.60 1.96 (1.66-2.31) | 1.82 (1.55-2.15) | 1.79 (1.51-2.11)
M-BMI/H-TyG | 542/22,300 | 1.63 2.00 (1.73-2.31) | 1.74 (1.50-2.02) | 1.69 (1.46-1.96)
H-BMI/H-TyG | 344/12,210 | 1.90 2.45 (2.09-2.87) | 1.97 (1.67-2.32) | 1.89 (1.60-2.24)
Stroke
L-BMI/L-TyG 1439/23,945 | 4.06 Ref Ref Ref

M-BMI/L-TyG | 1375/17,710 | 5.28
H-BMI/L-TyG | 490/5398 6.24
L-BMI/H-TyG | 1048/12,439 | 5.86
M-BMI/H-TyG | 2300/22,300 | 7.13
H-BMI/H-TyG | 1348/12,210 | 7.68

1.23(1.15-1.33) | 1.13
1.53 (1.38-1.70) | 1.27

1.05-1.22) | 1.12(1.04-1.21
1.26 (1.14-1.40

( ) ( )
( ) ( )
1.36 (1.25-1.47) | 1.26 (1.16-1.36) | 1.24 (1.14-1.34)
( ) ( )
( ) ( )

1.15-1.41

1.65 (1.55-1.77) | 1.42 (1.33-1.52
1.87 (1.74-2.01) | 1.49 (1.38-1.61

1.38
1.44

1.29-1.48
1.33-1.55

Table 3. Multivariate Cox regression analysis of the combined association of BMI and TyG index with CVD
subtypes. Model 1: adjusted for sex (male/female) and age (continuous); Model 2: adjusted for variables in
Model 1 plus smoking (current smoking/current non-smoking), drinking (current drinking/current non-
drinking), physical activity (active/inactive), SBP (continuous), LDL-C (continuous), HDL-C (continuous), UA
(continuous), Hs-CRP (continuous); Model 3: adjusted for variables in Model 2 plus antihypertensive drugs
(taking/not taking), hypoglycemic drugs (taking/not taking), lipid-lowering therapies (taking/not taking). TyG
index triglyceride-glucose index, BMI body mass index, L-BMI low-BMI, M-BMI middle-BMI, H-BMI high-
BMI, L-TyG low-TyG, H-TyG high-TyG.
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Subgroups ‘ Events/n Incident rate (per 1000 person-years) | HR (95% CI) Pvalue | P for interaction
Gender 0.002
Male

L-BMI/L-TyG 1542/17,705 | 6.04 Ref

M-BMI/L-TyG | 1484/14,269 | 7.21 1.10 (1.03-1.19) 0.007

H-BMI/L-TyG | 507/4155 8.61 1.24 (1.12-1.38) | <0.001

L-BMI/H-TyG | 1162/9995 8.28 1.29 (1.20-1.39) | <0.001

M-BMI/H-TyG | 2535/18,800 | 9.50 1.41 (1.32-1.50) | <0.001

H-BMI/H-TyG | 1453/10,116 | 10.18 1.45 (1.35-1.57) | <0.001
Female

L-BMI/L-TyG 170/6240 1.75 Ref

M-BMI/L-TyG | 151/3441 2.85 1.23 (0.99-1.54) 0.062
H-BMI/L-TyG | 80/1243 4.20 1.49 (1.14-1.95) 0.004
L-BMI/H-TyG | 175/2444 4.76 1.62 (1.30-2.01) | <0.001
M-BMI/H-TyG | 299/3500 5.70 1.61 (1.32-1.97) | <0.001
H-BMI/H-TyG | 233/2094 7.62 2.05 (1.65-2.52) | <0.001
Age <0.001
<60 years

L-BMI/L-TyG | 991/18,769 3.45 Ref

M-BMI/L-TyG | 1030/13,884 | 4.89 1.15 (1.05-1.26) 0.002
H-BMI/L-TyG | 375/4210 592 1.24 (1.10-1.40) | <0.001
L-BMI/H-TyG | 858/9490 6.06 1.43 (1.30-1.56) | <0.001
M-BMI/H-TyG | 1875/17,415 | 7.24 1.46 (1.35-1.58) | <0.001
H-BMI/H-TyG | 1173/9684 8.22 1.46 (1.34-1.60) | <0.001
60< ~ <70 years

L-BMI/L-TyG | 449/3111 10.60 Ref

M-BMI/L-TyG | 392/2471 11.89 1.03 (0.90-1.19) 0.640

H-BMI/L-TyG | 144/802 13.72 1.12 (0.93-1.36) 0.237
L-BMI/H-TyG | 317/1831 13.61 1.23 (1.07-1.42) 0.005
M-BMI/H-TyG | 688/3335 15.95 1.34 (1.21-1.52) | <0.001
H-BMI/H-TyG | 373/1772 16.35 1.28 (1.11-1.48) | <0.001
70< ~ <80 years

L-BMI/L-TyG 224/1581 12.72 Ref

M-BMI/L-TyG | 183/1093 14.78 1.12 (0.92-1.36) 0.266
H-BMI/L-TyG | 60/314 17.58 1.29 (0.97-1.72) 0.085
L-BMI/H-TyG | 142/891 14.23 1.11 (0.90-1.37) 0.332
M-BMI/H-TyG | 243/1343 16.15 1.21 (1.00-1.46) 0.046
H-BMI/H-TyG | 120/646 17.55 1.29 (1.02-1.62) 0.032
>80 years

L-BMI/L-TyG | 48/484 9.32 Ref

M-BMI/L-TyG | 30/262 11.05 1.09 (0.69-1.73) 0.711
H-BMI/L-TyG | 8/72 11.69 1.13 (0.53-2.39) 0.759
L-BMI/H-TyG | 20/227 8.93 0.88 (0.52-1.48) 0.618
M-BMI/H-TyG | 28/207 13.21 1.20 (0.74-1.95) 0.466
H-BMI/H-TyG | 20/108 19.58 1.69 (0.98-2.93) 0.061
Diabetes 0.021
Yes

L-BMI/L-TyG | 54/375 10.82 Ref

M-BMI/L-TyG | 67/395 12.78 1.09 (0.76-1.58) 0.624
H-BMI/L-TyG | 18/117 12.10 1.05 (0.63-1.83) 0.808
L-BMI/H-TyG | 338/1816 14.74 1.35(1.01-1.81) 0.040
M-BMI/H-TyG | 697/3717 14.25 1.27 (1.01-1.81) 0.088
H-BMI/H-TyG | 401/2185 13.87 1.22 (0.91-1.62) 0.186
No

L-BMI/L-TyG 1658/23,570 | 4.77 Ref

M-BMI/L-TyG | 1568/17,315 | 6.18 1.12 (1.04-1.20) 0.002
H-BMI/L-TyG | 569/5281 7.44 1.27 (1.15-1.40) | <0.001
Continued
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Subgroups Events/n Incident rate (per 1000 person-years) | HR (95% CI) Pvalue | P for interaction
L-BMI/H-TyG | 999/10,623 6.48 1.22 (1.13-1.32) | <0.001
M-BMI/H-TyG | 2137/18,583 | 7.90 1.35(1.27-1.45) | <0.001
H-BMI/H-TyG | 1285/10,025 | 8.90 1.47 (1.36-1.58) | <0.001

Table 4. Multivariate Cox proportional hazards models affecting CVD in different subgroups. Models were
adjusted for sex (male/female), age (continuous), smoking (current smoking/current non-smoking), drinking
(current drinking/current non-drinking), physical activity (active/inactive), SBP (continuous), LDL-C
(continuous), HDL-C (continuous), UA (continuous), Hs-CRP (continuous), antihypertensive drugs (taking/
not taking), hypoglycemic drugs (taking/not taking), lipid-lowering therapies (taking/not taking). TyG index
triglyceride-glucose index, BMI body mass index, L-BMI low-BMI, M-BMI middle-BMI, H-BMI high-BMI,
L-TyG low-TyG, H-TyG high-TyG.

risk may be sex- and age-dependent. In addition, the risk of CVD due to high TyG index was more substantial
than the risk of CVD due to high BMI in people with inconsistent BMI and TyG index.

Our critical finding is that obesity combined with a high TyG index significantly increases the risk of CVD.
Specifically, the High-BMI/High-TyG group had a 1.52-fold higher risk of CVD compared to the Low-BMI/
Low-TyG group. Although there are no directly comparable studies, an Italian study with a 15-year follow-up
reported a 1.4-fold increase in all-cause mortality risk and a 1.61-fold increase in CVD mortality risk among
obese, insulin-resistant individuals compared to non-obese, insulin-sensitive individuals®®. Additionally,
a cross-sectional study of 13,239 adults* found that metabolically abnormal non-obese and metabolically
abnormal obese individuals had higher CVD risks than metabolically healthy non-obese individuals, with odds
ratios (OR) of 2.34 (95% CI 1.89-2.89) and 3.45 (95% CI 2.50-4.75), respectively. A cohort study in Xinjiang,
China, also demonstrated that metabolically obese individuals had the highest CVD risk, being 3.8 times higher
than that of metabolically healthy, normal-weight individuals®2. These studies on metabolic obesity phenotypes
indirectly support our findings.

Furthermore, the risk of CVD increased by 1.28-fold in the High-BMI/Low-TyG group and by 1.33-fold in
the Low-BMI/High-TyG group, compared to the Low-BMI/Low-TyG group. This suggests that a high TyG index
poses a more substantial risk for CVD than a high BMI in individuals with inconsistent BMI and TyG index
values. The TyG index may thus be more valuable than BMI for identifying cardiovascular risk. Previous studies
have indicated that elevated TyG levels are indicative of insulin resistance, which can impair the cardiovascular
system and increase the risk of CVD?*?. A study by Liu et al.** confirmed the association between a high TyG
index and an increased risk of CVD. Therefore, effective cardiovascular risk prevention should include both
reasonable weight control and the maintenance of metabolic health.

The results of our subgroup analyses suggest that the risk of CVD associated with the combination of high
BMI and a high TyG index may depend on sex and age. Specifically, the risk of CVD was higher in women
than in men when comparing the High-BMI/High-TyG group to the Low-BMI/Low-TyG group, with HR of
2.05 (95% CI 1.65-2.52) for women and 1.45 (95% CI 1.35-1.57) for men. This indicates that the coexistence
of overweight/obesity and insulin resistance might be more detrimental for women. However, current studies
show inconsistent results regarding gender differences in the TyG index, the composite TyG-BMI parameter,
and CVD-related events. For instance, a cross-sectional study of 11,937 adults by Dang et al.*® found that the
correlation between the TyG index, TyG-BMI, and CVD was stronger in men than in women. Conversely, a
Mendelian randomization analysis involving two independent cohorts suggested that the association between
the TyG index and heart failure risk was stronger in women than in men®. Additionally, the risk of CVD
associated with the High-BMI/High-TyG combination decreased progressively with age. This finding may reflect
survivor bias or elevated competing risks in older adults; alternatively, it could stem from the synergistic effects
of physiological particularities in elderly populations (such as the obesity paradox and metabolic adaptation),
thereby contributing to the attenuation of risk associations. A prospective cohort study with a median follow-
up of 9.59 years showed that the HR for CVD among metabolically unhealthy, obese individuals was 2.68
(95% CI 2.02-3.55) for those under 55 years of age and 1.55 (95% CI 1.09-2.10) for those aged 75 years and
older”. These findings align with our study, suggesting that the risk of CVD linked to obesity and metabolic
abnormalities decreases with advancing age. Another study on the association between TyG-BMI and CVD in
U.S. adults confirmed that additional cardiovascular risk factors in older adults might weaken the effect of TyG-
BMI on CVD. In contrast, TyG-BMI may more accurately reflect cardiovascular risk in younger adults®®. These
findings underscore the importance of early and targeted CVD prevention strategies, such as enhancing insulin
sensitivity through a balanced diet, moderate exercise, limiting tobacco and alcohol use, and monitoring blood
pressure, blood glucose, and lipid levels.

Lastly, it is noteworthy that the combined effect of BMI and the TyG index appeared more sensitive for
assessing CVD risk in non-diabetic populations. Studies by Liu et al.** and Dang et al.*® support this observation,
consistent with our findings. This may be because individuals diagnosed with diabetes often engage in health
management practices, such as taking glucose-lowering medications, which alter blood glucose levels and
potentially reduce CVD risk.

Our study has several strengths. It was a prospective cohort study with a long follow-up period, a large sample
size, and a wide age range. We adjusted for numerous confounding factors and conducted sensitivity analyses.
Additionally, we collected longitudinal data on BMI and the TyG index before the onset of CVD, allowing for
a direct assessment of the long-term effects of combined exposure to these factors on CVD risk. Moreover,
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Groups

‘ Events/n Incident rate (per 1000 person-years)

HR (95% CI)

Participants with CVD events in the two years prior to follow-up were excluded*

L-BMI/L-TyG 1565/23,798 | 4.44 Ref
M-BMI/L-TyG | 1467/17,542 | 5.67 1.11 (1.03-1.19)
H-BMI/L-TyG | 521/5,332 6.69 1.25(1.13-1.38)
L-BMI/H-TyG | 1222/12,324 | 6.90 1.35(1.25-1.45)
M-BMI/H-TyG | 2585/22,051 | 8.10 1.45 (1.36-1.55)
H-BMI/H-TyG | 1529/12,053 | 8.83 1.54 (1.43-1.65)
Participants with taking antihypertensive drugs at baseline were excluded*

L-BMI/L-TyG 1536/22,866 | 4.54 Ref
M-BMI/L-TyG | 1350/16,119 | 5.68 1.11 (1.03-1.19)
H-BMI/L-TyG | 462/4668 6.77 1.28 (1.16-1.43)
L-BMI/H-TyG | 1172/11,495 | 7.10 1.36 (1.26-1.47)
M-BMI/H-TyG | 2315/19,472 | 8.22 1.48 (1.39-1.59)
H-BMI/H-TyG | 1239/9935 8.74 1.57 (1.45-1.70)
Participants with taking hypoglycemic drugs at baseline were excluded*

L-BMI/L-TyG 1696/23,815 | 4.84 Ref
M-BMI/L-TyG | 1597/17,545 | 6.22 1.11 (1.04-1.19)
H-BMI/L-TyG | 576/5351 7.44 1.26 (1.15-1.39)
L-BMI/H-TyG | 1254/12,033 | 7.27 1.32(1.23-1.42)
M-BMI/H-TyG | 2659/21,482 | 8.60 1.44 (1.35-1.53)
H-BMI/H-TyG | 1592/11,738 | 9.52 1.54 (1.43-1.65)
Participants taking lipid-lowering drugs at baseline were excluded*

L-BMI/L-TyG 1700/23,863 | 4.84 Ref
M-BMI/L-TyG | 1621/17,626 | 6.29 1.12 (1.05-1.20)
H-BMI/L-TyG | 578/5348 7.48 1.27 (1.15-1.40)
L-BMI/H-TyG | 1326/12,357 | 7.53 1.34 (1.25-1.44)
M-BMI/H-TyG | 2799/22,057 | 8.86 1.45 (1.36-1.54)
H-BMI/H-TyG | 1656/12,043 | 9.68 1.52 (1.42-1.64)
Consider deaths as competing risk events**

L-BMI/L-TyG 1712/23,945 | 4.85 Ref
M-BMI/L-TyG | 1635/17,710 | 6.32 1.15 (1.07-1.23)
H-BMI/L-TyG | 587/5398 7.53 1.30 (1.18-1.43)
L-BMI/H-TyG | 1337/12,439 | 7.55 1.32(1.23-1.42)
M-BMI/H-TyG | 2834/22,300 | 8.87 1.47 (1.39-1.57)
H-BMI/H-TyG | 1686/12,210 | 9.73 1.55 (1.44-1.67)

Table 5. Sensitivity analysis of the combined association of BMI and TyG index with CVD. Models were

adjusted for sex (male/female), age (continuous), smoking (current smoking/current non-smoking), drinking

(current drinking/current non-drinking), physical activity (active/inactive), SBP (continuous), LDL-C

(continuous), HDL-C (continuous), UA (continuous), Hs-CRP (continuous), antihypertensive drugs (taking/

not taking), hypoglycemic drugs (taking/not taking), lipid-lowering therapies (taking/not taking). *Cox

proportional hazards model was used for analysis. **Fine-Grey subdistribution hazard model was used for
analysis. TyG index triglyceride-glucose index, BMI body mass index, L-BMI low-BMI, M-BMI middle-BMI,

H-BMI high-BMI, L-TyG low-TyG, H-TyG high-TyG.

BMI and the TyG index are simple indicators of obesity and metabolism, making them easy to generalize and
apply. However, our study also has limitations. Although we used multivariate regression models to adjust for
confounding factors, residual confounding cannot be entirely ruled out. The study was conducted in a northern
Chinese population, which may limit its generalizability to other regions. Finally, the lack of fasting insulin data

prevented a comparison of the TyG index with other indices used to evaluate insulin resistance.

Conclusion

Combining BMI with the TyG index increases the risk of developing CVD. This combined effect is particularly
pronounced in women, young adults (under 60 years), and non-diabetic populations. Therefore, this study
suggests that using BMI categories in combination with the TyG index in clinical practice could effectively

S

stratify cardiovascular risk and enhance primary prevention efforts.
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