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Combining triglyceride glucose-
body mass index and high-
sensitivity C-reactive protein to
predict cardiovascular disease:
results from a national cohort
and a clinical verified cohort

Wenheng Liu and Shu Zhang*

Department of Cardiology, Fuwai Hospital, National Center for Cardiovascular Diseases, Chinese
Academy of Medical Sciences and Peking Union Medical College, Beijing, China

Background: Accumulating evidence highlights a strong association between
insulin resistance (IR) and inflammation in the context of cardiovascular disease
(CVD). However, the combined impact of both factors on the risk of developing
CVD remains underexplored. This study aims to investigate how inflammation
and insulin resistance interact to influence the risk of incident CVD.

Methods: A total of 6,534 adults from the CHARLS were included. The primary
endpoint was the occurrence of cardiovascular disease (CVD), defined as a
composite of stroke and cardiac events. Participants were categorized
according to the median values of two key markers: the triglyceride glucose-
body mass index (TyG-BMI index) and high-sensitivity C-reactive protein
(hsCRP). Cox proportional hazard models assessed the associations between
TyG-BMI index, hsCRP, and the endpoints. To validate the reliability of the
results, we clinically enrolled 805 patients who had undergone percutaneous
coronary intervention (PCl).

Results: In CHARLS, Multivariate Cox regression analysis revealed a significant
association between elevated TyG-BMI index and hsCRP levels and an
increased risk of CVD. Participants in the high TyG-BMI and high hsCRP
group demonstrated a substantially higher risk of CVD (HR: 1.38, 95% ClI:
1.18-1.62, P<0.001) compared to those with low TyG-BMI and low hsCRP.
Restricted cubic spline (RCS) analysis indicated a non-linear, positive
relationship between both the TyG-BMI index and hsCRP levels with the risk
of developing CVD. In the validation cohort, we also observed that the high
TyG-BMI group had higher risks of MACCE, stroke, and cardiac events (all
P <0.05), and that the predictive performance of the model was significantly
improved after adding TyG-BMI to the baseline model.

Conclusion: These results emphasize the importance of simultaneously
considering both TyG-BMI index and hsCRP levels in risk stratification for
CVD, highlighting their combined potential to enhance early identification of
high-risk individuals. Importantly, TyG-BMI also demonstrated significant
predictive value for adverse outcomes in patients after PCI.
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Introduction

Despite significant progress in preventing, diagnosing, and
treating cardiovascular disease (CVD), it still stands as the
leading cause of premature death globally, accounting for
approximately 19 million deaths in 2020, posing an increasingly
burden of public health and societal productivity (1, 2).
Numerous well-established risk factors for CVD include age,
male sex, hypertension, diabetes mellitus (DM), abdominal
obesity, and dyslipidemia. However, individuals developing CVD
without these risk factors are not uncommon in clinical practice
(3, 4), suggesting the existence of residual cardiovascular risk,
such as inflammation, lipoprotein(a), remnant cholesterol, and
insulin resistance (IR). Hence, early identification of individuals
with residual cardiovascular risk holds significant clinical
importance for optimizing risk stratification and primary
prevention of CVD (5).

Insulin resistance, defined as the failure of insulin-dependent
cells responding normally for insulin (6), plays a crucial role in
the initiation and progression of DM and atherosclerosis (7-9).
Growing evidence demonstrates a positive association between
IR and CVD in individuals, whether with or without DM (10).
Furthermore, a recent Mendelian randomization analysis has
confirmed the causal relationship between IR and CVD (11).
While the hyperinsulinemic-euglycemic clamp is considered the
gold-standard method to identify (12), promoting it in clinical
practice poses considerable difficulties due to its high cost,
invasive nature, and complex procedure. Hence, the triglyceride-
glucose (TyG) index has been proposed as a reliable surrogate
indicator of IR, given its strong correlation with the gold
standard and its convenience for clinical practice and large
epidemiological studies (13, 14). Therefore, the TyG index is
considered a reliable and effective predictor for the occurrence
or outcome of CVD (5). Obesity, quantified by body mass index
(BMI), is recognized as a major factor in IR (15). Recent studies
have suggested that the TyG-BMI index, combining the TyG
index with BMI, is superior to other parameters, such as the
TyG index, for assessing IR in both the Korean and Chinese
populations (16, 17).

Atherosclerosis is considered a chronic inflammatory disease,
and accumulating evidence suggests that low-grade chronic
inflammation could promote the progression of CVD (18, 19).
that hsCRP >2.0 mg/L is
significantly associated with a higher risk of CVD and all-cause

Previous studies have shown
death, even in individuals with an ideal level of low-density
lipoprotein (LDL) (20, 21). Similarly, a reduced systemic

inflammation burden, as reflected by the level of hsCRP, is
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associated with better outcomes in patients undergoing lipid-
lowering therapy (22-24).

Interestingly, several recent studies have reported a positive
association between IR and systemic inflammation, particularly
the level of hsCRP. Elevated systemic inflammation may
contribute to IR (25, 26). However, to date, few studies have
investigated the of IR and
inflammation on the risk of CVD. Therefore, we aimed to

combined effects systemic
evaluate the individual and combined value of the TyG-BMI
index and hsCRP in estimating the risk of CVD using data from

CHARLS in the present study.

Methods
Study design and population

We conducted the study by extracting data from CHARLS
(available  at  http://charls.pku.edu.cn/en), a  prospective
nationwide cohort study involving residents in rural and urban
areas of China who are aged >45 years (27) (detailed in the
Supplementary Methods).

Of the 17,708 participants in 2011, 6,534 individuals were
ultimately included in this study based on selective criteria
(Figure 1): (1) having available information on triglyceride (TG),
fasting blood glucose (FBG), and BMI to calculate the TyG-BMI;
(2) having available data on hsCRP; (3) aged >45 years; (4)
without self-reported stroke or cardiac events in 2011; (5) without
a history of cancer at baseline; (6) without missing data/unknown
status regarding stroke or cardiac events, or loss or death in
follow-up. The enrolled participants underwent follow-up every
1-2 years until 2018. The study population was classified into low
TyG-BMI and high TyG-BMI, or low hsCRP and high hsCRP,
based on the median of the TyG-BMI index or the levels of
hsCRP (<2 mg/L or >2 mg/L) (28), and further divided into four
groups according to the discordant/concordant TyG-BMI and
hsCRP: low TyG-BMI and low hsCRP (Group 1); high TyG-BMI
and low hsCRP (Group 2); low TyG-BMI and high hsCRP
(Group 3); high TyG-BMI and high hsCRP (Group 4).

The data used in the study were obtained from a public dataset
(https://doi.org/10.5061/dryad.13d31) uploaded by Yao HM et al.
(29). This study with a waiver of informed consent has obtained
the approval from the ethics committee of the First Affiliated
Hospital of Zhengzhou University. Considering the nature of
public dataset, no further research ethic was needed in the
present study. The detailed study design has been described by
Yao HM et al. (29). In our study, we selected participants aged
60 years or older with coronary artery disease who had
undergone PCI as the validation cohort.

Ascertainment of exposure
BMI (kg/m®) was computed according to the following

formula: BMI = body mass/height’. Subsequently, the TyG-BMI
index was calculated as: TyG-BMI=In [TG (mg/dL)x FBG
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10466 participants were excluded:
» No available data on TyG-BMI or hsCRP (n=7934)
» Diagnosed with CVD in 2011 (n=1360)

» Diagnosed with cancer in 2011 (n=75)

» Age<45 years old, or missing data on age (n=292)

» Missing data on stroke at baseline or lost to follow-
up (n=1513)

According to the CVD
® Cardiac events (n=1135)

® Stroke (n=486)

Participants with events
(1488)

—
Participants at baseline of CHARLS
(wave 2011, n=17708)
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=
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(50406)
. J
FIGURE 1
The flowchart of study participants

(mg/dL)] x BMI (kg/mz). The level of hsCRP were determined by
Immunoturbidimetric assay.

Outcome assessment

In CHARLS, the primary outcome was CVD, including stroke or
cardiac events, and the secondary outcomes were stroke and cardiac
events, respectively (detailed in the Supplementary Methods). In
validation cohort, the endpoint of the study was defined as
MACCE:s (including all-cause death, AM], stroke and TVR), stroke
and cardiac events. The follow-up data were obtained through
outpatient clinic visits, telephone interviews, or readmission, and
the endpoints were adjudicated by an independent committee.

Ascertainment of covariates

Information on demographics, geographic location, medical
history, lifestyle habits, educational level, marital status and
physical measurements was collected by trained interviewers in
with (detailed the
Supplementary Methods). The covariates in the validation

accordance standard procedures in

cohort have been described by previous studies (29).

Statistical analyses

RStudio 4.2.1 software was employed for all statistical analyses.
Two-sided P values < 0.05 were considered statistically significant.
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The normal distribution and equality of variance of continuous
variables were assessed using the Kolmogorov-Smirnov test and
Levene test, respectively. Continuous datasets were described
using mean * standard deviation (SD) or median (interquartile
range) and compared using one-way analysis of variance or a
nonparametric test, as appropriate. Nominal variables were
presented as counts and percentages, and differences were
identified using the chi-square test.

Kaplan-Meier curves were used to estimate the cumulative
incidence of events. The association of both TyG-BMI index
and hsCRP with events was examined using Cox models. Three
models were established with incremental degrees of adjustment
for potential confounders of events. Model 1 was a crude
(unadjusted) model; Model 2 was adjusted for age, sex, systolic
blood pressure (SBP), and diastolic blood pressure (DBP);
Model 3 was adjusted for all variables included in Model 2 plus
marital status, education, creatinine,
hemoglobin, uric acid (UA), BUN, TC, low-density lipoprotein
cholesterol (LDL-C), hypertension, dyslipidemia, DM, smoking
status, and alcohol consumption status. Schoenfeld residuals

living place, serum

against time were examined to assess the proportional hazards
assumption of these models.

Collinearity among the four groups, based on the discordant/
concordant TyG-BMI and hsCRP, and other variables, was
examined by computing the generalized variance inflation factor
(GVIF). The GVIFA(1/2Df) of all included variables in our
models was less than 2 (Supplementary File S1, Supplementary
Tables  S1-S3), the of
multicollinearity. Restricted cubic spline (RCS) curves were

indicating absence significant
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TABLE 1 Baseline characteristics of participants by TyG-BMI.

10.3389/fcvm.2025.1726615

Characteristics Overall (n = 6,534) Low TyG-BMI (n = 3,267) High TyG-BMI (n = 3,267) | P value
Age, years 58.33 +8.80 59.44 +£9.03 57.22 +8.41 <0.001
Female, n (%) 3,529 (54.0) 1,561 (47.8) 1,968 (60.2) <0.001
SBPb, mmHg 128.37 £20.75 124.75+20.17 132.00 £ 20.69 <0.001
DBPb, mmHg 74.95 +12.03 72.33 £11.61 77.58 £ 11.87 <0.001
Heart rateb, rpm 72.05 +10.20 71.02 £10.15 73.07 £10.15 <0.001
BMI, kg/m2 23.37+3.53 20.78 +£2.01 25.96+2.73 <0.001
Rural residence, n (%) 4,417 (67.6) 2,408 (73.7) 2,009 (61.5) <0.001
Region®, n (%) <0.001

North 2,831 (43.3) 1,197 (36.6) 1,634 (50.0)

South 3,703 (56.7) 2,070 (63.4) 1,633 (50.0)
Education, n (%) 0.007

Junior high school and below 5,928 (90.7) 3,000 (91.8) 2,928 (89.6)

Senior high school 552 (8.4) 241 (7.4) 311 (9.5)

Tertiary 54 (0.8) 26 (0.8) 28 (0.9)
Marital status, n (%) <0.001

Married and living with spouse 5,571 (85.3) 2,713 (83.0) 2,858 (87.5)

Others 963 (14.7) 554 (17.0) 409 (12.5)
Alcohol consumption, n (%) 2,729 (41.8) 1,448 (44.3) 1,281 (39.2) <0.001
Smoking, n (%) 2,521 (38.6) 1,464 (44.8) 1,057 (32.4) <0.001
Hemoglobinb, g/dL 14.36 £ 2.20 14.19+2.21 14.53+2.16 <0.001
FBG, mg/dL 109.37 £ 35.00 101.67 £ 22.47 117.07 £ 42.75 <0.001
HbAle, % 525+0.79 5.13+£0.57 5.38+£0.94 <0.001
hsCRP, mg/L 0.98 (0.53-2.06) 0.77 (0.45-1.69) 1.21 (0.66-2.35) <0.001
TC, mg/dL 193.96 + 38.62 187.62 + 36.00 200.30 £ 40.09 <0.001
TG, mg/dL 132.71 £112.56 91.03 +43.28 174.39 £ 141.40 <0.001
HDL, mg/dL 51.56 = 15.30 57.48 £15.21 45.64+12.92 <0.001
LDLb, mg/dL 116.62 + 34.74 113.83 + 32.05 119.42 +37.04 <0.001
BUNb, mg/dL 15.71 £ 4.42 16.03 + 4.62 15.38 £4.19 <0.001
UA, mg/dL 4.41+1.22 4.26+1.16 4.55+1.25 <0.001
Serum creatinine®, mg/dL 0.77+£0.19 0.77+£0.19 0.77+0.18 0.457
Hypertension, n (%) 2,474 (37.9) 920 (28.2) 1,554 (47.6) <0.001
Kidney disease®, n (%) 313 (4.8) 165 (5.1) 148 (4.6) 0.318
Dyslipidemia, 7 (%) 459 (7.2) 101 (3.1) 358 (11.2) <0.001
DM, 1 (%) 315 (4.9) 69 (2.1) 246 (7.6) <0.001

BMI, body mass index; BUN, blood urea nitrogen; DBP, diastolic blood pressure; DM, diabetes mellitus; FBG, fasting blood glucose; HbAlc, glycosylated hemoglobin Alc; HDL, high density
lipoprotein; LDL, low density lipoprotein; SBP, systolic blood pressure; TC, total cholesterol; TG, triglycerides; TyG-BMI, triglyceride glucose-body mass index; UA, uric acid.
“Region was divided into north and south based on the Qinling Mountains-Huaihe River Line.

bdata for some participants were missing.

employed to examine the dose-relationship of both TyG-BMI
index and hsCRP with CVD, with the multivariate adjustment
mentioned above. The distribution of missing data for the
included participants is presented in Supplementary File S1,
Supplementary Table S4, and the multiple imputation method
(random forest) was applied to impute the missing data.

Results
Characteristics of study participants

The baseline characteristics of enrolled participants, stratified by
the median of TyG-BMI index, are presented in Table 1. Among the
6,534 middle-aged and elderly Chinese individuals included, the
average age was 58.33 +8.80 years, and female patients accounted
for 54.0% (n=3,529). Participants with a high TyG-BMI index
were younger, tended to be female, and exhibited higher levels of

Frontiers in Cardiovascular Medicine

BP, heart rate, BMI, hemoglobin, FBG, HbAlc, TC, TG, LDL, and
UA, while having a lower level of HDL, compared with those with
a low TyG-BMI index. Additionally, a higher prevalence of
hypertension, DM, dyslipidemia, and a higher proportion of living
in the North areas and urban residence were observed in
participants with a high TyG-BMI index. No statistically significant
differences were found in the level of serum creatinine and the
prevalence of kidney disease (all P values > 0.05).

The study population was further classified into the high-
hsCRP group and low-hsCRP group, as summarized in Table 2.
Compared with participants with low hsCRP, those with high
hsCRP were older and had higher levels of BP, heart rate, BMI,
UA, serum creatinine, FBG, HbAlc, and a higher prevalence of
hypertension, DM, and dyslipidemia. The baseline characteristics
of included participants stratified by the four groups
(discordant/concordant TyG-BMI index and hsCRP) and CVD
were presented in Supplementary File SI, Supplementary Tables
S5, S6, respectively.
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TABLE 2 Baseline characteristics of participants by hsCRP.

Characteristics

Overall (n = 6,534)

Low hsCRP (n =4,862)

10.3389/fcvm.2025.1726615

High hsCRP (n =1,672)

P value

Age, years 58.33 +£8.80 57.95 + 8.69 59.42 £9.01 <0.001
Female, n (%) 3,529 (54.0) 2,641 (54.3) 888 (53.1) 0.392
SBPb, mmHg 128.37 £20.75 127.29 £20.38 131.54 £ 21.50 <0.001
DBPb, mmHg 74.95 +12.03 74.49 +11.99 76.31 £ 12.04 <0.001
Heart rateb, rpm 72.05 +10.20 71.64 +10.08 73.22 +£10.45 <0.001
BMI, kg/m2 23.37+3.53 23.10+3.35 24.15+3.92 <0.001
Rural residence, n (%) 4,417 (67.6) 3,339 (68.7) 1,078 (64.5) 0.002
Region®, n (%) 0.037

North 2,831 (43.3) 2,143 (44.1) 688 (41.1)

South 3,703 (56.7) 2,719 (55.9) 984 (58.9)
Education, n (%) 0.864

Junior high school and below 5,928 (90.7) 4,415 (90.8) 1,513 (90.5)

Senior high school 552 (8.4) 406 (8.4) 146 (8.7)

Tertiary 54 (0.8) 41 (0.8) 13 (0.8)
Marital status, n (%) 0.009

Married and living with spouse 5,571 (85.3) 4,178 (85.9) 1,393 (83.3)

Others 963 (14.7) 684 (14.1) 279 (16.7)
Alcohol consumption, n (%) 2,729 (41.8) 2,049 (42.1) 680 (40.7) 0.292
Smoking, n (%) 2,521 (38.6) 1,825 (37.5) 696 (41.6) 0.003
Hemoglobin®, g/dL 14.36 +2.20 14334216 14.47 +2.30 0.020
FBG, mg/dL 109.37 £ 35.00 107.57 £ 30.57 114.59 £45.11 <0.001
HbAlcb, % 525+0.79 5.21%£0.73 5.37+0.93 <0.001
hsCRP, mg/L 0.98 (0.53-2.06) 0.72 (0.45-1.14) 3.61 (2.60-6.28) <0.001
TC, mg/dL 193.96 + 38.62 193.84 +37.82 194.31 +40.87 0.668
TG, mg/dL 132.71 £112.56 128.75£110.73 144.24 £116.99 <0.001
HDL, mg/dL 51.56 = 15.30 52.65 +15.32 48.39 +14.79 <0.001
LDLb, mg/dL 116.62 + 34.74 116.62 + 33.88 116.60 = 37.14 0.984
BUNb, mg/dL 15.71 + 4.42 15.77 £ 4.38 15.54 £ 4.55 0.068
UA, mg/dL 4.41+1.22 4.32+1.19 4.67 £ 1.26 <0.001
Serum creatinine®, mg/dL 0.77 +£0.19 0.77 £0.18 0.79£0.20 <0.001
Hypertension, n (%) 2,474 (37.9) 1,710 (35.2) 764 (45.7) <0.001
Kidney disease®, 1 (%) 313 (4.8) 236 (4.9) 77 (4.6) 0.667
Dyslipidemia, 7 (%) 459 (7.2) 310 (6.5) 149 (9.1) <0.001
DM, 1 (%) 315 (4.9) 208 (4.3) 107 (6.5) <0.001

BMI, body mass index; BUN, blood urea nitrogen; DBP, diastolic blood pressure; DM, diabetes mellitus; FBG, fasting blood glucose; HbAlc, glycosylated hemoglobin Alc; HDL, high density
lipoprotein; hsCRP, hypersensitive C-reactive protein; LDL, low density lipoprotein; SBP, systolic blood pressure; TC, total cholesterol; TG, triglycerides; TyG-BMI, triglyceride glucose-body

mass index; UA, uric acid.

“Region was divided into north and south based on the Qinling Mountains-Huaihe River Line.

"Data for some participants were missing.

In the validation cohort, the baseline characteristics of 805
patients underwent PCI, stratified by the median of TyG-BMI
index, are presented in Supplementary Table S6. Among the 805
patients underwent PCI included, the average age was
68.25+6.15 years, and male patients accounted for 60.2%
(n=485). Participants with a high TyG-BMI index were
younger, tended to be female, and exhibited higher levels of
BMI, FBG, HbAlc, TC, TG, and LDL, while having a lower
level of HDL and UA, compared with those with a low TyG-
BMI index (Supplementary File S1, Supplementary Table S7).

Association of TyG-BMI index and hsCRP
with outcomes

During a median follow-up of 84.0 months, 1,488 CVD events
were documented, including 1,135 cardiac events and 486 strokes.

Frontiers in Cardiovascular Medicine

Kaplan-Meier survival curves showed that participants with a
high TyG-BMI index had a higher cumulative incidence of CVD
(Figure 2A), stroke (Supplementary File S2, Supplementary
Figure S1A), and cardiac events (Supplementary File S3,
Supplementary Figure S2A), compared to those with a low TyG-
BMI index. Similarly, cumulative rates of CVD (Figure 2B),
stroke (Supplementary File S2, Supplementary Figure S1B), and
cardiac events (Supplementary File S3, Supplementary
Figure S2B) were much higher among individuals with a high
hsCRP.

As shown in Table 3, the HR with 95% CI for participants with
a high TyG-BMI index regarding CVD was 1.29 (95% CI: 1.17-
1.43) in Model 1 (crude model). Although the association was
slightly weakened, it remained significant in Model 2 (HR: 1.24,
95% CI: 1.12-1.39) and Model 3 (HR: 1.15, 95% CI: 1.03-1.30).
A similar association of TyG-BMI index with either stroke or
cardiac events was also observed. Regarding the association of
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TABLE 3 Association of TyG-BMI with new-onset CVD, stroke and cardiac events.

10.3389/fcvm.2025.1726615

ariable ode ode
» O D a » O », 3 » O a

CVD
Low TyG-BMI Ref Ref Ref
High TyG-BMI 1.29 (1.17-1.43) <0.001 1.24 (1.12-1.39) <0.001 1.15 (1.03-1.30) 0.016
Stroke
Low TyG-BMI Ref Ref Ref
High TyG-BMI 1.48 (1.24-1.78) <0.001 1.38 (1.14-1.67) 0.001 1.25 (1.02-1.54) 0.033
Cardiac events
Low TyG-BMI Ref Ref Ref
High TyG-BMI 1.27 (1.13-1.43) <0.001 1.24 (1.10-1.40) 0.001 1.15 (1.01-1.31) 0.042

Model 1: unadjusted.

Model 2: adjusted for age, sex, SBP and DBP.

Model 3: model 2 + further adjusted for marital status, education, living place, serum creatinine, hemoglobin, uric acid, BUN, TC, LDL-C, hypertension, dyslipidemia, DM, smoking status

and alcohol consumption status.

TABLE 4 Association of hsCRP with new-onset CVD, stroke and cardiac events.

ariable ode ode ode
0 (Q alue D (Q alue R (O 3

CVD
Low hsCRP Ref Ref Ref
High hsCRP 1.32 (1.18-1.48) <0.001 1.25 (1.12-1.39) <0.001 1.21 (1.07-1.36) 0.001
Stroke
Low hsCRP Ref Ref Ref
High hsCRP 1.56 (1.29-1.89) <0.001 1.42 (1.18-1.72) <0.001 1.35 (1.11-1.64) 0.003
Cardiac events
Low hsCRP Ref Ref Ref
High hsCRP 1.26 (1.11-1.43) <0.001 1.20 (1.06-1.37) 0.005 1.17 (1.02-1.34) 0.023

Model 1: unadjusted.
Model 2: adjusted for age, sex, SBP and DBP.

Model 3: model 2 + further adjusted for marital status, education, living place, serum creatinine, hemoglobin, uric acid, BUN, TC, LDL-C, hypertension, dyslipidemia, DM, smoking status

and alcohol consumption status.

hsCRP with outcomes (Table 4), after fully adjusting for potential
covariates, a significant association of high hsCRP with CVD (HR:
1.21, 95% CI: 1.07-1.36), stroke (HR: 135, 95% CL 1.11-1.64), and
cardiac events (HR: 1.17, 95% CI: 1.02-1.34).In addition, as shown
in Figure 3, RCS curves showed a significant dose-response
relationship of either TyG-BMI index or hsCRP with CVD.

The validation cohort included a total of 805 patients receiving
at least one DES at baseline. During the 34-month followup
period, 137 cases (17.0%) experienced incident MACCEs.
A high TyG-BMI index had a higher risk of MACCEs, stroke,
and cardiac events, compared to those with a low TyG-BMI
index (Table 5). Additionally, the predictive performance of the
model was significantly improved after adding TyG-BMI to the
baseline model (Figure 4).

Joint effect of the TyG-BMI index and
hsCRP on outcomes

Participants were grouped into four groups based on discordant/
concordant TyG-BMI index and hsCRP. The results indicated that

Frontiers in Cardiovascular Medicine

participants in Group 4 (high TyG-BMI and high hsCRP) had the
highest risk of CVD (Figure 5), stroke (Supplementary File S2,
Supplementary Figure S1C), and cardiac events (Supplementary
File S3, Supplementary Figure S2C), while those in Group 1 (low
TyG-BMI and low hsCRP) had the lowest cumulative incidence of
these events (all log-rank test, P < 0.0001).

The combined influences of TyG-BMI index and hsCRP on
new-onset CVD, stroke, and cardiac events were further
evaluated (Table 6). As expected, the highest risk of CVD was
observed among participants in Group 4 (high TyG-BMI and
high hsCRP) (HR: 1.65, 95% CI: 1.42-1.90). The correlation
remained significant even in Model 3 (HR: 1.38, 95% CI: 1.18-
1.62). And the highest risk of incident stroke (HR: 1.61, 95% CI:
1.21-2.14), and cardiac events (HR: 1.36, 95% CI: 1.13-1.63),
was also found among participants in Group 4.

Subgroup analyses

Stratified analyses were further performed according to
potential CVD risk factors. As shown in Figure 6, we found a
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FIGURE 2
Kaplan—Meier curves for the cumulative incidence of CVD according to the TyG-BMI index (A) and hsCRP (B). CVD, cardiovascular disease; hsCRP,
high-sensitivity C-reactive protein; TyG-BMI, triglyceride glucose-body mass.
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FIGURE 3
Restricted cubic spline curves for CVD according to the TyG-BMI index (A) and hsCRP (B) lg TyG-BMI, log-transformed TyG-BMI; lg hsCRP, log-
transformed hsCRP. Hazard ratios are indicated by solid lines and 95% Cls by shaded areas. The horizontal dotted line represents the hazard ratio
of 1.0. The model is adjusted for age, sex, SBP, DBP, marital status, education, living place, serum creatine, hemoglobin, uric acid, BUN, TC, LDL-
C, hypertension, dyslipidemia, DM, smoking status and alcohol consumption status.

significant interaction between the region subgroups and the
impact of four groups on the incidence of CVD (P for
interaction < 0.001): individuals living in North areas in Group 4
had a significantly elevated risk of CVD (HR: 1.46, 95% CI:

Sensitivity analyses

In the sensitivity analyses, the combined association of TyG-
BMI and hsCRP with CVD, stroke, and cardiac events in the

1.18-1.81). The other variables, including age, sex, residence,
did not significantly modify the association. Similar results were

also found in subgroup analyses for cardiac events

(Supplementary File S4, Supplementary Figure S3). As presented
in Supplementary File S5, Supplementary Figure S$4, no
significant interactions were observed among the subgroup

analyses for stroke (all P for interaction > 0.05).
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adjusted full model were not appreciably changed when
individuals who experienced CVD during or before Survey 2
were excluded (Supplementary File S1, Supplementary Table S8).
After excluding individuals with extremely high TyG-BMI or
hsCRP (>99% percentile), the fully adjusted model showed
similar results (Supplementary File SI, Supplementary Table S9).
Furthermore, when we excluded individuals with DM, the
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TABLE 5 Association of TyG-BMI with new-onset MACCEs, stroke and cardiac events among patients underwent PCI.

Variables Model 1 Model 2 Model 3
OR (95% ClI) P value OR (95% ClI) P value OR (95% ClI) P value
MACCEs
Low TyG-BMI Ref Ref Ref
High TyG-BMI 1.24 (1.05-1.47) 0.021 1.28 (1.09-1.52) 0.010 1.26 (1.07-1.51) 0.016
Stroke
Low TyG-BMI Ref Ref Ref
High TyG-BMI 1.12 (0.97-1.32) 0.120 1.18 (0.99-1.40) 0.061 1.25 (1.02-1.54) 0.033
Cardiac events
Low TyG-BMI Ref Ref Ref
High TyG-BMI 1.27 (1.13-1.43) 0.024 1.31 (1.10-1.56) 0.008 1.25 (1.06-1.49) 0.017

CI, confidence interval; OR, odds ratio.

Model 1: unadjusted.

Model 2: adjusted for age, hypertension, and diabetes mellitus.
Model 3: model 2 + further adjusted for heart failure, previous AMI, creatinine, uric acid, ACEI, number of diseased vessels, LAD, RCA, length of stents, and diameters of stents.

FIGURE 4
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ROC
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>
=
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=
[0
w
0.254
0.00
0.00
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The receiver operating characteristic curves of the TyG-BMI index as a marker to predict MACCEs among patients underwent PCI. Basic risk model
vs.+the TyG-BMI index. Basic risk model includes age, heart failure, previous AMI, creatinine, uric acid, ACEl, number of diseased vessels, LAD, RCA,
CTO, and length of stents.
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TABLE 6 Joint association of TyG-BMI and hsCRP with new-onset CVD, stroke and cardiac events.

10.3389/fcvm.2025.1726615

ariable ode ode ode
» O >/ £ a o » O Z 3 O » O z D a o

CvD

Group 1 Ref Ref Ref

Group 2 1.23 (1.09-1.39) 0.001 1.18 (1.04-1.34) 0.010 1.11 (0.97-1.27) 0.125

Group 3 1.21 (1.01-1.45) 0.043 1.13 (0.95-1.36) 0.174 1.12 (0.93-1.35) 0.225

Group 4 1.65 (1.42-1.90) <0.001 1.51 (1.30-1.75) <0.001 1.38 (1.18-1.62) <0.001

Stroke

Group 1 Ref Ref Ref

Group 2 1.59 (1.28-1.99) <0.001 1.46 (1.16-1.83) 0.001 1.35 (1.06-1.72) 0.015

Group 3 1.86 (1.37-2.51) <0.001 1.62 (1.19-2.19) 0.002 1.60 (1.18-2.18) 0.003

Group 4 2.10 (1.62-2.73) <0.001 1.83 (1.41-2.39) <0.001 1.61 (1.21-2.14) 0.001

Cardiac events

Group 1 Ref Ref Ref

Group 2 1.16 (1.01-1.33) 0.035 1.14 (0.99-1.32) 0.073 1.07 (0.92-1.25) 0.379

Group 3 1.04 (0.84-1.29) 0.706 1.01 (0.81-1.25) 0.932 1.00 (0.80-1.54) 0.980

Group 4 1.57 (1.34-1.85) <0.001 1.48 (1.25-1.75) <0.001 1.36 (1.13-1.63) 0.001

Group 1 is low TyG-BMI and low hsCRP; Group 2 is high TyG-BMI and low hsCRP; Group 3 is low TyG-BMI and high hsCRP; Group 4 is high TyG-BMI and high hsCRP.
Model 1: unadjusted.
Model 2: adjusted for age, sex, SBP and DBP.
Model 3: model 2 + further adjusted for marital status, education, living place, serum creatinine, hemoglobin, uric acid, BUN, TC, LDL-C, hypertension, dyslipidemia, DM, smoking status
and alcohol consumption status.
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Kaplan—Meier curves for the cumulative incidence of CVD across TyG-BMI index and hsCRP groups. Group 1 is low TyG-BMI and low hsCRP; Group
2 is high TyG-BMI and low hsCRP; Group 3 is low TyG-BMI and high hsCRP; Group 4 is high TyG-BMI and high hsCRP. CVD, cardiovascular disease;
hsCRP, high-sensitivity C-reactive protein; TyG-BMI, triglyceride glucose-body mass.
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Variables

Age

Sex

Living place

Region

FIGURE 6

Subgroup and interaction analyses between the four groups and CVD across various subgroups. Group 1 is low TyG-BMI and low hsCRP; Group 2 is
high TyG-BMI and low hsCRP; Group 3 is low TyG-BMI and high hsCRP; Group 4 is high TyG-BMI and high hsCRP.

Subgroups
<60 years
Group 1
Group 2
Group 3
Group 4
>60 years
Group 1
Group 2
Group 3
Group 4
Male
Group 1
Group 2
Group 3
Group 4
Female
Group 1
Group 2
Group 3
Group 4
Rural
Group 1
Group 2
Group 3
Group 4
Urban
Group 1
Group 2
Group 3
Group 4
South
Group 1
Group 2
Group 3
Group 4
North
Group 1
Group 2
Group 3
Group 4

Event/Total (%)
719/3867 (18.6)
205/1457 (14.1)
301/1497 (20.1)
57/324 (17.6)
156/589 (26.5)
769/2667 (28.8)
291/1124 (25.9)
244/784 (31.1)
96/362 (26.5)
138/397 (34.8)
621/3005 (20.7)
227/1299 (17.5)
204/922 (22.1)
89/407 (21.9)
101/377 (26.8)
867/3529 (24.6)
269/1282 (21.0)
341/1359 (25.1)
64/279 (22.9)
193/609 (31.7)
986/4417 (22.3)
371/1904 (19.5)
333/1435 (23.2)
109/504 (21.6)
173/574 (30.1)
502/2117 (23.7)
125/677 (18.5)
212/846 (25.1)
44/182 (24.2)
121/412 (29.4)
641/3703 (17.3)
256/1606 (15.9)
201/1113 (18.1)
88/464 (19.0)
96/520 (18.5)
847/2831 (29.9)
240/975 (24.6)
344/1168 (29.5)
65/222 (29.3)
198/466 (42.5)

HR (95% CI)

1.00
1.17 (0.96-1.41)
1.30 (0.96-1.75)
1.52 (1.20-1.92)

1.00
1.09 (0.90-1.31)
1.04 (0.82-1.32)
1.31 (1.04-1.64)

1.00

1.13 (0.92-1.40)
1.16 (0.90-1.50)
1.36 (1.05-1.76)

1.00
1.09 (0.92-1.30)
1.08 (0.82-1.42)
1.40 (1.14-1.72)

1.00
1.06 (0.90-1.24)
1.13 (0.91-1.41)
1.40 (1.15-1.70)

1.00

1.24 (0.97-1.59)
1.13 (0.79-1.64)
1.40 (1.06-1.85)

1.00
1.01 (0.83-1.24)
1.15 (0.89-1.47)
1.03 (0.79-1.34)

1.00
1.07 (0.89-1.28)
1.17 (0.88-1.56)
1.46 (1.18-1.81)

P

Ref
0.122
0.093
<0.001

Ref

0.385
0.765
0.020

Ref

0.249
0.249
0.021

Ref

0.321
0.602
0.001

Ref

0.517
0.271
0.001

Ref

0.084
0.499
0.019

Ref

0.904
0.289
0.834

Ref
0.460
0.273
<0.001

interaction

0.315

0.850

0.645
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results remained largely unchanged (Supplementary File S1,
Supplementary Table S10).

Additional analyses

As shown in Supplementary File S6, Supplementary Figure S5,
E-values for the combined influences of TyG-BMI index and
hsCRP on cardiac events, stroke, and CVD were 2.06, 2.60, and
2.10, respectively, which indicated the correlations were not
neutralized by the potential unmeasured confounding in the
current study. In the imputed dataset, the joint association of
TyG-BMI index and hsCRP with CVD, stroke, and cardiac
events was consistent with the main results (Supplementary File
S1, Supplementary Table S11).

Discussion

Among 6,534 middle-aged and elderly individuals from
CHARLS with a median of 84 months of follow-up, the main
findings of our study were as follows: (1) elevated TyG-BMI
index and hsCRP were associated with a respective 1.15-fold and
1.21-fold increase in the risk of incident CVD; (2) both the
TyG-BMI index and hsCRP were also independent predictors of
stroke and cardiac events; (3) participants who had concurrently
high TyG-BMI index and hsCRP had the higher risk of CVD,
stroke, and cardiac events, compared with those with either or
neither risk factor elevated. Therefore, a comprehensive view of
multiple risk factors may be a wiser and more effective strategy
for risk stratification and improving the management of CVD.

Recently, increasing evidence has suggested that IR plays an
indispensable role in the pathogenesis of atherosclerosis and
clinically relevant advanced plaque progression (9). IR is not only
considered a major risk factor for CVD (10, 11), but it also
predicts adverse cardiovascular events in patients with CVD (30).
Therefore, there is an urgent need for the early identification of
IR to improve the risk stratification of CVD. Although the
hyperinsulinemic-euglycemic clamp is considered the gold-
standard method for evaluating IR, it appears to be used mainly
in academic studies due to its invasive nature and expensive cost.
To suit clinical practice and large-scale epidemiological studies,
the TyG index was proposed to assess IR and has been confirmed
to have a good correlation with the hyperinsulinemic-euglycemic
clamp in assessing IR (13, 14). As is well-known, obesity, usually
reflected by BMI, has been regarded as a crucial factor in IR (15).
Then, the TyG-BMI index, combining the TyG index with BMI,
was found to have good agreement with the homeostasis model
assessment for IR in assessing IR in the Chinese population
without DM (17). Moreover, the superiority of the TyG-BMI
index was further confirmed in the Korean population (16).
A study showed that the TyG-BMI index had a linear association
with ischemic stroke and could significantly improve the
predictive power of the basic risk model in estimating the
prevalence of ischemic stroke (31). Moreover, a recent study
reported that an elevated TyG-BMI index was significantly
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associated with a higher incidence of adverse cardiovascular

events in female patients or elderly patients undergoing
percutaneous coronary intervention (32). All the above evidence
suggests that the TyG-BMI index may serve as a promising
predictor of CVD in the general population. In our prospective,
longitudinal study, the TyG-BMI index also proved to be a
reliable predictor for future CVD (HR: 1.15, 95% CI: 1.03-1.30,
P=0.016), stroke (HR: 1.25, 95% CI: 1.02-1.54, P=0.033), and
(HR: 1.15, 95% CI: 1.01-1.31, P=0.042),

independently of traditional cardiovascular risk factors.

cardiac events

Furthermore, existing evidence indicates that low-grade chronic
inflammation is implicated in the onset and progression of CVD
(18, 19). And Patients with CVD exhibit a more pronounced
inflammatory condition, as confirmed by detecting hsCRP (33,
34). To date, several randomized controlled trials have examined
the association between inflammation and cardiovascular events
(22, 23, 35). The JUPITER study demonstrated that rosuvastatin
significantly reduced the incidence of major cardiovascular events
by 37% through a reduction in hsCRP among participants
without hyperlipidemia but with elevated levels of hsCRP (22).
Subsequently, the recently published FOURIER study provided
additional evidence supporting a positive association between
elevated hsCRP and cardiac death as well as stroke (all P < 0.001)
(23). The post hoc analysis of the SPIRE trials similarly yielded
results, indicating that hsCRP >3 mg/L was associated with a 60%
higher risk of incident cardiovascular events (35). Importantly,
the CANTOS study showed that canakinumab, an interleukin-1
(IL-1) inhibitor, significantly decreased hsCRP levels and the
incidence of cardiovascular events in individuals with a history of
myocardial infarction and elevated hsCRP (24). The effectiveness
of reducing the risk of cardiovascular events with anti-
inflammatory therapies has been well established (24, 36).
Similarly, in the current study, an elevated hsCRP was linked to
an increased risk of CVD (HR: 1.21, 95% CI: 1.07-1.36,
P=0.001), stroke (HR: 1.35, 95% CI: 1.11-1.64, P=0.003), and
cardiac events (HR: 1.17, 95% CI: 1.02-1.34, P=10.023).

Recently, there has been an increasing focus on the
importance of comprehensively evaluating and controlling
multiple risk factors to stratify and reduce CVD risk. According
to previous reports, the increased risk of cardiovascular events is
often synergistic rather than additive in the presence of multiple
risk factors (37, 38). Wu et al. reported that individuals with
only TyG index > 8.87, only hyperuricemia, and both TyG
index > 8.87
increments of 111%, 67%, and 310% in the risk of major

and  hyperuricemia  experienced  respective
adverse cardiovascular events (38). As mentioned earlier, hsCRP
may accelerate cardiovascular risk by contributing to insulin
resistance (IR) (25, 26). Recognizing the close association
(IR) with

cardiovascular risk, and the existing knowledge gap regarding

between inflammation and insulin resistance
the synergistic effect of inflammation and IR in elevating the
risk of incident CVD, stroke, and cardiac events, we designed
the present study. To the best of our knowledge, we present the
initial evidence demonstrating that elevated levels of both TyG-
BMI index and hsCRP synergistically increase the risk of CVD,

stroke, and cardiac events to the greatest extent.
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While the exact mechanisms underlying the association of
elevated TyG-BMI index and hsCRP with CVD, stroke, and
cardiac events remain unclear, they may be explained at least
partly as follows: (1) Elevated hsCRP may facilitate IR via the
excessive release of proinflammatory cytokines, such as IL-1p,
activating the innate immune system (39); (2) High circulating
insulin concentrations could reduce the production of nitric
oxide by activating serum and glucocorticoid kinase 1. The
lower nitric oxide concentration, in turn, leads to matrix protein
(3) The metabolic disorders of
serum lipids and glucose induced by IR may cause the

deposition and fibrosis (40);

overproduction of reactive oxygen species, which may contribute
to cardiovascular events (41); (4) Both inflammation and IR
promote thrombosis and platelet aggregation in the
cardiovascular system by impairing fibrinolysis (19, 42).

Our study has several strengths. Firstly, CHARLS is a well-
established population-based prospective cohort with a relatively
large sample size and a nationally representative sample, which
enhances the generalizability of our findings. Secondly, we had
abundant information on demographics, geographic location, and
to fully adjust for potential

confounders. Finally, the measurements of lipid parameters, hsCRP,

medical history, allowing us
and BMI were based on standard reliable methods, ensuring the
confidence of our results. However, our study is not without
limitations. Firstly, potential reverse causality may exist. However,
even after excluding participants who experienced stroke or cardiac
events during or before Survey 2, the results remained consistent
with the main results. Secondly, although we adjusted for many
potential confounders, residual or unmeasured confounding was
unavoidable. Importantly, E-value analyses suggested that the
associations were not neutralized by potential unmeasured
confounding. Thirdly, stroke and cardiac events were defined using
self-reported physician diagnoses, which may introduce information
bias. Therefore, large-scale randomized controlled trials are needed
to further examine these findings. Lastly, our study only included
participants aged 45 years and older, limiting the generalizability of
our results to the general population.

Conclusions

In conclusion, the results from the present study, for the first
time, reveal synergistic relationships between the TyG-BMI index
and hsCRP in predicting the risk of CVD, stroke, and cardiac
events. Importantly, TyG-BMI also demonstrated significant
predictive value for adverse outcomes in patients after PCI.
These novel findings underscore the urgent need for using
multiple assessments concurrently in risk stratification, which
could have far-reaching significance for the primary or
secondary prevention of CVD and improving public health.

Data availability statement

Publicly available datasets were analyzed in this study. This
data can be found here: http://charls.pku.edu.cn/en.

Frontiers in Cardiovascular Medicine

12

10.3389/fcvm.2025.1726615

Ethics statement

The studies involving humans were approved by the
Institutional Review Board of Peking University. The studies
were conducted in accordance with the local legislation and
institutional requirements. The participants provided their
written informed consent to participate in this study. The
manuscript presents research on animals that do not require
ethical approval for their study.

Author contributions

WL: Formal analysis, Writing - original draft, Software,
Visualization, Resources, Methodology, Writing - review &
editing. SZ: Project administration, Writing - original draft,
Validation, Supervision, Writing - review & editing.

Funding

The author(s) declared that financial support was not received
for this work and/or its publication.

Acknowledgments

The present study used data from the CHARLS. The authors
thank CHARLS research team and individuals included in
the study.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures
in this article has been generated by Frontiers with the
support of artificial intelligence and reasonable efforts have
been made to ensure accuracy, including review by the
authors wherever possible. If you identify any issues, please
contact us.

Publisher’'s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those of

frontiersin.org


http://charls.pku.edu.cn/en
https://doi.org/10.3389/fcvm.2025.1726615

Liu and Zhang

their affiliated organizations, or those of the publisher,
the editors and the reviewers. Any product that may be
this

by its manufacturer, is not guaranteed or endorsed by

evaluated in article, or claim that may be made

the publisher.

References

1. GBD 2017 Causes of Death Collaborators. Global, regional, and national age-sex-
specific mortality for 282 causes of death in 195 countries and territories, 1980-2017:
a systematic analysis for the global burden of disease study 2017. Lancet. (2018)
392(10159):1736-88. doi: 10.1016/S0140-6736(18)32203-7

2. Tsao CW, Aday AW, Almarzooq ZI, Alonso A, Beaton AZ, Bittencourt MS, et al.
Heart disease and stroke statistics-2022 update: a report from the American heart
association. Circulation. (2022) 145(8):€153-639. doi: 10.1161/CIR.
0000000000001052

3. Rosenblit PD. Extreme atherosclerotic cardiovascular disease (ASCVD) risk
recognition. Curr Diab Rep. (2019) 19(8):61. doi: 10.1007/s11892-019-1178-6

4. Zhang P, Guo D, Xu B, Huang C, Yang S, Wang W, et al. Association of serum
25-hydroxyvitamin D with cardiovascular outcomes and all-cause mortality in
individuals with prediabetes and diabetes: results from the UK Biobank prospective
cohort study. Diabetes Care. (2022) 45(5):1219-29. doi: 10.2337/dc21-2193

5. Li J-J, Liu H-H, Li S. Landscape of cardiometabolic risk factors in Chinese
population: a narrative review. Cardiovasc Diabetol. (2022) 21(1):113. doi: 10.1186/
§12933-022-01551-3

6. Jin A, Wang S, Li J, Wang M, Lin J, Li H, et al. Mediation of systemic
inflammation on insulin resistance and prognosis of nondiabetic patients
with ischemic stroke. Stroke. (2023) 54(3):759-69. doi: 10.1161/STROKEAHA.122.
039542

7. Defronzo RA. Banting lecture. From the triumvirate to the ominous octet: a new
paradigm for the treatment of type 2 diabetes mellitus. Diabetes. (2009) 58(4):773-95.
doi: 10.2337/db09-9028

8. Faerch K, Vaag A, Holst JJ, Hansen T, Jorgensen T, Borch-Johnsen K. Natural
history of insulin sensitivity and insulin secretion in the progression from normal
glucose tolerance to impaired fasting glycemia and impaired glucose tolerance: the
Inter99 study. Diabetes Care. (2009) 32(3):439-44. doi: 10.2337/dc08-1195

9. Bornfeldt KE, Tabas I. Insulin resistance, hyperglycemia, and atherosclerosis. Cell
Metab. (2011) 14(5):575-85. doi: 10.1016/j.cmet.2011.07.015

10. Mancusi C, de Simone G, Best LG, Wang W, Zhang Y, Roman MJ, et al.
Myocardial mechano-energetic efficiency and insulin resistance in non-diabetic
members of the strong heart study cohort. Cardiovasc Diabetol. (2019) 18(1):56.
doi: 10.1186/512933-019-0862-9

11. Chen W, Wang S, Lv W, Pan Y. Causal associations of insulin resistance with
coronary artery disease and ischemic stroke: a Mendelian randomization analysis.
BM]J Open Diabetes Res Care. (2020) 8(1):e001217. doi: 10.1136/bmjdrc-2020-001217

12. Muniyappa R, Lee S, Chen H, Quon M]. Current approaches for assessing
insulin sensitivity and resistance in vivo: advantages, limitations, and appropriate
usage. Am ] Physiol Endocrinol Metab. (2008) 294(1):E15-26. doi: 10.1152/ajpendo.
00645.2007

13. Guerrero-Romero F, Simental-Mendia LE, Gonzalez-Ortiz M, Martinez-
Abundis E, Ramos-Zavala MG, Herndndez-Gonzdlez SO, et al. The product of
triglycerides and glucose, a simple measure of insulin sensitivity. Comparison with
the euglycemic-hyperinsulinemic clamp. ] Clin Endocrinol Metab. (2010)
95(7):3347-51. doi: 10.1210/jc.2010-0288

14. Giannini C, Santoro N, Caprio S, Kim G, Lartaud D, Shaw M, et al. The
triglyceride-to-HDL cholesterol ratio: association with insulin resistance in obese
youths of different ethnic backgrounds. Diabetes Care. (2011) 34(8):1869-74.
doi: 10.2337/dc10-2234

15. Boden G. Obesity, insulin resistance and free fatty acids. Curr Opin Endocrinol
Diabetes Obes. (2011) 18(2):139-43. doi: 10.1097/MED.0b013e3283444b09

16. Lim J, Kim J, Koo SH, Kwon GC. Comparison of triglyceride glucose index, and
related parameters to predict insulin resistance in Korean adults: an analysis of the
2007-2010 Korean national health and nutrition examination survey. PLoS One.
(2019) 14(3):€0212963. doi: 10.1371/journal.pone.0212963

17. Er L-K, Wu S, Chou H-H, Hsu L-A, Teng M-S, Sun Y-C, et al. Triglyceride
glucose-body mass Index is a simple and clinically useful surrogate marker for
insulin resistance in nondiabetic individuals. PLoS One. (2016) 11(3):e0149731.
doi: 10.1371/journal.pone.0149731

18. Wolf D, Ley K. Immunity and inflammation in atherosclerosis. Circul Res.
(2019) 124(2):315-27. doi: 10.1161/CIRCRESAHA.118.313591

Frontiers in Cardiovascular Medicine

13

10.3389/fcvm.2025.1726615

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.2025.
1726615/full#supplementary-material

19. Zhang Z, Tang J, Cui X, Qin B, Zhang ], Zhang L, et al. New insights and novel
therapeutic potentials for macrophages in myocardial infarction. Inflammation.
(2021) 44(5):1696-712. doi: 10.1007/s10753-021-01467-2

20. Peikert A, Kaier K, Merz J, Manhart L, Schifer I, Hilgendorf I, et al. Residual
inflammatory risk in coronary heart disease: incidence of elevated high-sensitive CRP
in a real-world cohort. Clin Res Cardiol. (2020) 109(3):315-23. doi: 10.1007/s00392-
019-01511-0

21. Guedeney P, Claessen BE, Kalkman DN, Aquino M, Sorrentino S, Giustino G,
et al. Residual inflammatory risk in patients with low LDL cholesterol levels
undergoing percutaneous coronary intervention. J Am Coll Cardiol. (2019)
73(19):2401-9. doi: 10.1016/j.jacc.2019.01.077

22. Ridker PM, Danielson E, Fonseca FAH, Genest ], Gotto AM, Kastelein JJP, et al.
Rosuvastatin to prevent vascular events in men and women with elevated C-reactive
protein. N Engl ] Med. (2008) 359(21):2195-207. doi: 10.1056/NEJM0a0807646

23. Bohula EA, Giugliano RP, Leiter LA, Verma S, Park J-G, Sever PS, et al.
Inflammatory and cholesterol risk in the FOURIER trial. Circulation. (2018)
138(2):131-40. doi: 10.1161/CIRCULATIONAHA.118.034032

24. Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C,
et al. Antiinflammatory therapy with canakinumab for atherosclerotic disease. N Engl
J Med. (2017) 377(12):1119-31. doi: 10.1056/NEJMoal707914

25. Uemura H, Katsuura-Kamano S, Yamaguchi M, Bahari T, Ishizu M, Fujioka M,
et al. Relationships of serum high-sensitivity C-reactive protein and body size with
insulin resistance in a Japanese cohort. PLoS One. (2017) 12(6):e0178672. doi: 10.
1371/journal.pone.0178672

26. Mayer O, Seidlerovd J, Filipovsky J, Timorackd K, Bruthans J, Vanék J, et al.
Unexpected inverse relationship between impaired glucose metabolism and
lipoprotein-associated phospholipase A2 activity in patients with stable vascular
disease. Eur J Intern Med. (2014) 25(6):556-60. doi: 10.1016/j.ejim.2014.05.010

27. Gong J, Wang G, Wang Y, Chen X, Chen Y, Meng Q, et al. Nowcasting and
forecasting the care needs of the older population in China: analysis of data from
the China health and retirement longitudinal study (CHARLS). Lancet Public
Health. (2022) 7(12):e1005-13. doi: 10.1016/S2468-2667(22)00203-1

28. Yang L, Yue Q, Fang F, Zhang Y, Liu P, Zhang Z, et al. Effect of dual residual
risk of cholesterol and inflammation on all-cause mortality in patients with
cardiovascular disease. Cardiovasc Diabetol. (2023) 22(1):96. doi: 10.1186/s12933-
023-01826-3

29. Yao HM, Wan YD, Zhang XJ, Shen DL, Zhang JY, Li L, et al. Long-term follow-
up results in patients undergoing percutaneous coronary intervention (PCI) with
drug-eluting stents: results from a single high-volume PCI centre. BMJ Open.
(2014) 4(8):e004892. doi: 10.1136/bmjopen-2014-004892

30. Uetani T, Amano T, Harada K, Kitagawa K, Kunimura A, Shimbo Y, et al.
Impact of insulin resistance on post-procedural myocardial injury and clinical
outcomes in patients who underwent elective coronary interventions with drug-
eluting stents. JACC Cardiovasc Interv. (2012) 5(11):1159-67. doi: 10.1016/j.jcin.
2012.07.008

31. Du Z, Xing L, Lin M, Sun Y. Estimate of prevalent ischemic stroke from
triglyceride glucose-body mass index in the general population. BMC Cardiovasc
Disord. (2020) 20(1):483. doi: 10.1186/s12872-020-01768-8

32. Cheng Y, Fang Z, Zhang X, Wen Y, Lu J, He S, et al. Association between
triglyceride glucose-body mass index and cardiovascular outcomes in patients
undergoing percutaneous coronary intervention: a retrospective study. Cardiovasc
Diabetol. (2023) 22(1):75. doi: 10.1186/s12933-023-01794-8

33. Zhao J, Lv H, Yin D, Zhou X, Zhu H, Guo L, et al. Systemic immune-
inflammation index predicts long-term outcomes in patients with three-vessel
coronary disease after revascularization: results from a large cohort of 3561
patients. J Inflamm Res. (2022) 15:5283-92. doi: 10.2147/JIR.S385990

34. Shitara J, Ogita M, Wada H, Tsuboi S, Endo H, Doi S, et al. Clinical impact of
high-sensitivity C-reactive protein during follow-up on long-term adverse clinical
outcomes in patients with coronary artery disease treated with percutaneous
coronary intervention. J Cardiol. (2019) 73(1):45-50. doi: 10.1016/j.jjcc.2018.06.002

35. Pradhan AD, Aday AW, Rose LM, Ridker PM. Residual inflammatory risk on
treatment with PCSK9 inhibition and statin therapy. Circulation. (2018)
138(2):141-9. doi: 10.1161/CIRCULATIONAHA.118.034645

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcvm.2025.1726615/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2025.1726615/full#supplementary-material
https://doi.org/10.1016/S0140-6736(18)32203-7
https://doi.org/10.1161/CIR.0000000000001052
https://doi.org/10.1161/CIR.0000000000001052
https://doi.org/10.1007/s11892-019-1178-6
https://doi.org/10.2337/dc21-2193
https://doi.org/10.1186/s12933-022-01551-3
https://doi.org/10.1186/s12933-022-01551-3
https://doi.org/10.1161/STROKEAHA.122.039542
https://doi.org/10.1161/STROKEAHA.122.039542
https://doi.org/10.2337/db09-9028
https://doi.org/10.2337/dc08-1195
https://doi.org/10.1016/j.cmet.2011.07.015
https://doi.org/10.1186/s12933-019-0862-9
https://doi.org/10.1136/bmjdrc-2020-001217
https://doi.org/10.1152/ajpendo.00645.2007
https://doi.org/10.1152/ajpendo.00645.2007
https://doi.org/10.1210/jc.2010-0288
https://doi.org/10.2337/dc10-2234
https://doi.org/10.1097/MED.0b013e3283444b09
https://doi.org/10.1371/journal.pone.0212963
https://doi.org/10.1371/journal.pone.0149731
https://doi.org/10.1161/CIRCRESAHA.118.313591
https://doi.org/10.1007/s10753-021-01467-2
https://doi.org/10.1007/s00392-019-01511-0
https://doi.org/10.1007/s00392-019-01511-0
https://doi.org/10.1016/j.jacc.2019.01.077
https://doi.org/10.1056/NEJMoa0807646
https://doi.org/10.1161/CIRCULATIONAHA.118.034032
https://doi.org/10.1056/NEJMoa1707914
https://doi.org/10.1371/journal.pone.0178672
https://doi.org/10.1371/journal.pone.0178672
https://doi.org/10.1016/j.ejim.2014.05.010
https://doi.org/10.1016/S2468-2667(22)00203-1
https://doi.org/10.1186/s12933-023-01826-3
https://doi.org/10.1186/s12933-023-01826-3
https://doi.org/10.1136/bmjopen-2014-004892
https://doi.org/10.1016/j.jcin.2012.07.008
https://doi.org/10.1016/j.jcin.2012.07.008
https://doi.org/10.1186/s12872-020-01768-8
https://doi.org/10.1186/s12933-023-01794-8
https://doi.org/10.2147/JIR.S385990
https://doi.org/10.1016/j.jjcc.2018.06.002
https://doi.org/10.1161/CIRCULATIONAHA.118.034645
https://doi.org/10.3389/fcvm.2025.1726615

Liu and Zhang

36. Tardif J-C, Kouz S, Waters DD, Bertrand OF, Diaz R, Maggioni AP, et al.
Efficacy and safety of low-dose colchicine after myocardial infarction. N Engl J
Med. (2019) 381(26):2497-505. doi: 10.1056/NEJMo0al1912388

37. Gifford RW. The role of multiple risk factors in cardiovascular
morbidity and mortality. Cleve Clin ] Med. (1993) 60(3):211-8. doi: 10.3949/ccjm.
60.3.211

38. Wu Z, Cheng C, Sun X, Wang J, Guo D, Chen §, et al. The synergistic effect of
the triglyceride-glucose index and serum uric acid on the prediction of major adverse
cardiovascular events after coronary artery bypass grafting: a multicenter
retrospective cohort study. Cardiovasc Diabetol. (2023) 22(1):103. doi: 10.1186/
512933-023-01838-z

39. Yan Y, Li S, Liu Y, Bazzano L, He J, Mi J, et al. Temporal relationship between
inflammation and insulin resistance and their joint effect on hyperglycemia: the

Frontiers in Cardiovascular Medicine

14

10.3389/fcvm.2025.1726615

bogalusa heart study. Cardiovasc Diabetol. (2019) 18(1):109. doi: 10.1186/s12933-
019-0913-2

40. Hill MA, Jaisser F, Sowers JR. Role of the vascular endothelial sodium channel
activation in the genesis of pathologically increased cardiovascular stiffness.
Cardiovasc Res. (2022) 118(1):130-40. doi: 10.1093/cvr/cvaa326

41. Chen W, Wang X, Chen ], You C, Ma L, Zhang W, et al. Household air
pollution, adherence to a healthy lifestyle, and risk of cardiometabolic
multimorbidity: results from the China health and retirement longitudinal study.
Sci Total Environ. (2023) 855:158896. doi: 10.1016/j.scitotenv.2022.158896

42. Brazionis L, Rowley K, Jenkins A, Itsiopoulos C, O’Dea K. Plasminogen
activator inhibitor-1 activity in type 2 diabetes: a different relationship with
coronary heart disease and diabetic retinopathy. Atertio Thromb Vasc Biol. (2008)
28(4):786-91. doi: 10.1161/ATVBAHA.107.160168

frontiersin.org


https://doi.org/10.1056/NEJMoa1912388
https://doi.org/10.3949/ccjm.60.3.211
https://doi.org/10.3949/ccjm.60.3.211
https://doi.org/10.1186/s12933-023-01838-z
https://doi.org/10.1186/s12933-023-01838-z
https://doi.org/10.1186/s12933-019-0913-2
https://doi.org/10.1186/s12933-019-0913-2
https://doi.org/10.1093/cvr/cvaa326
https://doi.org/10.1016/j.scitotenv.2022.158896
https://doi.org/10.1161/ATVBAHA.107.160168
https://doi.org/10.3389/fcvm.2025.1726615

	Combining triglyceride glucose-body mass index and high-sensitivity C-reactive protein to predict cardiovascular disease: results from a national cohort and a clinical verified cohort
	Introduction
	Methods
	Study design and population
	Ascertainment of exposure
	Outcome assessment
	Ascertainment of covariates
	Statistical analyses

	Results
	Characteristics of study participants
	Association of TyG-BMI index and hsCRP with outcomes
	Joint effect of the TyG-BMI index and hsCRP on outcomes
	Subgroup analyses
	Sensitivity analyses
	Additional analyses

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


