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Background: This study compares the association of eight insulin resistance (IR)-
related markers (triglyceride-glucose index (TyG), TyG-body mass index (TyG-
BMI), TyG-waist circumference (TyG-WC), TyG-waist-to-height ratio (TyG-
WHItR), triglycerides-to-high-density lipoprotein cholesterol ratio (TG/HDL),
lipid accumulation product (LAP), visceral adiposity index (VAI), and estimated
glucose disposal rate (eGDR)) with cardiovascular disease (CVD).

Methods: Spearman’s coefficients were used for correlations between IR-related
markers. Predictive capacities were evaluated using receiver operating
characteristic (ROC) curve analysis, Akaike Information Criterion, and Bayesian
Information Criterion were calculated. Multivariable-adjusted Cox regression
models and restricted cubic spline (RCS) analysis were performed to explore
associations between IR-related markers and CVD.

Results: In Pearson correlation analysis, TyG-WC and TyG-WHtR had a
correlation coefficient of 0.95, while TG/HDL ratio and VAl had a correlation
coefficient of 0.97. Regarding predictive capacity across different glycemic
states, eGDR showed the best performance among the 8 IR-related markers,
particularly in predicting stroke. According to Cox regression analysis, with each
unitincrease in TyG, TyG-BMI, TyG-WC, and TyG-WHIR, the risk of heart disease
increased by 24.1%, 0.4%, 0.1%, and 17.56%, respectively; and the risk of stroke
increased by 69.3%, 0.6%, 0.2%, and 36.5%, respectively. Additionally, TG/HDL
ratio, VAI, and LAP exhibited nonlinear associations with heart disease and stroke
risk. For each unit increase in eGDR, the risks of heart disease and stroke
decreased by 21% and 14.2%, respectively

Conclusion: eGDR is the most effective marker for predicting CVD, especially
stroke, across all glycemic states. Modified TyG indices provide better predictive
value than TyG alone.
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Background

According to data from the World Health Organization,
cardiovascular diseases (CVD) are the leading cause of death
globally, responsible for approximately 17.9 million deaths
annually, accounting for 32% of all deaths worldwide (1). Early
identification and intervention for modifiable risk factors are crucial
in mitigating the impact of CVD. Major risk factors for CVD
include hypertension, high cholesterol, smoking, diabetes, obesity,
and physical inactivity (2). Insulin resistance (IR) is a significant
determinant of CVD, contributing to its development through
mechanisms such as endothelial dysfunction, increased
inflammatory responses and dyslipidemia (3).

Given the critical role of IR in CVD, it is essential to identify
practical and reliable markers to assess IR and its associated risks.
Unlike the expensive and time-consuming hyperinsulinemic-
euglycemic clamp technique (HEIC), the triglyceride-glucose (TyG)
index is simple, cost-effective, and has become a practical alternative
for assessing IR (4). Combining the TyG index with other obesity
indicators can enhance its predictive power for CVD (5, 6). For
example, the TyG- body mass index (TyG-BMI) index is more
accurate in identifying high-risk individuals compared to the TyG
index alone. Additionally, other IR-related markers have shown
significant advantages in predicting CVD risk. The TyG-waist
circumference (TyG-WC) and TyG-waist-to-height ratio (TyG-
WHIR) indices incorporate central obesity measures, providing a
more comprehensive assessment of metabolic health (7). Similar to
the TyG index, the triglycerides-to-high-density lipoprotein
cholesterol (TG/HDL) ratio is a simple and easily obtainable marker
that can serve as a surrogate for IR, which can reflect lipid metabolism
and the associated cardiovascular risk more comprehensively (8). The
Lipid Accumulation Product (LAP) index provides a comprehensive
measure of lipid accumulation and its impact on cardiovascular
health. LAP is particularly effective in capturing the relationship
between visceral fat and cardiovascular risk, making it a valuable
tool for predicting CVD (9). Similarly, the Visceral Adiposity Index
(VAI) is instrumental in evaluating visceral fat distribution, especially
abdominal fat, which is a well-established risk factor for CVD. By
offering detailed insights into fat distribution, VAI enhances the ability
to stratify and manage cardiovascular risk more precisely (10). The
estimated glucose disposal rate (eGDR) offers a direct measure of
insulin sensitivity and glucose metabolism efficiency. It is calculated
using variables such as waist circumference, hypertension status, and
HbA Ic levels, making it a comprehensive marker of metabolic health
and a strong predictor of CVD risk (11). Despite the research on
individual markers, there is a lack of studies investigating the
association of these eight IR-related markers with CVD.

Additionally, there is an association between IR-related markers
and the severity of CVD depending on glycemic status (12).
However, previous research has primarily focused on evaluating
the relationship between IR-related markers and cardiovascular
disease in either diabetic or non-diabetic populations. Prior
studies have found a correlation between the TyG index and
coronary artery disease (CAD), with this correlation being
strongest in diabetic patients (13). The TyG-WC and TyG-WHtR
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have also demonstrated good predictive ability for cardiovascular
risk in non-diabetic populations (14, 15). In contrast, eGDR has
been found to be a reliable predictor of CVD in both diabetic and
non-diabetic individuals (16, 17). Given these findings, there is a
need to explore further the role of these markers across different
glycemic states. Therefore, this study aims to investigate the
association and predictive capacity of IR-related markers with
CVD across different glycemic states using a nationally
representative cohort.

Methods
Study population

The China Health and Retirement Longitudinal Study (CHARLS)
is an ongoing nationally representative survey, which initiated its
baseline survey in 2011 and has been updated every two to three
years, with follow-ups conducted in 2013, 2015, 2018, and 2020 (18).
We utilized data from the baseline and four follow-up waves. A total of
6009 participants were included in the analysis, all of whom had
available physical examination data, blood data, demographic data, and
other required information. The specific inclusion and exclusion
criteria are detailed in Supplementary Figure 1.

Insulin resistance-related markers and
glycemic states

FBG and TG levels were analyzed using a Hitachi 7180 chemical
analyzer (Hitachi, Tokyo, Japan). Height, weight, WC, systolic
blood pressure (SBP) and diastolic blood pressure (DBP) were
measured three times, and the average value was taken as the
final measurement. Hypertension was assessed through a
standardized question: “Have you ever been told by a doctor that
you have been diagnosed with hypertension?” (19) For participants
who did not report whether they had hypertension, SBP >140
mmHg or DBP 290 mmHg was also considered hypertensive. The
calculation formulas for the 8 insulin resistance-related markers are
shown in Table 1 (10, 11, 20).

Blood glucose classification was based on FBG, glycated
hemoglobin (HbAlc), and diabetes history. Participants were
categorized into three groups: normal glycemic levels (FBG <100
mg/dL and HbAlc <5.7%), prediabetes (FBG 100-125 mg/dL or
HbAlc 5.7-6.4%), and diabetes (FBG 2126 mg/dL or HbAlc 26.5%
or a history of diagnosed diabetes) (21).

Heart disease and stroke

The incidence of heart disease and stroke was determined based
on participants’ self-reports, confirming that they had received a
definite diagnosis from a doctor. New cases of heart disease and
stroke were identified as participants who reported having heart
disease or stroke during the follow-up period (22).
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TABLE 1 Formulas of insulin resistance-related markers.
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IR-related markers Formulas

TyG index

TyG-BMI index

TyG = In[fasting triglycerides (mg/dL) x fasting glucose (mg/dL)/2]

TyG-BMI = TyG x BMI (kg/m?)

TyG-WC index
TyG-WHIR index

TG/HDL ratio

TyG-WC = TyG x waist circumference (cm)
TyG-WHItR = TyG X waist circumference (cm)/height (cm)
TG/HDL = triglycerides (mg/dL)/high-density lipoprotein cholesterol (mg/dL)

Male: LAP =(waist circumference (cm) - 65) x triglycerides (mmol/L)

LAP index

Female: LAP =(waist circumference (cm) - 58) x triglycerides (mmol/L)

Male: VAI = [WC (cm)/(39.68 + (1.88 x BMI))] x (TG (mmol/L)/1.03) x (1.31/HDL (mmol/L))
v Female: VAI = WC (cm)/(36.58 + (1.89 x BMI))] x (TG (mmol/L)/0.81) x (1.52/HDL(mmol/L))
eGDR index eGDR = 21.158 - (0.09 xWC(cm)) — (3.407 x hypertension (yes=1/no=0)) — (0.551 x HbAlc (%))

TyG, triglyceride-glucose index; BMI, body mass index; WC, waist circumference; WHIR, waist-to-height ratio; TG, triglyceride; HDL, high-density lipoprotein; LAP, lipid accumulation product;
VAL visceral adiposity index; eGDR, estimated glucose disposal rate; HbAlc: glycated hemoglobin.

Covariates

Covariates included sociodemographic factors, blood
biomarkers, and diseases related to CVD. Sociodemographic
factors included age, sex, education level, marital status, smoking
status, and alcohol consumption. Blood biomarkers included total
cholesterol, triglycerides, creatinine, blood urea nitrogen, uric acid,
and C-reactive protein. Diseases related to cardiovascular disease
included hypertension, diabetes, and kidney disease.

Statistical analysis

Continuous variables are presented as mean * standard
deviation (SD), and categorical variables are presented as number
(percentage). Participants were divided into three groups based on
glycemic status. Kruskal-Wallis test and analysis of variance
(ANOVA) were used to describe baseline characteristics, IR-
related markers, blood indicators, and body measurements for
continuous variables, while the Chi-square test was used for
categorical variables.

The correlations between the IR-related markers were expressed
using Pearson’s coefficients. The predictive capacities of the IR-
related markers for heart disease and stroke in the total population
and across different glycemic states were evaluated using receiver
operating characteristic (ROC) curve analysis. The Akaike
Information Criterion (AIC) and Bayesian Information Criterion
(BIC) were calculated to compare the model fit for each IR-related
marker. Models were adjusted for all covariates mentioned in the
covariate section. These criteria were used to assess the predictive
ability of each marker for heart disease and stroke across different
glycemic states.

Multivariable-adjusted Cox regression models were used to
explore the relationship between IR-related markers and the
incidence of new-onset heart disease and stroke. Both continuous
and quartile variables were used in the analysis to assess linear and

Frontiers in Endocrinology

nonlinear associations, and hazard ratios (HR) with 95% confidence
intervals (CI) were calculated. Additionally, restricted cubic spline
(RCS) analysis was performed to illustrate the dose-response
relationship between IR-related markers and heart disease and
stroke. The four knots in the RCS analysis were placed at the 5th,
35th, 65th, and 95th percentiles of the marker distributions. Both
Cox analysis and RCS were conducted in the total population and
across different glycemic states (normal, prediabetes, and diabetes).

Statistical analyses were performed using R version 4.2.0, with
statistical significance set at P < 0.05 for all analyses.

Results
Participants’ characteristics

In this study, a total of 6009 participants were included, with an
average age of 58.32 + 8.53 years, and 55.9% were female. At
baseline, 656 participants had heart disease and 108 had a stroke.
During the 9-year follow-up period, there were 905 new cases of
heart disease and 408 new cases of stroke. We found that the TyG,
TyG-BMI, TyG-WC, TyG-WHIR, TG/HDL ratio, LAP index, and
VAI showed significant differences among normal, prediabetic, and
diabetic individuals (P < 0.001), with values increasing
progressively. Conversely, the eGDR index also exhibited
significant differences among the three groups but with
decreasing values. Compared to individuals with normal glycemic
levels, prediabetic and diabetic individuals tended to be older, have
larger waist circumferences, higher BMIs, and higher values in the
included blood parameters.

Pearson correlation analysis of IR markers

TyG index showed moderate to strong positive correlations
with all markers except eGDR index (r > 0.60). TyG-BMI index had
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high correlations with TyG-WC index (r = 0.73) and TyG-WHtR
index (r = 0.72). Notably, the correlation coefficients between TyG-
WC index and TyG-WHIR index (r = 0.95), as well as between TG/
HDL ratio and VAI index (r = 0.97), were extremely high. TG/HDL
index, VAI index, and LAP index also exhibited high positive
correlations with each other (r > 0.80). Additionally, eGDR index
was negatively correlated with the other seven insulin resistance
indices, with the strongest negative correlations observed with TyG-
WC index (r = -0.70) and TyG-WHIHR index (r = -0.67) (Figure 1).

Predictive capacity comparison

For heart disease, the AUC values indicate that the eGDR index
consistently has the highest predictive capacity across all glycemic
states, with an overall AUC of 0.655. In normal and prediabetes, the
eGDR index’s AUCs are 0.644 and 0.652, respectively. Conversely,
the TyG index shows the lowest predictive capacity in the diabetes,
with an AUC of 0.518.Among the IR-related markers, the TyG-
WHItR index and LAP index follow, with overall AUCs of 0.629 and
0.615, respectively. For stroke, the eGDR index also exhibits the
highest predictive capacity across all glycemic states, with an overall
AUC of 0.716. In normal and prediabetes, the eGDR index’s AUCs
are 0.737 and 0.668, respectively. The TyG index again shows the
lowest predictive capacity in the diabetic group, with an AUC of
0.564 (Table 2).

Comparing heart disease and stroke, it is evident that the eGDR
index has a significantly higher predictive capacity for stroke (AUCs
of 0.716 and 0.655, respectively). This trend is consistent across all
glycemic states. Other IR-related markers such as TyG-WHtR, LAP
index, TyG-BMI, TyG-WC, and VAlalso exhibit similar trends,

TyG-BMI
TyG-WC

TyG-WHt

0.42 043 0.41

10.3389/fendo.2025.1515559

showing higher predictive capacities for stroke than for heart
disease (Table 3).

The AIC and BIC results further support these findings. For
heart disease, the TyG-WHIR index and LAP index show lower AIC
and BIC values compared to the other markers. The TyG-BMI and
TyG-WC also show notable predictive ability. In stroke, the eGDR
index has the lowest AIC and BIC values across all glycemic states.
Overall, the trends indicate that among the IR-related markers, the
eGDR index, TyG-WHIR, and LAP index are more effective in
predicting cardiovascular events, particularly with the eGDR index
being especially strong in stroke prediction (Figure 2).

Relationships between IR-related markers
and cardiovascular disease in all participate

Each unit increase in the TyG, TyG-BMI, TyG-WC, and TyG-
WHIR indices respectively increases the risk of heart disease by
25.1%, 0.4%, 0.1% and 17.6%, while the risk of stroke increases by
69.3%, 0.6%, 0.2% and 36.5%. Conversely, each unit increase in the
eGDR index reduces the risk of heart disease and stroke by 21% and
14.2%, respectively (Tables 4, 5).

Compared to the Q1 group, higher levels (Q4) of TyG-BMI,
TyG-WC, and TyG-WHIR indices increase the risk of heart disease
by 97.7%, 61.2%, and 41.8%, respectively, and the risk of stroke by
2.345, 2.165, and 2.225 times, respectively. Compared to the QI
group, TG/HDL, LAP, and VAI indices in the Q3 group have the
highest risk of heart disease, increasing by 35.5%, 52.7%, and 38.8%,
respectively. In the Q3 group, the risk of stroke associated with TyG,
TG/HDL, and VAI indices is 1.662, 1.888, and 2.054 times that of
the Q1 group. (Tables 4, 5) The RCS results indicate that as the

eGDR =0.32
-1 -08 -06 -04 -02 0 02 04 06 08 1

FIGURE 1

Pearson correlation analysis of IR-related markers. TyG, triglyceride-glucose index; BMI, body mass index; WC, waist circumference; WHtR, waist-
to-height ratio; TG, triglyceride; HDL, high-density lipoprotein; LAP, lipid accumulation product; VAI, visceral adiposity index; eGDR, estimated

glucose disposal rate.
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TABLE 2 Characteristics of 6009 participants according to glycemic states.
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Characteristics Overall Normal Prediabetes Diabetes P
Number 6009 2415 2708 886

Age (years) 58.32 (8.53) 57.53 (8.65) 58.74 (8.38) 59.21 (8.44) <0.001
Sex (%) 0.984
Male 2649 (44.1) 1063 (44.0) 1197 (44.2) 389 (43.9)

Female 3360 (55.9) 1352 (56.0) 1511 (55.8) 497 (56.1)

Education (%) 0.453
illiteracy 1732 (28.8) 681 (28.2) 784 (29.0) 267 (30.1)

Primary and below 3692 (61.4) 1480 (61.3) 1676 (61.9) 536 (60.5)

Secondary and above 585 (9.7) 254 (10.5) 248 (9.2) 83 (9.4)

Married statue (%) 0.897
Married 5193 (86.4) 2093 (86.7) 2335 (86.2) 765 (86.3)

Other 816 (13.6) 322 (13.3) 373 (13.8) 121 (13.7)

Smoking (%) 0.217
Yes 2219 (36.9) 921 (38.1) 969 (35.8) 329 (37.1)

No 3790 (63.1) 1494 (61.9) 1739 (64.2) 557 (62.9)

Drinking (%) 0.944
No 4064 (67.6) 1631 (67.5) 1837 (67.8) 596 (67.3)

Yes 1945 (32.4) 784 (32.5) 871 (32.2) 290 (32.7)

Hypertension (%) <0.001
No 4554 (75.8) 1955 (81.0) 2050 (75.7) 549 (62.0)

Yes 1455 (24.2) 460 (19.0) 658 (24.3) 337 (38.0)

Kidney disease (%) 0.031
No 5633 (93.7) 2244 (92.9) 2563 (94.6) 826 (93.2)

Yes 376 (6.3) 171 (7.1) 145 (5.4) 60 (6.8)

Heart disease (%) <0.001
No 5353 (89.1) 2189 (90.6) 2407 (88.9) 757 (85.4)

Yes 656 (10.9) 226 (9.4) 301 (11.1) 129 (14.6)

Stroke (%) 0.019
No 5901 (98.2) 2379 (98.5) 2662 (98.3) 860 (97.1)

Yes 108 (1.8) 36 (1.5) 46 (1.7) 26 (2.9)

BMI (Kg/m2) 23.67 (3.98) 23.00 (3.72) 23.84 (3.90) 24.98 (4.50) <0.001
WC (cm) 84.47 (12.41) 82.29 (12.24) 85.17 (12.19) 88.29 (12.40) <0.001
TyG index 8.67 (0.66) 8.37 (0.47) 8.72 (0.56) 9.31 (0.84) <0.001
TyG-BMI index 205.85 (41.98) 192.93 (35.35) 208.41 (39.89) 233.22 (49.60) <0.001
TyG-WC index 734.03 (134.61) 689.91 (117.23) 744.00 (127.15) 823.84 (149.61) <0.001
TyG-WHIR index 4.66 (0.87) 4.38 (0.76) 4.72 (0.82) 5.23 (0.96) <0.001
eGDR 9.83 (2.12) 10.35 (1.88) 9.79 (2.01) 8.52 (2.44) <0.001
LAP index 37.71 (44.22) 26.79 (24.86) 38.57 (38.22) 64.81 (77.85) <0.001
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TABLE 2 Continued

10.3389/fendo.2025.1515559

Characteristics Overall Normal Prediabetes Diabetes P

Stroke (%) ‘ ‘ 0.019
VAI index 2.35 (3.65) 1.65 (1.41) 231 (2.61) 440 (7.67) <0.001
TG/HDL ratio 3.22 (4.84) 2.28 (1.75) 3.15 (3.30) 6.01 (10.33) <0.001
Glucose (mg/dL) 108.55 (32.11) 91.57 (7.28) 108.02 (7.36) 156.45 (60.04) <0.001
Hemoglobin (%) 527 (0.78) 5.00 (0.32) 5.22 (0.41) 6.17 (1.51) <0.001
TC (mg/dL) 195.07 (38.60) 187.95 (34.95) 198.58 (38.65) 203.72 (44.32) <0.001
Triglycerides (mg/dL) 131.54 (107.26) 105.50 (54.06) 132.84 (88.04) 198.55 (200.17) <0.001
BUN (mg/dL) 15.64 (4.40) 15.33 (4.24) 15.81 (4.41) 15.98 (4.71) <0.001
hsCRP (mg/dL) 2.45 (6.65) 2.00 (4.78) 2.58 (7.66) 3.27 (7.54) <0.001
Uric acid (mg/dL) 4.38 (1.20) 4.25 (1.15) 4.45 (1.20) 449 (1.31) <0.001
Creatinine (mg/dL) 0.77 (0.18) 0.76 (0.17) 0.77 (0.18) 0.78 (0.21) 0.012

Data are mean (SD), n (%), or median (IQR).

TyG, triglyceride-glucose index; BMI, body mass index; WC, waist circumference; WHIR, waist-to-height ratio; TG, triglyceride; HDL, high-density lipoprotein; LAP, lipid accumulation product;
VAL visceral adiposity index; eGDR, estimated glucose disposal rate; HbA1,: glycated hemoglobin; TC, total cholesterol; hsCRP, high-sensitivity C-reactive protein.

levels of TyG and TG/HDL increase, the risks of heart disease and
stroke also rise, while eGDR shows an opposite trend. For heart
disease risk, TyG-BMI, TyG-WC, TyG-WHtR, and LAP initially
decrease and then increase, whereas VAI shows an initial increase
followed by a decrease. Regarding stroke risk, as TyG-BMI and VAI
increase, the risk gradually rises. TyG-WC and LAP exhibit a
complex trend with stroke risk, initially decreasing, then
increasing, and finally decreasing again (Figure 3).

Relationships between IR-related markers
and cardiovascular disease across different
glycemic states

In individuals with normal glycemic levels, the risk of heart disease
increases with the rise in TyG, TyG-BMI, TyG-WC, TyG-WHIR,

LAP, and VAI indices. However, this relationship is not observed in
prediabetic and diabetic individuals. Compared to the Q1 group, TyG-
BMI, TyG-WC, TyG-WHtR, LAP, and VAI at Q2 and Q3 levels
increase the risk of heart disease. TG/HDL increases heart disease risk
in the Q3 group among prediabetic individuals. In individuals with
normal glycemic levels and those with diabetes, eGDR at Q3 and Q4
levels significantly reduces the risk of heart disease (Table 4). Among
individuals with normal glycemic levels, TyG-WC, LAP, and VAI
exhibit a nonlinear association with heart disease, while only TyG-
BMI and LAP show nonlinear associations in prediabetic and diabetic
individuals, respectively (Supplementary Figures 2-4).

For stroke, high levels of IR-related indices, excluding eGDR,
increase the risk of disease in individuals with normal glycemic
levels. Among prediabetic individuals, high levels of TyG-BMI,
TyG-WC, TyG-WHtR, and LAP also increase the risk of stroke. In
diabetic individuals, only high levels of LAP are associated with an

TABLE 3 Predictive capacity of insulin resistance-related markers for heart disease and stroke.

Heart disease Stroke
IR-related markers
Overall Normal Prediabetes Diabetes Overall Normal Prediabetes Diabetes
TyG index 0.567 0.566 0.558 0.518 0.605 0.567 0.603 0.564
TyG-BMI index 0.584 0.575 0.576 0.570 0.621 0.634 0.586 0.573
TyG-WC index 0.584 0.558 0.590 0.561 0.627 0.614 0.597 0.598
TyG-WHIR index 0.584 0.571 0.581 0.561 0.629 0.642 0.586 0.608
TG/HDL ratio 0.567 0.554 0.565 0.540 0.610 0.578 0.630 0.549
LAP index 0.585 0.574 0.583 0.555 0.615 0611 0.596 0.585
VAI index 0.579 0.571 0.576 0.541 0.607 0.584 0.620 0.554
eGDR index 0.655 0.644 0.652 0.649 0716 0.737 0.668 0.690

TyG, triglyceride-glucose index; BMI, body mass index; WC, waist circumference; WHIR, waist-to-height ratio; TG, triglyceride; HDL, high-density lipoprotein; LAP, lipid accumulation product;

VAL, visceral adiposity index; eGDR, estimated glucose disposal rate; IR, insulin resistance.
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FIGURE 2

Akaike information criterion and Bayesian Information criterion analysis of heart disease and stroke prediction across IR-related markers. TyG,

triglyceride-glucose index; BMI, body mass index; WC, waist circumference;

WHTtR, waist-to-height ratio; TG, triglyceride; HDL, high-density

lipoprotein; LAP, lipid accumulation product; VAI, visceral adiposity index; eGDR, estimated glucose disposal rate.

increased risk of stroke. (Table 5) Among individuals with normal
glycemic levels, as the TyG-BMI value increases, stroke risk initially
rises and then falls, while TyG-WC and TyG-WHIR show an initial
decline followed by an increase. LAP presents an inverted “S”
shaped curve with stroke risk, and the stroke risk gradually rises
with higher TG/HDL and VAI indices. In prediabetic individuals,
except for eGDR, other indices generally show a gradual rise in
stroke risk. In diabetic individuals, TyG-WC and LAP show an
initial rise followed by a decline in stroke risk. Across different
glycemic states, eGDR consistently shows a negative correlation
with stroke risk (Supplementary Figures 2-4).
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Discussion

In this study, we found that eGDR consistently demonstrated
the highest predictive capacity for heart disease and stroke across all
glycemic states. The TyG-WHtR and LAP indices also showed
relatively high predictive capacities. Conversely, the TyG index had
the lowest predictive capacity, particularly in the diabetic group.
Additionally, eGDR, TyG-WHtR, and LAP were found to be
independent risk factors for heart disease and stroke. These
findings suggest that eGDR, TyG-WHtR, and LAP are more
effective in predicting heart disease and stroke.
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TABLE 4 Associations of insulin resistance-related markers with heart disease.

10.3389/fendo.2025.1515559

IR- Overall Normal Prediabetes Diabetes
TEEIEEIELES | [ (FE7Ae] P HR (95%Cl) P HR (95%Cl) P HR (95%Cl)
TyG index
(Continues) 1.251 (1.013,1.546) 3.76E-02 1.552 (0.825,2.92) 1.73E-01 1.244 (0.765,2.021) 3.79E-01 1.203 (0.855,1.694) 2.89E-01
Q1 Reference Reference Reference Reference
Q2 1.206 (1.991,1.467) 6.18E-02 1.330 (0.985,1.795) 6.25E-02 0.987 (0.717,1.358) 9.34E-01 1.257 (0.547,2.891 5.90E-01
Q3 1.175 (0.958,1.440) 1.22E-01 1.083 (0.698,1.681) 7.21E-01 1.194 (0.863,1.651) 2.84E-01 0.914 (0.404,2.067) 8.29E-01
Q4 1.217 (0.945,1.567) 1.28E-01 0.999 (0.431,2.315) 9.80E-02 1.085 (0.692,1.703) 7.22E-01 1.227 (0.571,2.637) 6.01E-01
T()é(;z:il\lfi:;dex 1.004 (1.002,1.005) 6.02E-08 1.006 (1.003,1.008) 2.74E-05 1.003 (1.000,1.006) 6.49E-02 1.005 (1.002,1.007) 2.16E-04
Q1 Reference Reference Reference Reference
Q2 1.132 (0.922,1.390) 2.36E-01 1.138 (0.843,1.536) 3.99E-01 0.992 (0.725,1.358) 9.60E-01 2.340 (1.006,5.443) 4.83E-02
Q3 1.322 (1.075,1.624) 8.05E-03 1.629 (1.187,2.234) 2.51E-03 1.170 (0.859,1.594) 3.10E-01 1.515 (0.645,3.560) 3.40E-01
Q4 1.977 (1.507,2.339) 1.98E-08 2.350 (1.632,3.385) 4.45E-06 1.537 (1.093,2.160) 1.34E-02 3.067 (1.371,6.863) 6.38E-03
:}é?);\:ii?fex 1.001 (1.001,1.002) 3.44E-05 1.003 (1.001,1.004) 5.02E-05 1.000 (1.000,1.001) 3.41E-01 1.001 (1.000,1.003) 1.21E-02
Q1 Reference Reference Reference Reference
Q2 1.123 (0.914,1.379) 2.68E-01 1.066 (0.787,1.444) 6.81E-01 1.194 (0.879,1.623) 2.57E-01 1.237 (0.548,2.790) 6.09E-01
Q3 1.438 (1.178.1.756) 3.53E-04 1.665 (1.226,2.261) 1.09E-03 1.248 (0.919,1.694) 1.56E-01 1.878 (0.899,3.921) 9.35E-02
Q4 1.612 (1.290,2.010) 2.15E-05 2.441 (1.680,3.546) 2.80E-06 1.232 (0.876,1.734) 2.31E-01 2.111 (1.021,4.361) 4.37E-02
T()éiﬁig;index 1176 (1.064,1.300)  145E-03 1352 (1.117,1.636) =~ 2.00E-03 = 1.038 (0.896,1202)  621E-01 1277 (1.027,1589)  2.76E-02
Q1 Reference Reference Reference Reference
Q2 1.107 (0.902,1.358) 3.32E-01 1.163 (0.864,1.565) 3.19E-01 1.045 (0.767,1.424) 7.81E-01 1.461 (0.633,3.372) 3.75E-01
Q3 1.285 (1.049,1.573) 1.53E-02 1.436 (1.041,1.982) 2.77E-02 1.128 (0.834,1.525) 4.35E-01 1.813 (0.831,3.955) 1.35E-01
Q4 1.418 (1.311,1.777) 2.45E-03 2.105 (1.425,3.108) 1.83E-04 0.993 (0.703,1.403) 9.70E-01 2.241 (1.037,4.842) 4.01E-02
TG/HDL ratio
(Continues) 0.988 (0.953,1.204) 4.95E-01 0.990 (0.838,1.171) 9.08E-01 1.010 (0.926,1.102) 8.16E-01 0.982 (0.935,1.032) 4.69E-01
Q1 Reference Reference Reference Reference
Q2 1.078 (0.883,1.316) 4.61E-01 0.973 (0.712,1.330) 8.64E-01 1.140 (0.839,1.549) 4.01E-01 1.266 (0.691,2.319) 4.46E-01
Q3 1.355 (1.112,1.652) 2.60E-03 1.359 (0.951,1.943) 9.19E-02 1.509 (1.106,2.059) 9.48E-03 0.982 (0.541,1.784) 9.53E-01
Q4 1.206 (0.941,1.547) 1.39E-01 1.106 (0.621,1.970) 7.32E-01 1.203 (0.782,1.848) 4.00E-01 1.343 (0.735,2.456) 3.78E-01
LAP index (Continues) 1.002 (0.999,1.005) 2.08E-01 1.012 (1.004,1.020) 2.73E-03 0.999 (0.995,1.003) 6.50E-01 1.001 (0.996,1.007) 6.20E-01
Q1 Reference Reference Reference Reference
Q2 1.174 (0.953,1.446) 1.31E-01 1.283 (0.938,1.756) 1.19E-01 1.050 (0.766,1.439) 7.63E-01 1.401 (0.721,2.722) 3.20E-01
Q3 1.527 (1.242,1.877) 5.81E-05 1.991 (1.418,2.795) 6.93E-05 1.276 (0.935,1.741) 1.24E-01 1.659 (0.877,3.139) 4.46E-01
Q4 1.498 (1.170,1.917) 1.33E-03 1.947 (1.195,3.173) 7.49E-03 1.162 (0.789,1.711) 4.47E-01 2.051 (1.084,3.882) 2.73E-02
VAI index (Continues) 0.980 (0.940,1.022) 3.55E-01 0.993 (0.826,1.193) 9.36E-01 0.976 (0.885,1.076) 6.21E-01 0.978 (0.927,1.033) 2.66E-01
Q1 Reference Reference Reference Reference
Q2 1.234 (1.007,1.514) 4.26E-02 1.378 (1.001,1.899) 4.96E-02 1.162 (0.853,1.583) 3.41E-01 1.032 (0.562,1.895) 9.18E-01
Q3 1.388 (1.125,1.713) 2.26E-03 1.780 (1.220,2.598) 2.78E-03 1.303 (0.939,1.807) 1.13E-01 0.832 (0.451,1.534) 5.56E-01
(Continued)
Frontiers in Endocrinology 08 frontiersin.org


https://doi.org/10.3389/fendo.2025.1515559
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhang and Tan

TABLE 4 Continued

10.3389/fendo.2025.1515559

IR Overall Normal Prediabetes Diabetes
related markers  HR (95%Cl) P HR (95%Cl) P HR (95%Cl) P HR (95%Cl)

Q4 1.294 (1.000,1.676) 5.03E-02 1.425 (0.783,2.592) 2.43E-01 1.141 (0.839,1.549) 4.01E-01 1.258 (0.680,2.328) 4.64E-01
eGDR

index (Continues) 0.923 (0.890,0.956) 1.18E-05 0.899 (0.846,0.955) 5.78E-04 0.973 (0.921,1.027) 3.19E-01 0.857 (0.789,0.930) 2.28E-04
Q1 Reference Reference Reference Reference

Q2 0.790 (0.660,0.945) 1.01E-02 0.767 (0.562,1.047) 9.44E-02 0.927 (0.711,1.208) 5.74E-01 0.564 (0.366,0.868) 9.20E-03
Q3 0.716 (0.578,0.887)  221E-03  0.668 (0.469,0.952) = 2.57E-02 | 0.840 (0.613,1.151) = 2.79E-01  0.504 (0.283,0.898) = 2.01E-02
Q4 0.641 (0.515,0.708) 6.96E-05 0.573 (0.404,0.814) 1.86E-03 0.855 (0.617,1.184) 3.45E-01 0.296 (0.137,0.642) 2.06E-03

HR, hazard ratio; CI, confidence interval; TyG, triglyceride-glucose index; BMI, body mass index; WC, waist circumference; WHtR, waist-to-height ratio; TG, triglyceride; HDL, high-density
lipoprotein; LAP, lipid accumulation product; VAL, visceral adiposity index; eGDR, estimated glucose disposal rate.

All factors were adjusted for age, sex, drinking, smoking, education, marital status, total cholesterol, triglycerides, creatinine, blood urea nitrogen, C-reactive protein, uric acid, diabetes,
hypertension, and kidney disease. Besides, different glycemic states were not adjusted for diabetes.

These IR-related indices reflect IR status from different
dimensions, can be calculated using routine clinical data, and
have good practicality and strong predictive value for CVD. The
TyG index, which combines fasting glucose and triglycerides, is
highly correlated with the HIEC, and is a cost-effective tool suitable
for large-scale epidemiological studies (23). Its modified forms
(such as TyG-WC, TyG-WHtR, and TyG-BMI) further
incorporate measures of central obesity, enhancing the sensitivity
for detecting insulin resistance across various metabolic states (24).
The TG/HDL ratio is another well-established surrogate of IR and
has been associated with both subclinical and clinical CVD. LAP
and VAI integrate triglyceride levels with waist circumference or
BMLI, offering a dual view of dyslipidemia and adiposity. They have
demonstrated superior CVD risk prediction compared to BMI
alone, particularly among non-obese individuals and those with
metabolic abnormalities (25, 26).

Previous studies have predominantly focused on either diabetic
or non-diabetic populations when exploring the relationship
between various TyG indices and CVD. Dang et al. (6)
demonstrated that TyG-WC, TyG-WHtR and TyG-BMI could
enhance the prediction of CVD. However, conflicting evidence
exists, with some studies showing that TyG outperforms TyG-
WHITR in predicting coronary heart disease (CHD) and stroke (20,
27). Other research suggests TyG-WC performs better in diabetic
and prediabetic individuals, while TyG-WHtR may be more
suitable for identifying early CVD risk in diabetic patients (28).
We hypothesize that these inconsistencies may stem from variations
in glycemic classifications. Our findings support the notion that
TyG and its derivatives exhibit stronger predictive power in
individuals with normal glycemic status, especially for stroke and
heart disease.

Besides the TyG and its modified indices, other IR-related
markers such as TG/HDL ratio, LAP, VAI, and eGDR index have
also shown significant roles in predicting CVD. Similar to TyG, TG/
HDL is also a reliable marker for assessing IR and is an independent
risk factor for CVD, with a noted association with the severity of
CVD (8). Recent studies have suggested a nonlinear relationship
between TG/HDL and CVD risk. A UK Biobank study reported that
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while TG/HDL was positively associated with CVD, the risk
increase slowed at higher levels, suggesting a saturation effect (8).
Similarly, a Chinese cohort found that the risk rose sharply when
TG/HDL exceeded 1.5, then plateaued (29). This nonlinear trend
may be explained by the early impact of elevated TG/HDL on
endothelial dysfunction, insulin resistance, and inflammation,
which promote atherosclerosis. At higher levels, individuals may
already have advanced metabolic impairment, where additional
lipid changes contribute little to further CVD risk. Besides TG/
HDL, the relationship of LAP and VAI with CVD and their
predictive capacity for CVD across different glycemic states also
warrant further discussion. Previous studies have shown that levels
of TyG, TG/HDL, LAP, and VAI increase progressively from
normal glucose levels to impaired fasting glucose, impaired
glucose tolerance, and type 2 diabetes, with significant differences
between groups (26). The Pearson correlation coefficients between
these four IR-related markers and HIEC were found to be
significant. However, when categorized by glycemic status, only
LAP consistently demonstrated a significant association with IR
across different glucose states. Additionally, the study indicated that
LAP has the highest AUC for predicting CVD (26), consistent with
our findings, where LAP exhibited the highest AUC among the four
indicators for both heart disease and stroke. Nevertheless,
compared to individual obesity markers like BMI, both LAP and
VALI offer better predictive value for CVD (30). LAP and VAI also
demonstrate good predictive performance for CVD in liver and
kidney disease (31, 32). The relationships between LAP, VAI, and
CVD risk exhibit a nonlinear pattern, suggesting that moderate
levels of LAP and VAI may reflect metabolically functional
subcutaneous or visceral adipose tissue. At this stage, fat depots
retain sufficient storage capacity to safely sequester excess lipids and
reduce ectopic fat accumulation in vital organs. This “metabolic
buffering effect” may, to some extent, attenuate insulin resistance
and systemic inflammation, thereby lowering the risk of
cardiovascular events (33, 34). However, when these indices
exceed a certain threshold, they may indicate excessive visceral fat
accumulation and adipose tissue dysfunction, characterized by
adipocyte hypertrophy, macrophage infiltration, and increased
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TABLE 5 Associations between insulin resistance-related markers and stroke.

10.3389/fendo.2025.1515559

IR-related Overall Normal Prediabetes Diabetes
UELEE HR (95%Cl) P HR (95%Cl) P HR (95%Cl) P HR (95%Cl)
TyG index (Continues) 1.693 (1.254,2.286) 5.79E-04 a 6855;613;803) 4.93E-03 1.474 (0.818,2.655) 1.97E-01 1.442 (0.889,2.340) 1.38E-01
Q1 Reference Reference Reference Reference
Q2 1.587 (1.177,2.141) 2.45E-03 1.630 (1.028,2.584) 3.77E-07 1.670 (1.014,2.750) 4.40E-02 1.025 (0.305,3.444) 9.69E-01
Q3 1.662 (1.229,2.247) 9.61E-04 1.397 (0.704,2.776) 3.39E-01 1.862 (1.142,3.037) 1.27E-02 1.221 (0.407,3.664) 7.22E-01
Q4 1.379 (0.962,1.974) 7.99E-02 1.229 (0.324,4.669) 7.62E-02 1.152 (0.636,2.097) 6.35E-01 1.058 (0.364,3.073) 9.18E-01
T()é(;z:ihlg:;dex 1.006 (1.003,1.008) 3.90E-07 1.005 (1.001,1.010) 1.97E-02 1.006 (1.002,1.010) 8.34E-04 1.005 (1.001,1.009) 1.04E-02
Q1 Reference Reference Reference Reference
Q2 1.651 (1.205,2.261) 1.79E-03 2.572 (1.631,4.057) 4.81E-05 1.219 (0.748,1.986) 4.27E-01 0.711 (0.236,2.142) 5.44E-01
Q3 2.041 (1.493,2.789) 7.58E-06 2.573 (1.545,4.283) 2.79E-04 1.843 (1.168,2.906) 8.55E-03 1.021 (0.381,2.730) 9.68E-01
Q4 2.345 (1.674,3.286) 7.32E-07 2.884 (1.558,5.340) 7.51E-04 1.703 (1.029,2.817) 3.82E-02 1.950 (0.784,4.847) 1.51E-01
:é?)::i;:;iex 1.002 (1.002,1.003) 3.59E-05 1.003 (1.001,1.005) 2.78E-03 1.002 (1.000,1.003) 2.95E-02 1.002 (1.000,1.004) 1.33E-01
Q1 Reference Reference Reference Reference
Q2 1.462 (1.065,2.009) 1.90E-02 1.554 (0.978,2.470) 6.19E-02 1.657 (1.023,2.686) 4.03E-02 0.609 (0.174,2.127) 4.37E-01
Q3 1.905 (1.401,2.589) 3.88E-05 2.255 (1.401,3.630) 8.17E-04 1.748 (1.081,2.825) 2.27E-02 1.698 (0.635,4.540) 291E-01
Q4 2.165 (1.558,3.009)  427E-06 | 3.255 (1.844,5.748) = 4.72E-05 | 1.737 (1.043,2.893)  3.39E-02  1.710 (0.648,4507) = 2.79E-01
T()éiﬁif;index 1365 (1178,1.582)  3.42E-05 1515 (1.127,2037)  5.99E-03 1253 (1.008,1557)  4.18E-02  1.355 (0.996,1.843)  5.33E-02
Q1 Reference Reference Reference Reference
Q2 1.598 (1.171,2.182) 3.13E-03 2.022 (1.287,3.176) 2.25E-03 1.515 (0.944,2.432) 8.54E-02 0.724 (0.220,2.386) 5.96E-01
Q3 1.791 (1.312,2.446) 2.44E-04 2.119 (1.272,3.532) 2.25E-03 1.666 (1.047,2.649) 3.12E-02 1.343 (0.493,3.661) 5.64E-01
Q4 2.225 (1.587,3.121) 3.55E-06 3.523 (1.922,6.459) 4.66E-05 1.704 (1.022,2.839) 4.08E-02 1.678 (0.630,4.466) 3.00E-01
TG/HDL ratio
(Continues) 0.985 (0.943,1.030) 5.15E-01 1.236 (0.980,1.558) 7.34E-02 0.998 (0.898,1.109) 9.75E-01 0.979 (0.914,1.050) 5.54E-01
Q1 Reference Reference Reference Reference
Q2 1.703 (1.254,2.312) 6.48E-04 2.401 (1.481,3.894) 3.84E-04 1.273 (0.803,2.020) 3.05E-01 2.343 (0.834,6.577) 1.06E-01
Q3 1.888 (1.388,2.567) 5.19E-05 2.150 (1.170,3.950) 1.37E-02 1.786 (1.148,2.777) 1.01E-02 2.421 (0.890,6.586) 8.34E-02
Q4 1.757 (1.227,2.516) 2.09E-03 3.618 (1.513,8.651) 3.84E-03 1.127 (0.648,1.959) 6.72E-01 2.505 (0.903,6.948) 7.76E-02
LAP index (Continues) 1.002 (0.998,1.006) 3.55E-01 1.007 (0.996,1.018) 2.36E-01 1.003 (0.997,1.009) 2.76E-01 0.998 (0.993,1.003) 4.38E-01
Q1 Reference Reference Reference Reference
Q2 1.726 (1.264,2.357) 5.99E-05 1.961 (1.219,3.154) 5.52E-03 1.580 (0.999,2.499) 5.03E-02 2.587 (0.824,8.117) 1.03E-01
Q3 1.918 (1.397,2.634) 5.59E-05 2.783 (1.635,4.737) 1.61E-04 1.380 (0.863,2.208) 1.79E-01 3534 3.35E-02
(1.185,10.537)
Q4 2.402 (1.685,3.426) 1.30E-06 3.785 (1.822,7.863) 3.58E-04 1.921 (1.134,3.253) 1.52E-02 3443 2.75E-02
(1.147,10.340)
VAI index (Continues) 0.984 (0.937,1.034) 5.29E-01 1.129 (0.861,1.480) 3.81E-01 0.981 (0.877,1.096) 7.32E-01 0.973 (0.903,1.048) 4.66E-01
Q1 Reference Reference Reference Reference
Q2 1.590 (1.170,2.161) 3.04E-03 2.205 (1.334,3.644) 2.03E-03 1.384 (0.886,2.163) 1.51E-01 2.401 (0.841,6.856) 1.02E-01
(Continued)
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TABLE 5 Continued

Overall Normal Prediabetes Diabetes
IR-related
markers HR (95%Cl) P HR (95%Cl) P HR (95%Cl) P HR (95%Cl)
Q3 2.054 (1.505,2.803) 5.74E-06 3.895 (2.083,7.283) 2.06E-05 1.646 (1.043,2.599) 3.23E-02 2.823 (1.029,7.747) 4.39E-02
7.076
Q4 1.875 (1.291,2.723) 9.61E-04 4.16E-06 1.202 (0.685,2.110) 5.21E-01 2.463 (0.864,7.021) 9.17E-01
(2.776,18.036)
eGDR index
(Continues) 0.858 (0.815,0.904) 8.98E-09 0.823 (0.752,0.900) 2.03E-05 0.892 (0.824,0.964) 4.18E-03 0.864 (0.770,0.970) 1.29E-02
Q1 Reference Reference Reference Reference
Q2 0.517 (0.380,0.705) 2.97E-05 0.617 (0.405,0.940) 2.47E-02 0.888 (0.626,1.259) 5.04E-01 0.580 (0.321,1.047) 7.09E-02
Q3 0.371 (0.265,0.520) 8.28E-09 0.429 (0.260,0.709) 9.58E-04 0.670 (0.428,1.048) 7.94E-02 0.338 (0.134,0.855) 2.19E-02
Q4 1.002 (0.998,1.006) 3.55E-01 0.272 (0.160,0.461) 1.33E-06 0.508 (0.306,0.841) 8.52E-03 0.398 (0.148,1.073) 6.87E-02

HR, hazard ratio; CI, confidence interval; TyG, triglyceride-glucose index; BMI, body mass index; WC, waist circumference; WHIR, waist-to-height ratio; TG, triglyceride; HDL, high-density
lipoprotein; LAP, lipid accumulation product; VAL visceral adiposity index; eGDR, estimated glucose disposal rate.

All factors were adjusted for age, sex, drinking, smoking, education, marital status, total cholesterol, triglycerides, creatinine, blood urea nitrogen, C-reactive protein, uric acid, diabetes,
hypertension, and kidney disease. Besides, different glycemic states were not adjusted for diabetes.

release of free fatty acids and pro-inflammatory cytokines. This  cytokines, endothelial dysfunction, and atherosclerosis (41, 42).
transition from metabolic compensation to decompensation  The modified TyG indices thus capture a broader spectrum of
contributes to endothelial dysfunction, atherosclerosis, and  metabolic syndrome risk factors. On the other hand, eGDR’s
increased risk of cardiovascular events (35). strength in predicting CVD lies in its comprehensive reflection of

Unlike other IR-related markers, as eGDR increases, the risk of =~ metabolic function and IR, as it assesses glucose metabolism
CVD decreases progressively. The predictive value of eGDR for  efficiency by integrating waist circumference, hypertension status,
CVD is significant in both diabetic and non-diabetic patients (11).  and HbAlc levels. The relationship between IR and hypertension
Compared to low levels of eGDR, higher levels of eGDR  further underlines eGDR’s effectiveness, as IR impacts blood
significantly reduce the risk of CVD. However, our study found  pressure regulation through various mechanisms that ultimately
that low levels of eGDR did not significantly increase the risk of  increase the risk of cardiovascular events. HbAlc, as an indicator of
heart disease, and another study using the CHARLS database did  long-term glycemic control, further contributes to eGDR’s
not reach this conclusion either (17). This discrepancy may be due  predictive power by highlighting the long-term impact of poor
to their selection of non-diabetic populations. Additionally, we did  glycemic management on endothelial function and atherosclerosis.
not observe a similar association in individuals with impaired IR contributes to CVD through a series of complex
glucose tolerance. For stroke, regardless of glycemic status, the = mechanisms. Firstly, hyperinsulinemia resulting from IR
risk decreases as eGDR levels drop. Further studies have shown that ~ promotes the proliferation and migration of vascular smooth
eGDR can reduce the risk of ischemic stroke but is not associated ~ muscle cells, which accelerates the development of atherosclerosis
with hemorrhagic stroke. Overall, relative attributable risk shows  (43). Additionally, endothelial dysfunction is a key event in IR-
that hypertension has the most significant impact on stroke (16, 36).  related CVD, characterized by reduced nitric oxide (NO)

The modified TyG indices have demonstrated stronger  bioavailability and increased endothelin-1 secretion, leading to an
predictive capabilities for both CVD and diabetes compared to  imbalance between vasodilation and vasoconstriction (44, 45). IR
the TyG index alone. TyG-WC and TyG-WHIR are particularly  impairs insulin signaling, reducing endothelial nitric oxide synthase
effective, with TyG-WC showing strong short-term predictive value  activation and NO production, while simultaneously increasing
for diabetes and TyG-WHIR excelling in long-term prediction (7).  oxidative stress and reactive oxygen species levels, further
The TG/HDL ratio has a better ability to assess diabetes risk  depleting NO and causing direct endothelial cell damage (46).
compared to single lipid markers (37). LAP, another key IR The presence of advanced glycation end-products in
marker, is highly accurate in predicting diabetes, especially in  hyperglycemic conditions exacerbates this dysfunction by
middle-aged and elderly populations (38). VAI also effectively  activating inflammatory and apoptotic pathways, leading to
predicts diabetes across diverse populations, highlighting its broad ~ endothelial cell death and vascular stiffening. IR increases the
applicability (39). Additionally, eGDR is effective not only for  secretion of pro-inflammatory cytokines such as TNF-o. and IL-6,
predicting type 2 diabetes but also shows strong predictive power  directly promoting chronic low-grade inflammation (47, 48). TNF-
for type 1 diabetes (16, 40). o disrupts insulin receptor signaling, perpetuating IR and

These enhanced predictive abilities are likely due to the  inflammation, while IL-6 stimulates hepatic production of C-
integration of variables such as BMI, WC, and height, which are  reactive protein, a key marker of systemic inflammation
closely linked to visceral fat accumulation—a key driver of IR associated with elevated cardiovascular risk (49, 50). IR is
through mechanisms like the secretion of pro-inflammatory  strongly linked to lipid metabolism dysregulation, which further
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FIGURE 3

Association of IR-related markers with heart disease and stroke. HR, hazard ratio; Cl, confidence interval; TyG, triglyceride-glucose index; BMI, body
mass index; WC, waist circumference; WHtR, waist-to-height ratio; TG, triglyceride; HDL, high-density lipoprotein; LAP, lipid accumulation product;
VAI, visceral adiposity index; eGDR, estimated glucose disposal rate. All factors were adjusted for age, sex, drinking, smoking, education, marital
status, total cholesterol, triglycerides, creatinine, blood urea nitrogen, C-reactive protein, uric acid, hypertension, and kidney disease.

exacerbates CVD risk. IR increases hepatic production of very-low-
density lipoproteins while reducing triglyceride-rich lipoprotein
clearance, leading to hypertriglyceridemia. Meanwhile, lipoprotein
lipase activity is suppressed, resulting in the accumulation of small,
dense LDL particles that are highly atherogenic (51, 52). At the
same time, HDL cholesterol levels decline, impairing reverse
cholesterol transport and promoting lipid accumulation in arterial
walls (53). Additionally, IR enhances oxidation of LDL, increasing
foam cell formation and destabilizing atherosclerotic plaques.
Furthermore, lifestyle interventions and pharmacological
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treatments play a key role in regulating IR and reducing CVD
risk. Physical exercise enhances glucose uptake in skeletal muscle,
improves insulin sensitivity, lowers circulating insulin levels, and
alleviates IR-related metabolic disturbances (54, 55). Additionally,
exercise has anti-inflammatory effects, modulating TNF-o. and IL-6
secretion, reducing oxidative stress, and improving endothelial
function, thereby lowering CVD risk (56). Pharmacological
treatments also help improve IR and reduce CVD risk. Lipid-
lowering medications (e.g., statins, fibrates) optimize lipid
profiles, reduce vascular lipid deposition, and inhibit
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atherosclerosis progression (57). Glucose-lowering agents (e.g.,
metformin, SGLT2 inhibitors, GLP-1 receptor agonists) mitigate
IR burden and lower CVD risk through mechanisms such as
inhibiting hepatic gluconeogenesis, promoting glucose excretion,
and improving vascular function (58).

However, our study did not take lifestyle factors, physical
activity, or the use of glucose-lowering and lipid-lowering
medications into account. Additionally, while eGDR
demonstrated relatively stronger predictive value for CVD among
the eight IR-related markers, and other indices like TyG and TG/
HDL also showed good performance, we acknowledge that this does
not indicate high predictive power in an absolute sense. These
markers are only relatively better within the scope of our selected
variables and were not directly compared with clinical gold
standards such as the HEIC.

Nevertheless, these IR-related markers hold considerable
potential for clinical application. They are derived from routine
laboratory tests, easy to calculate, non-invasive, and cost-effective—
making them suitable for the early detection of cardiometabolic
risk, particularly among individuals without a formal diagnosis of
diabetes. In clinical settings, they may serve as complementary tools
to existing risk assessment models, especially in primary care and
large-scale screening programs. Furthermore, integrating these
metabolic indices with blood-based biomarkers, proteomic or
genetic information, and lifestyle factors may enhance their
predictive accuracy and support more personalized risk
stratification in the future.

Conclusion

The study concluded that eGDR consistently demonstrates the
highest predictive capacity for heart disease and stroke across all
glycemic states. In contrast, the TyG index and its modified forms,
while useful, show relatively lower predictive values, especially in
diabetic populations.
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