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Abstract
Background  Recent studies have suggested that insulin resistance (IR) contributes to the development of 
cardiovascular diseases (CVD), and the estimated glucose disposal rate (eGDR) is considered to be a reliable surrogate 
marker of IR. However, most existing evidence stems from studies involving diabetic patients, potentially overstating 
the effects of eGDR on CVD. Therefore, the primary objective of this study is to examine the relationship of eGDR with 
incidence of CVD in non-diabetic participants.

Method  The current analysis included individuals from the China Health and Retirement Longitudinal Study 
(CHARLS) who were free of CVD and diabetes mellitus but had complete data on eGDR at baseline. The formula for 
calculating eGDR was as follows: eGDR (mg/kg/min) = 21.158 − (0.09 × WC) − (3.407 × hypertension) − (0.551 × HbA1c) 
[WC (cm), hypertension (yes = 1/no = 0), and HbA1c (%)]. The individuals were categorized into four subgroups 
according to the quartiles (Q) of eGDR. Crude incidence rate and hazard ratios (HRs) with 95% confidence intervals 
(CIs) were computed to investigate the association between eGDR and incident CVD, with the lowest quartile of eGDR 
(indicating the highest grade of insulin resistance) serving as the reference. Additionally, the multivariate adjusted 
restricted cubic spine (RCS) was employed to examine the dose–response relationship.

Results  We included 5512 participants in this study, with a mean age of 58.2 ± 8.8 years, and 54.1% were female. Over 
a median follow-up duration of 79.4 months, 1213 incident CVD cases, including 927 heart disease and 391 stroke, 
were recorded. The RCS curves demonstrated a significant and linear relationship between eGDR and all outcomes 
(all P for non-linearity > 0.05). After multivariate adjustment, the lower eGDR levels were founded to be significantly 
associated with a higher risk of CVD. Compared with participants with Q1 of eGDR, the HRs (95% CIs) for those with 
Q2 − 4 were 0.88 (0.76 − 1.02), 0.69 (0.58 − 0.82), and 0.66 (0.56 − 0.79). When assessed as a continuous variable, per 
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Introduction
Cardiovascular diseases (CVD), have emerged as the 
leading cause of morbidity and premature death world-
wide [1, 2], particularly in developing countries. Accord-
ing to estimates from the Global Burden of Disease 
Study 2017, approximately 17.8 million premature death 
and 330.2 million years of life can be attribute to CVD 
globally [3], imposing a substantial economic burden on 
healthcare systems and presenting an urgent challenge 
for public health. Despite significant advancements in the 
prevention, diagnosis, and treatment of CVD in recent 
years, the global incidence of CVD continues to rise [1]. 
In clinical practice, it is increasingly common to encoun-
ter individuals experiencing new-onset CVD despite 
well-controlled traditional cardiovascular risk factors, 
suggesting the presence of residual CVD risks.

Insulin resistance (IR), a pathophysiological condi-
tion characterized by decreased responsiveness of tar-
get organs or tissues to insulin [4], leads to impairments 
in utilizing blood glucose [5], is widely recognized as 
a significant contributor to CVD and mortality [6, 7]. 
Although the precise biological mechanisms linking IR to 
CVD remain unclear, the possible explanations have been 
proposed, such as metabolic disturbance, oxidative stress, 
endothelial impairment, exaggerated inflammation, and 
inappropriately activated renin–angiotensin–aldosterone 
system (RAAS) [8–10]. Given these adverse effects, sev-
eral methods have been developed to evaluated IR. While 
the hyperinsulinemic-euglycemic (HIEG) clamp is con-
sidered the gold standard for identifying IR, its clinical 
utility and feasibility in large-scale epidemiological inves-
tigations are limited due to its time-consuming and bur-
densome nature [11]. Similarly, the homeostasis model 
assessment for insulin resistance (HOMA-IR) is not suit-
able for large population-based cohort studies due to its 
cost and complexity [12]. Recently, a simpler indicator, 
eGDR, have emerged as reliable surrogate markers of IR. 
Previous studies have shown that lower eGDR is associ-
ated with a higher risk of stroke, coronary artery disease, 
and all-cause mortality [6, 7, 13–15]. However, these 
studies primarily focus on diabetic individuals, poten-
tially exaggerating or confounding the role of IR, and 

often involve limited sample sizes. While a recent study 
suggests a correlation between eGDR and increased car-
diovascular disease risk in the general population, and 
this relationship is not modified by diabetic status [16], 
prior research consistently indicates significant hetero-
geneity between diabetic and non-diabetic populations. 
Diabetics exhibit more comorbidities, higher cardiovas-
cular risk, and mortality [17–19]. Ren et al. also indicates 
that the non-diabetic group is more sensitive to eGDR 
[16]. Moreover, the association between eGDR and inci-
dent CVD has not been thoroughly evaluated.

Therefore, to address these knowledge gaps, we 
enrolled participants from CHARLS, a nationwide, 
population based, prospective cohort study, to explore 
the relationship between eGDR and incidence of CVD 
among individuals without diabetes. Additionally, con-
sidering the bidirectional relationship between IR and 
obesity [20], we explored whether obesity mediated the 
association of eGDR and CVD. Furthermore, we assessed 
whether incorporating eGDR into the basic model could 
enhance its predictive power.

Methods
Study design and population
We extracted data from the CHARLS cohort study of 
Chinese residents aged 45 years and older [21]. Detailed 
information regarding the study design and enrolled 
criteria have been previously reported [21]. In brief, 
the study conducted baseline survey from June 2011 to 
March 2012, and a total of 17,708 individuals residing 
in 10,257 households were selected as nationally repre-
sentative samples. These participants underwent regular 
follow-ups every two years through face-to-face inter-
views conducted by trained interviewers using computer-
assisted guidance. Four subsequent follow-up waves were 
conducted in 2013, 2015, 2018, and 2020, but data from 
the latest survey wave have not yet been released.

In this study, a total of 5512 participants were included 
in the analysis, and further categorized into four sub-
groups based on the quartiles (Q) of eGDR. The other 
12,196 participants were excluded from the analysis 
for the following reasons: no available data on eGDR 

1.0-SD increase in eGDR was associated a 17% (HR: 0.83, 95% CI: 0.78 − 0.89) lower risk of CVD, with the subgroup 
analyses indicating that smoking status modified the association (P for interaction = 0.012). Moreover, the mediation 
analysis revealed that obesity partly mediated the association. Additionally, incorporating eGDR into the basic model 
considerably improve the predictive ability for CVD.

Conclusion  A lower level of eGDR was found to be associated with increased risk of incident CVD among non-
diabetic participants. This suggests that eGDR may serve as a promising and preferable predictor and intervention 
target for CVD.

Keywords  Insulin resistance, Cardiovascular diseases, Estimated glucose disposal rate, Non-diabetes, Predictive 
performance
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(n = 7770); diagnosed with CVD at baseline (n = 1397); 
diagnosed with diabetes in 2011 (n = 1424); diagnosed 
with cancer at baseline (n = 75); aged < 45  years old, or 
unavailable data on age (n = 298); missing information on 
CVD at baseline or lost to follow-up (n = 1232) (Supple-
mentary file 1, Figure S1).

Data collection and definition
The CHARLS investigators collected variables according 
to pre-specified standards. The participants’ blood pres-
sure (BP) was calculated as the average of the three-time 
BP measurements taken in a sitting position after resting 
for five minutes. Body mass, height and waist circumfer-
ence (WC) also were measured while participants wore 
lightweight clothes and no shoes. Blood samples were 
collected from CHARLS participants at baseline after an 
overnight fast by professional staff, stored at − 20 °C, and 
transported to Beijing, where further measurements were 
conducted following standard procedures. Biochemical 
parameters included high-sensitivity C-reactive protein 
(hsCRP), blood urea nitrogen, serum creatinine, glycosyl-
ated hemoglobin A1c (HbA1c), and lipid profiles.

Hypertension was defined as follows: a self-reported 
hypertension based on physician diagnosis, and/or any 
use of antihypertensive drugs, and/or BP ≥ 140/90 mmHg 
[22]. Diabetes was defined based on a self-reported 
physician diagnosis, use of hypoglycemic drugs, or 
FBG ≥ 126 mg/dL, and/or an HbA1c level ≥ 6.5% at base-
line [23]. Kidney disease was defined as self-reported 
physician diagnosis and estimated glomerular filtration 
rate < 60 ml/minute/1.73 m2, following the methodology 
used in the previous CHARLS study [24]. The body mass 
index (BMI) was calculated as: BMI(kg/m2) = body mass/
height2. The Qinling Mountains-Huaihe River Line was 
used to delineate the North and South areas [25]. Obesity 
was defined as BMI ≥ 28 kg/m2.

Ascertainment of exposure and outcomes
The exposure of this study was eGDR at baseline. The 
formula for calculating eGDR was as follows: eGDR 
(mg/kg/min) = 21.158 − (0.09  ×  WC) − (3.407  ×  hyperten-
sion) − (0.551 × HbA1c) [WC (cm), hypertension (yes = 1/
no = 0), and HbA1c (%)].

The primary outcome of interest was CVD, including 
heart disease and stroke. Consistent with established 
precedents [26, 27], incident CVD was determined based 
on self-reports where participants confirmed having 
received a definite diagnosis of CVD from physicians. 
Participants were followed from baseline (2011) until the 
occurrence of stroke or cardiac events or the most recent 
survey (2018), whichever occurred first.

Statistical analysis
RStudio 4.2.1 software was employed for all statistical 
analyses. A two-tailed P value < 0.05 was considered sta-
tistically significant. Continuous variables were presented 
as mean ± standard deviation (SD) or median (inter-
quartile range) where appropriate. Baseline data com-
parisons for normally and skewed distributed data were 
performed using analysis of variance and Kruskal–Wallis 
H test, respectively. Categorical variables were expressed 
as counts and percentages, with differences determined 
through chi‐square tests. We conducted trend tests using 
the median value of each quartile of eGDR. The multi-
ple imputation method was used to impute the missing 
values.

Kaplan–Meier curves were generated to illustrate the 
cumulative incidence of CVD, with differences compared 
using the log-rank test. Incidence rates of CVD events 
were reported as per 1000 person-years. The three Cox 
proportional hazards models were fitted to estimate haz-
ard ratios (HRs) between eGDR and CVD, along with the 
corresponding 95% confidence intervals (CIs). The pro-
portional hazards assumption of each included variates 
in the models was checked with the Schoenfeld residual 
test, and no violations were observed. Model 1 was an 
unadjusted model; Model 2 adjusted for age, sex, rural 
residence, marital status, education, smoking, and alco-
hol consumption status; Model 3 further adjusted region, 
total cholesterol (TC), high density lipoprotein (HDL), 
triglyceride (TG), low density lipoprotein (LDL), BUN, 
uric acid (UA), hsCRP, hemoglobin, chronic kidney dis-
ease, and obesity. To investigate the dose–response rela-
tionship between eGDR and the incidence of CVD, RCS 
based on Cox regression models was employed, adjusting 
covariates in model 3, and the eGDR value at HR = 1 was 
treated as the reference. The receiver operating charac-
teristics curves were established to assess the predictive 
value of eGDR on incidence of CVD, and the C-statistic, 
was used to quantify [4, 28]. To further estimate addi-
tional the predictive power beyond the basic models, the 
net reclassification improvement (NRI) and integrated 
discrimination improvement (IDI) index were computed 
[29].

Subgroup analyses were conducted to assess the effects 
of eGDR (both continuous and categorical) on the inci-
dence of CVD in several subgroups, including age 
(< / ≥ 60 years), sex (male/female), smoking (yes/no), and 
drinking (yes/no). Several sensitivity analyses were con-
ducted to evaluate the robustness of main findings. First, 
the analysis was repeated among participants with nor-
mal glucose status. Second, eGDR was redefined based 
on hypertension (130/80  mm Hg). Third, participants 
who developed CVD during or before Survey 2 were 
excluded to reduce the potential reverse causation bias. 
Finally, the association of eGDR with CVD was examined 
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among non-DM participants (defined DM based on FBG 
and HbA1c).

Results
Participants characteristics
The comparison of baseline characteristics stratified by 
quartiles of eGDR (Q1:6.58 ± 0.69; Q2: 9.02 ± 0.89; Q3: 
10.76 ± 0.27; Q4: 11.73 ± 0.40) is presented in Table  1. A 
total of 5512 subjects (mean age: 58.16 ± 8.82 years) with 
54.1% female were included in this study. The mean age, 
proportion of female, systolic BP, diastolic BP, BMI, WC, 

levels of hemoglobin, HbA1c, TC, TG, LDL, UA, and 
hsCRP, proportion of obesity all decreased with increas-
ing eGDR (all P < 0.001). However, individuals with 
higher levels of eGDR tended to live in rural and south 
areas, and higher proportion of current smoking. The 
proportion of alcohol consumption was the highest in 
the Q4 of eGDR (42.7%). The baseline characteristics of 
included individuals according to CVD were presented in 
Supplementary file 1, Table S1.

Table 1  Baseline characteristics of participants stratified by quartiles of estimated glucose disposal rate
Characteristics Overall Quartiles of eGDR

Quartile 1 Quartile 2 Quartile 3 Quartile 4 P 
value

n 5512 1370 1371 1369 1402
 eGDR 9.52 ± 2.05 6.58 ± 0.69 9.02 ± 0.89 10.76 ± 0.27 11.73 ± 0.40  < 0.001
 Age, years 58.16 ± 8.82 59.82 ± 9.05 58.81 ± 9.20 56.66 ± 8.09 57.39 ± 8.57  < 0.001
 Female, n (%) 2983 (54.1) 788 (57.5) 750 (54.7) 717 (52.4) 728 (51.9) 0.012
 SBPb, mmHg 127.67 ± 20.60 146.90 ± 19.73 131.70 ± 20.22 117.41 ± 11.15 115.42 ± 12.05  < 0.001
 DBPb, mmHg 74.65 ± 12.05 83.99 ± 11.94 76.83 ± 11.39 69.97 ± 8.71 68.19 ± 8.93  < 0.001
 BMIb, kg/m2 23.21 ± 3.48 25.61 ± 3.30 23.98 ± 3.72 22.94 ± 2.20 20.39 ± 2.13  < 0.001
 WC, cm 84.47 ± 9.73 92.50 ± 7.50 86.94 ± 10.72 84.22 ± 3.57 74.44 ± 4.75  < 0.001
 Rural residence, n (%) 3764 (68.3) 869 (63.4) 906 (66.1) 950 (69.4) 1039 (74.1)  < 0.001
Regiona, n (%)  < 0.001
 North 2381 (43.2) 706 (51.5) 602 (43.9) 596 (43.5) 477 (34.0)
 South 3131 (56.8) 664 (48.5) 769 (56.1) 773 (56.5) 925 (66.0)
Education, n (%) 0.634
 Junior high school and below 5003 (90.8) 1259 (91.9) 1246 (90.9) 1229 (89.8) 1269 (90.5)
 Senior high school 470 (8.5) 103 (7.5) 116 (8.5) 130 (9.5) 121 (8.6)
 Tertiary 39 (0.7) 8 (0.6) 9 (0.7) 10 (0.7) 12 (0.9)
 Marital status, n (%) 0.102
 Married and living with spouse 4708 (85.4) 1156 (84.4) 1165 (85.0) 1197 (87.4) 1190 (84.9)
 Others 804 (14.6) 214 (15.6) 206 (15.0) 172 (12.6) 212 (15.1)
Alcohol consumption, n (%) 2272 (41.2) 556 (40.6) 564 (41.1) 554 (40.5) 598 (42.7) 0.628
Smoking, n (%) 2128 (38.6) 482 (35.2) 535 (39.0) 531 (38.8) 580 (41.4) 0.010
Hemoglobinb, g/dL 14.34 ± 2.20 14.70 ± 2.31 14.46 ± 2.26 14.22 ± 2.10 13.99 ± 2.07  < 0.001
FBG, mg/dL 99.98 ± 11.63 101.91 ± 11.53 100.91 ± 11.50 99.45 ± 11.70 97.68 ± 11.35 0.916
HbA1c, % 5.10 ± 0.40 5.18 ± 0.40 5.13 ± 0.40 5.12 ± 0.37 4.98 ± 0.38  < 0.001
TC, mg/dL 192.37 ± 36.96 198.83 ± 37.55 193.50 ± 36.22 191.95 ± 38.05 185.36 ± 34.75  < 0.001
TG, mg/dl 100.89 

(72.57 − 144.26)
120.36 
(84.07 − 169.92)

105.31 
(75.22 − 152.22)

97.35 
(71.68 − 135.40)

84.96 
(62.83 − 116.82)

 < 0.001

HDL, mg/dL 52.50 ± 14.97 48.69 ± 13.68 51.26 ± 15.08 53.08 ± 14.59 56.86 ± 15.28  < 0.001
LDLb, mg/dL 116.88 ± 33.53 122.44 ± 34.28 116.91 ± 33.66 117.49 ± 33.70 110.83 ± 31.45  < 0.001
BUN, mg/dL 15.64 ± 4.38 15.64 ± 4.34 15.58 ± 4.50 15.66 ± 4.42 15.69 ± 4.27  < 0.001
UA, mg/dL 4.38 ± 1.20 4.63 ± 1.22 4.48 ± 1.25 4.26 ± 1.15 4.16 ± 1.11  < 0.001
hsCRP, mg/L 0.94 (0.52 − 1.96) 1.31 (0.71 − 2.56) 0.99 (0.55 − 2.02) 0.84 (0.49 − 1.75) 0.72 (0.41 − 1.41)  < 0.001
Serum creatinine, mg/dL 0.77 ± 0.18 0.78 ± 0.19 0.77 ± 0.19 0.76 ± 0.18 0.76 ± 0.16 0.002
Kidney disease, n (%) 368 (6.7) 103 (7.6) 94 (6.9) 84 (6.2) 87 (6.3) 0.436
Obesity, n (%) 556 (10.1) 311 (22.7) 200 (14.6) 31 (2.3) 14 (1.0)  < 0.001
BMI body mass index, BUN blood urea nitrogen, DBP diastolic blood pressure, DM diabetes mellitus, eGDR estimated glucose disposal rate, FBG fasting blood glucose, 
HbA1c glycosylated hemoglobin A1c, HDL high density lipoprotein, hsCRP high-sensitivity C-reactive protein, LDL low density lipoprotein, SBP systolic blood pressure, 
TC total cholesterol, TG triglycerides, UA uric acid, WC waist circumference
aRegion was divided into north and south based on the Qinling Mountains-Huaihe River Line
bMissing data: 43 for systolic blood pressure, 44 for diastolic blood pressure, 1 for LDL, 91 for hemoglobin, 49 for BMI
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Associations of baseline eGDR with incident CVD
During a median follow-up period of 79.4 months, there 
were 1213 (22.0%) cases of incident CVD, including 927 
(16.8%) cases of heart disease and 391 (7.1%) case of 
stroke, were recorded. The incidences of CVD among 
participants with Q1 − 4 were 46.3, 36.6, 26.8, and 24.1 
per 1000 person-years, respectively. The dose–response 
curves between eGDR and CVD were presented in Fig. 1. 
These RCS curves suggested a significant and linear 
relationship between eGDR and the incidence of CVD, 
heart disease, and stroke in with or without adjusting 
for covariates (all P for overall < 0.001 and P for non-lin-
ear > 0.05). After fully adjusted covariates (Model 3), per 
1.0-SD increasement in eGDR was associated with a 17% 
(HR: 0.83, 95% CI: 0.78 − 0.89) lower risk for CVD, a 13% 
(HR: 0.87, 95% CI: 0.81 − 0.94) decreased risk for heart 
disease, and 30% (HR: 0.63 − 0.78) lower risk for stroke.

As shown in supplementary file 1, Figure S2 − 4, 
Kaplan–Meier survival curves indicated that individuals 
with a higher eGDR had a lower cumulative incidence 
of CVD, heart disease, and stroke. Compared with the 
Q1 of eGDR, the adjusted HRs (95% CIs) of Q2 − 4 were: 
0.88 (0.76 − 1.02), 0.69 (0.58 − 0.82), and 0.66 (0.56 − 0.79) 
for CVD; 0.94 (0.80 − 1.12), 0.75 (0.62 − 0.92), and 0.74 
(0.60 − 0.90) for heart disease; 0.69 (0.53 − 0.88), 0.52 
(0.39 − 0.70), and 0.42 (0.30 − 0.58) for stroke (Table 2 and 
Fig. 2).

Mediation analyses
In mediation analyses (supplementary file 1, Figure S5-6), 
obesity played a significant mediating role in associations 

of the eGDR with incident CVD, heart disease, and 
stroke. In the unadjusted models, obesity accounted for 
8.1%, and 11.4% of the associations of eGDR with inci-
dent CVD and stroke, respectively. After fully adjusted 
covariates, the mediated proportions through obesity 
were 14.0% and 17.6% for the effects of eGDR on inci-
dence of CVD and heart disease, respectively. The media-
tion effects of eGDR on associations between eGDR 
and stroke were not significant in either unadjusted or 
adjusted models (supplementary file 1, Figure S7).

Subgroup analyses
Stratified analyses were used to assess whether the 
associations between eGDR (both continuous and cat-
egorical) and incidence of CVD were modified by pre-
specified subgroups. The relationship between eGDR and 
the incidence of CVD in most subgroups was consistent 
with the main results (Table  3). The predictive perfor-
mance of eGDR on incidence of CVD only modified by 
smoking subgroups (P for interaction = 0.012). No sig-
nificant interactions on the associations between quar-
tles of eGDR and incidence of different endpoints were 
observed among these subgroups (Fig. 3, and supplemen-
tary file 1, Figure S8–S9).

Sensitivity analyses
In the sensitivity analyses, the results did not materi-
ally change when only included individuals with normal 
glucose status (supplementary file 1, Table S2). Similar 
results were observed when we recalculated the eGDR 
using the redefined hypertension (≥ 130/80  mm Hg) 

Fig. 1  Restricted cubic spline curves for CVD according to the eGDR. Hazard ratios are indicated by solid lines and 95% CIs by shaded areas. The hori-
zontal dotted line represents the hazard ratio of 1.0. The adjusted models adjusted age, sex, rural residence, marital status, education, smoking, alcohol 
consumption status, region, TC, HDL, TG, LDL, BUN, UA, hsCRP, hemoglobin, chronic kidney disease, and obesity
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Table 2  Multivariate-adjusted hazard ratios (95% confidence intervals) of estimated glucose disposal rate for cardiovascular diseases
eGDR Total N No. of events (Incident ratea) Model 1 Model 2 Model 3

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value
Cardiovascular diseases
 Continues
  Per SD increase 5512 1213 (33.25) 0.76 (0.72 − 0.80)  < 0.001 0.78 (0.74 − 0.83)  < 0.001 0.83 (0.78 − 0.89)  < 0.001
 Quartiles
  Q1 1370 410 (46.29) Ref Ref Ref
  Q2 1371 329 (36.55) 0.79 (0.68 − 0.92) 0.002 0.82 (0.71 − 0.95) 0.007 0.88 (0.76 − 1.02) 0.079
  Q3 1369 247 (26.82) 0.56 (0.48 − 0.65)  < 0.001 0.62 (0.52 − 0.72)  < 0.001 0.69 (0.58 − 0.82)  < 0.001
  Q4 1402 227 (24.11) 0.52 (0.44 − 0.61)  < 0.001 0.56 (0.47 − 0.66)  < 0.001 0.66 (0.56 − 0.79)  < 0.001
  P for trend  < 0.001  < 0.001  < 0.001
Heart disease
 Continues
  Per SD increase 5512 927 (25.23) 0.79 (0.74 − 0.84)  < 0.001 0.82 (0.77 − 0.87)  < 0.001 0.87 (0.81 − 0.94)  < 0.001
 Quartiles
  Q1 1370 300 (33.45) Ref Ref Ref
  Q2 1371 256 (28.21) 0.85 (0.72 − 1.00) 0.052 0.88 (0.75 − 1.04) 0.140 0.94 (0.80 − 1.12) 0.507
  Q3 1369 192 (20.74) 0.60 (0.50 − 0.72)  < 0.001 0.67 (0.56 − 0.80)  < 0.001 0.75 (0.62 − 0.92) 0.004
  Q4 1402 179 (18.96) 0.57 (0.47 − 0.68)  < 0.001 0.62 (0.51 − 0.75)  < 0.001 0.74 (0.60 − 0.90) 0.003
  P for trend  < 0.001  < 0.001  < 0.001
Stroke
 Continues
  Per SD increase 5512 391 (10.25) 0.65 (0.59 − 0.72)  < 0.001 0.67 (0.61 − 0.74)  < 0.001 0.70 (0.63 − 0.78)  < 0.001
 Quartiles
  Q1 1370 159 (16.88) Ref Ref Ref
  Q2 1371 103 (10.87) 0.64 (0.50 − 0.82)  < 0.001 0.65 (0.51 − 0.83) 0.001 0.69 (0.53 − 0.88) 0.004
  Q3 1369 73 (7.67) 0.44 (0.33 − 0.58)  < 0.001 0.48 (0.36 − 0.63)  < 0.001 0.52 (0.39 − 0.70)  < 0.001
  Q4 1402 56 (5.74) 0.34 (0.25 − 0.47)  < 0.001 0.36 (0.26 − 0.49)  < 0.001 0.42 (0.30 − 0.58)  < 0.001
  P for trend  < 0.001  < 0.001  < 0.001
Model 1: unadjusted

Model 2: adjusted for age, sex, rural residence, marital status, education, smoking, and alcohol consumption status

Model 3: model 2 + further adjusted for region, TC, HDL, TG, LDL, BUN, UA, hsCRP, hemoglobin, chronic kidney disease, and obesity

BUN blood urea nitrogen, CI confidence interval, eGDR estimated glucose disposal rate, HDL high density lipoprotein, HR hazard ratio, hsCRP high-sensitivity C-reactive 
protein, LDL low density lipoprotein, Ref reference, TC total cholesterol, TG triglyceride, UA uric acid
aIncident rate was presented as per 1000 person-years of follow-up

Fig. 2  Multivariate-adjusted hazard ratios (95% confidence intervals) of estimated glucose disposal rate (quartile 1 − 4) for cardiovascular diseases in 
Model 3
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(supplementary file 1, Table S3). Consistent results were 
demonstrated after excluding participants who suffered 
frm CVD during or before wave 2 (supplementary file 1, 
Table S4). The results were largely unchanged when we 
excluded diabetic patients defined according to the mea-
sures of FBG and HbA1c (supplementary file 1, Table S5).

Incremental predictive performance of eGDR in the 
incident CVD
Based on the Model 3, the basic models were constructed 
(including age, sex, rural residence, marital status, edu-
cation, smoking, alcohol consumption status, region, 
TC, HDL, TG, LDL, BUN, UA, hsCRP, hemoglobin, 
chronic kidney disease, and obesity). Adding the eGDR 
significantly optimized the predictive ability of the basic 
model for CVD (C-statistics: 0.671 vs. 0.608, P < 0.001), 
heart disease (C-statistics: 0.671 vs. 0.611, P < 0.001), and 
stroke (C-statistics: 0.685 vs. 0.620 P < 0.001) (Table 4 and 
Fig. 4). Moreover, all the NRI and IDI for CVD, heart dis-
ease, and stroke were significant (all P < 0.001) (Table 4). 
Despite the inclusion of hypertension in the basic model, 
which did enhance its predictive capability for cardiovas-
cular outcomes, it remains inferior in strength compared 
to our capacity to incorporate eGDR.

Discussion
The predictive value of eGDR for incident CVD among 
individuals without diabetes is being examined for the 
first time in our study. The main findings could be sum-
marized as: (1) lower eGDR was significantly related to 
higher risk of incident CVD (including heart disease and 
stroke); (2) these association were linear and independent 
of age, sex, smoking and alcohol consumption status; (3) 

obesity partly mediated the relationship between eGDR 
and CVD; (4) the eGDR significantly enhanced the pre-
dictive power of basic models for adverse cardiovascular 
outcomes.

IR has been demonstrated to be associated with dia-
betes, impaired lipid metabolism, and the elevated BP, 
which are the major risk factors of incident CVD [5, 30, 
31]. Previous studies suggested that HOMA-IR, as a reli-
able surrogate marker of IR, is associated with higher risk 
of incident CVD in general populations or adults with 
or without diabetes [32–35]. The association between 
another surrogate indicator, triglyceride-glucose (TyG 
index), and CVD has been widely examined in the pre-
vious studies, and the results consistently showed ele-
vated TyG index positively contributed to increased risk 
of CVD or severity of coronary heart disease [36–38]. 
Taking together, these results suggest IR may be a novel 
and promising biomarker to predictive the incident 
CVD. However, the calculation of HOMA-IR is based 
on the measures of fasting blood glucose and insulin, 
which severely limits the popularity of this technique, 
because fasting insulin is not routinely tested for non-
diabetic patients. Moreover, many factors, such as using 
of insulin, insulin sensitizers, and insulin secretagogues, 
could disturb the measurement of HOMA-IR, resulting 
in a misclassification [39, 40]. Similarly, the sensitivity 
and specificity of TyG index seems to be not satisfying 
in some conditions [41, 42]. As anticipated, our find-
ings revealed that the predictive performance of eGDR 
for CVD incidence was markedly superior to that of the 
TyG index in non-diabetic participants. This could be 
attributed to the integration of clinical and laboratory 
data in the calculation of eGDR, thereby offering a more 

Table 3  Subgroup analysis of the association between estimated glucose disposal rate and cardiovascular diseases
Variablesa Cardiovascular diseases Heart disease Stroke

HR (95% CI) Pinteraction HR (95% CI) Pinteraction HR (95% CI) Pinteraction

Age, years 0.189 0.214 0.223
 < 60 0.80 (0.73 − 0.88)*** 0.84 (0.76 − 0.93)** 0.65 (0.55 − 0.76)***
 ≥ 60 0.86 (0.79 − 0.94)*** 0.90 (0.82 − 0.99)* 0.75 (0.65 − 0.87)***
Sex 0.085 0.330 0.309
 Male 0.79 (0.72 − 0.87)*** 0.83 (0.75 − 0.93)** 0.66 (0.57 − 0.77)***
 Female 0.87 (0.79 − 0.94)*** 0.90 (0.82 − 0.98)* 0.74 (0.63 − 0.87)***
Smoking 0.012 0.595 0.513
 Yes 0.84 (0.76 − 0.93)** 0.89 (0.79 − 1.01) 0.67 (0.57 − 0.79)***
 No 0.82 (0.76 − 0.89)*** 0.86 (0.79 − 0.94)** 0.71 (0.61 − 0.82)***
Drinking 0.466 0.618 0.682
 Yes 0.82 (0.75 − 0.91)*** 0.86 (0.76 − 0.96)** 0.73 (0.62 − 0.85)***
 No 0.83 (0.77 − 0.90)*** 0.87 (0.80 − 0.96)** 0.67 (0.58 − 0.78)***
Adjusted variables included age, sex, rural residence, marital status, education, smoking, alcohol consumption status, region, TC, HDL, TG, LDL, BUN, UA, hsCRP, 
hemoglobin, chronic kidney disease, and obesity

BUN blood urea nitrogen, CI confidence interval, eGDR estimated glucose disposal rate, HDL high density lipoprotein, HR hazard ratio, hsCRP high-sensitivity C-reactive 
protein, LDL low density lipoprotein, Ref reference, TC total cholesterol, TG triglyceride, UA uric acid
aPer SD increase

*P < 0.05, **P < 0.01, and ***P < 0.001
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comprehensive assessment of insulin resistance. Consid-
ered the invasiveness and expenditure of the traditional 
methods assessed the status of IR, the calculation of 
eGDR only based on participants’ WC, HbA1c, and pres-
ence of hypertension, makes it more suitable large-scale 
clinical applications. More importantly, eGDR has a simi-
lar accuracy with HIEG clamp in assessing the status of 
IR [6, 29], exhibited a good ability in predicting the inci-
dence of CVD, and the explained attributable relative risk 

of CVD may be at least partly contributed to each item in 
the formular of eGDR. It’s noteworthy that in individuals 
without diabetes, WC and hypertension exert a more sig-
nificant influence on eGDR values compared to HbA1c. 
This is because HbA1c levels are relatively low in non-
diabetic patients in our study. However, it’s important to 
highlight that these three variables—WC, hypertension, 
and HbA1c—contribute to eGDR to a similar extent.

Fig. 3  Subgroup and interaction analyses among the quartile 1 − 4 and CVD across various subgroups
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Considerable studies have suggested that decreased 
eGDR is tightly related with high risk of adverse car-
diovascular events. Zabala et al. found a low eGDR 
increased greatly the risk of stroke and mortality among 
patients with type 2 diabetes [6]. Another study of 774 
subjects with type 1 diabetes over a 10-year follow-up 
showed that per 1.0-SD increases in eGDR is associated 
with 44% (HR: 0.56, 95% CI: 0.39 − 0.80) lower risk of 
incident major cardiovascular events and 37% lower risk 
of coronary artery disease (HR: 0.63, 95% CI: 0.42 − 0.96), 
which is similar with our results. Similarly, the China 
National Stroke Registry III study demonstrated that 
eGDR was a reliable predictor for functional outcomes 
among patients with acute ischemic stroke [42]. More 
currently, a study indicated that eGDR was indepen-
dently associated with all-cause mortality in diabetic 
patients without diabetic kidney disease (HR: 1.214, 95% 
CI: 1.072 − 1.375) [7]. However, these studies tended to 

only include specific populations, particular participants 
with type 1 or 2 diabetes, a well-recognized risk factor for 
incident CVD, therefore the detrimental effects of eGDR 
on cardiovascular outcomes may be exaggerated [43]. In 
a recent study, the findings indicated that eGDR is asso-
ciated with a heightened risk of cardiovascular disease 
(CVD) in the general population, and this association 
remains consistent regardless of diabetic status. Interest-
ingly, eGDR appears to exhibit greater sensitivity in pre-
dicting CVD among non-diabetic individuals (Q4 vs. Q1: 
HR: 0.59, 95% CI: 0.50–0.69 in non-diabetic individuals; 
HR: 0.75, 95% CI: 0.56–0.96 in diabetic individuals) [16]. 
This observation aligns with our sensitivity analysis con-
ducted among participants with normal glucose status, 
wherein prediabetic individuals were further excluded. 
Prior research also suggests that diabetic individuals may 
exhibit reduced sensitivity to predictive indicators due 
to the presence of additional risk factors, a phenomenon 

Table 4  Improvement in discrimination and risk reclassification for cardiovascular diseases after adding estimated glucose disposal
Model C-statistic (95% CI) P value NRI (95% CI) P value IDI (95% CI) P value
CVD
 Basic model 0.608 (0.590 − 0.626) Ref Ref Ref
 + hypertension 0.628 (0.611 − 0.646) 0.019 0.050 (0.018 − 0.082) 0.003 0.007 (0.017 − 0.012)  < 0.001
 + eGDR 0.671 (0.654 − 0.688)  < 0.001 0.167 (0.130 − 0.210)  < 0.001 0.041 (0.035 − 0.047)  < 0.001
Heart disease
 Basic model 0.611 (0.592 − 0.631) Ref Ref Ref
 + hypertension 0.623 (0.603 − 0.642) 0.019 0.043 (0.014 − 0.072) 0.003 0.005 (0.003 − 0.007)  < 0.001
 + eGDR 0.671 (0.652 − 0.690)  < 0.001 0.138 (0.096 − 0.179)  < 0.001 0.034 (0.028 − 0.039)  < 0.001
Stroke
 Basic model 0.620 (0.592 − 0.648) Ref Ref Ref
 + hypertension 0.659 (0.633 − 0.686)  < 0.001 0.009 (− 0.002 − 0.020) 0.116 0.010 (0.007 − 0.013)  < 0.001
 + eGDR 0.685 (0.658 − 0.712)  < 0.001 0.038 (0.015 − 0.061) 0.001 0.020 (0.015 − 0.024)  < 0.001
The basic model included age, sex, rural residence, marital status, education, smoking, alcohol consumption status, region, TC, HDL, TG, LDL, BUN, UA, hsCRP, 
hemoglobin, chronic kidney disease, and obesity

BUN blood urea nitrogen, CI confidence interval, CVD cardiovascular diseases, eGDR estimated glucose disposal rate, HDL high density lipoprotein, HR hazard ratio, 
hsCRP high-sensitivity C-reactive protein, IDI integrated discrimination improvement, LDL low density lipoprotein, NRI net reclassification improvement, Ref reference, 
TC total cholesterol, TG triglyceride, UA uric acid

Fig. 4  The receiver operating characteristic curves of the eGDR as an IR marker to predict MACCEs. The basic model adjusted age, sex, rural residence, 
marital status, education, smoking, alcohol consumption status, region, TC, HDL, TG, LDL, BUN, UA, hsCRP, hemoglobin, chronic kidney disease, and obesity
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commonly referred to as the ceiling effect [18, 44]. More-
over, the identification of risk factors in non-diabetic 
populations could prompt earlier intervention efforts, 
thereby carrying significant implications for disease bur-
den reduction. Based on the reasons mentioned above, 
we investigated the association of eGDR with incident 
CVD among individuals free of diabetes based on a 
national cohort. Our robust results extended the under-
standing on the association of IR with risk of CVD.

Comparted with the previous studies, it is the first time 
to assess the predictive performance of eGDR for inci-
dent CVD among nondiabetic individuals through add-
ing it in the basic models. Our results suggested that the 
eGDR significantly enhanced the predictive power of 
basic models for incident CVD, heart disease, and stroke, 
which is expected to update the CVD prediction scoring 
system in the future. In addition, given that hypergly-
cemia caused by IR may contribute to obesity, and ulti-
mately result in CVD, we investigated the role of obesity 
in the association between eGDR and incident CVD by 
performing mediation analysis. The results showed the 
obesity partly mediated the relationship, therefore con-
trolling body mass may alleviate the unfavorable influ-
encing of IR on circulatory system.

Despite the exact biological mechanisms on how IR 
contributes to CVD is not completely understood, sev-
eral plausible explanations have been proposed. Firstly, IR 
contributes to the progression of atherosclerosis: elevated 
insulin levels can inhibit the release of nitric oxide (NO) 
by activating glucocorticoid-regulated kinase 1. This, in 
turn, can lead to the deposition of matrix proteins and 
fibrosis, ultimately directly or indirectly causing a reduc-
tion in vascular dilation function and atherosclerosis 
[45]. Secondly, IR-induced lipid and glucose metabolism 
impairment: IR can activate protein kinase C and the 
nuclear factor κB pathway, leading to excessive produc-
tion of reactive oxygen species. These pathways trigger 
inflammatory responses and endothelial damage, which 
can ultimately trigger cardiovascular events [46]. Thirdly, 
inappropriately activated RAAS leads to fluid retention 
and hypertension [4, 10]. Lastly, the effect of insulin on 
thrombosis and platelet aggregation [47]: IR may cause a 
procoagulant tendency by reducing hemostatic markers 
levels in circulation [48].

There are several limitations should be noted. Firstly, 
due to the nature of observational studies, we are unable 
to establish causality, and there may even be the pos-
sibility of reverse causality. However, this seems to be 
minimal because even when we exclude individuals who 
experienced the endpoint within the first two years, the 
results remain stable. Secondly, although our model 
adjusts for many covariates, residual confounding still 
cannot be completely eliminated. This is a common issue 
in observational studies. Thirdly, the endpoint events 

in this study are self-reported by participants based on 
diagnoses from physicians, which may introduce recall 
bias, leading to inevitable misclassification. However, this 
is widely accepted in cohort studies, and it has been dem-
onstrated that its impact is minimal [38]. Fourthly, while 
the determination of HbA1c is typically conducted using 
standard methods, it’s important to note that certain 
unavoidable disease states and conditions may influence 
its accuracy. These include factors such as iron deficiency 
anemia, the administration of erythropoietin, and sple-
nectomy [49]. Finally, our study only included Chinese 
individuals aged 45 and above, which may affect the gen-
eralizability of our conclusions. Therefore, further stud-
ies are urgently needed to confirm our results through 
broader population samples and diverse demographics.

Conclusion
Our study shows that eGDR, a reliable surrogate marker 
of IR, is a strong predictor for incident CVD among non-
diabetic individuals. Those individuals with lower eGDR 
levels had higher risk of CVD in the future. Incorporating 
the eGDR into the basic risk model significantly enhances 
the predictive performance for CVD. These findings may 
guide preventive measures and lowering the burden of 
CVD by improving risk assessment in individuals with-
out diabetes.
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