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Abstract

Background Estimate glucose disposal rate (eGDR), Chinese visceral adiposity index (CVAI), triglyceride-glucose
(TyG), TyG-body mass index (TyG-BMI), metabolic score for insulin resistance (METS-IR), and atherogenic index

of plasma (AIP) are considered surrogate indexes of insulin resistance (IR). There is a lack of studies comparing
the predictive values of different IR surrogate indexes for stroke risk among individuals with abnormal glucose
metabolism. This study aimed to investigate the relationships between six IR surrogate indexes and stroke risk in
individuals with abnormal glucose metabolism, evaluate their predictive abilities for stroke risk.

Methods Data from the China Health and Retirement Longitudinal Study (CHARLS) were analysed in this study.
Multivariate logistic regression models were applied to analyse the relationships of IR surrogate indexes with stroke
risk. The dose-response relationships between IR surrogate indexes and stroke risk were explored using restricted
cubic splines. The areas under the curve (AUCs) of IR surrogate indexes were calculated by receiver operating
characteristic (ROC) analysis.

Results After adjusting for potential confounders, we observed that each standard deviation (SD) increase in eGDR
was associated with a reduced risk of stroke, with an adjusted odds ratio (OR) of 0.746 [95% confidence interval (Cl):
0.661-0.842]. In contrast, each SD increase in CVAI, TyG, TyG-BMI, METS-IR, and AIP were associated with an increased
risk of stroke, with adjusted ORs (95% Cls) of 1.232 (1.106-1.373), 1.246 (1.050-1.479), 1.186 (1.022-1.376), 1.222
(1.069-1.396), and 1.193 (1.050-1.355), respectively. Dose-response analyses showed that eGDR, CVAI, TyG-BMI and
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METS-IR were linearly associated with stroke risk (P
with stroke risk (P
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> 0.05), whereas TyG and AIP were nonlinearly associated
< 0.05). According to ROC analysis, The AUC of eGDR for predicting stroke risk in the overall

population with abnormal glucose metabolism (AUC: 0.612, 95% Cl: 0.584-0.640) was significantly higher than that of

other indexes.

Conclusion The six IR surrogate indexes were closely associated with high risk of stroke in individuals with abnormal
glucose metabolism. The eGDR showed promising potential in predicting stroke risk in Chinese middle-aged and

elderly populations with abnormal glucose metabolism.

Keywords Insulin resistance surrogate index, Stroke, Abnormal glucose metabolism, CHARLS

Introduction

Stroke represents a global public health challenge, with
its high incidence and mortality rates imposing sub-
stantial burdens on societies and healthcare systems.
According to Global Burden of Disease studies, stroke
has become a major contributor to the global health bur-
den [1, 2]. The prevalence and incidence of stroke remain
notably high in China [3]. IR is widely recognised as an
important risk factor for stroke [4, 5]. The risk of stroke
is significantly increased in individuals with abnormal
glucose metabolism. Studies have reported that prediabe-
tes increases the risk of stroke [6], and individuals with
diabetes have a two to four times higher risk of stroke
compared to those without diabetes [7]. This heightened
risk is likely related to the multiple metabolic abnormali-
ties commonly seen in diabetes, including IR, hypergly-
caemia, dyslipidaemia, and hypertension [8]. Therefore,
effective preventive measures and management strate-
gies, such as optimal glycaemic control, lipid and blood
pressure management, for patients with abnormal glu-
cose metabolism, especially those with diabetes, are
essential to reduce stroke risk.

Although the hyperinsulinemic—euglycemic clamp is
considered the gold standard for assessing IR [9], it is not
suitable for clinical and epidemiological studies due to its
complexity, invasiveness and high cost. As a result, vari-
ous surrogate indexes of IR, such as eGDR, CVAI TyG,
TyG-BMI, METS-IR, and AIP, have received increasing
attention. These indexes have been shown to be valuable
in assessing IR and are strongly associated with the risk
and prognosis of cardiovascular diseases [10-14].

Previous studies have explored the relationships
between IR surrogate indexes and stroke risk. How-
ever, the utility of these indexes in predicting stroke risk
remains controversial, influenced by factors such as race,
region, sex and age. In individuals with abnormal glucose
metabolism, the associations of eGDR, CVAI, TyG, TyG-
BMI, METS-IR, and AIP with stroke risk remain unclear.
Furthermore, there is a lack of studies comparing the pre-
dictive values of these IR surrogate indexes for stroke risk
in individuals with abnormal glucose metabolism. There-
fore, the aim of this study was to evaluate the associations
between IR surrogate indexes and stroke risk, as well as

the predictive values of these indexes for stroke risk in a
Chinese middle-aged and elderly population with abnor-
mal glucose metabolism, by analysing data from the
CHARLS database.

Methods

Study design and population

The China Health and Retirement Longitudinal Study
(CHARLS) is an ongoing nationally representative lon-
gitudinal survey designed to reflect the social, economic,
and health status of middle-aged and elderly individu-
als aged 45 and older in China. The CHARLS cohort
was established using a multistage probability sampling
method, selecting participants from 150 counties (dis-
tricts) and 450 villages (communities) across 28 prov-
inces. The first survey of CHARLS was conducted in
2011, followed by four subsequent surveys in 2013, 2015,
2018, and 2020. The CHARLS project was approved by
the Biomedical Ethics Review Committee of Peking Uni-
versity (IRB00001052-11015), and all participants signed
an informed consent form before participating in the
study.

Our cohort study used data from the CHARLS surveys
conducted in 2011, 2013, 2015, 2018, and 2020, with the
2011 survey serving as the baseline. A total of 17,707 par-
ticipants from the 2011 baseline survey were included in
this study. To refine the study, several exclusion criteria
were applied. Participants were sequentially excluded
based on the following steps: (1) participants with stroke
or cancer at baseline; (2) participants aged under 45 years
at baseline; (3) individuals without diabetes or prediabe-
tes at baseline; (4) missing data on one of the six IR sur-
rogate indexes at baseline; (5) incomplete information
on socio-demographic, health-related, anthropometric,
and other biomarkers at baseline; (6) missing stroke data
at follow-up. Finally, a total of 4,598 participants were
included in this study. The exclusion process is shown in
Fig. 1.

Data collection and measurement

During the baseline survey, interviewers collected
socio-demographic (sex, age, education and marital sta-
tus), health-related behaviours (smoking and alcohol
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Total participants in CHARLS in baseline 2011
(N=17,707)
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1) Participants with stroke or cancer at baseline
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2) Participants with age < 45 years at baseline
(n=313)

3) Participants without diabetes or prediabetes at baseline
(n=10,039)

4) Missing data on six IR surrogate indexes at baseline
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5) Participants with incomplete information at baseline
(n=76)

(N=4,995)

Excluded (n=397)
6) Missing data on stroke at follow-up (n=397)
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Enrolled for final analysis
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Fig. 1 Flowchart of participant selection

consumption) and medical history (diabetes, hyperten-
sion and heart disease) through questionnaires. Edu-
cational level was categorised as no formal education,
primary school, middle school, high school or above.
Marital status was categorised as married and other
marital statuses (separated, divorced, widowed and never
married). Smoking more than 100 cigarettes in a lifetime
was defined as smoking. Smoking status was catego-
rised into three groups: never smoker, former smoker
and current smoker. Alcohol consumption was classi-
fied into three categories: never drinkers (those who
never or rarely drink alcohol, consuming less than once
a month), former drinkers (those who drank more than
once a month but stopped in the past year), and current
drinkers (those who drink more than once a month).
Anthropometric data such as height, weight, waist cir-
cumference (WC), systolic blood pressure (SBP) and dia-
stolic blood pressure (DBP) were measured by trained
professionals. All participants provided venous blood
samples after fasting for at least 8 h. Blood sample infor-
mation included fasting plasma glucose (FPG), glycosyl-
ated hemoglobin Alc (HbAlc), total cholesterol (TC),

triglycerides (TG), high-density lipoprotein cholesterol
(HDL-C), low-density lipoprotein cholesterol (LDL-C),
serum creatinine (Scr), serum uric acid (SUA), blood
urea nitrogen (BUN) and C-reactive protein (CRP).
eGDR, CVA]I TyG, TyG-BMI, METS-IR, and AIP were
calculated using the following equations:
BMI = weight,, /height,,,”

eGDR=21.158-0.09 x WC_, 3407 x
hypertension g, _ n, - gy~ 0-551 x HbAlcy,.

CVAI (male) = - 267.93+0.68 x age,,, +
003 x BMlg/mz + 400 x WC, + 2200 x

lOglO(TGmmol/L) -16.32 x I_I])L'Cmmol/L'

CVAI (female) = - 187.32+1.71 x ageys
+ 423 x BMlg/m: + 112 x WC_, + 3976 x
lOglO(TGmmol/L) - 11.66 x I_I])L'Cmmol/L'

TyG=In(TGy,g/q % FPGppg/q /2)-

TyG-BMI=TyG x BMIg/1y2.

METS-IR=In(2 x FPGpq + TGpga) x BMlkg/m2 /
In(HDL-C,,y/q)-

AIP=log(TG

mg/d

mg/dl /HDL-Cypoo/q)-
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Definition

Prediabetes was defined as FPG levels between 100 and
125 mg/dL or HbAlc levels between 5.7% and 6.4%. Dia-
betes was defined as self-reported physician diagnosis,
use of glucose-lowering medications, FPG>126 mg/dL
or HbAlc>6.5% [15]. Prediabetes or diabetes was catego-
rised as glucose metabolism disorders. Hypertension was
defined as self-reported physician diagnosis, use of anti-
hypertensive medications, or average SBP/DBP >140/90
mmHg [16].

The outcome of this study was stroke events. Par-
ticipants who had no history of stroke at baseline but
reported a stroke during follow-up were recorded as inci-
dent cases. Data on stroke events were obtained from the
survey questionnaires conducted during each follow-up
wave from 2013 to 2020. In accordance with previous
studies [17, 18], stroke events were assessed using the
following standardised questions: “Have you been diag-
nosed with a stroke by a doctor?” or “Are you currently
receiving any treatment (traditional Chinese medicine/
Western medicine/physical therapy/acupuncture and
moxibustion/occupational therapy) to control your
stroke?”

Missing data processing

In our study, participants with incomplete IR surrogate
index information (1,277, 20.12%), missing stroke follow-
up data (397, 6.25%), or missing covariate data (e.g., base-
line socio-demographic and health-related information)
(76, 1.20%) were excluded. To assess potential selection
bias, we compared the baseline characteristics of the
excluded participants with those retained in the study
(Additional file 1: Table S1).

Statistical analysis

Continuous variables were presented as means and stan-
dard deviations, and categorical variables were expressed
as numbers and percentages. The independent t-test,
Mann-Whitney U test, or chi-square test were employed
for comparisons between groups. Correlations between
surrogate indexes of IR and stroke risk were assessed
using logistic regression analysis. To allow direct com-
parisons of OR values, the six IR surrogate indexes were
converted into Z-scores. Three logistic models were used
in this study. Model 1 was not adjusted for any variables.
Model 2 was adjusted for sex, age, education level, mari-
tal status, smoking status, alcohol consumption, BMI,
and WC. Model 3 was adjusted for sex, age, education
level, marital status, smoking status, alcohol consump-
tion, BMI, WC, TC, HDL-C, LDL-C, Scr, SUA, BUN,
CRP, hypertension, and heart diseases. For all IR sur-
rogate indexes, variables already included in the equa-
tions were not adjusted for in the regression models.
We assessed potential multicollinearity among variables
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in each model using the variance inflation factor (VIF).
The VIF values for all variables in each model were below
10 and no significant multicollinearity problems were
detected. In addition, we explored the dose-response
relationships of the IR surrogate indexes with stroke
risk using restricted cubic splines. The abilities of these
indexes to predict stroke risk were evaluated using ROC
curves. The AUC, optimal cutoff value, sensitivity, speci-
ficity, and Youden’s index (sensitivity + specificity-1) were
calculated for each index to predict stroke risk. We also
used DeLong’s test to detect differences in the AUCs of
different IR surrogate indexes. P<0.05 indicated statisti-
cal significance. All statistical analyses in this study were
performed using EmpowerStats (version 4.2) and R (ver-
sion 4.4.1).

Results

Baseline characteristics of study participants

A total of 4,598 participants were enrolled in the study,
including 2,069 males and 2,529 females, with mean
ages of 59.90 and 59.06 years, respectively. General clini-
cal and biochemical characteristics of stroke and non-
stroke participants were described according to sex
(Table 1). 199 males (9.62%) and 230 females (9.09%)
were diagnosed with stroke, with a significantly higher
proportion of males suffering from stroke. Compared
to non-stroke males, stroke-affected males were older
and had higher proportions of hypertension and heart
disease. Stroke-affected males exhibited higher levels of
SBP, DBP, BMI, WC, TC, TG, LDL-C, Scr, SUA, CRP,
HbAlc, CVAIL TyG, TyG-BMI, METS-IR, and AIP, and
lower levels of eGDR (P<0.05). Similarly, compared to
non-stroke females, stroke-affected females were older
and had higher proportions of hypertension, heart dis-
ease and alcohol consumption. Stroke-affected females
also showed higher levels of SBP, DBP, WC, TG, Scr, CRP,
FPG, HbAlc, CVAI TyG, TyG-BMI, METS-IR, and AIP,
and lower levels of HDL-C and eGDR (P<0.05). Addi-
tionally, we compared the baseline characteristics of par-
ticipants excluded due to missing data (e.g., incomplete
IR surrogate index information, missing stroke follow-
up data, and missing covariate data) with those retained
in the study (Additional file 1: Table S1). The results
revealed some differences between the excluded and
retained groups in terms of SUA and CRP levels, while
the differences in most other baseline characteristics
were minimal. Therefore, we believe that the exclusion
of participants due to missing data is unlikely to result in
significant selection bias overall.
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Table 1 Baseline characteristics of the study participants with and without stroke by sex
Variable Male Female

Non-Stroke Stroke Pvalue Non-Stroke Stroke Pvalue
Number 1870 199 2299 230
Age (years) 59.71+890 61.74+845 0.001 58.87+£9.20 60.96+843 <0.001
Education level, n (%) 0.169 0.498
Below primary school 256 (13.69%) 33 (16.58%) 1032 (44.89%) 107 (46.52%)
Primary school 880 (47.06%) 96 (48.24%) 800 (34.80%) 81 (35.22%)
Middle school 528 (28.24%) 43 (21.61%) 343 (14.92%) 35(15.22%)
High school or above 206 (11.02%) 27 (13.57%) 124 (5.39%) 7 (3.04%)
Marital status, n (%) 0.194 0911
Married 189 (10.11%) 26 (13.07%) 413 (17.96%) 42 (18.26%)
Others 1681 (89.89%) 173 (86.93%) 1886 (82.04%) 188 (81.74%)
Smoking status, n (%) 0.181 0.528
Never 490 (26.20%) 43 (21.61%) 2123 (92.34%) 209 (90.87%)
Former 314 (16.79%) 42 (21.11%) 53 (2.31%) 8 (3.48%)
Current 1066 (57.01%) 114 (57.29%) 123 (5.35%) 13 (5.65%)
Alcohol consumption, n (%) 0.277 0.044
Never 563 (30.11%) 56 (28.14%) 1923 (83.65%) 178 (77.39%)
Former 219 (11.71%) 31 (15.58%) 108 (4.70%) 17 (7.39%)
Current 1088 (58.18%) 112 (56.28%) 268 (11.66%) 35(15.22%)
Hypertension, n (%) 763 (40.80%) 122 (61.31%) <0.001 1011 (43.98%) 134 (58.26%) <0.001
Heart diseases, n (%) 244 (13.05%) 38 (19.10%) 0.018 382 (16.62%) 64 (27.83%) <0.001
SBP (mmHg) 130.63+19.46 141.07+23.24 <0.001 131.57+21.67 138.02+24.53 <0.001
DBP (mmHg) 76.31+£11.90 80.72+13.22 <0.001 7591+11.44 77.63+11.50 0.024
BMI (kg/mz) 23.25+349 24274391 <0.001 2442+392 2493+4.20 0.065
WC (cm) 85.72+9.74 88.52+9.60 <0.001 85.75+12.67 87.61+£1255 0.011
TC (mg/dl) 1929043859 200.99+40.68 0.005 203.69+39.62 206.45+38.27 0312
TG (mg/dl) 138.16+116.63 149.71+101.88 <0.001 149.73+108.51 166.65+113.90 0.007
HDL-C (mg/d) 50.83+17.14 4866+ 16.07 0.088 50.54+14.47 4840+13.17 0.032
LDL-C (mg/dl) 1141743563 121.21+39.06 0.009 123.81+37.18 125.00+37.05 0.645
Scr (mg/dl) 0.88+0.20 091£0.17 0.022 0.69+0.15 0.71+£0.14 0.030
SUA (mg/dl) 499+1.27 520+1.36 0.019 4.09+1.07 4.03+1.05 0.398
BUN (mg/dl) 16.69+4.59 16.92+4.41 0.500 15.19+4.31 14.95+4.03 0411
CRP (mg/L) 2.87+835 3.78+10.96 0.031 2.66+6.68 3.31+9.69 0.012
FPG (mg/dl) 1214943954 12558+51.83 0.179 120.37+38.27 130.51+56.08 <0.001
HbATc (%) 540+0.87 555+1.02 0.031 5.48+0.96 570+1.25 <0.001
eGDR 9.08+2.17 8.05+2.21 <0.001 893+2.34 8.15+2.32 <0.001
CVAI 97.02+44.50 111.74+43.34 <0.001 103.62+35.61 113.89+3593 <0.001
TyG 8.79+0.69 8.93£0.70 0.003 8.91£0.64 9.07£0.71 <0.001
TyG-BMI 205.11+£39.26 217.38+42.10 <0.001 218.08+41.24 226.52+44.36 0.003
METS-IR 3591+826 38.20+£9.03 <0.001 37.73+£832 3941+9.10 0.004
AIP 0.37+£0.36 044+0.34 0.003 042+0.34 048+0.33 0.006

SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; WC, waist circumference; TC, total cholesterol; TG, triglyceride; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; Scr, serum creatinine; SUA, serum uric acid; BUN, blood urea nitrogen; CRP, C-reactive protein;
FPG, fasting plasma glucose; HbA1c, glycosylated hemoglobin Alc; eGDR, estimated glucose disposal rate; CVAI, Chinese visceral adiposity index; TyG, triglyceride-
glucose; TyG-BMI, TyG-body mass index; METS-IR, metabolic score for insulin resistance; AIP, atherogenic index of plasma

Data are presented as mean + standard deviation or number (%)

Associations and dose-response relationships

between IR surrogate indexes and stroke risk

The associations between IR surrogate indexes and stroke
risk in participants with abnormal glucose metabo-
lism are shown in Table 2. The results indicated that in
both Model 1 and Model 2, eGDR was negatively asso-
ciated with stroke risk, whereas other IR surrogate

indexes (CVAIL, TyG, TyG-BMI, METS-IR, and AIP)
were positively associated with stroke risk. This associa-
tions between the IR surrogate indexes and stroke risk
remained significant after adjusting for all confounders
(Model 3). A per-SD increase in eGDR corresponded to
adjusted OR (95% CI) of 0.746 (0.661-0.842). A per-SD
increase in CVAI, TyG, TyG-BMI, METS-IR, and AIP
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Table 2 Multivariate regression analysis of the associations between six IR surrogate indexes and stroke risk
Variable Model 1 Model 2 Model 3

OR (95%Cl) Pvalue OR (95%Cl) Pvalue OR (95%Cl) Pvalue
eGDR 0.677 (0.612,0.748) <0.001 0.716 (0.636, 0.807) <0.001 0.746 (0.661, 0.842) <0.001
CVAI 1.353(1.226,1.494) <0.001 1.356 (1.227,1.499) <0.001 1.232(1.106, 1.373) <0.001
TyG 1.236 (1.125,1.357) <0.001 1.207 (1.093, 1.334) <0.001 1.246 (1.050, 1.479) 0.012
TyG-BMI 1.256 (1.144,1.379) <0.001 1.295 (1.141, 1.469) <0.001 1.186 (1.022,1.376) 0.025
METS-IR 1.238(1.128,1.359) <0.001 1.252(1.106, 1.417) <0.001 1.222 (1.069, 1.396) 0.003
AIP 1.204 (1.094, 1.325) <0.001 1.172 (1.057, 1.300) 0.003 1.193 (1.050, 1.355) 0.007

Model 1 was unadjusted.

Model 2 was adjusted for sex, age, education level, marital status, smoking status, alcohol consumption, BMI, and WC.
Model 3 was adjusted for Model 2+ TC, HDL-C, LDL-C, Scr, SUA, BUN, CRP, hypertension, and heart diseases.

OR, odds ratio; Cl, confidence interval; eGDR, estimated glucose disposal rate; CVAI, Chinese visceral adiposity index; TyG, triglyceride-glucose; TyG-BMI, TyG-body
mass index; METS-IR, metabolic score for insulin resistance; AIP, atherogenic index of plasma; WC, waist circumference; TC, total cholesterol; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; Scr, serum creatinine; SUA, serum uric acid; BUN, blood urea nitrogen; CRP, C-reactive protein.

ORs are presented as per 1 SD increase in the IR surrogate indexes for stroke risk.
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Fig.2 Dose-response relationships between IR surrogate indexes and stroke risk. We adjusted the model fully for sex, age, education level, marital status,
smoking status, alcohol consumption, BMI, WC, TC, HDL-C, LDL-C, Scr, SUA, BUN, CRP, hypertension, and heart diseases. Cl, confidence interval; eGDR,
estimated glucose disposal rate; CVAI, Chinese visceral adiposity index; TyG, triglyceride-glucose; TyG-BMI, TyG-body mass index; METS-IR, metabolic score
for insulin resistance; AIP, atherogenic index of plasma; WC, waist circumference; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C,
low-density lipoprotein cholesterol; Scr, serum creatinine; SUA, serum uric acid; BUN, blood urea nitrogen; CRP, C-reactive protein.

corresponded to adjusted ORs (95% Cls) of 1.232 (1.106—
1.373), 1.246 (1.050-1.479), 1.186 (1.022-1.376), 1.222
(1.069-1.396), and 1.193 (1.050-1.355), respectively.

We analysed the dose-response relationships between
six IR surrogate indexes and stroke risk using the RCS.
As shown in Fig. 2, after adjusting for confounding fac-
tors, eGDR was linearly and negatively associated with
stroke risk (P, niinear > 0.05, Fig. 2A). CVAIL TyG-BMI,
and METS-IR were linearly and positively associated
with stroke risk (P,qpjinear > 0.05, Fig. 2B, D, and E). TyG
and AIP were nonlinearly and positively associated with

stroke risk (P, inear < 0.05, Fig. 2C, F). The results from
the RCS analysis were generally consistent with those
from the multivariate regression analysis.

Subgroup analyses to determine the associations between
IR surrogate indexes and stroke risk

To further explore the relationships between six IR surro-
gate indexes and stroke risk in participants with abnormal
glucose metabolism, subgroup analyses were performed
by sex and age. As shown in Fig. 3, we found that the
associations between IR surrogate indexes and stroke
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Subgroup OR (95% CI) P value P for interaction

eGDR

Sex 0.1120
Male 0.694 (0.576, 0.835) <0.0001 ——
Female 0.791 (0.673, 0.930) 0.0046 —a—

Age 0.0191
<60 0.626 (0.522, 0.752) <0.0001 ——
>60 0.841 (0.717, 0.986) 0.0330 ——

CVAI

Sex 0.8325
Male 1.232 (1.067, 1.423) 0.0045 ——
Female 1.299 (1.094, 1.543) 0.0028 ——

Age 0.0334
<60 1.362 (1.149, 1.615) 0.0004 ——
>60 1.125 (0.972, 1.302) 0.1155 Como

TyG

Sex 0.6929
Male 1.179 (0.921, 1.509) 0.1904 —/—
Female 1.314 (1.031, 1.675) 0.0273 —

Age 0.4750
<60 1.139 (0.880, 1.474) 0.3223 —
>60 1.358 (1.073, 1.718) 0.0109 ——

TyG-BMI

Sex 0.3763
Male 1.280 (0.975, 1.680) 0.0750 —
Female 1.162 (0.966, 1.399) 0.1119 H——

Age 0.8821
<60 0.980 (0.749, 1.283) 0.8848 —
>60 1.261 (1.052, 1.513) 0.0124 ——

METS-IR

Sex 0.5920
Male 1.244 (0.986, 1.570) 0.0655 —
Female 1.230 (1.037, 1.459) 0.0177 ——

Age 0.5240
<60 1.110 (0.896, 1.375) 0.3386 —
>60 1.277 (1.071, 1.521) 0.0064 —a—

AIP

Sex 0.9413
Male 1.170 (0.974, 1.406) 0.0928 ——
Female 1.224 (1.020, 1.470) 0.0299 —a—

Age 0.8065
<60 1.143 (0.941, 1.389) 0.1785 H—
>60 1.246 (1.050, 1.477) 0.0117 ——

050 071 10 141 20

Fig. 3 Subgroup analyses of the associations between IR surrogate indexes and stroke risk. Each subgroup was adjusted for sex, age, education level,
marital status, smoking status, alcohol consumption, BMI, WC, TC, HDL-C, LDL-C, Scr, SUA, BUN, CRP, hypertension, and heart diseases, except for stratifica-
tion variables. ORs are presented as per 1 SD increase in the IR surrogate indexes for stroke risk. OR, odds ratio; Cl, confidence interval; eGDR, estimated
glucose disposal rate; CVAI, Chinese visceral adiposity index; TyG, triglyceride-glucose; TyG-BMI, TyG-body mass index; METS-IR, metabolic score for insulin
resistance; AIP, atherogenic index of plasma; WC, waist circumference; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-
density lipoprotein cholesterol; Scr, serum creatinine; SUA, serum uric acid; BUN, blood urea nitrogen; CRP, C-reactive protein.
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risk varied by sex and age. eGDR was significantly associ-
ated with stroke risk across both sex and age groups, with
stronger associations observed in males and middle-aged
participants (under 60 years). The significant associations
of other IR surrogate indexes with stroke risk were pre-
dominantly observed in females and older participants
(over 60 years). Additionally, significant interactions were
found between eGDR (P for interaction=0.0191) and
CVAI (P for interaction = 0.0334) with age.

Predictive performance of IR surrogate indexes for stroke
risk in the overall population and in different sex groups
Table 3; Fig. 4 present the predictive abilities of IR sur-
rogate indexes for stroke risk in the overall population, as
well as in male and female subgroups. Among the over-
all population with abnormal glucose metabolism, eGDR
demonstrated superior predictive ability for stroke risk
compared to other IR surrogate indexes, with the highest
AUC value (AUC: 0.612, 95% CI: 0.584-0.640), followed
by CVAI (AUC: 0.588, 95% CI: 0.560—0.616). The predic-
tive performances of different IR surrogate indexes for
stroke risk were further compared in different sex groups.
In males, eGDR showed significantly better predictive
ability for stroke risk compared to other IR surrogate
indexes (P<0.05). In females, eGDR outperformed TyG-
BMI and METS-IR in predicting stroke risk (P <0.05). For
other indexes, no significant differences were observed in
their predictive performance for stroke risk between sex
groups.
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Predictive performance of IR surrogate indexes for stroke
risk in different sex and age groups

Table 4; Fig. 4 show the predictive abilities of IR surro-
gate indexes for stroke risk at different ages for males and
females. We found that eGDR had the highest AUC val-
ues in middle-aged males, older males, and middle-aged
females, with AUCs of 0.669 (95% CI: 0.610-0.729), 0.598
(95% CI: 0.542—-0.654), and 0.622 (95% CI: 0.566—0.677),
respectively. We compared the predictive abilities of dif-
ferent IR surrogate indexes for stroke risk in different sex
and age groups. Among middle-aged males and females,
eGDR demonstrated better predictive ability for stroke
risk compared to TyG and AIP (P<0.05). In middle-aged
males, CVAI showed superior predictive performance for
stroke risk compared to TyG, TyG-BMI, METS-IR, and
AIP (P<0.05). In different sex and age groups, the major-
ity of IR surrogate indexes did not show significant sta-
tistical differences in their predictive abilities for stroke
risk. Across different sex and age groups, the AUC values
of all six IR surrogate indexes for predicting stroke risk
exceeded 0.5, indicating their predictive values for stroke
risk in populations with abnormal glucose metabolism.

Discussion

Stroke is recognised as a major public health problem
with serious consequences for individuals and society.
IR is a critical risk factor for stroke. Developing a rapid
and easy-to-use test for early identification and interven-
tion of stroke is crucial. In this study, we evaluated the
predictive abilities of six IR surrogate indexes for stroke
risk in Chinese middle-aged and elderly populations
with abnormal glucose metabolism. Our results revealed

Table 3 ROC curves of IR surrogate indexes and stroke risk in different sex groups

Group  Variable AUC(95% Cl) Pvalue Pforcomparison Optimal cutoff value  Sensitivity Specificity Youden index
All eGDR 0.612(0.584, 0.640) <0.001 Reference 8.759 0.627 0.558 0.185
CVAI 0.588(0.560,0.616)  <0.001 0.040 116312 0490 0.658 0.148
TyG 0.560(0.533, 0.588) <0.001 0.002 8577 0.737 0.375 0.112
TyG-BMI  0.568(0.539, 0.596) <0.001 <0.001 198.203 0.711 0.406 0.117
METS-IR  0.564(0.536,0.592)  <0.001 <0.001 35.777 0611 0.503 0.114
AP 0.556(0.529, 0.583) <0.001 <0.001 0325 0.660 0.455 0.115
Male eGDR 0.632(0.591,0.673)  <0.001 Reference 8.669 0.648 0.582 0.230
CVAI 0.597(0.556,0.637)  <0.001 0.036 113.652 0.528 0.651 0.178
TyG 0.564(0.524, 0.604) 0.003 0.007 8.616 0.678 0.456 0.135
TyG-BMI 0.585(0.544,0.626)  <0.001 0.011 211450 0.558 0618 0.176
METS-IR 0.576(0.535,0.617) <0.001 0.004 38.062 0472 0.666 0.139
AP 0.563(0.524, 0.602) 0.003 0.004 0324 0.633 0.498 0.131
Female  eGDR 0.596(0.558,0.634)  <0.001 Reference 8430 0.591 0.565 0.156
CVAI 0.579(0.541,0.617) <0.001 0320 114.503 0.491 0.636 0.127
TG 0.561(0.522,0.599) 0002 0125 8.786 0.635 0466 0.101
TyG-BMI  0.559(0.519, 0.598) 0.003 0.040 236.113 0.409 0.700 0.109
METS-IR 0.557(0.518,0.596) 0.004 0.036 35.777 0.648 0.452 0.100
AlP 0.552(0.515,0.589) 0010 0057 0213 0817 0.293 0.110

ROC, receiver operating characteristic; AUC, area under the curve; Cl, confidence interval; eGDR, estimated glucose disposal rate; CVAI, Chinese visceral adiposity
index; TyG, triglyceride-glucose; TyG-BMI, TyG-body mass index; METS-IR, metabolic score for insulin resistance; AIP, atherogenic index of plasma.
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Fig. 4 The ROC curves of IR surrogates and stroke risk in different sex and age groups. ROC, receiver operating characteristic; AUC, area under the curve;
eGDR, estimated glucose disposal rate; CVAI, Chinese visceral adiposity index; TyG, triglyceride-glucose; TyG-BMI, TyG-body mass index; METS-IR, meta-

bolic score for insulin resistance; AIP, atherogenic index of plasma.

statistically significant relationships between the six IR
surrogate indexes and stroke risk after adjusting for con-
founders. These indexes all provided predictive values for
stroke risk in the Chinese middle-aged and elderly popu-
lation with abnormal glucose metabolism. eGDR demon-
strated significant potential in predicting stroke risk in
populations with abnormal glucose metabolism.

IR is typically characterised by hyperglycaemia, dys-
lipidaemia, hypertension and obesity [19]. Surrogate
indexes of IR (eGDR, CVAI TyG, TyG-BMI, METS-IR
and AIP) derived from different combinations of these
characteristics may better reflect the degree of IR in dif-
ferent ways. The eGDR, calculated based on WC, hyper-
tension, and HbAlc, was first developed by Williams
et al. for patients with type 1 diabetes [20]. The index is
validated by the hyperinsulinemic-euglycemic clamp
technique and provides a good reflection of insulin sen-
sitivity. eGDR has shown good potential for application
in epidemiological studies of patients with type 1 dia-
betes [21-23]. In addition, the value of eGDR in type 2
diabetes is gaining attention. A review and meta-analysis
showed that among patients with type 1 diabetes mellitus
with a median follow-up period of 10 years, each 1-unit
increase in the eGDR index was associated with a 17%

reduction in the hazard ratio for cardiovascular disease
[24]. A study conducted in populations with diabetes
demonstrated that lower eGDR levels were associated
with an increased risk of stroke and mortality [25]. Our
study found a significant negative correlation between
eGDR and the occurrence of stroke in individuals with
abnormal glucose metabolism. CVAI a reliable index of
visceral fat distribution in the Chinese population, has
been widely used to assess the risk of cardiovascular and
metabolic diseases [11, 26, 27]. Studies have shown that
CVAI outperforms traditional obesity indexes in pre-
dicting stroke risk and is considered a valuable index of
abdominal obesity for identifying individuals at high risk
of stroke [28, 29]. This enhanced predictive ability may be
attributed to its comprehensive nature, integrating fac-
tors such as sex, age, BMI, WC, and lipid levels. In this
study, we found that CVAI performed well in predicting
stroke risk in the overall population with abnormal glu-
cose metabolism, second only to eGDR. The TyG index,
based on TG and FPG, has been widely used to predict
diabetes and cardiovascular disease [30-32]. The asso-
ciation between obesity and IR has been well established
[33, 34]. Some studies suggest that TyG-BMI is superior
to TyG in predicting IR [35]. By integrating the TyG index
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Table 4 ROC curves of IR surrogates and stroke risk at different ages for males and females

Group Variable AUC(95% Cl) Pvalue Pforcomparison Optimal cutoff value  Sensitivity Specificity Youden index

Male

<60 eGDR 0.669(0.610, 0.729) <0.001 Reference 8.638 0.635 0.639 0.274
CVAI 0.659(0.600,0.719)  <0.001 0678 108.804 0.682 0.621 0.303
TyG 0.566(0.503, 0.630) 0.043 0.011 8.590 0.753 0.391 0.144
TyG-BMI 0.619(0.556, 0.682) <0.001 0.081 211450 0.682 0.557 0.240
METS-IR  0.616(0.553,0.678)  <0.001 0.071 36.632 0.694 0.544 0.238
AIP 0.583(0.522, 0.643) 0.011 0.022 0.262 0.788 0.389 0177

>60 eGDR 0.598(0.542, 0.654) 0.001 Reference 8.674 0.658 0.525 0.183
CVAI 0.546(0.492, 0.601) 0107 0018 112.803 0465 0.644 0.108
TyG 0.578(0.526, 0.630) 0.007 0.530 8.628 0.640 0.521 0.162
TyG-BMI 0.582(0.530, 0.635) 0004  0.505 211.680 0465 0.686 0.151
METS-IR 0.567(0.513, 0.620) 0.020 0.207 31.768 0.702 0.429 0.131
AIP 0.566(0.515,0.617) 0.021 0.303 0.143 0.807 0.330 0.137

Female

<60 eGDR 0.622(0.566, 0.677) <0.001 Reference 8414 0.549 0.651 0.200
CVAI 0.573(0.518,0.627) 0014 0057 73.675 0.853 0.286 0.139
TyG 0.549(0.489, 0.610) 0.09  0.030 9442 0.304 0.808 0.112
TyG-BMI 0.559(0.501,0.616) 0.048 0.024 236457 0451 0.675 0.126
METS-R  0.568(0.512,0.625) 0022 0057 34.205 0.784 0336 0.120
AIP 0.539(0.481, 0.597) 0.190 0.016 0.092 0912 0.164 0.076

>60 eGDR 0.554(0.501, 0.607) 0.047 Reference 7.640 0.555 0.553 0.108
CVAI 0.557(0.503,0.611) 0036 0891 129.977 0461 0.653 0.114
TyG 0.568(0.518,0.619) 0.012 0.648 8.786 0.680 0462 0.142
TyG-BMI 0.572(0.518, 0.626) 0008 0442 229412 0453 0.690 0.143
METS-IR 0.562(0.509,0.616) 0.021 0.721 35.219 0.641 0479 0.120
AIP 0.565(0.516,0.614) 0.016 0.721 0.206 0.859 0.298 0.157

ROC, receiver operating characteristic; AUC, area under the curve; Cl, confidence interval; eGDR, estimated glucose disposal rate; CVAI, Chinese visceral adiposity
index; TyG, triglyceride-glucose; TyG-BMI, TyG-body mass index; METS-IR, metabolic score for insulin resistance; AP, atherogenic index of plasma.

and BMI, TyG-BMI likely provides a more comprehen-
sive perspective for assessing IR. METS-IR and AIP have
also been identified as strong independent predictors
of adverse cardiovascular and cerebrovascular events,
closely associated with stroke risk [36—39].

We explored the dose-response relationships between
the IR surrogate indexes and stroke risk using RCS. Pre-
vious studies have shown a linear negative correlation
between eGDR and stroke risk [40]. Our study, based on
individuals with diabetes and prediabetes, also revealed a
similar negative linear correlation. This was attributed to
the fact that the eGDR calculation formula utilised nega-
tive WC, hypertension and HbAlc values. Most other
IR surrogate indexes demonstrated linear positive cor-
relations with stroke risk, which is consistent with previ-
ous research [41, 42]. For TyG, our study was similar to
a study based on Chinese populations, which reported a
nonlinear positive correlation between TyG and stroke
risk [43]. A study assessing stroke incidence in the general
population of rural China, found a linear positive corre-
lation between AIP and stroke risk [44]. In contrast, our
study observed a nonlinear positive correlation between
AIP and stroke risk. This differences may be attributed to
the heterogeneity of the study population, the complexity

of the disease, the settings of the RCS curve parameters,
and the models used for analysis. Considering the non-
linear dose-response relationships between these IR sur-
rogates and stroke risk, it is recommended that clinical
stroke risk assessment should be based on the character-
istics of different populations and the specific thresholds
of IR surrogates for more precise risk assessment.

In the subgroup analysis, we found significant associa-
tions between eGDR and stroke risk across different sex
and age groups. Additionally, a significant interaction
between eGDR and age on risk of stroke was observed.
Specifically, the association between eGDR and stroke
risk was more pronounced in the middle-aged popula-
tion. This finding is consistent with a study that evaluated
the relationship between eGDR and cardiovascular dis-
ease risk in individuals with diabetes and prediabetes in
the United States, which found a more significant associ-
ation between eGDR and cardiovascular disease in those
under 60 years old [45]. Another study assessing the rela-
tionship between eGDR and atherosclerotic cardiovascu-
lar disease risk in the general population also observed a
significant interaction between eGDR and age on stroke
risk [10]. However, studies by Kong et al. and Le et al.
did not find a significant impact of age on the association
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between eGDR and stroke risk [46, 47]. We also observed
a significant interaction between CVAI and age on
stroke risk, which aligns with previous research findings
[48-50]. Furthermore, significant associations between
other IR surrogate indexes and stroke risk were primar-
ily observed in female and elderly participants. The het-
erogeneity of the study population and differences in data
partitioning may partially explain the discrepancies in
results. Therefore, future studies should consider these
factors to further explore the role of IR surrogate indexes
in different populations and to gain deeper insights into
the potential impact of age on stroke risk.

In this study, we found that, among the overall popula-
tion with abnormal glucose metabolism and within dif-
ferent sex groups, eGDR exhibited the highest AUC value
compared to other IR surrogate indexes, demonstrat-
ing better performance in predicting stroke risk. After
stratifying by sex and age, we observed that in middle-
aged males and females, the predictive ability of eGDR
for stroke risk was not significantly different from that
of other IR surrogate indexes, such as CVAI and METS-
IR. However, in elderly male and female groups, the pre-
dictive abilities of the six IR surrogate indexes for stroke
risk were generally similar. Additionally, we found that
eGDR appeared to predict stroke risk more effectively
in middle-aged males than in other populations. Differ-
ences in fat distribution, hormone levels, and metabolic
changes between males and females, as well as variations
in metabolic function between middle-aged and elderly
individuals, may influence the performances of IR sur-
rogate indexes in predicting stroke risk. Therefore, when
conducting stroke risk assessments, it is crucial not only
to consider the overall effectiveness of these indexes but
also to account for their performance differences across
different sex and age groups, in order to facilitate person-
alised health management and risk prediction.

Our study utilised data from the nationally representa-
tive CHARLS dataset, and the prospective cohort design
enhanced the causal inference of our findings. Addi-
tionally, this study evaluated the predictive values of six
IR surrogate indexes for stroke risk in middle-aged and
elderly individuals with abnormal glucose metabolism in
China, providing new insights for early identification and
prevention of stroke risk. Furthermore, we controlled
potential confounders as much as possible during the
analysis and conducted subgroup analyses to ensure the
reliability and robustness of our results.

However, there are several limitations in this study.
First, a major limitation is the lack of time-to-event
analysis. Without considering time as a factor, we were
unable to assess its impact on the relationships between
IR surrogate indexes and stroke risk. Therefore, future
studies should consider incorporating time-to-event
analysis to more comprehensively evaluate the impact of
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IR surrogate indexes on stroke risk. Second, the stroke
data relied on self-reporting from participants, which
may lead to an underestimation of actual prevalence.
Medical histories such as diabetes mellitus and hyper-
tension also partially relied on self-reported data. More-
over, although we adjusted for and controlled the known
major confounders, the influence of unknown factors
(such as genetics, diet, physical activity, and environmen-
tal changes) on the results cannot be excluded. Finally,
this study focused on middle-aged and elderly individu-
als with abnormal glucose metabolism in China, and
whether the findings can be generalised to populations
in other countries requires further investigation and
validation.

Conclusion

In conclusion, our findings indicated that the six IR sur-
rogate indexes were strongly associated with stroke
occurrence in Chinese middle-aged and elderly popula-
tions with abnormal glucose metabolism. Among these
indexes, eGDR showed considerable potential in assess-
ing stroke risk in populations with abnormal glucose
metabolism. However, its application should be tailored
to account for the specific characteristics of different sex
and age groups. Furthermore, our study has several limi-
tations, such as the reliance on self-reported data. There-
fore, future studies should further explore and validate
these findings to provide a basis for early stroke predic-
tion and personalised intervention.
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