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of cardiovascular disease risk among
individuals with cardiovascular-kidney-
metabolic syndrome stage 0-3: a nationwide
prospective cohort study
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Abstract

Background Insulin resistance is a crucial factor in the development of cardiovascular diseases (CVD), yet the
relationship between the estimated glucose disposal rate (€GDR), an index reflecting insulin resistance, and the risk
of new-onset CYD among individuals with cardiovascular-kidney-metabolic (CKM) syndrome stage 0-3 remains
underexplored, and large-scale prospective cohort studies are needed to clarify this relationship.

Methods All data for this study were extracted from the China Health and Retirement Longitudinal Study (CHARLS).
The primary outcome was the incidence of new-onset CVD (including heart diseases (HD) and stroke) during

the follow-up period (from 2013 to 2020). Multivariable logistic regression models were applied to elucidate the
relationship between the eGDR and the risk of developing CVD. The restricted cubic splines (RCS), mediation analysis,
and stratified analyses were also employed.

Results This study included 6752 participants, of whom 1495 (22%) developed CVD. Odds ratios and 95% confidence
intervals from lowest eGDR level (<7.37 mg/kg/min) to highest eGDR level (= 11.16 mg/kg/min) were 1.00 (reference),
0.81(0.68,0.96),0.72 (0.58,0.88), and 0.74 (0.58, 0.94) respectively, for the occurrence of CVD; 1.00 (reference), 0.81
(0.67,0.97),0.72 (0.57,0.90), and 0.75 (0.58,0.97) respectively, for the occurrence of HD; 1.00 (reference), 0.91 (0.74,1.12),
0.80 (0.62,1.04),and 0.71 (0.52,0.97) respectively, for the occurrence of stroke after adjusting for all potential covariates.
The RCS analysis discovered an approximately inverse “L” correlation between eGDR and the occurrence of CVD and
HD across all individuals with CKM syndrome stages 0-3 (All P for overall <0.001, All P for nonlinear=0.005), while
there was a negative linear correlation between eGDR and the risk of new-onset stroke (P for overall=0.026, P for
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nonlinear=0.098). Furthermore, the proportions mediated through BMI were 41.98%, 43.05%, and 43.23% for CVD, HD
and stroke, respectively. No significant interactions were found.

Conclusions The eGDR was a novel indicator of new-onset CVD in individuals with CKM syndrome stages 0-3, with
BMI serving as a partial mediator in the association between eGDR and CVD risk. Addressing insulin resistance may
represent a viable strategy for reducing the risk of CVD in this population.

Keywords Estimated glucose disposal rate, Cardiovascular diseases, Cardiovascular-kidney-metabolic syndrome,

Insulin resistance, CHARLS

Introduction

Cardiovascular diseases (CVD), diabetes mellitus, and
chronic kidney disease remain the leading causes of mor-
tality worldwide, in which overweight/obesity is a shared
risk factor [1, 2]. Overweight/obesity, hyperglycemia,
hypertension, dyslipidemia, chronic kidney disease, and
cardiovascular disease are common comorbidities in the
population, with multidirectional associations among
these conditions [3, 4, 5, 6]. To further investigate patho-
physiological interactions of metabolic risk factors (such
as obesity, diabetes) renal, and cardiac, the President
of the American Heart Association provides a frame-
work for cardiovascular-kidney-metabolic (CKM) [7]. A
study from the National Health and Nutrition Examina-
tion Survey from 2011 to 2020 showed a prevalence of
CKM stages 0-3 at about 91.8%, and the prevalence of
each stage did not change significantly with the study
period [8]. Poor CKM health leads to premature death,
greater risk of CVD, heightened healthcare burden and
decreased quality of life [7, 9]. However, there are fewer
studies on the early identification of indicators of future
CVD risk in individuals with CKM stage 0-3.

Insulin resistance (IR) is defined as an impaired
response to insulin stimulation, which leads to abnor-
malities in glucose and lipid metabolism [10]. Earlier
research revealed that IR is crucial in the development
of CKM [7]. The hyperinsulinemic-euglycemic clamp is
widely regarded as the gold standard for assessing IR [11].
However, the method of measurement is invasive and
expensive and therefore unable to be widely used in clini-
cal settings. Previous studies have shown that the esti-
mated glucose disposal rate (eGDR), comprising glycated
hemoglobin Alc (HbA1lc), a history of hypertension, and
waist circumference (WC), is a convenient approach to
assessing IR and decreasing levels of eGDR are associated
with worsened IR [12]. Additionally, previous studies
have demonstrated that the eGDR has greater accuracy
compared with the gold standard [13]. The eGDR is
markedly superior in predicting coronary atherosclerosis
when compared to the elements of the eGDR and other
markers of insulin resistance (including the Homeosta-
sis model assessment of insulin resistance (HOMA-IR)
and triglyceride-glucose index) [14]. Substantial evidence
suggests that a high level of eGDR decreases the risk of

atherosclerotic cardiovascular disease, coronary heart
disease, myocardial infarction, stroke, all-cause, and
CVD mortality [13, 15]. However, little is known about
the relationship between eGDR and the risk of CVD
among patients with CKM syndrome stage 0-3.

Hence, considering the vital role of CKM syndrome in
the occurrence and development of CVD, the relation-
ship between eGDR and the occurrence of CVD across
individuals with CKM syndrome stage 0-3 deserves to
be investigated. This study may assist in deepening the
understanding of CKM and justify early integrative inter-
ventions to ease the threat of CVD on the population.

Materials and methods
Study design and participants
The China Health and Retirement Longitudinal Study
(CHARLS) is a nationally representative longitudinal sur-
vey of Chinese residents aged 45 and over, with partici-
pants selected through a multi-stage, stratified probability
sampling method. The survey is designed to gather com-
prehensive data on middle-aged and older adults and to
address the challenges of population aging. The CHARLS
program launched with a national baseline survey (wave
1) in 2011-2012 and conducted five surveys through
2020 (wave 2 in 2013, wave 3 in 2015, wave 4 in 2018, and
wave 5 in 2020), recruiting a total of 17,708 participants
from 10,257 households covering 450 villages across 150
counties or districts in China [16]. Ethical approval for
the CHARLS study was obtained from the Ethics Review
Board of Peking University (IRB00001052-11015), and
each participant gave informed written consent before
being involved in the study. Conducted in line with the
principles of the Declaration of Helsinki, the study also
adhered to the Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) guidelines [17].
The flow diagram (Fig. 1) presents the inclusion and
exclusion criteria for this study. Participants meeting
any of the following criteria were also excluded: (1) lack
of age information (n=9); (2) those aged under 45 years
old (n=477); (3) participants lacking information on
CVD (n=240); (4) participants who had CVD at baseline
(n=2721); (5) participants with missing waist measure-
ment (n=3027); (6) participants with missing glycated
hemoglobin Alc (HbAlc) measurement (n=1326); (7)
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The China Longitudinal Study of Health and Retirement
June 2011 to March 2012 baseline survey (n=17708)

10983 participants were excluded

(1) participants with missing age information (n=9)

(2) Age <45 years old (n=477)

(3) Participants with missing information on CVD (n=240)

» (4) Participants who had a history of CVD (n=2721)

(5) Participants with missing waist data (n=3027)

(6) Participants with missing HbA 1c¢ data (n=3145)

(7) Participants with missing information on covariate (n=1326)

(8) Participants with abnormal and extreme values of weight (n=38)

Y

6725 Participants included analysis

Fig. 1 Flow chart of the study participants
CVD cardiovascular diseases; HbATc glycated hemoglobin Alc

participants lacking information on covariates (17 =1326);
(8) participants with abnormal and extreme values of
weight (n=38). Finally, 6725 participants were enrolled in
the present study.

Assessment of exposure

The calculation for eGDR (mg/kg/min), as previously
described, is: eGDR=21.158- (0.09*WC) - (3.407*HT)
-(0.551*HbA1c), with WC representing waist circumfer-
ence in centimeters, HT indicating hypertension status
(1 for yes, 0 for no), and HbAlc denoting the percent-
age of HbAlc [13, 18]. Trained examiners collected
body measurements (including height, weight, and WC)
from all participants [16]. The definition of hyperten-
sion included the use of medications for high blood pres-
sure, a self-reported diagnosis from a physician, or an
average systolic blood pressure of at least 140 mmHg or
diastolic blood pressure of at least 90 mmHg from three
consecutive measurements. HbAlc was obtained by
testing whole blood samples collected. HbAlc measure-
ments were performed at the Youanmen Center for Clini-
cal Laboratory of Capital Medical University. Assays use
a High Performance Liquid Chromatography (HPLC)
system.

Assessment of outcome

The study primarily aimed to observe the occurrence of
CVD, which was a composite event including heart dis-
eases (HD) and stroke. The incidence of HD is established

by the following question: “Have you been diagnosed
by a doctor with heart disease, coronary artery disease,
angina, congestive heart failure, or any other heart prob-
lem? Likewise, the development of a stroke is confirmed
by the question, “Have you been diagnosed with a stroke
by a doctor? CVD was identified as self-reported HD and
stroke. If a participant stated a heart disease or stroke
in the previous wave of surveys, the condition of CVD
needed to be reconfirmed in the next wave of surveys.
If individuals refused a previous self-reported diagno-
sis of HD or stroke, these inconsistencies were rectified
by retrospective methods. The confirmation of CVD in
this study was consistent with our previous studies using
CHARLS [19].

Definition of CKM syndrome stage 0-3

According to the AHA Presidential Advisory State-
ment on CKM Syndrome, CKM syndrome is classified
as stages 0 to 3 [7]. The stages are as follows: stage 0 has
no risk factors for CKM syndrome; Stage 1 is defined by
excess adiposity or dysfunction; Stage 2 comprises meta-
bolic risk factors or chronic kidney disease (CKD); and
Stage 3 includes subclinical cardiovascular disease. In
this categorization, stage G4 or G5 CKD, which is con-
sidered very high-risk, and a high 10-year CVD risk as
estimated by the Framingham Risk Score were regarded
as equivalent risks for subclinical CVD [20]. The Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI)
formula was used to compute estimating glomerular
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Fig. 2 Restricted cubic spline curve for the association between the eGDR and outcome. A, B, and C indicate the relationship between eGDR and the risk
of new-onset CVD, HD, and stroke among individuals with CKM stages 0-3, respectively. D, E, and F indicate the relationship between eGDR and the risk of
new-onset CVD, HD, and stroke among individuals with CKM stage 2, respectively. G, H, and | indicate the relationship between eGDR and the risk of new-
onset CVD, HD, and stroke among individuals with CKM stage 3, respectively. Red lines represent the odds ratio, and red areas represent 95% confidence
intervals. The model was adjusted for age, sex, race, BMI, hukou, marital status, education levels, alcohol use, smoking status, the coexistence of diseases
(diabetes, dyslipidemia, depression, cancer, and sleep problems), SBP, DBP, eGFR, TG, HDL-c, LDL-c, CRP, UA, and HGB. The restricted cubic spline regression
models were conducted with 3 knots at the 10th, 50th, and 90th percentiles of eGDR and the risk of new-onset CVD (including heart diseases and stroke)
eGDR estimated glucose disposal rate; CVD Cardiovascular diseases; HD heart diseases; CKM Cardiovascular-Kidney-Metabolic; BMI body mass index; SBP
systolic blood pressure; DBP diastolic blood pressure; eGFR estimation of glomerular filtration rate; TG triglyceride; HDL-c high-density lipoprotein choles-
terol; LDL-c low-density lipoprotein cholesterol; CRP C-reactive protein; UA uric acid; HGB Hemoglobin

filtration rate (eGFR) [21], which was then classified into
CKD stages according to the Kidney Disease Improve-
ment Global Outcomes (KDIGO) [7].

Assessment of covariates

Potential confounders, including various demographic
and health-related factors, were sourced from the
CHARLS database. This comprehensive information
includes details such as age, sex (male/female), body
mass index (BMI), systolic blood pressure (SBP), dia-
stolic blood pressure (DBP), Hukou status (a household
record that officially identifies a person as a permanent
resident of an area) is divided into agricultural and other
hukou (including urban and unified hukou), marital sta-
tus (married/others), education levels (elementary school
or below/middle school/high school or above), alcohol

consumption (Participants who did not drink more than
12 times in the past 12 months were categorized as never
drinkers, while current drinkers were defined as those
who drank more than 12 times in the past 12 months),
smoking status (individuals who had smoked fewer than
100 cigarettes throughout their lifetime were classified as
never smokers, while those who had smoked 100 or more
cigarettes but had quit were regarded as current smok-
ers.), and disease status (including diabetes mellitus,
dyslipidemia, cancer, depression, and sleep problems).
Diabetes is identified through self-reported diagnosis,
the use of insulin or oral hypoglycemic agents, fasting
blood glucose (FBG)>126 mg/dL, or HbAlc level > 6.5%,
while prediabetes is determined by having FBG between
100 mg/dL and 125 mg/dL, or HbAlc between 5.7% and
6.4% [22]. Dyslipidemia can be defined by meeting any
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of the following: (1) self-reported dyslipidemia; (2) cur-
rently taking lipid-lowering medications; and (3) labo-
ratory lipid tests and detailed diagnostic criteria are
readily available [23]. The 10-item short form of the Cen-
ter for Epidemiologic Studies Depression Scale (CESD-
10) was employed to evaluate depression, and those who
scored 210 were deemed to have depressive symptoms
[24]. Sleep quality was evaluated by inquiring about the
average number of hours slept each night during the
previous month. In 2015, the National Sleep Founda-
tion suggested that adults aged 18-64 years should sleep
for 7 to 9 h daily, while those aged 65 and above should
aim for 7 to 8 h [25]. Sleep duration that does not meet
the recommendations represents a sleep disorder. Labo-
ratory tests such as triglyceride (TG), total cholesterol
(TC), high-density lipoprotein cholesterol (HDL-c), low-
density lipoprotein cholesterol (LDL-c), blood urea nitro-
gen (BUN), serum creatinine (Scr), C-reactive protein
(CRP), uric acid (UA), and hemoglobin (HGB) were also
collected.

Statistical analysis

Data normality was tested by the Shapiro-Wilk test.
Non-normally distributed Continuous variables were
expressed as the median with interquartile range (IQR),
while categorical variables appeared as the frequency
with percentage (%). Baseline characteristics among the
groups were analyzed using the Kruskal-Wallis H test or
the Wilcoxon rank-sum test for continuous variables, and
the chi-squared test or Fisher’s exact test for categorical
variables.

To examine the odds ratios (OR) and 95% confidence
intervals (CI) regarding the association between eGDR
and the risk of primary and secondary outcomes, mul-
tivariate logistic regression models were employed.
Univariate logistic regression analyses were employed
to estimate the relationship between variables and the
incidence of cardiovascular disease. Clinically signifi-
cant factors from previous studies and variables with P
values<0.10 in univariate logistic regression analyses
were included in multivariate logistic regression analy-
ses. Four models were developed to account for potential
confounding factors. The crude model was unadjusted;
Model 1 was only adjusted for age, sex, race, BMI, hukou,
marital status, and education levels; Model 2 further
adjusted (from Model 1) for alcohol use, smoking sta-
tus, the coexistence of diseases (diabetes, dyslipidemia,
depression, cancer, and sleep problems). Model 3 was
further adjusted (from Model 2) for SBP, DBP, eGER, TG,
HDL-c, LDL-c, CRP, UA, and HGB. In the multicollinear-
ity test (Table S1), we established the variance inflation
factors for each variable in the analysis, with all being
less than 5, meaning that no significant multicollinear-
ity exists [26]. Besides, to determine whether there was
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a nonlinear dose-response relationship between eGDR
and the risk of outcomes after multivariable adjustment,
restricted cubic spline curves (RCS) with three knots at
the 10th, 50th, and 90th percentiles were applied to indi-
viduals with CKM syndrome stages 0 to 3, CKM stage 2,
and CKM stage 3, respectively.

Mediation analysis was used to quantify the extent to
which BMI mediated the relationship between eGDR
and primary and secondary outcomes. Specifically, we
employed logistics regression to analyze the outcome and
linear regression for the mediator. We used residual cor-
relation plots to assess normality and linearity. The medi-
ated proportion was obtained as the difference between
the estimated total effect size and the estimated direct
effect size divided by the estimated total effect size. The
significance of the mediating effect was assessed through
the examination of 1000 bootstrap samples.

Stratified analyses and potential interactions applied to
stratify age (<60 years old or >60 years old), sex (male or
female), BMI (<23 kg/m2 or >23 kg/m2), smoking status
(never smoker or current smoker), drinking status (non-
drinker or current drinker), dyslipidemia (no or yes), dia-
betes mellitus (no or prediabetes/diabetes), and CKM
stage (stage 0-2 or stage 3). All statistical analyses were
conducted using R software version 4.3.2 (http://www.R
-project.org/). A two-tailed P value <0.05 was considered
statistically significant.

Results

Baseline characteristics of the study participants

Of the 17,708 people surveyed at baseline between June
2011 and March 2012, 6752 were recruited for analysis.
Of these, 48% were male and 52% female. The median
(IQR) for age, BMI, and WC for all participants were 58
(51,62), 23.0 (20.8,25.5), and 84 (78,91) respectively. Par-
ticipants were categorized according to eGDR quartiles
(Q) as shown in Table 1. Participants with higher eGDR
quartiles were likely to be younger, female, married,
agriculture hukou, less educated, have lower BMI, WC,
SBP, DBP, WBC, HGB, CRP, FBG, TC, TG, LDL-c, UA,
Scr, fewer comorbidities (such as hypertension, diabetes,
and dyslipidemia), and lower new-onset CVD (includ-
ing new-onset HD and new-onset stroke). Conversely,
HDL-c and eGFR were significantly higher. History of
smoking and alcohol consumption, along with depres-
sion symptoms were statistically significant among the
groups; however, no significant differences were found in
the history of cancer, sleep problems, platelet (PLT), and
BUN.

Table S2 provides a comprehensive overview of base-
line characteristics according to the occurrence of CVD,
revealing no significant differences in hukou, marital
status, education levels, smoking status, history of can-
cer, PLT, BUN, Scr, UA, and HGB (P> 0.05). The overall


http://www.R-project.org/
http://www.R-project.org/

Page 6 of 15

(2025) 17:58

Tian et al. Diabetology & Metabolic Syndrome

(%58'19) LEO'L (968£'99) 0€L'L (9%08'€9) 0£0'L (%S6'59) L 1L (©919%9) SVE'Yy ON
100 CO_mmw._n_w_u
(9%090) 01 (%00'1) 1 (%680) Sl (%680) Sl (%S80) LS SIA
(%0%'66) £59'L (9600'66) 5/9'L (%1 1'66) 799'L (%1 1'66) #£9'L (%5 1°'66) 8999 ON
£190 19ue)
(%S615) 916 (©%189) €G1'L (%104 9L1'L (%L£0°€8) €0¥'L (92 1'69) 8¥9' SOA
(%S0'SP) 1SL (%98'1€) 6€S (%£867) 10S (%€6'91) 98¢ (9688°0¢€) ££0'C ON
L00°0> ejwapidiisig
(%66t) 052 (%S795) 756 (%69%%9) 180'L (%S9C/) £TT'L (%€965) 010 s9130elp /s913gelpald
(%10'G9) 216 Oo¥LEY) OV L (%¥5'G€) 965 (%S€L0) ToF (%LE0Y) SLL'C ON
100°0> sa1aqelq
%017 G€ (%81°0) € %Yy +S) €16 (%1¥'66) 6/9'L (9L 1'6€) 0€9'C SOA
(%06'L6) TE9'L (%78'66) 689'L (%95'S¥) ¥9. (%650) 01 (%6809) 560% ON
1L00'0> uoisuauadAH
(%€8'L0) ¥9¥ (%99'£7) 89% (%8€'80) 9L¥ (%¢6'€0) Y0 %¥6'90) C18'L 1N
(%/1'2L) €0T'L ©veTL) vTd'L (%79'L4) L0T'L (%80'9/) S87'L (%90€/) €16% 19NN
€100 smels bupjuuq
%V €r) ¥TL (%996€) 129 (%CE 1Y) €69 (%91'G€) 665 (9%696'6€) £89'C 21N
(%£5°95) €76 (96t€09) L20'L (%89'85) 86 (%+5'59) 060'L (9%+0'09) 8€0'Y 19AaN
L00'0> sniels m:_v_or:m
100°0> (52'€9) 69 (LL'V9) 0L (98'14) 8L (t6'92) ¥8 (€8'19) SL BHww ‘'dgq
L00°0> (9z1'801) 9L L (zziL'oll) 8Ll (8rL'lel) €L (091 '2€1) 9pL (erl L) L2l BHww ‘dgs
1000 > (8L'LL)SL (8878) S8 (S6'8/) ¥8 (86 '88) €6 (16'8/) 8 wd ‘Istepy
100°0> 617'161) 50T ye'riocee (C9r'800) Tee (087'9¢€0) £'SC (§52'800) 0€C Lw/6% 'IWg
% 0L) /1 (©¥90L) 081 (%£88) 871 %LoL) LLL ©L00L) €29 SA0QE 4O |00YdS YBIH
(%r16l)6LE (%85€0) 66€ (%8961) 0£€ (%€881) 8¢ (©%1€027) 99€'L |00Yds S|pPIN
(%E70L) L 1'L (%8259 €11'L (%05'L/) 661'L (%S0'L£) 00T'L (9689'69) 989" MO[9q] 10 [00Y2s Alejuawa|]
2000 S|9A8] uofiednp3
(%¥5'6) 651 (%St'2) 9CL %S EL) L2C (%S6'01) 581 (%9€01) £69 SI9UI0
(%91°06) 805'L (95576) 995'L (%69%°98) 05'L (%S0'68) #05'L (%6¥968) 8209 paLle
L00’'0> snjejs |ejliep
(%eol) ¢zl (©%L0%1) 8€¢C %¥2'S1) ¥9C (%/¥81) TLE (%99%1) 986 SI9UI0
(%8968) S6'L (%£6'G8) ¥5¥'L (%9 ¥8) €1¥'L (%€518) £L€'L (961£68) 6€/4'S ainynouby
L00'0> no)ynH
(%6£'6%) 0€8 (9%90°LS) ¥98 (%87'LS) 098 (%£8'85) €6 (9600°2S) L6¥'E ClEEE|
(%1209) ££8 (%v6'8Y) 828 (%228%) /18 (%L Lt) 9vL (9600°8¥) 8C'E EIE
€00°0 x9S
1000 > (€9'19) /S (29 '6%) 95 (99 €9) 65 (99 '¥S) 09 (#9'19) 85 siedk ‘aby
(£99'L=U) (z69'L=U) (££9'L=U) (689°L=U) (szL'9=u)
edNjRAd (9L'LL3) ¥O (9L°LL'y00L) €D (v00L'LEL) TO (L€'L>) 10 lleson0 JisuddRIRYD

YD 21 Jo s3ji1ienb Ag payisse|d s|enpIAipUl JO SDIASIIS1DRIRYD SUljaseg L d|qeL



Page 7 of 15

(2025) 17:58

Tian et al. Diabetology & Metabolic Syndrome

S1j0ge1a-AaUpIY-1e|nNdseAoIpaeD) pyy)D ‘d1ed esodsip 950dNn|6 palewilss Ygoa ‘91el uoliey|y Jejnidawo|b Jo uoewnss
Y492 ‘uigo|bowaH goH ‘p1oe d1N v D1y ulqojboway pale|AsodA|6 o1 yqH ‘ulaload aA1DRI-D YD ‘|0491s9]0Yyd uldlosdodi| A1susp-mo| 2-7g7 ‘|osasajoyd uieioidodi| Aysuap-ybiy 2-1gH ‘@p1iadA|bi1 oy ‘|0I1sa|0yd |e10) D)
‘auluII_aId WINJSS 43S ‘9500Nn|6 poo|q Bunse) Dg4 ‘usboaiiu eain poojq NNg ‘19191e|d (T4 ‘|90 POO|q d1Ym dga ‘dinssaid poojq d1joiselp 4gd ‘@inssaid poo|q d1101sAs 4gs ‘saseasip Jejndsenoipied) gD ‘xapul ssew Apoq g

uabouliu B3N POO|q 404 | 13]21e|d 104 | !S||9D POO|] 3}YM 10J i ‘eIep BUISSII 4

a1eudoidde a1aym 1591 10BX3 S,43Ysi4 10 1531 paJenbs-1yD s,u0siead ‘1s31 H SIj[2M-[eXSNJY dY1 UO paseq sem anjea d ,

9jendoidde se ‘(05) Jaquinu 1o (e6ues 3|13aeNbISIUNURIPAW BY3 Se pajuasaid aie eyeq

(%r8L) 1€ 8l TLE (9%92°8€) 059 (960%'€S) 206 (%6€7€) 81T €

(%.¥'S¥) 85/ (960595) 956 (%£6'G5) 8€6 (9%09'9%) £8/ ¥ 11S) 6EV'E 4

(%8811) 8¢ %L 00) LSE ©%1€S) 68 (%00°0) 0 (%€T01) 889 L

(%¢800) L€ %LEY) €L (9%000) 0 (%00°0) 0 (%ST9) 0t 0
L00°0> abeis WD
100°0> 66'LL'6E11)99LL (2601 '6€01) 8901 (66 '¥81) 878 ¥69°16'S) S¥'9 (SL'LL'9g/) €00l 4ago@
L00°0> (Y01 '88) L6 (01 '£8) L6 (coL'€8) ¥6 (00l 28) €6 (€01 '58) S6 4499
100°0> (oLsL'oLcL)06€L (05'G1°00°€L) 0T ¥l (09GL'0LEL) OEPL (08G1L'0€°€L) 0S¥L (05'G1°00°€L) 0Tl Ip/6 '4DH
100°0> ¥8¥'0r'€) L0¥ (567 '75€) 8Ly (€75'65°€) LEY (L¥S'8L€) LSY (€1'G'95°€) 8C¥ Ip/6w 'vn
100°0> (07’5 '08%) 00°S (05 '06%) OL'S (055 '06%) 0TS (09'6'009) 0€°S (0’5 '06%) OL'S %LVIH
100°0> 'L '€r0) ¥£0 (€8'1 '750) 680 (#1'7'95°0) 90'L (6£7'SL0) E¥'L (80T '¥50) LO'L 1/6w ‘ddd
L00°0> (o€l '68) 801 (LEL'E6) LL (LeL'e6) Ll (Svl'z6)6lL (LEL'E6) LL Ip/bw 2-1a1
L00°0> (59 'S¥) S§ (09 '1¥) 0§ (09 ‘o) 6% (¥S '8€) 9F (09'1¥) 6% Ip/6w >-1aH
100°0> (lzl %9) 98 (€¥1'€2) 001 (651'S2) LOL (681 '26) 6CL (¢SL'v) v0l Ip/bw D)
L000> (t0z'191) z8lL (Slz'991) 061 @Lz'osl) 16l (Szz'eLl) 861l (Slz'o0) L6l Ip/Bw D1
100°0> (980°€9°0) S£0 (£80'%90) S0 (880'99°0) 940 (680290 LL0 (88°0'%9°0) 90 Ip/6bw ‘1S
100°0> (£01'26) 86 LL'y6) LOL (9L1'96) €0l (0z1'86) 901 (€L1'¥6) 201 Ip/bw 'Dg4
I4440] (T8L'sTl) LSl (c8L'scl) TSt (€81'9¢Cl) ¢Sl (csL'Lel) TSt (c8L'scl) TSl Ip/bw ‘sNNg
8/1°0 (05¢'291) S0t (552°'091) 80C (552 '651) 90T (652 '591) 80T (S5 '291) £0T (1/6vOLX)q11d
100°0> 069°0L%) 0£'S (0T '06%) 06'S (0T°£'00°5) 009 (052'075) 0T9 (172 '66'%) 009 (1/6vOLX)'Dam

(9%20°76) ¥€5'L (%06868) LTS'L (9%78'98) 95¥'L (99€78) 16€'L (9692°£8) 206'S ON

(%86'2) €€L ©L10L) 1L (%8L€l) LT (©6v9'21) 86C rCTl) €28 SOA
L00°0> aons

(%05'98) TH'L (%87'58) €v'L (%S€78) 18€E"L (%¥8'G2) 18T'L (%8%'28) L¥S'S ON

(%05°€1) 5CC %L Y1) 61C %S9/ 1) 96T (%91+72) 80 (%CSL1)8LLL SOA
L00'0> soseasip JiesaH

(%621S) 506 (%19€S) £06 (%10£5) 956 (9%609'55) 6€6 (%T1'SS) L04'E SIA

(%1 /'G¥) 7oL (%6€9%) 58/ (%66°CY) LT/ (%0t'¥¥) 05/ (%88%) 810'E ON
€070 swa|qoad dasjs

(%8€91) €4 ¥ 1'81) L0€ (%¥8'70) €8¢ (9605'L€) TES (%E€TT0) S6¥'L SOA

(9%79°€8) ¥6€'L (9698'18) S8€'L (%91°£L) ¥6C'L (9%05'89) /GL'L 9/211) 0ET'S ON
100°0> and

(%S 1°8€) 9€9 (%TT€€) 795 (%07°9€) 209 %v0€) 52§ (%6€'G€) 08€'C SOA

(£99°L=u) (T69'L=U) (LL9'L=U) (689°L=U) (szL'9=u)

eoNeAd (9LLL3) ¥O (91'LL'y00L) €O (ro'oL'LEL) TO (€£>) 10 lleisno JnsudeIRyY)

(Panunuod) | 3)qelL



Tian et al. Diabetology & Metabolic Syndrome (2025) 17:58

prevalence rates of hypertension, hyperglycemia, and
dyslipidemia were 39%, 60%, and 69% respectively. Com-
pared with participants without CVD, participants with
new-onset CVD were older, female, had higher BMI,
WC, SBP, and DBP, tended to have a history of alcohol
consumption and comorbidities (hypertension, hyper-
glycemia, dyslipidemia, sleep problems, and depression),
and had a higher prevalence of new-onset HD, new-onset
stroke, and CKM stage 3, and higher WBC, CRP, TG, TC,
LDL-c, FBG, and HbAlc, but there was lower HDL-c,
eGFR, and eGDR.

Relationship between the eGDR and outcome in
participants with CKM syndrome stages 0-3

During follow-up between 2013 and 2020, a total of
1495 (22%) participants developed CVD, including 1178
from new-onset HD, and 823 from new-onset stroke.
Multivariable logistic regression models were utilized
to estimate the relationship between the eGDR and the
risk of primary and secondary outcomes, as presented
in Table 2. After full multivariable adjustment in Model
3, eGDR was inversely linked to the risk of new-onset
CVD, new-onset HD, and new-onset stroke. The eGDR
was transformed from a continuous variable to a cat-
egorical variable based on quartiles. Compared with Ql,
Q4 had a decreased risk of new-onset CVD (OR=0.43,
95% CI: 0.36-0.50), new-onset HD (OR=0.64, 95% CI:
0.50-0.81), and new-onset stroke (OR=0.64, 95% CI:
0.50-0.81) in the unadjusted model. The negative asso-
ciation of eGDR with the incidence of CVD, HD, and
stroke remained steady after adjusting for age, sex, BMI,
hukou, marital status, and education level in Model 1. In
Model 2, eGDR was inversely linked to the risk of new-
onset CVD and new-onset HD compared with Q1; for
stroke, although no significant difference was found in
Q2, a negative relationship was still observed in Q3 and
Q4. OR and 95% CI from Q1 to Q4 were 1.00 (refer-
ence), 0.81 (0.68, 0.96), 0.72 (0.58, 0.88), and 0.74 (0.58,
0.94) respectively, for the occurrence of CVD; 1.00
(reference), 0.81 (0.67,0.97), 0.72 (0.57,0.90), and 0.75
(0.58,0.97) respectively, for the occurrence of HD; 1.00
(reference), 0.91 (0.74,1.12), 0.80 (0.62,1.04), and 0.71
(0.52,0.97) respectively, for the occurrence of stroke after
adjusting for all potential covariates. Moreover, the find-
ings revealed that the risk of new-onset CVD, HD, and
stroke decreased with increasing eGDR (from Ql to
Q4) (P for trend<0.05). After adjusting for all covari-
ates in all individuals with CKM syndrome stages 0-3,
the RCS curves showed an approximately inverse “L’
correlation between eGDR and occurrence of CVD and
HD (All P for overall <0.001, All P for nonlinear =0.005)
(Fig. 2A and B), while there was a negative linear correla-
tion between eGDR and the risk of new-onset stroke (P
for overall =0.026, P for nonlinear =0.098) (Fig. 2 C). In
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participants with CKM syndrome stage 2, eGDR exhib-
ited a negative linear relationship with the risk of new-
onset CVD (P for overall =0.055, P for nonlinear =0.093)
(Fig. 2D), new-onset stroke (P for overall=0.181, P for
nonlinear=0.651) (Fig. 2F), and a U-shaped relation-
ship with the risk of new-onset HD (P for overall =0.057,
P for nonlinear=0.032) (Fig. 2E). Among participants
with CKM stage 3, eGDR displayed a decreasing linear
relation with the risk of new-onset CVD (P for over-
all=0.055, P for nonlinear=0.093) (Fig. 2G) and HD
(P for overall=0.003, P for nonlinear=0.102) (Fig. 2H),
while exhibiting a U-shaped correlation with the risk
of new-onset stroke (P for overall=0.102, P for nonlin-
ear = 0.037) (Fig. 2I).

Mediation analysis

Mediation analyses revealed that BMI partially mediated
the association between eGDR and outcome (Fig. 3). Spe-
cifically, in the unadjusted model, the indirect effects of
eGDR mediated by BMI were found to be associated with
CVD, HD, and stroke, accounting for 19.22%, 28.01%,
and 16.58%, respectively. In the fully adjusted model, the
proportions mediated through BMI were 41.98%, 43.05%,
and 43.23% for CVD, HD, and stroke, respectively.

Subgroup analyses

To further assess the association between eGDR and the
risk of CVD, HD, and stroke, several subgroup analyses
and interactions were performed. The analyses were strat-
ified by age, sex, BMI, smoking status, alcohol consump-
tion, dyslipidemia, diabetes mellitus, and CKM stage. The
results of the stratified analysis are shown in Table 3 and
Table S3-S4. After adjusting for multiple factors, there
was no significant interaction between the aforemen-
tioned subgroup characteristics and eGDR quantile for
CVD, HD, and stroke (P for interaction > 0.05).

Discussion

In this prospective, nationwide longitudinal cohort study
of participants aged 45 years and older with CKM syn-
drome stage 0-3 in China, a significantly inverse rela-
tionship between eGDR and the risk of new onset of
CVD and HD was found after full adjustment for poten-
tial confounders, and participants with highest eGDR
level (211.16 mg/kg/min) had a 29% lower risk of new-
onset stroke. Moreover, the RCS regression analysis dem-
onstrated a nearly L-shaped negative correlation between
eGDR and the incidence of CVD and HD, with a negative
linear relation to the risk of new-onset stroke. In addition,
BMI partially mediated the association between eGDR
and the risk of new-onset CVD, new-onset HD, and new-
onset stroke. Subgroup analyses for varying demographic
and clinical features further confirmed the reliability
of our findings. The results of the study suggested that
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Unadjusted

BMI

BIndir -0.007, P <0.001
Bdir -0.030, P <0.001
pTotal -0.037, P <0.001

eGDR CVD

PM 19.22%, P <0.001

Unadjusted

BMI

BIndir -0.008, P <0.001
Bdir -0.021, P <0.001

BTotal -0.029, P <0.001
e¢GDR HD
PM 28.01%, P <0.001

Unadjusted

BMI

BIndir -0.005, P =0.006
Bdir -0.027, P <0.001
BTotal -0.032, P <0.001

¢GDR

Stroke

PM 16.58%, P =0.006
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Adjusted
B
BMI
BIndir -0.011, P <0.001
Bdir -0.015, P <0.001
BTotal -0.026, P <0.001
¢eGDR CVD
PM 41.98%, P <0.001
Adjusted
D
BMI
BIndir -0.010, P <0.001
Bdir -0.013, P =0.002
BTotal -0.023, P <0.001
eGDR HD
PM 43.05%, P <0.001
Adjusted
F
BMI

BIndir -0.007, P <0.001
Bdir -0.009, P =0.034
BTotal -0.016, P <0.001

eGDR Stroke

PM 43.23%, P <0.001

Fig. 3 BMI mediated the effect of eGDR and new-onset CVD, HD, and stroke in different adjusted models
BMI'body mass index; eGDR estimated glucose disposal rate; CVD Cardiovascular diseases; HD heart diseases; BIndir Beta coefficients of Indirect effect; Bdir
Beta coefficients of direct effect; Btotal Beta coefficients of Total effect; PM proportion mediated

eGDR contributed to the early identification and predic-
tion of individuals at high risk of CVD (including HD and
stroke), with weight management and improvement of IR
being critical to alleviating the risk of CVD [7].

WC is a powerful anthropometric parameter for the
assessment of central obesity and visceral fat, which are
strongly linked to IR [27, 28]. A meta-analysis revealed
that increased fasting insulin concentrations or the
HOMA-IR were connected with an increased risk of suf-
fering from hypertension in the general population [29].
A Mendelian randomization analysis by Georgakis MK
et al. found that increased HbA1lc levels were connected
with a high risk of ischemic stroke, especially large-artery
and small-vessel stroke [30]. The eGDR, a composite
of WC, history of hypertension, and HbAlc was con-
sidered a credible biomarker of IR, and the eGDR had
concordance with the gold standard, the hyperinsulin-
emic-euglycemic clamp test [13]. The results of this study
are well in line with other studies displaying the relation-
ship between eGDR and the risk of CVD. Previous stud-
ies have suggested higher levels of eGDR are correlated

with a lower risk of developing CVD (including stroke) in
the general population or non-diabetic adults with CKD
[31, 32]. A meta-analysis of five studies involving 19,960
individuals by Sun et al. indicated that elevated eGDR
reduced the incidence of CVD and all-cause mortality
among individuals with type 1 diabetes [33]. Similarly,
a cross-sectional study involving 4725 Americans from
the National Health and Nutrition Examination Survey
(NHANES) showed that low eGDR (representing insu-
lin resistance) increased the occurrence of CVD among
participants with prediabetes and this relationship was
linear [34]. In addition, a prospective cohort study from
CHARLS enrolling 5512 non-diabetic participants dem-
onstrated that per one standard deviation increment
in eGDR decreased the risk of CVD, HD, and stroke by
17%, 13%, and 30%, respectively, and that obesity played a
mediating role in the association between eGDR and the
risk of CVD and HD [35]. It was notable that when eGDR
increased to a certain level, the risk of CVD increased,
which might be associated with underweight/wasting or
sarcopenia [36, 37].
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Table 3 Subgroup analysis for the association between eGDR and the risk of new-onset CVD among individuals with CKM syndrome

stages 0-3

Subgroups Event/Total OR(95%Cl) P value P for interaction
Age, years 0.089
<60

Q1 248/835 1.00 Reference

Q2 184/881 0.76(0.59-0.97) 0.025

Q3 171/1123 0.59(0.45-0.79) <0.001

Q4 143/1025 0.64(0.45-0.89) 0.008

>60

Q1 284/854 1.00 Reference

Q2 199/796 0.86(0.68-1.10) 0.233

Q3 136/569 0.86(0.63-1.17) 0.334

Q4 130/642 0.84(0.60-1.18) 0311

Sex 0.164
Male

Q1 229/746 1.00 Reference

Q2 168/817 0.72(0.56-0.94) 0.014

Q3 133/828 0.65(0.48-0.90) 0.008

Q4 118/837 0.61(0.43-0.88) 0.008

Female

Q1 303/943 1.00 Reference

Q2 215/860 0.89(0.70-1.12) 0.305

Q3 174/864 0.76(0.57-1.00) 0.053

Q4 155/830 0.85(0.61-1.17) 0.309

BMI, Kg/m? 0.109
<23

Q1 85/295 1.00 Reference

Q2 180/811 0.75(0.55-1.03) 0.069

Q3 139/766 0.68(0.47-0.98) 0.039

Q4 233/1460 0.58(0.41-0.83) 0.003

>23

Q1 447/1394 1.00 Reference

Q2 203/866 0.75(0.60-0.93) 0.009

Q3 168/926 0.59(0.46-0.76) <0.001

Q4 40/207 0.65(0.43-0.96) 0.034

Smoking status 0.950
Never smoker

Q1 345/1090 1.00 Reference

Q2 228/984 0.84(0.67-1.04) 0.114

Q3 193/1021 0.77(0.59-0.99) 0.048

Q4 157/943 0.81(0.59-1.10) 0.170

Current smoker

Q1 187/599 1.00 Reference

Q2 155/693 0.77(0.58-1.02) 0.069

Q3 114/671 0.65(0.46-0.91) 0.013

Q4 116/724 0.65(0.44-0.96) 0.030

Alcohol consumption 0.106
Non-drinker

Q1 419/1285 1.00 Reference

Q2 284/1201 0.85(0.70-1.04) 0.107

Q3 220/1224 0.73(0.57-0.94) 0.013

Q4 216/1203 0.90(0.68-1.19) 0462

drinker

Q1 113/404 1.00 Reference
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Table 3 (continued)
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Subgroups Event/Total OR(95%Cl) P value P for interaction
Q2 99/476 0.72(0.51-1.02) 0.065

Q3 87/468 0.66(0.44-0.99) 0.048

Q4 57/464 0.40(0.24-0.65) <0.001

Dyslipidemia 0.188
No

Q1 76/286 1.00 Reference

Q2 94/501 0.77(0.53-1.13) 0174

Q3 92/539 0.81(0.52-1.26) 0.349

Q4 94/751 0.62(0.38-1.01) 0.052

Yes

Q1 456/1403 1.00 Reference

Q2 289/1176 0.83(0.68-1.00) 0.054

Q3 215/1153 0.68(0.53-0.86) 0.002

Q4 179/916 0.81(0.61-1.06) 0.129

Diabetes mellitus 0.374
No

Q1 1307462 1.00 Reference

Q2 132/596 0.92(0.67-1.25) 0.571

Q3 134/740 0.82(0.58-1.17) 0.280

Q4 143/917 0.84(0.56-1.25) 0.391

prediabetes/diabetes

Q1 402/1227 1.00 Reference

Q2 251/1081 0.76(0.62-0.93) 0.009

Q3 173/952 0.65(0.50-0.84) 0.001

Q4 130/750 0.68(0.50-0.91) 0.011

CKM stage 0.842
Stage 0-2

Q1 233/787 1.00 Reference

Q2 233/1027 0.86(0.68-1.08) 0.191

Q3 246/1380 0.77(0.59-1.00) 0.054

Q4 212/1353 0.80(0.59-1.09) 0.158

Stage 3

Q1 299/902 1.00 Reference

Q2 150/650 0.76(0.58-0.99) 0.043

Q3 61/312 0.65(0.45-0.95) 0.027

Q4 61/314 0.73(0.48-1.10) 0.131

The results were adjusted for all covariates except the corresponding stratification variable

eGDR estimated glucose disposal rate, CVD Cardiovascular diseases, CKM Cardiovascular-Kidney-Metabolic, BMI body mass index, OR odds ratio, C/ confidence

interval

The exact underlying mechanisms contributing to
the occurrence of CVD among CKM stage 0-3 via IR
remain unclear, and several potential pathways are wor-
thy of consideration. Firstly, IR disturbed the balance of
phosphatidylinositol 3-kinase (PI3K)-Akt and mitogen-
activated protein kinase (MAPK) signaling pathways,
which subsequently caused vascular smooth muscle cell
proliferation and vasoconstriction, exacerbating vascular
stiffness, blood pressure, and inflammation [38, 39, 40].
In addition, IR not only evoked endothelial dysfunction,
foam cell formation, and vulnerable plaque formation,
promoting the development of atherosclerosis, but also
decreased permeability of the microcirculation [39, 41,

42]. Secondly, Insulin resistance is frequently accompa-
nied by hyperglycemia, hypertension, disorders of lipid
metabolism (including increased TG levels, decreased
HDL-c, and elevated concentrations of small-particle
LDL-c and free fatty acids), and abnormalities in vis-
ceral fat distribution (such as the heart and liver), all of
which are risk factors for the development of CVD [43,
44, 45]. These factors lead to lipotoxicity and glucotoxic-
ity in vascular endothelial cells, increased reactive oxygen
species in organelles such as mitochondria, endoplasmic
reticulum, and lysosomes, as well as an increased forma-
tion of advanced glycation end-products, which further
result in vascular endothelial cell injury and infiltration
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of inflammatory cells and inflammatory factors in car-
diomyocytes, which leads to arterial stiffness, plaque
instability, and myocardial remodeling [46, 47, 48]. Fur-
thermore, IR induced chronic low-grade inflammation,
which was characterized by a decrease in anti-inflam-
matory markers (such as adiponectin) and an increase
in pro-inflammatory cytokines (such as tumor necrosis
factor-«, interleukin-1, interleukin-6, and leptin), fur-
ther impairing vascular endothelial cell function promot-
ing atherosclerotic CVD [38, 47, 49, 50, 51]. Thirdly, IR
influenced platelet adhesion, activation, and aggregation,
which led to cardiovascular disease by arterial stenosis
or thromboembolism [39, 52]. Last, IR is connected with
increased sympathetic nervous system activity, activation
of the renin-angiotensin-aldosterone system, inappropri-
ate renal sodium handling, and impaired cardiac auto-
nomic function, all of which heighten cardiac and renal
burdens and thus contribute to the risk of CVD [40, 53].
Although the exact time to diagnosis of cardiovas-
cular disease events was not obtained in this study, the
data for this study were derived from CHARLS, which
is a prospective national cohort study with substantial
and reliable medical data. In addition, this study pro-
vided a comprehensive control for potential confound-
ers, including demographic factors, lifestyle behaviors,
and pre-existing health conditions. However, the pres-
ent study still exhibited several limitations. First, while
this study revealed associations between the eGDR and
the risk of new-onset CVD, causality cannot be deter-
mined. Second, due to data limitations, it is still possible
that residual confounders (such as dietary status and
energy intake, physical activity, family income, and occu-
pation) were not adequately considered in the present
study. Future studies should continue to investigate the
interaction of eGDR with other cardiovascular risk fac-
tors and validate its predictive value in different popula-
tions. Third, although parameters (such as height, weight,
and WC) were measured by specialized equipment and
trained individuals, measurement error and variability
among the surveyors are inevitable. Fourth, in this study,
CVD was ascertained based on self-reported physician
diagnosis information, which might lead to classification
bias. However, previous studies have demonstrated that
self-reports are generally consistent with medical records
and the misreports are not systematic, indicating that the
potential misclassification bias is minor [19, 37, 54]. Fifth,
it is impossible to evaluate the direct effects of insulin
secretion and hyperinsulinemia on CVD risk as we lack
direct measurements of insulin levels. Sixth, the impact
of dynamic changes in eGDR on the risk of new-onset
CVD among individuals with CKM 0-3 is unknown, and
future trajectory analyses might be utilized to further val-
idate the relationship. Seventh, the medical history (such
as self-reported CVD and Self-reported dyslipidemia)
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was acquired by a standardized questionnaire and might
be subject to recall bias. This is an unavoidable issue.
Additionally, although the rate of loss to follow-up in this
study was acceptable, the occurrence of competing events
(such as death due to CVD) probably underestimated the
relationship between eGDR and CVD. Last, although the
findings are suitable for the middle-aged and elderly pop-
ulation in China, they are not likely to be directly repli-
cable to non-Chinese populations or younger individuals.

Conclusion

The eGDR was a novel indicator of new-onset CVD in
individuals with CKM syndrome stages 0-3, with BMI
serving as a partial mediator in the association between
eGDR and CVD risk. Addressing insulin resistance may
represent a viable strategy for reducing the risk of CVD
in this population.
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