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Abstract
Background  Frailty is a common geriatric syndrome associated with many adverse health outcomes. Identifying the 
risk factors of frailty is crucial and the insulin resistance (IR) is considered as a potential target. The estimated glucose 
disposal rate (eGDR) is a simple and reliable surrogate marker of IR. Associations of eGDR with frailty have not been 
explored. This study aimed to investigate the associations of eGDR with frailty progression.

Methods  We used data from two prospective cohorts of the China Health and Retirement Longitudinal Study 
(CHARLS) and Health and Retirement Study (HRS). The eGDR was calculated as follows: eGDR (mg/kg/min) = 21.158 − 
(0.09×waist circumference) − (3.407×hypertension) − (0.551×glycosylated hemoglobin A1c) [waist circumference (cm), 
hypertension (yes = 1/no = 0), and glycosylated hemoglobin A1c (%)]. Participants were divided into three categories 
by tertiles of eGDR. Frailty index (FI) was calculated every two years and used to assess the degree of frailty which 
ranged from 0 to 100. Frailty progression was assessed by repeated measurements of FI during follow-up. Linear 
mixed-effect models were used to analyze the associations of eGDR with frailty progression.

Results  8872 participants from CHARLS (mean age: 58.9 years, female: 53.3%) and 5864 participants from HRS (mean 
age: 67.0 years, female: 59.0%) were included. The median follow-up periods were 7.0 years in the CHARLS and 12.8 
years in the HRS, respectively. Compared to participants with lower tertile (T1) of eGDR, those with upper tertile (T3) 
of eGDR showed decelerated FI progression (CHARLS, β: -0.294, 95%CI -0.390 to -0.198, P < 0.001; HRS, β: -0.378, 95%CI 
-0.474 to -0.281, P < 0.001). Continuous eGDR was also associated with FI progression for significant deceleration in 
FI progression with per 1 SD increase in eGDR (CHARLS, β: -0.142, 95%CI -0.181 to -0.103, P < 0.001; HRS, β: -0.170, 
95%CI -0.209 to -0.130, P < 0.001). These associations were still observed after excluding baseline frail participants. 
Furthermore, the associations of eGDR with FI progression were consistent among participants with and without 
diabetes.
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Introduction
With the rapid increase in the old adults, frailty, a com-
mon geriatric syndrome, is becoming a major health 
burden [1]. Epidemiologic surveys showed that the 
prevalence of frailty ranged from 10.7 to 36.4% in com-
munity-dwelling older adults [2, 3]. The health care costs 
associated with frailty also increased year by year [1]. 
Frailty is a complex, non-specific clinical condition char-
acterized by the loss of biological reserves in multiple 
organ systems, and increased vulnerability to various 
stressors [4]. A widely used method to assess frailty is the 
frailty index (FI). FI is defined as the accumulation of age-
related health deficits, which is developed by Rockwood 
and colleagues [5]. It is well known that increased FI is 
associated with elevated risks of many adverse health 
outcomes, such as falls [6], cardiovascular disease (CVD) 
[7], chronic liver diseases [8], and all-cause mortality [9]. 

However, recent studies found that frailty was dynamic 
and could be reversed by effective interventions, while 
the reversion of frailty would reduce the risks of adverse 
health outcomes [1, 10–13]. Therefore, it is crucial to 
identify the risk factors of frailty, which provides the 
opportunity to perform targeted prevention and inter-
vention at a specific time window. Recently, insulin resis-
tance (IR) is considered as a potential risk factor of frailty 
[14].

IR plays an important role in the activation of chronic 
inflammation, which may reduce the insulin sensitivity 
in skeletal muscle cells and lead to the energy metabolic 
disorders. This may be a potential physiological mecha-
nisms of frailty development [15–17]. The hyperinsulin-
emic-euglycemic (HIEG) clamp is the gold standard for 
measuring IR, yet its invasive nature and high costs ren-
der it impractical for widespread application in clinical 

Conclusion  Regardless of diabetes or not, a higher level of eGDR was associated with the decelerated frailty 
progression. Our findings highlight the role of eGDR in frailty progression and recommend taking effective 
interventions to improve eGDR for preventing frailty progression.

Graphical abstract  The estimated glucose disposal rate and frailty progression. CHARLS, China Health and 
Retirement Longitudinal Study; HRS, Health and Retirement Study; eGDR, the estimated glucose disposal rate; FI, 
frailty index.
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practice and large population cohorts [18]. Therefore, 
some alternative indicators are developed to measure IR, 
including the homeostasis model assessment for insulin 
resistance (HOMA-IR), triglyceride glucose (TyG) index 
and estimated glucose disposal rate (eGDR) [19–21]. 
However, the calculation of HOMA-IR is based on the 
fasting plasma glucose and insulin, which are not rou-
tinely tested for general populations [22]. The sensitivity 
and specificity of TyG are not satisfying in some condi-
tions [23–26]. In comparison with HOMA-IR and TyG, 
eGDR is a more accessible and reliable alternative indi-
cator of IR, and its accuracy in measuring IR is similar 
with the HIEG [20, 27–30]. Assessing the association of 
eGDR with frailty progression could further clarify the 
relationship between IR and frailty, and will provide cru-
cial evidence for the necessity to conduct interventions 
on eGDR in frailty progression. Therefore, it is urgent to 
investigate the association of eGDR with FI progression. 
Furthermore, whether the effects of eGDR on frailty pro-
gression are consistent among individuals with or with-
out diabetes also remain to be elucidated.

To fill these knowledge gaps, we used data from two 
prospective cohorts of China Health and Retirement 
Longitudinal Study (CHARLS) and Health and Retire-
ment Study (HRS). We aimed to investigate the associa-
tions of eGDR with frailty progression among middle-age 
and old adults. In addition, we also examined the above 
associations among individuals with or without diabetes.

Methods
Study design and population
This study used data from the CHARLS and HRS cohorts, 
which were prospective, nationally representative cohorts 
conducted in China and the USA, respectively [31, 32]. 
Detailed study designs of both cohorts were described 
in Supplemental Methods. In the CHARLS, data from 
wave 1 (2011) to wave 4 (2018) were used, with wave 1 
as the baseline. In the HRS, data from wave 8 (2006) to 
wave 15 (2020) were used, with wave 8 as the baseline. 
The CHARLS and HRS were approved by Ethics Review 
Committees of Peking University and the University of 
Michigan, respectively. Each participant provided the 
informed consent in both cohorts.

The selection process of the study population was 
shown in Fig.  1. Firstly, 17,139 participants from the 
CHARLS and 17,938 participants from the HRS were 
recruited. We then excluded 19,266 participants with 
missing data on eGDR and 217 participants with miss-
ing data on FI at the baseline. The remaining 15,535 par-
ticipants (9351 from the CHARLS and 6184 from the 
HRS) were included for the analyses of eGDR and base-
line frailty. In addition, we further excluded 799 partici-
pants without the reassessment of FI since the baseline, 
remaining 14,736 participants (8872 from the CHARLS 
and 5864 from the HRS) for the analyses of eGDR and 
frailty progression.

Fig. 1  Selection process of the study population. CHARLS, China Health and Retirement Longitudinal Study; HRS, Health and Retirement Study; eGDR, 
the estimated glucose disposal rate
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Definition of eGDR
The eGDR was calculated by the following formula: 
eGDR (mg/kg/min) = 21.158– (0.09 × WC)– (3.407 × 
hypertension)– (0.551 × HbA1c) [WC (cm), hypertension 
(yes = 1/ no = 0), and HbA1c (%)]. Besides the continuous 
eGDR, we divided eGDR into three tertiles (T1, lower 
tertile of eGDR; T2, middle tertile of eGDR; T3, upper 
tertile of eGDR) [20].

In both cohorts, participants were asked to stand and 
measure the waist circumference (WC) at the navel using 
a tape measure [33, 34]. The glycosylated hemoglobin A1c 
(HbA1c) were measured using overnight fasting of venous 
blood samples by boronated affinity liquid chromatogra-
phy in the CHARLS (​h​t​t​p​​s​:​/​​/​c​h​a​​r​l​​s​.​c​​h​a​r​​l​s​d​a​​t​a​​.​c​o​​m​/​p​​a​g​e​s​​
/​d​​a​t​a​/​1​1​1​/​e​n​.​h​t​m​l). In the HRS, HbA1c was measured by 
dried blood spots (DBSs) [35]. Hypertension was defined 
as the self-reported physician-diagnosed hypertension, 
and/or using any antihypertensive drugs, and/or mea-
sured blood pressure (BP) ≥ 140/90 mmHg at baseline.

Assessment of frailty
This study assessed frailty by the FI, which was defined 
as the accumulation of age-related health deficits. We 
constructed the FI following standard procedures estab-
lished previously [13, 36, 37]. According to the data from 
CHARLS and HRS, 31 items were selected to construct 
the FI, including variables of disease (excluding hyperten-
sion), symptom, physical function, disability, depression, 
and cognition (Supplemental Table 1). Items 1–29 were 
grouped into 0 (absence of the deficit) or 1 (presence of 
the deficit) based on the specific cut-off value. Item 30 
(memory test score) and item 31 (orientation test score) 
were continuous variables ranging from 0 to 1, and the 
higher values indicated the worse cognitive ability. For 
each participant, the FI was calculated as the sum of cur-
rent health deficits divided by the total number of item 
and multiplied by 100. In this study, we allowed a 10% 
missing rate on the items of FI, then adjusted denomi-
nator when calculating the FI. For example, if two items 
were missing, the denominator were adjusted from 31 
to 29 [37]. Therefore, the FI was a continuous variable 
ranging from 0 to 100, and a higher FI indicated a higher 
level of frailty. According to previous studies, frailty was 
defined as FI ≥ 25 [9, 13]. In the CHARLS and HRS, the 
FI was calculated at baseline and each wave of the follow-
up. Frailty progression was assessed according to the 
repeated measurements of FI.

Covariates
The covariates included age, sex, education, marital 
status, smoking status, drinking status, physical activ-
ity, BMI, total cholesterol (TC), and C-reactive protein 
(CRP). For the consistency between CHARLS and HRS, 
education was divided into three levels: below high 

school, high school, and college or above. Marital status 
was classified into two categories: married or partnered 
and other marital status (separated, divorced, unmar-
ried, or widowed). Smoking status was categorized as 
current smokers and non-current smokers (never or for-
mer smokers). Drinking status was categorized as cur-
rent drinkers and non-current drinkers (never or former 
drinkers). Physical activity level was divided into four 
categories: vigorous (vigorous activity more than once 
a week), moderate (moderate activity more than once a 
week), light (light activity more than once a week), and 
inactive (the rest). BMI was calculated as the weight (kg) 
divided by the square of height (m2).

Statistical analyses
In descriptive statistics, one-way ANOVA or Kruskal-
Wallis rank sum tests were performed to compare the 
continuous variables, and Chi-square tests were con-
ducted to compare the categorical variables. Continuous 
variables were expressed as the mean (standard deviation 
[SD]) or median (interquartile range [IQR]). Categorical 
variables were expressed as the number (percentage).

Linear-regression models were used to analyze the 
associations of eGDR (tertiles and continuous) with 
baseline frailty. Regression coefficients (β) and 95% con-
fidence intervals (95%CI) were calculated. Model 1 was 
unadjusted. Model 2 was multivariable-adjusted control-
ling for age, sex, education level, marital status, smoking 
status, drinking status, physical activity, BMI, TC, and 
CRP. Linear mixed-effect models were used to analyze 
the associations of eGDR (tertiles and continuous) with 
frailty progression. In the linear mixed-effect models, 
outcome variables (Y) included all available repeated 
measurements of FI (including baseline FI). The time 
was defined as the actual time from baseline to the time 
point receiving the measurement of FI. The eGDR (con-
tinuous and tertiles), time, interaction of eGDR (con-
tinuous and tertiles) and time, and the same covariates 
used in the linear regression models were included as 
the exposure variables (X) for fixed effects. The regres-
sion coefficients of eGDR reflected the average difference 
in baseline FI for each SD increase in eGDR (if continu-
ous) or compared to the reference category (if tertiles). 
The regression coefficients of time indicated the overall 
change rate of FI during follow-up (annual FI change). 
The regression coefficients of interaction terms (eGDR 
and time) indicated the average differences in FI change 
rates during follow-up (additional annual FI changes) for 
each SD increase in eGDR (if continuous) or compared 
to the reference category (if tertiles). For random effects, 
random intercept and slope were included to account for 
inter-individual differences at baseline and during fol-
low-up, respectively. The assumed covariance structures 
between random effects were Cholesky decompositions. 

https://charls.charlsdata.com/pages/data/111/en.html
https://charls.charlsdata.com/pages/data/111/en.html
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In analyses of eGDR tertiles, the lower tertile (T1) was 
used as the reference. The trend test was conducted by 
assigning the tertile as a continuous variable [38, 39]. In 
analyses of continuous eGDR, results were presented as 
the changes with each SD increase of baseline eGDR. 
Moreover, we further examined the associations of eGDR 
with frailty and its progression among participants with 
and without diabetes. Diabetes was defined as the self-
reported physician-diagnosis diabetes, and/or using 
any hypoglycemic drugs, and/or fasting blood glucose 
(FBG) ≥ 7.0 mmol/L, and/or the glycosylated hemoglobin 
A1c (HbA1c) level ≥ 6.5% at the baseline. The associations 
of eGDR with frailty progression were analyze again after 
excluding baseline frail participants. The missing rates 
of covariates were presented in Supplemental Tables 2, 
3. The missing data of covariates were imputed by the 
multiple imputation with chained equation, which was 
described in Supplemental Methods.

Several sensitivity analyses were conducted to examine 
the robustness of our results: (1) using another definition 
of hypertension (130/80 mmHg) to calculate eGDR130; (3) 
using the new FI (30 items) after removing the diabetes 
item from original FI items (31 items) to avoid the poten-
tial overlap of eGDR criteria with diabetes; (4) addition-
ally adjusting for the use of antihypertensive, antidiabetic 
and antihyperlipidemic drugs in CHARLS, and the use 
of antihypertensive and antidiabetic drugs in HRS (the 
information of using antihyperlipidemic drugs was not 
available in HRS), respectively; (5) additionally adjusting 
for heart disease, stroke, and chronic kidney disease in 
CHARLS, and heart disease, stroke in HRS (the informa-
tion of chronic kidney disease was not available in HRS), 
respectively; (6) excluding participants with missing data 
on covariates; (7) excluding participants with any missing 
data on FI items; (8) adding the interactions of covariates 
and time to the original models. In addition, stratified 
analyses were conducted by age (< 60, ≥ 60), sex, and obe-
sity status. All statistical analyses were performed by R 
software (Version 4.1.3), and a two-tailed P values < 0.05 
was defined as statistically significant.

Results
Baseline characteristics of the study population
Based on the inclusion and exclusion criteria, 9351 
participants from the CHARLS (mean age: 59.2 years, 
female: 53.1%) and 6184 participants from the HRS 
(mean age: 67.4 years, female: 58.6%) were finally 
included for analyses of eGDR and baseline frailty. 
Table  1 shows the baseline characteristics of these par-
ticipants stratified by tertiles of eGDR. In the CHARLS, 
participants with upper tertile (T1) of eGDR have the 
highest age and proportion of female, followed by mid-
dle tertile (T2) of eGDR and lower tertile (T3) of eGDR. 
While in the HRS, participants with T2 of eGDR have the 

highest age, followed by T1 of eGDR and T3 of eGDR. 
Participants with T3 of eGDR have the highest propor-
tion of female, followed by T2 of eGDR and T1 of eGDR. 
In both cohorts, participants with T3 of eGDR have the 
highest proportion of married or partnered, the high-
est education and physical activity levels, and the lowest 
BMI, WC, SBP, HbA1c, CRP, and FI levels, followed by 
T2 of eGDR and T1 of eGDR.

After further exclusion, 8872 participants from 
CHARLS (mean age: 58.9 years, female: 53.3%) and 5864 
participants from HRS (mean age: 67.0 years, female: 
59.0%) were included for analyses of eGDR and frailty 
progression. The baseline characteristics were similar 
(Table 2).

Associations of eGDR with baseline frailty
The associations of eGDR with baseline FI are summa-
rized in Table  3. After adjusting for covariates, when 
compared to the T1 of eGDR, the T3 of eGDR had sig-
nificantly lower FI (CHARLS, β: -2.289, 95%CI -2.995 to 
-1.583, P < 0.001; HRS, β: -3.021, 95%CI -3.873 to -2.168, 
P < 0.001), then followed by the T2 of eGDR (CHARLS, 
β: -1.540, 95%CI -2.169 to -0.912, P < 0.001; HRS, β: 
-1.999, 95%CI -2.788 to -1.211, P < 0.001). The trend tests 
showed that there were decreasing trends of baseline 
FI with increasing eGDR in CHARLS and HRS (both P 
for trend < 0.001). Continuous eGDR was also associ-
ated with baseline FI for significant decrease in baseline 
FI with per 1 SD increase in eGDR (CHARLS, β: -1.146, 
95%CI -1.435 to -0.857, P < 0.001; HRS, β: -1.683, 95%CI 
-2.068 to -1.298, P < 0.001).

When stratified by the diabetes status, non-diabetic 
participants with T3 of eGDR had significantly lower FI 
(CHARLS, β: -1.985, 95%CI -2.747 to -1.224, P < 0.001; 
HRS, β: -1.472, 95%CI -2.414 to -0.530, P = 0.002) as com-
pared to those with T1 of eGDR. In the CHARLS, dia-
betic participants with middle tertile (T2) of eGDR also 
had significantly lower FI (β: -2.050, 95%CI -3.568 to 
-0.531, P = 0.008) with reference to T1 of eGDR. In the 
HRS, diabetic participants with T3 of eGDR had margin-
ally significant lower FI (β: -2.079, 95%CI -4.396 to 0.238, 
P = 0.079) as compared to T1 of eGDR. When eGDR 
was continuous variable, non-diabetic participants with 
higher eGDR had significantly lower FI (CHARLS, β: 
-0.849, 95%CI -1.173 to -0.524, P < 0.001; HRS, β: -0.819, 
95%CI -1.237 to -0.401, P < 0.001), and the similar results 
were also found in diabetic participants (CHARLS, β: 
-1.299, 95%CI -1.995 to -0.602, P < 0.001; HRS, β: -1.410, 
95%CI -2.447 to -0.372, P = 0.008).

Associations of eGDR with frailty progression
Table 4 shows the associations of eGDR with FI progres-
sion among all participants. In both cohorts, when com-
pared to participants with T1 of eGDR, those with T3 of 
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eGDR showed significantly decelerated FI progression 
(CHARLS, β: -0.294, 95%CI -0.390 to -0.198, P < 0.001; 
HRS, β: -0.378, 95%CI -0.474 to -0.281, P < 0.001). For 
participants with T2 of eGDR, the significantly deceler-
ated FI progression was only found in the CHARLS (β: 
-0.158, 95%CI -0.255 to -0.062, P = 0.001). The trend 
tests illustrated that there were decelerating trends of 
FI progression with the elevated eGDR in the CHARLS 
and HRS (both P for trend < 0.001). Similarly, continu-
ous eGDR was also associated with decelerated FI pro-
gression (CHARLS, β: -0.142, 95%CI -0.181 to -0.103, 
P < 0.001; HRS, β: -0.170, 95%CI -0.209 to -0.130, 
P < 0.001). After excluding participants with frailty at 
baseline (Table 5), associations between T3 of eGDR and 

decelerated FI progression were still observed (CHARLS, 
β: -0.317, 95%CI -0.418 to -0.216, P < 0.001; HRS, β: 
-0.431, 95%CI -0.537 to -0.325, P < 0.001). Meanwhile, 
participants with per 1 SD increment of eGDR were also 
associated with decelerated FI progression (CHARLS, β: 
-0.150, 95%CI -0.192 to -0.108, P < 0.001; HRS, β: -0.206, 
95%CI -0.250 to -0.162, P < 0.001).

When stratified by the diabetes status, the associations 
between eGDR and decelerated FI progression remained 
consistent (Table  4). Non-diabetic participants with T3 
of eGDR presented a slower FI progression than those 
with T1 of eGDR (CHARLS, β: -0.221, 95%CI -0.326 to 
-0.117, P < 0.001; HRS, β: -0.323, 95%CI -0.433 to -0.212, 
P < 0.001). Similar associations were also observed among 

Table 1  Baseline characteristics of participants for baseline frailty analyses
Variables CHARLS (n = 9351) HRS (n = 6184)

T1 of eGDR T2 of eGDR T3 of eGDR P-value T1 of eGDR T2 of eGDR T3 of eGDR P-
value

Number 3086 3086 3179 - 2041 2044 2099 -
Age, mean (SD), years 61.0 (9.3) 58.8 (9.3) 57.9 (9.0) < 0.001 67.7 (9.4) 69.3 (10.5) 65.1 (10.4) < 0.001
Sex, n (%)
 Male 1354 (43.9) 1430 (46.3) 1598 (50.3) < 0.001 1045 (51.2) 778 (38.1) 737 (35.1) < 0.001
 Female 1732 (56.1) 1656 (53.7) 1581 (49.7) 996 (48.8) 1266 (61.9) 1362 (64.9)
Marital status, n (%)
 Married or partnered 2633 (85.3) 2709 (87.8) 2848 (89.6) < 0.001 1976 (96.8) 1985 (97.1) 2041 (97.2) 0.713
 Other marital status 453 (14.7) 377 (12.2) 331 (10.4) 65 (3.2) 59 (2.9) 58 (2.8)
Education, n (%)
 Below high school 2214 (71.7) 2147 (69.6) 2244 (70.6) 0.363 611 (29.9) 498 (24.4) 357 (17.0) < 0.001
 High school 579 (18.8) 639 (20.7) 620 (19.5) 656 (32.1) 661 (32.3) 626 (29.8)
 College or above 293 (9.5) 300 (9.7) 315 (9.9) 774 (37.9) 885 (43.3) 1116 (53.2)
Smoking status, n (%)
 Non-current smokers 1953 (63.3) 1874 (60.7) 1797 (56.5) < 0.001 1805 (88.4) 1765 (86.4) 1760 (83.8) < 0.001
 Current smokers 1133 (36.7) 1212 (39.3) 1382 (43.5) 236 (11.6) 279 (13.6) 339 (16.2)
Drinking status, n (%)
 Non-current drinkers 1912 (62.0) 1880 (60.9) 1898 (59.7) 0.188 1087 (53.3) 982 (48.0) 875 (41.7) < 0.001
 Current drinkers 1174 (38.0) 1206 (39.1) 1281 (40.3) 954 (46.7) 1062 (52.0) 1224 (58.3)
Physical activity, n (%)
 Inactive 428 (13.9) 359 (11.6) 267 (8.4) < 0.001 129 (6.3) 77 (3.8) 55 (2.6) < 0.001
 Light 869 (28.2) 706 (22.9) 664 (20.9) 346 (17.0) 264 (12.9) 182 (8.7)
 Moderate 931 (30.2) 959 (31.1) 932 (29.3) 944 (46.3) 930 (45.5) 885 (42.2)
 Vigorous 858 (27.8) 1062 (34.4) 1316 (41.4) 622 (30.5) 773 (37.8) 977 (46.5)
BMI, mean (SD), kg/m2 25.6 (3.8) 23.9 (3.7) 21.2 (3.0) < 0.001 34.2 (5.5) 27.5 (4.4) 26.3 (4.4) < 0.001
WC, median (Q1-Q3), cm 91.2 

(86.1–97.8)
87.8 
(79.6–93.0)

77.2 
(73.0–81.0)

< 0.001 112.4 
(107.3-120.7)

95.3 
(89.5–99.7)

91.4 (81.3-100.3) < 0.001

SBP, mean (SD), mmHg 147.3 (20.3) 128.4 (19.3) 117.5 (12.7) < 0.001 137.5 (20.9) 136.5 (20.7) 119.5 (14.7) < 0.001
HbA1c, mean (SD), % 5.49 (1.08) 5.29 (0.75) 5.03 (0.42) < 0.001 6.23 (1.14) 5.72 (0.67) 5.57 (0.49) < 0.001
TC, mean (SD), mmol/L 5.18 (1.05) 5.01 (0.98) 4.83 (0.97) < 0.001 3.31 (0.69) 3.40 (0.72) 3.49 (0.70) < 0.001
CRP, median (Q1-Q3), mg/L 1.4 (0.7–2.8) 1.0 (0.6–2.1) 0.8 (0.5–1.7) < 0.001 1.6 (0.7–3.3) 1.0 (0.5–2.2) 0.8 (0.4–1.8) < 0.001
FI, median (Q1-Q3) 18.2 

(11.5–28.7)
15.8 
(9.4–25.7)

15.5 
(9.2–24.0)

< 0.001 17.7 (9.5–28.2) 12.7 
(6.3–22.2)

9.0 (4.7–17.8) < 0.001

T1 was the lower tertile, T2 was the middle tertile, and T3 was the upper tertile. In the CHARLS, T1 of eGDR ≤ 7.71, 7.71 < T2 of eGDR ≤ 10.72, T3 of eGDR > 10.72. In the 
HRS, T1 of eGDR ≤ 5.29, 5.29 < T2 of eGDR ≤ 7.46, T3 of eGDR > 7.46

CHARLS, China Health and Retirement Longitudinal Study; HRS, Health and Retirement Study; eGDR, the estimated glucose disposal rate; BMI, body mass index; 
WC, waist circumference; SBP, systolic blood pressure; HbA1c, glycated hemoglobin A1c; TC, total cholesterol; CRP, C-reactive protein; FI, frailty index; SD, standard 
deviation; IQR, interquartile range
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diabetic participants (CHARLS, β: -0.575, 95%CI -0.861 
to -0.290, P < 0.001; HRS, β: -0.365, 95%CI -0.679 to 
-0.052, P = 0.023). For continuous eGDR, the increment 
of eGDR was associated with the decelerated FI progres-
sion among participants without diabetes in both cohorts 
(CHARLS, β: -0.108, 95%CI -0.153 to -0.063, P < 0.001; 
HRS, β: -0.175, 95%CI -0.221 to -0.130, P < 0.001) and 
participants with diabetes in the CHARLS (β: -0.228, 
95%CI -0.324 to -0.133, P < 0.001). After further exclud-
ing baseline frail participants (Table 5), the T3 of eGDR 
also had associations with the decelerated FI progres-
sion among participants with diabetes (CHARLS, β: 
-0.685, 95%CI -1.005 to -0.366, P < 0.001; HRS, β: -0.556, 
95%CI -0.922 to -0.191, P = 0.003) and without diabetes 

(CHARLS, β: -0.239, 95%CI -0.347 to -0.130, P < 0.001; 
HRS, β: -0.336, 95%CI -0.454 to -0.219, P < 0.001). In both 
cohorts, the continuous eGDR was associated with decel-
erated FI progression among participants with diabetes 
(CHARLS, β: -0.247, 95%CI -0.356 to -0.138, P < 0.001; 
HRS, β: -0.159, 95%CI -0.306 to -0.013, P = 0.033) and 
without diabetes (CHARLS, β: -0.115, 95%CI -0.161 to 
-0.068, P < 0.001; HRS, β: -0.186, 95%CI -0.235 to -0.138, 
P < 0.001). Figures 2 and 3 show the predicted FI trajecto-
ries by three tertiles of eGDR among all participants and 
non-frail participants, respectively.

Table 2  Baseline characteristics of participants for frailty progression analyses
Variables CHARLS (n = 8872) HRS (n = 5864)

T1 of eGDR T2 of eGDR T3 of eGDR P-value T1 of eGDR T2 of eGDR T3 of eGDR P-value
Number 2928 2930 3014 1940 1930 1994
Age, mean (SD), years 60.5 (8.9) 58.5 (9.0) 57.6 (8.7) < 0.001 67.5 (9.3) 68.9 (10.4) 64.7 (10.1) < 0.001
Sex, n (%)
 Male 1285 (43.9) 1344 (45.9) 1512 (50.2) < 0.001 992 (51.1) 721 (37.4) 692 (34.7) < 0.001
 Female 1643 (56.1) 1586 (54.1) 1502 (49.8) 948 (48.9) 1209 (62.6) 1302 (65.3)
Marital status, n (%)
 Married or partnered 2531 (86.4) 2595 (88.6) 2713 (90.0) < 0.001 1879 (96.9) 1875 (97.2) 1940 (97.3) 0.708
 Other marital status 397 (13.6) 335 (11.4) 301 (10.0) 61 (3.1) 55 (2.8) 54 (2.7)
Education, n (%)
 Below high school 2090 (71.4) 2026 (69.1) 2112 (70.1) 0.440 568 (29.3) 458 (23.7) 327 (16.4) < 0.001
 High school 559 (19.1) 611 (20.9) 601 (19.9) 625 (32.2) 625 (32.4) 596 (29.9)
 College or above 279 (9.5) 293 (10.0) 301 (10.0) 747 (38.5) 847 (43.9) 1071 (53.7)
Smoking status, n (%)
 Non-current smokers 1864 (63.7) 1798 (61.4) 1707 (56.6) < 0.001 1720 (88.7) 1674 (86.7) 1674 (84.0) < 0.001
 Current smokers 1064 (36.3) 1132 (38.6) 1307 (43.4) 220 (11.3) 256 (13.3) 320 (16.0)
Drinking status, n (%)
 Non-current drinkers 1822 (62.2) 1784 (60.9) 1794 (59.5) 0.102 1016 (52.4) 915 (47.4) 817 (41.0) < 0.001
 Current drinkers 1106 (37.8) 1146 (39.1) 1220 (40.5) 924 (47.6) 1015 (52.6) 1177 (59.0)
Physical activity, n (%)
 Inactive 390 (13.3) 328 (11.2) 245 (8.1) < 0.001 105 (5.4) 62 (3.2) 40 (2.0) < 0.001
 Light 798 (27.3) 665 (22.7) 625 (20.7) 331 (17.1) 239 (12.4) 160 (8.0)
 Moderate 903 (30.8) 910 (31.1) 896 (29.7) 905 (46.6) 885 (45.9) 843 (42.3)
 Vigorous 837 (28.6) 1027 (35.1) 1248 (41.4) 599 (30.9) 744 (38.5) 951 (47.7)
BMI, mean (SD), kg/m2 25.7 (3.9) 23.9 (3.7) 21.2 (2.9) < 0.001 34.3 (5.5) 27.7 (4.4) 26.4 (4.4) < 0.001
WC, median (Q1-Q3), cm 91.0 

(86.0-97.6)
87.9 
(80.0–93.0)

77.2 
(73.0-80.8)

< 0.001 112.4 
(107.3-120.7)

95.3 (89.5-100.3) 92.1 (81.3-100.3) < 0.001

SBP, mean (SD), mmHg 147.0 (20.2) 127.7 (19.0) 117.4 (12.6) < 0.001 137.4 (20.7) 136.5 (20.6) 119.3 (14.5) < 0.001
HbA1c, mean (SD), % 5.48 (1.06) 5.30 (0.76) 5.03 (0.42) < 0.001 6.21 (1.12) 5.71 (0.66) 5.56 (0.49) < 0.001
TC, mean (SD), mmol/L 5.18 (1.04) 5.02 (0.98) 4.84 (0.96) < 0.001 3.31 (0.69) 3.41 (0.72) 3.49 (0.70) < 0.001
CRP, median (Q1-Q3), 
mg/L

1.4 (0.7–2.7) 1.0 (0.6-2.0) 0.8 (0.5–1.6) < 0.001 1.6 (0.7–3.3) 1.0 (0.5–2.2) 0.8 (0.4–1.7) < 0.001

FI, median (Q1-Q3) 18.1 
(11.3–28.1)

15.7 
(9.4–25.3)

15.3 
(9.2–23.4)

< 0.001 17.4 (9.0-27.4) 12.3 (6.0-21.6) 8.6 (4.5–17.3) < 0.001

T1 was the lower tertile, T2 was the middle tertile, and T3 was the upper tertile. In the CHARLS, T1 of eGDR ≤ 7.75, 7.75 < T2 of eGDR ≤ 10.74, T3 of eGDR > 10.74. In the 
HRS, T1 of eGDR ≤ 5.29, 5.29 < T2 of eGDR ≤ 7.47, T3 of eGDR > 7.47

CHARLS, China Health and Retirement Longitudinal Study; HRS, Health and Retirement Study; eGDR, the estimated glucose disposal rate; BMI, body mass index; 
WC, waist circumference; SBP, systolic blood pressure; HbA1c, glycated hemoglobin A1c; TC, total cholesterol; CRP, C-reactive protein; FI, frailty index; SD, standard 
deviation; IQR, interquartile range
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Sensitivity analyses
When using the eGDR130 constructed by another defini-
tion of hypertension (130/80 mmHg), a higher level of 
eGDR130 was still associated with lower baseline FI and 
slower FI progression, which was consistent with the 
main analyses (Supplemental Tables 4–5). Our results 
were also consistent when using the new FI (30 items) 
after removing the diabetes item from the original FI (31 
items) (Supplemental Tables 6–7). Moreover, the associa-
tions of eGDR with baseline FI and FI progression were 
not materially changed after further adjusting for the 
uses of drugs (Supplemental Tables 8–9), further adjust-
ing for heart disease, stroke, and chronic kidney disease 
(Supplemental Tables 10–11), excluding the participants 
with missing data on covariates (Supplemental Tables 
12–13), excluding the participants with any missing data 
on FI items (Supplemental Tables 14–15), or adding the 

interactions of covariates and time to the models (Sup-
plemental Table 16). In the stratified analyses by age, sex, 
and obesity status, similar results were also found (Sup-
plemental Tables 17–22).

Discussion
In this study with two prospective cohorts, we found sig-
nificant associations of eGDR with baseline frailty and 
frailty progression. A higher level of eGDR was associ-
ated with lower baseline FI and slower FI progression. 
The associations of eGDR with FI progression were still 
observed after excluding baseline frail participants. 
When stratified by the diabetes status, the above associa-
tions were also consistent among participants with and 
without diabetes.

Previous studies have revealed that HOMA-IR and 
TyG-index were positively associated with frailty 

Table 3  Associations of eGDR with baseline FI
Variables CHARLS (n = 9351) HRS (n = 6184)

N Model 1 Model 2 N Model 1 Model 2

β (95% CI) P 
value

β (95% CI) P 
value

β (95% CI) P 
value

β (95% CI) P 
value

All participants
 T1 of eGDR 3086 [Reference] — [Reference] — 2041 [Reference] — [Reference] —
 T2 of eGDR 3086 -2.449(-3.099 

to -1.800)
< 0.001 -1.540(-2.169 to -0.912) < 0.001 2044 -4.639(-5.421 to -3.858) < 0.001 -1.999(-2.788 

to -1.211)
< 0.001

 T3 of eGDR 3179 -3.549(-4.194 
to -2.905)

< 0.001 -2.289(-2.995 to -1.583) < 0.001 2099 -8.050(-8.827 to -7.273) < 0.001 -3.021(-3.873 
to -2.168)

< 0.001

 Trend test < 0.001 < 0.001 < 0.001 < 0.001
 eGDR per 1 SD 9351 -1.672(-1.935 

to -1.408)
< 0.001 -1.146(-1.435 to -0.857) < 0.001 6184 -3.816(-4.131 to -3.501) < 0.001 -1.683(-2.068 

to -1.298)
< 0.001

Participants without diabetes
 T1 of eGDR 2260 [Reference] — [Reference] — 1179 [Reference] — [Reference] —
 T2 of eGDR 2566 -1.915(-2.635 

to -1.195)
< 0.001 -1.146(-1.838 to -0.454) 0.001 1709 -2.223(-3.094 to -1.351) < 0.001 -0.700(-1.584 

to 0.184)
0.121

 T3 of eGDR 2919 -2.912(-3.612 
to -2.213)

< 0.001 -1.985(-2.747 to -1.224) < 0.001 1940 -4.949(-5.799 to -4.099) < 0.001 -1.472(-2.414 
to -0.530)

0.002

 Trend test < 0.001 < 0.001 < 0.001 0.001
 eGDR per 1 SD 7745 -1.346(-1.644 

to -1.047)
< 0.001 -0.849(-1.173 to -0.524) < 0.001 4828 -2.424(-2.775 to -2.072) < 0.001 -0.819(-1.237 

to -0.401)
< 0.001

Participants with diabetes
 T1 of eGDR 826 [Reference] — [Reference] — 862 [Reference] — [Reference] —
 T2 of eGDR 520 -3.102(-4.642 

to -1.561)
< 0.001 -2.050(-3.568 to -0.531) 0.008 335 -3.634(-5.461 to -1.807) < 0.001 -1.087(-2.880 

to 0.707)
0.235

 T3 of eGDR 260 -3.030(-4.987 
to -1.073)

0.002 -1.585(-3.640 to 0.469) 0.131 159 -7.196(-9.645 to -4.747) < 0.001 -2.079(-4.396 
to 0.238)

0.079

 Trend test < 0.001 0.034 < 0.001 0.062
 eGDR per 1 SD 1606 -1.720(-2.368 

to -1.072)
< 0.001 -1.299(-1.995 to -0.602) < 0.001 1356 -3.920(-4.802 to -3.038) < 0.001 -1.410(-2.447 

to -0.372)
0.008

T1 was the lower tertile, T2 was the middle tertile, and T3 was the upper tertile. In the CHARLS, T1 of eGDR ≤ 7.71, 7.71 < T2 of eGDR ≤ 10.72, T3 of eGDR > 10.72. In the 
HRS, T1 of eGDR ≤ 5.29, 5.29 < T2 of eGDR ≤ 7.46, T3 of eGDR > 7.46

The results of eGDR per 1 SD was presented as the decrease in baseline FI with per 1 SD increase in eGDR

Model 1 was unadjusted; Model 2 was adjusted for age, sex, education, marital status, smoking status, drinking status, physical activity, BMI, total cholesterol, and 
C-reactive protein

eGDR, the estimated glucose disposal rate; FI, frailty index; CHARLS, China Health and Retirement Longitudinal Study; HRS, Health and Retirement Study; CI, 
confidence interval; SD, standard deviation
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progression [15, 40–42]. However, compared to HOMA-
IR and TyG-index, eGDR was a more accessible and reli-
able IR alternative indicator. The association of eGDR 
with frailty progression was not investigated before. Our 
study filled this knowledge gap and found that a higher 
level of eGDR was associated with lower baseline FI 
and slower FI progression. When striated by diabetes 
status, these associations still persisted among partici-
pants with and without diabetes in the CHARLS. In the 
HRS, the association of eGDR with FI progression was 
not observed in the diabetic participants. However, this 
association became significant after excluding the base-
line frail participants. We supposed that individuals with 

diabetes were more prone to frailty, unable to further 
observe the development of frailty, which known as the 
ceiling effect [36] (Table 5).

While the endocrine system is considered to play a cru-
cial role in the development of frailty, including through 
complex interactions with the brain, immune system, and 
skeletal muscle [14], the mechanisms between IR and 
frailty remain unclear. Some studies suggested that IR 
and frailty may share the mechanisms of systemic inflam-
mation, oxidative stress, and declining muscle function 
[43–45]. IR is usually accompanied by elevated produc-
tion of pro-inflammatory cytokines and the activation 
of chronic inflammation, which can lead to enhanced 

Table 4  Associations of eGDR with FI progression
Variables CHARLS (n = 8872) HRS (n = 5864)

N Model 1 Model 2 N Model 1 Model 2

β (95% CI) P 
value

β (95% CI) P 
value

β (95% CI) P 
value

β (95% CI) P 
value

All participants
 Time, years 1.081(1.013 to 1.150) < 0.001 1.079(1.011 to 1.148) < 0.001 1.234(1.164 

to 1.304)
< 0.001 1.212(1.142 

to 1.282)
< 0.001

 T1 of eGDR×Time 2928 [Reference] — [Reference] — 1940 [Reference] — [Reference] —
 T2 of eGDR×Time 2930 -0.161(-0.257 to 

-0.064)
0.001 -0.158(-0.255 to 

-0.062)
0.001 1930 -0.030(-0.130 

to 0.070)
0.556 -0.032(-0.131 

to 0.068)
0.534

 T3 of eGDR×Time 3014 -0.296(-0.392 to 
-0.200)

< 0.001 -0.294(-0.390 to 
-0.198)

< 0.001 1994 -0.379(-0.476 
to -0.282)

< 0.001 -0.378(-0.474 
to -0.281)

< 0.001

 Trend test < 0.001 < 0.001 < 0.001 < 0.001
 eGDR per 1 
SD × Time

8872 -0.143(-0.182 to 
-0.104)

< 0.001 -0.142(-0.181 to 
-0.103)

< 0.001 5864 -0.172(-0.211 
to -0.132)

< 0.001 -0.170(-0.209 
to -0.130)

< 0.001

Participants without diabetes
 Time, years 1.016(0.937 to 1.094) < 0.001 1.014(0.935 to 1.093) < 0.001 1.170(1.082 

to 1.259)
< 0.001 1.151(1.063 

to 1.239)
< 0.001

 T1 of eGDR×Time 2164 [Reference] — [Reference] — 1137 [Reference] — [Reference] —
 T2 of eGDR×Time 2442 -0.117(-0.225 to 

-0.009)
0.033 -0.114(-0.222 to 

-0.007)
0.037 1629 -0.003(-0.119 

to 0.112)
0.954 -0.010(-0.124 

to 0.105)
0.869

 T3 of eGDR×Time 2774 -0.223(-0.328 to 
-0.119)

< 0.001 -0.221(-0.326 to 
-0.117)

< 0.001 1854 -0.318(-0.429 
to -0.207)

< 0.001 -0.323(-0.433 
to -0.212)

< 0.001

 Trend test < 0.001 < 0.001 < 0.001 < 0.001
 eGDR per 1 
SD × Time

7380 -0.109(-0.153 to 
-0.064)

< 0.001 -0.108(-0.153 to 
-0.063)

< 0.001 4620 -0.175(-0.221 
to -0.129)

< 0.001 -0.175(-0.221 
to -0.130)

< 0.001

Participants with diabetes
 Time, years 1.277(1.133 to 1.421) < 0.001 1.274(1.130 to 1.418) < 0.001 1.307(1.186 

to 1.429)
< 0.001 1.298(1.176 

to 1.419)
< 0.001

 T1 of eGDR×Time 764 [Reference] — [Reference] — 803 [Reference] — [Reference] —
 T2 of eGDR×Time 488 -0.242(-0.470 to 

-0.014)
0.037 -0.241(-0.468 to 

-0.013)
0.038 301 0.116(-0.123 

to 0.354)
0.342 0.115(-0.123 

to 0.354)
0.342

 T3 of eGDR×Time 240 -0.578(-0.864 to 
-0.292)

< 0.001 -0.575(-0.861 to 
-0.290)

< 0.001 140 -0.365(-0.678 
to -0.052)

0.023 -0.365(-0.679 
to -0.052)

0.023

 Trend test < 0.001 < 0.001 0.145 0.144
 eGDR per 1 
SD × Time

1492 -0.229(-0.325 to 
-0.134)

< 0.001 -0.228(-0.324 to 
-0.133)

< 0.001 1244 -0.018(-0.133 
to 0.098)

0.762 -0.019(-0.134 
to 0.097)

0.752

T1 was the lower tertile, T2 was the middle tertile, and T3 was the upper tertile. In the CHARLS, T1 of eGDR ≤ 7.75, 7.75 < T2 of eGDR ≤ 10.74, T3 of eGDR > 10.74. In the 
HRS, T1 of eGDR ≤ 5.29, 5.29 < T2 of eGDR ≤ 7.47, T3 of eGDR > 7.47

The results of eGDR per 1 SD × Time was presented as the deceleration in FI progression with per 1 SD increase in eGDR

Model 1 was unadjusted; Model 2 was adjusted for age, sex, education, marital status, smoking status, drinking status, physical activity, BMI, total cholesterol, and 
C-reactive protein. eGDR, the estimated glucose disposal rate; FI, frailty index; CHARLS, China Health and Retirement Longitudinal Study; HRS, Health and Retirement 
Study; CI, confidence interval; SD, standard deviation
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glycogenesis, inhibition of β-oxidation, increased free 
fatty acids, and accumulation of TC in skeletal muscle 
and the liver [46–48]. In addition, as one of the major 
target tissues for insulin action, skeletal muscle is a pri-
mary site where insulin resistance occurs [49]. IR reduces 
the sensitivity of skeletal muscle cells to insulin, thereby 
decreasing glucose uptake [49]. Therefore, IR is asso-
ciated with a decline in muscle strength and function, 
which may potentially trigger the onset and progression 
of frailty.

Our findings have important clinical and public health 
implications. In the clinical practice, clinicians should pay 
attention to the eGDR levels among diabetic participants 

for delaying frailty progression. However, frailty is a com-
mon geriatric syndrome, which may occur among non-
diabetic participants with aging [50]. Therefore, in the 
public health practice, it is necessary for non-diabetic 
participants to pay attention to their eGDR levels as 
early as possible for preventing the rapid frailty progres-
sion in the future. In addition, recent studies found that 
increased exercise and intake of dietary fiber were posi-
tively associated with eGDR [51, 52], indicating that these 
interventions, such as exercise and intake of dietary fiber, 
may also be effective for improving eGDR levels to delay 
the frailty progression.

Table 5  Associations of eGDR with FI progression among baseline non-frail participants
Variables CHARLS (n = 6528) HRS (n = 4683)

N Model 1 Model 2 N Model 1 Model 2

β (95% CI) P 
value

β (95% CI) P 
value

β (95% CI) P 
value

β (95% CI) P 
value

All participants
 Time, years 1.257(1.182 to 1.332) < 0.001 1.254(1.180 to 1.329) < 0.001 1.290(1.209 

to 1.370)
< 0.001 1.276(1.196 

to 1.356)
< 0.001

 T1 of eGDR×Time 2003 [Reference] — [Reference] — 1371 [Reference] — [Reference] —
 T2 of eGDR×Time 2169 -0.140(-0.243 to 

-0.037)
0.008 -0.140(-0.243 to 

-0.037)
0.008 1555 -0.064(-0.175 

to 0.047)
0.257 -0.070(-0.181 

to 0.040)
0.212

 T3 of eGDR×Time 2356 -0.319(-0.420 to 
-0.218)

< 0.001 -0.317(-0.418 to 
-0.216)

< 0.001 1757 -0.427(-0.533 
to -0.321)

< 0.001 -0.431(-0.537 
to -0.325)

< 0.001

 Trend test < 0.001 < 0.001 < 0.001 < 0.001
 eGDR per 1 
SD × Time

6528 -0.151(-0.193 to 
-0.109)

< 0.001 -0.150(-0.192 to 
-0.108)

< 0.001 4683 -0.204(-0.248 
to -0.160)

< 0.001 -0.206(-0.250 
to -0.162)

< 0.001

Participants without diabetes
 Time, years 1.186(1.102 to 1.269) < 0.001 1.184(1.101 to 1.268) < 0.001 1.185(1.090 

to 1.281)
< 0.001 1.173(1.078 

to 1.268)
< 0.001

 T1 of eGDR×Time 1547 [Reference] — [Reference] — 916 [Reference] — [Reference] —
 T2 of eGDR×Time 1823 -0.102(-0.216 to 0.011) 0.077 -0.103(-0.216 to 0.011) 0.076 1356 0.009(-0.115 

to 0.133)
0.890 0.001(-0.122 

to 0.124)
0.988

 T3 of eGDR×Time 2186 -0.240(-0.348 to 
-0.131)

< 0.001 -0.239(-0.347 to 
-0.130)

< 0.001 1653 -0.330(-0.448 
to -0.212)

< 0.001 -0.336(-0.454 
to -0.219)

< 0.001

 Trend test < 0.001 < 0.001 < 0.001 < 0.001
 eGDR per 1 
SD × Time

5556 -0.115(-0.162 to 
-0.069)

< 0.001 -0.115(-0.161 to 
-0.068)

< 0.001 3925 -0.184(-0.232 
to -0.135)

< 0.001 -0.186(-0.235 
to -0.138)

< 0.001

Participants with diabetes
 Time, years 1.517(1.346 to 1.688) < 0.001 1.511(1.340 to 1.681) < 0.001 1.509(1.351 

to 1.667)
< 0.001 1.497(1.339 

to 1.655)
< 0.001

 T1 of eGDR×Time 456 [Reference] — [Reference] — 455 [Reference] — [Reference] —
 T2 of eGDR×Time 346 -0.217(-0.474 to 0.040) 0.099 -0.220(-0.477 to 0.037) 0.095 199 -0.078(-0.371 

to 0.215)
0.603 -0.077(-0.370 

to 0.216)
0.607

 T3 of eGDR×Time 170 -0.688(-1.008 to 
-0.369)

< 0.001 -0.685(-1.005 to 
-0.366)

< 0.001 104 -0.556(-0.922 
to -0.191)

0.003 -0.556(-0.922 
to -0.191)

0.003

 Trend test < 0.001 < 0.001 0.007 0.007
 eGDR per 1 
SD × Time

972 -0.246(-0.356 to 
-0.137)

< 0.001 -0.247(-0.356 to 
-0.138)

< 0.001 758 -0.157(-0.304 
to -0.010)

0.036 -0.159(-0.306 
to -0.013)

0.033

Non-frail participants were defined as participants with baseline frailty index < 25. T1 was the lower tertile, T2 was the middle tertile, and T3 was the upper tertile. In 
the CHARLS, T1 of eGDR ≤ 7.75, 7.75 < T2 of eGDR ≤ 10.74, T3 of eGDR > 10.74. In the HRS, T1 of eGDR ≤ 5.29, 5.29 < T2 of eGDR ≤ 7.47, T3 of eGDR > 7.47

The results of eGDR per 1 SD × Time was presented as the deceleration in FI progression with per 1 SD increase in eGDR

Model 1 was unadjusted; Model 2 was adjusted for age, sex, education, marital status, smoking status, drinking status, physical activity, BMI, total cholesterol, and 
C-reactive protein. eGDR, the estimated glucose disposal rate; FI, frailty index; CHARLS, China Health and Retirement Longitudinal Study; HRS, Health and Retirement 
Study; CI, confidence interval; SD, standard deviation
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There are several advantages in this study. As far as we 
know, this is the first study to explore the associations of 
eGDR with frailty progression. This study involved two 
prospective cohorts from different ethnicities, which had 

large samples size and rigorous study design. Our find-
ings were consistent across both cohorts, indicating the 
generality of our results. The robustness of our results 
was also ensured by diverse sensitivity analyses.

Fig. 3  Predicted FI trajectories by three tertiles of eGDR among non-frail participants. A, non-frail participants in the CHARLS; B, non-frail participants 
without diabetes in the CHARLS; C, non-frail participants with diabetes in the CHARLS; D, non-frail participants in the HRS; E, non-frail participants with-
out diabetes in the HRS; F, non-frail participants with diabetes in the HRS. The intercept of each line represented the level of baseline FI and the slope 
of each line represented the level of FI progression. T1 was the lower tertile, T2 was the middle tertile, and T3 was the upper tertile. In the CHARLS, T1 
of eGDR ≤ 7.75, 7.75 < T2 of eGDR ≤ 10.74, T3 of eGDR > 10.74. In the HRS, T1 of eGDR ≤ 5.29, 5.29 < T2 of eGDR ≤ 7.47, T3 of eGDR > 7.47. CHARLS, China 
Health and Retirement Longitudinal Study; HRS, Health and Retirement Study; eGDR, the estimated glucose disposal rate; NS, not significant (P ≥ 0.05); *, 
0.01 ≤ P < 0.05; **, 0.001 ≤ P < 0.01; ***, P < 0.001

 

Fig. 2  Predicted FI trajectories by three tertiles of eGDR among all participants. A, all participants in the CHARLS; B, participants without diabetes in the 
CHARLS; C, participants with diabetes in the CHARLS; D, all participants in the HRS; E, participants without diabetes in the HRS; F, participants with diabe-
tes in the HRS. The intercept of each line represented the level of baseline FI and the slope of each line represented the level of FI progression. T1 was the 
lower tertile, T2 was the middle tertile, and T3 was the upper tertile. In the CHARLS, T1 of eGDR ≤ 7.75, 7.75 < T2 of eGDR ≤ 10.74, T3 of eGDR > 10.74. In the 
HRS, T1 of eGDR ≤ 5.29, 5.29 < T2 of eGDR ≤ 7.47, T3 of eGDR > 7.47. CHARLS, China Health and Retirement Longitudinal Study; HRS, Health and Retirement 
Study; eGDR, the estimated glucose disposal rate; NS, not significant (P ≥ 0.05); *, 0.01 ≤ P < 0.05; **, 0.001 ≤ P < 0.01; ***, P < 0.001
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However, this study also has several limitations. First, 
our study was observational, the causation could not be 
inferred. Second, the current definition of hypertension is 
controversial, we therefore performed a sensitivity analy-
sis to redefine eGDR130 using another definition of hyper-
tension (130/80 mmHg). The results were consistent with 
the main analysis (Supplemental Tables 4–5). Third, the 
selection bias may exist, total of 799 (5.1%) participants 
were excluded because losing follow-up. The baseline 
characteristics of included and excluded participants 
were compared, showing the selection bias (Supplemen-
tal Tables 23–24). However, the rate of losing follow-up 
was relatively low, indicating the selection bias could be 
small. Finally, while we controlled various covariates, 
other residual confounding or unmeasured variables may 
remain, such as diet and genetic susceptibility.

Conclusion
Regardless of diabetes or not, a higher level of eGDR was 
associated with the decelerated frailty progression. Our 
findings highlight the role of eGDR in frailty progression 
and recommend taking effective interventions to improve 
eGDR for preventing frailty progression.

Abbreviations
IR	� Insulin resistance
eGDR	� The estimated glucose disposal rate
FI	� Frailty index
CVD	� Cardiovascular disease
CVD	� Waist circumference
BMI	� Body mass index
HRS	� Health and Retirement Study
CHARLS	� China Health and Retirement Longitudinal Study
HIEG	� Hyperinsulinemic-euglycemic
HOMA-IR	� Homeostasis model assessment for insulin resistance
TyG-BMI	� Triglyceride glucose-body mass index
BP	� Blood pressure
SBP	� Systolic blood pressure
FBG	� Fasting blood glucose
HbA1c	� Glycosylated hemoglobin A1c
HbA1c	� Total cholesterol
CRP	� C-reactive protein
SD	� Standard deviation
IQR	� Interquartile range
CI	� Confidence interval

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​
g​​/​​1​0​​.​1​1​​​8​6​​/​s​1​2​​9​3​3​-​​0​2​5​-​0​​2​6​5​0​-​7​ .

Supplementary Material 1

Acknowledgements
All authors thank the original data collectors, depositors, copyright holders, 
and funders of China Health and Retirement Longitudinal Study, Health and 
Retirement Study.

Author contributions
ZW, JZ, DH, and HH conceptualized this study. ZW, SX, and SD analyzed the 
data. ZW, JZ, DH did literature review and interpreted the result. ZW wrote the 

manuscript. JZ, ZS, SC, DH, and HH provided revision of the manuscript. All 
authors read and approved the final manuscript for publication.

Funding
This work was supported by the National Natural Science Foundation of 
China (No. 82000404) and a grant from the Natural Science Funds of Zhejiang 
Province, China (Project No. LQ21H020003).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Competing interests
The authors declare no competing interests.

Author details
1Department of Cardiology, Sir Run Run Shaw Hospital, Zhejiang 
University School of Medicine, Hangzhou 310016, Zhejiang, China
2Department of Epidemiology and Biostatistics, Zhejiang University 
School of Medicine, Hangzhou 310058, Zhejiang, China
3Department of Radiation Oncology (Key Laboratory of Cancer 
Prevention and Intervention, China National Ministry of Education, Key 
Laboratory of Molecular Biology in Medical Sciences, Zhejiang province, 
China), The Second Affiliated Hospital, Zhejiang University School of 
Medicine, Hangzhou 310009, Zhejiang, China
4Zhejiang Key Laboratory of Cardiovascular Intervention and Precision 
Medicine, Hangzhou 310016, Zhejiang, China

Received: 31 December 2024 / Accepted: 14 February 2025

References
1.	 Hoogendijk EO, Afilalo J, Ensrud KE, Kowal P, Onder G, Fried LP. Frailty: 

implications for clinical practice and public health. Lancet (London England). 
2019;394(10206):1365–75.

2.	 Collard RM, Boter H, Schoevers RA, Oude Voshaar RC. Prevalence of frailty in 
community-dwelling older persons: a systematic review. J Am Geriatr Soc. 
2012;60(8):1487–92.

3.	 To TL, Doan TN, Ho WC, Liao WC. Prevalence of frailty among community-
dwelling older adults in Asian countries: a systematic review and meta-
analysis. Healthcare (Basel) 2022;10(5):895.

4.	 Kim DH, Rockwood K. Frailty in older adults. N Engl J Med. 
2024;391(6):538–48.

5.	 Mitnitski AB, Mogilner AJ, Rockwood K. Accumulation of deficits as a proxy 
measure of aging. Sci World J. 2001;1:323–36.

6.	 Dent E, Dalla Via J, Bozanich T, Hoogendijk EO, Gebre AK, Smith C, Zhu K, 
Prince RL, Lewis JR, Sim M. Frailty increases the long-term risk for fall and 
fracture-related hospitalizations and all-cause mortality in community-dwell-
ing older women. J Bone Min Res. 2024;39(3):222–30.

7.	 Damluji AA, Chung SE, Xue QL, Hasan RK, Moscucci M, Forman DE, Bandeen-
Roche K, Batchelor W, Walston JD, Resar JR, et al. Frailty and cardiovascular 
outcomes in the National Health and Aging trends Study. Eur Heart J. 
2021;42(37):3856–65.

8.	 Zhong Q, Zhou R, Huang YN, Huang RD, Li FR, Chen HW, Wei YF, Liu K, Cao 
BF, Liao KY et al. Frailty and risk of metabolic dysfunction-associated steatotic 
liver disease and other chronic liver diseases. J Hepatol. 2025;82(3):427-437. 

9.	 Fan J, Yu C, Guo Y, Bian Z, Sun Z, Yang L, Chen Y, Du H, Li Z, Lei Y, et al. Frailty 
index and all-cause and cause-specific mortality in Chinese adults: a prospec-
tive cohort study. Lancet Public Health. 2020;5(12):e650–60.

10.	 Albert SM. The dynamics of Frailty among older adults. JAMA Netw Open. 
2019;2(8):e198438.

11.	 Wang S, Li Q, Wang S, Huang C, Xue QL, Szanton SL, Liu M. Sustained frailty 
remission and dementia risk in older adults: a longitudinal study. Alzheimers 
Dement. 2024;20(9):6268–77.

12.	 Wang Z, Ruan H, Li L, Song N, He S. Association of changes in frailty status 
with the risk of all-cause mortality and cardiovascular death in older people: 
results from the Chinese longitudinal healthy longevity survey (CLHLS). BMC 
Geriatr. 2024;24(1):96.

https://doi.org/10.1186/s12933-025-02650-7
https://doi.org/10.1186/s12933-025-02650-7


Page 13 of 13Wang et al. Cardiovascular Diabetology           (2025) 24:81 

13.	 He D, Wang Z, Li J, Yu K, He Y, He X, Liu Y, Li Y, Fu R, Zhou D et al. Changes in 
frailty and incident cardiovascular disease in three prospective cohorts. Eur 
Heart J. 2024;45(12):1058-1068.

14.	 Clegg A, Hassan-Smith Z. Frailty and the endocrine system. Lancet Diabetes 
Endocrinol. 2018;6(9):743–52.

15.	 Ke Z, Wen H, Huang R, Xu X, Yang K, Liu W, Wang S, Zhang X, Guo Y, Liao 
X, et al. Long-term insulin resistance is associated with frailty, frailty 
progression, and cardiovascular disease. J cachexia Sarcopenia Muscle. 
2024;15(4):1578–86.

16.	 Wu H, Ballantyne CM. Metabolic inflammation and Insulin resistance in 
obesity. Circ Res. 2020;126(11):1549–64.

17.	 Wu H, Ballantyne CM. Skeletal muscle inflammation and insulin resistance in 
obesity. J Clin Investig. 2017;127(1):43–54.

18.	 Bonora E, Targher G, Alberiche M, Bonadonna RC, Saggiani F, Zenere MB, 
Monauni T, Muggeo M. Homeostasis model assessment closely mirrors the 
glucose clamp technique in the assessment of insulin sensitivity: studies in 
subjects with various degrees of glucose tolerance and insulin sensitivity. 
Diabetes Care. 2000;23(1):57–63.

19.	 Cai W, Xu J, Wu X, Chen Z, Zeng L, Song X, Zeng Y, Yu F. Association between 
triglyceride-glucose index and all-cause mortality in critically ill patients 
with ischemic stroke: analysis of the MIMIC-IV database. Cardiovasc Diabetol. 
2023;22(1):138.

20.	 Peng J, Zhang Y, Zhu Y, Chen W, Chen L, Ma F, Yi B, Huang Z. Estimated 
glucose disposal rate for predicting cardiovascular events and mortality in 
patients with non-diabetic chronic kidney disease: a prospective cohort 
study. BMC Med. 2024;22(1):411.

21.	 Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. 
Homeostasis model assessment: insulin resistance and beta-cell function 
from fasting plasma glucose and insulin concentrations in man. Diabetologia. 
1985;28(7):412–9.

22.	 Li H, Zuo Y, Qian F, Chen S, Tian X, Wang P, Li X, Guo X, Wu S, Wang A. 
Triglyceride-glucose index variability and incident cardiovascular disease: a 
prospective cohort study. Cardiovasc Diabetol. 2022;21(1):105.

23.	 Cheng Y, Fang Z, Zhang X, Wen Y, Lu J, He S, Xu B. Association between tri-
glyceride glucose-body mass index and cardiovascular outcomes in patients 
undergoing percutaneous coronary intervention: a retrospective study. 
Cardiovasc Diabetol. 2023;22(1):75.

24.	 Lu Z, Xiong Y, Feng X, Yang K, Gu H, Zhao X, Meng X, Wang Y. Insulin resis-
tance estimated by estimated glucose disposal rate predicts outcomes in 
acute ischemic stroke patients. Cardiovasc Diabetol. 2023;22(1):225.

25.	 Zhang Z, Zhao L, Lu Y, Xiao Y, Zhou X. Insulin resistance assessed by estimated 
glucose disposal rate and risk of incident cardiovascular diseases among 
individuals without diabetes: findings from a nationwide, population based, 
prospective cohort study. Cardiovasc Diabetol. 2024;23(1):194.

26.	 Kelley DE, Goodpaster BH, Storlien L. Muscle triglyceride and insulin resis-
tance. Annu Rev Nutr. 2002;22:325–46.

27.	 Zabala A, Darsalia V, Lind M, Svensson AM, Franzén S, Eliasson B, Patrone C, 
Jonsson M, Nyström T. Estimated glucose disposal rate and risk of stroke and 
mortality in type 2 diabetes: a nationwide cohort study. Cardiovasc Diabetol. 
2021;20(1):202.

28.	 Liu C, Liu X, Ma X, Cheng Y, Sun Y, Zhang D, Zhao Q, Zhou Y. Predictive worth 
of estimated glucose disposal rate: evaluation in patients with non-ST-
segment elevation acute coronary syndrome and non-diabetic patients after 
percutaneous coronary intervention. Diabetol Metab Syndr. 2022;14(1):145.

29.	 Ebert T, Anker SD, Ruilope LM, Fioretto P, Fonseca V, Umpierrez GE, Birkenfeld 
AL, Lawatscheck R, Scott C, Rohwedder K, et al. Outcomes with finerenone in 
patients with chronic kidney disease and type 2 diabetes by baseline insulin 
resistance. Diabetes Care. 2024;47(3):362–70.

30.	 Williams KV, Erbey JR, Becker D, Arslanian S, Orchard TJ. Can clinical factors 
estimate insulin resistance in type 1 diabetes? Diabetes. 2000;49(4):626–32.

31.	 Zhao Y, Hu Y, Smith JP, Strauss J, Yang G. Cohort profile: the China Health and 
Retirement Longitudinal Study (CHARLS). Int J Epidemiol. 2014;43(1):61–8.

32.	 Sonnega A, Faul JD, Ofstedal MB, Langa KM, Phillips JW, Weir DR. Cohort pro-
file: the health and retirement study (HRS). Int J Epidemiol. 2014;43(2):576–85.

33.	 Birditt KS, Newton NJ, Cranford JA, Webster NJ. Chronic stress and negative 
marital quality among older couples: associations with Waist circumference. 
Journals Gerontol Ser B Psychol Sci Social Sci. 2019;74(2):318–28.

34.	 Zheng J, Jiang M, Xie Y. Influence of uric acid on the correlation between 
waist circumference and triglyceride glucose index: an analysis from CHARLS. 
Lipids Health Dis. 2021;20(1):42.

35.	 Zhang Z, Yang L, Cao H. Terminal trajectory of HbA(1c) for 10 years supports 
the HbA(1c) paradox: a longitudinal study using health and retirement study 
data. Front Endocrinol. 2024;15:1383516.

36.	 He D, Qiu Y, Yan M, Zhou T, Cheng Z, Li J, Wu Q, Liu Z, Zhu Y. Associations of 
metabolic heterogeneity of obesity with frailty progression: results from two 
prospective cohorts. J cachexia Sarcopenia Muscle. 2023;14(1):632–41.

37.	 Theou O, Haviva C, Wallace L, Searle SD, Rockwood K. How to con-
struct a frailty index from an existing dataset in 10 steps. Age Ageing. 
2023;52(12):afad221.

38.	 Luo H, Zhang Q, Yu K, Meng X, Kan H, Chen R. Long-term exposure to ambi-
ent air pollution is a risk factor for trajectory of cardiometabolic multimorbid-
ity: a prospective study in the UK Biobank. EBioMedicine. 2022;84:104282.

39.	 Chen L, Zhao Y, Liu F, Chen H, Tan T, Yao P, Tang Y. Biological aging mediates 
the associations between urinary metals and osteoarthritis among U.S. 
adults. BMC Med. 2022;20(1):207.

40.	 Guo K, Wang Q, Zhang L, Qiao R, Huo Y, Jing L, Wang X, Song Z, Li S, Zhang 
J, et al. Relationship between changes in the triglyceride glucose-body 
mass index and frail development trajectory and incidence in middle-
aged and elderly individuals: a national cohort study. Cardiovasc Diabetol. 
2024;23(1):304.

41.	 Yuan Y, Chen S, Lin C, Huang X, Lin S, Huang F, Zhu P. Association of 
triglyceride-glucose index trajectory and frailty in urban older residents: 
evidence from the 10-year follow-up in a cohort study. Cardiovasc Diabetol. 
2023;22(1):264.

42.	 Pérez-Tasigchana RF, León-Muñoz LM, Lopez-Garcia E, Gutierrez-Fisac JL, 
Laclaustra M, Rodríguez-Artalejo F, Guallar-Castillón P. Metabolic syndrome 
and insulin resistance are associated with frailty in older adults: a prospective 
cohort study. Age Ageing. 2017;46(5):807–12.

43.	 El Assar M, Angulo J, Carnicero JA, Walter S, García-García FJ, López-
Hernández E, Sánchez-Puelles JM, Rodríguez-Mañas L. Frailty Is Associated 
With Lower Expression of Genes Involved in Cellular Response to Stress: 
Results From the Toledo Study for Healthy Aging. J Am Med Dir Assoc. 
2017;18(8):734.e731–7.

44.	 El Assar M, Angulo J, Rodríguez-Mañas L. Frailty as a phenotypic manifesta-
tion of underlying oxidative stress. Free Radic Biol Med. 2020;149:72–7.

45.	 Rodríguez-Mañas L, Angulo J, Carnicero JA, El Assar M, García-García FJ, 
Sinclair AJ. Dual effects of insulin resistance on mortality and function in 
non-diabetic older adults: findings from the Toledo Study of healthy aging. 
GeroScience. 2022;44(2):1095–108.

46.	 Marcos-Pérez D, Sánchez-Flores M, Proietti S, Bonassi S, Costa S, Teixeira JP, 
Fernández-Tajes J, Pásaro E, Laffon B, Valdiglesias V. Association of inflamma-
tory mediators with frailty status in older adults: results from a systematic 
review and meta-analysis. GeroScience. 2020;42(6):1451–73.

47.	 Kahn SE, Hull RL, Utzschneider KM. Mechanisms linking obesity to insulin 
resistance and type 2 diabetes. Nature. 2006;444(7121):840–6.

48.	 Postic C, Girard J. Contribution of de novo fatty acid synthesis to hepatic 
steatosis and insulin resistance: lessons from genetically engineered mice. J 
Clin Investig. 2008;118(3):829–38.

49.	 Nishikawa H, Asai A, Fukunishi S, Nishiguchi S, Higuchi K. Metabolic syndrome 
and Sarcopenia. Nutrients. 2021;13(10):3519.

50.	 Hanlon P, Nicholl BI, Jani BD, Lee D, McQueenie R, Mair FS. Frailty and pre-
frailty in middle-aged and older adults and its association with multimorbid-
ity and mortality: a prospective analysis of 493 737 UK Biobank participants. 
Lancet Public Health. 2018;3(7):e323–32.

51.	 Helleputte S, Stautemas J, De Craemer M, Bogaert L, De Backer T, Calders 
P, Lapauw B. Physical activity and sedentary behaviour in relation to body 
composition, estimated insulin sensitivity and arterial stiffness in adults with 
type 1 diabetes. Diabetes Res Clin Pract. 2024;217:111860.

52.	 Oza C, Mandlik R, Khadilkar AV, Gondhalekar KM, Khadilkar VV. Role of dietary 
macronutrient composition and fibre intake in development of double 
diabetes in Indian Youth. Indian J Endocrinol Metab. 2024;28(2):213–9.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Associations of estimated glucose disposal rate with frailty progression: results from two prospective cohorts
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Study design and population
	﻿Definition of eGDR
	﻿Assessment of frailty
	﻿Covariates
	﻿Statistical analyses

	﻿Results
	﻿Baseline characteristics of the study population
	﻿Associations of eGDR with baseline frailty
	﻿Associations of eGDR with frailty progression
	﻿Sensitivity analyses

	﻿Discussion
	﻿Conclusion
	﻿References


