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Abstract
Background Estimated glucose disposal rate (eGDR) is a surrogate marker of insulin resistance. A Body Shape Index
(ABSI), Body Roundness Index (BRI), Chinese Visceral Adiposity Index (CVAI), Conicity Index (CI), and Waist-to-Height
Ratio (WHtR) are established obesity measures, each linked to frailty risk. However, the combined effect of eGDR and
these indices on frailty remains unclear. Thus, this study assessed their independent and joint associations with frailty
risk.

Methods Data for this study came from the China Health and Retirement Longitudinal Study (CHARLS). Using receiver
operating characteristic (ROC) curve analysis, we determined the optimal cut-off values for eGDR and obesity-related
indices and then dichotomized participants accordingly. Univariate and multivariable Cox proportional hazards models,
as well as restricted cubic spline (RCS) analysis, were applied to examine the associations between eGDR,
obesity‑related indices, and frailty risk. Predictive performance was evaluated using ROC curves, net reclassification
improvement (NRI), and integrated discrimination improvement (IDI). Additionally, we assessed interaction effects and
conducted subgroup analyses.

Results We included 7,472 participants (49% male, 51% female). Low eGDR plus high obesity‑related indices increased
frailty risk versus high eGDR plus low indices. The hazard ratios (HRs) for high ABSI, BRI, CVAI, CI, and WHtR (each with
low eGDR) were 1.94 (95% CI: 1.41–2.67), 2.30 (1.65–3.19), 2.20 (1.58–3.07), 1.95 (1.42–2.66), and 2.21 (1.59–3.08),
respectively. Adding eGDR to obesity indices improved frailty prediction. The area under the curve (AUC) for ABSI, BRI,
CVAI, CI, and WHtR combined with eGDR were 0.671 (0.642–0.700), 0.672 (0.643–0.700), 0.669 (0.640–0.698), 0.669
(0.640–0.698), and 0.670 (0.641–0.699). The NRI and IDI for these combinations were 0.132/0.005, 0.187/0.003,
0.137/0.003, 0.153/0.004, and 0.152/0.003 (all P<0.05). No additive interaction was found between eGDR and any
obesity index.No multiplicative interaction was observed between eGDR and BRI, CVAI, or WHtR. However, significant
negative multiplicative interactions were identified between eGDR and ABSI, as well as between eGDR and CI.

Conclusions Lower eGDR and higher obesity‑related indices independently and jointly predict frailty risk.The joint
associations of different obesity‑related indices with eGDR varied.Their combined use helps identify individuals at high
risk early.

Research insights
What is currently known about this topic?

1.As a surrogate marker of insulin resistance, eGDR is associated with frailty and its progression.

2.In middle-aged and older adults, obesity-related indices are associated with the risk of frailty.

3.The incidence of frailty increases in the older adult population.

What is the key research question?

Whether eGDR and obesity‑related indices are independently and jointly associated with frailty risk.

What is new?

1.eGDR and obesity‑related indices independently and jointly increase the risk of frailty.

2.Combining eGDR with obesity‑related indices enhances the accuracy of frailty prediction.
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3.A significant negative multiplicative interaction exists between ABSI, CI, and eGDR.

How might this study influence clinical practice?

Combining eGDR with obesity‑related indices is expected to enable earlier screening of individuals at high risk of frailty
in the general population.

Introduction
Frailty is a clinical syndrome characterized by reduced physiological reserve and increased vulnerability to stressors.
Even minor stress can lead to marked deterioration in health status[1]. As population aging accelerates, frailty has
become a major concern in geriatrics and public health. It is closely associated with increased care needs and
healthcare resource utilization[2]. A systematic review of 61,500 community-dwelling older adults reported a weighted
prevalence of 10.7% for frailty and 41.6% for prefrailty, indicating a substantial and widespread community burden of
frailty[3].In China, nationally representative studies have shown that frailty is closely associated with an increased risk of
cardiovascular disease. Longitudinal evidence further indicates significant associations between frailty and the
progression of physical and mental multimorbidity, suggesting that its impact extends beyond a single disease
domain[4–5]. More importantly, frailty is not merely a manifestation of aging but a distinct risk state that independently
predicts adverse outcomes, including falls, disability, hospitalization, and mortality[6]. Therefore, early identification of
frailty, along with targeted monitoring and intervention, is essential for reducing adverse health outcomes and
alleviating the overall healthcare burden.

Insulin resistance (IR) refers to reduced responsiveness of target tissues (skeletal muscle, liver, and adipose tissue) to
insulin. This results in impaired glucose utilization, inadequate suppression of hepatic glucose output, and dysregulated
lipid metabolism. Fundamentally, IR reflects a disruption of systemic metabolic homeostasis[7].IR is associated not only
with disturbances in glucose metabolism but also with increased disease burden, functional impairment, and higher
disability risk. Therefore, it can be considered an important risk marker for adverse health outcomes in older
adults[8].Moreover, individuals with persistently elevated IR levels are more likely to develop frailty, experience its
progression, and develop cardiovascular disease. This suggests that IR may play a role in the long-term development
and progression of frailty[9].For measuring IR, the hyperinsulinemic-euglycemic clamp technique allows quantitative
assessment of whole-body insulin sensitivity and has long been regarded as the gold standard. However, due to its
invasiveness and high implementation costs, large-scale clinical application of this technique is severely limited[10–

11].In this context, the estimated glucose disposal rate (eGDR) has been proposed as a convenient surrogate marker
that effectively reflects IR[12]. eGDR is calculated by integrating key clinical variables, including glycated hemoglobin
(HbA1c), waist circumference (WC), and hypertension status[13]. Previous studies indicate that lower eGDR levels

generally reflect more severe IR[14].IR is not an isolated metabolic abnormality. It is often accompanied by inflammation
and cognitive decline, which collectively affect muscle function and overall physiological reserve in older adults. These
processes thereby form a pathophysiological basis for frailty[15].Accordingly, eGDR, as a surrogate marker of IR, is
considered to have a potential biological association with frailty.

Obesity, particularly abdominal obesity and visceral fat accumulation, is not mutually exclusive with frailty. Among
middle-aged and older adults, increased visceral fat area is often associated with a higher risk of frailty and poorer
physical performance[16]. Although body mass index(BMI) remains the most commonly used clinical indicator for
obesity assessment, it cannot distinguish between fat and muscle components. It also fails to adequately reflect fat
distribution characteristics. These limitations hinder its ability to identify frailty risk[17]. Given this shortcoming, obesity-
related indices that combine waist circumference with height, weight, and other parameters have recently gained
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increasing attention. These include the A Body Shape Index (ABSI), Body Roundness Index (BRI), Conicity Index (CI),
and Waist-to-Height Ratio (WHtR). These indices reflect central obesity or body fat distribution better than BMI[18–19]. In
relevant population studies, elevated ABSI is associated with a higher risk of frailty and demonstrates superior
discriminative value compared to BMI[20]. Elevated BRI is also associated with a nonlinear increase in frailty risk[21]. CI,

an indicator of abdominal fat accumulation, is positively correlated with frailty[19]. WHtR shows a stronger correlation
with the frailty index than BMI does. This suggests that after height adjustment, waist circumference-related indices
may be more suitable for frailty risk stratification[17].In Chinese populations, the Chinese Visceral Adiposity Index (CVAI)
— a surrogate marker of visceral adiposity constructed from age, BMI, waist circumference, triglycerides, and high-
density lipoprotein cholesterol — has been used to assess obesity-related outcomes such as diabetes, hypertension,
and heart disease in middle-aged and older adults[22]. Therefore, examining frailty from the perspectives of abdominal
obesity and visceral fat deposition has a solid theoretical basis. Furthermore, comparing the strength of associations
between frailty and indices such as ABSI, BRI, CVAI, CI, and WHtR may help identify more suitable risk assessment
indicators for middle-aged and older populations.

eGDR and obesity-related indices may influence frailty development through synergistic pathways. Therefore, using
data from the China Health and Retirement Longitudinal Study (CHARLS), we examined their independent and joint
associations with frailty risk. We also assessed interaction effects and performed subgroup analyses.

Method

Study design and populations
This study was based on data from the CHARLS, a national prospective cohort that systematically collected
longitudinal data on multidimensional health indicators (including physiological, psychological, and socioeconomic
parameters) from middle-aged and older adults aged 45 years and above. The baseline survey employed a multistage
stratified probability sampling method, covering 150 counties/districts and 450 urban communities/villages across 28
provinces in China, ultimately enrolling 17,708 nationally representative participants.The baseline survey was
conducted in 2011, with follow-ups every 2–3 years thereafter. Detailed information on the study design and cohort
characteristics is available on the CHARLS official website[23]. All participants provided written informed consent. The
study was approved by the Institutional Review Board of Peking University (IRB00001052-11015). The study adhered to
the ethical principles of the Declaration of Helsinki and was conducted in strict accordance with the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE) guidelines.

We analyzed data from the CHARLS study spanning 2011 to 2015. The following exclusion criteria were applied. First,
4,671 participants with missing or outlier values for eGDR and obesity-related indicators (height, weight, waist
circumference, glycated hemoglobin, and hypertension) were excluded. Second, 4,178 participants with incomplete
baseline characteristics were excluded. Third, 1,387 participants aged < 45 years or diagnosed with frailty at or before
the baseline survey were excluded. After applying these criteria, 7,472 participants were included in the final analysis.
Figure 1 presents the flowchart of participant inclusion and exclusion.

Assessment of eGDR
In this study, eGDR was used as a quantitative measure of IR, with its calculation formula integrating key metabolic
parameters, including WC, HbA1c, and hypertension status. The formula is as follows:eGDR = 21.158 − 0.09 x WC(cm) 
− 3.407 x hypertension(yes = 1,no = 0) − 0.551 x HbA1c(%)[24].
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Assessment of ABSI, BRI, CVAI, CI and WHtR
The obesity-related indices used in this analysis include ABSI, BRI, CVAI, CI, and WHtR. These indices are widely used as
markers of obesity in epidemiological studies to predict disease risk[25]. Height was measured following standard
procedures. Participants stood barefoot and upright, with their heads positioned in the Frankfurt plane. Body weight
was measured using a calibrated electronic scale, with participants wearing only light clothing. Waist circumference
was measured with participants in a natural standing position, using a soft tape measure placed horizontally around the
navel. The calculation of CVAI additionally requires blood sampling to assess triglyceride (TG) and high-density
lipoprotein cholesterol (HDL-C) levels. BMI is calculated as BMI = weight (kg) / height (m)² [26]. The formulas for
calculating ABSI, BRI, CVAI, CI, and WHtR are as follows:

Assessment of frailty
In this study, the incidence of frailty served as the primary outcome and was treated as a binary variable. Frailty was
evaluated with the Fried criteria, which comprise the following five components: unintentional weight loss, self‑reported
exhaustion, reduced grip strength, slow walking speed, and low physical activity level[32]. Using the Fried criteria, the
CHARLS database, and previously established medical evidence, we developed a modified frailty assessment tool. Its
validity has been confirmed across several studies[33]. This work employed the updated frailty diagnostic criteria, which
encompass exhaustion, weakness, physical inactivity, weight loss, and slowness. The detailed evaluation process is
outlined below:(1) Exhaustion: Exhaustion was deemed present when participants selected “Most or all of the time” or
“Occasionally or a moderate amount of the time” in response to either of the Chinese‑language questions from the
Center for Epidemiologic Studies Depression Scale (CES‑D): “I felt everything I did was an effort during last week” or “I
could not get going during last week.” This measure was defined in the same manner as the original variable proposed
by Fried et al[32].(2) Weakness: Weakness was assessed via the self‑reported item: “having difficulty in lifting or carrying

weights over 5 kg”[34].(3) Low physical activity: Low physical activity was defined as meeting neither of the following
conditions during a typical week: engaging in any physical activity or walking for at least 10 minutes per session. This
definition differs from the one originally introduced by Fried and colleagues[32]. Nevertheless, this same measure has
been employed in a prior comparable study as an indicator of low physical activity [35]. (4) Weight loss: Unintentional
weight reduction of ≥ 5 kg over the preceding year, or a current body mass index (BMI) ≤ 18.5 kg/m², was used to define
weight loss [33]. Evidence indicates that weight loss predicts frailty more effectively than either BMI or caloric intake [36].
(5) Slowness: Slowness was deemed present when participants experienced difficulty walking 100 meters or climbing
multiple flights of stairs without rest. This definition aligns with the approach taken in earlier research [34].In our study,
frailty was defined as the presence of three or more of the five components described above.
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Covariates
Covariates in this study included age, sex, household registration, education level, marital status, smoking status,
alcohol consumption, BMI, hypertension, diabetes, and dyslipidemia. Household registration was categorized as
agricultural or others. Education level was classified into three levels: primary school or below, secondary school, and
college or above. Marital status was categorized as married or others. Smoking status was determined based on
participants' self-reported history of tobacco use and categorized as smokers or never smokers. Alcohol consumption
status was classified as drinkers or non-drinkers according to alcohol use behavior over the past year. Hypertension
was defined as self-reported history of hypertension, systolic blood pressure ≥ 140 mmHg, diastolic blood pressure ≥ 90
mmHg, or current use of antihypertensive medication[37]. Diabetes was determined by fasting blood glucose (FBG)
level ≥ 7.0 mmol/L, HbA1c ≥ 6.5%, current use of antidiabetic medication, or self-reported history of diabetes[38]. The
diagnosis of dyslipidemia was based on self-reported history, use of lipid-lowering medications, or lipid measurements
such as triglycerides (TG) ≥ 150 mg/dL, total cholesterol (TC) ≥ 240 mg/dL, high-density lipoprotein cholesterol (HDL-C) 
< 40 mg/dL, or low-density lipoprotein cholesterol (LDL-C) ≥ 160 mg/dL[39].

Statistical analysis
In this study, descriptive statistical methods were used to analyze the baseline characteristics of participants. Based on
the Kolmogorov-Smirnov test, all continuous variables with non-normal distributions were summarized as medians and
interquartile ranges (IQR). Differences in baseline characteristics across groups were compared using the Kruskal-
Wallis test. Categorical variables were presented as counts and percentages, with between-group differences assessed
by the chi-square test. The distribution characteristics of continuous independent variables were visualized using
histograms. Participants were then divided into four groups based on the optimal cut-off values of eGDR and obesity-
related indices derived from Receiver Operating Characteristic (ROC) curves: (1) high eGDR and low obesity-related
indices; (2) low eGDR and low obesity-related indices; (3) high eGDR and high obesity-related indices; (4) low eGDR and
high obesity-related indices.

Kaplan-Meier curves were used to estimate the cumulative incidence of frailty. The log-rank test was applied to assess
differences between groups. After adjusting for covariates (age, sex, household registration, education level, marital
status, smoking status, alcohol consumption, BMI, hypertension, diabetes, and dyslipidemia), we employed restricted
cubic splines (RCS) to examine the dose-response relationships between eGDR, ABSI, BRI, CVAI, CI, WHtR, and frailty
occurrence. Given no evidence of violation of the proportional hazards assumption, we fitted crude, partially adjusted,
and fully adjusted Cox proportional hazards models. These models estimated the hazard ratios (HRs) and
corresponding 95% confidence intervals (CIs) for frailty occurrence associated with eGDR, ABSI, BRI, CVAI, CI, WHtR,
and their combination.Subsequently, interaction terms between eGDR and each obesity-related indicator were added to
the Cox models to assess their multiplicative interaction. The additive-scale interaction was evaluated using three
indices: (1) Relative excess risk due to interaction (RERI) quantifies the excess risk attributable to interaction by
comparing the combined effect of two exposures with the sum of their individual effects. (2) Attributable proportion
(AP) is the proportion of the risk resulting from combined exposure that is attributable to the interaction between the
two exposures. (3) Synergy index (SI) is the ratio of the excess risk due to combined exposure to the sum of excess
risks due to each individual exposure.

In addition, ROC curves were plotted to evaluate the predictive performance of eGDR and obesity-related indices for
frailty risk. Simultaneously, to estimate their incremental predictive value, we calculated the net reclassification
improvement (NRI) and integrated discrimination improvement (IDI).
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We conducted subgroup analyses to investigate potential heterogeneity in the associations between eGDR, obesity-
related indices, and frailty occurrence. For sensitivity analyses, we recalculated eGDR using the redefined hypertension
criteria (≥ 130/80 mmHg) and excluded participants with non-fasting blood samples at baseline.

All statistical analyses were performed using R software, version 4.4.2. A two-sided P value < 0.05 was considered
statistically significant.

Results

Baseline characteristics of participants
A total of 7,472 participants were included in this study, of whom 49% were male and 51% were female. Among the
participants, the optimal cut-off values derived from ROC curves were 9.3378 for eGDR, 0.0866 for ABSI, 4.60816 for
BRI, 92.91 for CVAI, 1.318 for CI, and 0.56 for WHtR.The distributions of eGDR and obesity‑related indices are shown in
Fig. 2. During a follow‑up of up to 4 years, frailty occurred in 1,012 participants. Table 1 presents the baseline
characteristics of participants stratified by frailty status. Compared with non‑frail participants, those with frailty were
older.Regarding anthropometric indicators, individuals with frailty had significantly lower height, body weight, and BMI,
and these differences were statistically significant. Among the various obesity‑related indices, frail individuals showed
higher BRI, CI, and WHtR, whereas the difference in CVAI was not significant (p = 0.32). Although ABSI reached
statistical significance, the median values of the two groups were almost identical, suggesting that the difference was
primarily driven by the large sample size and lacked practical significance.Regarding metabolic status, eGDR levels
were similar between the two groups (p = 0.11). Among biochemical indicators, frail individuals had slightly higher FBG
and HbA1c (both p ≤ 0.001) as well as higher HDL-C (p = 0.010), whereas no statistically significant differences were
observed in TC, TG, or LDL‑C between the two groups. Supplementary Tables S1–S11 present the baseline
characteristics of participants stratified individually and jointly by eGDR and obesity‑related indices.
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Table 1
Baseline characteristics of the participants stratified by frailty

Characteristics Overall

N = 7,472

Non-frail

N = 6,460

Frail

N = 1,012

p-value

Age,years (median(IQR)) 58.00 (52.00, 65.00) 57.00 (51.00, 64.00) 61.00 (55.75, 69.00) < 0.001

Age, n (%)       < 0.001

Age < 75 7,010 (93.8%) 6,109 (94.6%) 901 (89%)  

Age ≥ 75 462 (6.2%) 351 (5.4%) 111 (11%)  

Hukou, n (%)       < 0.001

Others 1,313 (18%) 1,177 (18%) 136 (13%)  

Agriculture 6,159 (82%) 5,283 (82%) 876 (87%)  

Gender, n (%)       < 0.001

Female 3,844 (51%) 3,177 (49%) 667 (66%)  

Male 3,628 (49%) 3,283 (51%) 345 (34%)  

Marry, n (%)       < 0.001

Others 824 (11%) 666 (10%) 158 (16%)  

Married 6,648 (89%) 5,794 (90%) 854 (84%)  

Education, n (%)       < 0.001

Elementary school

and below

5,125 (68.6%) 4,286 (66.3%) 839 (82.9%)  

Secondary school 2,238 (29.9%) 2,067 (32%) 171 (16.9%)  

College and above 109 (1.5%) 107 (1.7%) 2 (0.2%)  

BMI, kg/m2 (median(IQR)) 23.20 (20.97, 25.75) 23.27 (21.09, 25.74) 22.68 (20.14, 25.82) < 0.001

Smoke, n (%)       < 0.001

No 4,462 (60%) 3,777 (58%) 685 (68%)  

Yes 3,010 (40%) 2,683 (42%) 327 (32%)  

Drink, n (%)       < 0.001

No 4,907 (66%) 4,120 (64%) 787 (78%)  

Yes 2,565 (34%) 2,340 (36%) 225 (22%)  

Hypertension, n (%)       0.002

No 4,477 (60%) 3,916 (61%) 561 (55%)  

Abbreviations:eGDR:estimated glucose disposal rate;ABSI:A body shape index;BRI:body roundness
index;CVAI:Chinese visceral adiposity index;CI:conicity index;WHtR:waist–height ratio;Hukou:the system of
household registration;BMI:body mass index;FBG:fasting blood glucose;HbA1c:glycated hemoglobin;TC:total
cholesterol;TG:triglyceride;HDL:high density lipoprotein cholesterol;LDL:low density lipoprotein cholesterol

Page 8/29



Characteristics Overall

N = 7,472

Non-frail

N = 6,460

Frail

N = 1,012

p-value

Yes 2,995 (40%) 2,544 (39%) 451 (45%)  

Diabetes, n (%)       < 0.001

No 6,260 (84%) 5,455 (84%) 805 (80%)  

Yes 1,212 (16%) 1,005 (16%) 207 (20%)  

Dyslipidemia, n (%)       0.47

No 3,911 (52%) 3,392 (53%) 519 (51%)  

Yes 3,561 (48%) 3,068 (47%) 493 (49%)  

Height, cm (Median(IQR)) 158.00 (152.30,
164.40)

158.50 (152.80,
164.83)

155.00 (150.00,
160.20)

< 0.001

Weight, kg (Median(IQR)) 58.20 (51.50, 65.80) 58.70 (52.10, 66.30) 54.90 (48.18, 63.02) < 0.001

Waist, cm (Median(IQR)) 85.00 (78.00, 92.00) 85.00 (78.27, 92.00) 84.20 (76.97, 92.00) 0.016

FBG, mg/dl (Median(IQR)) 102.42 (94.50,
113.40)

102.24 (94.32,
113.04)

103.95 (95.04,
116.28)

< 0.001

HbA1c, mg/dl (Median(IQR)) 5.10 (4.90, 5.40) 5.10 (4.90, 5.40) 5.20 (4.90, 5.50) 0.001

TC, mg/dl (Median(IQR)) 190.98 (167.78,
215.34)

190.98 (167.40,
215.34)

191.37 (168.94,
217.27)

0.37

TG, mg/dl (Median(IQR)) 105.32 (74.34,
153.99)

105.32 (74.34,
153.33)

105.32 (75.22,
153.99)

0.51

HDL, mg/dl (Median(IQR)) 49.48 (40.59, 59.92) 49.10 (40.59, 59.92) 50.64 (41.37, 61.47) 0.010

LDL, mg/dl (Median(IQR)) 114.43 (93.56,
137.63)

114.43 (93.56,
137.63)

114.63 (92.69,
137.24)

0.83

eGDR, Median(IQR) 9.92 (7.25, 11.06) 9.96 (7.26, 11.05) 9.39 (7.13, 11.09) 0.11

ABSI, Median(IQR) 0.08 (0.08, 0.09) 0.08 (0.08, 0.09) 0.08 (0.08, 0.09) < 0.001

BRI, Median(IQR) 4.04 (3.23, 5.05) 4.01 (3.24, 5.02) 4.24 (3.22, 5.27) 0.007

CVAI, Median(IQR) 93.54 (67.85,
122.65)

93.04 (67.69,
122.38)

96.44 (68.18,
124.30)

0.32

CI, Median(IQR) 1.28 (1.23, 1.34) 1.28 (1.23, 1.34) 1.30 (1.23, 1.36) < 0.001

WHtR, Median(IQR) 0.53 (0.49, 0.58) 0.53 (0.49, 0.58) 0.55 (0.49, 0.59) 0.007

Abbreviations:eGDR:estimated glucose disposal rate;ABSI:A body shape index;BRI:body roundness
index;CVAI:Chinese visceral adiposity index;CI:conicity index;WHtR:waist–height ratio;Hukou:the system of
household registration;BMI:body mass index;FBG:fasting blood glucose;HbA1c:glycated hemoglobin;TC:total
cholesterol;TG:triglyceride;HDL:high density lipoprotein cholesterol;LDL:low density lipoprotein cholesterol

Associations of ABSI, BRI, CVAI, CI, WHtR, and eGDR with the
incidence of frailty
First, the associations of eGDR and each obesity‑related index with the risk of frailty were analyzed independently.
Kaplan‑Meier survival analysis showed that participants with high ABSI, BRI, CVAI, CI, WHtR or low eGDR had
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significantly higher cumulative incidence of frailty (all log‑rank P < 0.0001; Fig. S1). These findings were confirmed by
Cox regression models.After adjusting for potential confounding variables (Model 3), participants with high levels of
obesity‑related indices had a significantly increased risk of frailty compared with those with low levels: ABSI (HR: 1.30,
95% CI: 1.13–1.50), BRI (HR: 1.48, 95% CI: 1.24–1.75), CVAI (HR: 1.35, 95% CI: 1.15–1.60), CI (HR: 1.24, 95% CI: 1.09–
1.42), and WHtR (HR: 1.40, 95% CI: 1.18–1.66).Additionally, compared with high eGDR, participants with low eGDR had a
1.72-fold higher risk of frailty (95% CI: 1.28–2.32) (Table 2). RCS analysis based on Model 3 revealed nonlinear
associations of ABSI, BRI, CVAI, CI, WHtR, and eGDR with frailty occurrence (ABSI: P for nonlinear = 0.034; BRI: P for
nonlinear < 0.001; CVAI: P for nonlinear < 0.001; CI: P for nonlinear = 0.043; WHtR: P for nonlinear < 0.001; eGDR: P for
nonlinear = 0.014) (Fig. S2).

We then explored the combined effect of obesity‑related indices and eGDR on frailty risk. Kaplan‑Meier survival analysis
showed that participants with high obesity‑related indices and low eGDR had the highest cumulative incidence of frailty,
whereas those with low obesity‑related indices and high eGDR had the lowest (all log‑rank P < 0.0001) (Fig.
3).Furthermore, Cox regression analysis showed that after full adjustment, participants with high obesity‑related indices
and low eGDR had the greatest risk of frailty. Compared with those having low obesity‑related indices and high eGDR,
the risk increased by 1.94‑fold for high ABSI combined with low eGDR (HR: 1.94, 95% CI: 1.41–2.67), by 2.30‑fold for
high BRI combined with low eGDR (HR: 2.30, 95% CI: 1.65–3.19), by 2.20‑fold for high CVAI combined with low eGDR
(HR: 2.20, 95% CI: 1.58–3.07), by 1.95‑fold for high CI combined with low eGDR (HR: 1.95, 95% CI: 1.42–2.66), and by
2.21‑fold for high WHtR combined with low eGDR (HR: 2.21, 95% CI: 1.59–3.08) (Table S12).Meanwhile, we also
evaluated the associations of ABSI, BRI, CVAI, CI, WHtR, and eGDR with frailty risk, taking into account the effects of
interaction terms (Table S13).
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Table 2
Associations of ABSI,BRI,CVAI,CI,WHtR and eGDR with frailty

  Case Crude   Model 1   Model 2   Model 3  

  HR(95%CI) P-
value

HR(95%CI) P-
value

HR(95%CI) P-
value

HR(95%CI) P-
value

eGDR                  

high
eGDR

508(12.16%) Ref   Ref   Ref   Ref  

low
eGDR

504(15.31%) 1.30(1.15–
1.47)

< 
0.001

1.21(1.07–
1.37)

0.002 1.31(1.15–
1.49)

< 
0.001

1.72(1.28–
2.32)

< 
0.001

ABSI                  

low
ABSI

700(11.9%) Ref   Ref   Ref   Ref  

high
ABSI

312(19.63%) 1.77(1.55–
2.03)

< 
0.001

1.48(1.29–
1.70)

< 
0.001

1.35(1.17–
1.55)

< 
0.001

1.30(1.13–
1.50)

< 
0.001

BRI                  

low
BRI

592(12.29%) Ref   Ref   Ref   Ref  

high
BRI

420(15.81%) 1.31(1.16–
1.49)

< 
0.001

1.09(0.96–
1.24)

0.204 1.53(1.29–
1.81)

< 
0.001

1.48(1.24–
1.75)

< 
0.001

CVAI                  

low
CVAI

466(12.64%) Ref   Ref   Ref   Ref  

high
CVAI

546(14.42%) 1.17(1.03–
1.32)

0.014 1.06(0.93–
1.20)

0.395 1.42(1.21–
1.66)

< 
0.001

1.35(1.15–
1.60)

< 
0.001

CI                  

low
CI

588(11.89%) Ref   Ref   Ref   Ref  

high
CI

424(16.78%) 1.46(1.29–
1.66)

< 
0.001

1.25(1.10–
1.42)

< 
0.001

1.29(1.13–
1.48)

< 
0.001

1.24(1.09–
1.42)

0.001

WHtR                  

low
WHtR

586(12.39%) Ref   Ref   Ref   Ref  

high
WHtR

426(15.52%) 1.27(1.13–
1.44)

< 
0.001

1.05(0.93–
1.20)

0.432 1.45(1.22–
1.72)

< 
0.001

1.40(1.18–
1.66)

< 
0.001

Model1 adjusted for age and gender;Model2 adjusted for age,gender,hukou,education,marital status,smoking
status,drinking status and BMI;Model3 adjusted for factors in model2 and history of
hypertension,diabetes,dyslipidemia.

Abbreviations:eGDR:estimated glucose disposal rate;ABSI:A body shape index;BRI:body roundness index;CVAI:Chinese
visceral adiposity index;CI:conicity index;WHtR:waist–height ratio

Predictive performance of ABSI, BRI, CVAI, CI, WHtR, and eGDR for frailty occurrence
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 The predictive performance of obesity‑related indices and eGDR for frailty risk was assessed using ROC curve analysis,
NRI, and IDI (Fig. 4; Table S14). When evaluated individually, BRI showed the highest AUC (0.668, 95% CI: 0.639–0.697),
whereas CI demonstrated the best reclassification performance (NRI: 0.181, 95% CI: 0.103–0.249). Regarding
integrated discrimination improvement, adding BRI or CVAI alone yielded significant IDI gains (all IDI: 0.002, 95% CI:
0.000–0.005).In the integrated modeling assessment, the combination of BRI and eGDR showed the highest diagnostic
performance, achieving the highest AUC (0.672, 95% CI: 0.643–0.700) and a significant NRI (0.187, 95% CI: 0.081–
0.240). The combination of ABSI and eGDR exhibited the highest IDI (0.005, 95% CI: 0.002–0.010). Overall, the BRI plus
eGDR combination performed best in terms of AUC and NRI, whereas the ABSI plus eGDR combination yielded the
greatest IDI gain. These results indicate that combining eGDR with obesity‑related indices can more effectively improve
the predictive value for frailty risk.

Interaction analyses between ABSI, BRI, CVAI, CI, WHtR, and eGDR

 The potential additive and multiplicative effects of obesity‑related indices and eGDR on frailty risk were evaluated
through interaction analysis (Table 3). After full adjustment for potential confounders, we observed that the 95%
confidence intervals for RERI and AP between eGDR and each obesity‑related index crossed 0, and the 95% confidence
interval for SI crossed 1.Furthermore, the 95% confidence intervals for the multiplicative effects of eGDR with BRI, CVAI,
and WHtR crossed 1, whereas the multiplicative effects of eGDR with ABSI and CI were less than 1 and their 95%
confidence intervals did not cross 1. These findings indicate no statistically significant additive interaction between
each obesity‑related index and eGDR on frailty occurrence.Meanwhile, no multiplicative interaction was observed
between BRI, CVAI, or WHtR and eGDR, whereas a significant negative multiplicative interaction existed between ABSI
or CI and eGDR, indicating that the relative risk upon combined exposure to the two factors was less than the expected
multiplicative effect.
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Table 3
Interaction between the ABSI,BRI,CVAI,CI,WHtR and eGDR on frailty

Interactive indices Interactive effects (95% CI)

Model 1 Model 2 Model 3

eGDR and ABSI      

Additive effect      

RERI -0.40(-0.83,0.02) -0.33(-0.73,0.07) -0.33(-0.78,0.12)

AP -0.25(-0.53,0.03) -0.21(-0.48,0.06) -0.17(-0.42,0.08)

SI 0.60(0.36,1.00) 0.64(0.37,1.08) 0.74(0.48,1.14)

Multiplicative effect 0.72(0.55,0.95) 0.75(0.57,0.98) 0.73(0.56,0.96)

eGDR and BRI      

Additive effect      

RERI -0.11(-0.41,0.20) 0.11(-0.27,0.50 ) 0.17(-0.30,0.64)

AP -0.09(-0.34,0.16) 0.06(-0.14,0.27) 0.08(-0.12,0.27)

SI 0.68(0.25,1.82) 1.16(0.69,1.92) 1.15(0.79,1.70)

Multiplicative effect 0.91(0.70,1.18) 0.99(0.76,1.30) 0.94(0.72,1.23)

eGDR and CVAI      

Additive effect      

RERI -0.03(-0.33,0.26) 0.20(-0.14,0.55) 0.28(-0.17,0.72)

AP -0.03(-0.28,0.22) 0.12(-0.08,0.31) 0.13(-0.06,0.31)

SI 0.86(0.25,2.98) 1.39(0.74,2.61) 1.30(0.84,2.00)

Multiplicative effect 0.97(0.75,1.26) 1.09(0.83,1.41) 1.04(0.80,1.36)

eGDR and CI      

Additive effect      

RERI -0.39(-0.74,-0.03) -0.26(-0.62,0.11) -0.31(-0.74,0.11)

AP -0.28(-0.55,-0.02) -0.17(-0.41,0.08) -0.16(-0.39,0.07)

SI 0.49(0.28,0.88) 0.68(0.41,1.13) 0.75(0.51,1.10)

Multiplicative effect 0.72(0.56,0.93) 0.79(0.61,1.02) 0.75(0.58,0.97)

eGDR and WHtR      

Additive effect      

Model1 adjusted for age and gender;Model2 adjusted for age,gender,hukou,education,marital status,smoking
status,drinking status and BMI;Model3 adjusted for factors in model2 and history of
hypertension,diabetes,dyslipidemia.

Abbreviations: RERI: relative excess risk due to interaction;AP: proportion attributable to interaction; SI: synergy
index;eGDR:estimated glucose disposal rate;ABSI:A body shape index;BRI:body roundness index;CVAI:Chinese
visceral adiposity index;CI:conicity index;WHtR:waist–height ratio
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Interactive indices Interactive effects (95% CI)

Model 1 Model 2 Model 3

RERI -0.13(-0.43,0.18) 0.08(-0.30,0.45) 0.12(-0.33,0.57)

AP -0.11(-0.36,0.15) 0.04(-0.17,0.25) 0.05(-0.14,0.25)

SI 0.61(0.21,1.73) 1.11(0.65,1.90) 1.11(0.75,1.64)

Multiplicative effect 0.90(0.69,1.16) 0.98(0.75,1.28) 0.93(0.71,1.21)

Model1 adjusted for age and gender;Model2 adjusted for age,gender,hukou,education,marital status,smoking
status,drinking status and BMI;Model3 adjusted for factors in model2 and history of
hypertension,diabetes,dyslipidemia.

Abbreviations: RERI: relative excess risk due to interaction;AP: proportion attributable to interaction; SI: synergy
index;eGDR:estimated glucose disposal rate;ABSI:A body shape index;BRI:body roundness index;CVAI:Chinese
visceral adiposity index;CI:conicity index;WHtR:waist–height ratio

Subgroup analyses

 We performed stratified analyses across different subgroups to evaluate the associations between eGDR and
obesity‑related indices and incident frailty (Fig. S3–S7). In most subgroups, the associations of the combined
groupings of eGDR with ABSI, BRI, CVAI, CI, and WHtR with frailty risk were consistent with the main analysis
results.Specifically, the combined grouping of eGDR and ABSI showed significant interactions with household
registration (interaction p = 0.039) and alcohol consumption status (interaction p = 0.045). The combined grouping of
eGDR and BRI showed significant interactions with marital status (interaction p = 0.038) and dyslipidemia (interaction p
= 0.049).The combined grouping of eGDR and CVAI showed a significant interaction with alcohol consumption status
(interaction p = 0.046). No significant interactions were observed for the other stratified variables (all interaction P >
0.05). Furthermore, no significant interactions were found in the subgroup analyses for the combined groupings of
eGDR with CI or eGDR with WHtR.

Sensitivity analysis

 To validate the robustness of the results, we performed two sensitivity analyses. After recalculating eGDR using the
redefined hypertension criteria (≥130/80 mmHg), the associations of the combined groupings of eGDR and
obesity‑related indices with frailty risk remained consistent with the main results (Fig. 5). Furthermore, after excluding
participants with non‑fasting blood samples at baseline, re‑analysis yielded similar results (Fig. S8).

Discussion
In this national longitudinal study of 7,472 middle‑aged and older adults, we found that lower eGDR and higher
obesity‑related indices independently and jointly increased frailty risk. Second, RCS regression analysis (Model 3)
revealed nonlinear associations between eGDR, each obesity‑related index, and frailty occurrence. Furthermore, ROC
curve, NRI, and IDI analyses indicated that combining eGDR with obesity‑related indices improved frailty risk prediction.
This combined approach provided higher predictive value than adding eGDR alone or any single obesity‑related index
alone to the model.Interaction analysis revealed a significant negative multiplicative interaction between eGDR and
ABSI, as well as between eGDR and CI, indicating an antagonistic effect of their combined action. No multiplicative
interaction was found between eGDR and BRI, CVAI, or WHtR. Additionally, no significant additive interaction was
observed between eGDR and any obesity‑related index. Subgroup and sensitivity analyses yielded results consistent
with the main findings. Overall, these findings suggest that combining eGDR with obesity‑related indices may facilitate
early identification and prevention of frailty.
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  ABSI, BRI, CVAI, CI, and WHtR are simple anthropometric indices that reflect central obesity, visceral fat accumulation,
and abnormal body fat distribution. In recent years, they have been widely used to assess obesity‑related metabolic
disorders and the risk of adverse health outcomes. Previous studies have shown that ABSI is independently associated
with mortality risk and has a significant positive correlation with frailty occurrence, whereas BMI does not demonstrate
the same predictive ability[40]. Furthermore, Jie Xu et al. analyzed data from 7,186 participants and found that higher
BRI was closely associated with frailty occurrence in older adults[41].Meanwhile, Meng Chen et al. explored the
relationship between CI and frailty in a study of 8,748 older American adults. They found that elevated CI was a reliable
predictor of frailty prevalence in older men and was significantly associated with frailty occurrence[42]. Furthermore, a
study by Aijun Song et al. demonstrated that compared with BMI, BRI, and WHT.5R (waist/height0.5), WHtR showed a
stronger association with the frailty index. They also suggested that among waist‑centered obesity measures, WHtR
should be prioritized in frailty risk assessment and clinical intervention for older adults[43].Previous studies suggest that
some obesity‑related indices are associated with frailty or adverse aging outcomes. However, whether the
discriminative ability of these indices for frailty risk is consistent remains to be compared and validated. In this study,
higher levels of ABSI, BRI, CVAI, CI, and WHtR were all significantly associated with an increased risk of frailty, with BRI
showing the strongest association. This finding suggests that abnormal obesity‑related body fat distribution may
promote frailty occurrence through multiple mechanisms.On the one hand, obesity promotes the secretion of reactive
oxygen species and pro‑inflammatory cytokines from adipose tissue. This induces chronic low‑grade inflammation that
damages skeletal muscle, reduces muscle mass and function, and ultimately leads to frailty[44-45]. On the other hand,
obesity often involves increased intramuscular lipid deposition. This lipid infiltration impairs muscle function and
reduces strength, thereby exacerbating physical frailty in older adults through related metabolic pathways, even without
loss of muscle mass[44].

  eGDR, composed of waist circumference, hypertension status, and glycated hemoglobin, is a simple indicator for
assessing IR[46]. Multiple studies have shown that eGDR, as a measure of IR, is a reliable predictor of frailty risk. For
example, Hui Tian et al. analyzed data from 6,722 Chinese adults and found that eGDR was negatively associated with
frailty risk, whereas the triglyceride‑glucose (TyG) index and the metabolic score for insulin resistance (METS‑IR) were
positively associated with frailty risk[47].Furthermore, in a 7‑year follow‑up study of 6,778 participants, Jiayu Sun et al.
found that lower eGDR was associated with accelerated frailty progression in middle‑aged and older Chinese adults.
They also found that transitioning from low to high eGDR might mitigate this progression[48]. Additionally, Raúl F.
Pérez‑Tasigchana et al. reported in an analysis of 1,499 older participants that metabolic syndrome (MS) and IR were
associated with an increased risk of frailty[49]. Meanwhile, Wentao Yang et al. investigated the relationship between
eGDR and frailty in a study of 26,282 American participants and observed a significant negative association between
eGDR and frailty[50]. Consistent with previous studies, the present study also found that lower eGDR levels were
associated with a higher risk of frailty. One possible mechanism is that skeletal muscle, as the primary target tissue of
insulin, is a key site of IR. IR reduces the sensitivity of skeletal muscle cells to insulin, thereby decreasing glucose
uptake. This leads to reduced muscle strength and function, and consequently increases the risk of frailty development
and progression[51-52]. Another possible mechanism is that IR promotes oxidative stress, which is closely associated
with frailty[53].

As an independent risk factor for frailty, IR increases its risk through multiple pathways. First, IR exacerbates oxidative
stress and inflammatory responses, thereby linking inflammation to frailty and increasing frailty risk[54]. Second, IR
impairs skeletal muscle function, leading to decreased muscle strength and mass. This in turn aggravates frailty.
Meanwhile, IR promotes inflammatory responses in adipose tissue, leading to sarcopenic obesity and further
exacerbating frailty[55].Obesity itself is also an independent risk factor for frailty. Obesity, especially abdominal obesity,
is associated with chronic inflammation because adipose tissue in the abdominal region tends to release more
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inflammatory cytokines[56]. Chronic inflammation is a key factor in the development of frailty[57]. Moreover, the
coexistence of general and abdominal obesity may exacerbate inflammatory responses, creating a pro‑inflammatory
environment that further leads to frailty[58].The above mechanisms indicate that both IR and obesity are related to
frailty. Therefore, it is important to investigate surrogate markers of IR and obesity (e.g., eGDR and various
obesity‑related indices) and their associations with frailty. However, no study has comprehensively evaluated the
combined effect of these markers on frailty. The present study found that low eGDR was consistently associated with a
higher frailty risk than high eGDR, regardless of whether in the general population or among individuals with low or high
levels of obesity‑related indices.Similarly, high obesity‑related indices were consistently associated with an increased
frailty risk compared with low levels, regardless of whether in the overall population or among individuals with low or
high eGDR. Previous studies have shown that IR, as indicated by low eGDR, not only disrupts glucose metabolism but
also promotes sarcopenia, thereby exacerbating frailty[59].Meanwhile, lipid accumulation in the vascular endothelium
can impair endothelial function and increase the risk of cardiovascular disease, which is also associated with
frailty[60].In addition, this study found that the combined group of low eGDR and high obesity‑related indices exhibited
the highest frailty risk. Among these, the combined effect of BRI was stronger than that of ABSI, CVAI, CI, and WHtR.
Compared with ABSI, CVAI, CI, and WHtR, BRI is an anthropometric index based on waist circumference and height,
primarily designed to characterize body shape and fat distribution from the perspective of “body roundness”[61].
Previous studies have shown that BRI is closer to body fat percentage and visceral fat volume than traditional
indicators, thus not only reflecting abdominal obesity but also characterizing visceral fat load to a certain extent[61].In
contrast, ABSI is essentially a body shape index derived by adjusting waist circumference for BMI and height,
emphasizing waist circumference deviation relative to body size[62]. CVAI integrates age, BMI, waist circumference,
triglycerides, and HDL‑C, more directly reflecting visceral fat accumulation and its associated metabolic dysfunction[63].

CI is primarily used to describe the degree of central fat distribution[64].Furthermore, although BRI and WHtR share
substantial overlapping information and may even be considered a one‑to‑one nonlinear transformation of WHtR, BRI
has the advantage of being able not only to express the degree of waist circumference deviation relative to height but
also to provide a more intuitive geometric interpretation of body fat level and overall body composition status[61]

[65].Meanwhile, BRI is associated with an increased risk of low muscle mass[66], suggesting that it may more sensitively
identify the fat‑muscle imbalance state closely related to frailty. Therefore, the stronger association observed for the
combined eGDR and BRI group in this study may reflect their advantage in capturing visceral fat accumulation and
adverse body composition remodeling.

   This study showed that combined exposure to low eGDR and high obesity‑related indices significantly increased
frailty risk. This association exhibited heterogeneity across different population subgroups. Specifically, the combined
effect of low eGDR and high ABSI was more pronounced among individuals with non‑agricultural household registration
and non‑drinkers. We also found a statistically significant interaction of alcohol consumption status on the combined
effect of eGDR and CVAI. Specifically, compared with drinkers, the impact of combined low eGDR and high CVAI
exposure on frailty risk was more significant among non‑drinkers.For example, a study by Juan J. Llibre Rodriguez et al.
showed that the risk of frailty was higher in urban areas than in rural areas in China and India[67]. Furthermore, L.
Seematter‑Bagnoud et al. examined alcohol consumption and frailty in a study of 1,564 older adults. They found that
even after adjusting for poor baseline health status, non‑drinkers had a higher risk of frailty than drinkers. This finding
likely reflects the healthy survivor effect among drinkers[68]. This is consistent with our results.Second, our results
showed that the combined effect of low eGDR and high BRI was stronger among married individuals and those with
dyslipidemia. This finding is partially consistent with existing evidence. For example, Reneilwe Given Mashaba et al.
analyzed data from 546 participants and found that those with dyslipidemia had a significantly higher likelihood of
frailty[69].Overall, these findings suggest that combining eGDR with obesity‑related indices can help identify subgroups
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at high risk of frailty at the population level. This provides a practical approach for early identification and targeted
intervention.

   To further explore the combined association of eGDR and obesity‑related indices with frailty risk, we conducted
interaction analysis. The results showed no significant additive interaction between eGDR and any obesity‑related index
in frailty occurrence. This indicates that their combined effect did not exceed the simple sum of their individual main
effects. On the multiplicative scale, no significant interaction was observed between eGDR and BRI, CVAI, or WHtR.
However, a significant negative multiplicative interaction existed between eGDR and ABSI, as well as between eGDR and
CI. Specifically, when ABSI or CI was already high, the relative increase in frailty risk associated with low eGDR was
attenuated. This suggests that the risk contributions of the two factors were not simply multiplicative.This indicates
that the combined effect patterns of different obesity phenotypes and glucose metabolism abnormalities on frailty
occurrence are not uniform. Studies have shown that adiponectin, an important adipokine secreted by adipose tissue,
improves insulin sensitivity in major insulin target tissues such as skeletal muscle and the liver. It also participates in
the regulation of energy metabolism and inflammatory responses. Therefore, adiponectin is considered a key protective
molecule against IR[70]. The basis for these effects lies in its binding to adiponectin receptor 1 (AdipoR1) and
adiponectin receptor 2 (AdipoR2), which further activates signaling pathways including adenosine
monophosphate‑activated protein kinase (AMPK), p38 mitogen‑activated protein kinase (p38MAPK), and peroxisome
proliferator‑activated receptor alpha (PPARα).This,in turn, promotes fatty acid oxidation, inhibits hepatic glucose output,
and improves overall metabolic homeostasis[71].More direct mechanistic studies have shown that the globular domain
of adiponectin (gACRP30) rapidly activates AMPK in skeletal muscle.It also inhibits acetyl‑CoA carboxylase (ACC)
activity,reduces malonyl‑CoA levels, and enhances glucose transport and fatty acid oxidation. These findings provide
experimental evidence for the ameliorative effect of adiponectin on IR[72].Furthermore, review studies have indicated
that adiponectin levels are negatively correlated with obesity, diabetes, and other insulin‑resistant states.By enhancing
the activity of AMPK and PPARα pathways in the liver and skeletal muscle,adiponectin helps maintain normal glucose
and lipid metabolism and prevents the development of IR[73].In the context of obesity‑related metabolic disorders such
as diabetes,adiponectin is also considered to have the potential to further improve insulin sensitivity and delay target
organ damage. This suggests that it is not only involved in the regulation of insulin resistance but may also possess
certain therapeutic value[74].It should be noted that the negative multiplicative interaction observed in this study does
not imply that the combined exposure is harmless.Rather, it more likely suggests effect overlap or diminished marginal
gain.In other words,when high ABSI or CI is combined with low eGDR,the risk is indeed higher, but the magnitude of
increase does not reach the level expected by multiplying the respective risk ratios of the two factors.Therefore, the
negative multiplicative interaction does not alter the fact that individuals with low eGDR combined with high ABSI or CI
have an overall higher risk.This finding suggests that frailty risk assessment should not rely on a single indicator.Rather,
it should incorporate both glucose metabolism status and body fat distribution characteristics to improve the accuracy
of high‑risk population identification and avoid underestimating the risk in key intervention targets. No significant
interaction was observed between BRI, CVAI,or WHtR and eGDR in the occurrence of frailty in this study.A possible
explanation for this is that,although BRI, CVAI,and WHtR can each reflect central or visceral fat‑related abnormalities
from different perspectives[75-77],the relationships between these indices and the insulin resistance‑related metabolic
status reflected by eGDR may represent correlated or parallel risk dimensions rather than significantly modifying each
other's effects.Therefore,in this study, their combined effect on frailty did not exhibit a statistical interaction that
deviates significantly from what is expected under additive or multiplicative models.

To further test the robustness of the study findings,we conducted sensitivity analyses focusing on the definition of key
covariates and participant inclusion criteria.First,we repeated the analysis after redefining hypertension using the
threshold of ≥130/80 mmHg.Second, because non‑fasting status may interfere with the assessment of
metabolism‑related indicators,we repeated the analysis after excluding non‑fasting participants.The results of both
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sensitivity analyses were consistent with the main analysis.This indicates that the associations between the combined
groupings (eGDR with ABSI, BRI, CVAI, CI, and WHtR) and frailty risk are robust.

However,several limitations of this study should be noted.First, as an observational study,it may be subject to residual
confounding from incompletely controlled factors such as psychological characteristics, household income,and
physical activity.Therefore,causal relationships between eGDR,obesity‑related indices, and frailty risk cannot be
established.Second,we excluded individuals with missing or abnormal values for exposure factors,which may have
introduced selection bias.Third, this study did not incorporate longitudinal changes in eGDR or obesity‑related
indices.This makes it difficult to fully characterize the long‑term evolution of their combined exposure
patterns.Fourth,the CHARLS target population is exclusively from China.Therefore,generalizing the findings to other
countries may be limited.Further studies are needed to verify the applicability of these findings in populations with
different cultural backgrounds.Finally,some variables (e.g.,smoking,alcohol consumption,and history of diabetes and
hypertension) relied on self‑reported data,which may introduce recall bias and the risk of inaccuracies.

Conclusion
Overall, both eGDR and obesity‑related indices (ABSI, BRI, CVAI, CI, WHtR) are useful predictors of frailty occurrence,
and their combined assessment can further improve risk identification. This study highlights the importance of
integrating insulin resistance and body fat abnormalities in clinical and public health practice. The combined use of
eGDR and obesity‑related indices may enable earlier screening of high‑risk individuals for frailty in the general
population, provide a reference for subsequent monitoring and intervention, and thereby reduce the overall burden of
frailty.

Abbreviations
eGDR  Estimated glucose disposal rate 

ABSI  A body shape index 

BRI  Body roundness index 

CVAI  Chinese visceral adiposity index 

CI  Conicity index 

WHtR  Waist-to-height ratio 

CHARLS  China health and retirement longitudinal study

IR  Insulin resistance

ROC  Receiver operating characteristic

RCS  Restricted cubic spline

AUC  Area under the curve

NRI  Net reclassification improvement

IDI  Integrated discrimination improvement

Page 18/29



RERI  Relative excess risk due to interaction

AP  Attributable proportion

SI  Synergy index

HbA1c  Glycated hemoglobin 

WC  Waist circumference

BMI  body mass index

STROBE  Strengthening the reporting of observational studies in epidemiology 

TG  Triglyceride

TC  total cholesterol

FBG  Fasting blood glucose 

LDL-C  Low-density lipoprotein cholesterol 

HDL-C  High-density lipoprotein cholesterol 

TyG  Triglyceride‑glucose 

WHT.5R Waist/height0.5

CES-D  Epidemiologic studies-depression scale 

METS‑IR  Metabolic score for insulin resistance 

MS  Metabolic syndrome 

AdipoR1  Adiponectin receptor 1 

AdipoR2  Adiponectin receptor 2 

AMPK  Adenosine monophosphate activated protein kinase 

p38MAPK  p38 mitogen activated protein kinase 

PPARα  Peroxisome proliferator activated receptor alpha 

gACRP30  Globular domain of adiponectin 

ACC  CoA carboxylase

HR  Hazard ratio

CI  Confidence interval

IQR  Interquartile range

Page 19/29



Declarations
Acknowledgements

We would like to express our appreciation to all the members of the CHARLS for their contributions and all the
participants who contributed the data.

Author contributions

DW conceived and designed the experiments and wrote the manuscript.QT and HC organized the data, and CL
performed the analyses.JL and SY contributed to the data quality control and the finalization of the manuscript. All
authors read and approved the final manuscript.

Ethics approval and consent to participate

This study involving human participants was reviewed and approved by the Ethics Review Committee of Peking
University. Written informed consent was obtained from all participants prior to their inclusion in the study. The study
adhered to the ethical principles of the Declaration of Helsinki and was conducted in strict accordance with the
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines.

Funding

This study received support from the research project titled "Intelligent Assessment of Intracranial Artery Calcification
Patterns Based on Multimodal Radiomics and Its Decision-Making Value in Stratified Diagnosis and Treatment of
Ischemic Stroke" (Grant No. 2026020301040139).

Availability of data and materials

Online repositories(https://charls.pku.edu.cn/) contain the datasets used in this investigation. Registration as a user on
the website would be needed to obtain the data. After registration is reviewed and approved, the data set could be
downloaded following the provided instructions.

Consent for publication

Not applicable.

Competing interests

The authors declare no competing interests.

Clinical trial number

Not applicable.

Author details

1Department of Neurology, Wuhan Third Hospital & Tongren Hospital of Wuhan University, Wuhan 430074, Hubei, China

2School of Medicine, Xinjiang Medical University, Urumqi, Xinjiang 830000, China

3Wuchang Hospital, Wuhan 430063, Hubei, China

Page 20/29



References
1. Clegg A, Young J, Iliffe S, Rikkert MO, Rockwood K. Frailty in elderly people. Lancet. 2013;381(9868):752-762.

doi:10.1016/S0140-6736(12)62167-9.

2. Abbasi M, Rolfson D, Khera AS, Dabravolskaj J, Dent E, Xia L. Identification and management of frailty in the
primary care setting. CMAJ. 2018;190(38):E1134-E1140. doi:10.1503/cmaj.171509.

3. 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):1487-1492. doi:10.1111/j.1532-5415.2012.04054.x.

4. Liu X, Dai G, He Q, Ma H, Hu H. Frailty Index and Cardiovascular Disease among Middle-Aged and Older Chinese
Adults: A Nationally Representative Cross-Sectional and Follow-Up Study. J Cardiovasc Dev Dis. 2022;9(7):228.
Published 2022 Jul 18. doi:10.3390/jcdd9070228.

5. Fei Z, Qian Y, Tu Y, Wu C. Association between frailty and physical-psychological multimorbidity in middle-aged and
elderly Chinese adults: a longitudinal study in Chinese middle-aged and older adults. BMC Psychiatry.
2024;24(1):935. Published 2024 Dec 19. doi:10.1186/s12888-024-06398-4.

6. Fried LP, Tangen CM, Walston J, et al. Frailty in older adults: evidence for a phenotype. J Gerontol A Biol Sci Med
Sci. 2001;56(3):M146-M156. doi:10.1093/gerona/56.3.m146.

7. Petersen MC, Shulman GI. Mechanisms of Insulin Action and Insulin Resistance. Physiol Rev. 2018;98(4):2133-
2223. doi:10.1152/physrev.00063.2017.

8. Krentz AJ, Viljoen A, Sinclair A. Insulin resistance: a risk marker for disease and disability in the older person.
Diabet Med. 2013;30(5):535-548. doi:10.1111/dme.12063.

9. Ke Z, Wen H, Huang R, et al. Long-term insulin resistance is associated with frailty, frailty progression, and
cardiovascular disease. J Cachexia Sarcopenia Muscle. 2024;15(4):1578-1586. doi:10.1002/jcsm.13516.

10. DeFronzo RA, Tobin JD, Andres R. Glucose clamp technique: a method for quantifying insulin secretion and
resistance. Am J Physiol. 1979;237(3):E214-E223. doi:10.1152/ajpendo.1979.237.3.E214.

11. Zabala A, Darsalia V, Lind M, et al. Estimated glucose disposal rate and risk of stroke and mortality in type 2
diabetes: a nationwide cohort study. Cardiovasc Diabetol. 2021;20(1):202. Published 2021 Oct 6.
doi:10.1186/s12933-021-01394-4.

12. 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. Published 2024 Jun 6. doi:10.1186/s12933-
024-02256-5.

13. Chen X, Li A, Ma Q. Association of estimated glucose disposal rate with metabolic syndrome prevalence and
mortality risks: a population-based study. Cardiovasc Diabetol. 2025;24(1):38. Published 2025 Jan 22.
doi:10.1186/s12933-025-02599-7.

14. Bîcu, M, Bîcu, D, Gârgavu, S, et al. Estimated Glucose Disposal Rate (eGDR) – A Marker for the Assessment of
Insulin Resistance in Type 1 Diabetes Mellitus Rom J Diabetes Nutr Metab Dis. 2016; 23 (2): 177-182. doi:
10.1515/rjdnmd-2016-0021.

15. Abbatecola AM, Ferrucci L, Marfella R, Paolisso G. Insulin resistance and cognitive decline may be common soil for
frailty syndrome. Arch Intern Med. 2007;167(19):2145-2146. doi:10.1001/archinte.167.19.2145-b.

16. Li B, Li Y, Zhang Y, et al. Visceral Fat Obesity Correlates with Frailty in Middle-Aged and Older Adults. Diabetes
Metab Syndr Obes. 2022;15:2877-2884. Published 2022 Sep 19. doi:10.2147/DMSO.S383597.

17. Song A, Yu S, Huang T, Shi J. Comparison of novel and traditional anthropometric indices: which is the best
indicator of frailty in older adults?. Aging Clin Exp Res. 2025;38(1):37. Published 2025 Dec 23. doi:10.1007/s40520-

Page 21/29



025-03293-0.

18. Song A, Yu S, Huang T, Shi J. Comparison of novel and traditional anthropometric indices: which is the best
indicator of frailty in older adults?. Aging Clin Exp Res. 2025;38(1):37. Published 2025 Dec 23. doi:10.1007/s40520-
025-03293-0.

19. Xu J, Chen M, Cui J, Luo X. Association between conicity index and frailty in older Americans: the NHANES cross-
sectional study, 2007-2018. Sci Rep. 2025;15(1):17857. Published 2025 May 22. doi:10.1038/s41598-025-02455-4.

20. Shafran I, Krakauer NY, Krakauer JC, Goshen A, Gerber Y. The predictive ability of ABSI compared to BMI for
mortality and frailty among older adults. Front Nutr. 2024;11:1305330. Published 2024 Apr 12.
doi:10.3389/fnut.2024.1305330.

21. Xu J, Sun M, Chen M, Lin Z, Hu Y, Luo X. Association between body roundness index and frailty in older Americans:
a cross-sectional study of NHANES 2007-2018. Front Nutr. 2025;12:1534464. Published 2025 Mar 10.
doi:10.3389/fnut.2025.1534464.

22. Shao W, Lu Z, Wei X, et al. Association between the Chinese Visceral Adiposity Index and Multimorbidity in Middle-
Aged and Older Chinese Adults: A Prospective Cohort Study. Endocrinol Metab (Seoul). Published online January
22, 2026. doi:10.3803/EnM.2025.2525.

23. 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):61-68. doi:10.1093/ije/dys203.

24. He S, Wang C, Huang X, et al. Analyzing the impact of glycemic metabolic status on cardiovascular mortality and
all-cause mortality related to the estimated glucose disposal rate: a nationwide cohort study. Front Endocrinol
(Lausanne). 2025;15:1494820. Published 2025 Jan 21. doi:10.3389/fendo.2024.1494820.

25. Zhang X, Wang Y, Yang X, et al. Obesity and lipid indices as predictors of depressive symptoms in middle-aged and
elderly Chinese: insights from a nationwide cohort study. BMC Psychiatry. 2024;24(1):351. Published 2024 May 10.
doi:10.1186/s12888-024-05806-z.

26. Flegal, KM. Body-mass index and all-cause mortality. LANCET. 2017; 389 (10086): 2284-2285. doi: 10.1016/S0140-
6736(17)31437-X.

27. Chen R, Ji L, Chen Y, Meng L. Weight-to-height ratio and body roundness index are superior indicators to assess
cardio-metabolic risks in Chinese children and adolescents: compared with body mass index and a body shape
index. Transl Pediatr. 2022;11(3):318-329. doi:10.21037/tp-21-479.

28. Stefanescu A, Revilla L, Lopez T, Sanchez SE, Williams MA, Gelaye B. Using A Body Shape Index (ABSI) and Body
Roundness Index (BRI) to predict risk of metabolic syndrome in Peruvian adults. J Int Med Res.
2020;48(1):300060519848854. doi:10.1177/0300060519848854.

29. Wan H, Wang Y, Xiang Q, et al. Associations between abdominal obesity indices and diabetic complications:
Chinese visceral adiposity index and neck circumference. Cardiovasc Diabetol. 2020;19(1):118. Published 2020 Jul
31. doi:10.1186/s12933-020-01095-4.

30. Shenoy U, Jagadamba. Influence of Central Obesity Assessed by Conicity Index on Lung Age in Young Adults. J
Clin Diagn Res. 2017;11(4):CC09-CC12. doi:10.7860/JCDR/2017/23428.9718.

31. Chen R, Ji L, Chen Y, Meng L. Weight-to-height ratio and body roundness index are superior indicators to assess
cardio-metabolic risks in Chinese children and adolescents: compared with body mass index and a body shape
index. Transl Pediatr. 2022;11(3):318-329. doi:10.21037/tp-21-479.

32. Fried LP, Tangen CM, Walston J, et al. Frailty in older adults: evidence for a phenotype. J Gerontol A Biol Sci Med
Sci. 2001;56(3):M146-M156. doi:10.1093/gerona/56.3.m146.

33. Liu H, Yang X, Guo LL, et al. Frailty and Incident Depressive Symptoms During Short- and Long-Term Follow-Up
Period in the Middle-Aged and Elderly: Findings From the Chinese Nationwide Cohort Study. Front Psychiatry.

Page 22/29



2022;13:848849. Published 2022 Apr 7. doi:10.3389/fpsyt.2022.848849.

34. Theou O, Cann L, Blodgett J, Wallace LM, Brothers TD, Rockwood K. Modifications to the frailty phenotype criteria:
Systematic review of the current literature and investigation of 262 frailty phenotypes in the Survey of Health,
Ageing, and Retirement in Europe. Ageing Res Rev. 2015;21:78-94. doi:10.1016/j.arr.2015.04.001.

35. Xu W, Li YX, Wu C. Incidence of frailty among community-dwelling older adults: a nationally representative profile in
China. BMC Geriatr. 2019;19(1):378. Published 2019 Dec 30. doi:10.1186/s12877-019-1393-7.

36. Chin A Paw MJ, Dekker JM, Feskens EJ, Schouten EG, Kromhout D. How to select a frail elderly population? A
comparison of three working definitions. J Clin Epidemiol. 1999;52(11):1015-1021. doi:10.1016/s0895-
4356(99)00077-3.

37. Williams B, Mancia G, Spiering W, et al. 2018 ESC/ESH Guidelines for the management of arterial hypertension. Eur
Heart J. 2018;39(33):3021-3104. doi:10.1093/eurheartj/ehy339.

38. Yu J, Yi Q, Chen G, et al. The visceral adiposity index and risk of type 2 diabetes mellitus in China: A national cohort
analysis. Diabetes Metab Res Rev. 2022;38(3):e3507. doi:10.1002/dmrr.3507.

39. Zheng X, Han L, Shen S. Hypertension, remnant cholesterol and cardiovascular disease: evidence from the China
health and retirement longitudinal study. J Hypertens. 2022;40(11):2292-2298.
doi:10.1097/HJH.0000000000003259.

40. Shafran I, Krakauer NY, Krakauer JC, Goshen A, Gerber Y. The predictive ability of ABSI compared to BMI for
mortality and frailty among older adults. Front Nutr. 2024;11:1305330. Published 2024 Apr 12.
doi:10.3389/fnut.2024.1305330.

41. Xu J, Sun M, Chen M, Lin Z, Hu Y, Luo X. Association between body roundness index and frailty in older Americans:
a cross-sectional study of NHANES 2007-2018. Front Nutr. 2025;12:1534464. Published 2025 Mar 10.
doi:10.3389/fnut.2025.1534464.

42. Xu J, Chen M, Cui J, Luo X. Association between conicity index and frailty in older Americans: the NHANES cross-
sectional study, 2007-2018. Sci Rep. 2025;15(1):17857. Published 2025 May 22. doi:10.1038/s41598-025-02455-4.

43. Song A, Yu S, Huang T, Shi J. Comparison of novel and traditional anthropometric indices: which is the best
indicator of frailty in older adults?. Aging Clin Exp Res. 2025;38(1):37. Published 2025 Dec 23. doi:10.1007/s40520-
025-03293-0.

44. Porter Starr KN, McDonald SR, Bales CW. Obesity and physical frailty in older adults: a scoping review of lifestyle
intervention trials. J Am Med Dir Assoc. 2014;15(4):240-250. doi:10.1016/j.jamda.2013.11.008.

45. Kregel KC, Zhang HJ. An integrated view of oxidative stress in aging: basic mechanisms, functional effects, and
pathological considerations. Am J Physiol Regul Integr Comp Physiol. 2007;292(1):R18-R36.
doi:10.1152/ajpregu.00327.2006.

46. 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. Published 2024 Jun 6. doi:10.1186/s12933-
024-02256-5.

47. Tian H, Li YM, Wang CQ, Chen GQ, Lian Y. Association between non-insulin-based insulin resistance indicators and
frailty progression: a national cohort study and mendelian randomization analysis. Cardiovasc Diabetol.
2025;24(1):31. Published 2025 Jan 22. doi:10.1186/s12933-025-02597-9.

48. Sun J, Guo X, Guo W, et al. Associations of insulin resistance estimated by glucose disposal rate with frailty
progression. Arch Gerontol Geriatr. 2025;131:105764. doi:10.1016/j.archger.2025.105764.

49. Pérez-Tasigchana RF, León-Muñoz LM, Lopez-Garcia E, et al. Metabolic syndrome and insulin resistance are
associated with frailty in older adults: a prospective cohort study. Age Ageing. 2017;46(5):807-812.

Page 23/29



doi:10.1093/ageing/afx023.

50. Yang W, Cheng Q, Huang G, Lin H. Estimated glucose disposal rate predicts frailty through diabetes: Evidence from
machine learning and mediation models in NHANES. PLoS One. 2025;20(10):e0333388. Published 2025 Oct 7.
doi:10.1371/journal.pone.0333388.

51. Nishikawa H, Asai A, Fukunishi S, Nishiguchi S, Higuchi K. Metabolic Syndrome and Sarcopenia. Nutrients.
2021;13(10):3519. Published 2021 Oct 7. doi:10.3390/nu13103519.

52. Abbatecola AM, Ferrucci L, Ceda G, et al. Insulin resistance and muscle strength in older persons. J Gerontol A Biol
Sci Med Sci. 2005;60(10):1278-1282. doi:10.1093/gerona/60.10.1278.

53. 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):1095-1108. doi:10.1007/s11357-021-00384-4.

54. Lai T, Guan F, Chen Y, Hu K. Cross-sectional comparison of the association between three different insulin
resistance surrogates and frailty: NHANES 1999-2018. Front Endocrinol (Lausanne). 2024;15:1439326. Published
2024 Aug 23. doi:10.3389/fendo.2024.1439326.

55. Abbatecola AM, Paolisso G. Is there a relationship between insulin resistance and frailty syndrome?. Curr Pharm
Des. 2008;14(4):405-410. doi:10.2174/138161208783497750.

56. Zoccali C, Mallamaci F, Tripepi G. Adipose tissue as a source of inflammatory cytokines in health and disease:
focus on end-stage renal disease. Kidney Int Suppl. 2003;(84):S65-S68. doi:10.1046/j.1523-1755.63.s84.50.x.

57. Dhawan D, Sharma S. Abdominal Obesity, Adipokines and Non-communicable Diseases. J Steroid Biochem Mol
Biol. 2020;203:105737. doi:10.1016/j.jsbmb.2020.105737.

58. Yang C, Qin X, Qiu J, et al. Interaction of general obesity and abdominal obesity with frailty in patients with chronic
kidney disease: a nationally representative analysis. Clin Kidney J. 2024;17(7):sfae142. Published 2024 May 6.
doi:10.1093/ckj/sfae142.

59. Yan S, Chai K, Yang J, Wang H. Association of visceral adiposity index and lipid accumulation product with frailty in
U.S. adults: a cross-sectional study from NHANES. Lipids Health Dis. 2024;23(1):417. Published 2024 Dec 23.
doi:10.1186/s12944-024-02410-8.

60. Jaffe IZ, Karumanchi SA. Lipid droplets in the endothelium: The missing link between metabolic syndrome and
cardiovascular disease?. J Clin Invest. 2024;134(4):e176347. Published 2024 Feb 15. doi:10.1172/JCI176347.

61. Thomas DM, Bredlau C, Bosy-Westphal A, et al. Relationships between body roundness with body fat and visceral
adipose tissue emerging from a new geometrical model. Obesity (Silver Spring). 2013;21(11):2264-2271.
doi:10.1002/oby.20408.

62. Krakauer NY, Krakauer JC. A new body shape index predicts mortality hazard independently of body mass index.
PLoS One. 2012;7(7):e39504. doi:10.1371/journal.pone.0039504.

63. Xu W, Song J, Cao Q, et al. Diagnostic and prognostic value of the Chinese Visceral Adipose Index in patients with
coronary heart disease and metabolic syndrome undergoing percutaneous coronary intervention: a single-centre
retrospective study. BMJ Open. 2025;15(11):e104778. Published 2025 Nov 19. doi:10.1136/bmjopen-2025-104778.

64. Ruperto M, Barril G. Nutritional Status, Body Composition, and Inflammation Profile in Older Patients with
Advanced Chronic Kidney Disease Stage 4-5: A Case-Control Study. Nutrients. 2022;14(17):3650. Published 2022
Sep 3. doi:10.3390/nu14173650.

65. Chang Y, Guo X, Chen Y, et al. A body shape index and body roundness index: two new body indices to identify
diabetes mellitus among rural populations in northeast China. BMC Public Health. 2015;15:794. Published 2015
Aug 19. doi:10.1186/s12889-015-2150-2.

Page 24/29



66. Huang W, Yin H, Yang B. Investigating the relationship between body roundness index and low muscle mass based
on a cross-sectional study: Focus on visceral adipose tissue. PLoS One. 2025;20(8):e0326441. Published 2025 Aug
19. doi:10.1371/journal.pone.0326441.

67. Llibre Rodriguez JJ, Prina AM, Acosta D, et al. The Prevalence and Correlates of Frailty in Urban and Rural
Populations in Latin America, China, and India: A 10/66 Population-Based Survey. J Am Med Dir Assoc.
2018;19(4):287-295.e4. doi:10.1016/j.jamda.2017.09.026.

68. Seematter-Bagnoud L, Spagnoli J, Büla C, Santos-Eggimann B. Alcohol Use and Frailty in Community-Dwelling Older
Persons Aged 65 to 70 Years. J Frailty Aging. 2014;3(1):9-14. doi:10.14283/jfa.2014.2.

69. Mashaba RG, Seakamela KP, Choma SSR, Maimela E, Tlouyamma J, Ntimana CB. Prevalence of Frailty and
Associated Sociodemographic, Biomedical, and Biochemical Factors Amongst Participants Residing in Limpopo
Province, South Africa. Geriatrics (Basel). 2025;10(5):134. Published 2025 Oct 21. doi:10.3390/geriatrics10050134.

70. Ruan H, Dong LQ. Adiponectin signaling and function in insulin target tissues. J Mol Cell Biol. 2016;8(2):101-109.
doi:10.1093/jmcb/mjw014.

71. Fang H, Judd RL. Adiponectin Regulation and Function. Compr Physiol. 2018;8(3):1031-1063. Published 2018 Jun
18. doi:10.1002/cphy.c170046.

72. Tomas E, Tsao TS, Saha AK, et al. Enhanced muscle fat oxidation and glucose transport by ACRP30 globular
domain: acetyl-CoA carboxylase inhibition and AMP-activated protein kinase activation. Proc Natl Acad Sci U S A.
2002;99(25):16309-16313. doi:10.1073/pnas.222657499.

73. Shehzad A, Iqbal W, Shehzad O, Lee YS. Adiponectin: regulation of its production and its role in human diseases.
Hormones (Athens). 2012;11(1):8-20. doi:10.1007/BF03401534.

74. Lee JY, Yang JW, Han BG, Choi SO, Kim JS. Adiponectin for the treatment of diabetic nephropathy. Korean J Intern
Med. 2019;34(3):480-491. doi:10.3904/kjim.2019.109.

75. Thomas DM, Bredlau C, Bosy-Westphal A, et al. Relationships between body roundness with body fat and visceral
adipose tissue emerging from a new geometrical model. Obesity (Silver Spring). 2013;21(11):2264-2271.
doi:10.1002/oby.20408.

76. Xia MF, Chen Y, Lin HD, et al. A indicator of visceral adipose dysfunction to evaluate metabolic health in adult
Chinese. Sci Rep. 2016;6:38214. Published 2016 Dec 1. doi:10.1038/srep38214.

77. Yoo EG. Waist-to-height ratio as a screening tool for obesity and cardiometabolic risk. Korean J Pediatr.
2016;59(11):425-431. doi:10.3345/kjp.2016.59.11.425.

Figures

Page 25/29



Figure 1

Flowchart illustrating the selection of the study population. Abbreviations: eGDR:estimated glucose disposal
rate;HbA1c:glycated hemoglobin
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Figure 2

Distribution of eGDR and obesity‑related indices.Abbreviations:eGDR:estimated glucose disposal rate;ABSI:A body
shape index; BRI:body roundness index;CVAI:Chinese visceral adiposity index;CI:conicity index;WHtR:waist–height ratio

Figure 3
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Kaplan–Meier plot of frailty incidence by eGDR and ABSI(A),eGDR and BRI(B),eGDR and CVAI(C),eGDR and CI(D),eGDR
and WHtR(E).

Figure 4

Receiver operating characteristic curves for ABSI(A),BRI(B),CVAI(C),CI(D),WHtR(E), alone and in combination with eGDR
predicting frailty incidence based on Model3
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Figure 5

Sensitivity analysis of the combined effect of eGDR and obesity‑related indices on frailty risk using the revised
hypertension criteria (130/80 mmHg). (A)eGDR and ABSI;(B)eGDR and BRI;(C)eGDR and CVAI;(D)eGDR and CI;(E)eGDR
and WHtR.The model was adjusted for age,gender,hukou,education,marital status,smoking status,drinking
status,BMI,and history of hypertension,diabetes,dyslipidemia.
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