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Abstract

Background: Cardiovascular disease (CVD) is the main cause of death in middle-aged and older people in China. The
interplay between sarcopenia and insulin resistance (IR) in driving CVD risk has not been fully understood, particularly
regarding sarcopenia severity and IR heterogeneity.

Objective: This study aimed to investigate the relationship between IR and sarcopenia and the risk of new-onset CVD.

Methods: Using data from the China Health and Retirement Longitudinal Study (CHARLS). Cox proportional hazards
models were used to assess associations of sarcopenia status (nonsarcopenia, possible sarcopenia, sarcopenia, and severe
sarcopenia) and 6 IR indices (triglyceride-glucose, TyG; TyG-BMI; TyG-waist circumference; TyG-waist-to-height ratio;
triglyceride/high-density lipoprotein cholesterol, TG/HDL-C; and metabolic score for insulin resistance, METS-IR) with
incident CVD. Additive and multiplicative interaction analyses and subgroup analyses by age and sex were performed.
Receiver operating characteristic analysis was used to determine clinically relevant cutoffs.

Results: In this study, during a median 9-year follow-up, we included 5514 middle- and older-aged (=45 y) residents,
of whom 550 presented with CVD incidence. Participants with possible sarcopenia and high IR exhibited 1.24-1.85-fold
higher CVD risk versus nonsarcopenia and low-IR counterparts (P<.05) after adjustment for potential confounders. While
TyG-BMI and TyG-waist circumference were the strongest independent predictors, formal interaction analysis revealed that
the TG/HDL-C ratio and METS-IR demonstrated the most consistent synergistic effects with possible sarcopenia (relative
excess risk due to interaction=0.139 and 0.074, respectively). In subgroups of different ages and sexes, the combination of
IR and sarcopenia is associated with the highest risk of CVD. Receiver operating characteristic analysis provided clinically
applicable cutoffs for these indices, including TG/HDL-C =2.09 and METS-IR =34.26.

Conclusions: We found that IR and sarcopenia, especially early-stage sarcopenia, synergistically increase the incidence of
CVD in older adults. These findings advocate for dual-targeted CVD interventions (muscle preservation and IR mitigation) in
aging societies, particularly during the transitional phase of possible sarcopenia.
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Introduction

Aging populations represent a significant public health
challenge globally, especially in Asian countries transitioning
toward higher proportions of older individuals [1]. Previous
research has indicated that age is a primary risk factor for
cardiovascular disease (CVD), a leading cause of mortality in
older adults. The global burden of CVD is substantial, with
deaths rising from 13.1 million in 1990 to 19.2 million in
2023, of which ischemic heart disease and stroke constituted
81.8% [2]. This trend is markedly evident in China, where
CVD-related deaths surged by 89.1%, from 2.4 million to 4.6
million, between 1990 and 2019 [3]. Critically, this burden
is projected to rise continuously with the rapid growth of the
aging population [4]. The ADDIN EN.CITE [5-7] suscepti-
bility to CVD among older adults is further exacerbated by
biological factors associated with aging, including hormonal
changes, immunosenescence, impaired autophagy, oxidative
stress, and mitochondrial dysfunction [8]. Despite address-
ing well-established CVD risk factors, such as hypertension,
diabetes, smoking, and obesity, CVD remains a main cause
of mortality and disability among middle-aged and old-aged
populations in China, indicating the presence of additional,
less recognized risk factors. This study focuses on 2 such
potential contributors: insulin resistance (IR) and sarcopenia.

IR is a critical pathological process associated with
type 2 diabetes (T2D) and is linked to hypertension and
coronary heart disease (CHD), contributing to CVD risk
by increasing vascular stiffness [9-11]. However, standard
methods for diagnosing IR are complex and time-consuming
[12], prompting interest in alternative indices derived from
biochemical markers and anthropometric factors, such as
triglyceride-glucose (TyG) [13] and TyG-BMI [14]. While
studies have established a connection between TyG levels and
CVD risk [15,16], further inquiry into other IR indicators is
warranted.

Sarcopenia, marked by an age-related decline in muscle
mass and strength, threatens the quality of life for older
individuals by increasing the risk of falls, disability, and
mortality. Recent studies highlight the link between sarcope-
nia and CVD, with conditions such as CHD [17,18], atrial
fibrillation, heart failure (HF) [19,20], and stroke [21] being
associated. Chin et al [22] identified a higher CVD risk in
older adults with sarcopenia (odds ratio [OR] 1.768, 95%
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CI 1.075-2.909) among 1578 participants aged 65 and older
using the Korean population data. A meta-analysis of 38
studies found that sarcopenia prevalence in patients with
CVD is 35%, double that of the general population’s 13%,
with the highest risks observed in acute decompensated HF
(61%) and chronic HF (32%) [8]. Fukuda et al [23] also
found a significant relationship between sarcopenic obesity
and CVD events, including unstable angina and stroke, in
individuals with T2D. There is evidence that sarcopenia
is linked to IR, with obesity, inflammation, and hormonal
changes possibly explaining their interconnection. IR may
disrupt muscle protein balance, leading to decreased muscle
mass and functionality, while sarcopenia can impair glucose
metabolism [24]. The coexistence of IR and sarcopenia may
worsen physical decline through interconnected pathways,
increasing CVD risk, particularly in middle-aged and older
adults facing additional risk factors. Understanding the
combined effects of IR and sarcopenia on CVD risk in older
populations is critical for developing targeted prevention and
intervention strategies, which could lead to improved health
outcomes tailored for this demographic.

Methods
Study Design and Participants

This study used a longitudinal cohort design to examine
the combined effects of IR and sarcopenia on the incidence
of CVD in a middle- and older-aged population. Partici-
pants were selected from the China Health and Retirement
Longitudinal Study (CHARLS), which spanned 150 counties
and 450 communities across 28 provinces between 2011 and
2012. CHARLS has conducted 5 rounds of data collection,
including the initial survey and 4 annual follow-ups until
2020 [25].

For this study, participants aged over 45 without prior
CVD at baseline were included, drawn from the CHARLS
data collected between 2011 and 2020. Exclusions were
made for individuals with incomplete follow-up data, missing
baseline sarcopenia status, absent blood samples, or insuffi-
cient demographic information. Ultimately, 5514 participants
without self-reported CVD at baseline were included, with
detailed selection criteria shown in Figure 1.
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Figure 1. Flowchart for participants included in the study. CHARLS: China Health and Retirement Longitudinal Study; CVD: cardiovascular disease.

CHARLS established in
2011 (N=17,705)

Participants excluded (n=12,191)

Age<45 (n=391)

No sarcopenia information (n=7440)

No insulin resistance surrogate indicators information (n=3050)
Having CVD at baseline(n=982)

No other demographic information (n=328)

Participants in this study
(N=5514)

Nonsarcopenia
(n=3478)

Possible sarcopenia
(n=1626)

Assessment of Sarcopenia Status

Sarcopenia was defined according to the 2019 Asian Working
Group for Sarcopenia criteria [26]. Handgrip strength was
measured with the Yuejian WL-1000 dynamometer (Nantong
Yuejian Physical Measurement Instrument Co. Ltd), with
2 measurements taken for both hands and the maximum
value recorded. Diagnostic thresholds were set at <28 kg for
men and <18 kg for women. Muscle mass was estimated
using the appendicular skeletal muscle mass formula, which
considers weight, height, sex, and age, showing concord-
ance with dual-energy X-ray absorptiometry [27]. Participants
were classified as having low muscle mass if height-adjus-
ted appendicular skeletal muscle mass fell below 20% of
the population, with criteria of <4.90 kg/m? for women and
<6.79 kg/m? for men. Low physical performance was defined
as a walking speed <1 m/s or a completion time of the
5-time chair stand test exceeding 12 seconds. Sarcopenia was
diagnosed when low muscle mass coexisted with either low
physical performance or low muscle strength, while those
with only one of these indicators were classified as having
possible sarcopenia [28-30]. Participants were categorized
into 4 groups: nonsarcopenia (n=3478), possible sarcope-
nia (n=1626), sarcopenia (n=252), and severe sarcopenia
(n=158).

Assessment of CVD Events

The study’s primary outcome was the incidence of CVD,
encompassing heart disease and stroke. The time to event
was calculated from the baseline assessment to the first
recorded CVD event, censoring, or study end, whichever
came first. CVD events were identified through self-repor-
ted physician diagnoses using specific questions from the
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Sarcopenia
(n=252)

Severe sarcopenia
(n=158)

CHARLS questionnaire regarding heart disease and stroke
diagnoses, such as “Have you been told by a doctor that you
have been diagnosed with a heart attack, angina, CHD, HF,
stroke, or other heart problems?” This method aligns with
previous research [31,32], ensuring consistency and accuracy
in CVD identification.

Calculation of IR Surrogate Indicators

Alongside CVD assessment, surrogate indicators of IR
were evaluated. Fasting plasma glucose (FPG), triglycer-
ides, and high-density lipoprotein cholesterol (HDL-C) levels
were measured through venous blood samples taken after
an overnight fast. Participants’ height, weight, and waist
circumference (WC) were measured using standard equip-
ment. In total, 6 surrogate indicators of IR were computed
based on validated equations from prior literature [33-36]:

1. TyG=Ln [(TG x FPG) / 2]

2. TyG-BMI=TyG x BMI (BMI=weight/ height?, (kg/m?))

3. TyG-WC=TyG x WC

4. TyG-WHIR (waist-to-height ratio)=TyG x WHtR
(WHtR=WC (cm) / height (cm))
TG/HDL-C=TG/HDL-C
6. METS-IR (metabolic score for insulin resistance)=Ln

[(2x FPG)+ TG] x BMI/Ln (HDL-C)

W

Assessment of Covariates

Baseline data on participants were collected by trained
professionals, covering demographic information, health
behaviors, chronic disease history, medication use, and blood
test results. Demographics included age, sex, and educa-
tion level. Health characteristics, such as height, weight,
BMI, WC, and WHtR, were assessed, along with par-
ticipants’ smoking and drinking habits. Chronic diseases
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and medication use were based on self-reported physician
diagnoses, consistent with methodologies for evaluating CVD
events in the CHARLS database. No biochemical indicators
were used to define these conditions. Data collection adhered
to rigorous scientific and ethical standards to ensure study
integrity and participant privacy.

Statistical Analysis

In this study, we first assessed the distributional charac-
teristics of continuous variables. For skewed continuous
variables, data were reported as median (IQR), while
normally distributed variables were represented as mean
(SD). Categorical variables were expressed as counts and
percentages. Participants were classified into four groups
based on sarcopenia status and IR surrogate index levels at
baseline: (1) nonsarcopenia with low-IR levels, (2) high-IR
levels only, (3) possible sarcopenia, sarcopenia, and severe
sarcopenia only, and (4) coexistence of sarcopenia and
high-IR levels. Follow-up time was calculated from the date
of the baseline interview (2011-2012) to the date of the first
CVD event, the date of the last follow-up interview (up to
2020), or the date of censoring, whichever occurred first. The
median follow-up time for the cohort was 9 years.

The Chi-square test was used for categorical variables,
while the Mann-Whitney U test was applied to compare
continuous variables across groups. We used the Cox
proportional hazards model to assess the association between
baseline sarcopenic status, IR levels, and incident CVD,
calculating hazard ratios (HRs) with 95% CI values. Follow-
up time was defined as the interval from the last interview to
either the date of CVD diagnosis or the last interview date
(March 2019).

Overall, 3 stepwise-adjusted Cox regression models were
constructed. Model 1 was unadjusted; Model 2 was adjusted
for age and sex; and Model 3 included additional adjustments
for smoking status (current and former), alcohol consumption,
obesity, hypertension, diabetes, dyslipidemia, and medica-
tions for hypertension, diabetes, and dyslipidemia. Varia-
bles significant in univariate analysis (P<.05) and clinically
relevant were included in the multivariate analysis.

Additionally, we performed comprehensive interaction
analyses between IR and sarcopenia. Primary analyses
focused on possible sarcopenia based on its clinical relevance
as an early intervention window and adequate sample size for
robust estimation. Secondary exploratory analyses examined
interactions with other sarcopenia severity levels (sarcope-
nia and severe sarcopenia). For multiplicative interaction
assessment, product terms (eg, high-IR status x possible
sarcopenia status) were included in Cox proportional hazards
models. Additive interaction was quantified using the relative
excess risk due to interaction (RERI), attributable proportion
(AP), and synergy index (SI), which were calculated from
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HRs derived from Cox models that included a 4-category
exposure variable (nonsarcopenia and low-IR, high-IR only,
possible sarcopenia only, and both conditions).

To establish clinically applicable cutoff values for
identifying high-risk individuals, we performed receiver
operating characteristic (ROC) curve analysis. The optimal
cutoff points for each IR index and sarcopenia-related
measure were determined by maximizing the Youden index
(J=sensitivity + specificity — 1), which provides the optimal
balance between sensitivity and specificity for predicting
incident CVD. This analysis was conducted using the pROC
package in R, and the resulting cutoff values are presented in
Table S6 in Multimedia Appendix 1. All statistical analyses
were conducted using R statistical software (version 4.3.2;
R Core Team), with a P value of less than .05 considered
statistically significant.

Ethical Considerations

The CHARLS study protocol was approved by the Biomed-
ical Ethics Committee of Peking University (IRB 00001052-
11015). All participants provided written informed consent at
the time of the original data collection. This study involved
a secondary analysis of publicly available, deidentified
CHARLS data. No direct contact with participants occurred,
and no individual-level identifiable information was accessed.
Therefore, additional ethics approval and informed consent
were not required, as the original consent and institutional
review board approval covered secondary use of the dataset.
All data used in this study were fully anonymized to ensure
participant privacy and confidentiality. Participants in the
original CHARLS survey received compensation according
to the study’s standard protocol.

Results

Overview

The baseline characteristics of the participants stratified by
the presence of CVD are presented in Table 1. A total of
5514 participants were included in the analysis, with 4529
classified as non-CVD and 985 as CVD cases. The median
age of participants was 62 years, and 2157 (39%) were
female. Among those with CVD, 550 (56%) were female.
During a median follow-up of 9 years, 985 new cases of
CVD were recorded, constituting 17.86% of the total. All
6 IR indicators (TyG, TyG-BMI, TyG-WC, TyG-WHtR,
TG/HDL-C, and METS-IR) exhibited significantly elevated
levels in patients with new-onset CVD compared to the
control group without CVD (P<.001). The prevalence rates
of sarcopenia by group were 63% for nonsarcopenia, 29% for
possible sarcopenia, 4.6% for sarcopenia, and 2.9% for severe
sarcopenia.
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Table 1. Baseline patient characteristics grouped by outcomes.
Variables All (N=5514) Non-CVD? (n=4529) CVD (n=985) P value
Age (years) 62 (59-68) 62 (59-68) 62 (59-67) 40
Sex, n (%) <.001
Female 2707 (49) 2157 (48) 550 (56)
Male 2807 (51) 2372 (52) 435 (44)
Education, n (%) .60
College or university 62 (1.1) 48 (1.1) 14 (1.4)
Illiterate 1880 (34) 1537 (34) 343 (35)
Primary school 2530 (46) 2078 (46) 452 (46)
Secondary or high school 1032 (19) 858 (19) 174 (18)
Systolic blood pressure (mm Hg), 130 (117-144) 129 (116-143) 134 (121-149) <.001
median (IQR)
Diastolic blood pressure (mm Hg), 74 (67-81) 74 (67-81) 76 (68-84) <.001
median (IQR)
HbA P, median (IQR) 5.20 (4.90-5.40) 5.20 (4.90-5.40) 5.20 (4.90-5.50) 11
TG® (mg/dL), median (IQR) 103 (74-148) 100 (73-146) 115 (81-160) <.001
TCY (mg/dL), median (IQR) 192 (168-217) 191 (167-216) 196 (173-222) <.001
HDL-C® (mg/dL), median (IQR) 50 (41-61) 51 (41-61) 48 (40-60) 002
LDL-Cf (mg/dL), median (IQR) 116 (95-139) 115 (94-138) 119 (99-143) <.001
WCE (cm), median (IQR) 85 (78-92) 85 (78-92) 87 (79-95) <.001
Hypertension, n (%) 2395 (44) 1845 (41) 550 (56) <.001
Diabetes, n (%) 415 (9.8) 305 (8.9) 110 (14) <.001
Dyslipidemia, n (%) 1009 (25) 789 (24) 220 (29) 002
Smoking, n (%) <.001
Ex-smoker 466 (8.6) 378 (8.5) 88 (9.1)
Nonsmoker 3197 (59) 2577 (58) 620 (64)
Smoker 1735 (32) 1481 (33) 254 (26)
Drinking, n (%) 1895 (34) 1584 (35) 311 (32) 046
TyG", median (IQR) 8.59 (8.23-9.02) 8.56 (8.21-9) 8.71 (8.32-9.16) <.001
Obesity, n (%) 2113 (38) 1660 (37) 453 (46) <.001
WHIR!, median (IQR) 0.54 (0.49-0.59) 0.54 (0.49-0.59) 0.55 (0.50-0.61) <.001
TyG-BMI , median (IQR) 198 (173-226) 196 (172-223) 207 (182-236) <.001
TyG-WC, median (IQR) 731 (650-815) 725 (646-806) 754 (673-851) <.001
TyG-WHItR , median (IQR) 4.66 (4.14-5.25) 4.62 (4.10-5.20) 4.85 (4.33-5.45) <.001
TG/HDLC, median (IQR) 2.05 (1.28-3.40) 1.97 (1.26-3.36) 231 (1.46-3.70) <.001
METS-IRJ, median (IQR) 34 (29-40) 34 (29-39) 36 (31-42) <.001
Sarcopenia state, n (%) <.001
Nonsarcopenia 3478 (63) 2912 (64) 566 (57)
Possible sarcopenia 1626 (29) 1273 (28) 353 (36)
Sarcopenia 252 (4.6) 211 (4.7) 41 (4.2)
Severe sarcopenia 158 (2.9) 133 (2.9) 25(2.5)

4CVD: cardiovascular disease.
YHbA |: glycosylated hemoglobin.

°TG: triglyceride.
dTC: total cholesterol.

CHDL-C: high-density lipoprotein cholesterol.
fLDL-C: low-density lipoprotein cholesterol.

8WC: waist circumference.
?‘TyG: triglyceride glucose.
'WHItR: waist-to-height ratio.

JMETS-IR: metabolic score for insulin resistance.
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Compared to participants without a history of CVD, those
diagnosed with CVD had higher prevalence rates of obe-
sity, increased WC, and higher levels of triglyceride,
total cholesterol, and low-density lipoprotein cholesterol.
Additionally, the prevalence of hypertension, diabetes, and
dyslipidemia was significantly greater in the CVD group
(P<.001). A detailed account of these demographic and
clinical characteristics is illustrated in Table 1. Due to the
results of the normality test indicating non-normal distribu-
tion, continuous variables are expressed as median (IQR) in
Table 1, providing a more accurate representation of central
tendency and variability.

Cox Regression Analysis of Baseline IR
and Sarcopenia on Follow-Up CVD

Table 2 and Table S1 in Multimedia Appendix 1 detailed
the association between the 6 IR surrogate indicators (TyG,
TyG-BMI, TyG-WC, TyG-WHtR, TG/HDL-C, and METS-
IR) and the risk of CVD, alongside the status of sarcopenia.
In multivariate analysis, a significant association was found
between TyG (per SD increment) and the risk of incident
CVD (HR 1.176, 95% CI 1.030-1.343). Other IR surrogates,

Liuetal

such as TyG-BMI (HR 1.004, 95% CI 1.001-1.007) and
TyG-WC (HR 1.001, 95% CI 1.000-1.002), also demonstra-
ted statistically significant relationships with increased CVD
risk. Conversely, TG/HDL-C showed an attenuated result,
with no significant relationship (HR 1.06, 95% CI 0.99-1.14).
In mutual adjustment models, TyG, TyG-BMI, and TyG-WC
remained statistically significant.

When sarcopenia status was categorized into 4 types,
possible sarcopenia and severe sarcopenia were associated
with an increased risk of CVD compared to the nonsarco-
penia population, after adjusting for other confounders (HR
1.320,95% CI 1.125-1.549) for possible sarcopenia and 1.709
(1.075-1.763) for severe sarcopenia. However, the risk of
CVD associated with the sarcopenia group did not reach
statistical significance (HR 1.181, 95% CI 0.791-1.763).
Furthermore, significant associations were observed between
possible sarcopenia and severe sarcopenia with the risk of
incident CVD in multivariable analyses, even after adjust-
ments for IR surrogate indicators. These findings indicate that
both IR and sarcopenia play critical roles in predicting CVD
risk.

Table 2. Relationship of insulin resistance surrogate indicators or sarcopenia status with cardiovascular disease risk.

Crude model, HR?* (95%

Adjusted model®, HR (95%

Characteristics (@) P value CD) P value P for interaction®
IRY surrogate® indicators
TyGf (per SD) 1.312 (1.186-1.451) <.001 1.176 (1.030-1.343) 02 003
TyG-BMI (per SD) 1.006 (1.004-1.008) <.001 1.004 (1.001-1.007) 02 01
TyG-WC& (per SD) 1.002 (1.001-1.002) <.001 1.001 (1-1.002) 02 06
TyG-WHIRP (per SD) 1.275 (1.174-1.385) <.001 1.096 (0.985-1.219) 09 04
TG!/HDL-CJ (per SD) 1.035 (1.013-1.057) <.001 1.007 (0.943-1.082) 26 <.001
METS-IRK (per SD) 1.024 (1.015-1.033) <.001 1.011 (0.980-1.035) 12 001
Sarcopenia status
Nonsarcopenia 1 (Reference) 1 1 (Reference) — —
Possible sarcopenia 1.462 (1.280-1.670) <.001 1.320 (1.125-1.549) 001 —
Sarcopenia 1.171 (0.853-1.608) 33 1.181 (0.791-1.763) 42 —
Severe sarcopenia 1.311 (0.878-1.957) .19 1.709 (1.075-2.715) 02 —

4HR: hazard ratio.

bAdjusted model: adjusted for age, sex, smoking, drinking, hypertension, diabetes, dyslipidemia, hypertension medications, diabetes medications, and

dyslipidemia medications.
€An interaction between IR surrogate indicators and sarcopenia status.
4IR: insulin resistance.

°IR surrogate indicators are analyzed as a continuous variable in the table.

fTyG: triglyceride glucose.

EWC: waist circumference.

MWHIR: waist-to-height ratio.

ITG: triglyceride.

JHDL-C: high-density lipoprotein cholesterol.
KMETS-IR: metabolic score for insulin resistance.
INot available.

The Combination of IR and Sarcopenia
Increased the Risk

Table 3 illustrates the crude and multivariable adjusted
associations between the primary exposures and CVD risk.
To illustrate, consider the combination of TyG and sarcopenia

https://aging . jmir.org/2025/1/e80115

status, the incident CVD rates showed the following HRs
in the unadjusted model: 1.44 (1.19-1.75) for nonsarcopenia
and high TyG, 1.43 (1.12-1.82) for possible sarcopenia and
low TyG, 2.01 (1.63-2.48) for possible sarcopenia and high
TyG, and 1.86 (1.08-3.20) for severe sarcopenia and low
TyG groups, relative to nonsarcopenia and low TyG. These
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associations remained statistically significant in Model 2,
adjusted for age and sex, except for the severe sarcopenia/low
TyG group.

After adjusting for potential confounders, including
smoking and drinking habits, and chronic disease history
(Model 3), we found that possible sarcopenia and high TyG
is associated with a 1.53-fold higher hazard of experiencing
CVD (HR 1.53, 95% CI 1.20-1.96), while sarcopenia and
low TyG was associated with a 1.37-fold higher hazard

Liuetal

(HR 1.37, 95% CI 1.07-1.76). The combination of other IR
surrogates with sarcopenia also demonstrated similar patterns,
with participants experiencing heightened CVD risk across
various combinations of IR indicators and sarcopenia statuses
(eg, HR 1.32, 95% CI 1.02-1.71) for possible sarcopenia
with low TyG, 1.79 (1.30-2.46) for possible sarcopenia with
high METS-IR). These findings emphasize the significance of
considering both IR and sarcopenia in assessing CVD risk.

Table 3. Association of sarcopenia status and insulin resistance surrogate indicators with new onset of cardiovascular disease.

Groups? Model 1%, HR® (95% CI)

Model 3¢, HR (95%
Model 29, HR (95% CI) I

Nonsarcopenia and low TyGf
Nonsarcopenia and high TyG
Possible sarcopenia and low TyG
Possible sarcopenia and high TyG
Severe sarcopenia and low TyG
Nonsarcopenia and low TyG-BMI
Nonsarcopenia and high TyG-BMI
Possible sarcopenia and low TyG-BMI
Possible sarcopenia and high TyG-BMI
Sarcopenia and low TyG-BMI
Severe sarcopenia and low TyG-BMI
Nonsarcopenia and low TyG-WCl
Nonsarcopenia and high TyG-WC
Possible sarcopenia and low TyG-WC
Possible sarcopenia and high TyG-WC
Severe sarcopenia and low TyG-WC
Nonsarcopenia and low TyG-WHIRK
Nonsarcopenia and high TyG-WHtR
Possible sarcopenia and low TyG-WHtR
Possible sarcopenia and high TyG-WHtR
Sarcopenia and low TyG-WHtR
Severe sarcopenia and low TyG-WHtR
Severe sarcopenia and high TyG-WHtR
Nonsarcopenia and low TG/HDL-C™
Nonsarcopenia and high TG/HDL-C
Possible sarcopenia and low TG/HDL-C
Possible sarcopenia and high TG/HDL-C
Sarcopenia and high TG/HDL-C
Severe sarcopenia and low TG/HDL-C
Severe sarcopenia and high TG/HDL-C
Nonsarcopenia and low METS-IR"
Nonsarcopenia and high METS-IR
Possible sarcopenia and low METS-IR
Possible sarcopenia and high METS-IR

Sarcopenia and high METS-IR
Severe sarcopenia and low METS-IR

1 (Reference)
144 (1.19-1.75)8
143 (1.12-1.82)h
2.01 (1.63-2.48)8
1.86 (1.08-3.20)
1 (Reference)
1.66 (1.37-2.02)8
1.58 (1.22-2.03)8
2.18 (1.75-2.70)8
1.50 (1.03-2.20)
2.12 (1.35-3.31)8
1 (Reference)
1.64 (1.35-1.99)8
1.78 (1.40-2.28)8
1.95 (1.57-2.41)8
202 (1.25-3.24)h
1 (Reference)
1.64 (1.35-1.99)8
1.80 (1.40-2.30)8
1.92 (1.56-2.37)8
1.56 (1.06-2.30)!
1.88 (1.11-3.19)!
2.64 (1.24-5.62)1
1 (Reference)
146 (1.21-1.76)8
136 (1.06-1.75)!
2.09 (1.70-2.57)8
1.92 (1.04-3.53)!
1.76 (1.02-3.03)!
2.30 (1.13-4.66)!
1 (Reference)
1.61 (1.33-1.96)8
1.53 (1.19-1.97)h
2.15 (1.74-2.66)8

2.06 (1.12-3.79)!
2.10 (1.34-3.27)h

1 (Reference)
1.41 (1.17-1.71)8
137 (1.07-1.76)
1.83 (1.47-228)¢
1.35 (0.74-2.48)

1 (Reference)
1.65 (1.35-2.01)8
1.50 (1.15-1.95)
2.02 (1.61-2.52)¢
1.21 (0.80-1.83)
1.52 (0.90-2.56)

1 (Reference)
1.62 (1.33-1.96)¢
1.71 (1.33-2.20)2
1.80 (1.44-2.25)¢
1.38 (0.79-2.39)

1 (Reference)
1.59 (1.31-1.94)8
1.74 (1.36-2.24)8
1.90 (1.51-2.39)2
1.29 (0.84-1.97)
1.40 (0.77-2.56)
2.25 (1.00-5.07)

1 (Reference)
145 (1.20-1.75)8
1.31 (1.01-1.69)2
1.92 (1.55-2.38)¢
1.47 (0.76-2.82)
1.27 (0.69-2.34)
1.70 (0.79-3.63)

1 (Reference)
1.59 (1.31-1.94)2
1.43 (1.10-1.86)h
2.00 (1.60-2.49)8

1.46 (0.76-2.82)
143 (0.85-2.41)

1 (Reference)
1.18 (0.96-1.46)
132 (1.02-1.71)
153 (1.20-1.96)8
1.68 (0.89-3.19)

1 (Reference)
1.25 (0.94-1.67)
147 (1.12-1.92)h
1.69 (1.20-2.39)h
1.13 (0.72-1.76)
150 (0.89-2.54)

1 (Reference)
1.26 (0.98-1.61)
1.67 (1.29-2.17)8
130 (0.97-1.74)
1.52 (0.86-2.68)

1 (Reference)
1.15 (0.89-1.48)
171 (1.32-2.21)8
1.29 (0.97-1.73)
1.27 (0.80-2.01)
1.62 (0.88-2.96)
1.64 (0.67-4.04)

1 (Reference)
1.27 (1.03-1.56)!
1.28 (0.99-1.67)
1.67 (1.32-2.13)8
1.73 (0.86-3.48)
1.66 (0.89-3.08)
1.68 (0.73-3.85)

1 (Reference)
1.23 (0.94-1.61)
1.38 (1.05-1.81)
1.79 (1.30-2.46)8

1.52 (0.76-3.05)
1.49 (0.88-2.52)

4R surrogate category is divided into high-value and low-value groups based on the median.
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®Hazard ratios for combinations of sarcopenia and IR that were statistically significant (P<.05) in the unadjusted Model 1 combinations not

significant in Model 1 are not shown. Model 1: unadjusted.
°HR: hazard ratio.
dModel 2: adjusted for age and sex.

®Model 3: adjusted as model 2 with further adjustment for smoking, drinking, hypertension, diabetes, dyslipidemia, hypertension medications,

diabetes medications, and dyslipidemia medications.
fTyG: triglyceride glucose.

8pP<001.

hp< 1.

ip<0s.

JWC: waist circumference.

kWHIR: waist-to-height ratio.

TG: triglyceride.

MHDL-C: high-density lipoprotein cholesterol.
"METS-IR: metabolic score for insulin resistance.

Interaction Analyses Between IR and
Sarcopenia

To quantitatively characterize the joint effects of IR and
sarcopenia on CVD risk, we conducted both multiplicative
and additive interaction analyses using median-based cutoffs
for IR indices.

Multiplicative interaction analysis revealed significant
interactions for 2 indices: TyG-WC (HR 0.728, 95% CI
0.533-0.995; P=.046) and TyG-WHtR (HR 0.715, 95% CI
0.523-0.979; P=.04). For other IR indices, multiplicative
interaction terms were not statistically significant (all P>.05).
Additive interaction analysis, assessed using RERI, AP, and
S, demonstrated distinct patterns: TG/HDL-C ratio showed
clear synergistic effects (RERI=0.139, AP=0.083, SI=1.263);
METS-IR demonstrated synergistic effects (RERI=0.039,
AP=0.025, SI=1.075); TyG exhibited mild synergistic effects
(RERI=0.045, AP=0.029, SI=1.089); Other indices (TyG-
BMI, TyG-WC, and TyG-WHtR) showed antagonistic effects
(negative RERI values). Complete results of both multiplica-
tive and additive interaction analyses are presented in Table
S2-5, in Multimedia Appendix 1.

Subgroup Analysis

Figures 24 display the significant interplay between IR
levels and sarcopenia status on CVD risk across differ-
ent age and sex subgroups. Stratified Cox regression

https://aging . jmir.org/2025/1/e80115

analyses, referenced against the nonsarcopenia with low
IR (non_spIR_L) group, revealed distinct age- and sex-
specific associations between sarcopenia severity and IR
profiles. Notably, possible sarcopenia combined with high
IR consistently represented the highest risk profile, particu-
larly in younger adults (45-60 y). Even in low-IR states,
those with possible sarcopenia and low TyG-WHItR independ-
ently increased their risk by 2.5-fold (HR 2.51, 95% CI
1.69-3.73), indicating potential sarcopenia-driven pathways
beyond mere metabolic dysregulation. In male participants,
possible sarcopenia combined with high IR, particularly
lipid-centric markers such as elevated TG/HDL-C, conferred
the greatest risk. In female participants, combinations of
possible sarcopenia with high-IR indices linked to central
adiposity (eg, TyG-WC) significantly elevated risk, with even
low-IR subgroups exhibiting independent risks driven by
sarcopenia.

Due to small subgroup sizes for sarcopenia (n=252) and
severe sarcopenia (n=158), analyses were limited in preci-
sion for extreme risk estimates. Models adjusted for age,
sex, smoking status, drinking, obesity, hypertension, diabetes,
dyslipidemia, and medications confirmed the robustness of
findings, underscoring the dual contribution of sarcopenia
and IR to CVD pathogenesis. These results advocate for
integrated clinical strategies targeting muscle health and
metabolic dysregulation, particularly in high-risk subgroups
characterized by possible sarcopenia and elevated IR.
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Figure 2. Subgroup analysis of insulin resistance surrogate indicators and sarcopenia status with cardiovascular disease risk. Hazard ratios were
adjusted for age, sex, smoking, drinking, hypertension, diabetes, dyslipidemia, hypertension medications, diabetes medications, and dyslipidemia
medications. HR: hazard ratio; TyG: triglyceride glucose.

Subgroups  Groups HR (95% Cl) P for int ion groups  Groups HR (95% CI) P for interaction
Age H .51

Age
. >60 Nonsarcopenia and low TyG-BMI 1.00 (Reference)
Nonsarcopenia and low TyG 1.00 (Reference)

Nonsarcopenia and high TyG-BMI  1.07 (0.70-1.64) H
>60 Nonsarcopenia and high TYG  1.11(0.84-1.48) Possible sarcopenia and low TyG-BMI  1.28 (0.94-1.75) H
Possible sarcopenia and low TYG  1.22 (0.89-1.67) Possible sarcopenia and high TyG-BMI 1.57 (1.02-2.43) H_.
Possible sarcopenia and high TYG 1.60 (1.18-2.18) :l—‘—! Sarcopenia and low TyG-BMI 1110704.77) 1y
' S dlow TyG-BMI 135 (0.78-2.37) .
Severe sarcopenia and low TYG  1.94 (0.99-3.78) | —p—y evere sarcopenia and fow Ty ¢ ) he
i 45-60 Nonsarcopenia and low TyG-BMI 1.00 (Reference) !
45-60 Nonsarcopenia and low TyG 1.00 (Reference) ¢ . :
' Nonsarcopenia and high TyG-BMI ~ 1.31(0.83-2.07)
Nonsarcopenia and high TYG ~ 1.23(0.89-1.69) ey Possible sarcopenia and low TyG-BMI 179 (1.17-273)  jay
Possible sarcopenia and low TYG 1.51 (0.98-2.31) ‘_,_| Possible sarcopenia and high TyG-BMI 1.41 (0.74-2.68) ..._.
Possible sarcopenia and high TYG 150 (1.00-2.26) |+ SR R DR o
Severe sarcopenia and low TyG-BMI 424 (1.0217.68) |—dpo
Sex | 46 H
! Sex 51
iaig NEETEEnt Engs  UIREEETE) | o Male  Nonsarcopenia andlow TyG-BMI  1.00 (Reference) |
Nonsarcopenia and high TYG 1.41(1.03-1.92) ’.._‘ Nonsarcopenia and high TyG-BMI  1.27 (0.80-2.01) ey
Possible sarcopenia and high TYG 185 (1.26-2.72) Possible sarcopenia and low TyG-BMI 153 (1.07-2.21) sy
: Possibl ja and high TyG-BMI 1.70 (0.97-298) |
Possible sarcopenia and low TYG 164 (1.12-2.38) sy ESEEDCE O EIO ( ) o
H Sarcopenia and low TyG-BMI 0.99 (0.49-1.99) iy
Severe sarcopenia and low TYG  2.73 (1.206.23) o X ;
' Severe sarcopenia and low TyG-BMI 2,05 (0.99-4.26) |4
Female Nonsarcopenia and low TyG 1.00 (Reference) ': Female Nonsarcopenia and low TyG-BMI 1.00 (Reference)
Nonsarcopenia and high TYG ~ 0.98 (0.73-131) iy Nonsarcopenia and high TyG-BMI  1.13 (0.75-1.70) iy
Possible sarcopenia and low TYG 1.10 (0.78-1 .56) ":“_‘ Possible sarcopenia and low TyG-BMI  1.33 (0.94-1.89) (..4
’ : . ' Possible sarcopenia and high TyG-BMI 1.36 (0.86-2.16)  fuy
Possible sarcopenia and high TYG 1.37 (1.00-1.87) l"-' g
' Sarcopenia and low TyG-BMI 1.07 (0.60-1.91) H—l
Severe sarcopenia and low TYG 112 (0.41-3.06)  ——— Severe sarcopenia and low TyG-BMI 114 (0.552.39) oy
. 4 6 8 0512 5 20
Hazard ratio (95% Cl) Hazard ratio (95% Cl)
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Figure 3. Subgroup analysis of insulin resistance surrogate indicators and sarcopenia status with cardiovascular disease risk. Hazard ratios were
adjusted for age, sex, smoking, drinking, hypertension, diabetes, dyslipidemia, hypertension medications, diabetes medications, and dyslipidemia
medications. HR: hazard ratio; TyG: triglyceride glucose; WC: waist circumference; WHtR: waist-to-height ratio.

Subgroups  Groups HR (95% Cl) P for interaction

Age .32
>60 Nonsarcopenia and low TyG-WC 1.00 (Reference)
Nonsarcopenia and high TyG-WC 1.11(0.80-1.53)
Possible sarcopenia and low TyG-WC 1.41 (1.02-1.95)
Possible sarcopenia and high TyG-WC1.43 (1.01-2.00)
Severe sarcopenia and low TyG-WC  1.43 (0.78-2.62)

45-60 Nonsarcopenia and low TyG-WC 1.00 (Reference)

YTy R TR E

Nonsarcopenia and high TyG-WC 1.47 (0.99-2.16)

Possible sarcopenia and low TyG-WC 2.08 (1.40-3.10)

Possible sarcopenia and high TyG-WC1.19 (0.69-2.03)

T

Severe sarcopenia and Low TyG-WC 4.67 (1.13-19.39)

Y
S

Male Nonsarcopenia and low TyG-WC 1.00 (Reference)

Nonsarcopenia and highTyG-WC 1.03 (0.71-1.48)
Possible sarcopenia and low TyG-WC 1.50 (1.03-2.18)
Possible sarcopenia and high TyG-WC1.43 (0.93-2.21)
Severe sarcopenia and low TyG-WC  1.75 (0.81-3.77)

Female Nonsarcopenia and low TyG-WC 1.00 (Reference)

IIII(

Nonsarcopenia and high TyG-WC 1.55(1.10-2.18)

Possible sarcopenia and low TyG-WC 1.71 (1.21-2.42)

Possible sarcopenia and high TyG-WC1.26 (0.86-1.84) l‘1

Severe sarcopenia and low TyG-WC  1.43 (0.62-3.31) ey

0512 5 10 20
Hazard ratio (95% Cl)
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Subgroups
Age

45-60

Male

Female

Groups HR (95% CI) P for interaction
13
Nonsarcopenia and low TYG-WHtR 1.00 (Reference)
Nonsarcopenia and high TYG-WHtR 0.93 (0.66-1.30)
Possible sarcopenia and low TYG-WHtR 1.45 (1.05-1.99)
Possible sarcopenia and high TYG-WHtR1.30 (0.92-1.84)
Sarcopenia and low TYG-WHtR 1.31(0.81-2.11)
Severe sarcopenia and low TYG-WHtR  1.54 (0.81-2.95)
Severe sarcopenia and high TYG-WHIR 1.31 (0.49-3.53) .
Nonsarcopenia and low TYG-WHIR  1.00 (Reference)
Nonsarcopenia and high TYG-WHtR 1.57 (1.07-2.31)
Possible sarcopenia and low TYG-WHtR 2.51 (1.69-3.73)
Possible sarcopenia and high TYG-WHtR1.11 (0.66-1.90)
Sarcopenia and low TYG-WHtR 1.65(0.39-6.91) 1
Severe sarcopenia and low TYG-WHtR  2.65 (0.36-19.43) .
.05
Nonsarcopenia and low TYG-WHtR  1.00 (Reference)
Nonsarcopenia and high TYG-WHtR 0.84 (0.58-1.22)
Possible sarcopenia and low TYG-WHtR 1.49 (1.07-2.09)
Possible sarcopenia and high TYG-WHtR1.27 (0.83-1.94)
Sarcopenia and low TYG-WHtR 0.86 (0.42-1.77)
Severe sarcopenia and low TYG-WHtR  1.81 (0.85-3.85)
Nonsarcopenia and low TYG-WHtR 1.00 (Reference)

Nonsarcopenia and high TYG-WHR 1.62 (1.14-2.30)

II I.LL{ ['lii [1111

Possible sarcopenia and low TYG-WHIR 2.09 (1.43-3.08)
Possible sarcopenia and high TYG-WHR1.23 (0.83-1.83)
Sarcopenia and low TYG-WHtR 1.68 (0.90-3.13)

ot
b
Severe sarcopenia and low TYG-WHIR  1.48 (0.52-4.16) i

Severe sarcopenia and high TYG-WHIR 1.22 (0.42-3.60) iy

0512 5
Hazard ratio (95% Cl)
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Figure 4. Subgroup analysis of insulin resistance surrogate indicators and sarcopenia status with cardiovascular disease risk. Hazard ratios were
adjusted for age, sex, smoking, drinking, hypertension, diabetes, dyslipidemia, hypertension medications, diabetes medications, and dyslipidemia
medications. HR: hazard ratio; METS-IR: metabolic score for insulin resistance; TG/HDL-C: triglyceride/high-density lipoprotein cholesterol; TyG:

triglyceride glucose.

Subgroups  Groups HR (95% CI) P for i

Age 22
>60 Nonsarcopenia and low TG/HDL-C 100 (Reference)
Nonsarcopenia and high TG/HDL-C ~ 1.20 (0.90-1.58)
Possible sarcopenia and low TG/HDL-C 1.25 (0.92-1.72)
Possible sarcopenia and high TG/HDL-C1.62 (1.20-2.18)
Sarcopenia and high TG/HDL-C 1.13 (0.47-270) |
Severe sarcopenia and low TG/HDL-C 154 (0.79-3.00)
Severe sarcopenia and high TG/HDL-C 1.64 (0.66-4.09)
45-60 Nonsarcopenia and low TGHDL-C 1.0 (Reference)
Nonsarcopenia and high TG/HDL-C ~ 1.25 (0.92-1.71)
Possible sarcopenia and low TG/HD-C ~ 1.35 (0.88-2.06)
Possible sarcopenia and high TG/HDL-C1.75 (1.18-2.60)
Severe sarcopenia and low TG/HDL-C  2.48 (0.34-17.98) .
Male Nonsarcopenia and low TG/HDL-C 1.0 (Reference)
Nonsarcopenia and high TG/HDL-C ~ 1.65 (1.21-2.24)
Possible sarcopenia and low TG/HDL-C 1.64 (1.12-2.40)
Possible sarcopenia and high TG/HDL-C2.35 (1.60-3.46)
Sarcopenia and high TG/HDL-C
Severe sarcopenia and Low TG/HDL-C 2.06 (0.86-4.94)
Severe sarcopenia and high TG/HDL-C 3.90 (1.13-13.45)
1.00 (Reference)

Female Nonsarcopenia and low TG/HDL-C

Nonsarcopenia and high TG/HDL-C ~ 0.96 (0.72-1.27)
Possible sarcopenia and Low TG/HDL-C 1.05 (0.75-1.47)
Possible sarcopenia and high TG/HDL-C1.36 (1.01-1.84)
Sarcopenia and high TG/HDL-C 1.58 (0.68-3.68)

Severe sarcopenia and low TG/HDL-C ~ 1.33 (0.56-3.17) 1

W
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e
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ey
f
t
e
—————————————
4
-
-
100(0.14-748)
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Severe sarcopenia and high TG/HDL-C 1.28 (0.42-3.89)

0512 5
Hazard ratio (95% Cl)

Clinically Applicable Cutoff Values

To facilitate the identification of high-risk individuals in
clinical practice, we determined optimal cutoff values for
all IR indices and sarcopenia measures using ROC analysis.
Key cutoff values include: TG/HDL-C ratio 2.09 (sensitivity
58.8% and specificity 53.4%), METS-IR 34.26 (sensitivity
582% and specificity 54%), TyG-BMI 192.47 (sensitivity
65.9% and specificity 46.4%), handgrip strength 26.85 kg,
and chair stand test time 9.41 seconds. The complete results,
including cutoff values, sensitivity, specificity, and area under
the curve, are presented in Table S6 in Multimedia Appendix
1.

Discussion

Principal Findings

In this longitudinal study, we observed a synergistic interplay
between IR and sarcopenia regarding the risk of CVD
among middle-aged and older individuals. Notably, the
combination of high IR and possible sarcopenia exhibited
the highest cardiovascular risk, particularly in those with
elevated METS-IR levels, when compared to individuals in
the nonsarcopenia and low METS-IR group. The prospective

https://aging . jmir.org/2025/1/e80115

group: Groups HR (95% Cl) P for interaction
Agey 13
>60 Nonsarcopenia and low METS-IR 1.00 (Reference) l‘
Non_sarcopenia and high METS-IR  1.16 (0.80-1.69) |i.|
Possible sarcopenia and low METS-IR 1.28 (0.93-1.75) H
Possible sarcopenia and high METS-IR1.76 (1.20-2.60) ‘,.H
Sarcopenia and high METS-IR 0.99 (0.42-2.36) |..‘_¢
Severe sarcopenia and low METS-IR  1.41 (0.80-2.46) |,._|
45-60 Nonsarcopenia and low METS-IR 1.00 (Reference) |:
Nonsarcopenia and high METS-IR 1.15(0.76-1.75) ;.4
Possible sarcopenia and low METS-IR 1.60 (1.05-2.44) P“"
Possible sarcopenia and high METS-IR2.26 (1.31-3.90) EH_‘
Severe sarcopenia and low METS-IR  3.94 (0.96-16.22) I—0—|
Sex .69
Male Nonsarcopenia and low METS-IR 1.00 (Reference) i
Nonsarcopenia and high METS-IR 1.12(0.74-1.70) H
Possible sarcopenia and low METS-IR 1.40 (0.95-2.04) H
Possible sarcopenia and high METS-IR2.09 (1.31-3.33) 3H—|
Sarcopenia and high METS-IR 84 (0.11-6.21) |_._|
Severe sarcopenia and low METS-IR  2.19 (1.05-4.54) H_'
Female Nonsarcopenia and low METS-IR 1.00 (Reference) i
Nonsarcopenia and high METS-IR 1.20 (0.82-1.75) ;..4
Possible sarcopenia and low METS-IR 1.32 (0.94-1.85)
Possible sarcopenia and high METS-IR1.74 (1.14-2.65) )
Sarcopenia and high METS-IR 1.35(0.58-3.14)  pe—y
Severe sarcopenia and low METS-IR  1.18 (0.57-2.45) ey
0512 5 20
Hazard ratio (95% Cl)

design ensures that assessments of sarcopenia and IR at
baseline preceded CVD onset during follow-up, strengthen-
ing the inference of a causal pathway and reducing concerns
of reverse causality. This research systematically correlates
multidimensional IR indices with sarcopenia staging within a
large national cohort, offering new insights into the conflu-
ence of IR and sarcopenia’s impact on CVD risk.

Previous studies have demonstrated the significant positive
association between the METS-IR index and CVD risk.
Duan et al [37] found that METS-IR exhibited a stronger
association with cardiovascular mortality compared to the
TyG index, TG/HDL-C, and Homeostatic Model Assess-
ment for Insulin Resistance, particularly in individuals under
65 years old. Another prospective cohort study comprising
47,270 participants from the Kailuan Study also indicated
that elevated METS-IR levels increased CVD risk. The TyG
index and TG/HDL-C ratio are increasingly recognized as
surrogate markers of IR, confirming their relevance in CVD
risk assessment. Previous research supports this association;
for example, Salazar et al [38] conducted a 9-year prospec-
tive study involving 796 participants, finding a higher TG/
HDL-C ratio as a predictor of incident CVD events. Sim-
ilarly, Che et al [39] presented evidence of a significant
correlation between elevated TyG and TG/HDL-C indices
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and increased CVD risks using the UK Biobank population.
Further supporting these findings, a cross-sectional study
involving 13,706 participants indicated that the TyG index
independently predicts 10-year CVD risk, outperforming
traditional IR measures such as Homeostatic Model Assess-
ment for Insulin Resistance [14]. Additionally, Hong et al
[40] also reported a robust link between elevated TyG indices
and atherosclerotic CVD risk in older adults, highlighting
the necessity of identifying optimal TyG levels for early
intervention. In a retrospective cohort analysis involving
14,653 adults from the NHANES database (2001-2018),
Li et al [41] conducted a longitudinal study based on the
CHARLS database (2011-2015) and established a significant
positive association between cumulative average TyG-BMI
and incident CVD. Moreover, another longitudinal study from
the CHARLS database involving 7115 participants demon-
strated that TyG, TyG-BMI, TyG-WC, and TyG-WHtR were
all significantly associated with new-onset CVDs. Notably,
the TyG index outperformed the modified TyG indices in
identifying CVD risk over a 7-year follow-up period [42].
In this study, we found that TyG, TyG-BMI, and TyG-
WC functioned as robust predictors of CVD risk, independ-
ent of traditional confounders. Conversely, the associations
of TyG-WHtR, TG/HDL-C, and METS-IR attenuated to
nonsignificance after adjusting for factors such as age, sex,
smoking, drinking habits, hypertension, diabetes, dyslipide-
mia, and obesity. These results highlight the critical role of
specific IR markers in predicting CVD risk and support the
relevance of the TyG index and its derivatives in clinical
assessments and interventions aimed at improving cardiovas-
cular health.

Our findings revealed that sarcopenia, alongside IR, serves
as a significant predictor of CVD risk. We demonstrated
that individuals with possible sarcopenia were at a higher
risk for CVD compared to those without sarcopenia. In
line with this, Gao et al [29] noted the association between
possible sarcopenia and increased CVD risk, while Chai et al
[43] large Taiwanese cohort study confirmed that sarcopenia
correlated with a higher prevalence of stroke in patients with
T2D. Xia et al [18] further showed that sarcopenia independ-
ently increased the risks of myocardial infarction and atrial
fibrillation in middle-aged and older adults. However, our
study presented sarcopenia status in 4 categories, revealing
no statistically significant difference concerning CVD risk
among sarcopenic groups, possibly attributable to limited
sample sizes. Thus, more prospective multicenter studies
are warranted for further validation. Given these findings,
targeted interventions for patients diagnosed with sarcopenia,
especially those with possible sarcopenia, are crucial. These
interventions may include physical therapy to enhance muscle
strength and function, along with medications to improve
muscle health, thereby potentially reducing the incidence of
CVD.

The mechanisms underlying this synergistic effect remain
unclear; however, previous studies provide valuable insights.
Skeletal muscle is pivotal for insulin-mediated glucose
disposal postmeal [44,45]. With IR, glucose metabolism
in muscle is disrupted, leading to decreased protein
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synthesis and increased breakdown, contributing to sarcope-
nia development [45]. Previous studies have found that IR
can impair PI3K-Akt signaling, resulting in reduced glucose
uptake, suppression of mTOR-mediated protein synthesis, and
activation of the ubiquitin-proteasome system responsible for
protein degradation [46]. Aging exacerbates these issues, as
adipose tissue inflammation can lead to fat accumulation in
the intra-abdominal region (visceral fat). Fatty infiltration
in skeletal muscle leads to diminished strength and func-
tionality [47]. Increased production of adipokines due to
visceral fat promotes muscle loss through pro-inflammatory
cytokines, which counteract anabolic signals from myo-
kines, fostering a chronic inflammatory state that aggravates
both IR and muscle degeneration [48,49]. Together, these
processes contribute to CVD’s onset and progression through
mechanisms involving metabolic disturbances, inflammation,
oxidative stress, and vascular impairment [50-52].

In this study, we specifically demonstrated that individu-
als with both possible sarcopenia and high IR had a sub-
stantially enhanced CVD risk from 1.24-1.85 fold compared
to the independent effects of these conditions. While prior
studies typically approached sarcopenia dichotomously, our
stratification by severity revealed a nonlinear relationship:
early-stage sarcopenia may represent a critical window for
metabolic intervention, while advanced muscle loss risks
appear to follow a different risk trajectory. This pattern
was reinforced in our subgroup analyses, which showed that
the combination of possible sarcopenia and high IR consis-
tently conferred robust and statistically significant risk across
demographic strata. Interestingly, we observed numerically
elevated, though statistically imprecise, HRs for severe
sarcopenia even in subgroups with low-IR levels (Figure 2).
This suggests that advanced muscle loss may itself consti-
tute an independent risk factor, potentially operating through
pathways distinct from metabolic dysregulation. However, the
instability of these estimates, attributable to limited sample
sizes in severe sarcopenia subgroups, necessitates cautious
interpretation and underscores the need for future studies with
larger cohorts to definitively characterize these relationships.

Formal interaction analyses further provided quantitative
evidence supporting a synergistic relationship between IR
and sarcopenia. Although interaction patterns varied across
IR indices, the TG/HDL-C ratio and METS-IR consis-
tently demonstrated synergistic effects on both additive
and multiplicative scales. These composite measures,
which integrate lipid metabolism, glucose homeostasis, and
adiposity, may be particularly sensitive to the pathophysiolog-
ical interplay between metabolic health and muscle qual-
ity. Their consistent performance highlights the biological
complexity of IR and its connection to sarcopenia, while
reinforcing our primary finding that the combination of
possible sarcopenia and high IR confers the greatest CVD
risk.

The ROC-derived cutoff values established in this study
bridge the gap between epidemiological evidence and clinical
practice by providing tangible thresholds for risk identifi-
cation. Although single indices had modest discrimination
(area under the curve 0.50-0.58), the ROC-derived cutoffs
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nevertheless provide practical screening thresholds to identify
individuals who warrant combined metabolic and muscle
health assessment. Particularly noteworthy is the alignment
between the cutoff values for TG/HDL-C ratio (2.09)
and METS-IR (34.26) and our interaction analyses, which
identified these indices as exhibiting the most consistent
synergistic effects with possible sarcopenia. These findings
support a practical 2-step approach to CVD risk stratification
in middle-aged and older adults: (1) initial screening using the
established cutoff values to identify individuals with high IR,
impaired muscle health, or both; (2) focused intervention for
those with both conditions, especially the combination of high
TG/HDL-C (=2.09) or high METS-IR (=34.26) with possible
sarcopenia, as this profile confers the highest CVD risk. The
accessibility and calculability of these indices enhance their
use in primary care and community settings where com-
plex diagnostic procedures may be unavailable. Furthermore,
the early identification of possible sarcopenia, a potentially
reversible stage, combined with metabolic assessment, creates
a critical window for implementing dual-targeted interven-
tions aimed at preserving muscle mass while improving
metabolic health.

Collectively, these findings emphasize the necessity of
tailored management strategies addressing both sarcopenia
and IR, particularly during the early stages of muscle
decline. Proactive intervention during this critical window
may improve clinical outcomes and attenuate CVD progres-
sion.

While this study elucidates the synergistic effect of
sarcopenia staging and IR on CVD risk within a nation-
ally representative older adults cohort, it is subject to
certain limitations. First, the reliance on self-reported CVD
diagnoses may introduce misclassification bias. We were
unable to validate incident CVD outcomes against medi-
cal records, administrative claims, or mortality registries.
Consequently, outcome misclassification may have occurred.
If such misclassification is nondifferential with respect to
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the exposures studied, it would likely bias HR estimates
toward the null, implying that the true associations might be
stronger than those observed. However, differential misclas-
sification (eg, systematic underreporting among older, less
educated, or rural participants) could bias estimates in either
direction, and we were not able to quantify the magnitude of
these potential biases in the current dataset. Future studies
that link CHARLS participants to hospital records, insur-
ance claims, or death registries, or that apply adjudicated
outcome ascertainment, would substantially strengthen the
validity of outcome assessment. Second, the wide CI values
in severe sarcopenia subgroups due to small sample sizes
necessitate cautious interpretation, limiting the generalizabil-
ity of findings to a Chinese-specific context. Moreover, we
were unable to monitor changes in IR levels and sarcope-
nia status over time, restricting our understanding of their
dynamic roles in CVD development. Future studies should
incorporate additional potential confounders and explore the
long-term effects of changes in IR and sarcopenia status on
CVD risk, guiding precision interventions.

Conclusions

In conclusion, this study has evidenced that IR and sar-
copenia, particularly in their early possible stage, interact
synergistically to elevate CVD risk in middle-aged and
older adults. The findings underscore the urgent need for
early identification and intervention strategies, especially
for individuals experiencing possible sarcopenia alongside
high-IR levels. Such proactive approaches could significantly
influence patient outcomes, reducing cardiovascular event
incidence and enhancing prognosis and quality of life for
middle-aged and older adults. However, further prospective
studies are essential to confirm these findings and clarify the
mechanisms behind the interaction between IR and sarcope-
nia. Addressing these gaps will be critical in developing
effective clinical strategies to manage these conditions and
improve health outcomes in this vulnerable population.
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