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Background: Metabolic factors play a critical role in the onset of lower limb joint pain, especially in middle-aged and older
individuals. TyG and its derivatives, have emerged as promising indicators of insulin resistance, and are linked with several metabolic
diseases, yet their relationships with lower limb joint pain remains insufficiently studied.

Methods: This study utilized 9-year longitudinal data (2011-2020) from the China Health and Retirement Longitudinal Study
(CHARLS). TyG and its derivatives were collected at baseline (2011). Incident lower limb joint pain was recorded during follow-up.
The associations were evaluated using Multivariable Cox proportional hazards models, Restricted Cubic Spline (RCS), and Kaplan-
Meier curves. The robustness of the findings was assessed by Fine-Gray competing risk model and subgroup analyses.

Results: Among 6817 participants, 2909 (42.67%) developed lower limb joint pain. The highest incidence occurred in the fourth
quartile of TyG-BMI, TyG-WHtR and TyG-WC, but not TyG alone. There existed significant positive associations of TyG-BMI (p for
trend: 0.015) and TyG-WHItR (p for trend: 0.004) with lower limb joint pain risk, especially the fourth quartiles of TyG-BMI (HR:
1.15; 95% CI: 1.02-1.30), TyG-WHtR (1.18 [1.05-1.32]) and TyG-WC (1.14 [1.01-1.27]). The Fine-Gray competing risk model
confirmed this robust association, and RCS indicated significant positive linear relationships of TyG-BMI and TyG-WHtR with new-
onset lower limb joint pain. Subgroup analysis identified gender as a significant interactive factor for TyG-BMI, with a notable
association in females. These results suggested that TyG derivatives, specifically adiposity-integrated indices, were associated with an
increased risk of new-onset lower limb joint pain in middle-aged and older individuals, rather than TyG alone.

Conclusion: These results highlight the importance of monitoring TyG derivatives, specifically adiposity-integrated indices (TyG-
BMI and TyG-WHtR) for early clinical detection and intervention in high-risk individuals, and offer novel perspectives for the
assessment and treatment of lower limb joint pain.
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Introduction

Lower limb joint pain refers to acute or chronic pain that occurs in weight-bearing joints such as the hip, knee, and ankle. It
represents a significant and growing public health challenge, contributing substantially to impaired mobility and disability, and
exerts a sharp decline in the quality of life among middle-aged and older populations globally. Data from the 2019 National
Health Interview Survey showed that 36.5% of the patients had lower limb pain in the past 3 months." Lower limb joint pain is
highly prevalent among middle-aged and older individuals. Studies have shown that knee pain affects approximately 25% of
adults.>? Hence, greater attention must be paid to the potential risk factors of lower limb joint pain in older adults.
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Lower limb joint pain is a common clinical symptom, usually caused by osteoarthritis (OA), rheumatoid arthritis
(RA), or arthrolithiasis. Particularly the interplay between insulin resistance (IR) and adiposity, play a critical role in joint
pathophysiology. IR promotes systemic inflammation and alters adipokine secretion, while excess adipose tissue not only
increases mechanical load but also secretes pro-inflammatory cytokines that can sensitize peripheral nociceptors and
promote central pain sensitization.*> This metabolic-adipose axis provides a compelling rationale for investigating
composite indicators that capture both dysmetabolism and adiposity. Studies have shown that obesity and metabolic
syndrome (MetS) contribute to the pathogenesis of OA primarily through obesity-related chronic low-grade inflammation
and metabolic disorders associated with lipid and glucose homeostasis.>’ Previous studies have predominantly focused
on investigating the associations between potential risk factors and joint pathologies, with arthritis as the primary
outcome. Joint pain is the hallmark symptom of arthritis; OA, as the leading driver of chronic pain worldwide, evokes
subjective pain experiences through both peripheral and central sensitization.* '® In addition, a 23-year follow-up study
showed that knee pain with or without ROA can be regarded as an independent predictor of mortality; a significantly
increased risk of all-cause and CVD-specific mortality was observed in middle-aged women experiencing knee pain, but
not the hand.'" Therefore, adequate attention should be paid to lower limb joint pain in future studies.

Several recent studies have established a connection between obesity, metabolic syndrome, and joint pain phenotypes,
highlighting roles for mechanical stress, adipose tissue dysfunction, and systemic inflammation.'?'* Studies showed that the
accumulation of MetS components is linked to greater knee pain severity.'>'® Insulin resistance (IR) is the underlying cause
and central driver of MetS. While the triglyceride-glucose (TyG) index and its derivatives (eg, TyG-BMI, TyG-WHtR) have
emerged as promising surrogate markers of IR and have been associated with chronic pain conditions like low back pain and

migraine in initial studies,'” '

the existing evidence has significant limitations. Critically, these investigations have primarily
been cross-sectional in design, precluding causal inference regarding the role of IR in the development of joint pain. Moreover,
there is a notable lack of prospective evidence specifically focusing on lower limb joint pain. The methodological limitations
of previous work-including homogeneous populations, short follow-up periods, and inadequate control for potential con-
founders-highlight the need for well-designed longitudinal studies in diverse populations.

Based on the interplay between metabolic dysfunction and adiposity in joint pathophysiology, we hypothesized that
TyG derivatives integrating adiposity measures (TyG-BMI, TyG-WC, and TyG-WHtR) would demonstrate stronger
associations with incident lower limb joint pain than the TyG index alone. Specifically, we postulated that these
composite indices would exhibit positive, dose-response relationships with joint pain risk, with variation by joint site
(knee vs ankle) and potential effect modification by gender. To rigorously test these hypotheses, we conducted a nine-
year prospective cohort analysis utilizing data from the China Health and Retirement Longitudinal Study (CHARLS).
Our analytical approach employed multivariable Cox proportional hazards models, supplemented by sensitivity analyses
(including Fine-Gray competing risk models) to verify robustness, restricted cubic splines to evaluate dose-response
relationships, and subgroup analyses to identify potential effect modifiers.

Methods

Study Design and Data Source
This study was a retrospective analysis originating from the CHARLS database (http://charls.pku.edu.cn/), a nationally

representative longitudinal survey conducted in China in strict accordance with the Declaration of Helsinki. This survey
was initiated in 2011 to investigate policy and health-related data, including basic demographics of participants and their
families, physical and psychological health, economic status, and medical examinations among adults aged 45 years and
above, and focused on population aging. Specifically, participants were recruited from 450 villages/resident communities
in 150 counties/districts spanning 28 provinces, including both rural and urban areas, using a multistage probability-
proportional-to-size (PPS) sampling technique. Subsequently, a follow-up survey was conducted every two to three years.
The CHARLS study for the main household survey was approved by the Biomedical Ethics Review Committee of the
Peking University (IRB00001052-11015). The IRB approval number for biomarker collection was IRB00001052-11014.
All participants provided signed informed consent forms before survey.”> >* All methods were carried out in accordance
with relevant guidelines and regulations.
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Study Population

Our study utilized five-wave CHARLS data for the years 2011, 2013, 2015, 2018, and 2020. Data from the first-wave
survey (2011-2012) were collected as the baseline and included a total of 17708 respondents. The participants were
followed up for a subsequent four-wave survey. A detailed flowchart of the study is presented in Figure 1. The exclusion
criteria were as follows: 1) no fasting participants; 2) missing values of fasting blood glucose (FBG), triglycerides
(TG); 3) missing values of height, weight, and waist circumference (WC). Before setting this exclusion criteria, we first
corrected the obvious unit or recording errors and conducting imputation according to longitudinal repeated measure-
ments of these three values; and 4) age < 45 years old. Participants were included if they had no lower limb joint pain
(knee and/or ankle pain) at baseline and had follow-up data available from 2013 to 2020. Ultimately, 6817 participants
without lower limb joint pain at baseline in 2011 were enrolled in our longitudinal cohort study.

TyG and TyG Derivatives

In this study, TyG and its derivatives were used to assess the IR levels. TG and FBG levels were measured using
a standard enzymatic colorimetric method. Height and weight were measured using a stadiometer and a weighing scale,
respectively. Waist circumference (WC) was measured using flexible tape. TyG index was formulated as In [fasting
triglyceride (mg/dL) % fasting glucose (mg/dL)/2]. TyG derivatives were calculated based on the measured values of
height, weight, and WC. BMI was computed as weight (kg)/height squared (m?) and WHtR was determined as WC (cm)/
height (cm). TyG derivatives were calculated using the following formula:

A B

Participants from charls in wave 1 (n = 17708) Baseline
(n=6817)
Excluded participants: Wave 1 (2011)

1) No fasting participants (n = 7081);
. . Follow up
2) Missing values in TG and glucose (n = 185);

4) Age < 45 years (n = 217); Wave 2 (2013)

)
)
3) Missing values in height and weight (n = 426);
)
5) Missing values in WC (n =30)

Participants included (n = 9769) - up‘
Excluded participants:
1) loss to follow-up in five-wave studies Wave 3 (2015)
(n= 1711);
2) Experiencing knees or ankle pain in
wave 1 (n = 1241) Foliosup ‘
Participants in
the final Wave 4 (2018)
cohort
(n =6817) Follow up‘
Wave 5 (2020)
Endpoint

Figure | The screening flowchart for the study population from CHARLS 2011 to 2020 (n = 6817). (A) The inclusion and exclusion criteria of study cohort. (B) The follow-
up flowchart of study population.
Abbreviations: TG, triglyceride; WC, waist circumference.
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TyG — BMI = TyG x BMI;
TyG — WHIR = TyG x WHIR;

TyG — WC=TyG x WC.

Additionally, these participants were categorized into four distinct groups (Q1, Q2, Q3, and Q4) based on the quartiles of
TyG and its derivatives, among which Q1 was regarded as the reference, to reveal the potential role of different levels of

TyG and its derivatives on joint pain.*>

Outcomes

Lower limb joint pain (knee or ankle pain) was determined by self-reporting in a subsequent four-wave follow-up ques-
tionnaire. In the survey, the following question was answered: “On what part of your body do you feel pain?” Please list all
parts of the body you are currently feeling pain. Knee and/or ankle pain was considered new-onset lower limb joint pain. These
participants were followed until the incidence of lower limb joint pain or the date of the last survey in 2020.

Baseline Data Collection

This study collected comprehensive information from participants, including demographics such as age, gender, marital status,
education level, and residential area; lifestyle including drinking and smoking status; physical examination including height,
weight, and WC; and laboratory indicators including white blood cell count (WBC, 10~?/L), mean corpuscular volume
(MCV), hemoglobin (g/dL), hematocrit, platelet count (PLT, 10~/L), creatinine (Cr, mg/dL), total cholesterol (TC, mg/dL),
high-density lipoprotein cholesterol (HDL-C, mg/dL), low-density lipoprotein cholesterol (LDL-C, mg/dL), and glycated
hemoglobin (%). In addition, comorbidities were collected, including 12 chronic diseases, such as hypertension, kidney,
stomach diseases and cancer. The participants were categorized based on different variable characteristics.

Covariates

The univariate Cox regression analysis was conducted to explore the association of different risks with lower limb joint
pain. The covariates were selected and adjusted based on comprehensive consideration of the results of univariate Cox
regression analysis and clinical experience. Finally, elected covariates included demographics, lifestyle, laboratory
indicators, and comorbidities. Gender, education, marital status, residence, smoking and drinking status, hypertension,
kidney disease, stomach disease, rtheumatism and cancer were identified as categorical variables. Age and glycated
hemoglobin and LDL-C levels were continuous variables.

Statistical Analysis

In this study, data processing and statistical analyses were performed using R language (R version 4.4.2). All figures were
plotted using R language, OriginPro2021, and GraphPad Prism 9.5. Statistical significance was set at p < 0.05.
Descriptive statistics were used to summarize the baseline characteristics of the participants, grouped according to
whether they progressed to lower limb joint pain and categorized based on quartiles. All continuous variables were
expressed as mean + standard deviation (SD). Normally distributed continuous variables were statistically analyzed using
two-paired Student’s z-test or ANOVA, and non-normally distributed continuous variables were analyzed using the
Kruskal-Wallis test or Mann—Whitney U-test. Categorical variables are presented as frequencies and percentages (n, %)
and were analyzed using the 3> test for categorical variables.

In the statistical analysis plan, we pre-specified our primary hypothesis to test the association between adiposity-
integrated TyG derivatives (TyG-BMI and TyG-WHtR) and incident lower limb joint pain. Secondary analyses included:
(1) examination of TyG and TyG-WC indices; (2) separate analyses for knee pain and ankle pain; and (3) subgroup
analyses by age, gender, residence. These secondary analyses were considered exploratory in nature. While we acknowl-
edge the potential for increased Type I error due to multiple testing, we chose not to apply formal statistical corrections
for multiple comparisons in our exploratory analyses, as such adjustments can be overly conservative in observational
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studies and mask potentially important findings. The consistency of results across different statistical models was
considered as supporting evidence for the robustness of the findings.

Subgroup analyses were conducted to assess effect modification by key demographic and clinical variables.Given the
multiple comparisons arising from testing four TyG-related indices and conducting subgroup analyses, we acknowledge
the potential for Type I error inflation. However, no formal statistical correction for multiple comparisons was applied to
the exploratory analyses, as such adjustments can be overly conservative in observational studies and potentially increase
Type II error by masking clinically relevant associations.

Variables with significant differences were calculated using a univariate Cox proportional hazards regression model to
determine their correlation with lower limb joint pain. In the multivariable Cox proportional hazards regression,
covariates were selected and adjusted based on comprehensive considerations of these univariates (p < 0.05) and clinical
experience. Multivariable Cox proportional hazards regression models were used to assess the relationship between the
TyG index and lower limb joint pain. Three models were developed for the analysis, each with different levels of
covariate adjustment: Model I (crude model); Model II (adjusted by age, gender, education, marriage, residence,
smoking, drinking); Model III (included all variables from Model II with further adjustments for glycated hemoglobin,
LDL, hypertension, kidney disease, stomach disease, rheumatism and cancer); Furthermore, in order to comprehensively
assess the relationship, the Fine-Gray competing risk model was performed, in which the death factor was considered as
a competing risk and mortality case was excluded if the lower limb joint pain event occurred prior to death.

A restricted cubic spline (RCS) model was used to assess the potential nonlinear relationship between TyG and TyG
derivatives and lower limb joint pain, with three knots at 10%, 50%, and 90%. Kaplan-Meier (KM) curves were used to
compare different survival patterns among all participants with TyG and TyG derivative quartiles using Log rank tests.
Furthermore, a stratified multivariate cox regression analysis was conducted for subgroup analysis according to age,
gender, residence. Moreover, interaction analyses were conducted to assess the potential impact of the interactions
between different factors on the study results. Knee and ankle pain were analyzed separately for two different outcomes
among these participants.

Results

Baseline Characteristics of Study Population

In this study, 6817 participants were enrolled, including 3495 females (51.0%) and 3322 males (49.0%). The distributed
diagrams of TyG-BMI, TyG-WHtR, TyG-WC, and TyG were showed in Figure 2, with mean + SD of 203.70 + 39.31,
4.70 + 0.77, 742.51 + 118.94, and 8.66 + 0.66 respectively (Figure 2A-D).

Table 1 presents the baseline characteristics of the participants, grouped according to whether they progressed to new-
onset lower limb joint pain. The average age of the participants was 59.44 + 9.42 years old. Among them, 2909
participants (42.67%) experienced lower limb joint pain, including 2692 (39.49%) participants with new-onset knee pain
and 1348 (19.77%) participants with ankle pain during the follow-up period. Compared to non-progressors, participants
with lower limb joint pain exhibited a higher proportion of females (61.22%) and a higher prevalence of being married
(83.19%). The majority of participants lived in rural areas (86.87%) and had a lower education level (73.15% with only
primary school education). PLT, TC, and LDL-C levels were higher in participants with lower limb joint pain than in
those without pain. Participants with hypertension, dyslipidemia, heart disease, stroke, kidney disease, stomach disease,
and rheumatism had a higher incidence of lower limb joint pain. Furthermore, quartile stratification by TyG-BMI, TyG-
WHtR, and TyG-WC revealed a greater number of incident cases with increased TyG derivative indices.

The incidence rates for each quartile of the TyG-related indices were as follows: TyG-BMI (38.89% for Q1, 42.66% for
Q2,42.31% for Q3, 46.83% for Q4), TyG-WHIR (37.83% for Q1, 41.43% for Q2, 42.55% for Q3, and 48.88% for Q4), TyG-
WC (40.12% for Q1, 43.13% for Q2, 42.55% for Q3, 44.89% for Q4), and TyG (40.59% for Q1, 42.29% for Q2, 43.22% for
Q3, 44.60% for Q4). The incidence of knee or ankle pain was related to increased TyG and TyG derivatives (Figure 3).
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Figure 2 Distribution diagram of TyG and TyG-derivatives of study population. (A) TyG-BMI index distribution with mean value of 203.70 kg/m? (B) TyG-WHtR index
distribution with mean value of 4.70. (C) TyG-WC index distribution with mean value of 742.5| cm. (D) TyG index distribution with mean value of 8.66.
Abbreviations: TyG-BM|, triglyceride glucose-body mass index; TyG-WHTR, triglyceride-glucose waist-to-height ratio; TyG-WC, triglyceride glucose-waist circumference;
TyG, triglyceride glucose.

The baseline characteristics of these participants are also presented based on the TyG-BMI index quartiles (Table S1).
Participants with higher TyG-BMI levels were more likely to be female, married, have higher WBC, hemoglobin,
hematocrit, PLT, TC, LDL, and glycated hemoglobin levels, and comorbid diseases including hypertension, dyslipidemia,

diabetes, heart disease, and stroke (Table S1).

Table | Baseline Characteristics of Participants Classified by Outcomes

Variables Overall No Lower Limb Joint Pain | Lower Limb Joint Pain | p value

Demographics

No. of participants 6817 3908 2909 0.044
Gender [n(%)] <0.001
Female 3495 (51.27%) 1714 (43.86%) 1781 (61.22%)
Male 3322 (48.73%) 2194 (56.14%) 1128 (38.78%)
Age (year) 59.44 + 9.42 59.75 + 9.80 59.03 + 8.88 0.044
(Continued)
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Table | (Continued).

Variables Overall No Lower Limb Joint Pain | Lower Limb Joint Pain | p value
Marital status [n(%)] 0.05

Married 5742 (84.23%) 3322 (85.01%) 2420 (83.19%)

Others 1071 (15.71%) 585 (14.97%) 486 (16.71%)
Residence [n(%)] <0.001

Rural 5732 (83.95%) 3205 (82.01%) 2527 (86.87%)

Urban 1078 (15.81%) 699 (17.89%) 379 (13.03%)
Education [n(%)] <0.001

Primary 4711 (69.11%) 2583 (66.10%) 2128 (73.15%)

Middle or high school 2008 (29.46%) 1256 (32.14%) 752 (25.85%)

College or above 87 (1.28%) 64 (1.64%) 23 (0.79%)
Smoking status [n(%)] 2746 (40.28%) 1772 (45.34%) 974 (33.48%) <0.001
Drinking status [n(%)] 2324 (34.09%) 1447 (37.03%) 877 (30.15%) <0.001
Laboratory indicators
WBC (107%/L) 6.28 +2.28 6.31 £254 6.23 + 1.88 0.4
MCV 90.61 + 8.56 90.95 + 8.54 90.16 * 8.55 <0.001
Hemoglobin (g/dL) 14.45 + 2.29 14.54 + 2.29 1433 +2.28 <0.001
Hematocrit 41.76 £ 6.27 42.03 + 6.32 41.40 £ 6.18 <0.001
PLT (1079/L) 211.47 + 77.81 208.96 + 75.01 214.83 £ 81.30 0.002
Cr (mg/dL) 0.79 £ 0.25 0.80 + 0.29 0.76 £ 0.19 <0.001
TC (mg/dL) 194.24 + 39.26 192.68 + 38.94 196.35 + 39.60 <0.001
HDL-C (mg/dL) 5143 £ 15.44 51.39 £ 15.70 51.48 + 15.08 0.3
LDL-C (mg/dL) 117.38 + 35.00 116.17 + 35.01 118.99 + 34.94 <0.001
Glycated Hemoglobin (%) 5.28 + 0.82 5.28 + 0.81 529 + 0.84 0.14
Comorbidity disease [n(%)]
Hypertension 1642 (24.09%) 889 (22.75%) 753 (25.89%) 0.002
Dyslipidemia 609 (8.93%) 326 (8.34%) 283 (9.73%) 0.041
Diabetes 368 (5.40%) 200 (5.12%) 168 (5.78%) 0.2
Cancer 61 (0.89%) 37 (0.95%) 24 (0.83%) 0.6
Heart disease 714 (10.47%) 362 (9.26%) 352 (12.10%) <0.001
Stroke 128 (1.88%) 62 (1.59%) 66 (2.27%) 0.038
Kidney disease 344 (5.05%) 156 (3.99%) 188 (6.46%) <0.001
Stomach disease 1395 (20.46%) 685 (17.53%) 710 (24.41%) <0.001
Psychiatric problems 80 (1.17%) 37 (0.95%) 43 (1.48%) 0.042
Memory-related disease 74 (1.09%) 46 (1.18%) 28 (0.96%) 0.4
Rheumatism 1966 (28.84%) 756 (19.34%) 1210 (41.60%) <0.001
Asthma 207 (3.04%) 123 (3.15%) 84 (2.89%) 0.6
TyG and TyG derivatives [n(%)]
TyG-BMI <0.001

Ql 1705 (25%) 1042 (27%) 663 (23%)

Q2 1704 (25%) 977 (25%) 727 (25%)

Q3 1704 (25%) 983 (25%) 721 (25%)

Q4 1704 (25%) 906 (23%) 798 (27%)
TyG-WHtR <0.001

Ql 1705 (25%) 1060 (27%) 645 (22%)

Q2 1704 (25%) 998 (26%) 706 (24%)

Q3 1704 (25%) 979 (25%) 725 (25%)

Q4 1704 (25%) 871 (22%) 833 (29%)

(Continued)
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Table | (Continued).

Variables Overall No Lower Limb Joint Pain | Lower Limb Joint Pain | p value
TyG-WC 0.043
Ql 1705 (25%) 1021 (26%) 684 (24%)
Q2 1704 (25%) 969 (25%) 735 (25%)
Q3 1704 (25%) 979 (25%) 725 (25%)
Q4 1704 (25%) 939 (24%) 765 (26%)
TyG 0.11
Ql 1705 (25%) 1013 (26%) 692 (24%)
Q2 1705 (25%) 984 (25%) 721 (25%)
Q3 1703 (25%) 967 (25%) 736 (25%)
Q4 1704 (25%) 944 (24%) 760 (26%)

Notes: Data are presented as mean = SD or n (%); The p value was based on Pearson’s chi-squared test, Mann—Whitney U-test, or two-
paired Student’s t-test, where appropriate.

Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; WBC, white blood cell; MCV, mean corpuscular volume; PLT, platelet
count; Cr, creatinine; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.

Association of TyG and TyG Derivatives with Lower Limb Joint Pain
Table S2 shows the results of the univariate Cox regression analysis. Demographics, including age, gender, marital status,
residence, educational level, smoking and drinking status, some laboratory indicators, and comorbidities, were signifi-
cantly associated with lower limb joint pain.

To observe the correlation between TyG and TyG derivatives and lower limb joint pain, multivariable Cox propor-
tional hazards models were used after adjusting for different risk factors (Table 2). Confounders were selected and
adjusted based on comprehensive consideration of the above variables (p < 0.05) and clinical experience. Finally, these
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Figure 3 Heat map analysis for the incidence of lower limb joint pain. And the incident rate of knee or ankle pain was analyzed respectively.
Abbreviations: TyG-BMl|, triglyceride glucose-body mass index; TyG-WHtR, triglyceride-glucose waist-to-height ratio; TyG-WC, triglyceride glucose-waist circumference;
TyG, triglyceride glucose.
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Table 2 Relationship Between TyG-Associated Indexes and Lower Limb Joint Pain Based on Cox Proportional Hazards

Model
Lower Limb Joint Pain Model | Model Il Model 111
HR (95%Cl) p HR (95%Cl) p HR (95%Cl) P
TyG-BMI Quartiles Ql Reference Reference Reference
Q2 1.05 (0.94-1.17) | 0.366 1.04 (0.93-1.16) | 0.486 1.03 (0.92-1.15) | 0.640
Q3 1.04 (0.93-1.16) | 0.467 1.05 (0.94-1.17) | 0.397 1.04 (0.92—1.16) | 0.554
Q4 1.18 (1.06—1.31) | 0.002 1.17 (1.05-1.31) | 0.004 1.15 (1.02-1.30) | 0.018
P for trend 0.003 0.019 0.015
TyG-WHtR | Quartiles Ql Reference Reference Reference
Q2 1.12 (1.00-1.24) | 0.052 1.05 (0.94-1.17) | 0.415 1.02 (0.91-1.14) | 0.793
Q3 1.12 (1.01-1.25) | 0.038 1.04 (0.93-1.17) | 0.461 1.03 (0.92-1.16) | 0.597
Q4 1.41 (1.27-1.56) | <0.001 | 1.22 (1.09—1.36) | <0.001 | 1.18 (1.05-1.32) | 0.007
P for trend <0.001 <0.001 0.004
TyG-WC Quartiles Ql Reference Reference Reference
Q2 1.09 (0.98-1.21) | 0.128 1.07 (0.96-1.19) | 0.208 1.08 (0.97-1.21) | 0.153
Q3 1.04 (0.93-1.16) | 0.484 1.04 (0.93-1.16) | 0.515 1.02 (0.91-1.14) | 0.704
Q4 1.12 (1.01-1.24) | 0.039 1.13 (1.02—-1.26) | 0.025 1.14 (1.01-1.27) | 0.031
P for trend 0.083 0.045 0.074
TyG Quartiles Ql Reference Reference Reference
Q2 1.05 (0.95-1.17) | 0.327 1.02 (0.91-1.13) | 0.746 | 0.99 (0.89-1.10) | 0.834
Q3 1.10 (0.99-1.23) | 0.073 1.05 (0.94-1.17) | 0.382 1.02 (0.91-1.14) | 0.762
Q4 .11 (1.00-1.24) | 0.052 1.06 (0.95-1.18) | 0.294 1.05 (0.94-1.18) | 0.359
P for trend 0.043 0.253 0.285

Notes: Model I: Crude mo Model II: Adjusted for age, gender; education, marriage, residence, smoking, drinking; Model lll: Adjusted for age, gender,
education, marriage, residence, smoking, drinking, hypertension, kidney disease, stomach disease, glycated hemoglobin, LDL, rheumatism, cancer.
Abbreviations: HR, hazard ratio; 95% Cl, 95% confidence interval.

variables, including age, gender, education, marriage, residence, smoking, drinking, hypertension, kidney disease,
stomach disease, glycated hemoglobin, LDL, rheumatism and cancer, were selected as covariates for the different levels
of model adjustment. We divided TyG and TyG derivatives into categorical variables based on quartiles. This association
was observed in both the crude and fully adjusted models. In the crude model (Model 1), the highest quartile (Q4) of
TyG-BMI, TyG-WHtR, and TyG-WC was associated with an elevated risk of lower limb joint pain (HR 1.18, 95% CI:
1.06-1.31; HR 1.41, 95% CI: 1.27-1.56; HR 1.12, 95% CI: 1.01-1.24 respectively) compared with Q1. After adjusting
for multiple variables (Model III), those in the highest quartiles of TyG-BMI, TyG-WHtR and TyG-WC were signifi-
cantly associated with a higher risk of new-onset lower limb joint pain, and the adjusted HR (95% CI) were 1.15
(1.02-1.30), 1.18 (1.05-1.32) and 1.14 (1.01-1.27), respectively. Notably, the p value for the trend was not significant in
the crude model (p = 0.083) or fully adjusted model (»p = 0.074) for TyG-WC. However, the TyG index was not
significantly associated with the incidence of lower limb joint pain (HR 1.05, 95% CI: 0.94-1.18).

Separately, in both the crude and fully adjusted models, knee pain had a significant positive relationship with the Q4
group of TyG-BMI, TyG-WHtR and TyG-WC. For ankle pain, there was a significant relationship in the Q4 group for
TyG-BMI, TyG-WHtR and TyG and in the crude model, but no significant relationship was observed in the fully adjusted
model (Tables S3 and S4).

Totally, these results suggest that TyG derivatives specifically integrated adiposity indicators, but not TyG alone, are
significantly associated with new-onset lower limb joint pain, indicating that adiposity indicators played important roles
in this association.
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Association of TyG and TyG Derivatives with Lower Limb Joint Pain Considering
Death Factor as Competing Risk

In addition to classic Cox proportional hazards models, we also used a modified Cox regression analysis using the Fine
and Gray method to investigate the association between quartiles of TyG or TyG derivatives and incident lower limb joint
pain, with death as a competing risk (Table 3). The highest quartiles (Q4) of TyG-BMI, TyG-WHtR, and TyG-WC, but
not TyG, were significantly associated with a higher risk of new-onset lower limb joint pain, and this significant
relationship persisted across the crude model and all adjusted models (TyG-BMI: HR 1.18, 95% CI: 1.06-1.32; TyG-
WHtR: HR 1.17, 95% CI: 1.05-1.30; TyG-WC: HR 1.13, 95% CI: 1.02-1.26; TyG: HR 1.01, 95% CI: 0.91-1.13).
p value for the trend for TyG-BMI and TyG-WHtR also showed a significant difference across all the models.

For knee pain, significant relationships were observed in the Q4 group for TyG-BMI, TyG-WHIR, and TyG-WC across all
the models. A higher risk of ankle pain was only associated with Q4 of TyG-BMI and TyG-WHtR; however, this correlation
diminished in the fully adjusted model (Tables S5 and S6). These results further confirmed the robust association of TyG
derivatives of integrated adiposity indicators with new-onset lower limb joint pain, particularly the knee pain.

Kaplan-Meier curves indicated that the cumulative incidence of lower limb joint pain was significantly higher in the
groups with the highest quartile than in those with the lower quartiles of TyG-BMI (p = 0.016 for Log rank test;
Figure 4A) and TyG-WHtR (p <0.001 for Log rank test; Figure 4B), but not in the TyG-WC and TyG (Figure 4C and D).

Table 3 Relationship Between TyG-Associated Indexes and Lower Limb Joint Pain (Fine-Gray Competing Risk Model)

Lower Limb Joint Pain Model | Model Il Model 111
HR (95%Cl) p HR (95%Cl) P HR (95%Cl) P
TyG-BMI Quartiles | QI Reference Reference Reference
Q2 1.15 (1.04-1.27) | 0.007 1.09 (0.98-1.21) | 0.100 1.08 (0.97-1.20) | 0.170
Q3 1.13 (1.02-1.25) | 0.018 1.05 (0.94-1.16) | 0.390 1.03 (0.93-1.15) | 0.530
Q4 1.32 (1.19-1.45) | <0.001 | 1.19 (1.07-1.32) | 0.001 1.18 (1.06—1.32) | 0.003
P for trend <0.001 0.002 0.006
TyG-WHtR | Quartiles | QI Reference Reference Reference
Q2 1.13 (1.02-1.25) | 0.020 1.05 (0.94-1.16) | 0.380 1.02 (0.91-1.13) | 0.780
Q3 1.15 (1.04-1.28) | 0.006 1.05 (0.94-1.16) | 0.400 1.03 (0.93-1.15) | 0.590
Q4 1.39 (1.26-1.53) | <0.001 | 1.19 (1.08-1.32) | <0.001 | 1.17 (1.05-1.30) | 0.006
P for trend <0.001 <0.001 0.004
TyG-WC Quartiles | QI Reference Reference Reference
Q2 1.10 (0.99-1.21) | 0.076 1.07 (0.97-1.18) | 0.200 1.07 (0.97-1.18) | 0.220
Q3 1.08 (0.97-1.19) | 0.140 1.04 (0.94-1.15) | 0.410 1.02 (0.92-1.14) | 0.650
Q4 I.15 (1.04-1.27) | 0.006 1.12 (1.02-1.24) | 0.022 I.13 (1.02-1.26) | 0.026
P for trend 0.012 0.037 0.051
TyG Quartiles | QI Reference Reference Reference
Q2 1.07 (0.97-1.19) | 0.160 1.03 (0.93-1.13) | 0.600 0.99 (0.89-1.10) | 0.840
Q3 1.08 (0.97-1.19) | 0.150 1.03 (0.93-1.13) | 0.610 0.98 (0.88-1.08) | 0.680
Q4 1.10 (0.99-1.21) | 0.071 1.02 (0.93-1.13) | 0.650 1.0l (0.91-1.13) | 0.780
P for trend 0.093 0.700 0.790

Notes: Model I: Crude mo Model II: Adjusted for age, gender, education, marriage, residence, smoking, drinking; Model lll: Adjusted for age, gender,
education, marriage, residence, smoking, drinking, hypertension, kidney disease, stomach disease, glycated hemoglobin, LDL, rheumatism, cancer.
Abbreviations: HR, hazard ratio; 95% Cl, 95% confidence interval.
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Figure 4 Kaplan-Meier curves for new-onset lower limb joint pain across quartiles of TyG-BMI (A), TyG-WHtR (B), TyG-WC (C) and TyG (D).
Abbreviations: TyG-BMl|, triglyceride glucose-body mass index; TyG-WHtR, triglyceride-glucose waist-to-height ratio; TyG-WC, triglyceride glucose-waist circumference;
TyG, triglyceride glucose.

Dose-Response Relationship of TyG and TyG Derivatives with New-Onset Lower
Limb Joint Pain

The crude RCS models showed a significant positive linear connection between TyG-BMI and TyG-WHtR and new-onset
lower limb joint pain as shown in Figure 5A and B (TyG-BMI: p for overall < 0.005, p for nonlinearity = 0.182; TyG-WHtR:
p for overall <0.001, p for nonlinearity =0.703). Similarly, consistent conclusions were obtained in the fully adjusted model
(TyG-BMI: p for overall = 0.0222, p for nonlinearity = 0.257; TyG-WHtR: p for overall = 0.0272, p for nonlinearity = 0.984)
(Figure 5E and F). However, no significant linear or non-linear relationships between TyG-WC (Figure 5C and G) and TyG
(Figure 5D and H) and lower limb joint pain were observed. TyG derivatives including TyG-BMI, TyG-WH(R and TyG-WC,
showed significant linear relationships with knee pain in the fully adjusted model (Figure S1).

Subgroup Analysis of TyG and TyG Derivatives in Predicting the Risk of Lower Limb

Joint Pain
To further explore the relationship between TyG-related indices and the risk of lower limb joint pain, we conducted
a stratified analysis based on age, gender, and residential area (Figure 6). We found a significant gender interaction in the
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Figure 5 The restricted cubic spline (RCS) analysis between the association of TyG or TyG-derivatives and the risk of lower limb joint pain. RCS was used to assess the
potential nonlinear relationship between TyG-BMI, TyG-WHtR, TyG-WC, TyG and lower limb joint pain respectively, with three knots at 10%, 50%, and 90%. The Cox
proportional hazards models were fitted, with solid lines representing estimated values and shaded areas representing the corresponding 95% CI. (A-D) RCS analysis for
crude model. (E-H) The model was adjusted for age, gender, education, marriage, residence, smoking, drinking, hypertension, kidney disease, stomach disease, glycated
hemoglobin, LDL, rheumatism, cancer.

Abbreviations: TyG-BMI, triglyceride glucose-body mass index; TyG-WHTR, triglyceride-glucose waist-to-height ratio; TyG-WC, triglyceride glucose-waist circumference;
TyG, triglyceride glucose.

relationship between TyG-BMI (p for interaction = 0.020) and lower limb joint pain (Figure 6A). In particular,
a significant correlation was observed among female participants. Otherwise, no significant interactions were detected
between these subgroups and the combined effects of TyG and TyG derivatives and lower limb joint pain risk (all p for
interaction > 0.05) (Figure 6A—D). These results showed the notable association of TyG-BMI and the risk of lower limb
joint pain in female individuals. Additionally, the impact of TyG derivatives on lower limb joint pain risk is consistent
across other different subgroups. These results highlight the potential value of identifying and managing individuals with
an increased risk of incident lower limb joint pain within specific subgroups.

Discussion

Few studies have reported the relationships of TyG and TyG derivatives with joint pain. This large-scale, nationally
representative cohort study (CHARLS) suggests that elevated baseline levels of specific TyG derivatives, particularly
TyG-BMI and TyG-WHItR, are significantly associated with new-onset lower limb joint pain among middle-aged and
older Chinese individuals over a 9-year follow-up period. Notably, the association followed a positive, linear dose-
response relationship between TyG-BMI or TyG-WHtR and lower limb joint pain. These associations remained robust
after multivariate adjustment for potential confounders and were verified using Fine-Gray competing risk analyses that
considered death factors. By contrast, the baseline TyG index alone did not show a significant association after
multivariate adjustment. While the hazard ratios indicated the modest increase in risk, these associations may have
substantial implications. As the easily calculated integrated measures, TyG derivatives, particularly integrating adiposity
measures (BMI, WHtR) with the TyG index, would be critical for the pathogenesis of lower limb joint pain and offer
valuable insights for early risk stratification aimed on weight management and metabolic health.

Previous studies reported that accumulation of MetS components appears to be associated with a higher intensity of
knee pain, and this association of MetS and its components with pain severity trajectory can be mediated through BMI
(largely by central obesity). And the excessive weight but not IR, can explain the association between MetS and
radiographic knee OA.'*>'® Another study showed that obese women with cardiometabolic clustering reported signifi-
cantly more persistent knee pain compared with those of non-obese and obese without cardiometabolic clustering, or
those of non-obese with cardiometabolic clustering.?® These studies showed that indicators integrated both metabolic
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Figure 6 Forest plot of subgroup analyses for the association of TyG-BMI (A), TyG-WHTtR (B), TyG-WC (C) and TyG (D) with new-onset lower limb joint pain. The model
was adjusted for age, gender, education, marriage, residence, smoking, drinking, hypertension, kidney disease, stomach disease, glycated hemoglobin, LDL, rheumatism,
cancer in the cox regression analysis.

Abbreviations: TyG-BMl|, triglyceride glucose-body mass index; TyG-WHHtR, triglyceride-glucose waist-to-height ratio; TyG-WC, triglyceride glucose-waist circumference;
TyG, triglyceride glucose.

dysfunctions and adiposity factors played important roles in new-onset musculoskeletal pain, and the adiposity factors
are particularly crucial. Similar with these studies, our findings showed that TyG derivatives which integrated metabolic
dysfunction and adiposity indicators were linked to new-onset lower limb joint pain, but not TyG alone. On the one hand,
the increased joint loading and subsequent structural damage induced by the excessive body weight and adipose tissue-
derived systemic inflammation could be the key factors of lower limb joint pain,'*'* and a meta-analysis also showed
significant associations between elevated body fat and increased risk of incident or worsening joint pain;?’ on the other
hand, the neuropathy, joint infection, cartilage damage and bone marrow lesions caused by metabolic factors (such as
elevated blood glucose and triglycerides et al) are also associated with the progression of joint pain.**>° In contrast,
metabolic factors may be a more gradual process compared to the adiposity, which could be the possible reason that TyG
derivatives were linked to lower limb joint pain, but not TyG alone. The convergence of insulin resistance and adiposity
produces a cascade that heightens the overall pathological impact on lower limb joint pain.
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Specifically, many mechanisms were involved in this process. In addition to the structural and mechanical weight-bearing
joint damage caused by the body weight load,'*'* some adipokines related to the presence of adipose tissue and adipose tissue-
derived cytokines played critical roles in this process. Studies have shown that leptin deficiency and leptin receptor modulation
are associated with decreased nociceptive pain, and adipose tissue macrophages have been linked to joint pain.>' >* Crucially,
adipose tissue is a prolific source of pro-inflammatory cytokines (eg, TNF-a and IL-6) that can contribute to a state of chronic
low-grade systemic inflammation. These inflammatory factors may promote synovitis and accelerate cartilage degradation,
thereby precipitating and perpetuating joint pain. These proinflammatory factors can directly sensitize peripheral nociceptors
in the joint and promote central pain sensitization, even in the absence of severe structural joint damage.>* Studies also showed
that MetS also influenced multiple neurotransmitters and neuromodulators, such as substance P and brain-derived neuro-
trophic factor (BDNF), etc.*” In addition, hyperglycemia and dyslipidemia caused by IR lead to the accumulation of advanced
glycation end products (AGEs) in the joint,*® renal dysfunction,>’*® diabetic peripheral neuropathy, and sarcopenia,***°
eventually contributing to the development of lower limb joint pain. Overall, there is a complex interplay between these
factors that forms a vicious cycle that exacerbates the progression of joint pain.

Another noteworthy finding of this study is the anatomical heterogeneity in risk associations: the relationships
between TyG derivatives and incident knee pain remained robust across multiple adjusted models, whereas associations
with ankle pain were largely attenuated after full covariate adjustment. This discrepancy reflects fundamental differences
in the biomechanics, histology, and metabolic susceptibility of different joints. The knee is the largest and most complex
synovial joint in human which played a central role in weight-bearing (especially during walking and stair climbing) and
locomotor stability. And central obesity has been the most frequently observed factors associated with knee OA.>* In
contrast, ankle cartilage is believed to have a greater capacity for self-regeneration and repair than other cartilage of the
lower extremity, and the higher degree of water and protein glycogen content, and the extracellular matrix in the ankle
joint, improved load-bearing capacity and reduced the mechanical damage.*' These heterogeneities may be the reason of
the largely attenuated/diminished association of TyG derivatives with ankle pain.

Notably, our present study showed that there is a gender interaction between TyG-BMI and lower limb joint pain, and
this association was significant in women, which may be related to hormonal differences. Postmenopausal women, who
constituted a large proportion of our cohort, experienced a decline in estrogen levels. Decreased estrogen not only
aggravates the degeneration of articular cartilage and reduces synovial fluid secretion but also accelerates bone resorption,
leading to bone loss and an increased risk of osteoporosis. Additionally, worsening joint inflammation and increased pain
sensitivity caused by decreased estrogen levels exacerbate joint pain.**** Therefore, women with elevated metabolic
abnormalities and adiposity may represent a particularly vulnerable subgroup for developing lower limb joint pain.

Previous cross-sectional studies have mainly focused on the association between insulin resistance and pain based on
the cross-sectional study.*** However, these studies precluded the establishment of temporal sequence. Our longitudinal
cohort study extends this evidence by examining the prospective association between TyG derivatives (TyG-BMI and
TyG-WHtR) and the development of joint pain. And TyG-BMI and TyG-WHtR are calculated from routine, inexpensive
laboratory and anthropometric measurements, making them practical and accessible tools for clinical applications. Our
findings are helpful for identifying individuals at elevated risk for future lower limb joint pain.

The primary strength of this study lies in the consistency of our findings across different statistical approaches. The
associations between adiposity-integrated TyG indices (particularly TyG-BMI and TyG-WHtR) and incident lower limb
joint pain were consistently observed in both traditional Cox proportional hazards models and Fine-Gray competing risk
models that accounted for mortality as a competing event. Additionally, restricted cubic spline analyses demonstrated
significant linear dose-response relationships for these indices, with higher values corresponding to progressively
increased risk of joint pain. This methodological triangulation - where multiple analytical approaches yield congruent
results - substantially strengthens the inference that these associations are robust and unlikely to be attributable to chance
alone or methodological artifacts.

Although this study yielded some noteworthy observations, it had certain limitations. First, the assessment of joint
pain was based on self-reporting, which is subjective and is potentially susceptible to reporting bias. The etiology and
severity of pain were not distinguished and we cannot exclude acute injury-related pain. Furthermore, due to the limited
datasets, TyG indices were measured only at baseline with no assessment of changes over time, limiting ability to infer
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causality. Additionally, given that this is an observational study, causal inferences cannot be made and some unmeasured
cofounders (such as physical activity, diet et al) cannot be tracked. In the subsequent research, we will incorporate
clinical diagnoses, regularly monitored clinical indicators and regular follow-up of physical health status to validate our
findings. Although we observed a biologically plausible gender interaction, we still require larger cohort study to validate
this association, avoiding the limited statistical power induced by insufficient sample sizes. Lastly, our study cohort
comprised only middle-aged and older Chinese adults, and the generalizability of our findings to other ethnicities requires
further validation.

Conclusions

In summary, this observational longitudinal cohort study explored the associations of TyG and TyG derivatives with
lower limb joint pain in middle-aged and older individuals from China. Our results highlighted that TyG derivatives
(TyG-BMI and TyG-WHtR), which specifically integrate metabolic dysfunction with adiposity, but not TyG alone, have
significant positive linear relationships with new-onset lower limb joint pain, indicating that adiposity-integrated TyG
derivatives, can be regarded as the predictors of new-onset lower limb joint pain risk, especially the knee pain. And this
association was particularly observed among women. Even so, considering the modest effect sizes and the limited causal
inference in this observational study, interventional studies are needed to determine whether targeting these factors can
reduce pain burden. Generally, our findings underscore the potential public health significance on the management of
lower limb joint pain towards a more integrated approach for realizing early risk stratification.
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