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Aim: To investigate the associations of the triglyceride—glucose (TyG) index and TyG-related obesity indices with lower extremity
peripheral artery disease (PAD) in type 2 diabetes mellitus (T2DM) patients, and to assess their discriminative ability.

Methods: This single-center, retrospective cross-sectional study included 2224 T2DM patients at a university-affiliated hospital
between August 2020 and December 2024. PAD was defined as a resting ankle-brachial index (ABI) < 0.90, or a post-exercise ABI
decrease > 20%, or imaging-confirmed lower extremity arterial stenosis or thrombosis. Multivariable logistic regression, trend tests,
subgroup analyses, and receiver operating characteristic (ROC) curves were applied.

Results: Among the 2,224 patients (45.0% women, mean age 61.0 + 11.3 years), the TyG index and its combinations with central
obesity indicators (TyG-WHtR, TyG-WHR, TyG-WC) were positively associated with the presence of PAD (all P < 0.05), whereas the
general obesity indicator (TyG-BMI) lost its significant association after multivariable adjustment, although it remained significant in
specific subgroups, such as patients with well-controlled glycemia. After multivariable adjustment, patients in the highest quartile of
these significant indices had 1.787-2.128 times higher odds of having PAD than those in the lowest quartile. Subgroup analyses
identified significant interactions with sex and smoking status, showing stronger associations in women and non-smokers.
Furthermore, ROC analyses indicated that TyG-WHtR had the highest discriminative ability (AUC = 0.622) among the indices,
though its overall accuracy is modest.

Conclusion: In T2DM patients, the TyG index and its central obesity derivatives are independently associated with PAD, whereas
TyG-BMI shows weaker relevance. TyG-WHtR demonstrates relatively better discriminative performance but limited accuracy,
suggesting its role as a supplementary metabolic marker rather than a standalone screening tool.

Keywords: triglyceride—glucose index, central obesity, waist-to-height ratio, type 2 diabetes mellitus, lower extremity peripheral
artery disease

Introduction

The global prevalence of type 2 diabetes mellitus (T2DM) has increased dramatically, constituting a significant public
health challenge. Lower extremity peripheral artery disease (PAD), a common and severe macrovascular complication of
diabetes, affects over 230 million adults worldwide and is associated with a significantly elevated risk of amputation,
major adverse cardiovascular events, and all-cause mortality.! In China, the prevalence of PAD among T2DM patients
over 50 years old is reported to be as high as 21.2%, with a missed diagnosis rate exceeding 55%,” underscoring critical
issues of under-recognition and undertreatment. The early symptoms of PAD are often subtle, leading to frequent
diagnosis only at advanced stages with heightened amputation risk. Although the ankle-brachial index (ABI) is
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a reliable diagnostic tool, its requirement for specialized equipment and trained operators limits its feasibility for
widespread screening, particularly in primary care and resource-limited settings.® This underscores an urgent need for
simple, accessible, and cost-effective biomarkers to facilitate early identification of the presence of PAD.

Atherosclerosis is the core pathological process in PAD, with insulin resistance (IR) serving as a pivotal mechanistic
link between T2DM and accelerated atherosclerosis.* IR promotes vascular damage through endothelial dysfunction,
oxidative stress, and a pro-inflammatory state. The triglyceride-glucose (TyG) index, calculated from fasting triglycerides
and glucose, has emerged as a robust and practical surrogate marker for IR, showing a strong correlation with the
hyperinsulinemic-euglycemic clamp.” Obesity, particularly visceral adiposity, exacerbates IR and cardiovascular risk.
Anthropometric indices such as waist circumference (WC), waist-to-hip ratio (WHR), waist-to-height ratio (WHtR), and
body mass index (BMI) reflect different aspects of adiposity.®” Crucially, central obesity indicators (WC, WHtR, WHR)
are more strongly associated with visceral fat and cardiometabolic risk than BMI, which measures overall obesity.’
Recent evidence suggests that combining the TyG index with obesity measures—forming TyG-derived indices (eg., TyG-
WC, TyG-WHtR, TyG-BMI)—may provide a more integrated assessment of the “glucolipid toxicity” and metabolic
burden, potentially offering superior predictive value for cardiovascular outcomes compared to the TyG index alone.®’

Furthermore, the development and progression of PAD are multifactorial, profoundly influenced by lifestyle factors
(eg., smoking, physical activity, diet) and therapeutic interventions.'® Notably, lipid-lowering therapies like statins and
novel glucose-lowering agents, such as sodium-glucose cotransporter 2 (SGLT2) inhibitors and glucagon-like peptide-1
(GLP-1) receptor agonists, have demonstrated pleiotropic vascular benefits.'""'> Against this highly complex and
confounded clinical backdrop, exploring robust, accessible metabolic markers remains critical for identifying residual
metabolic burden and enhancing comprehensive clinical evaluation of PAD.

While the TyG index and its derivatives have been extensively studied in relation to macrovascular events such as
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coronary artery disease and stroke,'> !¢

their specific roles in PAD among patients with T2DM are still being elucidated.
Recent studies have provided valuable insights into this area; for instance, Miao et al reported positive associations of the
TyG index, TyG-WHR, and TyG-WC with the presence of PAD,'” and Mitrea et al identified a link between TyG-WHtR
and lower limb complications.'® However, comprehensive evaluations comparing the relative strengths of these diverse
indices remain limited. More importantly, a direct head-to-head comparison distinguishing the discriminative ability of
indices based on central obesity (eg., TyG-WHtR, TyG-WHR) versus overall obesity (TyG-BMI) within the same T2DM
cohort requires further elucidation. Clarifying this distinction is essential for identifying robust supplementary metabolic
markers to optimize early evaluation strategies.

Therefore, this study aimed to comprehensively investigate the associations between the TyG index and its key
obesity-derived indices (TyG-WHtR, TyG-WHR, TyG-WC, and TyG-BMI) and the presence of PAD in a cohort of
patients with T2DM. We further sought to compare their discriminative ability to identify the optimal indicator among
them, thereby providing evidence for their potential use as supplementary metabolic markers in the clinical assessment
of PAD.

Materials and Methods
Study Participants

This retrospective cross-sectional study included patients with T2DM who attended the Department of Endocrinology at
the Sanming First Hospital Affiliated to Fujian Medical University, between August 2020 and December 2024. The
inclusion criteria were as follows: (1) diagnosis of T2DM according to the Standards of Medical Care in Diabetes (2020
edition) issued by the American Diabetes Association; (2) age >18 years; (3) complete data on the TyG index and its
derived indicators; (4) completion of ankle—brachial index (ABI) measurement. The exclusion criteria were: (1) type 1
diabetes mellitus or other specific types of diabetes; (2) presence of acute diabetic complications, including diabetic
ketoacidosis, hyperosmolar hyperglycemic state, or hypoglycemia; (3) self-reported history of coronary artery disease,
heart failure, or stroke; (4) presence of other uncontrolled diseases, such as gangrene, amputation, malignancy, liver
failure, or kidney failure (defined as an estimated glomerular filtration rate < 15 mL/min/1.73 m?); (5) incomplete or
missing clinical data; (6) non-compressible arteries defined by an ankle-brachial index (ABI) > 1.40.
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This study was approved by the Ethics Committee of Sanming First Hospital (Approval No. [2025] 216). PAD was
diagnosed based on comprehensive clinical evaluation, defined as meeting any of the following criteria: (1) a resting ABI
< 0.90; (2) a post-exercise ankle pressure decrease of > 20% in symptomatic patients with normal or borderline resting
ABI; or (3) imaging evidence of lower extremity arterial stenosis or thrombosis detected by ultrasonography, computed
tomography angiography, or digital subtraction angiography.'

Demographic and Clinical Data

Basic demographic and clinical information was collected through structured review of electronic medical records and
standardized patient interviews. This included sex, age, duration of diabetes, lifestyle factors, and medication use.
Smoking status was categorized as never smoking (< 100 cigarettes in lifetime), smoking (> 100 cigarettes in lifetime).
Alcohol consumption was defined as never drinking (< 12 drinks per year) or drinking (= 12 drinks per year). Current
medication use within the past three months was determined from prescriptions and patient reports, including anti-
hypertensive drugs, lipid-lowering drugs (primarily statins), antiplatelet agents, and glucose-lowering agents (oral
medications and insulin).

Physical examinations were performed to obtain measurements of height, weight, hip circumference, waist circum-
ference (WC), and blood pressure. Height and weight were measured with participants wearing light clothing and no
shoes. WC was measured at the midpoint between the lower margin of the 12th rib and the iliac crest using a flexible
tape, with participants standing upright and arms hanging naturally. Hip circumference was measured at the level of the
maximum circumference of the pelvis. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured
on the right upper arm after at least 15 minutes of rest using an Omron automatic sphygmomanometer. Blood pressure
was measured three times, and the average value was recorded. Trained physicians performed all anthropometric
measurements.

Laboratory Measurements

Venous blood samples were collected in the morning after at least 8 hours of overnight fasting. Fasting plasma glucose (FPG),
2-hour postprandial plasma glucose (2hPG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density
lipoprotein cholesterol (HDL-C), triglycerides (TG), alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood
urea nitrogen (BUN), serum creatinine (SCr), and uric acid (UA) were measured using a Roche fully automated biochemical
analyzer. Glycated hemoglobin (HbAlc) was determined using a Tosoh G8 high-performance liquid chromatography system.
A clean midstream urine sample was collected, and urinary albumin was measured using an immunoturbidimetric method. The
urinary albumin-to-creatinine ratio (UACR, mg/g) was calculated by dividing urinary albumin concentration by urinary
creatinine concentration. The estimated glomerular filtration rate (éGFR) was calculated using the Modification of Diet in
Renal Disease (MDRD) equation as follows: eGFR = 186 x SCr (mg/dL) ~ ''>* x age ~ %2 x 0.742 (if female)."’

Measurement of Ankle—Brachial Index

The ABI is a reliable method for evaluating lower extremity hemodynamics. ABI and brachial-ankle pulse wave velocity
(baPWYV) were measured using a BP-203RPE III arteriosclerosis detection device (Omron, Japan). After supine rest,
bilateral brachial and ankle systolic blood pressures were measured in duplicate, and the confirmed values were used for
analysis. The ABI for each leg was calculated as the ankle systolic blood pressure divided by the higher brachial systolic
blood pressure. In patients with exertional leg symptoms and a normal or borderline resting ABI, further evaluation,
including postexercise ABI or vascular imaging, was performed according to clinical availability. Postexercise ABI was
assessed after up to 50 consecutive repetitions of active plantar flexion while standing.?® Brachial-ankle pulse wave
velocity (baPWV) was calculated as the linear distance between the brachial artery and ankle artery divided by the transit
time of the pulse wave from the brachial artery to the ankle artery.

Calculation of the TyG Index and Its Derived Indicators
Body mass index (BMI) was calculated as weight (kg) divided by height squared (m?). Waist-to-height ratio (WHtR) was
calculated as waist circumference divided by height, and waist-to-hip ratio (WHR) was calculated as waist circumference
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divided by hip circumference. The TyG index was calculated as follows: TyG = Ln [TG(mg/dl) x FPG(mg/dl1)/2].?' TyG-
WHIR = TyG x WHtR; TyG-WHR = TyG x WHR; TyG-WC = TyG x WC; TyG-BMI = TyG x BMI.

Statistical Analysis

Statistical analyses were performed using SPSS version 26.0 (IBM Corp., Armonk, NY, USA). Continuous variables with
a normal distribution are presented as mean + standard deviation (SD), and comparisons between two groups were
conducted using the independent-samples #-test. Continuous variables with a non-normal distribution are presented as
median (QI, Q3), and comparisons between groups were performed using the Mann—Whitney U-test. Categorical
variables were expressed as counts (percentages) and compared using the chi-square test. Logistic regression analyses
were conducted to evaluate the associations between the TyG index and its derived indicators and PAD. The results are
presented as multivariable-adjusted odds ratios (ORs) with 95% confidence intervals (Cls). Four regression models were
constructed: Model 1, unadjusted; Model 2, adjusted for age and sex; Model 3, further adjusted for diabetes duration,
smoking status, SBP, DBP, HbAlc, low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol
(HDL-C), and estimated glomerular filtration rate (eGFR); and Model 4, further adjusted for the use of insulin, oral
hypoglycemic agents, statins, antiplatelet agents, and antihypertensive agents. Collinearity among independent variables
was assessed using the variance inflation factor (VIF); a VIF < 10 was considered acceptable, and all included variables
met this criterion. Model fit was additionally assessed using the Hosmer-Lemeshow goodness-of-fit test for the multi-
variable logistic regression models. In addition, stratified analyses and interaction tests were performed using the fully
adjusted logistic regression model (Model 4) to examine whether other factors modified the associations between the
TyG index and its derived indicators and PAD. These subgroup analyses were prespecified as exploratory. To control the
false discovery rate for multiple testing, P values for interaction were adjusted using the Benjamini-Hochberg procedure,
and adjusted P values were reported (statistical significance defined as adjusted P < 0.05). The discriminative perfor-
mance of the TyG index and its derived indicators for PAD was evaluated by constructing receiver operating character-
istic (ROC) curves and comparing the areas under the curves (AUCs). The statistical significance of differences between
paired AUCs was assessed using DeLong’s test for two correlated ROC curves. For the comparison of multiple ROC
curves, DeLong’s test was used, and the Bonferroni correction was applied to adjust for multiple testing (statistical
significance defined as P < 0.005). All statistical tests were two-sided, and P < 0.05 was considered statistically
significant.

Results

Baseline Characteristics

A total of 3,110 patients with diabetes were initially screened. After applying the inclusion and exclusion criteria,
886 patients were excluded (253 with non-type 2 diabetes, 160 with acute diabetic complications, 21 with a history
of major cardiovascular diseases, 36 with other uncontrolled diseases, 14 with non-compressible arteries (ABI
>1.40), and 402 with incomplete or missing clinical data). Consequently, 2,224 patients with T2DM were finally
included in this study, comprising 1,224 men and 1,000 women, with a mean age of 61.01 + 11.25 years. Among
them, 224 patients (10.1%) were diagnosed with PAD (Table 1). Compared with patients without PAD, those with
PAD were older, had a longer duration of diabetes, were more often female, and had greater waist circumference and
higher systolic blood pressure. They also had a higher prevalence of hypertension, higher rates of antihypertensive
medication and antiplatelet agent use, and higher levels of triglycerides, low-density lipoprotein cholesterol, blood
urea nitrogen, uric acid, urinary albumin-to-creatinine ratio, TyG, TyG-WHtR, TyG-WHR, TyG-WC, and TyG-BMI
(all P < 0.05). In contrast, patients with PAD had significantly lower height, diastolic blood pressure, left and right
ABI, high-density lipoprotein cholesterol, eGFR, and alanine aminotransferase levels than those without PAD (all
P < 0.05).
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Table 1 Comparison of Clinical Characteristics Between the Non-PAD and PAD Groups

Variables Overall Non-PAD PAD P value
Group (n = 2000) Group (n = 224)

Age (years) 61.01£11.25 60.41%11.14 66.43£10.78 <0.001
Female, n (%) 1000 (45.00) 874 (43.70) 126 (56.25) <0.001
Height (cm) 160.80 (155.00, 167.00) 161.00 (155.00, 167.00) 158.00 (152.63, 164.00) <0.001
Weight (kg) 63.40%11.04 63.55+10.98 62.06x11.47 0.054
BMI (kg/m?) 24.48+3.52 24.45+3.44 24.7244.10 0.337
Waist circumference (cm) 86.00 (80.00, 93.00) 86.00 (80.00, 92.00) 88.00 (83.00, 95.00) <0.001
Hip circumference (cm) 93.00 (89.00, 98.00) 93.00 (89.00, 98.00) 94.00 (89.00, 99.00) 0.071
Duration of diabetes (years) 8.00 (3.00, 11.00) 8.00 (3.00, 11.00) 10.00 (4.25, 13.00) 0.001
Smoker, n (%) 458 (20.60) 411 (20.55) 47 (21.00) 0.879
Alcohol consumption, n (%) 198 (8.90) 181 (9.05) 17 (7.60) 0.467
Hypertension, n (%) 1436 (64.57) 1259 (62.95) 177 (79.02) <0.001
SBP (mmHg) 136.00 (124.00, 150.00) 136.00 (124.00, 150.00) 142.00 (130.00, 160.75) <0.001
DBP (mmHg) 79.00 (70.00, 85.00) 79.00 (70.25, 85.00) 76.00 (70.00, 83.00) 0.006
Left ABI 1.07+0.12 1.10+0.08 0.84+0.16 <0.001
Right ABI 1.08+0.12 1.11+0.09 0.88+0.16 <0.001
Left baPWV (cm/s) 1741.50 (1487.75, 2051.25) 1744.50 (1496.75,2048.75) 1707.50 (1350.25, 2074.25) | 0.209
Right baPWV (cm/s) 1746.00 (1504.00, 2065.00) 1736.00 (1503.00,2060.00) 1874.50 (1510.00, 2189.00) | 0.333
FPG (mmol/L) 791 (6.01, 10.72) 7.87 (6.00, 10.72) 8.41 (6.13, 10.70) 0.427
HbAlc (%) 8.80 (7.10, 10.38) 8.80 (7.10, 10.40) 8.90 (7.20, 10.30) 0.604
TCH (mmol/L) 4.58 (3.83, 5.44) 4.56 (3.83, 5.42) 4.73 (3.99, 5.67) 0.108
TG (mmol/L) 1.38 (0.96, 2.10) 1.36 (0.95, 2.06) 1.57 (1.12, 2.39) 0.001
HDL-C (mmol/L) .11 (0.92, 1.35) .11 (0.92, 1.36) 1.04 (0.85, 1.27) <0.001
LDL-C (mmol/L) 2.77 (2.12, 3.46) 2.74 (2.12, 3.45) 2.97 (2.14, 3.68) 0.024
BUN (mmol/L) 5.40 (4.32, 6.70) 5.37 (4.30, 6.64) 5.86 (4.40, 7.40) 0.034
SCr (umol/L) 61.60 (50.50, 76.40) 61.40 (50.63, 76.18) 63.20 (48.00, 78.20) 0.707
eGFR (mL/min/1.73 m?) 109.71 (86.67, 133.65) 110.64 (87.92, 134.03) 100.94 (73.79, 130.77) 0.006
UACR (mg/g) 12.85 (6.47, 41.66) 11.89 (6.28, 36.44) 23.22 (10.72, 162.97) <0.001
UA (umol/L) 310.50 (249.93, 381.00) 309.00 (247.93, 378.30) 328.70 (264.00, 398.68) 0.006
ALT (U/L) 20.00 (15.00, 31.00) 20.00 (15.00, 31.00) 19.00 (14.00, 29.00) 0.036
AST (U/L) 20.00 (16.00, 27.00) 21.00 (16.00, 27.00) 20.00 (16.00, 25.00) 0.156
Use of oral hypoglycemic agents, n (%) 1787 (80.35) 1610 (80.50) 177 (79.02) 0.597
Insulin use, n (%) 1081 (48.61) 961 (48.05) 120 (53.57) 0.117
Use of lipid-lowering drugs, n (%) 314 (14.12) 274 (13.70) 40 (17.86) 0.090
Use of antihypertensive drugs, n (%) 771 (34.67) 668 (33.40) 103 (45.98) <0.001
Use of antiplatelet agents, n (%) 155 (7.00) 126 (6.30) 29 (12.90) <0.001
TyG 9.15£0.77 9.14£0.77 9.30+0.79 0.003
TyG-WHtR 4.90 (4.44, 5.42) 4.86 (4.41, 5.38) 5.19 (4.66, 5.84) <0.001
TyG-WHR 8.42 (7.79, 9.09) 8.39 (7.76, 9.06) 8.73 (8.06, 9.44) <0.001
TyG-WC 794.43+120.01 790.30x118.11 831.30+130.38 <0.001
TyG-BMI 224.56+40.60 223.89+39.76 230.6147.13 0.041

Abbreviations: PAD, peripheral artery disease; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; ABI, ankle-brachial index; baPWV,
brachial-ankle pulse wave velocity; FPG, fasting plasma glucose; HbAlc, glycated hemoglobin; TCH, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; BUN, blood urea nitrogen; SCr, serum creatinine; eGFR, estimated glomerular filtration rate; UACR, urine albumin-
to-creatinine ratio; UA, serum uric acid; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TyG, triglyceride—glucose index; TyG-WHTtR, triglyceride—glucose
waist-to-height ratio index; TyG-WHR, triglyceride—glucose waist-to-hip ratio index; TyG-WC, triglyceride—glucose waist circumference index; TyG-BMI, triglyceride—

glucose body mass index.

Prevalence of PAD Across Quartiles of TyG and Its Derived Indicators
The study population was divided into quartiles (Q1-Q4) for the TyG index and each derived indicator. The prevalence of PAD
increased progressively with increasing levels of TyG, TyG-WHtR, TyG-WHR, and TyG-WC (all P for trend <0.05). However,
no significant difference in PAD prevalence was observed across quartiles of TyG-BMI (P for trend > 0.05) (Figure 1).
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Figure | Bar chart of the prevalence of PAD across different TyG and derived indicator groups.

Notes: *Indicates P < 0.05, ***Indicates P < 0.001, blank indicates P > 0.05.

Abbreviations: PAD, peripheral artery disease; TyG, triglyceride—glucose index; WHtR, Waist-to-height ratio; WHR, Waist-to-hip ratio; WC, Waist circumference; BMI,
Body mass index.

Logistic Regression Analysis of TyG and Its Derived Indicators in Relation to PAD in
Patients with T2DM

Prior to regression analyses, collinearity diagnostics confirmed that the variance inflation factors (VIF) for all indepen-
dent variables were within the acceptable range (1.068—7.523; Supplementary Table 1). When evaluating the association
between TyG-WC and PAD, TyG-WC was rescaled by dividing by 10 so that the estimated odds ratio corresponded to
a 10-unit increase in TyG-WC. As shown in Table 2, univariate logistic regression analyses indicated that the TyG index
and all derived indicators (TyG-WHtR, TyG-WHR, TyG-WC, and TyG-BMI) were significantly and positively associated
with the presence of PAD in patients with T2DM (all P < 0.05). In Model 4, higher levels of TyG, TyG-WHtR, TyG-
WHR, and TyG-WC remained independently associated with an increased presence of PAD, with ORs (95% ClIs) of
1.374 (1.107, 1.704), P = 0.004; 1.480 (1.204, 1.82), P <0.001; 1.400 (1.190, 1.646), P <0.001; and 1.022 (1.009, 1.035)
per 10-unit increase in TyG-WC, P = 0.001, respectively. In contrast, no significant association was observed between
TyG-BMI and the presence of PAD after multivariable adjustment (P > 0.05). The Hosmer-Lemeshow goodness-of-fit
test indicated that all final models fitted the data well (all P > 0.05). Furthermore, model 4 revealed that patients in the
highest quartile of TyG, TyG-WHtR, TyG-WHR, and TyG-WC had significantly higher odds of PAD compared with
those in the lowest quartile, with ORs (95% Cls) of 1.787 (1.118, 2.857), 2.078 (1.298, 3.327), 2.128 (1.337, 3.387), and
1.918 (1.217, 3.022), respectively. TyG-BMI was not significantly associated with the presence of PAD (Table 2). Trend
analyses revealed a dose—response relationship between increasing quartiles of TyG, TyG-WHtR, TyG-WHR, and TyG-

WC and the presence of PAD (all P for trend <0.05). These trends remained statistically significant after adjustment for
all potential confounding factors (all P for trend < 0.05).

Exploration of Subgroup Analyses

Participants were stratified by sex (male, female), age (< 60 years, > 60 years), smoking status (yes, no), duration of
diabetes (< 10 years, > 10 years), glycemic control (HbAlc < 7%, HbAlc > 7%), and renal function (eGFR < 60 or >
60 mL/min/1.73 m?). Stratified analyses were conducted to further assess the strength of associations between the TyG
indicators and the presence of PAD. The results of the subgroup analyses for each indicator are presented in Figure 2.
Among female participants, non-smokers, and patients with eGFR > 60 mL/min/1.73 m?, TyG, TyG-WHtR, TyG-WHR,
and TyG-WC were significantly associated with higher odds of PAD. In contrast, these associations were not observed
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Table 2 Logistic Regression Analysis of the Association Between Different Indices and the Presence of Peripheral Artery Disease
(PAD) in Patients with T2DM

Variables Model | Model 2 Model 3 Model 4

OR (95% CI) P OR (95% CI) P OR (95% CI) P OR (95% CI) P
TyG index 1.295(1.089, 1.539) 0.003 1.491(1.244, 1.787) <0.001 1.339(1.081, 1.659) 0.008 1.374(1.107, 1.704) 0.004
TyG index quartiles
Ql 1.000(Reference) 1.000(Reference) 1.000(Reference) 1.000(Reference)
Q2 1.175(0.771, 1.791) 0.453 1.292(0.842, 1.984) 0.241 1.128(0.724, 1.758) 0.594 1.143(0.731, 1.785) 0.558
Q3 1.277(0.843, 1.935) 0.248 1.496(0.979, 2.286) 0.063 1.193(0.756, 1.881) 0.448 1.233(0.779, 1.953) 0.372
Q4 1.786(1.206, 2.647) 0.004 2.291(1.526, 3.440) <0.001 1.705(1.071, 2.714) 0.025 1.787(1.118, 2.857) 0.015
P for trend 0.003 <0.001 0.023 0.014
TyG-WHtR 1.796(1.505, 2.143) <0.001 1.644(1.366, 1.977) <0.001 1.491(1.215, 1.829) <0.001 1.480(1.204, 1.820) <0.001
TyG-WHHtR quartiles
Ql 1.000(Reference) 1.000(Reference) 1.000(Reference) 1.000(Reference)
Q2 1.528(0.953, 2.448) 0.078 1.508(0.936, 2.429) 0.091 1.350(0.828, 2.202) 0.229 1.316(0.804, 2.152) 0.275
Q3 1.935(1.228, 3.047) 0.004 1.809(1.143, 2.865) 0.011 1.410(0.871, 2.281) 0.162 1.396(0.861, 2.264) 0.176
Q4 3.271(2.134,5.012) <0.001 2.787(1.796, 4.325) <0.001 2.108(1.321, 3.363) 0.002 2.078(1.298, 3.327) 0.002
P for trend <0.001 <0.001 0.001 0.002
TyG-WHR 1.388(1.215, 1.585) <0.001 1.493(1.300, 1.714) <0.001 1.394(1.187, 1.637) <0.001 1.400(1.190, 1.646) <0.001
TyG-WHR quartiles
Ql 1.000(Reference) 1.000(Reference) 1.000(Reference) 1.000(Reference)
Q2 1.356(0.870, 2.114) 0.179 1.447(0.923, 2.270) 0.108 1.240(0.782, 1.964) 0.360 1.239(0.781, 1.967) 0.363
Q3 1.602(1.041, 2.467) 0.032 1.797(1.159, 2.786) 0.009 1.404(0.884, 2.231) 0.151 1.439(0.903, 2.291) 0.125
Q4 2.392(1.590, 3.598) <0.001 2.870(1.889, 4.360) <0.001 2.128(1.342, 3.374) 0.001 2.128(1.337, 3.387) 0.001
P for trend <0.001 <0.001 0.001 0.001
TyG-wcC”* 1.028(1.016, 1.039) <0.001 1.029(1.017, 1.041) <0.001 1.022(1.009, 1.036) 0.001 1.022(1.009, 1.035) 0.001
TyG-WC quartiles
Ql 1.000(Reference) 1.000(Reference) 1.000(Reference) 1.000(Reference)
Q2 1.584(1.011, 2.482) 0.045 1.610(1.021, 2.536) 0.040 1.444(0.906, 2.301) 0.122 1.380(0.864, 2.206) 0.178
Q3 1.823(1.174, 2.829) 0.007 1.809(1.159, 2.823) 0.009 1.428(0.900, 2.266) 0.131 1.392(0.874, 2.216) 0.163
Q4 2.543(1.669, 3.873) <0.001 2.598(1.694, 3.983) <0.001 1.965(1.251, 3.087) 0.003 1.918(1.217, 3.022) 0.005
P for trend <0.001 <0.001 0.005 0.006
TyG-BMI 1.004(1.001, 1.007) 0.019 1.004(1.001, 1.008) 0.017 1.002(0.998, 1.006) 0.256 1.002(0.998, 1.006) 0.316
TyG-BMI quartiles
Ql 1.000(Reference) 1.000(Reference) 1.000(Reference) 1.000(Reference)
Q2 0.979(0.653, 1.468) 0918 0.992(0.657, 1.496) 0.968 0.870(0.568, 1.332) 0.522 0.844(0.550, 1.295) 0.438
Q3 1.021(0.683, 1.527) 0918 1.019(0.678, 1.532) 0.926 0.808(0.527, 1.239) 0.329 0.774(0.503, 1.191) 0.244
Q4 1.351(0.922, 1.979) 0.123 1.351(0.915, 1.994) 0.130 1.016(0.673, 1.534) 0.941 0.984(0.650, 1.489) 0.938
P for trend 0.116 0.131 0.944 0.943

Note: Model specifications: Model |: unadjusted. Model 2: adjusted for sex and age. Model 3: further adjusted for diabetes duration, smoking status, SBP, DBP, HbA ¢, LDL-
C, HDL-C, eGFR. Model 4: further adjusted for the use of insulin, oral hypoglycemic agents, statins, antiplatelet agents, and antihypertensive agents. TyG-WC+ indicates that
TyG-WC was divided by 10. Therefore, an OR of 1.030 indicates that each |0-unit increase in TyG-WC is associated with a 3% increase in the odds of PAD.

among male participants, smokers, or patients with eGFR < 60 mL/min/1.73 m?. In patients with controlled glycemia
(HbAlc < 7%), TyG, TyG-WC, and TyG-BMI were significantly and positively associated with the presence of PAD;
however, these associations were not evident in patients with HbAlc > 7%. Notably, the associations of TyG-WHtR and
TyG-WHR with PAD remained statistically significant in both glycemic control subgroups, with stronger effect sizes
observed in the well-controlled glycemic group. In the fully adjusted model, after Benjamini-Hochberg correction for
multiple testing, significant interactions were identified between sex and TyG-derived indices (TyG-WHtR, TyG-WHR,
and TyG-WC) with respect to the presence of PAD (adjusted interaction P values = 0.040, 0.030, and 0.030, respec-
tively). Significant interactions were observed between smoking status and TyG-related indices (TyG, TyG-WHtR, TyG-
WHR, and TyG-WC) in relation to the presence of PAD (adjusted interaction P values = 0.047, 0.030, 0.030, and 0.030,
respectively) (Supplementary Table 2).
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Figure 2 Subgroup analyses of the association between TyG (A), TyG-WHtR (B), TyG-WHR (C), TyG-WC+ (D), TyG-BMI (E) and the presence of PAD in T2DM patients.
Adjustments were made for sex, age, diabetes duration, smoking, SBP, DBP, HbA ¢, LDL-C, HDL-C, eGFR, the use of insulin, oral hypoglycemic agents, statins, antiplatelet
agents, and antihypertensive agents before stratification. Benjamini-Hochberg-adjusted P values are provided in Supplementary Table 2.

Note: TyG-WC+ represents TyG-WC was divided by 10.

Abbreviations: Cl, confidence interval; OR, odds ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; HbAlc, glycated hemoglobin, LDL-C: low-density
lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; eGFR, estimated glomerular filtration rate.

Discriminative Performance for the Presence of PAD in Patients with T2DM

The discriminative performance of the TyG index and its derived indicators for the presence of PAD was evaluated using
receiver operating characteristic (ROC) curves (Table 3 and Figure 3). Among all indicators, TyG-WHtR demonstrated
the highest AUC of 0.622 (95% CI: 0.582-0.662, P < 0.001), followed by TyG-WHR (AUC = 0.593, 95% CI:
0.554-0.632, P < 0.001), TyG-WC (AUC = 0.592, 95% CI: 0.552-0.631, P < 0.001), and the TyG index alone (AUC
=0.558, 95% CI: 0.518-0.597, P = 0.005). TyG-BMI showed the lowest discriminative ability (AUC = 0.538, 95% CI:
0.497-0.580, P = 0.060).

At the optimal cut-off value of 5.004, TyG-WHIR achieved a sensitivity of 61.6% and a specificity of 57.6%. Pairwise
comparisons using DeLong’s test with Bonferroni correction (Supplementary Table 3) confirmed that the AUC of TyG-
WHtR was significantly greater than those of the TyG index (P < 0.001), TyG-WC (P < 0.001), and TyG-BMI (P <
0.001). However, after multiple testing correction, no significant difference was observed between the AUCs of TyG-
WHtR and TyG-WHR (P = 0.015), nor between TyG-WHR and TyG-WC (P = 0.911).

Table 3 Discriminative Ability of TyG Index and Its Derived Indices for the Presence of PAD

Variable AUC | 95% CI Youden Index | Cut-off Value | Sensitivity (%) | Specificity (%) | P value
TyG 0.558 | 0.518-0.597 | 0.097 9.144 57.1% 52.6% 0.005
TyG-WHtR | 0.622 | 0.582-0.662 | 0.192 5.004 61.6% 57.6% <0.001
TyG-WHR | 0.593 | 0.554-0.632 | 0.149 8.358 66.1% 48.8% <0.001
TyG-WC 0.592 | 0.552-0.631 | 0.150 813.552 54.9% 60.1% <0.001
TyG-BMI 0.538 | 0.497-0.580 | — — — — 0.060

Notes: — indicates not reported because the AUC was not statistically significant.
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Figure 3 Receiver operating characteristic (ROC) curves of TyG and its derived indices for identifying the presence of PAD.

Discussion

This study demonstrates that the TyG index and its derivatives based on central obesity indicators (TyG-WHtR, TyG-
WHR, TyG-WC) are positively associated with the presence of PAD in patients with T2DM, exhibiting clear dose—
response relationships, whereas TyG-BMI, derived from a general obesity index, shows no significant association.
Notably, TyG-WHtR showed relatively better discriminative ability compared with other indices evaluated. These
associations were significantly modified by sex and smoking status, being most pronounced in women and non-
smokers. This suggests that TyG-WHtR may serve as a valuable supplementary metabolic marker associated with
PAD in patients with T2DM, particularly in specific subgroups.

Our findings regarding the positive association between the TyG index and the presence of PAD are highly consistent
with those of several previous studies.”* * However, existing literature concerning TyG-derived indices in relation to the
presence of PAD remains limited. Recent studies have begun to address this gap; for instance, Miao et al reported
positive associations of the TyG index, TyG-WHR, and TyG-WC with the presence of PAD,'” and Mitrea et al identified
a link between TyG-WHtR and lower limb complications.'® The present study extends these findings by directly
comparing multiple obesity-related derivatives, demonstrating that TyG-WHtR exhibits the best discriminative perfor-
mance among the indices evaluated. The discriminative superiority of TyG-WHItR over TyG-BMI can be attributable to
the distinct pathophysiological roles of different adipose compartments. While BMI serves as a measure of overall body
size, it fails to distinguish between fat mass and lean mass, and its discriminative utility may be further attenuated by
a potentially U-shaped relationship with cardiovascular risk.” In contrast, WHtR is a height-standardized indicator of
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central obesity that correlates strongly with the accumulation of visceral adipose tissue (VAT).”*?” Excess VAT is
metabolically active, releasing pro-inflammatory adipokines and free fatty acids that directly exacerbate insulin resis-
tance, endothelial dysfunction, and chronic inflammation—the primary drivers of atherosclerosis.”® This distinction is
particularly critical in East Asian populations, who tend to accumulate a higher proportion of VAT at lower BMI levels
compared with Caucasians.?® Such a “metabolically obese, normal weight”” phenotype suggests that Chinese patients with
T2DM may harbor significant metabolic risks driven by visceral adiposity even when their BMI remains within the

29,30

normal range, thereby limiting the sensitivity of BMI-based indices.>' Consequently, by integrating WHIR, the TyG-

WHIR index effectively captures the synergistic impact of “glucolipotoxicity” and pathogenic visceral fat on the vascular

1,2 making it a more robust marker for PAD in this specific population.**

wal

The greater discriminative ability of TyG-WHtR observed in this study is consistent with previous reports that
identify it as a superior predictor of atherosclerosis®? and cardiovascular events.'*** Given that prior research has
consistently demonstrated strong associations between the TyG index and its obesity-related derivatives with other
atherosclerotic outcomes,'> '® our findings in lower extremity vascular disease align well with these established trends.
While TyG-WHtR exhibited the highest AUC (0.622), it is important to note that its absolute discriminative power
remains modest, suggesting that PAD is a multifactorial disease where TyG-WHtR serves as a valuable supplementary
tool rather than a standalone diagnostic marker.

The subgroup analyses suggested possible heterogeneity in the associations between TyG-related indices and PAD.
Regarding sex differences, the magnitude of the association was significantly greater in women (mean age 62.5 years)
than in men, consistent with other findings.** The underlying mechanisms may involve the differential effects of sex
hormones on fat distribution and metabolism. Declining estrogen levels during the perimenopausal and postmenopausal
periods attenuate estrogen’s cardioprotective effects, promoting central adiposity and insulin resistance.’>>® In this
context, insulin resistance and its related metabolic disturbances may contribute more prominently to the atherosclerotic
process. In contrast, the associations were significantly attenuated among smokers and patients with chronic kidney
disease. Beyond the possibility that the direct endothelial damage caused by nicotine or uremic toxins predominates in

these groups,”’=®

this attenuation strongly points to the presence of unmeasured or residual confounding related to
lifestyle, medications, and disease severity. First, regarding lifestyle, our binary classification of smoking status could not
account for the cumulative dose effect (eg., pack-years); the profound vascular injury in heavy smokers may completely
overshadow the metabolic contributions of TyG-derived indices. Second, confounding by medication intensity must be
considered. Patients with impaired renal function (eGFR < 60 mL/min/1.73 m?) or multiple risk factors often receive
more aggressive pharmacological interventions, including high-intensity statins,*® antiplatelet agents, and novel antidia-
betics (eg., SGLT2 inhibitors or GLP-1 receptor agonists).'""'* These therapies profoundly alter lipid and glucose profiles
—directly lowering the TyG index—while simultaneously providing potent cardiovascular protection, thereby potentially
blunting the observable association between baseline TyG levels and PAD. Taken together, these subgroup findings imply
that TyG-related indices reflect a cumulative systemic metabolic burden, whose associative strength is most evident in
carlier stages of disease before irreversible vascular damage (eg., from heavy smoking) or heavy polypharmacy
dominates the clinical picture. The modifying role of glycemic control is also notable In individuals with poor glycemic
control, hyperglycemia-driven mechanisms may predominate,*’ yet TyG-WHtR and TyG-WHR remained significant,
underscoring the robustness of indices that incorporate visceral adiposity measures. Although P values for interaction
were adjusted using the Benjamini-Hochberg procedure to mitigate the false discovery rate, these subgroup analyses were
exploratory; therefore, the subgroup findings should be interpreted as hypothesis-generating and require further
validation.

Although the precise mechanisms underlying the associations between the TyG index, its obesity-related derivatives,
and PAD are multifaceted, insulin resistance, dyslipidemia, and chronic inflammation play central roles.***' The TyG
index and its derivatives are validated markers of insulin resistance, which promotes atherosclerosis through endothelial
dysfunction, oxidative stress, and procoagulant states.*' Concurrently, glucolipotoxicity contributes to atherosclerosis
through multiple pathways.***

Several limitations of this study should be acknowledged: (1) As a single-center retrospective cross-sectional
study, causal relationships cannot be established, and the findings may have limited generalizability to other
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populations or settings. (2) All biomarkers were measured at a single time point, and the longitudinal trajectories of
these parameters and their associations with clinical outcomes remain unknown. (3) Some potential confounding
factors may not have been fully accounted for. Specifically, detailed information on novel antidiabetic classes (eg.,
SGLT2 inhibitors and GLP-1 receptor agonists), the intensity of statin therapy, and lifestyle variables (eg., physical
activity and diet) were unavailable due to the retrospective nature of this study. Although we adjusted for general
medication use in Model 4, potential residual confounding from these specific therapies cannot be entirely excluded.
(4) This study included only a Chinese population; given differences in ethnicity, diet, physical activity, and sleep
patterns, the findings should be validated in multicenter, multiethnic, large-scale prospective cohort studies in the
future.

Conclusions

The TyG index and its central obesity—based derivatives (TyG-WHtR, TyG-WHR, TyG-WC) are independently asso-
ciated with the presence of lower extremity PAD in T2DM patients, with TyG-WHtR showing the highest discriminative
value among these markers. Given their simplicity and accessibility, these indices may assist in early clinical evaluation
and the identification of metabolic burden, particularly in primary care settings.
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