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Background: The triglyceride-glucose (TyG) index, a surrogate marker of insulin
resistance, has been linked to various diabetic complications. However, its
association with diabetic retinopathy (DR) remains inconsistent. We conducted
a systematic review and meta-analysis to evaluate the relationship between TyG
index levels and the risk of DR.

Methods: We searched PubMed, Scopus, and Web of Science from inception to
July 2025 for observational studies reporting the association between TyG index
and DR in adults with type 1 or type 2 diabetes. Two reviewers independently
screened studies, extracted data, and assessed risk of bias using the Agency for
Healthcare Research and Quality (AHRQ) checklist and Newcastle-Ottawa Scale.
Pooled odds ratios (ORs) with 95% confidence intervals (Cls) were calculated
using a random-effects model. Heterogeneity was evaluated with the I statistic.
Publication bias was assessed via funnel plots and Egger’s test. Subgroup and
meta-regression analyses were conducted to explore heterogeneity.

Results: Sixteen studies with a total of 33,436 participants were included. The
pooled OR for the association between higher TyG index and DR was 1.89
(95% ClI: 1.27-2.82) when TyG was treated as a categorical variable, and 1.57
(95% ClI: 1.25-1.98) when treated as continuous. Significant heterogeneity was
observed (I? > 87%). Subgroup analyses revealed stronger associations in studies
with smaller sample sizes and higher male proportions. Meta-regression showed
that male proportion accounted for 48.71% of the heterogeneity. In categorical
analyses, funnel-plot asymmetry and Egger’s test indicated small-study effects;
after trim-and-fill adjustment the pooled effect attenuated and was no longer
significant, suggesting sensitivity to publication bias.

Conclusions: While higher TyG levels correlate with DR—particularly when
modeled continuously—the signal is heterogeneity- and bias-sensitive in
categorical analyses. Our moderator analyses newly indicate a sex-composition
effect, and the current lack of harmonized clinical TyG thresholds limits
immediate translation.
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1 Introduction

Diabetic (DR) is microvascular

complication of diabetes mellitus, characterized by progressive

retinopathy a major
damage to the retinal vasculature, which can ultimately lead to
visual impairment and blindness (1, 2). It affects approximately
30% of individuals with diabetes and remains one of the leading
causes of vision loss among working-age adults globally (2, 3). The
pathogenesis of DR is multifactorial, involving oxidative stress,
chronic inflammation, and neurovascular dysfunction, all of which
contribute to both microvascular injury and neuronal degeneration
in the retina (4-6).

The triglyceride-glucose (TyG) index, a surrogate marker of
insulin resistance, was calculated using the following formula:
TyG = In (fastingtriglycerides|mg/dL] x fastingglucose[mg/dL])/2,
where In denotes the natural logarithm (base ). When triglyceride
or glucose values were reported in mmol/L, they were converted
to mg/dL using standard conversion factors (1 mmol/L = 18
mg/dL for glucose; 1 mmol/L = 88.5 mg/dL for triglycerides) to
ensure consistency across studies (7, 8). Originally developed to
estimate insulin resistance, the TyG index has been increasingly
recognized as a predictor of type 2 diabetes and its vascular
complications, including nephropathy, non-alcoholic fatty liver
disease, and coronary artery disease (9-13). While most research to
date has focused on its association with diabetic nephropathy and
cardiovascular outcomes, recent studies have begun to investigate
its potential link with DR (14, 15). However, findings across
these studies are inconsistent, likely due to heterogeneity in
study design, patient populations, and outcome definitions. These
discrepancies highlight the need for a comprehensive evaluation
of the TyG index’s association with DR (4, 16). Accordingly, this
systematic review and meta-analysis aims to synthesize the available
evidence from observational studies to quantify the strength of
this association, identify sources of heterogeneity, and evaluate
the TyG index’s utility as a predictive biomarker for DR. The
findings of this review may inform clinical decision-making by
supporting the use of the TyG index as a simple, non-invasive
screening tool for early DR detection, particularly in resource-
constrained settings.

Despite two prior meta-analyses suggesting a positive
TyG-DR association, important questions remain unresolved:
(i) how much of the
modeling

signal persists after
(i) which

level factors explain the striking heterogeneity; and (iii)

explicitly
small-study/publication  bias; study-
whether heterogeneous and non-standardized TyG cut-offs
translation. We therefore
(trim-and-fill;
and moderator/meta-regression analyses,
compiled TyG thresholds

undermine clinical prespecified

a  bias-aware  synthesis contour-enhanced
funnel inspection)
used

and we systematically

across studies.

2 Materials and methods

2.1 Search strategy

This systematic review and meta-analysis was conducted in
accordance with the PRISMA 2020 guidelines and prospectively
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TABLE 1 Queries used in PubMed, Scopus, and Web of Science databases
for a systematic review and meta-analysis of the studies evaluated the
triglyceride-glucose index as a biomarker of diabetic retinopathy.

No Queries

#1 “triglyceride glucose index” OR “TyG index” OR
“triglyceride and glucose index” OR “triglyceride-glucose
index” OR “triglyceride/glucose index” OR “triacylglycerol
glucose index”

#2 “diabetic retinopathy” OR “diabetic retinopathies” OR
“diabetes retinopathy” OR “retinopathy, diabetic”

#3 #1 and #2

registered in PROSPERO (Registration ID: CRD420251110467).
A comprehensive literature search was performed in PubMed,
Scopus, and Web of Science from inception to July 28, 2025.
The search and screening procedures were conducted after
protocol registration in PROSPERO (ID: CRD420251110467),
and registration preceded data extraction and analysis. We
used a combination of MeSH terms and free-text keywords
related to the TyG index and DR, with full search details
provided in Table 1. To maximize sensitivity, no filters were
applied regarding language, publication date, or study design.
Additionally, we conducted manual searches of reference lists
from relevant articles, reviewed gray literature sources including
conference abstracts and dissertations, to identify any eligible
unpublished studies.

The search strategy was developed using the PICO framework:
Population (P) included adults with type 1 or type 2 diabetes
mellitus; Indicator (I) was the TyG index, Comparator (C)
included reference or lower TyG levels, when applicable; Outcome
(O) was the presence, severity, or progression of DR, reported
as odds ratios (ORs), hazard ratios (HRs), or relative risks
(RRs), each with 95% confidence intervals (CIs). Eligible studies
included original observational designs (cross-sectional, cohort,
or case-control). We excluded studies that did not report
TyG-related data or outcome measures for DR, as well as
systematic reviews, meta-analyses, case reports, editorials, and
duplicate or overlapping datasets. Population (P): adults with
diabetes mellitus (type 1 or type 2); Indicator (I): TyG index;
Comparator (C): reference or lower TyG levels (where applicable);
Outcome (O): presence, severity, or progression of DR. Only
original observational studies (cross-sectional, cohort, or case-
control).

2.2 Selection of studies

All retrieved references were imported into EndNote X21
for deduplication. Two independent reviewers screened titles and
abstracts, followed by full-text assessments based on predefined
inclusion and exclusion criteria. Discrepancies were resolved by
consensus or through consultation with a third reviewer. The
overall selection process is illustrated in the PRISMA flow diagram
(Figure 1), and studies excluded with reasons are presented in
Supplementary Table S1.
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Records identified through
database searching (n=89),
(PubMed: 23; Scopus:41;
Web of Science: 25)

Identification

Records identified through
screening of reference
lists (2)

Records after duplicates
removed
(n=47)

Screening

Tittle and abstract screened
(n=44)

——{ Records excluded (n =22)

Reports sought for retrieval
(n=22)

Articles not retrieved
(n=3)

Eligibility

Full text reports assessed for
eligibility (n=19)

| Excluded full texts (n=3)

o
9]
o)
=
3]
c

Studies included in meta-
analysis
(n=16)

FIGURE 1

= 27); see Supplementary Table S1 for the full list and reasons.

PRISMA 2020 flow diagram. Records identified, screened, assessed for eligibility, and included in the meta-analysis. Records excluded with reasons (n

2.3 Data extraction

Data extraction was performed independently by two reviewers
(A.A. and A.T.) using a standardized Microsoft Excel spreadsheet.
Extracted information included the first author’s name, year of
publication, country, study design, total sample size, mean age,
study design, gender, and effect estimates such as ORs, HRs, or
RRs with corresponding 95% CIs. We also recorded the variables
included in multivariable models for adjustment. The TyG index
was extracted and analyzed both as a categorical variable (quartiles)
and as a continuous variable (per 1-unit or 1-standard deviation
increase). When multiple effect estimates were reported within
a study, we extracted the fully adjusted model to minimize
confounding bias. For meta-analytic pooling, odds ratios (ORs),
hazard ratios (HRs), and relative risks (RRs) were treated as
equivalent measures of association, given the low incidence of
diabetic retinopathy in most populations. When necessary, HRs
and RRs were considered approximate ORs and combined using
the generic inverse-variance method, consistent with established
meta-analytic practice. All effect measures were standardized to
represent the risk of DR associated with higher TyG index values
(either per 1-unit increase or highest vs. lowest category).

Frontiersin Medicine

2.4 Quality assessment

The methodological quality (risk of bias) of each included
study was independently assessed by two reviewers (A.A. and
A.T.). For cross-sectional studies, we applied the Agency for
Healthcare Research and Quality (AHRQ) checklist; for cohort
and case-control studies, we used the Newcastle-Ottawa Scale
(NOS). Each tool was applied according to its official guidance,
and disagreements were resolved by consensus. All disagreements
in quality scoring were resolved by discussion and consensus (17).

2.5 Statistical analysis

All statistical analyses were conducted using R Studio version
4.5.0 (RStudio, PBC, Boston, MA, USA) with the meta, metafor,
and dmetar packages. Pooled effect sizes (ORs, HRs, or RRs)
were calculated with 95% Cls using fixed-effects models when
heterogeneity was low (I < 50%) and random-effects models when
heterogeneity was substantial (I° > 50%). Predefined subgroup
analyses were conducted by study design (cohort, cross-sectional),
sample size, year, and gender. To further explore sources of
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heterogeneity, meta-regression was performed using covariates
such as mean age, sample size, year and gender. Sensitivity analyses
were conducted using a leave-one-out method to evaluate the
robustness of the pooled estimates. Publication bias was assessed
using funnel plot visualization and Egger’s regression test, with
p-values less than 0.10 considered indicative of potential bias (18).

In addition to conventional Egger’s test, we (i) inspected
contour-enhanced funnel plots to discern whether asymmetry
aligned with statistical significance contours, and (ii) conducted
Duval and Tweedie trim-and-fill for sensitivity to small-study
effects. Predefined meta-regressions evaluated year, sample size,
study design, mean age, and male proportion as moderators. We
also extracted any reported TyG cut-offs used for categorization

and tabulated them (Supplementary Table S2) to appraise
threshold variability.
5 Results

3.1 Characteristics of included studies

A total of 16 observational studies published between 2019 and
2025 were included in the systematic review and meta-analysis,
encompassing 33,436 participants with type 2 diabetes mellitus
across multiple countries, predominantly from East and South
Asia. The included studies comprised 12 cross-sectional studies, 3
cohort studies, and 1 case-control study. Sample sizes varied widely,
ranging from 154 to 13,394 participants, with mean participant
ages spanning from 53.5 to 64.2 years. The proportion of male
participants ranged from 43% to 86%.

The TyG index was analyzed either as a categorical variable
or as a continuous variable. Four studies presented TyG solely
as a categorical variable, seven studies assessed it exclusively as
a continuous variable, and five studies reported TyG in both
formats. Most studies adjusted for key covariates including age,
sex, diabetes duration, glycemic control (HbAlc), body mass
index (BMI), blood pressure, and lipid parameters. However, the
degree of covariate adjustment varied across studies, with only
a subset including medications, lifestyle factors, or markers of
renal function. However, the set of covariates adjusted for varied
considerably among studies. Only a subset included lifestyle factors
such as smoking, alcohol consumption, or physical activity, while
others controlled for renal or hepatic function markers. Several
cross-sectional studies provided only minimal adjustment for age
and sex. This heterogeneity in model adjustment may contribute to
residual confounding and the between-study variability observed in
pooled estimates.

Geographically, the majority of studies (n = 11) were
conducted in China, while the remainder originated from USA,
India, Egypt, Iraq, and Singapore. Across studies, DR was
diagnosed based on fundus photography or clinical ophthalmologic
examination, although specific grading scales were not consistently
reported. A detailed summary of study-level characteristics,
including country, study design, sample size, age, sex distribution,
and adjusted variables, is presented in Table 2. Most studies
classified DR as a binary outcome (presence vs. absence), and
only a few reported severity grading (e.g., non-proliferative vs.
proliferative). However, separate effect estimates by DR stage
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were not available, preventing stratified quantitative synthesis by
disease severity.

3.2 Methodological quality and bias risk

The methodological quality of the included observational
studies was assessed using validated tools appropriate to study
design. For the 12 cross-sectional studies, we employed the AHRQ
checklist, which evaluates 11 methodological domains including
source of information, inclusion criteria, confounder control, and
handling of missing data. Studies achieving scores of >7 out of 11
were considered high quality.

Among the cross-sectional studies, four achieved a score of 7 or
higher, indicating good methodological rigor, while the remaining
studies scored between 4 and 6, reflecting moderate quality.
Common limitations among cross-sectional studies included
unclear reporting on masking of evaluators, quality assurance
procedures, and handling of missing or incomplete data.

For the four cohort and case-control studies, we applied the
Newcastle-Ottawa Scale (NOS), which evaluates studies across
three domains: selection, comparability, and exposure/outcome
assessment, with a maximum score of 9. All cohort and case-control
studies were rated as high quality, with scores ranging from 8 to
9, demonstrating strong methodological integrity. These studies
generally showed adequate selection of study groups, control of
confounding, and consistent ascertainment of exposure.

Opverall, the included studies were of moderate to high quality.
However, potential sources of bias remained due to heterogeneity
in covariate adjustment, incomplete methodological reporting, and
variability in diagnostic criteria for DR. These concerns were
addressed through sensitivity analyses, subgroup analyses, and
meta-regression to identify and account for potential sources of
heterogeneity. Detailed quality assessment scores are presented in
Table 3 (AHRQ) and Table 4 (NOS).

3.3 TyG as a categorical variable

Nine studies were included in the meta-analysis evaluating the
TyG index as a categorical variable Figure 2. The initial random-
effects model revealed a pooled OR of 1.89 (95% CI: 1.27-2.82; p
< 0.03), indicating a significant association between elevated TyG
index and DR. However, significant heterogeneity was observed
(* = 87%, p < 0.01). Significant funnel-plot asymmetry was
detected (Egger’s p = 0.016), confirming potential publication
bias (Figure 3A). Applying the Duval and Tweedie trim-and-
fill procedure, four hypothetical studies were imputed to restore
symmetry. The bias-adjusted pooled odds ratio decreased to 0.93
(95% CI 0.54-1.61) and was no longer statistically significant,
indicating that the initial positive association was not robust after
accounting for small-study effects. This suggests that the apparent
relationship between categorical TyG levels and DR may be partly
influenced by selective publication of positive results.

To address potential bias, trim-and-fill analysis was performed,
imputing 4 hypothetical studies to symmetrize the funnel plot.
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TABLE 2 Summary of included studies in a systematic review and meta-analysis of the studies evaluated the triglyceride-glucose index as a biomarker of diabetic retinopathy.

Authors, year
(Reference)

Country

Type of study

Sample size

Mean age (years)

Male (%)

TyG index analysis

Variables adjusted

cross-sectional

Chiu et al., 2020 (19) Taiwan Retrospective 1,990 64.2 +10.6 43% QL:Q4 Age, BMI, eGFR, HbAlc, PP, Sex, Statin or fibrate use,
cross-sectional TC,WC
Hameed et al., 2019 (14) Trak Retrospective 416 NDR: 54.56 + 9.31 DR: 47% Q1:Q4 Age, BMI, DBP, Duration of diabetes, FBG, HbAlc,
cross-sectional 58.98 +7.63 HDL, SBP, TC, TG, WC
Kassab et al., 2023 (20) Egypt Cross-sectional 500 54.0 + 8.6 45% Continuous Age, Duration of diabetes, Sex HbAlc, uACR
Lietal,, 2025 (21) China Retrospective 200 - 53% Continuous Age, Sex, T2DM duration, Blood pressure, Diabetic
cross-sectional duration, HbAlc, CRP, FBG
Lietal., 2022 (15) China Cohort 1,153 58.89 + 8.60 86% Q1:Q4 Continuous Age, Alcohol consumption, BMI, Exercise, HbAlc,
HDL-C, SBP, Sex, Smoking, Use of hypoglycemic drugs,
Use of lipid-lowering drugs
Neelam et al., 2023 (22) Singapore Cohort 13,394 NDR: 56.1 & 10.7 DR: 56% Continuous BMI, Duration of type 2 diabetes, eGFR, SBP, uACR
56.5+9.4
Pan etal,, 2021 (4) China Cohort 4,721 59.56 + 13.02 53.57% Continuous Age, BMI, Sex, Smoking
Pang et al., 2020 (23) China Cross-sectional 208 NDR: 53.68 & 14.39 DR: 61% Continuous SBP, SUA, Duration of diabetes
54.85+ 11.37
Shan et al., 2022 (16) China Retrospective 456 53.54 +12.13 64% Continuous Duration of diabetes, Smoking, Alcohol consumption,
cross-sectional Exercise, SBP, TC, HDL-c, LDL-c, eGFR, BMI, HbAlc,
Concurrent medications
Shang et al., 2024 (24) China Retrospective 154 NDR: 58.29 & 10.42 DR: 54% Continuous Sex, Smoking, Alcohol consumption, UA
cross-sectional 5731 +£9.67
Srinivasan et al., 2021 (25) India Cross-sectional 1,413 56.30 + 10 53% Q1:Q4 Continuous Age, Smoking, Blood pressure
Wan et al., 2025 (26) China Retrospective 437 57.10 + 12.04 57 Q1:Q4 Continuous Age, BMI, T2DM duration, Sex, SBP, DBP, BUN, Cr,
cross-sectional ALB, hsCRP, LP(a), TC, HDL-C, LDL-C, HbAlc
Wang et al., 2022 (27) China Cross-sectional 1,061 NDR: 60.07 & 8.06 DR: 82% QL:Q4 Age, Sex, Smoking, Course of diabetes, HbAlc, SBP,
57.63 £ 8.45 DBP, BMI, SUA
Yao et al., 2025 (28) China Retrospective 398 NDR: 55.29 + 12.10 DR: 55% Q1:Q4 Continuous Age, BMI, Blood pressure, T2DM duration, Sex.
cross-sectional 58.43 +11.32
Yao et al., 2021 (29) China Case-control 2,112 56.08 + 13.85 58% Q1:Q4 Age, BMI, Duration of diabetes, HbAlc, Height, HR,
PP, SBP, Sex, TC, Use of antidiabetic agents, Weight
Zhou et al., 2023 (30) USA Retrospective 888 622+ 12.1 50% Q1:Q4 Continuous Age, Education, HDL, Hypertension, LDL, PIR, Race,

Sex, TC

TyG, Triglyceride-Glucose Index; DR, Diabetic Retinopathy; NDR, No Diabetic Retinopathy; T2DM, Type 2 Diabetes Mellitus; BMI, Body Mass Index; WC, Waist Circumference; FBG, Fasting Blood Glucose; HbAlc, Glycated Hemoglobin; SBP, Systolic Blood
Pressure; DBP, Diastolic Blood Pressure; TC, Total Cholesterol; TG, Triglycerides; HDL/HDL-C, High-Density Lipoprotein (Cholesterol); LDL/LDL-C, Low-Density Lipoprotein (Cholesterol); SUA, Serum Uric Acid; HR, Heart Rate; PP, Pulse Pressure; eGFR,
Estimated Glomerular Filtration Rate; uACR, Urine Albumin-to-Creatinine Ratio; hsCRP, High-Sensitivity C-Reactive Protein; LP(a), Lipoprotein (a); BUN, Blood Urea Nitrogen; Cr, Creatinine; ALB, Albumin; PIR, Poverty-Income Ratio; UA, Uric Acid.
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TABLE 3 Risk-of-bias assessment of cross-sectional studies using the Agency for Healthcare Research and Quality (AHRQ) checklist.

Authors, year

(Reference)

Chiu et al., 2020 (19) Y Y Y N N Y Y Y N N N 6/11
Hameed et al., 2019 (14) Y Y Y Y N Y Y Y U U N 7/11
Kassab et al., 2023(20) Y Y Y U 8] Y Y Y N N N 6/11
Lietal, 2025 (21) Y Y Y U N N Y Y U U N 6/11
Pang et al., 2020 (23) Y Y Y Y N Y N Y U U N 6/11
Shan et al., 2022 (16) Y Y Y Y U Y Y Y N N N 7/11
Shang et al.,, 2024 (24) Y Y Y 19) N N Y Y 19) Y N 6/11
Srinivasan et al., 2021 (25) Y Y N N N Y U Y 19) N N 4/11
Wan et al., 2025 (26) Y Y Y U N U Y Y U Y N 6/11
Wang et al., 2022 (27) Y Y Y U N Y Y Y U Y N 7/11
Yao et al., 2025 (28) Y Y Y U N N Y Y U Y N 6/11
Zhou et al., 2023 (30) Y Y Y U N Y Y Y U Y N 7/11

1 Define source of information (survey, record review).

2 List inclusion and exclusion criteria for exposed and unexposed subjects (cases and controls) or refer to previous publications.

3 Indicate time period used for identifying patients.
4 Indicate whether or not subjects were consecutive if not population-based.

5 Indicate if evaluators of subjective components of study were masked to other aspects of the status of the participants.

6 Describe any assessments undertaken for quality assurance purposes.

7 Explain any patient exclusions from analysis.

8 Describe how confounding was assessed and/or controlled.

9 If applicable, explain how missing data were handled in the analysis.

10 Summarize patient response rates and completeness of data collection.

11 Clarify what follow-up, if any, was expected and the percentage of patients for which incomplete data or follow-up was obtained.

After adjustment, the pooled OR attenuated to 0.93 (95% CI: 0.54-
1.61; p = 0.35), with no significant overall effect. Heterogeneity
remained high (I = 89%, Tau> = 0.45; p < 0.0001), suggesting
persistent variability beyond sampling error.

Subgroup analysis based on study sample size revealed
substantial differences. For studies with a sample size greater than
1,500 participants (n = 3), the pooled OR was 0.97 (95% CI:
0.66-1.42), indicating no significant association, albeit with high
heterogeneity (I’ = 81%; p = 0.005). In contrast, studies with a
sample size of 1,500 or fewer participants (n = 6) demonstrated
a significant positive association (pooled OR: 2.77; 95% CI: 1.95-
3.93), with moderate heterogeneity (I> = 51.5%; p = 0.066). The
difference between these subgroups was statistically significant
(p < 0.0001), highlighting sample size as a potential source
of heterogeneity.

Sensitivity analysis using the leave-one-out method confirmed
the robustness of the overall initial association. The pooled
OR remained statistically significant across all iterations (range:
1.67-2.16), with the lower limits of the 95% CIs consistently
above 1.0 (range: 1.143-1.491), confirming the stability of the
observed positive relationship. However, heterogeneity remained
consistently high (I = 80.5-89%, p < 0.01 in all scenarios),
underscoring persistent variability not attributable to any single
study (Supplementary Table S3).

Given the observed funnel asymmetry, trim-and-fill imputed
four studies and attenuated the pooled OR to non-significance,
indicating the categorical association is sensitive to small-
study/publication bias.
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3.4 TyG as a continuous variable

Thirteen studies reported the association between the TyG
index (as a continuous variable) and DR Figure 4. The pooled
analysis demonstrated a statistically significant positive association
(OR = 1.57, 95% CI: 1.25-1.98, p < 0.05), although substantial
heterogeneity was observed among the included studies (I” > 87%).
The funnel plot suggested potential publication bias, which was
confirmed by Egger’s test (intercept: 2.87, 95% CI: 1.17-4.57, t =
3.307, p = 0.007), indicating that smaller studies tended to report
stronger effects Figure 3B.

Meta-regression was performed to investigate possible sources
of heterogeneity. No significant trend was found with the year
of publication (coefficient = 0.0488, p = 0.6591, R*> = 0%),
continuous sample size (coefficient = 0, p = 0.3179, R* = 0%),
or study design (p = 0.9418, R* = 0%), suggesting these variables
did not contribute meaningfully to the variability. However, the
proportion of male participants significantly explained nearly half
of the heterogeneity (coefficient = 0.0210, p = 0.0209, R* =
49.56%), indicating stronger associations between TyG and DR in
studies with a higher percentage of male participants. Additionally,
studies were categorized based on sample size (>1,000 vs. <1,000),
revealing a non-significant trend (coefficient = —0.5089, p =
0.0859, R* = 11.13%), suggesting larger effect sizes in smaller
studies. Despite these analyses, substantial residual heterogeneity
persisted, indicating the presence of unexplained variability.

To further assess robustness, a leave-one-out sensitivity analysis
was conducted. The original random-effects model yielded an OR
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of 1.6606 (95% CI: 1.1200-2.4620, p = 0.0159) with substantial
heterogeneity (I> = 84.7%, tau> = 0.2176). The leave-one-out
analysis demonstrated that exclusion of individual studies did

8/9
8/9
8/9
9/9

not eliminate the statistically significant positive association, with
ORs ranging from 1.4294 to 1.7706. The largest reduction in

9 OR (to 1.4294) occurred after excluding Li et al. (11) (male
g " subgroup), indicating this study had the most substantial influence
E g x| Ep X Supplementary Table S4. Shang et al. (24) and Pang et al. (23) also
s notably influenced the overall pooled effect. Nevertheless, no single
study fully accounted for the heterogeneity, which remained high
) E g, (I > 79%) across all iterations. Exclusion of Li et al. (11) (female
§ % E g subgroup) resulted in the highest heterogeneity (I = 86.0%),
8_ E ::; ;‘3 x| K XX whereas removal of Li et al. (11) (male subgroup) slightly reduced
X § g = it (1= 79.6%).
In summary, the positive association between continuous
k- TyG index and DR remained robust across multiple sensitivity
é g checks, despite evidence of substantial heterogeneity and potential
i * | K K| K publication bias. Notably influential studies with exceptionally high
§ g effect estimates—such as Li et al. (11) (OR = 4.07) and Shang et al.
< (24) (OR = 23.057)—appeared to pull the pooled estimate upward.
These findings underscore both the consistency and complexity
g E § of the relationship between the TyG index and DR, highlighting
% g é X X X % potential dlﬂ'eren.ces a.cross. populations and su‘bgroups. o
S%E Meta-regression identified male proportion as a significant

moderator (=49% of explained heterogeneity), indicating stronger

TyG-DR associations in studies with higher male representation.

>
=
=2
©
S
©
o
£
(e]
@)

:g,_c 3 Other covariates (year, design, sample size as continuous) did not
— = 83 .
é _g é % x| x| x| x account for heterogeneity.
% 3.5 Study-level TyG thresholds used for
H P categorization
) SE % k% x
% & g Across studies that categorized TyG, operational cut-offs
§ = varied widely (Supplementary Table S2). Most studies used quartile
z - or quintile splits of cohort-specific TyG distributions, whereas
2 g—; a few applied receiver-operating-characteristic (ROC)-derived
.g g ‘; K KX thresholds. No study validated its chosen cut-off in an external
; - 3" cohort. The lack of a standardized or clinically justified TyG
T threshold likely contributes to between-study heterogeneity and
g E § limits the biomarker’s immediate applicability in clinical settings.
£ A i ¢
S B S % x % o« : :
g R 4 Discussion
S s °
g = This systematic review and meta-analysis provides
§ = comprehensive evidence on the association between the TyG
§ Z g index and DR. The pooled analysis revealed a statistically
.2 Eé‘ LIRS significant positive relationship between elevated TyG index
e § s and DR, with an OR of 1.89 (95% CI: 1.27-2.82) when TyG
g was analyzed as a categorical variable, and an OR of 1.57 (95%
§ - CI: 1.25-1.98) when assessed as a continuous variable. These
g = S =l findings suggest that the TyG index, a surrogate marker for insulin
E g?g 2 §, 5;: % § resistance, may serve as a clinically relevant biomarker for DR
v WS § § 8 ] 3 risk stratification.
< _gj'_; < 8T :: £ However, the significant Egger’s test and subsequent loss of
; ge":" g E 5 g 2 statistical significance after trim-and-fill adjustment underscore
B & the potential influence of publication bias in categorical analyses.
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Zhou Y. et al., 2023 0.7807 0.2567 11.4% 2.18[1.32; 3.61] e
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Total (95% CI) 61.1% 2.77 [1.95; 3.93] .
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FIGURE 2
Forest plot for TyG as a categorical exposure (highest vs. lowest category). Random-effects model (DerSimonian-Laird): pooled OR = 1.89 (95% ClI,
1.27-2.82); I* = 87%, t* = 0.45. Funnel-plot asymmetry consistent with small-study effects (Egger’s p = 0.016). After Duval & Tweedie trim-and-fill (4
imputed studies), the pooled effect attenuated to non-significance (OR = 0.93, 95% ClI, 0.54-1.61).

Consequently, the pooled estimate should be interpreted with
caution. The bias-adjusted results suggest that earlier reports may
have overestimated the strength of the association, while the
continuous-variable analysis—which remained significant across
sensitivity tests—likely offers a more reliable estimate of the
true relationship.

This review also adds methodological depth by (i) conducting
a comprehensive re-appraisal that accounts for publication
bias, showing that categorical associations lose significance
after bias correction, and (ii) identifying a new moderator—
% of
between-study heterogeneity in continuous-TyG models. These

male proportion—that explains approximately 49
findings, summarized in Supplementary Table S5, refine current
understanding of when and in whom TyG best reflects DR risk.

Our results are consistent with previous meta-analyses by Yu
etal. (31) and Zhou et al. (30), which also demonstrated significant
associations between higher TyG index levels and increased DR
risk (32). However, our study extends the existing literature
by including a larger pooled sample (33,436 participants across
16 studies) and performing extensive subgroup and sensitivity
analyses to identify potential sources of heterogeneity.

A major source of heterogeneity relates to differences in
study design, covariate adjustment, and population characteristics.
The effect appeared stronger in studies with smaller samples
and higher male representation. The latter may reflect sex-

specific differences in lipid metabolism, insulin resistance, or

Frontiersin Medicine

vascular vulnerability. Variation in covariate adjustment also
likely contributed: while most studies controlled for age, sex,
diabetes duration, HbAlc, BMI, and blood pressure, only some
accounted for lifestyle factors, medication use, or renal function.
The absence of standardized adjustment strategies may have led
to residual confounding. Future studies should apply harmonized,
comprehensive adjustment models that integrate metabolic,
lifestyle, and treatment variables.

The lack of a standardized TyG threshold further limits
translation into clinical practice. Reported cut-offs varied widely
by cohort and analytic method, and no study validated its
threshold externally (Supplementary Table S4). Until prospective,
multi-ethnic cohorts establish and validate clinically meaningful
cut-points—ideally using ROC or decision-curve analyses—the
TyG index should be viewed as a complementary risk marker rather
than a stand-alone screening tool.

Geographic and ethnic concentration is another important
limitation. Of the 16 studies analyzed, 15 were conducted in
East or South Asian populations, mainly in China. This restricts
generalizability to non-Asian populations, where differences in
genetics, diet, and healthcare systems may modify the TyG-
DR relationship. Validation in diverse multi-ethnic cohorts is
therefore warranted.

Furthermore, most studies classifitd DR as a binary
outcome rather than by severity stage. As a result, we could
not determine whether the TyG index is more strongly associated
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FIGURE 3

Funnel plots with Egger’s tests. (A) TyG categorical (highest vs.
lowest): Egger’s intercept = 5.09 (95% Cl, 1.94-8.2), p = 0.016;
Duval & Tweedie trim-and-fill imputed 4 studies; adjusted pooled
effect became non-significant. (B) TyG continuous (per 1-unit
increase): Egger’s intercept = 2.87 (95% Cl, 1.17-4.57), p = 0.007.

10.3389/fmed.2025.1677818

needed to clarify the clinical utility of TyG for disease
progression monitoring.

From a clinical perspective, the TyG index could be integrated
into existing DR screening pathways. Because it relies only
on fasting glucose and triglyceride levels—parameters already
measured routinely in diabetes care—it offers a low-cost, non-
invasive biomarker that could be automatically calculated within
electronic health-record systems. Incorporating TyG into risk-
stratification algorithms may help identify individuals at higher
risk who would benefit from earlier or more frequent retinal
evaluation, especially in resource-limited settings. Future research
should focus on validating population-specific TyG thresholds,
developing predictive models that combine TyG with established
risk factors (e.g., HbAlc, diabetes duration, blood pressure, renal
function), and assessing the cost-effectiveness of implementation
within national screening programs.

4.1 Limitations

Several limitations should be acknowledged. First, the
predominance of cross-sectional designs limits causal inference
and precludes assessing whether TyG predicts DR onset or
progression. Second, substantial between-study heterogeneity
persisted despite subgroup and meta-regression analyses, so pooled
estimates should be interpreted cautiously. Third, publication-bias
diagnostics indicated small-study effects in the categorical model,
and after Duval-Tweedie trim-and-fill the pooled association
became non-significant, suggesting possible overestimation in
unadjusted results. Fourth, stage-specific evidence was insufficient:
most studies reported DR as a binary outcome, preventing

Study

logOR SE

Weight

Odds Ratio

Odds Ratio

Wan X., et al.,

FIGURE 4

Total (95% ClI)
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Forest plot for TyG as a continuous exposure (per 1-unit increase in TyG). Random-effects model (REML): pooled OR = 1.57 (95% Cl, 1.25-1.98); I’ =
85% (report exact), t> = 0.218 (report exact). Egger's p = 0.007. Meta-regression identified male proportion as a significant moderator (~49% of
between-study heterogeneity explained)
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severity-stratified meta-analysis (e.g, NPDR vs. PDR) and
limiting analyses by diabetes duration, glycemic control, BMI, and
lipid profiles. Fifth, covariate adjustment varied widely; several
studies lacked key lifestyle or biochemical controls, raising the
possibility of residual confounding. Sixth, there is no standardized
or externally validated clinical TyG cut-off, which restricts
immediate use in screening or triage. Seventh, the evidence
base is geographically concentrated (15/16 studies from Asian
populations, predominantly China), limiting generalizability to
other ethnic and geographic groups given known differences
in insulin sensitivity, lipid metabolism, and microvascular
susceptibility (33-35).

4.2 Future directions

should (i) undertake
multiethnic prospective cohorts to validate the moderator

Future  work sex-stratified,
signal we identified; (ii) perform Mendelian randomization
on triglyceride and fasting-glucose instruments to probe
causality for microvascular retinal outcomes; (iii) develop
externally validated ML risk models that integrate TyG
with age, diabetes duration, HbAlc, BP, BMI, and renal
(iv)

using

markers, reporting  decision-curve analysis; and

standardize and TyG cut-offs

pre-registered protocols.
Addressing these research priorities will be essential for

externally validate

confirming the clinical utility of the TyG index as a non-invasive,
cost-effective biomarker for early detection and risk assessment of
Dr in diverse populations.

5 Conclusions

This systematic review and meta-analysis demonstrates

a significant association between the TyG index and
DR, supporting its potential as a biomarker for DR
risk stratification. However, the observed heterogeneity,

publication bias, and geographical limitations

Asian populations) highlight the need for further validation

(primarily

cohorts  and
should prospective
mechanistic insights, and clinical utility to establish the
TyG
and management.

in diverse standardized  methodologies.
research focus studies,

Future on

index as a reliable tool for early DR detection

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

AA: Methodology,
Writing — original draft, Formal analysis, Data curation. AigB:

Conceptualization,  Investigation,

Frontiersin Medicine

10

10.3389/fmed.2025.1677818

Visualization,
Methodology,
AK: Supervision, Validation, Resources, Writing - review &

Project administration, Validation, Resources,

Writing - review & editing, Supervision.
editing, Visualization, Project administration. DP: Methodology,
Visualization, Validation, Supervision, Writing - review &
editing. DK: Conceptualization, Data curation, Investigation,
Methodology, Formal analysis, Writing - original draft, Software.
AltB: Visualization, Writing - review & editing, Validation,
Methodology, Resources. NM: Visualization, Data curation,
Resources, Validation, Writing - review & editing. AT: Writing
- review & editing, Conceptualization, Visualization, Project

administration, Supervision, Formal analysis, Methodology.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted
in the absence of any commercial or financial relationships
that be
of interest.

could construed as a potential  conflict

Generative Al statement

The author(s) declare that no Gen AI was used in the creation
of this manuscript.

Any alternative text (alt text) provided alongside figures
in this article has been generated by Frontiers with the
support of artificial intelligence and reasonable efforts have
been made to ensure accuracy, including review by the
authors wherever possible. If you identify any issues, please
contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmed.2025.
1677818/full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fmed.2025.1677818
https://www.frontiersin.org/articles/10.3389/fmed.2025.1677818/full#supplementary-material
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Amirashov et al.

References

1. Fung TH, Patel B, Wilmot EG, Amoaku WM. Diabetic retinopathy for the
non-ophthalmologist. Clin Med. (2022) 22:112-6. doi: 10.7861/clinmed.2021-0792

2. Zhou ], Chen B. Retinal cell damage in diabetic retinopathy. Cells. (2023)
12:1342. doi: 10.3390/cells12091342

3. Lundeen EA, Burke-Conte Z, Rein DB, Wittenborn ]S, Saaddine J, Lee AY, et al.
Prevalence of diabetic retinopathy in the US in 2021. JAMA Ophthalmol. (2023)
141:747-54. doi: 10.1001/jamaophthalmol.2023.2289

4. PanY, Zhong S, Zhou K, Tian Z, Chen F, Liu Z, et al. Association between diabetes
complications and the triglyceride-glucose index in hospitalized patients with type 2
diabetes. ] Diabetes Res. (2021) 2021:8757996. doi: 10.1155/2021/8757996

5. Wei L, Sun X, Fan C, Li R, Zhou S, Yu H. The pathophysiological
mechanisms underlying diabetic retinopathy. Front Cell Dev Biol. (2022)
10:963615. doi: 10.3389/fcell.2022.963615

6. Oshitari T. Advanced glycation end-products and diabetic neuropathy of the
retina. Int ] Mol Sci. (2023) 24:2927. doi: 10.3390/ijms24032927

7. Zhang B, Lei H, Ambler G, Werring D], Fang S, Li H, et al. Association
between Triglyceride-glucose index and early neurological outcomes after
thrombolysis in patients with acute ischemic stroke. J Clin Med. (2023)
12:3471. doi: 10.3390/jcm12103471

8. Simental-Mendia LE, Guerrero-Romero F.
for the triglycerides and glucose index.
179:1171. doi: 10.1007/s00431-020-03644-1

9. Liu L, Xia R, Song X, Zhang B, He W, Zhou X, et al. Association between the
triglyceride-glucose index and diabetic nephropathy in patients with type 2 diabetes: a
cross-sectional study. ] Diabetes Investig. (2021) 12:557-65. doi: 10.1111/jdi.13371

10. Gao YM, Chen WJ, Deng ZL, Shang Z, Wang Y. Association between
triglyceride-glucose index and risk of end-stage renal disease in patients with
type 2 diabetes mellitus and chronic kidney disease. Front Endocrinol. (2023)
14:1150980. doi: 10.3389/fendo.2023.1150980

11. Li Q, Shao X, Zhou S, Cui Z, Liu H, Wang T, et al. Triglyceride-glucose index is
significantly associated with the risk of hyperuricemia in patients with diabetic kidney
disease. Sci Rep. (2022) 12:19988. doi: 10.1038/s41598-022-23478-1

12. Zhang S, Du T, Zhang J, Lu H, Lin X, Xie J, et al. The triglyceride and glucose
index (TyG) is an effective biomarker to identify nonalcoholic fatty liver disease. Lipids
Health Dis. (2017) 16:15. doi: 10.1186/s12944-017-0409-6

13. Tao LC, Xu JN, Wang TT, Hua E, Li JJ. Triglyceride-glucose index as a marker
in cardiovascular diseases: landscape and limitations. Cardiovasc Diabetol. (2022)
21:68. doi: 10.1186/s12933-022-01511-x

14. Hameed EK, Abdul-Qahar ZH, Kadium TE. The association of triglycerides
glucose index with diabetic retinopathy in patients with type 2 diabetes mellitus. Indian
J Public Health Res Dev. (2019) 10:1885-90. doi: 10.5958/0976-5506.2019.03828.2

The
Eur ]

formula
(2020)

correct
Pediatr.

15. Chunhui L, Liangliang N, Jing W. Relationship between the triglyceride glucose
index and diabetic retinopathy in patients with type 2 diabetes mellitus: a cohort study.
Chin J Diabetes Mellit. (2022) 14:1051-6. doi: 10.3760/cma.j.cn115791-20220130-00061

16. Shan Y, Wang Q, Zhang Y, Tong X, Pu S, Xu Y, et al. High remnant cholesterol
level is relevant to diabetic retinopathy in type 2 diabetes mellitus. Lipids Health Dis.
(2022) 21:12. doi: 10.1186/s12944-021-01621-7

17. Stang A. Critical evaluation of the Newcastle-Ottawa scale for the assessment
of the quality of nonrandomized studies in meta-analyses. Eur ]| Epidemiol. (2010)
25:603-5. doi: 10.1007/s10654-010-9491-z

18. Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis detected
by a simple, graphical test. BMJ. (1997) 315:629-34. doi: 10.1136/bmj.315.7109.629

19. Chiu H, Tsai HJ, Huang JC, Wu PY, Hsu WH, Lee MY, et al. Associations
between triglyceride-glucose index and micro- and macro-angiopathies

Frontiersin Medicine

11

10.3389/fmed.2025.1677818

in type 2 diabetes mellitus. Nutrients. 10.3390/nu120

20328

(2020) 12:328. doi:

20. Kassab HS, Osman NA, Elrahmany SM. Assessment of triglyceride-glucose
index and ratio in patients with type 2 diabetes and their relation to microvascular
complications. Endocr Res. (2023) 48:94-100. doi: 10.1080/07435800.2023.2245909

21. LiJ,LiY, Qi Q, Chen N, Zhang Y. Predictive value of triglyceride glucose index
and systemic inflammation index for diabetic retinopathy in type-2 diabetes. Pak ] Med
Sci. (2025) 41:1072-7. doi: 10.12669/pjms.41.4.11374

22. Neelam K, Aung KCY, Ang K, Tavintharan S, Sum CE Lim SC.
Association of triglyceride glucose index with prevalence and incidence of
diabetic retinopathy in a singaporean population. Clin Ophthalmol. (2023)
17:445-54. doi: 10.2147/OPTH.S382336

23. Pang M, Wei Y, Weng X. Analysis of risk factors of type 2 diabetic retinopathy. J
Xinxiang Med Univ. (2020) 37:270-3. doi: 10.7683/xxyxyxb.2020.03.017

24. Shang L, Wei ], Xie Q, Li Y. Predictive value of the combination of serum TyG
index, nesfatin-1, and retinol-binding protein 4 for diabetic retinopathy. Int Eye Sci.
(2024) 24:1802-6. doi: 10.3980/j.issn.1672-5123.2024.11.20

25. Srinivasan S, Singh P, Kulothungan V, Sharma T, Raman R. Relationship between
triglyceride glucose index, retinopathy and nephropathy in type 2 diabetes. Endocrinol
Diabetes Metab. (2021) 4:e00151. doi: 10.1002/edm?2.151

26. Wan X, Zhang R, Abudukeranmu A, Wei W, Zhu H, Zhang L, et al. Elevated
triglyceride-glucose index as a risk stratification marker for diabetic retinopathy in
type 2 diabetes mellitus: the influence of glycemic control. Diabetes Metab Syndr Obes.
(2025) 18:743-59. doi: 10.2147/DMS0.S503672

27. Wang ], Zhang H-E Li C-H. Triglyceride and glucose index as a predictive
factor for diabetic retinopathy in Type 2 diabetic patients. Int Eye Sci. 2022 22:1385-
90. doi: 10.3980/j.issn.1672-5123.2022.8.29

28. Yao Q, Liu SQ. Association of triglyceride glucose index with diabetic retinopathy
in middle-aged and elderly ambulatory type 2 diabetic patients. Front Endocrinol.
(2025) 16:1442230. doi: 10.3389/fendo.2025.1442230

29. Yao L, Wang X, Zhong Y, Wang Y, Wu J, Geng J, et al. The triglyceride-
glucose index is associated with diabetic retinopathy in chinese patients with type
2 diabetes: a hospital-based, nested, case-control study. Diabetes Metab Syndr Obes.
(2021) 14:1547-55. doi: 10.2147/DMS0.5294408

30. Zhou Y, Lu Q, Zhang M, Yang L, Shen X. The U-shape relationship between
triglyceride-glucose index and the risk of diabetic retinopathy among the US
population. J Pers Med. (2023) 13:495. doi: 10.3390/jpm13030495

3. Yu L, Li B. Association
diabetic retinopathy: a meta-analysis.
94. doi: 10.1055/a-2279-7112

between  triglyceride-glucose index and
Horm Metab Res. (2024) 56:785-

32. Zhou ], Zhu L, Li Y. Association between the triglyceride glucose index and
diabetic retinopathy in type 2 diabetes: a meta-analysis. Front Endocrinol. (2023)
14:1302127. doi: 10.3389/fendo.2023.1302127

33. Alderete TL, Toledo-Corral CM, Goran MI. Metabolic basis of ethnic
differences in diabetes risk in overweight and obese youth. Curr Diab Rep. (2014)
14:455. doi: 10.1007/s11892-013-0455-2

34. Raymond NT, Varadhan L, Reynold DR, Bush K, Sankaranarayanan
S, Bellary S, et al. Higher prevalence of retinopathy in diabetic patients of
South Asian ethnicity compared with white Europeans in the community:
a cross-sectional study. Diabetes Care. (2009) 32:410-5. doi: 10.2337/dc0
8-1422

35. Sabanayagam C, Sultana R, Banu R, Rim T, Tham YC, Mohan S, et al.
Association between body mass index and diabetic retinopathy in Asians: the Asian
Eye Epidemiology Consortium (AEEC) study. Br J Ophthalmol. (2022) 106:980-
6. doi: 10.1136/bjophthalmol-2020-318208

frontiersin.org


https://doi.org/10.3389/fmed.2025.1677818
https://doi.org/10.7861/clinmed.2021-0792
https://doi.org/10.3390/cells12091342
https://doi.org/10.1001/jamaophthalmol.2023.2289
https://doi.org/10.1155/2021/8757996
https://doi.org/10.3389/fcell.2022.963615
https://doi.org/10.3390/ijms24032927
https://doi.org/10.3390/jcm12103471
https://doi.org/10.1007/s00431-020-03644-1
https://doi.org/10.1111/jdi.13371
https://doi.org/10.3389/fendo.2023.1150980
https://doi.org/10.1038/s41598-022-23478-1
https://doi.org/10.1186/s12944-017-0409-6
https://doi.org/10.1186/s12933-022-01511-x
https://doi.org/10.5958/0976-5506.2019.03828.2
https://doi.org/10.3760/cma.j.cn115791-20220130-00061
https://doi.org/10.1186/s12944-021-01621-7
https://doi.org/10.1007/s10654-010-9491-z
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.3390/nu12020328
https://doi.org/10.1080/07435800.2023.2245909
https://doi.org/10.12669/pjms.41.4.11374
https://doi.org/10.2147/OPTH.S382336
https://doi.org/10.7683/xxyxyxb.2020.03.017
https://doi.org/10.3980/j.issn.1672-5123.2024.11.20
https://doi.org/10.1002/edm2.151
https://doi.org/10.2147/DMSO.S503672
https://doi.org/10.3980/j.issn.1672-5123.2022.8.29
https://doi.org/10.3389/fendo.2025.1442230
https://doi.org/10.2147/DMSO.S294408
https://doi.org/10.3390/jpm13030495
https://doi.org/10.1055/a-2279-7112
https://doi.org/10.3389/fendo.2023.1302127
https://doi.org/10.1007/s11892-013-0455-z
https://doi.org/10.2337/dc08-1422
https://doi.org/10.1136/bjophthalmol-2020-318208
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

	The triglyceride-glucose index as a biomarker of diabetic retinopathy: a systematic review and meta-analysis
	1 Introduction
	2 Materials and methods
	2.1 Search strategy
	2.2 Selection of studies
	2.3 Data extraction
	2.4 Quality assessment
	2.5 Statistical analysis

	3 Results
	3.1 Characteristics of included studies
	3.2 Methodological quality and bias risk
	3.3 TyG as a categorical variable
	3.4 TyG as a continuous variable
	3.5 Study-level TyG thresholds used for categorization

	4 Discussion
	4.1 Limitations
	4.2 Future directions

	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


