Association between triglyceride-glucose related indices and all-cause and cause-specific mortality in the general population: a cohort study
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Abstract
Background Although triglyceride-glucose (TyG) index is a reliable indicator of insulin resistance (IR) and cardiometabolic disease, its effectiveness in predicting mortality risk has not been adequately validated. We aimed to investigate the association between the TyG-related indices and all-cause and cause-specific mortality in the general population.
Methods A total of 27,642 individuals were included from the National Health and Nutrition Examination Survey (NHANES) between 1999 and 2018. Three indicators were constructed, including the TyG index, TyG combined with waist-to-height ratio (TyG-WHtR), and TyG combined with waist circumference (TyG-WC). Mortality data was acquired through the linkage of NHANES data with National Death Index (NDI) records. Weighted Cox proportional hazards models were used to estimate the independent association between the TyG-related indices and mortality. Nonlinear associations were explored using restricted cubic splines.
Results Multivariable adjusted models showed a progressive increase in all-cause and cause-specific mortality across quartiles of the TyG-related indices. Compared with the lowest quartile of the TyG index, the highest quartile had adjusted hazard ratios of 1.26 (95% CI, 1.04-1.52) for all-cause mortality, 1.38 (1.04-1.74) for cardiovascular mortality, and 1.23 (1.01-1.50) for non-cardiovascular mortality, respectively. For the TyG-WHtR index, the corresponding hazard ratios were 1.60 (1.25-2.05), 1.86 (1.26-2.50), and 1.48 (1.10-1.99), respectively. For the TyG-WC index, the corresponding hazard ratios were 1.42 (1.11-1.75), 1.48 (1.04-1.96), and 1.38 (1.05-1.72), respectively. The associations between the three TyG-related indices and all-cause, cardiovascular and non-cardiovascular mortality were J-shaped. Interaction tests revealed significant effect modification by age, low-density lipoprotein cholesterol (LDL-C) level, and statin use (all P values <0.05). 
TyG-related indices were associated with death from heart disease, diabetes, and cancer. The TyG index in combination with other anthropometric measures reflecting central adiposity also showed independent dose-response associations with mortality.
Conclusions The TyG-related indices were independent predictors of all-cause and cause-specific mortality in the general population. Young individuals should be particularly vigilant, whereas low LDL-C levels and statin use are potentially protective.
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Introduction
Reducing overall mortality and improving life expectancy are the overarching goals of the global public health sustainable development framework[1]. In recent decades, there has been steady progress in global population health and life expectancy. However, the outbreak of the COVID-19 pandemic reversed this trend, wiping out the advancements within just two years[1]. The development of effective, cost-efficient, and easily accessible prognostic biomarkers for the early identification of individuals at high risk of mortality and the design of intensive surveillance and tailored interventions to counteract the escalation in global mortality remains a challenging endeavor.
Insulin resistance (IR) is characterized by impaired insulin sensitivity and reduced glucose disposal capacity of insulin-targeted tissues, as evidenced by a shift of the insulin dose-response curve toward higher insulin concentrations[2]. Similar to inflammation and oxidative stress, insulin resistance is a systemic damage factor that not only manifests as metabolic abnormalities, but also bears a high risk of cardiovascular, hepatic, renal, ovarian, and other comorbidities, as well as a potential risk of premature death[3-6]. The hyperinsulinaemic-euglycaemic clamp (HIEC) is considered the gold standard for quantifying insulin sensitivity in vivo, and other alternatives, such as the homeostasis model assessment for IR (HOMA-IR) and the quantitative insulin sensitivity checking index (QUICKI), although assessed in the context of different metabolic scenarios, correlate well with the clamp-derived techniques[7-9]. However, the application of each of these techniques is challenging because they are time-consuming, expensive, and procedurally cumbersome, hindering their widespread implement in clinical practice. As a result, the TyG index is gaining popularity as a simple, convenient and cost-effective surrogate for the assessment of IR. The TyG index has been shown to be superior to HOMA-IR in predicting insulin sensitivity, with an area under the curve (AUC) of 0.784 for the TyG index versus 0.728 for HOMA-IR[10]. Accumulating epidemiological evidence supports a strong association between elevated TyG index and the incidence of new-onset diabetes, atherosclerotic cardiovascular disease (ASCVD), metabolic syndrome, heart failure, hypertension, and nephropathy[11-17]. Furthermore, there is emerging evidence that the TyG index is associated with adverse outcomes in patients with diabetes, hypertension, acute coronary syndrome, critical illness, and in the general population[18-22]. Recently, the TyG index in combination with anthropometric measures of adiposity showed non-inferior predictive performance than the native TyG index[23]. However, previous studies have mainly focused on the impact of these indices on disease incidence and composite adverse endpoints, with few comprehensive data available on the relationship between the TyG index and all-cause and detailed cause-specific mortality, as well as on the predictive performance of the TyG index in combination with other anthropometric measures reflecting adiposity, leaving this issue unresolved. 
Insulin resistance (IR) is characterized by impaired insulin sensitivity and reduced glucose disposal capacity of insulin-targeted tissues, as evidenced by a shift of the insulin dose-response curve toward higher insulin concentrations[2]. Insulin resistance not only manifests as metabolic abnormalities, but also bears a high risk of multiple organ dysfunction and premature death[3, 4]. Several methods for quantifying insulin sensitivity in vivo, such as hyperinsulinaemic-euglycaemic clamp (HIEC), homeostasis model assessment for IR (HOMA-IR) and the quantitative insulin sensitivity checking index (QUICKI), are challenging in clinical application due to time-consuming, expensive, and procedurally cumbersome[5-7]. The TyG index is gaining popularity as a simple, convenient and cost-effective surrogate for the assessment of IR. Accumulating evidence supports a strong association between elevated TyG index and the incidence of new-onset diabetes, atherosclerotic cardiovascular disease (ASCVD), heart failure, and metabolic syndrome, as well as subsequent adverse clinical outcomes[8-12]. Epidemiological and genetic studies have shown that anthropometric measures reflecting central obesity, such as waist-to-height ratio (WHtR) and waist circumference (WC), are more strongly associated with significant cardiometabolic risk than traditional measures reflecting overall obesity with body mass index (BMI)[13, 14]. Therefore, combining the TyG index with these metrics (WHtR and WC) may provide additional predictive performance. Previous studies have shown that the TyG-WHtR and TyG-WC indices are superior to the TyG index alone in identifying the risk of cardiovascular disease risk and diabetes mellitus[15, 16]. However, previous studies have mainly focused on the impact of these indices on disease incidence and composite adverse endpoints, with few comprehensive data available on the relationship between the TyG, TyG-WHtR, and TyG-WC indicator and all-cause and detailed cause-specific mortality in the general population. In addition, other TyG-related indices, which derived from TyG index combined with other anthropometric measures reflecting central adiposity, including body roundness index (BRI), body shape index (BSI), weight-adjusted-waist index (WWI), relative fat mass (RFM), and conicity index (CI), have not been studied.
Therefore, we conducted a study utilizing NHANES data to examine the association of a series of TyG-related indices with all-cause and cause-specific mortality in the general population to address the current knowledge gap. This issue has important implications for the search for intervenable biomarkers for stratified prevention and targeted treatment to reduce overall mortality. 
Methods 
Study population 
 The datasets are derived from ten cycles of the NHANES database from 1999 to 2018. NHANES utilizes a stratified, multistage probability sampling design to systematically collect nutrition and health data from a nationally representative, non-institutionalized US civilian population[17]. The study was conducted in accordance with the principles of the Declaration of Helsinki. The Ethical Review Board of the National Center for Health Statistics granted ethics approval for each NHANES cycle. All individuals signed written informed consent. Of the 101,316 participants, 73,674 were excluded because they were younger than 18 years (n=42,112), pregnant (n=1,596), lost to follow-up (n=2,874), had missing triglyceride or glucose measurements (n=3,608), or had fasting times of less than 8 hours (n=23,484). Finally, 27,642 individuals were included in the analysis of TyG index. In addition, due to missing data on waist circumference (WC) (n=971) and height (n=367), TyG-WHtR and TyG-WC analyses were available for 26,601 and 26,673 individuals, respectively (Additional file 1: Figure S1).
Exposure
Fasting triglycerides (TG) and fasting blood glucose (FBG) were measured by enzymatic colorimetric assays using blood samples collected after at least 8 hours of fasting. TG concentrations were measured using the Roche Modular P and Roche Cobas 6000 chemistry analyzers. FBG concentrations were measured using the Roche/Hitachi Cobas C 501 system. TyG-related indices were calculated as follows: TyG index = ln [TG(mg/dL)×FBG(mg/dL)/2], TyG-WHtR index = ln [TG(mg/dL)×FBG(mg/dL)/2]×WC/height, and TyG-WC index = ln [TG(mg/dL)×FBG(mg/dL)/2]×WC. Participants were divided into four groups according to the quartiles of the TyG-related indices, with the group in the first quartile serving as the reference. 
Besides WhtR and WC, the TyG index was also analyzed in combination with other anthropometric measures reflecting central adiposity, including BRI, BSI, WWI, RFM, and CI.body roundness index (BRI), body shape index (BSI), weight-adjusted-waist index (WWI), relative fat mass (RFM), and conicity index (CI). The calculation formulas are shown as: TyG-BRI index = TyG index×[364.2-365.5×[1-(WC/2π)2] / (0.5×height2)1/2], TyG-BSI index = TyG index×[WC/(BMI2/3 height1/2)], TyG-WWI index = TyG index×[WC×100/weight1/2], TyG-RFM index = TyG index×[64-(20×height/WC) + (12×sex), sex = 0 for males and 1 for females], and TyG-CI index = TyG index×[WC()1/2]. As a sensitivity analysis, the TyG index was examined in combination with anthropometric measures reflecting overall adiposity, including body mass index (BMI) and body surface area (BSA).  
Clinical endpoints
Mortality data were obtained from the NHANES public-use linked mortality file as of December 31, 2019. This file was linked to the National Death Index (NDI) from the National Center for Health Statistics (NCHS) using a probability matching algorithm. Causes of death were examined according to ICD-10 (International Classification of Diseases, Tenth Revision) and the underlying classification of death was recoded. Cardiovascular mortality refers to deaths from heart diseases (054-068) and cerebrovascular diseases (070). Non-cardiovascular mortality refers to deaths from diseases other than cardiovascular diseases, including malignant neoplasms (019-043), diabetes mellitus (046), Alzheimer's disease (052), respiratory diseases (076-078 and 082-086), renal diseases (097-101) and all residual causes.
Covariates
Demographic information was collected through a computer-assisted interview system, including age, sex, ethnicity, education level, marital status, and poverty income ratio (PIR). Lifestyle information and history of comorbidities were also collected, including smoking status, alcohol consumption, history of diabetes mellitus, ASCVD, congestive heart failure (CHF), chronic obstructive pulmonary disease (COPD), cancer, and renal disease. Diabetes mellitus was defined as hemoglobin A1c ≥6.5%, fasting glucose ≥126 mg/dL, or 2-hour postprandial glucose ≥200 mg/dL, or use of insulin or oral hypoglycemic agents. ASCVD included coronary artery disease and stroke. Renal disease was determined by an estimated glomerular filtration rate (eGFR) <60 mL/min. CHF and COPD were determined by physician diagnosis and prescription medication. Physical examinations, including blood pressure, waist circumference, body weight and height, were measured using standardized methods at the mobile examination center. Use of insulin or antihyperglycemic agents and statins was obtained from the Prescription Drug Questionnaire. In addition, serum total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), albumin, and eGFR were also selected as potential confounders.  
Statistical analyses
[bookmark: OLE_LINK4]All analyses were performed using R statistical software (R project, version 4.3.2) and EmpowerStats (X&Y Solutions, Inc., Boston, MA). Strata, primary sampling units, and probability weights were applied to account for the complex design of clustering, stratification, nonresponse probability, and population oversampling in NHANES. Continuous variables were reported as mean±standard deviation (SD) or median (interquartile range). Categorical variables were reported as percentages. Differences in baseline characteristics were compared by weighted one-way analysis of variance for continuous variables and weighted chi-squared test for categorical variables. Correlations between different TyG-related indices were tested by linear regression fitting and Pearson correlation.
Cox proportional hazards regression models were used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) between categorical TyG, TyG-WHtR, and TyG-WC and all-cause and cause-specific mortality. P-values for trends were tested by treating the quartile level as an ordinal variable. The TyG-related indices were also examined as continuous variables to calculate the effect size of per unit increase. In addition, to limit the influence of extreme values, exposure variables were further standardized to z-scores, indicating the effect size per SD increase. The proportional hazards assumption was assessed using the Schoenfeld residuals test, and no violations were found. Models were adjusted for age, sex, ethnicity, systolic blood pressure, body mass index (BMI), smoking status, alcohol consumption, diabetes mellitus, ASCVD, COPD, CHF, renal disease, cancer, TC, HDL-C, LDL-C, albumin, eGFR, statin use, and insulin or antihyperglycemic agents. To address the issue of collinearity, the variance inflation factors (VIF) of the covariates were examined and only those with VIF <10 were included in the model. Missing data for covariates including systolic blood pressure (n=1255, 4.5%), BMI (n=453, 1.6%), and LDL-C (n=581, 2.1%) were imputed using chained equation multiple imputation method. Stratified analyses were performed, and interactions were examined using the Wald tests to account for potential effect modification. HRs and 95% CIs between continuous TyG, TyG-WHtR, and TyG-WC and subcategories of cause-specific mortality were estimated, while ensuring similar levels of adjustment.
Restricted cubic splines were used to visualize the dose-response relationship between TyG, TyG-WHtR, and TyG-WC and mortality. The number of knots was selected according to the minimization of Akaike's information criterion to balance optimal fit and overfitting. If the association was nonlinear, possible threshold inflection points were estimated and a two-piecewise Cox proportional hazards model for both sides of the inflection point was constructed. The associations of the other TyG-derived indices with mortality were also shown in the same way.
Several sensitivity analyses were performed to strengthen our findings. We excluded individuals with less than 2 years of follow-up to account for potential reverse causality. We examined the association between TyG-related indices and mortality in individuals with and without diabetes, in those <65 years and ≥65 years, in those with different LDL-C levels (<2.6 mmol/L and ≥2.6 mmol/L), and in those taking or not taking statins. We analyzed men and women separately to determine whether there was a sex difference. In addition, we made additional adjustments for socioeconomic factors to demonstrate the robustness of the model. The cumulative incidence of all-cause mortality across quartiles of TyG-related indices was estimated using the Kaplan-Meier method and compared using the log-rank test. Cumulative incidence of cause-specific mortality was estimated using the Fine and Gray competing risks model (which treats death from another cause as a competing risk) and compared by Gray's test.Finally, the cumulative incidence of mortality across different quartiles of the TyG-related indices was estimated using the Kaplan-Meier method and discrepancies among groups were compared using the log-rank tests to determine whether the primary results were statistically modified. We also assessed the predictive power of TyG, TyG-WHtR, and TyG-WC indices for all-cause and cause-specific mortality using receiver operating characteristic curves (ROCs). Finally, we used linear regression fitting and Pearson's correlation to test the correlation between TyG-related indices and the homeostasis model assessment of insulin resistance index (HOMA-IR).
Results
Of the 27,642 individuals included in the analysis, 13,870 (50.2%) were male, the mean age was 47.4 years (SD 19.2), and 11,893 (43.0%) were non-Hispanic white. During a median follow-up of 10.2 years, 4,074 (14.7%) all-cause deaths were recorded, of which 1,296 (4.7%) were cardiovascular deaths and 2,778 (10.0%) were non-cardiovascular deaths. Median TG and FBG were 1.17 mmol/L (IQR 0.81-1.73) and 5.50 mmol/L (IQR 5.51-6.05), respectively. The TyG index ranged from 5.75 to 13.25, with a mean value of 8.55 (SD 0.69). From quartile 1 to quartile 4, participants' age, male proportion, smoker proportion, prevalence of diabetes, ASCVD, cancer, COPD, CHF and renal disease, and levels of TC and LDL-C gradually increased, while BMI, HDL-C level and eGFR gradually decreased (Table 1). The mean values of TyG-WHtR and TyG-WC were 5.01 (SD 1.06) and 838.9 (SD 177.5), respectively. Similar trends were observed for the quartiles of TyG-WHtR and TyG-WC (Additional file 1: Table S1 and Table S2). There are significant positive correlations between the three TyG-related indices, with correlation coefficients ranging from 0.70 to 0.95 (Additional file 1: Figure S2).
Association between TyG-related indices and all-cause and cause-specific mortality 
After adjustment for potential confounders, a stepwise incremental association was observed between increasing TyG-related indices and risk of death (P-value for trend < 0.05). Specifically, the adjusted hazard ratios for the TyG index quartile 4 vs. quartile 1 were 1.26 (95% CI, 1.04-1.52) for all-cause mortality, 1.38 (1.04-1.74) for cardiovascular mortality, and 1.23 (1.01-1.50) for non-cardiovascular mortality. For the TyG-WHtR index, the corresponding hazard ratios were 1.60 (1.25-2.05), 1.86 (1.26-2.50), and 1.48 (1.10-1.99), respectively. For the TyG-WC index, the corresponding hazard ratios were 1.42 (1.11-1.75), 1.48 (1.04-1.96), and 1.38 (1.05-1.72), respectively. Results were consistent when TyG, TyG-WHtR, and TyG-WC indices were analyzed as continuous functions (each unit and each SD) (Figure 1). On continuous scales, the TyG index was associated with the risk of death in a J-shaped manner, with inflection points for all-cause, cardiovascular, and non-cardiovascular deaths at TyG index of 9.26, 9.43, and 9.07, respectively. The risk of death remained almost constant until the inflection point, after which it increased sharply. Similar nonlinear trends persisted in the visualized relationships between TyG-WHtR and TyG-WC indices and mortality, with the corresponding inflection points occurring at TyG-WHtR index of 4.23, 3.55, and 4.25, and TyG-WC index of 822, 886, and 783, respectively (Figure 2).
Subgroup analysis of association between TyG-related indices and mortality 
In subgroup analyses of the TyG index, significant interactions were observed between the TyG index and age, LDL-C level, and statin use on all-cause and cause-specific mortality, with the association being stronger in younger individuals, those with LDL-C ≥2.6 mmol/L, and those who were not taking statins. Subgroup analyses of the TyG-WHtR and TyG-WC indices also showed similar effect modification, with a higher risk of mortality in young individuals, those with high LDL-C levels, and those in statin-naive individuals (all p values for interactions < 0.05). No convincing evidence of an interaction was found in the groups stratified by sex, ethnicity, smoking status, ASCVD and diabetes mellitus (Figure 3). 
Association between TyG-related indices and cause-specific mortality subcategories
[bookmark: OLE_LINK2][bookmark: OLE_LINK1]Multivariable adjusted Cox proportional hazards models showed that elevated TyG, TyG-WHtR, and TyG-WC indices were associated with increased hazard ratios for death from diabetes mellitus, heart disease, cancer, and all other residual causes. In addition, elevated TyG-WHtR, and TyG-WC indices were also associated with increased hazard ratios for death from respiratory disease. There was no compelling evidence that elevated TyG, TyG-WHtR, and TyG-WC indices were associated with increased hazard ratios for death from cerebrovascular disease, chronic renal disease, and Alzheimer's disease (Figure 4). Restricted cubic spline curves showed consistent results for the association of TyG, TyG-WHtR, and TyG-WC with different causes of death (Figure 5). 
Association between other TyG-derived indices and all-cause and cause-specific mortality 
Restricted cubic spline curves showed significant positive dose-response relationships between other TyG-derived indices (including TyG-BRI, TyG-BSI, TyG-WWI, TyG-RFM, and TyG-CI) and all-cause and cause-specific mortality (Figure 6). Notably, the anthropometric measures in all of these derived indices reflect central obesity, and their sources of calculation include a key component, waist circumference. However, when anthropometric indicators reflecting overall obesity are examined, such as TyG-BMI and TyG-BSA, these monotonic positive associations appear to be absent (Additional file 1: Figure S3). 
Sensitivity analyses
Results remained robust when individuals with less than 2 years of follow-up were excluded (Additional file 1: Figure S4). Results were consistent regardless of the presence or absence of a diagnosis of diabetes mellitus at baseline (Additional file 1: Figure S5 and Figure S6). A trend toward stronger associations between TyG-related indices and mortality was observed in those younger than 65 years, whereas these associations were attenuated to some extent in those older than 65 years (Additional file 1: Figure S7 and Figure S8). The associations were attenuated in those with LDL-C <2.6 mmol/L, particularly as the TyG index even lost statistical significance (Additional file 1: Figure S9 and Figure S10). A weakened association pattern was also observed in those taking statins but not in those not taking statins (Additional file 1: Figure S11 and Figure S12). No substantial changes in the established associations were found when men and women were analyzed separately (Additional file 1: Figure S13 and Figure S14). Results were comparable to those of the main analysis after additional adjustment for education level, marital status, and poverty income ratio (Additional file 1: Figure S15). Finally, the Kaplan-Meier curves for The cumulative incidence of all-cause mortality and cause-specific mortality were incrementally increasing in the higher quartile level of the TyG-related indices group (Additional file 1: Figure S16). The ROC curves showed that the predictive performance of the TyG-WHtR index for all-cause and cause-specific mortality was higher than that of the TyG index alone, whereas the predictive performance of the TyG-WC index was comparable to that of the TyG index (Additional file 1: Figure S17). Finally, Pearson's correlations between HOMA-IR and TyG-related indices were moderate, and the correlations between HOMA-IR and TyG-WHtR or TyG-WC indices were stronger than those with the TyG index alone (Additional file 1: Figure S18).
Discussion
Results from this nationally representative longitudinal cohort study showed that elevated TyG, TyG-WHtR, and TyG-WC indices, either as continuous or categorical variables, were associated with all-cause and cause-specific mortality in the general population, independent of traditional clinical risk factors. These associations were more pronounced in younger individuals, those with high LDL-C levels, and those not taking statins. The TyG, TyG-WHtR, and TyG-WC indices showed independent dose-response associations with deaths from diabetes, heart disease, and cancer. The TyG index in combination with other anthropometric indicators reflecting central adiposity also maintained a prominent role in predicting mortality risk. These findings suggest that TyG index and TyG-derived indices can be used as simple and effective surrogate indicators for stratifying mortality risk in the general population to facilitate individualized surveillance and management.
Previous studies
Data from observational cohort studies suggest that the TyG index may serve as a valuable indicator for the early identification of individuals at high risk for cardiovascular events, including myocardial infarction and stroke[18, 19]. The predictive properties of the TyG index for atrial fibrillation, acute decompensated heart failure, premature stroke, acute kidney injury, and even female infertility have also been reported [20, 21]. In addition, cumulative exposure, variability, and dynamic trajectory of the TyG index have been significantly associated with higher risk of cardiovascular disease events[22-24]. Further evidence supports the predictive performance of the TyG index for major adverse outcomes in various clinical settings, including acute or chronic coronary syndromes, critical illness, and heart failure with different ejection fraction phenotypes[25-28]. However, the potential relationship between the TyG index and all-cause and cause-specific mortality has not been extensively studied, and there are inconsistencies among available data. An analysis of critically ill patients with coronary artery disease showed a linear positive association between the TyG index and in-hospital mortality [27]. In an observational cohort of cardiovascular patients with diabetes or pre-diabetes, the TyG index showed a U-shaped association with all-cause and cardiovascular mortality [29]. In contrast, the prospective PURE study found no clear association between TyG index and all-cause and non-cardiovascular mortality, whereas a statistically significant association was found for cardiovascular mortality[29]. A meta-analysis found no clear association between the TyG index and all-cause mortality. In fact, of the four studies they included, two found a significant association, while the other two did not[30]. These studies were conducted in specific clinical scenarios or populations, with small sample sizes or insufficient follow-up time, which may have inherently weakened their statistical power. In addition, heterogeneity in population, geographic location, and economic status may have contributed to these discrepant results. Given the conflicting evidence, further comprehensive validation of the association between the TyG index and risk of death in the general population is warranted.
Positive association between TyG-related indices and mortality 
[bookmark: _GoBack]Our study included 27,642 individuals from a nationally representative cohort with a median follow-up of 10 years. We found a nonlinear J-shaped relationship between the TyG index and all-cause, cardiovascular and non-cardiovascular mortality, with risk inflection points ranging from 9.07 to 9.43. The TyG index was significantly positively associated with outcomes above the inflection point, but not below. The current results are broadly consistent with previous findings that the association pattern between TyG index and all-cause and cardiovascular mortality was exhibited as J-shaped with statistically significant inflection points of 9.45 and 9.52 in hypertensive patients[31], as U-shaped with inflection points of 9.16 and 9.18 in diabetic patients[32], and as positively J-shaped with cut-offs of 9.36 and for 9.52 in the general population[33]. These findings underscore the importance of controlling the TyG index within a reasonable range to improve survival expectations, as the risk of death increases significantly once the threshold is exceeded. Although the TyG index in combination with adiposity indices, including but not limited to TyG-WHtR and TyG-WC, has comparable predictive performance to the native TyG index for disease development, the association of these derived indices with mortality remains unclear. We observed a positive J-shaped association between the TyG-WHtR and TyG-WC indices and all-cause and cause-specific mortality in the general population, with risk inflection points ranging from 3.55 to 4.25 for the TyG-WHtR index, and from 783 to 886 for the TyG-WC index. Interestingly, the TyG-WHtR and TyG-WC indices appeared to have stronger statistical relevance compared to the native TyG index, especially the former. A recent study has confirmed the predictive power of TyG-related indices for all-cause, cardiovascular and diabetes mortality in metabolic syndrome populations[34], and we have further extended these findings to the general population, which allows for more extrapolation, and the study endpoints also included non-cardiovascular mortality (not limited to diabetes mortality). To our knowledge, this is the first study to demonstrate an independent prognostic role for these TyG-related indices in the general population. MoreoverIn addition, the TyG index in combination with other anthropometric indicators reflecting central adiposity steadily maintained such a monotonic positive association. However, this statistical association did not exist when the TyG index was combined with anthropometric measures reflecting overall adiposity. Abdominal or visceral obesity is a recognized risk factor for metabolic abnormalities, which leads to IR, dyslipidemia, and systemic inflammation. Individuals who are overweight or obese are more likely to develop IR, suggesting early impairment of glucose metabolism[35]. Given the strong relationship between IR and obesity and the fact that anthropometric measures reflecting abdominal obesity with WHtR and WC are more predictive of adverse cardiometabolic outcomes than traditional measures reflecting overall adiposity with BMI[14], the current findings are biologically plausible. 
We assessed heterogeneity across subgroups employing an interaction term, which revealed significant effect modification between TyG-related indices and outcomes across several strata, including age, LDL-C level, and statin use. Those younger than 65 years were found to have a higher risk of mortality as TyG-related indices increased. These results are in line with previous findings that the TyG index is more predictive of the incidence of coronary artery disease, ischemic stroke, and all-cause and cardiovascular mortality in young adults[36, 37]. There are several possible explanations. First, the elderly may present with a variety of metabolic disorders, such as hyperglycemia, dyslipidemia, and hypertension, which are closely associated with clinical prognosis. Due to the existence of multiple metabolic disturbances, it is possible that the TyG index may not be the sole or the strongest predictor. Second, the elderly may be using multiple medications, including lipid-lowering and hypoglycemic drugs, potentially influencing the level of the TyG index and thus its predictive performance. for such an age-related effect modification. First, older individuals have more comorbidities and poorer organ function compared with younger individuals, and the contribution of these factors to mortality may dilute the effect of the TyG index on mortality. Second, elderly individuals have different nutritional requirements and are relatively tolerant of blood glucose and triglyceride levels, similar to the obesity-survival paradox in which overweight and obese individuals may have better survival. Finally, elderly individuals with early detection of a high TyG index may have received intensive therapy to optimize blood glucose and triglyceride levels during follow-up, thus attenuating the prognostic value of the baseline TyG index. Nevertheless, these findings highlight the profound importance of maintaining blood glucose and triglyceride concentrations within appropriate ranges beginning in young adulthood and provide a rationale for early detection and timely intervention in the general population. Numerous randomized controlled trials have shown that LDL-C lowering and statin use have unequivocal clinical benefits for primary and secondary prevention in patients with ASCVD[38]. We found that the association between TyG-related indices and mortality was attenuated in individuals with LDL-C levels below 2.6 mmol/L and statin use, suggesting that control of LDL-C to low levels and statin use may partially offset the adverse effects of an elevated TyG index. Under physiological conditions, insulin degrades apolipoprotein B-containing lipoproteins by activating PI3K, thereby reducing the synthesis of LDL, very-low-density lipoprotein, and other atherogenic lipids. Conversely, insulin resistance inhibits this degradation, leading to increased production of LDL-C and other atherogenic cholesterol components, contributing to systemic lipid disorders[39]. This close interplay between IR and lipid metabolism may provide a potential explanation for the current findings that control of LDL-C to low levels and the prescription of statins appear to be protective for long-term survival when IR is triggered.
In the analyses for more detailed subcategories of cardiovascular mortality, the significant association between TyG-related indices and death from heart disease can be mechanistically explained by IR-related cardiovascular damage. The association of TyG-related indices with non-cardiovascular mortality was nominally attributed to increased mortality from all other mortality subcategories except Alzheimer's disease and nephropathy, and especially diabetes mellitus. In addition, we found a significant association between TyG indices and cancer mortality. Previous research has shown that IR-induced hyperinsulinemia promotes the production of inflammatory cytokines as well as the activation of insulin-like growth factor signaling pathways, which may increase tumor aggressiveness and promotes its malignant phenotype[40]. A statistically significant association has also been found between the TyG-WHtR and TyG-WC indices and death from respiratory disease, which may be explained by the lung function impairment and inflammatory activation associated with IR[41]. 
In the analyses for more detailed subcategories of cardiovascular mortality, the significant association between TyG-related indices and death from heart disease can be mechanistically explained by IR-related cardiovascular damage and corresponding premature death. The TyG index has previously been reported to predict intensive care unit (ICU) mortality and 1-year mortality in critically ill patients with different stroke categories, including ischemic and hemorrhagic stroke[40, 41]. However, in this general population cohort, we did not observe a clear association between TyG-related indices and cerebrovascular mortality, whereas there was a statistically significant trend using the TyG-WHtR index. The exact pathophysiological mechanism underlying the relationship between the TyG-related indices and cerebrovascular disease progression and prognosis remains elusive, and and it is hypothesized that the pivot of this linkage lies in the IR, and that the disease severity and complexity may have potential impact. The association of TyG-related indices with non-cardiovascular mortality was nominally attributed to increased mortality from all other mortality subcategories except Alzheimer's disease and nephropathy, and especially diabetes mellitus, which is the leading contributor to the risk of TyG-related non-cardiovascular death. The predictable association between TyG-related indices and mortality from diabetes mellitus can be explained by IR-induced dysregulation of glycemic homeostasis and inadequate glycemic control. The causal mechanisms underlying the association between TyG index and cancer mortality remain to be elucidated, and IR-induced hyperinsulinemia promotes the production of inflammatory cytokines as well as the activation of insulin-like growth factor signaling pathways, which may increase tumor aggressiveness and promotes its malignant phenotype[42]. While there was no significant association between the TyG index and death from respiratory disease, a statistically significant association was found between the TyG-WHtR and TyG-WC indices. Previous studies have shown that the TyG index can be used as a biomarker of impaired lung health due to lung function impairment and inflammatory activation associated with IR[43]. The lack of association between TyG index and mortality from nephropathy and Alzheimer's disease should be interpreted with caution due to the lower statistical power (75 deaths from nephropathy and 151 deaths from Alzheimer's disease). Further outcome studies with larger samples are warranted.
Potential explanations
The exact mechanism by which TyG-related indices are associated with mortality is unknown, and IR may play a key role through down-regulating the insulin signaling. IR is manifested by increased insulin vulnerability and decreased insulin bioavailability, which diminishes the capacity of insulin-targeted tissues to adequately dispose glucose at elevated plasma insulin concentrations, leading to impaired glucose homeostasis. IR is closely linked to a series of metabolic dysregulations, such as lipotoxic insulin signaling, hyperglycemia and dyslipidemia, and adipose tissue dysfunction. These metabolic disturbances are well established by epidemiological or genetic evidence as important causes of cardiovascular mortality and all-cause mortality[42, 43]. In addition, IR can induce other deleterious biological effects, including oxidative stress, low-grade inflammation, dysfunctional immune modulation, impaired endothelial function, and prothrombotic state, all of which contribute to vascular sclerosis and senescence and compromise multiple organ function[3, 4, 44]. Therefore, severe IR not only exhibits metabolic abnormalities, but also carries a high risk of ASCVD, hypertension, heart failure, renal and hepatic comorbidities, ultimately leading to premature death. 
Clincal importance
The current findings have important clinical implications. First, individuals with high TyG-related indices appear to be at particularly high risk of death, suggesting the need for intensive surveillance and tailored interventions to minimize absolute risk. In terms of public health impact, detection of TyG-related indices in the general population allows for early identification of high-risk individuals and initiation of therapeutic interventions, which is particularly relevant for global health policy-making to reduce overall population mortality. Second, TyG-related indices are suitable for daily clinical practice because they are easily obtained from routine laboratory variables, do not require insulin quantification, and are not influenced by insulin treatment status. Third, the association between TyG-related indices and mortality varies by age, LDL-C level, and statin use, highlighting the necessity of stratified management for different risk groups. Finally, there is an equal or or even superiorbetter predictive performance when the TyG index is combined with anthropometric measures, especially those reflecting central obesityWHtR. Therefore, these TyG-derived indices deserve to be added to routine health screening programs and widely promoted in clinical applications. A potentially reasonable recommendation is that all adults should undergo at least one TyG index test to encourage early discovery of metabolic risk and to inform clinical decision making.
Strengths and limitations 
Strengths of this study include a large-scale, prospective, population-based study design, long-term follow-up with few losses, and sufficient endpoint events to ensure statistical power. In addition, multiple sensitive analyses demonstrated the robustness of the main findings. Several limitations should be noted. First, because of the inherent limitations of observational study designs, the current results do not indicate causality. Although individuals with less than 2 years of follow-up were excluded and the estimates were similar, reverse causality could not be completely avoided. Second, despite our efforts to extensively adjust for potential confounders, residual confounders may still exist. Nevertheless, the statistical E-values for the associations between the highest quartiles of TyG-related indices and all-cause and cause-specific mortality ranged from 1.76 to 3.12, implying that the unmeasured confounders should have an association with the exposure (the highest quartiles) and outcome (mortality) comparable to these values to negate the current results (Additional file 1: Figure S1719). Third, anthropometric and blood indices were only collected at a single time point and may not capture the long-term exposure trajectory of TyG-related indices over time. Finally, analyses of cause-specific mortality subcategories are highly exploratory because the limited number of events does not allow for reliable statistical significance, and thus these results need to be replicated in future studies with larger sample sizes.
Conclusions
TyG-related indices were significantly associated with all-cause and cause-specific mortality in the general population. These associations were pronounced in younger individuals, those with high LDL-C levels, and those not taking statins. Other novel TyG-derived indices also maintained pronounced roles in predicting mortality risk. Therefore, our findings support the appropriateness of screening for the TyG index in the general population and lend further credence to proposals advocating universal screening for the TyG index. 
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Legends
Table 1. Baseline characteristics of individuals by quartiles of TyG index
[bookmark: OLE_LINK3]Figure 1. Cox proportional hazards regression analyses for the association of TyG-related indices with all-cause and cause-specific mortality
All-cause and cause-specific mortality for quartiles of (A) TyG index, (B) TyG-WHtR index, and (C) TyG-WC index. Adjusted for age, sex, ethnicity, BMI, systolic blood pressure, smoking status, alcohol consumption, diabetes mellitus, ASCVD, COPD, chronic heart failure, chronic renal disease, cancer, total cholesterol, HDL-C, LDL-C, albumin, eGFR, statin use, and insulin or antihyperglycemic drugs. ∗P value for trend. Effect sizes for per SD and per 1 unit or per 100 units increase in TyG-related indices were also shown separately. BMI, body mass index. ASCVD, atherosclerotic cardiovascular disease. COPD, chronic obstructive pulmonary disease. HDL, high-density lipoprotein. LDL, low-density lipoprotein. 
Figure 2. Restricted cubic spline curve for the association of TyG-related indices with all-cause and cause-specific mortality
All-cause and cause-specific mortality for (A) TyG index , (B) TyG-WHtR index, and (C) TyG-WC index. Solid lines represent hazard ratios, and dashed lines represent 95% confidence intervals. Adjusted for age, sex, ethnicity, BMI, systolic blood pressure, smoking status, alcohol consumption, diabetes mellitus, ASCVD, COPD, chronic heart failure, chronic renal disease, cancer, total cholesterol, HDL-C, LDL-C, albumin, eGFR, statin use, and insulin or antihyperglycemic drugs. The shaded areas in the background show the distribution of TyG-related indices in the population. Two-piece Cox proportional hazards models were used to estimate the risk inflection point, and effect sizes for per 1 unit (TyG index and TyG-WHtR index) or per 100 units (TyG-WC index) increase in TyG-related indices before and after the inflection point were shown separately. 
Figure 3. Stratified analyses of the associations between TyG-related indices and mortality
All-cause and cause-specific mortality in different strata as functions of 1-unit increase in (A) TyG index and (B) TyG-WHtR index or a 100-unit increase in (C) TyG-WC index. Adjusted for age, sex, ethnicity, BMI, systolic blood pressure, smoking status, alcohol consumption, diabetes mellitus, ASCVD, COPD, chronic heart failure, chronic renal disease, cancer, total cholesterol, HDL-C, LDL-C, albumin, eGFR, statin use, and insulin or antihyperglycemic drugs. 
Figure 4. Cox proportional hazards regression analyses for the association of TyG-related indices with cause-specific mortality subcategories
Adjusted for age, sex, ethnicity, BMI, systolic blood pressure, smoking status, alcohol consumption, diabetes mellitus, ASCVD, COPD, chronic heart failure, chronic renal disease, cancer, total cholesterol, HDL-C, LDL-C, albumin, eGFR, statin use, and insulin or antihyperglycemic drugs. 
Figure 5. Restricted cubic spline curve for the association of TyG-related indices with cause-specific mortality subcategories
(A) TyG index , (B) TyG-WHtR index, and (C) TyG-WC index. Solid lines represent hazard ratios, and dashed lines represent 95% confidence intervals. Adjusted for age, sex, ethnicity, BMI, systolic blood pressure, smoking status, alcohol consumption, diabetes mellitus, ASCVD, COPD, chronic heart failure, chronic renal disease, cancer, total cholesterol, HDL-C, LDL-C, albumin, eGFR, statin use, and insulin or antihyperglycemic drugs. 
Figure 6. Restricted cubic spline curve for the association of other TyG-derived indices with all-cause and cause-specific mortality
All-cause and cause-specific mortality for (A) TyG-BRI index , (B) TyG-BSI index, (C) TyG-WWI index, (D) TyG-RFM index, and (E) TyG-CI index. Solid lines represent hazard ratios, and dashed lines represent 95% confidence intervals. Adjusted for age, sex, ethnicity, BMI, systolic blood pressure, smoking status, alcohol consumption, diabetes mellitus, ASCVD, COPD, chronic heart failure, chronic renal disease, cancer, total cholesterol, HDL-C, LDL-C, albumin, eGFR, statin use, and insulin or antihyperglycemic drugs. BRI, body roundness index. BSI, body shape insex. WWI, weight-adjusted-waist index. RFM, relative fat mass. CI, conicity index. 
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