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Objective

This study aims to explore the associations between various obesity and lipid-related indicators in patients with diabetes or prediabetes. Specifically, the indicators examined include the triglyceride-glucose index (TyG), along with its derived metrics: TyG-BMI, TyG-WHtR, TyG-WWI, TyG-WC, lipid accumulation product (LAP), visceral adiposity index (VAI), and abdominal obesity index (ABSI), resulting in a total of eight indicators.





Methods

This study utilizes data from the NHANES conducted from 1999 to 2018, analyzing a cohort of 4,058 patients diagnosed with diabetes/prediabetes. We utilized multivariable Cox regression models to evaluate the impact of these indicators on both all-cause and cardiovascular mortality rates. Additionally, we compared the predictive performance of eight machine learning (ML) algorithms regarding mortality risk and used the SHAP method to clarify the significance of obesity and lipid-related indicators in mortality prediction.





Results

The results of the multivariable Cox regression analysis reveal significant associations between TyG, TyG-WWI, and ABSI with all-cause mortality among patients with diabetes/prediabetes. Compared to baseline levels, the HR for TyG in the fourth quartile (Q4) was 1.49, while for TyG-WWI (Q4), the HR was 1.52. Furthermore, ABSI was associated with increased all-cause mortality risk in groups Q3 and Q4, presenting risk ratios of 1.80 and 1.68, respectively. Notably, TyG (Q4) was also significantly associated with cardiovascular mortality risk, with an HR of 1.98. RCS analysis indicated a linear trend between TyG, TyG-WWI, and all-cause mortality, whereas ABSI displayed a non-linear trend. Among the ML algorithms evaluated, the XGBoost model exhibited the strongest predictive capability. The SHAP analysis indicated that the indicators with the greatest impact on all-cause mortality in patients with diabetes/prediabetes were ranked as follows: TyG > ABSI > TyG-WWI. Furthermore, sex-based subgroup analysis indicated that VAI was positively associated with cardiovascular mortality in male patients with diabetes/prediabetes, exhibiting a linear trend.





Conclusion

TyG, TyG-WWI, ABSI, and VAI are closely linked to mortality risk in diabetes/prediabetes patients. Among these, TyG is significantly associated with both all-cause and cardiovascular mortality, showing superior predictive capability. We recommend long-term monitoring of these indicators and their inclusion in management strategies to effectively inform diabetes/prediabetes patients about their mortality risks.
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Introduction

The global prevalence of diabetes has reached alarming levels, with an estimated 570 million cases projected by 2025 (1). Prediabetes, the precursor stage of diabetes, is primarily characterized by impaired fasting glucose (IFG) and impaired glucose tolerance (IGT). The population affected by prediabetes continues to grow (2). By 2030, the number of individuals with prediabetes is expected to exceed 470 million (3) Notably, the annual conversion rate from prediabetes to diabetes ranges from approximately 5% to 10% (4). Moreover, diabetes significantly shortens life expectancy. The World Health Organization (WHO) predicts that by 2030, diabetes will become the seventh leading cause of death globally (5). Compared to individuals with normal glucose metabolism, patients with diabetes or prediabetes (hereinafter referred to as diabetes/prediabetes) face significantly increased risks for macrovascular (6–8) and microvascular complications (9). Consequently, cardiovascular disease (CVD) a leading cause of mortality and disability among diabetes patients (10). Effectively managing diabetes or prediabetes to reduce mortality risk presents a formidable challenge.

Among the numerous factors influencing blood glucose levels, obesity is undoubtedly one of the most significant. The prevalence of diabetes/prediabetes in the United States is rising alongside obesity. Most patients with diabetes/prediabetes exhibit excessive adipose tissue, which stimulates inflammatory responses and immune dysfunction, serving as key contributors to insulin resistance (11). Although Body Mass Index (BMI) is a widely accepted standard for assessing obesity, it is inadequate for evaluating visceral fat, dyslipidemia, and insulin resistance. Consequently, several new anthropometric tools have been developed to better reflect these characteristics. For example, the abdominal obesity index (ABSI) (12), lipid accumulation product (LAP), and visceral adiposity index (VAI) (13) are considered effective new indicators for predicting diabetes risk compared to BMI (14). Additionally, the triglyceride-glucose index (TyG) (15) has advantages, such as not requiring highly precise insulin levels and overcoming poor measurement reproducibility. It is regarded as an effective alternative to traditional insulin resistance indicators, such as HOMA-IR and QUICKI (16). This advancement overcomes the limitations of traditional indicators in clinical practice (17). Furthermore, several studies have developed novel indices based on TyG by incorporating various anthropometric measurements. Examples include the triglyceride glucose-body mass index (TyG-BMI), triglyceride glucose-waist-to-height ratio (TyG-WHtR), triglyceride glucose-weight-adjusted waist circumference(TyG-WWI) and triglyceride glucose-waist circumference (TyG-WC) (18). These indices are also considered effective tools for predicting diabetes risk. Despite the varying degrees of potential these indicators have shown in predicting diabetes, there is currently no consensus on their effectiveness in predicting mortality risk among patients with diabetes/prediabetes.

This study aims to explore the predictive capabilities of obesity and lipid-related indices (TyG, TyG-BMI, TyG-WHtR, TyG-WWI, TyG-WC, LAP, VAI, and ABSI) for all-cause and cardiovascular mortality among patients with diabetes/prediabetes, utilizing the National Health and Nutrition Examination Survey (NHANES) database. Additionally, we will compare the predictive abilities of these indices using machine learning models to identify the most accurate predictive factors.





Materials and methods




Study population in NHANES

In this study, we analyzed data collected from 1999 to 2018. The criteria for excluding samples included the following (1): lack of necessary parameters for assessing obesity and lipid-related indices; (2) absence of definitional information for diabetes and prediabetes; (3) missing covariate data; (4) absence of survival data (Figure 1). The NHANES study protocol was approved by the Institutional Review Board of the National Center for Health Statistics (NCHS), and all participants provided written informed consent. For more detailed information about this study, please visit: www.cdc.gov/nchs/nhanes/irba98.htm.




Figure 1 | Flowchart of inclusion and exclusion criteria for the study.







Assessment of the diagnosis of prediabetes and diabetes

The diagnosis of diabetes was based on one or more of the following criteria: (1) a medical diagnosis confirmed by the patient’s healthcare provider with self-reporting; (2) glycated hemoglobin (HbA1c) level ≥ 6.5%; (3) FPG level ≥ 7.0 mmol/L; (4) questionnaire results indicating that the patient is using diabetes medications. Prediabetes was defined by the following criteria: (1) a diagnosis confirmed by a healthcare professional through self-reporting; (2) HbA1c levels between 5.7% and less than 6.5%; (3) FPG levels between 100 mg/dL and 125 mg/dL (19).





Definitions of obesity and lipid-related indices

In this study, the obesity and lipid-related indices included TyG, TyG-BMI, TyG-WWI, TyG-WHtR, TyG-WC, ABSI, LAP, and VAI. The calculation methods for TyG and its related obesity indicators are as follows. Since ABSI values are typically low, the values presented in this study are shown as 10-fold multiples (18):

	

	

	

	

	

VAI (13) is calculated as follows:

	

LAP (13) is calculated as follows:

	

The ABSI (12) is calculated as follows:

	

FPG: Fasting blood glucose; HDL-C: High density lipoprotein cholesterol; WWI: Weight-adjusted waist circumference index; WC: Waist circumference.





Mortality

In this study, mortality data for all NHANES participants were matched with the National Death Index (NDI) using probabilistic matching methods, with a cutoff date of December 31, 2019. This process was used to calculate all-cause mortality rates. Additionally, considering the close relationship between obesity, lipid-related indices, and diabetes in relation to cardiovascular mortality risk, we used the death codes provided by the NDI to ascertain the cause of death. Causes of death were classified as cardiovascular-related according to the International Classification of Diseases, Tenth Revision (ICD-10), using relevant codes I00-I09, I11, I13, and I20-I51.





Covariates

Covariate information for this study was collected from NHANES demographic data, questionnaires, and laboratory tests. We categorized the covariates into three main groups: baseline demographic data (age, gender, race), lifestyle factors (marital status, education level, BMI, alcohol consumption, and sedentary behavior), and comorbidities (hyperlipidemia, and CVD). The specific definitions are as follows:

The original five racial classifications from NHANES were condensed into three categories: Hispanic, Non-Hispanic Black, and Non-Hispanic White and Other; Marital status was categorized as divorced, married, or unmarried; Education level was classified as Below high school (Less Than 9th Grade), High school graduate or GED (9-11th Grade, including 12th grade with no diploma), and Some college or above (Some College or AA degree/College Graduate or above); BMI classifications were defined as normal (<25 kg/m²), obese (≥30 kg/m²), and overweight (≥25 kg/m² but <30 kg/m²); Sedentary behavior was defined as sitting or reclining for more than 480 minutes per day, or responding the questionnaire with an emphasis on a sedentary typical day; Alcohol consumption status was classified into three categories: current drinker (defined as having consumed more than 12 types of alcoholic beverages in their lifetime and currently consuming), former drinker (defined as having consumed more than 12 types of alcoholic beverages at any time during their lifetime but not in the past year), and never drinker (defined as having consumed no more than 12 types of alcoholic beverages in their lifetime); Hyperlipidemia was defined by any of the following criteria: total cholesterol levels equal to or exceeding 200 mg/dL, triglyceride levels equal to or exceeding 150 mg/dL, male HDL-C levels below 40 mg/dL, female HDL-C levels below 50 mg/dL, or low-density lipoprotein cholesterol (LDL-C) levels equal to or exceeding 130 mg/dL; CVD was defined as a positive response to any of the following questions: “Has a doctor or other health professional ever told you that you have congestive heart failure (CHF), coronary heart disease (CHD), angina, a heart attack, or a stroke?”





Statistical analysis

We employed a complex sampling design to ensure nationally representative estimates, and all analyses were adjusted for survey design and weighting variables. The new sample weights were calculated by dividing the original two-year sample weights by 20. Continuous variables are presented as means ± standard deviation (SD), while categorical variables are expressed as counts (N) and percentages (%). The obesity and lipid-related indices were categorized into four groups using quartiles. We used weighted t-tests (for continuous variables) or weighted chi-square tests (for categorical variables) to assess differences between survival and mortality group. The survival probabilities of diabetes/prediabetes patients under different obesity and lipid-related indices were compared using Kaplan-Meier (KM) curves and log-rank tests. The Cox regression model was used to analyze the mortality risk in diabetes/prediabetes patients, with model construction undergoing multiple adjustments: Model 1 adjusted for baseline demographic data; Model 2 further adjusted for lifestyle factors; and Model 3 adjusted for comorbidities on top of Model 2. A p-value of less than 0.05 was considered statistically significant for all two-sided tests. Furthermore, we employed a restricted cubic spline (RCS) model to treat obesity and lipid-related indices as continuous variables, investigating the linear and non-linear associations between these indices and mortality risk in diabetes/prediabetes patients by setting the 10th, 50th, and 90th percentiles as nodes of the RCS (20).





Machine learning

This study also employed machine learning (ML) modeling strategies to compare predictive abilities of obesity and lipid-related indices for mortality risk based on the Cox regression model. We used supervised MLs, integrating various obesity and lipid-related indices, components of each index, all covariates, and survival data into the machine learning dataset (21): extreme gradient boosting (XGBoost), decision tree (DT), robust support vector machine (RSVM), elastic net regression (Enet), multi-layer perceptron (MLP), logistic regression, random forest (RF), and k-nearest neighbors (KNN). The dataset was divided into two non-overlapping parts: a training set (60%) and a testing set (40%). In the training dataset, each model underwent automatic hyperparameter tuning using Bayesian optimization and five-fold cross-validation. When comparing the eight machine learning algorithms, we synthesized the assessment of the best algorithm using the receiver operating characteristic - area under the curve (ROC-AUC), accuracy, precision, recall, and calibration curves. We subsequently applied SHapley Additive Explanations (SHAP) to interpret the machine learning models, aiming to address the black box issue associated with these models. The Shapley value, derived from cooperative game theory, quantifies the importance of each feature in the model by calculating marginal contributions (22). We used the “fastshap” package to generate SHAP beeswarm plots to visualize each variable’s contribution to individual predictions. This clearly illustrates the significance of obesity and lipid-related indices and analyzes how the components of different indices contribute to and influence mortality risk.






Results




Baseline characteristics of study participants

This study included 4,058 participants with diabetes/prediabetes, of whom 640 (12%) died before December 31, 2019. Significant differences were observed between the mortality group and the survival group across multiple variables. First, the mortality group had a higher average age of 70.5 years and relatively fewer male survivors. Additionally, the mortality group had a higher proportion of Non-Hispanic White and other racial groups, as well as a greater proportion of married individuals. Notably, the mortality group exhibited higher rates of sedentary behavior, poverty, and low educational attainment, along with higher proportions of non-drinkers, individuals with hyperlipidemia, and CVD. Furthermore, some anthropometric measures, such as height, weight, and waist circumference, were slightly lower in the mortality group compared to the survival group. However, new anthropometric measurements derived from these indicators, such as the WWI and ABSI, were higher in the mortality group. Blood lipid and glucose levels were also significantly elevated in the mortality group. Additionally, the TyG was higher in the mortality group. Other derived anthropometric indices, such as TyG-WHtR and TyG-WWI, were also elevated compared to the survival group, with the VAI significantly higher as well. However, no significant difference was found in the LAP between the two groups (Table 1).


Table 1 | Characteristics of participants according to All-cause mortality. (NHANES 1999-2018, N = 4,058).







Survival patterns of diabetes/prediabetes patients by quartile levels of obesity and lipid-related indices

We conducted a survival analysis on the indices that demonstrated statistical differences between the survival and mortality groups in Table 1. The KM curves revealed that diabetes/prediabetes patients in the lowest quartile of TyG, TyG-WWI, and ABSI had significantly higher overall survival probabilities compared to those in the highest quartile (P = 5e-05, P < 2e-16, and P < 2e-16, respectively) (Figures 2A–C). Additionally, the TyG-BMI in the Q2 group demonstrated the highest survival probability (P = 4e-06) (Figure 2D), while TyG-WC, TyG-WHtR, LAP, and VAI did not show significant differences (P = 0.3, P = 0.2, P = 0.05, and P = 0.3, respectively) (Figures 2E–H).




Figure 2 | Kaplan-Meier survival analysis curves for all-Cause mortality. The Kaplan-Meier curves show the cumulative probabilities of all-cause mortality at 250 days for each group: (A) TyG: Q1 (6.56, 8.33), Q2 (8.34, 8.74), Q3 (8.75, 9.17), Q4 (9.18, 11.03); (B) TyG-WWI: Q1 (60.85, 90.83), Q2 (90.84, 98.38), Q3 (98.39, 106.25), Q4 (106.26, 144.15); (C) ABSI: Q1 (0.60, 0.78), Q2 (0.79, 0.81), Q3 (0.82, 0.85), Q4 (0.86, 0.99); (D) TyG-BMI: Q1 (115.40, 223.37), Q2 (223.38, 262.31), Q3 (262.32, 313.23), Q4 (313.24, 620.83); (E) TyG-WC: Q1 (453.12, 792.26), Q2 (792.27, 902.24), Q3 (902.25, 1025.15), Q4 (1025.16, 1648.81); (F) TyG-WHtR: Q1 (2.63, 4.73), Q2 (4.74, 5.40), Q3 (5.41, 6.14), Q4 (6.15, 10.23); (G) LAP: Q1 (3.07, 149.93), Q2 (149.94, 202.77), Q3 (202.78, 268.45), Q4 (268.46, 604.96); (H) VAI: Q1 (0.15, 1.01), Q2 (1.02, 1.68), Q3 (1.69, 2.75), Q4 (2.76, 11.39). TyG, Triglyceride Glucose; TyG-BMI, Triglyceride Glucose - Body Mass Index; TyG-WHtR, Triglyceride Glucose - Waist to Height Ratio; TyG-WWI, Triglyceride Glucose - Weight Adjusted Waist Index; TyG-WC, Triglyceride Glucose - Waist Circumference; ABSI, A Body Shape Index; LAP, Lipid Accumulation Product; VAI, Visceral Adiposity Index.







Associations between obesity and lipid-related indices and mortality

We performed a quartile-based analysis of obesity and various lipid-related indices, including TyG, TyG-BMI, TyG-WHtR, TyG-WWI, TyG-WC, LAP, VAI, and ABSI. The results from the Cox regression analysis indicated significant associations between TyG, TyG-WWI, and ABSI and all-cause mortality in diabetes/prediabetes patients. After adjustment in Model 3, compared to baseline levels (Q1), the highest quartile of TyG (Q4: 9.18, 11.03) and TyG-WWI (Q4: 106.26, 144.15) respectively increased the risk of all-cause mortality, with a HR of 1.49 (95% CI: 1.09-2.03) and 1.52 (95% CI: 1.02-2.26). Furthermore, ABSI in Q3 (0.82, 0.85) and Q4 (0.86, 0.99) also indicated increased all-cause mortality risk, with HRs of 1.80 (95% CI: 1.23-2.64) and 1.68 (95% CI: 1.17-2.41), respectively. Additionally, the analysis of ungrouped continuous variables revealed that for each one-unit increase in TyG, TyG-WWI, and ABSI, the all-cause mortality risk increased by 1.4 times, 1.02 times, and 48.6 times, respectively (Figure 3, Supplementary Table S2).




Figure 3 | Forest plot of obesity and lipid-related indicators with mortality. Multiple Cox regression model: Model 1: Adjusted for Age, Gender, Race; Model 2: Adjusted for Age, Gender, Race, Education, Marital, PIR, Sedentary, Drinking status; Model 3: Adjusted for Age, Gender, Race, Education, Marital, PIR, Sedentary, Drinking status, Hyperlipidemia, CVD. TyG, Triglyceride Glucose; TyG-BMI, Triglyceride Glucose - Body Mass Index; TyG-WHtR, Triglyceride Glucose - Waist to Height Ratio; TyG-WWI, Triglyceride Glucose - Weight Adjusted Waist Index; TyG-WC, Triglyceride Glucose - Waist Circumference; ABSI, A Body Shape Index; LAP, Lipid Accumulation Product; VAI, Visceral Adiposity Index. *P < 0.05; **P < 0.01.



Moreover, focusing solely on patients who died from cardiovascular causes (Supplementary Table S1), the Cox regression analysis indicated a significant association between TyG and cardiovascular mortality in diabetes/prediabetes patients. After adjustment in Model 3, the highest quartile of TyG (Q4: 8.75, 11.03) was associated with an increased risk of cardiovascular mortality, with a HR of 1.98 (95% CI: 1.04-2.35). Additionally, the analysis of ungrouped continuous variables revealed that for each one-unit increase in TyG, the risk of cardiovascular mortality increased by 1.57 times (Figure 3, Supplementary Table S3). Additionally, TyG-WC in the Q4 was associated with elevated cancer-related mortality, with a HR of 3.09 (95% CI: 1.11–8.58) (Figure 3, Supplementary Table S4).





Race differences in analysis

Cox regression analysis of race revealed that race-specific associations between obesity/lipid-related indicators and mortality risks. For Hispanic populations, elevated TyG quartiles (Q4) significantly increased all-cause mortality (HR = 2.35, 95% CI: 1.18–4.68) and cardiovascular mortality (HR = 2.42, 95% CI: 1.12–5.24), with per-unit TyG increases further amplifying risks (all-cause: HR = 1.94; Cardiovascular mortality: HR = 1.69). Non-Hispanic Black groups exhibited extreme obesity-driven risks, particularly with higher ABSI quartiles (all-cause mortality Q2–Q4 HRs = 3.79–3.00, all *P < 0.05; cardiovascular mortality per-unit HR = 49.3, 95% CI: 6.19–392, ***P < 0.001). Additionally, ABSI at the Q4 level demonstrated an elevated risk of all-cause mortality in both the Hispanic and Non-Hispanic White and Other groups. Non-Hispanic White/Other populations only showed significant cancer mortality risks with TyG-WC Q4 (HR = 3.26, 95% CI: 1.03–10.34). LAP/VAI showed no significant associations across races (Tables 2–4).


Table 2 | Subgroup analysis of all-cause mortality risk based on race.




Table 3 | Subgroup analysis of cardiovascular risk based on race.




Table 4 | Subgroup analysis of cancer mortality risk based on race.







Gender differences in analysis

Given that VAI and LAP were calculated based on gender, we further explored their predictive capacity for mortality through subgroup analysis in diabetes/prediabetes patients. The Cox regression analysis demonstrated a significant association between VAI and cardiovascular mortality specifically among males. Notably, after adjustment in Model 3, individuals in the Q3 (1.69, 2.75) and Q4 (2.76, 11.39) groups showed significantly increased cardiovascular mortality risks, with HR of 3.70 (95% CI: 1.21-11.3) and 3.43 (95% CI: 1.36-8.65), respectively. Furthermore, the analysis of ungrouped continuous variables indicated that for each one-unit increase in VAI, the cardiovascular mortality risk increased by 1.29 times. Finally, neither VAI nor LAP demonstrated significant differences in cancer-related mortality, with both showing no statistical significance (Table 5).


Table 5 | Subgroup analysis of mortality risk based on gender.







Trend analysis of obesity and lipid-related indices with mortality

Using multivariable-adjusted RCS analysis, we visualized the associations of various indices with all-cause and cardiovascular mortality in diabetes/prediabetes patients. The analysis of all-cause mortality revealed that both TyG and TyG-WWI displayed a linear relationship with all-cause mortality (overall P-values < 0.0001), with cutoff points where the HR exceeded 1 at 9.21 and 103.03, respectively (Figures 4A, B). In contrast, ABSI exhibited a non-linear relationship with all-cause mortality, with a non-linear P-value of 0.0391, showing cutoff points at 0.80 and 0.83 (Figure 4C). Additionally, among male diabetes/prediabetes patients, moderate to high levels of VAI (Q3: 1.69, 2.75; Q4: 2.76, 11.39) were associated with a clear linear relationship to cardiovascular mortality (overall P-value < 0.0001), with a cutoff point where HR exceeded 1 at 1.47 (Figure 4D).




Figure 4 | Restricted cubic spline regression analysis of obesity and lipid-related indices with mortality. This figure presents spline analysis of mortality risk for obesity and lipid-related indices, accompanied by the background frequency distribution histogram. Solid lines represent the hazard ratios (HR) adjusted for multivariable covariates (Age, Gender, Race, Education, Marital Status, Poverty Income Ratio (PIR), Sedentary Behavior, Drinking Status, Hyperlipidemia, and Cardiovascular disease (CVD)). The shaded areas indicate the 95% confidence intervals derived from the RCS regression. TyG (A) and TyG-WWI (B) show linear relationships with all-cause mortality, while ABSI (C) indicates a non-linear relationship. VAI (D) demonstrates a linear relationship with cardiovascular mortality in male patients, where all red points correspond to cutoff values for HR > 1.







Evaluation of machine learning models

After determining that TyG, TyG-WWI, and ABSI are significant risk factors for all-cause mortality in diabetes/prediabetes patients, we aimed to assess the importance of these indices and their contributions to mortality risk by comparing eight ML algorithms: XGBoost, DT, SVM, Enet, MLP, RF, and KNN. The results indicated that the XGBoost model achieved the highest area under the curve (AUC) value of 0.85, with an accuracy of 0.79, precision of 0.94, and recall of 0.81, indicating strong performance across various metrics (Figures 5A, B, Supplementary Table S5). Furthermore, the calibration curve showed good consistency between the predicted probabilities from the XGBoost model and the actual probabilities (Figure 5C). Thus, we selected XGBoost as the optimal ML model for predicting mortality risk in this study. Subsequently, we used the SHAP model to interpret and visualize feature importance. The beeswarm plot illustrates the cumulative impact of each feature on mortality risk, arranged in descending order of importance. Positive SHAP values indicate that increasing feature values are directly correlated with higher mortality risk, with larger SHAP values contributing more significantly to the predictions.




Figure 5 | Evaluation of machine learning models and SHAP beeswarm Plot. (A) The parallel coordinate plot assesses the efficacy of eight machine learning algorithms based on accuracy, precision, recall, and ROC AUC calculations found in Supplementary Table S2; (B) Comparison of eight machine learning algorithms on ROC curves; (C) Calibration curves for eight machine learning algorithms; (D) SHAP interpretability beeswarm plot incorporating all obesity and lipid-related indices associated with mortality risk, illustrating the cumulative impact of each feature on mortality risk and sorted by importance.



In the global interpretability of the optimal XGBoost model, age emerged as the most significant contributor to mortality risk, consistent with clinical expectations. In the overall model that included covariates, the importance ranking of obesity and lipid-related indices was as follows: TyG > ABSI > TyG-WWI (Figure 5D). In the TyG-related model, apart from age, fasting blood glucose and triglycerides ranked second and third, respectively. Notably, very low fasting blood glucose also increased mortality risk (Figure 6A). A similar trend was observed in the TyG-WWI model, with fasting blood glucose and triglycerides carrying substantial weight, followed by weight and waist circumference (Figure 6B). In the ABSI model, waist circumference was the most significant factor, followed by weight and height, with very low weight significantly increasing the risk of mortality (Figure 6C).




Figure 6 | SHAP beeswarm plots for the four indices in the optimal XGBoost model. (A) The SHAP beeswarm plot for TyG, (B) TyG-WWI, (C) ABSI, and (D) VAI models provides a global interpretation of how each component of these indices predicts the risk of mortality in patients with diabetes/prediabetes. The beeswarm plots illustrate the cumulative impact of each feature on mortality risk, arranged in descending order of importance. In the plots, the Feature values are represented using a gradient color scheme that indicates the magnitude of each feature variable. Positive SHAP values imply that the feature values are positively correlated with an increased risk of mortality, with larger SHAP values contributing more significantly to mortality predictions. This visual representation helps in understanding how each component of TyG, TyG-WWI, ABSI, and VAI influences the overall risk of death among individuals diagnosed with diabetes or prediabetes.



In summary, both blood glucose-related indices and anthropometric measures substantially influence mortality risk in patients with diabetes/prediabetes. For cardiovascular mortality risk in male patients, the feature importance for VAI was ranked as follows: triglycerides, HDL-C, height, waist circumference, and weight, with triglycerides, waist circumference, and weight positively contributing to mortality risk, while other indicators showed a negative impact (Figure 6D).






Discussion

This cross-sectional study systematically explores the relationship between obesity and lipid-related indices and all-cause and cardiovascular mortality in patients with diabetes/prediabetes in the United States. Additionally, we employed machine learning methods to assess and compare the predictive capabilities of these indices regarding mortality risk. The findings indicate that TyG > 8.75, ABSI > 0.82, and TyG-WWI > 98.39 are positively correlated with all-cause mortality in diabetes/prediabetes patients, with TyG > 8.75 also showing a significant positive correlation with cardiovascular mortality. We observed a non-linear trend in the relationships between ABSI and TyG-WWI and all-cause mortality, while TyG exhibited a significant linear correlation with both all-cause and cardiovascular mortality.

Among the machine learning algorithms, the XGBoost model demonstrated the best predictive performance, and the SHAP analysis revealed that TyG is the most significant contributor to all-cause mortality in patients with diabetes/prediabetes. In addition to age, high levels of fasting blood glucose and triglycerides were significant contributors. The remaining indices were ranked in terms of their contribution as follows: ABSI, TyG-BMI, and TyG-WWI. In the subgroup analysis based on gender, we found that moderate to high levels of VAI (>1.69) were positively correlated with cardiovascular mortality in male patients with diabetes and prediabetes, displaying a linear relationship, with triglycerides being the most significant contributor.

We recognize that TyG is an important indicator of IR, a core issue in diabetes/prediabetes. The significance of TyG in predicting risk for patients with diabetes and prediabetes should not be overlooked. This study also highlights, for the first time that the TyG-related index, TyG-WWI, can effectively predict all-cause mortality risk in diabetes and prediabetes patients, and TyG can also be used to predict cardiovascular mortality risk. The effectiveness of TyG in assessing insulin resistance is partly attributed to its strong sensitivity and specificity, as well as its broad clinical applicability (17). The association between TyG and mortality in diabetes patients, along with poor cardiovascular outcomes, may be influenced by various factors. First, insulin resistance leads to dysregulation of glucose and lipid metabolism, exacerbating inflammation and oxidative stress in the body, which accelerates biological aging (23) and promotes the development of atherosclerosis and CHD (24). Second, insulin resistance can elevate reactive oxygen species (ROS) levels, damaging vascular endothelium (25), leading to excessive platelet activation and potentially triggering thrombosis (26). This series of issues further contributes to cardiovascular diseases, which are among the leading causes of mortality. Therefore, this not only explains why TyG is used to predict the incidence of cardiovascular diseases (27) but also clarifies why TyG is more closely associated with cardiovascular mortality risk than other indices in this study (28).

In this study, we found that the average BMI of all participants was 31 kg/m², indicating a significant obesity risk among patients with diabetes and prediabetes in the United States. It is important to consider that BMI may not effectively distinguish between muscle and fat composition; typically, higher fat content is associated with lower life expectancy, while higher muscle mass may contribute to increased longevity (29). The relationship between BMI and mortality risk is complex, with meta-analyses suggesting a U-shaped non-linear association (30). This phenomenon partially explains the paradox whereby individuals with a high BMI may have a longer lifespan than those with a lower BMI in populations with diabetes (31). In our study, we also conducted subgroup analyses based on BMI levels and found that obesity exhibited more dangerous tendencies across several key indicators including blood glucose, insulin, and TyG index. Interestingly, we also observed that BMI levels in the mortality group were slightly lower than those in the survival group; however, the proportions of hyperlipidemia and CVD were higher. This finding suggests that, in addition to TyG, it is essential to consider other obesity-related indices in our analyses. The results also showed that TyG-WWI plays a significant role in predicting all-cause mortality risk. The WWI standardizes waist circumference relative to body weight, emphasizing abdominal obesity while minimizing the association with BMI. Recent studies have recognized WWI as superior to BMI in predicting diabetes (32). Our research further integrates WWI with TyG to enhance predictive ability regarding mortality risk in patients with diabetes/prediabetes.

Additionally, ABSI, a newly developed body shape index based on waist circumference, weight, and height, is positively associated with visceral fat accumulation (33). Visceral fat accumulation is linked to various adverse outcomes due to excess fatty acid buildup (34), increased triglyceride synthesis and secretion (35), and lower levels of protective factors (PPAR-γ, glycogen synthase, and leptin) (36). ABSI has been validated as an independent predictor of survival rates (33). A 20-year follow-up study by Tate J demonstrated a linear positive correlation between ABSI and all-cause mortality in diabetes patients (37). A notable advantage of ABSI over TyG is its measurement is non-invasive, allowing patients with diabetes/prediabetes to conveniently track changes in this index.

In our gender-based analysis, we found that VAI was associated with cardiovascular mortality risk. Previous research, including that by Marco C, identified VAI as an important indicator of visceral fat function and insulin sensitivity (38). In our study, an association between VAI and cardiovascular mortality risk was observed only in males, similar with findings from Shi Y regarding gender differences affecting VAI (39). The impact of VAI regarding gender differences may stem from variations in insulin sensitivity and differences in body fat distribution due to hormonal levels. Relevant data indicate that, at a given body type, women usually have approximately 10% higher body fat percentages than men (40), and women’s body fat percentages have consistently been higher throughout life (41). This may suggest that men are more sensitive to the health implications of visceral fat accumulation. Therefore, findings regarding gender differences in our study warrant further exploration, potentially guiding future research directions.

Indicators such as TyG, TyG-WWI, ABSI, and VAI effectively reflect individual body composition and lipid profiles in the blood. Based on our findings, we recommend weight loss interventions be prioritized in improving health outcomes for patients with diabetes and prediabetes. However, these strategies should emphasize reducing visceral fat rather than focusing solely on overall weight loss. We suggest implementing effective exercise modalities, including resistance training, aerobic exercise, and overall conditioning. The benefits of these exercise types are reflected in some indicators from our study; for instance, reducing WC can effectively lower ABSI and VAI, suggesting potential improvements in patients’ life expectancy, even without significant changes in body weight.

Naturally, this study has several unresolved issues. Firstly, due to the limitations of cross-sectional study designs, we cannot establish clear causal relationships distinguishing TyG, TyG-WWI, ABSI, VAI, and their associations with mortality risk in patients with diabetes/prediabetes. However, the NHANES dataset’s bolsters lies in its large and nationally representative sample, which enhances the statistical power of our analyses and bolsters the reliability of our findings. Secondly, the study population comprised individuals exclusively from the United States, limiting the generalizability of our conclusions. Responses to obesity and related metabolic indicators may differ significantly across regions, cultural backgrounds, or dietary habits. Therefore, our results may not apply to other populations, and future research should consider broader demographic studies to validate the universality and applicability of these findings.





Conclusion

This study represents the first comprehensive assessment of the associations between obesity, lipid-related indices, and all-cause and cardiovascular mortality risk in patients with diabetes/prediabetes. The results indicate that TyG is closely related to all-cause and cardiovascular mortality in patients with diabetes/prediabetes and demonstrates superior predictive capability compared to other indices. This finding underscores the potential role of TyG as an effective biomarker in the clinical management of diabetes/prediabetes. Furthermore, TyG-WWI and ABSI also effectively predict all-cause mortality risk, while VAI shows a significant association with cardiovascular mortality specifically in male patients. These indicators assess life expectancy from multiple dimensions and suggest a greater focus on the rationality of body fat distribution rather than solely on BMI or overall weight changes. This shift in focus can help optimize long-term management and intervention strategies for patients with diabetes and prediabetes.





Data availability statement

The NHANES data in this study is sourced from the Centers for Disease Control and Prevention, and all data is freely accessible at: https://wwwn.cdc.gov/Nchs/Nhanes/.





Author contributions

ZY: Data curation, Formal analysis, Funding acquisition, Methodology, Software, Visualization, Writing – original draft. XC: Formal analysis, Funding acquisition, Validation, Writing – original draft. ZL: Supervision, Validation, Visualization, Writing – review & editing. RL: Supervision, Validation, Visualization, Writing – review & editing. XD: Data curation, Formal analysis, Methodology, Software, Visualization, Writing – review & editing.





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 could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2025.1492082/full#supplementary-material




References

1. Lin, X, Xu, Y, Pan, X, Xu, J, Ding, Y, Sun, X, et al. Global, regional, and national burden and trend of diabetes in 195 countries and territories: an analysis from 1990 to 2025. Sci Rep. (2020) 10:14790. doi: 10.1038/s41598-020-71908-9

2. Echouffo-Tcheugui, JB, Perreault, L, Ji, L, and Dagogo-Jack, S. Diagnosis and management of prediabetes: A review. JAMA. (2023) 329:1206–16. doi: 10.1001/jama.2023.4063

3. Tabak, AG, Herder, C, Rathmann, W, Brunner, EJ, and Kivimaki, M. Prediabetes: a high-risk state for diabetes development. Lancet. (2012) 379:2279–90. doi: 10.1016/S0140-6736(12)60283-9

4. Bansal, N. Prediabetes diagnosis and treatment: A review. World J Diabetes. (2015) 6:296–303. doi: 10.4239/wjd.v6.i2.296

5. Mohammadpour-Haratbar, A, Mohammadpour-Haratbar, S, Zare, Y, Rhee, KY, and Park, SJ. A review on non-enzymatic electrochemical biosensors of glucose using carbon nanofiber nanocomposites. Biosensors (Basel). (2022) 12:1004. doi: 10.3390/bios12111004

6. Brunner, EJ, Shipley, MJ, Witte, DR, Fuller, JH, and Marmot, MG. Relation between blood glucose and coronary mortality over 33 years in the Whitehall Study. Diabetes Care. (2006) 29:26–31. doi: 10.2337/diacare.29.01.06.dc05-1405

7. Huang, Y, Cai, X, Mai, W, Li, M, and Hu, Y. Association between prediabetes and risk of cardiovascular disease and all cause mortality: systematic review and meta-analysis. BMJ. (2016) 355:i5953. doi: 10.1136/bmj.i5953

8. Sanchez, E, Betriu, A, Lopez-Cano, C, Hernandez, M, Fernandez, E, Purroy, F, et al. Characteristics of atheromatosis in the prediabetes stage: a cross-sectional investigation of the ILERVAS project. Cardiovasc Diabetol. (2019) 18:154. doi: 10.1186/s12933-019-0962-6

9. Tooke, JE. Microvascular function in human diabetes. A physiological perspective. Diabetes. (1995) 44:721–6. doi: 10.2337/diab.44.7.721

10. Einarson, TR, Acs, A, Ludwig, C, and Panton, UH. Prevalence of cardiovascular disease in type 2 diabetes: a systematic literature review of scientific evidence from across the world in 2007-2017. Cardiovasc Diabetol. (2018) 17:83. doi: 10.1186/s12933-018-0728-6

11. Wu, H, and Ballantyne, CM. Metabolic inflammation and insulin resistance in obesity. Circ Res. (2020) 126:1549–64. doi: 10.1161/CIRCRESAHA.119.315896

12. Bawadi, H, Abouwatfa, M, Alsaeed, S, Kerkadi, A, and Shi, Z. Body shape index is a stronger predictor of diabetes. Nutrients. (2019) 11:1018. doi: 10.3390/nu11051018

13. Nusrianto, R, Ayundini, G, Kristanti, M, Astrella, C, Amalina, N, Muhadi,, et al. Visceral adiposity index and lipid accumulation product as a predictor of type 2 diabetes mellitus: The Bogor cohort study of non-communicable diseases risk factors. Diabetes Res Clin Pract. (2019) 155:107798. doi: 10.1016/j.diabres.2019.107798

14. Zhang, X, Wang, Y, Li, Y, Gui, J, Mei, Y, Yang, X, et al. Optimal obesity- and lipid-related indices for predicting type 2 diabetes in middle-aged and elderly Chinese. Sci Rep. (2024) 14:10901. doi: 10.1038/s41598-024-61592-4

15. Zhang, L, and Zeng, L. Non-linear association of triglyceride-glucose index with prevalence of prediabetes and diabetes: a cross-sectional study. Front Endocrinol (Lausanne). (2023) 14:1295641. doi: 10.3389/fendo.2023.1295641

16. Park, HM, Lee, HS, Lee, YJ, and Lee, JH. The triglyceride-glucose index is a more powerful surrogate marker for predicting the prevalence and incidence of type 2 diabetes mellitus than the homeostatic model assessment of insulin resistance. Diabetes Res Clin Pract. (2021) 180:109042. doi: 10.1016/j.diabres.2021.109042

17. Matthews, DR, Hosker, JP, Rudenski, AS, Naylor, BA, Treacher, DF, and Turner, RC. Homeostasis model assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin concentrations in man. Diabetologia. (1985) 28:412–9. doi: 10.1007/BF00280883

18. Huang, D, Ma, R, Zhong, X, Jiang, Y, Lu, J, Li, Y, et al. Positive association between different triglyceride glucose index-related indicators and psoriasis: evidence from NHANES. Front Immunol. (2023) 14:1325557. doi: 10.3389/fimmu.2023.1325557

19. Zhang, Q, Xiao, S, Jiao, X, and Shen, Y. The triglyceride-glucose index is a predictor for cardiovascular and all-cause mortality in CVD patients with diabetes or pre-diabetes: evidence from NHANES 2001-2018. Cardiovasc Diabetol. (2023) 22:279. doi: 10.1186/s12933-023-02030-z

20. Marrie, RA, Dawson, NV, and Garland, A. Quantile regression and restricted cubic splines are useful for exploring relationships between continuous variables. J Clin Epidemiol. (2009) 62:511–7.e1. doi: 10.1016/j.jclinepi.2008.05.015

21. Lin, Z, Cheng, YT, and Cheung, BMY. Machine learning algorithms identify hypokalaemia risk in people with hypertension in the United States National Health and Nutrition Examination Survey 1999-2018. Ann Med. (2023) 55:2209336. doi: 10.1080/07853890.2023.2209336

22. Wang, K, Tian, J, Zheng, C, Yang, H, Ren, J, Liu, Y, et al. Interpretable prediction of 3-year all-cause mortality in patients with heart failure caused by coronary heart disease based on machine learning and SHAP. Comput Biol Med. (2021) 137:104813. doi: 10.1016/j.compbiomed.2021.104813

23. Tucker, LA. Insulin resistance and biological aging: the role of body mass, waist circumference, and inflammation. BioMed Res Int. (2022) 2022:2146596. doi: 10.1155/2022/2146596

24. Yang, Q, Vijayakumar, A, and Kahn, BB. Metabolites as regulators of insulin sensitivity and metabolism. Nat Rev Mol Cell Biol. (2018) 19:654–72. doi: 10.1038/s41580-018-0044-8

25. Molina, MN, Ferder, L, and Manucha, W. Emerging role of nitric oxide and heat shock proteins in insulin resistance. Curr Hypertens Rep. (2016) 18:1. doi: 10.1007/s11906-015-0615-4

26. Gerrits, AJ, Koekman, CA, van Haeften, TW, and Akkerman, JW. Platelet tissue factor synthesis in type 2 diabetic patients is resistant to inhibition by insulin. Diabetes. (2010) 59:1487–95. doi: 10.2337/db09-1008

27. Jin, JL, Cao, YX, Wu, LG, You, XD, Guo, YL, Wu, NQ, et al. Triglyceride glucose index for predicting cardiovascular outcomes in patients with coronary artery disease. J Thorac Dis. (2018) 10:6137–46. doi: 10.21037/jtd.2018.10.79

28. Liu, F, Ling, Q, Xie, S, Xu, Y, Liu, M, Hu, Q, et al. Association between triglyceride glucose index and arterial stiffness and coronary artery calcification: a systematic review and exposure-effect meta-analysis. Cardiovasc Diabetol. (2023) 22:111. doi: 10.1186/s12933-023-01819-2

29. Bigaard, J, Frederiksen, K, Tjonneland, A, Thomsen, BL, Overvad, K, Heitmann, BL, et al. Body fat and fat-free mass and all-cause mortality. Obes Res. (2004) 12:1042–9. doi: 10.1038/oby.2004.131

30. Katzmarzyk, PT, Hu, G, Cefalu, WT, Mire, E, and Bouchard, C. The importance of waist circumference and BMI for mortality risk in diabetic adults. Diabetes Care. (2013) 36:3128–30. doi: 10.2337/dc13-0219

31. Tobias, DK, and Manson, JE. The obesity paradox in type 2 diabetes and mortality. Am J Lifestyle Med. (2018) 12:244–51. doi: 10.1177/1559827616650415

32. Li, X, Zhao, D, and Wang, H. Association between weight-adjusted waist index and risk of diabetes mellitus type 2 in United States adults and the predictive value of obesity indicators. BMC Public Health. (2024) 24:2025. doi: 10.1186/s12889-024-19576-6

33. Krakauer, NY, and Krakauer, JC. A new body shape index predicts mortality hazard independently of body mass index. PloS One. (2012) 7:e39504. doi: 10.1371/journal.pone.0039504

34. Ibrahim, MM. Subcutaneous and visceral adipose tissue: structural and functional differences. Obes Rev. (2010) 11:11–8. doi: 10.1111/j.1467-789X.2009.00623.x

35. Wajchenberg, BL. Subcutaneous and visceral adipose tissue: their relation to the metabolic syndrome. Endocr Rev. (2000) 21:697–738. doi: 10.1210/edrv.21.6.0415

36. Lefebvre, AM, Laville, M, Vega, N, Riou, JP, van Gaal, L, Auwerx, J, et al. Depot-specific differences in adipose tissue gene expression in lean and obese subjects. Diabetes. (1998) 47:98–103. doi: 10.2337/diab.47.1.98

37. Tate, J, Knuiman, M, Davis, WA, Davis, TME, and Bruce, DG. A comparison of obesity indices in relation to mortality in type 2 diabetes: the Fremantle Diabetes Study. Diabetologia. (2020) 63:528–36. doi: 10.1007/s00125-019-05057-8

38. Amato, MC, Giordano, C, Galia, M, Criscimanna, A, Vitabile, S, Midiri, M, et al. Visceral Adiposity Index: a reliable indicator of visceral fat function associated with cardiometabolic risk. Diabetes Care. (2010) 33:920–2. doi: 10.2337/dc09-1825

39. Shi, Y, Yu, C, Hu, L, Li, M, Zhou, W, Wang, T, et al. Visceral adiposity index and sex differences in relation to peripheral artery disease in normal-weight adults with hypertension. Biol Sex Differ. (2022) 13:22. doi: 10.1186/s13293-022-00432-4

40. Womersley, J. A comparison of the skinfold method with extent of ‘overweight’ and various weight-height relationships in the assessment of obesity. Br J Nutr. (1977) 38:271–84. doi: 10.1079/BJN19770088

41. Gallagher, D, Visser, M, Sepulveda, D, Pierson, RN, Harris, T, and Heymsfield, SB. How useful is body mass index for comparison of body fatness across age, sex, and ethnic groups? Am J Epidemiol. (1996) 143:228–39. doi: 10.1093/oxfordjournals.aje.a008733




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.


Copyright © 2025 Yan, Chang, Liu, Liu and Du. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-16-1492082-g006.jpg
Age

Blood_glucose

Triglyceride
Education_Some.college.or.above
Drinking.status_Former.drinker q
Sedentary_Yes
Drinking.status_Never.drinker q
PIR_Low..1.39.

CVD_Yes

feature

Race_Non.Hispanic.Black
Race_Non.Hispanic.White.and.Other 4
Sex_Male

Marital_Married 4
Education_High.school.graduate.or. GED
Hyperlipidemia_Yes
PIR_Medium..1.39...3.49.

Marital_Never.married 7

L eese———— © 0
B
B

-
 —
*
et
.

| —

-

N

N

R )

affs

4

*

°

-0.25

00 025
SHAP value

o

0.50

075

C

Age

Wistline +
Education_Some.college.or.above {
Drinking.status_Former.drinker
Sedentary_Yes
Drinking.status_Never.drinker
Weight

PIR_Low..1.39.9

CVD_Yesq

feature

Height 4

Marital_Married
Race_Non.Hispanic.White.and.Other
PIR_Medium..1.39...3.49.
Education_High.school.graduate.or.GED
Race_Non.Hispanic.Black §
Sex_Male
Hyperlipidemia_Yes 4

Marital_Never.married

_.....,.mmd’

025
SHAP value

o
=
S

0.50

075

High

anjen ainjeaq

High

anjen ainjesy

Low

B Ageq o

Blood_glucose

Triglyceride 4
Education_Some.college.or.above
Drinking.status_Former.drinker
Sedentary_Yes

Weight
Drinking.status_Never.drinker
CVD_Yes

PIR_Low..1.39.4

Wistline

Marital_Married

feature

Race_Non.Hispanic.White.and.Other
Race_Non.Hispanic.Black 1

Sex_Male

Hyperlipidemia_Yes
Education_High.school.graduate.or. GED
PIR_Medium..1.39...3.49. 4

Marital_Never.married

ttt

-oo*ft#f‘ft

T
-0.25

025
SHAP value

00

S

0.50

0.75

Age
Triglyceride 4
Sedentary_Yes
Marital_Married
Weightq
PIR_Low..1.39.
HDL-C
CVD_Yes+

Wistline

feature

Height

Drinking.status_Never.drinker q
Hyperlipidemia_Yes
PIR_Medium..1.39...3.49. 4
Race_Non.Hispanic.White.and.Other 4
Drinking.status_Former.drinker
Race_Non.Hispanic.Black 4

Marital_Never.married

° * °
#-
B ]
o affpmmm=s s
o P
r—

.
S
e o
o
.
¢

¢

]

L]

J

L Ersssosssmm———"" emmee ¢

X 02
SHAP value

0

=)

04

High

anjen ainjeay

Low

High

anjeA ainjeay





OEBPS/Images/M2.jpg
VHIR = WA
TyG - WHIR = TyG x s





OEBPS/Images/M6.jpg
Ml VAL = sty (M55 x (sordinearn)

Femles: VAl = sy S (b))





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The association of obesity and lipid-related indicators with all-cause and cardiovascular mortality risks in patients with diabetes or prediabetes: a cross-sectional study based on machine learning algorithms

      

        		

          Objective

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Study population in NHANES

          



          		

            Assessment of the diagnosis of prediabetes and diabetes

          



          		

            Definitions of obesity and lipid-related indices

          



          		

            Mortality

          



          		

            Covariates

          



          		

            Statistical analysis

          



          		

            Machine learning

          



        



        



        		

          Results

        

          		

            Baseline characteristics of study participants

          



          		

            Survival patterns of diabetes/prediabetes patients by quartile levels of obesity and lipid-related indices

          



          		

            Associations between obesity and lipid-related indices and mortality

          



          		

            Race differences in analysis

          



          		

            Gender differences in analysis

          



          		

            Trend analysis of obesity and lipid-related indices with mortality

          



          		

            Evaluation of machine learning models

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-16-1492082-g002.jpg
A Strata TyG.quantile.var=Q1 TyG.quantile.var=Q2 TyG.quantile.var=Q3 - TyG.quantile.var=Q4 B Strata TyG_WWI.quantile.var=Q1 TyG_WWI.quantile.var=Q2 TyG_WWI.quantile.var=Q3 TyG_WWI.quantile.var=Q4 ‘ Strata -~ ABSl.quantile.var=Q1 ABSl.quantile.var=Q2 ABSI.quantile.var=Q3 ABSl.quantile.var=Q4 D Strata  TyG_BMIl.quantile.var=Q1 TyG_BMl.quantile.var=Q2 TyG_BMI.quantile.var=Q3 TyG_BMIl.quantile.var=Q4
1.004 1.004 1.004 s 1.004 -
0754 0.754 0.754 0754
z z z z e
3 8 2 g e
8 8 8 8 Ly
a 0.504 2 0.504 a 0.509 o 0.504
g S s s Mo |
£ £ £ £ |
I a 7 @ N Observed Expected (O-E)*2/E (O-E)*2/V
N Observed Expected (O-E)/\Z/E (O-E)/\Z/V i 5 N Observed Expected (O-E)/\Z/E (O-E)/\Z/V TyG BMIquantllevar:Ql 1000 190 142 1647655 2126145
TyG.quantileva—Q1 977 79 119 1.35¢+01 1.67¢+01 , N serged Expesied (O-B) 28 (O-HR2/V ABSILquantile.va—Q1 965 70 180 669 93.76 TyG BMI quantile var-Q2 1054 154 161 031816 042632
sl TyG.quantilevar=Q2 1005 156 156 4.89e-05 6.48e-05 et 0 ¥ Wilaparillewac{J1 B87 | B8 [128 BUDTE 5851 - ABSLquantile.var=Q2 959 97 154 213 28.12 02 TyG BMLquantilevar—Q3 1037 172 171 0.00659 0.00901
' e v ' TyG WWILquantilevar—Q2 983 117 154 8779 11.585 = e i : e ; g :
TyG.quantile.var=Q4 1052 227 186 8.88e+00 1.26e+01 TyG_WWI.quantile.var=Q3 1049 179 172 0.275  0.377 ABSLquantilevar—Q4 1063 295 152 1355 17828 -
TyG WWl.quantile.var=Q4 1129 279 186 46.272 65.434 .
. - . Chisq=27.7 on 3 degrees of freedom, p= 4e-06
Chisq= 22.6 on 3 degrees of freedom, P= 5E-05 Chisq= 229 on 3 degrees of freedom, p= <2e-16
Chisq= 86.5 on 3 degrees of freedom, p= <2e-16
0004 0,004 0004 0.004
0 50 100 150 200 250 50 100 150 200 250 0 50 100 150 200 250 50 100 150 200 250
Time Time Time Time

TyG_WC.quantile.var=Q1 TyG_WC.quantile.var=Q2 TyG_WC.quantile.var=Q3 TyG_WC.quantile.var=Q4

| ‘ Strata

F

Strata ~ TyG_WHtR.quantile.var=Q1 TyG_WHtR.quantile.var=Q2 TyG_WHtR.quantile.var=Q3 TyG_WHtR.quantile.var=Q4

Strata <~ LAP.quantile.var=Q1 = LAP.quantile.var=Q2 LAP.quantile.var=Q3 == LAP.quantile.var=Q4

Strata ~ VAl.quantile.var=Q1 VAl.quantile.var=Q2 VAl.quantile.var=Q3 ~ VAl.quantile.var=Q4

1.004 1.004 -t iy 1.00 4 1.004 oy .
0.754 0.754 0.754 0.754
- - 5 N Observed Expected (O-E)*2/E (O-E)*2/V 3 i ’ s
5o . N Observed Expected (O-E)"2/E (O-E)"2/V i N Observed Expected (O-E)"2/E (O-Ey"2/V 7] LAPquantilevar-Q11055 176 148 54011 70526 3 VAT auadiilasm] 101111 Obif)r;ed ]%;gem;%(g E);%éséfo R A
g TyG_WC.quantile.var=Q1 992 129 144 1.5241 1.9727 e TyG WHR quantile.var=Q1 921 112 131 2.8752 3.6301 e LAP.quantilevar=Q2 1010 150 153 0.0528 0.0695 5 i
@ TyG WC.quantilevar=Q2 1102 177 174 0.0518 0.0714 @ — . 17 . 7 VAl quantile.var=Q2 1016 142 148 0.227 0.296
TyG_WC.quantile.var-Q3 1018 187 169  1.9061  2.5985 TyG WHR quantilevar=Q3 1063 192 180 0.7528 1.0516 LAP.quantilevar=Q4 970 150 167 1.7889 2.4325 VALquantilevar=Q4 1003 197 192 0121 0.174
s TS i ieaarl. SHG-__E7_Joe_NESRad_(ESesi o1 TyG_WHtR.quantilevar-Q4 1049 185 175 0.5220 0.7214 0251 0251 A ' '
Chisq= 7.7 on 3 degrees of freedom, p=0.05 S L
Chisq—3.7 on 3 dieareks of ficedonk p— U3 ETTARTIN SR S W q ar P Chisq=4.1 on 3 degrees of freedom, p= 0.3
0.004 0.004 0.004 0.004
0 50 100 150 50 100 150 200 250 [ 50 100 150 200 250 50 100 150 200 250
Time Time Time Time






OEBPS/Images/table4.jpg
Hispanic Non-Hispanic Bla

Ql (6.56,8.33) Reference Reference Reference
Q2 (8.34,8.74) 0.54 (0.23,1.28) 293 (0.23,36.88) 442 (0.90,21.67)
Q3 (8.759.17) 0.65 (0.28,1.51) 2.96 (0.25,35.12) 3.67 (0.72,18.81)
Q4 (9.18,11.03) 1.17 (0.52,2.65) 1.83 (0.13,25.85) 3.86 (0.56,26.56)
TyG(Per 1 unit increase) 1.33 (0.76,2.32) 1.08 (0.50,2.34) 1.62 (0.76,3.47)
TyG-BMI

Q1 (11540, 223.37) Reference Reference Reference
Q2 (223.38,262.31) 0.89 (0.42,1.90) 1.44 (0.37,5.59) 0.46 (0.10,2.17)
Q3 (262.32, 313.23) 1.38 (0.44,4.28) 1.70 (0.51,5.69) 0.56 (0.16,2.04)
Q4 (313.24, 620.83) 2.52 (0.51,12.42) 1.58 (0.16,15.78) 0.73 (0.07,8.10)
TyG-BMI(Per 1 unit increase) 1.01 (0.99,1.03) 1.00 (0.98,1.03) 1.02 (0.99,1.04)
TyG-WC

Ql (453.12, 792.26) Reference Reference Reference
Q2 (79227, 902.24) 1.53 (0.65,3.58) 1.27 (0.23,6.88) 0.88 (0.25,3.18)
Q3 (902.25, 1025.15) 1.80 (0.63,5.10) 3.64 (0.78,17.02) 1.17 (0.37,3.77)
Q4 (1025.16, 1648.81) 3.12 (0.79,12.32) 6.63 (0.39,112.03) 3.26 (1.03,10.34)*
TyG-WC(Per 1 unit increase) 1.00 (1.00,1.01) 1.00 (1.00,1.01) 1.00 (1.00,1.01)**
TyG-WHtR

Q1 (2.63, 4.73) Reference Reference Reference
Q2 (4.74, 5.40) 0.42 (0.16,1.05) 1.71 (0.37,7.85) 0.97 (0.28,3.31)
Q3 (541, 6.14) 1.54 (0.58,4.11) 1.29 (0.23,7.08) 1.11 (0.37,3.35)
Q4 (6.15, 10.23) 1.26 (0.27,5.83) 4.70 (0.89,24.88) 3.40 (1.00,11.63)
TyG-WHtR(Per 1 unit increase) 1.16 (0.65,2.06) 1.27 (0.54,3.00) 2.07 (1.22,3.51)**
TyG-WWI

Q1 (60.85, 90.83) Reference Reference Reference
Q2 (90.84, 98.38) 0.34 (0.11,1.02) 2.59 (0.13,51.77) 2.14 (0.82,5.58)
Q3 (98.39, 106.25) 0.58 (0.24,1.44) 1.58 (0.06,42.74) 2.92 (0.90,9.51)
Q4 (106.26, 144.15) 0.91 (0.37,2.25) 2.89 (0.08,109.86) 243 (0.93,6.31)
TyG-WWI(Per 1 unit increase) 1.01 (0.97,1.04) 1.01 (0.97,1.06) 1.04 (1.01,1.07)**
ABSI

Q1 (060, 0.78) Reference Reference Reference
Q2 (0.79, 0.81) 1.08 (0.27,4.24) 1.16 (0.17,8.10) 1.68 (0.35,8.10)
Q3 (0.82, 0.85) 1.56 (0.43,5.59) 3.19 (0.51,19.76) 3.05 (0.95,8.86)
Q4 (0.86, 0.99) 1.31 (0.38,4.51) 2.13 (0.23,19.98) 2.88 (0.86,9.64)
ABSI(Per 1 unit increase) 1.75 (0.04,77.20) 49.3 (6.19, 392)** 27.83 (0.89, 49.66)
LAP

Q1 (3.07, 149.93) Reference Reference Reference
Q2 (149.94, 202.77) 0.72 (0.31,1.64) 0.57 (0.15,2.16) 1.11 (0.32,3.89)
Q3 (202.78, 268.45) 1.41 (0.65,3.06) 0.59 (0.14,2.40) 0.98 (0.33,2.90)
Q4 (268.46, 604.96) 1.23 (0.54,2.80) 0.40 (0.06,2.78) 1.33 (0.35,5.10)
LAP(Per 1 unit increase) 1.00 (1.00,1.01) 1.00 (0.98,1.01) 1.00(0.99, 1.00)
VAI

Q1 (0.15, 1.01) Reference Reference Reference
Q2 (1.02, 1.68) 0.63 (0.26,1.53) 1.17 (0.15,8.93) 2.32 (0.80,6.74)
Q3 (1.69, 2.75) 0.84 (0.37,1.94) 4,64 (0.49,43.50) 2.66 (0.81,8.69)
Q4 (276, 11.39) 1.58 (0.66,3.80) 3.47 (0.27,44.20) 1.71 (0.50,5.83)
VAI(Per 1 unit increase) 1.13 (1.00,1.28) 1.22 (0.90,1.65) 1.23 (0.94,1.59)
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Multiple Cox regression model 3: Adjusted for Age, Sex, Education, Marital, PIR, Sedentary, Drinking status, Hyperlipidemia, CVD.
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Multiple Cox regression model 3: Adjusted for Age, Sex, Education, Marital, PIR, Sedentary, Drinking status, Hyperlipidemia, CVD.
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Overall, Survival Group, Mortality Group,

Characteristic

N = 4058 (100%)*? N = 3418 (88%)"? N = 640 (12%)"*

Age (years) 54.6 (16.5) 52.4 (15.8) 705 (11.9) <0.001

Sex 0.036
Female 2,470 (58%) 2,078 (58%) 392 (63%)

Male 1,588 (42%) 1,340 (42%) 248 (37%)

Race <0.001
Non-Hispanic White and Other 2,033 (72%) 1,644 (71%) 389 (80%)

Hispanic 1,085 (15%) 967 (16%) 118 (7.3%)
Non-Hispanic Black 940 (13%) 807 (13%) 133 (13%)

Marital 0.014
Divorced 2,232 (59%) 1,923 (60%) 309 (53%)

Married 1,677 (39%) 1,365 (38%) 312 (45%)
Never married 149 (2.6%) 130 (2.6%) 19 (2.3%)

PIR <0.001
High(>3.49) 1,040 (36%) 932 (38%) 108 (22%)

Medium(>1.39,<=3.49) 1,573 (38%) 1,302 (37%) 271 (45%)
Low(<1.39) 1,445 (26%) 1,184 (25%) 261 (33%)

Sedentary 0.001
Non Sedentary 2,895 (69%) 2,499 (73%) 396 (62%)

Sedentary 1,163 (31%) 919 (27%) 244 (38%)

Education <0.001
Below high school 599 (8.4%) 456 (7.5%) 143 (15%) |
High school graduate or GED 1,611 (40%) 1,319 (39%) 292 (50%) ‘
Some college or above 1,848 (51%) 1,643 (54%) 205 (35%) ‘

Weight(Kg) 86 (23) 87 (23) 79 (21) <0.001

Height(Cm) 166 (10) 167 (10) 164 (10) <0.001

‘Waist circumference 104 (17) 104 (17) 102 (16) 0.029

BMI 31(7) 31(7) 29 (7) <0.001
Normal(>18.5,<25) 799 (19%) 633 (18%) 166 (27%)

Obese(230) 1,935 (49%) 1,678 (50%) 257 (40%)
Overweight(>25,<30) 1,292 (31%) 1,084 (31%) 208 (32%)

Drinking status <0.001
Current drinker 1,538 (45%) 1,411 (48%) 127 (22%)

Former drinker 1,095 (25%) 867 (23%) 228 (35%)
Never drinker 1,425 (30%) 1,140 (28%) 285 (42%)

Hyperlipidemia 0.027
Hyperlipidemia 3,266 (80%) 2,729 (80%) 537 (84%)

Non-Hyperlipidemia 792 (20%) 689 (20%) 103 (16%)

CVD <0.001
cvD 625 (13%) 421 (12%) 204 (32%)

Non-CVD 3,433 (87%) 2,997 (88%) 436 (68%)

Insulin 16 (18) 16 (18) 15 (18) 04

Triglyceride 128 (67) 125 (66) 150 (70) <0.001

Blood glucose 118 (38) 117 (35) 128 (52) <0.001

‘WHtR 0.63 (0.10) 0.63 (0.10) 0.63 (0.09) 0.8

WWI 11.30 (0.80) 11.26 (0.80) 11.61 (0.78) <0.001

TyG-BMI 273 (71) 274 (72) 264 (67) 0.019

TyG-WHIR 5.51 (1.05) 5.50 (1.05) 5.65 (0.99) 0.008

TyG-WWI 99 (11) 98 (11) 105 (11) <0.001

TyG-WC 916 (174) 915 (175) 925 (167) 03

TyG 8.76 (0.62) 8.73 (0.62) 9.01 (0.59) <0.001

LAP 214 (92) 215(92) 209 (87) 0.2

ABSI [ 0.82 (0.05) 0.82 (0.05) 0.85 (0.05) <0.001

VAI 2.14 (1.53) 2,08 (1.49) 2.59 (1.78) <0.001

'Mean + SD for continuous; n (%) for categorical.

*t-test adapted to complex survey samples; chi-squared test with Rao & Scott’s second-order correction.

triglyceride glucose-waist circumference.

TyG, Triglyceride Glucose; TyG-BMI, Triglyceride Glucose - Body Mass Index; TyG-WHIR, Triglyceride Glucose - Waist to Height Ratio; TyG-WWI, Triglyceride Glucose - Weight Adjusted
Waist Index; TyG-WC, Triglyceride Glucose - Waist Circumference; ABSI, A Body Shape Index; LAP, Lipid Accumulation Product; VAL Visceral Adiposity Index.
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All-cause mortal
VAI (Female)

Q1 (0.15, 1.02)

Q2 (1.02, 1.69)

Q3 (169, 2.75)

Q4 (276, 11.39)

VAI (Per 1 unit increase)
VAI (Male)

Q1 (0.15, 1.02)

Q2 (1.02, 1.69)

Q3 (1.69, 2.75)

Q4 (2.76, 11.39)

VAI (Per 1 unit increase)
LAP (Female)

Q1 (3.07, 149.94)

Q2 (149.94, 202.78)

Q3 (202.78, 268.45)

Q4 (268.46, 604.96)

LAP (Per 1 unit increase)
LAP (Male)

Ql (3.07, 149.94)

Q2 (149.94, 202.78)

Q3 (202.78, 268.45)

Q4 (268.46, 604.96)

LAP (Per 1 unit increase)

Cardiovascular mortality

VAI (Female)
Q1 (0.15, 1.02)
Q2 (1.02, 1.69)
Q3 (1.69, 2.75)
Q4 (2.76, 11.39)
VAI (Per 1 unit increase)
VAI (Male)
QI (0.15, 1.02)
Q2 (1.02, 1.69)
Q3 (1.69, 2.75)
Q4 (276, 11.39)

VAI (Per 1 unit increase)

Model 1 HR (95% CI)

Reference
1.26 (0.84, 1.88)
1.22 (0.82, 1.83)
133 (0.93, 1.92)

1.07 (1.00, 1.15)*

Reference
0.78 (045, 1.33)
127 (0.77, 2.09)
137 (0.83,2.27)

1.10 (0.98, 1.23)

Reference
0.83 (0.60, 1.14)
0.78 (0.56, 1.07)
0.85 (0.63, 1.13)

1.00 (1.00, 1.00)

Reference
0.68 (0.45, 1.01)
088 (0.61,1.27)
1.26 (0.71,2.23)
1.00 (1.00, 1.00)

Model 1 HR (95% CI)

Reference
1.08 (0.59, 1.98)
093 (0.47, 1.83)
1.03 (0.53, 2.00)

1.01 (0.87, 1.18)

Reference
1.59 (0.66, 3.78)
3.51 (1.34,9.25)*
3.03 (1.28, 7.13)*

1.26 (107, 1.49)*

Model 2 HR (95% CI)

Reference
1.22 (0.80, 1.86)
1.13 (0.75, 1.69)
1.23 (0.84, 1.80)

106 (0.98, 1.14)

Reference
0.72 (042, 122)
126 (0.73, 2.21)
1.39 (085, 2.28)

1.12 (100, 1.25)*

Reference
0.92 (0.61, 1.38)
0.92 (0.61, 1.37)
0.88 (0.58, 1.34)

100 (1.00, 1.00)

Reference
072 (0.4, 1.18)
095 (0.55, 1.61)
163 (0.55, 4.77)
100 (1.00, 1.01)

Model 2 HR (95% CI)

Reference
102 (0.54, 1.94)
0.87 (0.41, 1.83)
092 (0.47, 1.80)

0.99 (0.85, 1.16)

Reference
140 (052, 3.74)
3.71 (1.27, 10.9)*
3.08 (1.20, 7.90)*

129 (1.08, 1.55)*

Model3 HR (95% CI)

Reference
1.19 (0.80, 1.77)
1.07 (0.72, 1.58)
1.14 (0.79, 1.65)

1.06 (0.98, 1.14)*

Reference
0.79 (0.45, 1.38)
144 (0.81,2.57)
1.69 (0.99, 2.88)

1.16 (1.04, 1.29)**

Reference
0.96 (0.66, 1.40)
0.94 (0.63, 1.42)
0.91 (0.60, 1.38)

1.00 (1.00, 1.00)

Reference
0.77 (0.46, 1.28)
1.03 (0.60, 1.78)
175 (0.58, 5.25)
1.00 (1.00, 1.01)

Model3 HR (95% CI)

Reference
094 (0,50, 1.77)
084 (041, 1.71)
081 (0.43, 1.55)

0.98 (0.84, 1.14)

Reference
155 (0.59, 4.07)
370 (121, 11.3)*
3.43 (1.36, 8.65)*

1.29 (109, 1.52)**

| LAP (Female)
Ql (3.07, 149.94)
Q2 (149.94, 202.78)
Q3 (202.78, 268.45)
Q4 (268.46, 604.96)
LAP (Per 1 unit increase)
LAP (Male)
Ql (3.07, 149.94)
Q2 (149.94, 202.78)
Q3 (202.78, 268.45)
Q4 (268.46, 604.96)
LAP (Per 1 unit increase)
Cancer mortality
VAI (Female)
Q1 (0.15, 1.02)
Q2 (1.02, 1.69)
Q3 (1.69, 2.75)
Q4 (2.76, 11.39)
VAI (Per 1 unit increase)
VAI (Male)
Q1 (0.15, 1.02)
Q2 (1.02, 1.69)
Q3 (1.69, 2.75)
Q4 (2.76, 11.39)
VAI (Per 1 unit increase)
LAP (Female)
Q1 (3.07, 149.94)
Q2 (149.94, 202.78)
Q3 (202.78, 268.45)
Q4 (268.46, 604.96)
LAP (Per 1 unit increase)
LAP (Male)
Q1 (3.07, 149.94)
Q2 (149.94, 202.78)
Q3 (202.78, 268.45)
Q4 (268.46, 604.96)

LAP (Per 1 unit increase)

*P < 0.05; **P < 0.01.

Multiple Cox regression model: Model 1: Adjusted for Age, Race; Model 2: Adjusted for Age, Race, Education, Marital, PIR, Sedentary, Drinking status; Model 3: Adjusted for Age, Race,

Reference
0.62 (0.33, 1.15)
0.57 (0.33, 1.00)*
0.72 (0.44, 1.20)

1.00 (1.00, 1.00)

Reference
035 (0.17, 0.76)*
1.11 (0.62, 2.00)
1.74 (0.65, 4.63)
1.00 (1.00, 1.01)

Model 1 HR (95% CI)

Reference
0.89 (0.32,2.53)
1.30 (0.43,3.97)
1.71 (0.66,4.42)

1.19 (1.06,1.34)**

Reference
100 (0.39,2.55)
1.12 (0.46,2.72)
1.83 (0.68,4.91)

1.07 (0.88,1.29)

Reference
0.48 (0.19,1.19)
0.99 (0.42,2.33)
0.94 (0.41,2.18)

1.00 (1.00,1.00)

Reference
0.65 (0.26,1.62)
0.80 (0.35,1.83)
0.76 (0.26,2.22)

1.00 (0.99,1.00)

Education, Marital, PIR, Sedentary, Drinking status, Hyperlipidemia, CVD.
LAP, Lipid accumulation product; VAL, Visceral adiposity index.

Reference
0.70 (0.34, 1.44)
0.63 (0.33, 1.18)
0.66 (0.30, 1.46)

1.00 (0.99, 1.00)

Reference
0.33 (0.12, 0.88)*
0.90 (0.30, 2.70)
132 (0.11, 16.4)
100 (1.00, 1.01)

Model 2 HR (95% CI)

Reference
0.78 (0.26,2.33)
1.29 (0.43,3.94)
1.58 (0.61,4.15)

1.17 (1.04,1.32)*

Reference
0.94 (0.34,2.64)
1.05 (0.41,2.69)
1.91 (0.58,6.26)

1.06 (0.86,1.31)

Reference
0.57 (0.22,1.50)
1.18 (0.49,2.84)
1.11 (0.47,2.61)

1.00 (1.00,1.01)

Reference
0.66 (0.26,1.73)
0.88 (0.30,2.56)
0.95 (0.29,3.16)

1.00 (0.99,1.01)

Reference
0.77 (0.37, 1.60)
0.67 (0.35, 1.31)
0.75 (0.32, 1.76)

1.00 (1.00, 1.00)

Reference
0.36 (0.13, 0.94)*
094 (0.31, 2.82)
136 (0.11, 16.6)
1.00 (1.00, 1.01)

Model 3 HR (95% Cl)

Reference
0.76 (0.26,2.21)
1.21 (0.39,3.73)
1.45 (0.53,3.96)

1.16 (0.93,1.31)

Reference
1.21 (0.43,3.43)
1.41 (0.59,3.37)
2.81 (0.88,8.93)

112 (093,1.33)

Reference
0.57 (0.22,1.45)
1.09 (0.46,2.58)
0.99 (0.42,2.34)

1.00 (1.00,1.01)

Reference
0.67 (0.25,1.76)
0.92 (0.31,2.69)
1.03 (0.32,3.36)

1.00 (0.99,1.01)
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Males:LAP = (WC(cm) - 65) X Triglyceride(mmol/L)
Female: LAP = (WC(cm) - 58) x Triglyceride(mmol/L)






