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Abstract
Background
Triglyceride-glucose (TyG) index has been determined to play a role in the onset of metabolic syndrome (MetS). Whether the TyG index and TyG with the combination of obesity indicators are associated with the clinical outcomes of the MetS population remains unknown.

Method
Participants were extracted from multiple cycles of the National Health and Nutrition Examination Survey (NHANES) between 1999 and 2018 years. Three indicators were constructed including TyG index, TyG combining with waist circumference (TyG-WC), and TyG combining with waist-to-height ratio (TyG-WHtR). The MetS was defined according to the National Cholesterol Education Program (NCPE) Adult Treatment Panel III. Kaplan-Meier (KM) curves, restricted cubic splines (RCS), and the Cox proportional hazard model were used to evaluate the associations between TyG-related indices and mortality of the MetS population. The sensitive analyses were performed to check the robustness of the main findings.

Results
There were 10,734 participants with MetS included in this study, with 5,570 females and 5,164 males. The median age of the study population was 59 years old. The multivariate Cox regression analyses showed high levels of TyG-related indices were significantly associated with the all-cause mortality of MetS population [TyG index: adjustedhazard ratio (aHR): 1.36, 95%confidence interval (CI): 1.18–1.56, p < 0.001; TyG-WHtR index: aHR = 1.29, 95%CI: 1.13–1.47, p < 0.001]. Meanwhile, the TyG-WC and TyG-WHtR index were associated with cardiovascular mortality of the MetS population (TyG-WC: aHR = 1.45, 95%CI: 1.13–1.85, p = 0.004; TyG-WHtR: aHR = 1.50 95%CI: 1.17–1.92, p = 0.002). Three TyG-related indices showed consistent significant correlations with diabetes mortality (TyG: aHR = 4.06, 95%CI: 2.81–5.87, p < 0.001; TyG-WC: aHR = 2.55, 95%CI: 1.82–3.58, p < 0.001; TyG-WHtR: aHR = 2.53 95%CI: 1.81–3.54, p < 0.001). The RCS curves showed a non-linear trend between TyG and TyG-WC indices with all-cause mortality (p for nonlinearity = 0.004 and 0.001, respectively). The sensitive analyses supported the positive correlations between TyG-related indices with mortality of the MetS population.

Conclusion
Our study highlights the clinical value of TyG-related indices in predicting the survival of the MetS population. TyG-related indices would be the surrogate biomarkers for the follow-up of the MetS population.
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Introduction
Metabolic syndrome (MetS), defined by a cluster of metabolic dysfunctions, is considered to be a major global public health problem, given the increasingly high prevalence in the general population worldwide [1–3]. Among the U.S. population, it was estimated that over 30% of the population had MetS, especially in terms of older adults [4, 5]. Most recently, the epidemiological study based on the U.S. population revealed that the overall trend of MetS incidence has increased from 27.6 to 32.3% during past decades [6]. Accumulating evidence suggested that the series of symptoms in MetS conditions such as insulin resistance, high blood pressure, and obesity would not only increase the short- and long-term risks for chronic metabolic diseases but also cause premature death in later life [6–9]. Nevertheless, identifying the prognostic biomarkers and designing tailored follow-up advice for the MetS population remains challenging [10].
Notably, the triglyceride-glucose (TyG) index has been determined to be a simple tool for detecting insulin resistance and evaluating cardiovascular disease risks among the general population [11]. It showed promising value in predicting the onset and progress of multiple metabolic diseases [12]. Consistently, emerging evidence highlighted that the TyG index also maintained the high capability of identifying individuals at high risk of developing MetS [13–18]. For example, one large-scale longitudinal study conducted in Korea showed that the TyG index had a high predictive value in determining the long-term risk for developing MetS among the Korean population [16]. Similar findings were also observed in other countries with varied ethnicity [13, 18, 19]. Recently, robust evidence derived from the meta-analysis revealed that the pool sensitivity and specificity of the TyG index for MetS screening were all above 80%, which validates the clinical utility of this index [19]. On the other hand, the TyG index was recently identified to be associated with the prognosis of the population with comorbidities, especially in critically ill groups [20–22]. However, limited studies have been conducted to further investigate the predictive role of the TyG index in the prognosis of the MetS population. The positive association between the TyG index and mortality of the MetS population was only observed in subgroup patients with comorbidities [23]. Whether it would be a surrogate biomarker for health care in the MetS population, especially in countries with high MetS burdens, remains unknown. Meanwhile, the latest evidence suggested that the TyG index with the combinations of adiposity indicators, including but not limited to TyG-waist circumference (TyG-WC) and waist-to-height ratio (TyG-WHtR), showed higher predictive performance than the single TyG index in predicting the survivals of patients [24–26]. However, the association between these derived indices with the survival of MetS among the American population is less studied.
Therefore, we aim to explore the association between the TyG-related indices with the all-cause as well as cause-specific mortality of the MetS population, based on a large-scale, prospective, population-based cohort in the U.S. This is the first epidemiological study that focuses on the prognosis links between the series of TyG-related indices and the MetS.

Materials and methods
Data source
The datasets were derived from ten cycles of interviews (1999 to 2018 years) in the National Health and Nutrition Examination Survey (NHANES) database. The NHANES database systematically gathered nationally representative health-related data on the repetitive non-institutionalized U.S. population, utilizing a stratified, multistage probability sampling design [27]. The specific descriptions of the NHANES database can be found on the website (https://​www.​cdc.​gov/​nchs/​nhanes/​).

Population selection
To evaluate the association between the TyG-related indices with the all-cause and cause-specific mortality of the MetS population, only participants with the diagnosis of MetS were included. Therefore, during the ten cycles of interviews between 1999 and 2018 years, there were 101,316 participants were reviewed. After excluding the participants aged below 18 years old or non-MetS, there were 21,333 participants were initially included. Additionally, participants without records of triglyceride (TG) and fasting blood glucose (FBG), body measurements, or loss to follow-up were further excluded. Ultimately, there were 10,734 participants were included in this study (Fig. 1).
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Fig. 1The participants’ selection process in the present study. A total of 101,316 participants from ten cycles of interviews between 1999 and 2018 years were reviewed and 10,734 participants with MetS were ultimately included. NHANES: National Health and Nutrition Examination Survey; MetS: metabolic syndrome; FBG: fasting blood glucose; TG: triglyceride



Definition of mets
The definition of MetS was based on the previous guideline [National Cholesterol Education Program (NCEP): National Cholesterol Education Program Adult Treatment Panel III] [28]. Participants who met three or more of the following criteria: [1] the FBG > 100 mg/dL or drug treatment for diabetes mellitus; [2] high-density lipoprotein cholesterol (HDL-C) < 50 mg/dL in females, < 40 mg/dL in males or drug treatment for reduced HDL-C; [3] Plasma TG > 150 mg/dL or drug treatment for raised TG; [4] Waist circumference > 88 cm in women or > 102 cm in men; [5] Blood pressure > 130/85 mmHg or drug treatment for raised blood pressure.

TyG-related indices measurements
There were three TyG-related indices of interest measured in the present study. The TyG index was measured by the peripheral blood test (TG, and FBG) of the participants at baseline according to the previous literature [29, 30]. Two variables, including WC and WHtR, were selected as the obesity indicators in the MetS population [31]. Specifically, the indices of TyG, TyG-WC, and TyG-WHtR were calculated as the following equations [32–34]:
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The MetS population was classified into four groups by the quartiles of the TyG index, TyG-WC index, and TyG-WHtR index, respectively, and the group at the 1st quartile was set as the reference.

Covariates of interest
We collected the demographic information of participants from the NHANES database. Detailly, the socioeconomic characteristics included gender (male or female), age, race (Mexican, Hispanic, non-Hispanic White, non-Hispanic Black, or other races), marital status (not married, married or living with a partner), educational level (≤ high school, college, or > college), and family income-poverty ratio (< 1.3, 1.3–3.5, or > 3.5) were collected. Besides, the living habits and history of comorbidities include smoking status (never, ever, or current), alcohol use (never, ever, or current), history of cancer, chronic kidney disease (CKD), and cardiovascular disease (CVD) (yes or no) were further collected. In addition, physical and laboratory examinations such as body mass index (BMI), energy intake (average kilocalorie derived from two 24-hour dietary recall interviews), serum levels of estimated glomerular filtration rate (eGFR), blood urea nitrogen (BUN), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), uric acid (UA), glutamic-pyruvic transaminase (ALT), aspartate transaminase (AST), albumin (ALB), and total bilirubin (TBil) were also selected as the potential confounders.

Outcome measurements
The main outcome of the current study was the all-cause mortality of the MetS population. The second outcome was the cause-specific mortality (cardiovascular and diabetes mortality) of the MetS population. The mortality data for the follow-up population were obtained from the NHANES public-use linked mortality file as of December 31, 2019, which was correlated with NCHS with the National Death Index (NDI) through a probability matching algorithm. The ICD-10 (International Statistical Classification of Diseases, 10th revision) was used to check the causes of mortality. The period of follow-up was calculated from the date when the interview was initially taken to either the date of the patient’s death or December 31, 2019 [35].

Statistical analysis
Kolmogorov-Smirnov test was used to check the normality assumption distribution of each variable. The normally distributed variables were presented as mean (standard deviation). The non-normally distributed variables were presented as median (interquartile range). The categorical variables were presented as numbers (percentage, %). Continuous variables with normal distribution were evaluated using Student’s t-test, while continuous variables with non-normal distribution were tested using the Kruskal-Wallis test. Categorical variables were compared by using the Chi-Squared test. Univariate and multivariable Cox proportional hazard models were used to estimate the association of the TyG index with all-cause, cardiovascular as well as diabetic mortality of the MetS population.
The selections of controlled covariates in the present study were based on previous literature evaluating the survival of MetS [3, 8, 36]. As the WC, WHtR, and BMI were highly correlated, BMI was not adjusted during the Cox regression analysis for evaluating the association between TyG-WC and TyG-WHtR indices with the survival of the MetS population. Detailly, model 1 served as the unadjusted analysis. Besides, brief adjustments for age, gender, and race were made in Model 2. In the fully adjusted model, we accounted for age, gender, race, marital status, educational level, family income-poverty ratio, smoking status, alcohol use, cancer, CKD, CVD, BMI (only for TyG index), energy intake, serum levels of TC, HDL-C, LDL-C, BUN, UA, eGFR, ALT, AST, ALB, and TBil.
Kaplan-Meier (KM) curves were used to show the censored data and different survival patterns among the MetS population with different quartiles of the TyG index. Missing data (< 5%) was imputed by using the multiple imputation method. To evaluate the dose-effect correlations between TyG-related indices with all-cause and cause-specific mortality of the MetS population, restricted cubic splines (RCS) were employed. The selection of knots for the RCS curves was guided by the minimization of Akaike’s Information Criterion (AIC). The RCS curves were fitted using different numbers and positions of knots, and the corresponding AIC values were calculated for each model. The final knot configuration was chosen based on the model with the lowest AIC value, indicating the optimal balance between model fit and complexity. To check the robust connections between TyG-related indices and mortality of the MetS population, four sets of sensitive analyses were conducted to validate the main findings. First, we excluded participants who reported a history of diabetes mellitus at baseline. Second, we excluded participants who died within two years after the interview. Third, participants with a history of comorbidities were excluded. Last, participants with low or normal BMI were excluded.
All statistical analyses of the present study were conducted by using the R software (version 4.2.3, https://​www.​r-project.​org/​). To determine a more rigorous interpretation of the associations between TyG, TyG-WC, and TyG-WHtR with the survival of the MetS population, the Bonferroni-corrected P-value was used in this study [37]. Thus, the significance level P = 0.05 was divided by three, which provided a significance level corrected for multiple testing: P = 0.017.


Results
Demographic characteristics of the MetS population
During the study years, there were 10,734 participants with a diagnosis of MetS included in the present study (Table 1). The median age of the MetS population was 59 years and females counted for a slightly higher proportion than males (5,570 cases vs. 5,164 cases). However, males with Mets showed a higher mortality risk than females (1,182 cases vs. 1,033 cases). Nearly half of the MetS population were non-Hispanic white (4,940 cases) and less than 40% of them had a degree of college or above. More than 30% of the MetS population was overweight (3,573 cases) and nearly 57% were obese (6,051 cases). At the time of the interview, over half of the study population were still drinking (5,982 cases) and nearly 20% of them were still smoking (2,015 cases). The prevalence of comorbidities was 12.19% (1,309 cases) for cancer, 20.48% (2,198 cases) for CKD, and 14.48% (1,554 cases) for CVD, respectively. The median level of the TyG index was 7.41 and the TyG-WC as well as TyG-WHtR indices were 787.28 and 4.72, respectively. With a median follow-up of 100 months, 2,215 deaths were observed, with 360 for diabetes mortality and 615 for cardiovascular mortality. Non-survivors were observed to have characteristics of males, Non-Hispanic White, unmarried status, older age, less daily energy intake, lower educational level, lower BMI, higher levels of FBG, TyG index, and having a history of comorbidities. The detailed information of each group of the MetS population with varied quartile levels of TyG-related indices was summarized in Table S1-S3.
Table 1The demographic characteristics of the MetS population in the present study were stratified by survival status


	Variable
	Total (n = 10,734)
	Survivor (n = 8,519)
	Non-survivors (n = 2,215)
	P*

	Age, M (Q1, Q3)
	59.00 (45.00, 70.00)
	55.00 (42.00, 65.00)
	72.00 (63.00, 80.00)
	< 0.001

	Energy intake, M (Q1, Q3)
	1848.00 (1384.25, 2423.00)
	1865.00 (1438.50, 2495.00)
	1665.00 (1237.00, 2152.50)
	< 0.001

	FBG, M (Q1, Q3)
	108.00 (100.50, 124.00)
	107.00 (100.00, 121.00)
	112.40 (102.00, 138.00)
	< 0.001

	TyG, M (Q1, Q3)
	7.41 (7.01, 7.80)
	7.40 (7.00, 7.78)
	7.45 (7.06, 7.88)
	< 0.001

	TyG-WC, M (Q1, Q3)
	787.28 (711.75, 876.29)
	786.40 (711.65, 876.61)
	790.52 (712.16, 874.47)
	0.596

	TyG-WHtR, M (Q1, Q3)
	4.72 (4.28, 5.25)
	4.71 (4.27, 5.25)
	4.76 (4.31, 5.26)
	0.049

	TC, M (Q1, Q3)
	5.04 (4.32, 5.84)
	5.07 (4.34, 5.84)
	4.96 (4.21, 5.82)
	0.001

	TG, M (Q1, Q3)
	1.65 (1.12, 2.29)
	1.65 (1.12, 2.28)
	1.64 (1.13, 2.30)
	0.645

	HDL-C, M (Q1, Q3)
	45.00 (39.00, 54.00)
	45.00 (39.00, 54.00)
	45.00 (40.00, 55.00)
	0.034

	LDL-C, M (Q1, Q3)
	2.97 (2.38, 3.58)
	2.97 (2.43, 3.62)
	2.97 (2.30, 3.45)
	< 0.001

	BUN, M (Q1, Q3)
	4.64 (3.93, 6.07)
	4.64 (3.57, 5.71)
	5.71 (4.28, 7.50)
	< 0.001

	UA, M (Q1, Q3)
	345.00 (285.50, 404.50)
	339.00 (285.50, 398.50)
	356.90 (297.40, 428.30)
	< 0.001

	eGFR, M (Q1, Q3)
	87.10 (64.89, 113.80)
	91.80 (70.20, 118.27)
	66.36 (46.29, 91.56)
	< 0.001

	ALT, M (Q1, Q3)
	22.00 (17.00, 30.75)
	23.00 (17.00, 32.00)
	20.00 (16.00, 26.00)
	< 0.001

	AST, M (Q1, Q3)
	23.00 (19.00, 28.00)
	23.00 (19.00, 28.00)
	23.00 (19.00, 28.00)
	0.816

	ALB, M (Q1, Q3)
	42.00 (39.00, 44.00)
	42.00 (40.00, 44.00)
	41.00 (39.00, 43.50)
	< 0.001

	TBil, M (Q1, Q3)
	10.26 (8.55, 13.68)
	10.26 (8.55, 13.68)
	11.97 (8.60, 15.39)
	< 0.001

	Gender, n (%)
	 	 	 	< 0.001

	 Female
	5,570 (51.89)
	4,537 (53.26)
	1,033 (46.64)
	 
	 Male
	5,164 (48.11)
	3,982 (46.74)
	1,182 (53.36)
	 
	Race, n (%)
	 	 	 	< 0.001

	 Mexican
	1,966 (18.32)
	1,646 (19.32)
	320 (14.45)
	 
	 Hispanics
	961 (8.95)
	856 (10.05)
	105 (4.74)
	 
	 Non-Hispanic White
	4,940 (46.02)
	3,608 (42.35)
	1,332 (60.14)
	 
	 Non-Hispanic Black
	2,067 (19.26)
	1,682 (19.74)
	385 (17.38)
	 
	 Others
	800 (7.45)
	727 (8.53)
	73 (3.30)
	 
	Education level, n (%)
	 	 	 	< 0.001

	 ≤High school
	6,005 (55.94)
	4,538 (53.27)
	1,467 (66.23)
	 
	 College
	2,904 (27.05)
	2,439 (28.63)
	465 (20.99)
	 
	 > College
	1,825 (17.00)
	1,542 (18.10)
	283 (12.78)
	 
	Marital status, n (%)
	 	 	 	< 0.001

	 Not married
	4,245 (39.55)
	3,186 (37.40)
	1,059 (47.81)
	 
	 Married or living with a partner
	6,489 (60.45)
	5,333 (62.60)
	1,156 (52.19)
	 
	Family income of poverty ratio, n (%)
	 	 	 	< 0.001

	 <1.3
	3,145 (29.3)
	2,428 (28.50)
	717 (32.37)
	 
	 1.3–3.5
	4,821 (44.91)
	3,720 (43.67)
	1,101 (49.71)
	 
	 >3.5
	2,768 (25.79)
	2,371 (27.83)
	397 (17.92)
	 
	BMI, n (%)
	 	 	 	< 0.001

	 <25
	1,110 (10.34)
	757 (8.89)
	353 (15.94)
	 
	 ≥25 and < 30
	3,573 (33.29)
	2,752 (32.30)
	821 (37.07)
	 
	 ≥30
	6,051 (56.37)
	5,010 (58.81)
	1,041 (47.00)
	 
	Smoking status, n (%)
	 	 	 	< 0.001

	 Never
	5,417 (50.47)
	4,526 (53.13)
	891 (40.23)
	 
	 Current
	2,015 (18.77)
	1,609 (18.89)
	406 (18.33)
	 
	 Ever
	3,302 (30.76)
	2,384 (27.98)
	918 (41.44)
	 
	Alcohol use, n (%)
	 	 	 	< 0.001

	 Never
	2,453 (22.85)
	1,702 (19.98)
	751 (33.91)
	 
	 Current
	5,982 (55.73)
	5,011 (58.82)
	971 (43.84)
	 
	 Ever
	2,299 (21.42)
	1,806 (21.20)
	493 (22.26)
	 
	Cancer, n (%)
	 	 	 	< 0.001

	 No
	9,425 (87.81)
	7,663 (89.95)
	1,762 (79.55)
	 
	 Yes
	1,309 (12.19)
	856 (10.05)
	453 (20.45)
	 
	CKD, n (%)
	 	 	 	< 0.001

	 No
	8,536 (79.52)
	7,255 (85.16)
	1,281 (57.83)
	 
	 Yes
	2,198 (20.48)
	1,264 (14.84)
	934 (42.17)
	 
	CVD, n (%)
	 	 	 	< 0.001

	 No
	9,180 (85.52)
	7,637 (89.65)
	1,543 (69.66)
	 
	 Yes
	1,554 (14.48)
	882 (10.35)
	672 (30.34)
	 

*P-value < 0.017 was considered significant, as we had to correct our analysis for multiple testing (P-value of 0.017 was calculated as: 0.05 divided by 3)
Bold value means statistically significant
Abbreviation MetS: metabolic syndrome; M: median; Q1: 1st quartile; Q3: 3rd quartile; n: number; FBG: fasting blood glucose; TyG: triglyceride-glucose; TyG-WC: TyG combining with waist circumference; TyG-WHtR: TyG combining with waist-to-height ratio; TC: total cholesterol; TG: triglyceride; CKD: chronic kidney disease; CVD: cardiovascular disease; eGFR: estimated glomerular filtration rate; BUN: blood urea nitrogen; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; UA: uric acid; ALT: glutamic-pyruvic transaminase; AST: aspartate transaminase; ALB: albumin; TBil: total bilirubin; BMI: body mass index




Survival patterns of MetS population in different quartile levels of TyG-related indices
The KM curves showed that the MetS population at the low quartile levels of the TyG index group showed significantly higher overall as well as diabetes-specific survival probabilities when compared with those in the high quartile groups (p = 0.02 and p < 0.0001, respectively) (Fig. 2A and C). Additionally, significant differences were only observed in the diabetes-specific survival of the MetS population with varied quartiles of the TyG-WC index (p < 0.0001) (Fig. 2D-F). The TyG-WHtR index was adversely associated with overall and cause-specific survival among the MetS population (p = 0.018 for overall survival, p = 0.049 for cardiovascular-specific survival, and p < 0.0001 for diabetes-specific survival, respectively) (Fig. 2G and I).
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Fig. 2Kaplan-Meier curves show the overall and cause-specific survival probabilities of the MetS population with different quartile levels of TyG, TyG-WC, and TyG-WHtR indices. (A) overall survival with different quartiles of the TyG index; (B) cardiovascular-specific survival with different quartiles of the TyG index; (C) diabetes-specific survival with different quartiles of the TyG index; (D) overall survival with different quartiles of the TyG-WC index; (E) cardiovascular-specific survival with different quartiles of TyG-WC index; (F) diabetes-specific survival with different quartiles of TyG-WC index; (G) overall survival with different quartiles of TyG-WHtR index; (H) cardiovascular-specific survival with different quartiles of TyG-WHtR index; (I) diabetes-specific survival with different quartiles of TyG-WHtR index. MetS: metabolic syndrome; TyG: triglyceride-glucose; WC: waist circumference; WHtR: waist-to-height ratio



Association between TyG, TyG-WC, and TyG-WHtR indices with all-cause mortality of MetS population
The Cox regression analyses showed the association between TyG, TyG-WC, and TyG-WHtR indices with the all-cause mortality of MetS population [TyG index at 4th quartile: Unadjusted hazard ratio (HR) = 1.17, 95% confidence interval (CI): 1.04–1.31, p = 0.011; Less adjusted HR = 1.45, 95%CI: 1.28–1.63; p < 0.001; Full adjusted HR = 1.36, 95%CI: 1.18–1.56, p < 0.001 (Table S4); TyG-WC index at 4th quartile: Unadjusted HR = 1.01, 95% CI: 0.90–1.14, p = 0.868; Less adjusted HR = 1.40, 95%CI: 1.24–1.58; p < 0.001; Full adjusted HR = 1.17, 95%CI: 1.03–1.34, p = 0.020 (Table S5); TyG-WHtR index: Unadjusted HR = 1.16, 95% CI: 1.03–1.30, p = 0.017; Less adjusted HR = 1.54, 95%CI: 1.37–1.74; p < 0.001; Full adjusted HR = 1.29, 95%CI: 1.13–1.47, p < 0.001 (Table S6)] (Fig. 3A).
[image: ]
Fig. 3The forest plots show the associations between TyG, TyG-WC, and TyG-WHtR indices with all-cause and cause-specific mortality of the MetS population. B(A) the association between TyG, TyG-WC, and TyG-WHtR indices with all-cause mortality; (B) the association between TyG, TyG-WC, and TyG-WHtR indices with cardiovascular mortality; (C) the association between TyG, TyG-WC, and TyG-WHtR indices with diabetes mortality. The results were adjusted for age, gender, race, marital status, educational level, family income-poverty ratio, smoking status, alcohol use, cancer, CKD, CVD, BMI (only for TyG index), energy intake, serum levels of TC, HDL-C, LDL-C, BUN, UA, eGFR, ALT, AST, ALB, and TBil. A P-value < 0.017 was considered significant, as we had to correct our analysis for multiple testing (P-value of 0.017 was calculated as: 0.05 divided by 3). TyG: triglyceride-glucose; WC: waist circumference; WHtR: waist-to-height ratio; TC: total cholesterol; CKD: chronic kidney disease; CVD: cardiovascular disease; eGFR: estimated glomerular filtration rate; BUN: blood urea nitrogen; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; UA: uric acid; ALT: glutamic-pyruvic transaminase; AST: aspartate transaminase; ALB: albumin; TBil: total bilirubin; BMI: body mass index



Association between TyG, TyG-WC, and TyG-WHtR indices with cause-specific mortality of MetS population
In our analyses, both of the TyG-WC and TyG-WHtR indices were significantly associated with the cardiovascular mortality of the MetS population [TyG-WC index: Unadjusted HR = 1.21, 95% CI: 0.97–1.51, p = 0.090; Less adjusted HR = 1.73, 95%CI: 1.37–2.17; p < 0.001; Full adjusted HR = 1.45, 95%CI: 1.13–1.85, p = 0.004 (Table S5); TyG- WHtR index: Unadjusted HR = 1.29, 95% CI: 1.03–1.61, p = 0.026; Less adjusted HR = 1.83, 95%CI: 1.46–2.30 p < 0.001; Full adjusted HR = 1.50, 95%CI: 1.17–1.92, p = 0.002 (Table S6)] (Fig. 3B). However, a borderline positive correlation was observed between the TyG index and cardiovascular mortality with quartile classification [(Full adjusted: HR = 1.29, 95%CI: 0.99–1.69, p = 0.060 (Table S4)] (Fig. 3B).
Meanwhile, the three TyG-related indices were all significantly association with diabetes mortality [TyG index: Full adjusted HR = 4.06, 95%CI: 2.81–5.87, p < 0.001(Table S4); TyG-WC index: Full adjusted HR = 2.55, 95%CI: 1.82–3.58, p < 0.001 (Table S5); TyG-WHtR index: Full adjusted HR = 2.53, 95%CI: 1.81–3.54, p < 0.001 (Table S6)] (Fig. 3C).

Non-linear trends of TyG-related indices with mortality of MetS population
As shown in Fig. 4, the multivariable-adjusted RCS analyses were conducted to visualize the relation of TyG-related indices with all-cause and cause-specific mortality in the MetS population. Specifically, a Non-linear trend was observed in the relationships between TyG as well as TyG-WC indices with the all-cause mortality (P for non-linearity = 0.004 and 0.001, respectively) (Fig. 4A and D). However, the TyG-WHtR index showed a linear association with the all-cause mortality of the MetS population (P for overall = 0.006) (Fig. 4G). The RCS curves showed broad line significant non-linear associations between the TyG index and cause-specific mortality (P for non-linearity = 0.050 and 0.057, respectively) (Fig. 4B and C). Besides, TyG-WC and TyG-WHtR indices presented consistent linear associations with cardiovascular and diabetes mortality (all P for overall < 0.05) (Fig. 4E, F, H and I).
[image: ]
Fig. 4Restricted cubic spline of the linear trends between TyG, TyG-WC, and TyG-WHtR indices with all-cause and cause-specific mortality of MetS population. (A) all-cause mortality risk with different levels of the TyG index; (B) cardiovascular mortality risk with different levels of the TyG index; (C) diabetes mortality risk with different levels of the TyG index; (D) all-cause mortality risk with different levels of TyG-WC index; (E) cardiovascular mortality risk with the different level of TyG-WC index; (F) diabetes mortality risk with the different level of TyG-WC index; (G) all-cause mortality with the different level of TyG-WHtR index; (H) cardiovascular mortality risk with the different level of TyG-WHtR index; (I) diabetes mortality risk with the different level of TyG-WHtR index. The dotted lines represent 95% confidence intervals. Spline analyses were adjusted for age, gender, race, marital status, educational level, family income-poverty ratio, smoking status, alcohol use, cancer, CKD, CVD, BMI (only for TyG index), energy intake, serum levels of TC, HDL-C, LDL-C, BUN, UA, eGFR, ALT, AST, ALB, and TBil. TyG: triglyceride-glucose; WC: waist circumference; WHtR: waist-to-height ratio; TC: total cholesterol; CKD: chronic kidney disease; CVD: cardiovascular disease; eGFR: estimated glomerular filtration rate; BUN: blood urea nitrogen; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; UA: uric acid; ALT: glutamic-pyruvic transaminase; AST: aspartate transaminase; ALB: albumin; TBil: total bilirubin; BMI: body mass index



Subgroup and sensitive analysis
The stratified analyses revealed TyG-related indices had stronger associations with all-cause mortality of the MetS population with the clinical characteristics of non-Hispanic Black race, normal or overweight BMI, and married or living with a partner (Figure S1-S3). Additionally, subgroup analyses revealed some significant interaction effects (p < 0.05), indicating that the relationship between TyG-related indices and all-cause mortality of the MetS population varied significantly across different subgroups. Specifically, the effect of TyG-related indices on all-cause mortality of the MetS population differed among subgroups defined by age, gender, race, marital status, history of cancer, and serum levels of ALB, ALT, AST, BUN, TC, and UA. (Figure S1-S3). To check the robustness of the main findings, several sensitive analyses were performed. First, after excluding the participants with a diagnosis of diabetes mellitus at baseline, the TyG-related indices remained significantly associated with diabetes mortality during the follow-up (Table S7-S9). After excluding the participants who died within 2 years after the survey, we determined consistent associations between TyG-related indices with the all-cause as well as cause-specific mortality risk among the modified MetS population (Table S10-S12). Similarly, the results were still robust in the study population without a history of comorbidities (Table S13-S15) or with a high BMI index (Table S16-S18).


Discussion
In the current study, we preliminary observed the association between a series of TyG-related indices with the all-cause and cause-specific mortality of the MetS population, based on one large-scale, population-based cohort. High levels of TyG and TyG-WHtR indices are independently associated with an increased risk of all-cause mortality in the MetS population. Meanwhile, the TyG-WC and TyG-WHtR indices maintained pronounced roles in predicting the cardiovascular mortality of the MetS population. Alternatively, all of the TyG-related indices presented strong relationships with the diabetes mortality of the MetS population. The RCS curves displayed different linear as well as non-linear associations between TyG-related indices with all-cause and cause-specific mortality of the MetS population. Our findings indicated that TyG-related indices might be one of the useful surrogate biomarkers for the clinical follow-up management of the MetS population.
MetS accounts for a non-negligible proportion of the general population, which would significantly increase the risk for multiple diseases and impair health outcomes in later life. Therefore, identifying the potential risk and prognostic factors would bring cost-saving effects on the management of this particular population [38]. Current evidence suggests that chronic insulin resistance plays a key role in the onset of MetS. For this reason, pathophysiological factors related to insulin resistance were observed in the metabolic disorders of the MetS population. The hyperinsulinemia-euglycemic clamp is the most accurate method for the diagnosis of insulin resistance. Nevertheless, it is rarely used in clinical care owing to the obstacles of medical cost, accessibility, and reproducibility in resource-limited countries or regions. Alternatively, homeostatic model assessment of insulin resistance (HOMA-IR) and TyG index were recently identified and proved to be reliable tools for insulin-resistant screening. Regarding the applications of these surrogate biomarkers in screening the MetS, noteworthy progress has been made. Notably, the large-scale, population-based evidence determined that the TyG index showed higher predictive power for predicting the prevalence of MetS in the general population from different countries or races [14, 16, 18, 39]. Furthermore, the latest systemic review and meta-analysis of 49,325 participants derived from thirteen observational studies supported the clinical utility of the TyG index in the screening of MetS, with optimal sensitivity and specificity [19].
Although different studies have highlighted the promising predictive role of the TyG index in the onset of MetS, only a few studies have explored the prognosis role of the TyG index on the MetS population. If the robust link between the TyG index with the prognosis of the MetS population Therefore, our study filled this important research gap and took it further. To our knowledge, we were the first study that determined the independent prognostic role of the TyG index among the U.S. population with MetS. Participants with high quartile levels of the TyG index showed an increased risk for all-cause mortality and diabetes mortality. Recently, a positive association between the TyG index with the survival of patients in different disease settings was observed [40–43]. For instance, Zhou and colleagues conducted a retrospective study focusing on the association between the TyG index with the mortality risk of patients with chronic heart failure. In their analysis, high levels of TyG index were associated with nearly 2-fold increased risks for all-cause and cardiovascular mortality of the patients [23]. More importantly, the predictive ability of the TyG index was observed to be more pronounced among patients with MetS at the subgroup analysis. Interestingly, our results found that the TyG index showed a weak correlation with cardiovascular mortality among the MetS population (adjusted p = 0.060). By contrast, our study determined that the TyG-WHtR index showed a significant correlation with cardiovascular mortality among the MetS population. Previously, BMI was a simple, easily available anthropometric measurement for accounting height-adjusted weight of individuals [44]. However, recent evidence derived from different studies recognized the paradox of BMI in reflecting the obesity and mortality risk of the population [44, 45]. Notably, the large-scale epidemiological study demonstrated that a considerable proportion of the U.S. population (nearly 30% of males and 50% of females) had abdominal obesity, even though their BMI was in the healthy range [46]. By contrast, the enlarged WC frequently predicted increased fat mass accumulation, which could adequately reflect the real burden of central obesity [47, 48]. Accordingly, WC showed superior predicting value for predicting insulin resistance and diagnosis of adult MetS when compared with BMI [2, 8, 49, 50]. Besides, the WC was not only significantly associated with the development of complications under the MetS [51, 52] but also linked to the mortality risk in the general population [48, 53–56]. Furthermore, compared with other obesity-related indicators, the WHtR index was validated to present significantly better prediction power for cardiometabolic health and mortality, especially among the diabetes population [57–59]. Especially, Dang et al. observed the enhanced predictive power of the TyG-WHtR index in cardiovascular diseases and related mortality risk among the general population when compared with the TyG index [25]. Therefore, our results combined with previous findings highlight that the choice of TyG-related indices for predicting the mortality of patients should be tailored to the particular disease condition.
While emerging clinical epidemiological studies have proved the good predicting performance of the TyG index in the onset and progress of diseases, the exact underlying biological mechanisms remained less studied. Compelling evidence indicated that insulin resistance was closely related to endothelial dysfunction, oxidative stress, and inflammatory response of the systemic metabolism [60–62]. As early signs of insulin resistance, TyG-related indices could help to inflect the pro-inflammatory condition of the participants and indicate the vulnerability to the severity and progress of diseases. Of note, one non-negligible question that was raised in recent studies was determining the best cut-off point for TyG-related indices among different stratified populations [11, 13]. Especially, Zhang et al. identified that the cutoff point in predicting the mortality risk for cardiovascular participants with diabetes or pre-diabetes was 9.05. In our study, the RCS curve revealed that the threshold value of the TyG index for predicting the all-cause mortality of the MetS population was around 7.47, which indicated the variation of the TyG index in predicting the survival of participants with varied disease conditions. Thus, further prospective longitudinal studies are warranted to develop and comprehensively evaluate the adequate cut-off point of new insulin resistance biomarkers for various ethnicities associated with the risk of developing comorbidities in later life and provide additional evidence in the updating of available clinical guidelines.
Strengths and limitations
Some noteworthy strengths of the present study should be highlighted. Initially, this is the first study focusing on comprehensively evaluation the associations between TyG-related indices with the all-cause as well as cause-specific mortality of the MetS population. Our results highlight the promising application prospect of TyG-related indices in the clinical management of MetS, the group suffering from systemic metabolic disorders. Second, the prospective, population-based study design helps us to determine the robust evidence between the TyG index and mortality of the MetS population. Last, the sensitive analysis shows consistent associations as we determine in the main findings.
Nevertheless, there are some limitations existing in the present study. First, while the present study was conducted based on a large-scale, population-based cohort, the data of blood indicators and anthropometric measurements were only collected at the baseline. Whether the trajectories of TyG-related indices would offer valuable insights into the clinical management of individuals with MetS is worth exploring. Second, the diagnosis of MetS was solely based on the NCEP III criteria, which might allow us to underestimate its incidence among different populations. Additionally, while we controlled a series of covariates including socioeconomic status, comorbidities, blood tests, and personal habits, some residual confounders (such as inherent genetic heterogeneity and changes of lifestyle during the lifetime) were observed to play a role in the MetS were unavailable in the present database. Besides, the smoking status was based on a categorical variable instead of pack-per year might also result in residual bias. Of note, the findings we determined need to be interpreted cautiously due to the identification of negative confounders. The observational study design and imbalanced baseline clinical characteristics might contribute to these confounding factors during the analyses. Future well-designed, longitudinal, propensity score-matched works are warranted to validate our findings and mitigate the impact of negative confounders. Last, although we observed the association between the TyG-related indices and mortality risk among the U.S. MetS population, its practical clinical application in different phenotypes of MetS population and varied races from other countries needs to be further validated.


Conclusion
Summarily, TyG-related indices showed significant correlations with all-cause and cause-specific mortality of the MetS population. The TyG index showed a strong association with diabetes mortality, whereas the TyG-WC and TyG-WHtR indices were pronounced associated with cardiovascular and diabetes mortality risks among the MetS population. Our findings demonstrated the application prospect of TyG-related indices in the management of the MetS population during the long-term follow-up, which would help endocrinologists to make better clinical care for the MetS population. Future longitudinal works are warranted to validate our findings.

Acknowledgements
Not applicable.

Author contributions
(I) Conception and design: Xiaoyuan Wei, Lei Liu, and Yu Min; (II) Administrative support: Lei Liu; (III) Provision of study materials or patients: Xiaoyuan Wei, Xin Ye, Ge Song, and Yu Min; (IV) Collection and assembly of data: Yu Min, Xiaoyuan Wei, and Ge Song; (V) Data analysis and interpretation: Xiaoyuan Wei, Yu Min, and Ge Song; (VI) Manuscript writing: All authors.; (VII) Final approval of manuscript: All authors.

Funding
Not applicable.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding author upon reasonable request.

Declarations
Ethical approval
All survey protocols were approved by the National Center for Health Statistics Ethics Review Board. All participants provided written informed consent before participation.

Competing interests
The authors declare no competing interests.


References
	1.
Samson SL, Garber AJ. Metabolic syndrome. Endocrinol Metab Clin North Am. 2014;43(1):1–23.PubMed


	2.
Eckel RH, Grundy SM, Zimmet PZ. The metabolic syndrome. Lancet. 2005;365(9468):1415–28.PubMed


	3.
Saklayen MG. The global epidemic of the metabolic syndrome. Curr Hypertens Rep. 2018;20(2):12.PubMedPubMedCentral


	4.
Beltrán-Sánchez H, Harhay MO, Harhay MM, McElligott S. Prevalence and trends of metabolic syndrome in the adult U.S. population, 1999–2010. J Am Coll Cardiol. 2013;62(8):697–703.PubMedPubMedCentral


	5.
Shin D, Kongpakpaisarn K, Bohra C. Trends in the prevalence of metabolic syndrome and its components in the United States 2007–2014. Int J Cardiol. 2018;259:216–9.PubMed


	6.
Li W, Qiu X, Ma H, Geng Q. Incidence and long-term specific mortality trends of metabolic syndrome in the United States. Front Endocrinol. 2022;13:1029736.


	7.
Mottillo S, Filion KB, Genest J, Joseph L, Pilote L, Poirier P, et al. The metabolic syndrome and cardiovascular risk a systematic review and meta-analysis. J Am Coll Cardiol. 2010;56(14):1113–32.PubMed


	8.
Cornier MA, Dabelea D, Hernandez TL, Lindstrom RC, Steig AJ, Stob NR, et al. The metabolic syndrome. Endocr Rev. 2008;29(7):777–822.PubMedPubMedCentral


	9.
Li W, Chen D, Peng Y, Lu Z, Kwan MP, Tse LA. Association between metabolic syndrome and mortality: prospective cohort study. JMIR Public Health Surveillance. 2023;9:e44073.PubMedPubMedCentral


	10.
Fahed G, Aoun L, Bou Zerdan M, Allam S, Bou Zerdan M, Bouferraa Y et al. Metabolic syndrome: updates on pathophysiology and management in 2021. Int J Mol Sci. 2022;23(2).


	11.
Tahapary DL, Pratisthita LB, Fitri NA, Marcella C, Wafa S, Kurniawan F, et al. Challenges in the diagnosis of insulin resistance: focusing on the role of HOMA-IR and Tryglyceride/glucose index. Diabetes Metabolic Syndrome. 2022;16(8):102581.PubMed


	12.
Tao LC, Xu JN, Wang TT, Hua F, Li JJ. Triglyceride-glucose index as a marker in cardiovascular diseases: landscape and limitations. Cardiovasc Diabetol. 2022;21(1):68.PubMedPubMedCentral


	13.
Mirr M, Skrypnik D, Bogdański P, Owecki M. Newly proposed insulin resistance indexes called TyG-NC and TyG-NHtR show efficacy in diagnosing the metabolic syndrome. J Endocrinol Investig. 2021;44(12):2831–43.


	14.
Son DH, Lee HS, Lee YJ, Lee JH, Han JH. Comparison of triglyceride-glucose index and HOMA-IR for predicting prevalence and incidence of metabolic syndrome. Nutrition, metabolism, and cardiovascular diseases. NMCD. 2022;32(3):596–604.PubMed


	15.
Li Y, Zheng R, Li S, Cai R, Ni F, Zheng H, et al. Association between four anthropometric indexes and metabolic syndrome in US adults. Front Endocrinol. 2022;13:889785.


	16.
Kang SW, Kim SK, Kim YS, Park MS. Risk prediction of the metabolic syndrome using TyG index and SNPs: a 10-year longitudinal prospective cohort study. Mol Cell Biochem. 2023;478(1):39–45.PubMed


	17.
Primo D, Izaola O, de Luis DA. Triglyceride-glucose index cutoff point is an accurate marker for Predicting the prevalence of metabolic syndrome in obese caucasian subjects. Ann Nutr Metab. 2023;79(2):70–7.


	18.
Li Y, Gui J, Liu H, Guo LL, Li J, Lei Y, et al. Predicting metabolic syndrome by obesity- and lipid-related indices in mid-aged and elderly Chinese: a population-based cross-sectional study. Front Endocrinol. 2023;14:1201132.


	19.
Nabipoorashrafi SA, Seyedi SA, Rabizadeh S, Ebrahimi M, Ranjbar SA, Reyhan SK, et al. The accuracy of triglyceride-glucose (TyG) index for the screening of metabolic syndrome in adults: a systematic review and meta-analysis. Nutrition, metabolism, and cardiovascular diseases. NMCD. 2022;32(12):2677–88.PubMed


	20.
Liao Y, Zhang R, Shi S, Zhao Y, He Y, Liao L, et al. Triglyceride-glucose index linked to all-cause mortality in critically ill patients: a cohort of 3026 patients. Cardiovasc Diabetol. 2022;21(1):128.PubMedPubMedCentral


	21.
Boshen Y, Yuankang Z, Xinjie Z, Taixi L, Kaifan N, Zhixiang W, et al. Triglyceride-glucose index is associated with the occurrence and prognosis of cardiac arrest: a multicenter retrospective observational study. Cardiovasc Diabetol. 2023;22(1):190.PubMedPubMedCentral


	22.
Liang S, Wang C, Zhang J, Liu Z, Bai Y, Chen Z, et al. Triglyceride-glucose index and coronary artery disease: a systematic review and meta-analysis of risk, severity, and prognosis. Cardiovasc Diabetol. 2023;22(1):170.PubMedPubMedCentral


	23.
Zhou Y, Wang C, Che H, Cheng L, Zhu D, Rao C, et al. Association between the triglyceride-glucose index and the risk of mortality among patients with chronic heart failure: results from a retrospective cohort study in China. Cardiovasc Diabetol. 2023;22(1):171.PubMedPubMedCentral


	24.
Kityo A, Lee SA. Association of cardiometabolic factors and insulin resistance surrogates with mortality in participants from the Korean Genome and Epidemiology Study. Lipids Health Dis. 2023;22(1):210.PubMedPubMedCentral


	25.
Dang K, Wang X, Hu J, Zhang Y, Cheng L, Qi X, et al. The association between triglyceride-glucose index and its combination with obesity indicators and cardiovascular disease: NHANES 2003–2018. Cardiovasc Diabetol. 2024;23(1):8.PubMedPubMedCentral


	26.
Er LK, Wu S, Chou HH, Hsu LA, Teng MS, Sun YC, et al. Triglyceride glucose-body Mass Index is a simple and clinically useful surrogate marker for insulin resistance in nondiabetic individuals. PLoS ONE. 2016;11(3):e0149731.PubMedPubMedCentral


	27.
Johnson CL, Dohrmann SM, Burt VL, Mohadjer LK. National health and nutrition examination survey: sample design, 2011–2014. Vital and health statistics Series 2, Data evaluation and methods research. 2014(162):1–33.


	28.
Executive Summary of The Third Report of The National Cholesterol Education Program (NCEP). Expert Panel on detection, evaluation, and treatment of high blood cholesterol in adults (Adult Treatment Panel III). JAMA. 2001;285(19):2486–97.


	29.
Ding Z, Ge M, Tan Y, Chen C, Hei Z. The triglyceride-glucose index: a novel predictor of stroke and all-cause mortality in liver transplantation recipients. Cardiovasc Diabetol. 2024;23(1):27.PubMedPubMedCentral


	30.
Yan F, Yan S, Wang J, Cui Y, Chen F, Fang F, et al. Association between triglyceride glucose index and risk of cerebrovascular disease: systematic review and meta-analysis. Cardiovasc Diabetol. 2022;21(1):226.PubMedPubMedCentral


	31.
Ashwell M, Gunn P, Gibson S. Waist-to-height ratio is a better screening tool than waist circumference and BMI for adult cardiometabolic risk factors: systematic review and meta-analysis. Obes Reviews: Official J Int Association Study Obes. 2012;13(3):275–86.


	32.
Simental-Mendía LE, Rodríguez-Morán M, Guerrero-Romero F. The product of fasting glucose and triglycerides as surrogate for identifying insulin resistance in apparently healthy subjects. Metab Syndr Relat Disord. 2008;6(4):299–304.PubMed


	33.
Zheng S, Shi S, Ren X, Han T, Li Y, Chen Y, et al. Triglyceride glucose-waist circumference, a novel and effective predictor of diabetes in first-degree relatives of type 2 diabetes patients: cross-sectional and prospective cohort study. J Translational Med. 2016;14(1):260.


	34.
Lim J, Kim J, Koo SH, Kwon GC. Comparison of triglyceride glucose index, and related parameters to predict insulin resistance in Korean adults: an analysis of the 2007–2010 Korean National Health and Nutrition Examination Survey. PLoS ONE. 2019;14(3):e0212963.PubMedPubMedCentral


	35.
Cao C, Cade WT, Li S, McMillan J, Friedenreich C, Yang L. Association of balance function with all-cause and cause-Specific Mortality among US adults. JAMA otolaryngology– head neck Surg. 2021;147(5):460–8.


	36.
Abha P, Keshari JR, Sinha SR, Nishant K, Kumari R, Prakash P. Association of thyroid function with lipid Profile in patients with metabolic syndrome: a prospective cross-sectional study in the Indian Population. Cureus. 2023;15(9):e44745.PubMedPubMedCentral


	37.
Bland JM, Altman DG. Multiple significance tests: the Bonferroni method. BMJ (Clinical Res ed). 1995;310(6973):170.


	38.
Nilsson PM, Tuomilehto J, Rydén L. The metabolic syndrome - what is it and how should it be managed? Eur J Prev Cardiol. 2019;26(2suppl):33–46.PubMed


	39.
Duan Y, Zhang W, Li Z, Niu Y, Chen Y, Liu X, et al. Predictive ability of obesity- and lipid-related indicators for metabolic syndrome in relatively healthy Chinese adults. Front Endocrinol. 2022;13:1016581.


	40.
Zheng R, Qian S, Shi Y, Lou C, Xu H, Pan J. Association between triglyceride-glucose index and in-hospital mortality in critically ill patients with sepsis: analysis of the MIMIC-IV database. Cardiovasc Diabetol. 2023;22(1):307.PubMedPubMedCentral


	41.
Huang R, Xu X, Xu C, Zhang S, Xiong Z, Liu M, et al. Association between the insulin resistance and all-cause mortality in patients with moderate and severe aortic stenosis: a retrospective cohort study. Cardiovasc Diabetol. 2023;22(1):238.PubMedPubMedCentral


	42.
Ren H, Yang Y, Wang F, Yan Y, Shi X, Dong K, et al. Association of the insulin resistance marker TyG index with the severity and mortality of COVID-19. Cardiovasc Diabetol. 2020;19(1):58.PubMedPubMedCentral


	43.
Zhang R, Shi S, Chen W, Wang Y, Lin X, Zhao Y, et al. Independent effects of the triglyceride-glucose index on all-cause mortality in critically ill patients with coronary heart disease: analysis of the MIMIC-III database. Cardiovasc Diabetol. 2023;22(1):10.PubMedPubMedCentral


	44.
Antonopoulos AS, Oikonomou EK, Antoniades C, Tousoulis D. From the BMI paradox to the obesity paradox: the obesity-mortality association in coronary heart disease. Obes Reviews: Official J Int Association Study Obes. 2016;17(10):989–1000.


	45.
Strulov Shachar S, Williams GR. The obesity Paradox in Cancer-moving beyond BMI. Cancer epidemiology, biomarkers & prevention: a publication of the American Association for Cancer Research. Cosponsored Am Soc Prev Oncol. 2017;26(1):13–6.


	46.
Dybala MP, Brady MJ, Hara M. Disparity in adiposity among adults with normal body Mass Index and Waist-to-height ratio. iScience. 2019;21:612–23.PubMedPubMedCentral


	47.
Fang H, Berg E, Cheng X, Shen W. How to best assess abdominal obesity. Curr Opin Clin Nutr Metab Care. 2018;21(5):360–5.PubMedPubMedCentral


	48.
Jayedi A, Soltani S, Zargar MS, Khan TA, Shab-Bidar S. Central fatness and risk of all cause mortality: systematic review and dose-response meta-analysis of 72 prospective cohort studies. BMJ (Clinical Res ed). 2020;370:m3324.


	49.
Ramírez-Manent JI, Jover AM, Martinez CS, Tomás-Gil P, Martí-Lliteras P, López-González. Á A. Waist circumference is an essential factor in Predicting insulin resistance and early detection of metabolic syndrome in adults. Nutrients. 2023;15(2).


	50.
Kawada T, Andou T, Fukumitsu M. Waist circumference, visceral abdominal fat thickness and three components of metabolic syndrome. Diabetes Metabolic Syndrome. 2016;10(1):4–6.PubMed


	51.
Claypool K, Long MT, Patel CJ. Waist circumference and insulin resistance are the most predictive metabolic factors for steatosis and fibrosis. Clin Gastroenterol Hepatology: Official Clin Pract J Am Gastroenterological Association. 2023;21(7):1950–e41.


	52.
Xia B, He Q, Pan Y, Gao F, Liu A, Tang Y, et al. Metabolic syndrome and risk of pancreatic cancer: a population-based prospective cohort study. Int J Cancer. 2020;147(12):3384–93.PubMed


	53.
Wu CJ, Kao TW, Chen YY, Yang HF, Chen WL. Peripheral fat distribution versus waist circumference for predicting mortality in metabolic syndrome. Diab/Metab Res Rev. 2019;35(4):e3116.


	54.
Katzmarzyk PT, Janssen I, Ross R, Church TS, Blair SN. The importance of waist circumference in the definition of metabolic syndrome: prospective analyses of mortality in men. Diabetes Care. 2006;29(2):404–9.PubMed


	55.
Xiao X, Yu X, Zhu H, Zhai X, Li S, Ma W et al. Arm circumference, arm-to-Waist ratio in relation to Cardiovascular and all-cause mortality among patients with diabetes Mellitus. Nutrients. 2023;15(4).


	56.
Yuan Y, Liu K, Zheng M, Chen S, Wang H, Jiang Q, et al. Analysis of changes in Weight, Waist circumference, or both, and all-cause mortality in Chinese adults. JAMA Netw open. 2022;5(8):e2225876.PubMedPubMedCentral


	57.
Lo K, Huang YQ, Shen G, Huang JY, Liu L, Yu YL, et al. Effects of waist to height ratio, waist circumference, body mass index on the risk of chronic diseases, all-cause, cardiovascular and cancer mortality. Postgrad Med J. 2021;97(1147):306–11.PubMed


	58.
Schneider HJ, Friedrich N, Klotsche J, Pieper L, Nauck M, John U, et al. The predictive value of different measures of obesity for incident cardiovascular events and mortality. J Clin Endocrinol Metab. 2010;95(4):1777–85.PubMed


	59.
Parente EB, Mutter S, Harjutsalo V, Ahola AJ, Forsblom C, Groop PH. Waist-height ratio and waist are the best estimators of visceral fat in type 1 diabetes. Sci Rep. 2020;10(1):18575.PubMedPubMedCentral


	60.
Shoelson SE, Lee J, Goldfine AB. Inflammation and insulin resistance. J Clin Investig. 2006;116(7):1793–801.PubMedPubMedCentral


	61.
Olefsky JM, Glass CK. Macrophages, inflammation, and insulin resistance. Annu Rev Physiol. 2010;72:219–46.PubMed


	62.
Glass CK, Olefsky JM. Inflammation and lipid signaling in the etiology of insulin resistance. Cell Metabol. 2012;15(5):635–45.




Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/12933_2024_2215_Article_TeX_Equ2.png
TyG — WC=In [TG (mg/dL) x FBG (mg/dL) /2]

X waist circumference (cm)





OEBPS/images/12933_2024_2215_Article_TeX_Equ1.png
TyG=In [TG (mg/dL) x FBG (mg/dL) /2]





OEBPS/navigation.xhtml

    
      Contents


      
        		Association between triglyceride-glucose related indices with the all-cause and cause-specific mortality among the population with metabolic syndrome


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/12933_2024_2215_Fig4_HTML.png
Strata S Grouw=a1 - Group=a2 - Group=a? [+ Growp:

‘Sunivel probabilty

T @ o @ & w0

Time

Number at risk

arow=a11 2662 26518 2220 1905 1684 1300 1018 744
£ =021 2685 2543 2215 1891 1632 1370 1089 821
3 croup=aa - 2682 2535 2208 1909 1636 1393 1147 876
Group=0i - 2685 2537 2222 1899 1597 1338 1094 836
6 do 4 6 @ 0 10 w0

Time

Strate 5 Gropean - Gropecz 5

515 346

224148

[ p—

Eg

‘Survival probabily

T % % @ & wm m W
Time
Number at risk

W T

£

oro=c1 £ 2683 2524 2216 1900 1599 1330 1058 775
g Groo=02- 2684 25252236 1924 1644 1378 1107 841
G Grow=03- 2654 2542 2214 1508 1641 1385 1136 876

roup=as - 2683 2542 2197 18721565 1307 1047 785

Swats 52 ot

548 401
625 463
630451
549 378

274 178
218 200
310 183
268 141

a2 5 Qe [ Gt

Sunvival probabilly

Nurmber at risk
‘Gruup=1 £ 2683 2627 2249 1940 1635 1374 1099 810
 Groupe02 2684 2637 2253 1941 1655 1402 1136 857
8 mrmos | 2654 2534 2188 1862 1626 1355 1104 842
‘Gup=ad 1 2683 2635 2175 1841 1633 1270 1009 768
b @ o % s w0 th o
Tima

Strata 5 Grow=a1 - Group=G2 - Growp=a = Graw=ai

‘Surivalprobabilty

T m o w % % W w W @ &

Time

Number at risk

rup=Gi1 - 2602 2518 2220 1905 1584 1300 1018 744 515 346 224 148,
£ ooz~ 26852543 2215 1391 16321370 1089 821 601 447 306 192
& Guup=03- 2682 2535 2208 1908 1636 1393 1147 876 639 473 324 184
rup=ci - 2685 2537 2222 1899 1597 1336 1094 836 597 427 306 178
5 d 4o 6 @ w0 1 uo e 1o 20 20

Tme

Stata 5 Gt - crapeca 5 G0 5 ot

‘Survival probabily

T & % @ % @ e @ o @ &
Time

Number at risk

row=c1- 2683 2524 2216 1900 1599 1330 1058 775 548 401 274 178
5 Groe=02- 2684 2525 2236 1924 1644 1378 1107 841 625 463 318 200
G Gro=053- 2684 2542 2214 1908 1641 1385 1136 576 630 451 310 183

roup=s - 2683 2542 2197 18721565 1307 1047 785 549 378 258 141

Sunival probabilly

6 H o @ % @ th o @ w0 z@o 2
Time

Number at risk

roup=a1 2683 2527 2249 1940 1635 1574 1099 810 576 415 274 173
8 Group-cz - 2684 2537 2263 1941 1655 1402 1136 857 635 478 348 213
£ orup=03 - 2684 2534 2185 18621626 1355 1104 842 612 420 269 178
Groop=0 - 2683 2535 2175 1841 1533 12701009 768 520 371 249 138
6 40 6 s o o o id o a0 2k

Tims

Strata B Grow=a1 - Group=G2 = Group=a3 - Graup=ad

z oo
g
£
H
B o

P <0.0001

LI R R T T O T T ]

Time
Number at risk

orup=a1 | 2662 25182220 1905 1564 1300 1018 744 515 346 224 148 60
§ G-z~ 2685 2543 2215 1391 16321370 1089 821 601 447 306 192 70
 Group=03 - 2682 2535 2208 1909 1636 1393 1147 876 639 473 324 184 61
reup=cs - 2685 2637 2222 18991597 13381004 836 597 427 306 178 56
5 B 4 e s‘aduw_'z‘_ad.n-éo«'azdnzinz«a

e

St 5 copmar - Gz 5 cougeas 5 oot

%0+

‘Survival probabilty

P <0001

T & % @ % W e @ @ &
Time
Number at risk
Grow=01 2683 2524 2216 1900 1599 1330 1058 775 548 401 274 178 64
5 Groe=02 - 2684 25252236 1924 1644 1378 1107 841 625 463 318 200 75
2 orow=0s - 2684 2542 2214 1908 16411386 1136 876 630 451 310 183 60
o= - 2683 2542 2197 18721565 1307 1047 785 549 378 258 141 48

Stata [ aromt - Guupecz 5 cropeas B cromeas

‘Survival probablly

P <0.0001
030+
© % o @ % @ th o @ w0 xe 2w
Time
Number at isk

e 2635 2527 2249 1040 1635 1374 1099 B10 576 415 274 173 66
5 croupeca- 2684 2637 2253 1041 16551402 136 87 635 478 348 213 77
£ oma=c - 2654 2534 2186 1882 1626 1355 1104 842 612 429 269 178 60
oup=as - 2663 2536 2175 1841 153312701009 768 529 371 249 138 44
o D 40 e s'/:‘éu<T2‘owA‘0\é)1$czéoaium

.





OEBPS/images/12933_2024_2215_Article_TeX_Equ3.png
TyG — WHtR=1In [TG (mg/dL) x FBG (mg/dL) /2]

X waist circumference (cm) /height (cm)





OEBPS/images/12933_2024_2215_Fig1_HTML.png
Participants from the NHANES database between
1999 to 2018 years were reviewed
(n=101,316)

A 4

Participants who met the criteria of MetS were
reviewed
(n=21,333)

\ 4

Participants were excluded because of the following reasons:
1. Age <18 years old (n=42,112)
2. Without diagnosis of MetS (n=37,871)

A 4

Participants with diagnosis of MetS were included
(n=10,734)

[ ] [ ]
Males Females
n=5,164 n=5,570

\ 4

Participants were excluded because of the following reasons:
1. Without data of FBG, TG or body measurements
(n=10,588)
2. Incomplete follow-up data (n=11)






OEBPS/images/12933_2024_2215_Fig3_HTML.png
All-cause mortality

Cardiovascular mortality

Diabetes mortality

Subgroup
TyG index

e}

Qz

Q3

Q4
TyG-WC index

Q1

Q2

Q3

Q4

TyG-WHIR index

Q1
Q2
Q3
Q4

Hazard ratio

S Ly
W

05 1

—
Low risk High Risk

Estimate

Reference

1.10(0.97-1.25)
1.08(0.95-1.23)
1.36(1.18-1.56)

Reference
0.97(0.86-1.10)
1.04(0.92-1.18)
1.17(1.03-1.34)

Reference

1.02(0.90-1.15)
1.06(0.94-1.20)
1.29(1.13-1.47)

pvalue

0.140
0.232
<.001

0.645
0.559
0.020

0.816
0.340
<.001

B

Estimate

Reference
1.00(0.79-1.27)
1.11(0.87-1.41)
1.29(0.99-1.69)

Reference
1.02(0.81-1.30)
1.09(0.86-1.39)
1.45(1.13-1.85)

Reference
1.00(0.79-1.27)
1.07(0.85-1.36)

| e 150(1.17-1.92)

Subgroup Hazard ratio
TyG index ;

a1 :

Qz ——

3 —_——

Q4 e
TyG-WC index

Qi ]

Q2 ——

a3 e

Q4 D ———
TyG-WHIR index

Q1 .

Q2 ——

Q3 —ro—i

Q4

05 1 2

—
Low risk High Risk

pvalue

0.998
0.401
0.060

0.855
0.479
0.004

0.989
0.564
0.002

Subgroup Hazard ratio
C TyG index H
Qt
Q2
Q3
Q4
TyG-WC index
(e]]
Q2
Q3
Q4
TyG-WHHtR index
[e]]
Q2 e
Q3
Q4 !

0.51

—
Low risk High Risk

Estimate

Reference
1.52(1.04-2.22)
1.65(1.13-2.40)
4.06(2.81-5.87)

Reference
1.14(0.80-1.63)
1.61(1.15-2.26)
2.55(1.82-3.58)

Reference

0.96(0.67-1.39)
1.41(1.01-1.98)
2.53(1.81-3.54)

pvalue

0.030
0.010
<.001

0.480
0.006
<.001

0.845
0.046
<.001





OEBPS/css/envelope.png





OEBPS/images/12933_2024_2215_Fig2_HTML.png
Mazand ratio (95% C1)

Hazad saio (95%

Hazard ratio (95% C1)

P for overall < 0,001
P foe nonlinear = 0.004.

P for overall <0.001
P Tor nonlinear

1
as0

Hazavd ratio (95% CI

Hazard ratio (95% CI)

o
0
s
g
=
i E
4
s
>
A
0 ‘ ‘ ‘ 0
s ! , ; 5 0o " 6
TG
55
e——— e ———
Free o & i
w0
.
s
g,
20 2
£
15 g N
5
o - -
AL
os
300 0 BOO 1000 1200 1400 600
Towe

[ A : .

Hazard ratio (95% CI)

P dor overall = 0,046

P for nonlinear = 0.521

Hazaad atio (95% CI)

oo
P for oversll < 0,001
P for noniinear = 0.057
80
60
40
ke

P for averall <0001
P for nolincar = 0082

6
TG WITR





OEBPS/css/sidebar.gif





