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The association between novel metabolic @
parameters and all-cause/cardiovascular

mortality in patients with metabolic syndrome

is modified by age
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Abstract

Background Triglyceride glucose index (TyG) serves as an effective parameter for assessing metabolic status.
However, it remains uncertain whether TyG and other metabolic parameters can predict clinical outcomes in people
with metabolic syndrome (MetS). We investigated the association of TyG, triglyceride glucose-waist to height ratio
(TyG-WHT1R), and metabolic score for insulin resistance (METS-IR) with all-cause and cardiovascular mortality in the
MetS cohort and determined whether this association changes with age.

Method Participants enrolled in the National Health and Nutrition Examination Survey (NHANES) between 2001
and 2018 were selected and categorized into two groups: younger individuals (age < 65 years) and older individuals
(age =65 years). Three new metabolic indices of TyG, TyG-WHtR, and METS-IR were constructed. The weighted

Cox proportional hazards model and restricted cubic spline (RCS) models were employed to evaluate the relation
between three indices and mortality outcomes. The time-dependent receiver operating characteristic (ROC) curve
assessed the ability of different indices to predict mortality. Sensitivity analysis was conducted to evaluate the
robustness and reliability of the findings.

Results The study comprised a total of 8271 participants, including 5456 younger participants and 2815 older
participants, and 1407 deaths were observed over a median follow-up period of 8.3 years. Compared with the

first quartile (Q1), the fourth quartile’s (Q4) TyG, TyG-WHtR, and METS-IR were linked to an increased risk of all-

cause mortality (HR 1.63,95% Cl 1.12-2.39; HR 2.78, 95% Cl 1.68-4.61; HR 1.36, 95% Cl 1.12-2.02, respectively) and
cardiovascular mortality (HR 2.04, 95% CI 1.15-4.90; HR 4.99, 95% Cl 1.76-14.11; HR 2.69, 95% Cl 1.89-8.15, respectively)
in the younger group but not in the older group. The RCS results showed no significant non-linear associations
between TyG, TyG-WHtR, METS-IR, and all-cause (P=0.082; P=0.712; P=0.062, respectively) or cardiovascular mortality
(P=0.176; P=0.793; P=0.482, respectively) in the older age group. TyG-WHtR demonstrated the highest area under
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0.688 for cardiovascular mortality.

for insulin resistance; MetS Metabolic syndrome.

the curve for predicting 3-year mortality in the younger age group, with values of 0.653 for all-cause mortality and

Conclusion Our results highlight the predictive value of TyG, TyG-WHtR, and METS-IR in the MetS population,
providing new evidence for medical practice and public health.

Graphical abstract A total of 8271 younger (age < 65 years) and older (age > 65 years) participants were enrolled
in the study, with a median follow-up of 100 months. Weighted COX regression results (left), restricted cubic spline
results (upper right), and time-dependent (cut-off value of 36 months) receiver operating characteristic curve results
(lower right). TyG Triglyceride glucose index; WHtR Triglyceride glucose-waist to height ratio; METS-IR Metabolic score

The association between novel metabolic parameters and all-

cause/cardiovascular mortality in patients with metabolic syndrome

4 N N\
g (1) 8,271 MetS patients followed-up for 8.3 years based on NHANES 2001-2018
»» Study design _
(2) Including younger group (age < 65 years) and older group (age = 65 years)
. J
d N
B Results All model was fully adjusted. 2. Results Of RCS
1 ReSU/tS of COX regression All-cause mortality Cardiovascular mortality
: < 65 years
Subgroup Hazard ratio Estimate TG 0.580 0.451
R TYG-WHtR 0.054 0.577
All-cause mortality
e e i METS-IR 0.002 0.112
TYG-WHIR | —a— 2.78 (1.68, 4.61) 2 65 years
METS-R  le— 1.36 (1.12, 2.02) VG 0.082 0.176
Cardiovasculag mortality TyG-WHtR 0.712 0.793
TyG = 2.04 (1.15, 4.90) METS-IR 0.062 0.482
TyG-WHtR ! > 4.99 (1.76, 14.11)
METS-IR H _ 2.60 (1 29 8 15) The table presented the result of P for nonlinear. All results of P for total were < 0.001.
2 65 years E
All-cause mortality 3. Results of ROC curves
TyG -* 0.94 (0.74, 1.19) All-cause mortality Cardiovascular mortality
TyG-WHtR & 1.45 (0.97, 1.96) i Tt
METS-IR v"- 1.25 (0.86, 1.80)
Cardiovasculat mortality ors o784
TyG - 0.75 (0.50, 1.12) -
TyG-WHtR j'— 1.62 (0.99, 2.66) E om0 E 0%
METS-R —®— 1.13 (0.62, 2.06)
' o8] o — TYG AUC=0637 o2s] — TYG AUC=0881
0 5 10 ~—— TyG-WHIR AUC =0.653 — TyG-WHIR AUC=0688
*The results were calculated by comparing the fourth and ool —— METS-R .Auc=o.sovs } : —'uasm'Auc:oe':u
K first quantiles of the metabolic parameters (Q4 vs. Q1). o % k. & W I .. " i )
( ™
= : Higher TyG, TyG-WHtR, and METS-IR were associated with an increased risk of all-cause and
;=] Conclusion ) e _
cardiovascular mortality in the group aged < 65 years, but not in the group aged > 65 years.
N S
\Keywords Novel metabolic parameters, Triglyceride glucose index, Metabolic syndrome, Age, Mortality )

Introduction

Metabolic syndrome (MetS) refers to a group of patho-
logical conditions linked to risk factors, often accompa-
nied by abdominal obesity, hypertension, hyperlipidemia,
and abnormal blood sugar [1]. One of the major health
burdens in Western countries, MetS increases the likeli-
hood of various diseases such as stroke, type 2 diabetes,

and coronary heart disease, and is also associated with
elevated mortality [2, 3]. Along with shifting lifestyles
and dietary habits, the prevalence of MetS is increasing,
with more than 30% of Americans suffering from it, espe-
cially older adults [4—6]. Due to the high risk of compli-
cations and prevalence of MetS, it presents significant
global challenges in clinical practice. Therefore, detecting
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high-risk populations for MetS early and formulating
corresponding strategies are crucial in safeguarding indi-
viduals’ health.

Insulin resistance (IR) represents a state characterized
by a reduction in the sensitivity of insulin-responsive tis-
sues, including fat, bone, and liver, to insulin, leading to
hyperinsulinemia [7]. Many metabolic risk factors, such
as hypertension and diabetes, are associated with IR,
which is considered a central role in the pathogenesis of
MetS [8]. The hyperinsulinemic-euglycemic clamp tech-
nique, developed by DeFronzo and his team, is widely
hailed as the gold standard for the precise assessment
of IR [9]. However, this technique is costly and cumber-
some, rendering it challenging to implement widely in
clinical practice. Many parameters have been devised to
measure IR, and the most commonly used is the insu-
lin resistance homeostasis model (HOMA-IR) [10-13].
HOMA-IR, derived from fasting plasma glucose and
insulin levels, is hampered by the need for routine mea-
surement of insulin, which may pose a challenge to pri-
mary health care settings [14]. Moreover, HOMA-IR
presents certain limitations in patients suffering from
[-cell failure and those undergoing insulin therapy [15,
16].

Recent studies indicate that novel metabolic parame-
ters, which do not depend on insulin measurements, can
predict IR and cardiovascular risk across diverse popula-
tions, suggesting their potential as effective alternatives
to HOMA-IR [17, 18]. The triglyceride-glucose (TyG)
index has the ability to identify people of different races
and different regions with severe MetS [19-21]. A meta-
analysis of 13 studies involving 49,325 participants dem-
onstrated that TyG is a clinically significant and accurate
predictor of MetS [22]. In addition, TyG can assess the
risk of disease and mortality across diverse populations,
especially in the elderly and critically ill patients [23, 24].
TyG offers a practical solution for predicting diabetes
and cardiovascular diseases (CVD) [25]. However, there
are limited studies reporting the predictive role of TyG
and other novel metabolic parameters in MetS. Besides,
recent articles indicate that TyG may have varying pre-
dictive power across different age groups [26].

Therefore, our objective was to explore the relation-
ship between TyG, triglyceride glucose-waist height ratio
index (TyG-WHLtR), and metabolic score for insulin resis-
tance (METS-IR) with all-cause and cardiovascular mor-
tality in individuals with MetS and to determine whether
this relationship changes with age.

Methods

Data source

NHANES is a study sponsored by the Centers for Disease
Control and Prevention to assess the nutritional health of
children and adults in the United States. The study uses a
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stratified, staged, complex sampling design to ensure that
the sample surveyed is nationally representative. Every 2
years, researchers conducted the study, which included
general population data, dietary status, examination data,
laboratory data, and questionnaires.

Population selection

We selected data from 9 interview cycles of NHANES
from 2001 to 2018, with a total of 91,351 participants
surveyed. After excluding people under 18 years old and
those without a confirmed diagnosis of MetS, a total of
15,798 participants were further studied. Participants
missing TyG data (n=7,374), mortality data (n=9), and
key covariates (n=144) were further excluded. Ulti-
mately, 8,271 participants were included in our study,
including 5,456 in the younger group (age <65 years) and
2,815 in the older group (age=>65 years). The detailed
selection process can refer to Fig. 1.

Measurement of novel metabolic parameters

This study included three novel metabolic parameters:
TyG, TyG-WHtR, and METS-IR. TyG was calculated
using triglycerides (TG) and fasting blood glucose (FBG)
levels from participants’ peripheral blood at baseline.
Waist-to-height ratio (WHtR) was selected as an obesity
indicator for MetS. The calculation formula for the three
indicators is as follows:

(1) TyG =In[TG (mg/dl)*FBG (mg/dl)/2] [27];

(2) TyG-WHLtR = TyG*[waist circumference (cm)/height
(cm)] [27];

(3)METS-IR = Ln[(2*FBG (mg/d]) + TG (mg/dl)) *
BMI]/Ln[HDL (mg/dl)] [28].

Definition of MetS

A diagnosis of MetS is made when 3 or more of the fol-
lowing conditions are met [29]: (1) Waist circumfer-
ence (WC) was >102 cm in men or >88 c¢cm in women;
(2) FBG>100 mg/dl or take medication for diabetes;
(3) Fasting HDL-C<40 mg/dl in men or <50 mg/dl in
women, or take medications that regulate HDL-C; (4)
Fasting TG > 150 mg/dl or take medication to lower TG;
(5) Blood pressure >130/85 mmHg or take medication to
lower blood pressure.

Assessment of covariates

Standardized questionnaires were employed to gather
demographic information about the participants, includ-
ing age, gender, education attainment, race/ethnicity,
body mass index (BMI), smoking status, alcohol con-
sumption, drug use, and disease status. Educational
attainment was categorized into three levels: high school
and below, college or equivalent, and college or above.
Similarly, smoking status was classified into three groups:
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NHANES 2001-2018
(N =91,351)
M Excluded aged < 18 years
v (N = 37,595)
N =53,756
| Without diagnosis of MetS
l d (N = 37,958)
N =15,798
_» Incomplete data of TyG
v (N = 7,374)
N = 8,424
Incomplete data of mortality status
(N=9)
v
N = 8,415
> Incomplete data of other key
v covariables (N = 144)
N =8,271
v
Age < 65 years
(N = 5,456)

410 all-cause deaths
102 CV deaths

Fig. 1 Flowchart of the sample selection from National Health and Nutrition Examination Survey (NHANES) 2001-2018. TyG Triglyceride glucose index;
MetS Metabolic syndrome; CV Cardiovascular.
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never smokers, former smokers, and current smokers.
Alcohol consumption was divided into never drinking,
light drinking, and moderate to heavy drinking. When
one or more of the following conditions are met, hyper-
tension is diagnosed: Self-reported history of hyperten-
sion; currently taking antihypertensive medication; blood
pressure: systolic blood pressure > 140 mmHg or diastolic
blood pressure >90 mmHg [30]. A diagnosis of diabetes
mellitus is established when any one or more of the fol-
lowing criteria are fulfilled: FBG>7.0 mmol/L; glycated

Table 1 Baseline characteristics of patients with MetS by age
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hemoglobin Alc (HbA1C)>6.5%; 2-hour plasma glucose
level of 11.1 mmol/L or above during an oral glucose tol-
erance test; individuals with self-reported diabetes or use
of hypoglycemic medications [31].

Determination of death

The primary outcome measures were all-cause and car-
diovascular mortality among the MetS population. Use
the 10th revised edition of the International Classifica-
tion of Diseases to determine the specific cause of death

Characteristic Total <65 Years >65 Years P
(N=8271) (N=5456) (N=2815) value
Gender, n (%) P=0.989

Male

Female

BMI (kg/m?)
Ethnicity, n (%)
Mexican American
Other Hispanic
Non-Hispanic White
Non-Hispanic Black
Other race
Education level, n (%)
< High school
College

> College

Smoking, n (%)
Current

Former

Never

Drinking, n (%)

Never

Mild

Moderate or Heavy
Diabetes mellitus, n (%)
Yes

No

Hypertension, n (%)
Yes

No

Hyperlipidaemia, n (%)
Yes

No

Laboratory measurements

FBG (mg/dL)
INS (UU/mL)
TG (mg/dL)

TC (mg/dL)
HDL-C (mg/dL)
LDL-C (mg/dL)

3442 (41.62%)
4829 (58.38%)
289(31.9,36.3)

1447 (17.49%)
724 (8.75%)
3973 (48.04%)
1646 (19.90%)
481 (5.82%)

4386 (53.03%)
2421 (29.27%)
1464 (17.70%)

4,253 (51.42%)
1,506 (18.21%)
2,512 (30.37%)

2,359 (28.52%)
4,754 (57.48%)
1,158 (14.00%)

2,842 (34.36%)
5,429 (65.64%)

6,005 (72.60%)
2,266 (27.40%)

4,819 (58.26%)
3,452 (41.74%)

99.0 (107.0,122.1)
9.3 (14.2,22.1)

167 (196, 226)
39 (46, 57)
91 (115, 141)

2273 (41.67%)
3183 (58.33%)
29.7 (32.9,37.6)

1080 (19.79%)
514 (9.42%)
2313 (42,39%)
1199 (21.98%)
350 (6.41%)

2694 (49.38%)
1750 (32.07%)
1012 (18.55%)

2,866 (52.53%)
1,288 (23.62%)
1,302 (23.85%)

1,249 (22.89%)
3,452 (63.28%)
755 (13.83%)

1,550 (28.41%)
3,906 (71.59%)

3,563 (65.30%)
1,893 (34.70%)

2,912 (53.37%)
2,544 (46.63%)

97.9(105.0,118.0)

10.1 (154, 23.9)
167 (196, 226)
172 (199, 230)
38 (45, 54)

97 (120, 145)

1169 (41.53%)
1646(58.47%)

27.8(304,34.0) P<0.001
P<0.001
367 (13.04%)
210 (7.46%)
1660 (58.97%)
447 (15.88%)
131 (4.65%)
P<0.001
1692 (59.94%)
671 (23.98%)
452 (16.08%)
P<0.001
1,387 (49.31%)
218 (7.93%)
1,210 (42.76%)
P<0.001
1,110 (39.82%)
1,302 (45.84%)
403 (14.34%)
P<0.001
1,292 (45.9%)
1,523 (54.1%)
P<0.001
2,442 (86.75%)
373 (13.25%)
P<0.001
1,907 (67.74%)
908 (32.26%)
101.1(111.6,130.0) P<0.001
82(124,188) P<0.001
172 (199, 230) 160 (187, 219) P<0.001
160 (187,219) P<0.001
42(50,61) P<0.001
82 (106, 133) P<0.001

Values are number (percentage), or median (25th-75th percentile)

BMI, Body mass index; FBG, Fasting blood-glucose; TG, Triglyceride; INS, Fasting insulin; TC, Total cholesterol; HDL, High-density-lipoprotein; LDL-C, Low-density-

lipoprotein cholesterol
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All-cause mortality Cardiovascular mortality
Subgroup Hazard ratio Estimate P value Subgroup Hazard ratio Estimate P value
TyG TyG
Q2vs.Ql T — 1.26 (0.84,1.89) 0.257 Q2vs.Ql =w— 0.90 (0.38, 2.13) 0.809
Q3vs.Q1 T — 1.40 (0.94,2.08) 0.094 Q3vs.Ql ‘m— 1.70(0.73,3.93)  0.217
Q4vs.Q1 1.63(1.12,2.39) 0.011 Q4vs.Ql -m—— 2.04 (1.15,4.90)  0.019
TyG-WHtR | TyG-WHtR !
Q2vs.Ql —%— 1.14 (0.75,1.74)  0.546 Q2vs.Ql -=— 1.46 (0.62,3.44)  0.388
Q3vs.Ql |—%—— 1.75(1.13,2.71) 0.012 Q3v.Ql —e—— 3.62(1.42,9.23)  0.007
Q4vs.Ql | ———®——————  278(1.68,4.61) <0.001 Q4vs.Ql | - 4.99 (1.76,14.11)  0.002
METS-R | METS-R |
Q2vs.Q1 —%— 0.97 (0.66, 1.43) 0.876 Q2vs.Ql ‘e— 1.69(0.72,3.99)  0.231
Q3vs.Ql —#— 1.08 (0.71, 1.64)  0.728 Q3vs.Ql —a—— 2.59(1.17,5.72)  0.019
Q4vs.Ql |—#— 1.36 (1.12,2.02) 0.026 Q4vs.Ql - 2.69(1.89,8.15)  0.018
0 1 2 3 4 5 0 5 10 15

Fig. 2 The association between three novel metabolic parameters with all-cause and cardiovascular mortality in individuals < 65 years of age with MetS.
Weighted Cox proportional hazard models were used to estimate hazard ratio (HR) and 95% confidence interval (Cl). Model was adjusted for age, gender,
ethnicity, educational level, BMI, hypertension, hyperlipidemia, diabetes, smoking status and drinking status. TyG Triglyceride glucose index; WHtR Triglyc-
eride glucose-waist to height ratio; METS-IR Metabolic score for insulin resistance; MetS Metabolic syndrome.

All-cause mortality

Cardiovascular mortality

Subgroup Hazard ratio Estimate P value
TyG

Q2vs.Q1 — T 0.81(0.64,1.03) 0.082
Q3vs.Ql — % 0.92(0.73,1.15) 0.443
Q4vs.Q1 — 0.94(0.74,1.19)  0.590
TyG-WHtR f

Q2vs.Ql - 1.16 (0.93,1.46) 0.192
Q3vs.Ql ——— 1.23(0.96,1.57) 0.097
Q4vs. Ql +———8———— 145(0.97,1.96) 0.059
METS-IR :

Q2vs.Ql - 1.06 (0.84,1.35)  0.621
Q3vs.Ql = ——e—— 1.04 (0.80,1.36) 0.744
Q4vs.Ql 4—-7 1.25(0.86,1.80)  0.236

0.5 1 15 2

Subgroup Hazard ratio Estimate P value
TyG
Q2vs.Ql —=— , 0.58(0.37,0.91)  0.018
Q3vs.Ql —a—— 0.95 (0.64,1.41)  0.806
Q4vs.Ql —m— 0.75(0.50,1.12)  0.154
TyG-WHtR i
Q2 vs. Q1 S P 1.12(0.74,1.69)  0.600
Q3vs.Q1 ——— 1.00(0.66,1.54)  0.983
Q4 vs. Ql  w 162(0.99,2.66) 0.054
METS-IR i
Q2vs.Q1 —a—i 0.66 (0.43,1.02)  0.062
Q3vs.Q1 —a—— 0.97 (0.63,1.51)  0.899
Q4 vs. Q1 —'-— 1.13(0.62,2.06)  0.680
0 1 2 3

Fig. 3 The association between three novel metabolic parameters with all-cause and cardiovascular mortality in individuals > 65 years of age with MetS.
Weighted Cox proportional hazard models were used to estimate hazard ratio (HR) and 95% confidence interval (Cl). Model was adjusted for age, gender,
ethnicity, educational level, BMI, hypertension, hyperlipidemia, diabetes, smoking status and drinking status. TyG Triglyceride glucose index; WHtR Triglyc-
eride glucose-waist to height ratio; METS-IR Metabolic score for insulin resistance; MetS Metabolic syndrome.

for participants. All-cause death refers to mortality from
any cause, while the primary causes of cardiovascular
death include ischemic heart disease and heart failure,
etc. To determine whether participants died during fol-
low-up and the specific cause of death, we used the newly
published mortality data from NHANES, which were
connected to the national mortality registry records [32].

Statistical analysis

Participants were divided into two age groups: younger
(<65 years) and older (=65 years). Categorical variables
are expressed as numbers and percentages (%), while con-
tinuous variables are expressed as medians and 25th to
75th percentiles. The chi-square test and Wilcoxon rank
test were used to compare the differences among age
groups. We divided TyG, TyG-WHLtR, and METS-IR into
quartiles (Q1-Q4). Kaplan-Meier survival analysis was

used to explore the predictive value of three metabolic
parameters. The Schoenfeld Residuals method and log-
log survival plots were used to assess whether the Cox
model met the proportional risk assumption. Weighted
Cox proportional hazard models were employed to
evaluate the relationship between novel metabolic mark-
ers and mortality, with hazard ratios (HR) and 95% con-
fidence intervals (CI) being computed to quantify these
associations. Directed acyclic graph (DAG) clarified con-
founding factors in the model. Model 1 was unadjusted;
Model 2 adjusted for age, gender, ethnicity, education
level, and BMI; Model 3 further adjusted for smoking sta-
tus, drinking status, diabetes, hypertension, and hyperlip-
idemia, in addition to the factors in Model 2. In addition,
we used E-value to assess the potential impact of unmea-
sured confounders. We employed a restrictive cubic
spline (RCS) analysis to assess the potential non-linear
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P nonlinear = 0.087
P overall < 0.001

25 50 52.5 75 100
METS-R

P nonlinear = 0.112
P overall < 0.001

P nonlinear = 0.451
P overall < 0.001

HR (95%CI)
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-

N
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Fig. 4 The restricted cubic spline (RCS) analysis between three novel metabolic parameters with all-cause and cardiovascular mortality in individuals <
65 years of age with MetS. We chose four percentiles (0.05, 0.35, 0.65, 0.95) as the knots of RCS to form a smooth curve. The shaded areas represent the
95% CI. Model was adjusted for age, gender, ethnicity, educational level, BMI, hypertension, hyperlipidemia, diabetes, smoking status and drinking status.
TyG Triglyceride glucose index; WHtR Triglyceride glucose-waist to height ratio; METS-IR Metabolic score for insulin resistance; MetS Metabolic syndrome.

relationship between three novel measures and mortal-
ity in MetS populations. In order to balance the smooth-
ness of the fitted curves and to avoid the reduction in
accuracy due to overfitting, we constructed a four-knot
RCS [33]. The time-dependent receiver operating char-
acteristic (ROC) curves were used to assess the ability of
three parameters to predict mortality, with time cut-offs
of 36, 60, and 120 months. We then performed subgroup
analyses by age, gender, BMI, ethnicity, education level,
smoking status, diabetes, etc. To ensure the reliability
and consistency of the observed association between dif-
ferent measures and mortality, we performed a sensitivity
analysis. All data analysis was done using Stata (version
18.1) and R (version 4.4.2) software, and P<0.05 means a
significant difference.

Results

Demographic characteristics of study participants

The study involved 8,271 participants with MetS, includ-
ing 5,456 (65.97%) in the younger group (age <65 years)
and 2,815 (34.03%) in the older group (age>65 years).
In comparison to the younger group, the older group
exhibited a higher prevalence of diabetes, hypertension,
and hyperlipidemia, along with higher levels of FBG and
lower levels of TG, fasting insulin, total cholesterol, and

low-density lipoprotein. Across both age groups, women
demonstrated higher rates of MetS detection than men,
with the majority of participants being non-Hispanic
whites (Table 1).

Results of survival analysis

After a median follow-up of 100 months, a total of 1,407
deaths were recorded, with 389 attributed to cardiovas-
cular causes. The Schoenfeld Residuals method and log-
log survival plots indicated that the Cox modeling was
consistent with a proportional-hazards model (Table S1,
Fig. S1). Compared with the first quartile (Q1), the fourth
quartile (Q4) of TyG, TyG-WHtR, and METS-IR were
linked to an elevated risk of all-cause mortality (HR 1.63,
95% CI 1.12-2.39; HR 2.78, 95% CI 1.68-4.61; HR 1.36,
95% CI 1.12-2.02, respectively) and cardiovascular mor-
tality (HR 2.04, 95% CI 1.15-4.90; HR 4.99, 95% CI 1.76—
14.11; HR 2.69, 95% CI 1.89-8.15, respectively) in the
younger group (Fig. 2). This association was not affected
by confounding factors (Table S2). In the older group,
TyG-WHtR was associated with an increased risk of all-
cause and cardiovascular mortality, but the association
became insignificant after adjustment for confounding
factors (Fig. 3, Table S3). Fig. S2 presented the Kaplan—
Meier survival curve for mortality in participants with
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MetS. We observed that in younger individuals, the met-
abolic parameters of the Q4 group had a higher mortality
rate compared to the Q1 group, which is consistent with
the results of Cox regression.

Results of RCS analysis

We selected four percentiles (0.05, 0.35, 0.65, and 0.95) as
the RCS knots to create a smooth curve. There were no
significant nonlinear associations between the three new
metabolic measures and all-cause or cardiovascular mor-
tality in either the older or younger groups (all nonlinear
P values were >0.05) (Figs. 4 and 5). Combined with the
Cox and linear regression (Table S4) results, no linear or
nonlinear associations of TyG, TyG-WHtR and METS-
IR with all-cause and cardiovascular mortality were
observed in the older group.

Results of ROC analysis

In the preceding analysis, the three parameters were not
significantly associated with all-cause or cardiovascular
mortality in the older group. Therefore, we performed
ROC curve analysis only in the younger group, with the
size of the area under the curve (AUC) indicating the
strength of the predictive ability. TyG-WHtR demon-
strated the highest AUC for predicting 3-year mortal-
ity, with values of 0.653 for all-cause mortality and 0.688
for cardiovascular mortality (Fig. 6). We also performed
ROC curve analyses to predict 5-year and 10-year mor-
tality (Table S5). It is noteworthy that the predictive
power of the three parameters for mortality may gradu-
ally decrease with longer follow-up time.

Subgroup analysis and sensitivity analysis

We conducted subgroup analyses by stratifying the data
according to various factors, including age, gender, edu-
cational attainment, BMI, smoking habits, and alcohol
consumption, among others. For detailed information,
please refer to Tables S6-S11. The sensitivity analysis
revealed that the associations of TyG, TyG-WHLtR, and
METS-IR with all-cause and cardiovascular mortality
remained robust after excluding participants with dia-
betes at baseline and those who died within two years of
interview (Tables S12-S13).

Discussion

To the best of our knowledge, this is the first study to
report the association between three novel metabolic
parameters—TyG, TyG-WHtR, and METS-IR—and both
all-cause and cardiovascular mortality in individuals
with MetS. Our research, which enrolled a total of 8,271
participants with MetS from 2001 to 2018, revealed that
higher levels of these parameters were associated with
an increased likelihood of all-cause and cardiovascular
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mortality only in the group aged < 65 years, but not in the
group aged > 65 years.

Previous studies have indicated that elevated levels of
TyG are linked to a higher risk of cardiac adverse events,
including myocardial ischemia and cardiac arrest, sug-
gesting that TyG can effectively predict heart disease
[34, 35]. However, TyG has yielded inconsistent results
in predicting mortality. Several studies have documented
a U-shaped [36] or positive association [37] of TyG with
all-cause or cardiovascular mortality. The interaction
effect of age on TyG and mortality may account for this
[25], and these studies did not analyze different age sub-
groups separately. A recent meta-analysis reported no
significant association between TyG and mortality [38].
However, the large heterogeneity among the included
studies (with I* values of 87% for all-cause mortality and
76% for cardiovascular mortality) may weaken the reli-
ability of the results. Consistent with our results, a large
prospective cohort study involving participants aged 25
to 70 years spanning 22 countries showed that elevated
TyG was associated with an increased individual risk of
CVD [15].

Research indicates that pancreatic adipose tissue con-
tent is inversely related to P-cell function and directly
related to IR. Individuals with varying body weights
exhibit different levels of pancreatic fat deposition, influ-
encing their susceptibility to diabetes [39]. Given the
close relationship between obesity and IR, the TyG in
combination with obesity indicators such as BMI, WC,
and WHItR has increasingly been utilized to predict CVD
[40]. WHtR, as a valid indicator of visceral obesity and a
sensitive indicator of early health risk, is superior to BMI
and WC in predicting CVD risk [41]. Two cohort stud-
ies have shown that TyG and TyG-WHtR are associated
with CVD, and TyG-WHLtR is superior to TyG alone in
the diagnosis of CVD [42, 43]. Our results also showed
that compared with TyG, TyG-WHtR had a larger AUC
for predicting all-cause and cardiovascular mortality in
patients younger than 65 years of age.

In 2018, Bello-Chavolla and colleagues developed
METS-IR as an alternative to HOMA-IR to assess IR. The
results indicate that METS-IR has excellent diagnostic
efficacy and can identify pathophysiological changes in
individuals at high risk of IR while saving the cost of insu-
lin measurement [28]. Researchers have also reported
that METS-IR, being more representative of peripheral
metabolic dysfunction, is a better predictor of nonal-
coholic fatty liver disease than HOMA-IR [44]. A study
involving 802 patients found that METS-IR can predict
the occurrence and severity of coronary artery disease
[45]. This is in contrast to another cross-sectional study
that found no significant association between METS-IR
and coronary artery disease [46]. However, the cross-sec-
tional design may have influenced the final conclusions of
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these two studies to some extent. After a median follow-
up period of 8.3 years, we found that METS-IR serves
as an effective predictor of mortality in the MetS popu-
lation. We assessed how different parameters related to
each other and found that METS-IR and TyG-WHtR had
a weak relationship in the MetS population aged 65 and
younger (correlation coefficient=0.063, P<0.001) (Table
S14). This may be due to the fact that METS-IR also con-
tains HDL data and therefore reflects different informa-
tion from TyG-WHtR.

Surprisingly, TyG, TyG-WHtR, and METS-IR were
not significantly associated with either all-cause or car-
diovascular mortality in the MetS population older than
65 years. This result could be explained by the follow-
ing factors: First, compared with younger patients, older
patients had higher baseline HDL levels and lower TG,
fasting insulin, total cholesterol, and LDL levels, indi-
cating that older patients were more concerned about
their health status and were more likely to receive inten-
sive treatment for daily activities. Medical interventions
during follow-up may optimize lipid and glucose levels,
thereby affecting the predictive power of these metabolic
parameters. Secondly, the measurement of TyG in the
elderly is susceptible to various confounding factors, such
as nutritional status, lipid levels and various comorbidi-
ties. Therefore, TyG and other parameters may not truly
reflect the level of IR in the elderly [47]. Third, studies
have shown that younger people are more susceptible to
IR [48, 49]. It is conceivable that younger patients with
longer disease duration may lead to increased IR and thus
more severe complications.

Our results showed that TyG-related indicators have
excellent performance in predicting the risk of mortal-
ity, but their exact mechanism of action remains unclear.
This may be because TyG, TyG-WHtR and METS-IR can
reflect the IR status of the body. IR triggers glycosylation
products and free radical formation, which results in
decreased bioavailability of nitric oxide [50]. In addition,
IR activates the mitochondrial electron transport chain,
leading to excessive oxidative stress [51]. The reduced
utilization of nitric oxide and excessive oxidative stress
can damage the vascular endothelium and promote the
occurrence of various diseases [52]. Significantly, IR
emerges as a pivotal indicator of obesity, hypertension,
lipid abnormalities, and an array of metabolic disorders,
all of which are intricately associated with CVD and fatal
outcomes.

Strengths and limitations

This is the first study to focus on assessing the association
of different novel metabolic markers with all-cause and
cardiovascular mortality among the MetS participants
and to explore whether this association changes with
age. Population-based, large-scale prospective design will
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provide new and powerful evidence for clinical practice
and public health.

Our study has the following limitations: First, we
identified novel metabolic parameters based on labora-
tory tests at baseline and therefore cannot evaluate how
changes in these indicators over time affect mortality
among the MetS population. However, like baseline TyG
data, cumulative TyG is also a valid predictor of IR [53,
54]. Second, about half of the participants had no FBG,
TG, and HDL measurements at baseline, so we excluded
these participants from further analysis. Compared with
the population with TyG data, the population without
TyG data exhibited a greater BMI level and higher preva-
lence of diabetes, which may affect the reliability of our
results. Third, the selection of age boundaries was empir-
ical, and whether the relation of these three parameters
with mortality continues at different age boundaries may
require further exploration. Fourth, we used a directed
acyclic graph (Fig. S3) approach to determine potential
confounders, but unknown or unmeasured confounders
may affect the validity of the research results. However,
we evaluated the sensitivity of our findings to unmea-
sured confounding factors by calculating the E-value
[55], and the results showed that they were reliable (Table
S15). Fifth, the AUC was low, and this finding must be
interpreted with caution. Finally, we included residents
of the United States, which may limit the broad global
applicability of our findings. In the future, large samples
and carefully designed prospective studies can be used.

Conclusion

The study revealed that the associations between TyG,
TyG-WHtR, and METS-IR with all-cause and cardio-
vascular mortality differed according to age among par-
ticipants with MetS. In the younger cohort, higher levels
of TyG, TyG-WHtR, and METS-IR were linked to an
increased risk of both all-cause and cardiovascular mor-
tality, whereas such associations were not evident in the
older cohort. Our results highlighted the predictive value
of TyG, TyG-WHtR, and METS-IR in the MetS popula-
tion, offering new insights for clinical practice and public
health.
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