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Abstract 

Background: This study aimed to investigate the associations between the triglyceride-glucose (TyG) index in young 
adulthood with incident cardiovascular disease (CVD) and mortality.

Methods: We included 4,754 participants from the Coronary Artery Risk Development in Young Adults study at base-
line. The TyG index was calculated as ln (fasting TG [mg/dl] × fasting glucose [mg/dl]/2), and the TyG index trajectories 
were identified by using the latent class growth mixture model. We evaluated the association between the baseline 
and trajectories of the TyG index with incident CVD events and all-cause mortality using Cox proportional hazards 
regression analysis. The added value of the TyG index included in pooled cohort equations for CVD prediction was 
also analyzed.

Results: Among 4754 participants (mean age 24.72 years, 45.8% male, 51.2% black), there were 158 incident CVD 
events and 246 all-cause mortality during a median 25 years follow-up. After adjusting for multiple confounding 
variables, each one-unit increase in the TyG index was associated with a 96% higher CVD risk (hazard ratio [HR] 1.96, 
95% confidence interval [CI] 1.44–2.66) and a 85% higher all-cause mortality risk (HR 1.85, 95% CI 1.45–2.36). Three 
distinct trajectories of the TyG index along the follow-up duration were identified: low (44.0%), moderate (45.5%), 
and high (10.5%). Compared with those participants in the low TyG index trajectory group, those in the high TyG 
index trajectory group had a greater risk of CVD events (HR 2.35, 95% CI 1.34–4.12) and all-cause mortality (HR 3.04, 
95% CI 1.83–5.07). The addition of baseline TyG index to pooled cohort equations for CVD improved the C-statistics 
(P < 0.001), integrated discrimination improvement value (P < 0.001), and category-free net reclassification improve-
ment value (P = 0.003).

Conclusions: Higher baseline TyG index levels and higher long-term trajectory of TyG index during young adulthood 
were significantly associated with an increased risk of incident CVD events and all-cause mortality in later life.
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Introduction
Cardiovascular disease (CVD) is the leading cause of 
global mortality and a major contributor to disabil-
ity [1]. Over the past several decades, the incidence of 
CVD events has increased rapidly around the world [1] 
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and tends to increase among younger individuals [2]. 
Therefore, early identifying those individuals at high risk 
of CVD and making effective preventive strategies for 
CVD starting at a young age is critically important. Insu-
lin resistance is defined as a decrease in tissue response 
normally to insulin stimulation, which has been known 
to be one of the most critical risk factors for CVD [3, 4]. 
Recently, the triglyceride-glucose (TyG) index, measured 
by the fasting plasma glucose and triglyceride, has been 
proposed as a reliable surrogate marker of IR and shown 
to highly correlate with IR [5, 6]. Growing evidence 
has been demonstrated that the TyG index is related to 
adverse cardiovascular outcomes in the general popula-
tion [7–9], as well as among certain high-risk patients, 
such as diabetes [10], hypertension [11], myocardial 
infarction [12], acute coronary syndrome [13], and after 
percutaneous coronary intervention [14]. In addition, 
several studies also report a predictive role of the TyG 
index with adverse cardiovascular outcomes among the 
general population [7, 15] and patients with cardiovas-
cular diseases [12, 13]. However, most of the prior stud-
ies mainly focused on older adults with CVD events and 
mortality, and were inherently limited by short follow-up 
periods and the use of measured TyG index at a single 
time point. Data are still lacking regarding the associa-
tions between the TyG index and its trajectory derived 
from the multiple measurements over time with incident 
CVD events and mortality in younger, healthier adults.

Therefore, in this study, we analyze more than 25 years 
of longitudinal data from the Coronary Artery Risk 
Development in Young Adults (CARDIA) Study to assess 
the association between baseline TyG index and different 
trajectories of its change during young adulthood with 
CVD events and all-cause mortality in later life. Further-
more, we also evaluate the added value of the TyG index 
when included in the pooled cohort equations (PCEs) 
model in the prediction of CVD.

Methods
Study design and participants
The CARDIA study is a prospective cohort study that 
enrolled 5115 African American and white adults aged 
18–30  years from four US field centers (Birmingham, 
Alabama; Chicago, Illinois; Minneapolis, Minnesota; and 
Oakland, California) from 1985 to 1986[16]. After the 
baseline examination (year 0), participants were invited 
to participate in follow-up examinations at years 2, 5, 7, 
10, 15, 20, 25, and 30. Participants retention rates across 
these examinations were high: 91%, 86%, 81%, 79%, 74%, 
72%, 72%, and 71%, of the surviving cohort, respectively. 
Additionally, semi-annual contact is maintained with 
participants via telephone, mail, or email, with annual 
interim medical history ascertainment; more than 90% 

of the surviving cohort participants have been directly 
contacted over the last 5  years. The institutional review 
board at all field centers approved the study protocols, 
and all participants provided written informed consent. 
All CARDIA data are obtained from the CARDIA Coor-
dinating Center (https:// www. cardia. dopm. uab. edu/ 
conta ct- cardia). Details of the National Heart, Lung, 
and Blood Institute policies governing the data and how 
to access these data are available at (https:// www. car-
dia. dopm. uab. edu/ study- infor mation/ nhlbi- data- repos 
itory- data).

We exclude participants who had missing fasting glu-
cose and triglyceride measurements at baseline (n = 101); 
those who had a history of heart problems at baseline 
(n = 306); and those who had missing data regarding 
other covariates of interest (n = 134). This resulted in 
a final sample of 4,574 participants to analyze the asso-
ciation between baseline TyG index with incident CVD 
events and all-cause mortality. We further excluded 
participants who had fewer than two valid TyG indexes 
during follow-up visits (n = 436); the remaining 4,138 
participants were included in the analysis of the asso-
ciation between TyG index group-based trajectory with 
CVD events and all-cause mortality (Additional file  1: 
Figure S1).

Data collection and definitions
At every CARDIA exam, information on participant 
demographics, anthropometrics, lifestyle, physical activ-
ity, biomarkers, family history, and use of medications 
were collected with standardized protocols [16]. At base-
line in 1985, all participants reported age at enrollment, 
sex, race, and education level (total years achieved across 
follow-up in this study, for some participants were still 
pursuing education at baseline at age 18–30  years) on 
questionnaires. Serum glucose was measured at base-
line using the hexokinase ultraviolet method developed 
by American Bio-Science Laboratories (Van Nuys, Cali-
fornia, USA) and at examination years 7, 10, 15, 20, and 
25 using hexokinase coupled to glucose-6-phosphate 
dehydrogenase (Merck Millipore, Billerica, Massachu-
setts). Before blood pressure assessment, participants 
were asked to fast and refrain from heavy physical activ-
ity for 5 min, and trained staff obtained 3 readings from 
the brachial artery. The mean of the second and third 
measurements was used for the analysis. Total choles-
terol and triglyceride levels were assayed enzymatically 
within 6  weeks of fasting sample blood samples, and 
high-density lipoprotein cholesterol (HDL-C) was deter-
mined by precipitation with dextran sulfate-magnesium 
chloride. Low-density lipoprotein cholesterol (LDL-C) 
was calculated by the Friedewald equation [16, 17]. Body 
mass index was calculated as weight in kilograms divided 
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by height in meters squared (kg/m2). Waist circumfer-
ence (WC) was measured in duplicate by trained per-
sonnel, and the mean of two measurements was used for 
the analysis. Total physical activity during the past year 
was estimated from reports of the amount of time per 
week spent in 13 categories of physical activity and was 
calculated in exercise units [18]. Smoking status, alcohol 
consumption, and Medication use for hypertension were 
collected through interviewer-administered question-
naires. Hypertension was assessed using antihyperten-
sive medication or SBP ≥ 140  mm Hg or DBP ≥ 90  mm 
Hg. Diabetes mellitus was defined at each examination by 
use of diabetic medication, fasting glucose ≥ 126  mg/dl 
(examination years 0 and 7–30), 2 h glucose ≥ 200 mg/dl 
(years 10, 20, and 25), or hemoglobin A1c (HbA1c) ≥ 6.5% 
(years 20 and 25) when available. The TyG index was cal-
culated as ln(fasting TG [mg/dl] x fasting glucose [mg/
dl]/2) [5].

CVD and mortality outcomes
The primary outcome of interest was the first occur-
rence of any fatal or non-fatal CVD events, including 
myocardial infarction, non-myocardial infarction acute 
coronary syndrome, stroke, coronary revasculariza-
tion, transient ischemic attack, congestive heart failure, 
carotid or peripheral arterial disease requiring interven-
tion, or underlying cause of death due to CVD. All-cause 
mortality was examined as the secondary outcome. Dur-
ing annual phone interviews, people reported their own 
events and answered questions about hospitalizations. 
Deaths were identified by using an ongoing basis from 
family contacts and National Death Index queries; vital 
status follow-up of all participants is thus virtually com-
plete. Two trained physician members of the Endpoints 
Committee independently reviewed medical records and 
adjudicated each possible cardiovascular or cerebrovas-
cular event or underlying cause of death using standard 
definitions and a detailed manual of operations [19]. If 
disagreement occurred, the event was reviewed by the 
full committee. For this analysis, adjudication of events 
was complete through 2010–2011.

Statistical analysis
Participants were stratified into quartiles according to 
their baseline calculated TyG index levels. Continu-
ous data with normal distribution were presented as the 
mean ± SD and the skewed distribution data were pre-
sented as the median with interquartile ranges. Categori-
cal data were presented as frequencies and percentages. 
The analysis of variance (ANOVA) or Kruskal–Wallis test 
was used to evaluate group difference for continuous var-
iables, and the Pearson chi-square test was used for cat-
egorical variables.

The Kaplan–Meier method was used to compute the 
cumulative incidence of incident CVD events and all-
cause mortality by TyG index quartiles, and differences 
among groups were compared using the log-rank test. 
Cox proportional hazards regression model was used to 
estimate hazard ratios (HR) and 95% confidence inter-
val (CI) for the association between the TyG index with 
CVD events and all-cause mortality. Three multivariable 
models were built and used to adjust for potential con-
founders of CVD events and all-cause mortality. Model 
1 was adjusted for sex, race, and age at baseline. Model 
2 was additionally adjusted for body mass index (BMI), 
waist circumference (WC), systolic blood pressure (SBP), 
diastolic blood pressure (DBP), high-density lipoprotein 
(HDL-C), low-density lipoprotein (LDL-C), smoking 
status, drinking status, education level, and total physi-
cal activity. Model 3 was further adjusted for variables in 
model 2 plus diabetes, family history of diabetes, hyper-
tension, and any antihypertensive use. The newly categor-
ical variable was recorded as a continuous variable for the 
linear trend test and entered into the Cox proportional 
hazards regression models. We also analyzed the non-
linear dose–response association between baseline TyG 
index with incident CVD and all-cause mortality using a 
restricted cubic spline regression model with three knots. 
Subgroup analyses were stratified by baseline age (18–24 
and 25–30 years), sex, race, total education level (up to/
through high school and beyond high school), and BMI, 
respectively. In addition, we calculated the E-value to 
evaluate the robustness of the results to potential uncon-
trolled confounders [20].

Group-based trajectory modeling (GBTM) was 
designed to identify clusters of individuals following 
similar patterns of change over time [21]. We employed 
group-based trajectory modeling (GBTM) to identify 
different longitudinal TyG index level patterns over the 
entire follow-up and tested models with groups ranging 
from 2 to 5 [21, 22]. The optimal shape of trajectories 
(linear, quadratic, or cubic) and the number of groups 
were assessed by the Bayesian information criterion, with 
no group including less than 5% of the total participants 
and higher mean posterior probabilities (> 0.7). (Addi-
tional file 1: Table S2). Finally, three distinct trajectories 
turned out to be the best-fitting model. To evaluate the 
association of TyG index trajectory groups with incident 
CVD and all-cause mortality, the trajectory group was 
included as an independent variable in the Cox propor-
tional hazards regression model examining predictors of 
incident CVD and all-cause mortality at follow-up.

To determine the optimal cutoff value of baseline TyG 
index in case of incident CVD and all-cause mortal-
ity, we used the receiver operating characteristic (ROC) 
curve analysis. The maximum value of the Youden index, 
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calculated as sensitivity + specificity-1, was used to deter-
mine the appropriate cutoff point for the TyG index. 
Furthermore, we fitted a prediction model based on vari-
ables used in the pooled cohort equations (PCEs), includ-
ing age, race, sex, total cholesterol, HDL-C, SBP, diabetes, 
treatment for hypertension, and smoking status. Then 
we developed a new model comprising the PCE variables 
with the addition of baseline TyG index and examine the 
added value of TyG index for CVD prediction in term of 
Harrell’s concordance statistic (C index), integrated dis-
crimination index (IDI) and net reclassification index 
(NRI) [23].

All analyses were conducted in R version 4.1.3 (R Foun-
dation for Statistical Computing, Vienna, Austria), SPSS 
version 25 (SPSS, Inc., Chicago, Illinois) and Stata 17.0 

(Stata Corp LLC, Texas, USA). A two-sided P value < 0.05 
was considered statistically significant.

Results
Baseline characteristics
Baseline characteristics of the 4,574 participants included 
in this study are shown in Table 1. The mean age of the 
total participants was 24.72 ± 3.62  years, 2,093(45.8%) 
were male, and 2,344 (51.2%) were black. The aver-
age baseline TyG index was 7.87 ± 0.52. We divided the 
participants into 4 groups based on the quartiles of the 
baseline TyG index. Participants with higher TyG index 
were more likely to be older, male, and white; they were 
more frequently to have a higher level of SBP, DBP, BMI, 
WC, TC, LDL-C, TG, and FPG; they were also a higher 

Table 1 Baseline characteristics of participants according to the quartiles of baseline TyG index

Data are shown as mean ± SD or n (%). Baseline characteristics of the 4,574 eligible participants from the CARDIA study, stratified by baseline triglyceride glucose 
index. There were significant between-group differences in most covariates considered

TyG triglyceride-glucose, BMI body mass index, WC waist circumference, SBP systolic blood pressure, DBP diastolic blood pressure, FPG fasting plasma glucose, HDL-c 
high-density lipoprotein cholesterol, LDL-c low-density lipoprotein cholesterol, TG triglyceride, EU exercise unit

Total (n = 4,574) Quartile (n = 1,144) Quartile 2 (n = 1,143) Quartile 3 (n = 1,143) Quartile 4 (n = 1,144) p value

TyG index 7.87 ± 0.52 7.26 ± 0.21 7.68 ± 0.09 7.99 ± 0.09 8.54 ± 0.38  < 0.001

Age, years 24.72 ± 3.62 24.44 ± 3.67 24.59 ± 3.64 24.61 ± 3.57 25.26 ± 3.55  < 0.001

Sex

 Male 2093 (45.8) 400 (35.0) 478 (41.8) 533 (46.6) 682 (59.6)  < 0.001

 Female 2481 (54.2) 744 (65.0) 665 (58.2) 610 (53.4) 462 (40.4)

Race

 Black 2344 (51.2) 689 (60.2) 621 (54.3) 564 (49.3) 470 (41.1)  < 0.001

 White 2230 (48.8) 455 (39.8) 522 (45.7) 579 (50.7) 674 (58.9)

 SBP, mmHg 110.33 ± 10.90 107.94 ± 10.52 109.03 ± 10.07 110.92 ± 11.08 113.44 ± 11.08  < 0.001

 DBP, mmHg 68.55 ± 9.58 67.21 ± 8.56 67.59 ± 9.42 69.10 ± 9.70 70.31 ± 10.25  < 0.001

 BMI, kg/m2 24.46 ± 4.82 23.36 ± 4.19 23.78 ± 4.42 24.55 ± 4.91 26.14 ± 5.20  < 0.001

 WC, cm 77.59 ± 10.82 73.64 ± 8.63 75.63 ± 9.69 77.83 ± 10.54 83.27 ± 11.71  < 0.001

 Total Cholesterol, 
mg/dL

176.56 ± 33.55 163.91 ± 28.96 171.32 ± 30.00 179.89 ± 33.34 191.11 ± 35.29  < 0.001

 HDL-c, mg/dL 53.06 ± 13.12 58.18 ± 12.49 55.72 ± 12.93 52.43 ± 12.38 45.92 ± 11.29  < 0.001

 LDL-c, mg/dL 108.91 ± 31.32 98.24 ± 26.49 104.78 ± 28.34 113.01 ± 32.40 119.62 ± 33.30  < 0.001

 TG, mg/dL 72.97 ± 48.37 37.48 ± 7.54 54.18 ± 6.93 72.27 ± 9.81 127.94 ± 67.24  < 0.001

 FPG, mg/dL 82.43 ± 14.94 78.12 ± 7.65 80.90 ± 7.28 82.67 ± 9.35 88.03 ± 25.33  < 0.001

 Drinking 3953 (86.4) 968 (84.6) 980 (85.7) 995 (87.1) 1010 (88.3) 0.06

 Smoking 1974 (43.2) 405 (35.4) 504 (44.1) 492 (43) 573 (50.1)  < 0.001

 Educational level, 
years

14.83 ± 2.77 14.84 ± 2.07 14.90 ± 3.27 14.94 ± 3.29 14.64 ± 2.18 0.054

 Hypertension 407 (8.9) 88 (7.7) 71 (6.2) 102 (8.9) 146 (12.8)  < 0.001

 Antihypertensive 
medication

101 (2.2) 15 (1.3) 19 (1.7) 24 (2.1) 43 (3.8)  < 0.001

 Diabetes 49 (1.1) 6 (0.5) 5 (0.4) 12 (1.0) 26 (2.3)  < 0.001

 Family history of 
diabetes

634 (13.9) 129 (11.3) 149 (13.0) 179 (15.7) 177 (15.5) 0.005

 Total Physical activ-
ity, EU

421.43 ± 302.52 413.15 ± 305.23 416.40 ± 293.38 426.52 ± 305.82 429.64 ± 305.54 0.505
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proportion of smoker, hypertension, and take antihyper-
tensive medication, diabetes, and family history of dia-
betes; but similar for drinking, education level and total 
physical activity across the TyG quartiles.

Association between baseline TyG index 
with cardiovascular disease and mortality
During a median follow-up of 25  years, incident CVD 
events and all-cause mortality occurred in 158 and 246, 
respectively. Table  2 shows the Cox proportional haz-
ard analysis of the association between the TyG index 
with incident CVD events and all-cause mortality. In 
the multivariate model that measured the TyG index 
as a continuous variable, per 1-unit increase in the TyG 
index was associated with a 96% higher risk of incident 
CVD, with a 85% higher risk of all-cause mortality after 
full adjustment for potential confounders in the model 
3 (HR 85%, 95% CI 1.44–2.66, p < 0.001; HR 1.85, 95% 
CI 1.45–2.36, p < 0.001; respectively; Table  2). Similar 
results were shown when we categorized participants 
into quartiles by TyG index: participants with the high-
est levels of baseline TyG index had the highest risk of 
incident CVD and all-cause mortality in all different 
adjusted models (all P < 0.05, Table 2). After adjustment 

for potential confounding factors in model 3, compared 
to the reference, adjusted HRs (95% CI) for incident 
CVD for the second, third, and fourth quartiles were 
2.41 (1.23–4.69), 2.19 (1.12–4.29), and 3.67 (1.90–7.06); 
and the corresponding HRs (95% CI) for all-cause mor-
tality were 1.32 (0.86–2.03), 1.54 (1.00–2.35), and 2.18 
(1.43–3.34), respectively (Table 2, Fig. 1).

Multivariable adjusted restricted cubic splines regres-
sion models also showed linear associations between 
the baseline TyG index and the risk of CVD and all-
cause mortality (Fig.  2). Increased TyG index (per 
1-unit) was consistently related to CVD (Fig. 3) and all-
cause mortality (Additional file 1: Figure S2) in various 
subgroups, including sex (male or female), race (black 
or white), age (≤ 24 or ≥ 25  years), education (≤ high 
school or > high school), and BMI (≤ 28 or > 28 kg/m2). 
There was no significant interaction in the subgroup (all 
P for interaction > 0.05). Furthermore, the E-values for 
the CVD and all-cause mortality were evaluated for the 
TyG index and compared to the HRs for the established 
cardiovascular risk factors for these outcomes (Addi-
tional file 1: Table S1). The comparison showed it would 
be unlikely that an unmeasured confounder exists that 
could account for the identified associations between 
the TyG index with CVD and all-cause mortality.

Table 2 Risk of incident cardiovascular disease and mortality by baseline TyG index

Model 1 Adjusted by sex, age, race

Model 2 Adjusted by model 1 + body mass index, waist circumference, systolic blood pressure, diastolic blood pressure, high-density lipoprotein cholesterol,low-
density lipoprotein cholesterol, smoking status, drinking status, education level, total physical activity

Model 3 Adjusted by model 2 + diabetes, family history of diabetes, hypertension, any antihypertensive use

TyG triglyceride-glucose, HR hazard ratio, CI confidence interval

Model 1 Model 2 Model 3

Events/total HR (95%CI) p value HR (95%CI) p value HR (95%CI) p value

Cardiovascular disease

 Continuous (per unit) 158/4,574 3.20 (2.51, 4.09)  < 0.001 2.21 (1.63, 2.98)  < 0.001 1.96 (1.44, 2.66)  < 0.001

Quartiles

 Quartile 1 (≤ 7.5) 12/1,144 Reference - Reference – Reference –

 Quartile 2 (> 7.5, ≤ 7.8) 33/1,143 2.75 (1.42, 5.33) 0.002 2.33 (1.20, 4.54) 0.012 2.41 (1.23, 4.69) 0.009

 Quartile 3 (> 7.8, ≤ 8.1) 35/1,143 3.06 (1.58, 5.91) 0.001 2.19 (1.12, 4.28) 0.021 2.19 (1.12, 4.29) 0.021

 Quartile 4 (> 8.1) 78/1,144 6.73 (3.63, 12.47)  < 0.001 3.70 (1.92, 7.12)  < 0.001 3.67 (1.90, 7.06) 0.001

 p for trend  < 0.001  < 0.001  < 0.001

All-cause mortality

 Continuous (per unit) 246/4,574 2.12 (1.71, 2.61)  < 0.001 1.98 (1.56, 2.52)  < 0.001 1.85 (1.45, 2.36)  < 0.001

Quartiles

 Quartile 1 (≤ 7.5) 36/1,144 Reference – Reference – Reference –

 Quartile 2 (> 7.5, ≤ 7.8) 52/1,143 1.42 (0.93, 2.18) 0.103 1.34 (0.87, 2.05) 0.180 1.32 (0.86, 2.03) 0.193

 Quartile 3 (> 7.8, ≤ 8.1) 61/1,143 1.68 (1.11, 2.55) 0.013 1.58 (1.03, 2.41) 0.032 1.54 (1.00, 2.35) 0.045

 Quartile 4 (> 8.1) 97/1,144 2.56 (1.73, 3.79)  < 0.001 2.27 (1.48, 3.46)  < 0.001 2.18 (1.43, 3.34)  < 0.001

 p for trend  < 0.001  < 0.001  < 0.001
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Association between TyG index trajectories 
with cardiovascular disease and mortality
The trajectory analysis included a total of 4,138 partici-
pants finally. Three distinct TyG index trajectories were 
identified during the follow up (Fig.  4): low (n = 1,810, 
44.0%), moderate (n = 1,910, 45.5%), and high (n = 418, 
10.5%) TyG trajectory groups. During the follow-up, 
the median (interquartile range) changes between the 
final visit and baseline for these trajectory groups were 
0.47 (−  0.01–0.95) in the low trajectory group, 0.67 

(0.09–1.25) in the moderate trajectory group, and 0.97 
(0.07–1.88) in the high trajectory groups (Additional 
file  1: Table  S3). The incidence rate of CVD in the low, 
moderate, and high trajectory groups were 1.8%, 4.1%, 
and 8.9%; the corresponding rate of all-cause mortality 
were 2.5%, 5.0%, and 8.9%, respectively (Table 3). In the 
fully multivariate Cox regression model, taking the low 
group as a reference, adjusted HRs (95% CI) for associa-
tions of those participants with TyG index trajectories in 
the moderate and high groups with the risk of incident 

Fig. 1 Cumulative incidence of cardiovascular disease (A) and all-cause mortality (B) by quartiles of baseline TyG index

Fig. 2 Adjusted hazard ratios of incident CVD events (A) and all-cause mortality (B) by baseline TyG index. Each hazard ratio was computed with a 
median baseline TyG index level of 7.8 (A and B). Both p for linearity < 0.01
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CVD were 1.58 (1.02–2.45) and 2.35 (1.34–4.12), and 
with the risk of all-cause mortality were 1.74 (1.19–2.53) 
and 3.04 (1.83–5.07), respectively (Table 3).

TyG index cut off points and added value of TyG index 
to PCEs model
The area under the curve (AUC) of the TyG index for 
incident CVD and all-cause mortality was 0.675, 95%CI 
(0.632–0.717) (Additional file 1: Figure S3A), and 0.612, 
95%CI (0.575–0.648) (Additional file  1: Figure S3B), 
respectively. The cutoff points for the TyG index for 
incident CVD were 8.170 with 49.4% sensitivity and 
76.6% specificity; the corresponding values for all-cause 
mortality were 8.025 with 49.2% sensitivity and 66.6% 
specificity, respectively.

The predictive value of the TyG index for CVD events 
was assessed using pooled cohort equations compo-
nents (Table 4). The C index of the PCE model signifi-
cantly improved after the addition of the TyG index 
(from 0.773 to 0.776, P < 0.001), and the discriminatory 
power and risk reclassification were also substantially 
better, with the IDI of 0.010 (95% CI, 0.004-0.017), and 
the NRI of 0.231 (95% CI,0.074–0.389).

Fig. 3 Subgroup analysis of the association between baseline TyG index and incident CVD events. Subgroup analysis included sex (male or female), 
race (black or white), age (≤ 24 or ≥ 25 years), education (≤ high school or > high school), and BMI (≤ 28 or > 28 kg/m2)

Fig. 4 Trajectories by TyG index in the Coronary Artery Risk 
Development in Young Adults study
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Discussion
In this prospective cohort study, we found that a higher 
level of baseline TyG index in young adulthood was sig-
nificantly associated with risks for incident CVD events 
and mortality in later life. In addition, we identified 3 
distinct trajectories of the TyG index during follow-up, 
with the high trajectory group carrying the greater risk 
of future incident CVD events and mortality. Further-
more, the addition of the TyG index to the PCEs model 
significantly promoted the ability of risk stratification. 
These findings indicated that high levels of IR assessed by 
TyG index in late adolescence/young adulthood, as well 
as long-lasting high level of TyG index, is an important 
potential predictor and mediator for CVD events and all-
cause mortality in later life.

Insulin resistance is an important risk factor for cardio-
vascular disease [3, 4]. The hyperinsulinemic-euglycemic 
clamp is the gold-standard test for IR assessment [24]; 
but is not frequently used in clinical practice and large 
population studies due to the complex detection pro-
cess and economic reasons [25]. Recently, the TyG index, 
calculated using fasting blood glucose and triglyceride, 

has been reported to be a simple and reliable surro-
gate marker of IR and proved to correlate with the gold 
standard [6]. Several previous studies have reported that 
a high TyG index is related to the increased risk of car-
diovascular disease and all-cause mortality in the general 
population. A recent meta-analysis included 5 studies 
for composite cardiovascular disease with 259,757 par-
ticipants and found higher TyG index may be associated 
with an increased incidence of CVD in a linear associa-
tion among the general population [26]. The pooled HRs 
(95% CI) for CVD among those with the highest TyG 
index was 1.46 (1.23–1.74) when compared with the low-
est TyG index category. However, the studies included in 
this meta-analysis mainly focused on the middle-aged to 
the elderly population with the mean age range from 46.1 
to 70.45 and based on the TyG index measured at a sin-
gle time point [7–9, 27, 28], which may not capture long-
term exposure due to the TyG index may vary over time. 
Therefore, the relationship between the TyG index and its 
longitudinal variation with cardiovascular outcomes in 
young populatoin needs to be evaluated. An analysis of 
the Atherosclerosis Risk in Communities (ARIC) Study 

Table 3 Risk of incident cardiovascular disease and mortality by TyG index trajectory groups

Model 1 Adjusted by sex, age, race

Model 2 Adjusted by model 1 + body mass index, waist circumference, systolic blood pressure, diastolic blood pressure, high-density lipoprotein cholesterol, low-
density lipoprotein cholesterol, smoking status, drinking status, education level, total physical activity

Model 3 Adjusted by model 2 + diabetes, family history of diabetes, hypertension, any antihypertensive use

TyG triglyceride-glucose, HR hazard ratio, CI confidence interval

Model 1 Model 2 Model 3

Event/total (%) HR (95%CI) p value HR (95%CI) p value HR (95%CI) p value

Cardiovascular disease

 Low 32/1810 (1.8) Reference – Reference – Reference –

 Moderate 79/1910 (4.1) 2.23 (1.47, 3.39)  < 0.001 1.58 (1.02, 2.45) 0.038 1.58 (1.02, 2.45) 0.039

 High 37/418 (8.9) 4.88 (2.98, 7.98)  < 0.001 2.36 (1.35, 4.14) 0.002 2.35 (1.34, 4.12) 0.002

 p for trend  < 0.001 0.001 0.005

All-cause mortality

 Low 45/1810 (2.5) Reference – Reference – Reference –

 Moderate 95/1910 (5.0) 1.87 (1.30, 2.69)  < 0.001 1.80 (1.23, 2.62) 0.002 1.74 (1.19, 2.53) 0.003

 High 37/418 (8.9) 3.39 (2.15, 5.33)  < 0.001 3.21 (1.93, 5.33)  < 0.001 3.04 (1.83, 5.07)  < 0.001

 p for trend  < 0.001  < 0.001  < 0.001

Table 4 Performance of the PCEs model with TyG index to predict cardiovascular disease in the CARDIA study

PCEs model: pooled cohort equations model, including age, race, sex, total cholesterol, high-density lipoprotein cholesterol, systolic blood pressure, diabetes, 
antihypertensive medication, smoking status

TyG triglyceride-glucose index, NRI net reclassification improvement, IDI integrated discrimination improvement

C-index Category-free NRI IDI

Index p value Index p value Index p value

PCEs model 0.773 (0.738–0.808) Ref Ref

PCEs model + TyG index 0.776 (0.742–0.810)  < 0.001 0.231 (0.074–0.389) 0.003 0.010 (0.004–0.017) 0.001
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[29], including 9097 participants in the analysis of TyG 
index trajectory groups and incident peripheral artery 
disease (PAD), have found that TyG index trajectories at 
highest levels had an greatest risk of future incident PAD. 
Thus, the measurement of the long-term trajectory of 
the TyG index could reflect the long-term impact of the 
TyG index on adverse health outcomes and provide more 
robust and reliable results. In line with the previous stud-
ies, our study found that the higher TyG index calculated 
at age 18–30  years was significantly associated with a 
higher risk of future CVD events. Moreover, our results 
revealed that those trajectory groups with long-term 
high TyG index levels beginning in young adult was at a 
higher risk of CVD events in mid-life. To the best of our 
knowledge, this is the first report concerning the impact 
of the long-term TyG index trajectory on the develop-
ment of CVD events in the general population of young 
adults. In addition, the analysis of the E-value showed 
that it was unlikely that unmeasured confounding fac-
tors could eliminate the identified association between 
the TyG index and cardiovascular diseases in the present 
study. These findings demonstrate that higher baseline 
TyG index levels and higher long-term trajectory of TyG 
index during young adulthood were significantly associ-
ated with an increased risk of incident CVD events.

Another important finding of this study is that adding 
the TyG index to the pooled cohort equations (PCEs) 
model has an incremental effect on the predicted value of 
the CVD event. Previous studies have evaluated the pre-
dictive utility of the TyG index value for CVD prediction, 
but the results are not entirely consistent. An analysis of 
the Vascular Metabolic CUN cohort found that the addi-
tion of the TyG index to the Framingham model improves 
the areas under the receiver-operating characteristics 
curve from 0.708 to 0.719 [9]. Another study of Kailuan 
study also found that the addition of change in TyG to 
the conventional risk model had an incremental effect on 
the predictive value for incident CVD [15]. However, the 
analysis of the Tehran Lipid and Glucose Study reported 
that adding the TyG index to the Framingham risk score 
(FRS) did not improve its predictive power [7]. Racial dif-
ferences among these studies may be an explanation for 
the discrepancies in the results. Finally, our study found 
that a higher baseline TyG index level in young adult-
hood is related to a higher risk of incident CVD events, 
and adding the TyG index to PCEs model can improve 
the predictive ability for CVD events, highlighting the 
usefulness of TyG index to early identify young individu-
als at high risk of developing a cardiovascular event.

Although the influence of the TyG index on adverse 
health outcomes has been receiving increasing atten-
tion, studies evaluating the relationship between the 
TyG index and mortality have been limited. In the recent 

meta-analysis of the TyG index and the risk of mortal-
ity in the general population [26], their results showed 
no association between the TyG index and mortality or 
all-cause mortality. In fact, among the four studies they 
included, two found a statistically significant association 
between the TyG index and all-cause mortality [30, 31], 
while the other two did not [28, 32]. In studies of different 
populations, most articles found a positive association 
between the TyG index and cardiovascular mortality/all-
cause mortality [14, 33, 34]. Another recent study of the 
Kangbuk Samsung Health Study cohort [35], including 
255,508 relatively healthy populations, supported that the 
TyG index is associated with an elevated risk of all-cause 
and cardiovascular mortality. Overall, in this present 
study, among the general population of young adults, the 
TyG index is significantly associated with a high risk of 
all-cause mortality, and the long-term TyG index trajec-
tory analysis also obtained consistent results.

The potential mechanism underlying the association of 
IR assessed by the TyG index with incident CVD events 
and mortality is still uncertain; several speculations have 
been summarized as follows. Firstly, as a reliable sur-
rogate index for IR, the TyG index is well reflected and 
closely related to IR, which can induce an imbalance in 
glucose and lipid metabolism, leading to chronic hyper-
glycemia and dyslipidemia. These metabolic changes have 
been reported as the causes of cardiovascular disease 
and all-cause mortality by epidemiological or genetic 
evidence [36, 37]. In addition, there is a close relation-
ship between the TyG index and traditional risk factors 
for cardiovascular diseases such as obesity [38], diabetes 
[39], hypertension [40], and renal insufficiency [38, 41]. A 
high TyG index level is likely to reflect the adverse effects 
of impaired cardiometabolic health. Furthermore, IR has 
been found to have a strong relationship with endothe-
lial dysfunction, cardiac metabolism changes, oxida-
tive stress, and inflammation response [3, 4]. Thus, an 
elevated TyG index level may accelerate these processes 
and contribute to the development of cardiovascular 
diseases. Finally, the TyG index has been reported to be 
significantly associated with subclinical cardiovascular 
diseases, such as arterial stiffness [42, 43], carotid athero-
sclerosis [44, 45], and coronary artery calcification [46]. 
Therefore, an increase in the TyG index over time may 
lead to the process of cardiovascular diseases and mortal-
ity. Nevertheless, further studies are needed to clarify the 
precise role of the TyG index in cardiovascular diseases 
and mortality.

Our study has several important clinical implications 
for preventing the development of CVD events and mor-
tality among the general population of young adults. 
First, in this current study, we have found a significant 
linear relationship between the TyG index with future 
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CVD events and mortality, highlighting that the TyG 
index may serve as a valid predictor for identifying young 
individuals at high risk for developing CVD and mortal-
ity. Second, the analysis of the TyG index trajectories with 
CVD events and mortality provided reliable and robust 
results, indicating the usefulness of monitoring the long-
term TyG index to identify high-risk individuals. Third, 
adding the TyG index to the PCEs model has an incre-
mental effect on the prediction of CVD, demonstrating 
that the TyG index may improve the predictive power 
of existing cardiovascular risk scores in young adults. 
Finally, although the TyG index is not currently directly 
applied to clinical guidelines, the role of blood glucose 
and triglyceride control in preventing CVD is reflected in 
certain guidelines. The 2022 diabetes standard, recently 
released by the American Diabetes Association (ADA), 
states that patients with elevated triglyceride levels 
(150  mg/dl [1.7  mmol/l]) should implement enhanced 
lifestyle interventions and achieve optimal blood glucose 
control [47]. Therefore, preservation of an appropriate 
level of TG and FBG within the desirable range and tak-
ing better control of long-term TyG index into late ado-
lescence or young adulthood are critically important for 
reducing adverse health outcomes in the future.

The key strengths of the current study include the use 
of its community-based prospective cohort design, a high 
proportion of Black participants, and a long follow-up of 
a unique age group. However, there are also several limi-
tations in this study. First, due to the young baseline age 
of the population, this study has only captured the pre-
mature events in later life thus far. Second, only biracial 
black and white population were included in this study; 
results may differ in other ethnicities of this age range. 
Third, given the observational study design of the CAR-
DIA study, the causal relationship between TyG index 
with CVD events and mortality could not be fully evalu-
ated. Fourth, although multivariable has been adjusted 
in the Cox regression model, residual confounders were 
still possible, including the medical therapy throughout 
the follow-up, environmental and behavioral factors, etc. 
Fifth, the hyperinsulinemic-euglycemic clamp test was 
unavailable in this study, so we cannot assess the correla-
tion between the TyG index with the gold standard of IR 
by the hyperinsulinemic-euglycemic clamp test.

Conclusion
In summary, the current study shows that elevated levels 
of baseline TyG index and higher long-term trajectory of 
TyG index during young adulthood is strongly associated 
with high risk of incident CVD events and mortality in 
mid-life, independent of other traditional cardiovascular 
risk factors. Moreover, adding the TyG index to the PCEs 
model has an incremental effect on the predicted value of 

the CVD event. These findings support the contribution 
of a higher TyG index to the development of CVD events 
and mortality and indicate the importance of maintaining 
an appropriate level of TG and FBG within the desirable 
range beginning in late adolescence or young adulthood.
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