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Relationship of the trajectory of the 2
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Abstract

Background A high triglyceride-glucose index (TyG) is associated with a higher risk of incident heart failure.
However, the effects of longitudinal patterns of TyG index on the risk of heart failure remain to be characterized.
Therefore, in the present study, we aimed to characterize the relationship between the trajectory of TyG index and the
risk of heart failure.

Methods We performed a prospective study of 56,149 participants in the Kailuan study who attended three
consecutive surveys in 2006—2007, 2008-2009, and 2010-2011 and had no history of heart failure or cancer before
the third wave survey (2010-2011). The TyG index was calculated as In [fasting triglycerides (mg/dL) X fasting plasma
glucose (mg/dL)/2], and we used latent mixture modeling to characterize the trajectory of the TyG index over the
period 2006-2010. Additionally, Cox proportional risk models were used to calculate the hazard ratio (HR) and 95%
confidence interval (C) for incident heart failure for the various TyG index trajectory groups.

Results From 2006 to 2010, four different TyG trajectories were identified: low-stable (n=13,554; range, 7.98-8.07),
moderate low-stable (n=29,435; range, 8.60-8.65), moderate high-stable (n=11,262; range, 9.31-9.30), and elevated-
stable (n=1,898; range, 10.04-10.25). A total of 1,312 new heart failure events occurred during a median follow-up
period of 10.04 years. After adjustment for potential confounders, the hazard ratios (HRs) and 95% confidence
intervals (Cls) for incident heart failure for the elevated-stable, moderate high-stable, and moderate low-stable groups
were 1.55 (1.15,2.08), 1.32 (1.08, 1.60), and 1.17 (0.99, 1.37), respectively, compared to the low-stable group.

Conclusions Higher TyG index trajectories were associated with a higher risk of heart failure. This suggests that
monitoring TyG index trajectory may help identify individuals at high risk for heart failure and highlights the
importance of early control of blood glucose and lipids for the prevention of heart failure.
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Background

Heart failure (HF) is a growing epidemic causing signifi-
cant morbidity and mortality globally, with an estimated
prevalence of more than 64.3 million worldwide [1, 2].
Epidemiologic studies have shown that approximately
1-2% of adults suffer from HF in developed countries,
and this prevalence rises to more than 10% in people
aged 70 years or older [3, 4]. In China, the prevalence of
HF in adults increased from 0.9% in 2000 to 1.3% in 2015,
representing an increase of more than 9 million cases [5,
6]. Given the enormous socioeconomic and public health
burdens associated with HEF, it is critical to identify risk
factors and high-risk populations for HF and implement
effective preventive measures as early as possible.

Insulin resistance (IR) is important in the pathogene-
sis of type 2 diabetes and the metabolic syndrome and is
associated with adverse ventricular remodeling and dys-
function [7]. Previous molecular studies have provided
ample evidence for the etiologic role of IR in the devel-
opment of HF [8, 9]. The hyperinsulinemic-euglycemic
clamp is currently considered to be the gold-standard
method for the evaluation of IR, but it is time-consum-
ing, labor-intensive, and invasive, and therefore is dif-
ficult to implement in large-scale clinical practice [10].
However, the triglyceride-glucose index (TyG), which can
be calculated using the fasting plasma glucose (FPG) and
fasting triglyceride (T'G) concentrations, has been shown
to be a simple and reliable surrogate marker of IR [11,
12]. Previous studies have shown that a high TyG index
is associated with higher risks of various cardiovascular
diseases, including HF, stroke, and myocardial infarction
[13-15]. However, most previous studies of the relation-
ship between TyG index and HF only used TyG index
calculated on a single measurement and did not explore
the longitudinal relationship between changes in TyG
index over time and HF events in the general population.
Therefore, in the present study, we aimed to character-
ize the relationship between the longitudinal pattern of
TyG index and the risk of HF in the general population by
using the TyG index trajectory of the Kailuan large com-
munity cohort study.

Methods

Study design and participants

The Kailuan study is a community-based prospective
cohort study being conducted in Tangshan, China, that
aims to identify risk factors for chronic non-communi-
cable diseases such as cardiovascular and cerebrovascu-
lar diseases. The study design and methods have been
described in detail elsewhere [16, 17]. In 2006 and 2007,
101,510 employees and retirees of the Kailuan Group
were recruited to participate in the baseline survey, then
a comprehensive examination was performed every 2
years, which included the completion of questionnaires
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(concerning the demographic characteristics and lifestyle
of the participants), a physical examination (including
the measurement of body mass, height, and blood pres-
sure), and laboratory testing (including the measurement
of FPG and lipid concentrations). In the present study, we
designated 2006-2010 as the “trajectory identification
period” and 2010-2020 as the “survival analysis period,’
with the aim of determining the effect of TyG trajectory
on the risk of HF in the general population by following
participants who underwent examinations in 2006, 2008,
and 2010 (Fig. 1A).

A total of 57,927 participants participated in the first
three surveys (2006—-2007, 2008-2009, and 2010-2011),
257 participants who had HF and 372 participants who
had cancer before 2006 or between 2006 and 2010 were
excluded. In addition, 1,149 participants with missing TG
or FPG data before the third wave of the survey (2010—
2011) were also excluded. Finally, a total of 56,149 partic-
ipants were included in this study (Fig. 1B). In addition,
the trajectories of the TyG index in each participant over
the exposure period (2006—2010) were characterized,
to assess their utility for the prediction of the risk of HF
in the general population during 2010-2020. The study
was conducted in accordance with the principles of the
Declaration of Helsinki and was approved by the Ethics
Committee of Kailuan General Hospital. All participants
agreed to participate in research and to provide a written
informed consent.

Data collection and definitions

All the participants underwent baseline and follow-up
surveys at one of 11 hospitals in the Kailuan community.
A structured questionnaire was used to collect informa-
tion regarding patient demographics, including their age,
sex, educational level and coal mine occupational history;
their medical history, for example of hypertension, diabe-
tes mellitus, and arrhythmia; their history of medication,
including anti-hypertensive, lipid-lowering, and hypogly-
cemic drugs; and their lifestyle, including their physical
activity, smoking status, and drinking status.

Smoking and drinking status were categorized into two
levels: current and never or previous. Physically active
individuals were defined as those who exercised 24 times
per week for at least 20 min on each occasion [16]. Body
mass index (BMI) was calculated as body mass (kg)/
height squared (m?). The blood pressure of each partici-
pant was measured at least twice using a calibrated mer-
cury sphygmomanometer while they were seated, and if
the difference between the two measurements was >5
mmHg, the blood pressure was measured again, and the
mean of the three values was recorded. Hypertension was
defined using a systolic blood pressure (SBP)/diastolic
blood pressure (DBP)>140/90 mmHg, the use of anti-
hypertensive medication, or a self-reported history of



Zheng et al. Lipids in Health and Disease (2024) 23:257

A

Baseline Index year

Page 3 of 9

[ | |

| | 1
2006/07 2008/09 2010/11

Prospective analysis of HF outcome

1
2020

Exposure period (TyG trajectories)

B

Follow-up period

Participants includeded in 2006/07 survey
(N=101,510)

o | 43.583 participants did not finish the survey in

"] 2006/07, 2008/09 or 2010/11 were excluded

57,927 participants who all participated in
2006/07, 2008/09 and 2010/11 survey

Excluded:
-1149 participants with missing dataon |

Excluded:
-372 participants with cancer before or in

TG or HDL-C in 2006/07, 2008/09 or
2010/11 survey

2006/07, 2008/09 or 2010/11 survey
- 257 participants with heart failure before or
in 2006/07, 2008/09 or 2010/11 survey

56,149 participants were finally included in the analysis

Fig. 1 Flow chart of inclusion and exclusion in this study

hypertension [18]. Diabetes mellitus was defined using an
FPG>7.0 mmol/L, the use of hypoglycemic medication,
or a self-reported history of diabetes [19]. Biochemical
indices, such as TG, FPG, total cholesterol (TC), high-
sensitivity C-reactive protein (hs-CRP), low-density
lipoprotein-cholesterol (LDL-C), and high-density lipo-
protein-cholesterol (HDL-C), were measured by profes-
sional technicians using an automated analyzer (Hitachi
747, Tokyo, Japan). The estimated glomerular filtration
rate (eGFR) of each participant was calculated using the
creatinine-based Chronic Kidney Disease Epidemiol-
ogy Collaboration (CKD-EPI 2009) equation [20]. The
TyG index was calculated as In [TG (mg/dL) x FPG (mg/
dL)/2] [21].

Assessment of heart failure

The primary outcome of the study was the first occur-
rence of HF, which was assessed annually during fol-
low-up from the baseline examination until the date
of HF onset, death, or the end of follow-up (December
31, 2020), whichever came first. Potential HF events

were also identified using information obtained from
four additional sources: (1) the municipal social secu-
rity agency, (2) the hospital discharge registry, (3) death
certificates, and (4) a questionnaire that was completed
every 2 years from 2006. The diagnostic criteria used
for HF were those in the Guidelines for the Diagnosis of
Chronic Heart Failure of the European Society of Car-
diology [22]; and the following were obtained through
a review of the medical records: (1) clinical symptoms
of HE, including dyspnea, fatigue, and fluid retention,
NYHA heart function classes II, III, and IV, and Kil-
lip heart function classes II, III, and IV; (2) high plasma
natriuretic peptide (NT-proBNP) concentrations; and (3)
left ventricular ejection fraction<50%, measured using
two-dimensional and the modified Simpson method of
Doppler echocardiography. For a diagnosis of HF to be
made, (1) and at least one of (2) and (3) were required.

Statistical analysis
Statistical analyses were performed using SAS v.9.4 (SAS
Institute, Inc, Cary, NC, USA) software. The trajectories
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in TyG index between 2006 and 2010 were characterized
by latent mixture modeling using the SAS Proc-Traj pro-
gram [23, 24]. The Bayesian Information Criterion (BIC)
was used to assess model fit, and a model with four pat-
terns was determined to show the best fit. In the baseline
description, normally distributed continuous variables
were described as meantstandard deviation (SD),
skewed continuous variables were described as median
within the interquartile range (25-75%), and frequencies
and percentages (%) were used to describe categorical
variables. Continuous variables were compared accord-
ing to distribution using ANOVA or Kruskal-Wallis
tests, and categorical variables were compared using chi-
square tests. Incidence rate was measured as the number
of events divided by the total number of person-years of
follow-up and is expressed as the number of events per
1,000 person-years.

The Kaplan-Meier method was used to calculate the
cumulative incidence of HF for each trajectory group and
these were compared using the log-rank test. In addition,
in order to evaluate the relationship between the TyG
index and the risk of HF for these groups, multivariate
Cox proportional hazards regression analysis was per-
formed, and the proportional hazards assumption was
met. Model 1 was adjusted for sex and age; Model 2 was
further adjusted for BMI, hs-CRP, eGFR, HDL-C, LDL-
C, coal miner, smoking status (current smoker or not),
drinking status (current drinker or not), physical activ-
ity status (active or not), educational level (junior high
school or below, or senior high school or above), hyper-
tension (yes or no), and diabetes mellitus (yes or no); and
Model 3 was further adjusted for the use of antihyperten-
sive drugs (yes or no), lipid-lowering drugs (yes or no),
and hypoglycemic drugs (yes or no). Subgroup analyses
were performed following stratification according to sex
(male vs. female), age (<60 years vs. = 60 years), BMI
(<28 kg/m?vs. > 28 kg/m?), and hypertension (yes vs. no).

Finally, several sensitivity analyses were performed to
test the robustness of the results. First, to minimize the
possibility of reverse causality, participants who experi-
enced an HF event within the first year were excluded.
Second, given the possible effect of myocardial infarction
or the presence of NAFLD on HF, participants with a his-
tory of myocardial infarction or NAFLD were excluded.
Third, to account for the effect of different medication,
four sensitivity analyses were performed, by excluding
participants who were taking hypoglycemic drugs, anti-
hypertensive, lipid-lowering drugs, or beta-blockers.
Additionally, the incident HF analysis was repeated using
the Cause-Specific model, using death owing to non-HF
causes as a competing risk. To determine whether this
association could be explained by the TyG index dur-
ing the follow-up period, additional adjustments were
made according to the values of TyG in 2006 and 2010. A
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two-sided P<0.05 was considered to represent statistical
significance.

Results

Baseline characteristics

The baseline characteristics of the participants are
shown in Table 1. A total of 56,149 eligible participants
were included in the present study. Their mean age was
53.47112.05 years, and 13,141 were women (23.4%), and
43,008 were men (76.6%). Four distinct trajectory pat-
terns were identified by latent mixture modeling, based
on the pattern of change in TyG index between 2006 and
2010 (Fig. 2): low-stable (mean TyG ranged from 7.98 in
2006 to 8.07 in 2010); moderate low-stable (mean TyG
ranged from 8.60 in 2006 to 8.65 in 2010); moderate high-
stable (mean TyG ranged from 9.31 in 2006 to 9.30 in
2010); and elevated-stable (mean TyG ranged from 10.04
in 2006 to 10.25 in 2010). Compared with the low-stable
group, participants in the moderate low-stable, moder-
ate high-stable and elevated-stable group were male; had
higher BMI, SBP, DBP, TG, LDL-C, FPG and hs-CRP;
were more likely to be coal miners, current smokers and
drinkers; had a higher prevalence of diabetes mellitus;
and were more likely to be taking medications.

Relationship between the risk of heart failure and the
trajectory of TyG index

During a median follow-up of 10.04 years, 1,312 HF
events occurred. Kaplan-Meier analysis showed that
participants in the elevated-stable TyG group were at a
higher risk of developing HF than the other trajectory
groups, and the differences in cumulative incidence of
HF among the groups were statistically significant (log-
rank test, P<0.01) (Fig. 3). After adjusting for potential
confounding factors, and compared with the low-stable
group, the HRs and 95% ClIs of the elevated-stable group,
moderate high-stable group, and moderate low-stable
group were 1.55 (1.15, 2.08), 1.32 (1.08, 1.60), and 1.17
(0.99, 1.37), respectively (Table 2).

Results of the subgroup and sensitivity analysis

The results of the subgroup analyses are shown in Table 3.
We found a significant interaction of TyG trajectory with
age, but no significant interactions with sex, BMI, or
hypertension. With respect to the sensitivity analyses,
after the exclusion of participants who experienced an
HF event within the first year, the results were consistent
with those of the primary analysis (Table S1). Moreover,
the results remained stable after the exclusion of partici-
pants with a history of myocardial infarction or NAFLD
(Table S2 and S3). In addition, the results were consistent
after the exclusion of participants who were taking hypo-
glycemic drugs, anti-hypertensive drugs, lipid-lowering
drugs, or beta-blockers (Table S4 and S5). Considering
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Table 1 Baseline characteristics of 56,149 participants according to the trajectories of TyG index
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Variables Total Low-stable Moderate low-stable Moderate high-stable Elevated-stable P

N 56,149 13,554 29,435 11,262 1898 —
Age, years 5347+£12.05 5266+1297  53.85+£12.09 53.64+11.05 5230+£9.83 <0.01
Male n (%) 43,008(76.6) 9228(68.1) 22,844(77.6) 9297(82.6) 1639(86.4) <0.01
BMI, kg/m? 25.12+338 2353+3.14 2522+325 2647+3.19 26.83+3.20 <0.01
SBP. mm/Hg 131.08+19.38 12551+19.03 13148+19.13 135.65+18.86 137.63+18.50 <0.01
DBP, mm/Hg 84.34+£1087  80.85+£1052  84.62+10.64 87.06+£10.68 88.75+10.95 <0.01
HDL-C, mmol/L 1.56+049 1.72+0.53 1.54+046 1444045 1.37+0.50 <0.01
LDL-C, mmol/L 260+£0.82 232+0.77 267+0.79 2.75+0.86 2.66+1.05 <0.01
TG, mmol/L 1.70+£1.69 0.81+0.30 144+0.64 269+1.88 6.19+4.92 <0.01
FPG, mmol/L 566+1.76 5.08+0.65 547+1.10 6.44+2.55 8.08+4.40 <0.01
hs-CRP, mmol/L 241+£531 227+533 232+542 2.71+5.13 292+4.46 <0.01
eGFR, ml/min/1.73m? 90.05+£20.07  9251+1941  8893+19.75 89.63+20.92 9236+22.59 <0.01
TyG in 2006 8.65+0.69 793+0.36 8.61+£041 9.36+0.49 10.08+0.60 <0.01
TyG in 2008 8.67+0.69 7.96+0.37 8.64+0.38 9.34+0.46 10.35+0.62 <0.01
TyGin 2010 8.70+£0.68 8.02+0.36 8.65+0.39 9.36+0.49 10.29+0.66 <0.01
Current smoker, n (%) 21,500(38.3) 4265(31 5) 11,210(38.1) 5022(44.6) 1003(52.8) <0.01
Current drinker, n (%) 19,520(34.8) 4(28.9) 9988(33.9) 4681(41.6) 937(49.4) <0.01
Coal miner, n (%) 17,045(30.4) 16(27.4) 8972(30.5) 3692(32.8) 665(35.0) <0.01
Physical activity, n (%) 8196.0(14.6) 1938(14.3) 4377(14.9) 1642(14.6) 239(12.6) 0.03
High school or above, n (%) 15,414(27.5) 3897(28.8) 8060(27.4) 2976(26.4) 481(25.3) <0.01
History of arrhythmia, n (%) 2081(3.71) 504(3.72) 1020(3.47) 485(4.31) 72(3.79) <0.01
History of myocardial infarction, n (%)  506(0.90) 68(0.50) 269(0.92) 134(1.19) 35(1.85) <001
Diabetes mellitus, n (%) 6511(11.6) 252(1.86) 2235(7.59) 3043(27.0) 981(51.7) <0.01
Hypertension, n (%) 27,429(48.9) 4636(34.2) 14,583(49.5) 6925(61.5) 1285(67.7) <0.01
Beta-blockers, n (%) 1163(2.07) 145(1.07) 612(2.08) 336(2.98) 70(3.69) <0.01
Hypoglycemic drugs, n (%) 3466(6.17) 152(1.12) 1180(4.01) 1624(14.4) 510(26.9) <0.01
Anti-hypertensive drugs, n (%) 9110(16.2) 1221(9.01) 4774(16.2) 2590(23.0) 525(27.7) <0.01
Lipid-lowering drugs, n (%) 1692(3.01) 150(1.11) 758(2.58) 623(5.53) 161(8.48) <0.01

BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, HDL-C high-density lipoprotein cholesterol, LDL-C low-density lipoprotein
cholesterol, TG triglyceride, FPG fasting plasma glucose, hs-CRP high-sensitivity C reactive protein, eGFR estimated glomerular filtration rate, TyG index triglyceride-
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Fig. 2 Trajectory of TyG index for all participants during 2006-2010

that non-HF-related death is a competing event, we
assessed the relationship between the TyG index trajec-
tory and new-onset HF using cause-specific model, and
the result was consistent with the primary results (Table
S6). Finally, the relationship between TyG index trajec-
tory and heart failure risk did not change substantially
after additional adjustments for TyG index in 2006 or
2010 (Table S7 and S8).

Follow-up,years
Fig.3 Kaplan-Meierincidence rate of HF according to TyG index trajectory

Discussion

In this prospective cohort study of 56,149 participants,
we identified four different patterns of TyG trajectory.
Compared with the low-stable group, participants with
a long-term high TyG were at a higher risk of HF after
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Table 2 The hazard ratios (HRs) of heart failure according to trajectories of TyG index

Case/Total IR Model 1 Model 2 Model 3
Heart failure
Low-stable 211/13,554 157 1 (reference) 1 (reference) 1 (reference)
Moderate low-stable 679/29,435 2.34 147 (1.26,1.71) 1.18(1.00,1.38) 1.17(0.99,1.37)
Moderate high-stable 350/11,262 3.16 2.16(1.82,2.57) 1.36(1.12,1.65) 1.32(1.08,1.60)
Elevated-stable 72/1898 3.86 3.07 (2.34,4.01) 1.63(1.21,2.19) 1.55(1.15,2.08)

Note TyG index triglyceride-glucose index; IR, incidence rate (per 1000 person-years); Model: 1 adjusted for age, sex; Model 2: adjusted for BMI, eGFR, HDL-C, LDL-C,
hs-CRP, current smoker, current drinker, coal miner, physical activity, education level, hypertension, diabetes mellitus, history of myocardial infarction and history of
arrhythmia on the basis of model 1; Model 3: included variables in model 2 and further adjusted for hypoglycemic drugs, anti-hypertensive drugs and lipid-lowering
drugs

Table 3 Subgroup analyses: the hazard ratios (HRs) of heart failure according to trajectories of TyG index

Low-stable Moderate low-stable Moderate high-stable Elevated-stable P for interaction
Sex 024
Male
Case/Total 173/9228 568/22,844 280/9297 49/1639
1 (reference) 1.26(1.05,1.51) 146 (1.17,1.81) 1.55(1.09,2.21)
Female
Case/Total 38/4326 111/6591 70/1965 23/259
1 (reference) 0.93 (0.63,1.37) 1.07(067,1.71) 2.07(1.10,3.90)
Age 0.01
age<60y
Case/Total 63/9847 235/20,822 153/8261 43/1553
1 (reference) 1.28(0.96,1.72) 1.36 (0.98,1.90) 143(0.92,2.22)
age=60y
Case/Total 148/3707 444/8613 197/3001 29/345
1 (reference) 1.16(0.95,1.41) 1.33(1.041.71) 1.64 (1.05,2.57)
BMI 036
BMI < 28 kg/m?
Case/Total 181/12,503 511/24,131 236/8017 38/1292
1 (reference) 124 (1.04,147) 1.54(1.24,1.91) 1.54 (1.06,2.24)
BMI =28 kg/m?
Case/Total 30/1051 168/5304 114/3245 34/606
1 (reference) 1.13(0.77,1.68) 1.14 (0.75,1.74) 1.87 (1.09,3.19)
Hypertension 0.50
Yes
Case/Total 121/4636 492/14,583 264/6925 58/1285
1 (reference) 1.25(1.02,1.54) 1.36(1.07,1.72) 1.68(1.19,2.38)
No
Case/Total 90/8918 187/14,852 86/4337 14/613
1 (reference) 0.96 (0.74,1.25) 1.21(0.86,1.70) 1.29(0.70,2.38)

Note TyG index triglyceride-glucose index; Adjusted for age, sex, BMI, eGFR, HDL-C, LDL-C, hs-CRP, current smoker, current drinker, coal miner, physical activity,
education level, hypertension, diabetes mellitus, history of myocardial infarction, history of arrhythmia, hypoglycemic drugs, anti-hypertensive drugs and lipid-
lowering drugs

10 years of follow-up, independent of the baseline TyG
index. Similar findings were observed in both subgroup
and sensitivity analyses.

The relationship between TyG index and the risk of
developing several conditions (including HE, CVD, CAD,
etc.) in the general population has been widely studied
in the past. The results of our study are generally con-
sistent with those of previous studies. Amirmohammad
Khalaji et al. [25] conducted a systematic review and
meta-analysis including 772,809 individuals, showing

that an increase of one unit in the TyG index raised the
risk of HF development in normal populations. Liu and
Liang et al. separately reported that a higher TyG index
was associated with an increased risk of incident CVD
or CAD compared with a lower TyG index [26, 27]. A
study including 18 studies and 592,635 patients showed
that an elevated TyG index is significantly associated with
increased risk of ischemic stroke, stroke recurrence, and
death in the general population [28]. Other studies have
also shown that elevated TyG index levels are risk factors
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for atrial fibrillation and obstructive sleep apnea [29, 30].
However, these results are based on studies investigating
TyG index at a single time point, which may not reflect
long-term exposure. In the present study, we used tra-
jectories to present the pattern of TyG changes over 4
years to observe its long-term effect on the risk of HF in
the general population. We found that after adjustment
for potential confounders, participants with a long-term
elevated TyG level were at a higher risk of HF than those
with a low-stable TyG level. Moreover, this association
was not affected by additional adjustment for the baseline
TyG level. Thus, regular monitoring and maintenance of
an appropriate TyG may help identify and prevent HF in
the general population.

Another important finding of the present study was
that age is an important moderator of the relationship
between TyG trajectory and the risk of HF. Specifically,
the association between the trajectory in TyG index and
HF risk was stronger in participants aged 260 years than
in those aged<60 years. Previous studies have shown
that HF due to elevated TyG index is more common in
older age groups [14, 31]. In the present study, the risk
of HF in the elevated-stable group of TyG index was still
higher for those participants aged>60 years than for
those aged <60 years, which is consistent with the previ-
ous findings. This may suggest that we should pay more
attention to the longitudinal effects of TyG in the elderly
population while focusing on the general population.

The mechanisms underlying the relationship between
the long-term change in TyG index and the risk of HF are
unclear, but they may be related to IR. First, IR is associ-
ated with high concentrations of free fatty acids and tri-
glycerides in the circulation, which have lipotoxic effects
in the heart via the production of toxic lipid intermedi-
ates, resulting in a reduction in metabolic efficiency [32,
33]. This metabolic dysfunction increases the susceptibil-
ity of patients to pressure overload and ischemia, thereby
causing the development or progression of HF [34, 35].
In addition, IR is associated with sympathetic nervous
system activation, hyperinsulinemia, and an upregulation
of angiotensin II responses [36], which may promote car-
diac remodeling through oxidative stress, inflammation,
and cardiac fibrosis [37, 38]. Finally, IR increases the risk
of many chronic metabolic diseases, including diabetes,
hypertension, and hyperlipidemia [39, 40], which are
important risk factors for HF [41], and a combination of
these may further increase the risk of HE. Nonetheless, to
date, the mechanisms linking insulin resistance and HF
are not fully understood and this remains an important
area for further investigation.

The homeostatic model assessment of insulin resis-
tance (HOMA-IR) and the insulin detection meth-
ods require laboratory data on insulin levels, and their
implementation is expensive, laborious, and cannot be
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performed in daily practice, making them difficult to
perform in resource-limited countries. Another simpler
method that does not require the use of insulin assays is
the TyG index, which is closely related to the HOMA-IR
and insulin clamp test, and is an easy-to-measure, reli-
able surrogate marker for the diagnosis of IR that is supe-
rior to the HOMA-IR for the assessment of IR [42]. This
method requires only simple laboratory parameters such
as triglycerides and glucose, and has the advantages of
convenient measurement, low cost, and high sensitivity,
which makes it more suitable for large-scale application
in the clinic [43, 44].

Study strengths and limitations

The present study had several strengths. It was a prospec-
tive cohort study performed in a large population with a
long follow-up period, so the relationship between differ-
ent TyG index trajectories and the risk of HF can be stud-
ied by monitoring the long-term changes in TyG index.
Additionally, the results of multiple subgroup analyses
and sensitivity analyses were consistent with those of the
principal analysis, which further strengthens the present
findings. However, the study also had certain limitations.
First, we did not calculate HOMA-IR or perform a hyper-
insulinemic-euglycemic clamp to evaluate IR, so we could
not compare the effects of HOMA and TyG index on the
risk of HF. Second, our study evaluated the relationship
between peripheral insulin resistance (IR) and HE, but not
myocardial insulin resistance, which may have influenced
our results. Whether IR (either peripheral or myocardial)
is merely a marker of disease severity or whether it actu-
ally contributes to the progression of HF remains to be
determined. Moreover, some hypoglycemic drugs (such
as GLP1RAs and DPP4i) can increase the risk of HF, but
due to our lack of specific type of hypoglycemic drugs,
this could affect our results. Third, we did not assess the
onset and progression of T2DM by appropriate tests such
as HbAlc, repeated glycemic control, and adherence to
antidiabetic therapy, but instead used a single FPG mea-
sure, which may have led to an over- or underestimation
of the actual prevalence of T2DM. In addition, a previous
study has shown that T2DM can lead to the occurrence
of heart failure, and patients with HF are susceptible to
IR, which increases the risk of T2DM. However, since
this study is an observational study, we may not be able
to infer the causal relationship between T2DM and HF,
and more studies are needed to verify their relationship
in the future. Last but not least, approximately one-third
of the participants in our study were coal miners, whose
lifestyles and work environments are different from those
of other participants, and the results may not be gener-
alizable to other populations. However, the population
we studied was very homogeneous, which to some extent
makes our findings more robust.
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Conclusions

In conclusion, we have shown that higher TyG index tra-
jectories were associated with a higher risk of HF. These
results suggest that monitoring TyG index trajectory may
help identify individuals at high risk for HF and empha-
size the importance of early glycemic and lipid control to
prevent the onset of HF.
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