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Abstract

Background The triglyceride glucose (TyG) index, a metric for estimating insulin resistance (IR), is linked with car-
diovascular disease (CVD) morbidity and mortality among the population regardless of diabetic status. However, IR
prevalence and the association between the TyG index and heart failure (HF) in Americans is unclear.

Methods The Nation Health and Nutrition Examination Survey (NHANES) (2009-2018) dataset was used. IR was
defined by homeostatic model assessment of insulin resistance (HOMA-IR) >2.0 and 1.5. The TyG index was calculated
as Ln [fasting triglycerides (mg/dL) X fasting glucose (mg/dL)/2]. A weighted logistic regression was applied to evalu-
ate the association between the TyG index and the prevalence of HF.

Results This study comprised 12,388 people, including 322 (2.6%) individuals with HF. The average prevalence of

IR was found to be 13.9% and 22.7% for cutoff values greater than 2.0 and 1.5, respectively. HOMA-IR and the TyG
index showed a moderate correlation (r=0.30). There is a significant positive association between the TyG index and
HF prevalence (per 1-unit increment; adjusted OR [aOR]: 1.34; 95% confidence interval [Cl]: 1.02-1.76). Patients with
higher TyG values were associated with a prevalence of HF (OR:1.41; 95% Cl: 1.01,1.95) (quartiles 4 vs 1-3). The TyG
index is associated with a higher prevalence of dyslipidemia, coronary heart disease, and hypertension but not a
stroke (cerebrovascular disease).

Conclusions Our results show that IR does not considerably increase from 2008 to 2018 in American adults. A mod-
erate correlation is noted between HOMA-IR and the TyG index. TyG index is associated with the prevalence of HF, as
were other cardiovascular diseases.
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Introduction

The homeostatic model assessment of insulin resistance
(HOMA-IR) and the triglyceride glucose index (TyG
index) are regarded as markers of insulin resistance (IR).
As a circumstantial marker of IR, HOMA-IR is a rela-
tively widely used approach in practice [1]; however, it is
costly and unavailable in most laboratories in developing
countries. The TyG index, which is considered a replace-
ment marker of IR by emerging studies [2, 3], was calcu-
lated applying the formula Ln [fasting triglycerides (mg/
dL) x fasting glucose (mg/dL)/2]. Thus, the TyG index
is less expensive and easily available in clinical practice.
Current studies have discovered an established associa-
tion between the TyG index and several diseases, includ-
ing hypertension [4], carotid atherosclerosis [5], stroke
[6], CVD [7], and coronary artery stenosis [8]. However,
in Americans, studies on the prevalence and associated
cardiovascular risk of the TyG index are limited [9, 10].

The end stage of the majority of cardiovascular diseases
is heart failure (HF), and its prevalence is rising. Based
on the American Heart Association’s Statistical Update
in 2021, HF prevalence is predicted to include 6 million
people, which is approximately 1.8% of the total US pop-
ulation [11]. Diabetes mellitus is regarded as a significant
risk factor for the development and progression of HF
[12]. IR has a key role in the progression of diabetes mel-
litus [3]. Furthermore, longitudinal cohorts have shown
that independent of known risk factors, such as diabetes,
IR can forecast the occurrence of HF among the general
population [13-15].

Given this background, we targeted the general adult
American population from 2009 to 2018 to evaluate the
prevalence trend of IR, which was detected through the
TyG index and HOM-IR, and explore the association of
the TyG index with the prevalence of HF.

Methods

Data source and study population

The research is a cross-sectional study that used
data from the Nation Health and Nutrition Exami-
nation Survey (NHANES) (2009-2018). The whole
study workflow is exhibited in Fig. 1. The NHANES
is a nationwide representative cross-sectional survey
with a complex survey design that is conducted in the
United States each year, involving approximately 5000
nationally representative people. The weighted analysis
was applied to explain the complex sampling design of
NHANES. We included participants > 18 years old who
took part in NHANES 2009-2010, 2011-2012,2013-
2014,2015-2016, and 2017-2018 cycle. Besides, sub-
jects with missing data on fasting glucose, triglycerides,
and HF were precluded from this study (N=37,306).
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The study included 12,388 participants from 2009 to
2018. More information on the sampling and exclusion
criteria is shown in Fig. 1.

Data collection

The NHANES is conducted every 2-year, and the survey
consists of interviews and physical examinations. Par-
ticipants need to complete interviews, undergo physical
examinations, and provide blood samples. The data about
age, race and ethnicity, gender, education, marital status
and economic status, and medical history was collected
by a self-reported, standardized questionnaire [16].

Weight in kilograms divided by height in meters
squared is used to compute the body mass index (BMI).
After more than five minutes of rest, Systolic blood
pressure (SBP) and diastolic blood pressure (DBP) was
obtained by trained personnel using a mercury sphyg-
momanometer, and the average of three readings was
recorded (in mmHg). Based on responses to surveys
asking participants if they currently smoked cigarettes,
smoking status was determined. Based on responses to
surveys asking participants if they were drinking right
now, drinking status was determined. Physical activity
(PA) was determined according to answers to a survey
about whether a subject was vigorously or moderately
active in recreational activities and how much time they
usually spend sitting every day.

Blood samples were taken at the mobile exam facility
and stored at 20 °C before being sent to the central labs,
where they used standard methods to measure total cho-
lesterol (TC), high-density lipoprotein cholesterol (HDL),
uric acid (UA), and creatinine (CR). For evaluating the
fasting triglycerides, low-density lipoprotein choles-
terol (LDL-C), glucose, and insulin were used 8-h fast-
ing blood specimens were only obtained from a subset of
survey subjects.

Coronary heart disease (CHD), stroke (cerebrovascular
disease), and chronic kidney disease (CKD) were defined
as previously diagnosed as CHD, stroke (cerebrovascular
disease), and CKD, respectively. Diabetes mellitus was
diagnosed based on fasting glucose levels>7.0 mmol/l
[17], or the use of hypoglycemic medications, or a history
of diabetes. Systolic blood pressure>140 mm Hg and/or
diastolic blood pressure >90 mm Hg and use of antihy-
pertensive medications, or a history of hypertension were
used to diagnose hypertension. TC levels >240 mg/dL
(6.2 mmol/L) [11], or the use of lipid-lowering drugs, or a
history of dyslipidemia were all considered to be diagnos-
tic criteria for dyslipidemia. The estimated glomerular fil-
tration rate (eGFR) was determined using the algorithm
used by the Chronic Kidney Disease Epidemiology Col-
laboration (CKD-EPI) [18].
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[ 49694 participants were collected from]

NHANES 2009-2018 cycles

Participants
selection

Exclusion:

1. participants with age < 18 (N =10098);

2. participants with missing fasting triglyceride and glucose
information (N = 16578);

3. participants with missing heart failure information

(N = 10630).

12388 participants with age >18,fasting triglyceride and

glucose, and heart failure information were collected

from NHANES 2009-2018 cycles

Data
extraction

TyG index Q1 TyG index Q2 TyG index Q3 TyG index Q4
N = 3040 N =3133 N=3113 N =3102

[logistics analysis and restricted cubic spline]

Statistical
analysis

Major findings:

1. Our results show that IR does not significantly increase in the past decade in American
adults. A moderate correlation is noted between HOMA-IR and the TyG index.

2. A positive association was observed between theTyG index and the risk of HF, as well as
other cardiovascular diseases.

Fig. 1 Study selection from the National Health and Nutrition Examination Survey 2009-2018, workflow, and major findings of the present study.
Abbreviations: NHANES: National Health and Nutrition Examination Survey; IR: insulin resistance; TyG index: triglyceride-glucose index; HOMA-IR:

homeostatic model assessment of insulin resistance

Definitions of triglyceride glucose index and homeostatic
model assessment of insulin resistance

The TyG index is calculated using the equation Ln
[fasting triglycerides (mg/dL)x fasting glucose (mg/
dL)/2] [6]. The HOMA-IR was calculated using the
formula fasting insulin (microU/L) x fasting glucose
(nmol/L)/22.5 [19]. According to the previous study,
the cut-off points of HOMA-IR for estimating the prev-
alence of IR were 2.0 and more than 75% HOMA-IR,
respectively [20]. For evaluating the fasting triglycer-
ides, LDL-C, glucose, and insulin were used 8-h fasting
blood specimens were only obtained from a subset of
survey subjects.

Ascertain of heart failure

Participants were assessed as having congestive heart fail-
ure due to one of the following reasons: if they answered
“yes” to the question “Has a doctor or other health pro-
fessional ever told you that you had congestive HF?”.

Covariate

The selected covariates consisted of age, gender, mari-
tal status (married, never married, other) race (Mexican
American, other Hispanic, Non-Hispanic White, Non-
Hispanic Black, other Race), education (primary school
graduate or below, middle/high/special school, and col-
lege graduate or above), current smoking (yes or no),
family monthly poverty level category (low, moderate,
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high), PA (moderate, vigorous), sedentary, BMI, LDL-C,
eGFR, UA, the chronic disease (diabetes mellitus, hyper-
tension, stroke, CKD, dyslipidemia).

Statistical analysis

Continuous variables were exhibited in the form of
weighted means and standard error (SE), and categorical
variables were reported as weighted frequency percent-
ages [21]. The quartiles are used to convert the TyG index
into categorical variables. The TyG index quartiles are Q1
(8.12), Q2 (8.12<8.55), Q3 (8.55<9.0), and Q4 (>9.0). The
Chi-squared test or Kruskal-Wallis H test was employed
to compare the differences in population characteristics
by TyG index quartiles.

The correlation between the HOMA-IR and the TyG
index was evaluated using the Pearson correlation coef-
ficient. Participants were divided into TyG quartiles.
Binary weighted logistics regression analysis was used
to evaluate the association between TyG index levels
and HF, and the outcome was presented as odds ratios
(ORs) and 95% confidence intervals (CIs) with three
pre-defined models. Model I was adjusted based on age,
sex, and race; model II was adjusted based on Model I,
marital status, BMI, education status, LDL-C, eGFR, UA,
diabetes mellitus, hypertension, and dyslipidemia; model
III was adjusted based on Model II, stroke, CKD, family
monthly poverty level category, moderate PA, sedentary,
current smoking. Moreover, the restricted cubic spline
curves were applied to evaluate the non-linear associa-
tion between the TyG index and HE.

The sensitivity analyses were used to assess whether
the results were stable. We assessed whether the employ-
ment of indicator variables for missing data (BMI, LDL-
C, eGFR, UA, hypertension, and dyslipidemia) leads to
bias by conducting a multiple-imputation analysis which
is based on 5 replications and the Markov-chain Monte
Carlo method [22]. We also performed sensitivity analy-
ses using a complete-case analysis.

We performed the subgroup analyses for further explo-
ration, the possible impact changes of the relationship
between TyG index levels and HF were evaluated for the
following factors: sex, age (<60 vs>60 years), BMI (<30
vs>30 kg/ m?), current smoking (yes vs no), eGFR (<60
vs>60 ml/min/1.73m?), hypertension (yes vs no), dia-
betes mellitus (yes vs no), and stroke (yes vs no), dyslipi-
demia (yes vs no), family monthly poverty level category
(low vs moderate, low vs high). The subgroup analysis
was compared with the highest quartile and quartiles
1-3 to increase the statistic power. A two-sided p-value
of<0.05 was considered statistically significant in all
analyses. All data analyses were performed using R soft-
ware version 4.1.3 (www.R-project.org) and Empower
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version 2.2.0 (www.empowerstats.com, X&Y Solutions,
Inc).

Results

Baseline characteristics of study participants

As Fig. 1 reveals, after excluding 37,306 patients with
age <18 years old and missing data on exposure vari-
ables (fasting triglycerides and glucose) and HF. The
present study has 12,388 participants. The distribution
of the TyG index is displayed in Fig. 2. Baseline charac-
teristics for study subjects stratified by the TyG index
quartiles are exhibited in Table 1. Generally, the average
(SE) age was 47.5 (0.3) years old. Most participants were
non-Hispanic whites (65.3%), and 48.2% were males. Par-
ticipants with higher TyG index levels were more likely
to be males, older, smokers, Mexican American, married,
poor economically, with lower education status, and with
lower PA. Meanwhile, they have higher BMI, SBP, DBP,
TC, LDL-C, eGFR, and UA, and lower HDL-C. And they
have higher chronic diseases, including HF, hypertension,
diabetes mellitus, CHD, stroke, CKD, and dyslipidemia
(all p<0.05).

The prevalence values of Insulin resistance

From 2009 to 2018, the mean prevalence of IR was 1.3.
The highest prevalence of IR was observed in 2013-2014,
with 20.45% (cut off 2.0) and 31.3% (cut off 1.5) (Fig. 3
A-B), with a similar trend in terms of the TyG index
and HOMA-IR(Fig. 3 C). HOMA-IR and the TyG index
showed a moderately positive linear correlation (r=0.30,
P<0.01). (Fig. 3 D). In addition, we investigated the trend
of values of the TyG index stratified by demographic fac-
tors. As presented in Figure S1, the TyG index increased
with age (Figure S1 A). Males had a higher TyG index
than females (Figure S1 B). Regarding race, the TyG
index level of Mexican Americans was greater than that
of other races (Figure S1 C). Similar results of HOMA-IR
were noted when patients were stratified by age, sex, and
race.

Triglyceride glucose index stratified

by demographic-related factors

As Figure S2 shows, men exhibited a 1.76-times (95%
CI: 1.53-2.01, P<0.001) greater TyG index values than
women. Compared with low education status, moder-
ate education status, and high education status had a
lower TyG index values of 0.79- times (95% CI: 0.69—-0.90,
P<0.01) and a 0.67- times (95% CI: 0.56-0.79, P<0.01),
respectively. Compared to Mexican Americans, other
Hispanics, non-Hispanic whites, non-Hispanic blacks,
and other races had a lower TyG index of 0.70- times
(95% CI: 0.57-0.85, P<0.01), 0.62- times (95% CI: 0.54—
0.70, P<0.01), 0.25- times (95% CI: 0.21-0.30, P<0.01)
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Fig. 2 The odds ratio and the histogram of the probability distribution for heart failure according to the triglyceride-glucose index. The red curve
with a light black dotted line indicates the adjusted OR with a 95% Cl for HF according to the TyG index with a reference of 8.5. The number of
knots for the cubic spline curves was three in the model. Adjustment factors included age, sex, race, marital, BMI, education status, LDL-C, eGFR, UA,
diabetes mellitus, hypertension, stroke, CKD, dyslipidemia, family monthly poverty level category, moderate PA, sedentary, and current smoking.
Abbreviations: OR: odds ratio; Cl: confidence interval; HF: heart failure; TyG: triglyceride-glucose index; BMI: body mass index; LDL-C: low-density
lipoprotein cholesterol; UA: uric acid; CKD: chronic kidney dysfunction; eGFR: estimated glomerular filtration rate; PA: physical activity

and 0.75- times (95% CL 0.61-0.91, P<0.01), respec-
tively. Vigorous PA had a 0.71-fold (95% CI: 0.61-0.83,
P<0.001) lower TyG index than non-vigorous PA. Mod-
erate PA had a 0.82- times (95% CI: 0.71-0.95, P<0.001)
lower TyG index than non-moderate PA. Current smok-
ing was associated with a 1.31-fold (95% CI: 1.15-1.50,
P<0.001) higher TyG index than noncurrent smoking.
Current drinking exhibited a 1.65-fold (95% CI: 1.36—
2.02, P<0.001) greater TyG index than non-current
drinking.

Associations between the triglyceride glucose index

and heart failure

HF prevalence was 2.6% (322/12388) among adults in the
U.S. from 2009 to 2018. The TyG index was appraised
as a categorical variable. Compared to participants in
quartile 1 of the TyG index, those in quartiles 2, 3, and
4 had weighted multivariate-adjusted ORs of 0.91 (95%
CIL: 0.52-1.56), 1.13 (95% CI: 0.71-1.80), and 1.45 (95%
CL: 0.87-2.41), respectively. After adjustment for age,
sex, race, marital, BMI, education status, LDL-C, eGFR,
UA, diabetes mellitus, hypertension, stroke, CKD, dys-
lipidemia, family monthly poverty level category, moder-
ate PA, sedentary, and current smoking. The continuous
variables analysis showed a positive association (per 1
unit increase; OR: 1.34; 95% CI: 1.02—-1.76) (Table 2). As
presented in Fig. 2, the relationship between the TyG

index and HF seemed to be linear (P-non-linear=0.23)
after adjustments. Supplemental analysis revealed that
subjects in quartile 4 of the TyG index (>9) had a signifi-
cantly higher prevalence of HF (OR: 1.41; 95% CI: 1.01-
1.95) than those in quartiles 1-3 of the TyG index (<9).

Association of the triglyceride-glucose index with other
diseases

We found that the TyG index was remarkably associated
with the increased prevalence of dyslipidemia (OR: 2.55;
95% CI: 2.31-2.81), CHD (OR: 1.41; 95% CI: 1.07-1.83),
and hypertension (OR: 1.56; 95% CI: 1.43-1.70), after
adjustment for age, sex, race, BMI, current smoking,
marital status, Family monthly poverty level category,
and education status. But the TyG index was not signifi-
cantly associated with the increased prevalence of stroke
(cerebrovascular disease) (OR: 1.07; 95% CI: 0.86—-1.34).
(Table S1).

Sensitivity analyses and subgroup analyses

The multiple imputation analysis generated consistent
results (OR, 1.4; 95% CI, 1.1-1.7), suggesting that missing
variables did not cause bias (Table S2).

Subgroup analyses were used to assess the association
between the TyG index and HF in per-defined subgroups
(Fig. 4). No significant interactions between the TyG
index and sex, age, BMI, eGFR, hypertension, diabetes
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Table 1 Weighted baseline characteristics by the quartile of the triglyceride-glucose index of adult Americans from the Nation health
and nutrition examination survey 2009-2018

Characteristics Total Quartiles of triglyceride-glucose index P
12,388 Q1(<8.12) Q2 (8.12-8.55) Q3 (8.55-9.0) Q4 (>9.0)
3040 (24.5%) 3133 (25.3%) 3113 (25.2%) 3102 (25.0%)

TyG index 8.6 (0) 7.8 (0) 8.3 (0) 8.8 (0) 9.5 (0) <0.01

Age, year 475(0.3) 41.8(0.5) 47.6(0.5) 484 (0.5) 52.1(04) <0.01

Female, n% 6417 (51.8) 1885 (62.0) 1660 (53.0) 1494 (48.0) 1378 (44.4) <0.01

BMI, kg/m? 292(0.1) 264(0.2) 28.5(0.2) 303(0.2) 31.9(0.2) <001

DBP, mm Hg 70(0.2) 68 (0.3) 70(0.3) 71(04) 72 (04) <0.01

SBP. mm Hg 122(0.3) 116 (0.4) 121(0.4) 123 (0.4) 127 (0.5) <0.01

Smoking status, n (%) <0.01
Never smoke 6962 (56.2) 1930 (63.5) 1831 (58.4) 1681 (54.0) 1520 (49.0)

Former smoke 5438 (43.9) 1113 (36.6) 1305 (41.7) 1435 (46.1) 1585 (51.1)
Current smoking 2601 (21.0) 505 (16.6) 636 (20.3) 685 (22.0) 775 (25.0)
Current alcohol drinking, n (%) 2577 (20.8) 517 (17.0) 624 (19.9) 698 (22.4) 738(23.8) <0.01

Race (%) <0.01
Mexican American 1078 (8.7) 186 (6.1) 241 (7.7) 296 (9.5) 355(11.4)

Other Hispanic 768 (6.2) 180 (5.9) 194 (6.2) 199 (6.4) 195 (6.3)
Non-Hispanic White 8089 (65.3) 1845 (60.6) 2068 (66.0) 2067 (66.4) 2109 (68.0)
Non-Hispanic Black 1400 (11.3) 556 (18.3) 385(12.3) 264 (8.5) 195 (6.3)
Other Race 1053 (8.5) 274.(9.0) 244 (7.8) 286 (9.2) 249 (8.0)

Marital status, n (%) <0.01
Never married 2279 (18.4) 781 (25.7) 589 (18.8) 507 (16.3) 402 (13.0)

Married 6801 (54.) 1520 (50) 1720 (54.9) 1734 (55.7) 1827 (58.9)
Other 3308 (26.7) 739 (24.3) 824 (26.3) 872 (28.0) 873 (28.1)

Education status, n (%) <0.01
Primary school graduate or below 3047 (24.6) 544 (17.9) 745 (23.8) 859 (27.6) 899 (29)
Middle/high/special school 6169 (49.8) 1532 (50.4) 1632 (52.1) 1516 (48.7) 1489 (48)

College graduate or above 3171 (25.6) 964 (31.7) 756 (24.1) 738 (23.7) 713 (23)

Family monthly poverty level category, n (%) <0.01
Low 3370 (27.2) 775 (25.5) 830 (26.5) 896 (28.8) 869 (28.0)

Moderate 1549 (12.5) 359(11.8) 401 (12.8) 386 (12.4) 403 (13.0)
High 7470 (60.3) 1906 (62.7) 1890 (60.7) 1830 (58.8) 1830 (59.0)

Physical activity, n (%) <0.01
Moderate 5637 (45.5) 1623 (53.4) 1416 (45.2) 1363 (43.8) 1235 (39.8)

Vigorous 3122(25.2) 1149 (37.8) 843 (26.9) 599(19.2) 531(17.1)
Sedentary/min 393.7(5.1) 377.7 (7.8) 404.7 (14.6) 3925 (5.3) 400.8 (5.9) 0.07

Laboratory results
TC, mmol/L 4.9(0.0) 4.5(0.0) 49(0.0) 5.1(0.0) 54(0.0) <0.01
Triglycerides, mg/dL 1204 (1.4) 52.5(04) 84.7 (0.3) 122.7 (0.6) 2316 (3.6) <0.01
HDL-C, mmol/L 14(0.0) 1.7 (0.0) 1.5 (0.0) 1.3(0.0) 1.1 (0.0) <0.01
LDL-C, mg/dL 113.3(0.5) 99.5 (0.8) 113.6(0.7) 120.8 (0.8) 120.6 (0.9) <0.01
Fasting glucose, mg/dL 106.8 (0.4) 94.7 (0.3) 100.5 (0.3) 105.3(0.5) 128.8(1.2) <0.01
BUN mmol/L 49 (0) 4.7 (0) 4.9 (0) 4.9 (0) 5.2 (0) <0.01
Cr mmol/L 77.5(04) 74.0 (0.6) 77.6(0.7) 782 (0.7) 80.4 (0.8) <0.01
eGFR ml/min/1.73m? 1205 (0.8) 116.0(1.3) 1172(1.2) 1233014 126.1 (1.4) <0.01
UA, umol/L 324.8(1.1) 291.0(1.9) 317.5(1.9) 3373(23) 3572(2.0) <001
HbA1c 54(0) 53(0.0) 55(0.0) 5.6 (0.0) 6.3 (0.0) <0.01

HOMA-IR 1.3(0) 0.9(0.0) 1.1(0.0) 1.2(0.0) 20(0.0) <0.01
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Table 1 (continued)
Characteristics Total Quartiles of triglyceride-glucose index P
12,388 Q1 (<8.12) Q2 (8.12-8.55) Q3 (8.55-9.0) Q4 (>9.0)
3040 (24.5%) 3133 (25.3%) 3113 (25.2%) 3102 (25.0%)
Drugs
Lipid-lowering drugs 4315 (34.8) 565 (18.6) 958 (30.8) 1170 (37.6) 1622 (52.3) <0.01
Hypoglycemic agents 1228 (9.9) 67 (2.2) 140 (4.5) 274 (8.8) 747 (24.1) <0.01
History of disease, n (%)
Hypertension 5253 (42.4) 942 (31.0) 1300 (41.5) 1466 (47.1) 1545 (49.8) <0.01
Diabetes mellitus 2317 (18.7) 316 (104) 473 (15.1) 694 (22.3) 834 (26.9) <0.01
CHD 446 (3.6) 58(1.9) 94 (3.0) 121 (3.9) 173 (5.6) <0.01
Stroke 359(2.9) 58(1.9) 89 (2.8) 97 (3.1) 115 (3.7) <0.01
CKD 322(2.6) 52(1.7) 72(23) 81 (2.6) 117 (3.8) <0.01
Dyslipidemia 5760 (46.5) 857 (28.2) 1319 (42.1) 1675 (53.8) 1909 (61.5) <0.01
HF 322(2.6) 40 (1.3) 63 (2.0) 85 (2.7) 136 (4.4) <0.01

Data are expressed as mean (SE) and numbers (percentage) as appropriate. All estimates were weighted to be nationally representative

Abbreviations: SE Standard error, TyG index Triglyceride-glucose index, BMI Body mass index, DBP Diastolic blood pressure, TC Total cholesterol, HDL-C High-density
lipoprotein cholesterol, LDL-C Low-density lipoprotein cholesterol, SBP Systolic blood pressure, UA Uric acid, HbA1c Glycated hemoglobin, BUN Urea nitrogen, Cr
Creatinine, eGFR Estimated glomerular filtration rate, HOMA-IR Homeostatic model assessment of insulin resistance, CHD Coronary heart disease, CKD Chronic kidney

dysfunction, HF Heart failure

mellitus, stroke, current smoking, family monthly pov-
erty level category, or dyslipidemia were noted (all p
interactions>0.1). In addition, we used a propensity
score matching to strengthen our findings (OR=1.52,
95%CI: 1.17, 1.98) (Table S3-S4). Meanwhile, sensitivity
analysis additionally by adjusting hypoglycemic agents
and lipid-lowering drugs showed the result was consist-
ent with the main results (Table S5).

Discussion

Major findings

The study is a large-scale cross-sectional study of US
adults, our results showed that the IR prevalence esti-
mated via the TyG index and HOMA-IR was stable in
Americans from 2009 to 2018, but the prevalence was
relatively higher from 2013-2014. A moderate positive
correlation was observed between HOMA-IR and the
TyG index. Males, low education, other races, lower PA,
smoking, and drinking were all associated with a higher
TyG index. Finally, our study found that the TyG index
was associated with an increased risk of HF as well as
other cardiovascular diseases.

As a simple and new marker, the TyG index was applied
to assess the severity of IR among patients with diabetes
mellitus [3]. A previous systematic review explored the
risk of CVDs associated with the TyG index. However, it
is primarily based on the East Asian population [9]. For
example, a study from China illustrated a significantly
positive association between the TyG index and adverse
cardiovascular outcomes [23]. Another prospective study
from Korea indicated that the TyG index was considered

an independent factor in the prediction of the devel-
opment of coronary artery calcification [24]. A study
showed that the TyG index predicts adverse cardiovas-
cular events among Chinese patients with diabetes and
acute coronary syndrome independently of recognized
cardiovascular risk factors [25]. In another cross-sec-
tional survey that enrolled the Chinese elderly popula-
tion, there is a significant association between the TyG
index and hypertension, and compared to lipid and gly-
cemic indices, the TyG index shows higher discriminative
power for hypertension [26]. However, the evidence for
TyG and associated cardiovascular risk based on gen-
eral US adults is limited [27]. Based on a well-designed
national survey, our study first explored the prevalence
and associated HF and cardiovascular events with TyG in
adult Americans.

Some studies show that the TyG index is moderately
positively correlated with HOMA-IR [28, 29]. However,
we found the correlation between the TyG index and
HOMA-IR is lower and may be explained by the follow-
ing reason. The main purpose of the study is to inves-
tigate the association between the TyG index and the
prevalence of HFE. Therefore, in the subject selection pro-
cess, the individuals with missing HF information were
excluded. Meanwhile, the population with diabetes or
hyperlipidemia has been treated with lipid-lowering and
hypoglycemic drugs, and the blood sugar and lipid lev-
els are affected. Thus, there may be a reduced correlation
between the TyG index and HOMA-IR.

From 2009 to 2018, diabetes prevalence in America
has increased [30]. However, our study found that the
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Fig. 3 The prevalence of insulin resistance, and the changing trend of homeostatic model assessment of insulin resistance and triglyceride-glucose
index in adult Americans from the Nation Health and Nutrition Examination Survey 2009-2018. A-B: The prevalence of IR was defined as having a
HOMA-IR greater than 2.0 (A) or 1.5 (B). C: An overview of the five NHANES cycles (2009-2018) that show the changing trend of the TyG index and
HOMA-IR mean values. D: The correlation between the TyG index and HOMA-IR. Abbreviations: IR: insulin resistance; TyG index: triglyceride-glucose
index; HOMA-IR: homeostatic model assessment of insulin resistance

Table 2 Association of the triglyceride-glucose index with a prevalence of Heart failure in adult Americans from the Nation Health
and Nutrition Examination Survey 2009-2018

TyG index Cases/N Model | OR (95%Cl) P value Model Il OR (95%Cl) P-value Model Il OR (95%Cl) P-value
Per 1 unitincrease 342/12388 1.76 (137,2.27), <0.001 140 (1.07,1.83), 0.02 1.34(1.02,1.76) 0.04
Quartiles
Q1(<8.12) 61/3040 Ref 1.0 Ref 1.0 Ref 1.0
Q2 (8.12-8.55) 94 /3133 1.17(0.72,1.97) 053 1.04 (0.61,1.76) 0.89 0.91(0.52,1.56) 0.73
Q3 (8.55-9.0) 93/3113 1.53(0.99,2.36) 0.06 1.21(0.78,1.87) 040 1.13(0.71,1.80) 0.59
Q4 (>9.0) 155/3102 241 (1454.01) <0.01 1.55(0.96,2.50) 0.08 145 (0.87,241) 0.16
P for trend <0.001 <0.001 <0.001
Categories
Q1-03 (<9.0) 279/9286 Ref 1.0 Ref 1.0 Ref 1.0
Q4 (=9.0) 155/3102 1.91(1.39,2.62) <0.001 1.40(1.02,1.90) 0.04 141(1.01,1.95), 0.05

Model | was adjusted for age, gender, and race; Model Il was adjusted for Model I, marital status, BMI, education status, LDL-C, eGFR, UA, diabetes mellitus,
hypertension, dyslipidemia; Model Ill was adjusted for Model Il, stroke, CKD, Family monthly poverty level category, moderate PA, sedentary, current smoking

Abbreviations: 95% Cl 95% confidence interval, HF Heart failure, TyG index Triglyceride-glucose index, OR Odds ratio, BMI Body mass index, LDL-C Low-density
lipoprotein cholesterol, UA Uric acid, eGFR Estimated glomerular filtration rate, CKD Chronic kidney dysfunction, PA Physical activity
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Subgroups N Q4 Q1-Q3 OR (95%Cl) P for interaction
Events,n (%) Events,n (%)

Gender 0.26
Female 6426 73 (5.34%) 132 (2.61%) —_— 1.06 (0.80, 1.41)

Male 5962 89 (5.13%) 131 (3.10%) 1.31(1.01, 1.69)

Agey 0.09
<60 8184 66 (2.99%) 87 (1.21%) —> 1.57(1.13,2.19)

=60 4204 96 (10.74%) 176 (8.39%) - 1.13(0.89, 1.41)

BMI, kg/m2 0.45
<30 7548 57 (3.98%) 133 (2.17%) —_—r— 1.11(0.82, 1.50)

230 4703 102 (6.25%) 122(3.97%) e 1.29(1.00, 1.67

eGFR, mlI/mim/1.73m2 0.55
<60 1147  45(15.31%) 100 (11.72%) L — 1.08 (0.75, 1.56)

=60 11080 114 (4.12%) 156 (1.88%) —— 1.23(0.98, 1.53)
Hypertension 0.11
NO 7112 57 (3.76%) 136 (2.43%) —_—— 0.99(0.74, 1.34)

YES 5262 104 (6.59%) 127 (3.45%) —— 1.38(1.06, 1.79)

Diabetes mellitus 0.26
NO 10058 116 (5.19%) 221 (2.83%) —_— 1.10(0.87, 1.38)

YES 2330 46 (5.32%) 42 (2.87%) ——> 1.55(1.04,2.33)
Dyslipidemia 0.16
NO 6233 54 (4.90%) 153 (2.98%) —f— 1.03(0.79, 1.35)

YES 5386 97 (5.36%) 94 (2.63%) — 1.36 (1.03, 1.80)

Current smoking 0.36
NO 9923 114 (490%) 199 (2.62%) —— 1.27 (1.01, 1.60)

YES 2465  48(6.19%) 64 (3.79%) _— 1.03(0.69, 1.53)

Stroke 0.34
NO 11911 132 (4.46%) 202 (2.26%) — 1.24 (1.00, 1.55)

YES 477 30(21.43%) 61(18.10%) B E— 0.97 (0.61, 1.54)

Family monthly poverty level category 0.94
Low 4445 77 (6.48%) 111 (3.41%) - 1.24(0.92, 1.67)

Moderate 1742 26 (5.58%) 50 (3.92%) — 1.13(0.70, 1.81)

High 5610 51 (3.96%) 87 (2.01%) i 1.17 (0.85, 1.61)

0.5 1 15 2

Fig. 4 The association between the triglyceride-glucose index (Q4 vs. Q1-Q3) and heart failure in various subgroups after adjustments. The
adjusted confounders were age, sex, race, marital status, BMI, education status, LDL-C, eGFR, UA, diabetes mellitus, hypertension, dyslipidemia,
stroke, CKD, family monthly poverty level category, moderate PA, sedentary, current smoking (confounders were not adjusted if they were listed
as a stratified factor in subgroups). Abbreviations: HF: heart failure; BMI: body mass index; TyG index: triglyceride-glucose index; LDL-C: low-density
lipoprotein cholesterol; CKD: chronic kidney dysfunction; UA: uric acid; eGFR: estimated glomerular filtration rate; PA: physical activity

prevalence of IR was stable in US adults. Several poten-
tial reasons may explain this inconsistency. First, to
investigate the risk of HF associated with the TyG index,
subjects with missing information on HF and the TyG
index were deleted, which may reduce the representa-
tion of individuals from the US. Second, the population
with type 2 diabetes was a relatively small proportion of
the overall population in the present study (18.7%), which
diluted the effect of IR reflecting the type 2 diabetes

prevalence. Third, diabetes has two main forms, includ-
ing type 1 and type 2, and IR has traditionally been
related to type 2 diabetes. Type 2 diabetes is remarkably
heterogeneous [31]. In some subgroups of patients with
type 2 diabetes at the early stage, IR has not occurred
or is not evident. Therefore, the prevalence of IR may
not reflect diabetes prevalence. In a study of the diabe-
tes prevalence based on race and ethnicity in the US,
the results indicated that diabetes prevalence varies by
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race and ethnicity, and Mexican Americans exhibited
the highest prevalence of total diabetes [32]. Our results
found that the TyG index was the highest among Mexi-
can Americans. Variations in the diabetes prevalence
between races/ethnicities could be due to physiological
differences [32].

IR has an important pathophysiologic role in type 2
diabetes, and IR is frequently prevalent in HF patients
[33]. In addition, a study also demonstrated that IR was
an indicator of deterioration in heart function [34]. A
meta-analysis showed the association between IR and the
risk of HF developing after adjusting for traditional risk
factors (RR: 1.08; 95% CI: 1.04—1.11). This association has
persisted in studies involving individuals with and with-
out diabetes [35]. Our results further reinforced these
studies.

Obesity has been identified as a major risk factor for
HE. According to the Framingham Heart Study, increases
in BMI of 1 kg/m? increased the risk of HF by 5% in men
and 7% in women [36]. This finding may emphasize the
necessity of a weight-specific control measure to prevent
HE. In the subgroup analysis, we found no significant
association between the TyG index and HF in the popula-
tion with BMI < 30 kg/m? (OR=1.20, 95% CI: 0.88-1.63).
However, the interaction was not significant for obesity.
The findings demonstrated that the TyG index is a risk
factor for HF independent of obesity. Another vital effect
modifier is diabetes mellitus. A meta-analysis reported
the adverse cardiovascular events among coronary artery
disease patients associated with the TyG index, and the
risk between TyG and the primary outcome (including
HF) was consistent in patients with and without diabe-
tes mellitus (with diabetes mellitus: HR=2.49, 95% CI:
1.86-3.34; without diabetes mellitus: HR=1.95, 95% CI:
1.20-3.17) [37]. Our study included 10,058 people who
did not have diabetes mellitus and 2,330 diabetes mellitus
patients. The subgroup results indicated the association
between a high TyG index and HF in diabetes mellitus
(OR=1.55,95% CI: 1.02-2.37). In the normal population,
the association became nonsignificant (OR=1.19, 95%
CI: 0.95-1.50). Although a nonsignificant interaction was
found, more studies are needed to ascertain the interac-
tion between diabetes mellitus and the TyG index.

Our results showed the association between the TyG
index and the prevalence of CHD, diabetes mellitus,
hypertension, dyslipidemia, and CKD. These results were
compatible with another research [4, 6, 7]. However,
the TyG index was not significantly associated with the
increased risk of stroke. Our result is not consistent with
existing research. Zhao et al. showed that in the general
population, the TyG index is an independent predictor
of ischemic stroke [38]. Zhao et al. conducted a prospec-
tive cohort study in rural China, enrolling only people
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over the age of 40. However, our study enrolled US adults
exhibiting a greater age range. This feature may explain
why our results are not consistent with those of Zhao
et al. [38].

Comparisons with previous studies

Our finding is in line with earlier studies. There is a
significant association between the TyG index and an
increased prevalence of CVD incidence, which was more
outstanding among the young people [39]. Our results
showed that the TyG index is significantly associated
with an increased risk of HF in the younger population
(age<60 years), although insignificant interactions are
noted between the TyG index and age.

Guo et al. demonstrated the adverse events in HF
patients with type 2 diabetes associated with the TyG
index. Compared with the lowest TyG index group, the
highest TyG index group has a higher risk of adverse
events in HF (HR: 2.15, 95% CI: 1.37-3.35) [40]. Yang
et al. revealed that a higher TyG index is associated with
all-cause death or HF rehospitalization (HR=2.01, 95%
CI: 1.03-4.01) [41]. Our study first reported i) ten-year
data on IR epidemiological trends revealed a moderately
positive correlation between HOMA-IR and the TyG
index in general US adults; and ii) the TyG index and
the prevalence of HF were positively associated, as were
other cardiovascular diseases.

Underlying mechanism

The association between the TyG index and increased
risk of HF may be explained as follows: First, maintain-
ing myocardial function is dependent on glucose uptake
and metabolism, and the bioavailability of glucose is lim-
ited by IR, leading to myocardial energy acquisition from
fatty acid metabolism [42]. These changes result in fatty
acid accumulation, which causes lipotoxicity and wors-
ens HF through mitochondrial dysfunction and apoptosis
[43]. Second, IR is associated with chronic inflammation,
arterial stiffness and coronary artery calcification, which
prompts cardiomyocyte injury, and fibrosis, impairing
both diastolic and systolic functions [44]. Third, IR has
been demonstrated to stimulate the sympathetic nervous
system [45] and the renin—angiotensin—aldosterone sys-
tem [46]. Both above systems are associated with myo-
cardial fibrosis and cardiac dysfunction [44, 47]. Fourth,
calcium has a key role in regulating mitochondrial func-
tion [48] and cardiac diastolic function [49], but IR can
weaken cardiac calcium processing capacity [47] (Figure
S3).

Clinical practices
Our finding has may clinical importance for the preven-
tion of the development of HF in the general population.
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In practice, HOMA-IR has been the most broadly applied
method [3]. There are studies that have demonstrated
that the TyG index is superior to the HOMA-IR for pre-
dicting IR, type 2 diabetes, and coronary artery stenosis
[3, 50, 51]. In our study, the participants with higher TyG
index levels were associated with having a higher preva-
lence of HF. Therefore, the TyG index may be applied
to the risk stratification of those with a high risk of HF.
The TyG index has a relatively low cost as a marker of HF
events in clinical practice. Meanwhile, in subgroup analy-
sis, we found that diabetes has no potential effect modi-
fications of the relationship between TyG index levels
and HF. This showed that the TyG index used to evalu-
ate the IR could be considered for routine utilization. As
we know, IR is considered an early stage in the develop-
ment of diabetes, and IR could be reversible by interven-
tion [52]. Some studies have shown that hypoglycemic
agents can alleviate the prognosis and ameliorate cardiac
remodeling or dysfunction in people who do not have
diabetes [53, 54].

Limitations

Several potential limitations should be mentioned. First,
as a cross-sectional study. Thus, this research does not
imply causality. Second, HF-related data were gathered
from self-reported information, and patients with undi-
agnosed HF were not included. Meanwhile, because the
selection population could have some bias, this may lead
to the prevalence of IR being calculated inaccurately.
Third, some patients with missing TyG and HF data were
excluded from the present study, which largely reduced
the sample size from the original cohort. Therefore, all
the above two points may cause selection bias. Fourth, we
only obtain baseline information about the TyG index. As
a result, we were unable to determine whether manag-
ing the TyG index might improve participant prognosis.
Meanwhile, to eliminate the confounders in the multivar-
iate analysis, we have involved as many clinically relevant
variables as possible. However, the potential confounder
likelihood remained. Finally, this study was based on
American data, and the generalizability of these findings
to other regions requires further research.

Conclusion

This study revealed that the prevelence of IR did not sig-
nificantly increase from 2009 to 2018 among American.
A moderate correlation is noted between HOMA-IR and
the TyG index. The present study suggests an associa-
tion between the TyG index and prevalence of HF among
the general American population, and more studies are
needed to assess the predictive ablity of TyG index and
the HF incidence.
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