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Baseline level and change
trajectory of the triglyceride-
glucose index in relation to the
development of NAFLD: a large
population-based cohort study

Yaqin Wang1, Jiangang Wang1, Lei Liu1, Pingting Yang1,
Shuwen Deng1, Xuelian Liu1, Linlin Zhao1, Changfa Wang2*†‡

and Ying Li1*†‡

1Health Management Center, The Third Xiangya Hospital, Central South University, Changsha,
Hunan, China, 2General Surgery Department, The Third Xiangya Hospital, Central South University,
Changsha, Hunan, China
Background: Insulin resistance (IR) and nonalcoholic fatty liver disease (NAFLD)

are closely related. The triglyceride-glucose index (TyG index) has been

proposed as a new indicator of IR. It remains unclear whether the triglyceride-

glucose (TyG) index is prospectively associated with incident nonalcoholic fatty

liver disease (NAFLD).

Methods: This large-scale study comprised 1 prospective cohort totaling 22,758

subjects without NAFLD at baseline who underwent repeated health examinations

and 1 subcohort totaling 7,722 subjects with more than three visits. The TyG index

was ascertained mathematically by ln (fasting triglycerides [mg/dL] × fasting glucose

[mg/dL]/2). NAFLD was diagnosed by ultrasound without other concomitant liver

diseases. A combinatorial Cox proportional hazard model and latent class growth

mixturemodelingmethodwere used to identify the association of the TyG index and

its transition trajectories with NAFLD risk.

Results: During 53,481 person-years of follow-up, there were 5319 incident

cases with NAFLD. Compared with those in the lowest quartile of the baseline

TyG index, participants in the highest quartile had 2.52-fold (95% confidence

interval, 2.21–2.86) higher odds of incident NAFLD. Similarly, restricted cubic

spline analysis showed a dose–response relationship (p nonlinearity<0.001).

Subgroup analyses showed a more significant association in the female and

normal body size populations (p for interaction<0.001). Three distinct trajectories

of changes in the TyG index were identified. Compared with the continued low

group, the moderately increasing and highly increasing groups conferred 1.91-

fold (1.65–2.21) and 2.19-fold (1.73–2.77) higher NAFLD risk, respectively.
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fendo.2023.1137098/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1137098/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1137098/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1137098/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1137098/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2023.1137098&domain=pdf&date_stamp=2023-05-08
mailto:wongdove@163.com
mailto:37618190@qq.com
https://doi.org/10.3389/fendo.2023.1137098
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2023.1137098
https://www.frontiersin.org/journals/endocrinology


Wang et al. 10.3389/fendo.2023.1137098

Frontiers in Endocrinology
Conclusions: Participants with a higher baseline TyG index or a higher excessive

TyG exposure were associated with an increased NAFLD risk. The findings imply

that lifestyle interventions and modulation of IR might be considered to both

reduce TyG index levels and prevent NAFLD development.
KEYWORDS

triglyceride glucose index, insulin resistance, non-alcoholic fatty liver disease, risk
factors, cohort study
Background

Nonalcoholic fatty liver disease (NAFLD) is the leading cause of

chronic liver disease worldwide and was recently renamed

metabolic-associated fatty liver disease (MAFLD), affecting up to

approximately 25% of the global adult population (1). As has

happened with adult NAFLD, the high prevalence, natural history

and prognosis of fatty liver diseases in children compared with

adults (2). NAFLD is widely considered the hepatic manifestation of

metabolic syndrome and is correlated with metabolic derangements

such as hyperglycemia, hypertriglyceridemia, obesity and

hypertension (3). Recently, a consensus renamed and redefined

NAFLD with “metabolic (dysfunction)-associated fatty liver disease

(MAFLD)” as a more appropriate nomenclature to stress metabolic

abnormalities (4). Moreover, emerging data suggest that NAFLD is

not as ‘benign’ as considered and is strongly associated with an

increased risk of cardiovascular diseases, extrahepatic cancers and

liver-related complications (5–7). Consequently, there is a need to

explore potential noninvasive markers that could be used to predict

NAFLD risk to facilitate diagnosis and timely intervention at early

stages to curb this emerging worldwide pandemic.

Insulin resistance (IR) and NAFLD have a very close relationship.

IR is implicated not only in the pathogenesis of NAFLD but also in

disease progression from steatosis to nonalcoholic steatohepatitis and

fibrosis (8). Recently, the triglyceride-glucose (TyG) index, which is

simple and easily calculated, has been suggested as a reliable and

surrogate biomarker of IR. Growing evidence has demonstrated a

pivotal role of the TyG index in mediating atherosclerotic burden

and arterial stiffness progression associated with cardiovascular disease

in the general population or subjects with and without diabetes (9–11).

Compared with the homeostasis model assessment of IR (HOMA-IR),

the TyG index shows better performance for cardiovascular

predictability (12, 13).

Indeed, prior reports on the relationships of the TyG index and

incident NAFLD or liver fibrosis have been explored, but there were

also several limitations, so the results remain controversial (14).

These previous studies were inherently limited by small sample sizes

or a cross-sectional study design (15–18). Moreover, most studies

used a single measurement of the baseline TyG index, which

omitted the potential variability over time, and such variability

may have contributed to the clinical significance of the TyG index

(19–21). In some cases, the relationship was examined in females or

elderly individuals only (17, 22).
02
In view of the aforementioned gaps in the literature, we

conducted a large cohort study to capture the longitudinal TyG

index dynamic changes from 2015 to 2020 and to analyze the

association of NAFLD risk with both the baseline TyG index and its

change trajectories derived from repeated measurements over the

follow-up. In addition, we also evaluated any possible effect

modifiers of the association by subgroup analysis. This study

extends previous observations and provides an important clue to

the development of NAFLD.
Materials and methods

Study design and participants

This cohort study was conducted from January 2015 to December

2020 and included participants who underwent a routine health check-

up examination at the Health Management Center in the Third

Xiangya Hospital of Central South University (Changsha). The study

population consisted of subjects who underwent at least two health

examinations that included transabdominal ultrasonography

performed at least 1 year apart (n = 36,626).

Participants were excluded if they had a history of

cardiovascular disease, malignancy, chronic kidney disease,

cirrhosis, excessive drinking, concomitant liver diseases and

NAFLD at baseline (Figure 1). Finally, in the present study, (1) a

total of 22,758 individuals in the cohort were eligible for the baseline

TyG index longitudinal analysis; and (2) 7,722 individuals with

more than three screening exams in the subcohort study were

eligible for the TyG index changing trajectories analysis.

The study protocol was approved by the Institutional Review

Board (IRB) of the Third Xiangya Hospital, Central South

University (No. 2013BAI04B01). Written informed consent was

obtained from all participants.
Characteristics and definitions

Information on demographic characteristics, lifestyle factors,

personal medical history was obtained from a standardized

questionnaire via a website (https://new.selfhealth.com.cn/#/login)

as previously described (23). Current smoking was coded present if

more than one cigarette per day (on average) was consumed over a
frontiersin.org
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period longer than six months. Current drinking was coded as

present if the individual reported alcohol consumption at least two

days per week. Regular exercise was defined as performance of

physical activities more than three times a week for thirty minutes

each time. Hypertension was defined as either a self-reported

history of hypertension, SBP or DBP ≥ 140/90 mmHg, or specific

antihypertensive treatment (24). Diabetes was defined as self-

reported history of diabetes, FBG ≥ 7.0 mmol/L, use of insulin or

oral anti-diabetic drugs (25). Dyslipidemia was defined as the

presence of one or more of the following: total cholesterol (TC) ≥

6.22 mmol/L; low-density lipoprotein cholesterol (LDL-C) ≥ 4.14

mmol/L; density lipoprotein cholesterol (HDL-C) <1.04 mmol/L;

t r ig lycer ide (TG) ≥ 2 .26 mmol/L , or t rea tment for

dyslipidemia (26).

Height and weight were measured by an automated instrument

with participants wearing light clothing and without shoes. Body

mass index (BMI) was calculated as weight in kilograms divided by

height in meters squared. Waist circumference (WC) was measured

from the bottom edge of the last rib and iliac crest. Blood pressure

(BP) was measured using a validated digital automatic analyzer

(Omron 9020). According to the Working Group on Obesity in

China, BMI ≥ 24.0 kg/m² was defined as general overweight/obesity,

and according to the Chinese Diabetes Society, WC ≥ 90 cm in men

and ≥ 85 cm in women was defined as central obesity (27).
Laboratory measurements

Fasting blood samples were obtained in the morning after a 12-

h overnight fast. A range of biochemical parameters including

fasting blood glucose (FBG), total cholesterol (TC), triglycerides

(TGs), low-density lipoprotein cholesterol (LDL-C), high-density
Frontiers in Endocrinology 03
lipoprotein cholesterol (HDL-C), alanine aminotransferase (ALT),

serum creatinine and uric acid, was measured using an automatic

biochemical analyzer (Hitachi 7600; Hitachi, Tokyo, Japan). The

sample analysis was performed in accordance with the

manufacturer’s specifications. The estimated glomerular filtration

rate (eGFR) was used as an index of renal disease based on the

Modification of Diet in Renal Disease formula for Chinese subjects:

eGFR = 175 × Scr−1.234 × age−0.179 [if female, × 0.79] (28). The TyG

index was calculated as ln[fasting triglyceride (mg/dL) × fasting

glucose (mg/dL)/2] (29).
Determination of NAFLD and outcome

Fatty liver was detected by hepatic ultrasound (Logiq 9, GE

Medical System, Milwaukee, WI, USA) as previously described (30).

Hepatic steatosis was defined as increased hepatic echogenicity

(‘bright liver’), compared to two of the three following criteria:

liver-to-kidney contrast, vascular blurring and deep beam

attenuation based on the Asia–Pacific Working Party

recommendations (31, 32). NAFLD was defined as the presence

of hepatic steatosis without excessive drinking (≥30 g/day in men,

≥20 g/day in women) or concomitant liver diseases (33).

The outcome was the incidence of NAFLD over the follow-up

through December 31, 2020. If a participant had >1 event diagnosed

as NAFLD during the follow-up period, the first event was counted

as the outcome. Participants who did not have any NAFLD event

were censored, last follow-up or December 31, 2020, whichever

came first. The follow-up time was calculated using the date on

which NAFLD was newly identified or to the last available follow-

up visit among those who did not develop NAFLD minus the date

of the baseline visit.
FIGURE 1

Flow diagram of study participants selection.
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Statistical analysis

Baseline characteristics are described as the mean ± standard

deviation (SD) and the medians with interquartile ranges for

continuous variables and as numbers (percentages) for categorical

variables. Comparisons across quartiles of TyG index groups were

conducted by t test or Mann−Whitney U test, and chi-square test

where applicable, with specific p values compared with the reference

group (the lowest quartile). Linear trends among groups were

investigated using the Jonckheere-Terpstra test for continuous

var iab le s and the Cochran–Armitage trend tes t for

categorical variables.

The associations between the baseline TyG index (assessed by

both quartiles and as a continuous variable) and NAFLD risk were

estimated in 22,758 participants as follows: (1) Cox proportional

hazard regression was used to determine the hazard ratios (HRs)

with corresponding 95% confidence intervals for NAFLD risk

across the quartiles of the TyG index. (2) Subgroup analyses were

conducted to identify interactions between TyG index quartiles and

clinically relevant groups, defined by sex, age (<60 vs. ≥60 years),

general overweight/obesity (yes vs. no defined by BMI) and central

obesity (yes vs. no defined by WC). These grouping variables have

been reported to be associated with NAFLD risk (34, 35). (3) The

restricted cubic spline analysis was fitted to explore the dose

−response relationship of the TyG index (continuous variables)

and risk of NAFLD.

Three models were utilized for the analysis. Model 1 was a

univariate analysis, model 2 was adjusted for age and sex, and model

3 was adjusted for model 2 plus multiple covariables. We followed a

2-step approach for the inclusion of covariates in the models. First,

clinical covariables were entered into the univariate Cox regression

analysis. Those variables that showed a p value < 0.10 in the

univariate analyses or were selected a priori based on possible

clinical significance were entered into the multivariable regression

analyses. Second, in cases of multicollinearity, BMI was selected to

replace WC, and systolic blood pressure was chosen to replace

diastolic blood pressure.

Additionally, the associations between changing trajectories of

the TyG index and NAFLD risk were estimated in 7,722

participants with at least three visits, which enabled us to detect

the dose-accumulative association. The TyG index trajectories were

identified using the latent class growth mixture modeling method,

and similar change patterns were assigned to corresponding groups.

Models were fitted using the LCMM package (version 1.8.1) in R

(version 4.2.2, Vienna, Austria). The optimal shape of trajectories

(intercept, linear, or quadratic) and the number of groups (starting

with 2 groups) were determined by the following: (1) the value of

the Bayesian information criterion (BIC) closest to 0 indicates the

best-fitting model; (2) the smallest group had to include at least 3%

of the sample; and (3) the average posterior probability (AvePP) for

each group had to be more than 0.7. We described clinical

characteristics by the trajectory groups. The association between

TyG index changing patterns and the cumulative incidence rate of

NAFLD was examined also with the Cox proportional hazard

regression test.
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To avoid potential bias due to participants with diabetes, the

associations between the TyG index and the incidence of NAFLD

were reanalyzed restricted to participants without diabetes at

baseline (n = 21, 959) as a sensitivity analysis.

All statistical analyses were performed with SPSS software

version 23.0 (IBM, Armonk, New York) and R software.

Statistical significance was considered for a 2-tailed P <0.05.
Results

Clinical profile

The overall study population comprised 22,758 individuals

(mean age 39.4 years; 41.5% male). The mean follow-up time was

2.35 years, and the average number of exams per person was 2.51.

Clinical and laboratory characteristics at baseline are provided

in detail in Table 1. Compared with participants in the lowest

quartile group, participants in higher TyG categories were more

likely to be older, male, less educated and have more unhealthy

lifestyles. Moreover, BMI, WC, systolic and diastolic blood pressure,

total cholesterol, LDL-C, triglycerides, fasting blood glucose, alanine

aminotransferase and uric acid increased gradually across the TyG

quartiles, whereas the levels of HDL-C and estimated GFR

decreased. Similarly, a higher prevalence of comorbidities, such as

diabetes and hypertension, was more often present in the high TyG

index groups.
Associations between the baseline TyG
index and risk of NAFLD

During the 53,481.3 person-years of follow-up, NAFLD

developed in 5,319 participants. The incidence rates (per 1000

person-years) of NAFLD for each of the quartiles were 26.8 for

quartile 1, 58.5 for quartile 2, 105.9 for quartile 3, and 210.9 for

quartile 4 participants.

First, the Cox proportional hazard model was conducted to

evaluate the relationship between the baseline TyG index and the

risk of NAFLD, as shown in Table 2. Covariables showing a p value <

0.10 in the univariate Cox analyses were selected in model 3

(Supplementary Table S1). There was a significant positive

association in all three models. In fully adjusted model 3, the HRs

(95% CI) for incident NAFLD comparing quartile 1, quartile 2, quartile

3 and quartile 4 participants were 1.62 (1.43–1.84), 2.10 (1.87–2.39),

and 2.52 (2.21–2.86), respectively (p for trend, < 0.001).

Second, subgroup analyses by potential effect modifiers were

performed under the same Cox proportional hazards framework as

the primary analysis in Table 3. There were significant interactions

between the TyG index and sex and body size shape on NAFLD risk

(p for interaction < 0.001). The association was more evident in

females than in males and in lean individuals than in individuals

with general overweight/obesity or central obesity (p for trend ≤

0.001). However, the association between the TyG index and

NAFLD risk was evident in participants aged < 60 years (p for

trend ≤ 0.001) but not in individuals aged ≥ 60 years (p for trend =
frontiersin.org
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TABLE 1 Study population clinical characteristics stratified by quartiles of TyG index (N = 22,758).

Characteristics Total Population Quartiles of TyG index P for trend a

Quartile 1
(6.57 – 8.02)

Quartile 2
(8.02 – 8.36)

Quartile 3
(8.36 – 8.76)

Quartile 4
(8.76 – 12.40)

Prevalence, n (%) 22758 (100.0) 5689 (25.0) 5690 (25.0) 5690 (25.0) 5689 (25.0)

Demographic factors

Age, years 39.4 ± 12.1 34.0 ± 9.71 38.0 ± 11.5 b 40.9 ± 12.2 b 44.6 ± 12.1 b < 0.001

Male sex, n (%) 9439 (41.5) 1095 (19.2) 1865 (32.8) b 2716 (47.7) b 3763 (66.1) b < 0.001

University degree, n (%) 16528 (72.6) 4428 (77.8) 4237 (74.5) b 4034 (70.9) b 3829 (67.3) b < 0.001

Lifestyle status

Current smoker, n (%) 4203 (18.5) 328 (6.7) 761 (13.4) b 1132 (19.9) b 1928 (33.9) b < 0.001

Current drinker, n (%) 5341 (23.5) 761 (13.4) 1064 (18.7) b 1375 (24.2) b 2141 (37.6) b < 0.001

Regular exercise, n (%) 6542 (28.7) 1737 (30.5) 1672 (29.4) 1586 (27.9) b 1547 (27.2) b < 0.001

Classic vascular risk factors

BMI, kg/m2 22.5 ± 2.80 21.5 ± 2.27 21.9 ± 2.45 b 22.8 ± 2.56 b 24.3 ± 2.80 b < 0.001

WC, cm 71.5 ± 8.77 71.1 ± 6.86 74.2 ± 7.44 b 77.6 ± 7.75 b 82.9 ± 8.26 b < 0.001

Systolic blood pressure,
mm Hg

118.1 ± 15.2 112.4 ± 12.3 115.3 ± 13.7 b 119.0 ± 14.8 125.8 ± 16.4 b < 0.001

Diastolic blood pressure,
mm Hg

72.4 ± 10.7 68.4 ± 8.91 70.5 ± 9.44 b 72.9 ± 10.1 b 77.8 ± 11.7 b < 0.001

Hypertension, n (%) 2652 (11.7) 177 (3.1) 372 (6.5) b 666 (11.7) b 1437 (25.3) b < 0.001

Anti-hypertensive
medication, n (%)

1154 (5.1) 53 (0.9) 149 (2.6) b 295 (5.2) b 657 (11.5) b < 0.001

Fasting glucose, mmol/L 5.11 (4.81, 5.44) 4.90 (4.63, 5.17) 5.05 (4.79, 5.33) b 5.17 (4.89, 5.47) b 5.39 (5.04, 5.85) b < 0.001

Diabetes mellitus, n (%) 799 (3.5) 26 (0.5) 55 (1.0) b 130 (2.3) b 588 (10.3) b < 0.001

Anti-diabetes medication,
n (%)

512 (2.2) 20 (0.4) 42 (0.7) 98 (1.7) b 352 (6.2) b < 0.001

TC, mmol/L 4.84 ± 0.92 4.38 ± 0.74 4.69 ± 0.81 b 4.96 ± 0.87 b 5.33 ± 0.97 b < 0.001

Triglycerides, mmol/L 1.05 (0.76, 1.52) 0.62 (0.54, 0.70) 0.90 (0.83, 0.98) b 1.25 (1.13, 1.38) b 2.04 (1.72, 2.66) b < 0.001

HDL–cholesterol, mmol/L 1.45 ± 0.32 1.60 ± 0.31 1.52 ± 0.31 b 1.42 ± 0.28 b 1.27 ± 0.27 b < 0.001

LDL–cholesterol, mmol/L 2.77 ± 0.78 2.48 ± 0.63 2.74 ± 0.70 b 2.96 ± 0.77 b 2.92 ± 0.89 b < 0.001

Non- HDL cholesterol,
mmol/L

3.39 ± 0.90 2.78 ± 0.64 3.17 ± 0.71 b 3.54 ± 0.78 b 4.06 ± 0.91 b < 0.001

Dyslipidemia, n (%) 4503 (19.8) 188 (3.3) 441 (7.8) b 808 (14.2) b 3066 (53.9) b < 0.001

Anti-dyslipidemia
medication, n (%)

211 (0.9) 1 (0.0) 7 (0.1) 23 (0.4) b 180 (3.2) b < 0.001

Emerging related factors

ALT, U/L 17.0 (13.0, 25.0) 14.0 (11.0, 19.0) 16.0 (12.0, 22.0) b 18.0 (14.0, 25.0) b 23.0 (17.0, 33.0) b < 0.001

eGFR, mL/min/1.73m2 112.9 (98.1, 130.5) 122.0 (107.4, 139.0) 115.7 (100.7, 133.1) b 109.5 (95.7, 126.3) b 104.9 (91.5, 120.3) b < 0.001

Uric acid, mmol/L 351.5 ± 86.0 273.8 ± 67.7 291.3 ± 72.4 b 315.3 ± 76.7 b 351.5 ± 86.0 b < 0.001

(Continued)
F
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TABLE 3 Subgroup analyses for the association between baseline TyG index categories and incident NAFLD (n = 22, 758).

Subgroups

TyG index Categories

Quartile 1
(6.57– 8.02)

Quartile 2
(8.02– 8.36)

Quartile 3
(8.36– 8.76)

Quartile 4
(8.76– 12.40) p for trenda p for interaction

Age 0.089

Age < 60 years 1.00 (reference) 1.65 (1.45– 1.89) 2.16 (1.91– 2.45) 2.65 (2.32– 3.02) < 0.001

Age ≥ 60 years 1.00 (reference) 1.30 (0.74– 2.28) 1.52 (0.89– 2.58) 1.41 (0.82– 2.58) 0.429

Sex < 0.001

Female 1.00 (reference) 1.71 (1.42– 2.06) 2.22 (1.85– 2.68) 2.94 (2.40– 3.60) < 0.001

Male 1.00 (reference) 1.26 (1.06– 1.50) 1.51 (1.28– 1.77) 1.78 (1.51– 2.10) < 0.001

Body size defined by BMI < 0.001

Lean/normal 1.00 (reference) 1.67 (1.41– 1.98) 2.05 (1.74– 2.43) 2.56 (2.14– 3.07) < 0.001

General overweight /obesity 1.00 (reference) 1.18 (0.97– 1.43) 1.49 (1.24– 1.79) 1.83 (1.52– 2.20) < 0.001

Body size defined by WC < 0.001

Normal 1.00 (reference) 1.51 (1.32– 1.73) 1.84 (1.61– 2.11) 2.25 (1.95– 2.59) < 0.001

Central obesity 1.00 (reference) 1.31 (0.91– 1.89) 1.68 (1.21– 2.34) 1.80 (1.29– 2.50) 0.001
F
rontiers in Endocrinology
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aEstimated from Cox proportional hazard models.
All analyses were adjusted for age, sex, education level, current smoking, current drinking, body mass index, systolic blood pressure, high-density lipoprotein (HDL)-cholesterol, Non-HDL
cholesterol, glomerular filtration rate, uric acid, ALT, medication of dyslipidemia, diabetes and hypertension at baseline when they were not the strata variables.
TABLE 2 Risk for development of NAFLD across baseline TyG index categories (n = 22, 758).

TyG index Categories Person-years Incident
cases

Incidence density
(per 1000 person-years)

Multivariable-adjusted HR a (95% CI)

Model 1b Model 2c Model 3d

Quartile 1 (6.57– 8.02) 13546.5 363 26.8 1.00 (reference) 1.00 (reference) 1.00 (reference)

Quartile 2 (8.02– 8.36) 13542.0 792 58.5 2.21 (1.95– 2.50) 1.90 (1.67– 2.15) 1.62 (1.43– 1.84)

Quartile 3 (8.36– 8.76) 13376.3 1416 105.9 4.03 (3.59– 4.52) 2.97 (2.64– 3.35) 2.10 (1.87– 2.39)

Quartile 4 (8.76– 12.40) 13027.3 2748 210.9 8.23 (7.38– 9.18) 5.15 (4.59– 5.78) 2.52 (2.21– 2.86)

p for trend < 0.001 < 0.001 < 0.001
TyG, Triglyceride−glucose; HR, hazards ratio; CI, confidence intervals.
aEstimated from Cox proportional hazard models and variables with p < 0.10 identified by univariate analyses were included in the multivariate model.
bMultivariable model 1 was unadjusted.
cModel 2: adjustment for age and sex.
dModel 3: model 2 plus adjustment for education level, current smoking, current drinking, body mass index, systolic blood pressure, high-density lipoprotein (HDL)-cholesterol, Non- HDL
cholesterol, glomerular filtration rate, uric acid, ALT, medication of dyslipidemia, diabetes and hypertension at baseline.
TABLE 1 Continued

Characteristics Total Population Quartiles of TyG index P for trend a

Quartile 1
(6.57 – 8.02)

Quartile 2
(8.02 – 8.36)

Quartile 3
(8.36 – 8.76)

Quartile 4
(8.76 – 12.40)

Follow-up period (years) 2.35 (1.21) 2.38 (1.26) 2.38 (1.21) 2.35 (1.20) 2.29 (1.15) b 0.013

Times of screening
exams

2.51 (0.85) 2.58 (0.90) 2.54 (0.86) b 2.52 (0.85) b 2.38 (0.74) b < 0.001
Values are n (%), mean ± SD, or median (first quartile, third quartile).
aP values for trend were calculated by the Jonckheere-Terpstra test for continuous variables and by the Cochran–Armitage trend test for categorical variables.
bp<0.05 vs. Quartile 1 (reference group) by the one-way ANOVA test for continuous variables and by the chi-square test for categorical variables.
BMI, Body mass index; WC, waist circumference; TC, total cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein; ALT, alanine aminotransferase; eGFR, estimated glomerular
filtration rate.
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0.429). This relationship was not significantly different in the

different age groups (p interaction = 0.089).

Third, the TyG index was further converted from quartiles to a

continuous variable and restricted cubic spline regressions to model

the associations continuously (Figure 2). The regression splines

showed the nonlinear dose–response relationship between the TyG

index and the risk of developing NAFLD (p nonlinearity < 0.001).
Association between the TyG index
trajectory and risk of NAFLD

A total of 7,722 participants were included in further trajectory

analyses. The mean follow-up time was 3.20 years, and the average

number of exams per person was 3.49. The optimal 3-group

trajectory model was selected as the final model, and the statistical

parameters for the 2-, 3-, and 4-group trajectory models are shown in

Supplementary Table S2. Participants were classified into 3 distinct

groups based on their TyG index change trajectories: continued low

group (n = 4473, 57.9%), moderately increased group (n =2977,

38.6%) and highly increased group (n = 272, 3.5%) (Figure 3).

A comparison of the descriptive characteristics of the 3

trajectory groups is presented in Supplementary Table S3.

Similarly, participants in the highly and moderately increasing

groups were more likely to have poor lifestyles and unhealthy

cardiovascular metabolic risk factors. During the 24,738.2 person-

years of follow-up, there were 1349 incident NAFLD cases. Taking

the continued low group as a reference, after multivariable

adjustment, the HRs (95% CI) for the risk of NAFLD were 1.91

(1.65–2.21) in the moderately increasing group and 2.19 (1.73–2.77)

in the highly increasing group (Table 4).
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Sensitivity analyses

To assess the robustness of the main findings, sensitivity

analysis was conducted in the participants without diabetes at

baseline to reduce the possibility of relation with diabetes.

Adjusted for covariates, the results showed similar positive

associations between the TyG index and NAFLD risk

(Supplementary Tables S4, S5).
Discussion

In this large cohort, we observed a significant dose–response

relationship between the TyG index and the development of

NAFLD. In baseline TyG index variable settings, the TyG index

positively correlated with NAFLD risk when considered as either a

continuous variable or as quartiles. In the setting of a changing

trajectory of the TyG index variable, the highly increasing trajectory

carries the greatest odds of future NAFLD risk. These findings

suggest a potential role for lasting high levels of IR in the

pathogenesis of NAFLD. In addition, interaction effects on

NAFLD risk were detected between the TyG index and sex and

body size phenotype in the subgroup analysis. The associations were

more evident in females than in males and in lean individuals than

in overweight/obesity individuals.

A limited number of studies have demonstrated that the TyG

index could play a predictive role in NAFLD. Moreover, several

researchers shifted their attention to the relationship of the TyG

index with the severity of hepatic steatosis and the presence of liver

fibrosis (36). Two cross-sectional studies in the Chinese general

population suggested that an increased TyG index was associated
FIGURE 2

The association of the baseline TyG index with risk of NAFLD. Data were fitted using a Cox regression model of the restricted cubic spline with 3
knots at 10th, 50th, and 90th percentiles of baseline TyG index. The reference point was the median of the TyG index in the 22,758 participants. The
solid line represented point estimation on the association of TyG index with the risk of NAFLD, and the shaded portion represented 95% CI
estimation. Covariates in the model included age, sex, education level, current smoking, current drinking, body mass index, systolic blood pressure,
high-density lipoprotein (HDL)-cholesterol, Non- HDL cholesterol, glomerular filtration rate, uric acid, ALT, medication of dyslipidemia, diabetes and
hypertension at baseline. TyG, index triglyceride-glucose index; HR, hazard ratio; CI, confidence interval.
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with a greater risk of NAFLD (17, 18). In addition, Kitae et al. and

Zhang et al. observed a relationship between the baseline TyG index

and incident NAFLD in a population-based cohort, indicating that

a higher TyG index predicted a higher NAFLD risk among Japanese

and Chinese healthy individuals (19, 21). Similarly, Zheng et al.

reported that the participants in the highest TyG index quartile had

a two times greater risk of incident MAFLD than those in the lowest

quartile in a Chinese longitudinal study (20). Khamseh et al. also

found the TyG index to be an independent risk factor for NAFLD in

individuals with overweight/obesity (16). Our present results were

in accordance with the few existing reports but also have a few

differences. One of the most notable features is that we accounted

for the dynamic changes in the TyG index and did not just take the

baseline level measured at a single time point into consideration. As

reported in recent studies, Gao et al. and Yan et al. found that a

higher long-term trajectory of the TyG index was independently

associated with incident peripheral arterial disease and arterial
Frontiers in Endocrinology 08
stiffness progression, respectively (9, 37). However, it remains

unclear how the dynamic changes in the TyG index affect

NAFLD risk. To our knowledge, this is the first study exploring

the impact of the natural history of IR assessed by the TyG index on

future NAFLD incidence. Therefore, our present results extended

the limited previous observations by highlighting the dynamic

nature of excessive IR exposure as it relates to increased NAFLD

development. Another difference is that our study consisted of a

larger sample from a population-based cohort, with diverse

sociodemographic characteristics (education level and lifestyle

factors). Additional sensitivity analysis including a population

without diabetes adds robustness to our findings.

Although the exact mechanisms underlying the TyG index and

incident NAFLD remain an enigma, the key hypothetical

mechanisms may be linked to IR. IR is a key pathogenic factor

for NAFLD and type 2 diabetes mellitus (T2DM), and thus, these

two diseases commonly coexist. The risk of NAFLD was 5-fold

higher in patients with T2DM than in those without T2DM,

whereas the risk of T2DM was approximately doubled in patients

with NAFLD compared with those without NAFLD (8). Several

proposed mechanisms have been implicated in linking IR and the

development of NAFLD (8, 38, 39): (1) IR fails to suppress both

lipolysis and the production of triglyceride-rich VLDL particles

through the liver. The large triglyceride-rich VLDL particles in

return could exacerbate hepatic IR and increase the level of serum

triglycerides. (2) IR impaired the ability of insulin to inhibit glucose

production and glucose uptake, resulting in hyperglycemia, which

inversely feedbacks to stimulate insulin secretion, leading to

hyperinsulinemia. Fasting hyperglycemia and hyperinsulinemia

are directly correlated with liver fat. (3) Additionally, IR could

induce alterations in the gut microbiota to produce higher levels of

short-chain fatty acids (SCFAs), modify the enterohepatic

circulation of bile acids, and ultimately lead to inflammation and

hepatic steatosis. (4) Moreover, the other proposed mechanisms

linking IR and NAFLD may be mediated by adipose tissue

inflammation, increased serum free fatty acids, impaired

mitochondrial fatty acid b-oxidation (FAO), poor effects on body

fat distribution, and alterations in the levels of adipokines and

cytokines. The net outcomes of the above mechanisms result in an
TABLE 4 Risk for incident NAFLD with trajectories TyG index categories (n = 7,722).

TyG index trajectories Person-years Incident
cases

Incidence density
(per 1000 person-years)

Multivariable-adjusted HR a (95% CI)

Model 1b Model 2c Model 3d

Continued low group 14423.6 338 23.4 1.00 (reference) 1.00 (reference) 1.00 (reference)

Moderate increasing group 9451.9 859 90.9 3.95 (3.48– 4.48) 2.80 (2.45– 3.19) 1.91 (1.65– 2.21)

High increasing group 862.3 152 176.3 7.70 (6.36– 9.32) 4.55 (3.72– 5.56) 2.19 (1.73– 2.77)

p for trend < 0.001 < 0.001 < 0.001
NAFLD, non-alcoholic fatty liver disease; TyG, Triglyceride−glucose; HR, hazards ratio; CI, confidence intervals.
aEstimated from Cox proportional hazard models.
bMultivariable model 1 was unadjusted.
cModel 2: adjustment for age and sex.
dModel 3: model 2 plus adjustment for education level, current smoking, current drinking, body mass index, systolic blood pressure, high-density lipoprotein (HDL)-cholesterol, Non- HDL
cholesterol, glomerular filtration rate, uric acid, ALT, medication of dyslipidemia, diabetes and hypertension at baseline.
FIGURE 3

The TyG index trajectories of the 3 groups. Solid lines indicate
estimated trajectories, and shaded areas indicate 95% pointwise CIs
using the latent class growth mixture model.
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increase in chronic low-grade inflammation, a reduction in

glycogen synthesis, a gain in lipogenesis, and a raising in blood

insulin and glucose levels, eventually resulted in steatosis in NAFLD

(8). The TyG index takes into account the effects of the two key

components of metabolic syndrome, namely, fasting glucose and

triglyceride, at the same time, which are overproduced by the fatty

liver, and due to the advantages of being non-insulin-based, more

feasible and less costly than HOMA-IR, it has become an ideal

marker of IR for routine clinical applications.

Subgroup analyses revealed that the association between the

TyG index and NAFLD incidence was affected by sex and body size

phenotype. These results were in line with recent evidence from

Zheng et al. and Kitae et al. in which the TyG index was significantly

associated with a higher prevalence of incident NAFLD in a

subgroup of female and lean individuals (BMI < 23 kg/m2),

although no interactions were detected in the stratified analysis

(19, 20). Our present study has further provided new insights, as key

findings regarding the effect of the TyG index on NAFLD risk were

more positive in female subjects than in male subjects and in lean

subjects than in obese subjects, with significant interactions. The

reason for the sex effect might be the age distribution of the sample.

The mean age of the female participants in the current study was

38.3 years, and the sex hormone-associated protective effect in body

composition and metabolic risks may explain this strong

relationship in women (40, 41). The predictive capability of the

TyG index in females may decrease or be similar to that in males

after menopause. Similarly, the obese population tends to cluster

with adverse metabolic conditions, including low HDL cholesterol

levels, high blood pressure and hyperglycemia (27). It is therefore

not surprising that the association between the TyG index and

NAFLD risk may be partially diluted in these obese individuals by

cardiometabolic risk factors. In addition, the lean population with

an increased TyG index implied metabolic derangements, and this

specific population was also classified as metabolically unhealthy

lean people. Interestingly, compared to metabolically healthy

normal weight subjects, these individuals more frequently have

insulin resistance, NAFLD, visceral obesity and abnormalities in

lipid storage (lower percentages of subcutaneous leg fat mass, which

is the disparity of adipose tissue depot supposed to be protective of

cardiometabolic diseases) (42).

The strengths of the present study were the inclusion of a large

sample size, which ensures sufficient power in the investigation of

interactions; adjustment to minimize residual confounders;

handling target independent variables as both continuous

variables and categorical variables and the potential effect

modifiers by subgroup analyses. Another unique feature of our

study is the use of latent class growth mixture modeling to capture

distinctive TyG trajectories within the study population and to

enable intraindividual variation to be investigated, thus offering a

more comprehensive characterization of the natural history of the

TyG index.
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There are a few limitations of our study. First, the study

population was restricted to the southern Chinese population and

was collected at a single health management center, limiting the

generalizability of the findings. Second, due to the missing records

of insulin levels in our study, we could not calculate HOMA-IR and

compare the TyG index with HOMA-IR for predicting incident

NAFLD. Third, we did not collect detailed food intake information

or eating habits. As such, we could not assess the possible modifying

effect of dietary patterns on the TyG index-NAFLD association.

Fourth, we performed abdominal ultrasound as a diagnostic tool for

fatty liver instead of magnetic resonance imaging (MRI)/computed

tomography (CT). Although ultrasound cannot accurately detect

steatosis to a degree of less than 20% or in individuals with morbid

and moderate obesity, due to its noninvasiveness, simplicity, and

good applicability, ultrasonography has become the most common

technique used in clinical practice in China to diagnose fatty liver

(34). A meta-analysis showed that B-type ultrasound could reliable

and accurate detect hepatic steatosis (defined as steatotic

hepatocytes ≥ 5% on histology) (43). These findings showed that

ultrasound was both sensitive and specific in identifying mild as

well as moderate-severe hepatic steatosis, as compared with liver

histology. Lastly, since fatty liver is a heterogeneous group of

diseases, some researchers recommend to expand the scope of

fatty liver disease (FLD) based on pathophysiology and propose

the novel FLD “Mantzoros classification” (44). This new

nomenclature covers alcohol-associated fatty liver disease,

MAFLD, genetics-associated fatty liver disease, lipodystrophy-

associated fatty liver disease and other/not yet-defined fatty liver

disease. In the future, targeted the TyG index study based on this

new categorization have the potential to lead to more promising

merit of FLD risk evaluation.
Conclusions

This cohort study identified a strong association between the

TyG index levels and the risk of NAFLD, and the greatest

predictability was seen in middle-aged adults of the female sex

and normal body size populations. This association supports

available evidence that IR confers higher NAFLD risk and shows

that the cumulative burden of risk extends to individuals with

excessive IR exposure. Thus, combinatorial approaches targeting

early and sustained improvements in IR represent a potential

strategy for NAFLD prevention.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding authors.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1137098
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Wang et al. 10.3389/fendo.2023.1137098
Ethics statement

The studies involving human participants were reviewed and

approved by the Institutional Review Board (IRB) of the Third

Xiangya Hospital, Central South University (No. 2013BAI04B01)

and conformed to the guidelines of the Helsinki declaration and its

later amendments or comparable ethical standards. The patients/

participants provided their written informed consent to participate

in this study. Written informed consent was obtained from the

individual(s) for the publication of any potentially identifiable

images or data included in this article.
Author contributions

All authors conceived and designed the study. YW performed

data analysis and drafted the manuscript. JW contributed to

supervision and project administration. LL contributed to data

curation. PY helped in the data analysis methods. SD contributed

to software. XL and LZ collected data and ran the investigation. CW

and YL contributed to the formal analysis, conception and critical

revision of the manuscript. All authors read and approved the

final manuscript.
Funding

This research was supported by grants from the National Key

R&D Program of China (No. 2021YFC2500500), Changsha Natural
Frontiers in Endocrinology 10
Science Foundation (No. kq2208351), Hunan Provincial Natural

Science Foundation (No. 2020JJ4854 and 2021JJ40934), National

Science Foundation of China (No.81973324) and a Hunan Young

Talent grant (No.2020RC3063).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fendo.2023.1137098/

full#supplementary-material
References
1. Eslam M, Alkhouri N, Vajro P, Baumann U, Weiss R, Socha P, et al. Defining
paediatric metabolic (dysfunction)-associated fatty liver disease: an international expert
consensus statement. Lancet Gastroenterol Hepatol (2021) 6:864–73. doi: 10.1016/
S2468-1253(21)00183-7

2. Muzurovic E, Polyzos SA, Mikhailidis DP, Borozan S, Novosel D, Cmiljanic O,
et al. Non-alcoholic fatty liver disease in children. Curr Vasc Pharmacol (2023) 21:4–25.
doi: 10.2174/1570161121666221118155136

3. Lonardo A, Byrne CD, Caldwell SH, Cortez-Pinto H, Targher G. Global epidemiology
of nonalcoholic fatty liver disease: meta-analytic assessment of prevalence, incidence, and
outcomes. Hepatology (2016) 64:1388–9. doi: 10.1002/hep.28584

4. Mendez-Sanchez N, Bugianesi E, Gish RG, Lammert F, Tilg H, Nguyen MH, et al.
Global multi-stakeholder consensus on the redefinition of fatty liver d.: global multi-
stakeholder endorsement of the MAFLD definition. Lancet Gastroenterol Hepatol
(2022) 7:388–90. doi: 10.1016/S2468-1253(22)00062-0

5. Das K, Das K, Mukherjee PS, Ghosh A, Ghosh S, Mridha AR, et al. Nonobese
population in a developing country has a high prevalence of nonalcoholic fatty
liver and significant liver disease. Hepatology (2010) 51:1593–602. doi: 10.1002/
hep.23567

6. Hagstrom H, Nasr P, Ekstedt M, Hammar U, Stal P, Hultcrantz R, et al. Risk for
development of severe liver disease in lean patients with nonalcoholic fatty liver
disease: a long-term follow-up study.Hepatol Commun (2018) 2:48–57. doi: 10.1002/
hep4.1124

7. Younes R, Govaere O, Petta S, Miele L, Tiniakos D, Burt A, et al. Caucasian Lean
subjects with non-alcoholic fatty liver disease share long-term prognosis of non-lean:
time for reappraisal of BMI-driven approach? Gut (2021) 71:382–90. doi: 10.1136/
gutjnl-2020-322564

8. Khan RS, Bril F, Cusi K, Newsome PN. Modulation of insulin resistance in
nonalcoholic fatty liver disease. Hepatology (2019) 70:711–24. doi: 10.1002/hep.30429
9. Yan Y, Wang D, Sun Y, Ma Q, Wang K, Liao Y, et al. Triglyceride-glucose index
trajectory and arterial stiffness: results from hanzhong adolescent hypertension cohort
study. Cardiovasc Diabetol (2022) 21:33. doi: 10.1186/s12933-022-01453-4

10. Wang M, Mei L, Jin A, Cai X, Jing J, Wang S, et al. Association between
triglyceride glucose index and atherosclerotic plaques and burden: findings from a
community-based study. Cardiovasc Diabetol (2022) 21:204. doi: 10.1186/s12933-022-
01638-x

11. Li M, Zhan A, Huang X, Hu L, Zhou W, Wang T, et al. Positive association
between triglyceride glucose index and arterial stiffness in hypertensive patients: the
China h-type hypertension registry study. Cardiovasc Diabetol (2020) 19:139.
doi: 10.1186/s12933-020-01124-2

12. Tohidi M, Baghbani-Oskouei A, Ahanchi NS, Azizi F, Hadaegh F. Fasting
plasma glucose is a stronger predictor of diabetes than triglyceride-glucose index,
triglycerides/high-density lipoprotein cholesterol, and homeostasis model assessment
of insulin resistance: Tehran lipid and glucose study. Acta Diabetol (2018) 55:1067–74.
doi: 10.1007/s00592-018-1195-y

13. Kim MK, Ahn CW, Kang S, Nam JS, Kim KR, Park JS. Relationship between the
triglyceride glucose index and coronary artery calcification in Korean adults.
Cardiovasc Diabetol (2017) 16:4969. doi: 10.1186/s12933-017-0589-4

14. Wang J, Yan S, Cui Y, Chen F, Piao M, Cui W. The diagnostic and prognostic
value of the triglyceride-glucose index in metabolic dysfunction-associated fatty liver
disease (MAFLD): a systematic review and meta-analysis. Nutrients (2022) 14:4969.
doi: 10.3390/nu14234969

15. Lee SB, Kim MK, Kang S, Park K, Kim JH, Baik SJ, et al. Triglyceride glucose
index is superior to the homeostasis model assessment of insulin resistance for
predicting nonalcoholic fatty liver disease in Korean adults. Endocrinol Metab
(Seoul) (2019) 34:179–86. doi: 10.3803/EnM.2019.34.2.179

16. Khamseh ME, Malek M, Abbasi R, Taheri H, Lahouti M, Alaei-Shahmiri F.
Triglyceride glucose index and related parameters (Triglyceride glucose-body mass
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fendo.2023.1137098/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1137098/full#supplementary-material
https://doi.org/10.1016/S2468-1253(21)00183-7
https://doi.org/10.1016/S2468-1253(21)00183-7
https://doi.org/10.2174/1570161121666221118155136
https://doi.org/10.1002/hep.28584
https://doi.org/10.1016/S2468-1253(22)00062-0
https://doi.org/10.1002/hep.23567
https://doi.org/10.1002/hep.23567
https://doi.org/10.1002/hep4.1124
https://doi.org/10.1002/hep4.1124
https://doi.org/10.1136/gutjnl-2020-322564
https://doi.org/10.1136/gutjnl-2020-322564
https://doi.org/10.1002/hep.30429
https://doi.org/10.1186/s12933-022-01453-4
https://doi.org/10.1186/s12933-022-01638-x
https://doi.org/10.1186/s12933-022-01638-x
https://doi.org/10.1186/s12933-020-01124-2
https://doi.org/10.1007/s00592-018-1195-y
https://doi.org/10.1186/s12933-017-0589-4
https://doi.org/10.3390/nu14234969
https://doi.org/10.3803/EnM.2019.34.2.179
https://doi.org/10.3389/fendo.2023.1137098
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Wang et al. 10.3389/fendo.2023.1137098
index and triglyceride glucose-waist circumference) identify nonalcoholic fatty liver
and liver fibrosis in individuals with Overweight/Obesity. Metab Syndr Relat Disord
(2021) 19:167–73. doi: 10.1089/met.2020.0109

17. Wang J, Su Z, Feng Y, Xi R, Liu J, Wang P. Comparison of several blood lipid-
related indexes in the screening of non-alcoholic fatty liver disease in women: a cross-
sectional study in the pearl river delta region of southern China. BMC Gastroenterol
(2021) 21:482. doi: 10.1186/s12876-021-02072-1

18. Zhang S, Du T, Zhang J, Lu H, Lin X, Xie J, et al. The triglyceride and glucose
index (TyG) is an effective biomarker to identify nonalcoholic fatty liver disease. Lipids
Health Dis (2017) 16:15. doi: 10.1186/s12944-017-0409-6

19. Kitae A, Hashimoto Y, Hamaguchi M, Obora A, Kojima T, Fukui M. The
triglyceride and glucose index is a predictor of incident nonalcoholic fatty liver disease:
a population-based cohort study. Can J Gastroenterol Hepatol (2019) 2019:5121574.
doi: 10.1155/2019/5121574

20. Zhang R, Guan Q, Zhang M, Ding Y, Tang Z, Wang H, et al. Association
between triglyceride-glucose index and risk of metabolic dysfunction-associated fatty
liver disease: a cohort study. Diabetes Metab Syndr Obes (2022) 15:3167–79.
doi: 10.2147/DMSO.S383907

21. Zheng R, Du Z, Wang M, Mao Y, Mao W. A longitudinal epidemiological study
on the triglyceride and glucose index and the incident nonalcoholic fatty liver disease.
Lipids Health Dis (2018) 17:262. doi: 10.1186/s12944-018-0913-3

22. Huanan C, Sangsang L, Amoah AN, Yacong B, Xuejiao C, Zhan S, et al.
Relationship between triglyceride glucose index and the incidence of non-alcoholic
fatty liver disease in the elderly: a retrospective cohort study in China. BMJ Open (2020)
10:e039804. doi: 10.1136/bmjopen-2020-039804

23. Lei L, Changfa W, Ting Y, Xiaoling Z, Yaqin W. Metabolically healthy transition
and its association with body size change patterns among different adult age groups.
Diabetes Res Clin Pract (2022) 192:110108. doi: 10.1016/j.diabres.2022.110108

24. James PA, Oparil S, Carter BL, Cushman WC, Dennison-Himmelfarb C,
Handler J, et al. 2014 evidence-based guideline for the management of high blood
pressure in adults: report from the panel members appointed to the eighth joint
national committee (JNC 8). JAMA (2014) 311:507–20. doi: 10.1001/jama.2013.284427

25. Kerner W, Bruckel J, German Diabetes A. Definition, classification and
diagnosis of diabetes mellitus. Exp Clin Endocrinol Diabetes (2014) 122:384–6.
doi: 10.1055/s-0034-1366278

26. Yang W, Xiao J, Yang Z, Ji L, Jia W, Weng J, et al. Metabolic disorders study i.:
serum lipids and lipoproteins in Chinese men and women. Circulation (2012)
125:2212–21. doi: 10.1161/CIRCULATIONAHA.111.065904

27. Pan XF, Wang L, Pan A. Epidemiology and determinants of obesity in China.
Lancet Diabetes Endocrinol (2021) 9:373–92. doi: 10.1016/S2213-8587(21)00045-0

28. Teo BW, Zhang L, Guh JY, Tang SCW, Jha V, Kang DH, et al. Glomerular
filtration rates in asians. Adv Chronic Kidney Dis (2018) 25:41–8. doi: 10.1053/
j.ackd.2017.10.005

29. Simental-Mendia LE, Rodriguez-Moran M, Guerrero-Romero F. The product of
fasting glucose and triglycerides as surrogate for identifying insulin resistance in
apparently healthy subjects. Metab Syndr Relat Disord (2008) 6:299–304.
doi: 10.1089/met.2008.0034

30. Lei L, Changfa W, Jiangang W, Zhiheng C, Ting Y, Xiaoling Z, et al. Association
between non-alcoholic fatty liver disease and metabolically healthy deterioration across
Frontiers in Endocrinology 11
different body shape phenotypes at baseline and change patterns. Sci Rep (2022)
12:14786. doi: 10.1038/s41598-022-18988-x

31. NCHS. NHANES III: hepatic steatosis ultrasound images assessment procedures
manual (2010). Available at: https://wwwn.cdc.gov/nchs/nhanes/nhanes3/
ManualsAndReports.aspx.

32. Farrell GC, Chitturi S, Lau GK, Sollano JD. Asia-Pacific working party on n.:
guidelines for the assessment and management of non-alcoholic fatty liver disease in
the Asia-pacific region: executive summary. J Gastroenterol Hepatol (2007) 22:775–7.
doi: 10.1111/j.1440-1746.2007.05002.x

33. Lee H, Lee YH, Kim SU, Kim HC. Metabolic dysfunction-associated fatty liver
disease and incident cardiovascular disease risk: a nationwide cohort study. Clin
Gastroenterol Hepatol (2021) 19:2138–47.e10. doi: 10.1016/j.cgh.2020.12.022

34. Zhou F, Zhou J, Wang W, Zhang XJ, Ji YX, Zhang P, et al. Unexpected rapid
increase in the burden of NAFLD in China from 2008 to 2018: a systematic review and
meta-analysis. Hepatology (2019) 70:1119–33. doi: 10.1002/hep.30702

35. Ye Q, Zou B, Yeo YH, Li J, Huang DQ,Wu Y, et al. Global prevalence, incidence,
and outcomes of non-obese or lean non-alcoholic fatty liver disease: a systematic review
and meta-analysis. Lancet Gastroenterol Hepatol (2020) 5:739–52. doi: 10.1016/s2468-
1253(20)30077-7

36. Guo W, Lu J, Qin P, Li X, Zhu W, Wu J, et al. The triglyceride-glucose index is
associated with the severity of hepatic steatosis and the presence of liver fibrosis in non-
alcoholic fatty liver disease: a cross-sectional study in Chinese adults. Lipids Health Dis
(2020) 19:218. doi: 10.1186/s12944-020-01393-6

37. Gao JW, Hao QY, Gao M, Zhang K, Li XZ, Wang JF, et al. Triglyceride-glucose
index in the development of peripheral artery disease: findings from the atherosclerosis
risk in communities (ARIC) study. Cardiovasc Diabetol (2021) 20:126. doi: 10.1186/
s12933-021-01319-1

38. Yki-Jarvinen H. Non-alcoholic fatty liver disease as a cause and a consequence of
metabolic syndrome. Lancet Diabetes Endocrinol (2014) 2:901–10. doi: 10.1016/S2213-
8587(14)70032-4

39. Pedersen HK, Gudmundsdottir V, Nielsen HB, Hyotylainen T, Nielsen T, Jensen
BA, et al. Human gut microbes impact host serum metabolome and insulin sensitivity.
Nature (2016) 535:376–81. doi: 10.1038/nature18646

40. Ley CJ, Lees B, Stevenson JC. Sex- and menopause-associated changes in body-
fat distribution. Am J Clin Nutr (1992) 55:950–4. doi: 10.1093/ajcn/55.5.950

41. Geer EB, ShenW. Gender differences in insulin resistance, body composition, and
energy balance. Gend Med (2009) 6 Suppl 1:60–75. doi: 10.1016/j.genm.2009.02.002

42. Stefan N, Schick F, Haring HU. Causes, characteristics, and consequences of
metabolically unhealthy normal weight in humans. Cell Metab (2017) 26:292–300.
doi: 10.1016/j.cmet.2017.07.008

43. Stefano Ballestri AM, Byrne CD, Lonardo A, Targher G. Diagnostic accuracy of
ultrasonography for the detection of hepatic steatosis: an updated meta-analysis of
observational studies. Metab Target Organ Damage (2021) 1:7. doi: 10.20517/
mtod.2021.05

44. Valenzuela-Vallejo L, Mantzoros CS. Time to transition from a negative
nomenclature describing what NAFLD is not, to a novel, pathophysiology-based,
umbrella classification of fatty liver disease (FLD). Metabolism (2022) 134:155246.
doi: 10.1016/j.metabol.2022.155246
frontiersin.org

https://doi.org/10.1089/met.2020.0109
https://doi.org/10.1186/s12876-021-02072-1
https://doi.org/10.1186/s12944-017-0409-6
https://doi.org/10.1155/2019/5121574
https://doi.org/10.2147/DMSO.S383907
https://doi.org/10.1186/s12944-018-0913-3
https://doi.org/10.1136/bmjopen-2020-039804
https://doi.org/10.1016/j.diabres.2022.110108
https://doi.org/10.1001/jama.2013.284427
https://doi.org/10.1055/s-0034-1366278
https://doi.org/10.1161/CIRCULATIONAHA.111.065904
https://doi.org/10.1016/S2213-8587(21)00045-0
https://doi.org/10.1053/j.ackd.2017.10.005
https://doi.org/10.1053/j.ackd.2017.10.005
https://doi.org/10.1089/met.2008.0034
https://doi.org/10.1038/s41598-022-18988-x
https://wwwn.cdc.gov/nchs/nhanes/nhanes3/ManualsAndReports.aspx
https://wwwn.cdc.gov/nchs/nhanes/nhanes3/ManualsAndReports.aspx
https://doi.org/10.1111/j.1440-1746.2007.05002.x
https://doi.org/10.1016/j.cgh.2020.12.022
https://doi.org/10.1002/hep.30702
https://doi.org/10.1016/s2468-1253(20)30077-7
https://doi.org/10.1016/s2468-1253(20)30077-7
https://doi.org/10.1186/s12944-020-01393-6
https://doi.org/10.1186/s12933-021-01319-1
https://doi.org/10.1186/s12933-021-01319-1
https://doi.org/10.1016/S2213-8587(14)70032-4
https://doi.org/10.1016/S2213-8587(14)70032-4
https://doi.org/10.1038/nature18646
https://doi.org/10.1093/ajcn/55.5.950
https://doi.org/10.1016/j.genm.2009.02.002
https://doi.org/10.1016/j.cmet.2017.07.008
https://doi.org/10.20517/mtod.2021.05
https://doi.org/10.20517/mtod.2021.05
https://doi.org/10.1016/j.metabol.2022.155246
https://doi.org/10.3389/fendo.2023.1137098
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Baseline level and change trajectory of the triglyceride-glucose index in relation to the development of NAFLD: a large population-based cohort study
	Background
	Materials and methods
	Study design and participants
	Characteristics and definitions
	Laboratory measurements
	Determination of NAFLD and outcome
	Statistical analysis

	Results
	Clinical profile
	Associations between the baseline TyG index and risk of NAFLD
	Association between the TyG index trajectory and risk of NAFLD
	Sensitivity analyses

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References


