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Purpose: The Hepatic Steatosis Index (HSI) is a reliable predictor of non-alcoholic fatty liver disease (NAFLD), which can increase 
the risk of type 2 diabetes mellitus (T2DM). However, limited research has directly predicted HSI’s association with T2DM 
occurrence at normal blood glucose levels. Hence, this study aimed to assess the link between baseline HSI and T2DM development 
under euglycemic conditions while also exploring potential sex differences.
Methods: Using data from the NAGALA cohort study, a Cox regression model analyzed the relationship between HSI and T2DM 
risk, calculating hazard ratios (HR) and 95% confidence intervals (CI). Subgroup analyses were conducted to investigate factors 
influencing HSI’s prediction of incident T2DM.
Results: During a mean 6.1-year follow-up, 238 individuals (1.65% of participants) developed T2DM. After adjusting for age, ethanol 
consumption, smoking status, SBP, DBP, TG, and TC, HSI showed a significant association with incident T2DM in individuals with 
normal glucose levels, consistent across sexes. Compared to the lowest quartile group (Q1), the HR and 95% CI for Q2, Q3, and Q4 
were 1.09 (0.61, 1.93), 1.16 (0.68, 1.98), and 3.30 (2.04, 5.33), respectively (P for trend < 0.001). Subgroup analysis indicated that 
elevated HSI significantly increased the risk of incident T2DM in individuals with normal TG levels (P for interaction = 0.0170).
Conclusion: This study highlights the significant association between elevated HSI levels and the likelihood of developing incident 
T2DM in individuals with normal glucose levels. Furthermore, it offers a simple and valuable screening tool for predicting T2DM.
Keywords: Type 2 Diabetes Mellitus, hepatic steatosis index, Non-alcoholic fatty liver disease, risk prediction, longitudinal study

Background
Diabetes mellitus, a metabolic disorder characterized by elevated blood glucose levels, is one of the most prevalent 
chronic metabolic diseases.1 Type 2 Diabetes Mellitus (T2DM), in particular, accounts for 90% of all diabetes cases.2 

Annually, over a million people succumb to diabetes, ranking it as the ninth leading cause of death.3 The cost of diabetes 
care surpasses per capita healthcare expenditure by a minimum of 3.2 times, escalating to 9.4 times when complications 
arise.4 T2DM is acknowledged as a significant public health concern, exerting a profound impact on both human lives 
and healthcare expenses.

The diagnosis and prediction of T2DM involve the utilization of various indicators, as recognized by the American 
Diabetes Association. These indicators include fasting plasma glucose (FPG), glycated hemoglobin (HbA1c) testing, and 
oral glucose tolerance testing (OGTT).5 However, research has shown that individuals who have normal levels of these 
indicators still face the risk of developing T2DM.6,7 For individuals with normal values of traditional markers such as 

Diabetes, Metabolic Syndrome and Obesity 2024:17 2317–2326                                         2317
© 2024 Si et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Diabetes, Metabolic Syndrome and Obesity                                           Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 4 February 2024
Accepted: 7 May 2024
Published: 7 June 2024

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


FPG and HbA1c, the risk of T2DM cannot be accurately predicted or intervened early using these conventional 
indicators, leading to an overlooked risk of developing T2DM. Therefore, identifying an effective predictive marker 
for individuals with normal blood glucose levels is of significant clinical value and urgently needed.

Existing research suggests that non-alcoholic fatty liver disease (NAFLD) increases the risk of developing T2DM.8 

Several factors, including the alanine transaminase-to-aspartate aminotransferase ratio (ALT/AST), sex, and body mass 
index (BMI), have been identified as indicators associated with the onset of NAFLD.9 A composite index called the 
Hepatic Steatosis Index (HSI), which incorporates these three factors, has been found to reliably predict NAFLD in 
previous studies.10 Insulin resistance and metabolic syndrome are also risk factors for T2DM, and the literature shows 
a strong correlation between HSI and these conditions.11–13 However, limited research exists on using HSI to directly 
predict incident T2DM, and the existing studies only include individuals with pre-diabetes, which could potentially 
confound the accuracy of prediction.14 The predictive accuracy of HSI in individuals with normal blood glucose levels 
has not been validated yet. Therefore, this study aims to assess the association between baseline HSI and incident T2DM 
in normoglycemic individuals and to examine whether this association differs by sex.

Methods
Population and Study Design
The NAGALA (NAFLD in the Gifu Area, Longitudinal Analysis) cohort study provided the original data for this 
research. Okamura et al transferred ownership of the study data to the Dryad website (https://datadryad.org/stash/dataset/ 
doi:10.5061/dryad.8q0p192), enabling qualified medical professionals to access the database for secondary research at no 
cost in order to address newly proposed clinical issues. Initiated by Murakami Memorial Hospital in 1994, the NAGALA 
study documented potential factors leading to T2DM and NAFLD as endpoint events in the general population. 
Sixty percent of participants underwent regular medical exams, ensuring a low participant attrition rate and high data 
reliability. Furthermore, Okamura et al have previously published medical papers based on this database, focusing on the 
relationship between ectopic adiposity and diabetes.15

By analyzing the NAGALA longitudinal cohort retrospectively, this study aims to explore the predictive value of 
baseline HSI in individuals with normal blood glucose levels by investigating its association with incident T2DM.

The original study collected data from a total of 20,944 participants. The exclusion criteria were as follows: (1) Participants 
diagnosed with T2DM at baseline (n = 323); (2) Participants diagnosed with hepatitis (viral/alcoholic) at baseline (n = 416); 
(3) Participants using medication at baseline (n = 2321); (4) FPG <3.9 mmol/L or FPG >6.1 mmol/L at baseline (n = 831); (5) 
HbA1c ≥5.7% at baseline (n = 986); (6) Alcohol intake >60g/day (for men) or >40g/day (for women)16 (n = 739); (7) BMI 
<15kg/m2 or BMI >55 kg/m2 (n = 12); (8) Loss to follow-up (n = 873). All participants in this study provided informed consent 
for the use of their data. The study protocol was approved by the Ethics Committee of Beijing Anzhen Hospital, Capital 
Medical University and the Murakami Memorial Hospital Ethics Committee.17

Data Collection and Measurement
The demographic characteristics of all study participants, such as sex, age, weight, BMI, waist circumference (WC), 
ethanol intake, and smoking habits, were evaluated using standardized questionnaires administered by healthcare 
professionals with medical expertise. Trained medical personnel measured height, weight, WC, and blood pressure, 
and BMI was calculated using the formula weight (kg)/[height (m)]2. Ethanol consumption, in terms of average weekly 
intake, was estimated based on participants’ reported consumption over the previous month. Smoking status led to the 
categorization of participants into three groups: never smokers, former smokers, and current smokers. Former smokers 
were defined as individuals who had quit smoking at the time of the baseline survey, while current smokers referred to 
those who reported smoking during the same period. Regular physical activity was defined as engaging in exercise 
meeting the intensity and duration guidelines set by the World Health Organization at least once a week.18

During each subsequent visit, it was advised to fast for a minimum of 8 hours before undergoing blood collection. 
The laboratory parameters that were assessed included blood pressure, gammaglutamyl transferase (GGT), alanine 
aminotransferase (ALT), aspartate aminotransferase (AST), total cholesterol (TC), triglycerides (TG), and high-density 
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lipoprotein cholesterol (HDL-C). To calculate the HSI, the following formula was utilized: 8 × (ALT/AST ratio) + BMI 
(+2, if female). This study adhered to the principles stated in the Declaration of Helsinki.

Diagnosis of a Fatter Liver and Incident T2DM
Healthcare professionals with extensive experience have utilized abdominal ultrasound to diagnose fatty livers using four 
indicators: hepatorenal echo contrast, liver brightness, deep attenuation, and vascular blurring.19 The diagnostic process 
adhered to blinding principles. For diabetes diagnosis, the criteria were HbA1c ≥ 6.5% or FPG ≥ 7 mmol/L.20

Statistical Analysis
The participants’ baseline characteristics were compared across quartile groups (Q1–Q4) based on the HSI. Continuous 
variables were described using mean and standard deviation for normally distributed data or median and range for non- 
normally distributed data. Categorical variables were presented as the number (%) of cases. The normality of the data 
distribution was assessed using the Kolmogorov–Smirnov test. Differences between groups were evaluated using a one- 
way ANOVA for normally distributed continuous variables and the Kruskal–Wallis test for non-normally distributed 
continuous variables. Inter-group differences in categorical variables were analyzed using the chi-square test.

To investigate the predictive effect of HSI on incident T2DM, Cox proportional hazard regression models were employed. 
Hazard ratios (HR) and 95% confidence intervals (CI) were calculated. Covariates, including age,21 ethanol consumption,22 

smoking status,23 systolic blood pressure (SBP), diastolic blood pressure (DBP),24 TG,25 and TC,26 were selected based on 
clinical experience and a literature review to mitigate potential confounding factors. A sex-stratified multivariate Cox 
regression model, adjusting for covariates, examined the consistency of HSI’s predictive effect on T2DM incidence among 
different sexes. Categorized HSI variables were used to assess trends, and the P value for each trend was calculated. The area 
under the receiver operating characteristic (ROC) curve (AUC) was used to validate the usefulness of HSI in predicting 
incident T2DM. The cumulative hazard of incident T2DM for each HSI quartile was determined using the Kaplan-Meier 
method, and hazard ratios were compared using the Log rank test. Subgroup analyses using Cox proportional hazard models 
assessed the consistency of effects across different groups (sex, age, BMI, SBP, and TG).

Data management and analysis were performed using R software (version 4.2.0, The R Foundation) (http://www. 
R-project.org). Statistical significance was set at a two-sided significance level of 0.05.

Result
Baseline Characteristics of Study Participants
The study included a total of 14,443 participants, with 54.96% being male and 45.04% female, who met the screening 
criteria for FPG and abnormal HbA1c as illustrated in Figure 1. The mean age and BMI of the participants were 43.4±8.8 
years and 22.03±3.05 kg/m2, respectively. Over an average follow-up period of 6.1 years, 238 individuals developed 
T2DM, accounting for 1.65% of all participants.

The baseline characteristics of the study subjects are presented in Table 1, where participants were grouped into 
quartiles based on their HSI values. The HSI quartiles were 26.22±1.47, 29.44±0.75, 32.29±0.95, and 38.09±3.56. Our 
research findings indicate that as the HSI quartiles increase, there is a statistically significant trend of change in all 
baseline metrics of the subjects (all P-values <0.001). Individuals in the higher HSI quartiles were more likely to be male, 
older, have a fatty liver, be current smokers, heavy drinkers, incident T2DM patients, and lack exercise habits. Compared 
to participants in the lower HSI quartiles (Q1-Q3), those in the top quartile (Q4) had higher body weight, waist 
circumference, BMI, SBP, DBP, GGT, ALT, AST, TC, TG, and lower HDL-C levels (all P-values <0.001).

Kaplan-Meier Curve Analysis
The cumulative risk rates of incident T2DM were described using Kaplan-Meier curves according to HSI quartile groups 
(Figure 2). There was a notable disparity observed in the risk of developing incident T2DM across the four groups (Log 
rank test, p<0.001). As HSI increased, the cumulative risk rate of incident T2DM also increased. The Q4 group exhibited 
the highest susceptibility to developing incident T2DM.
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Association of HSI with Incident T2DM in Different Sexes
Three Cox models were employed in the multivariate regression analysis to examine the association between HSI and the 
occurrence of T2DM (Table 2). In the unadjusted model, using the Q1 group as the reference, we observed HR values of 
1.17 (95% CI 0.66 to 2.07), 1.58 (95% CI 0.93 to 2.69), and 6.10 (95% CI 3.87 to 9.64) for the Q2, Q3, and Q4 groups, 
respectively, indicating a significant positive association between HSI and incident T2DM incidence (P for trend <0.001). 
In Model 2, upon age adjustment, HSI still showed a positive correlation with incident T2DM, although the correlation 
slightly weakened. In the fully adjusted Model 3, the HR values were 1.09 (95% CI 0.61 to 1.93), 1.16 (95% CI 0.68 to 
1.98), and 3.30 (95% CI 2.04 to 5.33), respectively. For each increase of one standard deviation in the three models, the 
probability of developing incident T2DM increases by 93%, 111%, and 82%, respectively.

Figure 1 Participant flow diagram.

Table 1 Baseline Characteristics of the Participants in Different HSI Groups (n (%) or Mean ± SD or 
Median [IQR])

Variables HSI groups p value

Q1 Q2 Q3 Q4

n 3611 3610 3611 3611

Male 1506 (41.71%) 1644 (45.54%) 2075 (57.46%) 2713 (75.13%) <0.001
HSI 26.22 ± 1.47 29.44 ± 0.75 32.29 ± 0.95 38.09 ± 3.56 <0.001

Age(yrs) 42.34±9.19 43.42 ± 8.94 44.51 ± 8.70 43.21 ± 8.07 <0.001

Body Weight (kg) 51.63 ± 7.42 56.82 ± 8.05 61.87 ± 8.54 71.72 ± 10.67 <0.001
BMI (Kg/m2) 19.12 ± 1.53 20.97 ± 1.58 22.59 ± 1.74 25.45 ± 2.77 <0.001

WC (cm) 68.99 ± 5.86 73.33 ± 6.42 77.65 ± 6.65 85.04 ± 7.85 <0.001
Ethanol consumption (g/wk) 42.00 [77.36] 44.52 [79.88] 52.21 [84.08] 56.31 [89.15] <0.001

SBP (mmHg) 108.28 ± 13.27 111.64 ± 13.61 115.29 ± 14.22 121.81 ± 14.67 <0.001

DBP (mmHg) 67.55 ± 9.31 69.67 ± 9.69 72.17 ± 10.11 76.34 ± 10.58 <0.001
GGT (IU/L) 15.01 [13.15] 16.28 [11.35] 20.25 [17.83] 28.88 [23.41] <0.001

ALT (IU/L) 13.31 [5.39] 15.81 [5.80] 19.03 [7.66] 30.64 [21.91] <0.001

AST (IU/L) 18.11 [6.73] 17.26 [5.42] 17.35 [6.06] 20.08 [13.20] <0.001
TC (mmol/L) 4.88 ± 0.82 5.02 ± 0.82 5.16 ± 0.85 5.34 ± 0.86 <0.001

TG (mmol/L) 0.64 ± 0.46 0.75 ± 0.48 0.93 ± 0.61 1.27 ± 0.79 <0.001

(Continued)
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The research also investigated how the association between HSI and incident T2DM varies across sexes. In the initial 
analysis, HSI showed a positive correlation with incident T2DM in both males and females. When considering additional 
factors in Model 2, every standard deviation increase in HSI corresponded to an 82% rise in the risk of incident T2DM in 
males (HR: 1.82, 95% CI: 1.58, 2.10, P-trend < 0.001) and an 80% increase in females (HR: 1.82, 95% CI: 1.43, 2.27, 
P-trend < 0.001). Nonetheless, based on the interaction test, no significant difference was found in the relationship 
between HSI and incident T2DM across sexes (p for interaction = 0.0916).

The accuracy of using HSI to predict incident T2DM was evaluated using the ROC curve, and HSI demonstrated 
a good area under the curve (AUC = 0.748) (Figure 3).

Table 1 (Continued). 

Variables HSI groups p value

Q1 Q2 Q3 Q4

HDL-c (mmol/L) 1.63 ± 0.39 1.55 ± 0.40 1.43 ± 0.38 1.25 ± 0.33 <0.001

Smoking status <0.001
Never 2404 (66.57%) 2310 (63.99%) 2049 (56.74%) 1670 (46.25%)

Past 509 (14.10%) 643 (17.81%) 784 (21.71%) 825 (22.85%)

Current 698 (19.33%) 657 (18.20%) 778 (21.55%) 1116 (30.91%)
Habit of exercise <0.001

No 2984 (82.64%) 2916 (80.78%) 2934 (81.25%) 3071 (85.05%)

Yes 627 (17.36%) 694 (19.22%) 677 (18.75%) 540 (14.95%)
Fatty liver 34 (0.94%) 170 (4.71%) 477 (13.21%) 1691 (46.83%) <0.001

Incident DM 21 (0.58%) 26 (0.72%) 38 (1.05%) 153 (4.24%) <0.001

Abbreviations: BMI, body mass index; WC, Waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; GGT, 
gamma glutamyl transferase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TC, total cholesterol; TG, total triglycer
ides; HDL-c, high-density lipoprotein cholesterol.

Figure 2 Kaplan–Meier estimation of incident T2DM by HSI quartiles.
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Subgroup Analyses
After adjusting for factors such as age, ethanol consumption, smoking status, SBP, DBP, TG, and TC, we performed an 
interaction analysis to examine the potential influential factors on the prediction of incident T2DM by HSI (Table 3). Taking age, 

Table 2 Association Between HSI Groups and Incidence of Incident T2DM

HSI groups Model 1 Model 2 Model 3

HR (95% CI) P value

Male

Q1 1.0 1.0 1.0
Q2 1.02 (0.55, 1.87) 1.00 (0.54, 1.84) 0.95 (0.51, 1.75)

Q3 1.74 (1.02, 2.99) 1.80 (1.05, 3.08) 1.43 (0.83, 2.46)

Q4 4.54 (2.82, 7.32) 5.08 (3.14, 8.22) 3.21 (1.93, 5.33)
P for trend 1.17 (1.13, 1.21) P<0.001 1.18 (1.14, 1.23) P<0.001 1.13 (1.09, 1.18) P<0.001

per SD increase 1.93 (1.71, 2.17) 2.11 (1.86, 2.39) 1.82 (1.58, 2.10)

Female
Q1 1.0 1.0 1.0

Q2 1.51 (0.36, 6.33) 1.44 (0.34, 6.04) 1.29 (0.31, 5.44)

Q3 3.24 (0.90, 11.62) 2.99 (0.83, 10.76) 2.38 (0.66, 8.64)
Q4 8.89 (2.71, 29.20) 7.70 (2.33, 25.49) 4.64 (1.36, 15.81)

P for trend 1.32 (1.19, 1.47) P<0.001 1.30 (1.17, 1.45) P<0.001 1.21 (1.09, 1.36) P<0.001

per SD increase 2.19 (1.81, 2.66) 2.18 (1.79, 2.67) 1.80 (1.43, 2.27)
Total

Q1 1.0 1.0 1.0

Q2 1.17 (0.66, 2.07) 1.13 (0.64, 2.01) 1.09 (0.61, 1.93)
Q3 1.58 (0.93, 2.69) 1.46 (0.86, 2.49) 1.16 (0.68, 1.98)

Q4 6.10 (3.87, 9.64) 5.98 (3.79, 9.44) 3.30 (2.04, 5.33)

P for trend 1.23 (1.18, 1.27) P<0.001 1.23 (1.19, 1.28) P<0.001 1.15 (1.11, 1.20) P<0.001
per SD increase 2.06 (1.87, 2.26) 2.19 (1.98, 2.42) 1.81 (1.61, 2.03)

Notes: Model 1 was not adjusted, Model 2 was adjusted for age, Model 3 was adjusted for age, Ethanol consumption, 
Smoking status, SBP, DBP, TG, TC. 
Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; TG, total triglycerides; TC, total cholesterol.

Figure 3 Receiver operative characteristic curve of HSI for identifying incident T2DM.
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BMI, SBP, and TG as categorical variables, it was found that the HRs for patients with normal TG values and those with 
abnormal TG values were 1.15 (1.12, 1.19) and 1.09 (1.05, 1.14), respectively. The data revealed a significant interactive role of 
TG levels in the association between HSI and T2DM, as evidenced by a notable interaction effect (P for interaction = 0.0170). No 
statistically significant differences were observed in other factors (p > 0.05).

Discussion
In this longitudinal cohort study, we observed a significant predictive role of HSI in the development of incident T2DM 
among individuals with normal blood glucose levels, irrespective of age, ethanol consumption, smoking status, SBP, 
DBP, TG, and TC. The probability of developing incident T2DM is directly proportional to the HSI value. This trend 
remains consistent across different sexes and is not influenced by age or SBP. In subgroup analyses, we observed 
a significant association between elevated HSI and an increased risk of developing incident T2DM in individuals with 
normal TG levels. This study presents novel evidence linking HSI to the development of incident T2DM in individuals 
with normal baseline blood glucose levels, thereby offering a straightforward yet valuable screening tool for predicting 
T2DM in this specific population.

In order to simplify the screening of NAFLD, HSI is a new screening tool proposed by scholars in recent years and has 
been widely used in clinical practice.27 In a cross-sectional study, Lee employed multifactorial analysis to identify independent 
risk factors associated with NAFLD and established a calculation formula for HSI using logistic regression. Lee defined HSI > 
36 as indicative of NAFLD and HSI < 30 as non-indicative of NAFLD.10 It has been verified that HSI has high sensitivity and 
specificity. In a study involving 14,281 participants, researchers discovered a robust correlation between the HSI and 
NAFLD,28 while another study of 1866 individuals found that the area under the receiver operator characteristic (AUROC) 
curve for the HSI was 0.803, demonstrating its good diagnostic performance.29 In addition, compared with measurement tools 
such as liver biopsy, ultrasound, computed tomography (CT), and chemical shift-encoded magnetic resonance imaging (MRI), 
HSI has the advantages of simplicity and efficiency, making it suitable for large-scale screening.30,31

In recent years, scholars have also discovered the value of HSI in other chronic diseases. In a cross-sectional study 
involving 768 participants, Wang32 discovered that HSI was independently linked to carotid atherosclerosis and could 
serve as an indicator of cardiovascular complications in patients with T2DM. A comprehensive study conducted in Japan, 

Table 3 Subgroup Analysis of the Impact of HSI on T2DM 
Incidence

Variables HSI continue variable

HR, 95% CI P value P for interaction

Sex 0.0916
Female 1.18 (1.12, 1.24) <0.0001

Male 1.12 (1.09, 1.15) <0.0001

Age 0.3195
<60 1.11 (1.09, 1.14) <0.0001

≥60 1.20 (1.04, 1.40) 0.0156

BMI 0.6508
<24 1.12 (1.07, 1.18) <0.0001

≥24 1.14 (1.10, 1.18) <0.0001

SBP 0.1930
<140 1.14 (1.11, 1.17) <0.01

≥140 1.10 (1.04, 1.16) 0.0012

TG 0.0170
<1.7 1.15 (1.12, 1.19) <0.0001

≥1.7 1.09 (1.05, 1.14) <0.0001

Notes: The model adjusted for the following variables: age, ethanol con
sumption, smoking status, SBP, DBP, TG and TC excluding itself. 
Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; 
TG, total triglycerides; TC, total cholesterol.
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involving a total of 94,893 individuals, investigated the association between HSI and chronic kidney disease (CKD), 
revealing a clear dose-response relationship that suggests HSI’s potential as an effective tool for early CKD detection.33 

Consistent with prior research, our study also identified an independent association between HSI and incident T2DM, 
a prevalent chronic condition. Moreover, this study focused on individuals with normal glucose levels, who are often 
overlooked as a population at risk for T2DM.

The predictive role of HSI in the development of T2DM may involve multiple underlying mechanisms. The study revealed 
that, even after adjusting for age, sex, and hepatocellular lipid content, HSI showed independent correlations with insulin 
sensitivity and b-cell function.34 Both factors are crucial for maintaining normal glucose levels, and their dysregulation can 
contribute to diabetes.35,36 HSI can also reflect the level of insulin-like growth factor 1 (IGF-1) in the body, and the IGF-1 
signaling pathway plays a vital role in preserving the b-cell differentiation phenotype. Failure in b-cell function can lead to 
T2DM development.37,38 Additionally, studies utilizing bidirectional Mendelian randomization analysis have identified 
a significant association between genetically determined NAFLD and an increased risk of T2DM. Given HSI’s high specificity 
and sensitivity in detecting NAFLD, it may serve as an indirect mechanism for predicting T2DM occurrence.39

In subgroup analyses, we found a positive correlation between elevated HSI and an increased risk of incident T2DM in 
individuals with normal TG levels. In order to explore this observation, we conducted additional analysis on the baseline data. 
Among participants with normal TG levels, those who developed diabetes exhibited higher age, weight, BMI, WC, SBP, DBP, 
AST, TC, and a higher proportion of smokers, as well as lower HDL-c levels and less physical exercise (all P values<0.001) 
(Supplement Table 1). These factors are recognized as known risk factors for T2DM. Additionally, individuals with higher TG 
levels demonstrated poorer baseline health status, which contributed to an elevated risk of developing T2DM and subse
quently led to a decrease in the predictive accuracy of HSI for T2DM.

Limitations
Our study has some limitations. First, it is based on data from participants in the Japanese NAGALA project, so it is not 
yet clear whether the conclusions are generalizable, and further extensive research is needed for validation. Second, in 
our study, which involves a secondary analysis of previously published research data, the diagnostic criteria for baseline- 
diagnosed fatty liver, for instance, still lack clarity. Third, despite rigorous adjustment for all known risk factors, there is 
still some unavoidable, unmeasured, and unobtainable covariate information.

Conclusions
To sum up, our research uncovered a notable association between elevated HSI levels and the likelihood of developing 
incident T2DM in people with normal blood glucose levels. This finding is consistent for both sexes. Within this cohort, 
HSI can function as an innovative and economical means of foretelling the onset of T2DM.
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