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This study aimed to examine the association between relative handgrip strength (rHGS) and 
nonalcoholic fatty liver disease (NAFLD) incidence, considering abdominal obesity (ABO) status. 
This nationwide Korean cohort included 24,297 participants without NAFLD at baseline. Participants 
were categorized into sex-specific tertiles of rHGS (low, mid, and high). Multivariate Cox proportional 
hazards regression models were used to evaluate NAFLD incidence in relation to rHGS levels and/
or ABO status. Over 100,381 person-years of follow-up, 1,735 participants (10.81% men and 6.01% 
women) developed NAFLD. High rHGS was associated with a 29% and 60% risk reduction for incident 
NAFLD in men and women, respectively, compared with low rHGS, despite men having significantly 
higher rHGS than women. Conversely, ABO increased NAFLD risk by 2.3 and 3.8 times in men and 
women, respectively. Even among women with ABO, mid and high rHGS were associated with a 23% 
and 36% risk reduction in incident NAFLD, respectively, compared with low rHGS. However, there 
was no significant relationship between rHGS levels and NAFLD incidence in men with ABO. Higher 
rHGS levels may prevent NAFLD, particularly in women. In individuals with ABO, high rHGS markedly 
decreased NAFLD risk in women but not in men.
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Nonalcoholic fatty liver disease (NAFLD) is a chronic liver disorder characterized by abnormal lipid 
accumulation in liver cells, unrelated to excessive alcohol consumption. NAFLD encompasses a spectrum of 
conditions, ranging from simple steatosis and nonalcoholic fatty liver to nonalcoholic steatohepatitis, cirrhosis, 
and hepatocellular carcinoma1. Recent meta-analytical evidence indicates a marked global increase in NAFLD 
prevalence, from 25.26% in 1990–2006 to 38.20% in 2016–20192. Owing to rapid economic growth and lifestyle 
changes including overnutrition and sedentary lifestyle, NAFLD prevalence in Korea has increased from 29 to 
31% over the last decade3. Given that NAFLD is closely associated with cardiovascular disease (CVD), liver-
related mortality, and all-cause mortality4,5, effective prevention and management strategies are crucial.

Obesity is a significant risk factor for developing NAFLD. Meta-analytical evidence suggests a 3.5-fold increase 
in the risk of developing NAFLD with obesity, with a dose–response relationship observed between body mass 
index (BMI) and NAFLD risk6. Abdominal obesity (ABO) is an independent risk factor for incident NAFLD. 
Recent studies demonstrate that ABO is independently associated with increased NAFLD risk, regardless of 
general obesity status diagnosed by BMI7 or metabolic syndrome status8. A previous computed tomography 
(CT) study revealed that total abdominal fat and visceral fat volumes were more strongly associated with hepatic 
fat infiltration than with subcutaneous fat volume9. Thus, ABO status needs to be monitored more closely than 
general obesity status to mitigate NAFLD risk. Moreover, in Korea, ABO prevalence has increased by 8.5% (from 
20.8 to 29.3%) among men and by 3.2% (from 15.8 to 19.0%) among women over the past decade10.

Muscular strength, the ability of a muscle or muscle group to exert maximal force in a single effort, is 
widely considered an essential component of healthy aging. Handgrip strength (HGS) testing is a simple, fast, 
inexpensive, and highly reliable method to assess whole-body muscular strength and muscle mass in clinical 
and research settings11–13. Recent cross-sectional studies have revealed an inverse association between HGS 
and NAFLD risk14–16. To our knowledge, few prospective cohort studies have investigated the longitudinal 
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relationship between HGS and NAFLD incidence. Moreover, given that ABO is an independent risk factor for 
NAFLD incidence, it is essential to investigate whether high relative HGS (rHGS) confers protective effects 
against NAFLD, particularly in participants with ABO. A recent cross-sectional study revealed a significant 
association between HGS and NAFLD risk in participants with ABO15; however, it did not consider potential 
sex-based differences in this association. Therefore, data from other prospective cohorts is necessary to examine 
sex-specific variations and deduce causal associations.

Therefore, the present study aimed to investigate the relationship between HGS and NAFLD incidence in a 
large nationwide Korean cohort. Furthermore, considering ABO status, we aim to examine whether high HGS is 
significantly associated with a reduced risk of NAFLD incidence, even in participants with ABO.

Methods
Study participants
The Korean Genome and Epidemiology Study (KoGES) is a consortium project comprising six prospective 
cohort studies aimed at investigating the environmental and genetic etiologies of non-communicable chronic 
diseases in Korea, including hypertension, diabetes mellitus, CVD, and cancer17. This longitudinal study used 
data from the Health Examinee (HEXA) study, an ongoing prospective population-based cohort consisting of 
urban residents in Korea. The baseline data of the KoGES_HEXA study included 173,202 participants aged 
40–79 years, who visited general hospitals and health examination centers between 2004 and 2013. We used 
baseline and follow-up data from 2012 to 2016. All participants underwent face-to-face surveys and physical 
examinations conducted by trained medical staff. Detailed information on this cohort has been previously 
provided17.

Among the 173,202 participants, the following participants were excluded from the present study: those 
with a clinical history of CVD, hepatitis, liver cirrhosis, or any cancer (n = 15,372); those with incomplete data 
on parameters necessary for calculating the Framingham steatosis index (FSI) such as blood pressure (BP), 
triglyceride (TG), fasting blood glucose (FBG), aspartate aminotransferase (AST), or alanine aminotransferase 
(ALT) (n = 37,125); those without data on HGS and physical activity (PA) levels (n = 76,973); men and women 
with alcohol consumption > 30 g/day and > 20 g/day, respectively (n = 6,907; 5,623 men and 1,284 women); those 
without data on covariates (n = 506); and those diagnosed with NAFLD at baseline (n = 12,022). Overall, 24,297 
participants (18,571 women) were included in the final analysis (Fig. 1). All the participants provided written 
informed consent. This study was approved by the Institutional Review Board of the National Institute of Health, 

Fig. 1.  Flow diagram illustrating participant inclusion and exclusion. CVD cardiovascular disease, HGS 
handgrip strength.
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Korea Disease Control and Prevention Agency (Approval No. KDCA-2024-02-12-P-01). All research procedures 
were performed in accordance with the relevant guidelines and regulations.

Measurement of rHGS
Trained healthcare providers measured HGS using a digital grip strength dynamometer (T.K.K. 5401; Takei 
Scientific Instruments Co., Ltd., Tokyo, Japan). Participants were instructed to stand upright with their feet hip-
width apart and to look forward, with their elbows fully extended, during the measurement. The dynamometer 
was held by the testing hand in a comfortable neutral position (not flexed or extended), with the index finger at a 
90° flexion. Participants were then instructed to squeeze the grip continuously, exerting full force for at least 3 s, 
with approximately a 60-s interval. HGS was recorded as the mean of two trials for each hand, and the highest 
reading (in kg) from each hand was used as the absolute HGS. rHGS was calculated by dividing the absolute 
HGS (kg) by BMI (kg/m2), as previously described18,19. Participants were categorized into sex-specific tertiles of 
rHGS (low, mid, and high). The ranges for each group were as follows: low (< 1.50 in men; <0.93 in women), mid 
(1.50–1.78 in men; 0.93–1.13 in women), and high (> 1.78 in men; >1.13 in women).

Definition of incident NAFLD
Incident NAFLD was defined as the occurrence of NAFLD during the follow-up period, without other liver-
related diseases at baseline and significant alcohol consumption from baseline to follow-up. NAFLD occurrence 
was defined based on the FSI, with BMI, TG, AST, ALT, hypertension, and diabetes mellitus used to calculate it 
based on the following formula20:

F SI = 1/(1 + exp(−x)) × 100,
where x = − 7.981 + 0.011 × age (years) – 0.146 × sex (female = 1, male = 0) + 0.173 × BMI (kg/m2) + 0.007 × 

TG (mg/dL) + 0.593 × hypertension (yes = 1, no = 0) + 0.789 × DM (yes = 1, no = 0) + 1.1 × ALT:AST ratio ≥ 1.33 
(yes = 1, no = 0).

Incident NAFLD was defined as an FSI ≥ 23 in the follow-up period20, a diagnostic model externally validated 
in independent cohorts, including Korean patients21–23. For baseline characteristic comparison, participants 
were categorized into two groups based on new-onset NAFLD during the follow-up period: “non-NAFLD” 
(those without NAFLD) and “NAFLD” (those with NAFLD).

Covariates
Our analyses included sociodemographic and health-related factors such as age, sex, educational level, 
drinking and smoking habits, total leisure time spent in PA (PA time), regular resistance training (RT), BMI, 
waist circumference (WC), BP, hypertension, diabetes mellitus, and laboratory parameters. Educational level 
was categorized as elementary school graduates or lower, middle school or high school graduates, and college 
graduates or higher. Drinking and smoking habits were classified as “never,” “former,” and “current.” PA time was 
defined as the total time (min/week) spent engaging in moderate-intensity leisure-time PA during a typical week, 
defined as participation in sports or engagement in exercises that resulted in sweating. Regular RT was defined as 
participation in an RT program for more than 1 day per week, with RT including any training program involving 
muscle contraction against external resistance such as body weight, weight machines, barbells, and dumbbells.

Anthropometric data, including height, body weight, and WC, were measured by trained healthcare providers 
using standardized methods. BMI (kg/m2) was calculated as body weight (kg) divided by height squared (m2). 
ABO was defined as a WC of ≥ 90 cm in men and ≥ 85 cm in women24. Trained healthcare providers also measured 
BPs using standard methods, with systolic BP (SBP) and diastolic BP (DBP) obtained by averaging two readings 
from the arm with the highest SBP after the participant rested for 5 min in a seated position. Blood samples 
were collected after an overnight fasting of 8 h. Biochemical assays were performed to determine levels of total 
cholesterol (T-Chol), high-density lipoprotein cholesterol (HDL-C), TG, FBG, AST, and ALT. Hypertension was 
defined based on a previous diagnosis by a physician, current use of antihypertensive drugs, SBP ≥ 140 mmHg, 
or DBP ≥ 90 mmHg. Diabetes mellitus was defined based on a previous diagnosis by a physician, current use 
of antidiabetic medications (including insulin and oral hypoglycemic agents), FBG ≥ 126 mg/dL, or glycated 
hemoglobin ≥ 6.5%. Detailed information on the biochemical analyses is described in a previous study17.

Statistical analysis
All statistical analyses were conducted using SAS software (version 9.4; SAS Institute, Cary, North Carolina, 
United States). Participant characteristics are presented as descriptive statistics. Continuous variables are 
presented as mean ± standard deviation, whereas categorical variables are expressed as absolute frequencies and 
percentages (%). Chi-squared tests were used to determine intergroup differences in educational level; drinking 
and smoking habits; regular RT; and the prevalence of ABO, hypertension, and diabetes mellitus. Independent 
t-tests and one-way analysis of variance (ANOVA) were used to compare age, PA time, HGS, rHGS, BMI, WC, 
SBP, DBP, T-Chol, HDL-C, TG, FBG, AST, ALT, and FSI between groups. When ANOVA showed significant 
differences between groups, Scheffe tests were used for post-hoc comparisons.

Multivariate Cox proportional hazards regression models were used to assess hazard ratios (HRs) and 
95% confidence intervals (CIs) for incident NAFLD. Models were adjusted for age, sex, drinking, smoking, 
educational level, T-Chol and ALT levels, PA time, hypertension, and diabetes mellitus. Subgroup analyses were 
performed for each sex to investigate the association between rHGS levels and incident NAFLD, considering 
age (< 65 and ≥ 65 years), educational level (≤ middle school and ≥ high school), current drinking status (no and 
yes), smoking status (never and ever), PA time (< 150 and ≥ 150 min/week), hypertension status (no and yes), 
and diabetes mellitus status (no and yes). The p-value for interaction was estimated to assess the consistency of 
associations across subgroups. All tests were two-tailed, and statistical significance was set at a p-value of < 0.05.
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Results
A total of 24,297 participants (18,571 women) were enrolled in the present study. The mean follow-up period 
was 4.13 ± 1.12 (range 1.33–7.68) years. Over 100,381 person-years of follow-up, 1,735 participants (7.14%) 
developed NAFLD. Table 1 presents the baseline characteristics of the study participants. Men had a higher 
mean age than women, and the prevalence of a high educational level (≥ college), current drinking and smoking, 
regular RT, ABO, hypertension, and diabetes mellitus was higher in men than in women. Men also exhibited 
markedly higher PA time, HGS, rHGS, BMI, WC, SBP, DBP, levels of TG, FBG, AST, and ALT, and FSI, but lower 
levels of T-Chol and HDL-C.

The baseline characteristics of study participants based on sex and new-onset NAFLD during the follow-
up period are presented in Supplementary Table 1. The incidence of NAFLD was significantly higher in men 
(10.81%) than in women (6.01%) (p < 0.0001). In both sexes, compared with the non-NAFLD group, the NAFLD 
group exhibited markedly higher BMI, WC, SBP, DBP, FSI, levels of T-Chol, TG, FBG, and ALT, and prevalence 
of ABO, hypertension, and diabetes mellitus, but lower rHGS and HDL-C level. In men, the NAFLD group 
showed a significantly lower mean age but higher HGS and proportion of current smokers than the non-NAFLD 
group. In women, the NAFLD group showed markedly higher mean age and AST levels, but lower proportions 
of a high educational level (≥ college) and current drinkers compared with the non-NAFLD group.

The baseline characteristics of participants based on sex-specific tertiles of rHGS are presented in 
Supplementary Table 2. Compared to the lower rHGS group, the high-rHGS group was younger, with lower 
BMI, WC, SBP, and DBP, as well as T-Chol, TG, FBG, AST, ALT, and FSI levels, and had lower proportions 
of participants with low education level (≤ elementary school), ABO, hypertension, and diabetes mellitus. The 

Variables Men (n = 5726) Women (n = 18,571) p-value

Age (years) 55.56 ± 8.38 52.55 ± 7.64 < 0.0001

Educational level, n (%)

  ≤Elementary school 440 (7.68) 2873 (15.47)

< 0.0001  Middle/high school 2938 (51.31) 11,636 (62.66)

  ≥College 2348 (41.01) 4062 (21.87)

Drinking habit, n (%)

  Never drinker 1447 (25.27) 12,483 (67.22)

< 0.0001  Ex-drinker 429 (7.49) 299 (1.61)

  Current drinker 3850 (67.24) 5789 (31.17)

Smoking habit, n (%)

  Never smoker 1841 (32.15) 18,112 (97.53)

< 0.0001  Ex-smoker 2533 (44.24) 190 (1.02)

  Current smoker 1352 (23.61) 269 (1.45)

PA time (min/week) 219.78 ± 267.03 169.30 ± 223.42 < 0.0001

RT, n (%) 966 (16.87) 2620 (14.11) < 0.0001

HGS (kg force) 38.36 ± 8.31 23.61 ± 5.50 < 0.0001

rHGS (HGS/BMI) 1.65 ± 0.37 1.03 ± 0.26 < 0.0001

BMI (kg/m2) 23.44 ± 2.23 23.07 ± 2.50 < 0.0001

WC (cm) 83.04 ± 6.65 76.60 ± 7.31 < 0.0001

SBP (mmHg) 123.02 ± 13.15 119.61 ± 14.19 < 0.0001

DBP (mmHg) 76.18 ± 8.85 73.43 ± 9.13 < 0.0001

T-Chol (mg/dL) 192.00 ± 32.52 199.62 ± 34.57 < 0.0001

HDL-C (mg/dL) 51.13 ± 11.68 57.40 ± 12.74 < 0.0001

TG (mg/dL) 112.18 ± 50.15 100.27 ± 47.94 < 0.0001

FBG (mg/dL) 94.18 ± 15.77 90.40 ± 12.96 < 0.0001

AST (IU/L) 22.97 ± 8.10 21.40 ± 8.26 < 0.0001

ALT (IU/L) 21.44 ± 11.27 17.85 ± 10.64 < 0.0001

FSI 10.43 ± 5.48 7.72 ± 5.13 < 0.0001

ABO, n (%) 911 (15.91) 2586 (13.92) < 0.001

Hypertension, n (%) 1337 (23.35) 3537 (19.05) < 0.0001

Diabetes mellitus, n (%) 344 (6.01) 703 (3.79) < 0.0001

Table 1.  Baseline characteristics of study participants. PA time total time of regular participation in any sport 
or exercise to the point of sweating, RT resistance training, HGS handgrip strength, rHGS relative handgrip 
strength, BMI body mass index, WC waist circumference, SBP systolic blood pressure, DBP diastolic blood 
pressure, T-Chol total cholesterol, HDL-C high-density lipoprotein cholesterol, TG triglyceride, FBG fasting 
blood glucose, AST aspartate aminotransferase, ALT alanine aminotransferase, FSI Framingham steatosis 
index, ABO abdominal obesity.
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high-rHGS group showed higher PA time, HGS, rHGS, and HDL-C and higher proportions of participants with 
current drinking, smoking, and regular RT engagement status.

Table  2 presents the inverse association between sex-specific tertiles of rHGS and the risk of incident 
NAFLD after adjusting for covariates. In men, compared with participants in the low-rHGS group, those in the 
mid- and high-rHGS groups had a 20% (p < 0.05) and 29% (p < 0.01) risk reduction for incident NAFLD (p for 
trend < 0.01). In women, compared with individuals in the low-rHGS group, those in the mid- and high-rHGS 
groups were associated with a 44% and 60% risk reduction for incident NAFLD, respectively (all p < 0.0001; p 
for trend < 0.0001).

As shown in Table 3, compared with the non-ABO group, ABO increased the risk of incident NAFLD by 2.3 
and 3.8 times in men and women, respectively, after adjusting for covariates (all p < 0.0001). We further examined 
whether high rHGS was related to a reduced risk of developing NAFLD after adjustment for covariates, even in 
participants with ABO (Fig. 2). Among male participants without ABO, compared with those in the low-rHGS 
group, those in the high-rHGS group had a 28% risk reduction of incident NAFLD (p < 0.01), whereas there 
was no significant relationship between rHGS and the risk of developing NAFLD in men with ABO. Among 
female participants without ABO, compared with those in the low-rHGS group, those in the mid- and high-

N rHGS (HGS/BMI) PA time (min/week) Total person-years

No. of 
NAFLD 
(%)

Event rate 
(1,000-person 
year)

Crude model Adjusted model

HR (95% CI) HR (95% CI)

Total

  non-ABO 20,800 1.20 ± 0.39 183.00 ± 235.04 85,696.46 1077 (5.18) 12.57 1 (reference) 1 (reference)

  ABO 3497 1.07 ± 0.38 170.49 ± 237.24 14,684.24 658 (18.82) 44.81 3.50 (3.18–
3.85)****

3.23 (2.92–
3.56)****

Men

  non-ABO 4815 1.67 ± 0.37 218.82 ± 265.35 19,912.35 430 (8.93) 21.59 1 (reference) 1 (reference)

  ABO 911 1.54 ± 0.37 224.84 ± 275.83 3822.54 189 (20.75) 49.44 2.30 (1.94–
2.73)****

2.30 (1.94–
2.74)****

Women

  non-ABO 15,985 1.06 ± 0.26 172.21 ± 224.01 65,784.12 647 (4.05) 9.84 1 (reference) 1 (reference)

  ABO 2586 0.91 ± 0.21 151.35 ± 218.92 10,861.70 469 (18.14) 43.18 4.27 (3.79–
4.80)****

3.82 (3.38–
4.32)****

Table 3.  Hazard ratios for the new-onset NAFLD according to ABO and sex. Adjusted for age, sex, drinking, 
smoking, educational level, T-Chol, ALT, PA time, hypertension, and diabetes mellitus. NAFLD nonalcoholic 
fatty liver disease, ABO abdominal obesity, rHGS relative handgrip strength, HGS handgrip strength, BMI 
body mass index, PA time total time of regular participation in any sport or exercise to the point of sweating, 
HR hazard ratio, CI confidence interval, T-Chol total cholesterol, ALT alanine aminotransferase. ****p < 0.0001.

 

N rHGS (HGS/BMI) PA time (min/week) Total person-years

No. of 
NAFLD 
(%)

Event rate 
(1000-person 
year)

Crude model Adjusted model

HR (95% CI) HR (95% CI)

Total

  Low 8098 0.89 ± 0.26 170.33 ± 226.84 33,783.15 853 (10.53) 25.25 1 (reference)c 1 (reference)c

  Mid 8100 1.17 ± 0.27 186.84 ± 239.68 33,592.19 520 (6.42) 15.48 0.61 (0.54–0.68)**** 0.64 (0.57–0.71)****

  High 8099 1.47 ± 0.39 186.42 ± 239.11 33,005.37 362 (4.47) 10.97 0.45 (0.40–0.51)**** 0.50 (0.44–0.57)****

Men

  Low (< 1.50) 1908 1.27 ± 0.22 211.86 ± 255.69 7,990.14 248 (13.00) 31.04 1 (reference)b 1 (reference)a

  Mid (1.50–1.78) 1909 1.64 ± 0.08 227.12 ± 273.41 7,955.21 203 (10.63) 25.52 0.82 (0.68–0.98)* 0.80 (0.67–0.97)*

  High (> 1.78) 1909 2.03 ± 0.26 220.34 ± 271.55 7,789.54 168 (8.80) 21.57 0.72 (0.59–0.88)** 0.71 (0.58–0.88)**

Women

  Low (< 0.93) 6190 0.77 ± 0.13 157.53 ± 215.59 25,793.01 605 (9.77) 23.46 1 (reference) c 1 (reference)c

  Mid (0.93–1.13) 6191 1.03 ± 0.06 174.42 ± 226.86 25,636.99 317 (5.12) 12.36 0.52 (0.45–0.60)**** 0.56 (0.49–0.64)****

  High (> 1.13) 6190 1.30 ± 0.22 175.96 ± 227.18 25,215.82 194 (3.13) 7.69 0.34 (0.29–0.40)**** 0.40 (0.34–0.47)****

Table 2.  Hazard ratios for the new-onset NAFLD according to sex-specific tertiles of rHGS. Adjusted for age, 
sex, drinking, smoking, educational level, T-Chol, ALT, PA time, hypertension, and diabetes mellitus. NAFLD 
nonalcoholic fatty liver disease, rHGS relative handgrip strength, HGS handgrip strength, BMI body mass 
index, PA time total time of regular participation in any sport or exercise to the point of sweating, HR hazard 
ratio, CI confidence interval, T-Chol total cholesterol, ALT alanine aminotransferase. ap < 0.01 in the test for 
trend of HRs; bp < 0.001 in the test for trend of HRs; cp < 0.0001 in the test for trend of HRs. *p < 0.05; **p < 0.01; 
****p < 0.0001.
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rHGS groups were related to a 43% and 51% risk reduction of developing NAFLD, respectively (all p < 0.0001). 
Importantly, even in women with ABO, compared with those in the low-rHGS group, those in the mid- and 
high-rHGS groups were associated with a 23% (p < 0.05) and 36% (p < 0.01) risk reduction in incident NAFLD, 
respectively.

Subgroup analyses were conducted for each sex to investigate whether the association between higher rHGS 
and NAFLD risk reduction was consistent in various subgroups, including age, educational level, current drinking 
habits, smoking status, PA time, hypertension status, and diabetes mellitus status. In men, the significance of the 
relationship between high rHGS and NAFLD risk reduction differed in some subgroups (Supplementary Table 
3). The protective benefit of high rHGS against developing NAFLD was significant only in male participants 
aged < 65 years (p < 0.01), non-drinkers (p < 0.01), ever-smokers (p < 0.001), those engaged in PA for < 150 min/
week (p < 0.001), those with middle school education or lower (p < 0.05), those without hypertension (p < 0.0001), 
and those without diabetes mellitus (p < 0.01). In men, significant interactions were observed for smoking status 
(p for interaction < 0.05), PA time (p for interaction < 0.05), and hypertension (p for interaction < 0.01). In 
women, the benefit of high rHGS in preventing NAFLD was consistent across all subgroups, except for smoking 
status, where statistical significance was not observed in those who had ever smoked (p = 0.13) (Supplementary 
Table 4). However, there was no significant interaction with smoking status (p for interaction = 0.52). Although 
a significant interaction was observed for hypertension status (p for interaction < 0.001), high rHGS conferred a 
protective benefit against NAFLD in both subgroups (no and yes).

Discussion
To the best of our knowledge, the present study is the first to investigate the risk of incident NAFLD by 
simultaneously considering both rHGS and ABO status in a nationwide prospective cohort in Korea. Our 
findings indicate that maintaining a higher rHGS may confer a preventive effect against NAFLD, with this effect 
being greater in women than in men. Additionally, among individuals with ABO, having high rHGS significantly 
decreased the risk of developing NAFLD in women but not in men.

As there are currently no approved medications for the treatment or prevention of NAFLD, lifestyle 
modifications such as dietary changes, weight loss, and regular PA have been recommended for its management. 
Particularly, regular RT, which involves working muscle groups against external resistance, has been recommended 
for improving body composition, insulin resistance, BP, and muscular fitness25. Previous research has reported 
that RT significantly improves intrahepatic lipid and liver enzyme levels in patients with NAFLD, even at lower 
levels of energy consumption and training intensity than aerobic exercise training26. A recent cross-sectional 
study found that adding regular RT while meeting the PA guideline (≥ 150 min/week of moderate-intensity PA) 
can further decrease NAFLD risk27. However, few prospective cohort studies have examined the association 
between performing regular RT or having higher muscular strength, a major outcome of RT, and the risk of 
developing NAFLD in individuals initially without the condition. Accordingly, we investigated the longitudinal 
relationship between rHGS and incident NAFLD in a Korean population.

In our study, we observed an inverse dose–response relationship between rHGS and incident NAFLD in both 
sexes, even after adjusting for covariates, including total PA time. This finding aligns with a previous study that 
reported an inverse relationship between HGS and NAFLD incidence in a Chinese population28. Recent cross-

Fig. 2.  Hazard ratios for new-onset NAFLD based on sex-specific tertiles of rHGS and ABO. Adjusted for 
age, drinking, smoking, educational level, T-Chol, ALT, PA time, hypertension, and diabetes mellitus. NAFLD 
nonalcoholic fatty liver disease, rHGS relative handgrip strength, ABO abdominal obesity, T-Chol total 
cholesterol, ALT alanine aminotransferase, PA time total time of regular participation in any sport or exercise 
to the point of sweating. *p < 0.05; **p < 0.01.
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sectional studies in Korea14,15 and the United States16 have also shown that higher HGS is negatively correlated 
with NAFLD risk. Although the potential mechanisms linking skeletal muscle weakness and incident NAFLD 
are not fully understood, systemic inflammation and insulin resistance have been proposed as main factors. 
First, as skeletal muscle is a primary insulin-responsive organ, muscle weakness and myosteatosis may lead 
to increased hepatic free fatty acid (FFA) uptake, hepatic gluconeogenesis, and decreased FFA oxidation by 
reducing insulin response and energy expenditure29. Second, chronic inflammation has also been implicated as 
a crucial underlying factor in both muscle weakness and NAFLD. Liver fat accumulation has been associated 
with increased levels of markers of systemic inflammation and oxidative stress, such as interleukin 6 (IL-6), 
C-reactive protein (CRP), urinary isoprostanes, and intercellular adhesion molecule 130. Conversely, recent 
meta-analyses have shown that higher levels of muscular strength or long-term RT are associated with lower 
systemic inflammatory markers including CRP, IL-6, and tumor necrosis factor-alpha (TNF-α)31,32. Overall, our 
findings and those of previous studies suggest that higher levels of muscular strength through regular RT may 
confer preventive advantages against NAFLD by improving systemic inflammation and insulin resistance.

ABO is a well-known independent risk factor for incident NAFLD. It is associated with an increased risk not 
only of NAFLD but also of hypertension, diabetes mellitus, CVD, and even cancer. This increased risk is attributed 
to the promotion of pro-inflammatory activity, dysregulation of adipokines, worsening insulin sensitivity, and 
abnormal glucose regulation33,34. Recent studies have highlighted that ABO is independently associated with an 
increased risk of developing NAFLD, regardless of metabolic syndrome8 or general obesity status7. In our study, 
we found that compared with the non-ABO group, having ABO increased the risk of incident NAFLD by 2.3 
and 3.8 times in men and women, respectively, after adjusting for covariates. This is consistent with the findings 
of a previous meta-analysis of cross-sectional studies, which reported that ABO increased the risk of NAFLD 
by 2.5 times35. Additionally, a recent prospective cohort study reported that ABO is a major risk factor for 
moderate-to-advanced liver fibrosis development in patients with NAFLD36. Consequently, there is a growing 
interest in preventive and therapeutic strategies targeting ABO to not only prevent NAFLD but also halt further 
liver fibrosis progression.

Considering that ABO markedly increases the risk of developing NAFLD, it is crucial to investigate whether 
higher levels of muscular strength confer protective effects against NAFLD, even in individuals with ABO. To the 
best of our knowledge, few studies have simultaneously considered muscular strength levels and ABO status when 
investigating NAFLD risk. Thus, we examined whether maintaining higher muscular strength could prevent 
NAFLD development, even in individuals with ABO. Our study found that even among female participants with 
ABO, those with mid and high rHGS showed a 23% and 36% risk reduction in developing NAFLD, respectively, 
compared to those with low rHGS. This aligns with recent cross-sectional studies reporting an inverse association 
between higher HGS and CRP levels and NAFLD risk in participants with ABO15,37. Moreover, a previous 
randomized controlled trial has shown that increasing muscular strength through regular RT can significantly 
reduce circulating systemic inflammatory markers including TNF-α and CRP in obese women, independently 
of changes in body composition38. Taken together, higher muscular strength may prevent NAFLD development, 
independent of ABO status, by improving chronic inflammation. However, the abovementioned cross-sectional 
study did not consider potential sex-based differences in the relationship between muscular strength and 
NAFLD risk in participants with ABO15, therefore, data from prospective cohorts are needed to verify potential 
variations between sexes and deduce causal relationships.

In our prospective study, in individuals with ABO diagnosed by WC, having a high rHGS was associated with 
decreased risk of incident NAFLD in women but not in men. The underlying mechanisms for this difference 
are not yet fully understood. Studies using CT scans to measure abdominal fat area, which is considered the 
gold standard for body composition analysis, have shown that men have significantly more visceral fat area but 
less subcutaneous fat area than women, regardless of general obesity status39,40. As visceral fat volume is more 
strongly associated with hepatic fat infiltration than subcutaneous fat volume9, the generally higher visceral fat 
volume in men may offset the protective benefit of high rHGS against NAFLD development. Thus, it may be 
necessary to simultaneously increase muscular strength and decrease visceral fat volume to effectively mitigate 
NAFLD risk. Since our study indirectly evaluated ABO status using WC, it is unclear whether the abdominal 
fat distribution difference is due to sex-based differences. In contrast, another study reported that HGS is 
inversely related to the incidence of NAFLD in both male and female patients, with ABO diagnosed using WC28. 
Considering these contradictory results, further prospective studies using advanced imaging techniques such as 
CT or magnetic resonance imaging (MRI) are needed to clarify whether sex-based differences in abdominal fat 
distribution influence the association between muscular strength and NAFLD risk.

An important strength of the present study is the use of a large nationwide cohort representative of the 
general Korean population aged 40–79 years. Furthermore, to the best of our knowledge, this is the first study to 
investigate the risk of incident NAFLD while considering the combined effects of rHGS and ABO status in Korea. 
Despite its strengths, the study has several limitations. First, because we only included Korean participants, 
the generalizability of our findings to other populations is limited. Second, although FSI has been externally 
validated in the Korean population using MRI21, it is possible that the actual incidence of NAFLD was either 
underestimated or overestimated. Since early-grade hepatic steatosis may be difficult to screen through this 
indirect index41, it needs to be diagnosed using MRI or magnetic resonance spectroscopy. Third, self-reported 
questionnaires were used to assess PA time and RT regularity, which may have introduced recall bias. Fourth, 
our subgroup analyses consisted of some subgroups with a small sample size which may have introduced type 
I error. Fifth, the assessment of ABO status using WC in our study could not provide specific information on 
abdominal fat distribution. Last, we could not consider the impact of other potential confounders such as dietary 
habits or genetic predisposition.
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Conclusion
Our study indicates that maintaining high rHGS may confer a preventive effect against NAFLD, with a stronger 
impact observed in women than in men. Moreover, among individuals with ABO, having a high rHGS 
significantly reduced the risk of developing NAFLD in women but not in men. However, as our study indirectly 
evaluated ABO status, further research is necessary to investigate whether sex-based differences in abdominal fat 
distribution affect the protective effect of high muscular strength against NAFLD development.

Data availability
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