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Abstract
BACKGROUND
There is limited evidence regarding the association between muscle strength and

metabolic dysfunction-associated fatty liver disease (MAFLD).

AIM
To investigate the association between muscle strength and MAFLD in the general

population in Korea.

METHODS

This nationwide representative cross-sectional study included 31,649 individuals aged
>19 years who participated in the Korea National Health and Nutrition Examination
Survey between 2015 and 2018. Odds ratios (ORs) and 95% confidence intervals (Cls)
for MAFLD according to sex-specific quartiles of muscle strength, defined by relative
handgrip strength, were calculated using multivariable logistic regression analysis.

Additionally, multivariable logistic regression analysis was used to assess the




association between muscle strength and probable liver fibrosis in patients with

MAFLD.

RESULTS

Of all the participants, 29.3% had MAFLD. The prevalence of MAFLD was significantly
higher in the lower muscle strength quartile groups for all participants, sexes, and age
groups (P<0.001). A1.92-fold (OR=1.92, 95% CI: 1.70-2.16)and 3.12-fold (OR=3.12,
95%ClI: 2.64-3.69) higher risk of MAFLD was observed in the lowest quartile (Q1) group
than in the other groups (Q2-Q4) and the highest quartile (Q4) group, respectively. The
ORs of MAFLD were significantly increased inthe lower muscle strength quartile
groups in a dose-dependent manner (P for trend<0.001). These associations persisted in
both sexes. An inverse association between muscle strength and the risk of MAFLD was

observed in all subgroups according to age, obesity, and diabetes mellitus. In
patients with MAFLD, the odds of severe liver fibrosis were higher in Q1 (OR=1.83,
95%ClI: 1.25-2.69) than in other groups (Q2-Q4).

CONCLUSION
Among Korean adults, low muscle strength was associated with an increased risk of

MAFLD and liver fibrosis in patients with MAFLD.
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Limited evidence existsregarding the association between muscle strength and
metabolic dysfunction-associated fatty liver disease (MAFLD). This rﬁtionwide Cross-
sectional study analyzed 17,349 individuals in the general community who participated
in the Korea National Health and Nutrition Examination Survey and
measured their grip strength between 2015 and 2018. Among the participants, 29.3%
had MAFLD. The prevalence of MAFLD was significantly higher in the lower muscle
strength quartiles. The ORs of MAFLD were significantly increased in the lower muscle
strength quartile groups in a dose-response manner. Among Korean adults, low muscle
strength was associated with an increased risk of MAFLD and liver fibrosis in patients

with MAFLD.

INTRODUCTION

The prevalence of non-alcoholic fatty liver disease (NAFLD) has surged
alongside the obesity pandemic, making it a significant global public health issue,
particularly within the Asian population. Over the last three decades, the overall
burden of NAFLD has grown exponentially.'*i NAFLD has significant clinical
implications because it causes liver cirrhosis and liver cancer, which are major causes of
liver-related mortality.[ll In response to the broader multi-system nature of NAFLD and
the rising prevalence of metabolic disorders, arecent introduction has been made
regarding anew definition: metabolic dysfunction-associated fatty liver disease
(MAFLD).[2l While reports suggest that the prevalence of MAFLD in Asian countries
ranges from 10-30%, it exhibits a discernible upward trajectory.l? Notably, a 23-year
follow-up study revealed that MAFLD was associated with increased all-cause
mortality; furthermore, advanced fibrosis in MAFLD had a higher all-cause mortality
risk than that in NAFLD.4 Given the
clinical significance and the imperative to alleviate the = disease = burden associated
with MAFLD, a thorough analysis of risk factors is essential.

Previous studies have suggested an association between sarcopenia and

NAFLD. Specifically, muscle mass or strength has shown an inverse relationship with




NAFLD.[>7] Furthermore, it is worth noting that reduced muscle strength has shown a
significant association with liver fibrosis in individuals afflicted with NAFLD.[8l Muscle
strength, a marker for cardiometabolic fitness, is inversely associated with
morbidity, %19l encompassing  conditions such as metabolic syndrome and
mortality, particularly within the context of NAFLD.['114] Thus, we hypothesized that
sarcopenia, particularly muscle strength, is associated with the risk of MAFLD and
advanced fibrosis in MAFLD.

Although the body of evidence is evolving, it is worth noting that only a few
cross-sectional studies have shown that sarcopenia, measured using dual-energy X-ray
absorptiometry and mid-upper arm circumference, was associated with liver fibrosis in
patients with MAFLD.['> 6] Limited evidence exists on the association between muscle
strength and the prevalence of MAFLD and liver fibrosis in MAFLD in the general
population.'”] In light of the public health burden of MAFLD in Asia, we investigated
the association between muscle strength and MAFLD using a Korean nationally

representative database.

MATERIALS AND METHODS

Survey description and study participants

This study used data from the Korea National Health and Nutrition Examination
Survey (KNHANES). The Ministry of Health and Welfare and the Korea Disease
Control and Prevention Agency jointly conduct the KNHANES to calculate national
health statistics, which is the fundamental database for healthcare policymaking in
South Korea. This annual examination recruits an average of 10,000 participants in
South Korea and consists of 11 different variables, includingblood tests and
physical examinations, such as measuring body weight, height, handgrip strength, and
blood pressure. The KNHANES ensures the quality of the data entered into the
database through data collection by well-trained staff and quality control of procedures
by internal and external professionals. Details of the KNHANES database have been

covered in depth in the past.[8]




Because the KNHANES database includes pediatric and adolescent participants,
only Korean citizens aged >19 years who participated in the KNHANES during 2015-
2018 were initially included in the analysis. Among the 31,649 individuals who
participated in the KNHANES between 2015 and 2018, we excluded individuals aged
<19 years (n = 6,315), heavy drinkers who consumed =210 g of alcohol per week for men
and 2140 g per week for women (n = 2,712) based on self-reported
questionnaires, those who tested positive serological markers for hepatitis B or C virus
(n = 976), those diagnosed with liver cirrhosis or hepatocellular carcinoma (1 = 84), and
those with missing data (1 = 4,213). Ultimately, the data from 17,349 individuals were
included in the analysis. All participants provided written informed consent for data

collection.

Assessment of muscle strength

Muscle strength was assessed using relative handgrip strength, which has been
utilized in prior studies as an indicator of muscle strength.®. 191 To measure handgrip
strength, the participants were instructed to squeeze a handgrip dynamometer (Digital
grip strength dynamometer, T.K.K 5401, Takei Scientific Instruments Co., Ltd., Tokyo,
Japan) for at least3 s using their dominant arm with the elbow extended and the
participant in a standing position. Handgrip strength was measured thrice with a 1-
min interval for rest between each measurement. Muscle strength was defined as the
mean handgrip strength (kg) divided by the body mass index (BMI, kg/m?2). As the
present study aimed to understand the association between muscle strength and
MAFLD, the study participants were divided into sex-specific quartile groups of muscle
strength, with Q1 and Q4 being the lowest and highest quartiles, respectively. The
cutoff values for the quartiles were 1.30, 1.53, and 1.77 in men, and 0.76, 0.94, and 1.11 in

women, respectively.

Definition of MAFLD and liver fibrosis




NAFLD was defined using a validated fatty liver prediction model called
the hepatic steatosis index (HSI).[20l HSI was defined as 8 x alanine aminotransferase
(ALT)/aspartate aminotransferase (AST) + BMI (+2, if diabetic; +2, if female). HSI >36
was defined as NAFLD.[2l Previous studies have reported that HSI could predict
NAFLD with high sensitivity and specificity in the Korean population.[20.21]

MAFLD was defined as NAFLD (HSI >36) with the presence of at least one of the
following metabolic risk factorsl2l: i) overweight or obesity (BMI 223 kg/m?2) based on
Asian standards(??; ii) type 2 diabetes (physician diagnosis, fasting serum glucose 2126
mg/dL, or glycated hemoglobin [HbAlc] 26.5%); and iii) normal BMI (<23 kg/m?2) with
two or more of the following metabolic risk factors(3l: a) waist circumference (WC) 290
cm and 280 cm for men and women, b) blood pressure (BP) 2130/85 mmHg or being
administered anti-hypertensive medication(s), c) triglyceride level 2150 mg/dL or being
administered lipid-lowering medication(s), d) high-density lipoprotein cholesterol
(HDL-C) <40 mg/dL for men and <50 mg/dL for women, or being administered lipid-
lowering medication(s), e)diagnosis of prediabetes state, defined as fasting serum
glucose of 100-125 mg/dL or HbAlc of 5.7-6.4%, and f) serum high-sensitivity C-
reactive protein (hs-CRP) level >2 mg/L.

To evaluate advanced liver fibrosis in patients with MAFLD, we used the
following prediction equation: fibrosis-4 (FIB-4) score = age (years) x AST [IU/L] /
(platelet [10°/L]) x (ALT [IU/L])Y/2. The risk of advanced fibrosis in MAFLD was
classified as either 1.3 <FIB-4 score <2.67 (intermediate risk) or FIB-4 >2.67 (high risk).124l

Measurements and covariates

Participants’ sociodemographic information and data on health behaviors were
assessed using a self-report questionnaire. Smoking status was classified based on
whether the participant was a current smoker. Based on the modified version of the
International Physical Activity Questionnaire,[?>2¢ regular physical activity was
defined as: i) moderate-intensity physical activity for 2150 min/week, ii) high-intensity

physical activity for 275 min/week, or iii) a combination of moderate- and high-




intensity physical activity per week, where 1 min of high-intensity physical activity is
equivalent to 2 min of moderate-intensity physical activity, with the collective minutes
satisfying either one of the above criteria. Household income was segmented into
quartiles, and educational attainment was assessed based on
whether participants had completed more than 12 years of education (or high school
graduate).

The physical examination was conducted by certified staff. Height, body weight,
and WC were measured, and BMI was defined as the weight in kilograms divided by
the square of height in meters. Using a standard
sphygmomanometer, three BP measurements were conducted at 5-min intervals, and
the mean values of the second and third BP measurements were recorded. Blood
samples were drawn after fasting for 28 h, and the serum concentrations of AST, ALT,
total cholesterol, HDL-C, low-density lipoprotein cholesterol (LDL-C), triglycerides,
fasting glucose, HbAlc, hs-CRP, hepatitis B surface antigen, hepatitis C virus antibody,
and platelet count were assessed.

Hypertension was defined aseither a medical diagnosis by a physician
or a systolic/diastolic BP reading of>140/90 mmHg.[?l Diabetes mellitus (DM) was
defined as having a physician's diagnosis, a fasting glucose level of 2126 mg/dL,
or an HbAlc level of 26.5%.281 Dyslipidemia was characterized by either a physician's
diagnosis or a total cholesterol level of 2240 mg/dL.[2% Obesity was defined as BMI 225
kg/m2.00

Statistical analyses

Continuous variables were summarized as mean + standard error and categorical
variables as percentages and were compared using analysis of variance and the Rao-
Scott chi-square test, respectively. We performed multivariable logistic regression
analysis to evaluate the association between muscle strength and the risk of MAFLD
and calculated the odds ratios (ORs) and 95% confidence intervals (Cls). Model 1 was

not adjusted, and Model 2 was adjusted for age, sex, income, education, smoking status,




and physical activity. In Model 3, adjustments were made for ALT, obesity,
hypertension, DM, dyslipidemia, and hs-CRP levels, in addition to the confounders in
Model 2. The adjusted variables were selected from the statistically significant variables
in Table 1, the clinical factors that were expected to be associated with muscle strength
and MAFLD, and based on the results of the preliminary logistic regression analysis
between baseline variables and MAFLD (Supplementary Table 1) and a literature
search. The association between muscle strength and the risk of MAFLD was also
evaluated in subgroups stratified by sex, age, obesity, and DM. Multivariable logistic
regression analysis was used to assess the association between muscle strength and
probable liver fibrosis in patients with MAFLD. Statistical analyses, including pairwise
comparison, were performed using IBM SPSS Statistics ver. 22.0 (IBM Corp., Armonk,
NY, USA). Complex sample procedures were performed based on the survey
design. Statistical significance was set at P <0.05. The statistical methods used in this

study were reviewed by Dr. Youn Huh from Uijeongbu Eulji Medical Center.

RESULTS
Characteristics of study participants
Among a total of 31,649 pﬁentially eligible individuals, 17,349 individuals were
included and analyzed in the study. The characteristics of the participants according
to the muscle strength quartiles are presented in Table 1. Individuals with weaker
muscle strength were older and had lower socioeconomic status. Those with weaker
muscle strength were less likely to be current smokers and engaged in regular physical
activities (P for trend<0.001). The mean values of cardiometabolic parameters, such as
BMI, WC, BPs, AST, ALT, total cholesterol, LDL-C, triglycerides, fasting glucose,
HbAlc, and hs-CRP, tended to be higher in the lower muscle strength quartile groups
(P for trend<0.001). The proportion of those with obesity, hypertension, DM, and

dyslipidemia also increased as muscle strength decreased (P for trend<0.001).

Prevalence of MAFLD according to muscle strength




Among all participants, including within various sex and age groups, the
prevalence of MAFLD was significantly higher in the lower muscle strength quartile
groups (P<0.001 in Figures 1A, 1B, and 1C). Additionally, regardless of sex and age
group, the prevalence was higher in the lowest quartile (Q1) group of muscle strength

than in the remaining quartile (Q2-Q4) groups (P<0.001 in Figure 1B and 1C).

Association between muscle strength and the risk of MAFLD

Among all participants, the Q1 group had higher odds of MAFLD than the other
groups (Q2-Q4) (OR=1.92, 95%CI: 1.70-2.16) (Model 3, Table 2). Compared with the Q4
group, the ORs of MAFLD significantly increased inthe Q3 (OR=1.41, 95%CI: 1.22-
1.65), Q2 (OR=2.19, 95%CI: 1.85-2.58), and Q1 (OR=3.12, 95%ClI: 2.64-3.69) groups. The
ORs were higher in the lower muscle strength quartile groups in a dose-dependent
manner (P for trend<0.001). Amongboth men and women, higher odds of MAFLD were
observed in the Q1 group than in the Q2-Q4 (OR=2.05, 95%CI: 1.70-2.47 in men and
OR=1.76, 95%CI: 1.47-2.10 in women) and Q4 groups (OR=2.88, 95%CI: 2.20-3.78 in
men and OR=3.09, 95%CI: 2.43-3.92 in women). The ORs of MAFLD tended to be
higher inthe lower muscle strength quartile groups for both sexes (P for
trend<0.001). Furthermore, the receiver operating characteristic (ROC) analysis to assess
the relationship between muscle strength and prevalence of MAFLD revealed that the
area under the curve (AUC) for the entire participant group, as well as for men and
women  separately, were 0.764, 0.701, and 0.740, respectively (all

P<0.001, Supplementary Figure 1).

Subgroup analyses on the association between muscle strength and MAFLD

As indicated in Table 3,a noteworthy inverse relationship between muscle
strength and the risk of MAFLD remained consistent across all
subgroups. Importantly, no significant interactions were observed based on sex, age,

obesity, or DM status in the association between muscle strength and MAFLD.




Association between muscle strength and probable liver fibrosis assessed by FIB-4 in MAFLD

After adjusting for all confounding factors, muscle strength was not significantly
associated with the intermediate risk for advanced liver fibrosis (defined as 1.3 <FIB-4
<2.67) in patients with MAFLD (Table 4). However, the lowest muscle strength group
(Q1) had a higher oddﬁf a high risk of advanced fibrosis (defined by FIB-4 >2.67)
than the Q2-Q4 group (OR=1.83, 95%Cl: 1.25-2.69).

DISCUSSION

In this large-scale nationwide study, we found that the prevalence of MAFLD
was greater among individuals with lower muscle strength, which was associated
with a higher risk of MAFLD after adjusting for potential confounding variables. The
lowest muscle strength quartile group had 3.12-fold, 2.88-fold, and 3.09-fold higher
odds of MAFLD than the highest quartile group in all participants, men, and women,
respectively. These associations persisted in the subgroups stratified by age, obesity,
and DM. Furthermore, in patients with MAFLD, the lowest muscle strength quartile
group had 1.83-fold increased odds of high risk of advanced liver fibrosis compared
to the gther groups.

To the best of our knowledge, no prior studies have examined the association
between muscle strength and the risk of MAFLD. However, few studies have examined
the association between muscle strength and NAFLDP One cross-sectional
study, utilizing data from the KNHANES database, found an association between low
muscle strength andNAFLD.8IIn our study, we have effectively demonstrated a
significant association between muscle strength and MAFLD. Importantly, our findings
suggest that low muscle strength may be a modifiable risk factor for MAFLD. This
study also suggests an association between low muscle strength anda high
probability of advanced liver fibrosis in patients with MAFLD. Our findings are in line
with previous studies reporting an association between low muscle strength and

advanced liver fibrosis.[® 32] Although the association did not persist when each muscle




strength group was analyzed, the current study demonstrated thatlow muscle
strength might be associated with advanced liver fibrosis in patients with MAFLD.

The mechanisms underlying the association between low muscle strength and
MAFLD have not yet been fully elucidated. However, potential pathways may include
insulin resistance due to hepatic steatosisl**l and physical inactivity and disuse, leading
to decreased muscle function.®] Metabolically inactive muscles undergo disuse
atrophy, in which sarcomeres are catabolized and capillaries decrease in
number.[*] This risk is especially pronounced in individuals with metabolic syndrome
and a sedentary lifestyle. Weight gain leads to adipocyte dysfunction and increased
local inflammation, eventually resulting in insulin resistance. Disturbances in fat
storage in adipocytes increase the release of fatty acids. Excess fatty acids produce
strain in the hepatic mitochondria and subsequently result in the production of reactive
oxygen species and mitochondrial damage. Excess fatty acids also increase stress on the
endoplasmic reticulum, contributing to mitochondrial dysfunction and cellular
death.B3 In particular, reduced muscle strength may be linked tomitochondrial
dysfunction in both skeletal muscles and the liver, as suggested by previous studies. 3
41l Data accumulated thus far have indicated that mitochondrial dysfunction may play a
role in the development of insulin resistance, and MAFLD and mitochondrial
dysfunction may additionally contribute to low muscle strength.*24¢lIn relation to
hepatic fibrosis, stellate cells are thought to be involved in inflammatory and fibrotic
changes in fatty liver disease in response to damage-associated molecular patterns from
dying hepatocytes, free cholesterol, toll-like receptors, and oxidative stress.[33 47|

Sarcopenia is a muscle disease of both young and old and increases the risks of
falls, fractures, and mortality.P4Studies have revealed that muscle strength, rather than
muscle mass, is a predictor of mortalityl48-5%; thus, the guideline from the European
Working Group on Sarcopenia in Older People highlighted low muscle strength as the
main characteristic of sarcopenia.l Low muscle strength alone is adequate for
making a clinical diagnosis of probable sarcopenia.Subsequently, diagnostic

assessments for potential underlying causes and appropriate interventions can be




initiated.P4 51 Additionally, the guideline recommended handgrip strength as a proxy
for whole-body strength.[34Overall, these findings suggest that muscle strength is a
crucial parameter in detecting sarcopenia.l52l Accordingly, we used muscle strength,
defined by handgrip strength, as the primary independent variable in this study.

MAFLD increases the risk of liver fibrosis, hepatocellular carcinoma, and
cardiovascular diseases; hence, controlling metabolic disorders is essential in the
management of MAFLD.[2 Treatment objectives encompass the reversal of hepatic
steatosis, steatohepatitis, and hepatic fibrosis, as well as the reduction of cardiovascular
risk associated with MAFLD. The mainstay of treatment is the modification of
metabolic risk factors and lifestyle.l2l Weight loss can reduce liver steatosis and reverse
steatohepatitis or fibrosialm Generally, low-carbohydrate, low-fat, and Mediterranean-
type dietary plans with moderate-intensity exercise for 30 min/day for =5 days/week
or 2150 min/week or vigorous-intensity exercise for 220 min/day for 23 days/week are
recommended.[2 5] The guidelines endorse the inclusion of both aerobic and resistance
exercises.[2l In light of the observed association between low muscle strength and a
higher prevalence of MAFLD in this study, it is imperative to underscore the
importance of resistance training during patient education.

While this study has provided valuable insights, it is important to acknowledge
that it also had several limitations. First, the findings of this study are not generalizable
to other ethnic groups since only Koreans were included in the analysis. Second,
although liver biopsy is the gold standard for diagnosis, the present study used HSI to
diagnose NAFLD and MAFLD. However, the diagnostic reliability of the HSI has been
validated in prev'&us studies.?> 21 Third, causal relationships could not be fully
determined owing to the cross-sectional design of the study. Future prospective
longitudinal studies are needed to confirm the role of muscle strength in
MAFLD. Fourth, the lack of data on medications for chronic diseases and those
potentially affecting liver steatosis is a limitation. Thus, we defined hypertension, DM,
and dyslipidemia using a combination of prior physician diagnoses and laboratory

blood tests. Fifth, handgrip strength was used to diagnose probable sarcopenia in the




present study. The prevalence of probable sarcopenia can vary depending on the
diagnostic methods, especially in liver steatosis.[55l Nonetheless, handgrip strength is
easy to incorporate into clinical settings and is also a well-studied parameter of
sarcopenia in many studies. Despite these shortcomings, the use of KNHANES enabled
us to study important exposures and muscle strength in a large representative Korean
population and make adjustments for a variety of potential confounders. Furthermore,
we were able to successfully assessthe new definition of MAFLD and study its
prevalence and association with muscle strength, which extends beyond previous

studies where only NAFLD was considered.

CONCLUSION

In this nationwide study of the Korean adult population, low muscle strength
was associated with a dose-dependent higher risk of MAFLD in all participants and
subgroups. Low muscle strength is associated with a high probability of liver fibrosis in
patients with MAFLD. The identification and management of low muscle strength
may play a crucial role in preventing MAFLD and liver fibrosis. Nonetheless, additional

research is necessary to validate this association.

ARTICLE HIGHLIGHTS

Research background

More evidence is needed regarding the association between muscle strength and
metabolic dysfunction-associated fatty liver disease (MAFLD) and only a few cross-
sectional studies have shown that sarcopenia was associated with liver fibrosis in
patients with MAFLD. In response to the increasing public health burden of MAFLD in
Asia, we investigated the association between muscle strength and MAFLD using a

Korean nationally representative database.

Research motivation




A recent introduction has been made regarding a new definition: MAFLD.
Importantly, MAFLD is associated with increased all-cause mortality and advanced
fibrosis in MAFLD had a higher all-cause mortality risk than that in non-alcoholic fatty
liver disease. However, the link between muscle strength and MAFLD is not well

studied.

Research objectives @
11

We aimed to investigate the association between muscle strength and MAFLD in the
general population in Korea. Additionally, we sought to study the risk of liver fibrosis

in patients with MAFLD according to muscle strength.

Research methods

This study used data from the Korea National Health and Nutrition Examination
Survey (KNHANES). Muscle strength was assessed using relative har&rip strength
and the participants were categorized into muscle strength quartiles.We performed
multivariable logistic regression analysis to evaluate the association between muscle
strength and the risk of MAFLD and calculated the odds ratios (ORs) and 95%

confidence intervals (ClIs).

Research results

29.3% of the participants had MAFLD. The lowest quartile was significantly associated
with higher prevalence of MAFLD for all participants, sexes, and age groups.In
patients with MAFLD, the odds of severe liver fibrosis were higher in Q1 than in other

groups (Q2-Q4). However, causality should be investigated in future studies.

Research conclusions
The nationwide study of the Korean adult population revealed that low muscle strength
was associated with a dose-dependent higher risk of MAFLD in all participants and

subgroups. Additionally, low muscle strength is associated with a high probability of




liver fibrosis in patients with MAFLD. The identification and management of low

muscle strength may play a crucial role in preventing MAFLD and liver fibrosis.

Research perspectives

Prospective cohort or randomized controlled trials are needed to confirm the
relationship between muscle strength and MAFLD. Future studies should focus
on whether physical activity can prevent or reverse MAFLD and liver fibrosis in

patients with MAFLD.
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