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Abstract
Background and aims Despite the association between sarcopenia and non-alcoholic fatty liver disease (NAFLD), no study 
has evaluated the predictive role of NAFLD in sarcopenia. We investigated impact of NAFLD on the risk of low muscle 
mass (LMM) and low muscle strength (LMS) in a nationwide multicenter study.
Methods A total of 1595 community-dwelling people aged 70–84 years were followed for 2 years in the Korean Frailty and 
Aging Cohort Study. Muscle mass was estimated by dividing appendicular skeletal muscle mass (ASM) by body mass index 
(BMI). Muscle strength was measured as handgrip strength (HGS) divided by BMI. The sex-specific lowest quintiles of 
ASM/BMI and HGS/BMI of the study population were used as cutoffs for LMM and LMS, respectively. The risk of LMM 
and LMS were assessed according to hepatic steatosis index (HSI) and fatty liver index (FLI) quartiles.
Results As HSI quartiles increased, the LMM risk increased gradually, after adjusting for age, sex, lifestyle factors, comor-
bidities, and several causative factors (insulin resistance, inflammation, and vitamin D) (Q4 vs. Q1 OR [95% CI] 3.46 [2.23–
5.35]). The increased risk of LMS was even higher according to HSI quartiles (Q4 vs. Q1 5.81 [3.67–9.21]). Multivariate 
analyses based on FLI showed similar results. People with NAFLD (HSI > 36) were at higher risk of developing LMM and 
LMS compared to those without (1.65 [1.19–2.31] and 2.29 [1.61–3.26], respectively).
Conclusions The presence of NAFLD may predict future risk of LMM and LMS, with greater impact on LMS than on LMM.
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Abbreviations
ALT  Alanine aminotransferase
ASM  Appendicular skeletal muscle mass
AST  Aspartate aminotransferase
BMI  Body mass index
DXA  Dual-energy X-ray absorptiometry
FLI  Fatty liver index
FNIH  Foundation for the National Institutes of 

Health
FPG  Fasting plasma glucose
GGT   γ-Glutamyl transferase
HbA1c  Hemoglobin A1c
HGS  Handgrip strength
HOMA-IR  Homeostatic model assessment of insulin 

resistance
hs-CRP  High-sensitivity C-reactive protein
HIS  Hepatic steatosis index
KFACS  Korean Frailty and Aging Cohort Study
KNHANES  Korean National Health and Nutrition 

Examination Survey
LMM  Low muscle mass
LMS  Low muscle strength
NAFLD  Nonalcoholic fatty liver disease
OR  Odds ratio
SBP  Systolic blood pressure

TG  Triglycerides
WC  Waist circumference

Introduction

Nonalcoholic fatty liver disease (NAFLD) is characterized 
by the accumulation of excess fat in the liver in the absence 
of excessive alcohol consumption. NAFLD has become a 
predominant cause of chronic liver disease worldwide. The 
rapidly rising prevalence of NAFLD is accompanied by 
increased rates of obesity and the growing population of 
older adults [1]. In addition, sarcopenia, the progressive loss 
of skeletal muscle mass and strength, has also emerged as a 
global health problem owing to the aging of the world’s pop-
ulation [2]. Sarcopenia and obesity synergistically increase 
the risk of developing a series of adverse health issues, 
including physical disability, cardiometabolic diseases, and 
mortality [3, 4].

Several cross-sectional studies, including our previous 
study, demonstrated an independent association between low 
muscle mass (LMM) and NAFLD [5–7]. The relationship 
between LMM and incident NAFLD was supported by the 
results of subsequent longitudinal studies using retrospective 
health examination data [7, 8]. Recently, the concept of sar-
copenia and the key factors used in determining sarcopenia 
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have been modified to facilitate its early detection in practice 
[9]. Low muscle strength (LMS) was adopted as a principal 
determinant of sarcopenia because muscle strength is more 
important than muscle mass in predicting adverse outcomes 
[10]. Recent cross-sectional studies reported an independ-
ent association between LMS and NAFLD [11–13]. Aging, 
diet, physical inactivity, hormonal change, insulin resistance, 
inflammation, and vitamin D deficiency have been described 
as common underlying mechanisms linking sarcopenia and 
NAFLD [14, 15]. Although a vicious cycle between NAFLD 
and sarcopenia has been suggested, no previous study has 
assessed the influence of NAFLD on the risk of LMM and 
LMS.

Therefore, we investigated the contribution of NAFLD to 
the development of LMM and LMS after extensive adjust-
ment for various confounding factors in elderly adults using 
2-year follow-up data from the Korean Frailty and Aging 
Cohort Study (KFACS), a nationwide multicenter longitu-
dinal cohort study. We also assessed the interactions of insu-
lin resistance, inflammation, and vitamin D status, which 
are critical risk factors for both diseases, in the association 
between sarcopenia and NAFLD. Finally, we conducted 
sensitivity analyses to exclude the effects of confounding 
disorders such as diabetes, heavy alcohol consumption, viral 
hepatitis, and impaired liver function tests.

Methods and materials

Data source and study population

This study used data from the KFACS, which is dedicated to 
frailty and sarcopenia. The baseline survey was conducted 
from May 2016 to November 2017. The participants were 

recruited from among community-dwelling residents aged 
70–84 years from ten different medical centers nationwide 
using quota sampling methods stratified by age and sex [16]. 
Of the 3014 participants, 1559 (51.7%) and 1455 (48.3%) 
participated in the study in 2016 ∙and 2017, respectively, 
during the 2-year enrollment period. The prospective cohort 
design of the KFACS included data collection and follow-up 
surveys on a 2-year basis. The database includes face-to-face 
interviews, health examinations and laboratory measure-
ments (details in Supplementary Methods).

For this study, body composition data from two commu-
nity health centers that used bioelectrical impedance analysis 
instead of dual-energy X-ray absorptiometry (DXA) meas-
urements were excluded (n = 604) because of the systematic 
bias in appendicular lean mass between two measurements. 
Subjects lost to follow-up after the first visit (n = 128); those 
with missing data on baseline hepatic steatosis index (HSI), 
appendicular skeletal muscle mass (ASM), and handgrip 
strength (HGS, n = 9) measurements; those with missing 
data on follow-up ASM and HGS (n = 280); and those with 
sex-specific lowest quintiles of ASM/BMI or HGS/BMI 
(n = 398) were excluded (Fig. 1). Thus, this study included 
a total of 1595 participants.

Measurement of skeletal muscle mass and muscle 
strength

Body composition was measured using DXA (Lunar [GE 
Healthcare, Madison, WI, USA] and Hologic [Hologic Inc., 
Bedford, MA, USA]) instruments. ASM, the sum of the 
muscle masses of the four limbs, was measured by exclud-
ing the bone mass from the lean mass of the extremities 
using DXA. For the muscle mass index, we used the ASM 
adjusted for BMI and ASM/BMI, as previously described by 

Fig. 1  Flow diagram of subject 
inclusion and exclusion criteria 
in the Korean Frailty and Aging 
Cohort Study (KFACS). ASM 
appendicular skeletal muscle, 
BMI body mass index, DXA 
dual‐energy X‐ray absorptiom-
etry, HGS handgrip strength, 
HSI hepatic steatosis index
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the foundation for the National Institutes of Health (FNIH) 
sarcopenia project [17]. The muscle strength index was 
calculated from the HGS of the dominant arm adjusted for 
BMI, namely HGS/BMI, which was also introduced in FNIH 
sarcopenia project [17]. Using a digital hand grip dynamom-
eter (Takei TKK 5401; Takei Scientific Instruments Co. Ltd., 
Tokyo, Japan), HGS was measured twice for each hand, with 
the highest value used for the analysis. We used the sex-
specific lowest quintiles of ASM/BMI and HGS/BMI of 
the study population as cutoffs of defining LMM and LMS, 
respectively [18]. The cutoff points for LMM were 0.678 for 
men and 0.468 for women, while those for LMS were 1.246 
for men and 0.768 for women.

Assessment of NAFLD

NAFLD was defined using HSI, a previously validated fatty 
liver prediction model [19]. The equation for HSI includes 
measurements of aspartate aminotransferase (AST) and 
alanine aminotransferase (ALT) levels, BMI, and informa-
t i o n  o n  s e x  a n d  d i a b e t e s  a s  f o l l o w s : 
HSI = 8 × (ALT/AST ratio) + BMI (+2, if female; + 2, if diabetes mellitus)  . 
HSI value > 36 indicates hepatic steatosis (specificity 
92.4%) and HSI < 30 indicates no hepatic steatosis (sensi-
tivity 93.1%) [19]. We also used the fatty liver index (FLI) 
as a surrogate marker of NAFLD. The FLI uses an algo-
rithm based on BMI, WC, serum triglycerides (TG) and 
γ-glutamyl transferase (GGT) levels as follows: FLI = e

x

1+ex
 

× 100 where x = 0.953 × log(TG) + 0.139 × BMI + 0.718 
× log(GGT) + 0.053 × WC – 15.745. FLI value ≥ 60 indi-
cated hepatic steatosis (specificity 86%), while FLI < 30 
ruled out hepatic steatosis (sensitivity 87%) [20]. Since the 
indices of muscle mass and muscle strength are adjusted 
for BMI, we used NAFLD liver fat score (NLFS) that does 
not  include BMI in  i ts  formula as  fol lows: 
1.18 × metabolic syndrome + 0.45 × type 2 diabetes (2, if yes; 0, if no)

+ 0.15 × fasting insulin + 0.04 × AST − 0.94 × (AST∕ALT) − 2.89 .  A 
NLFS value above − 0.640 predicted the presence of stea-
tosis with 86% sensitivity and 71% specificity [21].

Advanced liver fibrosis was assessed using the BARD 
score, the sum of the following scores (BMI ≥ 28 = 1 point; 
AST/ALT ratio ≥ 0.8 = 2 points; type 2 diabetes = 1 point). 
Advanced fibrosis was defined as BARD score of 2–4 with 
a negative predictive value of 96% [22].

Statistical analysis

Categorical variables are presented as n (%), while continu-
ous variables are expressed as means ± standard deviation 
or medians (interquartile range [IQR]). The baseline char-
acteristics of the study subjects were analyzed according to 
the HSI quartiles using Kruskal–Wallis and chi-squared (χ2) 

tests for continuous and categorical variables, respectively. 
The characteristics of the study subjects according to the 
presence of LMM or LMS after the 2-year follow-up were 
analyzed using Mann–Whitney U test for continuous vari-
ables and χ2 tests for categorical variables. Multivariable 
logistic regression analysis was performed to determine the 
independent association between baseline NAFLD indices 
and the incidence of LMM and LMS after adjusting for age 
and sex in model 1; smoking, alcohol, physical activity, and 
household income in model 2; hypertension, dyslipidemia, 
and chronic kidney disease in model 3; and HOMA-IR, high 
sensitivity C-reactive protein (hs-CRP), and vitamin D levels 
in model 4. The odds ratios (ORs) and 95% confidence inter-
vals (CIs) for LMM and LMS according to HSI, FLI, and 
NFLS cutoff values for predicting NAFLD were calculated 
using logistic regression. Sensitivity analyses were con-
ducted to exclude the effects of excessive alcohol consump-
tion (> 140 g/week for men and > 70 g/week for women), 
viral hepatitis, and impaired liver function tests (AST, ALT, 
and bilirubin levels > 2 times the upper limit of each nor-
mal). To determine the impact of HSI quartiles on the risk 
of incident LMM and LMS not related to diabetes, another 
sensitivity analysis was performed after excluding subjects 
with diabetes at baseline and those who developed diabe-
tes during follow-up. To verify whether NAFLD (defined 
as HSI > 36) had an independent effect on the incidence of 
LMM, LMS, and sarcopenia, multivariate logistic regres-
sion analyses were performed with the same adjustment in 
models 1, 2, 3, and 4. All tests were two-sided, and p < 005 
was considered statistically significant. Statistical analyses 
were performed by an experienced professional statistician 
using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).

Results

Baseline characteristics of study population

This study included a total of 1595 participants. The median 
age of the study population was 75 years (IQR 72–78 years) 
and 47.6% of the participants were men. The baseline char-
acteristics of the study population according to HSI quar-
tiles are shown in Table 1. As HSI quartiles increased, the 
proportion of females, BMI, WC, SBP, DBP, ALT, GGT, 
TG, FPG, HOMA-IR, the proportion of never smokers, low 
physical activity, hypertension, dyslipidemia, and diabetic 
cases increased significantly. After the 2-year follow-up, 
318 (19.9%) of 1,595 participants developed LMM or LMS 
(Supplementary Table 1). Participants with LMM had higher 
BMI, WC, GGT, HOMA-IR, TG, and hs-CRP levels and a 
higher proportion of hypertension and diabetes compared 
to those in participants without LMM. Subjects with LMS 
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Table 1  Baseline characteristics of the study population according to HSI quartiles

ALT alanine aminotransferase, ASM appendicular skeletal muscle mass, AST aspartate transaminase, BMI body mass index, BP blood pressure, 
FPG fasting plasma glucose, HDL-C high-density lipoprotein cholesterol, HGS handgrip strength, HOMA-IR homeostatic model assessment for 
insulin resistance, hs-CRP high-sensitivity C-reactive protein, HSI hepatic steatosis index, GGT  gamma glutamyl transferase, KRW Korean won, 
LDL-C low-density lipoprotein cholesterol, WC waist circumference
Data are presented as median (interquartile range) or n (%)
p values were obtained from Kruskal–Wallis tests for continuous variables and χ2 tests for categorical variables

Total Q1 Q2 Q3 Q4 p value
n = 1595 n = 398 n = 399 n = 399 n = 399

Age (years) 75 (72, 78) 76 (73, 80) 75 (72, 78) 75 (73, 78) 74 (72, 78)  < 0.001
Male sex (n, %) 759 (47.6) 268 (67.3) 211 (52.9) 158 (39.6) 122 (30.6)  < 0.001
BMI (kg/m2) 24 (22.1, 25.6) 21.3 (20.1, 22.3) 23.4 (22.2, 24.3) 24.7 (23.7, 25.7) 26.5 (25.1, 27.8)  < 0.001
WC (cm) 86.7 (81.0, 91.8) 80 (75.0, 85.1) 85 (80.5, 89.6) 88 (84.0, 92.2) 92 (88.0, 96.5)  < 0.001
Systolic BP (mmHg) 130 (120.7, 141.3) 126 (116.0, 138.7) 129.3 (120.3, 140.0) 132.7 (122.3, 143.7) 132.3 (123.0, 143.7)  < 0.001
Diastolic BP (mmHg) 77.3 (71.3, 83.3) 76 (70.3, 82.0) 76.7 (70.7, 83.0) 77.7 (72, 84) 78 (72.7, 83.7) 0.002
AST (IU/L) 21 (18, 25) 21 (18, 25) 21 (18, 24) 21 (18, 24) 21 (18, 26) 0.494
ALT (IU/L) 16 (13, 22) 13 (11, 16) 16 (13, 20) 17 (14, 22) 21 (17, 28)  < 0.001
GGT (IU/L) 19 (14, 28) 17 (13, 25) 18 (14, 25) 19 (15, 28) 22 (17, 32)  < 0.001
FPG (mg/dL) 97 (89, 108) 93 (88, 100) 95 (88, 103) 98 (90, 109) 105 (95, 123)  < 0.001
HOMA-IR 1.5 (0.9, 2.3) 0.9 (0.7, 1.3) 1.3 (0.9, 1.8) 1.7 (1.2, 2.5) 2.3 (1.7, 3.5)  < 0.001
Total cholesterol (mg/dL) 174 (149, 198) 179 (158, 201) 176 (148, 199) 172 (146, 196) 169 (145, 191) 0.001
LDL-C (mg/dL) 107 (84, 128) 112 (90, 129) 110 (86, 131) 107 (82, 127) 100 (78, 124) 0.001
HDL-C (mg/dL) 52 (43, 62) 55 (46, 67) 53 (43, 63) 50 (42, 59) 51 (42, 59)  < 0.001
Triglyceride (mg/dL) 104 (78, 139) 89 (69, 118) 100 (78, 130) 109 (80, 148) 120 (89, 160)  < 0.001
Creatinine (mg/dL) 0.8 (0.7, 1.0) 0.8 (0.7, 1.0) 0.8 (0.7, 1.0) 0.8 (0.7, 0.9) 0.7 (0.7, 0.9)  < 0.001
hs-CRP (mg/dL) 0.7 (0.4, 1.2) 0.7 (0.4, 1.2) 0.7 (0.4, 1.2) 0.7 (0.4, 1.3) 0.8 (0.5, 1.3) 0.439
25(OH) vitamin D (ng/

mL)
22.5 (16.9, 29.3) 23.3 (17.9, 29.5) 23.5 (17.6, 30.2) 22.3 (17.1, 29.3) 20.8 (15.2, 27.9) 0.001

HIS 32.2 (29.5, 34.8) 27.6 (25.9, 28.7) 30.9 (30.2, 31.6) 33.3 (32.7, 34.0) 36.9 (35.7, 38.7)  < 0.001
Smoking (n, %)  < 0.001
 Current 95 (6.0) 44 (11.1) 26 (6.6) 15 (3.8) 10 (2.5)
 Past 514 (32.3) 163 (41) 135 (34) 121 (30.4) 95 (23.9)
 Never 982 (61.7) 191 (48) 236 (59.5) 262 (65.8) 293 (73.6)

Drinking (n, %) 0.002
  ≤ 1/month 975 (61.6) 224 (56.6) 235 (59.2) 255 (64.7) 261 (66.1)
 1–4 /month 314 (19.8) 72 (18.2) 86 (21.7) 81 (20.6) 75 (19.0)
  ≥ 2/week 293 (18.5) 100 (25.3) 76 (19.1) 58 (14.7) 59 (14.9)

Physical activity (n, %) 0.033
 Low 243 (15.2) 53 (13.3) 56 (14.1) 56 (14.0) 78 (19.6)
 Moderate 759 (47.6) 177 (44.5) 189 (47.5) 201 (50.4) 192 (48.1)
 High 592 (37.1) 168 (42.2) 153 (38.4) 142 (35.6) 129 (32.3)

Income (n, %) 0.548
  < 1 million in KRW 576 (36.1) 151 (37.9) 132 (33.1) 150 (37.6) 143 (35.9)
 1–2 million in KRW 369 (23.1) 86 (21.6) 100 (25.1) 99 (24.8) 84 (21.1)
  > 2 million in KRW 561 (35.2) 140 (35.2) 141 (35.3) 127 (31.8) 153 (38.4)
 Unknown 88 (5.5) 21 (5.3) 26 (6.5) 23 (5.8) 18 (4.5)

Hypertension (n, %) 1028 (64.5) 200 (50.4) 232 (58.2) 279 (69.9) 317 (79.5)  < 0.001
Dyslipidemia (n, %) 593 (37.5) 79 (20.1) 140 (35.4) 168 (42.6) 206 (51.9)  < 0.001
Diabetes (n, %) 368 (23.1) 40 (10.1) 60 (15) 97 (24.3) 171 (42.9)  < 0.001
Chronic kidney disease 

(n, %)
168 (10.5) 44 (11.1) 46 (11.5) 36 (9.0) 42 (10.5) 0.682
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showed clinical features similar to those in subjects without 
LMS.

The risk of LMM and LMS according to HSI, FLI, 
and NLFS quartiles

When the study population was stratified by HSI quar-
tiles and quintiles of ASM/BMI and HGS/BMI, HSI quar-
tiles showed a significant positive association with ASM/
BMI and HGS/BMI quintiles in both men and women (all 
p < 0.001; Fig. 2). A similar positive correlation was also 
found between FLI quartiles and ASM/BMI and HGS/
BMI quintiles in both sexes (all p < 0.001) (Supplementary 
Fig. 1). The risks of LMM and LMS were then analyzed 
according to quartiles of baseline HSI. As HSI quartiles 
increased, the risks of LMM also increased showed step-
wise (Table 2). In full-adjusted model, the risk of LMM was 
significantly elevated in participants with HSI Q4 compared 
to those with HSI Q1 (OR 3.46 [95% CI 2.23–5.35]). Fur-
thermore, the risk of LMS increased stepwise as HSI quar-
tiles increased (Table 2). Participants with HSI Q4 showed 

a significantly higher risk of LMS after full adjustments 
compared to the risk in participants with HSI Q1 (5.81 
[3.67–9.21]). Although the risk of LMM did not increase 
gradually with the increase in FLI quartile, participants with 
FLI Q4 showed the highest risk of LMM relative to those 
with FLI Q1 (2.91 [1.94–4.36]) (Supplementary Table 2). In 
contrast, the risk of LMS gradually increased as FLI quar-
tiles increased. The risk of LMS was significantly elevated 
in participants with FLI Q4 compared to those with FLI Q1 
(4.86 [3.12–7.55]). Likewise, as NLFS quartiles increased, 
the risk of LMM and LMS gradually increased (In model 4, 
Q4 vs. Q1 1.81 [1.15–2.85] for LMM and 3.13 [1.90–5.16] 
for LMS).

The risk of LMM and LMS according to the presence 
of NAFLD

Next, we compared the risk of LMM and LMS according 
to the baseline existence of NAFLD defined by HSI > 36 
(Table  3). Compared to participants without NAFLD 
(HSI ≤ 36), those with NAFLD (HSI > 36) had an increased 

Fig. 2  Association between 
quartiles of HSI and quintiles of 
ASM/BMI (a) and HGS/BMI 
(b) in men and women. ASM 
appendicular skeletal muscle, 
BMI body mass index, HGS 
handgrip strength, HSI hepatic 
steatosis index
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risk of LMM (1.65 [1.19–2.31]) and LMS (2.29 [1.61–3.26]) 
in the fully adjusted model. Moreover, the risk of LMS from 
NAFLD was higher compared to the risk of LMM in the 
elderly Korean population. Then, we assessed the risk of 
LMM and LMS according to HSI, FLI, and NFLS cutoff 
values to predict NAFLD (Supplementary Table 4). When 
compared to the reference group of HSI < 30 (not having 
NAFLD), the ORs for LMM in individuals with the HSI 30 
to ≤ 36 (intermediated HSI) and HSI > 36 (having NAFLD) 
were 2.09 [1.47–2.95] and 3.03 [1.94–4.72], respectively. 
The ORs for LMS also increased in the participants with 
the HSI 30 to ≤ 36 and HSI > 36 (2.85 [1.98–4.10] and 5.53 
[3.43–8.92], respectively), compared to the reference group 

of HSI < 30. Similarly, comparing FLI ≥ 60 (having NAFLD) 
and FLI 30 to < 30 (intermediate FLI) with FLI < 30 
(not having NAFLD), the risk of LMM increased (1.29 
[0.97–1.71] and 2.03 [1.32–3.13], respectively). The risk 
of LMS increased even more in participants with FLI ≥ 60 
and FLI 30 to < 30 (2.21 [1.65–2.96] and 3.94 [2.45–6.33], 
respectively), compared to those with FLI < 30. Individu-
als with NLFS ≥ − 0.640 (having NAFLD) had increased 
risk of LMS (1.90 [1.35–2.68]) compared to those with 
NLFS < − 0.640 (not having NAFLD) in full adjusted model. 
The risk of LMM in individuals with NLFS ≥ − 0.640 was 
significantly increased in the unadjusted model, but attenu-
ated after adjustment for several causative factors (model 3). 

Table 2  Odds ratios for the risk of LMM and LMS by HSI quartiles

DM diabetes mellitus, HOMA-IR Homeostatic Model Assessment for Insulin Resistance, hs-CRP high sensitivity C-reactive protein, HSI hepatic 
steatosis index, HTN hypertension, LMM low muscle mass, LMS low muscle strength
Model 1: age, sex
Model 2: model 1 + smoking, alcohol, physical activity, income
Model 3: model 2 + HTN, DM, dyslipidemia, chronic kidney disease
Model 4: model 3 + HOMA-IR, hs-CRP, 25(OH) vitamin D

LMM HSI quartiles p for linear trend

Q1 Q2 Q3 Q4

Model 1 1 1.75 (1.17, 2.63) 2.48 (1.67, 3.68) 3.39 (2.29, 5.03)  < 0.001
Model 2 1 1.82 (1.20, 2.74) 2.46 (1.64, 3.67) 3.61 (2.41, 5.40)  < 0.001
Model 3 1 1.82 (1.20, 2.75) 2.44 (1.61, 3.70) 3.58 (2.33, 5.52)  < 0.001
Model 4 1 1.79 (1.18, 2.71) 2.39 (1.58, 3.62) 3.46 (2.23, 5.35)  < 0.001

LMS HSI quartiles p for linear trend

Q1 Q2 Q3 Q4

Model 1 1 1.85 (1.21, 2.83) 2.81 (1.86, 4.24) 5.09 (3.39, 7.65)  < 0.001
Model 2 1 1.87 (1.22, 2.87) 2.81 (1.85, 4.28) 5.26 (3.48, 7.96)  < 0.001
Model 3 1 1.91 (1.24, 2.95) 2.73 (1.76, 4.21) 5.35 (3.43, 8.35)  < 0.001
Model 4 1 1.95 (1.26, 3.01) 2.84 (1.83, 4.41) 5.81 (3.67, 9.21)  < 0.001

Table 3  Odds ratios for LMM 
and LMS in subjects with 
NAFLD compared to those 
without NAFLD (defined by 
HSI > 36)

DM diabetes mellitus, HOMA-IR Homeostatic Model Assessment for Insulin Resistance, hs-CRP high sen-
sitivity C-reactive protein, HSI hepatic steatosis index, HTN hypertension, LMM low muscle mass, LMS 
low muscle strength, NAFLD non-alcoholic fatty liver disease
Model 1: age, sex
Model 2: model 1 + smoking, alcohol, physical activity, income
Model 3: model 2 + HTN, DM, dyslipidemia, chronic kidney disease
Model 4: model 3 + HOMA-IR, hs-CRP, 25(OH) vitamin D

LMM LMS

NAFLD p NAFLD p

No Yes No Yes

Model 1 1 1.79 (1.32, 2.44)  < 0.001 1 2.40 (1.74, 3.30)  < 0.001
Model 2 1 1.87 (1.37, 2.56)  < 0.001 1 2.45 (1.77, 3.39)  < 0.001
Model 3 1 1.72 (1.24, 2.39)  < 0.001 1 2.21 (1.57, 3.13) 0.001
Model 4 1 1.65 (1.19, 2.31)  < 0.001 1 2.29 (1.61, 3.26) 0.001
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In contrast, having advanced fibrosis (BARD ≥ 2) at baseline 
did not increase the risk of LMM or LMS after 2 years (Sup-
plementary 5).

Sensitivity analyses

Sensitivity analyses were performed by excluding par-
ticipants with heavy alcohol consumption (Supplemen-
tary Table 6), hepatitis B and C (Supplementary Table 7), 
impaired liver function tests (Supplementary Table 8), and 
diabetes at baseline and those who developed diabetes dur-
ing follow-up (Supplementary Table 9) and produced con-
sistent results.

Discussion

In this nationwide longitudinal study, baseline hepatic ste-
atosis was significantly associated with the future risk of 
sarcopenia in community-dwelling older individuals, inde-
pendent of age, sex, lifestyle factors, comorbidities, and risk 
factors such as HOMA-IR, hs-CRP levels, and vitamin D 
levels. Despite recent reports of the association between sar-
copenia and NAFLD [4–7], whether NAFLD predicts future 
sarcopenia remains uncertain. Our multicenter prospective 
study including elderly adults provides the first evidence 
that NAFLD is an independent risk factor for the develop-
ment of both LMM and LMS. The risks of LMM and LMS 
at 2 years of follow-up were linearly related to the HSI and 
FLI at baseline.

As muscle mass is correlated with body size, ASM has 
been used as the skeletal muscle mass index after adjusting 
for body size in different ways, including  height2, weight, or 
BMI. The prevalence of sarcopenia and the risk of adverse 
health outcomes associated with sarcopenia can vary 
depending on the operational methods used to define LMM 
[3, 23]. Lim et al. reported a positive correlation between 
ASM/height2 and BMI, visceral fat area, and insulin resist-
ance, whereas ASM/weight was negatively correlated with 
these metabolic risk parameters [24]. Our previous study 
findings supported that ASM/BMI-defined sarcopenia was 
more closely related to cardiometabolic risk factors than 
ASM/height2-defined sarcopenia [25]. Moreover, recent 
studies have reported a relationship between relative hand-
grip strength, defined as HGS/BMI, and cardiometabolic 
diseases [26]. Thus, in the present study, ASM/BMI and 
HGS/BMI were used as the muscle mass index and muscle 
strength index for comparison, respectively. Since ethnic- 
and sex-specific cutoffs, the lowest quintile for each param-
eter, predicted a higher risk of mortality than the FNIH-rec-
ommended values [18], we used sex-specific lowest quintiles 
of ASM/BMI or HGS/BMI of the study population for cut-
offs for defining LMM and LMS.

Cross-sectional studies have reported the association 
between low relative muscle mass and NAFLD [5, 6]. In 
the Korean Sarcopenic Obesity Study, the lowest quartile of 
weight-adjusted ASM was associated with a five-fold higher 
risk of NAFLD compared to that in the highest quartile after 
adjusting for potential confounding factors [5]. Lee et al. 
also showed an independent association between sarcopenia, 
defined using ASM/BMI cutoffs by the FNIH, and NAFLD 
after adjusting for confounding factors related to obesity or 
insulin resistance [6]. Furthermore, two longitudinal stud-
ies using retrospective health examination data reported the 
relationship between muscle mass and NAFLD [7, 8]. LMS 
has recently been emphasized as the principal determinant 
of sarcopenia as muscle strength is more important than 
muscle mass in predicting adverse health outcomes [10]. In 
2018, the revised consensus on the definition and diagno-
sis of sarcopenia, European Working Group on Sarcopenia 
in Older People 2, reported that LMS is a key characteris-
tic of sarcopenia that facilitates the prompt identification 
of this condition in practice [9]. Recent studies have also 
reported a significant association between muscle strength 
and NAFLD [11–13]. Meng et al. first reported that lower 
weight-adjusted HGS was associated with a higher preva-
lence of NAFLD after adjusting for confounding factors 
[11]. Recently, Kang et al. reported that the lowest quartile 
of HGS/BMI was independently associated with NAFLD 
(OR 1.66 [95% CI 1.28–2.16]) [12]. However, as these stud-
ies were all cross-sectional, causal relationships could not 
be inferred.

In the present study, we first evaluated the predictive role 
of NAFLD in the development of sarcopenia based on pro-
spective KFACS data. The baseline HSI quartiles showed 
a stepwise relationship with the risk of LMM and LMS, 
respectively. Participants with the highest quartile of HSI 
showed an approximately 3.5-fold increased risk of LMM 
and an approximately 5.8-fold increased risk of LMS 2 years 
later. When FLI was used instead of HSI, the risk of LMM 
was increased by 2.9-fold and the risk of LMS by 4.9-fold 
in people with the highest quartile of FLI. Since the indices 
for muscle mass and muscle strength are adjusted for BMI, 
we used NLFS that does not include BMI in its formula. 
The risk of LMM and LMS was slightly lower but signifi-
cantly increased in individuals with the highest quartile of 
NLFS compared to those with the lowest quartile, 1.8 times 
for LMM and 3.1 times for LMS. Consistently, individuals 
having NAFLD showed increased risk of LMM and LMS 
than those without NAFLD, when the risk of LMM and 
LMS was assessed according to HSI, FLI, and NFLS cutoff 
values for predicting NAFLD. These results demonstrated 
the increased influence of NAFLD on LMS than on LMM, 
which may signify greater functional implications and clini-
cal consequences.
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The reported mechanisms underlying the association 
between sarcopenia and NAFLD include insulin resistance, 
inflammation, and vitamin D deficiency [14, 15]. Skeletal 
muscle is the main organ involved in inulin-mediated glu-
cose disposal; thus, it has an important effect on insulin 
sensitivity. Therefore, muscle aging decreases the body’s 
glucose metabolism capacity and promotes insulin resistance 
independently of obesity [27]. As insulin resistance plays 
a main pathogenic role in the development of sarcopenia, 
NAFLD may result in a loss of muscle mass or function via 
the aggravation of insulin resistance. In addition, emerg-
ing evidence has suggested a possible contributing role of 
low-grade systemic inflammation and vitamin D deficiency 
in both sarcopenia and NAFLD [14, 15]. In the present 
study, the association between NAFLD and LMM was par-
tially attenuated but remained significant after adjusting for 
HOMA-IR, hs-CRP level, and vitamin D level. In contrast, 
the association between NAFLD and LMS was not affected 
by these factors. These findings suggest a complex interplay 
between the pathophysiological mechanisms of NAFLD and 
LMM and LMS. Several hepatokines have been suggested to 
be involved in muscle homeostasis through direct effects or 
the promotion of insulin resistance [28]. Circulating levels 
of fetuin A, a physiological inhibitor of the insulin recep-
tor tyrosine kinase in skeletal muscles [29], are elevated in 
NAFLD. Hepassocin is also increased in NAFLD, and over-
expression of hepassocin in mice induced insulin resistance 
in skeletal muscle [30]. The greater effect of NAFLD on 
LMS than on LMM was attenuated after excluding subjects 
with diabetes. Patients with diabetes likely have more severe 
forms of NAFLD in terms of histology [31] and, thus, more 
severe changes in the secretion of hepatokines to influence 
metabolic homeostasis through inter-organ communication 
[28]. Further studies are needed on the causative role of 
NAFLD in the development of LMM and LMS by the secre-
tion of various hepatokines.

This study has several limitations. First, although liver 
biopsy is the gold standard method for diagnosing NAFLD, 
data from liver imaging and histological information were 
not available. Liver biopsy has the risk of procedure-related 
complications such as bleeding and is difficult to use in large 
epidemiological studies. Therefore, our study adopted well-
validated prediction models for the detection of NAFLD 
[19–21]. Second, despite the extensive collection of detailed 
information on confounding factors by trained and quali-
fied staff, there might have been residual confounding or 
bias. Third, because this study included only people from 
South Korea, the results may not be applicable to other eth-
nic populations. Finally, we did not have information on the 
use of medications that could cause fatty liver, including 
amiodarone, corticosteroids, tamoxifen, and tetracycline. 
The strengths of our study include its prospective design, 
nationwide multicenter sampling focusing on an elderly 

population, high follow-up rates, standardized high-quality 
clinical and laboratory measurements, and extensive adjust-
ment for potential confounders. Our study identified the 
causative role of NAFLD in the development of LMM and 
LMS in a cohort study that recruited only the elderly popu-
lation. Furthermore, we adjusted for a series of confound-
ing risk factors that might influence the association between 
sarcopenia and NAFLD, such as HOMA-IR, hs-CRP level, 
and vitamin D level. Furthermore, we conducted sensitivity 
analyses to exclude the effects of diabetes, alcohol consump-
tion, and viral hepatitis, the consistent results of which may 
support the robustness of our study findings.

In conclusion, the results of our study using data from a 
nationwide, multicenter cohort study demonstrated for the 
first time the longitudinal impact of NAFLD on the devel-
opment of LMM and LMS in older adults. Further well-
designed, prospective studies are needed to confirm these 
results in other populations and to elucidate the role of addi-
tional causal factors, such as hepatokines, linking NAFLD 
and sarcopenia.
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