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Background: The association of myosteatosis measured using visual muscular quality map in computed tomography (CT) with 
nonalcoholic fatty liver disease (NAFLD), its severity, and fibrosis was analyzed in a large population.
Methods: Subjects (n=13,452) with abdominal CT between 2012 and 2013 were measured total abdominal muscle area (TAMA) 
at L3 level. TAMA was segmented into intramuscular adipose tissue and skeletal muscle area (SMA), which was further classified 
into normal attenuation muscle area (NAMA) and low attenuation muscle area (LAMA). The following variables were adopted as 
indicators of myosteatosis: SMA/body mass index (BMI), NAMA/BMI, NAMA/TAMA, and LAMA/BMI. NAFLD and its sever-
ity were assessed by ultrasonography, and liver fibrosis was measured by calculating the NAFLD fibrosis score (NFS) and fibro-
sis-4 index (FIB-4) scores. 
Results: According to multiple logistic regression analyses, as quartiles of SMA/BMI, NAMA/BMI, and NAMA/TAMA in-
creased, the odds ratios (ORs) for NAFLD decreased in each sex (P for trend <0.001 for all). The ORs of moderate/severe NAFLD 
were significantly higher in the Q1 group than in the Q4 group for SMA/BMI, NAMA/BMI, and NAMA/TAMA in men. The 
ORs of intermediate/high liver fibrosis scores assessed by NFS and FIB-4 scores increased linearly with decreasing quartiles for 
SMA/BMI, NAMA/BMI, and NAMA/TAMA in each sex (P for trend <0.001 for all). Conversely, the risk for NAFLD and fibrosis 
were positively associated with LAMA/BMI quartiles in each sex (P for trend <0.001 for all). 
Conclusion: A higher proportion of good quality muscle was associated with lower risks of NAFLD and fibrosis. 
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most common 
liver disease worldwide [1]. NAFLD includes progressive con-
ditions, ranging from simple hepatic steatosis to nonalcoholic 

steatohepatitis (NASH) with or without fibrosis [1]. NAFLD 
can also develop into liver cirrhosis and hepatocellular carci-
noma [1]. Moreover, NAFLD is associated with cardio-meta-
bolic disease, which is the leading cause of mortality in patients 
with NAFLD [1]. Therefore, significant effort has been focused 
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on developing an effective screening tool for modifiable risk 
factors to reduce the burden of NAFLD.

Sarcopenia, a muscular disease characterized by the gradual 
loss of muscle mass and strength, is also suggested to be one of 
the risk factors of NAFLD [2,3]. Primarily, most studies about 
sarcopenia have relied on bioelectrical impedance analysis or 
dual energy X-ray absorptiometry to measure skeletal muscle 
mass [4-6]. Similarly, the association between NAFLD and sar-
copenia has mostly been evaluated using these modalities to 
measure sarcopenia [2,3].

However, sarcopenia is a more complex condition which 
cannot be fully explained by the loss of muscle mass and 
strength [6]. As muscle mass and functioning decline with age, 
several changes occur locally within individual muscles, which 
affect the muscle quality, the physiological functional capacity 
of muscle tissue [7]. Accordingly, the updated guidelines of the 
European Working Group on Sarcopenia in Older People 
highlighted low muscle strength and poor muscle quality as 
the primary characteristics of sarcopenia [6]. As most previous 
studies measured the muscle mass, not the muscle quality to 
define sarcopenia [6,7], the association between sarcopenia 
and NAFLD should be revisited by incorporating the concept 
of muscle quality.

Regarding the muscle quality, the redistribution of adipose 
tissue where subcutaneous adipose tissue relocates to more 
detrimental locations such as intramuscular and intermuscular 
adipose tissue (IMAT), is one of the contributing factors to the 
poor muscle quality [7,8]. This is called myosteatosis and it 
negatively affects muscle strength by changing muscle fiber 
disorientation [7]. Muscle biopsy is the gold standard for diag-
nosing myosteatosis [9]. However, this procedure is not practi-
cal because of its invasiveness. Recently, muscle attenuation 
measured by computed tomography (CT) scanning has been 
reported to identify fat infiltration and indirectly estimate 
muscle strength and physical function [9,10]. Specifically, low 
radiation attenuation indicates a high proportion of myoste-
atosis (i.e., poor quality muscle), whereas high attenuation in-
dicates low muscle fat infiltration (i.e., good quality muscle) 
[9,10].

Hence, we aimed to investigate whether indices of myoste-
atosis determined by abdominal CT are associated with the 
risk of NAFLD. If so, we aimed to further examine whether 
myosteatosis is a significant contributor to NAFLD severity 
and liver fibrosis. For this purpose, we analyzed abdominal CT 
scans obtained from healthy Korean populations and con-

structed a visual muscular quality map in CT.

METHODS

Study population
This cross-sectional study was performed on 23,311 subjects 
who underwent abdominal CT scans during routine health 
check-ups at the Health Screening and Promotion Center of 
the Asan Medical Center (Seoul, Korea) between January 2012 
and December 2013. We excluded 9,859 subjects lacking ab-
dominal ultrasonography data and with excess alcohol intake 
(>30 g/day in men; >20 g/day in women) as well as those 
who had systemic disorders including liver cirrhosis, hepatitis 
B or C, overt thyroid dysfunction (free thyroxine >1.9 ng/dL 
or <0.8 ng/dL, thyroid stimulating hormone <0.4 mU/L, or 
>5.0 mU/L), chronic renal insufficiency (<60 mL/min/1.73 m2), 
cancer, a history of cardiovascular disease (CVD) or cerebro-
vascular disease, or those who were currently taking gluco-
corticoids or hormone replacement. Several subjects met ≥2 
exclusion criteria. Finally, 13,452 subjects were eligible for 
analysis (Supplementary Fig. 1).

Following the ethical guidelines of the Declaration of Hel-
sinki and Korea Good Clinical Practice, all subjects provided 
written informed consent, and this study was approved by the 
Institutional Review Board of Asan Medical Center (No. 2020-
0343).

Definitions of NAFLD and liver fibrosis
NAFLD was diagnosed with hepatic ultrasonography [11]. The 
severity of liver fibrosis was determined the NAFLD fibrosis 
score (NFS) and the fibrosis-4 (FIB-4) score [12,13]. Detailed 
definitions of NAFLD and liver fibrosis are described in the 
Supplementary Methods.

CT image collection
Methods used to collect CT images are presented in the Sup-
plementary Methods.

Assessment of abdominal skeletal muscle area and 
myosteatosis
For each CT scan, the axial CT slice number of the L3 vertebra 
inferior endplate was annotated, and the lumbar vertebral ana-
tomic variant was identified by two board-certified radiolo-
gists. The CT images were automatically segmented to generate 
the boundary of total abdominal muscle area (TAMA), visceral 
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fat area, and subcutaneous fat area. The TAMA included all 
muscles on the selected axial images (i.e., psoas, para-spinal, 
transversus abdominis, rectus abdominis, quadratus lumbo-
rum, and internal and external obliques). To evaluate myoste-
atosis, the TAMA was divided into three areas according to the 
CT density as follows: (1) normal attenuation muscle area 
(NAMA, +30 to +150 HU), representing nonfatty muscle with 
little intramuscular fat; (2) low attenuation muscle area 
(LAMA, −29 to +29 HU), representing fatty muscles with in-
tramuscular lipid pool; and (3) IMAT (−190 to −30 HU), rep-
resenting the apparent fat tissue between muscle groups and 
muscle fibers [9]. The skeletal muscle area (SMA, −29 to +150 
HU) referred to the combined areas of the NAMA and LAMA, 
as illustrated in Supplementary Fig. 2. All measurements were 
divided by body mass index (BMI) to adjust the body size of 
the patient. The NAMA/TAMA ratio was calculated as NAMA 
divided by TAMA and multiplied by 100. The following vari-
ables were used to define myosteatosis: SMA/BMI, NAMA/
BMI, NAMA/TAMA, and LAMA/BMI.

Statistical analysis
We analyzed the sex-specific quartiles for SMA/BMI, NAMA/
BMI, NAMA/TAMA, and LAMA/BMI and applied this quar-
tile classification throughout our analyses. Logistic regression 
analyses were used to analyze the odds ratios (ORs) and 95% 
confidence intervals (CIs) of the myosteatosis indices for 
NAFLD status (US findings and surrogate markers), the sever-
ity of NAFLD (mild vs. moderate to severe), and liver fibrosis 
stages (low vs. intermediate to high) based on the NFS and 
FIB-4 score. The ORs were adjusted for age, smoking status, al-
cohol consumption, regular exercise, hypertension, diabetes, 
triglyceride, high-density lipoprotein cholesterol, low-density 
lipoprotein cholesterol, and alanine transferase. Correlations 
between the BMI-based myosteatosis indices and the NFS or 
FIB-4 scores were assessed using Pearson’s correlation coeffi-
cients. We also analyzed the receiver operating characteristic 
(ROC) curves and areas under the curve (AUC) and compared 
the AUCs to evaluate the ability of myosteatosis indices for 
predicting NAFLD risk and severity. The AUCs were conduct-
ed using MedCalc version 11.20.0 for Windows (MedCalc 
Software, Mariakerke, Belgium). All statistical analyses but 
ROC curves were performed with SPSS software version 21.0 
for Windows (IBM Inc., Armonk, NY, USA). Values of P<0.05 
were considered statistically significant.

RESULTS

Baseline characteristics according to NAFLD status
A total of 13,452 subjects (7,379 men and 6,073 women) were 
included in this analysis. The men and women had mean ages 
of 53.7±9.2 and 53.3±8.8 years, respectively. Among the study 
population, 1,082 (8.0%) subjects were diagnosed with type 2 
diabetes mellitus, and 79 (0.6%) subjects with CVD. The an-
thropometric characteristics and CT measurements of the 
study subjects are presented in Table 1. The subjects were cate-
gorized into four subgroups based on sex and the presence or 
absence of NAFLD. Of the total subjects, 4,568 (34.0%) had 
NAFLD whereas 8,884 (66.0%) did not. Men and women dif-
fered significantly in all variables, including anthropometric 
measurements, body composition, and lifestyles; thus, the sta-
tistical analyses were conducted separately for each sex. All 
myosteatosis indices measured by CT scanning showed signifi-
cant differences according to NAFLD status in each sex. Sub-
group comparisons of laboratory baseline characteristics ac-
cording to sex and NAFLD status are shown in Supplementary 
Table 1. Subjects with NAFLD showed worse metabolic pro-
files such as higher blood pressure, elevated fasting glucose, 
and worse lipid profiles than subjects without NAFLD in both 
males and females.

Association of myosteatosis indices with the presence of 
NAFLD
To evaluate the role of myosteatosis on the risk of NAFLD, we 
calculated the ORs using multiple logistic regression analyses 
(Table 2 and Supplementary Table 2). The adjusted ORs (95% 
CIs) for NAFLD in Q1, Q2, and Q3 compared with Q4 showed 
graded associations of SMA/BMI, NAMA/BMI, NAMA/
TAMA, and LAMA/BMI with the presence of NAFLD in each 
sex (Table 2) and both combined (Supplementary Table 2) (P 
for trend <0.001 for all). The risk of NAFLD increased linearly 
with decreasing quartiles of SMA/BMI, NAMA/BMI, and 
NAMA/TAMA in each sex. The adjusted ORs for NAFLD in 
Q1, Q2, and Q3 for SMA/BMI compared with Q4 were 2.06 
(95% CI, 1.75 to 2.42), 1.86 (95% CI, 1.60 to 2.18), and 1.46 
(95% CI, 1.26 to 1.71) in men and 3.19 (95% CI, 2.53 to 4.03), 
2.08 (95% CI, 1.65 to 2.62), and 1.48 (95% CI, 1.16 to 1.88) in 
women, respectively. The adjusted ORs for NAFLD in Q1, Q2, 
and Q3 for NAMA/BMI compared with Q4 were 2.35 (95% CI, 
1.99 to 2.78), 1.84 (95% CI, 1.57 to 2.15), and 1.52 (95% CI, 
1.30 to 1.77) in men and 3.65 (95% CI, 2.85 to 4.67), 2.41 (95% 
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CI, 1.89 to 3.07), and 1.43 (95% CI, 1.11 to 1.84) in women, re-
spectively. The adjusted ORs for NAFLD in Q1, Q2, and Q3 for 
NAMA/TAMA compared with Q4 were 1.93 (95% CI, 1.64 to 
2.27), 1.58 (95% CI, 1.36 to 1.85), and 1.43 (95% CI, 1.23 to 
1.67) in men and 2.45 (95% CI, 1.93 to 3.10), 1.91 (95% CI, 1.52 
to 2.41), and 1.46 (95% CI, 1.15 to 1.85) in women, respectively.

Conversely, the risk of NAFLD decreased in the sequence of 
the decreasing quartiles in LAMA/BMI in each sex. The ad-
justed ORs for NAFLD in Q1, Q2, and Q3 for LAMA/BMI 
compared with Q4 were 0.61 (95% CI, 0.52 to 0.71), 0.81 (95% 
CI, 0.70 to 0.94), and 0.97 (95% CI, 0.84 to 1.12) in men and 
0.68 (95% CI, 0.54 to 0.84), 0.81 (95% CI, 0.67 to 0.99), and 
0.98 (95% CI, 0.82 to 1.18) in women, respectively.

Additionally, when NAFLD was defined according to the 
surrogate markers such as Hepatic Steatosis Index and Simple 
NAFLD score, the risk of NAFLD showed statistically signifi-
cant associations with myosteatosis indices (Supplementary 
Table 3). NAFLD risk was also analyzed in the subgroups of age 
(<65 years vs. ≥65 years), BMI (<25 kg/m2 vs. ≥25 kg/m2), 
and underlying diabetes mellitus or not. The muscle parame-
ters in the subgroups showed similar trends as the sex sub-
group although not all of the ORs were statistically significant 
(data not shown).

Association of myosteatosis indices with NAFLD severity
Among the 4,568 subjects with NAFLD, hepatic ultrasonogra-
phy revealed that 2,790 (61.1%) had mild NAFLD, 1,449 
(31.7%) had moderate NAFLD, and 329 (7.2%) had severe 
NAFLD. Compared with subjects with mild NAFLD, the risk of 
moderate/severe NAFLD was higher in the Q1 group than in 
the Q4 group for SMA/BMI, NAMA/BMI, and NAMA/TAMA 
in men (Table 3). The risk of moderate/severe NAFLD was low-
er in the Q1 group than in the Q4 group for LAMA/BMI in 
men. Conversely, in women, the risk of moderate/severe 
NAFLD compared with mild NAFLD did not show statistical 
significance for SMA/BMI, NAMA/BMI, NAMA/TAMA, and 
LAMA/BMI in Q1, Q2, and Q3 compared with Q4 (Table 3).

Association of myosteatosis indices with liver fibrosis 
based on the NFS and FIB‑4 score
Among the subjects with NAFLD, 2,593 (56.8%) had a low 
NFS, 1,898 (41.5%) had an intermediate NFS, and 76 (1.7%) 
had a high NFS. Additionally, 2,847 (62.3%) had a low FIB-4 
score, 1,640 (35.9%) had an intermediate FIB-4 score, and 81 
(1.8%) had a high FIB-4 score. 

Multiple logistic regression analyses showed a graded asso-
ciation between quartiles of myosteatosis indices and liver fi-

Table 1. Baseline anthropometric characteristics and computed tomography measurements of the study population

Characteristic
Men Women

No NAFLD 
(n=4,227)

NAFLD 
(n=3,152) P value No NAFLD 

(n=4,657)
NAFLD 

(n=1,416) P value

Age, yr 54.2±9.4 53.1±8.8 <0.001 52.4±8.8 56.3±8.2 <0.001
Height, cm 170.4±5.8 170.6±5.7 0.083 158.6±5.3 157.1±5.2 <0.001
Weight, kg 68.0±8.4 75.3±9.9 <0.001 55.3±6.8 61.9±5.2 <0.001
BMI, kg/m2 23.4±2.4 25.8±2.7 <0.001 22.0±2.6 25.1±3.1 <0.001
Waist circumference, cm 84.0±6.9 91.1±7.1 <0.001 76.8±7.4 85.4±7.7 <0.001
Skeletal muscle mass, kg 30.5±3.6 32.0±3.9 <0.001 21.3±2.3 22.1±2.7 <0.001
Body fat mass, kg 13.7±4.3 18.4±5.4 <0.001 15.7±4.8 21.1±5.7 <0.001
SMA, cm2 157.5±20.6 167.8±21.5 <0.001 105.8±12.3 111.3±14.3 <0.001
SMA/BMI 6.7±0.7 6.52±0.66 <0.001 4.85±0.60 4.47±0.54 <0.001
NAMA, cm2 128.0±20.7 133.0±21.5 <0.001 81.4±13.2 80.5±14.8 0.039
NAMA/BMI 5.5±0.9 5.2±0.8 <0.001 3.8±0.7 3.2±0.7 <0.001
LAMA, cm2 29.5±10.4 34.8±12.0 <0.001 24.4±8.4 30.8±10.0 <0.001
LAMA/BMI 1.2±0.4 1.3±0.4 <0.001 1.1±0.3 1.2±0.3 <0.001
NAMA/TAMA 78.7±7.6 76.4±7.9 <0.001 73.6±9.2 68.3±9.9 <0.001

Values are presented as mean±standard deviation.
NAFLD, nonalcoholic fatty liver disease; BMI, body mass index; SMA, skeletal muscle area; NAMA, normal attenuation muscle area; LAMA, 
low attenuation muscle area; TAMA, total abdominal muscle area.
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Table 2. The risk of NAFLD according to myosteatosis indices

Variable
Men (n=7,379) Women (n=6,073)

Q1 Q2 Q3 Q4 P for 
trend Q1 Q2 Q3 Q4 P for 

trend

SMA/BMI

   Prevalence 946/1,844 
(51.3)

887/1,845 
(48.1)

752/1,845 
(40.8)

566/1,845 
(30.7)

595/1,519 
(39.2)

392/1,518 
(25.8)

280/1,518 
(18.4)

149/1,518 
(9.8)

   Unadjusted 2.38 
(2.08–2.72)

2.09 
(1.83–2.39)

1.55 
(1.36–1.78)

1 (ref) <0.001 5.92 
(4.85–7.21)

3.20 
(2.61–3.92)

2.08 
(1.68–2.57)

1 (ref) <0.001

   Multivariable 2.06 
(1.75–2.42)

1.86 
(1.60–2.18)

1.46 
(1.26–1.71)

1 (ref) <0.001 3.19 
(2.53–4.03)

2.08 
(1.65–2.62)

1.48 
(1.16–1.88)

1 (ref) <0.001

NAMA/BMI

   Prevalence 973/1,844 
(52.8)

869/1,845 
(47.1)

764/1,846 
(41.4)

545/1,844 
(29.6)

610/1,518 
(40.2)

425/1,520 
(28.0)

250/1,517 
(16.5)

131/1,518 
(8.6)

   Unadjusted 2.66 
(2.33–3.05)

2.21 
(1.85–2.43)

1.68 
(1.47–1.93)

1 (ref) <0.001 7.11 
(5.79–8.74)

4.11 
(3.33–5.08)

2.09 
(1.67–2.62)

1 (ref) <0.001

   Multivariable 2.35 
(1.99–2.78)

1.84 
(1.57–2.15)

1.52 
(1.30–1.77)

1 (ref) <0.001 3.65 
(2.85–4.67)

2.41 
(1.89–3.07)

1.43 
(1.11–1.84)

1 (ref) <0.001

NAMA/TAMA 

   Prevalence 944/1,845 
(51.2)

850/1,845 
(46.1)

772/1,845 
(41.8)

586/1,844 
(31.8)

562/1,582 
(37.0)

402/1,518 
(26.5)

297/1,519 
(19.6)

155/1,518 
(10.2)

   Unadjusted 2.25 
(1.97–2.57)

1.83 
(1.60–2.09)

1.55 
(1.35–1.77)

1 (ref) <0.001 5.17 
(4.25–6.29)

3.17 
(2.59–3.87)

2.14 
(1.73–2.63)

1 (ref) <0.001

   Multivariable 1.93
 (1.64–2.27)

1.58 
(1.36–1.85)

1.43 
(1.23–1.67)

1 (ref) <0.001 2.45 
(1.93–3.10)

1.91 
(1.52–2.41)

1.46 
(1.15–1.85)

1 (ref) <0.001

LAMA/BMI

   Prevalence 616/1,844 
(33.4)

781/1,846 
(42.3)

862/1,844 
(46.7)

892/1,845 
(48.3)

217/1,518 
(14.3)

321/1,518 
(21.1)

391/1,519 
(25.7)

487/1,518 
(32.1)

   Unadjusted 0.54 
(0.47–0.61)

0.78 
(0.68–0.89)

0.94 
(0.82–1.07)

1 (ref) <0.001 0.35 
(0.29–0.42)

0.57 
(0.48–0.67)

0.73 
(0.63–0.86)

1 (ref) <0.001

   Multivariable 0.61 
(0.52–0.71)

0.81 
(0.70–0.94)

0.97 
(0.84–1.12)

1 (ref) <0.001 0.68 
(0.54–0.84)

0.81 
(0.67–0.99)

0.98 
(0.82–1.18)

1 (ref) <0.001

Values are presented as number (%) or odds ratio (95% confidence interval). Multivariable analysis adjusted for age, smoking status, alcohol 
consumption, regular exercise, hypertension, diabetes, triglyceride, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, 
and alanine transferase.
NAFLD, nonalcoholic fatty liver disease; SMA, skeletal muscle area; BMI, body mass index; NAMA, normal attenuation muscle area; TAMA, 
total abdominal muscle area; LAMA, low attenuation muscle area.

brosis stage as assessed by NFS (P for trend <0.001 for all) (Ta-
ble 4). Compared with subjects with a low NFS, the adjusted 
ORs for an intermediate/high NFS were negatively associated 
with SMA/BMI, NAMA/BMI, and NAMA/TAMA in each sex. 
The adjusted ORs for an intermediate/high NFS in Q1, Q2, 
and Q3 for SMA/BMI compared with Q4 were 1.95 (95% CI, 
1.56 to 2.43), 1.31 (95% CI, 1.05 to 1.64), and 1.15 (95% CI, 
0.91 to 1.45) in men and 2.72 (95% CI, 1.79 to 4.14), 1.45 (95% 
CI, 0.94 to 2.22), and 1.97 (95% CI, 1.26 to 3.10) in women, re-
spectively. The adjusted ORs for an intermediate/high NFS in 

Q1, Q2, and Q3 for NAMA/BMI compared with Q4 were 2.55 
(95% CI, 2.03 to 3.21), 1.70 (95% CI, 1.35 to 2.14), and 1.11 
(95% CI, 0.87 to 1.41) in men and 4.10 (95% CI, 2.53 to 6.64), 
2.28 (95% CI, 1.39 to 3.74), and 2.53 (95% CI, 1.50 to 4.26) in 
women, respectively. The adjusted ORs for an intermediate/
high NFS in Q1, Q2, and Q3 for NAMA/TAMA compared 
with Q4 were 2.88 (95% CI, 2.30 to 3.61), 1.79 (95% CI, 1.42 to 
2.24), and 1.31 (95% CI, 1.04 to 1.66) in men and 3.61 (95% CI, 
2.36 to 5.50), 1.97 (95% CI, 1.27 to 3.05), and 1.82 (95% CI, 
1.15 to 2.87) in women, respectively.
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Table 3. The risk of moderate/severe NAFLD compared with mild NAFLD according to myosteatosis indices in patients with 
NAFLD

Variable
Men (n=3,152) Women (n=1,416)

Q1 Q2 Q3 Q4 P for 
trend Q1 Q2 Q3 Q4 P for 

trend

SMA/BMI

   Prevalence 405/947 
(42.8)

353/887 
(39.8)

270/752 
(35.9)

209/566 
(36.9)

234/595 
(39.3)

153/392 
(39.0)

106/280 
(37.9)

48/149 
(32.2)

   Unadjusted 1.28 
(1.03–1.58)

1.13 
(0.91–1.40)

0.96 
(0.76–1.20)

1 (ref) 0.004 1.36 
(0.93–2.00)

1.35 
(0.90–2.01)

1.28 
(0.84–1.95)

1 (ref) 0.171

   Multivariable 1.41 
(1.11–1.79)

1.14 
(0.90–1.45)

1.01 
(0.80–1.29)

1 (ref) 0.002 1.24 
(0.82–1.89)

1.31 
(0.85–2.00)

1.27 
(0.81–1.98)

1 (ref) 0.505

NAMA/BMI

   Prevalence 425/973 
(43.7)

337/869 
(38.8)

282/765 
(36.9)

193/545 
(35.4)

252/610 
(41.3)

163/425 
(38.4)

80/250 
(32.0)

46/131 
(35.1)

   Unadjusted 1.41 
(1.14–1.76)

1.15 
(0.92–1.44)

1.07 
(0.85–1.34)

1 (ref)  0.001 1.30 
(0.88–1.93)

1.12 
(0.76–1.73)

0.87 
(0.56–1.36)

1 (ref) 0.018

   Multivariable 1.63 
(1.27–2.08)

1.25 
(0.98–1.59)

1.07 
(0.83–1.36)

1 (ref) <0.001 1.20 
(0.77–1.85)

1.01 
(0.65–1.57)

0.82 
(0.51–1.33)

1 (ref) 0.09

NAMA/TAMA 

   Prevalence 403/944 
(42.7)

352/850 
(41.4)

280/772 
(36.3)

202/586 
(34.5)

224/562 
(39.9)

156/402 
(38.8)

110/297 
(37.0)

51/155 
(32.9)

   Unadjusted   1.42 
(1.14–1.75)

1.34 
(1.08–1.67)

1.08
(0.86–1.35)

1 (ref) <0.001 1.35 
(0.93–1.97)

1.29 
(0.87–1.91)

1.20 
(0.80–1.81)

1 (ref) 0.118

   Multivariable 1.65 
(1.30–2.10)

1.48 
(1.17–1.88)

1.14 
(0.89–1.45)

1 (ref) <0.001 1.15 
(0.76–1.75)

1.18 
(0.78–1.81)

1.13 
(0.73–1.75)

1 (ref) 0.604

LAMA/BMI

   Prevalence 217/616 
(35.2)

296/782 
(37.9)

348/862 
(40.4)

376/892 
(42.2)

70/217 
(32.3)

130/321 
(40.5)

142/391 
(36.3)

199/487 
(40.9)

   Unadjusted 0.75 
(0.60–0.92)

0.84 
(0.69–1.02)

0.93
(0.77–1.12)

1 (ref) 0.004 0.69 
(0.49–0.96)

0.98 
(0.74–1.31)

0.82 
(0.63–1.09)

1 (ref) 0.109

   Multivariable 0.64 
(0.51–0.81)

0.75 
(0.60–0.93)

0.88 
(0.72–1.08)

1 (ref) <0.001 0.76 
(0.53–1.11)

1.08 
(0.79–1.47)

0.93 
(0.69–1.25)

1 (ref) 0.404

Values are presented as number (%) or odds ratio (95% confidence interval). Multivariable analysis adjusted for age, smoking status, alcohol 
consumption, regular exercise, hypertension, diabetes, triglyceride, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, 
and alanine transferase. Moderate/severe NAFLD was determined by ultra-sonographic findings.
NAFLD, nonalcoholic fatty liver disease; SMA, skeletal muscle area; BMI, body mass index; NAMA, normal attenuation muscle area; TAMA, 
total abdominal muscle area; LAMA, low attenuation muscle area.

Conversely, the risk of intermediate/high NFS was positively 
associated with quartiles of LAMA/BMI in each sex. The ad-
justed ORs for an intermediate/high NFS in Q1, Q2, and Q3 
for LAMA/BMI compared with Q4 were 0.34 (95% CI, 0.27 to 
0.42), 0.49 (95% CI, 0.40 to 0.60), and 0.65 (95% CI, 0.54 to 
0.79) in men and 0.42 (95% CI, 0.30 to 0.60), 0.48 (95% CI, 
0.36 to 0.65), and 0.59 (95% CI, 0.44 to 0.78) in women, re-
spectively.

Multiple logistic regression analyses using the FIB-4 score 

are shown in Table 5. Compared with subjects with a low FIB-
4 score, similar linear trends for intermediate/high FIB-4 
scores as those for the NFS were observed for SMA/BMI, 
NAMA/BMI, NAMA/TAMA, and LAMA/BMI in each sex (P 
for trend <0.001 for all) (Table 5).

Correlation between myosteatosis indices and liver fibrosis 
based on the NFS and FIB‑4 score
The relationships between SMA/BMI, NAMA/BMI, NAMA/
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Table 4. The risk of intermediate/high NFS compared with low NFS according to myosteatosis indices in patients with NAFLD

Variable
Men (n=3,151) Women (n=1,416)

Q1 Q2 Q3 Q4 P for 
trend Q1 Q2 Q3 Q4 P for 

trend

SMA/BMI

   Prevalence 512/946 
(54.1)

380/887 
(42.8)

300/752 
(39.9)

207/566 
(36.6)

293/595 
(49.2)

132/392 
(33.7)

113/280 
(40.4)

37/149 
(24.8)

   Unadjusted 2.05 
(1.65–2.53)

1.30 
(1.05–1.61)

1.15 
(0.92–1.44)

1 (ref) <0.001 2.94 
(1.96–4.40)

1.54 
(1.00–2.35)

2.05 
(1.32–3.19)

1 (ref) <0.001

   Multivariable 1.95 
(1.56–2.43)

1.31 
(1.05–1.64)

1.15 
(0.91–1.45)

1 (ref) <0.001 2.72 
(1.79–4.14)

1.45 
(0.94–2.22)

1.97 
(1.26–3.10)

1 (ref) <0.001

NAMA/BMI

   Prevalence 554/973 
(56.9)

394/869 
(45.3)

271/764 
(35.5)

180/545 
(33.0)

309/610 
(50.7)

150/425 
(35.3)

92/250 
(36.8)

24/131 
(18.3)

   Unadjusted 2.68 
(2.15–3.34)

1.68 
(1.35–2.10)

1.12 
(0.88–1.41)

1 (ref) <0.001 4.58 
(2.86–7.32)

2.43 
(1.50–3.95)

2.60 
(1.56–4.33)

1 (ref) <0.001

   Multivariable 2.55 
(2.03–3.21)

1.70 
(1.35–2.14)

1.11 
(0.87–1.41)

1 (ref) <0.001 4.10 
(2.53–6.64)

2.28 
(1.39–3.74)

2.53 
(1.50–4.26)

1 (ref) <0.001

NAMA/TAMA 

   Prevalence 546/943 
(57.9)

382/850 
(44.9)

289/772 
(37.4)

182/586 
(31.1)

293/562 
(52.1)

147/402 
(36.6)

101/297 
(34.0)

34/155 
(21.9)

   Unadjusted 3.05 
(2.46–3.79)

1.81 
(1.45–2.26)

1.33 
(1.06–1.67)

1 (ref) <0.001 3.88 
(2.56–5.87)

2.05 
(1.33–3.16)

1.83 
(1.17–2.88)

1 (ref) <0.001

   Multivariable 2.88 
(2.30–3.61)

1.79 
(1.42–2.24)

1.31 
(1.04–1.66)

1 (ref) <0.001 3.61 
(2.36–5.50)

1.97 
(1.27–3.05)

1.82 
(1.15–2.87)

1 (ref) <0.001

LAMA/BMI

   Prevalence 192/616 
(31.2)

304/781 
(38.9)

391/862 
(45.4)

512/892 
(57.4)

65/217 
(30.0)

107/321 
(33.3)

149/391 
(38.1)

254/487 
(52.2)

   Unadjusted 0.34 
(0.27–0.42)

0.47 
(0.39–0.57)

0.62 
(0.51–0.74)

1 (ref) <0.001 0.39 
(0.28–0.55)

0.46 
(0.34–0.61)

0.56 
(0.43–0.74)

1 (ref) <0.001

   Multivariable 0.34 
(0.27–0.42)

0.49 
(0.40–0.60)

0.65 
(0.54–0.79)

1 (ref) <0.001 0.42 
(0.30–0.60)

0.48 
(0.36–0.65)

0.59 
(0.44–0.78)

1 (ref) <0.001

Values are presented as number (%) or odds ratio (95% confidence interval). Multivariable analysis adjusted for age, smoking status, alcohol 
consumption, regular exercise, hypertension, triglyceride, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol. NFS, low 
(<−1.455), intermediate (−1.455 to 0.676), high (>0.676).
NFS, NAFLD fibrosis score; NAFLD, nonalcoholic fatty liver disease; SMA, skeletal muscle area; BMI, body mass index; NAMA, normal attenu-
ation muscle area; TAMA, total abdominal muscle area; LAMA, low attenuation muscle area.

TAMA, LAMA/BMI, and the NFS were analyzed by Pearson cor-
relation coefficients in each sex (Supplementary Fig. 3). All four 
myosteatosis indices and the NFS showed statistically significant 
correlations in each sex (P<0.001 for all). Decreasing NFS values 
were observed for SMA/BMI (r=−0.161 in men, r=−0.195 in 
women), NAMA/BMI (r=−0.242 in men, r=−0.297 in women), 
and NAMA/TAMA (r=−0.260 in men, r=−0.322 in women). 
Conversely, increasing NFS values were found for LAMA/BMI 
(r=0.245 in men, r=0.270 in women). A similar relationship was 

observed between SMA/BMI, NAMA/BMI, NAMA/TAMA, 
LAMA/BMI, and the FIB-4 score (P<0.001 for all) (Fig. 1).

Area under ROC curves of myosteatosis indices for 
NAFLD risk and severity
The myosteatosis indices each showed a moderate predictive 
ability for NAFLD risk and severity. LAMA/BMI showed the 
highest AUC for NAFLD risk (AUC, 0.608), followed by 
NAMA/TAMA (AUC, 0.568), SMA/BMI (AUC, 0.536), and 
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NAMA/BMI (AUC, 0.509) (Supplementary Table 4). The 
highest AUC for NAFLD severity was demonstrated by 
NAMA/TAMA and LAMA/BMI (both AUC, 0.532). 

DISCUSSION

Our study showed that muscle quality, as assessed by the de-
gree of myosteatosis (increased proportion of muscle fat infil-

tration), was associated with the risk of NAFLD, its severity, 
and liver fibrosis. As the proportion of good quality muscle 
(i.e., NAMA/BMI and NAMA/TAMA) increased, the risk of 
NAFLD decreased. Among the subjects with NAFLD, a higher 
proportion of good quality muscle was also significantly asso-
ciated with a decreased risk of moderate to severe NAFLD in 
men and intermediate to high levels of liver fibrosis in both 
sexes. These relationships remained significant after adjusting 

Table 5. The risk of intermediate/high FIB-4 score compared with low FIB-4 according to myosteatosis indices in patients with 
NAFLD

Variable
Men (n=3,151) Women (n=1,416)

Q1 Q2 Q3 Q4 P for 
trend Q1 Q2 Q3 Q4 P for 

trend

SMA/BMI

   Prevalence 437/946 
(46.2)

328/887 
(37.0)

254/752 
(33.8)

172/566 
(30.4)

262/595 
(44.0)

129/392 
(32.9)

108/280 
(38.6)

30/149 
(20.1)

   Unadjusted 1.97 
(1.58–2.45)

1.34 
(1.07–1.68)

1.17 
(0.92–1.48)

1 (ref) <0.001 3.12 
(2.02–4.81)

1.95 
(1.24–3.06)

2.49 
(1.56–3.97)

1 (ref) <0.001

   Multivariable 1.80 
(1.43–2.27)

1.32 
(1.04–1.67)

1.14 
(0.89–1.45)

1 (ref) <0.001 2.99 
(1.86–4.54)

1.89 
(1.19–2.99)

2.39 
(1.48–3.84)

1 (ref) <0.001

NAMA/BMI

   Prevalence 472/973 
(48.5)

327/869 
(37.6)

234/764 
(30.6)

158/545 
(29.0)

278/610 
(45.6)

139/425 
(32.7)

85/250 
(34.0)

27/131 
(20.6)

   Unadjusted 2.31 
(1.84–2.89)

1.48 
(1.17–1.86)

1.08 
(0.85–1.38)

1 (ref) <0.001 3.22 
(2.05–5.07)

1.87 
(1.17–2.99)

1.98 
(1.21–3.26)

1 (ref) <0.001

   Multivariable 2.15 
(1.70–2.72)

1.46 
(1.15–1.86)

1.09 
(0.85–1.39)

1 (ref) <0.001 2.88 
(1.81–4.59)

1.74 
(1.08–2.81)

1.78 
(1.07–2.96)

1 (ref) <0.001

NAMA/TAMA 

   Prevalence 448/944 
(47.5)

315/850 
(37.1)

267/771 
(34.6)

162/586 
(27.6)

260/562 
(46.3)

136/402 
(33.8)

107/297 
(36.0)

26/155 
(16.8)

   Unadjusted 2.36 
(1.89–2.95)

1.54 
(1.23-1.94)

1.38 
(1.09–1.75)

1 (ref) <0.001 4.27 
(2.72–6.72)

2.54 
(1.59–4.06)

2.79 
(1.72–4.53)

1 (ref) <0.001

   Multivariable 2.18 
(1.73–2.75)

1.50 
(1.19–1.90)

1.36 
(1.07–1.73)

1 (ref) <0.001 4.09 
(2.58–6.48)

2.49 
(1.55–4.00)

2.76 
(1.69–4.51)

1 (ref) <0.001

LAMA/BMI   

   Prevalence 185/616 
(30.0)

270/781 
(34.6)

318/862 
(36.9)

418/892 
(46.9)

63/217 
(29.0)

103/321 
(32.1)

135/391 
(34.5)

228/487 
(46.8)

   Unadjusted 0.49 
(0.39–0.60)

0.60 
(0.49–0.73)

0.66 
(0.55–0.80)

1 (ref) <0.001 0.46 
(0.33–0.65)

0.54 
(0.40–0.72)

0.60 
(0.45–0.79)

1 (ref) <0.001

   Multivariable 0.50 
(0.40–0.63)

0.61 
(0.50–0.75)

0.70 
(0.57–0.85)

1 (ref) <0.001 0.48 
(0.34–0.68)

0.56 
(0.42–0.76)

0.62 
(0.47–0.83)

1 (ref) <0.001

Values are presented as number (%) or odds ratio (95% confidence interval). Multivariable analysis adjusted for age, smoking status, alcohol 
consumption, regular exercise, hypertension, triglyceride, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol. FIB-4, low 
(<1.30), intermediate (1.30–2.66), and high (>2.66).
FIB-4, fibrosis-4; NAFLD, nonalcoholic fatty liver disease; SMA, skeletal muscle area; BMI, body mass index; NAMA, normal attenuation mus-
cle area; TAMA, total abdominal muscle area; LAMA, low attenuation muscle area.
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Fig. 1. Scatter plot of the correlation between myosteatosis indices and the fibrosis-4 (FIB-4) score. SMA, skeletal muscle area; 
BMI, body mass index; NAMA, normal attenuation muscle area; TAMA, total abdominal muscle area; LAMA, low attenuation 
muscle area.
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for other risk factors of NAFLD. To our best knowledge, our 
study is the first to present the association between muscle 
quality measured by CT and the risk of NAFLD, its severity, 
and fibrosis in a large population.

NAFLD is not merely a disease of the liver; its spectrum also 
extends to an elevated risk of CVD, cerebrovascular disease, 
and chronic kidney disease [14]. NAFLD is heterogeneous in 
its pathophysiology, which is often neglected because its diag-
nosis is focused on liver histology [14]. Despite its heterogene-
ity, the underlying pathophysiology of NAFLD involves in-
flammation and insulin resistance [14]. Therefore, NAFLD is 
closely related to metabolic diseases such as obesity, type 2 dia-
betes mellitus, hypertension, and dyslipidemia [14,15]. Our re-
sults also showed that subjects with NAFLD had worse meta-
bolic profiles compared with subjects without NAFLD (Table 1 
and Supplementary Table 1). 

With NAFLD considered a metabolic disorder of the liver, it 
is becoming more critical to identify its risk factors and provide 
proper management for people at risk. Among the various risk 
factors, sarcopenia has been suggested to play a role in the 
pathophysiology of NAFLD [16,17]. For example, decreased 
muscle mass measured by dual energy X-ray absorptiometry 
was associated with an increased risk of NAFLD, independent 
of insulin resistance [16,17]. Additionally, NAFLD patients 
with sarcopenia, as measured by dual energy X-ray absorpti-
ometry, were more likely to have significant liver fibrosis, re-
gardless of obesity and insulin resistance [2]. The risk of NASH 
was also increased in biopsy-proven NAFLD patients with sar-
copenia (measured by bioelectrical impedance analysis) [3]. 
However, because these tools do not consider muscle quality, 
there has been the need for a novel approach to access the de-
gree of myosteatosis which could determine the muscle quality.

CT has emerged as the standard diagnostic tool for quantita-
tively and qualitatively evaluating muscle and fat [10]. In addi-
tion to muscle mass, muscle quality can be measured through 
CT by identifying the low attenuation areas of fat within the 
muscle [9,10]. Most previous studies measured IMAT by CT 
and showed that IMAT was associated with inflammation, in-
sulin resistance, carotid atherosclerosis, and subclinical coro-
nary artery calcification [18-20]. Most recently, our group sep-
arately evaluated LAMA and NAMA and suggested that 
LAMA was associated with an increased risk of subclinical 
coronary atherosclerosis [21]. Collectively, increasing evidence 
has shown the importance of muscle quality in the pathogene-
sis of various cardio-metabolic disorders and NAFLD.

Thus far, a few studies have addressed the association be-
tween muscle quality by CT imaging of the L3 level and 
NAFLD [22,23]. Hsieh et al. [23] used pre-defined cutoff val-
ues of skeletal muscle index (SMA divided by the square of the 
height in meters) and muscle attenuation to determine the 
presence of low skeletal muscle mass and myosteatosis; they 
determined that the prevalence of significant liver fibrosis was 
associated with low skeletal muscle mass and myosteatosis. 
Tanaka et al. [22] quantified SMA, NAMA, and LAMA, divid-
ed these values by BMI, and calculated SMA, NAMA, and 
LAMA indices; however, only the SMA index was significantly 
associated with the prevalence of NAFLD, whereas the NAMA 
and LAMA indices were not significant. In our study with a 
greater number of subjects, not only the SMA index but also 
the NAMA and LAMA indices were significantly associated 
with the prevalence of NAFLD in both sexes. Furthermore, we 
analyzed the relationship between these indices and the severi-
ty of NAFLD and liver fibrosis. The NAMA/TAMA index, 
which also considers IMAT in TAMA, was applied in the anal-
ysis, which demonstrated that a higher NAMA/TAMA index 
(higher proportion of good quality muscle out of TAMA with 
the consideration of IMAT) was associated with a possible pro-
tective effect against NAFLD and liver fibrosis. Our results fur-
ther support the crucial role of good muscle quality and mus-
cle mass in the pathogenesis of NAFLD.

Muscle areas were divided by BMI to adjust for the body 
size. Determining the ideal adjustment method among height, 
weight, and BMI has been a long debate in the field of sarcope-
nia, especially in Asian populations [24]. In previous studies 
about age-related changes in muscle mass or quality of lumbar 
SMA, authors compared the prevalence of sarcopenia or myo-
steatosis with height, weight, or BMI-adjusted indices and 
showed that BMI-adjusted index may be an ideal index for di-
agnosing sarcopenia and myosteatosis [24,25]. Moreover, the 
Foundation for the National Institutes of Health Sarcopenia 
Project proposed a consensus and recommended using BMI-
adjusted appendicular skeletal muscle mass for diagnosis of 
sarcopenia reflecting muscle weakness [26].

Insulin resistance is suggested as a shared pathophysiology 
because myosteatosis increases diacylglycerol (DAG) in mus-
cle, activating DAG-novel protein kinase C, which inhibits in-
sulin signaling [27]. DAG also accumulates in the liver and in-
hibits insulin-mediated glycogen synthesis [27]. Moreover, 
glucose uptake by insulin-dependent glucose transporter 4 in 
muscles is decreased, causing excess glucose to be converted 
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into triacylglycerol in the liver [28]. Decreased physical activity 
and resistance to anabolic hormones impair protein homeo-
stasis in muscle and reduce muscle mass, which is commonly 
observed in NAFLD [28]. Muscle loss decreases basal meta-
bolic rate and mitochondrial capacity, resulting in more mus-
cle wasting [28]. A higher NAMA/TAMA index was previous-
ly associated with greater insulin sensitivity [21]; therefore, 
good muscle quality may have a preventive effect against stea-
totic and fibrotic liver. In our study, subjects with a higher 
NAMA/TAMA index showed favorable metabolic characteris-
tics, including lower blood pressure, fasting glucose, and ho-
meostatic model assessment for insulin resistance values, 
thereby supporting this hypothesis (data not shown).

Chronic inflammation is another possible pathophysiologic 
mechanism linking NAFLD and myosteatosis [27-29]. In 
obese individuals, inflammatory cytokines and adipokines are 
excreted by the excess adipose tissue, stimulating inflammato-
ry cell (macrophage) accumulation [18,29]. These macro-
phages further release proinflammatory cytokines such as C-
reactive protein (CRP), interleukin-6 (IL-6), and tumor necro-
sis factor α [30]. High CRP and IL-6 levels were associated 
positively with total fat mass and negatively with appendicular 
lean mass, suggesting the possible link between inflammation 
and sarcopenia [31]. In our study, we observed a significant 
correlation between plasma high-sensitivity CRP levels and 
myosteatosis indices (Supplementary Table 5), which further 
supports this inflammation-mediated theory. 

Finally, the skeletal muscle has been identified as an active 
endocrine organ that releases a variety of peptides known as 
myokines [28]. Various myokines and hepatokines are also in-
volved in the association between myosteatosis and NAFLD 
[28]. For example, irisin was shown to decrease in obese sub-
jects with NAFLD, whereas myostatin was increased in sub-
jects with muscle wasting and insulin resistance [28,32]. Al-
though we could not measure these organokines in our study 
populations, these cytokines and organokines interact with 
one another in metabolic regulation, contributing to the 
pathophysiology of myosteatosis and NAFLD.

Myosteatosis caused by these complex mechanisms, leads to 
mitochondrial dysfunction, myocellular death, and abnormal 
secretion of myokines, disrupting hormone interactions with 
fat and liver, ultimately developing NAFLD [32]. Evidence sug-
gests that skeletal muscle health is associated with outcome 
and progression of NAFLD, as one Korean study showed that 
sarcopenia was more prevalent in NASH group, compared to 

control and NAFLD groups (35.0% vs. 8.7% and 17.9% respec-
tively, P<0.001) [33]. Additionally, the prevalence of sarcope-
nia was greater in patients with NAFLD-associated liver fibro-
sis in Western studies [34,35]. Therefore, effective manage-
ment stop and reverse the progression of skeletal muscle dys-
function due to myosteatosis are expected to have a beneficial 
effect on the progression and outcomes in all stages of NAFLD.

The myosteatosis indices in our study did not show a signifi-
cant association with NAFLD severity in women (Table 3). 
Previous studies have indicated that NAFLD is more prevalent 
in men, and estrogen is considered to have a protective effect 
against NAFLD [36]. The results regarding sex differences in 
the severity of NAFLD and liver fibrosis are conflicting [36,37]. 
We believe that the lack of association in women might be due 
to the relatively smaller number of female patients with mod-
erate to severe NAFLD (541 female patients compared with 
1,237 male patients). Additionally, the study population is rela-
tively young, and the premenopausal women are known to be 
protected against NAFLD as they are from CVD [36]. Howev-
er, additional studies are necessary to validate the cause of this 
sex difference in the association between muscle quality and 
NAFLD severity.

This study has some limitations. First, this study was con-
ducted retrospectively based on cross-sectional data. Second, 
selection bias may be present, and possible positive and nega-
tive predictive values should be considered because the study 
population was composed of people who voluntarily partici-
pated in routine health examinations. Third, muscle strength 
was only indirectly estimated by muscle quality on CT. Previ-
ous studies have shown that grip strength is a simple and reli-
able tool for assessing muscle strength and predicting adverse 
outcomes [38]. Unfortunately, grip strength was not included 
in our center’s routine health examination. Fourth, while sub-
cutaneous fat in the lower part of the body has been suggested 
to predict cardio-metabolic diseases [39], our study only mea-
sured myosteatosis at the L3 level on CT, so lower extremity 
muscle and fat distribution was not covered. Still, measuring 
the abdominal skeletal muscles at L3 level were favored in pre-
vious studies [6] and were commonly used to evaluate sarco-
penia in previous studies [40,41] because this could be mea-
sured opportunistically without additional cost or radiation 
exposure by using the clinical abdominal CT scans obtained 
during routine care. Lastly, since the study subjects were diag-
nosed with NAFLD during routine health exams, the diagnosis 
of NAFLD was made by morphologic changes detected by ul-
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trasound, although the gold standard is a liver biopsy. Al-
though it is widely used due to its low cost, safety and accessi-
bility, its specificity for the diagnosis of NAFLD is relatively low 
because it can detect hepatic steatosis only when it is greater 
than 25% to 30% [11]. Similarly, the severity and the extent of 
hepatic fibrosis were classified by calculating non-invasive 
markers without performing a liver biopsy. Although NFS and 
FIB-4 are among the most widely validated and recommended 
tests given their low cost and accessibility in routine clinical 
practice, these markers might not be the most adequate mea-
sures of hepatic fibrosis in the general population owing to 
their low sensitivity for the non-advanced fibrosis [42].

Despite these limitations, our study has several strengths. 
This is the first large population study showing the association 
between myosteatosis and NAFLD as well as its severity and 
liver fibrosis. Previous studies were either large population 
studies measuring muscle mass through bioelectrical imped-
ance analysis [3] and dual energy X-ray absorptiometry 
[2,4,16,17] or small population studies using abdominal CT 
[23]. Additionally, we divided the abdominal muscle area ac-
cording to muscle quality: good quality (NAMA) and poor 
quality (IMAT and LAMA). This was the first attempt to sug-
gest the NAMA/TAMA index, which is originally developed in 
our group [25], as a predicting factor for NAFLD and liver fi-
brosis. The NAMA/TAMA index may help identify subjects at 
a high risk of NAFLD and liver fibrosis for further liver evalua-
tion (e.g., transient elastography or liver biopsy) and proper 
treatment.

In conclusion, a higher proportion of good quality muscle 
was associated with a significantly lower prevalence of NAFLD 
and liver fibrosis. Conversely, poor muscle quality is suggested 
to be a potential risk factor for NAFLD and liver fibrosis. 
Therefore, subjects with previous abdominal CT scans may 
benefit from measuring muscle area and quality to evaluate the 
risk of NAFLD. By encouraging intensive lifestyle modifica-
tion, individuals at high risk may improve their muscle quality 
and prevent NAFLD progression. Further prospective studies 
applying the new index to identify the risk status of individuals 
are necessary for use in clinical practice.

SUPPLEMENTARY MATERIALS
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SUPPLEMENTARY METHODS

Study population
Each subject completed a questionnaire addressing medica-
tions; previous medical and surgical history; and drinking, 
smoking, and exercise habits. Drinking habits were calculated 
as grams per day; smoking habits were classified as never, pre-
vious, or current; and exercise habits were defined as perform-
ing moderate-intensity physical activity for at least 30 minutes 
for 5 days per week or vigorous-intensity aerobic activity for at 
least 20 minutes for 3 days per week [1].

Definitions of nonalcoholic fatty liver disease and liver 
fibrosis
Nonalcoholic fatty liver disease (NAFLD) was diagnosed with 
hepatic ultrasonography (Ultrasound Systems IU22, Philips, 
Holland) by expert radiologists unaware of the patients’ health 
data. Fatty liver was diagnosed according to characteristic ul-
tra-sonographic findings, such as parenchymal brightness, liv-
er-to-kidney contrast, blurring vessels, focal sparing, and nar-
rowing of the lumen of the hepatic veins [2]. Fatty liver severity 
was classified as non-fatty liver, mild, or moderate to severe 
fatty liver according to the findings of the bright liver, hepa-
torenal echo contrast, the blurring of vessels, and deep attenu-
ation of the ultrasound signal [3].

Surrogate markers used to predict the presence of NAFLD 
were also used to evaluate the association of myosteatosis indi-
ces and steatosis indices such as Hepatic Steatosis Index (HSI) 
and Simple NAFLD score (SNS). HSI was calculated from the 
equation: 8×alanine aminotransferase (ALT)/aspartate ami-
notransferase (AST) ratio+body mass index (BMI; +2, if dia-
betes; +2, if female) [4]. SNS was calculated as suggested by the 
previous study [5]. HIS ≥30 and SNS ≥8 are considered high 
risk for NAFLD [4,5].

The severity of liver fibrosis in patients with NAFLD was de-
termined using two non-invasive markers of liver fibrosis: the 
NAFLD fibrosis score (NFS) and the fibrosis-4 (FIB-4) score 
[6,7] The NFS, which has been validated for assessing the stage 
of fibrosis in patients with NAFLD, was calculated using the 
following formula: NFS=−1.675+0.037×age (years)+0.094× 
BMI (kg/m2)+1.13×impaired fasting glucose or diabetes (yes= 1, 
no=0)+0.99×AST/ALT ratio–0.013×platelet (×109/L) –0.66× 
albumin (g/dL). Subjects were categorized into three NFS groups 
as follows: those with low (<−1.455), intermediate (−1.455 to 
0.676), and high (>0.676) probabilities of advanced fibrosis 

[6]. The FIB-4 score was calculated using the following formu-
la: FIB-4=[age (years)×AST (U/L)]/[platelet count (109/L)× 
ALT (U/L)1/2]. Subjects were categorized into three groups as 
follows: those with low (<1.30), intermediate (1.30 to 2.66), 
and high (≥2.67) FIB-4 index scores [7].

Computed tomography image collection
The abdomen and pelvis computed tomography (CT) examina-
tions were conducted using the Somatom Definition (Siemens 
Healthineers, Erlangen, Germany), Discovery CT750 HD (GE 
Healthcare, Milwaukee, WI, USA), or LightSpeed VCT scanner 
(GE Healthcare). All CT examinations were performed using 
the following parameters: 120 kVp; automated dose modulation 
(CareDose 4D, Siemens Healthineers; automA and smartmA, 
GE Healthcare); matrix 512×512; collimation of 0.625 mm. All 
image data were reconstructed with a slice thickness of 5 mm 
using the filtered back-projection technique with a soft tissue 
reconstruction algorithm (B30f kernel, Siemens Healthineers; 
Standard kernel, GE Healthcare). For contrast enhancement, 
100 to 150 mL of iopromide (Ultravist 370 or Ultravist 300, 
Bayer Schering Pharma, Berlin, Germany) was intravenously 
administered using an automatic power injector.

Assessment of skeletal muscle area 
Skeletal muscle mass and body fat mass were measured via a 
direct segmental multi-frequency bioelectrical impedance 
analysis using the InBody 720 (InBody Co. Ltd., Seoul, Korea). 
Body composition was evaluated with abdomen CT using an 
automated artificial intelligence software developed with a ful-
ly convolutional network segmentation technique [8]. The 
software automatically selected the axial CT slice at the L3 ver-
tebrae inferior endplate level. The selected CT images were 
then automatically segmented to generate the boundary of to-
tal abdominal muscle area (TAMA), visceral fat area, and sub-
cutaneous fat area. The TAMA included all muscles on the se-
lected axial images (i.e., psoas, para-spinal, transversus ab-
dominis, rectus abdominis, quadratus lumborum, and internal 
and external obliques). An image analyst and a radiologist 
blinded to the clinical information reviewed all selected CT 
slices and segmented areas.
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