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adipose tissue level were found to be significantly associated 
with reduced survival. ALD cirrhosis (hazard ratio [HR], 
2.43; 95% confidence interval [CI] 1.12–5.28) and ΔSMA/
year ≤  − 3.1% (HR, 3.68; 95% CI 2.46–5.52) were also pre-
dictive of mortality.
Conclusions  These results suggest that ALD cirrhosis 
increases the risk of rapid muscle loss and mortality in 
affected patients.
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MELD	� Model for end-stage liver disease
OR	� Odds ratio
SATA​	� Subcutaneous adipose tissue area
SATI	� Subcutaneous adipose tissue index
SMA	� Skeletal muscle area
SMI	� Skeletal muscle index

Abstract 
Background  Rapid skeletal muscle loss adversely affects 
the clinical outcomes of liver cirrhosis. However, the rela-
tionships between the annual changes in skeletal muscle area 
(ΔSMA/year) and the etiology of cirrhosis, factors associ-
ated with muscle loss, and risk of mortality remains unclear.
Methods  A total of 384 patients who underwent multiple 
computed tomography (CT) scans between March 2004 and 
June 2021 were enrolled in this study (median age, 67 years; 
64% men; median model for end-stage liver disease score, 
9). Body composition and ΔSMA/year were estimated using 
a 3D image analysis system and data from at least two dis-
tinct CT scans. Differences in ΔSMA/year among different 
etiologies of cirrhosis, factors associated with rapid muscle 
loss (defined as ΔSMA/year ≤  − 3.1%), and the association 
between ΔSMA/year and mortality were examined.
Results  Patients with alcohol-associated liver disease 
(ALD) cirrhosis experienced more rapid muscle loss 
(ΔSMA/year, − 5.7%) than those with hepatitis B (ΔSMA/
year, − 2.8%) and hepatitis C cirrhosis (ΔSMA/year, − 3.1%). 
ALD cirrhosis was independently associated with ΔSMA/
year ≤  − 3.1% after adjusting for age, sex, and liver func-
tional reserve. Over a median follow-up period of 3.8 years, 
ALD cirrhosis, ΔSMA/year ≤  − 3.1%, and low subcutaneous 
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VATA​	� Visceral adipose tissue area
VATI	� Visceral adipose tissue index

Introduction

Progressive and generalized loss of skeletal muscle mass is 
a major life-threatening complication of liver cirrhosis (LC) 
[1]. This phenomenon is highly prevalent among patients 
with LC, and its incidence in this population is significantly 
higher than that among patients with other chronic diseases 
or cancer [2]. Moreover, it increases the risk of adverse out-
comes such as falls, fractures, infections, hepatic encepha-
lopathy (HE), and hepatic decompensation and negatively 
affects clinical outcomes such as treatment efficacy for LC 
as well as hepatocellular carcinoma (HCC), overall survival, 
waiting-list and post-liver transplantation mortality, and 
rates of perioperative complications [3–6]. Recent evidence 
shows that nutritional interventions, such as branched-chain 
amino acids (BCAAs) supplementation, exercise therapy, 
and their combination, may prevent or ameliorate muscle 
atrophy and improve the prognosis of patients with cirrhosis 
[7–13]. Therefore, identifying patients at high risk of rapid 
skeletal muscle loss and susceptibility to sarcopenia is an 
important step in the efficient implementation of therapeutic 
interventions for LC.

The time-course change in skeletal muscle area per year 
(ΔSMA/year) is considered as an important factor for esti-
mating the risk of adverse outcomes in patients with LC, 
as muscle mass changes significantly during the clinical 
course of the disease [14–17]. The annual rate of muscle 
loss in patients with cirrhosis has been shown to be more 
than twice that among healthy individuals, and this rate is 
further accelerated in patients with more advanced liver 
disease, such as Child–Pugh class C cirrhosis [14]. Accu-
mulating evidence shows that older age, male sex, lower 
body mass index, increased severity of liver disease, and 
alcohol-associated liver disease (ALD) are associated with 
sarcopenia in patients with LC [4, 18]. However, most stud-
ies on the factors associated with sarcopenia have focused 
on the condition of patients at the time of diagnosis, and few 
have examined the factors involved in the ongoing loss of 
muscle mass that leads to the development of sarcopenia.

In recent years, the proportion cirrhosis due to alcohol 
consumption has increased [19], possibly due to significant 
advances in the treatment viral hepatitis; thus, the increas-
ing number of patients with ALD cirrhosis and their poor 
prognosis has emerged as a major healthcare problem. Nota-
bly, unlike other LC etiologies, ALD cirrhosis is associated 
with severe muscle loss regardless of liver disease sever-
ity [16], and sarcopenia is more common in ALD cirrhosis 
than in non-ALD cirrhosis [4]. However, the effects of the 
underlying etiology of cirrhosis, and of ALD in particular, 

on ΔSMA/year and other clinical outcomes are not well 
understood.

The aim of this study was to investigate the chronologi-
cal changes in skeletal muscle mass in patients with ALD 
and viral cirrhosis. We also sought to identify key factors 
influencing rapid muscle loss and to assess their impact on 
the prognosis of patients with LC. The findings of this study 
could provide answers to important clinical questions and 
facilitate the development of more effective strategies for 
the treatment of cirrhosis-related muscle loss by providing 
a basis for identifying high-risk and poor prognosis patient 
groups.

Methods

Study design, ethical considerations, and outcomes

This retrospective cohort study included 384 patients with 
cirrhosis but without HCC at enrollment who underwent 
multiple computed tomography (CT) scans at Gifu Univer-
sity Hospital between March 2004 and June 2021. Data on 
patient clinical characteristics and laboratory results were 
collected within 1 month of the first CT scan. Patients were 
followed-up on an outpatient basis every 1 to 3 months at 
the discretion of their physicians in accordance with the 
standard clinical practice guidelines for cirrhosis [20, 21] 
until death or December 31, 2023. Informed consent was 
obtained from all participants using the opt-out method. 
The study protocol conformed to the ethical principles of 
the 1964 Declaration of Helsinki and its subsequent amend-
ments and was reviewed and approved by the Ethics Com-
mittee of the Gifu University Graduate School of Medicine 
(Approval No. 2024-038).

The primary aim of this study was to assess ΔSMA/year 
in patients with ALD, hepatitis B virus (HBV) cirrhosis, or 
hepatitis C virus (HCV) cirrhosis. The secondary aims were 
to identify factors associated with rapid muscle loss (defined 
as ΔSMA/year ≤ –3.1%) [14] and assess whether accelerated 
loss of muscle mass has a negative impact on the prognosis 
of patients with cirrhosis.

Study population

ALD was diagnosed based on a history of long-term exces-
sive alcohol consumption (more than 50 g/day in women 
and 60 g/day in men) and no other identifiable causes of 
liver disease [22–24]. LC was diagnosed based on physical 
examination, laboratory test results, liver imaging features, 
and histological findings if available. Overt HE was diag-
nosed based on the West Haven criteria. The severity of liver 
dysfunction was determined using the model for end-stage 
liver disease (MELD) and albumin-bilirubin (ALBI) scores.
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The eligibility criteria were age ≥ 20 years and a diagnosis 
of clinically stable ALD, HBV, or HCV cirrhosis. The exclu-
sion criteria were refusal to provide consent for participation 
in the study, pregnancy, acute liver failure, acute-on-chronic 
liver failure, history of organ transplantation, history of tran-
sjugular intrahepatic portosystemic shunt procedures, active 
malignancies (including HCC), neurological, psychiatric, or 
orthopedic disorders that could lead to muscle wasting, and 
any life-threatening comorbidities (such as severe infection, 
cardiac failure, respiratory failure, and renal failure).

Assessment of body composition

Body composition variables were assessed by quantifying 
the areas of skeletal muscle, subcutaneous adipose tissue, 
and visceral adipose tissue using cross-sectional CT images 
at the level of the third lumbar vertebra (L3), as these are 
considered to be representative of the corresponding whole 
body values [25]. A 3D image analysis system (Synapse 
Vincent; Fujifilm, Tokyo, Japan) that can accurately meas-
ure the boundaries of specific tissues in Hounsfield units 
was used for CT data quantification [19]. The corresponding 
areas (cm2) were then normalized to the square of the height 
(m2) of the patient to obtain the following indices (cm2/m2): 
skeletal muscle index (SMI), subcutaneous adipose tissue 
index (SATI), and visceral adipose tissue index (VATI) [26]. 
L3 level cross-sectional CT measurements were obtained at 
both the initial and final follow-up assessments, which were 
at least 3 months apart (median CT scan interval, 29 months; 
interquartile range, 6–66  months). ΔSMA/year as well 
as annual changes in subcutaneous adipose tissue area 
(ΔSATA/year) and visceral adipose tissue area (ΔVATA/
year) were calculated as described previously [14, 27].

Statistical analysis

Continuous variable data are presented as median and inter-
quartile range values and compared using the Mann–Whit-
ney U test. Categorical variable data are presented as num-
bers and percentages and compared using the chi-square test 
or Fisher’s exact test. Multiple comparisons were performed 
using the Kruskal–Wallis test and Steel–Dwass post hoc test. 
Spearman’s rank correlation coefficient was used to assess 
the relationship between ΔSMA/year and MELD score. 
Survival over time was estimated using the Kaplan–Meier 
method and compared using the log-rank test. Predictors 
of rapid muscle loss were analyzed using univariate and 
multivariate logistic regression models, and the results are 
expressed as odds ratios (ORs) with 95% confidence inter-
vals (CIs).

Optimal SATI cut-off values for predicting mortality 
were established using receiver operating characteristic 
curve analysis, and the ability of a model to distinguish 

between outcome groups was assessed using the area under 
the receiver operating characteristic curve (AUC). The 
maximum point of the Youden index “sensitivity + specific-
ity − 1” was selected as the optimal cut-off point. Significant 
predictors of mortality were determined using univariate and 
multivariate Cox proportional hazard models, and the results 
are presented as hazard ratios (HRs) and 95% CIs. A mul-
tivariate Cox proportional hazards model was also created 
based on variables of interest such as cirrhosis etiology and 
ΔSMA, body composition factors significantly associated 
with mortality (P < 0.05) in univariate analysis with, and 
known risk factors of mortality in patients with cirrhosis 
such as age, sex, MELD score, and ALBI score. Specifically, 
we employed two models due to the use of different indica-
tors to assess hepatic reserve function. Model 1 utilized the 
MELD score as an indicator of liver dysfunction severity, 
while Model 2 used the ALBI score instead. All tests were 
two-sided, and the significance level was set at P < 0.05. 
JMP Pro 17 (SAS Institute Inc., Cary, NC, USA) was used 
for all statistical analyses.

Results

Patient characteristics

A total of 384 patients with cirrhosis were included in 
this study (244 [64%] male, median age: 67 years, median 
MELD score: 9, median ALBI score: − 1.85). Overall, 174 
(45%) patients had ascites, 28 (7%) had overt HE, and 98 
(26%) had diabetes mellitus. LC was attributed to either 
ALD (32%), HBV (11%), or HCV (57%). Patients with 
ALD cirrhosis were younger, more likely to be male, and 
had higher MELD scores, SMI, and VATI but lower SATI 
than those with viral cirrhosis (Table 1).

Time‑course changes in SMA

ΔSMA/year was − 5.7%, − 2.8%, and − 3.1% for ALD, HBV, 
and HCV cirrhosis, respectively. These findings suggest 
that patients with ALD cirrhosis have more rapid skeletal 
muscle wasting than those with HBV or HCV cirrhosis 
(Fig. 1a). There were no significant differences between 
the three groups in terms of ΔSATA/year or ΔVATA/year. 
Additionally, the prevalence of rapid muscle loss (ΔSMA/
year ≤  − 3.1%) was significantly higher among patients 
with ALD cirrhosis (70.2%) than among those with HBV 
(48.8%) and HCV (50.2%) cirrhosis (Fig. 1b). Male patients 
had faster muscle loss (ΔSMA/year, − 4.5%) than female 
patients (ΔSMA/year, − 2.8%) (Fig.  1c). Furthermore, 
ΔSMA/year was negatively correlated with the severity of 
liver disease (r =  − 0.11, P = 0.034) (Fig. 1d). In addition, 
we investigated the association between ΔSMA/year and 
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both Child–Pugh classification and ALBI classification. The 
results showed a negative correlation between ΔSMA/year 
and both Child–Pugh classification (P = 0.004) and ALBI 
classification (P = 0.014).

Predictors of rapid muscle loss

Seven variables were found to be significantly associated 
with ΔSMA/year ≤  − 3.1%—ALD, sex, ascites, MELD 

Table 1   Characteristics of the study population

Data are presented as numbers (percentages) or median (interquartile range) values
ALBI Albumin-bilirubin; ALD alcohol-associated liver disease; HBV hepatitis B virus; HCV hepatitis C virus; HE hepatic encephalopathy; 
MELD model for end-stage liver disease; SATA​ subcutaneous adipose tissue area; SATI subcutaneous adipose tissue index; SMA skeletal muscle 
area; SMI skeletal muscle index; VATA​ visceral adipose tissue area; VATI visceral adipose tissue index
*Continuous and categorical data were compared using the Kruskal–Wallis test and Chi-square test, respectively

Characteristics ALD HBV HCV P value*
(n = 124, 32%) (n = 41, 11%) (n = 219, 57%)

Age, years 60 (53 to 70) 68 (59 to 74) 69 (63 to 76)  < 0.001
Men 108 (87) 21 (51) 115 (53)  < 0.001
Body mass index, kg/m2 22.6 (20.4 to 24.7) 22.5 (20.9 to 24.6) 23.0 (21.1 to 25.3) 0.250
Diabetes 38 (31) 13 (32) 47 (22) 0.109
Ascites 66 (53) 21 (51) 87 (40) 0.039
Overt HE 9 (7) 4 (10) 15 (7) 0.806
MELD score 10 (8 to 13) 10 (7 to 12) 8 (7 to 10) 0.001
ALBI score  − 1.81 (− 2.27 to  − 1.20)  − 1.82 (− 2.42 to  − 1.13)  − 1.88 (− 2.36 to  − 1.35) 0.411
Albumin, g/dL 3.1 (2.5 to 3.60) 3.0 (2.5 to 3.8) 3.2 (2.6 to 3.7) 0.357
Creatinine, mg/dL 0.75 (0.64 to 1.02) 0.71 (0.55 to 0.80) 0.73 (0.58 to 0.90) 0.047
Sodium, mEq/L 138 (135 to 140) 139 (135 to 141) 139 (138 to 141)  < 0.001
Total bilirubin, mg/dL 1.1 (0.8 to 1.8) 1.0 (0.7 to 1.6) 1.1 (0.8 to 1.6) 0.569
International normalized ratio 1.13 (1.05 to 1.29) 1.22 (1.00 to 1.41) 1.08 (1.02 to 1.17) 0.002
Ammonia, μg/dL 63 (44 to 95) 59 (42 to 73) 58 (42 to 88) 0.364
SMI, cm2 45.4 (38.3 to 51.2) 39.9 (35.3 to 46.5) 44.1 (38.4 to 50.5) 0.046
SATI, cm2 25.3 (13.4 to 37.4) 42.8 (20.6 to 56.9) 36.2 (20.3 to 59.4)  < 0.001
VATI, cm2 39.8 (26.1 to 58.0) 29.6 (17.4 to 44.0) 30.1 (19.4 to 48.6) 0.005

Fig. 1   Changes in skeletal 
muscle area in patients with 
liver cirrhosis a comparison of 
ΔSMA/year in patients with 
ALD, HBV, and HCV cir-
rhosis. b Prevalence of ΔSMA/
year ≤  − 3.1% for each etiology. 
c Comparison of ΔSMA/year 
between sexes. d Correlation 
coefficients between ΔSMA/
year and MELD score. Data 
were analyzed using the Mann–
Whitney U test, Kruskal–Wallis 
test, Steel–Dwass test, Pearson’s 
Chi-square test, and Spearman’s 
rank correlation coefficient. 
ALD alcohol-associated liver 
disease; HBV hepatitis B virus; 
HCV hepatitis C virus; MELD 
model for end-stage liver dis-
ease; ΔSMA change in skeletal 
muscle area
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score, international normalized ratio, SMI, and SATI. Mul-
tivariate analysis showed that ALD (OR, 2.25; 95% CI 
1.05–4.81 vs. HBV and OR, 2.19; 95% CI 1.30–3.69 vs. 
HCV), age (OR, 1.03; 95% CI 1.01–1.05), male sex (OR, 
1.71; 95% CI 1.08–2.71), and MELD score (OR, 1.08; 95% 
CI 1.01–1.15) were be significantly associated with ΔSMA/
year ≤  − 3.1% in patients with LC (Table 2).

Rapid muscle loss and overall survival

Patients were followed up for a median of 3.8 years (inter-
quartile range, 1.5–6.8 years) until either death (n = 141) or 
censoring (n = 243). None of the patients underwent liver 
transplantation during the follow-up period. Of the 141 
patients who died, 89 died of liver failure, 25 of HCC, 4 of 
infection, 3 of non-hepatic malignancy, 2 of variceal bleed-
ing, and 18 of other causes. Patients with ALD cirrhosis had 
a higher risk of mortality than those with HBV cirrhosis 
(P = 0.008, Fig. 2a), with an HR of 2.76 (95% CI 1.31–5.84). 
Patients with ΔSMA/year ≤  − 3.1% had a higher risk of 

mortality than those with ΔSMA/year >  − 3.1% (P < 0.001, 
Fig. 2b), with an HR of 3.80 (95% CI 2.60–5.56). The 1-, 
3-, 5-, and 10-year survival probabilities among patients 
with ΔSMA/year ≤  − 3.1% were 86%, 67%, 53%, and 14%, 
respectively, as compared with 93%, 89%, 85%, and 67%, 
respectively, among those with ΔSMA/year >  − 3.1%. 
In a subgroup analysis by etiology, patients with ΔSMA/
year ≤  − 3.1% had a lower overall survival rate than those 
with ΔSMA/year >  − 3.1% for ALD cirrhosis as well as 
HBV and HCV cirrhosis (Supporting Information Fig. S1).

In the overall cohort, SATI ≤ 35.8 cm2/m2 was found to be 
independently associated with mortality (AUC: 0.60, 95% 
CI 0.54–0.66, P < 0.01). Patients with SATI ≤ 35.8 cm2/m2 
had a higher risk of mortality than those with SATI > 35.8 
cm2/m2 (P < 0.001, Fig. 2c), with an HR of 2.02 (95% CI 
1.42–2.87). The 1-, 3-, 5-, and 10-year survival probabili-
ties were 83%, 69%, 60%, and 33% among patients with 
SATI ≤ 35.8 cm2/m2, compared with 96%, 85%, 77%, and 
59% among those with SATI > 35.8 cm2/m2, respectively. 
In a subgroup analysis, a low level of adipose tissue was 
associated with increased mortality in both male (P = 0.039) 
and female patients (P < 0.001).

Rapid muscle loss and mortality in patients with LC

ΔSMA/year, ALD, ascites, overt HE, MELD score, ALBI 
score, international normalized ratio, SATI, and albumin, 
creatinine, sodium, total bilirubin, and ammonia lev-
els were found to be significant risk factors for mortality 
according to the univariate Cox regression analysis. As 
shown in Table 3, the multivariate analysis model 1 identi-
fied the following risk factors: ΔSMA/year ≤  − 3.1% (HR, 
3.68; 95% CI 2.46–5.52), SATI ≤ 35.8 cm2/m2 (HR, 1.70; 

Table 2   Multivariate model for rapid muscle loss

ALD Alcohol-associated liver disease; CI confidence interval; HBV 
hepatitis B virus; HCV hepatitis C virus; MELD model for end-stage 
liver disease; OR odds ratio

OR (95% CI) P value

Age 1.03 (1.01–1.05) 0.007
Men vs. women 1.71 (1.08–2.71) 0.022
ALD vs. HBV 2.25 (1.05–4.81) 0.036
ALD vs. HCV 2.19 (1.30–3.69) 0.003
MELD score 1.08 (1.01–1.15) 0.017

Fig. 2   Survival curves for patients with a ALD, HBV, and HCV cir-
rhosis, b ΔSMA/year) ≤  − 3.1% and >  − 3.1%, and c high (> 35.8 
cm2/m2) and low SATI (≤ 35.8 cm2/m2). Survival over time was 
estimated using the Kaplan–Meier method and compared using the 

log-rank test. ALD alcohol-associated liver disease; HBV hepatitis B 
virus; HCV hepatitis C virus; ΔSMA change in skeletal muscle area; 
SATI subcutaneous adipose tissue index
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95% CI 1.17–2.47), and ALD vs. HBV (HR, 2.43; 95% CI 
1.12–5.28), independent of the MELD score in patients with 
LC; multivariate model 2 identified ΔSMA/year ≤  − 3.1% 
(HR, 3.73; 95% CI 2.48–5.62), SATI ≤ 35.8 cm2/m2 (HR, 
1.55; 95% CI 1.07–2.25), and ALD vs. HBV (HR, 2.86; 95% 
CI 1.30–6.29) as being significantly associated with mortal-
ity independent of the ALBI score.

We further investigated the synergistic impact of the high-
risk group (defined as ΔSMA/year ≤ –3.1% and SATI ≤ 35.8 
cm2/m2) on the prognosis in all subjects and in each etiology. 
The results showed that mortality in the total cohort was 
significantly higher in the high-risk group than in the other 
groups (HR, 3.24; 95% CI 2.23–4.70). Similar results were 
found in the ALD (HR, 3.16; 95% CI 1.71–5.84) and HCV 
cirrhosis (HR, 3.47; 95% CI 2.08–5.77) groups, but no such 
association was found in the HBV cirrhosis group (HR, 1.03; 
95% CI 0.16–6.69) (new Supplementary Table 1).

Discussion

Muscle loss is a significant predictor of mortality in patients 
with LC and should be actively assessed in routine clinical 
practice [1]. In particular, it is important to identify patients 
at high risk of rapid muscle loss leading to sarcopenia [28]. 
Many studies focused on the incidence of sarcopenia [18], 
but our study, which comprehensively examined the longitu-
dinal loss of muscle mass and its associated factors, revealed 
two important findings. The first is that ALD cirrhosis was 
associated with a two-fold faster decline in skeletal muscle 
mass than viral cirrhosis. Moreover, ALD cirrhosis, older 
age, male sex, and advanced liver disease were all indepen-
dently associated with an increased risk of rapid muscle loss. 

The second finding was that ALD cirrhosis, rapid muscle 
loss, and low subcutaneous adipose tissue level were asso-
ciated with an increased risk of mortality independently of 
well-established prognostic factors such as MELD and ALBI 
scores.

The annual rate of muscle loss in younger adults is about 
0.5%, compared with 1.0% in older adults [29]. In patients 
with chronic liver disease, the annual rate of skeletal mus-
cle loss increases with the severity of cirrhosis progression 
(from − 1.3% in Child–Pugh class A patients to − 3.5% in 
class B and − 6.1% in class C patients) [14, 16, 27]. Sarco-
penia affects 30–70% of patients with LC, with the preva-
lence varying according to the underlying causes [1, 28]. 
For example, the prevalence of sarcopenia in cirrhosis due 
to ALD is 80%, compared with 10–40% in cirrhosis due to 
non-alcoholic steatohepatitis, viral hepatitis, or autoimmune 
hepatitis [16, 24]. The present findings, showing that the rate 
of skeletal muscle loss is significantly faster in ALD cirrho-
sis (− 5.7%) than in cirrhosis caused by HBV (− 2.8%) or 
HCV (− 3.1%) and that 70% of patients with ALD cirrhosis 
were in the poor prognosis group due to skeletal muscle loss, 
are in agreement with those of previous reports.

The present findings of close associations between rapid 
muscle loss and ALD cirrhosis, older age, male sex, and 
advanced liver dysfunction are also consistent with those of 
previous studies [16, 17]. Meta-analyses have also shown an 
association between ALD, male sex, and Child–Pugh class 
C cirrhosis and sarcopenia [4]. Patients with ALD cirrho-
sis often present with accelerated starvation, malnutrition, 
and severe liver dysfunction at the time of diagnosis [3, 
28], suggesting a propensity for early muscle wasting and a 
higher susceptibility to sarcopenia. Excessive alcohol con-
sumption may also lead to alcohol-related muscle myopathy 
[30], which potentially causes rapid muscle loss compared to 
other etiologies and affects the results of our study. Ethanol 
and acetaldehyde also increase the levels of inflammatory 
cytokines and endotoxins, impair hepatic ureagenesis and 
mitochondrial function, and increase autophagy and levels of 
muscle ammonia as well as myostatin, a negative regulator 
of skeletal muscle growth [31, 32]. These factors result in 
impaired protein synthesis and increased proteolysis, leading 
to accelerated muscle breakdown and subsequent sarcope-
nia. In addition, sarcopenia and liver dysfunction may also 
contribute to muscle loss in cirrhosis [22, 28]. In addition, 
HCC development and its treatment may affect skeletal mus-
cle mass and prognosis [11, 12]. In this regard, we analyzed 
the impact of HCC development during the CT scan inter-
val on the ΔSMA/year. Among the total cohort of patients, 
85 (22%) developed HCC during this period. The results 
showed no significant difference in the ΔSMA/year between 
patients with and without HCC occurrence (P = 0.104). We 
hypothesize that the small number of patients with HCC had 
a limited impact on the ΔSMA/year.

Table 3   Prognostic factors among patients with cirrhosis

ALBI Albumin-bilirubin; ALD alcohol-associated liver disease; CI 
confidence interval; HBV hepatitis B virus; HCV hepatitis C virus; 
HR hazard ratio; MELD model for end-stage liver disease; SATI sub-
cutaneous adipose tissue index; ΔSMA change in skeletal muscle area

Characteristics HR (95% CI) P value

Model 1
 ALD vs. HBV 2.43 (1.12–5.28) 0.025
 ALD vs. HCV 0.76 (0.51–1.12) 0.165
 MELD score 1.14 (1.10–1.19)  < 0.001
 ΔSMA/year ≤  − 3.1% 3.68 (2.46–5.52)  < 0.001
 SATI ≤ 35.8 cm2/m2 1.70 (1.17–2.47) 0.005

Model 2
 ALD vs. HBV 2.86 (1.30–6.29) 0.009
 ALD vs. HCV 0.89 (0.59–1.35) 0.586
 ALBI score 2.55 (2.01–3.24)  < 0.001
 ΔSMA/year ≤  − 3.1% 3.73 (2.48–5.62)  < 0.001
 SATI ≤ 35.8 cm2/m2 1.55 (1.07–2.25) 0.021
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In the present study, ALD was an independent predictor 
of mortality in patients with cirrhosis. ALD is the leading 
cause of cirrhosis, liver failure, and liver-related mortality 
worldwide [19]. Furthermore, mortality due to ALD could 
double by 2040 without effective interventions to reduce 
alcohol consumption [33], making alcohol management 
an important health issue. Rapid skeletal muscle mass loss 
(less than -3.1%/year) was also associated with mortality in 
patients with cirrhosis, which is consistent with a previous 
report [14]. A prospective cohort study has also suggested 
that changes in muscle mass may independently predict the 
development of cirrhosis complications [15]. Furthermore, 
the coexistence of sarcopenia and rapid muscle loss predicts 
long-term mortality in patients with cirrhosis, independent 
of liver function reserve and portal hypertension [14, 17]. 
Strategies to improve survival in patients with cirrhosis may 
therefore include treatment to ameliorate progressive muscle 
loss, improvement of nutritional status and liver functional 
reserves, and abstinence from alcohol. Clinical trials have 
shown that nalmefene, an opioid system modulator, reduces 
the total amount of alcohol consumption by over 60% [34] 
and improves liver stiffness and hepatic steatosis as meas-
ured by transient elastography [35]. Since alcohol reduction 
contributes to the improvement of liver‐related complica-
tions and mortality in patients with ALD cirrhosis, nalme-
fene may prevent muscle atrophy and improve prognosis [4, 
36, 37].

Interventional studies have shown that exercise therapy 
improves physical ability and increases muscle mass and 
strength in patients with chronic liver disease, regardless 
of the presence of HCC [10–13]. A meta‑analysis of rand-
omized controlled trials demonstrates that a combination 
of aerobic and resistance exercise reduces serious events, 
such as hepatic failure, HCC, or death, and improves the 
prognosis of patients with liver cirrhosis [10]. Indeed, a 
randomized, double-blind trial has shown that a combined 
nutrition- and exercise-based intervention improved mus-
cle mass in patients with cirrhosis and sarcopenia [38]. 
As a nutritional therapy, BCAA supplementation has also 
been shown to improve skeletal muscle mass and liver 
function reserve and improve the prognosis of patients 
with cirrhosis [6, 38]. BCAAs not only serve as an energy 
substrate in patients with liver cirrhosis but also improve 
liver regeneration, immune function, albumin production, 
ammonia metabolism, and insulin sensitivity. Accumu-
lating evidence demonstrates that these beneficial physi-
ological effects may prevent hepatocarcinogenesis, inhibit 
sarcopenia, and improve the prognosis of patients with 
liver cirrhosis [8, 9]. Given this background, we further 
analyzed the data to investigate the effects of BCAA sup-
plementation on the ΔSMA/year. Among the enrolled 
patients, 195 (51%) received BCAA supplementation. 
The results showed that the ΔSMA was − 4.2% in patients 

treated with BCAAs and − 3.7% in those without BCAA 
supplementation, with no statistically significant differ-
ence between the two groups (P = 0.21). This seemingly 
contradictory result may be attributed to more severe 
liver dysfunction (e.g., higher MELD score) in BCAA-
treated patients compared with non-BCAA-treated patients 
(P < 0.001), and to unmeasured variables such as alcohol 
abstinence, dietary intake and habits, and daily physical 
activity levels [1].

The results of the present study clarified that loss of 
subcutaneous adipose tissue in addition to that of muscle 
mass increased the risk of mortality in patients with LC. 
Similar findings have been confirmed for patients with 
hematological malignancies and gastrointestinal, renal, 
and respiratory cancers [39, 40]. Recent studies also sug-
gest that a low SATI can predict increased portal hyperten-
sion, liver-related decompensation, and mortality [26, 41]. 
As subcutaneous adipose tissue serves as the body’s main 
energy reserve, a low SATI could indicate a significant 
depletion of energy reserves due to cirrhosis, which could 
be one of the reasons for worse clinical outcomes [26].

The present study has several limitations. First, it was 
a single-center, retrospective study, and was thus limited 
with regard to the availability of accurate relevant infor-
mation on skeletal muscle loss, such as regarding alcohol 
abstinence, alcohol-related muscle myopathy, eradication 
or suppression of the hepatitis virus infection by antivi-
ral therapy, HCC development and its treatment, dietary 
intake and habits, and daily physical inactivity [1, 12, 
42, 43]. Second, the limited etiologically relevant patient 
backgrounds may have introduced selection bias. Third, 
as age-related muscle loss is not uniform throughout the 
body—for example, the annual rate of leg muscle loss 
in chronic liver disease is faster than that of the trunk 
muscles [29]—the results of the present study may not 
accurately reflect the true rate of skeletal muscle loss in 
LC. Despite these limitations, the detailed quantification 
of muscle mass and adipose tissue in a large number of 
patients (n = 384), representation of the full spectrum of 
LC, use of CT, which is the gold standard for body compo-
sition assessment in cirrhosis [1, 28], long-term follow-up 
of the study cohort for more than 4 years, and the appro-
priate statistical estimation of the risk of muscle loss and 
mortality are major strengths of this study.

In conclusion, we provide convincing evidence that the 
rate of skeletal muscle loss in ALD cirrhosis is faster than 
that in viral cirrhosis. Our data also suggest a strong asso-
ciation between ALD and rapid skeletal muscle loss, both 
of which predict mortality in patients with LC, regardless 
of liver disease severity. However, further prospective stud-
ies on larger numbers of patients with various underlying 
etiologies from multiple centers are needed to validate our 
findings.
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