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Abstract: Sarcopenia, a pathologic deficiency of muscle mass and function, has emerged as an important secondary feature of many 
chronic disease states. For adults with end stage liver disease, there are multiple mechanisms which contribute to sarcopenia and its 
presence has proven to be an important predictor of morbidity and mortality. In children, there are only a limited number of reports 
which investigate the role of sarcopenia in liver disease. These studies, which are discussed and summarized in this review, report 
small, single-center analyses with dissimilar study cohorts and varying clinical definitions. Still, children meeting the study entry 
criteria have sarcopenia with a reported prevalence of 24–70%. When assessed, sarcopenia appears to be associated with more severe 
disease but is independent of the Pediatric End-Stage Liver Disease (PELD) score and does not correlate with age, gender, or 
traditional anthropometric measures such as weight, height, weight-for-height, or body mass index (BMI). While individual studies 
may identify sarcopenia as a statistically significant risk factor for certain post-transplant outcomes such as longer ICU stay, longer 
duration of intubation, repeat operation, development of serious infection, longer hospital stay, death, or long-term growth failure, such 
associations are not consistently replicated across studies. Finally, although various methods of muscle mass quantification are utilized, 
the most reported is the total psoas muscle surface area (tPMSA) on computed tomography. This method, along with others such as 
skeletal muscle area and skeletal muscle index, have had normative values recently defined and these collective efforts should enable 
researchers a common basis of comparison when delineating sarcopenia, and its impact, across various study populations in future 
investigations – including in children with liver disease. 
Keywords: children, cirrhosis, muscle mass, end-stage liver disease, liver transplant

Background
Defining Sarcopenia
The medical term “sarcopenia” is a neologism with an actively evolving definition. Derived from the Greek words sarx 
(flesh) and penia (loss), it was initially proposed in 1988 to describe the dramatic decline in muscle mass and function 
observed in the elderly. At that time, the clinical relevance was unknown.1 In 2010, the European Working Group on 
Sarcopenia in Older People (EWGSOP) redefined sarcopenia as the presence of low muscle mass accompanied by low 
muscle function (either strength or physical performance)2 and in 2019 revised their definition, indicating low muscle 
strength as the primary parameter with the addition of either low muscle quantity or quality.3 In this report, a detailed 
algorithm was provided for identifying sarcopenia with specific limits for various diagnostic measures. Nonetheless, in 
clinical practice there remains inconsistency in the tools and criteria used to define sarcopenia.4 This reality is 
exacerbated in the pediatric population, who are largely unable to undergo performance-based testing and may have 
difficulty remaining motionless for long imaging studies. Furthermore, age-, ethnicity-, and gender-specific reference 
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values are infrequently established for children.5 Here, we look to provide a broad overview of sarcopenia, focusing on 
the emerging literature describing its prevalence and impact in children with chronic liver disease.

Mechanisms of Sarcopenia in Chronic Liver Disease
In recent years, substantial advances have been made in the understanding of the epidemiology and pathophysiology of 
sarcopenia. Indeed, it is now recognized to be a common secondary feature of many disease states, including adult 
chronic liver disease (CLD) of various etiologies.6 Many mechanisms are thought to contribute to the pathogenesis of 
sarcopenia in CLD (Figure 1) which have been studied extensively at the basic science/preclinical level as well as in 
clinical settings mostly with adult subjects.

Under normal physiological circumstances, skeletal muscle is maintained as a balance between protein synthesis and 
breakdown. Protein synthesis is largely controlled by mammalian target of rapamycin (mTOR) in muscle cells. The 
mTOR pathway is activated by exercise, branched chain amino acids (BCAAs), and hormones such as testosterone, 
insulin, and insulin-like growth factor 1 (IGF-1) through activation of protein kinase B. Conversely, inhibition of muscle 
cell protein synthesis and autophagy are induced by factors such as myostatin, impaired mitochondrial function, insulin 
resistance, and reactive oxygen species.7

Several complications of CLD have been shown to disrupt skeletal muscle homeostasis and contribute to the 
development of sarcopenia. For example, in cirrhosis, reduced hepatic glucose stores incite a glucose starvation response, 
inducing skeletal muscle proteolysis for gluconeogenesis. This results in reduced BCAAs which are essential for 
preservation of muscle mass, leading to muscle degradation. Additionally, impaired ureagenesis and portosystemic 
shunting in patients with CLD result in hyperammonemia which can increase sarcopenia by various mechanisms 
including increased expression of myostatin,8 direct inhibition of mTOR,9 ammonia-mediated mitochondrial dysfunction, 
and the generation of reactive oxygen species.10

Also in cirrhotic liver disease, increased serum aromatase activity and systemic inflammation results in reduced serum 
testosterone levels which contribute to sarcopenia, particularly in males. Otherwise, liver cirrhosis can result in changes 
to the intestinal microbiota leading to increased gut translocation, impaired short-chain fatty acid production, and 
dysregulation of glutathione, a key antioxidant. Such changes will contribute to chronic inflammation and oxidative 
stress which compounds sarcopenia.11

Malnutrition has also been identified an important contributing factor. In CLD patients, sub-optimal nutritional intake 
results from low appetite and/or dyspepsia related to ascites, organomegaly, or medications, despite increased metabolic 

Figure 1 Mechanisms of sarcopenia. 
Abbreviations: BCAA, branched chain amino acids; GH, growth hormone; IGF-1, insulin-like growth factor-1.
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demand.5,12 Additionally, cholestasis results in intestinal malabsorption of fats and fat-soluble vitamins including 
Vitamin D, which is implicated in skeletal muscle homeostasis.7

Ironically, sarcopenia is now increasingly recognized in obese patients with non-alcoholic fatty liver disease.13 While 
the pathogenesis of sarcopenia and NAFLD is complex, insulin resistance is suspected to significantly contribute. In non- 
disease states, insulin acts as an anabolic hormone to stimulate amino acid uptake and protein synthesis as well as 
glucose uptake, glycogen synthesis, triglyceride uptake, and fatty acid synthesis.14 In insulin resistance, these pathways 
are dysregulated and are thought to lead to fat accumulation within muscle tissue and a chronic subclinical inflammatory 
state which may promote muscle degradation and autophagy. Furthermore, the downregulation of the insulin receptor 
pathway results in decreased phosphorylation of protein kinase B and, consequently, decreased activation of several 
pathways for muscle protein synthesis.15 Other factors thought to contribute to the development of sarcopenia in NAFLD 
include 1.) decreased levels of IGF-1, a hormone produced by hepatocytes and myocytes which acts to stimulate muscle 
protein synthesis, 2.) physical inactivity and lower energy expenditure which promote fat deposition and sarcopenia, and 
3.) the pro-inflammatory milieu of NAFLD which results in a state of chronic, low-grade inflammation resulting in 
muscle catabolism via IL-6 and TNF-alpha activity.7

Sarcopenia in Adult Liver Disease
In the adult CLD population, sarcopenia has been found to be a predictor of important adverse post-transplant outcomes 
such as survival,16–21 severe infections,16,18,20,22,23 intensive care unit (ICU) length of stay (LOS),16,19 duration of 
intubation,16,19 total hospital LOS,19,22 and postoperative complications.16,21 For adults awaiting transplantation, sarco-
penia is associated with increased healthcare-related costs24 and incidence of hepatic encephalopathy.25 Additionally, 
sarcopenia has been associated with greater mortality while awaiting transplant independent of the modified end-stage 
liver disease (MELD) scores,16,26 and a modified MELD score model which factored in presence of sarcopenia 
demonstrated improved prediction of mortality.21

Of note, most sarcopenia studies in adults with chronic liver disease identify sarcopenia by measures of muscle mass 
alone.16 Since these studies have demonstrated significant associations, the American Association for the Study of Liver 
Diseases (AASLD) published a practice guideline in 2021 for evaluation and management of sarcopenia in patients with 
cirrhosis, with an operational definition of sarcopenia as the phenotypic manifestation of loss of muscle mass.27 In adults, 
methods of measuring muscle mass have included anthropometrics, bioelectric impedance analysis (BIA), psoas ultra-
sound, Dual energy X-ray absorptiometry (DEXA), magnetic resonance imaging (MRI), and computed tomography 
(CT). The current gold standard for assessment of muscle mass in cirrhosis is by CT. Notably, the use of CT specifically 
for detecting sarcopenia is generally considered impractical. However, as abdominal CTs are often required for other 
indications, these images can also be used to estimate skeletal muscle mass. Typically, muscle mass is reported with the 
skeletal muscle index (SMI) calculated as the cross-sectional muscle area at L3 indexed to height.27

Pediatric Chronic Liver Disease and Sarcopenia
Measuring sarcopenia in pediatric CLD remains an uncommon standard practice. However, several recently published 
studies demonstrate a high prevalence of sarcopenia, as well as an association between sarcopenia and outcomes, 
particularly post-transplant outcomes. The findings of these studies are summarized in Table 1.

Nearly all existing studies investigate muscle mass alone, with the majority quantifying muscle mass by measurement 
of total psoas muscle surface area (tPMSA) on cross-sectional imaging, CT being the most common modality (Figure 2). 
Measurement of tPMSA occurred at several lumbar levels but most often at L3/4 and L4/5. DEXA and BIA were utilized 
for muscle measurement in the remaining studies. As such, there has been variation in the way that sarcopenia has been 
defined. Many of the earlier studies chose to compare outcomes to a measure of muscle mass as a continuous variable; 
such measures include tPMSA, skeletal muscle mass, psoas muscle index (PMI = tPMSA / height), or skeletal muscle 
index.12,28–31 Reference values for tPMSA for children ages 1–16 years were published in 2020 alongside the creation of 
a convenient online tool.32 Since then, most studies have shifted toward defining sarcopenia by tPMSA z-score below –2 
(or equivalently <2 standard deviation [SD] below mean, below 5th percentile) based on criteria utilized by the same 
group. Three of these studies,33–35 utilized reference values for pediatric tPMSA in children aged 1–16 published in 2020 
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Table 1 Summary of Existing Data for Sarcopenia in Pediatric Liver Disease

Author/Year Patient Population Objective 
Measure

Sarcopenia 
Definition

Evaluation Clinical Outcomes

Grutters et al, 

202012

Biliary atresia (n = 80) 

-< 2yo 

-Median age 4.6mo, 65% female

CT: tPMSA at 

L3

Undefined Psoas muscle index (PMI = 

tPMSA/length) vs MUAC

No correlation between PMI and MUAC

Mangus et al, 

201728

ESLD awaiting transplant (n = 35) 

-< 19yo 
-Avg age 7.7yo, 63% female 

-54% BA

CT: tPMSA at 

L2/3

Undefined Sarcopenic index (tPMSA / 

height) in ESLD vs matched 
healthy controls

Compared to controls, ESLD patients had: 

-Sarcopenic index difference of –23% 
-increased visceral fat

Lurz et al, 

201829

ESLD awaiting transplant (n = 23) 

-0–18yo 

-Avg age 0.9yo, 61% female

CT: tPMSA at 

L3/4 and L4/5

Undefined tPMSA in ESLD vs matched 

healthy controls

Significantly lower tPMSA in ESLD patients 

-tPMSA did not correlate to PELD scores 

-Greater tPMSA difference at L4/5

Yodoshi et al, 
202030

NAFLD (n = 100) 
-< 20yo 

– Median age 14yo, 35% female

MRI: tPMSA at 
L2/3

Undefined PMI (tPMSA / length) vs NAFLD 
Activity Score (NAS)

Higher NAS associated with lower PMI

Boster et al, 

202131

Liver transplant candidates (n = 57) 

-0–18yo 

-Median age 1.3yo, 51% female 
-58% BA

CT or MRI: 

tPMSA at L4

Undefined tPMSA in transplant candidates vs 

matched controls

-Transplant candidates had lower mean tPMSA 

-Lower PMSA → increased post-transplant death 

-tPMSA index correlated to weight, height, BMI, MUAC 
z-scores; did not correlate well with PELD score

Woolfson et al, 
202133

ESLD awaiting transplant (n = 25) 
-1–16yo 

-Median age 5.5yo, 64% female 

-24% BA, 24% PSC

CT: tPMSA at 
L4/5

tPMSA z-score < –2 
(per reference values)

tPMSA vs disease severity and 
post-transplant morbidity/ 

mortality

Sarcopenia criteria met in 40% of patients 
-Associated w/ lower weight/height z-scores, longer 

ICU LOS 

-No association w/ PELD score, duration of intubation, 
time to discharge, infection, rejection,

Amevor et al, 
202234

Autoimmune liver disease (n = 52) 
-< 25yo 

-Median age 16yo, 43% female

MRI: tPMSA at 
L3/4

tPMSA < 5th percentile 
(per published 

reference values)

Sarcopenia vs body composition, 
clinical characteristics, reported 

QoL

Sarcopenia criteria met in 24% of BA patients 
-Associated w/ increased visceral fat area and lower 

parent-reported general health scores 

-No difference in corticosteroid history, presence of 
IBD

Verhagen et al, 
202135

CLD post-transplant (n = 101) 
-< 18yo 

-Median age 0.5yo, 58% female 

-68% BA

CT: muscle 
and fat 

measurements 

at L3

tPMSA z-score < −2 
(per control group)

Body metrics indexed by height 
vs liver transplant outcomes

Sarcopenia criteria met in 56% of patients 
-Subcutaneous fat index associated w/ infection risk 

<1yo 

-Significant but weak negative correlation between SMI 
and hospital LOS and ICU stay <1yo 

-No association with PELD scores
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Takeda et al, 
202136

Biliary atresia post-transplant (n = 89) 
-< 12mo 

-Median age 7.6mo, 58% female

CT: tPMSA at 
L3/4 and L4/5

tPMSA z-score < −2 
(per control group)

tPMSA referenced to matched 
healthy controls; compared w/ 

baseline characteristics, post- 

transplant outcomes

Sarcopenia criteria met in 24% of BA patients 
-Sarcopenia associated with longer post-transplant 

operating time, degree of blood loss, portal vein 

stenosis, bloodstream infection, ventilator duration; not 
associated w/ PELD score

Mager et al, 
201937

Post-liver transplant (n = 41) 
-0.5–17yo 

-Avg age 2.3yo, 58% female 

-73% BA

DEXA Skeletal muscle mass 
(SMM) z-score < –2 

(per reference values)

Post-op hospital use 
Post-transplant growth

Sarcopenia criteria met in 41% of patients 
-Sarcopenia → lower post-transplant weight/height 

z-scores 

-Lower SMM → increased post-transplant hospital use 
-No correlation to PELD, rejection, immunosuppression

Kwon and 
Jeong, 202038

NAFLD (n = 53) 
-< 20yo 

-BMI < 23 

-Avg age 10.8yo, 38% female

BIA: muscle 
mass, fat mass

Muscle to body fat ratio 
(MFR) <1SD below 

mean (per reference 

values)

MFR and sarcopenia prevalence 
in NAFLD vs matched healthy 

controls

− 70% NAFLD group met sarcopenia criteria (vs 48% of 
controls)

● NAFLD associated with lower MFR
● NAFLD associated with higher prevalence of 

sarcopenia

Rezende et al, 
201939

Chronic liver disease (n = 85) 
-6–19yo 

-Avg age 11.7yo, 65% female 

-28.2% BA, 21.2% AIH

DEXA + grip 
strength

Both muscle mass (SMI) 
and strength (rMGS) 

below mean (per study 

population)

Prevalence of sarcopenia 
-SMI = total muscle mass / height 

-rMGS = manual grip strength / 

BMI

−40% of patients met criteria for sarcopenia 
-Sarcopenia more prevalent in children < 10yo

Jitwongwai 

et al, 202140

Liver transplant candidates (n = 105) 

-< 18yo 
-Median age 12mo, 58% female 

-84% BA (pre-LT), 64% BA (post-LT)

CT: tPMSA at 

L3/4

PMI below mean for 

study population

Pre- and post-transplant 

outcomes

-Lower PMI → waitlist mortality (not in multivariate 

analysis) 
-Lower PMI post-LT → higher reoperation rates, 

hospital LOS 

-No correlation to PELD, vascular/biliary complications, 
infections, post-transplant mortality

Yodoshi et al, 
202142

NAFLD (n = 79) 
-< 20yo 

-Median age 13yo, 27% female

BIA Undefined SMI vs NAS -Muscle mass indices negatively associated with steatosis 
and NAS score

Abbreviations: BA, biliary atresia; BIA, bioelectrical impedance analysis; BMI, body mass index; CT, computed tomography; DEXA, dual energy X-ray absorption; ESLD, end-stage liver disease; IBD, inflammatory bowel disease; ICU, 
intensive care unit; LOS, length of stay; MFR, muscle to body fat ratio; MRI, magnetic resonance image; MUAC, mid-upper arm circumference; NAFLD, non-alcoholic fatty liver disease; NAS, NAFLD activity score; PELD, pediatric end- 
stage liver disease; PMI, psoas muscle index; QoL, quality of life; SMI, skeletal mass index; SMM, skeletal muscle mass; tPSMA, total psoas muscle surface area.
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by Lurz et al.32 One study which involved children younger than 12 months used imaging from matched controls to 
create normative values.36 Some research groups have chosen to delineate sarcopenia with the assistance of normative 
pediatric values established for skeletal muscle mass by DEXA37 or muscle to fat ratio by BIA.38 One study did utilize 
both measures of muscle mass (determined via DEXA analysis) and function (via grip strength) to define sarcopenia.39

Sarcopenia in Chronic Liver Disease Prior to Transplant
Nine studies were identified which investigated sarcopenia in pediatric patients with end-stage liver disease (ESLD) 
requiring transplantation, all of which were retrospective. Of these studies, eight investigations measured muscle mass 
from tPMSA on cross-sectional imaging obtained prior to transplantation. Four of these were interested in the relation-
ship between sarcopenia and post-transplant outcomes and defined sarcopenia as tPMSA z-score below −2. In these 
studies, the prevalence of sarcopenia in the pre-transplant population was reported to be 24–56%.33,35,36,40 The remaining 
four studies were descriptive, cross-sectional reports in pre-transplant patients which did not define sarcopenia but 
evaluated tPMSA or PMI as continuous variables in comparison to other patient characteristics.12,28,29,31

Three studies compared tPMSA in ESLD pre-transplant patients to age- and gender-matched controls and found that 
tPMSA was significantly lower in the ESLD group.28,29,31 While some studies noted a significant correlation in CLD 
patients between sarcopenia measures and baseline anthropometric data (height, weight, body mass index [BMI], mid 
upper arm circumference [MUAC], triceps skin fold [TSF])12,31,33 others did not find this relationship.29,35–37,39 One 
study reported that pre-transplant CLD patients with sarcopenia were more likely to receive nutritional support (odds 
ratio 12.83).33 Multiple studies have also reported a significantly lower baseline albumin level in sarcopenic 
patients28,36,37 though this was also not replicated in other studies.33,34 Jitwongwai et al reported a lower PMI in patients 
who died while awaiting transplantation (353 vs 417 mm2/m2); this difference was statistically significant in univariate 
analysis but not in multivariate analysis.40 No studies have found a significant correlation between sarcopenia and 
Pediatric End-Stage Liver Disease (PELD) scores.29,31,33,35,36,40

Sarcopenia and Post-Liver Transplant Outcomes
Of studies that have examined pediatric liver transplant outcomes associated with sarcopenia, there has been notable variation 
in study population characteristics (see Table 2) as well as findings (see Table 3). In a study of biliary atresia patients, Takeda 
et al reported significantly increased median operative room (OR) time (511 vs 476 minutes) and intraoperative blood loss in 
sarcopenic patients (109 vs 76.4 g/kg);36 these measures were not investigated elsewhere. While some studies found 
a significant correlation between sarcopenia and overall hospital LOS,37,40 this was an inconsistent finding.31,33,36 With the 
exception of Jitwongwai et al,40 a statistically significant increase in ICU LOS was found in multiple studies.33,35,37 However, 
the clinical significance of this finding varied greatly; while Woolfson et al reported a median ICU LOS of 3.5 days in the 

Figure 2 Axial contrast-enhanced CT of the abdomen and pelvis in a 6-month-old male with biliary atresia demonstrates sarcopenia, with diminutive psoas muscles.
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Table 2 Comparison of Transplant Study Populations

Boster31 Woolfson33 Verhagen35 Takeda36 Mager37 Jitwongwai40

N 57 25 101 89 41 75

Patient characteristics

Mean/Median age 1.3 yr 5.5 yr 0.5 yr 7.6 mo 2.3 yr 11 mo

Female gender (%) 51 64 58 58 58 60

Underlying diagnosis (% of study population)

Biliary Atresia 58 24 68 100 73 85

Autoimmune liver disease 14 24 5 0 9 0

Alagille syndrome 7 16 7 0 5 3
A1AT 0 8 4 0 2 0

PFIC 5 4 5 0 5 3

CFLD 4 4 1 0 0 0
Wilson’s Disease 0 0 3 0 0 0

Other 12 20 7 0 5 9

Method of identifying 
sarcopenia

CT/MRI CT CT CT DEXA CT

Abbreviations: A1AT, alpha-1 antitrypsin; CFLD, cystic fibrosis liver disease; CT, computed tomography; DEXA, dual energy X-ray absorption; MRI, 
magnetic resonance image; PFIC, progressive familial intrahepatic cholestasis.

Table 3 Impact of Sarcopenia on Transplant Outcomes

Mager37 Boster31 Woolfson33 Verhagen35 Takeda36 Jitwongwai40

Age at transplant ✗ ✗ ✗

Duration of operation ✓

Blood loss during transplant ✓

ICU LOS ✓ ✓ ✓† ✗

Duration of intubation ✓ ✗ ✗ ✓

Vascular complications ✗ * ✗ ✓ ✗

Biliary complications ✗ * ✗ ✗ ✗

Return to OR ✗ ✗ ✓

Serious infection ✗ ✗ ✗ ✓ ✗

Hospital LOS ✓ ✗ ✗ ✓† ✗ ✓

Postoperative TPN support ✗

Long term growth delay ✓

Readmission ✓ ✗

Rejection ✗ ✗ ✗ ✗

Immunosuppression ✗

Death ✓ * ✗ ✗ ✗

Notes: ✓: Significant association found (p < 0.05), ✗: No significant association identified (p > 0.05), *Incidence too low for comparison, 
†Statistically significant but weak. Shaded boxes denote that variable was not asssessed/reported 
Abbreviations: ICU, intensive care unit; LOS, length of stay; OR, operating room; TPN, total parenteral nutrition.
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sarcopenia group vs 2.0 days in the non-sarcopenia group33 Mager et al reported approximately 20 vs 7.5 days in the ICU.37 

Notably, the significant findings in Verhagen et al regarding ICU and hospital LOS were weak (with correlation coefficient of 
R = −0.3 for both outcomes) and only seen in patients below 1 year of age.35

In the perioperative period, some studies show an association between sarcopenia and longer duration of intubation/ 
ventilator dependence36,37 though others do not.31,33 While Takeda et al found a correlation between sarcopenia and 
increased vascular post-transplant complications in biliary atresia patients (specifically portal vein stenosis, with an 
incidence of 19.0% in the sarcopenia group vs 5.9% of the non-sarcopenia group),36 this was not seen in other, more 
heterogeneous transplant cohorts.31,33,35 Similarly, Jitwongwai et al found that re-operation occurred in 38.9% of the low 
muscle mass group vs 15.4% of the high muscle mass group,40 a finding which was not otherwise replicated.31,35 No 
studies found an increased risk for post-transplant biliary complications31,33,35,36 or rejection33,35–37 in sarcopenic 
patients. An increased risk of post-transplant infection was identified (28.6% vs 10.3%) in sarcopenic patients in one 
study which included only transplant recipients with a primary diagnosis of biliary atresia (BA),36 but this effect was not 
seen elsewhere31,33 including within one study which evaluated BA patients as a distinct subgroup.35

Boster et al reported a severe and statistically significant correlation between sarcopenia and mortality. In this study, 
sarcopenia was undefined, and outcomes were compared to tPMSA measured on CT as a continuous variable. Survival 
analysis revealed a 60% increased risk of death for every 100 mm2 decrease in tPMSA for all patients (either awaiting or 
status post transplantation). In multivariate regression analysis, they determined 4.9 times higher risk for death with every 
decrease in tPMSA by one standard deviation. Interestingly, this same study did not find any significant correlation to any 
other post-transplant outcome including duration of intubation, hepatic artery thrombosis, portal vein thrombosis, biliary 
complications, return to OR, serious infections, hospital LOS, or readmission rates.31 This has been a somewhat isolated 
finding in the existing literature. Other studies found no significant correlation between sarcopenia and death.35,36,40 One 
study reported zero patient fatalities during the study period, precluding comparison.33

Lastly, Mager et al reported longitudinal data from a cohort of post-transplant patients who underwent annual DEXA 
scans for evaluation of body composition. This was the only study which evaluated sarcopenia in transplant patients 
without cross-sectional imaging. Sarcopenia was defined as skeletal muscle mass Z-score < –2. Children with sarcopenia 
had significantly lower weight and height velocities after liver transplant. Lower weight and height z-scores persisted up 
to 12 years post-transplant; the average weight and height z-scores were consistently less than 0 in the sarcopenia group 
while those of the non-sarcopenia group were consistently greater than 0. Additionally, the sarcopenic patients were seen 
to have more long-term hospital utilization, particularly in the total LOS for readmissions (approximately 50 days vs 10 
days). Mortality outcomes were not reported.37

Disease-Specific Sarcopenia
NAFLD
A small but growing body of literature has reported on the relationship between sarcopenia and pediatric NAFLD. 
Muscle mass in pediatric NAFLD was first investigated by Pacifico et al who reported on 234 obese/overweight youths 
and demonstrated that those with lower muscle mass were at greater risk of NAFLD and that in a subset of patients with 
biopsy proven NAFLD, there was an associated risk between reduced muscle mass and the presence of inflammation 
histologically.41 Subsequently, Yodoshi et al compared the PMI to the NAFLD activity score (NAS), a measure of 
histologically observed disease severity that incorporates steatosis grade, lobular inflammation, and liver cell injury, 
reporting a significant negative association between PMI and higher NAS score.30 More recently, the same group 
published similar results utilizing BIA to quantify muscle mass in association with NAS score and again noted muscle 
mass indices had significant negative associations with the NAS score and degree of histologic steatosis.42 In accordance 
with these findings, Kwon and Jeong also published a study utilizing BIA and found NAFLD was significantly associated 
with both sarcopenia prevalence and lower muscle to fat ratio (MFR).38 Collectively, these studies support the relation-
ship between NAFLD and sarcopenia. However, what is also clear is that future efforts will be needed to standardize 
evaluation methods so that the true prevalence can be appreciated, and ultimately discover what if any clinical 
implications there are to the presence of sarcopenia in pediatric NAFLD.
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Biliary Atresia
Biliary atresia (BA) is one of the most common indications for pediatric liver transplant. In infants with BA, assessing 
nutritional status is notoriously difficult as standard anthropometrics are difficult to interpret in the context of hepatosple-
nomegaly, ascites, and increased body fat stores secondary to disease processes. Grutters et al showed that CT-measured 
tPMSA (indexed by patient length) had no correlation with MUAC in a study of 80 patients with BA under 2 years.12

Takeda et al published a study on sarcopenia and post-transplant outcomes in biliary atresia patients. Sarcopenia was 
defined as tPMSA z-score < –2 and was measured from CT imaging. In this study (n = 89), 24% of patients met criteria 
for sarcopenia. In terms of baseline characteristics, the sarcopenic patients had significantly lower portal vein diameters 
(3.5 vs 4.6 mm), increased incidence of portal vein hypoplasia (62% vs 28%), and higher incidence of retrograde portal 
vein flow (52.4 vs 25%). There was no significant difference in age at liver transplantation, gender, total parenteral 
nutrition (TPN) support, PELD score, or anthropometrics at liver transplantation. The sarcopenia group saw significant 
differences in longer operating time (511 vs 476 minutes), higher degree of blood loss (108.8 vs 76.4 g/kg), higher 
incidence of portal vein stenosis (23.8% vs 4.4%), higher incidence of bloodstream infection (28.6 vs 10.3%), and longer 
duration of ventilator use (2.0 vs 1.0 days). There was no association found with risks of biliary duct stenosis, rejection, 
or cytomegalovirus (CMV) infection. Duration of hospital stay was not significantly different in the sarcopenia group. 
Patients with sarcopenia had lower rates of one-year patient survival (90.5% vs 98.5%) and one-year graft survival 
(85.7% vs 97.1%) which were not statistically significant (p = 0.07 and 0.05 respectively). In multivariate analysis, 
presence of sarcopenia increased the odds of bloodstream infection with odds ratio = 3.44 (p = 0.04). After transplanta-
tion, tPMSA increased in both sarcopenic and non-sarcopenic patients regardless of age at transplant. Sarcopenic 
patients who underwent liver transplant ≥6mo of age had a greater increase in tPMSA than patients transplanted 
<6mo of age.36

Autoimmune Liver Disease
To date, only one study has been published focusing on sarcopenia in pediatric autoimmune liver disease. In this study by 
Amevor et al, included patients under 25 years old; had a diagnosis of autoimmune hepatitis (AIH), primary sclerosing 
cholangitis (PSC), or autoimmune sclerosing cholangitis (ASC); and had abdominal MRI imaging. Sarcopenia was 
defined as tPMSA < 5th percentile as measured at L3/4 (based on criteria published by Lurz et al32). Measures of visceral 
and subcutaneous fat were also collected from MRI. Additional data was collected regarding demographics, anthropo-
metrics, biochemical labs, and parent-reported quality of life (QoL). The final study population (n = 52) had median age 
16 years with a preponderance for male gender (57%) and Caucasian race (95%). Forty-eight percent of patients met 
criteria for sarcopenia; based on BMI alone, only 3% would have fallen into the malnutrition category. The population 
with sarcopenia were significantly more likely to have greater visceral fat area (3156 vs 2084 mm2, p = 0.005) and lower 
parent-reported general health scores (50 vs 75 out of maximum score 100, p = 0.045). There was no significant 
difference found when compared against gender, age, underlying diagnosis, presence of IBD, history of corticosteroid 
exposure, other labs, or other QoL outcomes.34

Conclusions
The emerging literature on sarcopenia highlights multiple investigative opportunities – particularly in children with 
chronic liver disease. At the forefront will be how the field looks to define sarcopenia and what instruments should be 
utilized to measure and quantify its prevalence. To date, studies have shown sarcopenia to be prevalent in children with 
various liver diseases; however, its utility as an outcome predictor is limited and the published results are disparate. 
Nonetheless, strides have been made toward optimizing the capacity to prognosticate the impact of sarcopenia on 
pediatric liver disease. The use of tPMSA on CT imaging at L3/4 and L4/5 seems promising as a measure of sarcopenia, 
and more recent efforts to define pediatric-specific norms for skeletal muscle area and skeletal muscle index will 
compliment and advance the field.43 These published pediatric reference values will enable more standardized compar-
isons and a shift away from single-center experiences, increasing the potential for meaningful multi-center collabora-
tions, and drive future prospective research endeavors.
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ASC, autoimmune sclerosing cholangitis; BA, biliary atresia; BCAA, branched chain amino acid; BIA, bioelectrical 
impedance analysis; BMI, body mass index; CFLD, cystic fibrosis-associated liver disease; CLD, chronic liver disease; 
CT, computed tomography; DEXA, dual energy X-ray absorptiometry; ESLD, end-stage liver disease; IBD, inflamma-
tory bowel disease; LOS, length of stay; MELD, Model for End-Stage Liver Disease score; MFR, muscle to body fat 
ratio; MRI, magnetic resonance imaging; MUAC, mid-upper arm circumference; NAFLD, non-alcoholic fatty liver 
disease; NAS, NAFLD Activity Score; PELD, Pediatric End-Stage Liver Disease score; PMI, psoas muscle index = 
tPMSA / height; QoL, quality of life; SMM, skeletal muscle mass; SMI, skeletal muscle mass index; TCA, tricarboxylic 
acid; tPMSA, total psoas muscle surface area; TSF, triceps skinfold.
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