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401 patients
1,205 CT scans

Sarcopenia definitions:
Women: SMI <41 cm2/m2

Men: SMI <53 cm2/m2 if BMI ≥25 kg/m2

or SMI <43 cm2/m2 if BMI <25 kg/m2
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Highlights Impact and implications

� The prevalence of sarcopenia is high among patients with

cirrhosis.

� Despite liver transplantation, sarcopenia in most patients
never resolves afterwards.

� Skeletal muscle mass worsens in the years following liver
transplant with the worsening being most pronounced in
the first year.

� The degree of exposure to calcineurin inhibitors was not
associated with evolution of sarcopenia post-LT.

� There was no evidence that sarcopenia was associated
with post-transplant mortality in this study.
https://doi.org/10.1016/j.jhepr.2023.100881
The prevalence of sarcopenia is high among patients with
cirrhosis; however, data are mixed on the impact of sarco-
penia on post-liver transplant (LT) course and there have
been no studies evaluating the long-term evolution of sar-
copenia post-LT beyond 1 year. In this study, we analysed
changes in muscle mass up to 3 years after transplant in 401
patients and found that sarcopenia did not resolve in most
liver transplant recipients and skeletal muscle mass tended
to worsen after transplant with the greatest decline in
muscle mass in the first year post-LT. Interestingly, sarco-
penia did not influence post-transplant outcomes. Future
prospective studies are needed to further understand the
natural course of sarcopenia post-LT to guide interventions
aiming at reversing post-LT sarcopenia.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhepr.2023.100881&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhepr.2023.100881&domain=pdf


Research article
Cirrhosis-related sarcopenia may not resolve after liver
transplantation
Sara Brown,1,* Brooks Richardson,2 Erin Bouquet,3 Elise Reid,4 Evan Mercer,5 Michael Goncalves,6 Ashley Spann,1

Jeffrey Annis,5 Evan Brittain,7 Anthony Dreher,5 Sophoclis Alexopoulos,8 James C. Slaughter,9 Heidi J. Silver,1,10,†

Manhal Izzy1,†

1Gastroenterology, Hepatology and Nutrition, Vanderbilt University Medical Center, Nashville, TN, USA; 2Department of Gastroenterology and
Hepatology, University of Kentucky, Lexington, KY, USA; 3Department of Gastroenterology and Hepatology, Ohio State University, Columbus, OH, USA;
4Department of Gastroenterology and Hepatology, Maine Medical Center, Portland, ME, USA; 5Department of Medicine, Vanderbilt University Medical
Center, Nashville, TN, USA; 6University of Virginia, Charlottesville, VA, USA; 7Cardiovascular Medicine, Vanderbilt University Medical Center, Nashville, TN,
USA; 8Department of Surgery, University of California, Davis Health, Davis, CA, USA; 9Department of Biostatistics, Vanderbilt University, Nashville, TN,
USA; 10Tennessee Valley Healthcare System, Department of Veterans Affairs, Nashville, TN, USA
JHEP Reports 2023. https://doi.org/10.1016/j.jhepr.2023.100881

Background & Aims: Sarcopenia has significant burden in cirrhosis and has been shown to worsen short-term post-liver
transplantation (LT). This study aims to evaluate the long-term change in sarcopenia post-LT along with its associations and
predictors.
Methods: A retrospective study of adult patients who underwent LT at a tertiary centre between 1/1/2009 and 12/31/2018.
Relevant demographic and clinical data were collected. Skeletal muscle index (SMI) was calculated using standard of care
computerised tomography (CT) scans pre- and post-LT. Sarcopenia was defined using previously established cut-points. The
primary outcome was SMI change post-LT and secondary outcome was post-LT mortality.
Results: Out of 1165 patients, 401 met inclusion criteria (1,205 CT scans reviewed). The average age at transplant was 57 years;
63% were male. The average BMI was 28 kg/m2. Thirteen percent of females and 32% of males had sarcopenia pre-LT. Post-LT
SMI declined by 4.7 cm2/m2 in the first year then by 0.39 cm2/m2 per year thereafter. Females had greater rate of decline in
SMI after the first year compared with males (0.87 cm2/m2 per year vs. 0.17 cm2/m2 per year, respectively, p = 0.02). Post-LT
physical rehabilitation, infection, and readmissions were not associated with SMI trajectory. At 3 years post-LT, 31% of females
and 48% of males had sarcopenia. Baseline sarcopenia was the only predictor of long-term post-LT sarcopenia on multivariable
analysis, but it was not associated with mortality.
Conclusions: Sarcopenia does not appear to resolve post-LT and likely worsens leading to nearly doubling its prevalence in
those with long-term follow-up. Immediate post-LT physical rehabilitation was not associated with SMI trajectory in our
cohort.
Impact and implications: The prevalence of sarcopenia is high among patients with cirrhosis; however, data are mixed on
the impact of sarcopenia on post-liver transplant (LT) course and there have been no studies evaluating the long-term
evolution of sarcopenia post-LT beyond 1 year. In this study, we analysed changes in muscle mass up to 3 years after
transplant in 401 patients and found that sarcopenia did not resolve in most liver transplant recipients and skeletal muscle
mass tended to worsen after transplant with the greatest decline in muscle mass in the first year post-LT. Interestingly,
sarcopenia did not influence post-transplant outcomes. Future prospective studies are needed to further understand the
natural course of sarcopenia post-LT to guide interventions aiming at reversing post-LT sarcopenia.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Sarcopenia is defined as progressive and generalised loss of
skeletal muscle mass and function that occurs due to an imbal-
ance between protein synthesis and breakdown. Although it is
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traditionally considered in the aging population, studies have
shown that sarcopenia is highly prevalent in patients with
cirrhosis with rates of up to 70%.1 The pathophysiology of sar-
copenia in cirrhosis is multifactorial with contribution from
portal hypertension complications, pro-inflammatory cytokines,
hyperammonaemia, hypotestosteronaemia, and increased he-
patic gluconeogenesis among others.2

Although the consensus definition of sarcopenia includes
both muscle mass and function, most studies tend to focus on
objective measures of muscle mass, using imaging techniques, in
defining sarcopenia rather than assessing function, using
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performance-based measurements, which can be more subjec-
tive.3 Additionally, many use the terms frailty and sarcopenia
interchangeably despite having differences in definition with
frailty representing the syndrome of decreased physiologic
reserve and increased vulnerability to health.3 Because of dif-
ferences in measurement and definitions of sarcopenia, there has
been variability in the impact on post-transplant short-term
outcomes demonstrated in hepatology literature.4 Some studies
demonstrated that pre-transplant sarcopenia is associated with
increased intensive care unit (ICU) stay and hospital length of
stay (LOS) as well as ventilator needs and infection risk after liver
transplant (LT).5 Conversely, other studies showed no impact of
sarcopenia on hospital LOS or hospitalisations in the first year
post-LT.6 Despite the variability among studies, most have shown
that pre-LT sarcopenia is associated with worse outcomes both
pre- and post-LT.4,7,8

Although data appear to show that pre-LT sarcopenia is
associated with impaired short- and long-term survival in pa-
tients with cirrhosis, there have been no studies evaluating the
long-term evolution of sarcopenia post-LT beyond 1 year. Inter-
estingly, animal studies showed that calcineurin inhibitors, the
most commonly used long-term immunosuppression post-LT,
can be associated with suppression of certain skeletal muscle
proteins, which raises concern about persistence of sarcopenia
post-LT.9 The aims of this study are to (i) evaluate the long-term
changes in skeletal muscle mass after LT to understand whether
it improves, persists, or even worsens, (ii) investigate the pre-
dictors, if any, of post-LT long-term changes in muscle mass, (iii)
determine if there is an association between these changes and
post-LT complications as well as mortality.
Patients and methods
Study population
A single-centre, retrospective study was conducted including
first liver-only transplants performed at Vanderbilt University
Medical Center (VUMC) between January 1, 2009, and December
31, 2018. Patients >−18 years old who underwent LT for a
cirrhosis-related indication were included in the analysis. Pa-
tients without cirrhosis, with multi-organ transplant, and those
without standard of care computerised tomography (CT) scans
within 6 months pre-transplant or without any scans post-
transplant were excluded. Patients who had their longitudinal
post-LT care outside VUMC (i.e. at the Veterans Affairs Tennessee
Valley Healthcare System) were excluded.

Study procedures and data collection
Demographic and clinical data were collected for all patients
from the Vanderbilt Liver Transplant database and by manual
chart review. The diagnosis of comorbidities such as hyperten-
sion (HTN), diabetes mellitus (DM), chronic kidney disease (CKD)
was based on International Classification of Diseases, Ninth
Revision and/or Tenth Revision (ICD-9/ICD-10) obtained from the
research data warehouse. Trough levels of calcineurin inhibitors
were obtained from the research data warehouse, as well. It is
important to note that the Vanderbilt Transplant Center’s stan-
dard immunosuppression protocol after LT includes intravenous
methylprednisolone followed by tacrolimus, mycophenolate, and
prednisone. The initial trough goal for tacrolimus is generally
8–10 ng/ml in the first 3 months then 6–8 ng/ml for 3–12
months and then 4–7 ng/ml after 1 year. Most patients are off
steroids by 90 days. The mycophenolate is often stopped after 90
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days unless patients have rejection or renal insufficiency in
which case it can be continued long-term for renal sparing. A
small proportion of patients are treated with mechanistic target
of rapamycin (mTOR) inhibitors at our centre.

CT scans within 6 months before LT and yearly after LT for up
to 5 years were used in the analysis. If there were multiple CT
scans in a certain year, the scan latest in that specific post-LT year
was used for evaluation. Changes in CT-based skeletal muscle
mass area (cm2) were calculated using automatic segmentation
Slice-O-Matic software (Version 4.3, TomoVision, Montreal,
Canada) and then edited manually by two analysts (EM, MG)
who were blinded to the clinical data to assure complete and
reliable quantification of morphometric measurements. At the
Vanderbilt Diet, Body Composition, and Human Metabolism
Core, the established performance for inter-observer precision
error with CT skeletal muscle measurements is low at <−1.8 cm2 or
<−1.5% (unpublished data). Total abdominal muscles including
psoas, transversus abdominis, obliques, and rectus abdominis at
the third lumbar vertebra (L3) were used to calculate skeletal
muscle mass, as it has been the most investigated and validated
measure of muscle mass in the general population and in pa-
tients with liver disease. The skeletal muscle index (SMI) was
obtained by normalising the skeletal muscle mass for height.
Sarcopenia was defined using sex and BMI cut-offs previously
described.10 Sarcopenia was considered when SMI was <41 cm2/
m2 for females and SMI <53 cm2/m2 if the BMI was 25 kg/m2 or
greater or SMI <43 if the BMI was <25 kg/m2 for males. Data exist
about potential SMI cut-offs that are specific for patients with
cirrhosis, different than the cut-offs used in this study, which are
widely accepted and published cut-points in the general popu-
lation. As most images analysed this study were obtained post-
transplant (i.e. in the absence of the state of cirrhosis), the
study team decided to use the cut-offs previously established in
general population as opposed to those proposed by prior
studies to be specific for patients with cirrhosis.

The primary outcome was the change in muscle mass post-LT.
Moreover, we investigated predictors of the primary outcome
and its associationwith short-term (90 days) complications post-LT
which included hospital LOS, surgery duration, days on ventilator
after transplant surgery, readmission, T-cell mediated rejection
(TCMR), undergoing physical rehabilitation, biliary complications,
and infection episodes. The secondary outcome was mortality.

Statistical analysis
Continuous variables were summarised using the median and
interquartile range, and categorical variables were summarised
using percentages. Baseline characteristics of the patients
excluded due to lack of imaging pre- or post-transplant were
compared to those included in the study using a standardised
mean difference. To estimate the association of skeletal muscle
mass with potential predictors, we used multivariable linear
regression for SMI and multivariable logistic regression for
presence of sarcopenia. Separate multivariable logistic regression
models were fit for sarcopenia measured at baseline, year 1, year
2, year 3, year 4, and year 5. Each logistic regression model
required 10–15 events per predictor. Because of subject attrition
over time, later years included fewer potential predictors in
multivariable models and figures included were restricted to 3
years post-LT. Results presented are conditional on having an
available CT scan where outcomes were measured. Given
changes in muscle mass in the first few months post-LT can be
potentially confounded by frequent hospitalisations and high-
2vol. 5 j 100881



Table 1. Baseline characteristics of cohort (N = 401), median (IQR) or N (%).

Baseline characteristics

Median age, years 57 [51, 63]
Race

Asian 8 (2%)
Black 21 (5%)
Caucasian 368 (92%)
Hispanic 3 (1%)

Male sex 252 (63%)
Smoker 43 (11%)
Chronic kidney disease 27 (7%)
Diabetes mellitus 36 (9%)
Median BMI at transplant 28 [25, 33]
Aetiology of liver disease

Non-alcoholic steatohepatitis 108 (27%)
Alcohol-associated liver disease 101 (25%)
dose immunosuppression in the early post-LT course, we per-
formed sensitivity analyses where scans in the first 6 months
were not included in the analysis for year 1 after LT. Mean
changes in skeletal muscle mass over time were estimated using
repeated measures linear regression and account for correlation
arising from taking repeated measurements on the same subject
over time using random effects. Multiplicative interaction terms
of age, height, sex, and BMI with time since transplant were
included in models to determine if the rate of change was
modified by these covariates. Secondary analyses involved esti-
mating the association between skeletal muscle mass and short-
term complications, while controlling for potential confounders,
including age, sex, BMI, aetiology of liver disease and comor-
bidities. We tested if short-term complications such as LT
admission LOS, readmission within 90 days, rejection and in-
fectious complications within 90 days were associated with
future SMI trajectory using repeated measures linear regression.
Cox regression and Kaplan–Meier curves were used to estimate
the association of baseline sarcopenia with time to death. Sub-
jects were censored at the date of their last known follow-up.
Lastly, the association of median tacrolimus levels within the
first 6 months after transplant with subsequent SMI trajectory
(outcome) was estimated using multivariable, repeated mea-
sures linear regression.
Viral 121 (30%)
Autoimmune 37 (9%)
Other 34 (8%)

Median MELD-Na at transplant 22 [15, 29]
Ascites 329 (82%)
Hepatic encephalopathy 310 (77%)

MELD-Na, model for end-stage liver disease-sodium.
Results
Baseline characteristics
Out of 1,165 LTs during the study period, 401 patients met the
inclusion criteria (Fig. 1). A total of 1,205 CT images were
Total adult LT sur
January 1, 
December 

(n = 1,

Longitudinal care at Veterans
Affairs medical center after LT

(n = 284)

No CT scan within 6 months
of LT or no CT scan after LT

(n = 409)

Eligible patients wit
and post-LT C

pre-LT scan within
(n = 4

Fig. 1. Flowchart of patient exclusions for the study cohort. CT, computerised
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analysed. The average age was 57 years old, 63% were males, and
92% were white. Table 1 gives the baseline characteristics of
study population. We compared the 409 patients that were
excluded as a result of lack of pre-LT or post-LT imaging to the
401 included subjects with respect to age, liver disease aetiology,
model for end-stage liver disease-sodium (MELD-Na), and sex.
Excluded subjects had somewhat higher yet non-significant
MELD-Na scores (25 vs. 22), and no other important differences
were found (Table S1).
geries between
2009 and
31, 2018
165)

Patients with prior solid
organ transplant

(n = 29)

Multiorgan transplant
recipients
(n = 24)

Patients who received transplants
for noncirrhotic indications

(n = 18)

h accessible pre-
T scans with
 6 months of LT
01)

tomography, LT, liver transplant.
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Table 2. Median skeletal muscle index and sarcopenia status yearly up to 3 years post-LT.

N Median SMI (female) Median SMI (male) Sarcopenia, female
n (%)

Sarcopenia, male
n (%)

Combined sarcopenia
n (%)

Baseline 401 51 55 20/149 (13) 80/252 (32) 100/401 (25)
Year 1 334 45 50 40/124 (32) 108/210 (51) 148/334 (44)
Year 2 146 42 52 19/41 (46) 53/105 (50) 72/146 (49)
Year 3 112 46 52 11/35 (31) 37/77 (48) 48/112 (43)

LT, liver transplant; SMI, skeletal muscle index.

Research article
The median follow-up for the study cohort was 6.5 years. The
median time between pre-LT CT and transplantation was 50.5
days (IQR 21, 96). Sarcopenia affected 25% of patients pre-LT (13%
females, 32% males). The median SMI pre-LT was 51 cm2/m2 for
females and 55 cm2/m2 for males (Table 2). The variables that
were significantly associated with baseline sarcopenia on
multivariate analysis were a 10-year increase in age, male sex,
and biologic MELD-Na at transplant with an odds ratio of 1.43
(1.09–1.93, p = 0.014), 2.94 (1.71–5.23, p <0.001) and 0.96
(0.93–0.98, p = 0.002, Table 3), respectively. There was no evi-
dence that baseline sarcopenia was associated with comorbid-
ities including DM, coronary artery disease (CAD), CKD, or HTN.

On discharge after LT surgery, 50% went home, 21% went to an
inpatient rehabilitation (IPR) facility, 27% went home with home
physical therapy, and the remaining 2% (eight patients) went to a
skilled nursing facility (two patients), long-term acute care
centre (three patients) or died (three patients).

Primary outcome
Year 1
A total of 334 patients had CT within the first year post-LT of
whom 218 patients had scans in the second 6 months post-LT
(i.e. scans 180–365 days post-LT). Overall, the median SMI at 1
year after LT was 45 cm2/m2 for females and 50 cm2/m2 for males
(Fig. 2), reflecting that 44% of patients were considered sarco-
penic (32% females, 51% males, Table 2). On univariable analysis,
male sex was associated with sarcopenia at 1-year post-LT with
73% of the sarcopenia group vs. 55% of the no sarcopenia group
being males (p <0.001). Those with sarcopenia were older (58 vs.
56 years old, p = 0.003) and more likely to have had sarcopenia at
baseline (46% vs. 11%, p <0.001). There was no impact for baseline
DM, CAD, or HTN in the development of sarcopenia at 1 year.
Similarly, there was no difference in sarcopenia at 1 year in those
that developed DM in the first 6 months post-LT vs. those that
did not (44% vs. 45%, p = 0.9). Prolonged stay on LT admission was
not associated with subsequent increase in the risk for 1-year
sarcopenia. Similar associations were observed when strati-
fying for those with CT scans 180–365 days post-LT. On multi-
variable analysis, baseline sarcopenia greatly increased the odds
of sarcopenia at 1 year (odds ratio [OR] 8.47,95% CI 3.80–20.70,
Table 3. Adjusted odds ratios (95% CI) summarising the multivariable associa

Covariate Baseline

Older age 1.43 (1.09–1.93) 1
MELD at LT 0.96 (0.93–0.98)
DM pre-LT 0.77 (0.31–1.75) 0
CKD pre-LT 0.24 (0.04–0.87) 2
Male sex 2.94 (1.71–5.23) 2
Higher BMI 1
Any rehab within 90 days from LT 2
Tacrolimus Exposure 0
Baseline sarcopenia 8.4

The text in bold is statistically significant.
* Year 1 scan done 180–-365 days after LT. CKD, chronic kidney disease; DM, diabetes
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p <0.001, Table 3). In addition, controlling for baseline sarcopenia
and other potential confounders, male sex was associated with
increased odds of sarcopenia at 1 year (OR 2.11, CI 1.06–4.30, p =
0.037).

On univariable analysis, the rates of sarcopenia at year 1 did
not differ by rehabilitation type at discharge (p = 0.15); 40% for
no rehabilitation, 51% for non-IPR rehabilitation and 42% for IPR.
When SMI was analysed as a continuous outcome, there were no
significant differences between the groups by type of rehab. In
patients receiving IPR where LOS was known (i.e. an IPR asso-
ciated with our medical centre), median LOS was not different in
those with vs. without sarcopenia at 1 year (9 vs. 11 days, p =
0.08).

Given the impact of calcineurin inhibitors (CNIs) on muscle
mass in the animal model,9 we analysed median tacrolimus
trough level in day 1–180 after LT in relation to subsequent
sarcopenia (180–365 days post-LT) and demonstrated no asso-
ciation overall (p = 0.32) or when further stratified by day 1–90
(p = 0.19) and day 91–180 (p = 0.091) of median tacrolimus
trough levels. In 10 patients who were switched from tacrolimus
to cyclosporine within the first 90 days, sarcopenia rates were
30% higher in those who switched vs. those who did not switch
(80% vs. 50%, p = 0.06).

Year 2
A total of 146 patients had CT in year 2. The median SMI was
42 cm2/m2 for females and 52 cm2/m2 for males (Fig. 2). This
corresponded to 49% of patients being considered sarcopenic
(46% females 50% males, Table 2). On univariable analysis, older
age (59 vs. 57 years old, p = 0.049) and baseline sarcopenia (44%
vs. 15%, p <0.001) were associated with sarcopenia at year 2,
whereas male sex and comorbidities were not. On multivariate
regression, only baseline sarcopenia retained significance (OR
5.78 [2.43–14.80], p <0.001, Table 3). There was no difference in
sarcopenia at year 2 in those that developed DM in the first 6
months post-LT vs. those that did not (48% vs. 51%, p = 0.7).

Year 3
A total of 112 patients had CT in year 3. The median SMI at year 3
post-LT was 46 cm2/m2 for females and 52 cm2/m2 for males
tion of covariates with presence of sarcopenia at four time points.

Year 1* Year 2 Year 3

.32 (0.92–1.93) 1.06 (0.67–1.68) 1.62 (0.95–2.98)

.73 (0.36–1.47) 0.71 (0.32–1.56) 0.31 (0.11–0.79)
.26 (0.61–9.66) 1.37 (0.32–6.05)
.11 (1.06–4.30) 0.84 (0.36–2.00) 0.98 (0.35–2.74)
.00 (0.95–1.06) 0.98 (0.91–1.05)
.02 (0.99–4.20) 1.23 (0.55–2.76)
.93 (0.72–1.19) 0.99 (0.74–1.33)
7 (3.80–20.70) 5.78 (2.43–14.80) 11.47 (4.01–37.91)

mellitus; LT, liver transplant; MELD, model for end-stage liver disease.
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Fig. 3. Spaghetti plot of change in SMI over time since transplant. Each
black line represents individual patients. Purple line represents the average
trend over time.
(Fig. 2). This corresponded to 43% of patients being considered
sarcopenic (31% females, 48% males, Table 2). On univariable
analysis, older age (61 vs. 57 years old, p = 0.004), and baseline
sarcopenia (58% vs. 9%, p <0.001) were associated with sarco-
penia at year 3 while male sex and comorbidities were not. The
presence of DM pre-LT was associated with less sarcopenia (52%
vs. 27%, p = 0.009). On multivariate regression, only baseline
sarcopenia retained significance (OR 11.47 [4.01–37.91], p <0.001,
Table 3).

Years 4 and 5
Sarcopenia at years 4 and 5 was assessed but there were limited
numbers of patients in those years (77 in year 4 and 38 in year 5)
and, therefore, results were not included in the provided figures.
The only associations with sarcopenia were older age (61 vs. 53
years old, p <0.001) and baseline sarcopenia (51% vs. 0%, p
<0.001) at year 4 and older age (57 vs. 52 years old, p = 0.022) at
year 5. The small sample size did not permit multivariable
analysis for sarcopenia at years 4 or 5 post-transplant.
Post-transplant change in muscle mass
Among baseline characteristics, older age, male sex, and lower
BMI were associated with lower baseline SMI. In our cohort, SMI
declined in most patients throughout the observation period.
The mean rate of decline was 4.7 cm2/m2 per year in the first
year and then 0.39 cm2/m2 per year thereafter (Fig. 3). Although
male and female patients had SMI decline by a similar amount in
the first year (p = 0.63), the rate of decline in SMI after the first
year was significantly greater in females compared with males
(0.87 cm2/m2 per year in females vs. 0.17 cm2/m2 per year in
males, p = 0.02; Fig. 2).

There were no associations between post-LT trajectory of
SMI and liver disease aetiology, prior ascites, prior hepatic
JHEP Reports 2023
encephalopathy, biologic MELD, discharge to physical rehabili-
tation after LT admission, or number of post-LT admissions to a
physical rehabilitation facility. Tables 2 and 4 demonstrate the
large proportion of patients (up to 49%) with persistent or de
novo sarcopenia on every post-LT year (through year 3) and the
small proportion of patients (<20%) who had reversal of
sarcopenia.
Association of skeletal muscle mass and post-LT short-term
complications
The rates of post-LT complications in the study groups are
depicted in Table S2. It is notable that subjects with baseline
sarcopenia had a statistically significant, clinically insignificant
shorter index LOS compared with those without sarcopenia (7
days [IQR 6–11] vs. 8 days [IQR 6–16]; p = 0.038). Among the
post-LT variables that reflect short-term complications post-LT,
after controlling for age and sex, there was insufficient evi-
dence for a meaningful association of sarcopenia with days on
the ventilator. There was no association between SMI changes
and LT surgery duration, post-LT LOS (in the ICU or in the hos-
pital overall), readmissions, biliary or infectious complications,
or TCMR.
Mortality
A total of 86 (21%) patients died during the observation period.
There was no evidence that baseline sarcopenia was associated
with mortality (HR 1.0, 95% CI 0.64–1.70). We had insufficient
data on SMI or sarcopenia to model these variables as time
varying covariates in the mortality analysis. There was significant
association of pre-LT ascites (hazard ratio [HR] 3.0, 95% CI
1.3–6.8) and pre-LT HTN (HR 1.9, 95% CI 1.2–3.2) with post-LT
mortality on univariable analysis. Median time to death was
5vol. 5 j 100881



Table 4. Evolution of sarcopenia in patients with scans at each time point.

New sarcopenia Persistent sarcopenia Recovery from sarcopenia Free of sarcopenia

Year 1 29% (62/214) 22% (47/214) 4% (9/214) 45% (96/214)
Year 2 7% (8/113) 43% (49/113) 12% (13/113) 38% (43/113)
Year 3 9% (6/69) 41% (28/69) 7% (5/69) 43% (30/69)

Research article
greater than 5 years as less than half of the subjects died during
the observation period.
Discussion
This study provides new insights into the long-term evolution of
skeletal muscle mass post-LT. Surprisingly, the SMI appears to
continuously decline for at least 3 years after LT, but the decline
is most pronounced in the first year post-LT. This decline has
translated into increasing prevalence of sarcopenia long-term
post-LT with strikingly low rates of recovery from sarcopenia.
Baseline sarcopenia was consistently the most predictive factor
for post-LT long-term sarcopenia. Interestingly, post-LT compli-
cations such as readmission or infectious complications did not
impact change in SMI over time. Immediate physical rehabilita-
tion post-LT index hospitalisation did not influence the subse-
quent changes in SMI either. Furthermore, baseline sarcopenia
was not associated with post-LT mortality.

This study had some findings in agreement with prior work
and other findings that differed. Specifically, the finding of SMI
worsening in the year after LT is consistent with earlier litera-
ture.11,12 Bhanji et al.11 evaluated 293 patients with pre-LT scans,
of which 50% had sarcopenia. A total of 161 patients had post-LT
scans and the authors noted 98 patients (61%) having sarcopenia
of whom 25 (26%) had de novo sarcopenia. They did not find a
difference in 1-year mortality in those with or without sarco-
penia. Tsien et al.12 evaluated 53 patients and noted 33 patients
(62%) with sarcopenia pre-LT and 46 (87%) with sarcopenia post-
LT. Our study not only had similar findings of lack of sarcopenia
recovery in 1 year, but also found persistent decline in SMI
beyond 1-year post-LT. Consequently, the overall prevalence of
sarcopenia in the years following LT nearly doubled and
approached 50% reflecting high rates of persistent sarcopenia
and de novo sarcopenia with minimal rates of recovery from
sarcopenia. Importantly, there are some studies that note an
initial decline in muscle mass but with at least relative
improvement at 1 year which differs from our findings.13,14 They
were both small studies (72 patients and 14 patients) and used
different approaches to measure muscle mass (multifrequency
body composition analyser and dual-energy x-ray absorptiome-
try). It is important to note that the wide range of sarcopenia
prevalence amongst studies is likely attributable to the various
methods used to measure muscle mass and the lack of a stand-
ardised definition for sarcopenia. Another limitation for the prior
studies is the smaller sample size which may have led to inflated
or underappreciated prevalence and associations of sarcopenia
that may not be reproducible. This may account for why some
studies find morbidity and mortality differences, whereas others
do not.6,11

This study differs from some of the prior studies as we did not
find associations of sarcopenia with most early post LT compli-
cations or all-cause mortality.4,5,7,8 Index LOS (7 days [IQR 6–11]
in those with sarcopenia vs. 8 days [IQR 6–16] in those without
sarcopenia; p = 0.038) demonstrated statistically significant,
clinically insignificant difference in our study. In addition, there
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was no evidence of meaningful or reproducible association of
SMI with days on ventilator. Conversely, DiMartini et al.7

concluded that skeletal muscle mass was a more significant
predictor of ICU and total hospital LOS and intubation days in
males rather than females and a predictor of post-LT survival in
males but not in females. In a systemic review by Ooi et al.,5 pre-
LT sarcopenia was associated with post-LT complications
including infection risk, longer ventilatory dependency and ICU
LOS. A systemic review of CT-assessed skeletal muscle mass on
outcomes of LT candidates found that sarcopenia was consis-
tently associated with worse post-LT mortality with an HR of 1.84
and there was less consistent evidence of it being associated with
infectious complications.4 A study by Golse et al.8 used psoas
muscle area to define sarcopenia and noted worse 1- and 5-year
survival in those with baseline sarcopenia.8 Lastly, prior work has
demonstrated improved exercise capacity and muscle strength
with exercise-based interventions after LT, whereas our work did
not note improvement in SMI with physical rehabilitation.15 This
may be because of the fact that we were able to assess only
immediate post-LT physical rehabilitation rather than physical
rehabilitation after full recovery from LT (e.g. after 6 months
post-LT).

Ultimately, we acknowledge that our results relatively differ
from other studies but concluding definite effects of sarcopenia
on morbidity and mortality is challenging given variable defini-
tions and modes of measurements across studies. However,
given our large sample size which enabled us to control for many
potential confounders that can affect sarcopenia and its potential
sequelae, our study provides informative results that pave the
path for prospective investigation in this sphere, with stand-
ardised definitions and measurements of sarcopenia.

Our study demonstrates a provocative observation and raises
a question of why skeletal muscle mass does not recover long-
term after LT. Although advancing age can be an explanation,
at least in some study patients, for the rates of worsening sar-
copenia, the rate noted in the SMI analysis (4.7 cm2/m2 decline in
the first year post-LT) is more than what has been observed in
terms of annual decline in skeletal muscle mass in the elderly
general population,16,17 which suggests additional contributors in
this patient population. In daily clinical practice, patients feel
better after LT with increased energy, appetite, and mobility.
Therefore, persistent, or worsening sarcopenia is unexpected and
intriguing at the same time. It is noteworthy that CNIs are the
most prescribed immunosuppressive agents after LT. Interest-
ingly, CNIs appear to upregulate myostatin which is a well-
known inhibitor of muscle-related protein synthesis.12 In fact, a
CNI-related phenomenon may be the only conceivable explana-
tion for the lack of recovery of cirrhosis-related sarcopenia post-
LT. Although CNI impact on muscles has been demonstrated in an
animal model, it is unknown if this effect is dependent or in-
dependent of extent of exposure to these medications.9 Our data
did not demonstrate an association between the magnitude of
exposure to tacrolimus, measured through trough levels, and
sarcopenia after LT. This may suggest that the impact of CNI on
muscles may be dose independent. However, more research is
6vol. 5 j 100881



needed to fully investigate the role of immunosuppressive agents
on muscle mass. Although there are data regarding corticoste-
roids and mTOR inhibitors effect on muscle mass, these were not
investigated in the current study. Nearly all patients were off
steroids within the first 90 days after transplant, per our insti-
tutional protocol, and there were only 26 patients prescribed
mTOR inhibitors during the study period. Therefore, the utility of
analysing impact of corticosteroids on the long-term SMI
assessment would be limited given the universal protocol for
expedited taper and short-term use of this medication in our
centre. In addition, we could not have a sufficient sample size for
mTOR inhibitor-related analysis given its infrequent use in our
patient cohort and given the variable times of change from CNI to
mTOR inhibitor, per clinical indication.

The strengths of our study include, but are not limited to,
large sample size as it is the largest study to date assessing post-
LT long-term evolution of sarcopenia and its impact on long-
term mortality. The granularity of the analysed data is another
strength of our study. This granularity offered a unique oppor-
tunity to analyse the impact of the extent of immunosuppression
exposure on the course of sarcopenia post LT. In view of the lack
of universal cut-offs for muscle mass to define sarcopenia in
patients with cirrhosis, we have pursued a robust analysis
approach that has taken two pathways that complement each
other; analysing sarcopenia based on the SMI cut-offs (i.e. cate-
gorical analysis) derived from populations without cirrhosis and
analysing the changes in the values of SMI post-LT as a contin-
uum, while accounting for known clinically important covariates
in this population. Both approaches have demonstrated the same
striking finding that most patients with sarcopenia fail to have
muscle recovery long-term after transplant.

Our study has some limitations. First, the retrospective na-
ture for this study carries an inherent limitation. Second, the
timing of the CT scans post-LT was not the same for all patients
JHEP Reports 2023
given that scans were done for standard of care indications at
variable time points. In addition, conceptually, there could be
bias as those patients that were sicker may have been getting
more imaging. Furthermore, some patients may have had MRI
instead of CT either pre-LT or post-LT and were not included.
However, our analysis of baseline characteristics in the
excluded group found comparable age, sex distribution, and
liver disease aetiology. In fact, the comparison revealed that the
excluded group had statistically comparable and numerically
higher MELD-Na, which argues against the idea that the study
population may be a sicker group at least initially. Given the
large similarity between included and excluded groups in age
and sex (the two variables significantly associated with baseline
sarcopenia in this study) and in view of our finding that base-
line sarcopenia is most predictive of long-term sarcopenia post-
LT, our cohort was likely representative of this patient popu-
lation. However, other unmeasured variables could have
demonstrated differences between included and excluded co-
horts and future prospective studies that also include patient
lifestyle (e.g. activity level and nutrition) would be needed.

In conclusion, although sarcopenia is prevalent in patients
with cirrhosis and expected to resolve after curing end-stage
liver disease with LT, this study showed that sarcopenia rarely
resolves in LT recipients on long-term follow up. Moreover, we
found a progressive decline in muscle mass over time after LT
with the greatest rate of decline within the first year followed
by more subtle decline in the years that follow. Baseline sar-
copenia did not have a negative impact on long-term mortality
post-LT in this cohort. Immediate post-LT physical rehabilita-
tion was not protective of long-term post-LT sarcopenia in this
study. Prospective multicentre studies are needed to further
evaluate the natural course of sarcopenia post-LT, its impact on
outcomes, and the interventions needed for reversal of post-LT
sarcopenia.
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