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Abstract

Background Imaging-based assessment of sarcopenia is a well-validated prognostic tool for patients with chronic

liver disease. However, little is known about its value in patients with primary sclerosing cholangitis (PSC). This cross-
sectional study aimed to investigate the predictive value of the cross-sectional imaging-based skeletal muscle index
(SMI) for transplant-free survival (TFS) in patients with PSC.

Methods A total of 95 patients with PSC who underwent abdominal cross-sectional imaging between 2008 and
2022 were included in this retrospective study. SMI was measured at the third lumbar vertebra level (L3-SMI). The cut-
off values to define sarcopenia were <50 cm”/m? in male patients and <39 cm’/m? in female patients. The primary
outcome of this study was TFS, which was defined as survival without liver transplantation or death from any cause.

Results Our study indicates that L3-SMI sarcopenia impairs TFS in patients with PSC (5-year TFS: 33.9% vs. 83.3%,
p=0.001, log-rank test). L3-SMI sarcopenia was independently associated with reduced TFS via multivariate Cox
regression analysis (HR=2.749; p=0.028). Body mass index reduction > 10% at 12 months, which is used as MELD
standard exception (SE) criterion in Eurotransplant (in Germany only until September 2023), was not significantly
associated with TFS in the multivariate Cox regression analysis (HR=1.417; p=0.330). Substitution of BMI reduction
with L3-SMIin the German SE criteria improved the predictive accuracy of TFS compared to the established SE criteria
(multivariable Cox regression analysis: HR=4.007, p <0.001 vs. HR=1.691, p=0.141).

Conclusion Imaging-based diagnosis of sarcopenia via L3-SMl is associated with a low TFS in patients with PSC and
may provide additional benefits as a prognostic factor in patient selection for liver transplantation.
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Background

Determining the prognosis of patients with primary
sclerosing cholangitis (PSC) is challenging. The natural
history of patients with PSC is variable but frequently
culminates in end-stage liver disease. The clinical course
of PSC is complicated by an increased lifetime risk of up
to 15% for cholangiocarcinoma (CCA) and, in case of
concomitant inflammatory bowel disease (IBD), colorec-
tal carcinoma (CRC) [1, 2]. Liver transplantation repre-
sents the only curative treatment option available.

The model of end-stage liver disease (MELD) score sys-
tem is used as a tool to stratify disease severity in LTX
patients on the waiting list, thus determining trans-
plant priorities. However, MELD is not suitable for ade-
quately determining the disease status and mortality in
PSC [3, 4]. Therefore, standard exception (SE) criteria
were implemented to depict disease severity in patients
with PSC more appropriately and consequently alleviate
underprioritizing of certain disease states [5]. Accord-
ing to the German Eurotransplant (ET) criteria (valid
until 12th September 2023), SE status for PSC patients
was granted if two out of the following three conditions
applied: (1) recurrent cholangitis with >2 septic epi-
sodes over a span of 6 months, (2) detection of dominant
bile duct stenosis, or (3) BMI decrease of >10% within
12 months (General Eurotransplant SE criteria include
detection of splenomegaly>12 cm in place of a relevant
bile duct stricture) [4, 6].

Sarcopenia refers to a state of progressive, generalized,
and severe skeletal muscle wasting with impaired func-
tion, which can occur secondarily in patients with CLD
[7]. A prevalence of as high as 50% has been reported
in patients with advanced liver disease [8]. Sarcopenia
has been linked to an overall impaired outcome with an
increased risk of liver-related morbidity and mortality
indicating its potential value as a prognostic tool pre- and
post-LTX [8-10]. Among recently proposed imaging-
based methods for the assessment of sarcopenia, the use
of cross-sectional imaging at the third lumbar vertebrae
layer (L3) to obtain skeletal muscle index (SMI) is well
validated and is currently recommended by the EASL
guidelines in patients with CLD [11-14].

Despite the use of SE criteria, recent studies have
pointed to a lack of medical progress in the outcome of
patients with PSC after LTX [3]. Coincidentally, as of Jan-
uary 2023, the German Medical Association released new
guidelines including revised SE criteria for PSC patients
that entered into force on 12th September and will be
addressed further below [15]. Nonetheless, reconsidering
established liver allocation policies and addressing the
unmet need for well-validated and objective prognostic
tools for patients with PSC are required [3, 16].

To date, there are no criteria based on imaging analy-
sis of sarcopenia in patients with PSC. This study aimed
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to provide further insight into the relevance of imaging-
based diagnosis of sarcopenia as an independent risk fac-
tor in patients with PSC and its implications for patient
management.

Methods

Study Design

The primary outcome of this retrospective, cross-sec-
tional study was to determine the impact of sarcopenia
on transplant-free survival (TES) at 1, 2 and 5 years fol-
lowing cross-sectional imaging. The mean time inter-
val between the initial diagnosis of PSC and the date of
imaging was 9 years (SD 7.5 years). TES was defined as
survival without liver transplantation or death from any
cause.

Data collection

This retrospective, single-center study included patients
with PSC registered at a German tertiary university liver
center. All study procedures conformed to the declara-
tion of Helsinki and were approved by the local ethics
committee (file number: 2018-378-f-S). The requirement
for patient consent was waived, owing to the retrospec-
tive nature of the study. Patient data were collected via
electronic review of patient records. Data from a total of
141 patients with PSC were available. PSC was diagnosed
clinically, through either endoscopic retrograde cholan-
giopancreatography or magnetic resonance cholangio-
pancreatography (ERCP/MRCP), and/or histologically in
the absence of identifiable reasons for secondary scleros-
ing cholangitis [17]. The patient selection criteria were
installed for further analysis (Fig. 1).

The inclusion criteria were diagnosis of PSC and avail-
ability of abdominal CT or MRI scans. Patients were
excluded if they were below the age of 18 years, had miss-
ing CT/MRI scans, or muscle mass analysis was infeasi-
ble due to inadequate imaging quality. Out of the initial
141 patients, 46 were excluded from the study.

All included patients were treated according to the
German SE criteria for patients with PSC who underwent
liver transplantation.

Given that the observational period of this retrospec-
tive study spans from 2008 to 2022, the former German
SE criteria were applied. Consequently, primary statisti-
cal analysis focuses on the German PSC SE criteria used
at that time.

Baseline patient characteristics are presented in
Table 1. The Child-Pugh score, Mayo risk score, EASL
2022 Clinical Practice Guidelines approach to risk strati-
fication, and MELD score were evaluated based on clini-
cal data. Follow-up data were retrieved until death, LTX,
or end of/loss to follow-up. Loss to follow-up was defined
as failure to return to the healthcare facility for care or
treatment refill for more 360 days from the previous visit.
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141 patients with primary
sclerosing cholangitis

Exclusion Criteria

* Missing CT or MRI scans (prior to
Transplantation)

+ Imaging inadequate for muscle mass

* Age < 18 years

measurement -

n=2 — age below 18 years

n=40 — no adequate imaging available

n=4 — poor imaging quality

n=95 included

Fig. 1 Flow chart of patient selection and exclusion criteria

Imaging analysis

The latest available abdominal cross-sectional imag-
ing data were analyzed for every patient to ensure high
quality of imaging and standardized imaging selection.
The mean interval between the initial diagnosis of PSC
and the date of imaging was nine years (SD 7.5 years).
Muscle mass measurements were obtained on axial CT/
MRI scans at the level of the third lumbar vertebrae
(L3) by using the analytic morphomics software Core-
slicer. The L3 region contains the following muscles: the
psoas, paraspinal muscles (erector spinae, quadratus
lumborum), and abdominal wall muscles (transversus
abdominus, external and internal obliques, and rectus
abdominus) [14]. The skeletal muscle and adipose tissue
areas were automatically differentiated and segmented by
the software. The total skeletal muscle surface area was
semi-automatically calculated using the software and
double-checked by the operator (Supplementary Fig. 1).
The skeletal muscle index (SMI) was calculated based on
the resulting numerical values. SMI was defined as the
sum of the cross-sectional area of all previously men-
tioned muscles on a single scan at L3, which was normal-
ized by the height (m) of the patient [18, 19].

Skeletal muscle index (SM 1) at L3 =

Total skeletal muscle area (T'SMA) at L3 em?
height (m) x height (m)

All measurements were performed in a blinded manner.
Established cut-off values for L3-SMI (<50 cm?/m? in

male patients; <39 cm®/m” in female patients) were used,
as recommended by the EASL guidelines, and validated
by multiple recent studies on cirrhotic patients [12, 13,
20-22].

Statistical analysis

Statistical analyses were performed using SPSS (IBM
Corp. Released 2021. IBM SPSS Statistics for Macin-
tosh, Version 28.0.1.0 Armonk, NY: IBM Corp) and the
cmprsk package in R version 4.3.1 (R Core Team (2023).
R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria:
https://www.r-project.org).

All continuous variables are appropriately displayed
as the mean and standard deviation (SD) or median and
range. Categorical variables are presented as numbers
and/or percentages. The Student’s t-test was used for
parametric data and the Mann-Whitney-U test for non-
parametric data when comparing differences among
groups for continuous variables. Chi-square tests, includ-
ing the Phi-coefficient and Cramer’s V, were used for
group comparisons of categorical variables.

To identify independent risk factors associated with
impaired 5-year TFS after the last cross-sectional imag-
ing, univariate Cox regression analyses were performed
on the baseline characteristics (Table 2). All variables
related to the pathogenetic mechanism of PSC and sig-
nificantly associated with TES (p<0.05) were consecu-
tively included in the multivariate regression analysis
(Table 2). To avoid overlap in variables and maintain an
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Table 1 Baseline characteristics of patients grouped by sarcopenia
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Parameters All Patients Sarcopenia No-sarcopenia p-value
(N) =available cases if values are missing % (total number) or median/mean (range/SD)
Number of patients 95 62.19% (59) 37.9% (36) -
Sex 0.310

Male 67.4% (64) 71.2% (42) 61.1% (22)

Female 32.6% (31) 28.8% (17) 38.9% (14)
Age (median, range, in years) 45 (18-76) 46 (18-76) 41 (23-64) 0.369
BMI 25.7(7.7) 24.8 (8.1) 27.1(6.9) 0.167
PSC-IBD 70.5% (67) 66.1% (39) 77.8% (28) 0.226
Liver cirrhosis 51.6% (48) 61.0% (36) 33.3% (12) 0.017
LTX 35.8% (34) 47.5% (28) 16.7% (6) 0.002
Death 11.6% (11) 18.6% (11) 0% (0) 0.006
LTX/death (primary endpoint) 47.4% (45) 66.1% (39) 16.7% (6) <0.001
Malignancy 20.0% (19) 25.4% (15) 1% (4) 0.091
Dominant stenosis 67.4% (64) 69.5% (41) 61.9% (23) 0.572
Ascites 40.0% (38) 54.2% (32) 16.7% (6) <0.001
Hepatic Encephalopathy 13.7% (13) 16.9% (10) 8.3% (3) 0.236
Splenomegaly 48.4% (46) 57.6% (34) 333%(12) 0.022
BMI reduction>10% in 12 months 16.8% (16) 22.0% (13) 8.3% (3) 0.083
Recurring cholangitis (= 2x/6 months) 16.8% (16) 22.0% (13) 8.3% (3) 0.083
SEG 27.4% (26) 37.3% (22) 1% (4) 0.006
MELD score (n=94) 13.1(8.2) 149 (8.7) 9.9 (62) 0.002
Child-Pugh Grade (n=48) 0.001

A 25.0% (12) 13.9% (5) 58.3% (7)

B 50.0% (24) 55.6% (20) 333% (4)

C 25.0% (12) 30.6% (11) 08.3% (1)
Mayo risk score (n=67) 1.70(1.87) 2.27(1.81) 0.62 (1.52) <0.001
EASL 2022 CPG risk stratification <0.001

Low risk 22.1% (21) 15.3% (9) 333%(12)

Significant risk 77.9% (74) 84.7% (50) 66.7% (24)
Platelets (103cells/pl) 227 (149) 231 (169) 219 (110) 0.708
Albumin (g/dl) (n=67) 3.64 (0.86) 3.36 (0.86) 4.19(0.57) <0.001
Bilirubin (mg/dl) 50(7.7) 6.5 (8.8) 2.7(4.7) 0.019
INR (n=90) 21(047) 1.29(0.45) 1.07 (0.32) 0.012
Creatinine (mg/dl) 0.9(0.5) 09(0.5) 0.9 (0.6) 0.855
Sodium (mmol/Il) (n=90) 138 (4) 137 (5) 140 (2) <0.001
Mode of cross-sectional imaging 0.070

cT 58.9% (56) 66.1% (39) 47.2% (17)

MRI 41.1% (39) 33.9% (20) 52. 8%( 9)
Time interval between diagnosis of PSC and date of last imaging (years) 8.89(7.52) 895 (7.71) 1(7.32) 0.929
Loss to follow-up 23.2% (22) 15.3% (9) 1% (13) 0.019
Time of follow-up (years) 1.35(2.06) 1.06 (1.66) 1.82(2.53) 0.078
SMI (cm?’/m?) 42.08(9.35) 37.55 (7.63) 4949 (6.31) <0.001

Abbreviations: BMI, body mass index; CT, computed tomography; EASL 2022 CPG, European Association for the Study of the Liver 2022 Clinical Practice Guidelines;
INR, international normalized ratio; LTX, liver transplantation; MELD, Model of End-Stage Liver Disease; MRI, magnetic resonance imaging; PSC-IBD, patient with
primary sclerosing cholangitis and associated inflammatory bowel disease: SEG, Standard Exception criteria of Germany; SMI, skeletal muscle index

adequate ratio of events per variable (EPV), variables that
consisted of multiple single factors, such as SE status or
MELD score, were not included in the calculation but
only their single components if they were significantly
associated with TEFS.

With regard to clinical data on the signs of CLD, we
selected splenomegaly as a representative indicator of
portal hypertension for inclusion in the multivariable

Cox analysis, as it represents a Eurotransplant SE crite-
rion in patients with PSC. Ultimately multivariable Cox
regression was performed using the following covariates:
L3-SMI sarcopenia, dominant stenosis, splenomegaly,
BMI reduction of >10% in 12 months, recurrent cholan-
gitis with 22 septic episodes within 6 months, bilirubin
level, and INR (Table 2).
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Table 2 Characteristics associated with 5-year transplant-free survival by Cox regression analysis in patients with primary sclerosing

cholangitis
Parameter Univariate model Multivariate model
HR (95% Cl) p-value HR (95% CI) p-value
Sarcopenia via L3-SMI 5561 (2.346-13.182) <0.001 2.749 (1.118-6.758) 0.028
Sex 0.607 (0.307-1.198) 0.150
Age 1.009 (0.988-1.032) 0400
BMI 5(0.982-1.048) 0.377
PSC-IBD 0.838 (0.451-1.559) 0.577
Liver cirrhosis 10.870 (4.714-25.070) <0.001
Malignancy 1.457 (0.736-2.883) 0.280
Dominant Stenosis 2.930(1.359-6.317) 0.006 1.237 (0.516-2.961) 0.634
Ascites 6.528 (3.426-12.442) <0.001
Hepatic Encephalopathy 2.175 (1.074-4.405) 0.031
Splenomegaly 2.948 (1.581-5.498) <0.001 2473 (1.203-5.087) 0014
BMI reduction>10%in 12 3.106 (1.636-5.894) <0.001 1417 (0.703-2.856) 0.330
months
Recurring cholangitis (= 2x/6 months) 1(1.424-5.161) 0.002 2.529(1.190-5.376) 0.016
SEG 3.860 (2.122- 7021) <0.001
MELD score 1.121(1.088-1.156) <0.001
Child-Pugh Grade 3.727 (2.302-6. 036) <0.001
Mayo risk score 1.589 (1.325-1.905) <0.001
EASL 2022 CPG risk stratification 3.904 (1.396-10.919) 0.009
Platelets 0.997 (0.994-0.999) 0.015
Albumin 9(0.307- 0571) <0.001
Bilirubin 4(1.078-1.151) <0.001 1.079 (1.023-1.137) 0.005
INR 4.497 (2.720-7.. 435) <0.001 1.560 (0.673-3.617) 0.300
Creatinine 1567 (1.018-2411) 0.041
Sodium 0.894 (0.852-0.938) <0.001
Mode of cross-sectional imaging 0.342 (0.173-0.675) 0.002
SMI 0.973 (0.943-1.004) 0.083

Abbreviations: BMI, body mass index; EASL 2022 CPG, European Association for the Study of the Liver 2022 Clinical Practice Guidelines; INR, international normalized
ratio; LTX, liver transplantation; MELD, Model of End-Stage Liver Disease; PSC-IBD, patient with primary sclerosing cholangitis and associated inflammatory bowel

disease: SEG, Standard Exception criteria of Germany; SMI, skeletal muscle index

Estimation of survival related to the impact of sarco-
penia was performed by comparison with the log-rank
test and illustrated using Kaplan-Meier curves. A com-
peting-risk analysis was performed to further assess the
association between L3-SMI sarcopenia and mortality
using LTX as a competing risk. Statistical significance for
2-sided tests was set at p<0.05.

Results

Patient characteristics

95 patients with available abdominal cross-sectional
imaging for sarcopenia analysis were included after meet-
ing the selection criteria (Fig. 1). The baseline charac-
teristics of the patients are summarized in Table 1 (and
supplementary Table 1). The median age at the time of
cross-sectional imaging was 45 (18-76) years and the
patient cohort consisted of 67.4% (64) male patients and
32.6% (31) female patients. L3-SMI-based sarcopenia
was diagnosed in 62.1% (59) of patients. Liver cirrho-
sis was more prevalent in patients with sarcopenia than
in those without (61.0% vs. 33.3%; p=0.017). The mean

MELD score was 13 (standard deviation [SD]=8.2). A
higher mean MELD score was observed in patients with
sarcopenia (15; SD=8.7) than in those without sarcope-
nia (10; SD=6.2). No significant difference in BMI was
found between patients with and without sarcopenia
(mean BMI of sarcopenic patients 24.8 vs. non-sarcope-
nic patients 27.1; p=0.167).

Risk factors of impaired transplant-free survival

Overall, 52.6% (n=>50) of patients achieved transplant-
free survival during the 5-year observation period. Cor-
respondingly, 35.8% (n=34) of patients received LTX and
11.6% (n=11) died, amounting to 47.4% (n=45) patients
who met the primary outcome of this study (LTX or
death). Univariate Cox regression analyses were per-
formed to identify risk factors for impaired TFS (Table 2
and Supplementary Tables 2 and 3). Subsequently, using
multivariate Cox regression analysis, we confirmed that
sarcopenia was independently associated with reduced
transplant-free survival (hazard ratio [HR]=2.749;
p=0.028). Splenomegaly (HR=2.473; p=0.014), recurring
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cholangitis (HR=2.529; p=0.016), and bilirubin level
(HR=1.079; p=0.005) were identified as additional risk
factors. Despite a significant correlation in the univariate
analysis, BMI reduction>10% at 12 months was not sig-
nificantly associated with TES in the multivariate model
applied (HR=1.417; p=0.330; Table 2).

Sarcopenia and 5-year transplant-free survival

In patients with sarcopenia, only 45.8%, 39.0%, and 33.9%
of patients reached TES at 1, 2, and 5 years after the date
of imaging, respectively, compared to 91.7%, 83.3%, and
83.3% in patients without sarcopenia (»<0.001, log-rank
test; Fig. 2-3) . Stratified by the presence of sarcopenia
we observed that almost half of the sarcopenic patients,
47.5% (n=28/59) received LTX, in comparison to only
16.7% in patients without sarcopenia (n=6/36). All
deceased patients were found to have had sarcopenia
through imaging-based assessment of L3-SMI, repre-
senting a mortality rate of 25.4% in the sarcopenic group.
No deaths were recorded in the non-sarcopenic patient
group (p<0.001). A significant difference in the estimated
cumulative incidence between death (p=0.011) and LTX

1.0

0.5

0.8

rviva

0.7
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(p=0.008; competing risk) by the Fine-Gray test was
observed at 5 years of imaging (Supplementary Fig. 2).

Sarcopenia & sex-specific survival

We further investigated sex differences in the predic-
tive value of sarcopenia. In the male patient group, the
5-year TFS was 28.6% (n=12/42) for sarcopenic patients
in comparison to 81.8% (n=18/22) for patients without
sarcopenia (log-rank test p<0.001). In the female cohort,
47.1% (n=8/17) of patients with sarcopenia reached TFS
at 5 years, as opposed to 85.7% (n=12/14) of the female
patients without sarcopenia (log-rank test p=0.043, Sup-
plementary Figs. 3 and 4).

Sarcopenia & BMI in SE criteria
In our study, SE status was assigned to 27.4% (n=26) of
patients according to German MELD SE criteria (2022)
for PSC. Nearly half of the patients (46.2%; n=12 of 26)
received SE status because they met the criterion of BMI-
reduction (Supplementary Table 4). Sarcopenia was iden-
tified in 84.6% (n=22 of 26) of patients with SE status.
Based on the present results, we substituted BMI
reduction (Table 2) with L3-SMI sarcopenia to create a

Sarcopenia via L

wll TR0
=i Tyes
L= no-Censore

nnn—sarcnpenic =-yes-censon

0.6

0.5

0.4

0.3

0.2

Cumulative transplant-free su

0.1

p<0.001

0.0

sarcopenic

*

] 1 2

3 4 5

time in years after last cross-sectional imaging

Mo sarcopenia n=36

Sarcopenia n=59

Fig. 2 Transplant-free survival over 5 years after imaging in patients with and without sarcopenia indicated by Kaplan-Meier curves
Transplant-free survival of n=95 patients with PSC at 5 years after last cross-sectional imaging relative to sarcopenia determined by skeletal muscle index
at vertebra L3 (L3-SMI). Transplant-free survival 5 years after last imaging was at 83.3% for patients without sarcopenia compared to 33.9% of patients with

detected sarcopenia (log-rank test p <0.001). Censored patients shown as +
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Sarcopenia via L3-SMI
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Fig. 3 Survival at 12 months after imaging in patients with and without sarcopenia indicated by Kaplan-Meier curves

Transplant-free survival of n=95 patients with PSC at 12 months after last cross-sectional imaging relative to sarcopenia determined by skeletal muscle
index at vertebra L3 (L3-SMI). Transplant-free survival 12 months after last imaging was at 91.6% for patients without sarcopenia compared to 45.8% of
patients with detected sarcopenia (log-rank test p <0.001). Censored patients shown as +

modified set of SE criteria as a variable for statistical anal-
ysis. To facilitate comparison, the former German listing
criteria will be referred to as SEG (Standard Exception
criteria Germany), whereas the modified (M) version,
including sarcopenia, will be referred to as M-SEG. The
newly released German SE criteria for 2023 are referred
to as the New SEG23. An extended comparison Table of
the SE criteria is provided in the Supplementary Material
(Supplementary Table 5). By applying the M-SEG crite-
ria to the study cohort, 46.3% (n=44) of patients would
hypothetically be receiving M-SEG status.

SEG was compared to M-SEG to check for statistical
differences in predicting TFS using log-rank tests and
multivariable Cox regression models (additional analyses:
Supplementary Tables 6—8 and supplementary Figs. 5-8).

When comparing TES in SEG and M-SEG by log-rank
test, illustrated by the Kaplan-Meier curves in Fig. 4, a
difference in survival rates was observed. In patients not
meeting SE status, 68.1% (n=47 of 69 patients) reached
TES at 5 years after cross-sectional imaging according to
SEG, as opposed to 78.4% (40 of n=51) when M-SEG cri-
teria were applied.

Multivariable regression analysis revealed that M-SEG
was significantly associated (p<0.001) with 5-year TFS

and was superior to SEG in predicting TFS (p=0.141)
(Table 3).

Discussion

Our study demonstrates that cross-sectional imaging-
based L3-SMI sarcopenia represents an independent risk
factor for transplant-free survival in patients with PSC.
This finding supports the growing evidence that sarcope-
nia is an independent predictor of adverse outcomes in
patients with other CLD [23].

The definition of sarcopenia has evolved rapidly
throughout recent years. The new consensus definition
considers sarcopenia to be a compound of loss of mass,
quality, and strength of skeletal muscle tissue [7]. CT and
MRI are the gold standards for quantitative muscle analy-
sis in studies on cirrhosis [24, 25]. Clinical examination
of extremity circumference, muscle strength measured
by hand grip strength, or evaluation of muscle quality
via ultrasound provide different approaches to assess-
ment of sarcopenia but are time-consuming to perform
[7, 26]. Conversely, diagnostic cross-sectional imaging is
routinely performed during LTX assessments, providing
opportunities for fast and reproducible measurements of
body composition [11].
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Fig. 4 Comparison of five-year transplant-free survival after imaging in patients with PSC meeting German standard exception criteria (2022) versus

modified criteria, indicated by Kaplan-Meier curves

Juxtaposition of two Kaplan-Meier analyses depicting transplant-free survival (TFS) of n=95 patients with PSC at 5 years after last cross-sectional imaging.
Two different sets of MELD SE criteria for PSC were used to compare predictive accuracy regarding TFS: a) SEG (Standard Exception criteria Germany used
until 12th September 2023) on the left side versus b) M-SEG (Modified-SEG) on the right side, which includes detection of sarcopenia via L3-SMI as third

criterion instead of BMI reduction >10% in 12 months

Log-rank test p<0.001 for both analyses. Censored patients shown as + Results:
a) TFS at 5 years of patients with SEG status was 11.5% versus 68.1% in patients without SE status
b) TFS at 5 years of patients with M-SEG status was 22.7% versus 78.4% in patients without SE status

Table 3 Comparison between two sets of standard exception criteria predicting 5-year transplant-free survival by multivariable Cox

regression analysis in patients with primary sclerosing cholangitis

Multivariate Cox regression model B SE HR 95.0% Cl for HR p-value
Parameter Lower Upper
SEG 0.525 0357 1.691 0.841 3402 0.141
M-SEG* 1.388 0417 4.007 1.770 9.073 <0.001

*M-SEG (Modified SE criteria Germany) includes dominant stenosis, recurring cholangitis>2 septic ep. in 6 months and sarcopenia via L3-SMI with cut-offs at <50
cm2/m2 (for males) & <39 cm2/m2 (for females) which replaces BMI reduction of >10% in 12 months

Abbreviations: M-SEG, Modified standard exception criteria Germany; SEG, standard exception criteria Germany for patients with PSC until 12th September 2023

Muscle quantification methods specifically at the L3
vertebra level have shown a strong correlation with the
whole-body muscle mass [27]. The skeletal muscle index
(SMI) is widely used and well validated for prediction
of mortality and other adverse outcomes in patients
with CLD [20-22, 28]. Other commonly performed
methods for muscle quantification at L3 include psoas
muscle measurements such as transverse psoas muscle
thickness (TPMT) or psoas muscle index (PMI) [9, 10,
29, 30]. However, the predictive value of PMI for out-
comes of CLD remains controversial. Although some
studies have observed a significant correlation between
PMI and skeletal muscle mass measured by bioimped-
ance analysis, other studies have doubted the predictive
value of PMI [31, 32]. Another study reported that PMI
performed poorly in predicting mortality in a study of
396 patients with end-stage liver disease, whereas SMI

was appropriately correlated with mortality [21]. Thus,
L3-SMI is currently considered the more robust predic-
tor of whole-body muscle mass [12, 21]. Therefore, we
selected sarcopenia assessment via L3-SMI in this study,
following current EASL guidelines.

To the best of our knowledge, this is the first study to
examine transplant-free survival using imaging-based
diagnosis of sarcopenia in patients with PSC. To date, lit-
tle has been reported on the prognostic value of sarcope-
nia in PSC. In a retrospective study by Kikuchi et al., 22
patients with PSC were matched with a control group of
44 individuals free of hepatic disorders. This study exam-
ined the suitability of skeletal muscle mass as a prognos-
tic marker [29]. By comparing, inter alia, SMI and PMI
with clinical and laboratory data, they found that muscle
mass was closely related to disease severity and progno-
sis of patients with PSC [29]. It should be emphasized
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that our study examined the effect of sarcopenia within
a group of only patients with PSC, whereas Kikuchi et al.
determined the effect in comparison to a healthy popula-
tion [29].

By demonstrating that L3-SMI predicts adverse out-
comes in an only PSC patient cohort, our findings
support the idea that imaging-based detection of sar-
copenia may be a useful tool for risk stratification that
could potentially enhance the MELD standard exception
criteria for PSC patients [28]. Therefore, we retrospec-
tively assessed the impact of BMI on TES in our cohort,
as assessment of body composition via BMI reduc-
tion>10% was part of the German SE criteria at the time
and still is in other Eurotransplant member countries. In
our multivariable Cox regression model, BMI reduction
showed no significant correlation with TES, in contrast to
the L3-SMI sarcopenia.

Existing evidence on the impact of BMI reduction on
the outcomes in patients with CLD is controversial [33,
34]. BMI is convenient and widely accepted, yet it is
unable to comprehensively measure body composition as
it poorly indicates the actual percentage or distribution
of muscle and adipose tissue [35, 36]. Moreover, dynamic
patient behavior before weight measurement, additional
medical conditions, and fluid retention due to ascites
may distort BMI measurements. Through the substitu-
tion of L3-SMI sarcopenia for BMI reduction, the M-SEG
showed improved predictive accuracy in our multivariate
Cox regression model. Our data highlight the importance
of sarcopenia in patients with PSC. These results may be
further relevant considering the similarity between the
former German SE criteria and the current international
Eurotransplant SE criteria. Further studies are necessary
to assess the potential role of sarcopenia diagnosis in
transplantation criteria. Recently, new German SE crite-
ria have been implemented that neither include BMI, nor
sarcopenia. Importantly, our study focused on the pre-
viously used German SE criteria since all patients were
treated according to these criteria.

The Implementation of sarcopenia assessment in clini-
cal scoring systems poses several challenges. The acqui-
sition of special software to measure muscle mass and
radiological experience comprise obstacles [18]. Further-
more, muscle quantification methods such as L3-SMI
bear the risk of misinterpretation as muscle loss might
be masked by changes in muscle architecture i.e. myoste-
atosis. Myosteatosis is defined as pathological infiltration
of fat into muscle. This change in muscle composition is
an indicator of poor muscle quality as the ratio of mus-
cle mass to muscle strength worsens [37]. Myosteatosis
may not necessarily occur simultaneously to the loss of
muscle mass [38]. Thus far, it remains uncertain whether
pathological fat accumulation in muscle is caused by loss
of muscle mass or if is a distinct process that develops
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ahead of alterations in muscle mass [38]. Nonetheless
there are various studies on the concurrent presence of
these two muscle abnormalities. Prospective studies are
required to investigate combined assessment of muscle
quantity and quality to improve the diagnostic accuracy
of sarcopenia.

Furthermore, imaging-based evaluation of sarcopenia
for post-LTX management in patients with PSC repre-
sents another issue that requires further research.

Owing to its retrospective design, this study has sev-
eral limitations. Selection bias in patients cannot be ruled
out, as only patients with available cross-sectional images
were included and only the latest imaging was used for
measurements. The reliability of results on sex differ-
ence is impaired, as calculations are based on a total of 31
included female patients, owing to the specific sex ratio
of PSC which is predominantly male. Due to the limited
number of adequate imaging available, we were unable
to obtain additional clinical data on muscle quality and
strength relevant to further evaluate sarcopenia, such as
the intramuscular fat fraction.

Conclusions

In conclusion, cross-sectional imaging-based diagnosis
of sarcopenia via L3-SMI was an independent predictor
of transplant-free survival in this study of patients with
PSC. The inclusion of L3-SMI sarcopenia into the modi-
fied SE criteria could potentially improve the prognostic
accuracy of the SE criteria for patients with PSC. Future
prospective, large-scale, and multicenter studies are
required to corroborate our findings and further improve
imaging-based diagnosis of sarcopenia in patients. Our
study suggests that the imaging-based diagnosis of sarco-
penia merits further scientific attention.
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