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Abstract: Optimizing patients’ condition before liver transplantation (LT) could potentially improve
survival of LT patients. We focused on sarcopenia, as a common factor in liver transplant candidates
that can impact their cardiopulmonary performance at the point of listing, morbidity, and mortality
after LT. We performed a single-center cohort study on 98 consecutive patients with liver cirrhosis
who were transplanted between March 2015 and December 2017. The third lumbar vertebra skeletal
muscle index (L3SMI) was calculated using CT imaging to distinguish sarcopenia at listing for LT.
Data regarding liver function, body mass index (BMI), cardiac biomarkers, the peak oxygen uptake
(VO2) and LT outcome were collected and correlated to L3SMI. For data analysis the Dell Statistica
(Version 13. Dell Inc., Rondrock, TX, USA) was used. In total, 98 cirrhotic patients were included.
Fifty-five (56.1%) patients, mostly males, had sarcopenia according to L3SMI, with the lowest L3SMI
in males with alcohol-related liver disease. Lower L3SMI correlated with lower BMI, lower VO2
peak, and higher NTproBNP (all p < 0.001) and revealed an essential correlation with prolonged ICU
stay (r = −0.21, p < 0.05). 33 patients were unable to perform cardio-pulmonary exercise test, mostly
sarcopenic (67%), with more advanced liver insufficiency (assessed with CPC and MELD scores)
and longer stay at ICU after LT (all p < 0.001). Sarcopenia was common among LT recipients. It was
associated with inferior result in cardio-pulmonary performance before LT and prolonged ICU stay
after grafting.

Keywords: sarcopenia; end-stage liver disease; liver transplantation; cardio-pulmonary perfor-
mance; L3SMI

1. Introduction

Physical inactivity, sarcopenia, and frailty are highly prevalent, independent predictors
of morbidity and mortality in patients with cirrhosis. In combination with advanced age,
malnutrition, decreased hepatic protein synthesis, catabolism, hyperammonemia, increase
in proinflammatory cytokines and low testosterone level, cardiac and skeletal muscle
deconditioning results in reduced cardiac function and physical frailty as well as decreased
skeletal muscle mass and strength [1].

Sarcopenia is defined by the triad of a generalized loss of skeletal muscle mass,
strength, and function [2] and may be a marker of poor general status when predicting
outcome in populations undergoing general surgery [3] and renal transplantation [4]. It
seems to be a better indicator of malnutrition than serum albumin, weight, and body mass
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index (BMI), which may be modified by ascites in patients with liver cirrhosis. Nowadays,
sarcopenia is recognized to be a highly prevalent and life-threatening complication of
cirrhosis, irrespectively of the origin of the liver disease. Male-sex and decompensation
of the liver function according to Child–Pugh class (CPC) C cirrhosis were independent
predictors of sarcopenia what was an independent predictor of mortality [5]. Sarcopenia in
liver transplant candidates was associated with increased waitlist mortality [5–8] and sepsis-
related death on the waitlist [8]. Moreover, sarcopenia progresses during the transplant
process and up to 1-year after surgery [9]. A recent meta-analysis showed the negative
impact of sarcopenia on the results of liver transplantation (LT) [10]. Post-transplant
outcomes associated with sarcopenia include prolonged hospital and intensive care unit
(ICU) stay, increased risk of infection [11] and post-transplantation mortality [12–17].

Although the liver transplantation (LT) outcomes depend on recipients, donors and
operative procedural characteristics, the shortage of donor livers increases the need to maxi-
mize the life-saving capacity of procured livers in terms of older candidates to surgery with
more severe end-stage liver disease and greater comorbidities (e.g., metabolic syndrome).
Additionally, cardiovascular events (CVE) contribute to excess serious complications and
non-liver-related death after LT [18]. The goal of cardiovascular evaluation before LT is
detection of severe cardio-pulmonary disease which makes LT futile. In general, cardio-
logic workup is focused on ischemic heart disease and its complications. However, there
is a lack of routine dynamic evaluation of cardio-pulmonary performance of end-stage
liver disease candidates to LT under controlled conditions of increased oxygen demand
or hemodynamic instability. Cardio-pulmonary exercise test (CPET) might be a solution,
because it simultaneously evaluates efficiency of circulatory, respiratory, and muscular
systems, testing the ability of the cardio-respiratory systems to deliver oxygen to tissues
under stress and provides an objective measure of functional capacity and impairment. A
lower anaerobic threshold indicates lower aerobic fitness. Poor performance on CPET is
associated with inferior postoperative outcomes and patients who are unable to complete
CPET for some reason had the longest hospital stay and poorest survival [19]. Peak oxygen
uptake (VO2 peak) below 60% predicted value was shown as a prognostic factor of 100-day
liver transplant related mortality [20].

The impact of sarcopenia on cardio-pulmonary efficiency before LT and, further,
morbidity and mortality after LT in order to prioritize patients by transplant survival
benefit has not been studied as of date. However, it is rational to prioritize the patients
to avoid short time futility, defined as posttransplant three-month mortality, as well as
long-term survival below 50% at five years after LT.

Thus, we focused on sarcopenia in liver transplant recipients from a single liver
transplant center and its impact on their cardio-pulmonary performance, and, further,
morbidity and mortality after grafting.

2. Patients and Methods
2.1. Patients

It was a single center cohort study on 98 consecutive patients with liver cirrhosis who
were transplanted between March 2015 and December 2017. Our cohort consisted of three
subgroups of patients according to the etiology of liver cirrhosis: HCV, HCV complicated
with hepatocellular carcinoma (HCC), and alcoholic liver disease (ALD), referring to Table 1.
None of patients included in the study had medical history of myocardial infarction,
stroke/transient ischemic attack or overt heart failure, neither abnormal right and left
heart ventricular systolic and diastolic function in echocardiography. All the patients were
successfully liver transplanted.

2.2. Study Design
2.2.1. Definition of Sarcopenia

Although multiple studies have reported the impact of sarcopenia on outcomes in
liver transplant candidates, no consistent definition of sarcopenia in this population exists.
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However, CT has been acknowledged as the gold standard for detection of low muscle
mass by the European Working Group on Sarcopenia in Older People [2]. Thus, the recently
published method by Carey et al. was applied [21]. The superior aspect of the L3 vertebral
level was identified in CT scan and muscles at L3 were outlined. The cross-sectional area of
the muscles was semi-automatically measured in cm2. After normalization of L3 skeletal
muscle area to individual’s height, skeletal muscle index was calculated (L3SMI) with
cutoffs of 50 cm2/m2 for men and 39 cm2/m2 for women [21].

Table 1. Comparison between patient with and without sarcopenia, defined by L3SMI.

Sarcopenic
(n = 55)

Non-Sarcopenic
(n = 43) p Value

Age 55 (9) 57 (9) 0.244

Gender (female) 20% 28% 0.364

Etiology
HCV
HCC
ALD

29%
20%
51%

32.5%
35%

32.5%

0.716
0.100
0.071

BMI (kg/m2) 24.8 (5) 29.3 (5) <0.001

MELD (points) 18 (14) 16 (11) 0.161

CPC (points) 10 (3) 9 (4) 0.289

VO2 Peak (J. eq.) 63.2 (33) 79.3 (29) 0.064

TnI 0.009 (0.02) 0.010 (0.03) 0.988

NT-proBNP 176 (263) 74 (79) 0.043
Abbreviations: ALD, alcohol liver disease; BMI, Body Mass Index; CPC, Child–Pugh Class; HCC, hepatocellular
carcinoma; MELD, Model of End Stage Liver Disease; NT-proBNP, N-terminal pro-brain natriuretic peptide; TnI,
troponin I. The data are presented as median and IQR or percent of the subset, when indicated. The U-Mann test
was performed to compare the subgroups. p value < 0.05 considered significant.

2.2.2. Structured Cardiologic Work-Up before LT

ECG, serum cardio-biomarkers (troponin I [TnI], N-terminal pro-B type natriuretic
peptide [NTproBNP]), 24-h Holter-ECG, and contrast echocardiography were carried out
in all liver transplant candidates. Additional testing, i.e., coronarography or CT scans with
calcium score, heart MRI or SPECT were used when individually appropriate. Additionally,
cardio-pulmonary exercise test (CPET) was intended to be performed in all individuals.

2.2.3. Cardio-Pulmonary Exercise Test (CPET)

CPET, carried out by measuring maximal oxygen consumption at peak exercise (VO2
peak), provides a critical integrative approach of the aerobic capacity as well as a global
assessment of the health status of an individual, physical fitness and physiological reserve.
Due to assessment of sarcopenia and high percentage of ascites in study cohort, percent-
predicted peak VO2 according to normative values were calculated without data about
weight, by formula proposed by Jones et al. [22], as follows:

Male: VO2 (L/min) = 4.2 − (0.032 ∗ age),
Female: VO2 (L/min) = 2.6 − (0.014 ∗ age) with optimal cut-off predictive value of

VO2 peak ≥ 80%, L/min.

2.3. Ethics

The study protocol was approved by the ethics committee of the Medical University of
Warsaw (AKBE/119/2019) and conforms with the ethical guidelines of the 1975 Declaration
of Helsinki (6th revision, 2008).
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2.4. Statistical Analysis

Data is presented as mean and standard deviation (SD) or median with interquar-
tile range (IQR), when appropriate. The Kolmogorov–Smirnoff normality test was used
to examine the distribution of quantitative variables. Correlations were assessed by a
nonparametric test—Spearman’s rank-correlation coefficient. The Mann–Whitney U-test,
the Kruskal–Wallis test by ranks and Chi-square test for multidimensional contingency
were used to check for differences between patient subgroups when appropriate. The
factors associated with poor recipient survival or prolonged stay at ICU (defined as at
least 6 days [23]) were analyzed on univariate and subsequent multivariable analysis (Cox
proportional hazard and logistic regression analysis). Then, the Kaplan–Meier curves were
created to examine patient survival by log-rank Cox analysis. For multiple comparisons,
the Bonferroni correction were used. For data analysis, the Dell Statistica (Version 13.
Dell Inc., USA) was used. A p value < 0.05 was considered statistically significant, except
multiple comparisons when the Bonferroni correction was used.

3. Results

In total 98 consecutive liver cirrhotic and transplanted between Mar 2015 and Dec
2017 patients (F 23, M 75, mean age 55 ± 8 years) were enrolled into the study: 30 with
HCV (F 11, M 19, mean age 55 ± 7 years), 26 with HCV complicated with HCC (F 6, M 20,
mean age 58 ± 5 years) and 42 with ALD (F 6, M 36, mean age 54 ± 8 years). The mean BMI
in the study group was 27 ± 4 kg/m2, MELD score 18 ± 9 points and most of patients were
class B in CPC. However, in 19 (45%) individuals Child–Pugh class was C (mean 11 points).
There were 15 HCV RNA negative patients of 30 (50%) with HCV cirrhosis of the liver at
the moment of LT, but only 6 out of 26 (23%) in the group of HCV-HCC individuals.

In total there were 55 individuals (56%) with sarcopenia diagnosed by L3SMI: 44 (59%)
men and 11 (48%) females. In the whole study group the mean L3SMI was 47 ± 10 cm2/m2:
41 ± 9 cm2/m2 in females and 49 ± 10 cm2/m2 in men. Patients with alcohol-related
liver cirrhosis had the lowest L3SMI when compared to HCV and HCV-HCC subgroups
(45 ± 10.3 cm2/m2 vs. 46.7 ± 10 cm2/m2 vs. 50 ± 8.9 cm2/m2; all p < 0.05).

Thirty-three individuals were unable to perform any exercise on the treadmill because
of the immobilization and clinical frailty. Majority (67%) of patients unable to perform
CPET were sarcopenic.

There was no significant difference between sarcopenic and non-sarcopenic patients
in terms of liver failure scores, such as MELD and CPC as well as in the mortality after LT.
However, there were substantial differences in MELD scores among subgroups, with the
highest values in HCV individuals (23 ± 8.3 points), followed with ALD cirrhotic patients
(18.4 ± points) and HCV-HCC transplanted individuals (12.5 ± 6.5 points) (all p < 0.001).
Clinical data regarding sarcopenia was summarized in Table 1. Lower L3SMI correlated
with lower BMI, lower VO2 peak, higher NTproBNP and correlated with prolonged ICU
stay (r = −0.21, p < 0.05). Thus, sarcopenic patients presented reduced cardio-pulmonary
performance and were more prone to longer stay at the ICU (Table 2).

Moreover, there were substantial differences between patients who performed CPET
and individuals unable to perform any exercise in terms of CPC (p < 0.05) and MELD,
L3SMI, NTproBNP, as well as prolonged ICU stay (all p < 0.01).

In comparison, in the Kaplan–Meier curves for patients with and without sarcopenia,
no significant differences were reported in terms of survival in 90-day post-LT (Figure 1), as
well as 1 year (Figure 2) and whole follow-up period (up to 1224 days after surgery) (Figure 3).
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Table 2. Correlations between sarcopenia, cardiac markers, and clinical variables.

L3 SMI VO2 Peak
(J. Eq.) TnI NT-proBNP

L3SMI 0.592 ** −0.095 −0.531 **

VO2 Peak (J. eq.) 0.592 ** −0.098 −0.354

TnI −0.095 −0.098 0.107

NT-proBNP −0.531 ** −0.354 0.107

BMI 0.473 ** 0.485 ** 0.197 −0.056

MELD −0.159 −0.151 0.380 * 0.266

CPC −0.159 −0.142 0.344 * 0.088

ICU Stay −0.208 * −0.217 0.087 0.358 *
Abbreviations: BMI, Body Mass Index; CPC, Child–Pugh Class; L3SMI, third lumbar vertebra skeletal muscle
index; MELD, Model of End Stage Liver Disease; NT-proBNP, N-terminal pro-brain natriuretic peptide; TnI,
troponin I. The Spearman test was performed. p value < 0.05 considered significant. The data are presented as
rho. * p < 0.05; ** p < 0.01.
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4. Discussion

In this paper, authors pointed out the high number of sarcopenic patients awaiting
liver transplantation with correlation between sarcopenia and prolonged ICU stay after
LT but not with mortality. More than half of evaluated individuals in analyzed cohort
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presented sarcopenia. Sarcopenia seemed to be a derivative of alcoholic cirrhosis and more
advanced liver disease; both were true for males with end-stage liver disease, suggesting
sex differences in this term. In ALD patients both advanced liver disease and alcohol
directly contribute to sarcopenia with myosteatosis reaching 68% in sarcopenic patients [24].
Alcohol impairs skeletal muscle mitochondrial function and protein synthesis [25], leads to
hypogonadism and its effect on muscle [26,27] It inhibits mammalian target of rapamycin
complex 1 which role is suppressing autophagy and stimulating protein synthesis [28].
Moreover, end-stage liver disease of alcoholic origin was associated with loss of muscle
and fat mass as described by Benjamin et al. [29]. This alteration in body composition
accompanied the progression from compensated to decompensated liver cirrhosis. [29].
There was no correlation between sarcopenia and advanced liver impairment in the present
study. This finding was in line with data of Kang S.H. et al., who found that MELD was not
an independent predictor of mortality in severe sarcopenia in the study with 452 cirrhotic
patients [30] and pointed out the role of novel MELD-sarcopenia score [31]. On the other
hand, the additional value of MELD-sarcopenia index in allocation of organ system was
questioned by van Vugt et al. [32].

The universal structured cardiologic protocol applied in liver transplant centers is
dedicated mainly for detection of coronary artery disease and its complications. Of note,
dobutamine-stress echo is not a standard of cardiac evaluation to LT across the centers.
Disadvantages of such strategy is associated with the lack of assessment of heart function
during surgery with increased oxygen demand as well as in hemodynamic instability. The
novel aspect of presented analysis is the impact of sarcopenia on worse cardio-pulmonary
performance, i.e., lower VO2 peak and higher NTproBNP before surgery. These results
corroborate previously published data regarding the impact of aerobic capacity on LT
prognosis [20,33]. Reduced VO2 peak has been independently associated with 100-day
mortality following LT [20]. Liver transplant candidates with greater VO2 peak experienced
significantly better 12-month survival after surgery [34]. Moreover, VO2 at ventilatory
threshold was the only predictive factor of mortality after LT [33]. A reduction in aerobic
power or aerobic endurance correlated with increased mortality [34,35], and might be a
more sensitive predictor of mortality than sarcopenia alone, pointed rather to the muscle
function, i.e., chronic immobilization, than mass [36].

What is more, we also found higher levels of plasma NTproBNP in sarcopenic indi-
viduals, supporting the thesis of impaired heart function in terms of reduced muscle mass
and strength, as well as mirrored data regarding the reverse impact of higher body mass
index on this cardiac biomarker [37,38]. NTproBNP is an independent risk factor of all-
cause mortality in patients without heart failure [39]. Moreover, newly established cardiac
cachexia of multifactorial origin—including endotoxemia, chronic inflammation, long-
term neurohormonal overactivation, and upregulation of the transcription the proteolytic
ubiquitin–proteasome pathway components—has been described, with only NTproBNP
recommended to diagnose this condition as of the date [40].

The results of the present study regarding the risk of prolonged ICU stay in sar-
copenic patients are in keeping with previously published data. DiMartini et al. found
that sarcopenic patients of both genders were at risk of prolonged ICU stay after liver
transplantation, total hospital stayand days of intubation, however, with modest effect
in female patients [12]. The possible explanation of these findings might be lower res-
piratory quotient in sarcopenic individuals [41]. Neviere et al. showed that survivors
after LT at one-year follow-up had higher VO2 peak when compared to non-survivors [42]
and lower VO2 peak was consisted with longer ICU stay [43]. Moreover, some new data
points to the impact of sarcopenia on reduced left heart chamber with occult heart failure
(with preserved ejection fraction in basic condition) [44] as well as respiratory muscle and
diaphragmatic sarcopenia with their weakness [45,46].

Thus, the novel aspect of this analysis is the impact of sarcopenia on worse cardiac
performance before surgery with the higher risk of prolonged ICU stay with its further
complications after LT in sarcopenic individuals unable to perform any exercise on the
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treadmill. The population of LT candidates unable to perform an objective CPET should be
of interest in planning early recognition, testing and management of sarcopenia and muscle
function. As of date, there were no studies analyzing sarcopenia regarding an individual’s
cardiopulmonary performance [47].

In the study of Kalafateli et al. with 232 consecutive liver transplant recipients,
prolonged ICU stay was derivative of severe malnutrition and patients with sarcopenia
receiving suboptimal graft had longer ICU and hospital stay with higher incidence of infec-
tion and higher one-year mortality after LT [15]. However, the population of transplant
candidates unable to performed CPET were underscored in the present study in respect of
their maximal exercise capacity as well as their heart function under stress of increased
oxygen demand during surgery and intravascular volume changes. Thus, the structured
cardiac pre-transplant protocol applied in our center to evaluate the cardio-vascular risk
in liver graft recipients was unable to identify individuals with lower benefit of LT. There
were also some other limitations of the present study. We did not prove increased mortality
in sarcopenic liver graft recipients what is mentioned in literature - recently published
meta-analysis of eleven studies clearly pointed to the increased mortality in transplanted
individuals with low muscle mass [10]. Thus, the negative result of the present study might
reflect underestimation resulting from the number of participants. On the assumption of
p value < 0.05, accepting statistical level error 0.02 (2%), the study cohort should consist of
142 patients. Furthermore, we had no data regarding the role of ammonia and testosterone
levels as well as a nutritional treatment—i.e., branched-chain amino acids (BCAA) enriched
diet in therapy of sarcopenic individuals during run-up to liver transplantation. Although,
as of date, there is no convincing data showing the benefit of diet and testosterone sup-
plementation in end-stage liver disease [48]. Moreover, the role of physical activity were
studied in patients with compensated cirrhosis, usually in CPC class A, although not in
candidates to LT with ESLD [1,49]. The impact of anti-viral therapy with novel DAA
drugs on patients’ general condition was also not studied as of date. On the other hand,
structured cardiologic protocol was dedicated mainly for the detection of coronary artery
disease and its complications. Disadvantages of such a strategy were associated with
evaluation of coronary arteries at rest with the lack of assessment of the heart function as in
surgery, with increased oxygen demand as well as in hemodynamic instability. The impact
of sarcopenia on cardiovascular morbidity and mortality after LT in respect of prioritizing
patients by transplant benefit in terms of morbidity was not clearly demonstrated in this
present study.

In conclusion, the results of the present study are in line with the previously pub-
lished data linking sarcopenic patients with worse cardiopulmonary assessment result
and prolonged ICU stay after LT. The urgent need for early identification and appropriate
cardiac testing of sarcopenic LT candidates exists. CPET might be a solution, however only
in individuals capable of effort on treadmill. Therefore, there is an unresolved problem
with evaluation of immobilized or frailty liver transplant candidates. The population of LT
candidates unable to perform an objective CPET should be of interest in planning early
recognition, testing, and management of sarcopenia and muscle function.

Author Contributions: Conceptualization, M.M. and J.R.-W.; methodology, M.M. and J.R.-W.; soft-
ware, M.K.J.; validation, J.R.-W. and M.M.; formal analysis, M.M.; J.R.-W. and M.K.J.; investigation,
M.M.; M.K.J.; R.G.; R.P.; resources, K.G.; R.G.; K.Z.; R.P. and M.M,; data curation, K.Z.; writing—
original draft preparation, M.M.; M.K.J.; writing—review and editing, M.M. and J.R.-W.; K.G.; R.P.;
visualization, M.M.; M.K.J.; supervision, J.R.-W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of Medical University of Warsaw
(AKBE/119/2019; 11.03.2019.).



Life 2021, 11, 740 9 of 11

Informed Consent Statement: Patient consent was waived due to the retrospective nature of the
study and the analysis used anonymous clinical data.

Data Availability Statement: Data described in the manuscript, code book, and analytic code will
be made available upon request pending on application and approval.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ALD, alcoholic liver disease; BMI, Body Mass Index; CPC; Child–Pugh class; CPET, cardio-pulmonary
exercise test; CVE, cardio-vascular event; ESLD, end-stage liver disease; F, female; HCC, hepato-
cellular carcinoma; HCV, hepatitis C virus; ICU, Intensive Care Unit; MELD, Model of End-Stage
Liver Disease; L3SMI, the third lumbar vertebra skeletal muscle index; LT, liver transplantation; M,
male; MELD, Model for End Stage Liver Disease; NTproBNP, N-terminal pro-B type brain natriuretic
peptide; TnI, troponin I; VO2peak, peak oxygen uptake

References
1. Tandon, P.; Ismond, K.P.; Riess, K.; Duarte-Rojo, A.; Al-Judaibi, B.; Dunn, M.A.; Holman, J.; Howes, N.; Haykowsky, M.J.F.;

Josbeno, D.A.; et al. Exercise in cirrhosis: Translating evidence and experience to practice. J. Hepatol. 2018, 69, 1164–1177.
[CrossRef] [PubMed]

2. Cruz-Jentoft, A.J.; Baeyens, J.P.; Bauer, J.M.; Boirie, Y.; Cederholm, T.; Landi, F.; Martin, F.C.; Michel, J.P.; Rolland, Y.;
Schneider, S.M.; et al. Sarcopenia: European consensus on definition and diagnosis: Report of the European Working Group on
Sarcopenia in Older People. Age Ageing 2010, 39, 412–423. [CrossRef]

3. Englesbe, M.J.; Lee, J.S.; He, K.; Fan, L.; Schaubel, D.E.; Sheetz, K.H.; Harbaugh, C.M.; Holcombe, S.A.; Campbell, D.A., Jr.;
Sonnenday, C.J.; et al. Analytic morphomics, core muscle size, and surgical outcomes. Ann. Surg. 2012, 256, 255–261. [CrossRef]
[PubMed]

4. Streja, E.; Molnar, M.Z.; Kovesdy, C.P.; Bunnapradist, S.; Jing, J.; Nissenson, A.R.; Mucsi, I.; Danovitch, G.M.; Kalantar-Zadeh, K.
Associations of pretransplant weight and muscle mass with mortality in renal transplant recipients. Clin. J. Am. Soc. Nephrol.
2011, 6, 1463–1473. [CrossRef]

5. Tandon, P.; Ney, M.; Irwin, I.; Ma, M.M.; Gramlich, L.; Bain, V.G.; Esfandiari, N.; Baracos, V.; Montano-Loza, A.J.; Myers, R.P.
Severe muscle depletion in patients on the liver transplant wait list: Its prevalence and independent prognostic value. Liver
Transplant. 2012, 18, 1209–1216. [CrossRef] [PubMed]

6. Durand, F.; Buyse, S.; Francoz, C.; Laouénan, C.; Bruno, O.; Belghiti, J.; Moreau, R.; Vilgrain, V.; Valla, D. Prognostic value of
muscle atrophy in cirrhosis using psoas muscle thickness on computed tomography. J. Hepatol. 2014, 60, 1151–1157. [CrossRef]

7. Meza-Junco, J.; Montano-Loza, A.J.; Baracos, V.E.; Prado, C.M.; Bain, V.G.; Beaumont, C.; Esfandiari, N.; Lieffers, J.R.; Sawyer, M.B.
Sarcopenia as a prognostic index of nutritional status in concurrent cirrhosis and hepatocellular carcinoma. J. Clin. Gastroenterol.
2013, 47, 861–870. [CrossRef]

8. Montano-Loza, A.J.; Meza-Junco, J.; Prado, C.M.; Lieffers, J.R.; Baracos, V.E.; Bain, V.G.; Sawyer, M.B. Muscle wasting is associated
with mortality in patients with cirrhosis. Clin. Gastroenterol. Hepatol. 2012, 10, 166–173.e1. [CrossRef]

9. Bhanji, R.A.; Takahashi, N.; Moynagh, M.R.; Narayanan, P.; Angirekula, M.; Mara, K.C.; Dierkhising, R.A.; Watt, K.D. The
evolution and impact of sarcopenia pre- and post-liver transplantation. Aliment. Pharmacol. Ther. 2019, 49, 807–813. [CrossRef]

10. Van Vugt, J.L.; Levolger, S.; de Bruin, R.W.; van Rosmalen, J.; Metselaar, H.J.; IJzermans, J.N.M. Systematic Review and Meta-
Analysis of the Impact of Computed Tomography-Assessed Skeletal Muscle Mass on Outcome in Patients Awaiting or Undergoing
Liver Transplantation. Am. J. Transplant. 2016, 16, 2277–2292. [CrossRef]

11. Krell, R.W.; Kaul, D.R.; Martin, A.R.; Englesbe, M.J.; Sonnenday, C.J.; Cai, S.; Malani, P.N. Association between sarcopenia and the
risk of serious infection among adults undergoing liver transplantation. Liver Transplant. 2013, 19, 1396–1402. [CrossRef]

12. DiMartini, A.; Cruz, R.J., Jr.; Dew, M.A.; Myaskovsky, L.; Goodpaster, B.; Fox, K.; Kim, K.H.; Fontes, P. Muscle mass predicts
outcomes following liver transplantation. Liver Transplant. 2013, 19, 1172–1180. [CrossRef]

13. Englesbe, M.J.; Patel, S.P.; He, K.; Lynch, R.J.; Schaubel, D.E.; Harbaugh, C.; Holcombe, S.A.; Wang, S.C.; Segev, D.L.; Sonnenday,
C.J. Sarcopenia and mortality after liver transplantation. J. Am. Coll. Surg. 2010, 211, 271–278. [CrossRef] [PubMed]

14. Hamaguchi, Y.; Kaido, T.; Okumura, S.; Fujimoto, Y.; Ogawa, K.; Mori, A.; Hammad, A.; Tamai, Y.; Inagaki, N.; Uemoto, S. Impact
of quality as well as quantity of skeletal muscle on outcomes after liver transplantation. Liver Transplant. 2014, 20, 1413–1419.
[CrossRef] [PubMed]

15. Kalafateli, M.; Mantzoukis, K.; Choi Yau, Y.; Mohammad, A.O.; Arora, S.; Rodrigues, S.; de Vos, M.; Papadimitriou, K.;
Thorburn, D.; O’Beirne, J.; et al. Malnutrition and sarcopenia predict post-liver transplantation outcomes independently of the
Model for End-stage Liver Disease score. J. Cachexia Sarcopenia Muscle 2017, 8, 113–121. [CrossRef]

16. Masuda, T.; Shirabe, K.; Ikegami, T.; Harimoto, N.; Yoshizumi, T.; Soejima, Y.; Uchiyama, H.; Ikeda, T.; Baba, H.; Maehara, Y.
Sarcopenia is a prognostic factor in living donor liver transplantation. Liver Transplant. 2014, 20, 401–407. [CrossRef]

http://doi.org/10.1016/j.jhep.2018.06.017
http://www.ncbi.nlm.nih.gov/pubmed/29964066
http://doi.org/10.1093/ageing/afq034
http://doi.org/10.1097/SLA.0b013e31826028b1
http://www.ncbi.nlm.nih.gov/pubmed/22791101
http://doi.org/10.2215/CJN.09131010
http://doi.org/10.1002/lt.23495
http://www.ncbi.nlm.nih.gov/pubmed/22740290
http://doi.org/10.1016/j.jhep.2014.02.026
http://doi.org/10.1097/MCG.0b013e318293a825
http://doi.org/10.1016/j.cgh.2011.08.028
http://doi.org/10.1111/apt.15161
http://doi.org/10.1111/ajt.13732
http://doi.org/10.1002/lt.23752
http://doi.org/10.1002/lt.23724
http://doi.org/10.1016/j.jamcollsurg.2010.03.039
http://www.ncbi.nlm.nih.gov/pubmed/20670867
http://doi.org/10.1002/lt.23970
http://www.ncbi.nlm.nih.gov/pubmed/25088484
http://doi.org/10.1002/jcsm.12095
http://doi.org/10.1002/lt.23811


Life 2021, 11, 740 10 of 11

17. Montano-Loza, A.J.; Meza-Junco, J.; Baracos, V.E.; Prado, C.M.; Ma, M.; Meeberg, G.; Beaumont, C.; Tandon, P.; Esfandiari, N.;
Sawyer, M.B.; et al. Severe muscle depletion predicts postoperative length of stay but is not associated with survival after liver
transplantation. Liver Transplant. 2014, 20, 640–648. [CrossRef] [PubMed]

18. D’Avola, D.; Cuervas-Mons, V.; Marti, J.; Ortiz de Urbina, J.; Lladó, L.; Jimenez, C.; Otero, E.; Suarez, F.; Rodrigo, J.M.;
Gómez, M.A.; et al. Cardiovascular morbidity and mortality after liver transplantation: The protective role of mycophenolate
mofetil. Liver Transplant. 2017, 23, 498–509. [CrossRef]

19. Lai, C.W.; Minto, G.; Challand, C.P.; Hosie, K.B.; Sneyd, J.R.; Creanor, S.; Struthers, R.A. Patients’ inability to perform a
preoperative cardiopulmonary exercise test or demonstrate an anaerobic threshold is associated with inferior outcomes after
major colorectal surgery. Br. J. Anaesth. 2013, 111, 607–611. [CrossRef]

20. Epstein, S.K.; Freeman, R.B.; Khayat, A.; Unterborn, J.N.; Pratt, D.S.; Kaplan, M.M. Aerobic capacity is associated with 100-day
outcome after hepatic transplantation. Liver Transplant. 2004, 10, 418–424. [CrossRef]

21. Carey, E.J.; Lai, J.C.; Wang, C.W.; Dasarathy, S.; Lobach, I.; Montano-Loza, A.J.; Dunn, M.A. A multicenter study to define
sarcopenia in patients with end-stage liver disease. Liver Transplant. 2017, 23, 625–633. [CrossRef]

22. Jones, N.L.; Makrides, L.; Hitchcock, C.; Chypchar, T.; McCartney, N. Normal standards for an incremental progressive cycle
ergometer test. Am. Rev. Respir Dis. 1985, 131, 700–708. [CrossRef]

23. Stratigopoulou, P.; Paul, A.; Hoyer, D.P.; Kykalos, S.; Saner, F.H.; Sotiropoulos, G.C. High MELD score and extended operating
time predict prolonged initial ICU stay after liver transplantation and influence the outcome. PLoS ONE 2017, 12, e0174173.
[CrossRef]

24. Bhanji, R.A.; Narayanan, P.; Moynagh, M.R.; Takahashi, N.; Angirekula, M.; Kennedy, C.C.; Mara, K.C.; Dierkhising, R.A.;
Watt, K.D. Differing Impact of Sarcopenia and Frailty in Nonalcoholic Steatohepatitis and Alcoholic Liver Disease. Liver Transplant.
2019, 25, 14–24. [CrossRef]

25. Bonet-Ponce, L.; Saez-Atienzar, S.; da Casa, C.; Flores-Bellver, M.; Barcia, J.M.; Sancho-Pelluz, J.; Romero, F.J.; Jordan, J.;
Galindo, M.F. On the mechanism underlying ethanol-induced mitochondrial dynamic disruption and autophagy response.
Biochim. Biophys. Acta 2015, 1852, 1400–1409. [CrossRef]

26. Nishikawa, H.; Shiraki, M.; Hiramatsu, A.; Moriya, K.; Hino, K.; Nishiguchi, S. Japan Society of Hepatology guidelines for
sarcopenia in liver disease (1st edition): Recommendation from the working group for creation of sarcopenia assessment criteria.
Hepatol. Res. 2016, 46, 951–963. [CrossRef] [PubMed]

27. Villalta, J.; Ballesca, J.L.; Nicolas, J.M.; Martinez de Osaba, M.J.; Antunez, E.; Pimentel, C. Testicular function in asymptomatic
chronic alcoholics: Relation to ethanol intake. Alcohol. Clin. Exp. Res. 1997, 21, 128–133. [CrossRef] [PubMed]

28. Lang, C.H.; Frost, R.A.; Deshpande, N.; Kumar, V.; Vary, T.C.; Jefferson, L.S.; Kimball, S.R. Alcohol impairs leucine-mediated
phosphorylation of 4E-BP1, S6K1, eIF4G, and mTOR in skeletal muscle. Am. J. Physiol. Endocrinol. Metab. 2003, 285, E1205–E1215.
[CrossRef]

29. Benjamin, J.; Shasthry, V.; Kaal, C.R.; Anand, L.; Bhardwaj, A.; Pandit, V.; Arora, A.; Rajesh, S.; Pamecha, V.; Jain, V.; et al.
Characterization of body composition and definition of sarcopenia in patients with alcoholic cirrhosis: A computed tomography
based study. Liver Int. 2017, 37, 1668–1674. [CrossRef] [PubMed]

30. Kang, S.H.; Jeong, W.K.; Baik, S.K.; Cha, S.H.; Kim, M.Y. Impact of sarcopenia on prognostic value of cirrhosis: Going beyond the
hepatic venous pressure gradient and MELD score. J. Cachexia Sarcopenia Muscle 2018, 9, 860–870. [CrossRef] [PubMed]

31. Montano-Loza, A.J.; Duarte-Rojo, A.; Meza-Junco, J.; Baracos, V.E.; Sawyer, M.B.; Pang, J.X.; Beaumont, C.; Esfandiari, N.;
Myers, R.P. Inclusion of Sarcopenia Within MELD (MELD-Sarcopenia) and the Prediction of Mortality in Patients With Cirrhosis.
Clin. Transl. Gastroenterol. 2015, 6, e102. [CrossRef]

32. Van Vugt, J.L.A.; Alferink, L.J.M.; Buettner, S.; Gaspersz, M.P.; Bot, D.; Darwish Murad, S.; Feshtali, S.; van Ooijen, P.M.A.;
Polak, W.G.; Porte, R.J.; et al. A model including sarcopenia surpasses the MELD score in predicting waiting list mortality in
cirrhotic liver transplant candidates: A competing risk analysis in a national cohort. J. Hepatol. 2017. [CrossRef] [PubMed]

33. Prentis, J.M.; Manas, D.M.; Trenell, M.I.; Hudson, M.; Jones, D.J.; Snowden, C.P. Submaximal cardiopulmonary exercise testing
predicts 90-day survival after liver transplantation. Liver Transplant. 2012, 18, 152–159. [CrossRef]

34. Dharancy, S.; Lemyze, M.; Boleslawski, E.; Neviere, R.; Declerck, N.; Canva, V.; Wallaert, B.; Mathurin, P.; Pruvot, F.R. Impact of
impaired aerobic capacity on liver transplant candidates. Transplantation 2008, 86, 1077–1083. [CrossRef] [PubMed]

35. Carey, E.J.; Steidley, D.E.; Aqel, B.A.; Byrne, T.J.; Mekeel, K.L.; Rakela, J.; Vargas, H.E.; Douglas, D.D. Six-minute walk distance
predicts mortality in liver transplant candidates. Liver Transplant. 2010, 16, 1373–1378. [CrossRef] [PubMed]

36. Yadav, A.; Chang, Y.H.; Carpenter, S.; Silva, A.C.; Rakela, J.; Aqel, B.A.; Byrne, T.J.; Douglas, D.D.; Vargas, H.E.; Carey, E.J.; et al.
Relationship between sarcopenia, six-minute walk distance and health-related quality of life in liver transplant candidates. Clin.
Transplant. 2015, 29, 134–141. [CrossRef] [PubMed]

37. Das, S.R.; Drazner, M.H.; Dries, D.L.; Vega, G.L.; Stanek, H.G.; Abdullah, S.M.; Canham, R.M.; Chung, A.K.; Leonard, D.;
Wians, F.H., Jr.; et al. Impact of body mass and body composition on circulating levels of natriuretic peptides: Results from the
Dallas Heart Study. Circulation 2005, 112, 2163–2168. [CrossRef]

38. Zheng, L.H.; Wu, L.M.; Yao, Y.; Chen, W.S.; Bao, J.R.; Huang, W.; Shi, R.; Zhang, K.J.; Zhang, S. Impact of body mass index on
plasma N-terminal ProB-type natriuretic peptides in Chinese atrial fibrillation patients without heart failure. PLoS ONE 2014, 9,
e105249. [CrossRef]

http://doi.org/10.1002/lt.23863
http://www.ncbi.nlm.nih.gov/pubmed/24678005
http://doi.org/10.1002/lt.24738
http://doi.org/10.1093/bja/aet193
http://doi.org/10.1002/lt.20088
http://doi.org/10.1002/lt.24750
http://doi.org/10.1164/arrd.1985.131.5.700
http://doi.org/10.1371/journal.pone.0174173
http://doi.org/10.1002/lt.25346
http://doi.org/10.1016/j.bbadis.2015.03.006
http://doi.org/10.1111/hepr.12774
http://www.ncbi.nlm.nih.gov/pubmed/27481650
http://doi.org/10.1097/00000374-199702000-00019
http://www.ncbi.nlm.nih.gov/pubmed/9046385
http://doi.org/10.1152/ajpendo.00177.2003
http://doi.org/10.1111/liv.13509
http://www.ncbi.nlm.nih.gov/pubmed/29065258
http://doi.org/10.1002/jcsm.12333
http://www.ncbi.nlm.nih.gov/pubmed/30371017
http://doi.org/10.1038/ctg.2015.31
http://doi.org/10.1016/j.jhep.2017.11.030
http://www.ncbi.nlm.nih.gov/pubmed/29221886
http://doi.org/10.1002/lt.22426
http://doi.org/10.1097/TP.0b013e318187758b
http://www.ncbi.nlm.nih.gov/pubmed/18946345
http://doi.org/10.1002/lt.22167
http://www.ncbi.nlm.nih.gov/pubmed/21117246
http://doi.org/10.1111/ctr.12493
http://www.ncbi.nlm.nih.gov/pubmed/25430554
http://doi.org/10.1161/CIRCULATIONAHA.105.555573
http://doi.org/10.1371/journal.pone.0105249


Life 2021, 11, 740 11 of 11

39. Fulks, M.; Kaufman, V.; Clark, M.; Stout, R.L. NT-proBNP Predicts All-Cause Mortality in a Population of Insurance Applicants,
Follow-up Analysis and Further Observations. J. Insur. Med. 2017, 47, 107–113. [CrossRef]

40. Martins, T.; Vitorino, R.; Moreira-Goncalves, D.; Amado, F.; Duarte, J.A.; Ferreira, R. Recent insights on the molecular mechanisms
and therapeutic approaches for cardiac cachexia. Clin. Biochem. 2014, 47, 8–15. [CrossRef]

41. Glass, C.; Hipskind, P.; Tsien, C.; Malin, S.K.; Kasumov, T.; Shah, S.N.; Kirwan, J.P.; Dasarathy, S. Sarcopenia and a physiologically
low respiratory quotient in patients with cirrhosis: A prospective controlled study. J. Appl. Physiol. 2013, 114, 559–565. [CrossRef]

42. Neviere, R.; Edme, J.L.; Montaigne, D.; Boleslawski, E.; Pruvot, F.R.; Dharancy, S. Prognostic implications of preoperative aerobic
capacity and exercise oscillatory ventilation after liver transplantation. Am. J. Transplant. 2014, 14, 88–95. [CrossRef] [PubMed]

43. Bernal, W.; Martin-Mateos, R.; Lipcsey, M.; Tallis, C.; Woodsford, K.; McPhail, M.J.; Willars, C.; Auzinger, G.; Sizer, E.; Heneghan,
M.; et al. Aerobic capacity during cardiopulmonary exercise testing and survival with and without liver transplantation for
patients with chronic liver disease. Liver Transplant. 2014, 20, 54–62. [CrossRef] [PubMed]

44. Kazemi-Bajestani, S.M.; Becher, H.; Ghosh, S.; Montano-Loza, A.J.; Baracos, V.E. Concurrent depletion of skeletal muscle, fat, and
left ventricular mass in patients with cirrhosis of the liver. J. Cachexia Sarcopenia Muscle 2016, 7, 97–99. [CrossRef] [PubMed]

45. Elliott, J.E.; Greising, S.M.; Mantilla, C.B.; Sieck, G.C. Functional impact of sarcopenia in respiratory muscles. Respir. Physiol.
Neurobiol. 2016, 226, 137–146. [CrossRef]

46. Yamada, K.; Kinugasa, Y.; Sota, T.; Miyagi, M.; Sugihara, S.; Kato, M.; Yamamoto, K. Inspiratory Muscle Weakness is Associated
with Exercise Intolerance in Patients with Heart Failure with Preserved Ejection Fraction: A Preliminary Study. J. Card. Fail. 2016,
22, 38–47. [CrossRef] [PubMed]

47. Ooi, P.H.; Hager, A.; Mazurak, V.C.; Dajani, K.; Bhargava, R.; Gilmour, S.M.; Mager, D.R. Sarcopenia in Chronic Liver Disease:
Impact on Outcomes. Liver Transplant. 2019, 25, 1422–1438. [CrossRef]

48. Sinclair, M.; Grossmann, M.; Hoermann, R.; Angus, P.W.; Gow, P.J. Testosterone therapy increases muscle mass in men with
cirrhosis and low testosterone: A randomised controlled trial. J. Hepatol. 2016, 65, 906–913. [CrossRef]

49. Duarte-Rojo, A.; Ruiz-Margain, A.; Montano-Loza, A.J.; Macias-Rodriguez, R.U.; Ferrando, A.; Kim, W.R. Exercise and physical
activity for patients with end-stage liver disease: Improving functional status and sarcopenia while on the transplant waiting list.
Liver Transplant. 2018, 24, 122–139. [CrossRef] [PubMed]

http://doi.org/10.17849/insm-47-02-107-113.1
http://doi.org/10.1016/j.clinbiochem.2013.10.025
http://doi.org/10.1152/japplphysiol.01042.2012
http://doi.org/10.1111/ajt.12502
http://www.ncbi.nlm.nih.gov/pubmed/24354872
http://doi.org/10.1002/lt.23766
http://www.ncbi.nlm.nih.gov/pubmed/24136710
http://doi.org/10.1002/jcsm.12093
http://www.ncbi.nlm.nih.gov/pubmed/27066321
http://doi.org/10.1016/j.resp.2015.10.001
http://doi.org/10.1016/j.cardfail.2015.10.010
http://www.ncbi.nlm.nih.gov/pubmed/26505812
http://doi.org/10.1002/lt.25591
http://doi.org/10.1016/j.jhep.2016.06.007
http://doi.org/10.1002/lt.24958
http://www.ncbi.nlm.nih.gov/pubmed/29024353

	Introduction 
	Patients and Methods 
	Patients 
	Study Design 
	Definition of Sarcopenia 
	Structured Cardiologic Work-Up before LT 
	Cardio-Pulmonary Exercise Test (CPET) 

	Ethics 
	Statistical Analysis 

	Results 
	Discussion 
	References

