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Abstract
Background. Sarcopenia, characterized by the loss of skeletal muscle mass, strength, and function, is a prev-
alent and severe complication of liver cirrhosis, irrespective of its etiology. Despite its early onset in cirrhosis, 
the impact of sarcopenia on liver transplantation (LT) outcomes is often underestimated.

Objectives. This study evaluates the role of both static and dynamic assessments of sarcopenia in LT recipi-
ents, focusing on cardiopulmonary performance and the likelihood of prolonged ICU stays.

Materials and methods. We studied 54 LT recipients (median age: 53.5 years, 59% female patients) 
at a single center. The L3 skeletal muscle index (L3SMI) was measured using computed tomography (CT) 
scans, while exercise tolerance was evaluated with the 6-minute walk test (6MWT). Cardiac output (CO) 
was recorded in liters per minute.

Results. The median Model for End-Stage Liver Disease (MELD) score was 14.4, with 37% of patients classified 
as Child–Pugh class C. Major LT indications included autoimmune liver diseases (46.3%) and alcohol-related 
liver disease (ALD; 31.5%). Sarcopenia was present in 60.4% of patients. No significant differences in L3SMI 
were found related to underlying liver disease, gender, body mass index (BMI), or ammonia levels. However, 
patients with ALD covered significantly shorter distances in the 6MWT (p = 0.02). Sarcopenic patients had 
significantly higher CO than non-sarcopenic patients (p < 0.01). Intensive care unit (ICU) stay ≥3 days was 
observed in 77.8% of recipients, with no clear risk factors identified.

Conclusions. Sarcopenia linked to end-stage liver disease (ESLD) correlates with cirrhotic cardiomyopathy, 
as evidenced by increased CO. Further studies are required to clarify the role of 6MWT and CO in post-LT 
risk stratification.
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Background

Sarcopenia is  a  widely recognized, highly prevalent, 
and life-threatening complication in patients with liver 
cirrhosis, regardless of the disease’s etiology. It is defined 
by a combination of generalized loss of skeletal muscle mass, 
strength, and function,1 and it tends to develop earlier and 
more rapidly in liver cirrhosis compared with other chronic 
conditions. Alongside physical inactivity and frailty, sarco-
penia is an independent predictor of morbidity and mortal-
ity in cirrhotic patients. Factors such as aging, malnutrition, 
decreased hepatic protein synthesis, catabolism, hyperam-
monemia, elevated pro-inflammatory cytokines, and low 
testosterone levels contribute to both cardiac and skeletal 
muscle deconditioning. This leads to diminished cardiac 
function and reserve, resulting in physical frailty and a re-
duction in skeletal muscle mass and strength.2 As such, 
sarcopenia can be an indicator of poor general health when 
predicting outcomes in patients undergoing general sur-
gery3 and renal transplantation.4 Male sex and liver func-
tion decompensation, as indicated by Child–Pugh class 
C cirrhosis, have been identified as independent predictors 
of sarcopenia, which in turn is an independent predictor 
of mortality.5 Among liver transplant (LT) candidates, sar-
copenia is  linked to increased waitlist mortality5–8 and 
sepsis-related deaths while on the waitlist.8 Furthermore, 
sarcopenia tends to progress during the transplantation 
process and can persist up to 1 year post-surgery.9 A recent 
meta-analysis highlighted the negative impact of sarco-
penia on LT outcomes.10 Post-transplant complications 
associated with sarcopenia include extended hospital and 
intensive care unit (ICU) stays, a higher risk of infections,11 
and increased mortality following transplantation.12–17

Computed tomography has been established as the gold 
standard for identifying low muscle mass, as recognized 
by the European Working Group on Sarcopenia in Older 
People, using measurements at the L3 vertebral level. How-
ever, the same Working Group also recommends dynamic 
evaluations of muscle function, which may provide a more 
objective assessment of tissue aging and natural remodeling. 

Recent data suggest that sarcopenia may impact the left heart 
chamber, contributing to occult heart failure with preserved 
ejection fraction under baseline conditions,18 as well as lead-
ing to respiratory muscle and diaphragmatic sarcopenia and 
associated weakness.19,20

While outcomes following LT are influenced by recipi-
ent, donor, and procedural factors, the scarcity of donor 
livers necessitates optimizing the  life-saving potential 
of procured livers, particularly in older candidates with 
more advanced end-stage liver disease (ESLD) and addi-
tional comorbidities (e.g., metabolic syndrome). Moreover, 
cardiovascular events are a significant contributor to seri-
ous complications and non-liver-related deaths after LT.21 
Pre-transplant cardiovascular assessments aim to detect 
severe cardiopulmonary diseases that could render LT fu-
tile. Typically, cardiological evaluations focus on ischemic 
heart disease and its complications. However, there is a no-
ticeable lack of routine dynamic assessments of cardiopul-
monary performance in ESLD candidates under conditions 
of increased oxygen demand or hemodynamic instability.

Exercise intolerance is widely regarded as an indicator 
of reduced functional capacity and disability. In ESLD, 
there is a complex interplay of factors such as malnutri-
tion, sarcopenia, and frailty.22 The 6-minute walk test 
(6MWT) is commonly employed to assess exercise capac-
ity. It is an inexpensive, well-tolerated, noninvasive test that 
correlates with daily activity levels. Numerous studies have 
shown that 6MWT results correlate with the Model for 
End-Stage Liver Disease (MELD) and Child–Pugh scores 
as well as with mortality rates.23,24 The 6MWT assesses 
overall exercise capacity and may correlate with maximal 
oxygen consumption (VO2), predicting survival in cirrhotic 
patients and the risk of death while on the LT waiting list.24 
Poor performance during the 6MWT indicates abnormal 
exercise capacity in cirrhotic patients, with shorter dis-
tances covered correlating with more severe liver disease 
as assessed with the Child–Pugh score24 and with short-
term survival.25 A peak oxygen uptake (VO2 peak) below 
60% of the predicted value has been identified as a prog-
nostic factor for 100-day LT-related mortality.26

Highlights
	• Sarcopenia is highly prevalent among liver transplant (LT) recipients, with no significant correlation to liver func-
tion or ammonia levels.

	• Patients with alcohol-related liver disease (ALD) showed the lowest 6-minute walk test (6MWT) results despite 
higher body mass index (BMI), indicating sarcopenic obesity.

	• Increased cardiac output (CO) was observed in sarcopenic patients, suggesting a potential association with cir-
rhotic cardiomyopathy.

	• The 6-minute walk test provided greater functional and clinical insight than the L3 skeletal muscle index (L3SMI) 
alone.

	• Findings highlight the need for comprehensive pre-transplant evaluation, including cardiopulmonary fitness and 
assessment of comorbidities.
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Conversely, liver cirrhosis is associated with increased 
resting cardiac output (CO), decreased systemic vascular 
resistance, systolic incompetence under stress, diastolic 
dysfunction, increased left ventricular thickness, and elec-
trocardiography (ECG) abnormalities, collectively referred 
to as hyperdynamic circulation and cirrhotic cardiomyopa-
thy.27,28 The increase in CO is linearly related to the pro-
gression of portal hypertension.29 Notably, elevated CO 
is disproportionate to oxygen consumption, indicating 
a decreased arteriovenous oxygen difference.30

To date, the influence of sarcopenia on cardiopulmo-
nary efficiency before LT and on subsequent morbidity 
and mortality after LT, particularly in terms of prioritiz-
ing patients by transplant survival benefit, has not been 
thoroughly investigated. However, it is rational to priori-
tize patients to avoid short-term futility, defined as post-
transplant 3-month mortality, and to ensure long-term 
survival exceeding 50% at 5 years post-LT.

Objectives

This study evaluates the role of both static (Skeletal Mus-
cle Index at the 3rd lumbar vertebra (L3SMI)) and dynamic 
(6MWT) assessments of sarcopenia in LT recipients, focus-
ing on cardiopulmonary performance, body composition 
differences across liver disease etiologies, and their impact 
on the likelihood of prolonged ICU stays. Additionally, this 
study aims to assess the relationship between sarcopenia, 
functional performance, and body composition, highlight-
ing the significance of 6MWT as a functional marker and 
the influence of liver disease etiology on body mass index 
(BMI) and muscle mass.

Materials and methods

Participants

The study group consisted of 54 well-characterized liver 
graft recipients (22 men and 32 women), with a median 

age of 53.5 years. The liver disease etiology included alco-
hol-related liver disease (ALD; 31.5% of patients), autoim-
mune liver diseases (46.3%), viral hepatitis (13%), and other 
causes (9%). The median MELD score for the entire cohort 
was 14.4 points, with 37% of patients classified as Child–
Pugh class C. Median BMI was 23.95 kg/m2 for women 
and 27.65 kg/m2 for male patients. L3SMI was measured 
using computed tomography (CT) scans, with a median 
value of 46.1 cm2/m2 for women and 44.55 cm2/m2 for men. 
The 6MWT was performed indoors along a flat, straight, 
30-m corridor, with the median distance covered being 
431 m. Cardiac output was measured using a noninvasive 
CNAP device during the 6MWT. Intensive care unit stay 
duration was recorded, with 77.8% of recipients staying more 
than 3 days in ICU and 9.5% staying more than 6 days. Two 
patients died within 1 year after transplantation. The char-
acteristics of the study group are summarized in Table 1.

The study did not require an informed consent form 
to be signed. All the described tests are routinely per-
formed in LT candidates. The scheme of data gathering 
and evaluation is presented in Fig. 1.

Definition of sarcopenia

Computed tomography scanning at the L3 vertebral level 
has been validated as the gold standard for recognizing low 
muscle mass, according to the European Working Group 
on Sarcopenia in Older People.1 Following the method pro-
posed by Carey et al.,31 the cross-sectional area of muscles 
at L3 was measured and normalized to the individual’s 
height, resulting in the skeletal muscle index (L3SMI). Cut-
off values of 50 cm2/m2 for men and 39 cm2/m2 for women 
were used to define sarcopenia.31 Although the L3SMI 
score was used to define sarcopenia, we acknowledge that 
current consensus definitions recommend incorporat-
ing both low muscle mass and reduced muscle strength 
or physical performance. In our cohort, direct measures 
of muscle strength, such as handgrip dynamometry, were 
not available due to logistical constraints. However, we em-
ployed the 6MWT as a surrogate marker of functional 
capacity (see below).

Table 1. Descriptive characteristics of liver transplant candidates grouped by liver disease etiology

Variable ALD Autoimmune Other Viral

Age [years], median (IQR) 59.0 (50.5–64.5) 49.0 (41.0–61.0) 60.0 (47.0–63.3) 58.5 (57.8–59.3)

MELD score [points], median (IQR) 15.0 (13.0–20.0) 12.0 (9.0–16.0) 12.0 (8.8–15.3) 19.5 (17.3–21.8)

BMI [kg/m2], median (IQR) 27.1 (23.0–30.2) 21.8 (20.7–24.7) 30.8 (28.5–32.6) 22.6 (21.3–23.9)

L3SMI [cm2/m2], median (IQR) 43.1 (40.2–49.0) 46.1 (35.4–49.9) 49.6 (38.9–52.8) 47.2 (39.1–55.3)

6MWT [m], median (IQR) 375.0 (325.0–423.5) 450.0 (370.0–550.0) 467.5 (430.0–493.8) 432.0 (408.0–456.0)

CO [L/min], median (IQR) 5.8 (4.6–7.7) 5.4 (4.5–6.2) 6.2 (5.3–6.8) 6.0 (5.6–6.4)

ICU stay >3 days, n 13 15 6 1

ICU stay >6 days, n 3 1 0 0

Values are presented as median and interquartile range (IQR) unless otherwise indicated. MELD – Model for End-Stage Liver Disease; BMI – body mass index; 
L3SMI – Skeletal Muscle Index at the 3rd lumbar vertebra; 6MWT – 6-minute walk test; ICU – intensive care unit; CO – cardiac output; ALD – alcohol-related liver disease.
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6-minute walk test and hemodynamic 
measurements

The 6MWT was conducted according to guidelines pro-
vided by the Polish Respiratory Society,32 under the super-
vision of a qualified physician. The test was performed 
indoors, on  a  f lat, straight, 30-m-long corridor with 
a hard surface and free of any type of obstacles. Patients 
were instructed to walk as fast as possible for 6 min, with 
the distance covered recorded at the end. Cardiac output 
was continuously measured during the test using a con-
tinuous noninvasive arterial pressure (CNAP) device for 
noninvasive, continuous measurement of hemodynamic 
parameters (CNSystems Medizintechnik AG, Graz, Aus-
tria) during the 6MWT.

Statistical analyses

Statistical analyses were performed using IBM SPSS v. 26.0 
(IBM Corp., Armonk, USA), GraphPad Prism v. 8.0 (Graph-
Pad Software, San Diego, USA), and Python (StatsModels 

package) for logistic regression modeling. A two-sided p-
value of less than 0.05 was considered statistically significant.

The distribution of continuous variables was assessed us-
ing the Shapiro–Wilk test. Variables with normal distribu-
tion were compared between 2 groups using the Student’s 
t-test. For non-normally distributed variables, the Mann–
Whitney U test was applied. Comparisons involving more 
than 2 groups were conducted using the Kruskal–Wallis 
test. Homogeneity of variances was evaluated with Levene’s 
test, and results are presented in Supplementary Table 1.

Correlations between continuous variables were as-
sessed using Spearman’s rank correlation coefficient. 
Univariate logistic regression was used to evaluate asso-
ciations between clinical and functional parameters and 
prolonged ICU stay (>3 days and >6 days). Results are re-
ported as odds ratios (OR) with 95% confidence intervals 
(95% CIs), p-values, and model performance indices. Model 
fit was assessed using the Nagelkerke R2 statistic, which 
is reported in Tables 2,3.

To  verify the  assumption of  linearity between con-
tinuous predictors and the logit of the binary outcome 

Fig. 1. The scheme of data gathering and evaluation 
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in logistic regression, the Box–Tidwell test was employed. 
This method introduces interaction terms between each 
predictor and its natural logarithm. Nonsignificant inter-
action terms (p > 0.33 for all tested variables) confirmed 
that the linearity assumption was met for all continuous 
predictors included in the model.

Results

A total of  54  patients undergoing LT were included 
in  the  study. Of these, 32 (60.4%) met the  criteria for 
sarcopenia based on  L3SMI thresholds. Sarcopenia 
was more common among male recipients, with 26 
out of 32 male patients (81.3%) classified as sarcopenic 
(L3SMI < 50 cm2/m2), compared to 6 out of 22 women 
(27.3%) with L3SMI < 39 cm2/m2. The lowest recorded 
L3SMI in the male group was 24.8 cm2/m2 (Table 1).

No statistically significant associations were found 
between sarcopenia and age (≤50 vs >50 years, p = 0.95), 
gender (p = 0.62), BMI (p = 0.16), liver disease etiology 
(p = 0.84), ammonia levels (p = 0.69), or  liver function 

as measured using the MELD score (p = 0.73). Similar 
patterns were observed for 6MWT performance and CO. 
Detailed comparisons are presented in Table 4.

Etiology-specific analysis revealed significant differ-
ences in BMI (p = 0.004, Kruskal–Wallis test). Post hoc 
Bonferroni-adjusted Mann–Whitney U tests showed that 
ALD patients had significantly higher BMI compared 
to autoimmune (p = 0.007) and viral (p = 0.004) subgroups. 
Median BMI was 27.1 kg/m2 (ALD), 21.75 kg/m2 (autoim-
mune), and 22.58 kg/m2 (viral). The MELD scores were 
numerically highest among viral hepatitis patients (me-
dian: 19.5), but this did not reach statistical significance 
(p = 0.07).

No significant differences in L3SMI (p = 0.84) or CO 
(p  =  0.29) were observed across liver disease etiolo-
gies. The 6MWT performance was lowest in ALD pa-
tients (median: 375.0 m), and highest in other etiologies 
(up to 467.5 m), with borderline significance (p = 0.06). 
As shown in Fig. 2, histograms with kernel density esti-
mates were used to assess the distribution of continuous 
variables. This evaluation informed the selection of appro-
priate statistical methods (parametric vs nonparametric) 

Table 2. Univariate logistic regression analysis of risk factors for prolonged ICU stay (>3 days) in liver transplant recipients

Factor OR (95% CI) p-value Nagelkerke R2

6MWT (per 1 m increase) 0.991 (0.981–0.999) 0.047 0.034

L3SMI (per 1 cm2/m2 increase) 0.970 (0.927–0.998) 0.049 0.036

BMI (per 1 kg/m2 increase) 0.927 (0.842–1.021) 0.104 0.053

CO (per 1 L/min increase) 0.359 (0.163–0.766) 0.010 0.008

MELD score (per 1 point increase) 1.089 (0.982–1.211) 0.105 0.013

Results are presented as odds ratios (ORs) with 95% confidence intervals (95% CIs) and corresponding p-values. MELD – Model for End-Stage Liver Disease; 
BMI – body mass index; L3SMI – Skeletal Muscle Index at the 3rd lumbar vertebra; 6MWT – 6-minute walk test; ICU – intensive care unit; CO – cardiac output.

Table 3. Univariate logistic regression analysis of risk factors for extended ICU stay (>6 days) in liver transplant recipients

Factor OR (95% CI) p-value Nagelkerke R2

6MWT (per 1 m increase) 0.986 (0.969–0.997) 0.025 0.019

L3SMI (per 1 cm2/m2 increase) 0.962 (0.910–0.999) 0.048 0.157

BMI (per 1 kg/m2 increase) 0.873 (0.748–0.991) 0.046 0.005

CO (per 1 L/min increase) 0.174 (0.057–0.529) 0.003 0.013

MELD score (per 1 point increase) 1.148 (1.002–1.363) 0.048 0.032

Results are presented as odds ratios (ORs) with 95% confidence intervals (95% CIs) and corresponding p-values. MELD – Model for End-Stage Liver Disease; 
BMI – body mass index; L3SMI – Skeletal Muscle Index at the 3rd lumbar vertebra; 6MWT – 6-minute walk test; ICU – intensive care unit; CO – cardiac output.

Table 4. Association between sarcopenia-related parameters and demographic/clinical variables in liver transplant recipients

Variable L3SMI [cm2/m2]
(p-value)

6MWT [m]
(p-value)

CO [L/min]
(p-value) Statistical test

Age (<50 vs >50 years) 0.950 0.410 0.003 Mann–Whitney U

Sex (man vs women) 0.620 0.160 <0.001 Mann–Whitney U

Etiology (ALD vs viral vs autoimmune) 0.840 0.060 0.290 Kruskal–Wallis

BMI [kg/m2] 0.160 0.090 0.020 Mann–Whitney U

Ammonia level [mg/dL] 0.690 0.160 0.580 Mann–Whitney U

The p-values are derived from Mann–Whitney U test for binary comparisons and Kruskal–Wallis test for comparisons across more than 2 groups. BMI – body 
mass index; L3SMI – Skeletal Muscle Index at the 3rd lumbar vertebra; 6MWT – 6-minute walk test; CO – cardiac output; ALD – alcohol-related liver disease.
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for further analyses. Levene’s test results for homogeneity 
of variance are provided in Supplementary Table 1.

Table 5 summarizes descriptive statistics for clinical and 
functional measures. Spearman correlations between pa-
rameters are presented in Table 6. L3SMI was significantly 
associated with BMI (p < 0.05), and 6MWT correlated 
positively with both L3SMI and CO (p < 0.01).

Univariate logistic regression models evaluating risk fac-
tors for ICU stay >3 days are summarized in Table 2. None 
of the predictors reached statistical significance. How-
ever, for ICU stay >6 days (Table 6), lower values of 6MWT 
(p = 0.025), L3SMI (p = 0.048), BMI (p = 0.046), and CO 

(p = 0.003), as well as higher MELD scores (p = 0.048), were 
associated with prolonged ICU stay. Nagelkerke R2 values 
ranged from 0.005 to 0.157.

To formally assess the assumption of linearity between 
continuous predictors and the logit of the binary outcome 
(prolonged ICU stay >6 days), the Box–Tidwell test was 
conducted for the following variables: age, L3SMI, total 
cross-sectional muscle area at L3, and 6MWT distance. 
Each predictor was tested by including an interaction term 
between the variable and its natural logarithm in a logistic 
regression model.

None of the interaction terms reached statistical sig-
nificance (all p > 0.33), indicating that the assumption 
of linearity was met for all included continuous variables. 
Specifically, p-values for the interaction terms were as fol-
lows: age (p = 0.359), L3SMI (p = 0.333), total muscle area 
(p = 0.351), and 6MWT (p = 0.351). These results confirm 
that the logit-linear relationship required for logistic re-
gression holds in this dataset.

Figure 3 presents boxplots of continuous clinical predic-
tors stratified by ICU stay duration (≤6 days vs >6 days), 
with individual data points overlaid to  illustrate inter-
group variability. This visual representation complements 
the Box–Tidwell test results and provides an intuitive sum-
mary of the association between predictor variables and 
ICU outcome. Notably, patients with ICU stays longer than 

Table 5. Summary of clinical and functional characteristics of the study 
population

Variable Median (IQR)

6MWT [m] 380.0 (300.0–450.0)

L3SMI [cm2/m2] 44.1 (39.5–49.2)

BMI [kg/m2] 25.7 (22.3–28.4)

CO [L/min] 5.8 (4.7–6.5)

MELD score [points] 15.0 (12.0–18.0)

Values are presented as median with interquartile range (IQR). 
MELD – Model for End-Stage Liver Disease; BMI – body mass 
index; L3SMI – Skeletal Muscle Index at the 3rd lumbar vertebra; 
6MWT – 6-minute walk test; ICU – intensive care unit; CO – cardiac output.

Fig. 2. Histograms of key variables with overlaid kernel density 
estimates and p-values from the Shapiro–Wilk test for normality

Variables include: 6-minute walk test (6MWT), skeletal muscle index 
at L3 (L3SMI), body mass index (BMI), cardiac output (CO), and 
Model for End-Stage Liver Disease (MELD) score. Distributions were 
assessed to guide the selection of parametric or non-parametric 
statistical tests.
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Table 6. Spearman’s correlation matrix between clinical and functional parameters in liver transplant recipients

Variable MELD BMI CO 6MWT L3SMI

MELD score [points] 1.00 −0.15 0.12 −0.22 −0.18

BMI [kg/m2] −0.15 1.00 −0.05 0.10 0.34*

CO [L/min] 0.12 −0.05 1.00 0.51** 0.33*

6MWT [m] −0.22 0.10 0.51** 1.00 0.45**

L3SMI [cm2/m2] −0.18 0.34* 0.33* 0.45** 1.00

*p < 0.05’ ** p < 0.01. MELD – Model for End-Stage Liver Disease; BMI – body mass index; L3SMI – Skeletal Muscle Index at the 3rd lumbar vertebra; 
6MWT – 6-minute walk test; ICU – intensive care unit; CO – cardiac output.

Fig. 3. Comparison 
of continuous predictors 
by intensive care unit (ICU) 
stay duration

Boxplots showing 
the distribution of (A) age, 
(B) L3 skeletal muscle index 
(L3SMI), (C) total cross-
sectional muscle area at L3, 
and (D) 6-minute walk test 
(6MWT) distance, stratified 
by ICU stay duration (≤6 days 
vs >6 days). Individual data 
points are overlaid to show 
variability within groups. 
These plots provide visual 
context for the Box–Tidwell 
test results, which confirmed 
linearity between each 
predictor and the logit 
of the outcome variable
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6 days exhibited lower values of L3SMI, 6MWT distance, 
and CO, supporting the hypothesis that reduced muscle 
mass and impaired functional capacity may contribute 
to prolonged postoperative recovery.

Discussion

Current cardiological assessment protocols for LT 
candidates primarily focus on detecting coronary artery 
disease and its associated complications. However, these 
protocols often fall short in evaluating patients who cannot 
undergo cardiopulmonary exercise testing, particularly 
in the context of cirrhosis-related hemodynamic distur-
bances. Changes in lean muscle mass are closely linked 
to the pathophysiology of cardiovascular disease, perpetu-
ating a cycle of functional decline.33 This highlights a sig-
nificant gap in assessing cardiac function during surgery, 
especially under conditions of increased oxygen demand 
and hemodynamic instability in LT recipients.

This study aimed to compare static (L3SMI) and dy-
namic (6MWT) sarcopenia assessments in LT recipients, 
while also evaluating CO as a potential indicator of cardio-
vascular fitness. Our prior research identified sarcopenia 
as a potential risk factor for prolonged ICU stays in LT 
candidates.34 However, the current findings suggest that 
L3SMI alone does not adequately predict liver function, 
morbidity, or mortality post-transplantation. No signifi-
cant correlation was observed between L3SMI-defined 
sarcopenia and liver disease etiology, BMI, ammonia levels, 
or functional capacity as measured with the 6MWT. This 
suggests that sarcopenia is highly prevalent among LT 
recipients, particularly men, but may not serve as a stand-
alone risk marker for postoperative outcomes.

The visual comparison presented in Fig. 3 illustrates 
that patients with reduced 6MWT distances, lower L3SMI 
values, and diminished CO were more likely to experi-
ence prolonged ICU stays. Although no single variable 
independently predicted ICU duration, this consistent pat-
tern suggests a multifactorial interplay between impaired 
muscular status, limited functional reserve, and reduced 
cardiovascular adaptability. Prolonged ICU stay is a clini-
cally meaningful postoperative outcome, often associated 
with increased morbidity, resource utilization, and delayed 
recovery. These findings reinforce the importance of in-
corporating dynamic functional assessments into preoper-
ative risk stratification, particularly in the context of post-
transplant recovery, rather than relying solely on static 
anatomical metrics. Similar conclusions have been drawn 
in other transplant and surgical populations. For example, 
Singer et al. demonstrated that physical frailty phenotypes 
were strongly predictive of mortality after lung transplan-
tation, highlighting the prognostic value of  functional 
status.35 In a broader perioperative context, Gillis et al. 
emphasized the role of prehabilitation in improving surgi-
cal outcomes and reducing postoperative complications.36 

In LT specifically, reduced 6MWT performance has been 
associated with mortality and adverse outcomes,24 and 
physical frailty has been linked to prolonged ICU and hos-
pital stays.37 These data support integrating functional 
capacity testing, such as the 6MWT, into standard pre-
transplant evaluation protocols.

A novel aspect of this study was the analysis of BMI 
variations across different liver disease etiologies. Alco-
hol-related liver disease patients exhibited significantly 
higher BMI values compared to autoimmune and viral 
liver disease groups (p = 0.004), yet they also demonstrated 
the poorest 6MWT performance. This aligns with prior 
research indicating that ALD is often associated with sar-
copenic obesity, a condition characterized by higher fat 
deposition despite significant muscle wasting. In contrast, 
patients with autoimmune and viral liver diseases tended 
to have lower BMI values, potentially reflecting chronic 
inflammation, malabsorption, or metabolic deficiencies. 
These findings reinforce the need for individualized nutri-
tional and metabolic assessments in LT candidates, as BMI 
alone does not fully capture muscle function or frailty risk.

From a pathophysiological perspective, advanced cir-
rhosis leads to compensatory cardiovascular adaptations, 
including a reduction in effective circulating blood volume, 
splanchnic vasodilation, and hyperdynamic circulation. 
This can manifest as increased resting CO and, in some 
cases, the  development of  cirrhotic cardiomyopathy 
(CCM). Typically, CCM remains subclinical, as compen-
satory mechanisms maintain myocardial function despite 
reduced preload and afterload. However, when exposed 
to stressors such as exercise or surgical interventions, pa-
tients with cirrhosis may exhibit impaired cardiovascular 
responses due to an inadequate increase in CO during 
exertion.38,39 Despite this well-documented phenomenon, 
our findings did not reveal a significant association be-
tween sarcopenia status and CO. At the same time, CO 
was significantly associated with age, sex, and BMI, and 
positively correlated with L3SMI, indicating that its deter-
minants may be multifactorial.

In healthy individuals, CO is expected to rise during 
exercise, driven by an increase in stroke volume and heart 
rate. However, in cirrhotic patients, dysautonomia, neuro-
hormonal imbalances, and structural myocardial changes 
may blunt this response, leading to an inability to meet 
the metabolic demands of exercise.40–42 This may partially 
explain why ALD patients, despite having a higher BMI, 
exhibited the poorest 6MWT results. Notably, patients 
with ALD covered significantly shorter distances than 
other etiological groups (p = 0.02), reinforcing the role 
of functional capacity assessments in this population.

While prolonged ICU stays in sarcopenic individuals 
have been linked to reduced respiratory efficiency and 
muscle dysfunction,43 the present study did not identify 
specific predictors of postoperative ICU length of stay. 
Recent research suggests that sarcopenia may be associ-
ated with cardiac dysfunction, including left ventricular 
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impairment and heart failure with preserved ejection frac-
tion, even under baseline conditions.18 Additionally, respi-
ratory muscle weakness and diaphragmatic dysfunction 
may exacerbate frailty and functional decline in cirrhotic 
patients.19,20 A related condition, cardiac cachexia, has also 
been described in LT candidates, characterized by chronic 
inflammation, endotoxemia, and proteolytic activation, 
which accelerate muscle depletion and metabolic ineffi-
ciency.43 This process is exacerbated by hyperammonemia, 
proteasomal overactivation, mitochondrial dysfunction, 
and increased oxidative stress, all of which contribute 
to skeletal muscle atrophy and exercise intolerance.44,45

Despite prior evidence suggesting an interplay between 
ammonia levels, sarcopenia, and cardiovascular dysfunc-
tion, this study did not find a direct correlation between 
ammonia and CO, 6MWT performance, or prolonged ICU 
stay. Additionally, L3SMI did not correlate with muscle 
function or transplant outcomes, reinforcing the limita-
tions of static muscle assessments in cirrhotic patients. 
Notably, ALD patients had the lowest 6MWT results (me-
dian: 380 m), aligning closely with the mortality threshold 
of 387 m identified by Pimentel et al.24 These findings 
underscore the clinical significance of exercise prehabili-
tation programs, which may improve functional capacity 
and post-transplant recovery.

Given that 6MWT performance provided more relevant 
functional insights than L3SMI, our findings suggest that 
functional rather than static muscle assessments may be 
more valuable in LT candidates. The lack of correlation 
between L3SMI and post-transplant outcomes raises 
important questions about whether alternative markers 
of sarcopenia, such as direct muscle strength measure-
ments, should be prioritized in future studies. Moreover, 
BMI variations among liver disease etiologies suggest that 
body composition, rather than weight alone, may play 
a critical role in sarcopenia risk stratification. Future re-
search should explore comprehensive body composition 
analyses, functional testing protocols, and prehabilitation 
interventions to optimize transplant candidate selection 
and postoperative outcomes.

Limitations of the study

A major limitation of this study is the relatively small 
sample size, which may reduce statistical power and limit 
the generalizability of the findings. However, the cohort 
reflects a real-world population undergoing a complex and 
infrequently performed procedure at a single tertiary cen-
ter, which inherently limits recruitment capacity. Despite 
this, the prospective design, in-depth patient character-
ization, and combined functional and morphological as-
sessment of sarcopenia provide meaningful preliminary 
insights and emphasize the need for future multicenter 
validation.

A key limitation of our study is  the  lack of detailed 
data on comorbidities such as cardiovascular disease, 

diabetes, and other metabolic disorders. In addition, re-
nal function markers and hemoglobin levels were not 
included in the analysis, despite their potential influence 
on exercise tolerance and 6MWT performance. However, 
it  is  important to note that sarcopenia in the context 
of  liver cirrhosis often develops earlier and progresses 
more rapidly than in  other chronic conditions such 
as heart or lung diseases, particularly in subgroups such 
as those with ALD. In this population, sarcopenia is pri-
marily driven by liver dysfunction itself, which may par-
tially mitigate the impact of unmeasured comorbidities. 
Moreover, all patients in our cohort were functionally 
independent and able to complete the 6MWT, suggesting 
a relatively preserved baseline physical capacity across 
the group.

Although ammonia levels were evaluated, no significant 
associations were found with muscle strength, 6MWT 
results, or ICU length of stay. This may indicate that func-
tional consequences of hyperammonemia-induced sarco-
penia develop over longer timeframes, or that other mecha-
nisms, such as chronic inflammation or neurohormonal 
dysregulation, play a more prominent role in sarcopenia 
related to liver cirrhosis.

Furthermore, the study did not identify clear predictors 
of prolonged ICU stay or early post-transplant complica-
tions, especially in relation to CO and pulmonary function. 
The elevated CO observed in sarcopenic patients raises 
important questions: Is  this a compensatory response, 
a marker of advanced liver dysfunction, or an indication 
of cirrhotic cardiomyopathy? The current data are insuf-
ficient to resolve this issue and underscore the complex 
interplay between hepatic, muscular, and cardiovascular 
systems in this population.

Lastly, the lack of standardized pre-transplant functional 
evaluations remains a broader challenge in transplant can-
didate assessment. The significant differences in 6MWT 
performance between etiological subgroups, particularly 
the lower performance in ALD patients, highlight the po-
tential value of incorporating objective cardiopulmonary 
fitness measures into routine transplant evaluations. Fu-
ture research should prioritize multicenter, prospective 
studies with larger sample sizes and a broader clinical 
scope, including comorbidities, renal function, and in-
flammatory markers, to enhance risk stratification and 
improve outcomes in LT.

Conclusions

Our findings confirm that severe chronic liver insuf-
ficiency accompanied by sarcopenia is associated with 
cirrhotic cardiomyopathy, as evidenced by increased CO. 
However, rather than a simple linear relationship, these 
results suggest a complex, multifactorial interplay between 
sarcopenia, functional capacity, and hemodynamic adapta-
tion in cirrhosis.
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Importantly, ALD patients exhibited the lowest 6MWT 
performance despite having higher BMI, reinforcing 
the need for body composition analysis beyond traditional 
anthropometric measures. The lack of a significant cor-
relation between L3SMI and transplant outcomes raises 
questions about whether static muscle mass assessment 
alone is sufficient for risk stratification in LT candidates. 
Instead, dynamic functional tests such as the 6MWT may 
provide more clinically relevant insights.

Further large-scale, multicenter studies are warranted 
to determine the precise impact of sarcopenia on cardiopul-
monary performance in LT candidates, as well as to evalu-
ate the role of early exercise prehabilitation programs in im-
proving functional outcomes, reducing post-transplant 
complications, and optimizing long-term survival.
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