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Abstract: Introduction: Frailty is a multidimensional syndrome characterized by 
diminished physiological reserve and increased susceptibility to stressors, resulting 
in poor perioperative outcomes. While commonly associated with elderly patients, 
frailty is increasingly recognized in liver transplant candidates, where it 
significantly affects morbidity and mortality. The pathophysiological mechanisms 
underlying frailty in this population remain poorly understood. However, evidence 
from other distinct patient groups suggests that frailty is linked to a distinct 
immunophenotype involving altered monocyte subset distribution and elevated pro-
inflammatory cytokines. The FraiLtx study aims to investigate the association 
between frailty, systemic inflammation, and monocyte subpopulations in liver 
transplant candidates. Methods and analysis: FraiLtx is a prospective, single-center, 
observational study. We aim to include 81 patients listed for liver transplantation 
and a control group of 20 individuals not being listed for liver transplantation. 
Frailty is assessed using both the Liver Frailty Index (LFI) and the FRAIL Scale. 
Routine blood sampling is performed to calculate the MELD score (model of end 
stage liver disease). Furthermore, plasma is isolated for quantification of key pro-
inflammatory cytokines, and erythrocyte-lysed whole blood is used for detailed 
profiling of circulating monocyte subsets by flow cytometry. All participants 
undergo body composition analysis using whole-body MRI (EchoMRI™). 
Discussion: Although liver cirrhosis is known to be associated with an altered 
immune landscape, no studies to date have systematically examined the relationship 
between frailty and immunophenotype in liver transplant candidates. We 
hypothesize that frail patients listed for liver transplantation will exhibit a 
characteristic pattern of systemic inflammation, altered monocyte subset 
distribution, and distinct body composition features. By elucidating the biological 
correlates of frailty in this cohort, FraiLtx aims to enhance our understanding of its  
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 pathophysiology, improve risk stratification, and support the development of 
targeted therapeutic strategies for this vulnerable population. 

 Keywords: liver transplantation; frailty; immunology; body composition 

1. Introduction 

Liver disease causes approximately two million deaths each year, making it the 11th leading cause of death 
worldwide. Liver transplantation (LT) remains the only curative therapy for patients with end-stage liver disease 
and improves outcomes in both acute and chronic hepatic failure [1,2]. However, LT faces persistent challenges, 
including a shortage of donor organs: currently, less than 10% of the demand is met, creating an ethical imperative 
to equitably allocate scarce resources amid increasing patient complexity [2,3]. To address these challenges, the 
model for end-stage liver disease (MELD) score has been widely adopted for prioritizing patients on the waiting 
list [3]. Despite its widespread use, the MELD score reflects laboratory markers but does not capture indicators of 
nutritional status or physical function [3,4]. This limitation may lead to the under-prioritization of patients who 
are physiologically compromised but have low MELD scores. Thus, the search for supplemental metrics has 
focused on filling these prognostic gaps [4,5]. 

A syndrome that describes this loss of function is frailty, which is a multidimensional syndrome with reduced 
reserve capacity and increased vulnerability to stressors, as a result of which it is associated with a significantly 
increased risk of perioperative morbidity and mortality [6,7]. Although frailty is estimated to affect 25–50% of 
patients over 85 years of age and therefore has a major impact on perioperative medicine, there is no standardized 
definition of frailty [8]. A common model for characterizing frailty is the phenotype model according to Fried et 
al. (2001), which is characterized by the presence of pronounced fatigue, muscle weakness, low physical activity, 
slowed walking speed and unintentional weight loss [9]. According on this phenotype, the Frail Scale is a tool that 
assesses frailty based on fatigue, resistance, ambulation, illnesses, and loss of weight and is associated with an 
increased postoperative complication rate and mortality in older surgical patients [10]. 

Although liver transplant candidates are generally younger than the previously described populations, they 
exhibit a comparable frailty phenotype. In this specific cohort, frailty is assessed using the Liver Frailty Index 
(LFI), a validated predictor of both waiting list and post-transplant mortality [11–13]. A key contributing factor is 
sarcopenia, which plays a central role in LFI assessment and is particularly relevant in liver transplant patients. 

Although frailty is inherently multifactorial, alterations in body composition, particularly sarcopenia and the 
loss of muscle mass, are considered central to its pathogenesis [14,15]. Studies in community-dwelling older adults 
have shown that sarcopenia is highly prevalent among frail individuals [16]. Accordingly, sarcopenia has emerged 
as a biologically meaningful and potentially modifiable component of frailty [14,15]. Fumagalli et al. emphasize 
this concept by demonstrating that CT-derived measures of both muscle quantity and quality strongly correlated 
with patient frailty and independently predicted postoperative complications in patients who underwent abdominal 
surgery [17]. Their findings suggest that muscle phenotype may offer a dynamic framework for risk stratification 
independent of subjective functional testing or time-consuming clinical frailty scores [17]. However, these 
assessments rely on cross-sectional imaging (e.g., CT), which requires specialized software, trained personnel, and 
exposes patients to radiation—factors that limit routine or repeated implementation in LT candidates [18]. 

The detailed pathogenesis of frailty in elderly patients as well as other cohorts that leads to the poor prognosis has 
not yet been clarified. There is evidence that a change in the immune system which leads to “cold” chronic inflammation 
may play a decisive role [19–21]. While a correlation between frailty and inflammatory markers like IL-6, CRP, TNF- 
α and albumin has been shown in elderly patients, there are also some results in more specific patient groups like patients 
undergoing transcatheter aortic valve implantation (TAVI) that show similar correlations [6, 22–25]. 

In 120 patients undergoing TAVI a correlation between eyeball frailty, increased inflammatory parameters 
(CRP, IL-8) and the increase in intermediate monocytes could be shown, both frailty and elevated intermediate 
monocyte levels were associated with increased mortality following TAVI [6]. Cybularz et al. [6] conclude that 
an altered immunological status could be a possible mechanism underlying the increased mortality following TAVI 
in frail patients, which could be reflected not only in the extent of systemic inflammation but also in the type of 
cells involved, such as increased levels of intermediate monocytes. 

In patients with liver cirrhosis, circulating monocyte subpopulations exhibit distinct phenotypic alterations. 
These include increased expression of CCR4, CXCR3, CXCR4, and CD62L, alongside reduced expression of 
CCR2 and HLA-DR, as well as elevated plasma levels of IL-6, IL-10, and IL-17A [25–27]. However, in patients 
with end stage liver disease, little is known about how frailty affects the monocyte phenotype or whether such 
phenotypic alterations are associated with poorer outcomes. 
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The aim of the FraiLtx study is to gain a better understanding of the pathogenesis of frailty in liver transplant 
candidates in order to optimize therapies for this vulnerable patient group by identifying potential bio markers. 
Therefore, we will examine whether the proinflammatory status—characterized by monocyte subpopulations and 
systemic inflammatory markers—correlates with frailty in patients with end-stage liver disease, and additionally 
define a body-composition phenotype in frailty-affected liver transplant candidates. 

2. Methods 

This study is a prospective, single center, observational study at the University Hospital Schleswig-Holstein, 
Campus Kiel. The aim is to interdisciplinary investigate the association between frailty and systemic inflammation 
by analysing monocyte subpopulations and cytokines in liver transplant candidates. Additionally, we seek to define 
the body composition phenotype of frail individuals in this population. Therefore, we screened liver transplantation 
listed patients attending a routine appointment in the transplant outpatient clinic as well as listed patients who are 
hospitalized due to decompensation. 
Inclusion criteria 

• Liver transplantation listed patient 
• Age ≥ 18 years 
• Capable of providing informed consent and willing to do so 

Exclusion criteria 
• Acute infection 
• Participation in an interventional study within the last 30 days 
• Previous participation in this study 
Based on identical in- and exclusion criteria a control cohort of 20 individuals not being listed for liver 

transplantation were recruited. For a balanced frailty distribution (10 frail, 10 non-frail) in the control cohort, 
subjects were subjectively assessed for frailty before inclusion (Figure 1). 

 
Figure 1. FraiLtx study protocol. 
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2.1. Assessments 

A medical history was taken on all participants and their age, gender, height and weight were recorded. 
Furthermore, all participants were assessed for frailty using the Liver Frailty Index [7] and the Frail Scale [8]. At 
the day of frailty assessment, a routine blood sample was taken from all listed patients and C-reactive protein 
(CRP) and albumin concentrations, as well as the Model of end stage liver disease score (MELD-Score) [4] were 
determined. For immunophenotyping, 5 mL of citrated blood was taken from all participants. Furthermore, all 
participants without MRI specific contraindications underwent a body composition analysis using the EchoMRITM 
Adolescent Humans Body Composition Analyzer (EchoMRI LLC, Houston, TX, USA). This non-imaging, whole-
body MRI, which is specifically designed to assess body composition, provides precise absolute values for whole-
body fat mass, lean mass, free water, and total body water in just a few minutes. 
EchoMRI contraindications 

• Immobilization 
• Pregnancy 
• Cardiac pacemakers 
• Non-MRI-capable prostheses 
• Prostheses implanted within the last 6 weeks 
• Claustrophobia 
Immunophenotyping of monocytes was done using a MACSQuant X (Miltenyi Biotec, Bergisch Gladbach, 

Germany; Tables 1 and 2). 

Table 1. Antibody panel for monocyte analyses. (-): Unstained; (+): 7-AAD staining, FICT: Fluorescein, PE: 
Phycoerythrin, APC: Allophycocyanin, AF 647: Alexa Fluor 647, 7-AAD: 7-amino-actinomycin D 

Tube FICT PE APC AF 647 7-AAD 
1 - - - - - 
2 Mouse IgG1 Mouse IgG2α,ĸ Mouse IgG1 - + 
3 CD16 CD14 CD11β - + 
4 CD64 - CD183 - + 
5 CD45 - CD62L - + 
6 - - CD40 - + 
7 Mouse IgG2α Mouse IgG1 Mouse IgG2α - + 
8 CD195 CD194 CD184 - + 
9 HLA-DR CD36 - - + 

10 - - - Mouse IgG2β + 
11 - - - CD192 + 

Table 2. Staining protocol for monocyte analyses. 

Step Staining Protocol 
1 Add staining reagent (per manufacturer’s instructions) to 0.2 mL citrated blood 
2 Incubate at 4 °C for 25 min 
3 Add 5 µL of 7-AAD 
4 Incubate for 5 min in the dark 
5 Add 2 mL FACS Lysing Solution 
6 Incubate for 10 min in the dark 
7 Centrifuge for 5 min at 1800 rpm 
8 Discard the supernatant and add 2 mL PBS 
9 Centrifuge for 5 min at 1800 rpm 

10 Discard the supernatant and add 2 mL PBS 
11 Centrifuge for 5 min at 1800 rpm 
12 Discard the supernatant and add 0.2 mL PBS 
13 Analyze the sample using MACSQuant 

Pro-inflammatory cytokines are analysed employing the LEGENDplex™ Human Inflammation Panel 1 (IL-
1β, IFN-α2, IFN-γ, TNF-α, MCP-1, IL-6, CXCL8 (IL-8), IL-10, IL-12p70, IL-17A, IL-18, IL-23, IL-33; 
BioLegend, San Diego, USA). Due to logistical constraints, cytokine measurements could not be performed on 
the day of sample collection. After blood for flow cytometry has been collected, the remaining citrated blood was 
centrifuged, and the plasma is aliquoted and stored at −80 °C for batch analysis after completion of recruitment. 
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2.2. Statistical Analysis 

In a first step we plan to evaluate distinct liver cirrhosis, frailty, body composition and immune phenotypes. 
In a follow-up assessment we plan to correlate these phenotypes to identify potential associations. A key focus 
here will be on identifying independent variables in order to enable the most valid conclusions possible regarding 
morbidity and mortality, as well as the cause and effect of the phenotypes. 

2.3. Sample Size 

The sample size was determined using the Wilcoxon rank-sum test based on the results of Cybularz et al. [6] 
and calculated with G*Power (3.1.9.6, Heinrich-Heine-Universität Düsseldorf, Düsseldorf, Germany). Assuming 
an effect size of d = 0.8, a power of 80%, and a significance level of 5%, the analysis indicated a required sample 
size of 81 patients. 

Unfortunately, due to a lack of funding, it was not possible to recruit a control group of the same size as the 
cohort calculated for the study. In order to still obtain a comparison with non-cirrhotic individuals, a control group 
was recruited that was sized so as to use up the cytokine panels acquired for the study. 

3. Discussion 

The FraiLTx study aims to provide a comprehensive, interdisciplinary assessment of frailty in liver transplant 
candidates. While laboratory-based models for predicting outcomes in transplant candidates have been extensively 
validated, the increasing scarcity of donor organs and the resulting prolongation of waiting times require greater 
emphasis on patients’ functional status and participation in everyday life. To the best of our knowledge, no 
previous study has adopted such a holistic approach to the assessment of frailty in this specific patient population. 

Our first hypothesis is that selected concepts and approaches established in the care of classically frail patients 
can be transferred to liver transplant candidates. A central objective of geriatric medicine is the preservation and 
restoration of functional capacity and participation. However, important differences between these populations 
must also be acknowledged. In geriatric patients, biological aging is considered one of the principal drivers of 
frailty. Furthermore, curative treatment is often not available, whereas liver transplant candidates have the potential 
for definitive treatment through transplantation. Consequently, the primary therapeutic goal in this population is 
to bridge the waiting period while achieving the best possible preoperative stabilization. Demonstrating shared 
pathophysiological mechanisms between geriatric frailty and frailty in liver transplant candidates could identify 
common therapeutic targets, facilitate synergistic treatment strategies, and ultimately contribute to improved 
patient care. 

Nevertheless, it should be acknowledged that the pathophysiology of frailty remains incompletely 
understood, even in geriatric populations. Sarcopenia appears to represent one of its major contributing factors. 
Therefore, we sought to characterize a body composition phenotype in our cohort. Conventional methods for 
assessing body composition have important limitations in liver transplant candidates. Recent studies have explored 
alternative modalities such as bioelectrical impedance analysis (BIA) to identify body composition phenotypes 
associated with frailty [16]. However, the use of BIA in patients with liver cirrhosis is problematic, as the method’s 
underlying assumption of constant hydration of fat-free mass is frequently violated in clinical conditions such as 
ascites or peripheral edema, resulting in inaccurate estimates of lean and fat mass. Computed tomography (CT)-
based body composition analysis represents another well-established approach but is associated with exposure to 
ionizing radiation and was therefore not considered appropriate for use in our exploratory study. Instead, we had 
the opportunity to perform magnetic resonance imaging (MRI)-based body composition analysis, a technique that 
remains relatively uncommon because of its limited availability and higher costs. In future work, we plan to 
compare MRI-based measurements with CT-derived body composition analyses to improve the generalizability 
and comparability of our findings. 

Our second hypothesis is that an inflammatory profile is positively associated with frailty. The selection of 
inflammatory markers is critical in this context. We therefore focused on pro-inflammatory biomarkers and systemic 
inflammatory states that have previously been reported to correlate with frailty. Exploratory approaches of this kind 
require particularly careful statistical analysis and subsequent validation in independent cohorts, as well as a 
longitudinal follow-up, otherwise our ability to assess temporal changes in immune profiles and frailty progression 
is limited. Furthermore, a great challenge is distinguishing between dependencies, causes, and effects among the 
phenotypes studied. In particular, distinguishing the influence of frailty and liver disease on the phenotypes poses a 
major challenge, partly due to the size of the control cohort. One possible approach to differentiation is to consider 
the Frail Scale as well as the LFI and MELD scores. Frailty was assessed in all patients using the Frail Scale, which 
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provides reliable and liver-independent information about perioperative outcome and can be compared with the LFI 
and MELD scores which provide specific information about the severity of liver disease. 

Nevertheless, we believe that this approach represents an important first step toward a better understanding 
of the underlying pathophysiology and may provide the basis for the development of targeted therapeutic strategies 
in future studies. 
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