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Tronina, O.; Bączkowska, T.; Durlik,

M. Body Mass Index: An Unreliable

Adiposity Indicator for Predicting

Outcomes of Liver Transplantation

Due to Hepatocellular Carcinoma.

Gastrointest. Disord. 2024, 6, 607–621.

https://doi.org/10.3390/

gidisord6030040

Academic Editor: Consolato M.

Sergi

Received: 6 May 2024

Revised: 17 June 2024

Accepted: 19 June 2024

Published: 25 June 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Body Mass Index: An Unreliable Adiposity Indicator for
Predicting Outcomes of Liver Transplantation Due to
Hepatocellular Carcinoma
Kinga Czarnecka * , Paulina Czarnecka , Olga Tronina , Teresa Bączkowska and Magdalena Durlik
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Abstract: Obesity is a well-documented risk factor for the development of hepatocellular carcinoma
(HCC) in the general population. The applicability of these findings to liver recipients is uncertain,
and the results of available data have not been unanimous. The objective of the current study was to
investigate the impact of the pre-operative body mass index (BMI) on oncological outcomes of liver
transplantation due to HCC. Methods: This observational retrospective study enrolled all patients
with histologically confirmed HCC who underwent liver transplantation from a deceased donor in
our centre between 2008 and 2018. Results: Overall, 83 patients were enrolled and were subsequently
stratified according to their pre-operative BMI into three groups: patients with normal body weight
(n = 53), patients with overweight (n = 23), patients with obesity (n = 7). Overall tumour recurrence
was 12%. BMI failed to predict the 5-year recurrence-free survival (p = 0.55), risk of tumour recurrence
(p = 0.314) and overall 5-year survival (p = 0.19) in liver recipients. Conclusions: BMI was proven to be
an unreliable surrogate measure of obesity for predicting oncological outcomes among liver recipients.
Other obesity indices should be referenced to assess cancer-related prognosis more accurately in
these groups of patients.

Keywords: hepatocellular carcinoma; liver transplantation; obesity; body mass index; hepatocellular
carcinoma recurrence

1. Introduction

Hepatocellular carcinoma (HCC) constitutes the most common primary liver cancer,
the sixth most frequently diagnosed malignancy and is ranked as the third leading cause
of cancer-related deaths worldwide [1]. Liver transplantation constitutes a potentially
curative treatment modality for selected patients with early-stage HCC that is unsuitable
for surgical resection [2–4]. A fundamental condition of suitability for the procedure is a
low risk of tumour recurrence after the transplant [3]. This is most universally achieved
by the utilisation of the Milan criteria (solitary tumour ≤5 cm or two to three tumours,
each one ≤3 cm, no evidence of angioinvasion or extrahepatic spread) [5]. Over the years,
numerous other classifications have been proposed to address the increasing demand for
liver transplantation due to HCC and to mitigate the burden of disease recurrence regarding
post-transplantation outcomes [6–14].

Despite these efforts, a sizable proportion of patients at an increased risk of HCC
re-lapse remain eligible according to the current proposals [15,16]. Consequently, disease
recurrence affects between 10 and 25% of liver recipients and constitutes the most important
negative predictor of post-transplantation survival [17–23].

HCC recurrence after liver transplantation is multifactorial. As of now, several well-
established risk factors have been identified to increase the likelihood of HCC recurrence in
the allograft and associated mortality. Among these, most are related to tumour character-
istics (tumour size, its differentiation, number of nodules or presence of vascular invasion)
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the resultant levels of serum biomarkers of tumour biology (e.g., alpha-fetoprotein (AFP)
and neutrophil-to-lymphocyte ratio (NLR)) or are related to the host (underlying liver
disease) [5,23–25]. As a consequence, most factors are not modifiable or accurately assess-
able until a pathological examination of the explanted liver is performed. Therefore, it has
been a challenge to establish more effective selection protocols and identify pre-operatively
available modifiable predictors of HCC recurrence to enhance post-transplantation survival.
Obesity is a well-documented and modifiable risk factor for many cancers, including HCC,
in the general population [26–33]. The same holds true for the risk of HCC recurrence
following hepatectomy [34,35]. Importantly, most of the studies investigating the subject
have utilised the body mass index (BMI) as a simple, easily attainable marker of obesity,
and its effectiveness for determining oncological outcomes in the general population has
been proven. However, BMI utilisation holds some limitations for patients with liver cir-
rhosis due to the associated ascites and fluid overload. Of note, some transplant-associated
factors, namely the removal of underlying liver disease along with potential intra-hepatic
micrometastases and ischaemia–reperfusion injury are also known to modify the risk of
tumour recurrence in organ recipients [36]. Therefore, it remains a subject of debate to what
extent previous findings may be extrapolated to transplant recipients. There is a scarcity of
scientific reports conducted in the field, and results have not been unanimous [22,37,38].
Importantly, the existing studies failed to estimate the dry body weight of liver transplant
candidates prior to BMI calculation, which may significantly impact their results. To our
knowledge, this is the first study investigating the impact of pre-operative BMI on onco-
logical outcomes in liver recipients in which BMI values were corrected for concomitant
fluid retention.

That is why the primary endpoint of the current study was to investigate the impact
of the pre-operative BMI of liver transplant candidates, adjusted for fluid overload, on the
oncological outcomes of liver transplantation due to HCC, defined as 5-year recurrence-free
survival (RFS) and 5-year overall survival of graft recipients. We also examined pre- and
post-transplant variables to detect predictors of HCC recurrence and all-cause mortality
after liver transplantation.

2. Materials and Methods
2.1. Study Population

This observational retrospective study was conducted in the Department of Transplant
Medicine, Immunology, Nephrology and Internal Disease, at the Medical University of
Warsaw, Poland, an academic primary care centre. All patients with histologically con-
firmed HCC in an explanted liver who underwent liver transplantation from a deceased
donor in our centre between 2008 and 2018 were recruited into this retrospective analysis.

Dry-weight-based BMI was calculated for all study participants. The dry weight of
candidates for liver transplantation was evaluated by subtracting a certain percentage of
the initial body weight depending on the severity of intercurrent ascites (5% for mild, 10%
for moderate, 15% for severe). An additional 5% was subtracted if peripheral oedema was
present [39].

The study participants were divided into three groups depending on the pre-operative
BMI: patients with BMI < 25 kg/m2 were categorised as Group 1 (patients with normal body
weight (n = 53)). Patients with BMI between 25 and 29.9 kg/m2 were categorised as Group 2
(patients with overweight (n = 23)). Patients with BMI ≥30 kg/m2 were categorised as
Group 3 (patients with obesity (n = 7)).

For the determination of 5-year RFS, patients were censored at the time of HCC
recurrence, last available follow-up, time of non-recurrence-related death or at the fifth year
of post-transplant observation—whichever occurred first. For the purpose of the 5-year
overall survival determination, the patients were censored at the last available follow-up,
at the date of death or once they reached the 5-year observation.

For each of the study participants, predicted 5-year survival after the transplant was
also estimated using the Metroticket calculator (available online at www.hcc-olt-metroticket.

www.hcc-olt-metroticket.org
www.hcc-olt-metroticket.org
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org, accessed on 13 June 2024). Liver recipients were also assessed based on a simplified
version of the AFP model [13].

All patients with HCC were subjected to a regular oncological screening protocol,
which consisted of thoracic–abdominal–pelvic CT scans performed twice a year for the
first 2 years, and annually thereafter, and abdominal ultrasound along with AFP level
testing biannually. All the patients were initially prescribed a triple immunosuppressive
regimen with a steroid, mycophenolate mofetil and a calcineurin inhibitor, which was
subsequently individually modified in accordance with the effective recommendations
for the immunosuppressive treatment of patients undergoing solid organ transplantation
from the Polish Transplantation Society [40]. As a general principle, the liver recipients
were targeted to be weaned off steroids within 3 to 6 months and were maintained on
calcineurin inhibitor in monotherapy or in combined therapy with mycophenolate mofetil
or everolimus.

2.2. Data Collection

The patients’ medical files were reviewed, and the following information was re-
trieved: sociodemographics (age, gender, excessive alcohol consumption, tobacco use);
model of end-stage liver disease (MELD) score; BMI at baseline, at 1-, 3- and 5-years
post-transplantation; presence of diabetes mellitus at baseline; intercurrent liver disease if
applicable; haematological and biochemical parameters at baseline (creatinine, AFP level,
neutrophil and lymphocyte count); fulfilment of the Milan criteria and histopathological
tumour characteristics (number of tumours, size of the largest tumour, presence of microvas-
cular invasion, tumour differentiation). Information on previous tumour management, if
any, was also reported. Peri- and post-operative variables (surgical technique, cold and
warm ischaemia time, baseline immunosuppression, duration of steroid administration)
and age of the donor were obtained from the National Transplant Registry.

The Metroticket-predicted 5-year survival was calculated using the Metroticket calcu-
lator (available online at www.hcc-olt-metroticket.org, accessed on 13 June 2024) based on
the following explant data (size of the largest tumour, the number of HCC nodules and the
presence of microvascular invasion) [14].

2.3. Statistical Analysis

The qualitative variables are expressed as the median, interquartile range (Q1–Q3)
and ranges, while the quantitative variables are expressed as frequencies. The data were
tested for normal distributions with the Shapiro–Wilk test and for homogeneity of variances
with the Bartlett test. Depending on the results, differences in baseline variables between
the groups were compared using either a one-way ANOVA (parametric test) or Kruskal–
Wallis (non-parametric test) test. Both tests were followed by Dunn’s post hoc test for
pairwise comparisons.

The Kaplan–Meier method was used to compare the overall survival and RFS between
the analysed subgroups. Differences in survival curves were evaluated using the Gehan–
Breslow test. Additionally, we conducted a Cox regression analysis to estimate the hazard
ratios and 95% confidence intervals for the predictors of overall survival. The Wald test
was used to assess the statistical significance of the models. Moreover, in cases where the
Schoenfeld Individual test showed that the Cox model did not satisfy the proportional
hazards assumption, a parametric model based on the Weibull distribution was used.

Both univariate and multivariate logistic models were used to identify risk factors as-
sociated with the overall risk of HCC recurrence. Based on the stepwise forward regression,
along with the Akaike Information Criterion, the best-fit model was selected.

Box plots were constructed to visually depict the distribution of BMI changes over the
5-year observation and its skewness by displaying the data quartiles and averages. The
upper and lower whiskers represented scores outside the middle 50%. The median was
marked by the line dividing the box into two parts. Big dots represented the mean value
while smaller dots represented the outliers in the dataset.

www.hcc-olt-metroticket.org
www.hcc-olt-metroticket.org
www.hcc-olt-metroticket.org
www.hcc-olt-metroticket.org


Gastrointest. Disord. 2024, 6 610

The level of statistical significance was set to p = 0.05. The p-values indicating a
statistically significant result are shown in bold. All calculations were carried out in the R
statistical software package version 4.3.2 (R Core Team, Vienna, Austria).

Due to the retrospective study design, the requirement to obtain approval from the
local Ethics Committee was waived. The study protocol was submitted to the Ethics
Committee of the Medical University of Warsaw for acknowledgement only.

3. Results

A total of 83 patients underwent liver transplantation within the pre-defined time-
frames and had histologically confirmed HCC in the explanted liver. The median age of the
study participants was 57 years, and the majority were males (84.3%). Overall, 83.1% of the
participants were transplanted within the Milan criteria. The median number of nodules at
transplantation was 1 (range: 1–4), with the median size of the largest tumour being 2 cm
(range 0.5–8 cm). Most of the tumours showed moderate differentiation. Microvascular
invasion was confirmed in approximately one-third of the tumours. The median AFP level
at transplantation was 10.2 ng/mL. Most of the liver recipients did not receive any form of
bridging therapy prior to transplantation. All patients, except for one, had accompanying
chronic liver disease, of which hepatitis C (HCV) infection was the most frequently reported.
All patients underwent orthotopic liver transplantation with a median MELD score of 11 at
the time of transplantation.

The baseline features of the study participants, stratified by BMI class, are presented
in Table 1. The sociodemographics and most of the pre- and post-operative features of liver
recipients were comparable between the groups. However, the subgroups were not well-
balanced in terms of the baseline AFP level, presence of diabetes mellitus, and diameter
of the largest tumour: patients with diabetes mellitus were underrepresented among the
patients with obesity; pre-operative AFP levels were unevenly distributed among the
groups, as they were more varied in Groups 2 and 3; and the median diameter of the largest
tumour was greater in patients in BMI Group 3—3 cm, compared to the median values of
2.5 cm and 2 cm observed in the other two groups. However, the statistical significance of
these differences was not confirmed.

The overall median expected 5-year survival estimated using the Metroticket model was
73.3% (73.8%, 71.3%, 70.9% 5-year survival predicted for Groups 1, 2 and 3, respectively).

3.1. Five-Year Overall Survival and Determinants

Overall, 19.3% (n = 16) of the patients died during a median follow-up of 60 months.
HCC recurrence was responsible for half of the fatal events. The remaining eight were
attributed to a major cardiovascular event (one case), infectious complications (one case),
post-operative complications (two cases), post-transplant lymphoproliferative disorder
(one case), and allograft failure (three cases). Of those, 13 and 3 occurred in patients
in BMI Groups 1 and 2, respectively. All patients from Group 3 completed the 5-year
observation (Figure 1). Kaplan–Meier curves constructed to assess the overall survival of
patients who underwent liver transplantation for HCC revealed no significant differences
between the three groups (p = 0.19) (Figure 1). Based on the univariate Cox regression
models, liver recipients were more likely to survive as the calculated Metroticket-predicted
survival increased (HR: 0.953, 95 CI 0.920–0.988, p = 0.0243). Furthermore, histologically
confirmed microvascular invasion and HCC recurrence increased the risk of death of
the liver recipients by approximately 3.15 times (p = 0.0349) and 12.5 times (p < 0.001),
respectively. In the multivariate analysis, only HCC recurrence remained associated with
the all-cause mortality of the liver recipients (HR: 13.961; 95 CI 3.442–56.6; p < 0.001).
Neither baseline BMI (p = 0.2667) nor early post-transplantation BMI alterations (p = 0.3621)
impacted the survival probability of the liver recipients.
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Table 1. Baseline characteristics of the study population.

Variable Overall (N = 83) Pre-Ltx BMI < 25 kg/m2

(n = 53)
Pre-Ltx BMI

[25–29.9 kg/m2] (n = 23)
Pre-Ltx BMI ≥ 30 kg/m2

(n = 7)
Statistical Test p-Value

Sociodemographics

Age at transplantation (years)
Median (Q1–Q3)

Range
57.01 (51.27–59.5)

32.85–69.75
56.58 (49.26–59.52)

32.85–69.75
56.42 (52.98–59.22)

45.15–64.5
57.62 (49.66–62.14)

42.1–69.14
Kruskal–Wallis 0.9195

Male 84.3% (n = 70) 84.9% (n = 45) 82.6% (n = 19) 85.7% (n = 6) Fisher 1
Excessive alcohol consumption 12% (n = 10) 9.4% (n = 5) 17.4% (n = 4) 14.3% (n = 1) Fisher 0.4828

Indication for liver transplantation

HCV + HCC 72.3% (n = 60) 75.5% (n = 40) 56.5% (n = 13) 100% (n = 7) Fisher 0.062
HBV + HCC 9.6% (n = 8) 9.4% (n = 5) 13% (n = 3) 0% (n = 0) Fisher 0.8527
ALD + HCC 6% (n = 5) 5.7% (n = 3) 8.7% (n = 2) 0% (n = 0) Fisher 0.768

PBC, AIH, PSC + HCC 3.6% (n = 3) 5.7% (n = 3) 0% (n = 0) 0% (n = 0) Fisher 0.6551
MASH + HCC 6% (n = 5) 3.8% (n = 2) 13% (n = 3) 0% (n = 0) Fisher 0.3352

Cryptogenic + HCC 1.2% (n = 1) 0% (n = 0) 4.3% (n = 1) 0% (n = 0) Fisher 0.3614
HCC 1.2% (n = 1) 0% (n = 0) 4.3% (n = 1) 0% (n = 0) Fisher 0.3614

Baseline features of the host

MELD score at transplantation
Median (Q1–Q3)

Range
11 (9–14.5)

7–35
11 (10–15)

7–35
11 (8–13)

7–20
10 (10–15)

9–23
Kruskal–Wallis 0.6258

AFP at transplant [ng/mL]
Median (Q1–Q3)

Range
10.2 (4.6–31.75)

1.4–334
10.2 (4.6–20)

1.9–147.5
9.4 (5.65–59.5)

1.4–334
28.6 (8.85–34.55)

1.5–271
Kruskal–Wallis 0.461

Neutrophil/lymphocyte ratio
at transplant

Median (Q1–Q3)
Range

2.28 (1.64–3.35)
0.89–11.5

2.29 (1.63–3.2)
0.94–11.5

2.78 (1.86–3.8)
1.04–10.42

1.87 (1.3–2.97)
0.89–5.57

Kruskal–Wallis 0.33
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Table 1. Cont.

Variable Overall (N = 83) Pre-Ltx BMI < 25 kg/m2

(n = 53)
Pre-Ltx BMI

[25–29.9 kg/m2] (n = 23)
Pre-Ltx BMI ≥ 30 kg/m2

(n = 7)
Statistical Test p-Value

AFP model
Median (Q1–Q3)

Range
0 (0–0)

0–6
0 (0–1)

0–6
0 (0–1)

0–3
1 (0–1)

0–6
Kruskal–Wallis 0.6306

Creatinine at baseline (mg/dL)
Median (Q1–Q3)

Range
0.9 (0.75–1.1)

0.45–1.8
0.9 (0.8–1.1)

0.52–1.8
0.81 (0.7–1.1)

0.45–1.7
0.84 (0.72–1)

0.5–1
Kruskal–Wallis 0.651

Diabetes mellitus at baseline 30.1% (n = 25) 22.6% (n = 12) 47.8% (n = 11) 28.6% (n = 2) Fisher 0.0922

Pre-operative BMI
Median (Q1–Q3)

Range
23.59 (21.49–26.24)

17.3–32.61
22.08 (20.98–23.37)

17.3–24.98
26.78 (25.88–27.49)

25.06–29.17
30.8 (30.46–31.04)

30.11–32.61
Kruskal–Wallis <0.001

Bridging therapy before Ltx
No treatment

Radiofrequency ablation
Resection

Percutaneous ethanol injection

84.3% (n = 70)
10.8% (n = 9)
3.6% (n = 3)
1.2% (n = 1)

83% (n = 44)
11.3% (n = 6)
5.7% (n = 3)
0% (n = 0)

87% (n = 20)
8.7% (n = 2)
0% (n = 0)

4.3% (n = 1)

85.7% (n = 6)
14.3% (n = 1)

0% (n = 0)
0% (n = 0)

Fisher 0.6317

Donor and transplant variables

Donor age (years)
Median (Q1–Q3)

Range
42 (32.5–50.5)

10–65
44 (32–53)

17–65
41 (33–45)

10–59
46 (35–47)

20–51
ANOVA 0.7662

Cold ischaemia time (min)
Median (Q1–Q3)

Range
385 (312.5–457.5)

200–730
385 (305–455)

200–730
360 (320–420)

255–720
430 (322.5–493.5)

245–560
Kruskal–Wallis 0.8395

Warm ischaemia time (min)
Median (Q1–Q3)

Range
42 (35–47)

28–175
41 (35–46)

28–175
45 (40–49)

30–70
40 (32.5–45)

30–54
Kruskal–Wallis 0.2758
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Table 1. Cont.

Variable Overall (N = 83) Pre-Ltx BMI < 25 kg/m2

(n = 53)
Pre-Ltx BMI

[25–29.9 kg/m2] (n = 23)
Pre-Ltx BMI ≥ 30 kg/m2

(n = 7)
Statistical Test p-Value

Immunosuppression at baseline

Steroids 100% (n = 83) 100% (n = 53) 100% (n = 23) 100% (n = 7) Fisher 1
Tacrolimus 95.2% (n = 79) 98.1% (n = 52) 87% (n = 20) 100% (n = 7) Fisher 0.1478

MMF 94% (n = 78) 96.2% (n = 51) 91.3% (n = 21) 85.7% (n = 6) Fisher 0.3352
Cyclosporine 4.8% (n = 4) 1.9% (n = 1) 13% (n = 3) 0% (n = 0) Fisher 0.1478
Everolimus 2.4% (n = 2) 0% (n = 0) 4.3% (n = 1) 14.3% (n = 1) Fisher 0.0535

Tumour characteristics

Diameter of the largest tumour (cm)
Median (Q1–Q3)

Range
2 (1.5–3)

0.5–8
2 (1.5–3)

0.5–7
2.5 (1.75–2.75)

0.7–6
3 (1.9–5.25)

1.5–8
Kruskal–Wallis 0.3232

Number of nodules
Median (Q1–Q3)

Range
1 (1–2)

1–4
1 (1–2)

1–4
1 (1–2)

1–3
1 (1–1)

1–2
Kruskal–Wallis 0.4546

Fulfilment of Milan criteria 83.1% (n = 69) 83% (n = 44) 87% (n = 20) 71.4% (n = 5) Fisher 0.6605

Microvascular invasion 33.7% (n = 28) 30.2% (n = 16) 43.5% (n = 10) 28.6% (n = 2) Fisher 0.5101

Tumour differentiation

G1 20.5% (n = 17) 20.8% (n = 11) 26.1% (n = 6) 0% (n = 0)

Fisher 0.7669
G2 73.5% (n = 61) 71.7% (n = 38) 69.6% (n = 16) 100% (n = 7)
G3 4.8% (n = 4) 5.7% (n = 3) 4.3% (n = 1) 0% (n = 0)
G4 1.2% (n = 1) 1.9% (n = 1) 0% (n = 0) 0% (n = 0)

Time of follow-up (months)
Median (Q1–Q3)

Range
60.03 (59.74–60.03)

0.2–60.16
60.03 (58.85–60.03)

0.2–60.07
60.03 (60.03–60.07)

5.72–60.16
60.03 (60.03–60.03)

30.44–60.07
Kruskal–Wallis 0.1144

Abbreviations: AIH, autoimmune hepatitis; AFP, alfa-fetoprotein; ALD, alcoholic liver disease; BMI, body mass index; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HCV,
hepatitis C virus; MASH, metabolic dysfunction-associated steatohepatitis; MELD, model for end-stage liver disease; PBC, primary biliary cirrhosis; pre-Ltx, pre-transplant; PSC, primary
sclerosing cholangitis.
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3.2. Five-Year Recurrence-Free Survival and Determinants of HCC Recurrence

Overall, the tumour recurrence rate was 12% (n = 10), with a median of 12.8 months
(range 2.1–59 months) from liver transplantation to disease recurrence. Of note, 80%
of the events occurred within the first 2 years after transplantation. Cases of HCC re-
lapse presented predominantly as extrahepatic manifestations (90%) affecting mainly the
lungs (five cases) and bones (three cases). A single instance of HCC recurrence showed
a disseminated presentation involving multiple organs. Only one patient experienced an
intra-hepatic relapse. All recurrence events had a fatal outcome: eight within the 5-year
observation, and the remaining two within one and two months after the 5-year observation
was completed. HCC recurred in five patients (9.4%), four patients (17.4%) and one patient
(14.3%) from BMI Groups 1, 2 and 3, respectively (p = 0.4828). No significant differences
were identified in terms of the 5-year RFS between patients from the three analysed groups
(p = 0.55) (Figure 2).

Considering the univariate logistic regression, the presence of microvascular invasion
(p = 0.003), number of HCC nodules in the native liver (p = 0.017), AFP level at trans-
plantation (p = 0.004) and increasing value of AFP model (p = 0.007) increased the risk of
HCC recurrence. Fulfilment of the Milan criteria was the only factor that mitigated this
risk (p = 0.0007). Of the above variables, only three were confirmed in the multivariate
models, with microvascular invasion identified as the most prominent determinant of
HCC recurrence, and with fulfilment of the Milan criteria as an important variable which
decreased the risk of relapse by approximately seven times (Table 2). Neither BMI at 1-year
follow-up (p = 0.314) nor BMI change between baseline and 1-year post-transplantation
(p = 0.721), when BMI increases tended to be the most pronounced, showed an association
with an increased risk of HCC recurrence.
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Table 2. Multivariate logistic regression models for the risk of HCC recurrence in liver recipients.

Variable Estimate OR LCI UCI p-Value

Intercept −2.726 0.066 0.003 0.438 0.018

Presence of microvascular invasion 3.008 20.239 2.891 426.549 0.010

AFP level at transplant 0.013 1.013 1.002 1.027 0.030

Fulfilment of Milan criteria −1.937 0.144 0.018 0.921 0.046

3.3. BMI Alterations over the Course of the Study

Over the course of the study, significant differences were noted in post-transplant gains
in weight (expressed as BMI values) between patients with an initially normal body weight,
those who were overweight and those who were initially obese (p = 0.0027). However, post
hoc Dunn’s multiple comparisons tests indicated that statistically significant differences
only existed between patients from BMI Groups 1 and 3 (p = 00028). Patients with a normal
body weight at baseline gained a median of 3.65 kg over the course of the 5 years, which
considerably exceeded the values reported in the remaining two groups (0.66 kg for BMI
Group 3; 1.69 kg for BMI Group 2). Consequently, the patients from Group 1 upgraded
their BMI class by one rank at the end of the 5-year observation, with a median BMI value
of 26.57 kg/m2 (Figure 3). As expected, the liver recipients gained the most post-transplant
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weight within the first year after the procedure, with a median of 2.31 kg (range from
−0.33 to 9.49 kg), with no significant differences noted between the analysed subgroups
(p = 0.0582).
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4. Discussion

This retrospective study investigated the impact of pre-operative BMI on the post-
transplantation prognosis of liver recipients with histologically confirmed HCC in the
explanted liver. Our results demonstrated that BMI, as a surrogate measure of obesity,
was not predictive of inferior oncological outcomes among the studied population. BMI
failed to predict the 5-year RFS, risk of tumour recurrence and overall 5-year survival of
the liver recipients.

Considering that HCC is a highly angiogenic malignancy that arises from chronic
inflammation, it has been widely determined that obesity has a significant influence on the
risk of HCC development and recurrence after hepatectomy [38,41]. Siegel et al. demon-
strated that obesity at the time of transplantation is associated with a greater risk of tumour
recurrence, likely as a result of the excessive expression of vascular endothelial growth fac-
tor and the resultant tumour angiogenesis [37]. In agreement with Siegel et al., Mathur et al.
evidenced that obesity-related alterations of the adipocytokine levels (increased produc-
tion of oncogenic leptin in parallel with decreased levels of cancer-protective adiponectin)
promote the proliferation, migration and invasiveness of HCC [38]. Importantly, the vast
majority of previous studies reached the above-mentioned conclusions by utilising BMI as
a marker of obesity. On the other hand, a longitudinal retrospective study by El-Domiaty
et al. examined 427 liver recipients and showed a comparable incidence of tumour re-
currence and post-transplant survival regardless of the tumour characteristics. Therefore,
the authors concluded that BMI/obesity should not be factored in during the selection of
liver transplant candidates for HCC-related liver transplant procedures [22]. Some other
studies agreed with this conclusion [42]. Our study replicated these findings, showing
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no association between pre-operative BMI values and the risk of HCC recurrence or all-
cause mortality. The fact remains that BMI is an unreliable adiposity indicator in patients
with liver cirrhosis, which likely remains imprecise even after adequate correction for
fluid retention. Furthermore, BMI, as an indicator of overall adiposity, does not account
for structural and functional differences between adipose tissue deposits and resultant
health consequences. Considering the above, we concluded that BMI is not a reliable
indicator of post-transplant oncological outcomes in liver recipients, and other obesity
indices should be referenced in order to assess cancer-related prognosis more accurately
in liver recipients. Most current scientific data point towards distinct differences in the
arrangements of adipose tissue depositions as having a prominent influence. Most reports
emphasise the central role of abdominal obesity, specifically excessive accumulation of
visceral adipose tissue [30,43,44]. However, emerging scientific reports also suggest the
potential involvement of its subcutaneous counterpart as a main leptin secretor [45–48].
Given this, it appears reasonable to shift our attention to augmentation of our current un-
derstanding of abdominal adiposity’s contribution to HCC recurrence. It is also crucial to
consciously differentiate between BMI and obesity when formulating conclusions, avoiding
the interchangeable use of both terms. Interestingly, many previous reports investigating
the impact of BMI on the risk of HCC recurrence did not report a significant weight increase
during post-transplantation observations [22]. However, weight gain is prevalent among
liver recipients, who typically gain weight as a result of recuperation from chronic liver
disease. The process is additionally fuelled by additional transplant-specific risk factors,
such as immunosuppressive treatment, and frequently results in excessive accumulation
of adipose tissue. As opposed to previous research, our results demonstrated a signif-
icant weight increase (expressed as BMI values) among all subgroups both in the early
post-transplantation phase and cumulatively over the 5-year observation. The overall BMI
increase was the most pronounced in BMI Group 1, and the least in BMI Group 3, which
may be explained by their pre-operative status. Nevertheless, neither overall BMI increases
nor early post-transplant BMI alterations, which are recognised as the most pronounced,
showed an association with the risk of HCC recurrence.

We demonstrated a pattern of HCC recurrence consistent with those previously re-
ported. The overall recurrence rate was 12%, with most of the cases occurring early (up to
2 years) after the transplant procedure and predominantly as an extrahepatic spread [20,21].

In our study, HCC recurrence was confirmed as the only independent determinant of
5-year all-cause mortality, and it was associated with an approximately 14-fold increase in
the risk of fatal outcomes after liver transplantation. Interestingly, the Metroticket-predicted
survival and observed 5-year survival of liver recipients did not correspond. The matter
can be at least partially explained by the fact that Metroticket was designed to predict
recurrence-related survival, while in our study population, only half of fatal outcomes were
HCC-related, and none of them were reported in Group 3 during the study period.

The fulfilment of the Milan criteria, a lack of microvascular invasion and a low AFP
level at baseline predicted the 5-year RFS. These are the most reproducible predictors for
determining post-transplant prognosis [23]. Of note, the Milan criteria largely rely on
the accurate interpretation of radiological images before transplantation. Furthermore,
the presence of microvascular invasion can be accurately assessed no sooner than during
the post-transplantation pathology exam. Another limitation is the presence of non-AFP-
secreting HCC lesions, which reportedly account for up to 50% of all HCC tumours [49].
Consequently, the most impactful determinants of disease recurrence remain unknown at
the time of eligibility determination or are reliant on the expertise and experience of the at-
tending radiologist. Our findings reinforce the need for more precise prognostic models that
could translate into improved post-transplantation survival, mainly via the more accurate
qualification of potential liver transplant candidates, thus curtailing the probability of HCC
recurrence after the procedure. With the development of new evaluation scales, enhanced
long-term survival is becoming more likely. Accordingly, the risk-stratified MORAL score
has been proven to be superior to the Milan criteria in terms of the accurate evaluation
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of the risk of disease relapse [6]. The pre-MORAL score adds a significant advantage to
the selection algorithms, introducing additional insight into HCC biology that the Milan
criteria lack. This scoring system has the additional benefit that its post-transplantation
assessment, based solely on the evaluation of histological findings, appears to be able
to successfully aid in the identification of patients with a very high/high risk of HCC
recurrence, and it can assist with the planning of tailored immunosuppressive therapies
and surveillance plans. With the dynamic development in the field of article intelligence
(AI), a growing body of evidence indicates that AI-driven solutions can become a great
facilitator in improving HCC management. Currently available data suggest that AI could
successfully complement clinical decision-making in organ allocation and donor-recipient
matching in order to reduce waitlist mortality and improve post-transplant outcomes [50].
AI also demonstrated its advantage in tumour characterisation, especially for lesions of
indeterminate nature in radiological examination [51]. Additionally, preliminary results
suggest that AI could also guide treatment decision-making and subsequent management
of liver recipients [50,51]. Despite these promising results, there is still much work to be
done before AI-driven solutions are safely deployed in clinical practice. Most of the current
experience derives from small sample sizes, which constitutes a significant limitation for
deep learning algorithms. Therefore, there is a need for large datasets and multicentre
efforts to confirm the generalisability and interpretability of the AI models across popula-
tions. One should not forget about the lack of external validation of AI-driven methods as
of now.

The present study has several drawbacks, including its retrospective and monocentric
study design. Moreover, the study is also limited by its small sample size with an uneven
distribution of variables among the three groups. The strengths of the study were its
inclusion criteria of only histologically confirmed cases of HCC and clearly stated method
of the dry-weight-based BMI calculation. Importantly, the utilised method of BMI calcula-
tion has not been validated. Nevertheless, it presented excellent inter-observer accuracy.
Owing to an underrepresentation of patients with obesity pre-operatively, we could not
formulate clear conclusions and reliably compare tumour characteristics between the three
BMI groups.

5. Conclusions

BMI was proven to be an unreliable surrogate measure of obesity for predicting
oncological outcomes among liver transplant recipients. Tumour recurrence constituted
the sole determinant of overall 5-year survival, whereas 5-year RFS was independently
associated with the fulfilment of the Milan criteria, a lack of microvascular invasion and
a low AFP level at baseline. Our findings reinforce the still unmet need for more precise
prognostic models that can translate into improved post-transplantation survival, mainly
via more accurate qualification of potential liver transplant candidates, thereby reducing the
probability of HCC recurrence after the procedure. It is of equal importance to enhance our
knowledge and pursue efforts in identifying modifiable determinants of disease recurrence
in parallel. With the development of new evaluation scales, the chances for enhanced
long-term survival are increasing.
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15. Grąt, M.; Krasnodębski, M.; Krawczyk, M.; Stypułkowski, J.; Morawski, M.; Wasilewicz, M.; Lewandowski, Z.; Grąt, K.;
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