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Purpose: To investigate the prognostic value of computed tomography (CT) derived imaging biomarkers in hepatocellular carcinoma
(HCC) recurrence after liver transplantation (LT) and develop a predictive nomogram model.

Patients and Methods: This retrospective study included 178 patients with histopathologically confirmed HCC who underwent liver
transplantation between 2007 and 2021 at the two academic liver centers. We evaluated dedicated imaging features from baseline
multiphase contrast-enhanced CT supplemented by several clinical findings and laboratory parameters. Time-to-recurrence was
estimated by Kaplan—Meier analysis. Univariable Cox proportional hazard regression and multivariable Least Absolute Shrinkage
and Selection Operator (LASSO) regression were used to assess independent prognostic factors for recurrence. A nomogram model
was then built based on the independent factors selected through LASSO regression, to predict the probabilities of HCC recurrence at
one, three, and five years.

Results: The rate of HCC recurrence after LT was 17.4% (31 of 178). The LASSO analysis revealed six independent predictors
associated with an elevated risk of tumor recurrence. These predictors included the presence of peritumoral enhancement, the presence
of over three tumor lesions, the largest tumor diameter greater than 3 cm, serum alpha-fetoprotein (AFP) levels exceeding 400 ng/mL,
and the presence of a tumor capsule. Conversely, a history of bridging therapies was found to be correlated with a reduced risk of HCC
recurrence. In addition, Kaplan-Meier curves showed patients with irregular margin, satellite nodules, or small lesions displayed
shorter time-to-recurrence. Our nomogram demonstrated good performance, yielding a C-index of 0.835 and AUC values of 0.86,
0.88, and 0.85 for the predictions of 1-year, 3-year, and 5-year TTR, respectively.

Conclusion: Imaging parameters derived from baseline contrast-enhanced CT showing malignant behavior and aggressive growth
patterns, along with serum AFP and history of bridging therapies, show potential as biomarkers for predicting HCC recurrence after
transplantation.
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Introduction
Liver transplantation is recommended as first-line treatment for hepatocellular carcinoma (HCC) being within Milan

criteria but unsuitable for surgical resection.! Five-year survival rates after transplantation of patients within Milan
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criteria have been reported ranging from 65 to 80%.> Due to the increased risk of recurrence in patients beyond Milan
criteria, transplantation is restricted for these patients in many European countries. Yet, patients beyond Milan criteria can
also be considered for liver transplantation by downstaging using locoregional therapies.”*

Additional criteria, like UCSF or up-to-7, for patient selection have been described and shown to be non-inferior to
Milan criteria regarding post-transplantation survival.””’ However, most criteria utilize only the number and size of the
lesions, a similar concept as the Milan criteria. Although tumor size and number are correlated with tumor recurrence in
the transplant organ, tumor biology, such as tumor grade or microscopic vascular invasion, is the ultimate prognostic
factor for disease recurrence and transplant failure.® Therefore, the EASL guideline recommends for evaluation of
composite criteria with surrogates of tumor biology and predicts the replacement of conventional criteria for patient
stratification towards transplantation.' However, since HCC can be diagnosed without pathological analysis in the
presence of typical perfusion characteristics on imaging, tumor biology is not known for most patients at the time of
evaluation for transplantation. Furthermore, biopsy is associated with a major sampling error which may lead to missing
microvascular invasion or underestimation of tumor grade.” Imaging parameters have been shown to correlate with many
histopathological characteristics of HCC lesions, which could guide patient stratification for liver transplantation by non-
invasive means.'”!" Also, considering that many patients receive locoregional treatments for bridging or downstaging
during the period between listing and transplantation, these imaging markers can be used to allocate patients with high
risk of recurrence to more aggressive treatments, such as adjuvant therapies. Some studies used pre-transplant images to
identify imaging-based risk factors for recurrence after transplantation. However, identifying patients at high recurrence
risk at this point can only guide the follow-up imaging intensity. Some studies have evaluated the prognostic value of
baseline imaging features in HCC patients who receive transplantation after a certain type of bridging therapy;'”
however, a comprehensive analysis of all listed patients using the images at the time of listing is lacking.

The aim of this study was to evaluate the potential role of imaging biomarkers in baseline (prior to any treatment) CT
images and clinical parameters for HCC recurrence after liver transplantation.

Methods

Study Population

This retrospective study was conducted at the University Hospital of LMU Munich and University Hospital Munster, and
institutional review board approvals were obtained. This study was conducted in accordance with both the Declarations
of Helsinki and Istanbul. Due to retrospective nature of the study, informed consent was waived. Using electronic
medical records, we retrospectively enrolled adult patients with HCC who underwent liver transplantation between 2007
and 2021 at both institutions. All patients signed informed consent for the transplantation in accordance with the
Declaration of Istanbul, and for the use of organs from rescue allocation according to Eurotransplant. All patient data
were pseudoanonymized before the analysis. LT evaluation is done according to center standards. Patients eligible for
liver transplantation had no extrahepatic tumor manifestation or macrovascular invasion. The size and number of tumor
lesions were considered for treatment allocation, but there was no predefined upper limit. All patients were referred to
neoadjuvant (bridging) locoregional or systemic therapy with the goal of downstaging. Downstaging was quantified using
mRECIST. Patients primarily within the Milan criteria were eligible for standard exception points. Patients outside the
Milan criteria were considered eligible if they responded or had stable disease for more than 6 months on neoadjuvant
therapy. As these patients were not prioritized, they received primarily livers from extended criteria donors.

The study included patients who met the following criteria: (1) age 18 years or above, (2) HCC diagnosed either
histopathological or using EASL criteria, (3) available CT scan within six months before LT for patients without
preoperative treatment or baseline CT scan for the initial bridging therapy prior to LT, (4) no previous history of other
malignant tumors. Patients with mixed HCC-cholangiocarcinoma, suboptimal image quality for analysis, missing arterial

or portal phase images, and follow-up less than 1 month after transplantation were excluded from the study (Figure 1).
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Patients underwent liver
transplantation due to HCC
n=301

No CT images within 6m n=63
OR
No CT images before bridging n=33

Follow-up shorter than 1month n=9

No pathological confirmation n=10

Missing portal phase n=2
Missing arterial phase n=3

Mixed HCC-CCC n=3

Final study population
n=178

Figure | Study flow diagram.

Imaging Examinations and Follow-Up Protocol
All patients underwent a multiphase contrast enhanced liver CT examination, with the arterial and portovenous phases
performed at 20-35s and 60—70s after injection, respectively. Delayed phase (120s) images were not mandatory. Routine
post-LT surveillance was conducted every 3—6 months during the first two years, consisting of measuring AFP levels and
ultrasound. Afterward, clinical assessments and imaging studies were carried out once or twice per year. Diagnosis of the
HCC recurrence post-LT was confirmed by imaging according to EASL criteria and/or histopathologic examination.
Data closure and end of follow-up were completed by the 1st of March, 2023. The primary outcome parameter, time-
to-recurrence, was defined as the time interval from the date of LT until the date of recurrence that refers to intrahepatic
recurrence or extrahepatic metastasis, and patients without recurrence at the date of death or the last clinical follow-up,

were censored.

Clinical and Laboratory Parameters

Pre-transplantation clinical and demographic data were gathered, including gender, age at liver transplantation, etiology
of liver disease (chronic alcoholism, hepatitis C, hepatitis B, nonalcoholic steatohepatitis, cryptogenic, other), laboratory
parameters (including AFP), the time interval from listing to transplantation, follow-up period, and history of bridging
therapies.

Imaging Analysis

For imaging analysis, CT images were independently reviewed by two abdominal radiologists specialized in liver
imaging for more than five years, who were blinded to the clinicopathologic data and follow-up results. Several
radiological parameters were examined as potential prognostic factors for tumor recurrence after transplantation. First,
we assessed all lesions in terms of their enhancement pattern. A typical HCC showed arterial hypervascularity (defined as
arterial phase hyperenhancement according to LI-RADS [Liver Imaging Reporting and Data System] classification) and
subsequent washout on portovenous or delayed phase images.'? Next, the size and number of HCC lesions (>1 cm) were
recorded. To determine the tumor size, we measured the largest outer-edge to outer-edge dimension, including capsule
enhancement, on phase and plane where borders were most visible. The largest viable tumor was considered the
representative one (index lesion), and several tumor-related findings on this lesion were evaluated for further analysis.
Additionally, we measured the Hounsfield unit (HU) value of the lesion both on the arterial and portal phase on the same
slice as the diameter measurement, with the region of interest (ROI) placed at homogeneous solid components. The
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tumor margin was classified as either smooth (characterized by simple nodular tumors with smooth contours) or non-
smooth (marked by irregular contours with a budding portion protruding into the liver parenchyma adjacent to it).'*
Peritumoral enhancement was defined as a detectable arterial-enhancing area around the tumor on arterial phase images,
which then becomes isodense with the background liver parenchyma on venous images.'> The nodule-in-nodule
appearance and the enhancing peripheral rim (capsule) were assessed in the portal phase. We also evaluated the presence
of lesions <lcm in size with arterial enhancement (small hypervascular lesions), and satellite nodules, which was defined
as small nodules <2cm in size and located <2cm from another HCC lesion.'® Other relevant radiological features were
also recorded, such as biliary dilatation, gastroesophageal varices, ascites, pleural effusion, and cirrhotic liver
morphology.

Statistical Analysis

To summarize patient characteristics, continuous data were expressed as either mean with standard deviation or median
with interquartile range, while categorical data were presented as numbers with percentages. Categorical data were
compared with Chi-square and Fisher’s exact tests, and ¢-test or Wilcoxon test were used to compare two continuous
variables between two centers. For investigating prognostic factors of HCC recurrence, we used univariable Cox
proportional hazard regression for image-based, clinical and laboratory variables. The “p.adjust” function with
Benjamini Hochberg correction was used to account for multiple testing. Features with p-value less than 0.05 (after
correction) were considered significant. For multivariable analysis, 10-fold cross-validation and Least Absolute
Shrinkage and Selection Operator (LASSO) were applied using the R package glmnet. This algorithm allowed the
selection and regularization of optimal variables by shrinking down to zero coefficient weights for features unrelated to
the outcome. A nomogram model for predicting 1-, 3-, and 5-year TTR probabilities was constructed based on
independent factors identified from LASSO regression. For model validation, we utilized bootstrap resampling methods
based on internal dataset. Calibration curves were plotted to evaluate the consistency between predicted and observed
results. C-index calculation, ROC curves and AUC analysis were performed to assess the discriminative efficiency of the
model. Time-to-recurrence rates were calculated using the Kaplan—Meier method and the difference in time-to-recurrence
between groups was compared using the Log rank test. Cohen’s K-statistic and Intraclass Correlation Coefficients (ICC)
were applied to assess interobserver agreement for imaging features of all lesions. A kappa value of 0-0.20 indicated
slight agreement; 0.21-0.40, fair agreement; 0.41-0.60, moderate agreement; 0.61-0.80, good agreement; and 0.81—1.00,

almost perfect agreement. All statistical analyses were conducted in R statistical software (R version 4.3.0).

Results

Patient and Baseline Imaging Characteristics
A total of 178 patients, consisting of 140 men, were included in the study. Baseline characteristics of overall cohort are
summarized in Table 1, and comparison of two centers is given in Supplementary Table 1. The overall median age at

transplantation was 59.0 years (range, 21-73 years). The common etiology of liver disease was hepatitis C in 53 (29.8%),
followed by chronic alcoholism in 52 (29.2%) and hepatitis B in 25 (14.0%) patients. The median last pre-transplantation
AFP level of the study population was 7.2 ng/mL, and the median diameter of the largest lesion was 31.6 mm. At the
time of imaging, 113 (63.4%) patients were within Milan criteria. The majority of the patients (75.8%) underwent
bridging therapies. The baseline image read showed parameters in following rates: biliary dilatation (11.8%), varices
(60.7%), ascites (39.3%), pleural effusion (6.2%), small hypervascular lesions (34.8%), atypical HCC enhancement
pattern (6.1%), capsule (16.3%), irregular margin (56.7%), satellite nodules (8.4%), peritumoral enhancement (11.8%)
and nodule-in-nodule appearance (19.1%). The interreader agreement for the individual imaging features in CT ranged
from fair to almost perfect (Supplementary Table 2).

Among the entire cohort, 31 (17.4%) patients experienced recurrence during a median follow-up of 55 months after
transplantation. 74.1% of the recurrences were seen in patients beyond Milan criteria at the time of imaging. Specifically,

six patients had only local recurrence, ten had only extrahepatic metastasis, and 15 experienced both intra- and
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Table | Summary of Baseline Characteristics and Imaging Features of
Patients

Variable

Clinical and laboratory factors

Sex

® Female 38 (21.3%)
® Male 140 (78.7%)
Age at liver transplantation, median (IQR) 59.0 (10.0)
Listing to transplant (days), median (IQR) 169.5 (206.8)

Etiology of liver disease

® Chronic alcoholism 52 (29.2%)
e HBV 25 (14.0%)
® HCV 53 (29.8%)
® HBV + HCV 6 (3.4%)

® Cryptogenic 12 (6.7%)
® NASH 11 (6.1%)
® Others 19 (10.7%)
INR, median (IQR) 1.2 (0.3)
MELD score, median (IQR) 10.0 (6.8)
Bilirubin (mg/dl), median (IQR) 1.5 (1.7)
ALT (U/L), median (IQR) 40.5 (49.5)
AST (U/L), median (IQR) 62.0 (62.8)
ALP (U/L), median (IQR) 146.0 (81)
GGT (U/L), median (IQR) 107.5 (141.3)
AFP (ng/mL), median (IQR) 7.2 (32.2)

Imaging factors

Liver cirrhosis 153 (86.0%)
Biliary dilatation 21 (11.8%)
Varices 108 (60.7%)
Ascites 70 (39.3%)
Pleural effusion Il (6.2%)

Small lesions 62 (34.8%)
Diameter of the largest lesion (mm), median (IQR) 31.6 (18.1)
Number of tumors > 3 17 (9.5%)
Atypical HCC enhancement pattern Il (6.1%)
Capsule 29 (16.3%)

(Continued)
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Table | (Continued).

Variable

Irregular margin 101 (56.7%)
Satellite nodules 15 (8.4%)
Peritumoral enhancement 21 (11.8%)
Nodule-in-nodule 34 (19.1%)
HU of tumor on arterial phase, mean (SD) 84.8 (21.0)
HU of tumor on portal phase, mean (SD) 93.3 (19.5)
History of bridging therapies 135 (75.8%)
Follow-up

Recurrence 31 (17.4%)

Abbreviations: AFP, Alpha fetoprotein; ALP, Alkaline phosphatase; ALT, Alanine transaminase;
AST, Aspartate transaminase; GGT, Gamma-glutamyl transferase; HBV, Hepatitis B; HCC,
Hepatocellular carcinoma; HCV, Hepatitis C; HU, Hounsfield Unit; INR, International normal-
ized ratio; IQR, Interquartile range; MELD, Model for End-Stage Liver Disease; NASH, Non-
alcoholic steatohepatitis.

extrahepatic recurrence. Kaplan—Meier analysis revealed cumulative recurrence rates of 8.7%, 13.7%, and 18.9% at one,
three, and five years, respectively.

Univariable Analysis of Risk Factors for HCC Recurrence

Kaplan Meier curves with Log rank test identified significantly shorter time-to-recurrence in patients with an irregular
margin of index lesion (p=0.023), satellite lesions (p=0.02), small (<Iem) hypervascular lesions (p=0.031), peritumoral
enhancement of index lesion (p<0.001), index lesion >3cm (p<0.001), presence of more than three lesions (p<0.001),
patients who did not receive bridging treatments (p<0.001) (Figure 2).

Table 2 shows the results of univariable Cox proportional hazards regression analysis with p-value adjusted with
Benjamini Hochberg correction. Significant risk factors for recurrence were peritumoral enhancement (HR, 6.374; 95%
CI, 3.088-13.160; p < 0.001), index lesion >3cm (HR, 5.156; 95% CI, 1.979-13.430; p = 0.003), presence of more than
three lesions (HR, 5.455; 95% CI, 2.613-11.390; p < 0.001), and AFP greater than 400 ng/mL (HR, 4.685; 95% CI,
2.009-10.930; p = 0.002). Furthermore, a history of bridging therapies showed a correlation with a lower risk of
recurrence after transplantation (HR, 0.257; 95% CI, 0.127-0.521; p = 0.001).

Multivariable Analysis of Risk Factors for HCC Recurrence Using LASSO

In the multivariable analysis with LASSO-penalized logistic regression, six variables were identified as independent
prognostic factors for post-transplantation tumor recurrence (Figure 3). The coefficient weights for these factors are listed
in Supplementary Table 3. In descending order of hazard ratio, the factors associated with an increased risk of recurrence

were peritumoral enhancement (exponentiated LASSO coefficient, 4.13), presence of more than three lesions (2.95), AFP
greater than 400 ng/mL (1.92), index lesion >3cm (1.86), presence of capsule (1.03). Furthermore, a history of bridging
therapies (0.34) was correlated with a lower risk of recurrence.

Construction and Evaluation of Prediction Model Based on Independent Prognostic
Factors ldentified from LASSO Regression

Building on the foundation of the Cox regression model, we developed a nomogram for the prediction of 1-, 3-; and
S-year time-to-recurrence probabilities. Figure 4 visually presents this nomogram, which incorporates six independent
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Figure 2 Kaplan—Meier curves comparing time-to-recurrence. (a) tumor margin (p=0.023), (b) presence of satellite nodules (p=0.02), (c) presence of small lesions
(p=0.031), (d) peritumoral enhancement (p<0.001), (e) diameter of largest tumor (p<0.001), (f) number of tumors (p<0.001), (g) history of bridging therapies (p<0.001).

factors selected through LASSO regression. The cumulative score for each patient, obtained by summing the individual
scores for all variables in the nomogram, provides an estimate of their probability of recurrence.

To assess the model’s validity, we created calibration plots and ROC curves from 100 bootstrapped samples, as
illustrated in Figures 5 and 6, respectively. The calibration curves aligned closely with the actual outcomes, demonstrat-
ing strong consistency between predictions and observations. With AUC values of 0.86, 0.88, and 0.85 for the 1-, 3-, and
5-year TTR predictions, respectively, the model effectively distinguished between those at risk of experiencing early
recurrence and those likely to experience recurrence later or not at all. Discrimination ability was further assessed
through C-index calculation, yielding a result of 0.835, indicative of a model with very good predictive value. In
summary, all these evaluations suggest that this nomogram model provides an effective and reliable tool for predicting
the probability of HCC recurrence after transplantation.
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Table 2 Univariable Cox Proportional Hazards Regression Analysis for Prediction of the
Recurrence of HCC After Transplantation

Parameter Univariable Analysis

HR (95% CI) Raw Adjusted

p value p value

Clinical and laboratory factors
Age at liver transplantation (>60 vs <60) 1.298 (0.632-2.668) 0.48 0.56
Sex (Male vs Female) 1.576 (0.605—4.107) 0.35 0.49
Listing to transplant (>160 days vs <160 days) | 0.654 (0.320-1.335) 0.24 0.46
AFP (>400 vs <400 ng/mL) 4.685 (2.009-10.930) <0.001 0.002
Imaging factors
Irregular margin 2.462 (1.100-5.506) 0.03 0.09
Satellite nodules 2.765 (1.133-6.752) 0.03 0.09
Peritumoral enhancement 6.374 (3.088-13.160) <0.001 <0.001
Small lesions 2.134 (1.055-4.317) 0.04 0.11
Diameter of largest tumor > 3 cm 5.156 (1.979-13.430) <0.001 0.003
Number of tumors > 3 5.455 (2.613-11.390) <0.001 <0.001
History of bridging therapies 0.257 (0.127-0.521) <0.001 0.001
Nodule-of-nodule 1.873 (0.836—4.193) 0.13 0.27
Atypical HCC enhancement pattern 0.487 (0.066-3.577) 0.48 0.56
Capsule 1.947 (0.869—4.361) 0.11 0.26
Biliary dilatation 1.467 (0.563-3.826) 0.43 0.56
Ascites 0.877 (0.420-1.832) 0.73 0.77
Varices 0.696 (0.344—1.408) 0.31 0.49
Pleural effusion 1.076 (0.257-4.512) 0.92 0.92
Liver cirrhosis 1.270 (0.444-3.637) 0.66 0.73
HU of tumor on arterial phase 1.008 (0.992-1.025) 0.33 0.49
HU of tumor on portal phase 0.990 (0.972-1.009) 0.30 0.49

Abbreviations: AFP, Alpha fetoprotein; HCC, Hepatocellular carcinoma; HU, Hounsfield Unit.
Bold indicates statistical significance.

Discussion
The herein presented results show that in HCC patients receiving transplantation, in addition to common risk factors like
tumor size and number, AFP levels, the presence of peritumoral enhancement, and capsule are independent risk factors
for shorter time-to-recurrence. Additionally, bridging therapies before transplantation are associated with a significantly
reduced risk of recurrence.

Liver transplantation is the recommended treatment in patients with HCC confined to Milan criteria, considering it is
a curative solution not only for HCC lesions but also for the underlying liver disease. However, it is associated with
5-year recurrence rates of up to 20%, which is even higher in patients beyond Milan. Some additional criteria have also

been described for patient selection, but they also consider only the lesion size and number, neglecting HCC biology.'”'®
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Figure 3 Multivariable Cox proportional hazards regression analysis of variable selected by LASSO for prediction the recurrence of HCC after transplantation.
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Figure 6 Receiver operating characteristic (ROC) curves of |- (blue line), 3- (green line), and 5-year (red line) time-to-recurrence based on the nomogram.

Considering its relationship with tumor aggressiveness, AFP has been incorporated into other criteria.'® Still, there is
a consensus on room for improvement in patient selection for transplantation. Several studies have evaluated the risk of
recurrence using explant histopathology in terms of tumor burden and biology, and scoring systems to identify patients
with increased risk have been developed.”® Or some studies have identified imaging-based risk factors using the images
just prior to the transplantation.'® However, no adjuvant treatment other than the atezolizumab/bevacizumab combination
has been shown to be effective in the adjuvant setting, whose safety is unclear in transplantation patients.”' Thus, high-
risk patients need to be identified before transplantation, at best at the time of listing, which might lead to bridging these
patients more intensively considering the waiting time.

In our study, in addition to lesion size and number, peritumoral enhancement and presence of capsule were
significantly associated with HCC recurrence after transplantation. Peritumoral enhancement has been shown to
correlate with microvascular invasion and treatment outcome of HCC patients.'*?*?* It is believed to be the result of
occlusion of perilesional small portal branches and a compensatory increase in arterial supply. In our study,
peritumoral enhancement was the risk factor with the highest hazard ratio, clearly associating tumor biology with
recurrence. This situation is also supported by studies showing its correlation with microvascular invasion in
histopathological evaluation.''" For example, exploratory subgroup analysis of our cohort showed the prognostic
value of peritumoral enhancement in patients with viral (p=0.05) and non-viral etiology (p<0.001, data not shown).
Enhancing capsule develops at later stages of hepatocarcinogenesis, indicating transformation to overt HCC from the
high-grade dysplastic nodule or early HCC. Thus, it has been incorporated into LI-RADS as a major imaging feature
for HCC."? Considering patients listed for transplantation usually have smaller lesions, higher recurrence in patients
with a capsule could result from more advanced stages of hepatocarcinogenesis. Locoregional therapies are com-
monly used in patients listed for transplantation, especially when the expected waiting time is above six months.
Considering the increased risk of recurrence, patients with peritumoral enhancement and capsule can be assigned to
more intensified bridging treatments to improve transplantation outcomes. This idea has also been supported by our
results showing significantly lower recurrence in patients receiving bridging treatments. Although most of the
imaging parameters evaluated in this publication differ from the ancillary features of LI-RADS criteria, which mainly
focus differentiating premalignant lesions from HCC lesions,"’ they indicate aggressive behavior of HCC
lesions.'!!424

Similar to the relationship between imaging features and tumor biology, AFP levels also correlate with aggressive
tumor behavior. In addition to its role in surveillance for HCC, higher levels of AFP are associated with poorer outcomes
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after treatment at all tumor stages.' Furthermore, it has been shown that increased AFP levels are seen in HCC subclasses

known for resistance to therapy, high cell proliferation, and poor outcomes,>>2°

and incorporated in recently developed
additional transplant criteria for patient selection.?’*” This situation was confirmed in our study by higher recurrence in
patients with AFP >400 ng/mL. However, in addition to the number of tumors at baseline, the presence of peritumoral
enhancement outperformed the pre-transplant AFP levels in predicting tumor recurrence in our study. This underlines the
importance of imaging features at the time of listing and the potential benefit to incorporate these imaging features into
the organ allocation systems.

Irregular tumor margin, presence of satellite nodules, and presence of small (<lcm) hypervascular lesions were
associated with shorter time-to-recurrence, although they were not significant in the multivariable analysis, probably due
to the limited sample size. These imaging features suggest aggressive tumor biology, potentially indicating the presence
of tumor cells beyond the lesion or the presence of circulating tumor cells. Presence of small (<lcm) hypervascular
nodules needs further evaluation, considering these lesions are currently not considered in patient selection for
transplantation according to current guidelines.

Our study has some limitations. Despite being a bi-institutional study, it has a limited sample size, which might have
led to the loss of significance for some variables in the multivariable model. Second, patients with various types of
bridging therapies have been included. Although this situation causes inhomogeneity, it reflects the daily clinical routine
of large transplantation centers. Also, MRI images were not considered, unlike some studies mentioned above, which
might have delivered more information on tumor biology. However, it is more susceptible to institutional variations
considering the bi-institutional analysis in this study. Furthermore, the histopathological features have not been con-
sidered due to many patients reaching complete pathological response after bridging treatments. However, this study
aimed to identify prognostic factors which can be determined prior to transplantation and guide the treatment during the
waiting period.

Conclusion

In conclusion, baseline CT imaging features supplemented by clinical and laboratory parameters may guide prediction of HCC
recurrence after transplantation and the treatment decision-making during the waiting time. Besides, the high-performing
nomogram model is an effective and reliable tool for predicting HCC recurrence probability at different time points.
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