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Simple Summary: Liver transplantation (LT) is an important therapeutic option in selected patients
with hepatocellular carcinoma (HCC). Tumor factors such as size and number of tumors define the
eligibility criteria for LT through the Milan criteria. The tumor burden score (TBS) incorporates
both tumor number and size into a single continuous variable and has been successfully used to
differentiate prognosis among patients undergoing resection for HCC. Moreover, the TBS has been
included in the complex predictive scores of outcomes after LT for HCC. This study evaluated the
role of the TBS as a solitary simple score to predict outcomes after LT for HCC.

Abstract: Liver transplantation (LT) remains a mainstay of treatment for hepatocellular carcinoma
(HCC). Tumor factors such as size and number of tumors define eligibility for LT using the Milan
criteria. The tumor burden score (TBS) incorporates both tumor number and size into a single
continuous variable and has been used to differentiate prognosis among patients undergoing resection
for HCC. The objective of the present study was to evaluate the ability of the TBS to predict overall
and recurrence-free survival in patients undergoing LT for HCC. The Scientific Registry of Transplant
Recipients (SRTR) was used to analyze all liver transplants for HCC, with initial tumor size data from
2004 to 2018. There were 12,486 patients in the study period. In the unadjusted analyses, patients
with a high TBS had worse overall (p < 0.0001) and recurrence-free (p < 0.0001) survival. In the
adjusted analyses, a high TBS was associated with a greater hazard ratio (HR) of death (HR = 1.21;
95%CI, [1.13–1.30]; p < 0.001) and recurrence (HR = 1.49; 95%CI [1.3–1.7]; p < 0.001). When we
superimposed the TBS on the Milan criteria, we saw that a higher TBS was associated with a higher
hazard of recurrence at values that were either all within (HR = 1.20; 95%CI, [1.04–1.37]; p = 0.011) or
variably within (HR = 1.53; 95%CI, [1.16–2.01]; p = 0.002) the Milan criteria. In conclusion, the TBS is
a promising tool in predicting outcomes in patients with HCC after LT.
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1. Introduction

Worldwide, hepatocellular carcinoma (HCC) is one of the most frequent causes of cancer-related
death, and HCC-associated mortality continues to increase [1–3]. These trends are attributed to
the chronic effect of viral infections and other known risk factors such as alcohol, aflatoxin, and,
most recently, non-alcoholic fatty liver disease [4,5]. Current curative treatments, including liver
transplantation (LT), surgical resection, and percutaneous ablation, are able to achieve a long-term
survival of more than 50% of patients at five years [6]; however, only a small number of patients with
early-stage HCC are eligible for these therapies [7,8]. The selection of treatment modality is based
on tumor size, location, extrahepatic spread, and underlying liver function. Although the Barcelona
Clinic Liver Cancer (BCLC) staging system has been largely adopted as an algorithm to guide the
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decision-making process in the management of HCC, recent studies have questioned the prognostic
stratification of this classification schema due to its restrictive nature, as well as the proposed treatment
allocation of patients [9–12]. The current literature supports liver resection for early HCC compared to
local ablative therapies as it demonstrates better five-year overall and recurrence-free survival rates [13].
Moreover, the literature supports major anatomic resection in patients with resectable HCC as it has
similar morbidity and superior disease-free and overall survival rates compared to non-anatomic
resections, especially among patients without cirrhosis [14].

Liver transplantation (LT) remains an attractive therapeutic option for selected patients with
HCC. At present, the Milan criteria are the predominant method for defining the criteria for the
eligibility of HCC patients for LT [15]. In this system, patients with a single tumor <5 cm or up to three
tumors all <3 cm are eligible for LT. Patients are given a binary designation (inside vs. outside Milan
criteria). An alternative metric termed the tumor burden score (TBS) was first proposed by Sasaki and
colleagues [16]. In contrast to the Milan criteria, the TBS incorporates both tumor number and tumor
size as continuous variables and has been demonstrated to differentiate prognosis among patients
undergoing resection for colorectal liver metastases. Tsilimigras et al. recently showed that the TBS can
predict outcomes after resection of HCC within and beyond the Milan criteria [17–19]. In the setting of
LT, the TBS has been included in models such as the Hazard Associated with Liver Transplantation
for Hepatocellular Carcinoma (HALT–HCC) to predict overall survival outcomes in combination
with clinically relevant variables such as model for end-stage liver disease-sodium (MELD–Na),
alpha-fetoprotein (AFP), year of transplantation, underlying cause of cirrhosis, neutrophil–lymphocyte
ratio, history of locoregional therapy, and Milan criteria status [20].

To date, there is no modern LT cohort in HCC assessing the role of the pre-transplant TBS to
predict post-transplant outcomes such as overall and recurrence-free survival. The main objective of
the present study was to evaluate the ability of the TBS to predict outcomes in patients undergoing LT
for HCC using a modern national U.S. transplant database.

2. Results

There were 12,578 LT recipients in the study period. Patients with a high TBS (≥3.1) were less
likely to be female (19% vs. 24%, p < 0.001), less likely to be white (79% vs. 81%, p = 0.018), and had
slightly longer cold ischemia times (median 6.0 h interquartile range (IQR) [4.8–8.0] vs. 6.0 h [4.6–7.7];
p = 0.017) (Table 1).

All low-TBS patients were within the Milan criteria, while 26% of high-TBS patients were outside
(p < 0.001). When plotting Kaplan–Meier curves, patients with a high TBS had worse overall and
recurrence-free survival (p < 0.0001 for both using the logrank test; Figure 1A,B). In the Cox proportional
hazard analyses, a high TBS was associated with a greater hazard ratio (HR) of death (HR = 1.21; 95%CI,
[1.13–1.30]; p < 0.001) and recurrence (HR = 1.49; 95%CI [1.3–1.7]; p < 0.001). When we superimposed
the TBS on the Milan criteria, we observed that a higher TBS was associated with a higher hazard of
recurrence for tumors that were exclusively within the Milan criteria (HR = 1.19; 95%CI, [1.04–1.36];
p = 0.013). Patients with a TBS score from 3.69 to 5.10 were variably within the Milan criteria (some
within and some outside). In this population, a higher TBS was also significantly associated with a
higher hazard of recurrence (HR = 1.51; 95%CI, [1.15–1.98]; p = 0.003; Figure 1C).
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Table 1. Demographics stratified by the tumor burden score.

Low TBS (<3.1) High TBS (≥3.1) p-Value

n = 6645 n = 5933

Female gender, n (%) 1594 (24%) 1155 (19%) <0.001
Age, median (IQR) 60.0 (55.0–64.0) 60.0 (55.0–65.0) 0.36
Race, n (%) 0.018
Asian 542 (8%) 536 (9%)
Black 641 (10%) 631 (11%)
Multi 31 (0%) 35 (1%)
Native 36 (1%) 50 (1%)
Pacific 23 (0%) 15 (0%)
White 5372 (81%) 4666 (79%)
Insurance status, n (%) 0.045
Public 3186 (48%) 2714 (46%)
Private 3415 (51%) 3175 (54%)
Self 44 (1%) 44 (1%)
Outside of Milan criteria, n (%) 0 (0%) 1548 (26%) <0.001
TBS, median (IQR) 2.4 (2.2–2.8) 3.9 (3.4–4.7) <0.001
Positive HBV status, n (%) 2189 (35%) 1998 (36%) 0.19
Positive HCV status, n (%) 4162 (65%) 3568 (64%) 0.037
Cold Ischemia Time, median h (IQR) 6.0 (4.6–7.7) 6.0 (4.8–8.0) 0.017
Recurrence of primary malignancy, n (%) 460 (7%) 608 (10%) <0.001
Death, n (%) 1641 (25%) 1798 (30%) <0.001

Abbreviations: HCV, hepatitis C virus; HBV, hepatitis B virus; TBS, tumor burden score; IQR, interquartile range.
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Figure 1. TBS and post-transplant outcomes. Patients with a high TBS had worse (A) overall survival,
and (B) recurrence-free survival. (C) A higher TBS was associated with a higher hazard of recurrence at
values that were either all within or variably within the Milan criteria. HR, hazard ratio.

However, this trend was not observed for tumors that were exclusively outside of the Milan
criteria (HR = 0.95 95%CI [0.85–1.08], p = 0.451). There is no correlation between the median TBS
and total center case volume (total liver transplant and HCC-related liver transplants) after excluding
low-volume centers (less than 13 liver transplants/year; Figure 2).
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3. Discussion

In this study, we assessed the ability of the TBS as a solitary marker to predict oncological outcomes
among patients undergoing LT for HCC. In our analysis, a high TBS was found to be a reliable predictor
of worse outcomes for patients with HCC after LT. Moreover, a higher TBS was associated with higher
rates of HCC recurrence in patients within or variably within the Milan criteria. The TBS did not
correlate with case load across transplant centers.

Since the introduction of the Milan criteria, the field of transplant oncology has been rapidly
evolving with an increasing proportion of LTs being performed for oncological indications [21–26].
However, many challenges remain, such as adequate patient selection, management of post-transplant
recurrence, and refinement of neoadjuvant treatment protocols. The current literature describes
multiple neoadjuvant and downstaging strategies as a bridge to LT in patients with HCC, with variable
results [27–32]. Moreover, downstaged HCC patients with tumor burdens meeting United Network
for Organ Sharing (UNOS) downstaging inclusion criteria had similar post-LT outcomes compared
to patients transplanted within the Milan criteria [33]. Finally, a recent clinical trial showed that
after effective and sustained downstaging of eligible HCCs beyond the Milan criteria, LT improved
recurrence-free and overall survival of these patients compared to non-transplantation therapies [34];
thus, post-downstaging tumor response can lead to the expansion of HCC transplantation criteria.

Prognosticating outcomes in LT for HCC continues to challenge the field. Although the Milan
criteria have generalized the practice of LT for HCC and have improved oncological outcomes, its
predictive character has degraded with increasing candidate and oncological heterogeneity. Thus,
there is an effort to transition clinical practice from dichotomous models like the Milan criteria to
continuous prognostic stratification in order to improve the prediction process. A HALT–HCC score
was recently proposed and was shown to have the greatest discriminatory ability for overall survival
OS; C-index = 0.61 compared to all previously reported LT–HCC scores [35–38]. However, it is difficult
for these scores to be implemented in daily practice as their complexity disallows easy calculation
and interpretation [39]. The addition of radiographic and molecular markers in these models further
increases both the accuracy and the complexity of calculating HCC-related mortality after LT [40].
A recent analysis using data from the U.S. Multicenter HCC Transplant Consortium showed that in
LT patients with HCC presenting beyond the Milan criteria, successful downstaging predicted by
the response of alpha-fetoprotein to locoregional therapy and tumor burden led to excellent post-LT
outcomes, compared to patients without downstaging [41].

Understanding the biology and pathology of HCC is a challenge due to the cellular and anatomic
complexities of the liver and the local immune environment [42], as well as due to high heterogeneity in
pathogenesis, histopathology, and biological behavior [43,44]. There is an emerging body of literature
that focuses on the role of tumor biology and microenvironment [30,45,46]. Thus, developing predictive
models of oncological outcomes, including tumor size and focality as surrogates of tumor biology,
is of paramount biological and clinical importance in patients with HCC undergoing LT. Extensive
comparisons among several models predicting HCC recurrence other than the Milan criteria have been
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performed, showing variable results. All of them have highlighted the importance of tumor activity
markers such as tumor size, tumor focality, and alpha-fetoprotein [47]. One widely used model in
HCC is the Metroticket model, which captures a variety of pre-LT features of HCC that are indicative
of disease biology and aggressiveness, such as alpha-fetoprotein, tumor size, and tumor number [38].
The main criticism of these models is their complexity and the fact that they cannot be easily calculated
in daily practice. In this paper, we showed that the TBS, as a solitary score, can be reliable and easy
to calculate. Others have shown that the TBS contributes to excellent performance of more complex
scores [20,35,48] and facilitates the identification of those patients with HCC beyond the Milan criteria
who will not benefit from LT [49].

The present study has several strengths and limitations. This was the largest cohort used to
calculate the TBS in patients with HCC undergoing LT. Moreover, it was the first multi-institutional
cohort that focused only on the TBS in a pure LT–HCC population. Additionally, we opted to analyze
the TBS at the time of listing compared to the time of LT because it highlighted the value of the
decision-making and intention-to-treat principles by capturing the disease burden used in the decision
to transplant at the time of first referral. Of course, the study is limited due to its retrospective
nature and the inherent limitation of the Scientific Registry of Transplant Recipients (SRTR) database,
including the lack of explant pathology and tumor biology data. Another limitation of the study that
should be mentioned is that the focus of the analysis was the oncological outcomes of LT in HCC and
the prognostic value of the TBS. Of course, the overall outcomes after LT are affected by other factors
such as broader eligibility criteria, including age and high-risk comorbidity profiles. In this vein, organ
shortage [50] has prompted more frequent utilization of high-risk donor grafts, including those from
older donors, those with hepatic steatosis, and those donated after circulatory death [51,52]. All of
these factors create a complex landscape that makes it difficult to predict the success and effectiveness
of certain strategies to optimize post-transplant clinical outcomes and to guide best practices [53,54].

4. Materials and Methods

This study used data from the SRTR. The SRTR data system includes data on all donors, wait-listed
candidates, and transplant recipients in the U.S., submitted by the members of the Organ Procurement
and Transplantation Network (OPTN). The Health Resources and Services Administration (HRSA),
under the U.S. Department of Health and Human Services, provides oversight to OPTN and SRTR
contractors. The SRTR was used to analyze all liver transplants for HCC with initial tumor size data
from 2004 to 2018. The TBS was calculated based on pretransplant radiographic tumor characteristics.
Tumor size was defined by the size of the largest lesion if there were multiple nodules. The TBS was
defined as the distance from the origin of a Cartesian plane and comprised two variables, namely,
maximum tumor size (x-axis) and number of tumors (y-axis), so that TBS2 = (maximum tumor
diameter)2 + (number of tumors)2. For each patient, the maximum tumor diameter and the number of
tumors were obtained from pretransplant imaging. The TBS was stratified for maximum sensitivity and
specificity for overall and recurrence-free survival. Demographics were summarized and compared by
appropriate statistical tests. Survival was compared using the Kaplan–Meier method and the logrank
test, as well as the Cox proportional hazards (CPH) model (adjusted for age), the MELD score, and
race. The association of the TBS with recurrence was also tested across the Milan criteria by the CPH
model. To do this, we determined the TBS at which all tumors were within the Milan criteria (“all
within Milan”), were variably within the Milan criteria (“variable Milan”), and were outside the Milan
criteria (“all outside Milan”). We then re-ran our model on these three subsets of data and determined
the HR for a one unit increase in the TBS within each subgroup. All statistical analyses were performed
in STATA 15 (College Station, TX).

5. Conclusions

The TBS is a promising tool in predicting outcomes in patients with HCC after LT. It can capture
patients within and beyond the Milan criteria who have favorable disease biology and can achieve
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excellent outcomes after LT. Thus, the TBS offers a reliable and simple score for estimating outcomes
after LT for HCC. More complicated models offer better performance, but at the expense of being more
difficult to integrate into clinical practice.
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