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Background & Aims: In the USA, inequal liver transplantation (LT) access exists between patients with and without hepa-
tocellular carcinoma (HCC). Survival benefit considers survival without and with LT and could equalise LT access. We calcu-
lated bias-corrected LT survival benefit for patients with(out) HCC who underwent a transplant, based on longitudinal data in
a recent United States cohort.

Methods: Adult LT candidates with(out) HCC between 2010 and 2019 were included. Waitlist survival over time was con-
trasted to post-transplant survival, to estimate 5-year survival benefit from the moment of LT. Waitlist survival was modelled
with a bias-corrected Cox regression, and post-transplant survival was estimated through Cox proportional hazards
regression.

Results: Mean HCC survival without LT was always lower than non-HCC waitlist survival. Below model for end-stage liver
disease (sodium) (MELD(-Na)) 30, patients with HCC gained more life-years from LT than patients without HCC at the same
MELD(-Na) score. Only patients without HCC below MELD(-Na) 9 had negative benefit. Most patients with HCC underwent a
transplant below MELD(-Na) 14, and most patients without HCC underwent a transplant above MELD(-Na) 26. Liver function
[MELD(-Na), albumin] was the main predictor of 5-year benefit. Therefore, during 5 years, most patients with HCC gained 0.12
to 1.96 years from LT, whereas most patients without HCC gained 2.48 to 3.45 years.

Conclusions: On an individual level, performing a transplant in patients with HCC resulted in survival benefit. However, on a
population level, benefit was indirectly decreased, as patients without HCC were likely to gain more survival owing to
decreased liver function. For patients who underwent a transplant, a constructed online calculator estimates 5-year survival
benefit given specific patient characteristics. Survival benefit scores could serve to equalise LT access.

Impact and implications: Benefit is a comparison of the survival with and without liver transplantation, and it is important
when deciding who should undergo a transplant. Liver function is most important when predicting possible benefit from
transplantation. Patients with liver cancer die sooner on the waiting list than similar patients without liver cancer. However,
patients with liver cancer more often have better liver function. Most patients without liver cancer derive more benefit from
transplantation than patients with liver cancer.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction
Liver transplantation (LT) relies on scarce donor grafts. Therefore,
USA liver allocation prioritises patients who likely will die

Therefore, inequality on the LT waiting list exists and the need
for LT is expressed differently for patients with HCC and those
without HCC.

soonest without transplantation,' expressed through model for
end-stage liver disease sodium (MELD-Na) scores.>* Because
MELD-Na fails to adequately predict survival in some patients,
most notably those with hepatocellular carcinoma (HCC)*
exception points have been used for LT allocation instead,””’
which unintendedly increased HCC LT access too much.®~'°

Keywords: Liver transplantation; Survival benefit; Hepatocellular carcinoma.

As an equalising principle, LT survival benefit could be used,
which is the difference between survival with and without
transplantation.!! Considering LT survival benefit is valuable
because donor grafts are scarce and some patients gain more
life-years than others."'~' Considering benefit also better ap-
proximates clinical decision-making at liver graft offering.
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Perhaps for these reasons, LT benefit has been studied
before.”!>~'® Patients possibly gain survival from the moment of
LT (Fig. 1). Therefore, to calculate benefit, future survival with
and without LT must be estimated from the moment of LT.
However, previous studies used (1) only first listing data to (2)
calculate waiting list survival up until the moment of LT (Fig. 1,
‘before LT survival’).>!>~!8 This possibly is a suboptimal approx-
imation of survival on the waiting list, as liver graft acceptance
on average lies 6 to 8 months beyond the moment of first
listing.'® During this time, liver disease typically progresses,?%!
patients can drop out,'® or HCC could be downstaged.?? This
changes survival rates as compared with first listing,'"'%!423
which should be accounted for.

As an alternative, we propose to (1) use longitudinal waiting
list data to (2) estimate benefit from the moment of possible
transplantation, hypothesising that this improves representation
of the actual waiting list. Furthermore, patient characteristics
beyond MELD-Na and exception points will be used to model the
risk of waiting list dropout.>!%!>!724 Therefore, in a large and
recent United States cohort, this study aims to construct a single
benefit score for patients with and without HCC. We define
benefit as the difference between post-transplant and waiting
list survival from the moment of transplantation. Because of the
inequal LT access, survival benefit will also be compared between
patients with and without HCC. Lastly, benefit scores will be
made readily available through an online calculator, to aid clin-
ical decision-making.

Patients and methods
The TRIPOD (Transparent Reporting of a multivariable prediction
model for Individual Prognosis or Diagnosis) statement was used
for reporting this study.?”

Patient population

This retrospective cohort analysis included adult (>18 years of
age) patients listed for a first LT between 1 January 2010 and 30
April 2019 on the United Network for Organ Sharing
(UNOS) waiting list (Fig. S1). This interval ended before the 14
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Fig. 1. Illustration of benefit: life-years gained through transplantation.
Survival benefit is defined as the difference in 5-year life expectancy with and
without transplantation. Although patients are waiting for LT, time passes and
disease severity typically changes. At the moment of transplantation, benefit is
estimated. The survival up until transplantation (‘survival before LT’) is used to
predict waiting list survival in the absence of transplantation (‘survival without
LT’"). Without LT survival is then contrasted to posttransplant survival (‘with
LT’) to calculate benefit. Note that the dashed lines represent outcomes that are
not observed in patients who underwent a transplant. LT, liver transplantation.
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May 2019 implementation of median MELD at transplant.”® It
also compromised the most recent data with adequate 5-year
follow-up completeness. We aimed to calculate benefit for two
patient groups: patients without HCC and without exception
points (non-HCC group), and patients with HCC and with
exception points (HCC group). Although other diseases also
qualify for exception points, such as primary sclerosing chol-
angitis and biliary cirrhosis, we only assessed patients with HCC,
as this is by far the largest group and incidence is increasing.'
Current Organ Procurement and Transplantation Network
(OPTN) policy allows standard exception points for (1) patients
with HCC within the Milan criteria (henceforth T2 HCC)?” and (2)
patients with HCC initially outside the Milan criteria but suc-
cessfully downstaged within the criteria through locoregional
treatment before listing (henceforth HCC outside the criteria).
Although a previous study found that outcomes of these groups
were similar,® we separately analysed these groups, as the initial
HCC disease severity and non-LT treatment are different. We
excluded patients with previous LT (n = 4,763; 4.7%), acute liver
failure (n = 2,459; 2.5%), listing for living donation (n = 2,116;
2.1%), non-HCC malignancy (n = 783; 0.8%), listing for multiple
organs (n = 839; 0.8%), and non-HCC exceptions (n = 6,962; 6.9%)
(Fig. S1). We randomly split our population in training data (67%
of patients) and validation data (the remaining 33% of patients).

Benefit definition

Survival benefit was defined as the life-years gained from the
moment of transplantation during the next 5 years (Fig. 1)./%%°
Survival benefit was calculated by contrasting patient survival
in the absence of transplantation (‘without LT’ survival) to post-
transplant survival (‘with LT"). To estimate the ‘without LT’ sur-
vival, sequential trials together with inverse probability of
censoring weighting (IPCW) were used.'?~'4?320-32 Sypplement
S1 includes further methodological details and motivation.

Statistical analysis

Wiaiting list survival

After dividing the waiting list population in biweekly cross-sec-
tions,'? repeated MELD or MELD-Na scores were modelled via a
Cox proportional hazards regression, respectively, before or after
11 January 2016. Additional predictors were used to correct the
longitudinal data (Table S1), which were selected from available
UNOS candidate variables deemed clinically relevant in pub-
lished studies.®>'?'>17?* Some variables were excluded a priori,
because they referred to paediatric recipients, exclusion criteria,
or donor characteristics. For patients with HCC, date and type of
pre-LT treatments were specifically included to account for their
effects on waiting list survival (see Table S1). The outcome of
analysis was waiting list mortality, which comprised death while
awaiting LT and removal because of worsened condition. We
censored for all other outcomes (e.g. transplantation, removal as
a result of recovery, and end of study) and corrected for
dependent censoring with IPCW.

Post-transplantation survival

Cox proportional hazards regression was used to model post-
transplant survival. Predictors were selected by assessing re-
lations of available UNOS recipient and donor variables to 5-year
survival in univariate models, with backwards selection of sig-
nificant variables in multivariate analysis. The outcome was 5-
year post-transplant survival, defined as the difference be-
tween the date of transplantation and the earliest date of death,
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or censoring as a result of loss to follow-up or end of study on 30
April 2019.

Calculating benefit scores

After establishing the Cox models in the training data, 5-year
survival benefit from LT was calculated for each patient who
underwent a transplant in the independent validation data.
Benefit scores were averaged per biochemical MELD or MELD-Na
score at transplantation and stratified for patients without and
with HCC. Average benefit was visualised with smoothed plots
per MELD(-Na) score and (non-)HCC disease. Model discrimi-
nation for 5-year survival was assessed by calculating the area
under the receiver operating characteristic curve (AUROC). Cox
proportional hazards model calibration (i.e. model accuracy) at 5
years was assessed based on bootstrapping with 200 repetitions,
to obtain overfitting-corrected estimates of predicted survival,
which were compared with observed survival probabilities.*?

Online benefit score calculator

It was of interest to calculate LT benefit scores based on indi-
vidual patient and donor characteristics. Therefore, we fit a
regression model to the calculated 5-year survival benefit scores.
To compromise clinical ease of use and predictive power, only
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the most predictive variables were used in the benefit regression
model. Variable importance for benefit prediction was assessed
through ANOVAs. We used the overfitting-corrected R? to assess
how much variation in benefit was explained by the predictors.>>
An R? value of 1 indicates that all variability in predictions is
accounted for. An R? value above 0.9 indicates excellent model
predictions. The online calculator gives graphical summaries of
benefit, averaged per MELD-Na score and (non-)HCC disease, to
illustrate the gain of life-years during the next 5 years. Of note,
the calculator should be used only to estimate benefit for pa-
tients who underwent a transplant meeting inclusion criteria.

Results

Patient characteristics at transplantation

Characteristics for patients without and with HCC at trans-
plantation between 2010 and 2019 are shown in Table 1.
Compared with patients without HCC, those with HCC were
slightly older, more often male, and less often of White race/
ethnicity. Patients with HCC also more frequently had diabetes
mellitus, were less dependent on renal replacement therapy, and
had lower median MELD(-Na) scores. Patients with HCC mostly
underwent a transplant in medium (2, 4, 6, 7, and 8) and long (1,

Table 1. Patient (recipient and donor) characteristics at transplantation between 2010 and 2019.

No HCC T2 HCC HCC outside the criteria P
n 24,503 6,922 5,448
Age, median (IQR), years 56.0 (48.0-62.0) 60.0 (56.0-65.0) 62.0 (58.0-65.0) <0.001
Female sex, n (%) 8,926 (36.4) 1,614 (23.3) 1,133 (20.8) <0.001
Race/ethnicity, n (%) <0.001
White 18,897 (77.1) 4,907 (70.9) 3,705 (68.0)
Black 1,956 (8.0) 683 (9.9) 542 (9.9)
Hispanic 2,790 (11.4) 873 (12.6) 782 (14.4)
Other 860 (3.5) 459 (6.6) 419 (7.7)
BMI, median (IQR) 28.0 (25.0-33.0) 28.0 (25.0-32.0) 28.0 (25.0-32.0) n.s.
Aetiology of disease, n (%) <0.001
Alcoholic 6,938 (28.3) — —
Cholestatic 2,805 (11.4) — —
HCV 4,666 (19.0) - —
NASH 4,688 (19.1) - —
Other 5,406 (22.1 - —
T2 HCC - 6,922 (100) -
HCC outside the criteria — — 5,448 (100)
Diabetes, n (%) 6,113 (24.9) 2,237 (32.3) 1,863 (34.2) <0.001
Dialysis dependent, n (%) 20,998 (85.7) 6,803 (98.3) 5,389 (98.9) <0.001
MELD score, median (IQR) 25.0 (18.0-33.0) 12.0 (9.0-16.0) 11.0 (8.0-14.0) <0.001
MELD-Na score, median (IQR) 27.0 (20.0-34.0) 13.0 (9.0-17.0) 11.0 (8.0-16.0) <0.001
Region waiting time,” n (%) <0.001
Long 4,614 (18.8) 1,643 (23.7) 1,401 (25.7)
Medium 9,135 (37.3) 3,093 (44.7) 2,255 (41.4)
Short 10,754 (43.9) 2,186 (31.6) 1,792 (32.9)
Location, n (%) <0.001
Home 14,142 (57.7) 6,385 (92.2) 5,124 (94.1)
Hospital 6,423 (26.2) 392 (5.7) 251 (4.6)
ICU 3,938 (16.1) 145 (2.1) 73 (1.3)
Life support dependent (%) 2,251 (9.2) 79 (1.1) 39 (0.7) <0.001
AFP (ng/ml), mean (SD) - 67 (294) 61 (262) <0.001
Number of HCC lesions (%) <0.001
1 — 74.2 65.5
2 — 19.3 24.6
3 — 6.5 8
Total tumour diameter (cm), mean (SD) - 2.79 (1.11) 3.17 (1.89) <0.001
Donor risk index, median (IQR) 1.35 (1.11-1.64) 1.36 (1.11-1.65) 1.37 (1.11-1.65) n.s.

AFP, alpha-foetoprotein; HCC, hepatocellular carcinoma; ICU, intensive care unit; MELD-Na, model for end-stage liver disease sodium; MELD, model for end-stage liver disease;

NASH, non-alcoholic steatohepatitis; UNOS, United Network for Organ Sharing.

* Long wait time is UNOS regions 1, 5, and 9; medium wait time is regions 2, 4, 6, 7, and 8; and short wait time is regions 3, 10, and 11.
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5, and 9) UNOS waiting time regions, whereas patients without
HCC mostly underwent a transplant in short (3, 10, and 11)
waiting time regions. Until the moment of transplantation, the
vast majority (93%) of patients with HCC were at home and
therefore significantly less often in hospital or ICU than patients
without HCC. Accordingly, patients without HCC were more
often dependent on life support. Median MELD-Na scores in
patients without HCC, with T2 HCC, and with HCC beyond the
criteria were 25, 12, and 11, respectively. In addition, 4.2% of the
patients had HCC and underwent a transplant based on their
MELD(-Na) score, which was higher than their exception score.

The serum alpha-foetoprotein (AFP) concentrations at trans-
plantation for patients with HCC within the Milan/T2 criteria and
those with HCC initially outside the Milan/T2 criteria was on
average (SD) 67 (294) and 61 (262) ng/ml, respectively. The
average AFP levels were higher in patients with T2 HCC than in
patients with HCC beyond the criteria, which was as a result of
the higher frequency of downstaging non-LT treatment. At the
time of transplantation, patients with HCC outside the criteria
more frequently had two or three tumours. Average total tumour
diameter (SD) for T2 and non-T2 HCC was 2.79 (1.11) and 3.17
(1.89) cm, respectively.

Donor risk index scores were comparable for patients without
and with HCC; therefore, patients with HCC on average received
the same donor quality organs as patients without HCC.

Waiting list survival model

The significant predictors of the waiting list Cox model are
shown in Table S1. In summary, the most important predictors of
survival without LT were age, MELD(-Na) score, serum sodium,
serum AFP, serum albumin, presence of diabetes mellitus, pres-
ence of ascites, and liver disease aetiology. By correcting co-
efficients through IPCW, the importance of MELD(-Na) increased
(data not shown), which was expected, as we aimed to correct
for dependent censoring bias. The waiting list survival prediction
model showed excellent discrimination, with a 5-year AUROC of
0.86 (95% CI 0.86-0.86). The CI was small owing to the large size
of the cross-sectioned data (22,847,499 rows).

Post-transplantation survival model

The significant predictors for the post-transplantation survival
model are shown in Table S2. The most important were age, liver
disease aetiology, being of Black race/ethnicity, presence of dia-
betes mellitus, mechanical ventilation, total tumour diameter,
serum AFP, and donor risk index score. Patients with HCC with
MELD(-Na) >19, AFP >24 ng/ml, and total tumour diameter
>3.2 cm had the worst post-transplant 5-year survival rates
(58.1%; 95% CI 50.2-67.2%). For all other patients with HCC, 5-
year survival was above 60% (Fig. S2).>° The post-transplant
model AUROC of 5-year survival was 61.9 (95% CI 61.2-62.6),
indicating respectable discrimination. More importantly,**
model calibration was excellent (Fig. S3), which meant that our
predicted risks closely resembled observed risks. After estab-
lishing model accuracy, survival estimates and benefit were
calculated in the validation data.

Survival without and with LT

The distribution of MELD(-Na) scores at transplantation is shown
in Fig. 2. Patients without HCC mostly underwent a transplant at
MELD(-Na) scores above 14, and patients with HCC mostly un-
derwent a transplant below MELD(-Na) 14.
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Fig. 3A shows the smoothed average survival probabilities
during the next 5 years, both for post-transplantation (with LT,
solid lines) and for remaining on the waiting list (without LT,
dashed lines). The survival probabilities at 5 years without and
with LT are presented in Table S3, which are perhaps more
intuitive survival measures for the clinician and patient. How-
ever, these hold no information regarding the 5-year survival
trajectory.

For patients without HCC below MELD(-Na) 10, that is, a small
number of patients (Fig. 2), mean survival probability without LT
was better than with LT survival. At equal MELD(-Na) scores,
waiting list survival without LT for patients with HCC was
notably lower than that for patients without HCC. Survival
without LT probabilities converged at high MELD(-Na) scores;
that is, mortality could not increase much more. The average
survival with LT in both groups declined above approximately
MELD(-Na) 24. However, HCC survival decreased more at higher
MELD(-Na) scores, most for patients with HCC outside the
criteria. This decrease in post-transplant survival was possibly
attributable to disease recurrence.

Survival benefit: life-years gained per 5 years

The 5-year transplantation survival benefit per MELD(-Na) score
and per (non-)HCC disease is shown in Fig. 3B and Table 2 [see
Table S4 for the averages per MELD(-Na) score]. As an example,
for a patient without HCC MELD(-Na) 25, LT would give 2.35-year
survival benefit during the next 5 years.

For the 2.2% of patients without HCC who underwent a
transplant at MELD(-Na) below 9, benefit was negative, because
mean postoperative life expectancy was lower than survival
without LT. With increasing MELD(-Na) scores, non-HCC benefit
increased approximately linearly, up to 70% mean 5-year survival
improvement for MELD(-Na) 40.

The HCC benefit curves flattened with increasing MELD(-Na),
whereas non-HCC benefit continued to increase. HCC MELD(-Na)
>30 benefit estimates should be interpreted carefully, as they

900

Count

— No HCC
T2 HCC

HCC outside criteria

300

© & YO RLPA PRV oF PP (P (O R AV PP
MELD(-Na) score at transplantation

Fig. 2. Distribution of MELD(-Na) scores at transplantation, per (non-)HCC
disease. Patients without HCC mostly underwent a transplant at MELD(-Na)
scores >14. By contrast, patients with HCC mostly underwent a transplant
below MELD(-Na) 14. In addition, a significant part of patients without HCC
undergo a transplant above MELD(-Na) 30, whereas only 3% of HCC patients
undergo a transplant at MELD(-Na) >30. HCC, hepatocellular carcinoma;
MELD(-Na), model for end-stage liver disease (sodium).
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Fig. 3. Average 5-year survival and benefit per MELD(-Na) score at transplantation. (A) The mean survival during the next 5 years with and without
transplantation per MELD(-Na) score, for the waiting list (dashed lines) and after transplantation (solid lines). Note that the dashed lines represent future ‘without
LT waiting list survival. The left y-axis shows life expectancy in years, the right y-axis shows survival probability. Thus, for example, a patient without HCC with
MELD-Na 22 on the waiting list is expected to live 2 years out of the next 5 years; that is, without transplantation, the survival probability is 40%. Performing a
transplant in this patient would result in a life expectancy of 4 years per next 5 years, that is, 80% 5-year survival probability. Please note that these survival
probabilities are the mean survival during the next 5 years. This differs from survival probability at 5 years. (B) The survival benefit of liver transplantation during
the next 5 years per MELD(-Na) score. The left y-axis shows the average life-years gained in the next 5 years. The right y-axis shows the percentage improvement
in mean survival probability during the next 5 years. Thus, for example, a patient with T2 HCC or HCC within the Milan criteria with MELD-Na score 25 will gain
2.5 extra life-years in the next 5 years; that is, the mean survival increases to 50% through transplantation. HCC, hepatocellular carcinoma; LT, liver trans-

plantation; MELD(-Na), model for end-stage liver disease (sodium).

Table 2. Liver transplantation 5-year survival benefit per MELD(-Na) score and (non-)HCC disease.

No HCC T2 HCC HCC outside the criteria
MELD(-Na) No. of Life-years gained No. of Life-years gained No. of Life-years gained in
score patients % in 5 years per patient patients % in 5 years per patient patients % 5 years per patient
6-9 539 22 -0.12 2,237 32.0 0.39 2,136 39.2 0.39
10-13 1,299 5.3 0.46 2,027 29.6 0.99 1,564 28.7 0.99
14-17 2,867 11.7 1.07 1,273 18.2 1.60 904 16.6 1.60
18-21 3,455 14.1 1.65 601 8.6 2.01 458 8.4 2.01
22-25 3,822 15.6 2.20 322 4.6 2.37 174 3.2 237
26-29 3,234 13.2 2.61 175 2.5 2.70 49 0.9 2.70
30-34 3,528 144 3.01 126 1.8 2.82 60 11 2.82
35-40 5,783 23.6 3.38 189 2.7 2.90 93 1.7 2.90
All patients 24,503 100 2.30 6,992 100 1.19 5,448 100 145

HCC, hepatocellular carcinoma; MELD(-Na), model for end-stage liver disease (sodium).

represent a small number of patients, that is, 4.5% of the patients
with T2 HCC and 2.8% of the patients with HCC outside the
criteria. The HCC benefit flattened at higher MELD(-Na) scores
because of decreasing post-transplant survival (Fig. 3A). There-
fore, the presence of HCC in patients with severe liver failure may
be the detrimental and predominant factor influencing survival.

Below MELD(-Na) 30, patients with HCC gained more benefit
than patients without HCC at the same MELD(-Na) score, mainly
because of the lower expected HCC waiting list survival in the
absence of LT. However, patients without HCC were more likely
to undergo a transplant at higher MELD(-Na) scores (Fig. 2 and
Table 2). Over 50% of patients with HCC underwent a transplant
below MELD(-Na) 14, whereas over 50% of patients without HCC
underwent a transplant above MELD(-Na) 26. In terms of benefit,
most patients with HCC gained 0.10 to 1.96 years from LT,
whereas most patients without HCC gained 2.48 to 3.46 years
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(Table S4). For all patients across all MELD(-Na) scores, patients
without HCC gained 2.3 years in the next 5 years through
transplantation, patients with T2 HCC gained 1.19 years, and
patients with HCC outside the criteria gained 1.45 life-years
(Table 2).

Most patients with HCC had low (<25 ng/ml) AFP levels at
transplantation. The value of serum AFP did not correlate well
with benefit from LT (Figs. S4 and S5). In addition, 0.8% of pa-
tients with HCC had AFP >1,000 ng/ml, possibly indicating futile
transplants. In patients with progressive disease, median 5-year
benefit was 2.3 for patients initially within the Milan criteria and
2.1 for patients initially outside the Milan criteria (Table S5).
Bridging of these patients on the waiting list did not change their
median benefit, nor did it show a notably different benefit dis-
tribution (Fig. S6). This possibly illustrates the inadequacy of the
current UNOS data regarding post-transplantation disease



recurrence. Total tumour diameter and its change over time also
did not seem to correlate well with benefit or with post-
transplant survival (Table S2, and Figs S4 and S7).

Liver transplant benefit scores

Liver transplant benefit scores could be used as a continuous,
equalising metric for (non-)HCC LT access. There might be a need to
calculate benefit given specific patient characteristics. This is now
possible in the online benefit calculator (https://predictionmodels.
shinyapps.io/benefit_calculator/). The calculator was based on a
secondary regression analysis with only the most important
benefit predictors, which showed an optimism corrected R? of
0.93. We therefore assumed that the calculator reliably predicted
benefit. Variable importance in regression is summarised in Fig. S4.
When predicting benefit, the MELD(-Na) score was by far most
important. Next were serum albumin, presence and type of HCC
disease, serum sodium levels, and recipient age. Lastly, the online
app also allows users to plot mean benefit per MELD-Na and (non-)
HCC disease. This can be used to inform clinicians and patients on
the expected survival gain from transplantation, for the population
included in this study. It also shows for selected patients with HCC
which patients without HCC have equal benefit, that is, which
patients would compete for transplant based on benefit scores.

Discussion

Organ allocation aims to equally distribute donor organs to all
patients in need. However, inequal LT access exists. As a result,
liver allocation has become increasingly relevant and complex.
Survival benefit has gained increased attention,”'*'>17?9 as its
optimisation could improve life-years gained from trans-
plantation for all listed patients.'> Moreover, considering survival
with and without LT based on patient characteristics closely re-
sembles clinical reasoning.

Findings

The objective of this study was to estimate and compare LT
survival benefit for patients with and without HCC in a recent
USA waiting list cohort. Our results showed that mean LT survival
benefit was positive across all MELD(-Na) scores, except for pa-
tients without HCC with MELD(-Na) scores below 9. Patients
without HCC gained most life-years from transplantation, as
these patients mostly underwent a transplant above MELD(-Na)
26, where benefit was highest. Patients with HCC mostly un-
derwent a transplant below MELD(-Na) 14, which yielded lower
survival benefit. Liver function was the most important predictor
of benefit. It is now possible online to calculate 5-year survival
benefit based on specific patient characteristics (see https://
predictionmodels.shinyapps.io/benefit_calculator/).

Benefit definition

Benefit was defined as the difference in survival with and
without LT during the next 5 years. The endpoint of survival
analysis was 5 years, because using 10-year or overall survival
as outcome would give too much importance to variables
that predict post-transplant survival.*?° In addition, further
increasing the prediction horizon made estimates less certain. At
5 years, the waiting list model showed an excellent AUROC, also
when compared with other similar analyses.'>'* Compared with
recently reported and tested post-transplant survival models,
our 5-year post-transplant survival model performed similarly
(LiTES) or better (HALT-HCC and Metroticket).®

Research article

Estimation of benefit

We choose to estimate benefit from the moment of possible LT.
Our methods therefore differed from previous clinical studies
that modelled waiting list survival counted from first registra-
tion.”>~'® Our goal was to model future survival without LT,
whereas counting from baseline gives survival before LT (Fig. 1).
Moreover, patient states at first listing and transplantation
should not be compared, as survival changes within each patient
over waiting list time owing to, for example, disease progression
and possible non-LT treatments.'>32%-2> We therefore calcu-
lated counterfactual waiting list survival (without LT) through
time-dependent analysis with additional correction for bias.'*?
These methods are less often applied than intention-to-treat and
competing risk analyses, but this does not mean we should not
use them.*® Others performed similar analyses over time, but
averaged calculated benefit over waiting list follow-up,'>'*
which for us seemed suboptimal as possible transplantation
and its benefit occurred at one moment in time per patient.
Lastly, some previous studies calculated benefit using charac-
teristics of a ‘median donor’ assigned to all patients.”*° Instead,
we choose to use the actual transplantation between 2010 and
2019, with the aim to best evaluate reality, as the observed
transplants indicate inequity between patients with and without
HCC." still, estimated benefit showed resemblance to results in
literature, mainly because liver function is the dominant pre-
dictor of survival and benefit.

Non-HCC and HCC benefit

A competing risks study by Berry and loannou® showed that
patients with HCC in the USA overall gained negative or little
benefit from transplantation, that is, that patients with HCC
wasted benefit. This contrasts with our findings that mean HCC
benefit was positive across all MELD(-Na) scores, mainly because
HCC survival without LT was low. Clinically, it makes sense that
out of two otherwise identical patients, the patient with HCC will
live shorter without LT because of the malignancy in situ.>” It was
suggested that Berry and loannou® overestimated HCC waiting
list survival®® and that having HCC increased risk of waiting list
mortality by factor 1.5.'2 Therefore, on the individual patient
level, transplantation for HCC will add life-years. However, on a
population level (over)prioritising patients with HCC can indi-
rectly waste benefit, as patients without HCC often will gain
more survival from LT owing to worse liver function. Interest-
ingly, many patients with HCC underwent a transplant at MELD(-
Na) <10, which was considered harmful in a previous study.'®
Moreover, resectable HCC may be regarded a contraindication
for LT especially when considering the limited number of
available liver donors. Therefore, the selection of patients with
HCC for transplantation remains one of the most important parts
of liver graft allocation.?®

Using benefit scores

The LT benefit scores offer a continuous metric to stratify survival
equally for patients without and with HCC, as one single model is
used for both groups. This abandons the use of waiting time,
which is inherently flawed,* and binary criteria, which allow
underreporting of HCC severity.*>*! Current HCC criteria lack
granularity, as patients who have the same waiting list priority
can have very different survival with(out) LT.**!>!> Changing LT
priority based on benefit scores could therefore prevent loss of
life-years, as also shown in simulations.'? Allocation policies such
as the HCC cap, HCC delay, and Median MELD at Transplant

JHEP Reports 2023 vol. 5 | 100907 6


https://predictionmodels.shinyapps.io/benefit_calculator/
https://predictionmodels.shinyapps.io/benefit_calculator/
https://predictionmodels.shinyapps.io/benefit_calculator/
https://predictionmodels.shinyapps.io/benefit_calculator/

helped reduce HCC LT access, but patients with HCC are currently
still better of regarding waiting time, transplantation rates, and
death rates.®!® Clearly, there is a need for an equalising principle
for all eligible LT candidates. Still, consensus must be reached
whether to consider benefit in allocation at all. Understandably,
some feel uncomfortable to base treatment decisions on future
post-transplant outcomes, which is in part why USA policy first
focused on improving regional disparities.>®*>** By contrast,
there is consensus on acceptable post-transplant outcomes,**
and post-transplant survival can be accurately predicted. Inter-
estingly, in the UK, a benefit-based allocation system was
implemented in 2018.*> The evaluation of this system will be
valuable for the debate on benefit and its role in liver allocation.
However, it is most important that, regardless of the driving
allocation principle, scarce liver grafts should be fairly distrib-
uted based on patient characteristics and disease severity, not on
arbitrary exception points.

Limitations

Our study has limitations. We excluded patients, for example,
those with exception points who did not have HCC, and there-
fore, for these patients, our findings should not be applied to
estimate transplant benefit. However, our goal was to compare
patients without and with HCC. In addition, 5-year post-
transplant follow-up was not complete for all patients, as we
compromised completeness and study period. Within the stud-
ied period, allocation policy changed. In the models, only the
most relevant changes according to the OPTN were considered.
Therefore, smaller policy changes could have influenced our
findings by an uncertain degree. Furthermore, we could only
draw conclusions based on patients that were listed for trans-
plantation. Therefore, selection bias exists, which is inherent to

JHEP|Reports

the analysis of registries. The UNOS also does not register HCC
recurrence, which would be valuable as HCC recurrence rates can
be up to 20%, after which median survival is less than 1 year.*!
Our data showed that high-risk patients still underwent a
transplant, which could be because of individual patient char-
acteristics beyond the Scientific Registry of Transplant Recipients
data, patient wishes, waiting list dynamics at the time of liver
graft offering, and experience of the transplantation pro-
fessionals involved. Studying recurrence data in patients with
HCC with MELD >30 would be especially interesting. Still, overall
mortality is considered free from bias, whereas disease-specific
survival is not.*® In addition, owing to the small number of
transplants in patients with HCC with MELD(-Na) >30, estimates
were less reliable for that group. Lastly, patient survival was used
as the main metric. In our view, quality of life (life within
the years) should be prioritised when guiding patients and
relatives through the clinical decision-making surrounding liver
transplantation.

Conclusions

In conclusion, on an individual level, performing a transplant in
patients with HCC resulted in survival benefit. However, on a
population level, benefit was indirectly wasted, as patients
without HCC were likely to gain more survival owing to
decreased liver function. Liver transplant benefit scores offer
equal survival stratification for patient with and without HCC. It
is now possible online to calculate these scores based on indi-
vidual patient characteristics. Considering benefit better re-
sembles clinical reasoning and can optimise life-years gained for
the whole waiting list population. Survival benefit scores could
therefore serve to more equally allocate scarce liver grafts among
patients eligible for transplantation.
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Supplement 1: in-depth statistical methods to calculate waiting list
survival and model performance

The waiting list survival was estimated following the methodology described by Gong and Schaubel*
(2013). They proposed the use of a partly conditional method to create a model that correctly mimics
the need to estimate survival at specific moments in calendar time on cross-sections of patients
rather than on follow-up time points on a cohort of patients. In their work, a set on evenly spaced
calendar dates (cross-sections) is created and survival is estimated from those times onwards.
Moreover they suggested some valid adaptations of IPCW to correct for the dependent censoring of
transplanted patients in the created framework.

In short, based on observed waiting list data, we calculated patient survival in absence of treatment,
much like the control group of a randomized controlled trial (RCT).

In order to avoid excessive computational burden, we opted for biweekly cross-sections. Patients
were randomly assigned to train data and test data, with a percentage of 67% and 33% respectively.
In particular, in order to preserve these percentages in the post-transplantation model, we first
randomly split the transplanted patients into 67% train and 33% test and then we widened the two
groups with, respectively, the 67% and 33% of patients who never received transplantation.

At each cross-section k (CSy), for each patient i having covariates Zj(t), weights for IPCW were
estimated following the indication of the paper for the type B weights:

exp{ — Al ()}
exp{ — A (S + ) + A} (S)}

Wi (t) = Yig€p

where Yj is an indicator that takes value 1 if patient i has not been transplanted yet at cross-section k
and O otherwise, i is an indicator that takes value 1 if patient / is active at cross-section k and O
otherwise, Si is the time from i-patient’s first eligibility to cross-section k, and A;(t) and Ax'(t) are the

cumulative hazard of the treatment models AT (t) = fot €; (WAT (u) exp{ 8Z;(w)}du and AL (t) =
t
Jo €A (w) exp{ 81Z;(Sy) }du.

These two partly conditional hazard regression models, used to track transplantation chances at each
time-point, were estimated using the whole population. In fact, given the choice to divide patients
into train and test data randomly, we have assumed that the underlying transplantation model would
be the same in the two groups.

The waiting list model was estimated as a weighted partly conditional hazard regression as
recommended in the Gong and Schaubel paper, with hazard

Aok (t;81Z;(Sik), € = 1) = A (t) exp{ BZ; (Six)}-

Survival benefit was then defined as the life-years gained from the moment of transplantation during
the next five years (Figure 1).122° Survival benefit was calculated as the difference between the
observed posttransplant survival and patient survival on the waiting list survival (described here
above) had the patient not been transplanted.

Briefly, we did not use intention-to-treat (ITT) or competing risk analysis, because 1) we wanted to
best approximate a RCT setting, 2) wanted to prevent underestimation of mortality and subsequent



undertreatment,® and 3) the intention was to model changes in waiting list disease over time beyond
the moment of first listing.



Table S1: waiting list survival model summary

Predictor coefficient HR low95 up95 p
Age 0.035 1.04 1.03 1.04 <0.001
Female sex 0.100 1.10 1.03 1.18 0.005
ABO -0 ref ref ref ref

ABO — A 0.017 0.983 0.913 1.058 0.647
ABO — AB 0.28 1.322 1.027 1.704 0.031
ABO — B 0.124 0.884 0.782 0.999 0.048
Race White ref ref ref ref

Race Black -0.17 0.843 0.741 0.96 0.01
Race Hispanic 0.024 0.976 0.887 1.073 0.618
Race Other 0.154 0.857 0.705 1.041 0.12
Disease Other ref ref ref ref

Disease ALD -0.19 0.827 0.754 0.907 <0.001
Disease HCV 0.179 0.836 0.759 0.922 <0.001
Disease HBV 0.594 0.552 0.376 0.811 0.002
Disease HCC 0.298 0.742 0.624 0.883 0.001
Diabetes 0.145 1.16 1.07 1.24 <0.001
Albumin -0.522 0.59 0.56 0.63 <0.001
Ascites None ref ref ref ref

Ascites Slight 0.093 1.10 1.00 1.20 0.039
Ascites Moderate 0.210 1.23 1.10 1.39 <0.001
MELD(-Na) 0.070 1.07 1.06 1.09 <0.001
log(42-MELD(-Na)) -0.820 0.44 0.36 0.54 <0.001
Sodium -0.049 0.95 0.94 0.96 <0.001
CPS grade A ref ref ref ref

CPS grade B 0.054 1.055 0.954 1.167 0.295
CPS grade C 0.186 1.205 1.06 1.369 0.004
Log (AFP + 1) 0.194 1.21 1.17 1.27 <0.001
Log (TTD +1) 0.134 1.14 1.02 1.28 0.024
AFP difference with previous 0.155 1.17 1.06 1.29 0.002
Exception for HCC outside policy 0.452 1.57 1.33 1.86 <0.001
Exception * MELD(-Na) interaction -0.054 0.95 0.91 0.98 0.005
Policy exceptions 2005-03-16 ref ref ref ref

Policy exceptions 2015-10-08 0.254 1.29 1.03 1.61 0.026
Policy exceptions 2017-12-12 0.389 1.47 1.11 1.97 0.008
Policy 2015-10-08 * waiting time 0.043
interaction 0.063 1.07 1.00 1.13

Policy 2017-12-12* waiting time 0.043
interaction 0.073 1.08 1.00 1.15

Time of cross-section spline df 1 0.030 1.03 0.89 1.19 0.675
Time of cross-section spline df 2 -0.146 0.86 0.73 1.02 0.079
Time of cross-section spline df 3 -0.076 0.93 0.81 1.07 0.288
Time of cross-section spline df 4 -0.178 0.84 0.62 1.12 0.234



Time of cross-section spline df 5 -0.312 0.73 0.62 0.87 <0.001

AFP: alpha-fetoprotein in ng/mL, TTD: total tumor diameter in cm, MELD(-Na): model for end-stage
liver disease (sodium) score, HCC: hepatocellular carcinoma




Table S2: post-transplant survival model summary

Predictor coefficient HR low95 up95 p
Recipient age spline dfl 0.131 1.14 0.82 1.59 0.437
Recipient age spline df2 0.556 1.74 1.36 2.24 <0.001
Recipient age spline df3 0.567 1.76 0.81 3.83 0.152
Recipient age spline df4 1.060 2.89 1.72 4.86 <0.001
Disease ALD ref ref ref ref ref
Disease HCV 0.238 1.27 1.13 1.42 <0.001
Disease NASH -0.062 0.94 0.83 1.07 0.348
Disease Other -0.055 0.95 0.85 1.06 0.332
Disease T2 HCC -0.329 0.72 0.61 0.85 <0.001
Disease not T2 HCC -0.244 0.78 0.66 0.93 0.006
Race Other ref ref ref ref ref
Race White 0.134 1.14 0.98 1.34 0.099
Race Black 0.395 1.48 1.24 1.78 <0.001
Race Hispanic -0.021 0.98 0.82 1.18 0.825
Diabetes 0.248 1.28 1.19 1.38 <0.001
Dialysis 0.215 1.23 1.10 1.40 <0.001
Ventilated 0.522 1.69 1.43 1.99 <0.001
Location home ref ref ref ref ref
Location hospital 0.191 1.21 1.09 1.34 <0.001
Location ICU 0.251 1.29 1.11 1.49 <0.001
Total tumor diameter 0.062 1.06 1.04 1.08 <0.001
log(AFP + 1) 0.174 1.19 1.15 1.23 <0.001
DRI 0.285 1.33 1.22 1.44 <0.001

ALD: alcoholic liver disease, HCV: hepatitis C virus induced cirrhosis, NASH: non-alcoholic

steatohepatitis, HCC: hepatocellular carcinoma, ICU: intensive care unit, AFP: alpha-fetoprotein,
TTD: total tumor diameter in cm, MELD(-Na): model for end-stage liver disease (sodium) score




Table S3: Survival probability without and with LT at five years

Survival probability at five years (%)

Without LT With LT
non- T2 HCC outside non- T2 HCC outside
MELD(-Na) | HCC HCC criteria MELD(-Na)  HCC HCC criteria

6| 83.6 52.8 39.8 6 89.1 82.1 82.1

71 80.9 48.7 33.9 7 88.7 81.9 81.0

8| 74.8 42.3 29.6 8 872 81.6 80.7

9| 60.5 359 25.6 9 86.7 81.6 80.7
10| 57.9 33.0 21.7 10 864 81.7 80.9
11| 540 267 20.8 11 863  80.6 81.3
12 | 47.8 25.2 15.5 12 859 80.6 81.7
13| 459 230 13.2 13 868 822 80.3
14 | 39.7 18.8 9.7 14 85.9 82.0 81.6
15| 365 146 10.4 15 864  81.2 81.3
16 | 31.0 16.5 10.1 16 85.8 81.4 81.3
17 | 28.8 113 5.3 17 859 821 80.3
18 | 24.7 11.0 5.2 18 85.8 82.1 80.2
19 | 21.7 7.6 5.9 19 862  80.1 81.3
20| 17.7 7.8 7.9 20 85.9 81.5 81.5
21| 161 11.0 3.2 21 858  81.0 79.6
22 | 14.1 8.6 2.9 22 86.0 81.8 80.1
23| 11.1 2.8 0.8 23 855 808 78.4
24 | 104 2.9 2.7 24 851 82.0 81.3
25| 85 4.0 0.9 25 848 786 82.4
26 6.8 3.8 0.7 26 849 79.7 73.6
271 5.9 2.1 0.1 27 852 816 79.9
28| 4.9 1.0 5.9 28 840 799 82.9
29| 3.6 0.1 0.1 29 848 811 81.0
30 2.5 2.9 0.7 30 84.6 80.6 69.6
31| 1.8 1.2 1.0 31 828 782 83.3
32 1.9 0.2 0.4 32  83.0 77.3 77.7
33| 1.4 0.6 0.0 33 831 781 71.1
34 0.4 0.0 0.0 34 82.2 72.4 77.8
35| 0.7 0.1 2.5 35 828 802 83.4
36 0.2 0.0 0.0 36 81.3 78.7 70.6
37| 0.1 0.0 0.0 37 814 689 72.1
38 0.0 0.0 0.0 38 80.5 69.3 70.2
39| 0.0 0.0 0.0 39 804 722 72.9
40| 00 0.0 0.0 40 80.0 72.8 70.0




Table S4: Mean benefit per MELD(-Na) score per (non-)HCC

No HCC T2 HCC outside T2 HCC
mean mean mean
MELD(-Na) benefit number benefit number benefit number
6 -0.32 114 0.12 333 0.57 315
7 -0.27 120 0.24 600 0.70 612
8 -0.20 126 0.42 633 0.88 666
9 0.19 165 0.65 621 1.06 558
10 0.25 225 0.79 546 1.23 552
11 0.35 318 0.97 582 1.33 405
12 0.51 354 1.02 453 1.58 306
13 0.64 378 1.21 444 1.63 312
14 0.83 441 1.45 384 1.96 261
15 0.96 735 1.63 333 1.93 255
16 1.14 831 1.55 321 1.96 177
17 1.23 822 1.94 210 2.24 219
18 1.42 858 1.96 210 2.32 135
19 1.57 876 2.02 156 2.31 126
20 1.75 822 2.13 129 2.23 96
21 1.87 846 1.95 96 2.55 102
22 2.02 936 2.18 135 2.39 51
23 2.19 933 2.50 69 2.69 57
24 2.23 999 2.60 60 2.67 36
25 2.36 912 2.44 54 2.94 33
26 2.48 819 2.36 63 2.44 21
27 2.57 789 2.85 36 2.98 9
28 2.59 756 2.80 39 2.75 9
29 2.80 828 3.09 30 2.98 12
30 291 792 2.75 33 2.56 27
31 2.94 636 2.90 27 3.02 9
32 2.98 792 2.89 33 2.90 12
33 3.07 714 2.68 21 2.62 9
34 3.19 543 2.87 9 3.05 6
35 3.25 753 3.09 12 2.74 6
36 3.27 624 3.05 15 2.65 15
37 3.36 549 2.64 30 2.87 9
38 3.37 591 2.80 18 2.85 9
39 3.41 486 2.89 21 2.99 9
40 3.45 2697 2.96 87 2.86 45




Table S5: Median benefit per total tumor burden progression and
bridging.

Medlian 5-year benefit from transplantation

baseline ttb O ttb stable ttb increase ttb decrease
HCC T2 outside T2 outside T2 outside T2 outside T2 @ outside
downstaged 1,6 1,0 1,9 2,3 1,9 1,8 2,3 2,1 1,6 2,2

only LT 1,9 1,6 1,9 3,0 2,3 2,1 2,3 2,1 1,6 2,2

Number of patients stratified above

baseline ttb O ttb stable ttb increase ttb decrease
HCC T2 outside = T2 outside T2 outside T2 outside T2 outside
downstaged | 232 161 9 316 302 161 209 209 797 382

only LT 185 54 12 149 271 56 62 56 197 121
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Supplementary figure legends

1.

The in- and exclusion flowchart.

Post transplantation survival plots of HCC patients, stratified based on three variables: MELD-
Na score, serum AFP, and tumor diameter. The variable cut-offs are based on the most
significant effect in the data. A high MELD-Na score is above 19, a high AFP level is above 24
ng/mL, and a high total tumor diameter is above 3.7 cm. Five-year postoperative survival is
worst (<60%) for HCC patients with MELD-Na>19, AFP>24, and diameter >3.7.

Calibration plot of post-LT survival model. The blue line shows the estimated calibration,
corrected for overfitting. The post-transplant predicted risks match the observed risks very
well. Therefore, estimates are reliable.

Two layers from the decision tree algorithm used to predict benefit in secondary analysis. For
each layer, the decision tree chooses the most relevant cut-off point in the data, e.g., the
most important distinction is based on liver disease, and then MELD(-Na) score. Within each
‘node’ the number and average benefit is shown. The final decision tree used in this study has
eight layers.

The relation between serum AFP levels at transplantation and 5-year benefit scores in HCC
patients. Of note, because of the shape of the distribution, AFP levels are capped at 100
ng/mL, showing 95% of patients.

The distribution of benefit scores in HCC patients with varying changes in total tumor burden
[TTB] (sum of HCC diameters) and pre-LT on the waiting list. The difference between TTB at
transplantation and listing is used. Baseline refers to HCC patients with only one available TTB
measurement. TTB O are patients coded in the SRTR data with diameter O cm. TTB stable,
increase and decrease refer to TTB changes since listing.

The relation between changes in TTB from listing to transplantation and 5-year benefit scores.
Of note: negative values correspond to a smaller TTB at transplantation as compared to

listing.



Fig. S1: In- and exclusion chart

Adult 2010-2019 US waiting list population
(n=101,350; 100%)

A 4

A 4

Included patients
(n=83,395; 82.3%)

Without HCC and
without exception
(n=61,880; 61.1%)

With HCC and
with exception
(n=21,884; 21.6%)

A 4

A 4

Transplanted
(n= 24,503; 24.2%)

Transplanted
(n=12,440; 12.3%)

Excluded:
Previous liver transplant (n=4,763; 4.7%)

Acute liver failure (n = 2,495; 2.5%)
Living donor listing (n = 2,116; 2.1%)
Non-HCC malignancy (n = 783; 0.8%)
Multiple organ listing (n = 836; 0.8%)
Non HCC exceptions (n =6,962; 6.9%)

Total excluded n =17,955; 17.7%
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Fig. S2: post transplantation survival stratified for MELD(-Na) score, AFP and total tumor diameter
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Fig. S3: post-transplantation model calibration
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Fig. S4: Variable importance in benefit regression
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Fig. S5: 5-year benefit and AFP at transplantation.

HCC patient AFP level related to 5—year benefit
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Fig. S6: Benefit distribution per total tumor burden progression and
bridging.

5-year benefit distribution per HCC progression and bridging since listing
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Fig. S7: Benefit per total tumor burden change from listing to
transplantation.

HCC patient total tumor burden related to 5—year benefit
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