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Graphical abstract
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Adult patients transplanted for HCC between 2000 and 2018 in 
47 centers were included.
A prediction model for recurrence was developed using competing 
risk regression analysis. 

in a European training cohort (TC: n = 1,359)
and tested in a Latin American validation cohort (VC: n = 1,085).

Four 5-year recurrence risk categories

The R3-AFP model was developed based on variables independently
associated with recurrence in the Test cohort (with associated weights):

≥4 nodules (1 point);
Size of largest nodule (3-6 cm: 1 points; >6 cm: 5 points);
Presence of MVI (2 points);
Nuclear grade >II (1 point);
Last pre-LT AFP value (101-1,000 ng/ml: 1 point;
>1,000 ng/ml: 2 points).

Wolber’s c-index was 0.76, significantly superior to a R3 model without
AFP (0.75; p = 0.01).
The R3-AFP score performed well in the VC (Wolber’s c-index of
0.78; 95%CI = 0.73-0.83).
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Level of risk 5-year recurrence (95% CI) p

Very low (R3-AFP = 0; n = 532)
Low (R3-AFP = 1-2; n = 415)
High (R3-AFP = 3-6; n = 361)
Very High (R3-AFP >6; n = 46)

5.5 (95% CI 3.5-8.7)
<0.0001
<0.0001
<0.0001

15.1 (95% CI 11.3-20.1)
39.1 (95% CI 32.4-46.7)
73.9 (95% CI 59.7-86.3)

Highlights Lay summary

� Discrepancies between pretransplant tumour assessment

and liver explant are frequent.
� The R3-AFP predictive model of recurrence was designed

and validated in a large and international cohort of pa-
tients transplanted for HCC.

� The components of the final model are the following:
number of nodules, size of the largest nodule, presence of
MVI, nuclear grade, and last pre-LT AFP value.

� The R3-AFP model including the last available pre-LT AFP
value outperformed the original R3 model only based on
explant features.

� The final R3-AFP scoring system provides a standardised
framework to refine post-LT management of patients,
irrespective of criteria used to select patients with HCC for
LT.
https://doi.org/10.1016/j.jhepr.2022.100445
Considering discrepancies between pre-LT tumour assess-
ment and explant are frequent, reassessing the risk of
recurrence after LT is critical to further refine the manage-
ment of patients with HCC. In a large and international
cohort of patients who underwent transplantation for HCC,
we designed and validated the R3-AFP model based on
variables independently associated with recurrence post-LT
(number of nodules, size of largest nodule, presence of
MVI, nuclear grade, and last pre-LT AFP value). The R3-AFP
model including last available pre-LT AFP value out-
performed the original R3 model only based on explant
features. The final R3-AFP scoring system provides a robust
framework to design post-LT surveillance strategies, pro-
tocols, or adjuvant therapy trials, irrespective of criteria used
to select patients with HCC for LT.
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Background & Aims: Patients with hepatocellular carcinoma (HCC) are selected for liver transplantation (LT) based on pre-LT
imaging ± alpha-foetoprotein (AFP) level, but discrepancies between pre-LT tumour assessment and explant are frequent. Our
aimwas to design an explant-based recurrence risk reassessment score to refine prediction of recurrence after LT and provide
a framework to guide post-LT management.
Methods: Adult patients who underwent transplantation between 2000 and 2018 for HCC in 47 centres were included. A
prediction model for recurrence was developed using competing-risk regression analysis in a European training cohort (TC;
n = 1,359) and tested in a Latin American validation cohort (VC; n=1,085).
Results: In the TC, 76.4% of patients with HCC met the Milan criteria, and 89.9% had an AFP score of <−2 points. The recurrence
risk reassessment (R3)-AFP model was designed based on variables independently associated with recurrence in the TC (with
associated weights): >−4 nodules (sub-distribution of hazard ratio [SHR] = 1.88, 1 point), size of largest nodule (3–6 cm: SHR =
1.83, 1 point; >6 cm: SHR = 5.82, 5 points), presence of microvascular invasion (MVI; SHR = 2.69, 2 points), nuclear grade >II
(SHR = 1.20, 1 point), and last pre-LT AFP value (101–1,000 ng/ml: SHR = 1.57, 1 point; >1,000 ng/ml: SHR = 2.83, 2 points).
Wolber’s c-index was 0.76 (95% CI 0.72–0.80), significantly superior to an R3 model without AFP (0.75; 95% CI 0.72–0.79; p =
0.01). Four 5-year recurrence risk categories were identified: very low (score = 0; 5.5%), low (1–2 points; 15.1%), high (3–6
points; 39.1%), and very high (>6 points; 73.9%). The R3-AFP score performed well in the VC (Wolber’s c-index of 0.78; 95% CI
0.73–0.83).
Conclusions: The R3 score including the last pre-LT AFP value (R3-AFP score) provides a user-friendly, standardised frame-
work to design post-LT surveillance strategies, protocols, or adjuvant therapy trials for HCC not limited to the Milan criteria.
Clinical Trials Registration: NCT03775863.
Keywords: Liver transplantation; Liver cancer; Recurrence; Explants pathology; Prediction.
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Lay summary: Considering discrepancies between pre-LT tumour assessment and explant are frequent, reassessing the risk of
recurrence after LT is critical to further refine the management of patients with HCC. In a large and international cohort of
patients who underwent transplantation for HCC, we designed and validated the R3-AFP model based on variables inde-
pendently associated with recurrence post-LT (number of nodules, size of largest nodule, presence of MVI, nuclear grade, and
last pre-LT AFP value). The R3-AFP model including last available pre-LT AFP value outperformed the original R3 model only
based on explant features. The final R3-AFP scoring system provides a robust framework to design post-LT surveillance
strategies, protocols, or adjuvant therapy trials, irrespective of criteria used to select patients with HCC for LT.
© 2022 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Hepatocellular carcinoma (HCC) is a major public health issue
worldwide.1 Among curative options available at early stages,
liver transplantation (LT) has been considered the optimal
treatment for HCC because of the removal of the tumour and the
underlying cirrhotic liver.2 Because of the shortage of organs,
guidelines have restricted LT to patients with expected post-LT
survival comparable with non-malignant indication (>70% after
5 years). This goal is achieved with the most commonly used
selection criteria, with HCC recurrence rates ranging from 8 to
15%.3–8 However, the pre-LT evaluation underestimates tumour
burden in 20–40% of cases.9,10 This discrepancy between pre-LT
imaging and explant pathology analysis is a result of tumour
progression while patients are on the waiting list and/or the
presence of additional nodules not fully characterised by con-
ventional radiology assessment, whereas explant analysis is the
gold standard for tumour burden assessment, allowing for
thorough evaluation.

Consequently, reassessing risk of recurrence after LT based on
explant features is of particular interest, firstly, because identi-
fication of patients with very low or high risk of recurrence could
impact post-LT policies on screening for recurrence11 and, sec-
ondly, to help enable development and validation of stand-
ardised and reproducible risk stratification tools necessary to
evaluate candidate strategies suggested to minimise risk of HCC
recurrence.12–15

Several predictive models of HCC recurrence based on path-
ological findings have been published, identifying risks for 5-
year recurrence of HCC ranging from rates 0 to 95%.5,10,16–21

However, these models have not been externally validated, use
uncommon features, or provide no more than 2 levels of risk,
limiting their applicability in clinical practice. More recently,
Mehta et al.11,22 reported a scoring model identifying 6 levels of
risk of recurrence at 5 years using the pre-LT alpha-foetoprotein
(AFP) value and 3 pathological features retrieved from explant
(Risk Estimation of Tumour Recurrence After Transplant
[RETREAT]). However, this score was designed in a cohort of
patients who remained strictly within the Milan criteria during
the waiting period, limiting its relevance when other selection
criteria are used.6–8,23,24 Indeed, a growing body of evidence
suggests that the Milan criteria are too restrictive, and some
countries, such as France, have already adopted alternate, com-
posite criteria.25,26 For example, up to 10% of patients who un-
derwent transplantation for HCC in the United States have pre-LT
tumour features exceeding the Milan criteria.11 Importantly, the
RETREAT scoring system suggested that combining pre-LT serum
AFP and explant variables may improve predictive accuracy of
pathology-based models. This leads to the hypothesis that serum
AFP may reflect components of tumour behaviour not taken into
account by routinely collected pathological variables and merits
further investigation.
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Our primary aim was therefore to design and externally
validate a new explant-based model to reassess risk of recur-
rence after LT, to refine and standardise prediction of HCC
recurrence after LT in a population including a significant pro-
portion of patients selected for LT with expanded criteria. Our
secondary objective was to explore the independent effect of
pre-LT AFP values when using explant pathology variables.
Patients and methods
Patients
This was a retrospective, multicentre, multinational cohort study
of adult patients with HCC who underwent LT in 47 different
centres from Europe and Latin America. Four regional databases
of patients who underwent transplantation for HCC in France,
Italy, and Belgium between 2000 and 2018 and from Argentina,
Uruguay, Chile, Brazil, Ecuador, Colombia, and Mexico between
2005 and 2018 were harmonised and merged (by FP and FR) and
hosted on a central server, after agreement of all participating
centres. The merged database had previously served as a basis to
design and test prognostic models.6,23,24 All procedures were
followed in accordance with the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) and Reporting
Recommendations for Tumor Marker Prognostic Studies
(REMARK) guidelines.27,28 The study complied with ethical
standards and the Helsinki Declaration of 1975, as revised in
2008. Each investigator was subject to a confidentiality agree-
ment. This study was registered as part of an open public registry
(NCT03775863; www.clinicaltrials.gov).

We included adult patients (>17 years of age) who under-
went a first LT for HCC and were followed up after trans-
plantation. We excluded patients if (1) incidental HCC was
found at explant pathology, (2) tumours other than HCC were
found in the explant, and/or (3) they were included in the TC
for AFP score development.6 The European cohort served as the
test cohort (TC) for design of the predictive model, which was
subsequently validated in the Latin American cohort (VC).
There is no consensus on post-LT surveillance algorithms;
however, in most centres post-transplant HCC recurrence
monitoring consisted of CT or MRI and serum AFP assay every 6
months. Recurrence was determined based on imaging criteria
and serum AFP or by biopsy. All patients were followed up
until death or last outpatient visit.

Exposure variables during the waiting list period and after
transplantation
The following variables were collected at each transplant site:
recipient characteristics, tumour burden, and a-foetoprotein
(AFP) serum levels, at listing and at the last evaluation before LT.
The Milan criteria or AFP score were the common standardised
patient-selection criteria in all centres according to local
2vol. 4 j 100445
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Table 1. Test and validation cohort characteristics.

Variable Test cohort
(n = 1,359)

Validation cohort
(n = 1,085)

p value

Age, years (±SD) 58 ± 8 58 ± 8 0.99
Male sex, n (%) 1,124 (82.7) 844 (77.8) 0.002
Median waiting list (IQR), months 6.1 (3.0–11.0) 4.9 (1.7–10.0) <0.0001
Aetiology of liver disease, n (%)

Viral 786 (57.8) 610 (56.2) <0.0001
Alcohol 426 (31.3) 183 (16.9)
Other 147 (10.8) 292 (26.9)

HBV, n (%) 94 (6.9) 149 (13.7) <0.0001
HCV, n (%) 696 (51.2) 466 (42.9) <0.0001
Data at listing
AFP (ng/ml)

<−100 ng/ml, n (%) 1,212 (89.2) 877 (81.1) <0.0001
101–1,000 ng/ml, n (%) 129 (9.5) 165 (15.3)
>1,000 ng/ml, n (%) 18 (1.3) 39 (3.6)

Within the Milan criteria, n (%) 1,039 (76.4) 939 (86.5) <0.0001
AFP score

<−2 points, n (%) 1,221 (89.9) 942 (87.1) 0.032
>2 points, n (%) 137 (10.1) 139 (12.9)

Bridging therapy before LT*, n (%) 931 (68.5) 782 (72.1) 0.055
Data at last tumour reassessment
AFP (ng/ml)

<−100 ng/ml, n (%) 1,191 (88.0) 893 (82.8) 0.001
101–1,000 ng/ml, n (%) 136 (10.0) 147 (13.6)
>1,000 ng/ml, n (%) 27 (2.0) 39 (3.6)

Within the Milan criteria, n (%) 234 (80.1) 931 (85.8) 0.020
AFP score

<−2 points, n (%) 250 (87.1) 953 (88.1) 0.66
>2 points, n (%) 37 (12.9) 129 (11.9)

Test cohort (European cohort). Validation cohort (Latin American cohort).
AFP, alpha-foetoprotein; LT, liver transplantation.
* Refer to Table S8.
practices and allocation policies. All patients were categorised
according to the Milan criteria4 and AFP score6 at the time of
listing and at the last tumour re-assessment. In patients
receiving bridging therapies during the waiting-list period, the
last available radiologic tumour staging and AFP values following
these procedures were also registered. Tumour treatment and
type of bridging therapies before LT were decided at each
transplant centre according to local practice on a case-by-case
basis. Immunosuppression regimens were not included for
their effect on recurrence because of significant heterogeneity
across LT centres and lack of a standardised and evidenced-based
recommendation on immunosuppression in patients with HCC.

Pathological tumour features noted at explant analysis
included the presence of microvascular invasion (MVI), tumour
differentiation, and the number and sizes of nodules, as assessed
by experienced pathologists specialised in liver pathology at all
centres. Tumours were characterised as well (nuclear grade 1),
moderately (nuclear grade 2), or poorly (nuclear grade 3)
differentiated according to the Edmondson and Steiner criteria.29

In explants with heterogeneous grades of differentiation, the
higher grade was recorded. Necrotic nodules were measured,
including both necrotic and viable tumour diameters. In those
patients in which complete tumour necrosis was observed,
explant risk variables, including MVI or tumour differentiation,
were registered as absent for each modelling approach.
Statistical analysis
The primary endpoint, post-LT HCC recurrence, was chosen
because it is the most important event specifically affecting post-
LT survival in these patients. The secondary endpoints were
JHEP Reports 2022
overall post-LT survival and post-recurrence survival. Early re-
currences, defined as recurrences occurring during the first 12
months after transplant, were previously reported to be associ-
ated with worse post-recurrence survival.30

We followed the REMARK guidelines for designing and vali-
dating the prognostic models.28 We first explored the association
between explant features and the primary and secondary end-
points. Secondly, we explored whether AFP values before
transplant, either at listing or at the last pre-LT evaluation, had an
independent association with HCC recurrence in both cohorts.
Finally, we tested if adding AFP values to the explant model
changed the discrimination power for HCC recurrence. We con-
ducted multivariable competing-risk regression models for the
primary outcome (HCC recurrence), estimating sub-distribution
of hazard ratios (SHRs) and 95% CIs using the Fine and Gray
method31 (see the Supplementary information). For overall post-
LT survival, we used the Kaplan–Meier method (log-rank test)
and Cox regression analysis, estimating hazard ratios. The pro-
portional hazard assumption was evaluated through graphic in-
spection and the Schoenfeld residual test. All statistical
procedures were repeated in the validation cohort (VC).
Collected data were analysed with STATA 13.0 (StataCorp, College
Station, TX, USA).
Results
Study cohort characteristics
A total of 2,444 patients were included: 1,359 (55.6%) in the TC
(European centres) and 1,085 (44.4%) in the VC (Latin America
centres). Table 1 summarises the main features of the TC and VC.
3vol. 4 j 100445



Table 2. Explant liver variables associated with HCC recurrence after liver transplantation in the test cohort.

Variable 5-year recurrence
rate (95% CI)

Unadjusted sub-hazard
ratio (95% CI)

p value Adjusted sub-hazard
ratio (95% CI)

p value

Number of nodules 1.03 (1.01–1.04) <0.0001
1–3 nodules (n = 1,005) 14.2 (11.7–17.1)
>−4 nodules (n = 354) 35.7 (29.4–42.9) 2.73 (2.07–3.59) <0.0001 1.81 (1.30–2.53) <0.0001

Major nodule diameter 1.37 (1.31–1.44) <0.0001
<−3 cm (n = 849) 13.8 (11.1–17.1)
3–6 cm (n = 361) 30.4 (24.5.37.7) 2.32 (1.72–3.14) <0.0001 1.91 (1.35–2.70) <0.0001
>6 cm (n = 54) 74.5 (58.7–87.9) 9.21 (5.98–14.17) <0.0001 5.82 (3.60–9.39) <0.0001

Microvascular invasion
Absence (n = 369) 11.4 (9.2–14.0)
Presence (n = 990) 39.6 (32.9–46.3) 4.04 (3.06–5.32) <0.0001 2.70 (1.94–3.76) <0.0001

Nuclear grade >II
Absence (n = 1,003) 15.9 (13.3–19.0)
Presence (n = 173) 28.2 (21.2–36.9) 1.47 (1.23–1.74) <0.0001 1.22 (1.02–1.46) 0.02

Competing-risk regression analysis. Calibration between observed/predictive events was adequate, and c-statistic (Wolber’s c-index) was 0.75 (95% CI 0.72–0.79).
HCC, hepatocellular carcinoma.

Table 3. Development of the R3-AFP score. Points assigned from the
multivariable competing-risk regression analysis in the test cohort.

Variable Adjusted SHR (95% CI) p value Points

Number of nodules
1–3 nodules (n = 1,005) 0
>−4 nodules (n = 354) 1.88 (1.34–2.64) <0.0001 1

Major nodule diameter
<−3 cm (n = 849) 0
3–6 cm (n = 361) 1.83 (1.29–2.59) 0.001 1
>6 cm (n = 54) 5.82 (2.97–8.20) <0.0001 5

Microvascular invasion
Absence (n = 990) 0
Presence (n = 369) 2.69 (1.93–3.75) <0.0001 2

Nuclear grade >II
Absence (n = 1,003) 0
Presence (n = 173) 1.20 (1.01–1.43) 0.048 1

AFP (ng/ml)*
<−100 (n = 1,191) 0
101–1,000 (n = 136) 1.57 (1.03–2.39) 0.035 1
>1,000 (n = 27) 2.83 (1.01–7.96) 0.049 2

Scoring model was done by dividing each SHR with the lowest SHR observed,
rounding SHR estimates to construct a continuous score (total of 11 points). Median 1
point (IQR 0–3); SHR 1.48 (95% CI 1.40–1.56).
AFP, alpha-foetoprotein; LT, liver transplantation; R3, recurrence risk reassessment;
SHR, sub-distribution of hazard ratio.
* Last available AFP values before LT. Median time from last AFP values to trans-
plantation was 2.2 months (IQR 0.9–4.0 months).

Research article
The majority of European patients underwent transplantation
between 2000 and 2011, whereas most patients in the VC un-
derwent transplantation between 2012 and 2018 (Table S1). At
explant pathology analysis, 62.3 and 66.4% of the TC and VC were
within the Milan criteria (p = 0.034), 61.2 and 67.9% were within
the up-to-7 criteria and without MVI (p = 0.001), and 72.3 and
71.6% (p = 0.28) presented a RETREAT score <−3 points, respec-
tively (Table S2). Staging based on last pre-LT imaging under-
estimated tumour burden as evaluated at explant pathology in
31.6% (95% CI 25.7–38.0) and 28.1% (95% CI 25.3–31.1) of the
patients in the TC and VC, respectively. In the TC and VC, there
were 94 (6.9%) and 11 (1.0%) patients with complete major
nodule necrosis, respectively. Overall 5-year recurrence rates
were 19.6% (95% CI 17.1–22.4) in the TC and 16.9% (95% CI
13.7–20.9) in the VC (p = 0.026). The median time to recurrence
(TTR) was 16.4 months (IQR 9.0–30.9) in the TC and 13.2 months
(IQR 6.0–25.7) in the VC (p = 0.051). Survival rates were 67.0%
(95% CI 63.9–69.9) in the TC and 62.1% (95% CI 58.1–65.8) in the
VC, respectively (p <0.0001).

Explant-based R3 model in the test cohort
In multivariable analysis, the following were independently
associated with HCC recurrence: >−4 nodules (SHR = 1.81, 95% CI
1.30–2.53), size of the largest nodule 3–6 cm (SHR = 1.91, 95% CI
1.35–2.70), size of the largest nodule >6 cm (SHR = 5.82, 95% CI
3.60–9.39), presence of MVI (SHR = 2.70, 95% CI 1.94–3.76), and
nuclear grade >II (SHR = 1.22, 95% CI 1.02–1.46; Table 2).

From this final explant-based model, we used the adjusted
SHRs to propose a clinical recurrence risk reassessment (R3)
score (range 0–9 points; Table S3). The R3 score as a continuous
variable was associated with an incremental SHR of 1.51 (95% CI
1.43–1.60) for every additional point (Fig. S1). The discriminatory
power of the R3 model for prediction of HCC recurrence, as
evaluated using Wolber’s c-index, was 0.75 (95% CI 0.72–0.79).

The R3 model including AFP values
In the TC, we further explored the relevance of adding the last
available pre-LT AFP value into the model. In multivariable
competing-risk regression analysis, the last available AFP value
was independently associated with recurrence (AFP 101–1,000
ng/ml, SHR = 1.57 [95% CI 1.03–2.39; p = 0.035]; AFP >1,000 ng/
ml, SHR = 2.83 [95% CI 1.01–7.96; p = 0.049]; vs. AFP <−100],
adjusted for the other independent variables included in the
JHEP Reports 2022
model (Table S4). The discriminatory power of the R3 model
with AFP was 0.76 (95% CI 0.72–0.80), which was significantly
superior to the original R3 model only including explant features
(p = 0.01), as evaluated using Wolber’s c-index.

Consequently, we built a refined version of the R3 scoring
model, adjusting the independent effect of explant features.
Points were allocated to each variable in a similar way to the
original score (R3-AFP score, Table 3). The median R3-AFP score
value in the TC was 1 point (IQR 0–3 points). This refined version
of the scoring model was associated with an incremental SHR of
1.58 (95% CI 1.40–1.56) for every additional point (Fig. S2).

Given the distribution of the observed cumulative recurrence
curves using competing-risk assessment, we subsequently
stratified these levels of risk into 4 groups (Fig. 1): R3-AFP =
0 points (n = 532; very low risk of recurrence at 5 years: 5.5%;
95% CI 3.5–8.7), R3-AFP = 1–2 points (n = 415; low risk: 15.1%;
95% CI 11.3–20.1), R3-AFP = 3–6 points (n = 361; high risk: 39.1%;
95% CI 32.4–46.7), and R3-AFP score >6 points (n = 46; very high
4vol. 4 j 100445
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Fig. 1. Cumulative recurrence curves in the test cohort according to R3-AFP
score categories. R3-AFP, recurrence risk reassessment–alpha-foetoprotein.
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Fig. 3. Cumulative recurrence curves in the validation cohort according to
R3-AFP score categories. R3-AFP, recurrence risk reassessment–alpha-
foetoprotein.
risk: 73.9%; 95% CI 59.7–86.3). When compared with the refer-
ence category (R3-AFP = 0), patients within the low-risk category
presented an SHR for HCC recurrence of 3.09 (95% CI 1.88–5.08; p
<0.0001), the high-risk group an SHR of 8.11 (95% CI 4.14–12.80;
p <0.0001), and the very high-risk group an SHR of 33.0 (95% CI
18.18–59.82; p <0.0001).

The median TTR for each risk group showed that patients in
the very low-risk group had a longer median TTR (29.2 months
[IQR 19.0–40.5]) compared with other groups, including low risk
(20.1 months [IQR 10.7–34.1]), high risk (16.4 months [IQR
9.8–32.6]), and very high risk (8.9 months [IQR 3.5–14.6]; p
<0.0001).

Also, the R3-AFP categorisation showed different overall post-
LT survival curves (Fig. 2), with 5-year survival rates of 77.2%
(95% CI 72.7–81.1) for the very low-risk group, 67.8% (95% CI
61.8–73.0) for the low-risk group, 57.2% (95% CI 50.6–63.2) for
the high-risk group, and 19.8% (95% CI 8.7–34.3) for the very
high-risk group. Hazard ratio estimates for post-LT survival were
1.35 (95% CI 1.04–1.74; p = 0.023) for the low-risk group, 2.01
(95% CI 1.57–2.59; p <0.0001) for the high-risk group, and 5.36
(95% CI 3.66–7.83; p <0.0001) for the very high-risk group,
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Fig. 2. Cumulative survival curves in the test cohort according to R3-AFP
score categories. R3-AFP, recurrence risk reassessment–alpha-foetoprotein.
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respectively, when compared with the reference group (very low
risk).

Median post-recurrence survival in patients with recurrent
HCC was 12.2 months (IQR 4.4–23.0 months). Early recurrences
occurred in 34.8% (n = 71) of all recurrent HCC and were asso-
ciated with lower median post-recurrence survival (6.5 months
[IQR 2.9–18.5] vs. non-early recurrences 17.2 months [IQR
5.7–26.2]; p <0.0001). The proportion of early recurrence by R3-
AFP risk category was 18.2% in the very low-risk group, 28.0% in
the low-risk group, 32.0% in the high-risk group, and 67.7% in the
very high-risk group (p <0.0001).

External validation of the R3 scores
Despite differences in patients, centres’ policies, periods of LT
procedure, and HCC characteristics between the TC and the VC
(Table 1), calibration between expected and observed events
according to the R3-AFP risk categorisation was not statistically
significant (Fig. S3). The R3-AFP scoring model performed well in
the VC with an increasing SHR of 1.50 (95% CI 1.39–1.63) for
every point of the R3-AFP score, and it also identified 4 levels of
risk of recurrence (Fig. 3) and cumulative post-transplant sur-
vival (Fig. 4). The R3-AFP model in the VC had a Wolber’s c-index
of 0.78 (95% CI 0.73–0.83) and also outperformed the original R3
model without AFP (0.73; 95% CI 0.67–0.79; p = 0.018) in this
cohort Tables S5 & S6.

Comparison with existing models
Finally, we compared both scoring systems (R3 and R3-AFP) with
other explant-based tools. In both the VC and the TC, we showed
composite R3-AFP had more discriminatory power than R3. The
R3-AFP was compared with the RETREAT, also including AFP and
pathological variables. R3-AFP had similar performance in the TC
and in the VC (Table 4). In addition, purely explant-based R3 had
better discrimination power than the Milan and up-to-7 criteria
(Table S7).
Discussion
Reassessment of the risk of recurrence based on explant patho-
logical features is a critical step in the management of patients
who underwent transplantation for HCC as tumour burden is
5vol. 4 j 100445
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Table 4. Comparison regarding discrimination power of each model in the
test and validation cohorts.

Variable Wolber’s c-index (95% CI) p value

Test cohort (comparison against composite models including AFP)
RETREAT 0.75 (0.72–0.79) 0.40
R3-AFP 0.76 (0.72–0.80)

Validation cohort (comparison against composite models including AFP)
RETREAT 0.77 (0.72–0.82) 0.59
R3-AFP 0.78 (0.73–0.83)

AFP, alpha-foetoprotein; R3, recurrence risk reassessment; RETREAT, Risk Estimation
of Tumour Recurrence After Transplant.
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underestimated before LT in 20–30% of cases, as observed in our
study as well as in previous reports.9,10 Recent, disruptive ad-
vances in treatment of HCC make reassessment of the risk of
recurrence even more critical, because early diagnosis of recur-
rence based on individualised screening strategies may be the
optimal way to select LT recipients for next-generation thera-
peutic approaches intended to delay recurrence after LT and
optimise post-LT outcomes.

With this in mind, we generated and validated a new com-
posite predictive scoring system, the R3-AFP score, to reassess
risk of HCC recurrence after LT. This predictive tool combines
typical pathological features of HCC noted from the explant and
the last available pre-LT AFP value.

The most striking result of our study is that the composite R3-
AFP scoring system outperformed the purely explant-driven R3,
despite the latter model having been designed to reflect the
prevailing hypothesis that explant features are the gold-standard
variables associated with HCC recurrence. Although R3 per-
formed quite well and significantly improved discrimination of
HCC recurrence risk compared with other scores assessed on
explants such as the Milan and up-to-7, we show that combining
the last available pre-LT AFP with explant pathological variables
further improved predictive accuracy.

Following the study by Mehta et al.,11,22 who recently pro-
posed a predictive model based on explant pathological variables
and AFP in a population meeting all the Milan criteria, we tested
this composite approach for the first time in a population not
restricted to the Milan criteria and therefore more relevant to
clinical practice worldwide. Indeed, a number of countries across
JHEP Reports 2022
Asia and Europe have implemented expanded selection criteria,
and in the United States up to 10% of patients receiving a liver
graft are beyond the Milan criteria at listing.11,25 Using a 2-step
approach, we built our predictive model first solely with
explant features and subsequently introduced pre-LT AFP in or-
der to demonstrate the impact of this feature. Indeed, pre-LT AFP
adds to pathological variables in predicting HCC recurrence, and
utility of the composite approach is not only relevant before
LT6,7,26 but also extends to the reassessment of the risk of
recurrence after LT, once pathological features are available.

The reason AFP adds predictive value to pathological variables
has not been fully elucidated. This finding suggests that AFP may
reflect tumour cells’ signalling pathways and behaviour not re-
flected by routine pathology features. Supporting this hypothe-
sis, AFP, MVI, and nuclear grade each remained independently
associated with HCC recurrence in multivariate analysis in the
TC. It also could be that AFP levels are more closely related to
specific molecular subclasses and signalling pathways involved
in tumour progression or response to therapy than is tumour
differentiation.32 Supportive of this hypothesis, AFP >400 ng/ml
has recently been shown to be independently associated with
HCC molecular subclass S2,33,34 enrichment for genes corre-
sponding to MYC target activation, high cell proliferation, and
poor clinical prognosis.33

Interestingly, the composite R3-AFP model displayed similar
discriminatory power compared with the aforementioned com-
posite RETREAT,11 in both the TC and the VC. This is an original
and important finding as the TC and VC were not restricted to
patients with HCC meeting the Milan criteria on pre-LT imaging,
consistent with real-world practice, whereas RETREAT was
originally designed and validated in a population limited by the
Milan criteria. Moreover, ‘last AFP available’ seems to be as
relevant as ‘AFP measured the day of transplant’, which might
enhance the score implementation in clinical practice as all sites
might not check AFP level at transplant in routine practice.

Another important finding of our study was that median TTR
varied across the risk groups defined by R3-AFP score, ranging
from 8.9 months in the very high-risk group to 16.4, 20.1, and
29.2 months in the high-, low-, and very low-risk groups,
respectively. The survival time after recurrence also varied across
the groups; the higher the risk of recurrence, the shorter the
post-recurrence survival time. These results strongly support the
need for personalised post-LT HCC screening procedures based
on individual risk of HCC recurrence. There is currently no
consensus on post-LT surveillance strategies, and a recent study
from the United States showed surveillance strategies remain
highly heterogeneous across US centres.35 Also, some centres do
not screen for HCC recurrence owing to concerns on cost-
effectiveness. A recent working group report from the ILTS
Transplant Oncology Consensus Conference emphasised that
post-LT surveillance strategies should be based on prediction
tools, with a view to tailor surveillance schedules to patients’
individual risk of recurrence, and, relatedly, noted the identifi-
cation of patients at minimal risk of HCC recurrence as an
important unmet need, given surveillance may not be necessary
for such patients.36 Although predictive tools are available, the
working group could not reach consensus on a choice of one to
best guide post-LT surveillance strategies, although it acknowl-
edged that surveillance in patients who underwent trans-
plantation for HCC prolongs survival.37

Therefore, there is an urgent need among transplant pro-
grammes for evidence-based surveillance schedules optimised
6vol. 4 j 100445



according to patients’ individual level of risk. RETREAT provides
guidance for patients meeting the Milan criteria all along the
waiting time period: patients with RETREAT = 0 could be relieved
from HCC screening. The R3-AFP scoring system, designed and
validated in large international cohorts defined by expanded
selection criteria, provides an ideal framework for research in
this regard. Indeed, it has previously been demonstrated that a
patient with HCC exceeding the Milan criteria but within the
French AFP criteria can have a low risk of recurrence.6 Therefore,
it would be valuable to identify within this group of patients
(exceeding Milan but within AFP) a subgroup with no or minimal
risk of recurrence who could avoid surveillance. This would
spare cost and patient radiation exposure. R3-AFP is easy to
compute from readily available variables, including last available
pre-LT AFP value and variables available in all explant patho-
logical reports. However, surveillance strategies should be tested
and validated before routine implementation. Therefore R3-AFP
paves the way for development of a surveillance algorithm and
its prospective evaluation.

Another important unmet need concerns determination of
optimal, evidence-based post-transplant treatment management
strategies for patients after LT for HCC. Recent data indicate
prognosis of HCC recurrence may have changed over the last
decade, with increases in time from LT to recurrence and time
from recurrence to death.15 This phenomenon may be related to
better post-LT surveillance strategies, aggressive surgical man-
agement in case of unique extrahepatic metastases, changes in
immunosuppressive policies in high-risk patients or in case of
recurrence, or wider use of targeted therapies such as sorafenib
or mammalian target of rapamycin inhibitors after recurrence.38

However, the ILTS working group failed to achieve consensus
regarding use of a specific immunosuppressive regimen or
adjuvant chemotherapy36 owing to the lack of strong data sup-
porting any specific approach.12–15,39–41 Indeed, most studies
have been retrospective and have not featured robust stratifica-
tion on individual risk of recurrence, which greatly varies by
patient, as observed in our study. To tackle this unmet need, R3-
JHEP Reports 2022
AFP again provides a simple framework to design clinical trials
adjusted on risk of recurrence and test new adjuvant thera-
pies42–44 or immunosuppressive strategies to prevent HCC
recurrence after LT, allowing comparison of observed and pre-
dicted recurrence rates.

Our study has limitations inherent to multicentre, multi-
national retrospective databases such as absence of data on
variables of interest. For example, AFP at the time of LT was
unavailable, and we therefore used the last available pre-LT
AFP value. However, the median time elapsed between the
last available pre-LT AFP time point and LT was short (<10
weeks) in both the TC and the VC, and therefore, the lack of
AFP at the time of LT is unlikely to have had a major impact on
our results. In addition, immunosuppression regimens were
not captured in the database and so could not be included in
the prediction model. We lack information on tumour pro-
gression after locoregional treatment, which is known as a risk
factor for HCC recurrence.45 Of note, the time from locore-
gional treatment to LT was only available in the VC (the median
time from the last locoregional therapy to LT was 4.6 months
[IQR 2.0–8.5]).

In conclusion, we developed and validated a new composite
R3-AFP scoring system based on usual explant features and the
last available pre-LT AFP value to reassess the risk of HCC
recurrence after LT in patients who underwent transplantation
for HCC within or exceeding the Milan criteria. We confirmed
that inclusion of the last available pre-LT AFP value improves
predictive accuracy and AFP should be considered a mandatory
component of tools designed to re-assess risk of recurrence, even
after LT. We advocate for systematic, routine reassessment of the
risk of recurrence once explant pathology is available in order to
best guide assessment of post-LT HCC surveillance strategies
tailored to individual risk of recurrence. The R3-AFP scoring
system also provides a standardised framework to assess the
impact of immunosuppression regimens on recurrence and
identify the best adjuvant candidates for upcoming clinical trials
in this setting.
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