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Simple Summary: The ideal treatment for hepatocellular carcinoma (HCC) is liver transplantation
(LT), which both eliminates the HCC and cures the diseased liver. Once considered an experimental
treatment with dismal survival rates, LT for HCC entered a new era with the establishment of the
Milan criteria over 20 years ago. However, over the last two decades, the Milan criteria, which are
based on tumor morphology, have come under intense scrutiny and are now largely regarded as too
restrictive, and limit the access of transplantation for many patients who would otherwise achieve
good clinical outcomes. The liver transplant community has been making every effort to reach a
goal of establishing more reliable selection criteria. This article addresses how the criteria have been
extended, as well as the concept of pre-transplant down-staging to maximize the eligibility.

Abstract: Hepatocellular carcinoma (HCC) is the third highest cause of cancer-related mortality,
and liver transplantation is the ideal treatment for this disease. The Milan criteria provided the
opportunity for HCC patients to undergo LT with favorable outcomes and have been the international
gold standard and benchmark. With the accumulation of data, however, the Milan criteria are
not regarded as too restrictive. After the implementation of the Milan criteria, many extended
criteria have been proposed, which increases the limitations regarding the morphological tumor
burden, and incorporates the tumor’s biological behavior using surrogate markers. The paradigm
for the patient selection for LT appears to be shifting from morphologic criteria to a combination
of biologic, histologic, and morphologic criteria, and to the establishment of a model for predicting
post-transplant recurrence and outcomes. This review article aims to characterize the various patient
selection criteria for LT, with reference to several surrogate markers for the biological behavior of
HCC (e.g., AFP, PIVKA-II, NLR, 18F-FDG PET/CT, liquid biopsy), and the response to locoregional
therapy. Furthermore, the allocation rules in each country and the present evidence on the role of
down-staging large tumors are addressed.

Keywords: liver transplantation; hepatocellular carcinoma; selection criteria; allocation rule; down-
staging

1. Introduction

Liver transplantation for hepatocellular carcinoma (HCC) is an ideal treatment strategy
not only to eliminate the tumor lesions but to replace a damaged liver that could become an
origin of HCC in the future. Based on this concept, many liver transplantation procedures
were performed for HCC patients in the 1980s, regardless of tumor burden, and without
any criteria for eligibility. Unexpectedly, the outcomes were dismal due to a high recurrence
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rate after transplantation. However, based on those experiences, it was found that a good
outcome can be obtained if the tumor meets certain criteria concerning the diameter and
number of lesions [1,2]. As an extension of these findings, Mazzaferro reported the Milan
criteria—based on a prospective cohort study in 1996 in which HCC patients with a single
tumor of <5 cm in diameter or up to 3 tumors of <3 cm in diameter, with no extrahepatic
involvement and no evidence of gross vascular invasion—were able to achieve a 4-year
survival rate of 75% [3]. With similar results reported for many subsequent external
validations, the Milan criteria heralded a new era and have been the international standard
criteria for liver transplantation for HCC for over 20 years, as well as a benchmark for
other criteria. However, over the last two decades, the Milan criteria, according to the
tumor morphology, has come under intense scrutiny and are now largely regarded as too
restrictive, thus limiting access to transplantation for many patients who would otherwise
achieve good clinical outcomes. The liver transplant community has been making every
effort to reach an agreement over the most reliable selection criteria.

2. Extended Criteria Based on Tumor Morphology (Diameter and Number of
HCC Lesions)

Based on the finding that many cases exceeding the Milan criteria showed a good
prognosis, attempts at expanding the criteria were made by increasing the diameter and
number of HCC lesions. Yao et al., at UCSF (University of California, San Francisco)
reported their new criteria in 2001. They analyzed the outcome of 70 consecutive liver
transplant patients with HCC over a 12-year period and established the UCSF criteria.
The HCC patients who met these criteria had survival rates of 90.0% and 75.2% at 1 and
5 years after transplantation, respectively, which was equivalent to the rates for the Milan
criteria [4]. Although their first report was based on pathological data of the explanted liver,
the UCSF criteria were prospectively validated based on pre-transplant imaging data, and
they reported that the UCSF criteria could offer a potential benefit to liver transplantation
for HCC by an additional 5–20% to HCC patients who would have otherwise been excluded
from liver transplantation under the Milan criteria [5]. In 2008, Toso et al., proposed the
total tumor volume (TTV) concept. The TTV was calculated by adding the volume of
each individual tumor, and a TTV cut-off of 115 cm3 was set for the risk of recurrence by
using a receiver operating characteristic curve. While more patients qualify for a transplant
with the TTV criteria (28–53% more than with the Milan criteria, and 16–26% more than
with the UCSF criteria), no marked deterioration in the post-transplant outcome was
demonstrated in patients with a TTV <115 cm3 compared with those meeting the Milan
or UCSF criteria [6]. In addition, the radiological findings correlated closely with the post-
transplant pathological diagnosis when using the TTV criteria than with the Milan or UCSF
criteria (91% vs. 69% or 75% of patients, respectively). In 2009, Mazzaferro confirmed a
socially acceptable prognosis (a 5-year survival rate of ≥70%) and analyzed the acceptable
tumor burden of HCC lesions. That analysis showed that patients were able to achieve
a 5-year overall survival rate of 71.2% as long as the HCCs were within “seven” as the
sum of the size of the largest tumor (in cm), and the number of lesions (the “Up-to-7”
criteria) [7]. The expanded morphological criteria for living donor liver transplantation
(LDLT) were also reported as the Tokyo criteria in 2007 [8] and as the Asan criteria in
2008 [9] (representative criteria shown in Table 1).
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Table 1. Extended criteria by tumor morphology (diameter and number of HCC).

Criteria Author Year Donor
Setting Institution Criteria Cases Outcome External

Validation

Milan Mazzaferro [3] 1996 DD
Univ. of Milan,

Italy

Single tumor < 5 cm
48 4-year survival

rate: 75%
#Up to 3 tumors with

diameter < 3 cm

UCSF Yao [4,5] 2001,
2007 DD

Univ. of
California,

USA

Solitary tumor < 6.5 cm

168 5-year survival
rate: 75.2%

#
< 3 nodules with the

largest lesion < 4.5 cm
and total tumor
diameter < 8 cm

Total Tumor
Volume
(TTV)

Toso [6] 2008 DD
Univ. of
Alberta,
Canada

TTV less than 115 cm3 228

Within Milan:
5-year survival

rate: 82%
#

Within TTV:
5-year survival

rate: 80%

Up-to-7 Mazzaferro [7] 2009 DD International
multicenter

HCCs with seven as
the sum of the size of
the largest tumor [in

cm] and the number of
tumors

1556

Within Milan:
5-year survival

rate: 73.3 %
#

Within Up-to-7:
5-year survival

rate: 71.2%

Tokyo Sugawara [8] 2007 LD Univ. of Tokyo,
Japan

HCC diameter: 5 cm
or less, HCC number: 5

or less
78 5-year survival

rate: 75% #

Asan Lee [9] 2008 LD Asan Medical
Center, Korea

HCC diameter 5 cm
or less, HCC number 6

or less
229 5-year survival

rate: 76% #

DD: Deceased donor, LD; Living donor, #: Externally validated.

3. Extended Criteria Incorporating the Biological Behaviors of HCC

Although attempts to expand the criteria have been made by increasing the diameter
and number of HCC lesions, these two morphological parameters represent only a part of
the biological behaviors of such tumors. In 2008, Zheng reported the Hangzhou criteria,
which incorporated AFP as a surrogate marker for biological behaviors. They concluded
that HCC patients could be considered eligible for liver transplantation when satisfying
one of the following two points: (a) a total tumor diameter of ≤8 cm, or (b) a total tumor
diameter of >8 cm but a histopathologic grade I or II and a preoperative AFP level of
≤400 ng/mL, since the survival curves of patients who met the Hangzhou criteria were
statistically equal to those patients who met the Milan criteria [10]. This was the first report
in which AFP was selected as a surrogate maker of HCC’s biological behavior. DuBay also
reported that a protocol using a pathological diagnosis to exclude poorly differentiated
tumors and an aggressive bridging therapy achieved excellent survival rates after liver
transplantation, irrespective of the tumor size or the number of HCC lesions [11]. Since
the publication of these reports, the biological behavior of HCC has been recognized as an
indispensable factor that should be included in criteria that attempt to expand the list of
HCC patients eligible for liver transplantation and to improve the post-transplant outcome.

Many previous reports have described the apparent relationship between microvascu-
lar invasion [12] and histological differentiation with the risk of post-transplant recurrence.
Based on the fact that the AFP level correlates with the MVI and degree of differentia-
tion [13], and the PIVKA-II (DCP) level correlates with the MVI and micro-intrahepatic
metastasis [14], these two tumor markers have been frequently selected as surrogate mark-
ers of the biological behavior of HCC. In the last decade, their inclusion in the development
of criteria has become mainstream.

In 2012, Duvoux reported an AFP model scored by the tumor diameter, number, and
AFP level. In their report, patients with a score of ≤2 were indicated for transplantation



Cancers 2022, 14, 419 4 of 23

(with a 5-year survival rate of 70%). Furthermore, they addressed the importance of AFP
for predicting post-transplant recurrence, as the AFP level was able to predict patients
with a poor prognosis despite meeting the Milan criteria (AFP > 1000 ng/mL) and a good
prognosis despite not meeting the Milan criteria [15]. Hameed at UCSF also emphasized
that patients with a high AFP level (>1000 ng/mL) could show a poor prognosis even when
they met the Milan criteria and that the AFP level needed to be reduced to <500 ng/mL
prior to transplant [16]. In 2015, Toso, who had reported the TTV criteria, updated their
criteria by adding an AFP cut-off (<400 ng/mL) to improve the reliability (TTV + AFP
criteria) [17]. Mazzaferro, who reported the Milan and Up-to-7 criteria, developed the
Metroticket 2.0 model in 2018. According to this model, the overall 5-year survival rate
reached 79.7%, and tumor recurrence could be more accurately estimated than with the
Milan, UCSF, AFP model, or Up-to-7 criteria [18]. Costentin reported that the Harrell’s
C-statistics for the Metroticket 2.0 model were significantly higher than those for the Milan
criteria (p < 0.001), UCSF criteria (p < 0.001), Up-to-7 criteria (p < 0.001), and AFP model
(p = 0.044) [19].

Several criteria in the field of LDLT have been reported, mainly from Japan and South
Korea, where deceased donors are scarce. In 2007, Todo incorporated the PIVKA-II and
AFP levels into established criteria and reported the AP criteria based on an analysis using
a Japanese national database. In their report, using the AP criteria (AFP < 200 ng/mL
and PIVKA-II < 100 mAU/mL), the 5-year survival rate reached 82.0% in total [20]. The
University of Tokyo group who reported the 5-5 criteria also pointed out the importance
of incorporating the AFP (<400 ng/mL) and PIVKA-II (<200 mAU/mL) levels into the
criteria [21]. In line with these reports, a Kyoto University group reported the Kyoto criteria
based on 136 patients’ data [22]. A Kyushu University group also reported the Kyushu
criteria based on their analysis of 109 cases [23]. Although the Kyoto and Kyushu criteria
were characterized by the sole use of PIVKA-II as a biological marker of HCC, the 5-year
survival rates reached 87% and 80%, respectively. Likewise, the Asan Medical Center in
South Korea also advocated the importance of two tumor markers (AFP < 150 ng/mL and
PIVKA-II < 100 mAU/mL) [24]. In the same year, a model to predict tumor recurrence after
living donor liver transplantation (MoRAL) score (11 ×

√
PIVKA-II + 2 ×

√
AFP), was

reported from three major liver transplant institutions in South Korea. According to the
report, patients with a score of <314.8 could be expected to have a good prognosis, even
when their HCC exceeded the Milan criteria [25] (representative criteria shown in Table 2).

Table 2. Extended criteria by adding the surrogate markers for biological behavior of HCC.

Criteria Author Year Institution Criteria Cases Outcome External
Validation

Hangzhou Zheng [10] 2008
Zhejiang

University, China

Total tumor diameter less
than or equal to 8 cm

195

Within Milan:
5-year survival

rate: 78.3%

#Total tumor diameter more
than 8 cm, with

histopathologic grade I or II
and preoperative AFP level

less than or equal to
400 ng/mL

Within Hangzohu:
5-year survival

rate: 72.3%

Toronto Dubay [11] 2011 Univ. of Toronto,
Canada

No vascular invasion on
imaging studies

294

Within Milan:
5-year survival

rate: 72%

HCC is confined to the liver,
and not poorly diffentiated

on biopsy.

Within Tronto:
5-year survival

rate: 70%
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Table 2. Cont.

Criteria Author Year Institution Criteria Cases Outcome External
Validation

AFP model Duvoux [13] 2012
French Study
group, France

HCC size (cm): ~3
(0)/3.1~6 (1)//6.1~ (4) 537

Less than score 2:
5-year survival

rate: 70%
#Number of HCC: ~3

(0)/4~ (2)
435

(validation)

AFP (ng/mL): ~100
(0)/101~1000 (2)/1001~ (3)

TTV+AFP Toso [17] 2015 Univ. of Alberta,
Canada

TTV less than 115 cm3

233

Within TTV/AFP
but beyond Milan:

4-year survival
rate: 74.6%

AFP less than 400 ng/mL

Metroticket
2.0 model

Mazzaferro
[18] 2018

Multicenter, Italy Up-to-7 &
AFP < 200 ng/mL 1018

5-year survival
rate: 79.7%

#Fudan Univ.,
Chila

Up-to-5 & AFP
200–400 ng/mL

341
(validation)

Up-to 4 & APP
400–1000 ng/mL

AP criteria Todo [20] 2007 Multiceter, Japan
AFP (<200 ng/mL) and

PIVKA-II (<100 mAU/mL)
to the Milan criteria

653 5-year survival
rate: 82.0%

Kyoto Takada [22] 2007 Univ. of Kyoto,
Japan

Maximum diameter of
<5 cm, <10 tumors, and

PIVKA-II < 400 mAU/mL
136 5-year survival

rate: 87% #

Kyushu Shirabe [23] 2011 Univ. of Kyushu,
Japan

PIVKA-II < 300 mAU/mL,
regardless of the number of
tumors, as long as it is less

than 5 cm in diameter

109 5-year disease free
survival rate: 80%

MoRAL
score Lee [25] 2016 Multicenter,

Korea

MoRAL Score (11 ×√
PIVKA-II + 2 ×

√
AFP)

< 314.8
566

Low Moral but
beyond Milan:
5-year survival

rate: 82.6%

#

Japan Shimamura
[26] 2019

Multicenter,
Japan

Nodule size < 5 cm in
diameter, nodule number

< 5, and AFP < 500 ng/mL
965

Within 5-5-500:
5-year overall
survival rate:

75.8%

Within Milan or
5-5-500: 5-year
survival rate:

74.8%

#: Externally validated.

In almost all the newly developed criteria, surrogate markers for the biological behav-
iors of HCC have been integrated with the morphological limitations. AFP has mainly been
selected in Western countries, while PIVKA-II is occasionally selected in Asia. Although
the importance of including surrogate markers in criteria has been widely recognized,
which surrogate marker should be selected and when and how the marker should be used
remains debatable.

4. Prediction for HCC Recurrence and Survival after Transplantation

New attempts have also been made to predict the high-risk recurrence group, adapting
the histopathological findings of the resected liver. In 2017, a four-year follow-up result
of the application of a model of recurrence after the liver transplant (MORAL) score was
reported [27]. With this score model, the tumor diameter and neutrophil-to-lymphocyte
ratio [28], as well as the AFP level, were selected as preoperative determinants for the pre-
MORAL score. Furthermore, the post-MORAL score was calculated based on histopatho-
logical tumor factors (tumor diameter and number, MVI, and tumor differentiation), and
finally, the combo-MORAL score was estimated as the sum of the pre- and post-MORAL
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scores. According to the score, the patients were categorized into low, moderate, high, and
very high-risk groups of post-transplant recurrence. The pre-, post-, and combo-MORAL
scores better predicted HCC recurrence after liver transplantation than the Milan criteria,
with C-statistics of 0.82, 0.87, and 0.91, respectively [27]. The RETREAT score, reported in
2018, also predicts the recurrence rate using the MVI from postoperative histopathological
examinations in combination with the maximum tumor diameter, number of tumors, and
AFP level [29]. In accordance with the result, the risk of recurrence was predicted to be
<10% in those with a score of ≤3 but >20% in those with higher scores.

Other than the post-transplant recurrence, the prediction of survival should be consid-
ered when determining the indication of transplantation for HCC. The hazard associated
with liver transplantation for HCC (HALT-HCC) score, reported in 2017 [30,31], was a
predictive formula constructed based on a study of 420 cases from 2002 to 2014 and was
validated with 13,717 cases in the United States during the same period. As per the result,
the prognosis deteriorated in a stepwise manner as the score increased, and if the score
exceeded 17, the prognosis was considered poor. In 2020, a validation study using a total of
4089 cases (in the US, Europe, and Japan) was reported, and the score was deemed able to
be adopted regardless of the region after correcting the HALT-HCC score. Furthermore, it
has been reported that the score was able to predict the poorly differentiated components
and MVI of HCC more accurately than the Milan criteria, Metroticket 2.0 model, or MORAL
score [32] (Table 3).

Table 3. Prediction for HCC recurrence and survival after transplantation.

Criteria Author Year Institution Risk Factors Cases Cut-Off External
Validation

MORAL
score

Halazun [27] 2017
Weill Cornell

Medical college,
USA

Pre-MORAL: Max size
> 3 cm (3),

AFP ≥ 200 ng/mL (4),
NLR ≥ 5 (6)

339

Low risk ≤ 2

Post-MORAL: Grade 4
tumor (6), Vascular

invasion (2), Max size
> 3 cm (3), Number > 3 (2)

Mod. risk 3–6

Combo-MORAL: Pre-
MORAL+Post-MORAL High risk 7–10

very High risk
>10

RETREAT
score

Mehta [29] 2018
Univ. of

California, USA

Max size + Number: 0
(0)/1~4.9 (1)/5~9.9

(2)/≥ 10 (3)

3276

3-year recurrence
rate

#

AFP (ng/mL): 0~20
(0)/21~99 (1)/100~999

(2)/≥ 1000 (3)
Score 0 = 1.6%

Presence of microvascular
invasion: − (0)/+ (2) Score 1 = 5.0%

Score 2 = 5.6%

Score 3 = 8.4%

Score 4 = 20.3%

Score 5 ≤ 29.0%

HALT-HCC Sasaki K [30] 2017

Cleveland Clinic

HALT-HCC score = 1.27 ×
(TBS (tumor burden score))
+ 1.85 × 1n (AFP) + 0.26 ×

(MELD-Na)

420 5-year overall
survival

#
SRTR 13,717

(validation) Q1: 78.7%

Q2: 74.5%

Q3: 71.8%

Q4: 61.5%



Cancers 2022, 14, 419 7 of 23

Table 3. Cont.

Criteria Author Year Institution Risk Factors Cases Cut-Off External
Validation

Recalibrated
HALT-HCC

Firl DJ [32] 2020

4 centers in
North America Recalibrated HALT-HCC

score = 1.33 × TBS + 2.31 ×
1n (AFP) + 0.25 ×

(MELD-Na) − (5.57 in Asia)

4089

lowest-risk
patients

(HALTHCC 0–5)

10 centers in
Europe

highest-risk
patients

(HALTHCC > 35)

2 centers in Asia

#: Externally validated.

These can be helpful in clinical practice for making decisions regarding tailoring
post-transplant immunosuppressive therapy: reducing immunosuppressants, switching to
mTOR inhibitors from calcineurin inhibitors, and modifying the post-transplant follow-up
protocol on a per-patient basis.

5. Candidates of Surrogate Markers for Biological Behavior of HCC

Morphologically small HCC may have aggressive biological features with an unfavor-
able post-transplant outcome, while patients with non-small tumors can have a low risk
of HCC recurrence after liver transplantation. Therefore, the morphological criteria have
evolved to incorporate the biological behavior of HCC.

In this context, both the MVI and tumor differentiation, especially a poor histologic
grade, have been shown to be important pathological factors [33]. While a liver biopsy
remains the gold standard for evaluating these tumor characteristics, a pre-transplant tumor
biopsy often underestimates tumor differentiation due to the heterogeneity of HCC [34].
Microvascular invasion cannot be assessed in a biopsy specimen due to sampling bias. Even
in a whole explanted or resected specimen, there are sometimes difficulties in evaluating this
histological feature [35]. To predict these pathological components, many surrogate markers
have been examined. In addition to the above-mentioned factors, the proliferation activity
and metastatic potential of tumor cells, as well as the inflammatory or immunological status
around the tumor influencing its progression, should also be considered. To refine the
morphological selection criteria of liver transplantation for HCC, several surrogate markers
that are related to the tumor biology have been integrated into the recent criteria described
above. These markers can be categorized as serum tumor markers, systemic inflammatory
biomarkers conditioning tumor progression, radiological characteristics related to the
biological behavior of HCC, and the prediction of the micro-metastasis through liquid
biopsy. Furthermore, evidence regarding the tumor responses to locoregional treatments as
an imperative determinant has recently been accumulated.

5.1. AFP

AFP has been reported as a surrogate marker of tumor differentiation and vascular in-
vasion [36]. It has also proven to be a useful biomarker for identifying patients at high-risk
for HCC recurrence after liver transplantation, depending on the AFP cut-off [37,38]. Addi-
tionally, AFP has been selected as a surrogate marker of tumor biology and integrated into
almost all criteria reported in the past decade, including the Hangzhou criteria, the French
AFP model, the TTV + FP model, and the Metroticket 2.0 model. These facts underscore
the value of AFP as a surrogate marker for HCC tumor biology and for predicting HCC
recurrence after liver transplantation. Although consensus concerning the best cut-off value
has yet to be achieved, the integration of tumor biology (including AFP) into the selection
criteria was recommended with strong strength for both the deceased and LDLT in the
working group report from the 2020 International Liver Transplantation Society transplant
oncology consensus conference [39].

Regarding the mechanism underlying the relationship between AFP and tumor behav-
iors, several potential processes have been proposed. Among them, intracellular AFP has
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been reported to upregulate HCC cell proliferation directly by activating the proto-oncogene
tyrosine-protein kinase Src and c-myc. Furthermore, this type of AFP is considered to ac-
celerate the metastatic potential by enhancing adhesion molecules, such as cytokeratin-19
and the epithelial cell adhesion molecule (EpCAM), through phophoinositide-3 kinase
(PI3K)/AKT activation [40,41]. Alternatively, extracellular AFP has been reported to not
only induce tumor cell proliferation via the AFP receptor but to also provoke the apoptosis
of dendritic cells, causing the inhibition of the anti-tumor immune system [40,41].

5.2. PIVKA-II (DCP)

The abnormal form of prothrombin induced by vitamin K absence (PIVKA-II, also
known as DCP) is produced during the malignant transformation of hepatocytes. It upreg-
ulates the expression of angiogenic factors, such as an endothelial growth factor receptor
and a vascular endothelial growth factor [42,43]. Up-regulation of PIVKA-II has been found
to correlate with the degree of malignancy of HCC, as PIVKA-II positive tumors are charac-
terized by an increased risk of intrahepatic metastasis, capsule infiltration, and MVI [12,44].
Furthermore, PIVKA-II-positive and AFP-negative tumors are aggressive, since they are
usually large tumors with poor differentiation and positive vascular invasion [45,46]. Based
on these findings, PIVKA-II is considered a useful biomarker for identifying patients at
high-risk of HCC recurrence after liver transplantation.

In the working group report from the 2020 ILTS transplant oncology consensus confer-
ence, the integration of PIVKA-II (<7.5 ng/mL [<624 mAU/mL]) into the selection criteria
was recommended with strong strength in LDLT [39]. Additionally, PIVKA-II has been
incorporated into several criteria, such as the Kyoto criteria, Kyushu criteria, AP criteria,
and South Korean MoRAL score, with or without the AFP value. However, despite the
usefulness of PIVKA-II as a biomarker, the selection criteria of liver transplantation for
HCC incorporating PIVKA-II have mainly been reported from Asian countries, possibly
due to its limited clinical applicability. Although consensus regarding the best cut-off
value has yet to be reached, the selection criteria might be made more reliable by adding
PIVKA-II rather than including just AFP alone. In this context, the Mayo clinic reported
that the hazard ratio of HCC recurrence after liver transplantation was 5.2 when both
AFP ≥ 250 ng/mL and PIVKA-II ≥ 7.5 ng/mL were considered together, compared to
3.5 and 2.8 when applying PIVKA-II ≥ 7.5 ng/mL alone and AFP ≥ 250 ng/mL alone,
respectively [47].

5.3. NLR

The NLR is an inflammatory marker that is determined by the ratio of peripheral
blood neutrophils to lymphocytes. The relationship between the NLR and recurrence after
liver transplantation among HCC patients was first demonstrated by Halazun in 2009,
where patients who met the Milan criteria with an NLR of ≥5 had a poorer recurrence-
free survival (RFS) than those with an NLR of <5 (25% vs. 75%) [48]. Since then, the
NLR has been considered as a possible independent risk factor for post-transplant HCC
recurrence. A meta-analysis conducted by Xu of 13 studies including 1936 transplanted
HCC patients showed that an elevated NLR was associated with a decreased RFS after liver
transplantation (hazard ratio (HR): 3.77). In addition, the study indicated that an elevated
NLR was associated with the presence of vascular invasion (odds ratio (OR): 2.39) and was
less frequent among patients who met the Milan criteria than in those who did not (OR:
0.26) [49].

The NLR is usually selected as a biological marker, not alone but rather in combination
with other factors, such as the tumor size and number, and AFP or PIVKA-II levels. In this
fashion, several patient criteria of liver transplantation for HCC have been proposed [50–55].
The NLR cut-off value varies among reports, ranging from 2.66 to 6.0. In this context, Xu
recommended a cut-off of 4.0 based on the results of their meta-analysis in 2018 [49].
Shindoh assessed the ability of the NLR to predict post-transplant recurrence compared
with the AFP and PIVKA-II values. After evaluating three different pre-transplant values
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(the value just before the transplant, and the maximum and mean values within 90 days
before the operation) for the NLR, AFP, and PIVKA-II, the maximum AFP, and PIVKA-II
values and the mean NLR were found to be independently associated with HCC recurrence.
However, the NLR had a limited prognostic impact (AUC: 0.62), and the maximum AFP
and PIVKA-II had sufficient predictive power (AUC: 0.88 and 0.76, respectively) [52]. In
contrast, in the MORAL score proposed by Halazun in 2017, a preoperative NLR > 5
(HR: 6.2), AFP > 200 ng/mL (HR: 3.8), and tumor size > 3 cm (HR: 3.2) were found to be
independently associated with a worse RFS, and it was concluded that the preoperative
NLR was the most reliable predictive determinant of recurrence [27]. However, despite the
NLR being potentially related to the post-transplant recurrence and outcome, conclusions
regarding its consistency have not been reached by consensus. Variations might have been
caused by differences in the profile of white blood cells between cirrhotic and non-cirrhotic
patients.

The molecular mechanism underlying how the NLR is associated with HCC recurrence
after liver transplantation has not been fully evaluated. However, it is hypothesized that
neutrophils are involved in the vascular invasion and metastasis process by increasing the
production of angiogenic factors, such as VEGF [56,57]. In contrast, it has been reported
that IL-17 and tumor-associated macrophages (TAMs) rather than VEGF, contribute to
tumor progression; an elevated NLR is correlated with the up-regulation of IL-17 and
an increased TAM infiltration into peritumoral regions, by which HCC growth, tumor
migration mediated by matrix metalloproteinase, and downregulation of the anti-tumor
immune response are induced [28].

5.4. 18F-Fluorodeoxyglucose Positron Emission Tomography/Computed Tomography (18F-FDG
PET/CT)

Regarding the radiological characteristics associated with the biological behavior of
HCC, 18F-FDG-PET/CT has been attracting attention. In HCC, the growth rate, and activity
of glycolytic enzymes are related [58]. In particular, poorly differentiated HCC cells have
low glucose-6-phophatase activity and show high uptake of 18F-FDG [59]. Seo reported that
the tumor/non-tumor ratio of the standardized uptake value [60] increased in a stepwise
fashion according to tumor differentiation, with significant differences in the value noted
between well- and moderately differentiated tumors and between moderately and poorly
differentiated tumors [61]. Additionally, PET/CT indicated the biological status of the
tumor aggressiveness and showed a good correlation with explant pathology in HCC. Fur-
thermore, regarding the accuracy of PET/CT for detecting MVI and tumor differentiation,
the range has been reported at 68.3–88.1% and 54.7–71.4%, respectively [62–67].

Seoul National University Hospital was the first to report the effectiveness of pre-
transplant PET/CT for predicting post-transplant HCC recurrence [66]. Subsequently,
Kornberg et al. reported that PET/CT-negative HCC patients might achieve an excellent
post-transplant recurrence-free survival even when not meeting the Milan criteria [68].
Many studies have since reported a poor overall and recurrence-free survival in patients
with PET/CT-positive HCC after liver transplantation. The recurrence-free survival rate at
3 years after liver transplantation was 35.0–57.1% in PET/CT-positive patients and 84.5%
to 94.6% in PET/CT-negative patients [62–66,69]. When patients were divided according
to meeting the Milan criteria, the gap in patients who did not meet the Milan criteria was
increased compared to those who met the Milan criteria. Lee found the difference in patients
who did and did not meet the Milan criteria to be 16.0% and 35.8%, respectively [62]. Based
on these data, they concluded that PET/CT findings were more important in patients with
advanced HCC than in others.

The usefulness of performing PET/CT in patients not meeting the morphological
criteria was recently reported by a Taiwanese group who combined PET/CT results with
the UCSF criteria (recurrence rate: 3.6% in those who met the UCSF criteria vs. 11.1% in
those who did not meet the UCSF criteria with PET/CT negativity) [70], by a Korean group
who incorporated PET/CT into the Milan and UCSF criteria (5-year recurrence-free survival
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rate: 73.3% in those who did not meet the Milan criteria with PET/CT negativity and 72.8%
in those who did not meet the UCSF criteria with PET/CT negativity) [62], and by a German
group [71] who applied the Up-to-7 criteria and PET/CT (5-year recurrence-free survival
rate: 81.0% in those who met the Up-to-7 criteria vs. 87.1% in those who did not meet the
Up-to-7 criteria with PET/CT negativity). In this context, a Japanese multi-center study
showed that the subgroup of patients who did not meet the Milan criteria with negative
PET/CT findings and a low AFP value achieved a 5-year recurrence rate of 19%, which was
equivalent to that among patients who met the Milan criteria (7%, p = 0.1) [72]. Hong et al.
further developed the concept, hypothesizing that the combination of the PET/CT and
serum AFP level might improve the prediction of the post-transplant outcome for patients
with HCC. Using a cut-off value of 200 ng/mL for AFP and 1.1 for the tumor-to-normal
liver ratio maximum SUV value (SUVmax T/L ratio) to define “high-risk” HCC, they found
that the rate of MVI and poor differentiation was 33% and 92%, respectively, in the high-
risk group. Conclusively, the 5-year recurrence-free survival rate was only 8.4% in these
high-risk patients [73].

The definition of PET/CT positivity has not reached a consensus due to the high
uptake of 18F-FDG in the background liver. In this context, (a) the SUVmax of the tumor,
(b) the SUVmax T/L, and (c) the ratio of the tumor SUVmax to the normal liver mean SUV
(TSUVmax/LSUVmean) have been recognized as objective indices for defining positivity.
Among these, Lin found that the SUVmax T/L ratio was an independent predictor of
vascular invasion and that the optimal cut-off values for the SUVmax of the tumor and
SUVmax T/L ratio for predicting HCC vascular invasion were 3.80 and 1.49, respectively [74].
In contrast, Ahn reported the reliability of TSUVmax/LSUVmean, where a value of >1.2 had
a statistically significant association with MVI, with an odds ratio of 14.2 [75].

Although the definition of its positivity and the proper scope of patients to whom
PET/CT should be applied remain matters of debate, PET/CT is still a potential candidate
surrogate marker for incorporation into the selection criteria in a cost-benefit balance. In
the working group report from the ILTS transplant oncology consensus conference, the
integration of PET/CT into the selection criteria was recommended with strong strength in
LDLT [39].

5.5. Liquid Biopsy

Liquid biopsy has attracted much attention as a possible surrogate marker for the
biological behavior of HCC. Circulating tumor cells (CTCs) or tumor cell-free nucleic acids
in peripheral blood have mainly been utilized as an index of micro-metastasis. Li et al.,
reported their utility in diagnosing and prognosis prediction of HCC [76]. Since the liver is
thoroughly removed in LDLT or deceased donor liver transplantation, post-transplant HCC
recurrence is not theoretically encountered in the absence of extrahepatic micro-metastasis.
Meanwhile, circulating HCC cells have not always been associated with post-transplant
HCC recurrence, even when they are detected preoperatively [77]. Xue et al., has reported
its usefulness as a good prognostic indicator for post-transplant HCC recurrence in which
an immunostaining-fluorescence in situ hybridization (iFISH) platform was used to detect
CTCs. They concluded that preoperative iFISH-CTCs ≥ 5/7.5 mL was the most valuable
determinant for recurrence-free survival after liver transplantation [78]. Wang et al., also
reported that a postoperative CTC measurement was a potential biomarker for predicting
tumor recurrence after transplantation and emphasized the importance of postoperative
serial CTC detection in surveillance to detect the recurrence of HCC [79]. However, very
little data are available to support the potential role of CTCs as a preoperative predictor of
the recurrence of HCC after liver transplantation.

In terms of circulating cell-free nucleic acids, the AFP mRNA expression in peripheral
blood has been suggested as a surrogate of CTCs. Marubashi et al. reported its usefulness
in predicting the recurrence of HCC after LDLT [80]. However, the utility is controversial,
and some authors even consider AFP mRNA to be non-specific for micro-metastasis of
HCC.
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Although the complex methods used to detect these tumoral components have im-
proved dramatically, a consensus has yet to be obtained with regard to the methodology,
and the improvement of sensitivity remains an issue to be resolved. Furthermore, evidence
of their association with HCC recurrence after liver transplantation should be proven in a
large multi-center cohort. Thus, at the present time, no firm conclusion has been drawn re-
garding the value of a preoperative liquid biopsy for predicting post-transplant recurrence
of HCC.

5.6. Response to Locoregional Therapy

To understand the actual biological tumor behavior, the tumor dynamics should be
evaluated, rather than consulting a snapshot tumor marker or inflammatory biomarker
value or the radiological characteristics. Assessing the response to locoregional therapies,
such as transarterial chemoembolization (TACE), selective yttrium-90 radioembolization
(Y-90) and/or radiofrequency ablation (RFA), can help clarify the individual tumor behavior
based on dynamic changes. A single-center experience in Germany demonstrated that
HCC patients who were free from progression after TACE achieved an excellent 5-year RFS
rate post-transplantation compared to patients with progressive disease (PD) after initial
TACE [81]. Furthermore, the complete response (CR) rate promoted by TACE led to a
superior 5-year RFS rate (94.4%), whereas the partial response (PR) and stable disease (SD)
were associated with lower RFS rates (46.7% and 50.0%, respectively) [82]. In line with this,
the rate of post-transplant HCC-related death (5-year) was significantly lower in those with
CR to pre-transplant locoregional therapy (n = 355, 3.1%) than in those with PR/SD (n = 214,
9.6%) or PD (n = 290, 13.4%) [83]. Similarly, when locoregional treatment resulted in CR or
PR, the incidence of waitlist dropout and recurrence rate was dramatically reduced [84–86].
Recent data from the US Multicenter HCC Transplant Consortium (UMHTC) that included
3439 adult patients who received pre-transplant locoregional therapies revealed that 802
(23%) patients with HCC achieving pathological CR (pCR) on explant pathology had a
superior 5-year RFS rate (73%) compared to those without pCR (n = 2637, 64%). The study
identified predictive factors associated with pCR as being a low AFP value, low NLR,
female gender, low MELD, and young age. Meanwhile, the factors being less likely to
achieve pCR were HCV and cryptogenic cirrhosis, a short wait-time region, and multiple
locoregional therapies (≥3) [87]. Additionally, despite locoregional therapy, an AFP slope
>7.5 ng/mL per month was associated with HCC recurrence post-transplantation (HR,
3.0, p = 0.03) [88]. A study of LDLT from a Kyoto group showed that the number of
pre-transplant treatments, including resection and locoregional therapies, could predict
the risk of HCC recurrence post-transplantation, with patients who had undergone ≥5
pre-transplant treatments showing a higher 5-year recurrence rate than others (30% vs. 7%
no pre-transplant treatment, p = 0.09) [89]. Thus, the response to locoregional therapy is
closely correlated with post-transplant HCC recurrence.

The response to locoregional therapies likely serves as a useful surrogate marker for
predicting HCC recurrence after liver transplantation [90]. Indeed, accumulated evidence
shows that the radiographic response to locoregional therapy should be included in the
selection criteria for optimizing survival post-transplantation. In this context, it has been
reported that the Metroticket 2.0 framework should be adjusted by modified Response
Evaluation Criteria in Solid Tumors (mRECIST) [83]. In brief, some cases of PR/SD and all
cases of PD should be applied with the modified Metroticket 2.0 framework corresponding
to the mRECIST grade to accomplish a cumulative incidence of HCC-related death of
<30% [83]. Furthermore, the time-radiological-response-alpha-fetoprotein-inflammation
[TRAIN] score which is determined by radiological response to locoregional therapy
evaluated by mRECIST, AFP slope, the NLR, and waiting time has emerged to guide
transplantable patients [91]. A retrospective multi-center study revealed that changes in the
HALT-HCC score during locoregional therapies could stratify the risk of waitlist dropout
and recurrence post-transplantation [92]. The HALT-HCC score as well as the TRAIN score,
which is a longitudinal evaluation of the tumor dynamics, may quantify the individual
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risk more effectively than a category-based evaluation, such as mRECIST. The working
group of the ILTS noted that composite criteria, including the response to locoregional
treatments, are likely to replace conventional morphological criteria for defining transplant
feasibility [39]. It is conceivable that observing the tumor behavior after locoregional
therapies would provide valuable insight into selection criteria for precisely predicting the
risk of post-transplant recurrence of HCC, although there is a limitation in that locoregional
therapy is only applied to patients with a well-preserved liver function. The most accurately
predictive criteria for post-transplant HCC recurrence may thus depend on the patient’s
oriented algorithm.

6. Selection Criteria and Allocation Rule Worldwide

The significance of extended criteria concerns maximizing each patient’s benefit, and
the argument concerning selection criteria is based on scientific fact. However, an allocation
system cannot be established by scientific fact alone, as social situations should be taken into
consideration. This is because the number of available donations and the distribution of
liver disease etiology vary markedly among countries [93]. Therefore, an allocation system
should be implemented based on both scientific facts and a given country’s situation.

There are three major principles concerning allocation rules: urgency, utility, and
transplant benefit [94]. Medical urgency is the most widely accepted principle and has
been widely used. The “sickest first” policy approach is useful for saving patients who
would otherwise die without liver transplantation. To reduce the waiting list mortality, an
approach based on medical urgency is considered the best allocation policy. As the medical
urgency is estimated by the MELD score, it is difficult to incorporate HCC factors into an
urgency-based system, as the disease condition varies widely, represented by biological
markers such as AFP, PIVKA-II, and the NLR, even in T2 patients. In this context, individual
prediction models, such as the HALT-HCC [30], can precisely reflect HCC patients’ medical
urgency. However, no definite solution concerning how HCC factors should be integrated
into the MELD score has yet been proposed. Therefore, many countries treat HCC patients
as a homogenous group and award extra points depending on their time on the wait list,
which reflects the tumor progression.

The concept of utility involves maximizing limited donations and avoiding wasting
available grafts [95]. This system allocates livers to recipients with geographic advantages
(i.e., based on proximity) or assigns a priority of patient selection to transplant centers
(center-oriented allocation). While wasting of limited donor organs may be reduced with
this approach, waiting list mortality may increase due to the avoidance of futile transplan-
tation, as “the sickest patient” is not an ideal candidate in this system. To address this
imbalance, several models have been developed to adjust donor-recipient matching, such
as the D-MELD [96], SOFT [97], and BAR scores [98]. These models help to ensure equity
by improving donor-recipient matching—although HCC factors are difficult to integrate
into this system. Therefore, a medical-urgency system involving special HCC scores has
been the mainstream national allocation system for HCC patients.

The new concept of “transplant benefit” [99] was developed to ensure equity among
heterogeneous patients on the waiting list [100]. In brief, transplant benefit refers to how
much lifetime is gained by liver transplantation (“gain in life expectancy”), expressed as
the difference between the estimated lifetime without liver transplantation and the survival
after liver transplantation. This new concept enables both HCC and non-HCC patients to
be evaluated equally, and a transplant-benefit based allocation system is now implemented
as the national allocation policy in several countries.

Table 4 shows the patient selection criteria and allocation system used to prioritize
HCC patients in each country. With the accumulation of cases, several extended criteria
have become used as national selection criteria, and each country has developed its own
allocation system.
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Table 4. Allocation and Prioritization rules.

Country Allocation Rule
Selection Criteria Exception Point Down Staging

Criteria for Exception Points

United States [101] Patient-oriented

All comers

Start at 22, increase by 2 points
every 3 months YesOne lesion ≥ 2 cm and ≤ 5 cm, 2 or 3

lesions 1 cm and ≤ 3 cm

AFP level ≤ 1000 ng/mL

Canada [102] Provincial

British Columbia uses the Milan criteria.
In Alberta, Nova Scotia and Ontario, total
tumor volume (TTV) and AFP are used as

selection criteria. In Quebec, Milan or
TTV and AFP are used.

British Columbia: start at 15,
increase by 3 points every

3 months

Yes

Alberta: MELD-Na for 6 months,
then 26 points: increase by

2 points every 3 months

Ontario: start at 22, increase
3 points every 3 months

British Columbia: lesion > 2 cm Nova Scotia: MELD or assign
22 points

Alberta: lesion > 2 cm or Multiple lesion
or recurrence after ablation

Ontario: same as Alberta

Quebec: If 1 tumor > 2 cm 16–25 points
depending HCC characterics, or 25 points
if TTV ≤ 115 cm3 and AFP ≤ 400 ng/mL

Nova Scotia: Lesion > 2 cm or multiple
lesion

United Kingdom [103]
DBD: patient-oriented

Single tumor ≤ 5 cm, up to 5 tumors all
≤ 3 cm, single tumor > 5 cm and ≤ 7 cm
and no tumor progression over 6 months,

and AFP ≤ 1000 ng/mL No No

DCD center-oriented No

Eurotransplant [104]
Patient-oriented: G/B/N/L Milan criteria, AFP level ≥ 400 ng/mL

(except for Germany) Initial exceptional MELD 15% of
the 90-day predicted mortality,
upgrade in 90-day steps +10%

Center-Oriented: A/H/S/C Milan criteria, AFP level ≥ 400 ng/mL
(except for Germany)

Spain [105] Center-Oriented
Milan criteria and AFP level

≤ 500 ng/mL, or Up-to-7 criteria and
AFP level ≤ 400 ng/mL

No No

France [106] Patient-oriented

AFP score ≤ 2

MELD score at registration
between 6 and 32, the number of
points progressively increases up

to a maximum ranging from 650 to
800 points Yes

HCC TNM ≥ 2 and AFP score ≤ 2 MELD score between 33 and 40,
allocation only depends on MELD

Italy [107] Center-oriented

Either conventional (Milan criteria) or
extended criteria (e.g., up to 7, total
tumor volume, UCSF, a fetoprotein

model) may be used to characterize a
tumor as Transplantable, if they satisfy a

minimal posttransplant utility
requirement (50% 5-year patient survival)

TTDR-TTPR: HCC-MELD + extra
points for time or MELD 22 at
entry + extra points for time

Yes

TT-HCC: any HCC meeting
transplantability criteria (either

conventional or expanded criteria)

TTFR: HCC-MELD Criteria for
awarding extra points for longer

waits and priority class migration
on disease progression will be set

regionally

South Korea [108] Patient-oriented
T2 tumor (Milan criteria) MELD < 14 receive additional

4 points

T2 tumor (Milan criteria) MELD between 14 and 20 receive
additional 5 points

Japan [26] Patient-oriented
Milan criteria or 5-5-500 Exceptional 2 points is added to

MELD score at registry every
3 months

Yes
Milan criteria or 5-5-500

G: Germany, B: Belgium, N: the Netherlands, L: Luxembourg, A: Austria, H: Hungary, S: Slovenia, C: Croatia, TT:
Transplantable, TTDR-TTPR: downstaged patients or partial response to bridge, TTFR: first presentation or late
recurrence.
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In the United States, for example, the chance to undergo liver transplantation is offered
to all patients with HCC. However, extra MELD points are given to T2 patients, as long as
the AFP is ≤1000 ng/mL [101]. Based on national data reporting that the prognosis of T2
HCC patients at the registry is similar to that of patients with a MELD score of 22, the MELD
score starts at 22 in T2 HCC patients, and extra points are assigned in a time-dependent
manner, reflecting disease progression (2 points every 3 months).

In Canada, the selection criteria and allocation rules differ among provinces. As the
selection criteria, the Milan criteria are used in British Columbia; the TTV + AFP model in
Alberta, Ontario, and Nova Scotia; and the Milan criteria or TTV + AFP model in Quebec.
The conditions for assigning extra points also vary among provinces, as shown in Table 4.
Efforts are underway to establish a national consensus for allocation criteria [102].

In the United Kingdom, as long as the AFP value is ≤1000 ng/mL, HCC patients with
≤5 nodules that are ≤3 cm in diameter or a single tumor of >5 cm but ≤7 cm in diameter
with no evidence of tumor progression over a 6-month period are allowed to register with
the waiting list [103]. Bridging locoregional therapy is permitted for all patients while
awaiting transplantation, but a down-staging policy has yet to be established. Regardless
of the tumor burden, no extra points are assigned.

Euro-transplant, excluding Germany, has adopted the Milan criteria as the selection
criteria. For HCC patients to be added to the wait list, one of the following is required:
(a) biopsy-proven HCC, (b) an AFP level of ≥400 ng/mL and one positive result with an
imaging technique, or (c) two positive results with imaging techniques. Extra points are
given to HCC patients both at listing and every 90 days thereafter [104].

In Spain, the Milan criteria have been considered the standard selection criteria.
Patients with an AFP level of >1000 ng/mL should undergo locoregional therapy, and those
with an AFP level of <500 ng/mL are required to be included in the waiting list. Recently, a
moderate expansion was carried out and the Up-to-7 criteria were added to the selection
criteria. Patients beyond the Milan criteria but within the Up-to-7 criteria are required to
have an AFP level of <400 ng/mL. If their AFP level is ≥400 ng/mL, these patients should
undergo locoregional therapy, and be re-evaluated after 1 month [105].

In France, their original prediction model—the AFP model [13]—has been imple-
mented as the national selection criteria since 2013. HCC patients with an AFP model score
of ≤2 are eligible for liver transplantation. France’s allocation rule consists of an original
point system in which the points at registration for HCC patients are determined according
to the MELD score, and extra points are added in a time-dependent fashion. To ensure
utility, the gravity model, which incorporates the distance between the donor and recipient
locations into the HCC point total, is adopted in the allocation system [106].

In Italy, HCC patients can be included on the wait list so long as a 5-year survival rate
of 50% is expected, and multiple criteria (e.g., Milan criteria, UCSF criteria, TTV criteria,
Up-to-7 criteria, French AFP model, etc.) are allowed to be used [107]. The Italian allocation
policy is unique and characterized by a transplant-benefit based system. Their system
evaluates HCC and non-HCC patients according to the 5-year transplant benefit using the
HCC-MELD score [100]. HCC-MELD creates a “MELD equivalent”, which matches HCC
patients with non-HCC patients who have the same MELD score so that equity is ensured.

In South Korea, the Milan criteria are used as selection criteria. Based on their nation-
wide data [108], the 90-day outcomes were similar between HCC patients with a MELD
score of <14 and non-HCC patients with a MELD score of 14–17; therefore, an additional
4 points are given to HCC patients with a MELD score of <14. In addition, the waiting
list survival rates were similar between HCC patients with a MELD score of 14–20 and
non-HCC patients with a MELD score of 21–25, so an additional 5 points are given to HCC
patients with a MELD score of 14–20.

In Japan, where LDLT is the mainstay for those requiring liver transplantation, the
Milan criteria are the government-approved criteria for national insurance coverage for
patients with HCC, aiming at restricting the undue expansion of indications for advanced
HCC. However, some centers have proposed and utilized center-oriented extended indica-
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tions, such as the Kyoto criteria, for those wishing to undergo LDLT in a private practice
setting. Therefore, there has been a strong demand and movement toward expanding the
nationwide-approved criteria, as in other countries. The goal of the new extended criteria
for HCC patients would be to enable the maximal enrollment of candidates while securing
a 5-year recurrence rate below 10% (with a 95% upper confidence limit) by examining
various combinations of tumor numbers and AFP and/or PIVKA-II values, maintaining
the maximal tumor diameter at 5 cm. An analysis was conducted based on retrospective
data from a Japanese nationwide survey of LDLT, including 965 patients undergoing LDLT,
301 of whom did not meet the Milan criteria. Ultimately, the 5-5-500 criteria (tumor ≤ 5 cm
in diameter, tumor number ≤ 5, and AFP ≤ 500 ng/mL) were established, with a 5-year
recurrence rate of 7.3% (with a 95% confidence interval at 5.2–9.3) and a 5-year survival rate
over 70% [26]. Since the exclusion of patients from liver transplantation with these new
criteria who otherwise met the Milan criteria did not seem socially acceptable or rational,
patients with HCC who met the 5-5-500 or Milan criteria are considered candidates for liver
transplantation. By adopting these double eligible criteria, a 19% increase in the number
of eligible patients over the number deemed eligible with the Milan criteria alone was
achieved. Although the 5-5-500 criteria were established in a living donor setting, the new
double eligible criteria have become nationally applied in Japan for deceased donor liver
transplantation in August 2019, and for the health insurance-covered LDLT in April 2020.
The allocation system involves the MELD score in Japan, and extra points are awarded to
HCC patients in a constant manner (2 points for every 3 months on the waitlist).

As described in this section, the discrepancy between the number of liver donations
and that of transplant candidates markedly influences the differences in allocation rules
among countries. However, these rules should aim at maximizing the transplant benefit of
all patients who need liver transplantation. To this end, the selection criteria and allocation
rules of liver transplantation for HCC patients should be meticulously revised based on the
social situation and clinical status.

7. Down-Staging or Bridging to Liver Transplantation

In addition to the extension of criteria, the concept of down-staging can confer an
additional opportunity for HCC patients to receive liver transplantation. Indeed, both
single- [109–111] and multi-center [112] studies have reported a favorable RFS rate post-
transplantation in patients who successfully achieved down-staging with locoregional
therapies to meet the eligibility criteria. A study from UCSF showed that both the 5-year
post-transplant survival and RFS rate were comparable between T2 patients and those
in the down-staging group [109]. A group from the University of Bologna showed that
patients who achieved down-staging to meet the Milan criteria had a comparable RFS
rate (1 year: 78%, 3 years: 71%) to those who initially met the Milan criteria (1 year: 80%,
3 years: 71%) [110]. However, recent data from the US Multicenter HCC Transplant Consor-
tium (20 centers) revealed a significantly higher HCC recurrence rate post-transplantation
(5 years: 18.7%) in the patients who achieved down-staging to meet the Milan criteria
(n = 465) than in those who initially met the Milan criteria (11.1%, n = 3570) [113]. This
suggests that the previous study from Region 5 in the US, with a longer wait-time until
liver transplantation, may lead to the selection of patients with more favorable tumor biol-
ogy than others. In turn, these studies support the notion that biological tumor behavior
in response to down-staging treatment may be a surrogate marker for predicting post-
transplant HCC recurrence, as described in the Section 5.6. Thus, down-staging treatment
has been recognized as an acceptable tool for certain patients with HCC who do not meet
the conventional criteria.

The keys to down-staging treatment are as follows: (1) eligibility criteria; (2) type of
locoregional therapy; (3) endpoint; (4) minimum observation period; and (5) exclusion
criteria [114]. 1. Eligibility criteria. The eligibility criteria for down-staging were defined in
the UCSF down-staging protocol as a national policy in the US. The UCSF down-staging
protocol was classified as meeting one of the following criteria: a single lesion of ≤8 cm, 2
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or 3 lesions each at ≤5 cm with the sum of the maximal tumor diameter being ≤8 cm, and 4
or 5 lesions each at ≤3 cm with the sum of the maximal tumor diameter being ≤8 cm [109],
in which 65% of patients who met the criteria successfully converted to the Milan criteria,
with only 7.5% showing post-transplant HCC recurrence [109]. A multi-center (3 centers
in California) cohort study, according to the UCSF down-staging protocol, showed an
excellent RFS rate post-transplantation (1 year: 95.4%, 3 years: 87.3%) [112]. Furthermore,
the UNOS database, as a national experience of the US, showed that the 3-year survival rate
post-transplantation was 83.2% in the group that always met the Milan criteria (n = 3276),
while 79.1% were in the successfully down-staged group whose HCC initially met the
UCSF inclusion criteria (n = 422, p = 0.17 vs. who always met the Milan criteria), and
71.4% were in the successfully down-staged patients who initially had not met the UCSF
inclusion criteria (n = 121, p = 0.04 vs. who always met the Milan criteria) [15]. More
recently, a prospective multiregional study (7 centers, 4 UNOS regions) also showed that
over 80% of patients successfully underwent down-staging to meet the Milan criteria,
with a low HCC recurrence rate (7.9%) following the UCSF down-staging protocol [115].
The findings described above support the value of the UCSF down-staging protocol as
a national policy in the US. However, when down-staging without an up-front stage
restriction (i.e., down-staging for “all-comers”), the successful down-staging rate decreased
to 42.4%, although the post-transplant RFS rates of patients with any stage (except for stage
IVB) who successfully down-staged to meet the Milan criteria (n = 63) were comparable
to those in the patients who initially met the Milan criteria [116]. Although restricting the
down-staging protocol was recommended in a consensus meeting [39], a national policy for
a down-staging protocol has only been precisely defined in the US. 2. Type of locoregional
therapy. Locoregional therapies for down-staging usually include alcohol injection, RFA,
TACE, TARE, or liver resection [117]. The indication for locoregional therapy obviously
carries safety concerns. The guidelines for TACE propose it be applied to cases of Child
A/B and T-bil≤ 3 mg/dL [118]; otherwise, there is a risk for acute hepatic decompensation,
which renders a patient ineligible for liver transplantation [109]. 3. Endpoint. The endpoint
of down-staging is defined as a reduction in the viable tumor burden to meet the acceptable
criteria for LT, usually the Milan criteria. Other studies define a response to locoregional
therapy based on the mRECIST criteria. In addition, patients with an AFP ≥ 400 ng/mL in
the Bologna group and an AFP >1000 ng/mL in the US are considered to be excluded from
LT [114]. 4. Minimum observation period. A minimum observation period of 3 months
after successful down-staging is widely recommended [117]. 5. Exclusion criteria. Tumor
progression with the development of macro-vascular invasion or extrahepatic spread is
obvious exclusion criteria for down-staging and LT [114].

Locoregional therapy is also performed as a bridging therapy to reduce tumor burden
while awaiting transplantation. Additionally, locoregional therapy as a bridging therapy
has been recognized as being important given the long waiting time until a transplant,
and it can endow a favorable outcome post-transplantation. The ILTS working group and
AASLD guidelines noted that bridging therapy to prevent waitlist dropout seemed justified
when the waiting time was expected to exceed six months [39,119]. However, in cases
with small tumors (i.e., T1), bridging therapy does not affect the recurrence rate or overall
survival [111]. Either way, bridging therapy with an objective response may indicate a
patient is likely to have a favorable outcome post-transplantation.

Furthermore, recent developments in systemic therapy, including molecular-targeted
treatment or immunotherapy, are being tested as bridging therapy [120]. Despite findings
only being reported for a small number of cases (n = 9), the successful effect of nivolumab
in one-third of patients with pCR and explant pathology was recently demonstrated [121].
Furthermore, promising evidence concerning immune checkpoint inhibitors in advanced
HCC cases is expected to lead to the development of new treatment protocols as a bridging
therapy in the future.
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8. Discussion

The Milan criteria have heralded in a new era of liver transplantation as being rec-
ognized as a reliable treatment of choice for HCC. Since the establishment of the Milan
criteria, the liver transplant community has been committing itself to expand indications
for patients who would benefit from this procedure. The expansion of eligibility was
initially attempted by means of raising the threshold of morphological tumor burden
from that described in the Milan criteria. As data accumulated, the morphological criteria
shifted to include the biological behaviors of tumors, aiming at a more reliable prediction
of post-transplant recurrence. As surrogate markers for biological behaviors, serum tu-
mor markers, systemic inflammatory biomarkers, and radiological characteristics have
frequently been proposed. However, which of these is the best choice has not yet been
conclusively determined. Furthermore, how each determinant should be weighed, how
they should be combined, and to whom they should be applied also remains the subject of
debate. Recently, the tumor dynamics, including the response to locoregional therapy, have
garnered greater attention than the situational snapshot obtained by simply evaluating
tumor characteristics. Although the criteria have evolved from a dichotomous nature to
categorization (stepwise manner) and further, to prediction models scoring the risk of
recurrence, composite criteria that combine surrogates for tumor biology and the tumor
dynamics might replace conventional morphology-based criteria for selecting patients with
HCC for liver transplantation.

The patient selection criteria must be based on evidence from the post-transplant
recurrence and overall outcome. In LDLT, the selection criteria directly regulates the
eligibility by balancing the recipient benefit against the donor risk. In consideration of the
selection criteria for HCC in LDLT, the ethical consideration is to justify the risk of living
donation if the probability of 5-year survival is expected to be≥60%, as described in a recent
ILTS consensus statement [39]. Allocation rules in deceased donor liver transplantation
should be employed while considering the social situation as well, not least of all because
of the balance between the number of organs donated and candidates and the distribution
profile of HCC and non-HCC patients on the waiting list differ markedly among countries.
However, no matter the situation, the concept of transplant-benefit must be borne in mind,
and further refinement with the accumulation of data is imperative.

The down-staging concept is another promising way to expand the pool of HCC
patients who would benefit from liver transplantation. However, whether the concept
can be applied to all-comers with HCC or if it should be restricted to those with a certain
tumor burden remains controversial. In this context, the recent development of systemic
treatments for HCC, such as tyrosine kinase inhibitors—including lenvatinib—and immune
checkpoint inhibitors, may provide evidence regarding the limitations of this approach.

9. Conclusions

Through the paradigm change in the selection criteria for liver transplantation for
HCC, from solely morphological to the incorporation of surrogate markers for the biological
behaviors, the acceptable tumor burden has gradually been clarified and the patients who
can be expected to benefit from this procedure can be appropriately selected. To improve
the thresholds of liver transplantation for HCC, one goal is to increase the number of eligi-
ble patients. The number of deceased donors, as well as the allocation rule, would directly
influence the expansion of HCC patients who are eligible for liver transplantation. In terms
of the tumor burden, early tumor detection is indispensable. Further, pre-transplant bridg-
ing therapy to prevent dropout due to tumor progression beyond selection criteria, and
down-staging to an acceptable tumor burden in those who would otherwise be excluded
from candidacy would contribute to the evolution of the thresholds. Another strategy for
improvement is the further expansion of the selection criteria. In this regard, effective
perioperative adjuvant therapy based on recent developments in anti-cancer drugs and the
refinement of post-transplant immunosuppression regimens would play a key role.
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