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SUMMARY

Recurrence of hepatocellular carcinoma (HCC) after liver transplantation
(LT) is a significant clinical problem associated with poor surgical out-
comes. This study aims to summarize the current evidence on risk predic-
tion models of HCC recurrence after LT. PubMed and EMBASE were
searched to May 25, 2019, for relevant articles. Studies originally designed
to develop or validate a risk prediction model for HCC recurrence after LT
were included. Two independent authors summarized the study character-
istics and evaluated the risk of bias and applicability concerns in the
included studies. From 26 included studies, 18 original risk prediction
models were determined, but only five models were externally validated.
The average number of predictors involved in the construction of risk
models was three. The most frequently employed predictors were alpha-fe-
toprotein, tumor size, vascular invasion, tumor number, tumor differentia-
tion, and neutrophil-lymphocyte ratio. Most studies showed good
discriminatory performance (AUC >0.75). The overall quality of the
included studies was generally low. Most of the original models lacked the
highly recommended external and prospective validation in diverse popula-
tions. The AFP model was the well-validated preoperative risk model that
can stratify patients into high- and low-risk groups.
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Introduction

Hepatocellular carcinoma (HCC), the most common

primary liver cancer, is a significant health challenge for

doctors and patients worldwide. According to the

World Health Organization, more than one million

patients are expected to die because of liver cancer

within the next decade [1]. Liver transplantation (LT) is

the best therapeutic modality in a group of HCC

patients with underlying cirrhosis. However, the recur-

rence of HCC is a significant clinical problem for

8–30% of all patients who have undergone LT [2,3].

The development of post-LT HCC recurrence appears

to be multifactorial, with numerous pre-, peri-, and

post-transplant predictors. Several studies have

attempted to outline the role of these various predictors
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to develop risk prediction models for HCC recurrence

after LT. The risk prediction models have potential

applicability for individual-based stratification and can

be used to develop therapeutic algorithms, to guide

treatment decisions, and to advise patients. This study

provides the first comprehensive review of risk scoring

systems originally designed to predict HCC recurrence

in patients who had undergone LT.

Materials and methods

This study was performed in accordance with the Pre-

ferred Reporting Items for Systematic Reviews and

Meta-Analyses (PRISMA) checklist [4], the Checklist for

Critical Appraisal and Data Extraction for Systematic

Reviews of Prediction Modelling Studies (CHARMS)

[5], and the Transparent Reporting of a Multivariable

Prediction Model for Individual Prognosis or Diagnosis

(TRIPOD) guidelines [6] where they were applicable.

The PRISMA checklist is available in the Supporting

Information (Table S1). Patient informed consent and

ethical approval were not required, because all data

were extracted from online articles. The systematic liter-

ature review was performed according to a priori estab-

lished study protocol.

Search strategy

Two independent researchers (AA and XW) performed

an electronic bibliographic search of PubMed and

EMBASE without time restrictions, using a combination

of the following keywords: HCC, hepatocellular carci-

noma, liver cancer, hepatoma, recurrence, relapse, model,

score, nomogram, risk, prediction, prognosis, and liver

transplantation. The complete search strategies are pre-

sented in the Supporting Information (Data S1). Only

studies of humans and studies published in English were

considered for inclusion. We then scanned references

from the links of related studies in PubMed to identify

articles that fulfilled the inclusion criteria. To identify

additional relevant studies, we performed another manual

screening for the bibliographies of the involved studies

and related reviews. Studies that were published as

abstracts were excluded from the analysis. The last search

date was May 25, 2019.

Inclusion criteria

The studies were included on the basis of the following

predefined criteria: (i) Original research article pub-

lished in a peer-reviewed journal; (ii) only articles with

participants who had undergone LT; (iii) studies that

confirmed that HCC was pathologically diagnosed after

LT; (iv) studies that identified risk factors for develop-

ing post-LT HCC recurrence and constructed or vali-

dated a risk prediction model at the individual level; (v)

studies that provided a risk measure of HCC recurrence

using a combination of two or more risk factors to pre-

dict the risk of post-LT recurrence; and (vi) studies that

defined the recurrence of HCC after LT as a primary

outcome. Studies were excluded if they were originally

designed to predict overall survival rather than recur-

rence or if they were in the form of a conference report

or abstract.

Data extraction and quality assessment

After the inclusion of the studies, data were extracted

independently by two authors (AA and XW). The

obtained data included the first author name, publica-

tion year, study region, study period, study type (in-

cluding study design and whether the study was

conducted in multiple centers or a single center), num-

ber of patients, study outcome, area under curve

(AUC)/C-statistic or net reclassification index (NRI),

calibration, accuracy measures, standard selection crite-

ria, and the underlying etiology of the liver disease. We

then classified studies into the following types according

to the Transparent Reporting of a Multivariable Predic-

tion Model for Individual Prognosis or Diagnosis (TRI-

POD) guidelines[6]: development only (1a),

development and validation using resampling (1b), ran-

dom (2a) or nonrandom (2b) split-sample development

and validation, development and validation using sepa-

rate data (3), or validation only (4). The level of evi-

dence was estimated according to the Grading of

Recommendations Assessment, Development and Eval-

uation (GRADE) criteria [7]. The risk of bias (ROB)

and applicability concerns of development and valida-

tion studies were estimated based on the Prediction

Study Risk of Bias Assessment Tool (PROBAST) [8], a

novel assessment tool for ROB, which had been pre-

cisely designed for systematic reviews of prediction

studies. This newly launched tool has three separate

domains: participant selection, predictors, and out-

come, with 23 signaling questions that classify ROB

into high, low, or unclear. It also assesses the applica-

bility of a model. Other extracted data included the

presentation method of the final risk prediction model,

the model type (preoperative, postoperative, or gen-

eral), assessment methods of involved risk factors, risk

factors involved in the final model, and risk factors
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considered by the univariate analysis but not included

in the final model. In case of any discrepancy, an

agreement was obtained via discussion with senior

authors (ZS, XX).

Data synthesis

Considering a large number of prediction models and

heterogeneity in characteristics of the included studies,

we selected a narrative synthesis of results supported by

tables, with characteristics listed for every included

study. The discriminatory performance of a risk predic-

tion model for HCC recurrence after LT was measured

using the AUC/C statistics or NRI. This indicator shows

how well the model differentiates between patients with

high and low risk of HCC recurrence after LT. AUCs,

NRI, calibration and accuracy measures (sensitivity,

specificity, negative and positive predictive values) of

development and validation cohorts were reported if the

data were available in the published papers. AUCs range

from 0.5 (poor discrimination) to 1 (perfect discrimina-

tion) [9,10]. Based on the population characteristics of

the validation cohort, the C-statistic of the same predic-

tion model can vary greatly, especially because of the

heterogeneity of the population from which the predic-

tors of the risk prediction model were derived [11]. An

AUC of >0.75 is considered an indicator of good dis-

criminatory performance [12]. The NRI is a statistical

measure used to evaluate whether a new risk model can

provide clinically relevant improvements in the discrim-

inatory performance of an old model [13].

Results

Study selection

Our search strategy identified a total of 257 records.

After the removal of duplicates (n = 105) and exclusion

at the title and abstract level (n = 71), 81 papers were

qualified for full-text evaluation. After full-text review,

55 articles were excluded for the following reasons: The

primary outcome was not HCC recurrence after LT

(n = 47); the risk score was unavailable (n = 6); or the

model only predicted survival after HCC recurrence

Figure 1 Preferred reporting items for systemic reviews and meta-analysis (PRISMA) flowchart.
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(n = 2). This left 26 studies [14–39] for inclusion in the

final analysis, including 18 original risk prediction mod-

els and eight validation studies. The details of the selec-

tion procedure are described in Fig. 1.

Characteristics of development and validation studies

The characteristics of the 18 original risk prediction

models and their validation studies are presented in

Tables 1 and 2. Only seven studies came from hepatitis

B virus (HBV) epidemic regions, while the remaining

studies (n = 11) originated in western countries, where

hepatitis C virus (HCV) is the most common cause of

HCC. Only one of the 18 studies reported on younger

patients [31]. The study periods had very long time

intervals, ranging from 1981 to 2016. The population

size greatly differed among studies and ranged from 75

to 3276 patients. Fifteen of the 18 original risk models

reported a 5-year recurrence rate as the primary out-

come. Two studies reported a three-year recurrence rate

[19,25], and one study presented a two-year recurrence

rate [16].

The AUC/C statistics were described in most studies

except nine [15,25,30–36]. The NRI was described in

six studies [20,26,33–35,39] to quantify how well a new

model can reclassify patients with HCC recurrence

compared with Milan criteria; however, the 95% CI

was not provided except in Rhu et al.’s study [35].

Most models showed good discriminatory performance

with AUC/C statistics >0.75 either in the development

or validation cohorts. Only in nine risk prediction

models were the AUC/C statistics < 0.75 either in

development or validation cohorts, indicating modest

discriminatory performance [14,17,20–22,26,28,29,31].

Of the 18 original risk prediction models, calibration

was reported in only five studies [14,16,21,23,26] and

was presented as a curve in two studies, as a Hosmer–
Lemeshow statistic in another two studies, or as a chi-

squared test in only one study. Sensitivity and speci-

ficity were reported in six risk prediction models and

ranged from high sensitivity (100%) and low specificity

(7%) in Chan et al.’s model [29] to low sensitivity

(26.1%) and high specificity (91.8%) in Lai et al.’s

model [22].

The presentation and assessment methods of the risk

factors involved in the final models and the risk factors

that were considered by the univariate analysis but were

not involved in the final risk scores are described in

Table 3. Half the original risk models were presented in

a point-based format without any available online calcu-

lation tools. The majority of the models were

constructed based on traditional risk factors of HCC

recurrence, including alpha-fetoprotein (AFP) [14–

22,24], tumor size [15,16,18,24,26,28–30], vascular inva-

sion [18,20,24,27,29–31], tumor number [15,18,26–28],

and tumor differentiation [16,24,29,30]. Other risk

models were derived using a combination of these well-

known predictors with other serological biomarkers,

such as the neutrophil-lymphocyte ratio (NLR)

[18,22,24,27], fibrinogen levels [17,25], and cholesterol

[24]. The average number of predictors involved in the

construction of risk models was three.

Only five of the 18 original risk scores were validated

[20,26,28,29,31]. The AFP model [26] was the most val-

idated risk model in five studies, followed by Decan

et al.’s model [28] in four studies, Mehta et al.’s model

[20] in two studies, and Iwatsuki et al.’s model [31] in

two studies. No considerable difference was observed in

the NRI of the AFP model of Duvoux et al. [26], which

ranged between 0.02 in Rhu et al.’s study [35] from

Korea and 0.06 in the study of Pi~nero et al. [33] from

Latin America. The other characteristics of the valida-

tion studies are illustrated in Table 2.

Quality assessment

Among the 26 included studies, 25 were retrospective

cohort studies except for Halazun et al.’s prospective

study [18]. The level of evidence according to GRADE

criteria showed that all studies of the included original

risk models were classified as low quality (Table 1). The

PROBAST tool was used to evaluate the ROB and appli-

cability concerns in the involved risk prediction models

and their validation studies (Table 4). Overall, only eight

of the 26 studies were considered with low ROB and

applicability concerns [18,20,22,24,26,28,34,39]. For the

patient selection domain, 18 of the 26 studies clearly

defined the inclusion and exclusion criteria for study

participants [16–23,25–28,31,33–35,37,39]. The remain-

ing studies either did not offer detailed data for this

domain, or they were unclear or had a smaller sample

size; thus, the ROB and applicability concerns were

reported as high or unclear. The determination of out-

come without a knowledge of predictor information was

not clearly reported in 12 of the 18 the original risk

models; thus, this domain was assessed as unclear. For

the analysis domain, the majority of the studies had no

missing data except the study of Ling et al. [16], which

was handled appropriately. However, the analysis

domain was reported as low in 12 of the 26 included

studies, either because the predictor selection was based

on univariable analysis and/or the complexities of the
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data were not sufficiently clarified, except in 14 studies

[15,18,20,22–24,26,28,29,33–35,37,39].

Discussion

Since the revolution of the Milan criteria in 1996, it has

been considered a benchmark for the selection of HCC

candidates for LT [40–42]. However, the limitations on

the tumor metrics render the Milan criteria very restric-

tive, and some HCC candidates with a potentially good

prognosis lose the opportunity to benefit from LT.

Thus, new criteria (e.g., UCSF [43], Hangzhou [44],

and up-to-seven criteria [45]) have been proposed and

validated to expand the pool of HCC candidates with a

similar prognosis to that of the Milan criteria [46].

However, this expansion usually occurs at the expense

of HCC recurrence. So several risk models have been

developed to predict HCC recurrence in patients who

have undergone LT.

To the best of our knowledge, this study is the first

comprehensive systematic review of risk prediction

models for HCC recurrence after LT. A total of 26 stud-

ies, including 18 original risk prediction models, were

evaluated. The construction of models depends on

applying multivariate analysis if the variables have sig-

nificant results according to the univariate analysis

(P < 0.05). The conversion of continuous variables into

categorical variables was observed in many studies,

which may have resulted in information loss and

reduced statistical power to detect an association

between the risk factors and study outcome. Thus, con-

verting continuous variables into categorical variables

should not be performed except for convincing reasons,

and if the conversion is inevitable, then the cutoff val-

ues should be applied.

To make clear recommendations for the selection of

the most appropriate risk prediction model, we should

take into account the study design, overall quality, sim-

plicity, and external validation and how well a predicted

probability of HCC recurrence matches the observed

risk at the individual level (Table 5). The estimation of

risk prediction models should not be limited only to

ROC analysis, but other measures (e.g., calibration and

accuracy) should also be evaluated. In our analysis,

although eight risk models [14,16–20,24,29] showed a

good discriminatory performance (AUC >0.80), the cal-

ibration was observed only in five risk models. The

results also showed that 13 of the original risk models

[14–19,21–25,27,30] lacked either internal or external

validation, so they cannot be recommended in clinical

practice even if they have a good quality and goodT
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discriminatory performance. For that, further validation

of these risk models is mandatory, and internal valida-

tion should be conducted at least by using bootstrap-

ping techniques. The quality assessment using the

PROBAST tool also showed that only six original risk

models had a good quality with low ROB and applica-

bility concerns; however, these models were derived

from populations where HCV is the predominant cause

of HCC, and there was a lack of independent external

validation, with the only exception being the AFP

model (Table 5). It is noteworthy that the risk of HCC

after LT is strongly associated with the HBV viral load.

However, there is still controversy about the effect of

HCV [47,48]. Although some risk models involve easy-

to-measure factors, they are still complex and impracti-

cal. For example, the nomogram of Agopian et al. [24]

consists of seven risk factors, making it hard to calculate

and limiting its clinical use, regardless of the perfect dis-

criminatory performance (AUC = 0.85). The risk

prediction model should also be derived from a repre-

sentative sample size to effectively reflect actual clinical

practice. Our review showed that three prediction mod-

els were based on a small sample size (<100 partici-

pants) [21,29,30]. Even if these models showed good

discrimination, their results should be interpreted with

caution, because a small sample size can maximize sam-

pling error and does not reflect clinical reality. So the

design of any future risk prediction model must balance

all these factors.

The AFP model was developed in a French cohort of

537 patients and was validated internally and externally

in four studies [32–35], with a total of 1845 patients

distributed among diverse populations and having dif-

ferent HCC causes. This made it the best-validated pre-

diction model, with a good discriminatory performance

and overall quality. NRI calculation was performed

either in the original or in the validation studies to eval-

uate the ability of the AFP model to identify patients

Table 4. Risk of bias and applicability concerns according to PROBAST.

Study

ROB Applicability Overall

Participants Predictors Outcome Analysis Participants Predictors Outcome ROB Applicability

Ma 2019 [14] � + ? � � + ? � �
Shimamura 2019 [15] + + ? + + + ? ? ?
Ling 2018 [16] + + ? � + + ? � ?
Jiang 2018 [17] � ? ? � � ? ? � �
Halazun 2017 [18] + + + + + + + + +
Feng 2017 [19] + ? ? � + ? ? � ?
Mehta 2016 [20] + + + + + + + + +
Pi~nero 2016 [21] � + ? � � + ? � ?
Lai 2016 [22] + + + + + + + + +
Lee 2016 [23] � + + + � + + � �
Agopian 2015 [24] + + + + + + + + +
Li 2015 [25] + + ? � + + ? � ?
Duvoux 2012 [26] + + + + + + + + +
Wang 2011 [27] + + ? � + + ? � ?
Decaens 2010 [28] + + + + + + + + +
Chan 2008 [29] � + + + � + + � �
Parfitt 2007 [30] � + ? � � + ? � �
Iwatsuki 2000 [31] � + ? � � + ? � �
Fern�andez 2018* [38] � + ? � � + ? � �
Rhu 2018* [35] + + ? + + + ? ? ?
Mehta 2018* [39] + + + + + + + + +
Costentin 2017* [37] + + ? + + + ? ? ?
Notarpaolo 2017* [34] + + + + + + + + +
Pi~nero 2016* [33] + + ? + + + ? ? ?
Varona 2015* [32] � + ? � � + ? � �
Marelli 2008* [36] � + ? � � + ? � �
�, high ROB/high concern regarding applicability; ?, unclear ROB/unclear concern regarding applicability; +, low ROB/low con-
cern regarding applicability; PROBAST, Prediction model Risk Of Bias ASsessment Tool; ROB, risk of bias.

*Only validation study.
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with high recurrence compared to Milan criteria, by

reclassifying the recurrence and no recurrence sub-

groups between the Milan criteria and the AFP model.

For instance, in the development cohort, the prediction

of recurrence was improved significantly by using the

AFP model compared with the Milan criteria

(NRI = 0.11, z = 3.28, P = 0.001). However, in the vali-

dation cohort, there was no significant difference

(NRI = 0.15, z = 1.92, P = 0.055), probably because of

the smaller sample size with fewer events [26]. Likewise,

in Notarpaolo et al.’s external validation study [34], by

using NRI for recurrence at two years, there was a signifi-

cant improvement of patients without recurrence com-

pared to the Milan criteria (NRI = 0.14, z = 6.81,

P < 0.001), but the total NRI was not significantly differ-

ent (NRI = 0.03, z = 0.43, P > 0.05), because NRI for

recurrence was similar for the Milan criteria and the AFP

model. Given these good results, we feel that the AFP

model deserves further prospective validation in diverse

populations.

Generally, risk prediction models can be classified

into three categories: preoperative, postoperative, and

general models. Our review revealed that nine risk pre-

diction models were based on preoperative data, five

models were obtained from postoperative data, and six

models were derived from both pre- and postoperative

data, so they were considered general risk prediction

models (Table 3).

The preoperative risk prediction models are mainly

based on radiological and serological predictors, so they

offer an adequate candidate selection and provide an

approximate estimation of the future risk of developing

HCC recurrence, thereby enhancing communication

with patients and their relatives. To evaluate the risk of

HCC recurrence after LT, we recommend that the

assessment of preoperative risk models should be con-

ducted in the context of other expanded selection crite-

ria, which is out of the scope of this study. Also, relying

only on pretransplant estimation is not a perfect

approach, so it is mandatory to take into consideration

both pre- and postoperative predictors, because an

underestimation of more than 30% was observed

between preoperative radiological and postoperative

pathological assessments [20,33,37,49–52].

The postoperative risk prediction models are usually

derived from pathological risk factors, while general risk

prediction models incorporate both pre- and postopera-

tive risk factors, so they cannot be used as a selection tool

for HCC candidates for LT. However, these risk models

can be utilized effectively after LT for different aspects,

such as determining whether HCC surveillance after LT

is necessary. For example, the RETREAT score is recom-

mended to determine optimal screening intervals as well

as to identify patients with a low risk of recurrence, so

surveillance for this group is not required. This can

reduce the cost and avoid the harmful effects of radiation

and contrast [20,42].

The postoperative and general risk prediction models

could also potentially affect the use of neoadjuvant ther-

apies and immunosuppressants after LT, not only by

identifying patients at high risk for HCC recurrence but

also by providing a reference for the predicted probabil-

ity of HCC recurrence, which is very helpful for design-

ing future clinical trials. In other words, patients with a

high risk of post-LT HCC recurrence should be consid-

ered for enrollment into clinical trials using post-LT

neoadjuvant therapies to decrease the risk of recurrence,

instead of waiting to treat patients after they have been

already diagnosed with HCC recurrence.

Our study has several advantages. This study is the

first systematic review that summarizes the discrimina-

tory performance of the current risk models for the pre-

diction of HCC recurrence after LT. Our search was

performed with comprehensive approaches using precise

inclusion criteria to identify the potential papers. Two

independent authors collected data and evaluated the

ROB in the involved studies. However, our review has

some limitations, which should also be mentioned. First,

the existing differences in study characteristics, popula-

tions, and risk factors in the prediction models may lead

to high heterogeneity among the included studies. Sec-

ond, a limited number of validation studies have been

conducted to compare multiple risk prediction models in

the same cohort. Third, the wide time range of the

included studies (1981–2016), in which some novel diag-

nostic and therapeutic approaches for HCC (e.g., imag-

ing, direct antiviral therapy) have been introduced,

probably had a direct impact on survival and recurrence

after LT. Fourth, although we have tried to extract all rel-

evant data from the included studies, some missing

information was unavoidable. Finally, most risk predic-

tion models were developed based on specific population

characteristics, which might not apply to other popula-

tions. Thus, these risk models should be validated exter-

nally in different populations.

In summary, we found 18 original risk prediction

models intended to predict HCC recurrence in patients

who had undergone LT. The quality of the studies was

generally low, according to GRADE criteria. The most

common included risk factors were AFP, tumor size,

vascular invasion, tumor number, tumor differentiation,

and NLR. Only five risk prediction models were
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externally validated. At least eight prediction models

showed good discriminatory performance in internal or

external validation. The AFP model was the well-vali-

dated preoperative risk model that could stratify

patients into high- and low-risk groups. Prospective and

independent external validation of the current risk pre-

diction models in diverse populations is highly recom-

mended.
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