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Objectives: To use baseline variables to predict one-year disease control for patients with
hepatocellular carcinoma (HCC) treated with transarterial chemoembolization (TACE)
combined with sorafenib as initial treatment by applying a machine learning approach
based on the random survival forest (RF) model.

Materials and Methods: The multicenter retrospective study included 496 patients with
HCC treated with TACE combined with sorafenib between January 2014 and December
2018. The independent risk factors associated with one-year disease control (complete
response, partial response, stable disease) were identified using the RF model, and their
predictive importance was determined using the Gini index. Tumor response was
assessed according to modified Response Evaluation Criteria in Solid Tumors.

Results: The median overall survival was 15.5 months. A total of 186 (37.5%) patients
achieved positive one-year disease control. The Barcelona Clinic Liver Cancer (BCLC)
stage (Gini index: 20.0), tumor size (≤7 cm, >7 cm; Gini index: 9.0), number of lobes
involved (unilobar, bilobar; Gini index: 6.4), alpha-fetoprotein level (≤200 ng/dl, >200 ng/dl;
Gini index: 6.1), albumin–bilirubin grade (Gini index: 5.7), and number of lesions (1, >1; Gini
index: 5.3) were identified as independent risk factors, with the BCLC stage as the most
important variable. The RF model achieved a higher concordance index of 0.724
compared to that for the logistic regression model (0.709).

Conclusions: The RF model is a simple and accurate approach for prediction of one-year
disease control for patients with HCC treated with TACE combined with sorafenib.
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INTRODUCTION

Despite improving surveillance programs, around 80% of
hepatocellular carcinomas (HCCs) are first diagnosed at an
intermediate or advanced stage according to the Barcelona
Clinic Liver Cancer (BCLC) staging system (Bray et al., 2018;
Forner et al., 2018; Villanueva, 2019). For intermediate-stage
HCC, transarterial chemoembolization (TACE) is the standard
approach recommended by the American Association for the
Study of the Liver Disease (AASLD) and European Association
for the Study of the Liver (EASL) guidelines (European
Association for the Study of the Liver, 2018; Marrero et al.,
2018). According to the BRIDGE study, TACE is the most
widely applied method for both intermediate and advanced
HCCs in real-world clinical practice (Park et al., 2015).
Nevertheless, the prognosis of patients treated with TACE
varies from a median survival of 19.4 months generally to
around 49.1 months in well-selected patients, which is mainly
due to the high heterogeneity of unresectable HCC (Lencioni
et al., 2016a; Galle et al., 2017).

Due to the fact that there is an increase in vascular endothelial
growth factor after TACE, the combination of TACE with
sorafenib, an orally active multikinase inhibitor with
antiangiogenic properties, should improve the efficacy of
TACE ideally (Li et al., 2004; Wang et al., 2008).
Unfortunately, three randomized controlled trials (RCTs)
failed to identify significant treatment efficacy and safety for
TACE combined with sorafenib compared to TACE
monotherapy (Kudo et al., 2011; Lencioni et al., 2016b; Meyer
et al., 2017). On the contrary, a recently reported RCT carried out
by Kudo et al., the TACTICS trial, demonstrated positive results
(Kudo et al., 2019). Notably, a much longer median duration of
sorafenib administration was observed in the TACTICS trial
compared to that in the previous three negative trials, which
might be a key reason for the success of the TACTICS trial (Kudo
et al., 2019). Therefore, a longer time of disease control in order to
achieve a longer sorafenib administration period is an important
factor for patients achieving survival benefit from the
combination treatment of TACE and sorafenib (Kudo and
Arizumi, 2017).

As mentioned before, high heterogeneity of unresectable HCC
leads to the diverse prognosis including the sorafenib
administration period for patients treated with TACE
combined with sorafenib. The prognosis of HCC is mainly
based on tumor burden and liver function. Recently, a
machine learning approach, random survival forest (RF), has
been applied as an intuitive technique for predicting individual
prognosis (Hsich et al., 2011; Hu and Steingrimsson, 2018). It
requires little input from the analyst and has ability to easily deal
with nonlinear effects and variable interactions, which are major
limitations of conventional linear discriminant analysis
(Ishwaran et al., 2014). By combining many individual
decision trees, RFs form an ensemble method and provide an
accurate assessment of variable importance of every individual
variable associated with prognosis (Hu and Steingrimsson, 2018).

The present study aimed to predict one-year disease control
for unresectable HCC treated with TACE combined with

sorafenib by applying an RF model. In addition, the study also
evaluated the importance and predictive value of variables in the
RF model for a one-year disease control outcome.

MATERIALS AND METHODS

Patients’ Criteria
This multicenter retrospective study included patients diagnosed
with unresectable HCC according to the AASLD/EASL guidelines
and treated with TACE combined with sorafenib as initial
treatment between January 2014 and December 2018 at three
institutions. The study was approved by the institutional review
boards at the three institutions, and the requirement for informed
consent was waived due to its retrospective nature. The study was
performed in accordance with the Declaration of Helsinki. The
inclusion criteria were as follows: 1) 18 years or older with the
definite diagnosis of HCC; 2) having an Eastern Cooperative
Oncology Group performance score of 0 or 1; 3) not suitable or
unwilling to receive curative treatment such as resection, ablation,
or transplantation; and 4) no prior HCC-related treatment.
Patients were excluded if they had any of the following: 1)
Child–Pugh grade C or aspartate transaminase >5 times the
upper limit of the normal range and total bilirubin >1.5 times
the upper limit of the normal range; 2) inadequate renal, clotting,
and hematologic function; 3) accompanying or history of any
other primarymalignancies; and 4) incomplete or missing clinical
and follow-up data. Multidisciplinary discussion was carried out
before treatment to determine if TACE combined with sorafenib
was the recommended therapy for the patients. Written informed
consent regarding the advantages and disadvantages of the
combination treatment, including the potential treatment
outcomes, treatment-related morbidities, and costs, was
obtained from every included patient.

Treatment
Patients included in the study received the conventional TACE
procedure, and details on it have been provided in our previous
studies (Zhong et al., 2017). Repeat TACE was assessed and
provided according to the “on demand” mode: subsequent
contrast-enhanced computed tomography (CT) or magnetic
resonance imaging (MRI) follow-up was carried out 4–6 weeks
after the previous procedure. TACE was discontinued when no
vital active tumor lesion(s) was observed during follow-up CT/
MRI, and the patient underwent the next contrast-enhanced CT/
MRI plus alpha-fetoprotein follow-up every 8–10 weeks. Repeat
TACE was evaluated if the contrast-enhanced CT/MRI presented
new lesions (Terzi et al., 2012).

Sorafenib (Bayer Healthcare, Leverkusen, Germany) was
administered within 3–7 days after every TACE with an initial
dose of 400 mg twice daily. It was temporary stopped the day
before every TACE. Dose reductions to 200 mg twice daily or
200 mg once daily or temporary interruptions were allowed due
to drug-related toxicity. Sorafenib was discontinued in the event
of disease progression or unacceptable toxicity.

The primary outcome of the study was one-year disease
control, defining patients achieving complete response (CR),
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partial response (PR), or stable disease (SD) according to
modified Response Evaluation Criteria in Solid Tumors
(mRECIST) with a period no less than 1 year after initial
TACE. Tumor response was assessed by two independent
radiologists (__ and __) with more than 5 years of experience
in diagnostic radiology through the PACS (NEUSOFTPACS/RIS,
Shengyang Neusoft Co., Ltd., China). A third radiologist (___)
made the final decision in case of disagreement.

Establishment of the RF Model
Variables identified as independently associated with the primary
outcome by univariate and multivariate logistic analyses were
introduced to establish the RF model. All data were randomly

divided into a training set and a validation set with a 5:3 ratio. The
RFmodel is trained by growing a large number of individual trees,
and each tree is trained on a random-bootstrap sample from the
original cohort (Hsich et al., 2011; Hu and Steingrimsson, 2018).
Details on the theory of how the RF model was established have
been reported previously (Ingrisch et al., 2018).

Statistical Analysis
Categorical variables are presented as frequencies and
percentages, and continuous variables are presented as
medians with 95% confidence intervals (CIs) or means with
standard deviations. Variables with a P value no more than
0.20 in the univariate logistic analysis were considered strong

TABLE 1 | Patient characteristics.

Characteristic Overall (n = 496) Institution A
(n = 313)

Institution B
(n = 59)

Institution C
(n = 124)

p*

Gender 0.196
Male 427 (86.1%) 269 (85.9%) 47 (79.7%) 111 (89.5%)
Female 69 (13.9%) 44 (14.1%) 12 (20.3%) 13 (10.5%)

Hepatitis B 0.428
Yes 417 (84.1%) 268 (85.6%) 49 (83.1%) 100 (80.6%)
No 79 (15.9%) 45 (14.4%) 10 (16.9%) 24 (19.4%)

Age (y) 0.019
≤55 321 (64.7%) 217 (69.3%) 33 (55.9%) 71 (57.3%)
>55 175 (35.3%) 96 (30.7%) 26 (44.1%) 53 (42.7%)

ALBI grade 0.523
1 251 (50.6%) 163 (52.1%) 26 (44.1%) 62 (50.0%)
2 245 (49.4%) 150 (47.9%) 33 (55.9%) 62 (50.0%)

Child–Pugh grade 0.430
A 430 (86.7%) 273 (87.2%) 48 (81.4%) 109 (87.9%)
B 66 (13.3%) 40 (12.8%) 11 (18.6%) 15 (12.1%)

Maximum tumor size (cm) 0.417
<5 194 (39.1%) 119 (38.0%) 27 (45.8%) 48 (38.7%)
5–10 180 (36.3%) 118 (37.7%) 22 (37.3%) 40 (32.3%)
>10 122 (24.6%) 76 (24.3%) 10 (16.9%) 36 (29.0%)

Lobes involved 0.852
Unilobar 318 (64.1%) 198 (63.3%) 38 (64.4%) 82 (66.1%)
Bilobar 178 (35.9%) 115 (36.7%) 21 (35.6%) 42 (33.9%)

No. of lesions 0.779
1 225 (45.4%) 144 (46.0%) 28 (47.5%) 53 (42.7%)
>1 271 (54.6%) 169 (54.0%) 31 (52.5%) 71 (57.3%)

ECOG 0.090
0 482 (97.2%) 307 (98.1%) 58 (98.3%) 117 (94.4%)
1 14 (2.8%) 6 (1.9%) 1 (1.7%) 7 (5.6%)

PVTT 0.005
None 309 (62.3%) 194 (62.0%) 44 (74.6%) 71 (57.3%)
Branch 102 (20.6%) 71 (22.7%) 11 (18.6%) 20 (16.1%)
Main 85 (17.1%) 48 (15.3%) 4 (6.8%) 33 (26.6%)

BCLC stage 0.071
B 252 (50.8%) 156 (49.8%) 38 (64.4%) 58 (46.8%)
C 244 (49.2%) 157 (50.2%) 21 (35.6%) 66 (53.2%)

AFP (ng/dl) 0.760
≤200 257 (51.8%) 159 (50.8%) 33 (55.9%) 65 (52.4%)
>200 239 (48.2%) 154 (49.2%) 26 (44.1%) 59 (47.6%)

AST (U/L) 0.138
≤40 218 (44.0%) 129 (41.2%) 25 (42.4%) 64 (51.6%)
>40 278 (56.0%) 184 (58.8%) 34 (57.6%) 60 (48.4%)

ALT (U/L) 0.134
≤40 284 (57.3%) 174 (55.6%) 30 (50.8%) 80 (64.5%)
>40 212 (42.7%) 139 (44.4%) 29 (49.2%) 44 (35.5%)

*The chi-square test was used. ALBI, albumin–bilirubin; ECOG, Eastern Cooperative Oncology Group; PVTT, portal vein tumor thrombosis; BCLC, Barcelona Clinic Liver Cancer; AFP,
alpha-fetoprotein; AST, aspartate transaminase; ALT, alanine transaminase.
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risk factors associated with the primary outcome and were put
into the multivariate logistic analysis. Variables with P values no
more than 0.05 were considered independent risk factors
associated with the primary outcome. The RF model was
established based on the independent risk factors. The
predictive performance of the RF model and the traditional
logistic model was validated internally using the concordance
c statistic (C-index). The Gini index was applied to describe the
importance of the variables in the RF model associated with the
primary outcome (Jain et al., 2018). Statistical analyses were
performed using SPSS version 22.0 software for Windows
(IBM Corporation, Somers, NY, United States), and the RF
model was established in the R package “randomForest”
(https://www.stat.berkeley.edu/∼breiman/RandomForests/).

RESULTS

Patient Characteristics
The study included 496 patients (427 males, 69 females; mean
age, 54 years; range, 21–81 years), with 313, 59, and 124 patients
from institutions A, B, and C, respectively. The baseline
characteristics of included patients are presented in Table 1.
There were 186 (37.5%) patients who achieved CR/PR/SD at least
1 year after initial treatment. The median overall survival (OS)
was 15.5 months, with that of 14.8, 25.9, and 14.8 (p � 0.142)
months in institutions A, B, and C, respectively. The median OS
was significantly longer for patients with positive one-year disease
control (CR/PR/SD) compared to that of patients with negative

one-year disease control (progression disease) (44.3 months vs.
9.5 months; p < 0.001) (Figure 1). No TACE or sorafenib
treatment–related death occurred.

FIGURE 1 | Kaplan–Meier analysis of median overall survival (OS). The median OSwas 44.3 months for patients with positive one-year disease control (CR/PR/SD)
and was significantly longer for patients with negative one-year disease control (progression disease) (9.5 months) (P < 0.001).

TABLE 2 | Univariate analysis of risk factors associated with one-year disease
control.

Variables HR 95% CI B-values* p value**

BCLC stage <0.001
B 1
C 5.712 3.590–9.087 1.742

Maximum tumor size (cm) <0.001
≤7 1
>7 3.485 2.346–5.177 1.248

AFP (ng/ml) 0.001
≤200 1
>200 2.086 1.211–4.237 0.735

ALBI grade 0.002
1 1
2 2.024 1.296–3.162 0.705

No. of lesions 0.003
1 1
>1 1.744 1.208–2.518 0.556

Lobes involved 0.006
Unilobar 1
Bilobar 2.038 1.223–3.396 0.712

Age (y) 0.110
≤55 1
>55 0.689 0.437–1.089 −0.372

*B-values are regression coefficients.
**Univariate logistic regression analysis was used. BCLC, Barcelona Clinic Liver Cancer;
AFP, alpha-fetoprotein; ALBI, albumin–bilirubin.
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Strong and Independent Risk Factors
Associated With One-Year Disease Control
After univariate logistic analysis using potentially significant
variables, seven variables including the BCLC stage, tumor size
(≤7 cm, >7 cm), alpha-fetoprotein level (≤200 ng/dl, >200 ng/dl),
albumin–bilirubin (ALBI) grade, number of lesions (1, >1),
number of lobes involved (unilobar, bilobar), and age

(≤55 years, >55 years) were identified as strong risk factors
associated with one-year disease control (Table 2).
Multivariate logistic analysis using these seven strong risk
factors was then performed, and six variables including the
BCLC stage, tumor size (≤7 cm, >7 cm), alpha-fetoprotein
level (≤200 ng/dl, >200 ng/dl), ALBI grade, number of lesions
(1, >1), and number of lobes involved (unilobar, bilobar) were
finally identified as independent risk factors associated with one-
year disease control (Table 3).

Establishment of the RF Model and
Importance of the Variables in the RFModel
The RF model was established based on the identified
independent risk factors (Figure 2). The predictive
performance of the trained RF model was better than that of
the traditional logistic model, with the C-indexes of 0.724 and
0.709, respectively.

The importance of the variables in the RF model is illustrated
in Figure 2. The BCLC stage showed the highest Gini index
(20.0), following tumor size (≤7 cm, >7 cm; Gini index: 9.0),
number of lobes involved (unilobar, bilobar; Gini index: 6.4),
alpha-fetoprotein level (≤200 ng/dl, >200 ng/dl; Gini index: 6.1),
ALBI grade (Gini index: 5.7), and number of lesions (1, >1; Gini
index: 5.3).

DISCUSSION

By applying a machine learning approach, the random survival
forest model, the present study demonstrated that the BCLC

TABLE 3 | Multivariate analysis of risk factors associated with one-year disease
control.

Variables HR 95% CI B-values* p value**

BCLC stage
B 1
C 5.657 3.544–9.029 1.733 <0.001

Maximum tumor size (cm)
≤7 1
>7 2.387 1.491–3.821 0.870 <0.001

AFP (ng/ml)
≤200 1
>200 2.106 1.345–3.297 0.745 0.001

ALBI grade
1 1
2 1.906 1.225–2.966 0.645 0.004

No. of lesions
1 1
>1 2.218 1.320–3.728 0.797 0.003

Lobes involved
Unilobar 1
Bilobar 1.786 1.059–3.014 0.580 0.030

*B-values are regression coefficients.
**Multivariate logistic regression analysis was used. BCLC, Barcelona Clinic Liver
Cancer; AFP, alpha-fetoprotein; ALBI, albumin–bilirubin.

FIGURE 2 | Order of importance of the variables in the random survival forest model for one-year disease prediction. BCLC, Barcelona Clinic Liver Cancer; AFP,
alpha-fetoprotein; ALBI, albumin–bilirubin.
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stage, tumor size, alpha-fetoprotein level, ALBI grade, number of
lesions, and number of lobes involved were independent risk
factors associated with one-year disease control for unresectable
HCC treated with TACE combined with sorafenib. The
importance and predictive value of these independent risk
factors were assessed and ranked based on the Gini index,
with the BCLC stage and number of lesions showing highest
and lowest importance and predictive values, respectively.
According to the C-index, the predictive performance of the
RF model was better than that of the traditional logistic model.

The study identified that the BCLC stage had highest
importance and predictive value associated with one-year
disease control. Combining TACE with sorafenib, which is the
standard recommendation for advanced HCC, should achieve a
synergetic effect ideally. Nevertheless, no randomized controlled
trial (RCT) has been provided with positive results of this
combination therapy for advanced HCC (Park et al., 2019).
The only RCT comparing TACE combined with sorafenib vs.
sorafenib monotherapy for advanced HCC, the STAH trial,
demonstrated that there was no significant survival difference
between TACE combined with sorafenib and sorafenib
monotherapy for advanced HCC (median OS: 12.8 months vs.
10.8 months; p � 0.290) (Park et al., 2019). A relatively short
period of sorafenib administration was observed (166 days) for
advanced HCC treated with TACE combined with sorafenib in
this trial.

Patients with HCC are heterogeneous regarding tumor
burden, and previous studies have identified tumor burden as
a robust risk factor associated not only with TACE monotherapy
but also with TACE combined with sorafenib (Wang et al., 2019).
Radiological response rates decrease as the tumor burden
increases for patients treated with TACE (Kim et al., 2015).
The present study demonstrated that tumor burden including
the tumor size, number of lesions, and number of lobes involved
were independent risk factors associated with the radiological
response rate (one-year disease control) for patients treated with
TACE combined with sorafenib.

This study applied the ALBI grade to assess the association
between pre-treatment liver function and one-year disease
control. The ALBI grade is based solely on two objective
variables, which are serum albumin and bilirubin. The ALBI
grade was first introduced by Johnson and colleagues in 2015, and
it was then identified that its prognostic performance was at least
no worse than that of the Child–Pugh grade for patients with
HCC treated with various treatments (Johnson et al., 2015).
Considering the objectivity and easy application, the ALBI
grade is recommended as an alternative method for liver
function assessment for HCC (Hiraoka et al., 2019). Patients
with unresectable HCC are heterogeneous regarding liver
function (Bolondi et al., 2012; Weinmann et al., 2015). The
sorafenib administration period is shortened if deterioration of
liver function occurs, even though a global real-world study
demonstrated that sorafenib is safe and effective for HCC with
different liver functions (Marrero et al., 2016). The present study
demonstrated that low ALBI grade was an indicator of longer
disease control for patients with unresectable HCC treated with
TACE combined with sorafenib.

This study has several limitations. First, the retrospective
nature of the study might cause selection bias of the included
patients. Nevertheless, no significant difference regarding the
baseline characteristics except for the age of the included patients
between the three institutions was observed. Second, the median
OS in institution B was much longer than that in institutions A
and C. It might be mainly due to the relatively lower tumor
burden of the patients in institution A compared to that in the
other two institutions. Third, this study did not analyze
independent risk factors associated with longer disease control
such as two-year disease control. Fourth, due to the incomplete
data, we were unable to collect and analyze the association
between dose reduction of sorafenib and treatment outcome.
Further work is encouraged to explore the association between
dose reduction and prognosis for HCC treated with TACE
combined with sorafenib. Fifth, due to the lack of the external
validation cohort, the accuracy of the random survival model was
just validated internally. Further work should be carried out to
validate the accuracy of the random survival model in an
independent external cohort. Finally, the study only included
patients treated with TACE combined with sorafenib. It is better
to include a control group for patients treated with TACE
monotherapy to identify the optimal candidates to achieve
longer disease control for unresectable HCC treated with
TACE combined with sorafenib.

In conclusion, by applying a machine learning approach, the
present study establishes a random survival forest model
including the BCLC stage, tumor size, alpha-fetoprotein level,
ALBI grade, number of lesions, and number of lobes involved to
accurately predict one-year disease control for unresectable HCC
treated with TACE combined with sorafenib. The predictive
performance of the random survival forest model is better
than that of the traditional logistic model.
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