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BACKGROUND: Recurrence is the major cause of mortality in patients with resected HCC. However, without a standard approach to
evaluate prognosis, it is difficult to select candidates for additional therapy.

METHODS: A total of 201 patients with HCC who were followed up for at least 5 years after curative hepatectomy were enrolled in
this retrospective, multicentre study. A total of 3144 radiomics features were extracted from preoperative MRI. The random forest
method was used for radiomics signature building, and five-fold cross-validation was applied. A radiomics model incorporating the
radiomics signature and clinical risk factors was developed.

RESULTS: Patients were divided into survivor (n = 97) and non-survivor (n = 104) groups based on the 5-year survival after surgery.

The 30 most survival-related radiomics features were selected for the radiomics signature. Preoperative AFP and AST were
integrated into the model as independent clinical risk factors. The model demonstrated good calibration and satisfactory
discrimination, with a mean AUC of 0.9804 and 0.7578 in the training and validation sets, respectively.

CONCLUSIONS: This radiomics model is a valid method to predict 5-year survival in patients with HCC and may be used to identify
patients for clinical trials of perioperative therapies and for additional surveillance.

British Journal of Cancer (2020) 122:978-985; https://doi.org/10.1038/s41416-019-0706-0

BACKGROUND

Primary liver cancer (PLC) is the third leading cause of cancer-
related death worldwide, with an estimated 5-year overall survival
rate of 18%." Hepatocellular carcinoma (HCC) is the most common
pathological type of PLC, accounting for 70-85% of cases.’
Hepatectomy is the primary curative treatment for patients with
early-stage HCC with well-preserved liver function.®> However,
tumour recurrence remains the major cause of death after surgery,
with the postoperative 5-year recurrence rate approaching 70%.*
In patients at high-risk for recurrence, adjuvant therapy may be
warranted, despite the current lack of proven effective treatment.”
Some retrospective and prospective studies have suggested that
adjuvant transarterial chemoembolisation could delay recurrence
and improve survival in high-risk patients with HCC.5” Retro-
spective studies from our own group indicated that postoperative
intensity-modulated radiotherapy may be a favourable option in
patients with HCC with narrow-margin resection or microscopic
vascular invasion.®® Prognosis classification is essential for
individualised treatment; however, no generally accepted
approach for risk stratification in HCC is currently available.
Therefore, the need remains for a feasible and reproducible
method to identify high-risk patients with HCC.

Several clinicopathologic characteristics and gene expression
parameters have been proved to help predict biological aggres-
siveness and clinical prognosis in HCC.'">'" However, most of the
parameters are based on postoperative pathologic examination,
which may be susceptible to observer variability and fail to aid in
preoperative decision making.

In recent years, with the rapid development of artificial
intelligence, data-mining technology has made breakthroughs in
medical imaging analysis, giving rise to the new field of radiomics.
This research approach utilises high-throughput extraction of
feature data from radiographic images,'> and can potentially
develop models to predict lesion phenotypes and prognosis in a
non-invasive manner.'*'*

To our knowledge, there are relatively limited radiomics analysis
data about prognosis estimation in HCC, with most of the
radiomics models established on the basis of computed
tomography (CT) images,'> " and only a few studies investigating
the role of magnetic resonance imaging (MRI),**>* especially
contrast-enhanced MRI. Moreover, previous MRI-based radiomics
analyses of patients with HCC were based on a few MRI sequences
from small-sample studies, and no MRI-based radiomics model for
long-term survival prediction in HCC is currently available.
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Therefore, the purpose of this study was to develop a radiomics
model based on four conventional MRI sequences to predict
5-year survival in patients with HCC in the preoperative setting.

METHODS
Patients
This retrospective, multicentre study was approved by the
institutional review board, and the requirement for individual
informed consent was waived because of the retrospective nature
of the study. This study was performed at two medical centres:
Peking University Cancer Hospital and The Fifth Medical Center of
Chinese PLA General Hospital. From August 2010 to September
2016, consecutive patients with surgically resected, pathologically
confirmed HCC were screened. The inclusion criteria were as
follows: (1) patients with curative hepatectomy, defined as
complete removal of all macroscopic tumours with negative
resection margins, (2) no lymph node or extrahepatic metastasis,
(3) no major vascular invasion, (4) patients who underwent
preoperative contrast-enhanced MRI, (5) no neoadjuvant or
adjuvant therapy and (6) postoperative follow-up for at least
5 years (unless death occurred). The exclusion criteria were as
follows: (1) patients with co-malignancy, (2) death due to
operative complications, (3) lack of complete imaging data,
including T1-weighted imaging (T1WI), T2-weighted imaging
(T2W1), diffusion-weighted imaging (DWI) and dynamic contrast-
enhanced imaging (DCEI) and (4) motion artefacts on MRI. The
final study population included 201 patients. The study recruit-
ment process is shown in Fig. 1.

Preoperative clinical characteristics, including age, sex, hepatitis
B surface antigen (HBsAg) and hepatitis C Virus antibody (HCV-ab)
status, cirrhosis, alpha-fetoprotein (AFP), alanine aminotransferase
(ALT), aspartate aminotransferase (AST), total bilirubin (TB), direct
bilirubin (DB), albumin (ALB), platelet count (PLT), prothrombin
time (PT), international normalised ratio (INR), Child—Pugh class,
MRI-reported tumour number, MRI-reported tumour size and
Barcelona Clinic Liver Cancer (BCLC) stage, were derived from
electronic medical records. Laboratory examination results were
obtained from blood tests within 2 weeks before surgery. In
accordance with the normal range at our institutions, the
threshold levels for abnormal AFP, ALT, AST, TB, DB, ALB, PLT, PT
and INR were 7 ng/mL, 40 U/L, 45 U/L, 20 umol/L, 6 umol/L, 35 g/L,
100 x 10%/L, 14's and 1.5, respectively.

Follow-up

All patients were consistently followed up every 3 to 6 months
after surgery based on the AFP level and imaging examinations.
Tumour recurrence was determined based on radiologic evidence
of intra- or extrahepatic new tumours. Five-year survival status was
defined as survival or death at 5 years after surgery.

MRI

MRI scans were obtained within 2 weeks before surgery. MRI was
performed using a 3.0-T scanner (Discovery MR 750, GE
Healthcare, Milwaukee, Wisconsin, USA) with a 32-channel
phased-array body coil, with patients in the supine position with
breath holding. TIWI was obtained using gradient echo with a
repetition time (TR) of 3.5-4.0 ms, echo time (TE) of 1.5-2.0 ms,
field of view (FOV) of 300 x 400 mm, matrix of 256 x 256, flip angle
of 10°, section thickness of 6 to 7 mm and intersection gap of 1 to
2 mm. T2WI was obtained using spin echo with a TR of 2500 ms, TE
of 90 ms, FOV of 300 x 400 mm, matrix of 384 x 256, flip angle of
20°, section thickness of 6-7 mm, and intersection gap of 1-2 mm.
DWI was acquired with 2 b-values (0 and 800 s/mm?), TR of 2600
ms, TE of 59.5 ms, FOV of 300 x 400 mm, matrix of 128 x 128, flip
angle of 90°, section thickness of 6-8 mm and intersection gap of
1-2mm. T1-weighted DCEl was acquired using 0.1 mmol/kg
gadolinium-diethylenetriamine pentaacetic acid (Gd-DTPA) at a
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Fig. 1 Study recruitment process. HCC hepatocellular carcinoma,
MRI magnetic resonance imaging.

rate of 2.5 mL/s in the arterial (a scanning delay of 20-25 s), portal
venous (a scanning delay of 60-70s) and equilibrium (a scanning
delay of 180 s) phases.

Statistical analysis

Categorical variables were expressed as number and percentage
and were compared using the X? or Fisher's exact test. Uni- and
multivariable logistic regression analyses were performed to
identify independent clinical risk factors associated with 5-year
survival. The candidate factors for univariable analysis were age,
sex, HBsAg/HCV-ab status, cirrhosis, AFP, ALT, AST, TB, DB, ALB,
PLT, PT, INR, Child-Pugh class, MRI-reported tumour number, MRI-
reported tumour size and BCLC stage. Odds ratio and 95%
confidence interval (Cl) were calculated. The variables with a
P-value <0.10 in the univariable analysis were selected as
candidates for the multivariable analysis. A two-tailed P-value <
0.05 was considered a statistically significant difference. Five-fold
cross-validation was applied for robust estimation. Patients were
divided into five random subgroups of approximately equal size,
with each subgroup regarded as a validation set and the
remaining four-fifths of patients used as the training set. The
process was repeated five times with different subgroups, forming
five training sets (training sets 1, 2, 3, 4 and 5) and five
corresponding validation sets (validation sets 1, 2, 3, 4 and 5).
The X? test, Fisher's exact test and logistic regression analysis were
conducted using SPSS version 23.0 (IBM Corporation, Armonk, NY,
USA). Region of interest (ROI) segmentation, MRl normalisation
and feature extraction were performed using Precision Medicine
Open Platform version 2.0.1 (https://client.blothealth.com). Fea-
ture selection and model construction were conducted using
Pycharm version 2017.3.2 (https://www.jetbrains.com).

ROI segmentation
T1WI, T2WI, DWI and DCEI were exported as Digital Imaging and
Communication in Medicine (DICOM) files. The ROI, defined as all
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tumour regions in each axial slice, was semi-automatically
segmented by a radiation oncologist (Xiang-Gao Zhu, with 5 years
of experience in PLC radiotherapy), and checked by a radiology
expert (Yong Cui, with 10 years of experience in PLC imaging) to
minimise possible bias. Disagreements were verified by a senior
expert (Wei-Hu Wang, with 20 years of experience in PLC
radiotherapy).

MRI normalisation and radiomics feature extraction

Considering that MRI examinations were performed at different
centres and there was some inhomogeneity between scanners,
we performed MRI signal-intensity normalisation to correct the
scanner effect. The ROl was automatically extracted from T1WI,
T2WI, DWI and DCEl. Three-dimensional reconstruction was

performed, and ROl images were resampled to a voxel size of

1% 1x 1 mm, which could correct the pixel-spacing difference and
restore the tumour volume. Four groups of imaging features were
extracted: (1) 540 histogram of oriented gradient features, (2) 42
texture features, (3) 48 wavelet features and (4) 156 statistical
features. The final set contained 786 features for each sequence,
resulting in a total of 3144 features per patient. All features were
calculated in three-dimensional tumour volumes.

Feature selection and radiomics signature construction

Invalid features were removed, and normalisation was applied to
the remaining features for the sake of comparison. The Gini
coefficient in the random forest algorithm was used to select the
most survival-related features. The Gini coefficient was defined as
follows:

n
Gini(D) =1-> pi*,
i=1

AGini(X) = Gini(D) — Ginix(D),

where D is the entire sample, n is the number of categories, pi (i =
1,2, ..., n) is the probability of each category, and X is a radiomics
feature.

The features with a maximum AGini(X) value were selected,
which could be diverse in different training sets. Based on the
selected features, a radiomics signature was developed using the
random forest method. The appropriate value of parameters in
the random forest algorithm is crucial to the performance of the
radiomics signature. The number of trees in the forest was used to

Feature extraction

ROI segmentation

| HOG feature (540)
| Texture feature (42)
| Wavelet feature (48)
| Statistical feature (156)

Feature selection

Gini coefficient

l

Top 30 features

ensure adequate fitness, and maximum leaf node was used to
inhibit overfitting.

Development and evaluation of radiomics model

The individualised radiomics model incorporating the radiomics
signature and independent clinical risk factors was constructed
using the random forest method. Evaluation of the model
included discrimination, calibration and clinical usefulness. Dis-
crimination performance was quantified based on area under the
curve (AUQC) of the receiver-operating characteristic (ROC) curve.
Calibration performance was assessed based on agreement
between predicted and actual 5-year survival rates in the
calibration curve. Clinical usefulness was estimated based on the
net benefit of the model across different threshold probabilities in
decision curve analysis.>* The study workflow is detailed in Fig. 2.

RESULTS

Clinical characteristics

A total of 201 patients with HCC were analysed in this study. One
hundred sixty-eight patients had hepatitis B/C virus infection, and
149 (88.7%) received antiviral therapy regularly. One hundred fifty-
eight patients (78.6%) had a history of cirrhosis. The median follow-
up was 52.5 months (range, 5.2-93.1 months); 97 patients survived
5 years or more and 104 died within 5 years after surgery. Sixty-
eight surviving patients were free from HCC within 5 years after
surgery. All of the 104 non-survivors experienced tumour
recurrence and tumour-related death. Tumour recurrence was
found in 133 patients; of these, 101 (75.9%) patients presented with
intrahepatic recurrence. Retreatment after recurrence included
transarterial chemoembolisation (n=72), surgery (n=4), radio-
frequency ablation (n = 10), radiotherapy (n = 2), sorafenib (n = 20),
chemotherapy (n = 2) and conservative treatment (n = 23).

According to their 5-year survival status, patients were divided
into survivor (n=97) and non-survivor (n=104) groups. The
baseline characteristics of the two groups are summarised in
Table 1. AFP, AST, MRI-reported tumour number, MRI-reported
tumour size and BCLC stage were found to be significantly
different between groups.

Uni- and multivariable logistic regression analyses were
performed to determine preoperative clinical risk factors asso-
ciated with 5-year survival. AFP and AST were found to be
independent clinical risk factors in multivariable logistic regression
analysis (Table 2).

Model construction Model evaluation

. . . ROC curve I
Radiomics signature o =

I
'
I

Clinical risk factors -
Calibration curve

I

5-fold f{ Random
cross |l forest
validation [f{ method

Radiomics model

I
| oecion cure
I
I

Fig.2 Workflow of necessary steps in this study. The region of interest (ROI) in each transverse section was semi-automatically segmented
on T1-weighted, T2-weighted, diffusion-weighted and dynamic contrast-enhanced magnetic resonance images. After three-dimensional
reconstruction of the ROI, 3144 features, including 786 for each sequence, were extracted, and the top 30 were selected via Gini coefficient.
Based on the selected features and clinical risk factors, a radiomics model was developed using the random forest method and five-fold cross-
validation. The performance of the radiomics model was evaluated according to receiver-operating characteristic, calibration and decision
curves. HOG histogram of oriented gradient, ROC receiver-operating characteristic.



Table 1. Baseline characteristics of survivor and non-survivor groups.

Characteristics Survivor Non-survivor  P-value
(n=97) (n=104)

Age (years) 0.066

<60 74 (76.3%) 67 (64.4%)

>60 23 (23.7%) 37 (35.6%)

Sex 0.740

Male 81 (83.5%) 85 (81.7%)

Female 16 (16.5%) 19 (18.3%)

HBsAg/HCV-ab status 0.724

Negative 15 (15.5%) 18 (17.3%)

Positive 82 (84.5%) 86 (82.7%)

Cirrhosis 0.932

Absent 21 (21.6%) 22 (21.2%)

Present 76 (78.4%) 82 (78.8%)

Preoperative AFP (ng/mL) <0.001*

<7 51 (52.6%) 24 (23.1%)

>7 46 (47.4%) 80 (76.9%)

Preoperative ALT (U/L) 0.994

<40 70 (72.2%) 75 (72.1%)

>40 27 (27.8%) 29 (27.9%)

Preoperative AST (U/L) 0.004*

<45 80 (82.5%) 67 (64.4%)

>45 17 (17.5%) 37 (35.6%)

Preoperative TB (pmol/L) 0.429

<20 79 (81.4%) 89 (85.6%)

>20 18 (18.6%) 15 (14.4%)

Preoperative DB (pmol/L) 0.158

<6 74 (76.3%) 70 (67.3%)

>6 23 (23.7%) 34 (32.7%)

Preoperative ALB (g/L) 0.126

<35 4 (4.1%) 10 (9.6%)

235 93 (95.9%) 94 (90.4%)

Preoperative PLT (10°/L) 0.770

<100 18 (18.6%) 21 (20.2%)

=100 79 (81.4%) 83 (79.8%)

Preoperative PT (seconds) 0.573

<14 89 (91.8%) 93 (89.4%)

>14 8 (8.2%) 11 (10.6%)

Preoperative INR 0.261

<15 88 (90.7%) 89 (85.6%)

>1.5 9 (9.3%) 15 (14.4%)

Preoperative CP class 1.000

A 96 (99.0%) 103 (99.0%)

B 1 (1.0%) 1 (1.0%)

MRI-reported tumour number 0.023*

<3 94 (96.9%) 92 (88.5%)

>3 3 (3.1%) 12 (11.5%)

MRI-reported tumour size (cm) 0.018*

<2 21 (21.6%) 10 (9.6%)

>2 76 (78.4%) 94 (90.4%)

BCLC stage 0.003*

0 19 (19.6%) 8 (7.7%)

A 72 (74.2%) 76 (73.1%)

B 6 (6.2%) 20 (19.2%)

AFP alpha-fetoprotein, ALB albumin, ALT alanine aminotransferase, AST
aspartate aminotransferase, BCLC Barcelona Clinic Liver Cancer, CP
Child-Pugh, DB direct bilirubin, HBsAg hepatitis B surface antigen, HCV-ab
hepatitis C Virus antibody, INR international normalised ratio, PLT platelet
count, PT prothrombin time, TB total bilirubin, MR/ magnetic resonance
imaging

*P-value < 0.05
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Feature selection and radiomics signature construction

A total of 80 invalid features were removed, including 16 with
infinite values, 60 with null values and 4 with variances of zero.
Among the remaining 3064 radiomics features, the 30 most
survival-related features were selected. A total of 150 radiomics
features were selected for five-fold cross-validation, including 44
from DCEl, 42 from DWI, 29 from T1WI and 35 from T2WI. The
distribution of the selected radiomics features is shown in
Supplementary Table S1.

A radiomics signature was developed based on the selected
radiomics features. The setting value for the number of trees in
the forest and maximum leaf node was 100 and 5, respectively.
The radiomics signature yielded a mean AUC of 0.9733 (95% Cl,
0.9671-0.9795) in the training set (Fig. 3a), and 0.7025 (95% Cl,
0.6695-0.7355) in the validation set (Fig. 3b).

Development and performance of radiomics model

Preoperative AFP and AST were integrated into the radiomics
model. The list of the selected features and their coefficients are
available in Supplementary Tables S2-S6. An individualised
radiomics model incorporating the radiomics signature and
preoperative AFP and AST showed better discrimination, with a
mean AUC of 0.9804 (95% Cl, 0.9714-0.9894) in the training set
(Fig. 3c), and 0.7578 (95% Cl, 0.7056-0.8100) in the validation set
(Fig. 3d). The calibration curve demonstrated good agreement
between predicted and actual 5-year survival rates in the training
(Fig. 4a) and validation (Fig. 4b) sets. The decision curve showed
good performance of the radiomics model in terms of clinical
application, which added more benefit than either a treat-all or
treat-none scheme (Supplementary Fig. S1).

DISCUSSION

To our knowledge, this is the first MRI-based radiomics model for
5-year survival prediction in patients with HCC. The model
integrates the MRI radiomics signature with preoperative AFP
and AST, all of which can be easily obtained, to offer prognostic
information on long-term survival, which is a key concern for
patients. This radiomics model demonstrated satisfactory discri-
minative ability, and can be used to stratify patients with HCC into
risk groups prior to surgery and guide treatment decisions. The
non-survivors in our prediction model are regarded as high-risk
patients who require close surveillance and may be candidates for
clinical trials of perioperative therapies.

Some researchers have developed a number of CT-based
radiomics models to predict microscopic vascular invasion,
recurrence, and survival in patients with resected HCC.'*™'°
Recently, Guo et al.*® found that CT-based radiomics signature,
including three texture features, one shape feature and five
wavelet features, may enable recurrence prediction for HCC after
liver transplantation. With the advantages of multiple parameters,
multiple sequences and better soft tissue resolution, MRI shows
greater lesion sensitivity and is regarded as the preferred imaging
modality for the diagnosis of HCC.*®™%® In fact, contrast-enhanced
MRI is gradually becoming a routine preoperative examination for
patients with HCC at many medical centres. Accumulating
evidence also suggests the predictive value of an MRI-based
radiomics model in nasopharyngeal carcinoma, breast cancer,
glioma and cervical cancer.’** Given the widespread application
and predictive value of MR, it is necessary to build an MRI-based
prognosis model for treatment guidance in resectable HCC.

Hui et al.?° analysed the largest cross-sectional tumour area on
T2WI, DWI and DCEIl in 50 patients with HCC and concluded that
texture analysis on MRI had the potential to predict early
recurrence with up to 84% accuracy using a single parameter.
Wu et al.?' analysed three-dimensional tumour volume on T1WI
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Table 2. Preoperative clinical risk factors for 5-year survival in patients with HCC.
Variable Univariable analysis Multivariable analysis
OR (95% Cl) P-value OR (95% Cl) P-value

Age, 1.777 0.068 1.693 0.135

>60 years vs. <60 years (0.959-3.291) (0.849-3.376)
Sex, 1.132 0.740

female vs. male (0.545-2.351)
HBsAg/HCV-ab status, 0.874 0.724
positive vs. negative (0.413-1.848)
Cirrhosis, 1.030 0.932
present vs. absent (0.525-2.022)
Preoperative AFP level, 3.696 <0.001* 3.789 <0.001*
>7 ng/mL vs. <7 ng/mL (2.017-6.773) (1.986-7.231)
Preoperative ALT level, 1.002 0.994
>40 U/L vs. <40 U/L (0.541-1.858)
Preoperative AST level, 2.599 0.005* 2.692 0.008*
>45 U/L vs. <45 U/L (1.344-5.026) (1.300-5.573)
Preoperative TB level, 0.740 0.430
>20 pmol/L vs. <20 pmol/L (0.350-1.565)
Preoperative DB level, 1.563 0.159
>6 pmol/L vs. <6 pmol/L (0.839-2.911)
Preoperative ALB level, 2473 0.137
<359/L vs.235g/L (0.749-8.166)
Preoperative PLT, 1.110 0.770
<100 x 10%/L vs.>100 x 10%/L (0.551-2.238)
Preoperative PT, 1.316 0.574
>14s vs.<14s (0.506-3.423)
Preoperative INR, 1.648 0.264
>1.5 vs.<1.5 (0.685-3.963)
Preoperative CP class, 0.932 0.961
B vs. A (0.057-15.110)
MRI-reported tumour number, 4.087 0.033* 1.555 0.659
>3 vs.<3 (1.117-14.957) (0.218-11.078)
MRI-reported tumour size, 2.597 0.021* 1.959 0.136
>2cm vs. £2cm (1.154-5.847) (0.810-4.739)
BCLC stage, 3611 0.009* 2.933 0.155
B vs. 0/A (1.384-9.425) (0.665-12.938)

*P-value < 0.05

AFP alpha-fetoprotein, ALB albumin, ALT alanine aminotransferase, AST aspartate aminotransferase, BCLC Barcelona Clinic Liver Cancer, CI confidence interval,
CP Child-Pugh, DB direct bilirubin, HBsAg hepatitis B surface antigen, HCC hepatocellular carcinoma, HCV-ab hepatitis C Virus antibody, INR international
normalised ratio, PLT platelet count, PT prothrombin time, TB total bilirubin, MRl magnetic resonance imaging, OR odds ratio, vs. versus

and T2WI in 170 patients with HCC and found that the MRI
radiomics signature could successfully categorise the grade of
HCG; the AUC of the radiomics signature based on TTWI, T2WI and
TIWI 4+ T2WI was 0.712, 0.722 and 0.742, respectively. Kim et al.??
analysed three-dimensional tumour and peritumoral volume on
contrast-enhanced MRI sequences in 167 patients with HCC and
developed a radiomics model to predict postoperative recurrence
with a c-index value of 0.716. Recently, Zhang et al.?®> developed a
radiomics nomogram based on contrast-enhanced MRI for early
postoperative recurrence prediction with an AUC of 0.844. These
MRI-based radiomics analyses revealed good predictive ability of
MRI in HCC, and suggested that the combination of different MRI
sequences may have better prediction performance. Limitations
that might weaken the predictive effect of the model in these
studies, included small-sample size, single-institution data and
single slice- or only a few sequences-derived features.

MRI contains anatomical and functional information: T1WI and
T2WI represent tumour features in spatial dimensions, DWI reflects
tissue microcirculation, and DCEl is a function of tumour
vascularity and cellularity. Therefore, our study took advantage
of features extracted from the whole tumour volume on four

conventional MRI sequences to maximise detailed tumour
characteristics. To the best of our knowledge, this is the only
study including four MRI sequences for HCC model building. In
this study, the contributions of the different sequences to the
prediction model were as follows: DCEI > DWI > T2WI > TTWI. Our
results are in good agreement with those reported in previous
radiomics studies of HCC, which suggested that the texture
parameters on DCEl achieved the best performance compared
with DWI or T2WI,%° and that the radiomics signature based on
T2WI 21demonstrated better predictive ability compared with
T1WIL.

Preoperative AFP level is an important prognostic marker of
HCC associated with pathological grade, progression and survival.
Previous research suggested that patients with HCC and higher
serum AFP level may require comprehensive therapy besides
surgical resection and close follow-up.>*3® Zhou et al.*” analysed
the prognostic roles of ALT and AST in patients with HCC and B-
type hepatitis-associated cirrhosis, and found that only AST was
marginally significant in multivariate tests for early recurrence and
post-recurrence survival. This study demonstrated significant
associations between AFP and AST and 5-year survival, and an
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Fig. 3 Receiver-operating characteristic (ROC) curves for the radiomics signature and radiomics model. a ROC curve for the radiomics
signature in the training set, showing a mean area under the curve (AUC) of 0.9733 (95% confidence interval [Cl], 0.9671-0.9795). b ROC curve
for the radiomics signature in the validation set, showing a mean AUC of 0.7025 (95% Cl, 0.6695-0.7355). ¢ ROC curve for the radiomics model
with the addition of preoperative alpha-fetoprotein (AFP) and aspartate aminotransferase (AST) in the training set, showing a mean AUC of
0.9804 (95% Cl, 0.9714-0.9894). d ROC curve for the radiomics model with the addition of preoperative AFP and AST in the validation set,
showing a mean AUC of 0.7578 (95% Cl, 0.7056-0.8100).
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Fig. 4 Calibration curves for the radiomics model. Calibration curves for the radiomics model in the training (a) and validation (b) sets. The
diagonal blue line represents the perfect performance of an ideal model. The red, orange, green, purple and brown lines represent the
performance of the radiomics model in five different training or validation sets, of which a closer fit to the diagonal blue line indicates a better
prediction performance.

obvious improvement was observed when AFP and AST were feature selection and model construction. The random forest
added to the radiomics model, which is consistent with previous algorithm is a fully non-parametric, machine-learning method,
studies. which is highly effective for prediction and variable selection in

Much effort was made to optimise the model. Various methods high-dimensional problems.*® Zhang et al3>* evaluated the
were employed, and the random forest algorithm was selected for performance of six feature selection methods and nine
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classification methods, and identified the random forest algorithm
as the optimal machine-learning classifier for radiomics-based
prediction of failure in advanced nasopharyngeal carcinoma. Akai
et al."® found that the combination of radiomics analysis and
random forest method may be useful for prognosis prediction in
resectable HCC. Five-fold cross-validation was performed for
robust assessment. In the process of model building, dividing
patients into training and validation groups is common based on
the defect of population mismatch, which leads to poor
performance in small-sample studies. To address this limitation,
we applied five-fold cross-validation to calculate the average
result. The combination of random forest and cross-validation
methods has been widely used in recent radiomics analyses.'>*

There were several limitations in our study. First, the radiomics
model was developed based on retrospective data, and the clinical
usefulness requires independent validation in further studies.
Second, this study collected multicentre MRI data to increase the
statistical power and sample size at the expense of increased
variability of different scanners; however, we used uniform
scanning parameters and MRI signal-intensity normalisation to
reduce the possible variability. Third, genomic characteristics were
not considered in this study. Radiogenomics is an emerging field
exploring the relationships between imaging phenotypes and gene
expression.*’ Some preliminary studies have revealed correlations
between phenotypic imaging traits and genomic signatures in
patients with HCC.***® However, the small-sample size and limited
imaging features may influence the reliability of the detected
image-to-gene associations. Future studies could attempt to
incorporate genomic characteristics into the radiomics model to
capture more underlying behaviours in HCC. Finally, many other
variables could have influenced 5-year survival, such as post-
operative pathological characteristics and retreatment after recur-
rence. As we aimed to develop a preoperative model that could
direct clinical trials of perioperative therapies, and only preoperative
clinical and radiomics features were included for modelling, it may
have limited the predictive effect. However, this preoperative
model showed favourable performance, suggesting good predic-
tive value of the preoperative radiomics features for 5-year survival.
In the future, we will incorporate other survival-related factors into a
postoperative model.

In conclusion, we constructed a convenient and feasible radio-
mics model that integrated the MRI radiomics signature and
preoperative clinical risk factors to predict 5-year survival in patients
with resectable HCC. The ability of risk stratification in the
preoperative setting can identify patients for clinical trials of
perioperative therapies and for additional surveillance after surgery.

AUTHOR CONTRIBUTIONS

All authors contributed to interpreting the data, writing and editing the paper. X.W.
undertook modelling and drafted the paper, supervised by W.W. and ZW., W.W. and
ZW. conceived the study with support from all co-authors.

ADDITIONAL INFORMATION

Ethics approval and consent to participate This study was approved by the
institutional review board of Peking University Cancer Hospital and Institute. The
requirement for individual informed consent was waived because of the retro-
spective nature of the study. This study was performed in accordance with the
Declaration of Helsinki.

Consent to publish All authors have agreed on the contents of the manuscript and
provided consent.

Data availability The data might be made available upon request, and some
restrictions will apply.

Competing interests The authors declare no competing interests.

Funding information This work was supported by Beijing Municipal Natural Science
Foundation (Grant number: 7182028), Beijing Municipal Administration of Hospitals
Clinical Medicine Development of Special Funding (No. XMLX201842).

Supplementary information is available for this paper at https://doi.org/10.1038/
s41416-019-0706-0.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

REFERENCES

1. Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics. CA Cancer J. Clin. 68, 7-30
(2018).

2. Perz, J. F,, Armstrong, G. L., Farrington, L. A, Hutin, Y. J. & Bell, B. P. The con-
tributions of hepatitis B virus and hepatitis C virus infections to cirrhosis and
primary liver cancer worldwide. J. Hepatol. 45, 529-538 (2006).

3. Bruix, J, Reig, M. & Sherman, M. Evidence-based diagnosis, staging, and treatment
of patients with hepatocellular carcinoma. Gastroenterology 150, 835-853 (2016).

4. Kulik, L. & El-Serag, H. B. Epidemiology and management of hepatocellular car-
cinoma. Gastroenterology 156, 477-491 (2019).

5. Bruix, J,, Takayama, T., Mazzaferro, V., Chau, G. Y., Yang, J., Kudo, M. et al. Adjuvant
sorafenib for hepatocellular carcinoma after resection or ablation (STORM): a
phase 3, randomised, double-blind, placebo-controlled trial. Lancet Oncol. 16,
1344-1354 (2015).

6. Gao, Z,, Du, G, Pang, Y., Fu, Z, Liu, C, Liu, Y. et al. Adjuvant transarterial
chemoembolization after radical resection contributed to the outcomes of
hepatocellular carcinoma patients with high-risk factors. Medicine 96, e7426
(2017).

7. Qi, X, Liy, L, Wang, D,, Li, H., Su, C. & Guo, X. Hepatic resection alone versus in
combination with pre- and post-operative transarterial chemoembolization for
the treatment of hepatocellular carcinoma: a systematic review and meta-
analysis. Oncotarget 6, 36838-36859 (2015).

8. Wang, W. H., Wang, Z, Wu, J. X,, Zhang, T., Rong, W. Q., Wang, L. M. et al.
Survival benefit with IMRT following narrow-margin hepatectomy in patients
with hepatocellular carcinoma close to major vessels. Liver Int. 35, 2603-2610
(2015).

9. Wang, L, Wang, W., Yao, X.,, Rong, W., Wu, F., Chen, B. et al. Postoperative
adjuvant radiotherapy is associated with improved survival in hepatocellular
carcinoma with microvascular invasion. Oncotarget 8, 79971-79981 (2017).

10. Hao, K., Lamb, J,, Zhang, C,, Xie, T., Wang, K., Zhang, B. et al. Clinicopathologic and
gene expression parameters predict liver cancer prognosis. BVIC Cancer 11, 481
(2011).

11. Hao, K, Luk, J. M,, Lee, N. P, Mao, M., Zhang, C., Ferguson, M. D. et al. Predicting
prognosis in hepatocellular carcinoma after curative surgery with common
clinicopathologic parameters. BVIC Cancer 9, 389 (2009).

12. Lambin, P., Rios-Velazquez, E., Leijenaar, R, Carvalho, S. van Stiphout, R. G,
Granton, P. et al. Radiomics: extracting more information from medical images
using advanced feature analysis. Eur. J. Cancer 48, 441-446 (2012).

13. Aerts, H. J,, Velazquez, E. R, Leijenaar, R. T., Parmar, C,, Grossmann, P., Carvalho, S.
et al. Decoding tumour phenotype by noninvasive imaging using a quantitative
radiomics approach. Nat. Commun. 5, 4006 (2014).

14. Chen, B, Zhang, R, Gan, Y., Yang, L. & Li, W. Development and clinical application
of radiomics in lung cancer. Radiat. Oncol. 12, 154 (2017).

15. Akai, H., Yasaka, K., Kunimatsu, A., Nojima, M., Kokudo, T., Kokudo, N. et al. Pre-
dicting prognosis of resected hepatocellular carcinoma by radiomics analysis
with random survival forest. Diagn. Inter. Imaging 99, 643-651 (2018).

16. Peng, J., Zhang, J.,, Zhang, Q. Xu, Y., Zhou, J. & Liu, L. A radiomics nomogram for
preoperative prediction of microvascular invasion risk in hepatitis B virus-related
hepatocellular carcinoma. Diagn. Inter. Radiol. 24, 121-127 (2018).

17. Zhou, Y., He, L, Huang, Y., Chen, S, Wu, P., Ye, W. et al. CT-based radiomics
signature: a potential biomarker for preoperative prediction of early recurrence in
hepatocellular carcinoma. Abdom. Radiol. 42, 1695-1704 (2017).

18. Bakr, S., Echegaray, S., Shah, R, Kamaya, A., Louie, J,, Napel, S. et al. Noninvasive
radiomics signature based on quantitative analysis of computed tomography
images as a surrogate for microvascular invasion in hepatocellular carcinoma: a
pilot study. J. Med. Imaging 4, 041303 (2017).

19. Xu, X, Zhang, H. L, Liu, Q. P, Sun, S. W,, Zhang, J., Zhu, F. P. et al. Radiomic
analysis of contrast-enhanced CT predicts microvascular invasion and outcome in
hepatocellular carcinoma. J. Hepatol. 70, 1133-1144 (2019).

20. Hui, T. C. H,, Chuah, T. K, Low, H. M. & Tan, C. H. Predicting early recurrence of
hepatocellular carcinoma with texture analysis of preoperative MRI: a radiomics
study. Clin. Radiol. 73, 1056.e11-1056.e16 (2018).


https://doi.org/10.1038/s41416-019-0706-0
https://doi.org/10.1038/s41416-019-0706-0

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Wu, M, Tan, H,, Gao, F.,, Hai, J,, Ning, P., Chen, J. et al. Predicting the grade of
hepatocellular carcinoma based on non-contrast-enhanced MRI radiomics sig-
nature. Eur. Radiol. 29, 2802-2811 (2019).

Kim, S., Shin, J,, Kim, D. Y., Choi, G. H., Kim, M. J. & Choi, J. Y. Radiomics on
gadoxetic acid-enhanced magnetic resonance imaging for prediction of post-
operative early and late recurrence of single hepatocellular carcinoma. Clin.
Cancer Res. 25, 3847-3855 (2019).

Zhang, Z,, Jiang, H,, Chen, J., Wei, Y., Cao, L., Ye, Z. et al. Hepatocellular carcinoma:
radiomics nomogram on gadoxetic acid-enhanced MR imaging for early post-
operative recurrence prediction. Cancer Imaging 19, 22 (2019).

Vickers, A. J. & Elkin, E. B. Decision curve analysis: a novel method for evaluating
prediction models. Med. Decis. Mak. 26, 565-574 (2006).

Guo, D, Gu, D.,, Wang, H., Wei, J, Wang, Z, Hao, X. et al. Radiomics analysis
enables recurrence prediction for hepatocellular carcinoma after liver trans-
plantation. Eur. J. Radiol. 117, 33-40 (2019).

Lee, Y. J, Lee, J. M, Lee, J. S, Lee, H. Y., Park, B. H., Kim, Y. H. et al. Hepato-
cellular carcinoma: diagnostic performance of multidetector CT and MR
imaging-a systematic review and meta-analysis. Radiology 275, 97-109 (2015).
Sirlin, C. B., Hussain, H. K., Jonas, E., Kanematsu, M., Min Lee, J., Merkle, E. M. et al.
Consensus report from the 6th International forum for liver MRI using gadoxetic
acid. J. Magn. Reson Imaging 40, 516-529 (2014).

Rostambeigi, N., Taylor, A. J., Golzarian, J., Jensen, E. H., Pruett, T. L., Dudeja, V.
et al. Effect of MRI Versus MDCT on Milan Criteria Scores and Liver Transplan-
tation Eligibility. AJR Am. J. Roentgenol. 206, 726-733 (2016).

Zhang, B, Ouyang, F., Gu, D., Dong, Y., Zhang, L., Mo, X. et al. Advanced naso-
pharyngeal carcinoma: pre-treatment prediction of progression based on multi-
parametric MRI radiomics. Oncotarget 8, 72457-72465 (2017).

Chan, H. M., van der Velden, B. H. M., Loo, C. E. & Gilhuijs, K. G. A. Eigentumors for
prediction of treatment failure in patients with early-stage breast cancer using
dynamic contrast-enhanced MRI: a feasibility study. Phys. Med. Biol. 62,
6467-6485 (2017).

Ha, R, Chang, P., Mutasa, S., Karcich, J.,, Goodman, S., Blum, E. et al. Convolutional
Neural Network Using a Breast MRI Tumor Dataset Can Predict Oncotype Dx
Recurrence Score. J. Magn. Reson Imaging 49, 518-524 (2019).

Peeken, J. C, Hesse, J., Haller, B., Kessel, K. A., Nusslin, F. & Combs, S. E. Semantic
imaging features predict disease progression and survival in glioblastoma mul-
tiforme patients. Strahlenther. Onkol. 194, 580-590 (2018).

Liu, X,, Li, Y., Qian, Z., Sun, Z,, Xu, K., Wang, K. et al. A radiomic signature as a non-
invasive predictor of progression-free survival in patients with lower-grade
gliomas. Neuroimage Clin. 20, 1070-1077 (2018).

Lucia, F., Visvikis, D., Desseroit, M. C., Miranda, O., Malhaire, J. P., Robin, P. et al.
Prediction of outcome using pretreatment (18)F-FDG PET/CT and MRI radiomics
in locally advanced cervical cancer treated with chemoradiotherapy. Eur. J. Nucl.
Med. Mol. Imaging 45, 768-786 (2018).

MRI-based radiomics model for preoperative prediction of 5-year survival...

X.-H. Wang et al.

35. Ma, W. J,, Wang, H. Y. & Teng, L. S. Correlation analysis of preoperative serum
alpha-fetoprotein (AFP) level and prognosis of hepatocellular carcinoma (HCC)
after hepatectomy. World J. Surg. Oncol. 11, 212 (2013).

36. Bai, D. S., Zhang, C,, Chen, P., Jin, S. J. & Jiang, G. Q. The prognostic correlation of
AFP level at diagnosis with pathological grade, progression, and survival of
patients with hepatocellular carcinoma. Sci. Rep. 7, 12870 (2017).

37. Zhoy, L, Wang, S. B., Chen, S. G,, Qu, Q. & Rui, J. A. Prognostic value of ALT, AST,
and AAR in hepatocellular carcinoma with B-type hepatitis-associated cirrhosis
after radical hepatectomy. Clin. Lab. 64, 1739-1747 (2018).

38. Ishwaran, H., Gerds, T. A, Kogalur, U. B, Moore, R. D., Gange, S. J. & Lau, B. M. Random
survival forests for competing risks. Biostatistics 15, 757-773 (2014).

39. Zhang, B,, He, X,, Ouyang, F., Gu, D., Dong, Y., Zhang, L. et al. Radiomic machine-
learning classifiers for prognostic biomarkers of advanced nasopharyngeal car-
cinoma. Cancer Lett. 403, 21-27 (2017).

40. Ingrisch, M., Schneider, M. J,, Norenberg, D., Negrao de Figueiredo, G., Maier-Hein,
K., Suchorska, B. et al. Radiomic analysis reveals prognostic information in T1-
weighted baseline magnetic resonance imaging in patients with glioblastoma.
Invest. Radiol. 52, 360-366 (2017).

41. Lambin, P., Leijenaar, R. T. H,, Deist, T. M., Peerlings, J.,, de Jong, E. E. C, van
Timmeren, J. et al. Radiomics: the bridge between medical imaging and perso-
nalized medicine. Nat. Rev. Clin. Oncol. 14, 749-762 (2017).

42. Taouli, B, Hoshida, Y., Kakite, S., Chen, X,, Tan, P. S., Sun, X. et al. Imaging-based
surrogate markers of transcriptome subclasses and signatures in hepatocellular
carcinoma: preliminary results. Eur. Radiol. 27, 4472-4481 (2017).

43. Xia, W., Chen, Y., Zhang, R, Yan, Z., Zhou, X., Zhang, B. et al. Radiogenomics of
hepatocellular carcinoma: multiregion analysis-based identification of prognostic
imaging biomarkers by integrating gene data-a preliminary study. Phys. Med. Biol.
63, 035044 (2018).

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2020

985


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	MRI-based radiomics model for preoperative prediction of 5-�year survival in patients with hepatocellular carcinoma
	Background
	Methods
	Patients
	Follow-up
	MRI
	Statistical analysis
	ROI segmentation
	MRI normalisation and radiomics feature extraction
	Feature selection and radiomics signature construction
	Development and evaluation of radiomics model

	Results
	Clinical characteristics
	Feature selection and radiomics signature construction
	Development and performance of radiomics model

	Discussion
	Author contributions
	ADDITIONAL INFORMATION
	References




