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Abstract

BACKGROUND

The prognosis of hepatocellular carcinoma (HCC) remains poor and relapse
occurs in more than half of patients within 2 years after hepatectomy. In terms of
recent studies, microvascular invasion (MVI) is one of the potential predictors of
recurrence. Accurate preoperative prediction of MVI is potentially beneficial to
the optimization of treatment planning.

AIM
To develop a radiomic analysis model based on pre-operative magnetic resonance
imaging (MRI) data to predict MVI in HCC.

METHODS

A total of 113 patients recruited to this study have been diagnosed as having HCC
with histological confirmation, among whom 73 were found to have MVI and 40
were not. All the patients received preoperative examination by Gd-enhanced
MRI and then curative hepatectomy. We manually delineated the tumor lesion on
the largest cross-sectional area of the tumor and the adjacent two images on MRI,
namely, the regions of interest. Quantitative analyses included most discriminant
factors (MDFs) developed using linear discriminant analysis algorithm and
histogram analysis with MaZda software. Independent significant variables of
clinical and radiological features and MDFs for the prediction of MVI were
estimated and a discriminant model was established by univariate and
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multivariate logistic regression analysis. Prediction ability of the above-mentioned parameters or
model was then evaluated by receiver operating characteristic (ROC) curve analysis. Five-fold
cross-validation was also applied via R software.

RESULTS

The area under the ROC curve (AUC) of the MDF (0.77-0.85) outperformed that of histogram
parameters (0.51-0.74). After multivariate analysis, MDF values of the arterial and portal venous
phase, and peritumoral hypointensity in the hepatobiliary phase were identified to be independent
predictors of MVI (P < 0.05). The AUC value of the model was 0.939 [95% confidence interval (CI):
0.893-0.984, standard error: 0.023]. The result of internal five-fold cross-validation (AUC: 0.912,
95%CI: 0.841-0.959, standard error: 0.0298) also showed favorable predictive efficacy.

CONCLUSION
Noninvasive MRI radiomic model based on MDF values and imaging biomarkers may be useful to
make preoperative prediction of MVI in patients with primary HCC.

Key Words: Hepatocellular carcinoma; Microvascular invasion; Magnetic resonance imaging; Radiomic
analysis; Imaging biomarkers

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: We developed a radiomic analysis model based on pre-operative magnetic resonance imaging
data to predict microvascular invasion (MVI) in hepatocellular carcinoma (HCC). Quantitative analyses
included most discriminant factors (MDFs) developed using the linear discriminant analysis algorithm and
histogram analysis with MaZda software. The area under the receiver operating characteristic curve value
of the model and the result of internal five-fold cross-validation showed favorable predictive efficacy.
Noninvasive radiomic model based on MDF values and imaging biomarkers may be useful to make
preoperative prediction of MVI in patients with primary HCC.

Citation: Li YM, Zhu YM, Gao LM, Han ZW, Chen XJ, Yan C, Ye RP, Cao DR. Radiomic analysis based on
multi-phase magnetic resonance imaging to predict preoperatively microvascular invasion in hepatocellular
carcinoma. World J Gastroenterol 2022; 28(24): 2733-2747
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INTRODUCTION

As important therapies for hepatocellular carcinoma (HCC), liver resection and transplantation are
widely applied in clinic and the techniques have great advances. However, the prognosis remains poor
and relapse occurs in more than half patients within 2 years after hepatectomy[1]. In terms of recent
studies, microvascular invasion (MVI) is one of the potential predictors of recurrence[2,3]. MVI, only
seen under the microscope, is defined as the appearance of tumor cells in smaller vessels inside the liver
which include small portal vein and small lymphatic vessels or hepatic artery[4,5]. And MVI can be
classified as four subclasses varying from MO to M3, and higher grade usually indicates higher
invasiveness of HCC and poorer survival rate[6]. Nonetheless, MVI is diagnosed by post-surgery
histological result at present, which is the gold standard. The accurate prediction of MVI before
operation can help achieve the anatomic resection with expanding resection margin even for a small
tumor[7]. Thus, accurate preoperative prediction of MVI is potentially beneficial to the optimization of
treatment planning[3,8].

There have been some studies to preoperatively predict MVI in terms of serum markers, radiological
features, or imaging techniques[9-11]. For example, albumin was independently associated with MVI
[9]. Besides, non-smooth tumor margins had strong diagnostic power and were of great importance for
MVI assessment[10]. Moreover, gadolinium ethoxybenzyl-diethylenetriaminepentaacetic acid (Gd-EOB-
DTPA), a special hepatocellular parenchymal contrast agent for magnetic resonance imaging (MRI), was
valuable for MVI prediction as well[11,12]. However, the levels of serum markers are instable and likely
to be affected by other diseases, and the imaging characteristics are evaluated subjectively and lack of
conformance between observers. Thus, a more reliable biomarker is needed for preoperative prediction
of MVL
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Quantitative analysis may have advantages over subjective analysis in reflecting valuable
microscopic image features. Radiomic analysis can quantify the spatial variations in gray-level patterns,
image spectral properties, and pixel interrelationships, which therefore has attracted great interest[13-
15]. Using automation algorithms based on big data and with the advantages of noninvasiveness,
radiomics analysis provides a powerful tool for modern medicine, and it can broadly combine multiple
biomarkers and then guide clinical decision-making for patients suspected with cancer[16]. Various
machine-learning methods have been used for radiomic analysis for MVI prediction, such as support
vector machine and random forest[17,18]. To the best of our knowledge, there is not yet radiomics study
based on linear discriminant analysis (LDA) algorithm to predict MVI. Additionally, even without
spatial information, histogram analysis alone can indicate a gray-level distribution and is used for MVI
prediction[19,20].

Our aim was to identify the histogram parameters alone that are predictive for MVI, and determined
the prediction capacity of LDA radiomic models based on multiple phases in pre-operative Gd-
enhanced MRI alone or combined with the image features for detecting MVI.

MATERIALS AND METHODS

Patients

Patients who underwent Gd-enhanced MRI examination before surgery were consecutively recruited
between June 2019 and November 2021. The inclusion criteria were: (1) Solitary HCC lesion which was
resectable or multiple HCC lesions appearing within one liver lobe; (2) No macroscopic vascular
invasion; (3) Received the examination of Gd-enhanced MRI of the liver [with or without hepatobiliary
phase (HBP)] within 1 mo before surgery; (4) Received curative hepatectomy; and (5) Verification of
MVI by pathological evidence. The exclusion criteria were as follows: (1) Other anti-tumor therapies had
been performed before surgery; (2) Pathological or clinical information was incomplete; (3) Imaging was
not enough for analysis as a result of motion artifact; and (4) MRI performed in a different 3.0T MR
machine. A total of 113 patients (91 men and 22 women; age ranging from 29-88 years, median age 58
years old) were included. According to pathologic results, HCC patients were allocated into MVI-
positive (MVI+) and MVI-negative (MVI-) groups. The inclusion and exclusion criteria are shown in the
flow diagram (Figure 1). This single-center retrospective cohort study was approved by the Institutional
Review Board (No. 29283), and the requirement for informed consent was waived.

MRI examination

A 3.0T MR machine (MAGNETOM Verio; Siemens, Healthcare, Erlangen, Germany) with a dedicated
phased-array body coil was used for MRI. The standard abdominal MRI protocol included: (1) Axial T2-
weighted fat-suppressed turbo-spin-echo: Repetition time (TR)/echo time (TE), 4700/79 msec, slice
thickness, 5 mm, slice gap, 1 mm, FOV, 21 mm x 38 mm; (2) In-phase and out-of-phase axial T1-
weighted imaging (T1IWI): TR/TE, 133/2.5 msec (in-phase), 6.2 msec (out-phase), slice thickness, 5 mm,
slice gap, 1 mm, FOV, 21 mm x 38 mm; (3) Diffusion-weighted imaging (b = 50, 800 sec/mm?)
performed using a free-breathing single-shot echo-planar technique, TR/TE, 9965/73 msec, slice
thickness, 5 mm, slice gap, 1 mm, FOV, 21 mm % 38 mm. The MRI system automatically calculated the
corresponding ADC maps; and (4) Contrast enhanced MRI: A 3D gradient echo sequence with
volumetric interpolated breath-hold examination was performed before and after injection of
gadobenate dimeglumine (MultiHance; Bracco) at a dose of 0.2 mL/kg and at a rate of 2 mL/sec
followed by a 20 mL saline flush with the following parameters: TR/TE, 3.9/1.4 msec, slice thickness 3
mm, slice gap, 0.6 mm, FOV, 25 mm x 38 mm. Hepatic arterial phase (AP), portal venous phase (PVP),
equilibrium phase (EP), and HBP images were obtained at 20-30 sec, 70-80 sec, 180 sec, and 90 min after
contrast medium injection, respectively.

Radiomic analysis

MaZda software (version 4.6.0, available at http://www.eletel.p.lodz.pl/mazda/) was used for
radiomic analysis[21], and Digital Imaging Transformation and Communications in Medicine (DICOM)
format was needed for compatibility with MaZda software. Images (MVI+ and MVI-) were loaded into
the MaZda software; then, regions of interest (ROIs) were segmented manually by one radiologist, on
the largest cross-sectional area and adjacent two images of the tumor or largest lesion (in the case of
multiple lesions), which also included cystic necrotic regions. To delineate the tumor, the reference was
based on HBP or T2-weighted imaging (T2WI) (in the case of artifact) images which were first
segmented. Subsequently, the ROI was overlaid onto other phase images as required. If the respiratory
movement caused the change of tumor location, the ROI was finely adjusted.

Radiomic analysis was performed with the MaZda package after loading all segmented tumor T2WI
and TIWI + Gd images; within each ROI, 101 features were generated. Six different statistical image
descriptors including gradient features, histogram features, gray level co-occurrence matrix, gray level
run-length matrix, wavelet transform, and autoregressive model were used to create these radiomic
features[21,22]. In each RO, gray-level was normalized to minimize the effect of brightness and contrast
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Eligible patients (468) proven by surgery were
searched from June 2019 to September 2021

HCC (7 = 244)

HCC (n = 113)
l
o)

Inclusion criteria:
Resectable solitary HCC lesion or multiple HCC lesions within one liver lobe
No macroscopic vascular invasion
Received Gd-enhanced MRI of the liver within 1 mo before surgery
Underwent curative hepatectomy
Pathological confirmation of primary HCC and had result of MVI+

Exclusion criteria:
Received other anti-tumor therapies before surgery (7 = 30)
Incomplete clinical or pathological information (7 = 7)
Inadequacy of imaging for analysis due to motion artifact (7 = 6)
MRI performed in a different 3.0T MR machine (7 = 88)

DOI: 10.3748/wjg.v28.i24.2733 Copyright ©The Author(s) 2022.

Figure 1 Flowchart of study selection process. HCC: Hepatocellular carcinoma; MVI: Microvascular invasion.
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variation by image intensities in the range p + 30 (1, gray-level mean; o, standard deviation), and the
range was quantized to 6 bits/ pixel[23,24].

Dimension reduction is necessary because it is impractical for clinicians to analyze all radiomic
features on each patient and curse of dimensionality may happen in the case of too many features. Thus,
the useful features were selected among 101 features in each sequence using algorithms, i.e., mutual
information (MI), Fisher coefficient (Fisher), and probability of classification error and average
correlation coefficients (POE + ACC). These algorithms were used to select 30 highest discriminative
power features in each sequence for further analysis. The statistical B11 radiomic analysis package (a
plug-in of Mazda software) was used for analyzing these 30 features. A LDA model with the lowest
misclassification rate was used to calculate the most discriminant factor (MDF)[25], which served as a
comprehensive variable for discrimination and represented a linear transformation of these input 30
features that achieved the maximum separation for samples the between MVI+ and MVI- groups and
the minimum separation of samples within each group. Hence, there were six MDFs, i.e., MDF,,y,,
MDEF,,,,, MDF,;,, DMF,,;,, MDFy,, and MDF, ;..

The values of the nine histogram features (mean, variance, skewness, kurtosis, percent 1%, percent
10%, percent 50%, percent 90% and percent 99%) previously described (i.e., one of six different statistical
image descriptors used for radiomic analysis) were separately saved in addition for the comparison

with MDF values. All characteristics of radiomic analysis were generated as presented in Figures 2 and
3.

Analysis of semantic features

In each case, an optimal window setting was adjusted to evaluate the preoperative MR images in the
Picture Archiving and Communication System. The imaging features for each HCC were evaluated by
two abdominal radiologists independently based on the following criteria: (1) Arterial rim enhance-
ment, defined based on the image with irregular ring-like enhancement with relatively hypovascular
central areas in the AP[26,27]; (2) Arterial peritumoral enhancement, defined based on the detectable
crescent or polygonal shaped enhancement outside the tumor margin, which broadly contact with the
tumor border in the AP, changing to isointense with liver parenchyma background in the delayed phase
[28]; (3) Tumor margin, also defined as smooth margin, with the representative image being nodular
tumors with smooth contour, or non-smooth margin presenting as non-nodular tumors with irregular
margin that had surrounding budding portion in the transverse and coronal HBP images[10,28]; (4)
Radiological capsule, presenting as peripheral edge of smooth hyperenhancement in the portal venous
or EP[28,29]; (5) Tumor hypointensity in the HBP, shown as lower SI than that of the surrounding liver
[12,30]; and (6) Peritumoral hypointensity in the HBP, defined as wedge-shaped or flame-like
hypointense area of hepatic parenchyma located outside of the tumor margin in the HBP[31]. Two
radiologists assessed the features of the HCC images or the largest lesion (in the case of multiple
lesions). The final decision was based on their consensus.
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Area: 379
MinLum: 129

MaxLum: 172

DOI: 10.3748/wjg.v28.i24.2733 Copyright ©The Author(s) 2022.

Figure 2 Hepatocellular carcinoma without microvascular invasion in a 60-year-old man. A: The lesion showed slightly high signal intensity on T2-
weighted imaging (T2WI) and was first regions of interest segmented; B: T1WI showed hypointensity; C: Hyper-enhancement in the arterial phase; D: The lesion
showed wash-out in the portal venous phase; E: Histogram map derived from the portal venous phase.

Area: 794

MinLum: 69

MaxLum: 152

DOI: 10.3748/wjg.v28.i24.2733 Copyright ©The Author(s) 2022.

Figure 3 Hepatocellular carcinoma with microvascular invasion in a 68-year-old woman. A: The lesion also showed slightly high signal intensity on
T2-weighted imaging (T2WI) and was segmented; B: T1WI showed hypointensity; C: Hyper-enhancement in the arterial phase; D: The lesion showed wash-out in the

portal venous phase; E: Histogram map derived from the portal venous phase indicating that the parameter of histogram was significantly different between the two
groups.

Histopathological analysis

The tumor size, number, and capsule condition were collected and analyzed. The histological type,
differentiation grade, lymphocyte infiltration, satellite nodules, MVI status, and chronic liver disease
were compared[32]. The definition of MVI was the presence of tumor emboli in an endothelial cells-

lined vascular space. The experienced pathologists reported the histopathological results after reviewing
the clinical and imaging files.
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Figure 4 Similar histogram features but different most discriminant factors. A: Hepatocellular carcinoma without microvascular invasion and the
feature derived from the portal venous phase (PVP); B: Hepatocellular carcinoma with microvascular invasion and features derived from the PVP. Case B showed
similar histogram features but different most discriminant factors (MDF) compared with case A; C: Hepatocellular carcinoma without microvascular invasion and
features derived from the arterial phase (AP); D: Hepatocellular carcinoma with microvascular invasion and features derived from the AP. Case D showed similar
histogram features but different MDF compared with case C.

DOI: 10.3748/wjg.v28.i24.2733 Copyright ©The Author(s) 2022.

Figure 5 Hepatocellular carcinoma with microvascular invasion in a 47-year-old man. A: Gd-enhanced arterial phase magnetic resonance imaging
showed arterial rim enhancement (arrow); B: Hepatobiliary phase image showing peritumoral hypointensity (arrow).

Statistical analysis
SPSS for Windows (version 25.0) and Medcalc (Version 15.2.2) were used to generate the receiver
operating characteristic (ROC) curves and compare the diagnostic performance for identifying MVI. The
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Table 1 Comparison of patient characteristics according to microvascular invasion

Characteristic MVI+ (n=73) MVI- (n = 40) P value
Age (yr)' 56.82 +13.38 57.50 +11.98 0.790
Gender, 1 (%) 0.374
Male 57 (78.1) 34 (85.0)

Female 16 (21.9) 6 (15.0)

Tumor number, n (%) 0.152
1 58 (79.5) 36 (90.0)

22 15 (20.5) 4 (10.0)

AFP, n (%) 0.023
<20 23 (31.5) 23 (57.5)

20-400 22 (30.1) 9 (22.5)

> 400 28 (38.4) 8 (20.0)

HBsAg, n (%) 0.267
Negative 13 (17.8) 4 (10.0)

Positive 60 (82.2) 36 (90.0)

Pathologic grade, n (%) 0.042
Well 0(0.0) 1(25)

Moderate 39 (53.4) 28 (70.0)

Poor 34 (46.6) 11 (27.5)

Location, n (%) 0.891
Left lobe 21 (28.8) 13 (32.5)

Right lobe 51 (69.9) 27 (67.5)

Caudate lobe 1(1.3) 0(0.0)

Data are the mean + SD.

AFP: Alpha-fetoprotein; HBsAg: Hepatitis B surface antigen; MVI: Microvascular invasion.

areas under the ROC curve (AUCs) were used to assess the predictive efficacy and the optimal cutoff
values from the maximum Youden’s index were calculated, as well as the corresponding sensitivity and
specificity for discriminating between MVI+ and MVI-. Univariate and multivariate logistic regression
analyses were performed to confirm the significant variables related to MVI including clinical factors,
imaging features, and MDFs in different sequences, and then build a discriminant model. Multivariate
logistic regression analysis was performed using forward stepwise elimination method to identify the
independent predictors. The prediction ability of significant MDF and the discriminant model was
evaluated by AUC. Five-fold cross-validation was performed using the “caret” package, and nomogram
was used as a graphical representation using the “rms” package (R software version 4.0.2, http://
www.r-project.org). Student’s t-test or Mann-Whitney U test was used to compare the continuous
variables. Fisher’s exact test or Pearson’s chi-squared test was used to compare the categorical variables.
P < 0.05 indicated statistical significance.

RESULTS

Patient characteristics

The patients were divided into two groups according to the histopathological results: MVI+ group and
the MVI- group. Among 113 HCCs, 73 had MVI (4 patients had no HBP images), while 40 had no MVI
(4 patients had no HBP images). The patients’ clinical and radiological characteristics are listed in
Tables 1 and 2, respectively. There were statistically significant differences in alpha-fetoprotein (AFP),
pathologic grade, maximum tumor diameter (MTD), arterial rim enhancement, tumor margin, and
peritumoral hypointensity in the HBP between the MVI+ and MVI- groups (P < 0.050).
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Table 2 Comparison of different imaging features according to microvascular invasion

MRI feature MVI+ (n=73) MVI- (n = 40) P value
MTD (cm)’ 7.23+4.30 3.80+2.43 <0.001
Arterial rim enhancement (%) 0.002
Absent 37 (50.7) 32 (80)

Present 36 (49.3) 8 (20)

Arterial peritumoral enhancement (%) 0.134
Absent 53 (72.6) 34 (85)

Present 20 (27.4) 6 (15)

Tumor margin (%) 0.004
Smooth 36 (49.3) 31 (77.5)

Non-smooth 37 (50.7) 9 (22.5)

Radiological capsule (%) 0.303
Absent 19 (26.0) 7 (17.5)

Present 54 (74.0) 33 (82.5)

Tumor hypointensity in the HBP (%) 0.336
Absent 2(2.9) 3(8.3)

Present 67 (97.1) 33 (91.7)

Peritumoral hypointensity in the HBP (%) 0.016
Absent 17 (24.6) 34 (94.4)

Present 52 (75.4) 2 (5.6)

'Data are the mean + SD.
There were eight patients who had no HBP images. HBP: Hepatobiliary phase; MVI: Microvascular invasion; MTD: Maximum tumor diameter; MRI:
Magnetic resonance imaging.

Radiomic analysis

For the MVI+ and MVI- patients, the values of MDFs resulting from the LDA model under B11 analysis
were significantly different between the two groups (P < 0.001). The analysis of MDF values with ROCs
generated an AUC of 0.82 [95% confidence interval (CI): 0.77-0.87] for TIWI; 0.77 (95%CI: 0.72-0.83) for
T2WT; 0.84 (95%ClI: 0.80-0.88) for AP; 0.85 (95%ClI: 0.81-0.90) for PVP; 0.84 (95%CI: 0.79-0.88) for EP; and
0.83 (95%Cl: 0.78-0.87) for HBP images. Cutoff values of -1.38 x 10° (T1WI), 4.73 x 10 (T2WI), 1.97 x 107
(AP), 417 x 103 (PVP), 2.25 x 102 (EP), and 4.30 x 10*(HBP) were obtained with corresponding high
sensitivities and specificities (TIWI: 78% and 78%; T2WI: 59% and 80%; AP: 87% and 66%; PVP: 67 %
and 90%; EP: 68% and 85%; HBP: 76% and 79%, respectively). The predictive power (AUC) of MDFs
derived from the radiomics analysis was better than that of all other histogram parameters (TITWI: 0.52-
0.68; T2WI: 0.53-0.70; AP: 0.54-0.69; PVP: 0.50-0.74; EP: 0.51-0.74; HBP: 0.52-0.65) (Tables 3 and 4). The
MRI images of four MVI+ and MVI- cases in the AP and PVP are presented, which show similar
histogram features but different MDFs (Figure 4 and Supplementary Table 1).

Association of MDFs and patient characteristics with microvascular invasion

We excluded the patients who had no HBP images. MDF values were derived from the largest cross-
sectional area of images for univariate analysis. Univariate analysis showed that MDF,,,, greater than -
1.38 x 10°*[odds ratio (OR) = 11.2000, 95%CI: 4.346-28.861; P < 0.001], MDEF_,,,, greater than 4.73 x 10° (OR
= 6.066, 95%Cl: 2.334-15.765; P < 0.001), MDF,, greater than 1.97 x 102 (OR = 8.552, 95%ClI: 2.967-24.650;
P <0.001), MDEF,; less than 4.17 x 107 (OR = 0.050, 95%ClI: 0.017-0.143; P < 0.001), MDF;less than 2.25 x
102 (OR = 0.095, 95%CI: 0.037-0.244; P < 0.001), and MDF,;, greater than 4.30 x 10#(OR = 8.800, 95%CI:
3.222-24.032; P < 0.001) were important risk factors related to the presence of MVI. Among patient
characteristics, univariate analysis showed that MTD (OR = 1.351, 95%CI: 1.146-1.593; P < 0.001), AFP
level (OR = 3.818, 95%CI: 1.357-10.605; P = 0.028), arterial rim enhancement (present vs absent, OR =
5.683, 95%CI: 1.977-16.340; P = 0.001), tumor margin (non-smooth vs smooth, OR = 4.024, 95%ClI:
1.555-10.414; P = 0.004), and peritumoral hypointensity in the HBP (present vs absent, OR = 52.000,
95%CI: 11.287-239.569; P < 0.001) were significant risk factors associated with the presence of MVI
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Table 3 Receiver operating characteristic results of radiomic analysis based on most discriminant factors in arterial phase and

histogram parameters to discriminate between microvascular invasion+ and microvascular invasion- groups

MVI (-) MVI (+) AUC Sensitivity Specificity P value Cut-off value
MDF (480£6.14) x10%  (2.63+£4.74) x102  0.84 (0.80-0.88) 87% 66% <0.001 1.97 x 10
Histogram
parameters
Mean (127 £0.28) x 10> (1.090.26) x10*>  0.68 (0.63-0.74) 78% 52% <0.001 1.06 x 10°
Variance (5.28 £4.24) x 10> (4.57£321)x10*>  0.54 (0.48-0.61) 68% 45% 0.204 3.32 x 10
Skewness (9.71£58.46) x 10%  (2.52£5.79) x 107 0.68 (0.62-0.74) 76% 58% <0.001 1.30 x 107
Kurtosis (-524£91.73) x10?  (4.06+11.19) x 107 0.60 (0.53-0.66) 90% 25% 0.004 -5.96 x 10"
Perc.01% (0.80£0.20) x 10> (0.68+0.20)x 10>  0.68 (0.62-0.74) 78% 50% <0.001 64.5
Perc.10% (0.99£0.23) x 10> (0.84£0.22) x 10>  0.68 (0.62-0.74) 96% 32% <0.001 69.5
Perc.50% (1.28 £0.30) x 10> (1.08+0.27) x10*  0.69 (0.63-0.74) 76% 47% <0.001 105.5
Perc.90% (1.54£034) x 10> (1.35£031) x10*>  0.65(0.59-0.71) 57% 70% <0.001 1485
Perc.99% (1.73+0.39) x 10> (1.57£0.35) x10*>  0.62 (0.55-0.68) 48% 74% <0.001 177.5

AUC: Area under the receiver operating characteristic curve; MDF: Most discriminant factor; MVI: Microvascular invasion.

Table 4 Receiver operating characteristic results of radiomic analysis based on most discriminant factors in portal venous phase and

histogram parameters to discriminate between microvascular invasion+ and microvascular invasion- groups

MVI (-) MVI (+) AUC Sensitivity Specificity Pvalue Cut-off value
MDF (7.84+9.26) x 10°  (-4.30 £7.00) x 10°  0.85 (0.81-0.90) 67% 90% <0.001 417 x10°
Histogram
parameters
Mean (1.24+0.24) x 10> (1.08+0.24) x 10> 0.69 (0.63-0.75) 78% 54% <0.001 106.6
Variance (3.07£4.11) x10*>  (430£3.59) x 10>  0.67 (0.61-0.74) 80% 50% <0.001 165.9
Skewness (1.93+6.11) x 10" (1.87+5.85) x 107 0.50 (0.44-0.57) 16% 88% 0.09 7.76 x 10
Kurtosis (0.60 £ 1.20) (0.62+1.19) 0.51 (0.44-0.57) 57% 51% 0.787 1.62 x 10"
Perc.01% (91.84 + 30.33) (67.16 + 24.85) 0.74 (0.68-0.80)  50% 90% <0.001 101.5
Perc.10% (1.06 £ 0.29) x 10> (0.84+0.25) x 10> 0.72 (0.67-0.78) 56% 81% <0.001 107.5
Perc.50% (1.25£0.24) x 10> (1.07£0.24) x 10> 0.69 (0.64-0.75) 78% 55% <0.001 106.5
Perc.90% (1.44+027) x 10> (1.32+0.27) x10®>  0.62 (0.56-0.68) 63% 61% <0.001 137.5
Perc.99% (1.61+£0.31) x 10>  (1.56+0.34) x 10>  0.55 (0.49-0.61) 35% 77% 0.179 176.5
AUC: Area under the receiver operating characteristic curve; MDF: Most discriminant factor; MVI: Microvascular invasion.
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(Table 5).

Multivariate analysis of MDF values and patient characteristics with microvascular invasion

Multivariate analysis of the above 11 significant parameters showed that only MDEF,, (> 1.97 x 102vs <
1.97 x 10?2 OR = 7.654, 95%CI: 1.860-31.501; P = 0.005), MDEF,;, (> 4.17 x 10%vs < 4.17 x 10®, OR = 0.182,
95%ClI: 0.047-0.705; P = 0.014), and peritumoral hypointensity in the HBP (present vs absent, OR =

37.098, 95%CI: 6.861-200.581; P < 0.001) were independent predictors related to the presence of MVI
(Figure 5).
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Table 5 Univariate analysis of risk factors for most discriminant factors and patient characteristic

Variable OR 95%Cl Pvalue
MDE, 11.200 4.346-28.861 <0.001°
MDF, 6.066 2.334-15.765 <0.001°
MDF,,, 8.552 2.967-24.650 <0.001°
MDFypyp 0.050 0.017-0.143 <0.001°
MDFy, 0.095 0.037-0.244 <0.001°
MDFyp 8.800 3.222-24.032 <0.001°
MTD 1.351 1.146-1.593 <0.001*
AFP 3.818 1.375-10.605 0.028"
Pathologic grade 0.105
Arterial rim enhancement 5.683 1.977-16.340 0.001"
Arterial peritumoral enhancement 0.215
Tumor margin 4.024 1.555-10.414 0.004"
Radiological capsule 0.275
Tumor hypointensity in HBP 0.215
Peritumoral hypointensity in HBP 52.000 11.287-239.569 <0.001"

2P < 0.05, statistically significant results from logistic regression analysis. Variables with *P < 0.05 in univariate logistic regression analysis were applied to a
multivariate logistic regression analysis.

MDEF: Most discriminant factor; AFP: Alpha-fetoprotein; AP: Arterial phase; CI: Confidence interval; EP: Equilibrium phase; HBP: Hepatobiliary phase;
MTD: Maximum tumor diameter; OR: Odds ratio; PVP: Portal venous phase.

The risk scores for individual patients based on the final discriminant model were calculated using
the following formula: Logit (P) = —4.612 + 3.614 x peritumoral hypointensity on HBP (absent = 0,
present = 1) + 2.035 x MDEF,, (< 1.97 x 10?vs > 1.97 x 102, <1.97 x 102 =0, > 1.97 x 102 = 1) - 1.876 x
MDF,; (£ 4.17 x 10%vs > 417 x 107, £ 4.17 x 10°= 0, > 4.17 x 10° = 1). The probabilities of MVI were
calculated by the formula [P = e Logit (P)/1 + e Logit (P)].

The AUC of the final model was 0.939 (95%CI: 0.893-0.984; standard error: 0.023) and the optimal
cutoff value was 0.595881 ~ 0.60 (specificity: 89%; sensitivity: 90%; Youden's index: 0.788) (Figure 6A).
The result of internal five-fold cross-validation (AUC: 0.912; 95%CI: 0.841-0.959; standard error: 0.0298)
also showed favorable predictive efficacy (Figure 6A). The independent predictive factors were
integrated into a nomogram by the multivariate logistic regression analysis (Figure 6B).

Comparison of area under the receiver operating characteristic curve values of MDF values and

imaging features

We generated the ROC curves of MDF,,and MDF,,,, respectively, which were independent predictors.
The ROC curves of imaging features which were significantly different were also generated alone. The
results were compared using the Delong test. The MDF,,and MDF,,,had significantly higher AUCs
than MTDs, arterial rim enhancement, and tumor margin (P < 0.05; Supplementary Table 2). However,
there were no differences in AUCs among MDF,;,, MDF,,,, and peritumoral hypointensity in the HBP (P
> 0.05; Supplementary Table 1). Comparison of ROC curves is shown in Figure 6C.

DISCUSSION

MVI indicates the invasiveness of HCC and poor prognosis[2,3]. Therefore, the pre-operative prediction
of MVl is an important factor for assessing long-term patient survival and treatment optimization. The
quantification of MRI images by radiomic analysis can characterize the heterogeneity of tumor and has
demonstrated previous success in reflecting histological subtype[33,34]. In the present study, through
the analysis of the top 30 parameters in each sequence, an overall discriminator, MDF, was generated
with the LDA model, providing better prediction ability for MVI than the histogram features.

Our study showed a high sensitivity of MDF values from radiomic analysis on preoperative Gd-
enhanced MRI images and/ or specificity in distinguishing between MVI+ and MVI-. The AUCs of MDF
values of six sequences, all of which were more than 0.75, outperformed those of all histogram
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Figure 6 Area under the receiver operating characteristic curve of the final model. A: Receiver operating characteristic (ROC) curves of the selected
model and the ROC curve of the 5-fold cross-validation; B: Nomogram of the integrated model. Hepatobiliary phase (HBP) means peritumoral hypointensity in the
HBP, most discriminant factor (MDF),, means the MDF of the arterial phase, and MDF,,, means the MDF of the portal venous phase; C: Comparison of ROC curves
for prediction of microvascular invasion. The area under the ROC curve (AUC) was largest for the MDF,, alone (AUC = 0.881). ARE: Arterial rim enhancement;
MTD: Maximum tumor diameter; PHOH: Peritumoral hypointensity in the HBP; TM: Tumor margin.
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parameters and imaging features. The MDF values of AP and PVP images had significantly higher
AUCs than most of imaging features. MDF values could provide additional information useful for
clinical management decisions. Moreover, MaZda software can be easily used for general clinicians
without additional requirement of expertise, easily serving as a potential powerful tool in preoperative
prediction of MVL

LDA has been used in radiomics studies recently[35]. Han et al[35] found that LDA and support
vector machine achieved optimal performance when compared with multiple machine learning
methods[35]. In our study, among the LDA models based on various sequences, MDF,,and MDF,,,
were significant independent factors for the prediction of MVI, and showed satisfactory predictive
efficacy with an AUC greater than 0.80. Histogram parameters have been used in quantitative analysis
of MVI in clinical studies[19,20]. Li et al[19] performed histogram analysis of intravoxel incoherent
motion and the best parameter provided a sensitivity of 81% and specificity of 85%[19]. It was based on
whole tumor volume, but only 41 patients were enrolled. Wang et al[20] used computational
quantitative measures based on the maximum cross-sectional area to predict MVI of small HCC, but
only in HBP images[20]; the AUC, sensitivity, and specificity were 0.91, 0.87, and 0.80, respectively. In
our study, the radiomic analysis-based MDF outperformed each individual histogram parameter in
predicting the presence of MVI. Therefore, we considered that MDFs on the basis of LDA model that
contained more comprehensive information could evaluate the Gd-enhanced MR images and determine
MVTI status better than histogram analysis alone.

Multivariate analysis of the 11 risk factors identified in the univariate analysis found that only
peritumoral hypointensity in HCCs in the HBP, MDF,,;, and MDF,, were independent predictors of
MVI. Pathologically, MVI is usually found in the small portal vein and hepatic artery[4]. It may be
detected in the small liver lymphatic vessels. But it is mostly found in small branches of the portal vein.
This may explain why the MDF,,,and MDF,, were independent predictors of MDF values in the model
that predicted MVI. The MDF,,, whose OR was less than 1 may be a protective factor, which means that
the higher the MDF,,,, the less possible the presence of MVI. MVI may affect the biological functions of
the canalicular transporter multidrug resistance-associated protein 2 or the organic anion transporting
peptides, both of which lead to the elimination of gadoxetate disodium. That may be the reason why
peritumoral hypointensity appeared in HCCs in the HBP[12]. The OR of peritumoral hypointensity in
the HBP was quite high, which may result from relatively small sample size.
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It has been reported that MR findings including arterial peritumoral enhancement and non-smooth
tumor margin were independent predictors associated with the presence of MVI or indicated the
association between the hypointensity of HCCs in HBP images and a higher frequency of MVI[12,17],
which is not consistent with our study. One possible reason for the inconsistence may be the differences
between study populations, as all patients enrolled in that study had a single HCC with a diameter <5
cm. The inherent and technical inconsistencies between the observers in two studies may also account
for the incompatible results. Arterial rim enhancement can predict biological characters of HCCs,
including MVI, rapid progression, and early recurrence[26,36]. Our study showed that rim enhancement
in the AP was not an independent predictor of MV], and the reason may be that rim enhancement in AP
is uncommon in HCC but more often seen in mass-forming cholangiocarcinoma or metastasis[37].

There are some limitations in this study. First, a selection bias may exist due to the retrospective
study. Second, the radiomic analysis was performed only on the largest cross-sectional area and two
adjacent images of the tumor. There may be information loss compared to whole tumors. In spite of this,
our results showed excellent discriminative efficacy between the MVI+ and MVI- groups. Third,
different MVI grading indicates a decreasing gradient of overall survival and time to early recurrence,
which was not analyzed in the MVI+ group due to the small sample size. Finally, this study was
performed at only one institution, causing the sample size small relative to the number of variables.
Further multicenter, prospective studies are needed to validate the results of this study.

CONCLUSION

In conclusion, radiomic analysis based on preoperative Gd-enhanced MR images may be feasible for
predicting MVI of HCC. Upon the application of MRI findings and radiomic variables in our model, the
diagnostic prediction of MVI showed a high specificity and sensitivity, indicating that this method is a
useful tool for clinicians in treatment decision-making.

ARTICLE HIGHLIGHTS

Research background

The prognosis of hepatocellular carcinoma (HCC) remains poor and relapse occurs in more than half of
the patients within 2 years after hepatectomy. Microvascular invasion (MVI) is one of the potential
predictors of recurrence. MVI is defined as the appearance of tumor cells in smaller vessels inside the
liver which include small portal vein, and small lymphatic vessels or hepatic arteries. Accurate
preoperative prediction of MVI is potentially beneficial to the optimization of treatment planning.

Research motivation

There have been some studies to preoperatively predict MVI in terms of serum markers, radiological
features, or imaging techniques. However, the levels of serum markers are instable and likely to be
affected by other diseases, and the imaging characteristics are evaluated subjectively and lack of
conformance between observers. Thus, a more reliable biomarker is needed for preoperative prediction
of MVL

Research objectives
The aim of this study was to develop a radiomic analysis model based on pre-operative magnetic
resonance imaging (MRI) data to predict MVI in HCC.

Research methods

A total of 113 patients recruited to this study have been diagnosed as having HCC with histological
confirmation, among whom, 73 were found to have MVI and 40 were not. All the patients received
preoperative examination by Gd-enhanced MRI and then curative hepatectomy. We manually
delineated the tumor lesion on the largest cross-sectional area of the tumor and the two adjacent images
on MRI. Quantitative analyses included most discriminant factors (MDFs) developed using a linear
discriminant analysis algorithm and histogram analysis via MaZda software. Independent significant
variables of clinical and radiological features and MDFs for the prediction of MVI were estimated and a
discriminant model was established by univariate and multivariate logistic regression analysis.
Prediction ability of the above-mentioned parameters or model was then evaluated by receiver
operating characteristic (ROC) curve analysis, and five-fold cross-validation was applied via R software.

Research results
The area under the ROC curve of the MDF (0.77-0.85) outperformed the histogram parameters (0.51-
0.74). After multivariate analysis, MDF values of the arterial and portal venous phase, and peritumoral
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hypointensity in the hepatobiliary phase were identified to be independent predictors of MVI (P < 0.05).
The area under the ROC curve (AUC) value of the model was 0.939. The result of internal five-fold
cross-validation (AUC: 0.912) also showed favorable predictive efficacy.

Research conclusions
Noninvasive MRI radiomic model based on MDF values and imaging biomarkers may be useful to
make preoperative prediction of MVI in patients with primary HCC.

Research perspectives
We believe that noninvasive radiomic models based on pre-operative MRI data have potential to be
widely used in clinical fields.
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