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Abstract

Background: Vessels encapsulating tumor clusters (VETC) pattern is tumor

vasculature of HCC and is a predictor of prognosis and therapeutic efficacy.

Recent radiological studies have demonstrated the predictability of VETC

from preoperative images, but the mechanisms of image formation are not

elucidated. This study aims to determine the relationship between VETC and

intratumor heterogeneity in Gd-EOB-DTPA–enhanced magnetic resonance

imaging (EOB-MRI) and to provide its pathological evidence.

Methods: Radiologists visually classified preoperative arterial- and hep-

atobiliary-phase EOB-MRI images of 204 surgically resected HCCs into

patterns based on heterogeneity and signal intensity; these classifications

were validated using texture analysis. Single and multiplex immuno-

histochemistry for CD34, h-caldesmon, and OATP1B3 were performed to

evaluate VETC, arterial vessel density (AVD), and OATP1B3 expression.

Recurrence-free survival was assessed using the generalized Wilcoxon test.

The contribution of clinicoradiological factors to the prediction of VETC was

evaluated by random forest and least absolute shrinkage and selection

operator regression.

Results: VETC was frequently found in tumors with arterial-phase heteroge-

neous hyper-enhancement patterns and in tumors with hepatobiliary-phase
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heterogeneous hyperintense/isointense patterns (HBP-Hetero). AVD and

OATP1B3 expression positively correlated with signal intensity in the arterial

and hepatobiliary phases, respectively. Intratumor spatial analysis revealed

that AVD and OATP1B3 expression were lower in VETC regions than in tumor

regions without VETC. Patients with HBP-Hetero tumors had shorter recur-

rence-free survival. Machine learning models highlighted the importance of

serum PIVKA-II, tumor size, and enhancement pattern of arterial and

hepatobiliary phase for VETC prediction.

Conclusions: VETC is associated with local reductions of both AVD and

OATP1B3 expression, likely contributing to heterogeneous enhancement

patterns in EOB-MRI. Evaluation of the arterial and hepatobiliary phases of

EOB-MRI would enhance the predictability of VETC.

Keywords: arterial vessel density, machine learning, multiple immuno-
fluorescence, organic anion transporting peptide 1B3 (OATP1B3), WNT/β-
catenin activation

INTRODUCTION

The tumor microenvironment of HCC is receiving
increased attention because recently developed treat-
ments against advanced HCC, including combined
immunotherapy (atezolizumab plus bevacizumab) and
tyrosine kinase inhibitors, also target tumor angiogene-
sis and immune cells.[1] Although these therapies
require appropriate patient stratification based on the
states of tumor angiogenesis and immune reaction, it
remains difficult to determine the tumor micro-
environment without pathological examinations. Prog-
ress in texture analysis of radiological images has
shown that intratumor heterogeneity correlates with
clinical prognosis on CT[2–4] and MRI; moreover, recent
studies have suggested that intratumor heterogeneity in
pretreatment radiological images may predict specific
histological structures.[5–7] In particular, texture analy-
ses in preoperative gadolinium-ethoxybenzyl-diethyle-
netriamine pentaacetic acid-enhanced MRI (EOB-MRI)
have recently suggested a correlation between kurtosis
and nonuniformity, which are indices of heterogeneity,
and vessels encapsulating tumor cluster (VETC)
structure.[8–11]

VETC structure, a distinctive tumor vasculature in
which vascular endothelium covers tumor foci, has
attracted attention as a histological index that reflects
the tumor microenvironment. VETC is reportedly induced
by angiopoietin 2 and correlates with angiogenic status,
reduced lymphocytic infiltration, and a worse prognosis
after surgical resection.[12–14] Furthermore, it has been
suggested that VETC may be a predictor of the clinical
prognosis and therapeutic response to tyrosine kinase
inhibitors and immunotherapies.[13,15,16] Because of the

clinical importance of VETC, several studies have
attempted to detect HCC that contains VETC structure
(VETC+ HCC) by using preoperative radiological
imaging.[8–11,17] However, the histopathological back-
ground and mechanisms that form these radiological
images remain unclear.

Against this background, we hypothesized that
VETC may contribute to intratumor heterogeneity on
radiological images with some histological changes. To
test this hypothesis, we compared the status and
intratumor distribution of VETC structures with the
intratumor heterogeneity of EOB-MRI findings, in which
arterial-phase images reflect the dynamics of arterial
blood flow and the density of unpaired arteries in tumor
tissue,[18] whereas hepatobiliary-phase images reflect
the tumor biology, for example, the expression of
organic anion transporting polypeptide 1B3 (OATP1B3)
and WNT/β-catenin pathway activation.[19]

METHODS

Patients and samples

This study was conducted in accordance with the
principles of the 2013 Declaration of Helsinki and the
2018 Declaration of Istanbul and was approved by
the Ethics Committee of Keio University School of
Medicine (approval number: 20040034). Written
informed consent was obtained from each patient who
participated in this study. Between 2008 and 2020, 484
HCCs were surgically resected from 325 patients at
Keio University Hospital (Tokyo, Japan). Tumors that
met the following criteria were excluded from the
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present cohort: metastatic recurrence, tumors with
severe necrotic change, tumors with components of
glandular differentiation, and tumors in the livers of
recipients of transplant. Of the remaining cases, 204
HCCs from 183 patients with preoperative EOB-MRI
data were included in the current study. The survival
analysis included 134 of these 183 patients; patients
with multiple or recurrent HCCs and those with
< 60 days of follow-up were excluded from the survival
analysis (Supplemental Figure S1, http://links.lww.com/
HC9/B151). The clinical outcomes of the patients were
extracted retrospectively from electronic medical
records. Recurrence-free survival (RFS) was defined
as the interval between surgical resection and an initial
radiological diagnosis of recurrence. The median follow-
up period of the 134 cases included in the survival
analysis was 678 days (range, 70–4371 d).

MRI analysis

The MRI systems used in this study were 1.5-T (Signa
ES, Signa HD, Sign HDxt, Signa Excite, or Optima
MR450W, GE Healthcare) or 3-T systems (Discovery
MR750 or Signa Pioneer, GE Healthcare). The MRI
scanning protocols were similar to those used in our
previous study.[19,20] Visual evaluations of EOB-MRI
were performed by mutual agreement of 2 abdominal
radiologists (Junya Tsuzaki and Masashi Tamura).
Based on the procedures described in previous
reports,[5,21] we classified arterial-phase images into
4 patterns and hepatobiliary-phase images into 5
patterns and evaluated the presence of 4 ancillary
findings from LI-RADS version 2018,[21,22] namely
intratumor artery in arterial phase, arterial phase
peritumoral enhancement, non-smooth tumor margin,
and hepatobiliary phase peritumoral hypointensity
(HBP-PH).

Arterial-phase images were visually classified into
the following 4 patterns: homogenously hyper-enhance-
ment (AP-Homo), heterogeneously hyper-enhancement
(AP-Hetero), hypo-enhancement (AP-Hypo), and rim-
like (AP-Rim) (Figure 1A). Hepatobiliary-phase images
were visually classified into the following 5 patterns:
homogenously hyperintense (HBP-Homo/hyper), heter-
ogeneously hyperintense (HBP-Hetero/hyper), homo-
genously isointense (HBP-Homo/iso), heterogeneously
isointense (HBP-Hetero/iso), and hypointense (HBP-
Hypo) (Figure 2A). Hyperintensity was defined as an
intensity equal to or greater than that of nontumorous
liver, isointensity was defined as an intensity below that
of nontumorous liver but enhanced compared to that in
precontrast images, and hypointensity was defined as
neither hyperintense nor isointense.

The visual assessment of intensity was validated
using the relative enhancement ratio (RER), that is, the
intensity of tumor to nontumorous liver in each phase

relative to that in precontrast images.[23] The assess-
ment of heterogeneity was validated using texture
analysis. The detailed method for texture analysis is
described in the Supplemental Materials and Methods
section, http://links.lww.com/HC9/B151.

Histopathological analysis

Hematoxylin and eosin staining was carried out on
formalin-fixed, paraffin-embedded sections of all
resected specimens. Histological analyses of HCCs
were performed by at least 2 liver pathologists (finalized
by Michiie Sakamoto), according to the fifth edition of
the World Health Organization classification of 2019.[24]

We documented histologic features such as tumor
grade, microvascular invasion, and intrahepatic metas-
tasis. The proportion of macrotrabecular pattern was
measured in 10% increments, and macrotrabecular
massive-HCCs were defined as the proportion exceed-
ing 50%.[25] The stage of liver fibrosis in the non-
tumorous liver was defined according to the METAVIR
classification.[26]

Immunohistochemical staining

For immunohistochemical analysis, representative for-
malin-fixed, paraffin-embedded tissue blocks were
selected for each nodule, and 4-μm-thick sections were
prepared. Immunohistochemical staining was performed
using a Bond-Max Automated Stainer (Leica Micro-
systems). Staining was performed for the following
markers: CD34, OATP1B3, h-caldesmon, β-catenin,
glutamine synthetase, cytokeratin 19, and Ki-67. The
antibodies used in this study are listed in Supplemental
Table S1, http://links.lww.com/HC9/B151. The detailed
method for multiplex fluorescence immunohistochemistry
is given in the Supplemental Materials and Methods
section, http://links.lww.com/HC9/B151.

Immunohistochemical evaluation

VETC was evaluated in a manner similar to that used in
our previous study,[12] with areas surrounded by
endothelial cells defined as VETC-positive if they
occupied more than 1% of the tumor area.

The arterial vessel density (AVD) was determined
manually by counting vessels with h-caldesmon–
positive walls in 5 representative high-power (×200)
fields (×20 objective lens and ×10 ocular lens;
0.7386 mm2 per field).[27] However, vessels positive
for h-caldesmon were not counted if they were in the
portal region or in a thick capsule or septum.
Furthermore, h-caldesmon–positive structures that
were not vessels were excluded.
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For OATP1B3, the proportion score was defined
using the area percentage of OATP1B3 expression in
the tumor (0: 0%, 1: 1%–33%, 2: 34%–66%, and 3:
67%–100%). The intensity score was defined as the

intensity of OATP1B3 staining in the tumor compared to
that of zone 3 in nontumorous liver (0: negative, 1:
weak, 2: equivocal, and 3: strong) (Supplemental Figure
S2A, http://links.lww.com/HC9/B151). The latter is
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similar to the OATP1B3 expression score used in our
previous report.[19] The sum of the proportion score and
the intensity score was defined as the OATP1B3 score.

The evaluation of β-catenin, glutamine synthetase,
cytokeratin 19, and Ki-67 was carried out in a similar way
to that described in our previous report (Supplemental
Figures S2B, C, http://links.lww.com/HC9/B151).[12]

Quantitative spatial histological analysis

Quantitative histological analysis was conducted using
MATLAB version R2023a software (RRID:SCR_001622,
Mathworks). Immunohistochemistry images of h-caldes-
mon were acquired at a magnification of 1.25, and the
sizes were 1980 × 1080 pixels. The images were
binarized based on the color information, de-noised by
morphology filters, and the h-caldesmon–positive areas
were measured for each 1 × 1 mm2 grid (Supplemental
Figure S6A, http://links.lww.com/HC9/B151). To assess
the heterogeneity of these positive areas in the tumor
region, Moran’s I, coefficient of variation, and entropy
were calculated.[28,29] The coefficient of variation is
defined as the ratio of the SD to the mean.[30] For
multiplex fluorescence immunohistochemistry images,
we annotated tumor and VETC regions on CD34-stained
images (Figure 3A). A region was defined as a VETC
region if it was located inside the VETC annotation, and
the rest of the tumor region was designated the non-
VETC region. Further, the region lying ~500 µm outside
the VETC region was defined as the peri-VETC region,
and the tumor region other than the VETC region and
peri-VETC region was defined as the far non-VETC
region. We then converted theOATP1B3-stained images
to grayscale and defined pixels with intensities above a
certain threshold level as positive. This threshold level
was determined so that pixels around zone 3 would be
positive in the nontumorous liver. The OATP1B3
expression ratio (OER) is defined by the following
formula:

( )

=
+

OATP B expression proportion OEP

OATP B pixels in Region X
Total pixels in Region X

1 3

1 3

Region X

( ) =
−

OATP B expression ratio OER
OEP

OEP
1 3 VETC

Non VETC

The h-caldesmon–stained images were binarized,
expanded, and structured to allow the counting of
arterial vessels. AVD was then determined automati-
cally as the number of arterial structures divided by the
total pixel count of the area of interest.[31,32] Although
the manual and automatic determinations of AVD have
different units, that is, arteries per high-magnification
field and arteries per pixel, respectively, they are both
valid determinations of AVD.

Machine learning model construction and
validation

The machine learning model construction and valida-
tion were performed using MATLAB software. Feature
selection and model development followed the
random forest and least absolute shrinkage and
selection operator (LASSO) regression algorithms,
respectively.[33,34] Details are described in the Supple-
mental Materials and Methods section, http://links.lww.
com/HC9/B151.

Statistical analysis

Unpaired variables were compared using the Student t
test or the Mann-Whitney U test. Paired variables were
compared using the Wilcoxon signed-rank test. Cate-
gorical variables were compared using the χ2 test.
Kaplan-Meier survival curves and the generalized
Wilcoxon test were used to analyze RFS. Intergroup
statistical comparison was performed using the above
tests with Bonferroni correction. All statistical analyses
were performed using SPSS software version 29
(RRID:SCR_002865, IBM Statistics).

RESULTS

Classification by EOB-MRI arterial-phase
enhancement patterns and the
clinicopathological features of each pattern

Arterial-phase images were visually classified into the
following 4 patterns: homogenously hyper-enhance-
ment (AP-Homo), heterogeneously hyper-enhancement

F IGURE 2 Heterogeneous tumors in the hepatobiliary phase of EOB-MRI exhibit heterogeneous OATP1B3 expression and high VETC
positivity. (A) Schema of each enhancement pattern. (B) HBP-Hetero pattern tumors had higher VETC positivity than HBP-Homo tumors (χ2 test).
(C) WNT β-catenin pathway–activated (W/B) HCCs showed higher OATP1B3 scores than non-W/B HCCs (χ2 test). (D) OATP1B3 intensity score,
proportion score, and their sum (OATP1B3 score) for each enhancement pattern. (E) A case of VETC+ HCC with HBP-Hetero/hyper pattern. A
strongly enhanced region in the hepatobiliary phase (lower right) had no VETC structures but strong OATP1B3 expression, whereas a weakly
enhanced region (upper left) showed VETC structures but weak OATP1B3 expression. Abbreviations: OATP1B3, organic anion transporting
peptide 1B3; VETC, vessels encapsulating tumor clusters.
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(AP-Hetero), hypo-enhancement (AP-Hypo), and rim-
like (AP-Rim) (Figure 1A). In the current cohort of
tumors (n = 204), the AP-Homo pattern was observed
in 68 tumors, the AP-Hetero pattern in 103 tumors, the
AP-Hypo pattern in 22 tumors, and the AP-Rim pattern
in 11 tumors (Figure 1A). The clinicopathological
characteristics of each enhancement pattern are shown
in Table 1. Compared with AP-Homo tumors, AP-Hetero
tumors were correlated with higher levels of PIVKA-II,
larger tumor size, poor differentiation, microvascular
invasion, intrahepatic metastasis, and VETC. AP-Hypo
tumors showed larger tumor size than AP-Homo
tumors. AP-Homo tumors did not include macrotrabec-
ular massive-HCC.

Visual assessments were validated using the RER and
texture analysis. The RER values of AP-Homo and AP-
Hetero tumors were significantly higher than those of AP-
Hypo tumors, and the values of indicators of heterogene-
ity, including GLDM-GrayLevelNonUniformity, GLRLM-
GrayLevelNonUniformity, and GLSZM-GrayLevelNonU-
niformity, were all significantly higher in AP-Hetero tumors
than in AP-Homo tumors (Supplemental Figure S3, http://
links.lww.com/HC9/B151).

Lower AVD in tumor regions with VETC
explains intratumor heterogeneity in the
EOB-MRI arterial phase

Because the density of unpaired arteries that lead blood
flow to the sinusoidal vessels is expected to correlate with
enhancement of the arterial phase, we further investigated
the relationship between these arteries and VETC. AVD
was significantly lower in AP-Hetero and AP-Hypo tumors
than in AP-Homo tumors (Figure 1B). In the current cohort,
45 of 204 HCCs (22%) were classified as VETC+ HCC.
The respective VETC positivity rates were 8.8% for AP-
Homo, 31% for AP-Hetero, 27% for AP-Hypo, and 9.1%
for AP-Rim pattern tumors (Figure 1C). These results
prompted us to investigate the relationship between
arterial density and VETC within tumors. Among VETC+

HCCs, when measuring AVD in tumor regions with VETC
(VETC region) and without VETC (non-VETC region),
AVD was clearly lower in the VETC region (Figure 1D). A
representative example of an AP-Hetero tumor showed
that VETC structure and local reduction in AVD were
observed, consistent with the region with local reduction of
enhancement in the arterial phase (Figure 1E). In addition,
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TABLE 1 Clinicopathological features of each enhancement pattern on the arterial phase of EOB-MRI

n (%) or median p

AP-Homo
n = 68

AP-Hetero
n = 103

AP-Hypo
n = 22

AP-Rim
n = 11

Homo vs.
Hetero

Homo vs.
Hypo

Hetero vs.
Hypo

Age (y) 72 (67–77) 72 (65–77) 72 (67–76) 68 (61–72) 0.405 0.981 0.645

Sex 0.204 0.411 0.116

Male 57 (84) 78 (76) 20 (91) 8 (73)

Female 11 (16) 25 (24) 2 (9) 3 (27)

Etiology 0.063 0.693 0.571

Hepatitis B 16 (23) 25 (24) 4 (18) 1 (9)

Hepatitis C 26 (38) 21 (20) 7 (32) 2 (18)

Hepatitis B and C 1 (2) 3 (3) 0 0

Others 25 (37) 54 (53) 11 (50) 8 (73)

AFP, ng/mL 0.055 0.022 0.413

>300 4 (6) 16 (16) 5 (23) 3 (27)

≤300 64 (94) 87 (84) 17 (77) 8 (73)

PIVKA-II, ng/mL 0.0014** 0.016 0.676

>400 9 (13) 42 (41) 8 (37) 5 (46)

≤400 59 (67) 61 (59) 14 (63) 6 (54)

Tumor size, mm <0.0000167*** 0.013 0.226

>50 2 (3) 32 (31) 4 (18) 2 (18)

≤50 66 (97) 71 (69) 18 (82) 9 (82)

Differentiation 0.00082** 0.0014** 0.317

Well 9 (13) 12 (12) 5 (23) 0

Moderately 58 (85) 71 (69) 12 (54) 9 (82)

Poorly 1 (2) 20 (19) 5 (23) 2 (18)

Microvascular
invasion

0.00099** 0.066 0.762

Positive 28 (41) 69 (67) 14 (63) 8 (73)

Negative 40 (59) 34 (33) 8 (37) 3 (27)

Intrahepatic
metastasis

0.0029* 0.083 0.497

Positive 1 (2) 15 (15) 2 (9) 3 (27)

Negative 67 (98) 88 (85) 20 (91) 8 (73)

VETC 0.00061** 0.027 0.725

Positive 6 (9) 32 (31) 6 (27) 1 (9)

Negative 62 (91) 71 (69) 16 (63) 10 (91)

Macrotrabecular
massive

0.072 0.550 1.000

Yes 0 7 (7) 1 (5) 1 (9)

No 68 (100) 96 (93) 21 (95) 10 (81)

β-Catenin 0.109 0.870 0.248

Nuclear positive 7 (10) 20 (19) 2 (9) 2 (18)

Not nuclear
positive

61 (90) 83 (81) 20 (91) 9 (82)

GS 0.204 0.485 0.878

Diffuse positive 11 (16) 25 (24) 5 (23) 3 (27)

Not diffuse
positive

57 (84) 78 (76) 17 (77) 8 (73)
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we validated the correlation between arterial vessel
heterogeneity in tissue and heterogeneity in arterial-phase
images. Moran’s I and coefficient of variation, calculated
as measures of heterogeneity in the distribution of
h-caldesmon–positive arteries, were significantly higher
in AP-Hetero tumors than in AP-Hypo tumors. Entropy,
calculated similarly, showed no significant difference in the
contrast patterns (Supplemental Figure S4, http://links.
lww.com/HC9/B151).

Classification by hepatobiliary-phase EOB-
MRI enhancement patterns and the
clinicopathological features of each pattern

Hepatobiliary-phase images were visually classified into
the following 5 patterns: homogenously hyperintense
(HBP-Homo/hyper), heterogeneously hyperintense
(HBP-Hetero/hyper), homogenously isointense (HBP-
Homo/iso), heterogeneously isointense (HBP-Hetero/
iso), and hypointense (HBP-Hypo). The HBP-Homo/
hyper pattern was observed in 3 tumors, HBP-Hetero/
hyper pattern in 28 tumors, HBP-Homo/iso pattern in 18
tumors, HBP-Hetero/iso pattern in 10 tumors, and HBP-
Hypo pattern in 145 tumors (Figure 2A). Because the
frequencies of HBP-Homo/hyper and HBP-Hetero/iso

patterns were low (≤ 10% for both), and both hyper
(HBP-Homo/hyper and HBP-Hetero/hyper) patterns
and iso (HBP-Homo/iso and HBP-Hetero/iso) patterns
had significantly higher RER values than HBP-Hypo
tumors (Supplemental Figure S5A, http://links.lww.com/
HC9/B151), statistical analysis was performed as HBP-
Homo for HBP-Homo/hyper and HBP-Homo/iso com-
bined and as HBP-Hetero for HBP-Hetero/hyper and
HBP-Hetero/iso combined.

The clinicopathological characteristics of each
enhancement pattern are shown in Table 2. VETC pattern
was observed more frequently in HBP-Hetero tumors than
in HBP-Homo tumors. Large tumor size and WNT/β-
catenin activation (defined immunohistochemically as
nuclear positive for β-catenin or diffuse positive for
glutamine synthetase) were observed more frequently in
HBP-Hetero tumors than in HBP-Hypo tumors. The
respective VETC positivity rates were 4.7% for HBP-
Homo tumors, 34% for HBP-Hetero tumors, and 21% for
HBP-Hypo tumors. VETC positivity was higher in HBP-
Hetero tumors than in HBP-Homo tumors (Figure 2B).
Texture analysis confirmed that the indicators of hetero-
geneity were all significantly higher in HBP-Hetero tumors
than in HBP-Homo tumors (Supplemental Figure S5B,
http://links.lww.com/HC9/B151), thereby validating the
findings of visually assessed heterogeneity.

TABLE 1 . (continued)

n (%) or median p

AP-Homo
n = 68

AP-Hetero
n = 103

AP-Hypo
n = 22

AP-Rim
n = 11

Homo vs.
Hetero

Homo vs.
Hypo

Hetero vs.
Hypo

WNT/β-catenin
activation

0.264 0.831 0.604

Positive 14 (21) 29 (28) 5 (23) 3 (27)

Negative 54 (79) 74 (72) 17 (77) 8 (73)

CK19 0.071 0.016 0.378

Positive 1 (2) 8 (8) 3 (14) 3 (27)

Negative 67 (98) 95 (92) 19 (86) 8 (73)

Ki-67 0.024 0.299 0.604

Labeling index
> 30%

9 (13) 29 (28) 5 (23) 4 (36)

Labeling index
≤ 30%

59 (87) 74 (72) 17 (77) 7 (64)

METAVIR-F 0.070 0.241 0.981

0–2 33 (49) 64 (63) 8 (36) 2 (20)

3–4 34 (51) 37 (37) 14 (64) 8 (80)

Not assessable 1 2 0 1

*p < 0.0083.
**p < 0.00167.
***p < 0.000167 (χ2 test and Mann-Whitney U test with Bonferroni correction).
Abbreviations: AP, arterial phase; CK19, cytokeratin 19; GS, glutamine synthetase; Hetero, heterogeneously hypervascular; Homo, homogeneously hypervascular;
Hypo, hypovascular; METAVIR-F, fibrosis score; Rim, rim-like pattern; VETC, vessels encapsulating tumor clusters.
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TABLE 2 Clinicopathological features of each enhancement pattern on the hepatobiliary phase of EOB-MRI

n (%) or median p

HBP-Homo
n = 21

HBP-Hetero
n = 38

HBP-Hypo
n = 145

Homo vs.
Hetero

Homo vs.
Hypo

Hetero vs.
Hypo

Age (y) 74 (68–76) 72 (68–74) 71 (65–77) 0.451 0.299 0.565

Sex 0.449 0.743 0.499

Male 16 (76) 32 (84) 115 (79)

Female 5 (24) 6 (16) 30 (21)

Etiology 0.572 0.530 0.061

Hepatitis B 6 (29) 7 (18) 33 (23)

Hepatitis C 4 (19) 6 (16) 46 (32)

Hepatitis B and C 0 0 4 (3)

Others 11 (52) 25 (66) 62 (43)

AFP, ng/mL 0.096 0.272 0.219

>300 1 (5) 8 (21) 19 (13)

≤300 20 (95) 30 (79) 126 (87)

PIVKA-II, ng/mL 0.155 0.237 0.550

>400 4 (19) 14 (37) 8 (6)

≤400 17 (81) 24 (63) 137 (94)

Tumor size, mm 0.099 0.793 0.016*

>50 3 (14) 13 (34) 24 (17)

≤50 18 (86) 25 (66) 121 (83)

Differentiation 0.176 0.044 0.055

Well 6 (29) 4 (11) 16 (11)

Moderately 14 (66) 33 (87) 103 (71)

Poorly 1 (5) 1 (3) 26 (18)

Microvascular invasion 0.024 0.077 0.271

Positive 8 (38) 26 (68) 85 (59)

Negative 13 (62) 12 (32) 60 (41)

Intrahepatic metastasis 0.878 0.369 0.166

Positive 3 (14) 6 (16) 12 (8)

Negative 18 (86) 32 (84) 133 (92)

VETC 0.011* 0.071 0.099

Positive 1 (5) 13 (34) 31 (21)

Negative 20 (95) 25 (66) 114 (79)

Macrotrabecular
massive

1.000 1.000 1.000

Yes 1 (5) 2 (5) 6 (4)

No 20 (95) 36 (95) 139 (96)

β-Catenin 0.205 0.736 0.009*

Nuclear positive 3 (14) 11 (29) 17 (12)

Not nuclear positive 18 (86) 27 (71) 128 (88)

GS 0.076 0.272 0.000072***

Diffuse positive 5 (24) 18 (47) 21 (14)

Not diffuse positive 16 (76) 20 (53) 124 (86)

WNT/β-catenin
activation

0.296 0.098 0.00044**

Positive 7 (33) 18 (47) 26 (18)

Negative 14 (67) 20 (53) 119 (82)
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Relationship between OATP1B3
expression and hepatobiliary-phase EOB-
MRI enhancement patterns

Because VETC was correlated with heterogeneous
patterns in the hepatobiliary phase, we examined the
association between OATP1B3, which induces strong
enhancement in the hepatobiliary phase of EOB-MRI
and VETC. When OATP1B3 expression was evaluated
immunohistochemically, WNT β-catenin pathway–
activated (W/B) HCCs showed higher OATP1B3 scores
than non-W/B HCCs (Figure 2C). The OATP1B3
intensity score, the OATP1B3 proportion score, and
the OATP1B3 score were all lower in HBP-Hetero/hyper
tumors than in HBP-Homo/hyper tumors (Figure 2D).
Furthermore, a comparison of radiological and histo-
pathological images of HBP-Hetero/hyper tumors
showed that there were localized decreases of
OATP1B3 expression in VETC regions, consistent with
areas of locally reduced enhancement (Figure 2E).

Spatial analysis showed decreased
OATP1B3 expression and AVD in VETC
regions

To complete the analysis, we investigated the spatial
relationships among AVD, OATP1B3 expression, and
VETC distribution in whole-tissue sections. Among our
cohort, there were 10 cases with VETC-positive and
high OATP1B3 expression (OATP1B3 score ≥ 4), all of
which underwent multiplex immunohistochemistry-
based computational analysis. VETC and tumor regions

were annotated on CD34-stained images, OATP1B3-
stained images were binarized, and the OER was
calculated. OER was significantly smaller than 1 in
VETC regions (Figure 3B). Furthermore, when the non-
VETC region was divided into a peri-VETC region and a
far non-VETC region, the peri-VETC region showed
lower OER than the far non-VETC region (Supplemen-
tal Figure S6, http://links.lww.com/HC9/B151). In addi-
tion, h-caldesmon–stained images were binarized and
structured to allow the digital measurement of AVD, and
AVD was found to be significantly lower in VETC
regions than in non-VETC regions (Figure 3C).

Development and validation of random
forest model for preoperatively prediction
of VETC

Machine learning models were developed to identify
clinicoradiological factors important for the preoperative
prediction of VETC. In the random forest model, the top
5 features in terms of feature importance were selected:
PIVKA-II, tumor size, AP pattern, non-smooth tumor
margin, and RER (HBP). In the LASSO regression
model, PIVKA-II, tumor size, AP pattern, HBP pattern,
and intratumor artery in arterial phase were selected
(Supplemental Figures S7B–D, http://links.lww.com/
HC9/B151). The random forest model had AUC =
0.88 for the training cohort and AUC = 0.75 for the
validation cohort, while the LASSO regression model
had AUC = 0.82 for the training cohort and AUC =
0.79 for the validation cohort (Supplemental Figure
S7E, http://links.lww.com/HC9/B151).

TABLE 2 . (continued)

n (%) or median p

HBP-Homo
n = 21

HBP-Hetero
n = 38

HBP-Hypo
n = 145

Homo vs.
Hetero

Homo vs.
Hypo

Hetero vs.
Hypo

CK19 0.933 0.575 0.534

Positive 1 (5) 2 (5) 12 (8)

Negative 20 (95) 36 (95) 133 (92)

Ki-67 0.096 0.029 0.501

Labeling index >30% 1 (5) 6 (16) 38 (26)

Labeling index ≤30% 20 (95) 32 (84) 107 (74)

METAVIR-F 0.155 0.110 0.921

0–2 9 14 (38) 87 (61)

3–4 12 23 (62) 55 (39)

Not assessable 0 1 3

*p < 0.017.
**p < 0.0033.
***p < 0.00033 (χ2 test and Mann-Whitney U test with Bonferroni correction).
Abbreviations: CK19, cytokeratin 19; GS, glutamine synthetase; HBP, hepatobiliary phase; Hetero, heterogeneously hyperintense/isointense; Homo, homogeneously
hyperintense/isointense; Hypo, hypointense; METAVIR-F, fibrosis score; VETC, vessels encapsulating tumor clusters.
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Relationship of the contrast patterns to
clinical, radiological, and pathological
factors

The relationships amongEOB-MRI enhancement patterns,
VETC, and other histopathological findings are illustrated in
Figure 4A. Overall, 84% (31/37) of HBP-Hetero pattern
tumors also had the AP-Hetero pattern. The group with
both HBP-Homo and AP-Homo patterns did not include
any VETC+ HCCs. VETC+ HCCs were more common in
AP-Hetero and HBP-Hetero tumors, as described above,
and were seen in 7 of 11 tumors with 10%–50% macro-
trabecular pattern and 8 of 9 macrotrabecular massive-
HCCs (Supplemental Figure S8, http://links.lww.com/HC9/
B151). Texture analysis by PyRadiomics revealed that
features such as NonUniformity and Entropy, indicators of

heterogeneity, were higher in VETC+ HCCs (Supplemental
Tables S2 and S3, http://links.lww.com/HC9/B151).

VETC is associated with poor prognosis and a
distinctive tumor microenvironment,[12–14] and so the
relationship between EOB-MRI enhancement patterns
and clinical prognosis was examined. Although there
were no significant differences in RFS for patients with
different enhancement patterns in the arterial phase,
patients with AP-Homo pattern tumors tended to have
longer RFS than patients with other patterns (p = 0.068;
Figure 4B). Furthermore, patients with AP-Homo pattern
tumors had a lower recurrence rate within 2 years after
surgery than the others (p = 0.014). In a classification
based on the hepatobiliary phase, patients with the HBP-
Hetero pattern had a significantly shorter RFS than those
with the HBP-Homo or HBP-Hypo patterns (Figure 4C).
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DISCUSSION

In the current study, we have revealed that VETC+ HCC
correlates with heterogeneous contrast patterns in the
arterial and hepatobiliary phases of EOB-MRI, and
histologically, VETC is associated with locally reduced
AVD and OATP1B3 expression. HCC is a hyper-
vascular tumor, being rich in unpaired arteries and,
therefore, strongly enhanced in the arterial phase;
however, the enhancement pattern is sometimes
heterogeneous.[18,35] In the current study, few arteries
were seen in the VETC region, suggesting that a local
reduction in arteries contributes to some of the
radiological heterogeneity. Angiogenic factors such as
angiopoietin 2 are required for the formation of
VETC,[12,14] and it is possible that hypoxia in regions
with few arteries may further enhance the expression of
angiogenic factors and contribute to VETC formation.

About 15%–30% of HCCs reportedly show high
signal intensity in the hepatobiliary phase of EOB-MRI,
and some of these show heterogeneous enhancement
patterns.[19,36,37] The signal intensity in the hepatobiliary
phase is dependent on the expression of OATP1B3, a
transporter of Gd-EOB-DTPA[19]; in the current study,
reduced OATP1B3 expression was observed not only in
the VETC region itself but also in the peri-VETC region.
Therefore, reduced OATP1B3 expression may result in
changes significant enough to be recognized on
radiological images, suggesting that reduced enhance-
ment in VETC and peri-VETC regions contributes to
radiological heterogeneity. Zhou et al[38] reported that
androgen receptor (AR) expression inhibits the forma-
tion of VETC by suppressing angiopoietin 2, and the
relationship between reduced OATP1B3 expression
and VETC formation may be explained by AR. AR is a
member of the nuclear hormone receptor superfamily
and undergoes conformational change and translocates
to the nucleus when it is bound to androgens in the
cytoplasm.[39] Since OATP1B3 is a transporter that
facilitates the intracellular uptake of androgens,[40] it
may suppress VETC formation through activation of
AR.

It has long been noted that radiological heterogeneity
correlates with clinical prognosis, and our results
support this.[3–5,36] In this study, patients with AP-Homo
tumors had a lower recurrence rate 2 years post-
operatively, presumably because they had a smaller
tumor size and a lower frequency of VETC, micro-
vascular invasion, and poor differentiation, which are
factors associated with metastatic recurrence.[14] Hyper-
intensity in the HBP of EOB-MRI was correlated with W/
B HCC,[12,19,41] and our results suggest that VETC
status in HBP-Hyper and HBP-Iso tumors can be
predicted by heterogeneity in HBP (HBP-Hetero vs.
HBP-Homo) of EOB-MRI. Our previous report indicated
that W/B HCC can be classified into a high-grade group
with VETC and a low-grade group without VETC[12];

according to the current results, the former corresponds
to HBP-Hetero tumors and the latter to HBP-Homo
tumors. Because W/B HCC with VETC expresses high
levels of angiopoietin 2 and FGF 2 and is characterized
by a paucity of lymphocytic infiltration, HBP-Hetero
tumors are expected to be therapeutically responsive to
tyrosine kinase inhibitors, such as lenvatinib, but
resistant to immunotherapy.[42,43] The report that heter-
ogeneously hyperintense tumors in the hepatobiliary
phase of EOB-MRI are resistant to atezolizumab plus
bevacizumab therapy[37] can be explained if they are W/
B HCC with VETC because such tumors have a paucity
of lymphocytes.

Similar to studies featuring radiological detection of
VETC using texture analysis,[8–11,44,45] our texture
analysis showed that features indicating heterogeneity,
such as NonUniformity and Entropy, were higher in
VETC+ HCC. Furthermore, visually assessed hetero-
geneity correlated with VETC and was also validated by
texture analysis. The machine learning models for
preoperative prediction of VETC proved that enhance-
ment patterns on arterial and hepatobiliary phase
images are important features, along with existing
reported features such as tumor size, intratumor artery
in arterial phase, and non-smooth tumor margin.[11,17] In
particular, focusing on tumors with relatively high
intensity in the hepatobiliary phase (HBP-Hetero and
HBP-Homo), HBP-Hetero tumors had a relatively high
rate of VETC positivity, whereas HBP-Homo tumors
included few VETC+ HCCs. Because this study was
based on surgically resected specimens only, there is a
limitation that advanced-stage HCCs were not included.
In the future, VETC status and radiological enhance-
ment patterns in advanced-stage HCC should also be
investigated.

In conclusion, we have revealed that the classifica-
tions of enhancement patterns in the arterial and
hepatobiliary phases revealed a correlation between
heterogenous enhancement patterns and VETC,
whereas spatial histopathological analysis showed that
VETC was correlated with local reductions in both AVD
and OATP1B3 expression. The pathological evidence
we provide here should help to improve the non-
invasive prediction of VETC status from radiological
images. VETC reflects a unique tumor micro-
environment, and knowledge of a tumor’s VETC status
may contribute to the prediction of prognosis and drug
treatment efficacy and thereby aid the formulation of
treatment strategies.
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