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Background: Microvascular invasion (MVI) is an independent risk factor for postoperative recurrence of
hepatocellular carcinoma (HCC). However, MVI cannot be detected by conventional imaging. To localize
MVT precisely on magnetic resonance (MR) images, we evaluated the feasibility and accuracy of 3-dimensional
(3D) histology-MR image fusion of the liver.

Methods: Animal models of VX2 liver tumors were established in 10 New Zealand white rabbits under
ultrasonographic guidance. The whole liver lobe containing the VX2 tumor was extracted and divided into
4 specimens, for a total of 40 specimens. MR images were obtained with a T2-weighted sequence for each
specimen, and then histological images were obtained by intermittent, serial pathological sections. 3D
histology-MR image fusion was performed via landmark registration in 3D Slicer software. We calculated the
success rate and registration errors of image fusion, and then we located the MVI on MR images. Regarding
influencing factors, we evaluated the uniformity of tissue thickness after sampling and the uniformity of
tissue shrinkage after dehydration.

Results: The VX2 liver tumor model was successfully established in the 10 rabbits. The incidence of MVI
was 80% (8/10). 3D histology-MR image fusion was successfully performed in the 39 specimens, and the
success rate was 97.5% (39/40). The average registration error was 0.44x0.15 mm. MVI was detected in 20
of the 39 successfully registered specimens, resulting in a total of 166 MVI lesions. The specific location
of all MVI lesions was accurately identified on MR images using 3D histology-MR image fusion. All MVI
lesions showed as slightly hyperintense on the high-resolution MR T2-weighted images. The results of the
influencing factor assessment showed that the tissue thickness was uniform after sampling (P=0.38), but the
rates of the tissue shrinkage was inconsistent after dehydration (P<0.001).

Conclusions: 3D histology-MR image fusion of the isolated liver tumor model is feasible and accurate and
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allows for the successful identification of the specific location of MVI on MR images.
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Introduction

Hepatocellular carcinoma (HCC) is the second most lethal
tumor and the fourth leading cause of cancer-related death
worldwide (1,2). Although significant progress has been
made in the comprehensive and individualized treatment of
liver cancer, the postoperative 5-year recurrence rate is still
as high as 70% (3,4). Studies have identified a relationship
between a high recurrence rate and microvascular invasion
(MVI), which has been repeatedly demonstrated to be an
independent risk factor for the postoperative recurrence of
HCC (5-7). A previous study showed that MVI can increase
the recurrence rate of HCC by 4.4 times (8).

However, MVI can only be confirmed by postoperative
histopathology, and its preoperative imaging features cannot
be observed. Thus far, a large number of clinical studies have
been conducted on the construction of a prediction model
for MVI of HCC through extracting the radiomics features
of the tumor and peritumoral region (9-11). However,
some shortcomings to this approach remain: (I) the status
of MVI can only be speculated upon based on tumor and
peritumoral imaging features, and (II) these models can only
predict the presence or absence of MVI and cannot clarify
its specific location or degree and thus cannot provide more
effective decision-making information for preoperatively
guiding the precise radical treatment of HCC (such as local
surgical resection and thermal ablation). Consequently, an
effective clinical method for accurately diagnosing MVI
before surgery remains lacking.

Medical image registration and fusion, in which spatial
coordinates are matched by overlaying or correlating
data from 2 sectional imaging techniques, enables us to
combine the advantages of diverse imaging procedures
and provide more diagnostic details to physicians (12).
For example, ultrasound-computed tomography (CT)/
magnetic resonance (MR) image fusion consists of a
navigation system and a positioning system to detect,
characterize, and monitor interventions (13). Therefore,
we envisaged registering and fusing 3-dimensional (3D)
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histological image data and volumetric radiological data
using image registration and fusion technology to achieve
a real correspondence between pathological structures and
radiological features. This involves identifying the location
of MVI on radiological images through the marking of
the MVI region on histological images. We intend to
extract radiomics features of the MVI region and develop
a diagnostic model for MVI in HCC in the near future. In
this study, we established an animal model for the presence
of MVI in rabbit VX2 liver tumors, which obtained MR
volume images and serially sectioned histological images
of the liver in vitro. By using image fusion technology, we
evaluated the feasibility and accuracy of 3D histology-
MR fusion imaging. Following this, the technique was
used to accurately locate the MVI region on MR images,
thus laying a foundation for the next step of extracting the
radiomics features of MV

Methods
Animals and VX2 liver tumor models

The animal experiments were conducted at Zhuhai BesTest
Bio-Tech Co., Ltd. (Zhuhai, China). Experiments were
performed under a project license (No. 1.202104001)
granted by the institutional ethics board of Zhuhai BesTest
Bio-Tech Co., Ltd., in compliance with institutional
guidelines for the care and use of animals. Eleven New
Zealand white rabbits (one donor rabbit and ten recipient
rabbits), aged from 3 to 4 months and weighing from 2 to
3 kg, were included in the model construction. Rabbits were
purchased from Huadong Xinhua Experimental Animal
Farm (Guangzhou, China). The VX2 tumor tissue was
provided by Zhuhai BesTest Bio-Tech Co., Ltd., and stored
in liquid nitrogen (-196 °C).

The rabbit model of the hepatic VX2 tumor was
established according to the literature (14,15). All rabbits
were anesthetized with 0.1 mL/kg of intramuscular
injections of xylazine hydrochloride (Dunhua Shengda
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Figure 1 Gross specimen processing. (A) The whole left lobe of the liver after fixation with formaldehyde is divided into 4 specimens

centered on the tumor, and the marginal tissue is trimmed for each specimen. (B) A homemade tool for sampling includes a baffle, a pedestal,

2 frames 3-mm thick with a 0.5-mm gap between the frames, and a blade with a thickness of 0.5 mm. (C) The tissue blocks are parallel and

of equal thickness after sampling. (D) The tissue blocks are marked and numbered consecutively in the same direction.

Animal Medicine Co., Ltd., Qingdao, China), along with
0.1 mL/kg of tiletamine hydrochlorid and zolazepam
hydrochloride (Virbac Inc., Carros, France). The VX2
tumor tissues was quickly thawed at 37 °C for approximately
5 min. Then, they were placed in a sterile plate containing
normal saline, cut into approximately 0.5-mm’ pieces for
tumor tissue suspension, and injected into the vastus muscles
of both hind legs (0.5 mL for each side) of the donor rabbit.
An ultrasound examination was performed to monitor the
tumor growth consecutively in the legs, and the donor rabbit
was euthanized with an air embolism when the tumors
reached approximately 2 cm in diameter. The tumors in the
thigh of the donor rabbit were then harvested. The peripheral
tumor tissue, which had grown rapidly, was cut into cubes
approximately 1-mm’ in size under sterile conditions.

The VX2 tumor fragments were implanted into
the livers of the 10 recipient rabbits. We performed a
percutaneous puncture in the subxiphoid area, penetrated
a 16-G needle into the left lobe parenchyma of the liver
under ultrasonographic guidance, pulled out the needle
core, inserted a single 1-mm’ VX2 tumor fragment into the
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needle sheath, inserted the needle core to push the tumor
fragments into the liver parenchyma, immediately sealed the
puncture with absorbent gelatin sponge, and then pulled out
the needle and gently compressed the area manually for 3 min.
Penicillin was injected intramuscularly for 3 days after the
operation to prevent infection. Continuous monitoring of
tumor growth to 2-3 cm by ultrasound showed that the
animal model of HCC had been successfully constructed.
The tumor growth time and size, along with the rabbit
weight, were recorded periodically.

Specimen processing

After the rabbit VX2 liver tumor model was successfully
established, all rabbits were euthanized with air embolism
after anesthesia. The whole liver lobe containing the tumor
was fixed with 4% paraformaldehyde for more than 48 hours.
Then, the liver lobe was divided into 4 specimens with the
tumor at the center, and a small amount of marginal tissue
was trimmed for each specimen (Figure 1A4). Next, each
specimen was used as a case for 3D histology-MR image
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fusion. The subsequent experiments, involving MR imaging
(MRI), histology imaging, and image fusion processing,
were carried out at The Fifth Affiliated Hospital of Sun Yat-
sen University.

Ex vivo MRI protocol

MRI data were acquired with a 9.4-T MRI scanner
(BioSpec94/30 USR, Bruker, Germany). According to
the size of the specimen, we selected the appropriate rat
body volume coil of 72 mm to maximize the image quality.
Before scanning, we removed the specimen from 4%
paraformaldehyde and hydrated it with 0.9% saline for
48 hours. For the MRI T2-weighted scan, the specimen was
placed in a small plastic box containing fomblin (Perfluoro
Polyether, Solvay, Italy) to isolate the air and preserve
moisture. Axial sectional images of specimens parallel to
the cut surface of the tumor were selected for the reference
scan. T2-weighted axial MR images were generated using
multislice turbo spin echo acquisition with a scan duration
of 8 min and 48 s. The scan parameters were as follows:
repetition time/time to echo (TR/TE) =3,300 ms/29 ms,
resolution =94x94 pm’, field of view (FOV) =36x30 mm’,
averages =2, slice thickness =0.8 mm with no gap, matrix
size =384x320, excitation angle =90°, refocusing angle
=180°, rapid imaging with refocused echo (RARE) factor
=4, and bandwidth =33,333.3 Hz. The acquired MR images
were stored in DICOM format.

Serial section histology

In an attempt to maintain a parallel orientation to the MRI
axial sectional plane, each specimen was cut into parallel
and equal-thickness tissue blocks using a homemade tool
(including a baffle, a pedestal, two 3-mm thick frames, a
0.5-mm gap between the 2 frames, and a blade with a thickness
of 0.5 mm) (Figure 1B,1C). All tissue blocks were marked and
numbered consecutively (Figure 1D). An automatic tissue
dehydrator was used to dehydrate the tissue blocks.

Next, the tissue blocks were embedded in the same
marked orientation and shaped using a paraffin-embedding
station and paraffin-embedding mold. Subsequently, each
tissue wax block was intermittently serially sectioned to a
5-pm slice thickness with a 300-pm interval on a microtome,
yielding regularly spaced and parallel tissue sections. The
sections were stained with hematoxylin and eosin and then
sections were scanned and digitized using a Pannoramic

250 Flash slide scanner (3DHistech, Budapest, Hungary)
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at x20 magnification and visualized with CaseViewer 2.4
(3DHistech). To identify and locate the MVI, all sections
were examined independently by 2 pathologists with
more than 8 years of experience in HCC pathology. Any
discrepancies were resolved by consensus with a third senior
pathologist. In this study, only MVI lesions with maximum
diameter of less than 1 mm and more than 1 mm from the
main tumor were included for localization on MR images.

3D bhistology-MR image fusion

All pathological sections with whole-mount slide imaging
(WSI) of each specimen were captured in a screenshot
with CaseViewer software (3DHistech). The magnification
of WSI was 1.0 times, and all screenshots were the same
size, with a pixel of 300 dpi. According to the histological
contours, 2D images were consecutively aligned with
translation (section position), rotation (section orientation),
and scaling (volume loss) functions using Photoshop
22.1.1 (Adobe Systems, San Jose, CA, USA). All matched
histological images were stored in JPG format.

The histological images and their corresponding MR
images for each specimen were imported into 3DSlicer
4.11.0 (hetp://www.slicer.org). The system automatically
generated the 3D volume data and displayed the
reconstructed 3D histology and MR images of the specimen
in the axial, sagittal, and coronal planes on the screen. We
chose histology images as the fixed volume and MR images
as the moving volume for landmark registration in 3DSlicer
software. Affine and nonrigid registrations of the moving
image to the fixed image were performed to correct the
positions, orientations, and volume loss and compensate for
distortions due to resection and tissue slicing. A minimum
of 10 pairs of landmarks on the histology images and
MR images were handpicked by experienced radiologists
in image fusion to serve as the reference standard for
image registration. As shown in Figure 2, these distinctive
landmarks include small vessel bifurcations, particular
contours and anatomy, were identified within the liver.

After coregistration, the effects of 3D histology-
MR image fusion were evaluated by 2 authors (L.L. and
J.C., radiologists with 8 and 5 years of experience with
fusion imaging, respectively). Image fusion was defined as
successful if the contours of the tissues, tumors, and vessels
in the histological and MR images were subjectively judged
to be well registered by the 2 radiologists independently.
Image fusion was defined as unsuccessful if any
disagreements occurred or both agreed that the registration
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Figure 2 Examples of landmark selection. The landmarks (blue circles) on the histology images (A,B; HE staining; the scale bars indicate

3 mm) and the corresponding MR T2-weighted images (C,D) were manually selected. The blue circles indicate small vascular branches,

contours, and special anatomy. HE, hematoxylin and eosin; MR, magnetic resonance.

Was poor.
In addition, we picked 3 corresponding pairs of
landmarks except to the 10 pairs of registered landmarks and
recorded their spatial coordinates in the fixed (xy, vy, z;) and
moving volumes (x,, y,, z,). The spatial distance (d) of each
pair of landmarks was calculated by the following formula:

d=\/(xl—xz)2+(yl—y2)2+(zl—zz)2 1]

The average of the spatial distances of the 3 pairs of

landmarks was used as the registration error of image fusion
for a specimen.

Assessment of influencing factors

To assess the uniformity of the thickness of each tissue
block after sampling and the uniformity of tissue shrinkage
after dehydration, 50 tissue blocks were randomly selected.
As depicted in Figure 3, the length and width of the
tissue blocks were measured with a Vernier caliper, and
the thickness was measured at intermediate positions
in 4 directions (front, back, left, right) before and after
dehydration. The thicknesses in the 4 directions and the
thickness ratios between any 2 directions of 50 tissue blocks
before and after dehydration were compared to assess the

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

thickness uniformity. The shrinkage rates of the length,
width, and thickness (average thickness in the 4 directions)
after dehydration were calculated according to the following
formula:

DD,
D,

B

R (2]
where R denotes the tissue shrinkage rate, and Dy and
D, denote the dimension of the tissue blocks before
dehydration and after dehydration, respectively.

Statistical analysis

Statistical analysis was conducted using SPSS (version 25.0,
IBM, NY, USA). The Shapiro-Wilk test was conducted
to verify the normality of quantitative data. The mean =
standard deviation is used to express continuous variables
that obeyed a normal distribution, the median (range)
to express continuous variables that obeyed a skewed
distribution, and percentage to express categorical variables.
A paired #-test was used for comparisons before and after
the intervention. Regarding the assessment of influencing
factors, we conducted one-way analysis of variance

(ANOVA) to compare the thickness, thickness ratio, and

Quant Imaging Med Surg 2023;13(9):5887-5901 | https://dx.doi.org/10.21037/qims-23-220



5892

Left

FPrss

Li et al. 3D histology-MR image fusion for locating MVI of HCC

B

Figure 3 Schematic diagram of the measurement of each diameter line of the tissue block. (A) Measurement of the length. (B) Measurement

of the width. (C-F) Measurements of the thickness in sequence at intermediate positions in 4 directions (front, back, left, right) of the tissue

block.

shrinkage rate of tissue blocks before and after dehydration. If
the P value was less than 0.05, we further performed post hoc
pairwise comparisons using Bonferroni correction, and the
level of statistical significance was adjusted correspondingly.

Results
VX2 liver tumor formation in rabbits

In this study, all rabbits successfully tolerated VX2 tumor
inoculation. No mortality, implant-associated infection,
or alterations in animal behavior were observed at any
point in the experiment. The weights of the rabbits before
intervention and after successful modeling were 2.6+0.4
and 2.8+0.4 kg, respectively, representing a statistically
significant difference (P=0.03) and indicating that the
weights of the rabbits continued to increase normally after
tumor inoculation. The implanted tumor growth was
monitored for 21 days, and all rabbits developed a single
tumor (Figure 44). The gross specimen and WSI confirmed
that the VX2 liver tumor model was successfully established
in the 10 rabbits (Figure 4B,4C), and MVI was present in
the peritumoral histology (Figure 4D). The tumor was
2.6x0.2 cm in its maximum dimension and was located in
the left hepatic lobe. Three rabbits had intrahepatic satellite
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nodules adjacent to the tumor, with a total of 5 nodules and
a median maximum diameter of 0.50 (range, 0.15-0.55) cm.

3D bhistology-MR image fusion

A total of 40 specimens from 10 hepatic lobes containing
tumors were collected from rabbits and included in this
study. Each specimen was cut into 7 (range, 6-9) tissue
blocks for a total of 285 tissue blocks. Each tissue block
was cut into 8 (range, 7-9) sections for a total of 2,295
sections. All sections of a specimen were reconstructed into
a 3D histology, which was registered and fused with the
corresponding MR images.

3D histology-MR image fusion was successfully
performed in 39 specimens, and the success rate was 97.5%
(39/40). All registration landmarks were fused with less
than 1 mm of error in the 39 specimens, and the average
registration error was 0.44+0.15 mm. Registration failed for
1 specimen because the tissue was significantly deformed;
the registration error was 1.17 mm. Figure 5 shows the
fusion of 3D histology and MR images in the axial,
sagittal, and coronal planes, and the internal structures and
histological contours were well registered. Figure 6 shows
the specimen for which registration failed, as subjectively
judged by 2 radiologists independently.
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Figure 4 Creation of the VX2 liver tumor model with MVI. (A) Rabbit liver VX2 tumor growth is monitored by ultrasound (red arrows).
(B) Gross specimen from the left lobe of the liver shows the VX2 tumor. (C) Whole-mount slide imaging (HE staining) confirms that VX2

tumors have been successfully constructed; the scale bar indicates 4 mm. (D) Light microscopy image (HE staining) shows the peritumoral

MVI (yellow arrows); scale bar indicates 0.2 mm. MVI, microvascular invasion; HE, hematoxylin and eosin.

MUV localization on MRI

The histological results showed that MVI was found and
identified in 8 of the 10 rabbits (i.e., the incidence of MVI
was 80%) by the hepatic pathologists. MVI was detected in
20 of the 39 successfully registered specimens, resulting in
a total of 166 MVI lesions, for which the median maximum
diameter measured on pathological images was 0.29 (range,
0.08-0.96) mm. After the registration and fusion of 3D
histology and MR images, the specific location of all MVI
lesions on the MR images could be confirmed through the
MVI displayed on the pathological images (Figure 7). As
shown in Figure 8, the intrahepatic vascular structures were
accurately registered on both histology and MR images,
allowing micrometastasis to then be precisely localized on
MR images. All MVI lesions showed as slightly hyperintense
on the high-resolution MR T2-weighted images. The slight
hyperintensity was similar to that of the main tumor but
could not be distinguished from that of the surrounding
vascular structures by naked-eye observations. Therefore,
the above results will be used as the foundation for further

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

research involving the extraction of the radiomics features

of MVI.

Assessment of influencing factors

Table 1 shows the comparison of the thickness in 4
directions of 50 tissue blocks before and after dehydration.
The average thicknesses of the 50 tissue blocks before
dehydration were 3.37+0.13, 3.34£0.11, 3.38+0.13, and
3.37£0.11 mm for the front, back, left, and right directions,
respectively, and there was no significant difference among
the directions (P=0.38). Similarly, the average thicknesses
after dehydration were 2.51+0.13, 2.49+0.16, 2.54+0.13, and
2.53+0.15 mm for the front, back, left, and right directions,
respectively, and there was no significant difference among
the directions (P=0.35). However, statistical analysis showed
differences before and after dehydration (all P values <0.001).
Table 2 shows the thickness ratios between any 2 directions
of the 50 tissue blocks before and after dehydration, and
none of the differences among the ratios were significant
(both P values =0.09). The above results demonstrate that

Quant Imaging Med Surg 2023;13(9):5887-5901 | https://dx.doi.org/10.21037/qims-23-220



5894

Sagittal

Li et al. 3D histology-MR image fusion for locating MVI of HCC

Coronal

b

Figure 5 One case of successful image fusion. (A) 3D histology images (HE staining); the scale bar indicates 4 mm. (B) T2-weighted MR

images. (C) The fusion images showed that the internal structures and contours were well registered in the axial, sagittal, and coronal

planes. The registration error in this case was 0.39 mm. The inconsistent color values of HE staining resulted in the color stripe shown in

the reconstructed sagittal and coronal figures of the histological images. 3D, 3-dimensional; HE, hematoxylin and eosin; MR, magnetic

resonance.

the thickness of the tissue block was uniform after sampling
and after dehydration.

Table 3 shows the comparison of the shrinkage rates of 50
tissue blocks before and after dehydration. The mean length,
width, and thickness of the 50 tissue blocks before dehydration
were 20.972.70, 12.64+2.77, and 3.37+0.09 mm, respectively;
after dehydration, the mean length, width, and thickness
were 16.40£1.89, 9.75+1.99, and 2.52+0.11 mm, respectively.
The average shrinkage rates of the 50 tissue blocks were
0.22+0.04, 0.22+0.05, and 0.25+0.03 for the length, width,
and thickness, respectively, and the differences among them

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

were statistically significant (P<0.001). Post hoc pairwise
comparisons with Bonferroni correction showed that the
shrinkage rate of the thickness of the tissue block was higher
than that of its length and width (P<0.001 and P=0.003),
but there was no significant difference in the shrinkage rate
between the length and width (P=0.73).

Discussion

In the clinical setting, pathology has retained its status
as the definitive diagnostic modality for diseases. The
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Axial Sagittal

Coronal

Figure 6 The case of failed image fusion. (A) 3D histological images (HE staining); the scale bar indicates 4 mm. (B) T2-weighted MR

images. (C) The fusion images showed that the internal structures and contours were not well registered in the axial, sagittal, and coronal

planes. The registration error in this case was 1.17 mm. The inconsistent color values of HE staining resulted in the color stripe shown in

the reconstructed sagittal and coronal figures of the histological images. 3D, 3-dimensional; HE, hematoxylin and eosin; MR, magnetic

resonance.

imaging attributes demonstrate a strong association with
the histopathological features of the disease. The main
objective of medical practitioners is to continuously explore
and interpret the imaging manifestations of human diseases
through pathology. This may contribute to achieving
a correct preoperative diagnosis and improving the
radiological diagnosis. In most previous studies, the imaging
features of a class of lesions were summarized and grouped
according to pathological findings (16-18). The limitation
of this method is that the pathological section does not
always correspond to the imaging planes.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Recently, WSI has become widespread in oncology
studies based on the development of histological slide
digitization and computational image processing. WSI
can be used to acquire a full high-resolution digital slide
image of a histological section and has been applied in
various scientific fields (19-21). Yu et al. (21) created a novel
pathological examination method called image-matching
digital macroscopic histological slides (IDS). The results of
their study showed that the macroscopic histological slides
could be matched with the corresponding imaging data
from preoperative MRI (T2-weighted imaging) to obtain
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Histology-MR image fusion

Figure 7 Precise localization of MVI on T2-weighted MR images. The MVI is marked by the yellow arrows on the histological images (HE
staining). The specific location of the MV is accurately marked by red arrows on the MR images after histology-MR image registration and
fusion. MVI was slightly hyperintense on T2-weighted images. MR, magnetic resonance; MVI, microvascular invasion; HE, hematoxylin
and eosin.

D Glisson system
D Hepatic venous system
|:| Micrometastasis region

Figure 8 Accurate coregistration of the intrahepatic vascular structures. (A) Light microscopy image (HE staining) showing micrometastasis
(size: 0.18x0.13 mm); the scale bar indicates 0.2 mm. (B,C) The intrahepatic vascular structures (red and green frames) were accurately
registered between pathological (B: HE staining; the scale bar indicates 1 mm) and T2-weighted MR images (C), allowing precise
localization of the micrometastasis (blue frame) on MR images. The micrometastasis was slightly hyperintense on T2WI images, which
could not be distinguished from that of the surrounding vascular structures by naked-eye observations. HE, hematoxylin and eosin; MR,
magnetic resonance.
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Table 1 Comparison of the thickness in 4 directions of 50 randomly
selected tissue blocks before and after dehydration

Before dehydration After dehydration

Direction (mm) (mm) P value
Front 3.37+0.13 2.51+0.13 <0.001
Back 3.34+0.11 2.49+0.16 <0.001
Left 3.38+0.13 2.54+0.13 <0.001
Right 3.37+0.11 2.53+0.15 <0.001
P value 0.38 0.35 NA

Data are presented as the mean + standard deviation. NA, not
applicable.

Table 2 Comparison of the thickness ratios between any 2
directions of 50 randomly selected tissue blocks before and after

dehydration

Thickness ratio Before dehydration After dehydration
Front/back 1.01£0.04 1.01+0.07
Front/left 1.00+0.05 0.99+0.05
Front/right 1.00+0.04 0.99+0.06
Back/left 0.99+0.03 0.98+0.05
Back/right 0.99+0.03 0.99+0.06
Left/right 1.01+0.04 1.01+0.06

P value 0.09 0.09

Data are presented as the mean + standard deviation.

Table 3 Comparison of the shrinkage rates of 50 randomly selected
tissue blocks before and after dehydration

Before dehydration After dehydration Shrinkage

Dimension (mm) (mm) rate
Length 20.97+2.70 16.40+1.89  0.22+0.04**
Width 12.64+2.77 9.75+1.99 0.22+0.05**
Thickness 3.37+0.09 2.52+0.11 0.25+0.03

Data are presented as the mean + standard deviation. ***, length
vs. thickness (P<0.001); **, width vs. thickness (P<0.05).

the MVI positions in IDS. However, similar to other studies
(22,23), these studies also had some limitations. First, a
small number of WSIs were limited to 2D registration, and
correspondence with 3D imaging could not be established.
Second, the imaging plane and pathological sections were
only coarsely matched and contrasted, and an accurate
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image registration method was not implemented.

Due to the tedious fabrication procedures for the
pathological sections, the registration and fusion of
3D pathological and radiological images have been less
commonly reported. Commandeur ez /. (24) registered the
prostate 3D WSI to the preoperative MRI from 3 patients
with prostate cancer. The results showed that accurate
matching between 3D WSI and MRI was achieved with a
mean final error in landmark positioning of 4.90+1.34 mm.
Although MR images of the organ in vivo were used, the
accuracy of the registration was not sufficient for clinical
application. In our study, we registered and fused 3D
WSI hepatic histology to ex vivo MRI, which produced
successful matches in 39 specimens, yielding success rate of
97.5%. Most importantly, all registration landmarks were
fused with less than 1 mm of error for the 39 specimens,
and the mean final error was only 0.44+0.15 mm, which is
significantly better than the results from studies reported in a
literature review (25). A single case, with a registration error of
1.17 mm, was judged to be a failure. Therefore, we
recommend defining successful 3D histology-MR image
fusion as a registration error of less than 1 mm, which is
narrower than that of other studies that have defined less than
2 mm as the standard (26,27).

This study employed high-resolution MRI with a
resolution of 94 pm and a slice thickness of 0.8 mm to
localize MVI. Despite a slightly higher signal intensity, the
radiological characteristics of MVI lesions could not be
distinguished from those of surrounding tissue structures
due to their small size. This finding is consistent with
the current clinical reality that MVI cannot be diagnosed
through imaging alone. Our study aimed to establish a
methodology for accurately locating MVI on imaging to
enable future extraction of radiomics features from MVIL
However, the median maximum diameter of MVI lesions
was only 0.29 mm, and the average registration error of
image fusion was 0.44 mm, leaving the possibility open that
MUVI lesions could be missed. Moreover, if only the MVI
lesion is delineated as the region of interest (ROI), it may
be too small for valuable radiomics features to extracted.
To address these challenges, we recommend delimiting
the ROI of the surrounding 1-mm area with the center of
the located MVI lesion, thereby creating a 3D ROI with
a diameter of 2 mm that encompasses the MVI lesion
within the range of allowable registration error. Then, all
the radiomics features of the ROI containing MVI can
extracted, and the radiomics signature of MVI can screened

Quant Imaging Med Surg 2023;13(9):5887-5901 | https://dx.doi.org/10.21037/qims-23-220



5898

by an artificial intelligence algorithm to finally construct the
MVI diagnostic model.

The New Zealand white rabbits used in this study are
large relative to other extant animals and are currently the
most commonly used for developing experimental animal
models of liver cancer (28). The rabbit liver VX2 tumor
is convenient for imaging observation and suitable for
imaging research of human HCC (29). The present results
showed that the rabbit liver VX2 tumor grew rapidly and
had a high tumor-forming rate. Moreover, it showed a
similar blood supply and occurrence of MVI to human
HCC. In this study, the incidence of MVI was higher than
that reported by Wang er al. (30) (80% vs. 64%), and this
may be attributable to the large size of the tumor and the
large number of pathological sections. However, the hepatic
architecture of rabbits is characterized by its comparatively
thin structure and susceptibility to significant alterations in
morphology and positioning due to visceral compression,
particularly by the stomach. Furthermore, the impact of
cardiac and respiratory movements adds further complexity
to this issue. Therefore, to control for influencing factors,
we chose to perform ex vivo imaging registration.

Sampling has the highest variability among the series
of processes required for making histological slides. If
the tissue blocks obtained are irregular, then complete
and accurate 3D histology cannot be derived from the
serial sections. Therefore, we used a homemade tool to
make parallel and equal-thickness tissue blocks of the
liver. The results showed that there was no significant
difference among the thicknesses of the tissue blocks
in the 4 directions, indicating that the tissue blocks had
uniform thickness. Thus, the above results could meet
the requirements for this experiment. Furthermore, the
histological serial sections of the entire liver lobe made in
this study were evenly spaced, similar to the slice thickness
or spacing on consecutive CT/MRI tomograms. The
spacing of pathological sections in this study was smaller
than that of MRI, allowing precise registration to the MR
images. Tissue shrinkage is another factor affecting the
registration accuracy after dehydration. The results included
a high shrinkage rate for tissue thickness, indicating that
thinner tissue is more dehydrated. Although the shrinkage
rate was not consistent, the registration accuracy was
not greatly affected. The reason for this may be that the
transformations and corrections were performed during the
registration process.

To the best of our knowledge, this is the first study on
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3D histology-MR image fusion of the liver. The results
of our study indicate that preliminary methodological
exploration for accurately matching 3D hepatic histology
with MRI is feasible and accurate. The accurate
coregistration of histology and MRI data could potentially
improve the accuracy of diagnosis, treatment planning, and
monitoring of treatment response. Additionally, our work
may have implications for the development of new imaging
biomarkers for HCC, which could ultimately improve
patient outcomes, and may be helpful in imaging-based
differential diagnosis in future clinical work. Moreover,
by incorporating histology into the 3D reconstruction,
we could also analyze the spatial distribution of the tumor
and vessels and the correlation between vascularization,
proliferation, hypoxia, and aggressiveness. In addition, this
technology can also be applied to other relatively fixed
organs (such as the brain and prostate) and other imaging
modalities (such as ultrasound, CT, and MRI with other
sequences).

This study had the following limitations. First, a large
number of pathological sections were generated, and
thus subsequent image processing required substantial
manpower. However, automation of tissue processing and
artificial intelligence-based image processing may improve
the efficiency of our technique and save considerable
manpower in the future. Second, we intermittently serially
sectioned the tissue samples with a 300-pm interval,
producing notable pathological tissue loss. Slide-free, 3D
histology via hepatic tissue clearing and target structure
labeling will hopefully become available in the future,
providing more comprehensive histological information
and reducing the tedious processes of routine pathological
sectioning. Finally, and most importantly, image fusion
was performed with ex vivo rather than in vive livers.
Unlike in vivo livers, ex vivo livers are not perfused with
blood. In future investigations, we nevertheless expect that
image fusion of preoperative imaging and postoperative
pathological imaging will be carried out for the peritumoral
local ROIs in human livers.

Conclusions

In this study, we successfully and precisely registered 3D
histology with MR images for an isolated liver tumor
model and demonstrated that this technique is feasible
and accurate. Then, we accurately identified the specific
location of MVI on MR images, laying a foundation for the
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next step of extracting the radiomics features of MVL
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