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Objective: This study aimed to investigate the use of three-dimensional visualization for
preoperative evaluation of portal vein invasion in hilar cholangiocarcinoma (HCCA).
Methods: This recombination study for preoperative computerized tomography images was
completed in 42 patients undergoing radical resection of HCCA combined with hepatectomy.
Portal vein invasion with postoperative pathology was used as a gold standard to decide if
the diagnosis was correct or not. We compared the sensitivity, specificity, positive predictive
value, negative predictive value, and total correctness of radiologists and a three-dimensional
(3D) visualization model for the assessment of tumor-caused portal vein invasion.

Results: The findings for the estimation of portal vein invasion by radiologists based on CT
images were as follows: sensitivity = 90.9%; specificity = 83.8%; positive predictive value =
66.7%; negative predictive value = 96.3%; and overall accuracy = 85.7%. The findings for
estimation by the 3D visualization model were as follows: sensitivity = 90.9%; specificity =
96.8%; positive predictive value = 90.9%; negative predictive value = 96.8%; and overall
accuracy = 90.5%.

Conclusion: The positive predictive value of 3D visualization technology in the diagnosis
of portal vein invasion is notably superior to that of subjective assessment by radiologists.
This technique can thus play a significant role in preventing unnecessary resectioning of non-
invaded portal veins and hepatectomy.

Keywords: hilar cholangiocarcinoma, three-dimensional visualization technology, portal
vein, neoplasm invasion, positive predictive value

Introduction

Hilar cholangiocarcinoma (HCCA) refers to an epithelial carcinoma of the bile duct
mucosa that occurs in the common hepatic duct, in the left or right hepatic ducts, or
at their confluence. The global prevalence is currently 1/100,000, and the incidence
rate is showing an upward tendency.! Radical surgery is the only means for
increasing long-term survival chances or providing a cure for HCCA patients.?
Due to the narrowness of the hilar space and the complex vascular anatomy, the
probability of variation is high; therefore, this region is easily invaded by tumors.’
Whether the hepatic portal vein is invaded is one of the most important indexes in
examining the resectability and excision range of HCCA. The occurrence of portal
vein invasion increases the difficulty of the operation and the risk of postoperative
complications for both simple angiectomy and revascularization surgeries and
procedures combined with a hepatectomy.*® Therefore, accurate preoperative
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evaluation of portal vein invasion is a requirement for
improving the surgical resection rate and reducing the
surgical mortality of HCCA by avoiding radical tumor
resection failure or unnecessary surgical enlargement.
Transarterial portal vein computerized tomography
(CT) imaging can be used to examine the portal vein.
With the development of spiral CT technology, spiral CT
portal angiography has become the gold standard for the
diagnosis of portal vein lesions.” Existing studies have
shown that the sensitivity and specificity of the subjective
determination of portal vein invasion by radiologists uti-
lizing this imaging method are 89% and 92%, respectively,
while the sensitivity and specificity of hepatic artery inva-
sion detection are 83% and 93%, respectively.* ' There
seldom literature report on the positive and negative pre-
dictive values for hepatic portal vein invasion. Moreover,
there are still some errors in radiologists’ subjective
assessments, which may lead to unnecessary enlargement
of operations due to intraoperative misjudgment or may
increase postoperative tumor recurrence rates as a conse-
quence of undetected and untreated portal vein invasion.
Recently, three-dimensional (3D) visualization technol-
ogy has come to be applied clinically. Owing to its advan-
tages in terms of stereoscopy and intuition, it has shown
a high clinical value and good application prospects for the
preoperative evaluation of HCCA.'""'? Particularly given the
complexity and variability of liver vessels, the use of 3D
visualization technology can provide a clearer and more
accurate view of liver lesion sites, which is beneficial for
surgery.'> However, the existing literature on 3D visualiza-
tion technology in the preoperative determination of HCCA-
induced hepatic portal vein invasion lacks in-depth analysis.

Methods

General Information

A total of 42 patients who underwent radical HCCA resec-
tion combined with hepatectomy from September 2014 to
September 2019 were included in this study. A multi-
phase abdominal enhanced CT scan was completed for
all patients within three weeks before their operation,
with an average interval of 15.3 days (range: 5-21 days).
The sample included 20 males and 22 females, and the age
range was 56—72 years (mean: 62.5 years). The surgical
details are shown in Table 1. The study was conducted in
accordance with the Declaration of Helsinki (as was
revised in 2013). The study was approved by Ethics
Committee

of Peking University First Hospital

Table | Surgical Options in 42 Patients

Surgical Options Cases
Right hemihepatectomy with/without caudate lobectomy 16 (3)
Left hemihepatectomy with/without caudate lobectomy 92
Enlarged right hemihepatectomy with caudate lobectomy 12 (5)
Right trilobitectomy with caudate lobectomy 3(3)
Enlarged left hemihepatectomy with caudate lobectomy 1 (1)
Left trilobitectomy with caudate lobectomy 1 ()

Notes: The figures in brackets represent patients undergoing concurrent portal
vein resection and reconstruction.

(N0.2018-15) and informed consent was taken from all
the patients.

In this study, we investigated the role of 3D visualiza-
tion technology in the preoperative evaluation of HCCA
by establishing a new evaluation standard for HCCA-
induced portal vein invasion. We retrospectively examined
the clinical data of 42 patients who underwent HCCA
surgery from September 2014 to September 2019 in the
General Surgery department of XXX Hospital to investi-
gate the value of 3D visualization technology in the pre-
operative evaluation of HCCA-induced portal vein
invasion.

CT

All patients were preoperatively arranged in the same way
for the multi-phase epigastric enhanced CT scan. The
patient was placed in a supine position in a head—foot
direction. The scan range was from the diaphragmatic
dome leveling to the umbilical and included the whole
liver, and the scan parameter tube voltage was 120 kV.
The automatic tube current modulation technique (120—
300 mAs) was used with a ball tube speed of 0.5 s/rot,
a pitch of 0.984, a layer thickness of Smm, a scan field of
50cm, and a matrix of 512 x 512. A Siemens SOMATOM
Definition Flash (manufactured in Erlangen, Germany)
was used. The patient was injected with 8090 mL of an
iodine contrast agent (Iopamiro 300 mg/mL) through the
elbow vein by a 20-mL trocar using a double-syringe
power injector at a speed of 4 mL after plain scanning.
After the injection, the tube was flushed with 20 mL of
saline. The scan delay time was 20-25 s in the arterial
phase and 55-60 s in the venous phase. At the end of the
examination, the images of each phase were reconstructed
into I-mm layer thickness and I-mm inter-slice spacing.
Then, the image workstation was uploaded and the layer
thickness was cut to 1 mm. All original CT data were
saved in the DICOM file format.
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Figure | CTassessment of the tumor and portal vein invasion. (A) CT assessment of tumor and no portal vein invasion. According to the enhanced CT images of the portal
vein phase, the tumor is located at the porta hepatis (straight arrow) and the adjacent portal vein (curved arrow). The wide gap between the two is clear, with no tumor
wrapping, portal vein stenosis, or deformation. In this case, the radiologists evaluated that the tumor has not invaded the portal vein. (B) CT assessment of tumor and portal
vein invasion. According to the enhanced CT images of the portal vein phase, the tumor is located in the hepatic portal region around the right branch of the portal vein, and
the lumen has significantly irregular stenosis (straight arrow). In this case, the radiologists evaluated that the tumor has invaded the portal vein.

3D Reconstruction Method

A hepatic multi-phase enhanced CT scan (layer thickness:
1 mm) was completed on all patients before their operations.
The scan images were stored in DICOM format and imported
into the abdominal 3D visualization system developed by
Yorktal Digital Medical Imaging Technology Company Ltd.
(Shenzhen, China) for 3D visualization. Programmed image
segmentation and registration were completed for the origi-
nal data of all the CT phases. Display objects included the
liver, the hepatic arterial and venous system, the portal vein
system, and the tumor. The liver was segmented by the
Couinaud eight-segment method, and the volumes of all
liver segments were calculated. The synthetic 3D model
was used for the preoperative evaluation. The 3D reconstruc-
tion and homogenization treatment, quality control standard,
and 3D visualization model were established in accordance
with the Guidelines for the Precise Diagnosis and Treatment
of Complex Liver Tumors by 3D Visualization (2019).'*

Image Analysis

The preoperative CT images of the 42 patients were
assessed by two associate chief physicians in the
Imaging Department. The final diagnostic report for each
patient was issued after both physicians had reached
a consensus. The following diagnostic criteria were
applied for tumor-induced portal vein invasion: when
a fat layer was present in the space between the tumor
and portal vein, it was considered that the tumor had
invaded the portal vein; and when the fat layer disappeared
in the space between the tumor and the portal vein, it was
considered that the tumor had invaded the portal vein
(Figure 1).

Pathological Analysis

The surgical specimens were fixed with 10% formalin for
several days and assessed by hematoxylin and eosin stain-
ing under a microscope. Each pathological specimen was
then rechecked by two associate chief physicians in the
Pathology Department. The tumor-induced portal vein
invasion determination was performed using a microscope.
The final diagnostic report was issued after both parties
had reached a consensus (Figure 2).

3D Visualization

The ratio of the contact area between the tumor and portal
vein to the circumferential area of the portal vein in this
segment was analyzed using 3D visualization technology
to establish the optimal value range for assessing whether
the tumor had invaded the portal vein (Figure 3). The 3D
visualization technology results and CT image analysis
were compared to determine the sensitivity, specificity,
positive predictive value, and negative predictive value
for portal vein invasion. Receiver operating characteristic
(ROC) analysis and a McNemar test were conducted using
statistical analysis methods. A P-value of <0.05 was con-
sidered significantly different.

Results
Radiologists’ Analysis Results

Among the 42 patients, 15 had a portal vein invasion accord-
ing to the subjective judgment of the radiologists, while 10
had a portal vein invasion according to the postoperative
pathology (Table 2). The tumor-induced portal vein invasion
findings from the subjective assessment of the radiologists
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Figure 2 Pathological assessment of tumor and portal vein invasion. (A) Pathological estimation of tumor and no portal vein invasion. The tumor is located next to the
portal vein and does not invade the portal vein lumen (straight arrow) and portal vein (curved arrow). In this case, the pathologists evaluated that the tumor has not invaded
the portal vein. (B) Pathological estimation of tumor and portal vein invasion. The tumor has invaded the vein (straight arrow) and the portal vein (curved arrow). In this
case, the pathologists evaluated that the tumor has invaded the portal vein.
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Figure 3 Analysis of 3D visualization technology images. (A) Calculating the overlapping area of the tumor and portal vein using 3D visualization technology images. The
yellow region (straight arrow) is the overlapping area between the tumor and portal vein in the figure, and the area’s size can be calculated. (B) Calculating the diameter of
the blood vessels at the site where the tumor overlaps with the portal vein using 3D visualization technology images. The length of the blood vessel at the site where the
tumor overlaps with the portal vein (straight arrow) can be calculated. (C) Calculating the vessel diameter at the overlapping sites of the tumor and portal vein using 3D
visualization technology images. By measuring the diameter and the length of the blood vessels at the overlapping site (straight arrow) of the tumor and portal vein, the
circumferential area of the portal vein can be measured.

had the following characteristics: sensitivity = 90.9%; speci-
ficity = 83.8%; positive predictive value = 66.7%; negative
predictive value = 96.3%; and overall accuracy = 85.7%.

Receiving Operator Characteristic Test

Results

Using the ROC, the diagnostic criteria of the 3D visualiza-
tion system for evaluating tumor-induced vascular inva-
sion were as follows: when the contact areca between the
tumor and the blood vessels was <32% of the circumfer-
ential area of the portal vein in this segment, it was con-
cluded that the tumor had not invaded the blood vessels;
and when the contact area between the tumor and the

Table 2 CT Diagnosis and Pathological Diagnosis Were Used to
Determine the Number of Cases of Portal Vein Invasion in 42

blood vessels was >32% of the circumferential area of
the portal vein in this segment, it was concluded that the
tumor had invaded the blood vessels (Figure 4).

3D Visualization
Among the 42 patients, 11 had a portal vein invasion
according to the 3D visualization technology, while 10
had a portal vein invasion according to the postoperative
pathology (Table 3). The assessment of the 3D visualiza-
tion technology findings regarding tumor-induced portal
vein invasion was as follows: sensitivity = 90.9%; speci-
ficity = 96.8%; positive predictive value = 90.9%; negative
predictive value: = 96.8%; and overall accuracy = 90.5%.
Among the 15 patients with portal vein invasion according
to the radiologists’ subjective assessment, 11 were determined
to have portal vein invasion by the 3D visualization technol-
ogy. Both the radiologists and the 3D visualization system
concluded that 27 of the patients had no portal vein invasion.
A P-value of >0.05 in the McNemar test of the two methods’
findings indicated that the difference was not significant
(Table 4).

Patients
CT Invasion No CT Invasion
Pathological invasion 10 |
No pathological invasion 5 26
9300 submit your manuscript
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Figure 4 ROC curve: The optimal cut-off point is calculated at 32%.

Discussion

The HCCA grows in the narrow space centered on the
bifurcation of the hepatic duct. The hilar bile duct is
closely adjacent to the portal vein; the distance between
them is only 1-2 mm.'>'® Whether the portal vein is
invaded is one of the main indicators for determining
whether the operation can be completed and what
approach should be taken. If the portal vein is invaded, a
simple vascular resection and reconstruction or combined
hepatectomy may increase the difficulty and complications
of the operation. Unnecessary enlargement or radical
changes due to intraoperative miscalculation can often
occur because it is difficult to judge whether the close
relationship between the hepatic portal vein and the
tumor is caused by tumor invasion, or if it is only the
tumor that causes the surrounding tissue to harden or leads
to fibrosis resulting in benign adhesion to the portal vein.
In cases where the portal vein is invaded and cannot be

Table 3 3D Visualization Technology and Pathological Diagnosis
Were Used to Determine the Number of Cases of Portal Vein
Invasion in 42 Patients

3D No 3D
Visualization Visualization
Invasion Invasion
Pathological invasion 10 |
No pathological invasion | 30

removed, the postoperative recurrence rate greatly
increases.'” If the portal vein is removed without invasion,
postoperative complications increase notably as a result of
unnecessary surgical enlargement.'® Therefore, an accu-
rate evaluation of hepatic portal vein invasion is a signifi-
cant element of the preoperative evaluation of HCCA.
Multi-detector CT (MDCT), which is currently a com-
monly used technique, can effectively assess tumor-
induced portal vein invasion. Moreover, spiral CT arter-
iography has become the gold standard for the diagnosis
of portal vein lesions.'” However, there is no literature
report on the positive and negative predictive value of the
hepatic portal vein invasion thus far. The results of the
present study show that, while there was no significant
difference between the specificity and sensitivity of 3D
visualization technology and CT techniques in assessing
portal vein invasion, the positive predictive value of
hepatic portal vein invasion estimated by radiologists
via CT images was only 66.7%, whereas the correspond-
ing value for 3D visualization technology was 90.9%.
Furthermore, the negative predictive value of 3D visuali-
zation technology was 96.8%, and the overall accuracy
was 90.5%, which were both more accurate than the
radiologists’ assessment based on CT images. Among
the 15 patients with portal vein invasion estimated by
the CT method, 5 were not found to have portal vein
invasion by postoperative pathology. All 5 of these
patients underwent a radical hepatectomy to study intrao-
perative portal vein invasion, which undoubtedly
increased the incidence of postoperative complications.
When assessing lesions via CT, radiologists can only
judge the positioning of the lesions and their spatial
relationship with the surrounding tissues by observing
2D images, which may also cause errors. In contrast,
3D visualization technology can show the lesion site on
the stereoscopic level; therefore, it can greatly reduce the
subjective errors made by radiologists. Through analyzing
3D visualization images, radiologists can calculate the
ratio of the contact area between the tumor and portal
vein to the circumferential area of the portal vein in this
segment more accurately with a positive predictive value
of up to 90.9% to examine whether the tumor has
invaded the portal vein. This method has been shown to
be much more accurate than the CT-based technique;
therefore, it can play a significant role in preventing
unnecessary surgery enlargement. Of course, this article
summarizes the small number of patient cases, and more

cases are needed to study the results in depth.
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Table 4 The Number of Cases of Portal Vein Invasion Was
Judged by 3D Visualization Technology Diagnosis and CT

Diagnosis
CT Invasion No CT Invasion
3D visualization invasion I 0
No 3D visualization invasion 4 27
Conclusions

The positive predictive value of 3D visualization technol-
ogy in assessing whether the hepatic portal vein has been
invaded is significantly higher than that of subjective
assessments by radiologists based on CT scans. Therefore,
quantitative measurement of the tumor—portal vein contact
area by 3D visualization technology has guiding signifi-
cance for preoperative determination of the resection
range and surgery options for HCCA.
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