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Abstract

Objective To compare the diagnostic performance of three CT criteria and two signs in evaluating hepatic arterial invasion
by hilar cholangiocarcinoma.

Methods In this study, we retrospectively reviewed the CT images of 85 patients with hilar cholangiocarcinoma. Modified
Loyer’s, Lu’s, and Li’s standards were used to evaluate hepatic arterial invasion by hilar cholangiocarcinoma with the refer-
ence of intraoperative findings and/or the postoperative pathological diagnosis. Arterial tortuosity and contact length were
also evaluated.

Results Loyer’s, Lu’s, and Li’s standards showed sensitivities of 91.7%, 90.3%, and 72.2%, specificities of 94.0%, 94.5%,
and 95.6%, and accuracies of 93.3%, 93.3%, and 89.0%, respectively, in evaluating hepatic arterial invasion by hilar chol-
angiocarcinoma. Loyer’s and Lu’s standards and contact length performed better than Li’s standard (P <0.001). Arterial
tortuosity performed worse than other criteria (P <0.001). The CT criteria performed best in evaluating proper hepatic
arterial invasion compared with the left and right hepatic artery. When the cut-off contact length of 6.73 mm was combined
with Loyer’s standard, 4 false-negative cases could be avoided.

Conclusions Loyer’s and Lu’s standards and the contact length performed best in evaluating hepatic arterial invasion by
hilar cholangiocarcinoma on preoperative CT images, particularly in assessing the proper hepatic artery. Arterial tortuosity
could serve as an important supplement. The combination of the contact length and Loyer’s standard could improve the
diagnostic performance.
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PTCD Percutaneous transhepatic cholangial drainage

PVE Portal vein embolization
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resection remains the only curative treatment for hilar
cholangiocarcinoma [4, 5].

Because of its specific anatomic location and infiltra-
tive growth pattern, hilar vascular structures are prone
to be invaded by hilar cholangiocarcinoma, which will
reduce the resection rate of this complex disease [6].
Therefore, assessing the vascular invasion status is crucial
to evaluate resectability, optimize surgical planning, and
predict the recurrence and survival of the disease [7-9].

In clinical practice, the most commonly used primary
examination for the preoperative evaluation of hilar
cholangiocarcinoma remains contrast-enhanced CT.
Many studies have used contrast-enhanced CT to inves-
tigate vessel invasion. Some have assessed invasion as
part of preoperative CT, while others have considered
hepatic arterial and portal venous invasion as a whole.
Few studies have focused on CT evaluation of the hepatic
arterial invasion of hilar cholangiocarcinoma [10, 11].
Previously, we reported that a new diagnostic model
of contrast-enhanced CT was useful to assess the por-
tal venous invasion of hilar cholangiocarcinoma. The
accurate assessment of hepatic arterial invasion in hilar
cholangiocarcinoma is closely related to the RO resection
rate, which is critical for long-term survival. Addition-
ally, some studies have considered that the hepatic arte-
rial invasion of hilar cholangiocarcinoma is a risk factor
for tumor recurrence and poor prognosis [7, 8]. Because
the hepatic artery is significantly different from the por-
tal vein in terms of vessel elasticity, wall structure, wall
thickness, and lumen diameter, the diagnostic criteria for
invasion based on CT imaging should be different from
each other [12]. However, a lack of dedicated CT criteria
exists to assess the invasion of hepatic arteries by hilar
cholangiocarcinoma.

We attempted to introduce three CT criteria of pancre-
atic cancer and modify them exclusively for hilar chol-
angiocarcinoma because they share some common bio-
logical characteristics. Loyer et al. [13] and Lu et al. [14]
proposed CT criteria to assess the resectability of pan-
creatic cancer based on the relationship between tumors
and adjacent vessels, including both arteries and veins. Li
et al. [12] proposed CT criteria to assess adjacent arterial
invasion by pancreatic cancer. Additionally, the diagnos-
tic role of the length of contact between the right hepatic
artery and hilar cholangiocarcinoma was indicated by
Fukami et al. [15]. Additionally, arterial tortuosity was a
common finding on CT images of hilar cholangiocarci-
noma, whose diagnostic value has never been reported.

Thus, this study aimed to compare and modify the
diagnostic performance of the three CT criteria above
and two specific signs in evaluating hepatic arterial inva-
sion by hilar cholangiocarcinoma.

Materials and methods
Patients

This retrospective study was approved by the local ethics
committee, and the patient’s informed consent was waived.
From January 2011 to December 2019, 177 patients were
admitted with a clinical diagnosis of hilar cholangiocarci-
noma at our hospital. The inclusion criteria for this study
were as follows: (1) a pathological diagnosis of hilar chol-
angiocarcinoma via biliary brushing, biopsy, laparotomy
or postoperative specimens; (2) lesions originating from
the hilar bile duct rather than intrahepatic or distal chol-
angiocarcinoma involving the hilar bile duct; (3) definite
intraoperative and/or pathological information, indicat-
ing that the tumor lesion involved the hepatic arteries; (4)
intact preoperative CT imaging data (Fig. 1). Accordingly,
92 cases were excluded, including 52 cases receiving pal-
liative treatment without a pathologic diagnosis due to
advanced disease, 13 cases lacking definite intraoperative
information of hepatic arterial invasion, and 27 cases with
incomplete preoperative CT imaging data. The remaining
85 patients were included in our study cohort, 57 men
and 28 women with a mean age of 59 + 10 years (range
36-81 years).

Of the 85 patients, 76 received surgical resection, and
the remaining 9 patients only underwent exploratory lapa-
rotomy. Involvement of the hepatic artery by the tumor was
confirmed intraoperatively in all the patients, while post-
operative pathological assessment was only performed in 4
patients. No patient received neoadjuvant radiotherapy or
chemotherapy. Before surgery, 33 patients had undergone
endoscopic retrograde cholangiopancreatography (ERCP),
24 received percutaneous transhepatic-cholangial drain-
age (PTCD), and 7 underwent portal vein embolization
(PVE). For those patients, CT imaging after ERCP, PTCD,
or PVE and closest to surgery was adopted. The interval
between CT imaging and surgery was 11 +9 days (range
1-50 days).

CT examination

All the patients underwent CT examination using a multi-
detector spiral CT scanner (Lightspeed; VCT, or Discov-
ery HD750; GE Healthcare, US) in the supine position.
The scan range was from the diaphragm to the pubic sym-
physis. After plain CT, the patients received a contrast
agent of 1.2 mL/kg body weight (Omnipaque 350 mg I/
mL; GE Healthcare, US) at a rate of 3.0 mL/s, followed by
40 mL of saline solution through the elbow vein using a
power injector (Medrad Stellant, Indianola, PA) at a rate of
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Fig. 1 Inclusion and exclusion
flowchart of this study

Patients with a clinical diagnosis of hilar cholangiocarcinoma
from January 2011 to December 2019 (N =177)

Lack of a pathological diagnosis of hilar
cholangiocarcinoma (n = 52)

arterial invasion (n = 13)

Lack of a definite intraoperative information of hepatic

Absence of a complete preoperative CT scan (n = 27)

3.0 mL/s. The early arterial phase was triggered when the
CT value of the region of interest (ROI) placed within the
aorta at the level of the diaphragm arrived at 150 HU, and
the late arterial and portal venous phases were scanned
every 20 s after the early arterial phase, each lasting for
approximately 7 s. The delayed phase began after 3 min.
All the CT images were obtained using a tube voltage of
120 kVp, a tube current of 240-300 mA, a slice interval
of 5 mm, a slice thickness of 5 mm, a reconstruction slice
of 1.25 mm, a rotation time of 0.6-0.7 s, a helical pitch of
1.375, amatrix of 512X 512, a field of view of 35-40 cm,
and a standard reconstruction algorithm. Multiple planar
reconstruction (MPR), maximum intensity projection
(MIP) and 3D volume rendering (VR) were performed for
image interpretation.

Image analysis

All the CT images were transferred to a workstation (AW4.3;
GE Healthcare, US). Two radiologists who were blinded
to the clinicopathological information (with 8 and 7 years
of experience in abdominal imaging, respectively) indepen-
dently evaluated hepatic artery involvement according to the
following criteria. If there was any contradiction, the two
radiologists tried to achieve a consensus through discussion
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Patients with a pathological diagnosis of hilar cholangiocarcinoma
(n = 85) with preoperative multiphase CT scans

or consulted a senior radiologist (with 13 years of experi-
ence in abdominal imaging). The hepatic artery was assessed
by three segments, including the proper hepatic artery, left
hepatic artery and right hepatic artery. All the evaluations
were performed at the arterial phase, with the later arterial
phase predominating and early arterial phase supplementing.
No recognized diagnostic criteria are available to evaluate
hepatic arterial invasion by hilar cholangiocarcinoma, which
is close to the pancreas and shares some biological features
with pancreatic cancers. In this study, three criteria to assess
the vascular invasion of pancreatic cancer were introduced
and modified—Loyer’s, Lu’s and Li’s criteria, respectively.

Loyer et al. [13] posed six types according to the rela-
tionship between pancreatic cancer and peripancreatic ves-
sels, which were modified to five types dedicated to hilar
cholangiocarcinoma in our study: Type A, normal liver
tissues and/or fat plane-separated tumor from the adja-
cent hepatic artery; Type B, the adjacent hepatic artery
is inseparable from the hypodense tumor, and the contact
point forms a convexity against the vessel; Type C, the
adjacent hepatic artery is inseparable from the hypodense
tumor, and the contact point forms a concavity against the
hepatic artery or partially encircles the vessel; Type D,
the adjacent hepatic artery is encircled by the hypodense
tumor, and no fat plane is identified between the hepatic
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artery and tumor; Type E, the hepatic artery is occluded
by the tumor. According to Loyer et al.’s description,
types A—B indicated no invasion of the hepatic artery and
types C—E indicated invasion of the hepatic artery by hilar
cholangiocarcinoma.

Based on the contact angle between the vessel and pan-
creatic cancer, Lu et al. [14] created 4 grades: grade 0, no
contact between the vessels and tumor; grade 1, the conti-
guity between the tumor and vessel is less than one-quarter
of the circumference; grade 2, the contiguity is between
one-quarter to one-half of the circumference; grade 3, the
contiguity is between one-half to three-quarters of the cir-
cumference; grade 4, the contiguity is greater than three-
quarters of the circumferential involvement or any hepatic
artery constriction. According to Lu et al.’s description,
grades 0-2 indicated no invasion of the hepatic artery and
grades 3—4 were considered invasion of the hepatic artery
by hilar cholangiocarcinoma.

Li et al. [12] proposed that the peripancreatic artery
was considered to be invaded with any of the following
signs: (a) the tumor occludes the artery; (b) more than
one-half circumferential involvement of the arteries by
the tumor; (c) the artery wall is irregular; (d) evidence of
artery caliber stenosis.

In addition to the above three criteria, two specific
signs, hepatic arterial tortuosity and contact length
between the artery and tumor, were evaluated. Arterial
tortuosity indicates that the hepatic artery becomes mark-
edly tortuous due to pulling by the surrounding tumor tis-
sues (Fig. 2 and Fig. S1). The contact length between the
artery and tumor was measured by segments on both axial
and coronal CT images, and each segment was summed
(Fig. 3). The average value was calculated for statistical
analysis [15, 16].

Intraoperative findings and pathological evaluation

Two surgeons (with 25 and 15 years of experience in hepa-
tobiliary surgery, respectively) performed all the surgeries.
The involvement status of the hepatic artery by tumors was
carefully explored intraoperatively. If the tumor encom-
passed or occluded the hepatic artery and no blood signals
could be detected by intraoperative ultrasonography, the
hepatic artery was considered to be involved. The hepatic
artery was judged as not involved if it could be separated
from the tumor but was surrounded by the tumor. The patho-
logical diagnosis of hepatic arterial invasion based on post-
operative specimens was only performed in 4 cases, con-
sistent with the intraoperative findings. The intraoperative
findings and/or pathological assessment were deemed the
gold standard.

Statistical analyses

Using the intraoperative findings and/or pathological diag-
nosis as the reference, the diagnostic performance of the
above three criteria and two signs in assessing hepatic artery
involvement was evaluated by calculating the sensitivity,
specificity, accuracy, and positive and negative predictive
values. McNemar’s test was adopted to compare the diagnos-
tic performance of the criteria and signs. The cut-off value of
the contact length was calculated by receiver operating char-
acteristic (ROC) analysis. Interobserver agreement of the
three criteria and hepatic arterial tortuosity was evaluated
by calculating the kappa value, and the interobserver agree-
ment of the contact length was evaluated using the intra-
class correlation coefficient (ICC). Statistical analyses were
performed using SPSS 22.0 software (SPSS Inc., Chicago,
IL). A P value <0.05 was considered statistically significant.

Fig.2 A 53-year-old male patient with hilar cholangiocarcinoma
invading the left hepatic artery, as confirmed by intraoperative find-
ings. a Axial CT image in the arterial phase shows the tumor (black
arrow) contacts the left hepatic artery (asterisk), which is treated as
invaded based on the three CT criteria. b The coronal CT image in

the arterial phase shows that the tumor (black arrow) wraps the left
hepatic artery (asterisk), causing an irregular shape of the arterial
wall. ¢ The volume-rendering image shows the left hepatic artery as
extremely tortuous (white arrow)
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Fig.3 A 66-year-old male patient with hilar cholangiocarcinoma
invading the right hepatic artery, as confirmed by intraoperative find-
ings. a The axial CT image in the arterial phase shows that the tumor
(black arrow) partially wraps the right hepatic artery (asterisk), and
the contact length between tumor and artery is 27.0 mm (the sum of

Results
Patient characteristic and invasion rate

This study included 85 patients, including 57 men and 28
women with a mean age of 59 years. Among the 85 patients
with hilar cholangiocarcinoma, 6 cases had the Bismuth I
type, 11 cases had the Bismuth II type, 42 cases had the
Bismuth III type and 26 cases had the Bismuth IV type.
According to the intraoperative findings and/or pathologi-
cal diagnosis, the hepatic artery was invaded by the tumor
in 52/85 patients (61.2%), with an invasion rate of 12/85
(14.1%) for the proper hepatic artery, 26/85 (30.6%) for the
left hepatic artery and 34/85 (40.0%) for the right hepatic
artery (Table 1).

each segment). b The coronal CT image in the arterial phase shows
that the tumor (black arrow) wraps the right hepatic artery (asterisk)
with a contact length of 26.2 mm. The averaged value (26.6 mm) is
calculated as the final contact length

Interobserver agreement of CT criteria and signs

Loyer’s and Lu’s criteria showed excellent interobserver
agreement (kappa=0.949 and 0.948, respectively), while
Li’s criterion showed good interobserver agreement
(kappa=0.872), in evaluating hepatic arterial invasion
by hilar cholangiocarcinoma. The interobserver agree-
ment in evaluating hepatic arterial tortuosity was excel-
lent (kappa=0.808), and the interobserver agreement in
measuring the contact length between the artery and tumor
was excellent [ICC=0.959; 95% confidence interval (CI),
0.945-0.970].

Comparison of the three CT criteria and two signs

According to the ROC analysis in Table 2 and Fig. 4,
Loyer’s and Lu’s standards and the contact length showed
the best diagnostic performance (AUC =0.928, 0.924,
and 0.935, respectively), without significant differences
among them (P> 0.528). Li’s standard performed worse

Table 1 Hepatic arterial

. ) e Bismuth—Corlette PHA LHA RHA HA

mvaswn. rate 1p hilar ) classification

cholangiocarcinomas with

different Bismuth classifications  ype | 1/6 (16.7%) 0/6 (0%) 1/6 (16.7%) 1/6 (16.7%)
Type 11 0/11 (0%) 1/11(9.1%) 3/11(27.3%) 4/11 (36.4%)
Type 111 5/42 (11.9%) 15/42(35.7%) 16/42 (38.1%) 28/42 (66.7%)
Type IV 6/26 (23.1%) 10/26 (38.5%) 14/26 (53.8%) 19/26 (73.1%)
Overall 12/85 (14.1%) 26/85 (30.6%) 34/85 (40.0%) 52/85 (61.2%)

The Bismuth classification of each case was confirmed by intraoperative findings

PHA proper hepatic artery, LHA left hepatic artery, RHA right hepatic artery, HA hepatic artery
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Fig.5 In total, 255 hepatic
arterial segments in 85 patients

Hepatic arterial segments (N = 255)

of hilar cholangiocarcinoma
were evaluated in our study.
According to Loyer’s standard,
77 segments were diagnosed as
infiltrated (Type C-E), while
178 segments were noninfil-
trated (Type A-B). Among the
178 noninfiltrated segments, 8

Loyer’s standard

Positive \\/

Negative

segments are treated as infil-
trated according to the contact

Type C-E (n=77)

Type A-B (n=178)

length between the artery and
tumor (>6.73 mm). Finally, 4 of
the 8 segments were infiltrated,
as confirmed by intraoperative .
findings Intraoperative and/or

pathological findings

Contact length

Positive \; \ , Negative

>6.73 mm (n = 8) <6.73 mm (n=170)

| |

Positive: n = 66
Negative: n =11

Positive: n =2
Negative: n =168

Positive: n =4
Negative: n =4

Table 4 Diagnostic performance of hepatic arterial tortuosity in evaluating hepatic arterial invasion by hilar cholangiocarcinoma, as confirmed

by intraoperative findings and/or pathological findings

Hepatic artery Sensitivity Specificity Accuracy PPV NPV

PHA 1/10 (10.0%) 75/75 (100%) 76/85 (89.4%) 1/1 (100%) 75/84 (89.2%)
LHA 13/27 (48.1%) 58/58 (100%) 71/85 (83.5%) 13/13 (100%) 58/72 (80.6%)
RHA 13/35 (37.1%) 47/50 (94.0%) 60/85 (70.6%) 13/16 (81.2%) 47/69 (68.1%)
Overall 27172 (37.5%) 180/183 (98.4%) 207/255 (81.2%) 27/36 (90.0%) 180/225 (80.0%)

PHA proper hepatic artery, LHA left hepatic artery, RHA right hepatic artery, HA hepatic artery, PPV positive prediction value, NPV negative

prediction value

With the cut-off of 3.60 mm, the contact length between
the artery and tumor showed an accuracy of 92.5%, a speci-
ficity of 91.2%, a sensitivity of 95.8%, a PPV of 81.2% and
an NPV of 98.2% in evaluating the invasion of the hepatic
artery by hilar cholangiocarcinoma. By combining the contact
length and Loyer’s standard, 4 of 8 false-negative cases could
be avoided, resulting in a sensitivity of 97.2%, a specificity of
91.8%, an accuracy of 93.3%, a PPV of 82.4%, and an NPV
of 98.8% (Fig. 5).

Hepatic arterial tortuosity showed a low sensitivity of
37.5% but a high specificity of 98.4% (Table 4). Based on
segmental evaluation, this sign performed well in evaluating
proper and left hepatic arterial invasion, but poorly in evaluat-
ing right hepatic arterial invasion.

@ Springer

Discussion

This study included 85 patients with hilar cholangio-
carcinoma and a hepatic arterial invasion rate of 61.2%.
There were 17 cases of Bismuth types I-11 (20.0%) and
68 cases of types III-V (80.0%), findings that agreed with
other study findings [17, 18]. The hepatic arterial invasion
rate was 29.4% in Bismuth types I-II and 69.1% in types
III-1V, findings that were also consistent with previous
findings [9, 19, 20].

We found that Loyer’s and Lu’s standards performed
well with excellent interobserver agreement, while Li’s
standard performed relatively poorly in evaluating hepatic
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arterial invasion by hilar cholangiocarcinoma. Loyer’s and
Lu’s standards are based on the relationship and contact
angle between the hepatic artery and tumor qualitatively
and quantitatively, respectively [13, 14]. Li’s criterion
is based on only several specific signs, which are easily
affected by the observer’s experience and appear less sys-
tematic [12].

However, the CT criteria were associated with false-pos-
itive and false-negative findings. For example, in our study,
10 cases were judged as type C in Loyer’s standard and grade
3 in Lu’s standard but were positive findings on CT imag-
ing. However, those hepatic arteries could be removed dur-
ing surgery and the Glisson sheath surrounding the hepatic
artery was infiltrated by hilar cholangiocarcinoma, which
caused diagnostic pitfalls on CT imaging [12]. Another 6
cases were judged as type A in Loyer’s standard and grade 1
in Lu’s standard but were negative findings on CT imaging.
However, those arteries were found to be infiltrated by the
tumor, as confirmed with intraoperative findings.

Therefore, besides the three criteria, we also focused
on two specific CT signs, arterial tortuosity and the con-
tact length between the tumor and hepatic artery. Arterial
tortuosity due to the tumor’s infiltration into the arterial
wall [12, 21] could reduce false positivity because of its
high specificity and positive predictive value in evaluating
hepatic arterial invasion. The CT criteria neglected the con-
tact length between the tumor and hepatic artery, while the
contact length is critical to assess the resectability of hilar
cholangiocarcinoma [15, 16]. It is difficult to strip the tumor
from the hepatic artery if the contact length reaches a certain
level. The contact length showed an excellent performance
in evaluating hepatic arterial invasion with an AUC of 0.935,
which could serve as an essential index in evaluating hepatic
arterial invasion. Fukami et al. [15] reported that, with a
cut-off value of 10.9 mm, the contact length showed an accu-
racy of 77.4%, a sensitivity of 76.3% and a specificity of
80.0% in evaluating right hepatic arterial invasion by hilar
cholangiocarcinoma.

Subsequently, we combined Loyer’s standard and the con-
tact length to evaluate hepatic arterial invasion. If Loyer’s
standard showed a negative finding, but the contact length
was > 6.73 mm, the hepatic artery was still treated as being
invaded by the tumor. Thus, a sensitivity of 97.2% and a
specificity of 91.8% were achieved.

Additionally, we found that the invasion rate and diag-
nostic performance of the CT criteria were different in
each segment of the hepatic artery in patients with hilar
cholangiocarcinoma. The invasion rate of the proper
hepatic artery (14.1%) was lower than that of the left
(30.6%) and right hepatic arteries (40.0%). The CT criteria
performed best in evaluating invasion of the proper hepatic
artery, followed by the left and right hepatic arteries, prob-
ably due to the following three reasons. First, the proper

hepatic artery appears straight, making it easily observed
on serial axial CT images. Second, the left hepatic artery
has a thin lumen, which can easily be wrapped by the
tumor [22]. Third, the right hepatic artery runs behind
the common hepatic duct with a relatively long distance
outside the liver parenchyma, whose Glisson sheath is eas-
ily invaded by hilar cholangiocarcinoma, possibly causing
false-positive findings [12, 21, 23-25].

This study possessed limitations. First, the sample size
was not sufficiently large but larger than multiple previous
studies [15, 25, 26]. Second, the study was retrospective in
design and most patients lacked postoperative pathologic
information. Third, we did not evaluate the invasion depth of
the hepatic artery by the tumor, a feature that is also impor-
tant to guide surgery [9, 15, 16, 27]. We will perform a pro-
spective study to address those issues in the future.

In conclusion, Loyer’s and Lu’s standards performed best
in evaluating hepatic arterial invasion by hilar cholangiocar-
cinoma with good interobserver agreement. Their diagnostic
performance in evaluating the proper and left hepatic arter-
ies was better than that for the right hepatic artery. The com-
bination of the contact length and Loyer’s standard could
improve the diagnostic performance.
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