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Abstract—Hilar cholangiocarcinoma (HCC) is a common ma-
lignant tumor of the biliary system. The structural characteristics
of the bile duct tissue can reflect the changes in its function. The
visualization of these specific features is of special significance for
understanding the degree of invasion of HCC and tumor borders.
Radical R0 resection is the only cure for HCC. Currently, the
commonly used medical imaging diagnostic methods can only pro-
vide a rough tumor range and require a histopathological analysis.
Multiphoton microscopy (MPM) not only has an ultra-high spatial
resolution but is also extremely sensitive to collagen fibers with non-
centrosymmetric structures. In this study, MPM is applied to image
the boundaries of HCC tumors. First, the experimental results show
that MPM can clearly reveal the existence of residual cancer cells
at the surgical margin. Second, the density of the collagen fibers
and the dispersion of the 2D direction angle of the collagen fibers of
normal and cancerous tissues are further calculated quantitatively.
The collagen fiber signals before and after cancer cell invasion into
the different tissues are found to be different. Finally, through a
logistic regression prediction curve, combined with the collagen
fiber density and 2D direction angle as indicators, it is further
judged whether the resection margin is negative, which is closely
related to the prognosis of HCC. The experimental results indicate
that MPM imaging can serve as a new tool for diagnosing whether
the HCC tumor boundary reaches R0 resection.

Index Terms—Multiphoton microscopy, hilar cholangiocarci-
noma, tumor boundary, collagen.

I. INTRODUCTION

H ILAR cholangiocarcinoma (HCC) is a malignant tumor
caused by bile duct epithelial cell lesions [1], [2]. It is
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a relatively common type of extrahepatic cholangiocarcinoma
(ECC), accounting for approximately 60%–70% of ECC [3].
Hence, it is of great significance to accurately understand the
infiltration process of cancer tissue and completely remove the
tumor. Invasive metastasis is one of the more common ways
of metastasis in HCC, and cancer cells mostly grow diffusely,
infiltrating the bile duct wall. The hilar bile duct tissue is
partially surrounded by the liver. When cancer cells infiltrate
and metastasize, they first enter the muscularis propria from the
mucosal layer and then directly reach the liver. This is because
the extrahepatic bile duct does not have a well-developed serous
membrane like most gastrointestinal tracts [4]. As patients with
HCC often do not have evident clinical symptoms at an early
stage, when progressive painless obstructive jaundice occurs,
most of them would have entered the advanced stage. Many
studies have shown that radical resection of the tumor tissue
is the only cure [5], [6], [7]. Therefore, we should determine
the exact location of the tumor based on the preoperative and
intraoperative evaluation of the tumor to ensure that the sur-
gical margin is negative as much as possible, so as to reduce
the recurrence rate and improve the survival rate. Currently,
the preoperative evaluation methods for hepatic hilar include
computed tomography (CT), endoscopic retrograde cholangiog-
raphy (ERC), ultrasound (US), and magnetic resonance imaging
(MRI) [8], [9]. Unfortunately, these methods can only provide
the approximate scope of the tumor. Because there is no his-
tological analysis, it is impossible to ensure that the operation
can achieve R0 resection. The conventional frozen section has a
long production process [10], and errors can be easily produced
when the doctor is inexperienced. More research is required to
find new ways to ensure that the negative margin is achieved.

Multiphoton microscopy (MPM) based on second har-
monic generation (SHG) and two-photon excitation fluores-
cence (TPEF) is a rapid microscopy imaging technology with
a high spatial resolution [11]. Significant developments have
been made in multiphoton endoscopes, which have been used
for in vivo mouse model imaging [12], [13]. MPM is a rapid
microscopic imaging technique with less phototoxicity and pho-
tobleaching, high spatial resolution, and large imaging depth to
tissues. In the imaging process, the SHG and TPEF images of
the tissue can be obtained without staining, and the structure
and function information of the tissue can be further obtained
through analysis. Currently, the MPM has been widely used in
the imaging of gastric cancer [14], bowel cancer [15], breast
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cancer [16], and other diseases. The above studies have laid a
foundation for the early application of MPM to human bile duct
tissue to judge tumor boundaries.

Combining the characteristics of HCC and advantages of
MPM, we aim to detect HCC at the tumor border using MPM to
achieve R0 resection. Therefore, we analyzed the tumor margins
of HCC from two perspectives. First, the SHG/TPEF and H&E
images were qualitatively analyzed. Second, two quantitative
indicators were obtained from the SHG images, which were
used for the quantitative analysis of HCC.

In this study, we use MPM to detect cancer tissues at the
border of the tumor. We demonstrate that MPM imaging can
help observe the tissue structure and cell morphology of the HCC
tumor boundary and help determine whether the tumor bound-
ary reaches R0 resection through quantitative and qualitative
methods. The qualitative analysis of the image in terms of the
histomorphology shows that the multiphoton image can more
quickly and conveniently help determine the tumor boundary
location. At the border of the tumor, two indicators, namely
the density of the collagen fibers and the dispersion of the 2D
direction angle, are quantitatively calculated. When cancer cells
infiltrate the muscle layer, the collagen fiber signal content is
significantly reduced; however, when the cells infiltrate the liver,
the content increases due to fibrotic reactions. Combining the
density of the collagen fibers and 2D direction angle, a logistic
regression prediction curve is drawn. Compared with a single
quantitative indicator, the prediction curve is more beneficial to
the diagnosis of the tumor boundary. Therefore, MPM imaging
can quantitatively diagnose the state of HCC tumor borders.

II. MATERIALS AND METHODS

A. Sample Preparation

In this study, samples were collected from the First Affiliated
Hospital of Fujian Medical University (Fuzhou, China) from
2018 to 2020, including three cases of normal bile duct tissue,
eight cases of HCC (four cases of cancer cells infiltrating the
muscular layer of the bile duct and four cases of cancer cells
passing through the muscular layer to reach the liver). This study
was approved by the Institutional Review Committee of the First
Affiliated Hospital of Fujian Medical University, and the patients
provided written informed consent.

To clearly show our experimental results and prove that MPM
can be used for tumor boundary assessment, we used a micro-
tome to continuously slice each specimen into five slices, each
with a thickness of 5 microns. The middle slice was used for
hematoxylin and eosin (H&E) staining, and the remaining four
slices were used for multiphoton microscopy (tumor border).
Each sample was placed on a glass slide and sealed by a cover
glass. To improve the quality of multiphoton imaging and pre-
vent dehydration and shrinkage of the sample, a small amount of
phosphate-buffered saline solution can be used on the sample.
The multiphoton and H&E images were compared and analyzed
by two certified pathologists.

B. Multiphoton Microscopic Imaging System

The multiphoton microscopy imaging system is composed of
a laser scanning microscope Axio Examiner Z1 (Zeiss LSM 880,

Jena, Germany) and an external mode-locked Ti:Sapphire laser
(140 fs, 80 MHz); the adjustable range is 680–1080 nm [17]. In
this experiment, we used excitation light with a wavelength of
810 nm. The emitted fluorescence was spectrally separated by a
grating to the optimized 32-channel photomultiplier tube (PMT)
array detector, and the SHG and TPEF signals were then col-
lected by the PMT detector. The wavelength range for collecting
the SHG signals was 390–420 nm, marked with pseudo-color
green. The wavelength range for collecting the TPEF signal was
430–650 nm, marked with pseudo-color red. To collect images
with a wider range, we used Plan-Apochromat 20× (NA = 0.8)
objective (Zeiss). If a certain area of interest needs to be enlarged,
we can directly switch to a Plan-Apochromat 63× (NA = 1.4)
oil immersion objective (Zeiss). All the images had an eight-bit
pixel depth and were obtained by bidirectional scanning. All the
images were obtained under the same conditions.

C. Quantitative Analysis

The changes in the collagen fibers in HCC are closely related
to the degree of cancer cell invasion, which is of great signif-
icance for determining the tumor boundary. To quantitatively
describe the changes in the structural characteristics of the tumor
boundary after cancer cells invade the muscle layer and the liver,
we mainly performed a quantitative analysis of the collagen
fiber density and 2D direction angle of the tumor boundary. In
each tissue sample, six regions of interest of the same size were
selected, totaling 24 spots where cancer cells infiltrate the bile
duct muscle layer and 24 spots where cancer cells infiltrate the
liver.

When calculating the density of the collagen fibers, we used
MATLAB to binarize the image, where the white area cor-
responds to the SHG signal. The ratio of white area pixels
to the total pixels is the value of the collagen density. When
calculating the 2D direction angle of the collagen fibers, we
used an automatic tracking algorithm called CT-FIRE to extract
the collagen fibers [18], and the data were calculated using
MATLAB. CT-FIRE is a combination of a curve-denoising filter
and FIRE algorithm [18]. First, we use the curve-denoising
filter to process an SHG image. Next, the FIRE algorithm starts
with the application of thresholds to form a binary image to
distinguish between the fiber and background pixels. Then,
MATLAB is used to calculate the minimum distance between the
binary fiber and background pixels. Next, the maximum ridge is
tracked along the distance function. After each nuclear point is
extended to form a fiber branch, the short fiber branch is built.
Finally, the fiber length and direction are obtained and connected
with adjacent fibers [19]. We used IBM SPSS Statistics 24.0 for
the data analysis, and the results were presented in the form of
mean plus standard deviation. Finally, we used MedCalc to draw
the receiver operating characteristic (ROC) curve.

III. RESULTS AND DISCUSSION

A. Normal Hilar Bile Duct Tissue

Fig. 1 shows the SHG/TPEF and corresponding H&E images
of the normal hilar bile duct tissue and adjacent liver tissues.
Clearly, the mucosal layer is composed of a single layer of
tall columnar epithelial cells (blue arrow), and then down into
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Fig. 1. Comparison of overlaid SHG/TPEF and corresponding H&E-stained images of normal hilar bile duct tissue. (a) Typical overlaid SHG/TPEF image (63×)
of an unstained section: mucosal layer (blue arrow), muscle layer (yellow arrow), and liver (white arrow). (b) Corresponding H&E-stained image.

Fig. 2. Comparison of SHG, overlaid SHG/TPEF, and corresponding H&E-stained images of hilar cholangiocarcinoma where cancer cells infiltrate the muscle
layer. (a) Typical SHG image (63×) of an unstained section. (b) Typical overlaid SHG/TPEF image (63×) of an unstained section. Normal tissue on the left,
cancerous tissue on the right. (c) Corresponding H&E-stained image.

the muscle layer, we find rich dense connective tissue (yellow
arrow). The muscle layer is mainly composed of collagen and
elastic fibers, which also contain various blood vessels, nerves,
and mucous glands around the bile duct [20]. When the tissue
becomes cancerous, these can become one of the ways for cancer
cells to metastasize. Continuing down to enter the liver (white
arrow), the liver contains fewer collagen fibers than the muscle
layer.

B. Tumor Boundary of Hilar Cholangiocarcinoma

Fig. 2 shows the SHG, SHG/TPEF, and corresponding H&E
images of the tumor boundary after cancer cells invade the
muscle layer. The collagen fibers of the normal muscle layer
are relatively thick, which are very close to each other, showing
small waves (yellow arrow). When cancer cells infiltrate the
muscle layer, first, the collagen fibers become loose, and their
density drops sharply. Second, the shape of the collagen fibers
changes from the original small waves to irregularly curved. The

collagen fibers become narrower and are no longer thick (white
arrow). Part of the reason for these changes in the collagen fibers
is that the cancer cells can produce matrix metalloproteinase-9
(MMP-9), which can promote the infiltration and metastasis of
the cancer cells by degrading collagen [21]. More importantly,
MMP-9 is not expressed or lowly expressed in benign bile duct
tissues, whereas it is highly expressed in cholangiocarcinoma
[22]. Although the cell structure in the H&E image is the same
as that in the multiphoton image, it is difficult to distinguish the
tumor boundary after the cancer cells have invaded the muscle
layer in the H&E image.

Fig. 3 shows the SHG, SHG/TPEF, and the corresponding
H&E images at the junction of the mucinous glands around the
cancerous bile duct and the muscular connective tissue. The
epithelial cells of the mucous glands around the bile duct are
one of the origins of HCC [2], [23], [24]. The figure clearly
shows that the mucous glands around the bile duct are twisted
and deformed [25]. Some cancer cells float in the mucous lake
inside the glands, forming cancer nests (blue arrow). Other
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Fig. 3. Comparison of SHG, overlaid SHG/TPEF, and corresponding H&E-stained images of hilar cholangiocarcinoma where cancer cells are in the mucous
glands around the bile duct. (a) Typical SHG image (63×) of an unstained section. (b) Typical overlaid SHG/TPEF image (63×) of an unstained section, cancer
nests (blue arrow). (c) Corresponding H&E-stained image.

Fig. 4. Comparison of SHG, overlaid SHG/TPEF, and corresponding H&E-stained images of hilar cholangiocarcinoma where cancer cells infiltrate the liver. (a)
Typical SHG image (63×) of an unstained section, distinctly revealing the tumor boundary. (b) Typical overlaid SHG/TPEF image (63×) of an unstained section:
normal liver plate (blue arrow), inflammatory cells (yellow arrow), and cancer cells (white arrow). (c) Corresponding H&E-stained image.

cancer cells that infiltrate the connective tissues are ready to
spread to normal tissues. The morphological difference between
the mucinous glands around the cancerous bile duct and the
surrounding normal connective tissue is quite different. In the
connective tissue infiltrated by cancer cells, the collagen fibers
become slender, and the density is reduced, which is in sharp
contrast with normal collagen fibers, and the tumor boundary
is easier to distinguish. Compared with the H&E image, we
can not only observe the cell structure characteristics from the
multiphoton image, but can also judge the boundary of the tumor
from the change in the collagen. Thus, the multiphoton map is
more advantageous.

Fig. 4 shows the SHG, SHG/TPEF, and corresponding H&E
images at the tumor boundary after the cancer cells invade the
liver. The left side of the image shows normal liver tissue, and the
collagen around the liver cells is arranged in an orderly manner,
showing a tiny mesh structure [26]. The middle of the image is
the junction of the cancerous and normal tissues. The junction
is filled with inflammatory cells produced by inflammation. The
normal liver cells are arranged to form a spongy liver plate (blue
arrow). Inflammatory cells are regular and granular (yellow
arrow), while cancer cells are of different shapes and sizes,
showing evident pleomorphism (white arrow). It is easier to
distinguish the liver plate, inflammatory cells, and cancer cells.
Moreover, the collagen fibers at the junction start to scatter. The
liver tissue on the right side of the image is infiltrated by the
cancer cells. The most prominent feature is that the collagen
fibers increase in number due to the fibrotic reaction [27], [28]

Fig. 5. Typical SHG images of the tumor boundary taken from Figs. 2 and
4. (a) Normal collagen fibers in the muscle layer. (b) Cancerous collagen fibers
in the muscle layer. (c) Normal collagen fibers in liver. (d) Cancerous collagen
fibers in the liver.

and become thick; however, the structure is disorderly. The
above changes in the collagen is not reflected in the H&E image.
Although the cell structure in the H&E image is the same as that
in the multiphoton image, it is more convenient and faster to
judge the tumor boundary based on the change in the collagen
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Fig. 6. Infiltration of cancer cells into the muscle layer and liver. (a) Density of collagen fibers at the tumor border. (b) Two-dimensional direction angle of the
collagen fibers at the tumor border. Error bars indicate the standard deviation.

fibers in the SHG image. Therefore, a diagnosis based on the
multiphoton image will be better than that based on the H&E
image.

C. Quantitative Assessment of Normal and Cancerous Tissues
At the Tumor Border

The boundary state is one of the most reliable predictors
of long-term survival. We not only describe the morphology
of the tumor boundary from a qualitative perspective, but also
quantitatively explain the changes in the collagen fibers at the
tumor boundary in terms of the collagen fiber density and the
dispersion of the 2D orientation angle. Finally, a judgment on
the tumor boundary is made.

When cancer cells infiltrate the muscle layer, Figs. 5(a) and
5(b) show evident changes in the collagen fibers. As shown in
Fig. 6, the density of the collagen fibers in the normal muscle
layer is 0.228 ± 0.085 (N = 24); however, in the muscle layer
infiltrated by cancer cells, the density decreases to 0.092 ±
0.037 (N = 24). There is a significant statistical significance
between the two groups of data (p < 0.001). As the sample size
increases, the standard deviation becomes more accurate [29].
Accordingly, a larger standard deviation indicates that our data
is scattered. The 2D direction angle of the collagen fibers in
the normal muscle layer is 53.247 ± 6.525 (N = 24). However,
after being invaded by the cancer cells, the collagen fibers no
longer bend regularly, the data is scattered, and their 2D direction
angle becomes 93.390 ± 22.600 (N = 24). Similarly, there is
significant statistical significance between the two sets of data
(p < 0.001).

When the cancer cells infiltrate the liver, Figs. 5(c) and 5(d)
show another change in the collagen fibers. As shown in Fig. 6,
the density of the collagen fibers in the normal liver is 0.020 ±
0.013 (N = 24). However, the density of the collagen fibers
increases and becomes 0.056 ± 0.022 (N = 24) after being
infiltrated by the cancer cells. There is a significant statistical
significance between the two sets of data (p < 0.001). The
2D direction angle of the collagen fibers in the normal liver is
92.162 ± 42.211 (N = 24). Therefore, the angle measurements
in normal livers are scattered. After cancer cell infiltration,
the 2D direction angle of the collagen fibers does not change
significantly; the value is 96.663 ± 24.262 (N = 24). Although
there is no statistical significance between the two sets of data
(p > 0.05), the standard deviation of the cancerous liver angle

measurement is smaller than the normal one. Therefore, when
the sample size is the same, the angle measurement data of the
cancerous liver are more concentrated.

If the above two quantitative indicators (collagen fiber density
and the dispersion of 2D direction angle) are used as an indicator
to judge the presence of residual cancer tissue, the judgment
result of the 2D orientation angle alone is not obvious. Even if the
standard deviation analysis of the 2D direction angle is added,
it can only roughly reflect the change in dispersion. Therefore,
to fully reflect whether the tumor margin reached R0 resection
or not, we hope that more information can be obtained by
combining the collagen fiber density and 2D orientation angle.

D. Tumor Boundary Prediction Curve

Through the above analysis, to more accurately evaluate the
boundary state of the tumor, we performed logistic regression
on the density of the collagen fibers and the 2D direction angle
and obtained corresponding coefficients A1, A2, and a constant
c. Subsequently, we plot a prediction curve that combines the
density of the collagen fibers and the 2D direction angle. The
predicted value= c+A1∗collagen fiber density+A2∗collagen
fiber 2D direction angle.

We draw the ROC curve of the collagen fiber density, 2D
direction angle, and predicted value in the case when the cancer
cells enter the muscle layer or liver. When the cancer cells
infiltrate the liver, as shown in Fig. 7(b), the result obtained by
the prediction curve (AUC= 0.965) is better than those obtained
by the collagen fiber density (AUC = 0.962) and 2D orientation
angle (AUC= 0.553). When the cancer cells infiltrate the muscle
layer, as shown in Fig. 7(a), the results obtained by the prediction
curve (AUC = 0.956) and those obtained by the collagen fiber
density (AUC = 0.957) are approximately the same. This result
is superior to the result of the 2D orientation angle (AUC =
0.637). The tumor boundary can still be distinguished well.
However, because the sample size is too small, the predicted
value is not significantly improved. When the sample size (the
data quantity of the whole experiment) is sufficiently large,
the predicted value is significantly better, making our results
more generalizable [30]. The above shows that compared to
quantifying a feature alone, it is more accurate to use a prediction
curve that combines the density and 2D direction angle of the
collagen fibers to determine whether the tumor boundary is
negative.
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Fig. 7. Comparison of tumor border by ROC curves of the density of the collagen fibers (blue), 2D direction angle of the collagen fibers (green), and predicted
value to combine the above two features (orange). (a) ROC curve of cancer cells infiltrating the muscle layer. (b) ROC curve of cancer cells infiltrating the liver.

IV. CONCLUSION

This work is the first to present a detailed application of MPM
for studying HCC. In previous studies on HCC, common factors
affecting the prognosis of patients included positive surgical
margins [31], lymph node metastasis [32], perineural invasion
[33], etc. Among them, complete tumor resection makes the
margins negative, which is the only factor controlled by the
surgeon. The MPM can be used to assess the condition of the
tumor boundary when HCC metastasizes and to provide more
theoretical support to ensure that the tumor reaches R0 resection.
Our research shows that when cancer cells infiltrate the muscle
layer or liver, the MPM can clearly show the morphology of the
cells, which is quite different from the normal cells. Moreover,
the collagen and elastic fibers of cancerous tissues are signif-
icantly different from those of normal tissues, from which the
boundaries of the tumor can be easily determined. In addition,
it can reflect whether the collagen is degraded or whether there
is a fibrotic reaction through the quantitative calculation of the
collagen fiber density and the dispersion of the 2D direction
angle. Combined with the prediction curve, the tumor boundary
can be further determined.

In summary, the MPM was proven to be a potential tool that
can not only provide histomorphological features of the HCC for
tumor boundary determination, but also help make quantitative
diagnosis of the tumor boundary using the prediction curve com-
bining the density and 2D direction angle of the collagen fibers.
Therefore, MPM imaging provides a new tool for assessing
whether HCC surgery achieves R0 resection.
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