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Abstract: Cholangiocellular cancer (CCC) is a malignant neoplasm of the hepatobiliary system that
is difficult to diagnose and treat. Currently, the most effective treatment of CCC is demonstrated
under the control by fluorescent diagnosis. Photodynamic therapy (PDT) has also shown good
results in the treatment of this disease, and fluorescence analysis of the photosensitizer is a good
approach to control PDT. This article presents the results of a comparison of spectroscopic and
quantitative video-fluorescent analysis of chlorin e6 photosensitizer fluorescence in vivo during
cholangiocellular cancer surgery. Spectroscopic analysis provides accurate information about the
concentration of the photosensitizer in the tumor, while the video-fluorescence method is convenient
for visualizing tumor margins. A direct correlation is shown between these two methods when
comparing the fluorescence signals before and after PDT. The applied paired Student’s ¢-test shows a
significant difference between fluorescence signal before and after PDT in both diagnostic methods.
In this regard, video-fluorescence navigation is not inferior in accuracy, sensitivity, or efficiency to
spectroscopic methods.

Keywords: PDT; fluorescence; photosensitizer; chlorin e6; cholangiocellular cancer; spectroscopic
methods; video-fluorescent guidance; biomedical statistics

1. Introduction

Cholangiocellular cancer (CCC), which includes intrahepatic cholangiocarcinoma,
extrahepatic cholangiocarcinoma, gallbladder cancer, and Vater ampulla cancer, are the
most commonly diagnosed primary malignancies of the biliary tract, accounting for ap-
proximately 3% of all gastrointestinal malignancies [1]. Epidemiological data showed the
incidence and mortality from CCC have an upward trend worldwide [2]. Although the
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listed cancers belong to the same category of CCC, each anatomical subgroup represents a
unique cancer biology with different molecular characteristics and treatment options [3].
Despite the fact that these types of tumors are considered rare, the incidence and mortal-
ity of CCC have increased over the past few decades [4]. Radical resection is the main
treatment for CCC, but most patients are diagnosed with inoperable, locally advanced, or
metastatic disease [5]. Although the development of more aggressive surgical approaches
and techniques has increased the chances of improving the effectiveness of radical surgical
resection, these patients remain at high risk of recurrence and new cancer formation [6].

Through the continuous development and research of new medical technologies,
fluorescence diagnostics (FD) and photodynamic therapy (PDT) have shown potential
in the diagnosis and treatment of CCC [7,8]. Chlorin e6 is a well-known photosensitizer
that is widely used for various malignant neoplasms. Noticeably, fluorescent diagnosis
with chlorin e6 via an endoscopic video system has demonstrated an enhanced median
of survival of patients diagnosed with head and neck cancer [9]. The main principle of
fluorescence diagnostics is the selective accumulation of a certain fluorescent marker in
tumor cells. The higher the selectivity, the greater the ability to determine the boundaries
of a pathological formation, and the more its radical removal can be carried out. At
the same time, the analysis of fluorescence can be used as a method of monitoring the
effectiveness of PDT. PDT is a minimally invasive therapy that includes a combination of
three factors: a photosensitizer (PS), molecular oxygen, and light of a definite wavelength.
The main principle of treatment is the creation of a photochemical reaction upon excitation
of the PS accumulated in cancer cells, enriched in tumor tissue, using light of a certain
wavelength to generate reactive oxygen species (ROS), such as excited singlet oxygen and
superoxide negative radicals [10,11]. The death of cancer cells is caused by radiation of
a certain wavelength due to the generation of ROS. During the photodynamic process,
photosensitizer molecules become photobleached. In other words, the PS engaged in
converting irradiating light in reactive oxygen able to kill cells undergoes in parallel a
photo-oxidizing reaction making less or no fluorescent photoproducts. The photobleaching
of the photosensitizer is controlled by the decrease in fluorescence signal. PDT, together
with bile duct stenting, can improve bile duct patency by reducing local obstruction caused
by malignant tissues due to the cytotoxic effects of ROS [12]. The most effective and
complete PDT treatment is demonstrated under the control of fluorescent diagnostics
by photosensitizer photobleaching [13,14]. Today, in most cases, the use of PDT in the
clinic is still carried out using a priori values of the dose of the drug and light without
personalized control. Photobleaching of a photosensitizer during PDT is a fairly good
parameter for measuring its effectiveness and can be assessed by fluorescence level, as
has been shown for 5-ALA-induced PP IX [15]. The photosensitizers of chlorine nature
are also prone to photodegradation during PDT [16]. The observed dependencies of the
photosensitizer photodegradation on the light fluence make it possible to use it to determine
the absorbed light dose. PDT was chosen by us for the treatment of cholangiocellular
carcinoma as a result of the analysis of works in this area, which showed that chlorine-
based photosensitizers are effective against these pathologies on cancer cell cultures [17,18]
in addition to PDT with other types of photosensitizers [19,20].

Both spectroscopic and video-fluorescent methods are used to carry out FD with most
cancers to conduct complete tumor destruction [21,22]. The video-fluorescent system si-
multaneously obtains the fluorescence signal and visible image of the pathological tissue in
real time. However, the fluorescence index determines the relative quantity of accumulated
PS in tumor tissue, which essentially facilitates the identification of the tumor localization
and its boundaries. Fluorescent imaging has also demonstrated actual results for analysis
of tumor growth and treatment response on cancer cells [23]. However, using spectroscopic
methods in the diagnosis of bile ducts tumors is not always informative, since the operating
surgeon has to see from which tissue the fluorescent signal is received; therefore, in this case,
it is more effective to use video-fluorescent methods for detecting tumors. Additionally,
spectroscopic methods are not always convenient, since the fluorescent signal is obtained
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from a specific point, and video-fluorescence methods do not allow quantitative assessment
of the signal. However, the approach proposed in this article solves both the problem of
video navigation and the calculation of fluorescence indexes.

2. Materials and Methods

The LESA-01-BIOSPEC spectroscopic system (BIOSPEC LCC) was used as a spectrum
analyzer, which consists of a personal computer with special software, a He-Ne laser with
a generation wavelength at 632.8 nm and 5 mW /cm? density power, a spectrometer, and a
Y-shaped optical fiber. The fluorescence signal was obtained from the diffusely reflected
signal from the research area.

The UFF-630/675-01-BIOSPEC video-fluorescent system (BIOSPEC LCC) consists of
a computer with special software, a camera unit that includes one monochrome camera
necessary for recording fluorescence and a color camera necessary for visual navigation,
an LED source with a generation wavelength at 635 nm, a broadband white light source,
and a flexible endoscope for delivering light to the area under study and recording the
backscattered signal. Light from a white light source and laser radiation pass through
collimators and narrow-band filter to the optical inputs of the endoscope. A flexible
endoscope with a rigid nozzle is used to deliver radiation to the study area and register
diffusely reflected light. Diffuse reflected light is recorded by a registration unit consisting
of two channels for detecting a fluorescent signal, each of which has an installed video
camera. The light falls on a beam splitter with a separation boundary of 652 nm. The
reflected light travels to a color camera with a filter transmitting light in the range of
400-625 nm. The visible light image obtained from the camera displays the patient’s
organs in the usual color. Another part of the reflected light falls on a black-and-white
camera with a light filter that transmits radiation in the range of 670-750 nm to register the
fluorescence of chloride e6 photosensitizers. Special software was designed to display the
information received from the cameras on the computer monitor. The image in fluorescent
light in the far-red wavelength range of 670-750 nm, obtained with a black-and-white
camera, is combined with an image obtained with a color camera by processing and adding.
Thus, a fluorescent image obtained from a black-and-white camera is programmatically
superimposed on an image obtained from a color camera. Next, the fluorescent image is
stained in a pseudo color (usually it is green, since it provides more contrast from the color
of biological tissue; moreover, the color of pseudo staining can be selected individually
from the palette). A fluorescent image, the degree of accumulation of photosensitizers,
and the size of a malignant neoplasm are displayed on the monitor. The fluorescent video
recording system allows the simultaneous observation of the reflected and fluorescent
images of the area under study and adjust the brightness and unevenness of the fluorescent
radiation (Figure 1).

The optical resolution of the endoscope is 0.5 mm with a 5 mW /cm? power density at
the outlet of the distal tip. During diagnostics, an interactive target (red point) is present
on the monitor screen. When targeting different parts of the studied area, the fluorescence
index corresponding to this area is calculated and displayed, which allows pinpointing
pathological areas.

The study was carried out on 12 different patients diagnosed with bile duct cancer
(BDC). Photodynamic therapy of CCC was performed for patients who had been denied
surgical resection of the tumor. The group consisted of elderly patients aged 65 + 11 years
old with primary unresectable cholangiocellular cancer or somatically severe patients who
were denied tumor resection either because of the presence of concomitant diseases or
because of age, which increases the risk of such operations. Each patient was injected intra-
venously with a photosensitizer based on chlorin e6 with the commercial name Photolon
BELMEDPREPARATY at a concentration of 1 mg/kg 2 h before FD and PDT. The advantage
of this PS is the 2 h it takes to reach the maximum accumulation, as well as a fast period of
elimination from the body (on average 48 h). During the post-treatment period, the patients
were advised to limit exposure to light. At the maximum of PS accumulation, each patient
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underwent FD of the tumor area using the spectroscopic and video-fluorescent systems.
FD was performed using a spectroscopic system and video-fluorescent equipment with
minimally invasive surgery. A minimally invasive operation implies that at the beginning
of the procedure, an introducer is installed percutaneously in the bile duct under the control
of an X-ray system. Through an introducer, it is possible to deliver optical fibers for FD
and PDT and a flexible endoscope to the study area, and flush the duct of the incoming
bile, which strongly fluoresces and would interfere with the study. The optical fiber of the
spectroscopic system was applied in effortless contact to the distal end of the tumor and
nearby healthy normal tissue to obtain a fluorescent signal. The endoscope tip was headed
into a bile duct and fixed at 0.5 cm distance from tumor neoplasm. Spectroscopic measure-
ments and video-fluorescence measurements were obtained at the same tissue region. The
diameter of the common bile duct is 6-8 mm, and based on this, the irradiated area was,
on average, 350-500 mm?. The length of the distal end of the optical fiber, presented as a
tip in the form of a diffuser, was 20 mm. Thus, one PDT session of a 20 mm long section
of the bile duct averaged 8-12 min. If the tumor was more than 20 mm long, 2 or more
PDT sessions were performed to irradiate the tumor along its entire length. If there was a
complete block of the bile duct, PDT was first performed with an end fiber to reduce tumor
tissue, then with a diffuser-type fiber to reduce the tumor diameter, followed by stenting of
the bile duct. If there was an incomplete block of the bile duct, PDT was performed with a
diffuser-type fiber to reduce the diameter of the tumor followed by stenting of the bile duct.
The fluorescent diagnosis was carried out after every PDT session. The tumor tissue parts
with intense PS signal were radiated again to achieve a photobleaching effect.

Biological phantom samples were used as experimental models, which consisted of
a 1.8% fat emulsion of Intralipid Fresenius Kabi. This percentage was chosen for better
representation of mucosa tissue optical properties. We prepared 1 mL of the phantoms in
1.5 mL Eppendorf tube. Each sample included a PS concentration of 0.1, 0.2, 0.4, 0.6, 0.8,
or 1 mg/kg. For obtaining fluorescence signals, the optical fiber tip of the spectroscopic
system was placed in effortless contact with the Eppendorf tube and the endoscope was
fixed on a tripod for adjusting the operating distance between the video channel and the
experimental sample.

A comparative analysis of the diagnostic methods was carried out using the methods
of mathematical statistics. Pearson’s correlation coefficient was used to determine the linear
relationship between spectroscopic and video-fluorescence methods; Student’s t-test was
used to determine the difference between the mean values of the fluorescence index.

Computer
with GPU
and software

Color
camera
with lens
and filter
Thin flexible endoscope iid
| %_DD camera
| with lense
4 and fiters
Y-shaped Eg?ttrgr
light
guide White
3¥ [LED light
source
Bile ducts Red
'*‘ laser light
source

Figure 1. Schematic description of fluorescent video system.
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3. Results
3.1. Biological Models

An analysis was carried out on phantom samples that represented the parameters of
scattering and absorption coefficients of biological tissue. Spectral fluorescence analysis
was performed, and the fluorescence index was calculated for each sample (Figure 2a,b).
The fluorescence index was calculated as the ratio of the areas under the chlorin e6 spectral
fluorescence curve to the spectral curve of back-reflected laser radiation, to exclude contri-
bution of laser radiation. In addition, video-fluorescence analysis was performed for each
model sample, which also included the calculation of the fluorescence index. To obtain the
fluorescence index, the average pixel intensity of the image obtained from a monochrome
video camera in the research area was calculated via the video system normalized to the
parameters of a monochrome video camera. This value was normalized to the calculated
average pixel intensity of the image of the red component of the color video camera of
the area under study, then normalized to the parameters of the color video camera. The
fluorescence generation wavelength was 635 nm. The combined mode was formed by
superimposing a black-and-white fluorescent image on a color image. Green was chosen for
pseudo-coloration of a fluorescent signal to enhance the contrast between the fluorescent
areas of pathological tissue and healthy tissue; however, it is possible to change the color of
the pseudo degradation to any other color (Figure 2c).

—— 0 mg/kg
a) —— 0.1 mg/kg b)
—— 0.2 mg/kg

0.4 mg/kg

Fluorescence intensity (a.u.)

0.6 mg/kg
0.8 mg/kg
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Figure 2. (a) Fluorescence PS spectra of the phantom samples normalized to the laser line

(Aex = 632.8 nm), (b) the histogram of the fluorescence index of the phantom samples, and (c) images
of the phantom samples with different concentrations of the PS. The fluorescence index is displayed
in the lower left corner of the image. A fluorescence index < 10 shows the accumulation of PS in
normal tissue after intravenous injection.

3.2. Patients

The fluorescence diagnosis of patients diagnosed with CCC was carried out before and
after PDT via spectroscopic and video-fluorescent systems. PDT of a malignant neoplasm
of the bile ducts was carried out with 100-200 J/cm?. Spectral data and video-fluorescent
images of the same localization were obtained from the study area in one of the patients
(Figure 3).
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—— before PDT normal tissue
before PDT tumor
—— after PDT tumor

Before PDT tumor After PDT tumor

Fluorescence intensity (a.u.)

T T T T T T
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a) b) c)

Figure 3. (a) Spectral curves of the PS accumulated in tumor area, (b) fluorescence indexes from
tumor and normal tissue in the maximum PS accumulation, and (c) real image of a bile duct tumor
before and after PDT. Fluorescence indexes are marked in the upper left corner.

The numerical values of the fluorescence indexes of all patients before and after PDT
were obtained (Table 1). Both methods of obtaining data were used in each of the patients.

Table 1. The value of the fluorescence indexes of each patient obtained by different methods before
and after PDT.

Fluorescence Fluorescence Photobleaching Fluorescence Fluorescence Photobleaching
Indexes Indexes . .
No. of Spectroscopic Spectroscopic (Percentage of Indexes Video Indexes Video (Percentage of
Patient System before System after Photosensitizef) System before System after Photosensitizef)
PDT (rel. un.) PDT (rel. un.) Photo-Burnout) (%) PDT (rel. un.) PDT (rel. un.) Photo-Burnout) (%)
1 1.96 0.57 71 26 7 73
2 1.1 04 63 13 4 69
3 2.63 0.35 87 31 5 83
4 1.64 0.43 74 21 8 61
5 1.52 0.36 76 19 6 68
6 2.44 0.41 83 32 5 84
7 2.79 0.48 83 36 7 81
8 1.51 0.35 77 17 5 70
9 1.14 0.37 68 16 4 75
10 1.77 0.4 77 17 6 64
11 1.86 0.41 78 23 5 78
12 1.56 0.37 76 18 4 78

Statistical analysis of the results obtained by the spectroscopic system and the video-
fluorescence system was carried out. The connection between the data on the concentration
of the fluorophore, determined by two different methods, was assessed with correlation
and regression analysis.

For the comparison before PDT between the video-fluorescence and the spectroscopic
system, the Pearson’s coefficient was ~0.96. For the comparison after PDT between the
video-fluorescent system and the spectroscopic system, the Pearson’s coefficient was ~0.61.
We explain the decrease in the correlation coefficient between video and spectral data after
PDT by the fact that PS burnout occurs unevenly, and the measurement of the fluorescence
index of the video and spectral methods may not exactly coincide at the position of the
sensor. At the same time, before the PDT procedure, the physiologically determined and
more uniform distribution of PS provided a higher correlation coefficient between these
two methods.

To assess the interchangeability of the data obtained from the spectroscopic system
and the intraoperative fluorescent video system, regression analysis was used based on a
linear regression equation:

Y=a+b x X,
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where Y is the dependent variable, in this case serving as the values of the fluorescence index
obtained using the video system; X is the independent variable, in this case represented
by the integral values obtained using the spectroscopic system; a is the free term of the
estimation line; and b is the slope showing how much Y increases as X increases. Using
this method, regression lines were constructed for the values obtained from tumors at the
maximum accumulation of chlorin e6 (Figure 4).

a) ¢ b)

2 18+ [ ]

4 [ | [ ]

T

T T T T
1.0 15 20 25 04 0.5
Fluorescence Indexes "spectroscopic system before PDT" (rel. un.) Fluorescence Indexes "spectroscopic system after PDT" (rel. un.)

0
Fluorescence Indexes "Video system after PDT" (rel. un.)

Figure 4. Regression line for two types of the obtained data: (a) before PDT with the video system vs.
before PDT with the spectroscopic system; (b) after PDT with the video system vs. after PDT with the
spectroscopic system.

After we assessed the correlation of the two types of fluorescence analysis considered,
the next important step was to compare the ability of these methods to assess the effect
of PDT.

To statistically evaluate the decrease in fluorescence indexes after PDT during di-
agnostics with the spectroscopic system, the paired Student’s t-test was applied. The
obtained empirical value t = 9.2 is greater than the critical one (tg0; = 3.01, to o5 = 2.2);
therefore, we concluded that there were statistically significant differences between the
fluorescence intensity on before PDT with the spectroscopic system and after PDT with the
spectroscopic system.

To statistically evaluate the decrease in the fluorescence indexes after PDT during
diagnostics with the video-fluorescent system, the paired Student’s ¢-test was also used.
The obtained empirical value t = 8.5 is greater than the critical one (tgg; = 3.01, ty g5 = 2.2);
therefore, we concluded that there were statistically significant differences between the
fluorescence intensity before PDT with the video-fluorescent system and after PDT with
the video-fluorescent system.

For each method of photobleaching assessment of the photosensitizer, a confidence
interval was calculated. The average value of photobleaching for the spectroscopic system
was 76% (with a 95% probability, the photobleaching observed by this method ranged from
72% to 80%), while the average value for the video-fluorescent system was 74% (with a
probability of 95%, the photobleaching observed by this method ranged from 68% to 78%).

4. Discussion

The efficiency and completeness of the PDT procedure is enhanced under control of
PDT before and after therapy. Spectroscopic estimates allow obtaining information about
tumor tissue and its boundaries with high accuracy. Unfortunately, obtaining fluorescent in-
formation of BDC is not convenient due to complex navigation of the fiber distal tip into the
bile duct and the absence of visualization to control malignant focus. The video-fluorescent
system increases the efficiency of BDC fluorescent diagnosis and the completeness of PDT
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treatment. Visual navigation allows images of malignant neoplasm and its boundaries to
be obtained with accumulated PS. The fluorescence index illustrates the numerical values
of the relative PS concentration in tumor tissue.

Correlation analysis shows fluorescence index values obtained via the spectroscopic
system are comparable to the fluorescent values of the video system. Analyzing all patients,
Pearson’s coefficient is near one, which demonstrates similarity of obtained information.
Consequently, the video system is highly beneficial both for visual determination of the lo-
calization of the tumor and its boundaries and for determining the value of the fluorescence
index at a selected point. Student’s t-test showed the optimal PS photobleaching results,
which indicated the completeness of PDT. More than 60% PS photobleaching results are
sufficient for destruction of cancer cells [15,24].

The key concept of the video-fluorescence system is the ability to perform fluorescent
diagnostics of malignant neoplasms of the bile ducts containing a PS accumulated in the
tumor in real time and to estimate the relative PS concentration near the tumor tissue. The
system allows oncologists to intraoperatively see an image on the screen in the usual color
gamut, or at least as close as possible to that.

5. Conclusions

The methods of fluorescence diagnostics considered in this article are promising
in the field of oncological diseases treatment of the biliary tract and in the prevention of
relapses. The obtained spectroscopic and video-fluorescent data, as well as their subsequent
statistical processing, showed a direct correlation between these two diagnostic methods.
The applied paired Student’s t-test showed a significant difference between the fluorescence
indexes before and after PDT in both diagnostic methods, which indicated the efficiency of
treatment by these methods. Therefore, these approaches allow considerable correlation
of fluorescence signal of accumulated PS in cancer cells for successful identification of the
tumor localization and its boundaries, which is necessary for complete tumor destruction
and, as a consequence, relapse-free recovery of patients.
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