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Abstract. In this work, the optical properties of ovarian tissue of cats with
histologically confirmed diagnoses: leimyosarcoma, stromal sarcoma, serous
carcinoma, granulosa carcinoma, follicular phase (healthy) and luteal phase
(healthy), in the optical range from 450 to 800 nm were experimentally studied.
Based on the measured spectra of diffuse reflectance, total transmittance and
collimated transmittance spectra, absorption and scattering coefficients were
determined using the inverse adding-doubling method, as well as the spectral
dependence of the scattering anisotropy factor and the depth of radiation
penetration into ovarian tissue in normal conditions and in various types of
cancer. The difference in the scattering and absorption properties of healthy and
cancer ovaries can serve as an important and promising marker of pathology in
the early stages in clinical applications, as well as in the search and prove of
diagnostically significant criteria for assessing the metabolic state of tissues.
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1 Introduction

One of the pressing issues of modern medicine
throughout the world is the development of the tumor
diseases of various organs, including the ovaries, and the
prevalence of tumors in the population. Ovarian cancer is
one of the most common malignant diseases of the
reproductive system among women of all age groups.
More than 13 thousand new cases of malignant ovarian
tumors are registered in Russia every year. The increase
in the incidence of ovarian cancer over the past 10 years

has been 5.3%. About 70% of patients at the time of
diagnosis of the disease have stages I11-1V, which gives
virtually no chance of survival [1]. Despite the advances
in drug therapy for ovarian cancer and the appearance of
platinum drugs and then taxanes in the early 80s,
according to generalized data from population-based
cancer registries in European countries, mortality in the
first year of life of patients remains high and amounts to
63%, and the five-year survival rate is not more than
35%. Because of this, the world community annually
suffers irreparable losses among the active female
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population with powerful life potential. This disease is
difficult to verify due to the lack of pathognomonic
symptoms and timely diagnosis [2]. The development of
new improved optical methods used in various fields of
biology and medicine undoubtedly requires knowledge
of the optical properties of tissues [3]. Such modern
promising methods as photodynamic and photothermal
therapy, endoscopic surgery, treatment using laser
radiation, optical diagnostics of various physiological
processes and pathologies, including oncology, require
the development of mathematical models that adequately
describe the propagation of light in tissues, for the
development of safe techniques and widespread
implementation into clinical practice [4]. One of the
modern clinical technologies, actively used, in particular
in gynecology, allowing for optical-endoscopic imaging
and treatment, is laparoscopy. The optics of the
laparoscope are inserted into the abdominal cavity
through a small incision, which allows one to directly
examine the pelvic and abdominal organs or, by
connecting a video camera, transfer the image to the
monitor [5, 6].

There is great interest in optical studies of the female
reproductive system. For example, a hyperspectral light
source has been developed, based on the chromatic
dispersion property of ready-made lenses, which can be
built into a standard endoscope/microscope to obtain
hyperspectral images (label-free images) [7]. Optical
coherence tomography (OCT) has been used to evaluate
the ability to non-invasively characterize ovarian follicle
developmental morphology and age-related changes in
mice [8]. The combined use of photoacoustic and
ultrasound imaging to assess vasculature and collagen
content in the intact ovary has been discussed [9]. A new
spatial frequency domain imaging (SFDI) technique is
proposed for non-contact, rapid assessment of the optical
properties of ovarian tissue over a large field of
view [10]. The use of broadband spectral imaging with
excitation of endogenous fluorescence by UV light with
a wavelength of 365 nm made it possible to classify all
image pixels using linear discriminant analysis and create
diagnostic maps of the ovaries [11]. OCT has also been
used to assess the scattering coefficient from unfixed
normal and malignant ovarian tissue ex vivo, as well as to
assess collagen distribution [12, 13]. Unfortunately,
studies of the optical properties of ovarian tissue, both
normal and pathological, discussed in the literature do
not provide comprehensive data on determining the
absorption and scattering coefficients and anisotropy
factor. To validate optical measurement methods, tissue
phantoms are often used which mimic and retain optical
parameters over long period of time [14].

The optical properties of many tissues, in particular
ovaries in normal conditions and in oncological
pathologies, remain currently insufficiently studied in a
wide range of wavelengths, although they are of
fundamental importance for a deep understanding of the
interaction of radiation with tissues in diagnostics and
phototherapy. One of the most commonly used
algorithms for solving the inverse optical problem for
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reconstructing the reduced (transport) scattering and
absorption coefficients of turbid media is the inverse
adding-doubling (IAD) method. It was developed by
Prahl and is used to determine the optical parameters of
many tissues [15]. The IAD method is well suited for
calculations using diffuse reflectance and transmittance
spectroscopy data. The IAD method was used to study
the optical properties of the human lens with different
stages of cataracts [16], peritoneal tissue in the spectral
range of 350-2500 nm [17], normal tissues of the human
colon [18] and in comparison with polypous changes
[19], human gingival tissue and dentin [20], as well as
other tissues (skin, muscles, skull, etc.) [3, 4, 21, 22].

The goal of this study is to determine and compare the
optical properties of healthy and cancerous cat ovaries,
namely absorption coefficient (u.), scattering coefficient
(us), and anisotropy factor (g), as well as the depth of
light penetration into tissue in the range from 400 to
800 nm.

2 Materials and Methods

In the ex vivo work, we examined the ovaries of outbred
cats aged 5 to 12 years, obtained after ovariectomy and
ovariohysterectomy in a veterinary hospital. To clarify
the diagnosis, we performed a histological examination
of the samples no later than 48 h after removal. To do
this, a portion of the sample was manually excised from
each ovary with a scalpel and fixed in 10% buffered
formalin. The remaining parts of the ovaries were kept
frozen until optical measurements were performed.
Histological studies were carried out in specialized
laboratories. The thickness of tissue sections (samples
placed between glass slides) was measured with an
electron micrometer (Union Source CO., Ltd., China,
Ningbo) at several points on the sample and then
averaged. The accuracy of each measurement was
+0.01 mm.

In total 84 samples (tissue sections) were examined.
To clarify diagnoses, 18 sections (3 from each of 6 ovary
types) were used for histological studies. To measure the
refractive index 18 sections (3 from each of 6 ovary
types) and for spectral measurements (see Table 1),
48 sections (5 and 3 from each of 6 ovary types for
DRS/TTS measurements and collimated transmission,
respectively) were used.

To measure the total transmittance and diffuse
reflectance of tissue samples in the spectral range of
450-800 nm, a Shimadzu UV-2550 dual-beam
spectrophotometer (Japan) with an integrating sphere
was used. The radiation source was a halogen lamp with
radiation filtering in the spectral range under study. The
maximum resolution of the spectrometer was 0.1 nm.
The spectra were normalized before measurements
using a reference reflector BaSO., which has
appropriate  properties in the UV [23]. All
measurements were carried out at room temperature
(~25°C) and normal atmospheric  pressure.
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Table 1 Number of tissue sections n for each ovary type and their properties.

Ovary type Number of ovaries Mean thickness Refractive index
Ovary (Histology, n=3)  (Spectral study, n=5) +SD, mm (589 nm), n=3
Healthy Follicular phase 5 0.80 +£0.09 1.4254 +0.0026
Luteal phase 0.75+0.10 1.4219 + 0.0022
Pathology Leimiosarcoma 2 0.72+0.09 1.3597 + 0.0031
Stromal sarcoma 2 0.81+0.07 1.4001 +0.0113
Serous cancer 2 0.84+0.08 1.4132 +0.0007
Granulosa 2 0.81+0.10 1.4043 = 0.0045
carcinoma
Halogen lamp TdiopenTumnp moisten the s_ample and bring the measurement results
Sample closer to ex vivo. o
‘ \ The collimated transmission spectra of the samples
Detector / Dctcctor } were recorded using a setup that included a tungsten
halogen radiation source LSH-4 (Biospek, Russia) and a
N QE-PRO polychromator (Ocean Optics, USA). The
Sample BaSO, : i
diameter of the collimated beam was 5.1 mm.
Measurements were done with a blue filter and an
acquisition time of 170 ms (Fig. 2). A blue filter was used
to cut off the excess spectrum of the radiation source.
The refractive index was measured using a
DR-M2/1550 multi-wavelength refractometer (Atago,
Japan). An interference filter with a wavelength of
589 nm was used for measurements. Measurement
5 accuracy was +0.0002. During measurements using a
Reflectance Transmittance circulation thermostat, the temperature was maintained
@ @ at 22°C. For calculations, we used the obtained
Inverse Adding-Doubling refractiv_e indices of tissue sections in normal conditions
= = and with developed pathology (see Table 1).
{} The obtained values correlate well with literature
data [24].
Optical Properties The protocol of the Local Ethics Committee
(Ma, Ms, 8) with permission to conduct these studies (no. 4, dated
November 01, 2022) was issued by the Saratov
. . . State Medical University named after
Fig. 1 Schematics of the experimental setup. V. I. Razumovsky.
i . Based on the obtained values of collimated
Each sample of the tissue under study was mechanically transmission (7.), the attenuation coefficient was
fixed in a special frame with a window of 0.5 x 0.5 cm calculated:
and then in a quartz cuvette so that the tissue sample was
pressed against the wall of the cuvette and subjected to In[T,]
optical measurement. The size of the inlet hole of the He = ———
sphere is 2.2 x 1.2 cm. The sample was attached to the
frame, and the free side was pressed tightly against the Then, because:
wall of the quartz cuvette without air gaps.
To measure total transmission spectra (TTS), a quartz Ky = M, + U,
cuvette containing a tissue sample was placed directly in
front of the integrating sphere, collecting all radiation knowing ¢ (from the collimated transmission spectra)
transmitted through the tissue sample. When measuring and p. (obtained using IAD method), the scattering
diffuse reflectance spectra (DRS), the cell with the sample coefficient ps was calculated.
was placed behind the integrating sphere, which collected The IAD method allows one to determine the
all the radiation scattered by the sample (Fig. 1). absorption coefficient p, and the transport scattering
The diameter of the light beam incident on the sample coefficient p's of tissue using experimental data on the
was 1 mm. Before measurements, a quartz cuvette with a diffuse reflectance and total transmittance, calculations
fixed sample was filled with physiological solution to are described in detail in the work [25].
J of Biomedical Photonics & Eng 10(2) 2024 020308-3 24 Jun 2024 © J-BPE
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Fig. 2 Schematics of the collimated transmission
measurement setup.

3 Results and Discussion

The optical properties of tissues (absorption coefficient
Ua, Scattering coefficient ps and scattering anisotropy
factor g) determine features of light propagation in
tissues including its attenuation. Since the average
refractive index of tissue is greater than that of air, at the

22
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tissue—air interface part of the incident radiation is
reflected (Fresnel reflection, about 4—7% of the incident
intensity in dependence of the wavelength), and the rest
penetrates into the tissue slab. As radiation passes
through tissue, it undergoes scattering and absorption.
When a photon is absorbed by a target molecule
(endogenous chromophore), all its energy is transferred
to this molecule, as a result of which it is converted into
heat, re-emitted in the form of fluorescence and partially
spent on biochemical reactions. If the light is not
absorbed, then there is no effect on the tissue. In the UV
region, the main endogenous chromophores of the
studied samples are amino acid residues of proteins,
collagen and elastin, and in the visible region the main
chromophore is oxyhemoglobin, which has characteristic
absorption bands at 415 nm (Soret band), 542 and
576 nm (Q-bands) (Fig. 3).
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Fig. 3DRS (a), TTS (b) and T (c) of the studied tissues sections of cat ovaries with indicated endogenous chromophores:
1 — leimyosarcoma, 2 — stromal sarcoma, 3 — serous carcinoma, 4 — granulosa carcinoma, 5 — follicular phase (healthy),

6 — luteal phase (healthy).
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Fig. 4 Spectra of the transport scattering coefficient (1) and approximation graph (2) of the studied cat ovarian samples:
(@) leimiosarcoma (n=5); (b) stromal sarcoma (n=5); (c) serous carcinoma (n=5); (d) granulosa carcinoma (n=5);
(e) follicular phase (healthy) (n=5); (f) luteal phase (healthy) (n=5). The standard deviation (SD) is shown by vertical

lines.

For soft tissues, water and lipids are the most
important endogenous chromophores, but in the studied
optical range their absorption is negligible [26].

Another mechanism that attenuates radiation passing
through tissues is scattering. This physical process
directly depends on the size, shape and refractive index
of cells, cellular organelles and various fibrous structures
of tissues. The importance of the scattering phenomenon
is that it rapidly reduces the energy flux density available
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for absorption by the target chromophore in tissue depth.
This determines the effectiveness of radiation exposure
to tissue in clinical practice. Scattering decreases with
increasing wavelength, forming at longer wavelengths
between strong absorption bands of hemoglobin and
water the so-called “diagnostic/therapeutic window of
transparency” — an effective means of delivering energy
to deeper tissue structures (600-1200 nm) [4]. In the
TTS, all samples except stromal sarcoma have almost

24 Jun 2024 © J-BPE



A.A. Selifonov et al.: Discrimination of Optical Properties of Healthy and ...

zero transmission from UV up to 450 nm, and samples
with serous carcinoma and luteal phase even up to
600 nm. For samples taken from ovaries in the follicular
phase (normal), with leimyosarcoma, granulosa
carcinoma and leimyosarcoma, the shape of DRS in the
wavelength range from 400 to 800 nm correlates quite
well with the shape of the transmission spectra of these

15.2 4
14.8 4
14.4 4
14.0 4
13.6 4
e 13.2+4
12.8 4
12.4 4
12.04
11.6
11.24
10.8 4
10.4 4
10.0 4

450

i, mm

T T T T T T 1
500 550 600 650 700 750 800

A, nM

(@)

L, mm

T T T 1
600 650 700 800

A, NM

(©)

550

450 750
1.5+
11.0-
10.5

10.0 1

(8]

S

{L, mm

9.54

9.0+

8.5

8.0
450

T T T T 1
600 650 700 750 800

A, nm

(€)

500 550

- 9.8 1

doi: 10.18287/JBPE24.10.020308

ovarian tissues (Fig. 3b). In this wavelength range the
spectral shape is determined by strong absorption bands
of oxyhemoglobin and the influence of light scattering by
the main scatterers — collagen and elastin fibers. The
DRS and TTS clearly show the absorption bands of
oxyhemoglobin at wavelengths of 415, 542 and 576 nm.
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Fig. 5 Spectrum of the scattering coefficient (1) and approximation graph (2) of the ovaries of cats with diagnoses:
(@) leimiosarcoma (n=5); (b) stromal sarcoma (n=5); (c) serous carcinoma (n=5); (d) granulosa carcinoma (n=5);
(e) follicular phase (healthy) (n=5); (f) luteal phase (healthy) (n=5). The standard deviation (SD) is shown by vertical

lines.
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Fig. 4 shows the transport scattering coefficient
spectra calculated using the IAD method based on the
measured of DRS and TTS. Taking into account the size
of the probing beam incident on the surface of the tissue
sample, the minimum sample size should be at least
9.5 mm, which is true for the smallest of the studied
samples with dimensions of 12 x 10 mm?.

In Fig. 5 spectra of the transport scattering coefficient
of the studied ovarian samples under normal
conditions and with cancer pathology are presented,
obtained by averaging the corresponding spectra
measured for each of the 5 samples. The approximation
was done using the least squares method. It can
be seen that as wavelengths increase, the transport
scattering coefficient smoothly decreases for all samples,
which corresponds to the general nature of the spectral
behavior of the scattering characteristics of many tissues.
In samples diagnosed with serous carcinoma, the effect
of deviation from the monotonic dependence is observed,
which is explained by an increase in the influence of the
oxyhemoglobin absorption.

According to Mie theory, the intensity of scattered
radiation is determined by the complex refractive indices
of scatterers and the surrounding medium [27]. An
increase in the imaginary part of the complex refractive
index in the region of strong absorption bands leads to a
change in the scattering cross section and transport
scattering coefficient, which is observed in the absorption
region of one of the main endogenous chromophores of
the samples, namely oxyhemoglobin at 415, 542 and
576 nm [28]. It was previously shown that in the region
of the absorption bands of oxyhemoglobin with maxima
415, 542 and 576 nm, a decrease in g is observed, which
inevitably leads to an increase in the transport scattering
coefficient and the appearance of peaks in its spectrum at
the corresponding wavelengths [29—-31]. This effect can
be observed in the transport scattering coefficient spectra
of all studied samples of cat ovaries, both normal and
oncological. The greatest effect, apparently caused by a
high content of endogenous chromophore, is observed in
serous carcinoma and in a healthy ovary in the luteal
phase, which corresponds to literature data for tissues
with a high blood content [32—-35].

The ovary in the corpus luteum phase is the most
blood-supplied organ of the whole organism due
to an extensive network of anastomosis of blood
vessels [36].

The least manifestation of peaks in the transport
scattering coefficient spectra is observed in stromal
sarcoma, which indicates the significant specificity of
this pathology. The increase in the standard deviation
observed in the region of absorption bands indicates a
difference in the content of oxyhemoglobin for samples
of tissues with different diagnoses. Shown in Fig. 4 data
are in good agreement with the above. The presence of
pronounced absorption bands leads to the fact that the
formation of the spectrum occurs not only under the
influence of the real, but also the imaginary part of the
relative complex refractive index of the scattering centers
of tissue, which manifests itself in the form of a local
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decrease in the light scattering at the wavelengths, where
absorption is strong. The monotonous spectral
dependence of the transport scattering coefficient and the
scattering coefficient is well approximated by a power
function in the form p's(}), us (A) ~aA~%, where parameter
a is determined by the concentration of scattering centers
of tissue and the ratio of the refractive indices of
scatterers and their surrounding environment, and
parameter w (wave exponent) characterizes the average
size of scatterers and determines the spectral behavior of
the scattering coefficient [21, 28, 37].

Fig. 4 shows the approximation of the spectra of the
transport scattering coefficient, and Fig. 5 shows the
approximation of the spectra of the scattering coefficient
for ovaries with various diagnoses. The bars correspond
to the standard deviation of the scattering characteristics
obtained by averaging the measurements for five sections
of each of the six types of ovaries (Table 1).

The scattering coefficient is characterized by the
number of scattering events, which means that at
wavelengths where absorption is strong, the number of
scattering events may decrease, therefore dips are
observed in the spectral dependence for the scattering
coefficient. The transport scattering coefficient and
absorption coefficient evaluated using IAD technique are
strongly influenced by absorption bands of different
forms of hemoglobin, in particular in studies of gingiva
[20], colon tissues [18] and human gastric mucosa [37].
For our studies of cat ovaries besides hemoglobin
absorption, absorption of carotinoids in the spectral range
420-480 nm can be significant [38]. The additional
factor that affects deformation of the scattering
coefficient spectral dependencies is anomalous
dispersion in the vicinity of absorption bands, manifested
by the wavelength shifts regarding the absorption bands
[31, 33]. What can be observed in Figs. 4 and 5.

From Figs.4 and 5 it is clear that the presented
functions well approximate the experimental data in the
spectral range of 500—800 nm. In the spectral region of
400-500 nm, a discrepancy is observed between the
experimental data and the approximating dependences,
which is associated with the influence of strong
absorption of oxyhemoglobin at 415 nm (Soret band).
Oxyhemoglobin also has two absorption peaks in the
region under study, which appear in the spectra of DRS,
TTS and T (Fig. 3) at wavelengths of 542 and 576 nm.
They are visible in the spectra of the transport scattering
coefficient (Fig. 4), scattering coefficient (Fig. 5), and the
anisotropy factor (Fig. 6), and could be partly due to
artifacts of the IAD algorithm. As expected, all three
bands of oxyhemoglobin are clearly visible in the
reconstructed absorption spectra (Fig. 7).

The absorption spectra can also be strongly influenced
by various carotenoids that are found in human ovarian
tissues under normal conditions and in oncological
pathologies, namely beta-carotene, beta-cryptoxanthin,
lutein, lutein epoxide, violaxanthin and mutatoxanthin at
the same time antheraxanthin, hydroxyequinenone, and
capsanthin are released sporadically [39].
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Table 2 Approximation functions for the wavelength dependence of transport scattering coefficients p's (A) and scattering
coefficient s (A) for the cat ovaries with various diagnoses, where A is the wavelength (in nm).

Sample type w's (1)

Leimyosarcoma 2.9-1010-)74+ 183.9-108

Stromal sarcoma 2.1-10%0-)-39 4 352.2.)08

Serous carcinoma 3.0-1019-)-4 + 706.0-1-08

Granulosa carcinoma 1.5-1010-)-38 + 319.5-108

Follicular phase (healthy)  1.8.109-\41 + 477.7-)-08

Luteal phase (healthy) 1.4-1019-)-38 + 564.7-108

These carotenoids have typical spectra with strong
absorption bands at wavelengths (413-426 nm),
(437-453 nm) and (465.5-480 nm) [40]. For example,
the bands of beta-carotene are centered at 426, 453 and
480 nm, and those of lutein — at 423, 446 and 474 nm.
The overlapping combination of these bands may be
responsible for the strong rise in absorption spectra in the
range from 440 to 480 nm for tissues in the follicular
phase, luteal phase and serous cancer. A peak at a
wavelength near 446 nm is clearly visible in the spectra
of the tissue sample in the luteal phase.

The obtained approximation functions for the
wavelength dependence of transport scattering coefficients
and scattering coefficient are presented in Table 2.

In total 84 samples (tissue sections) were examined.
To clarify diagnoses, 18 sections (3 from each of 6 ovary
types) were used for histological studies. To measure the
refractive index 18 sections (3 from each of 6 ovary
types) and for spectral measurements (see Table 1),
48 sections (5 and 3 from each of 6 ovary types for
DRS/TTS measurements and collimated transmission,
respectively) were used.

The fact that the approximating functions for both the
transport scattering coefficient and the scattering
coefficient are a combination of two power functions
indicates that the spectrum of the transport scattering
coefficient is formed by at least two types of scatterers.
The first term of the approximating function is
responsible for light scattering caused by sufficiently
small scatterers (Rayleigh scattering), as which may
appear, for example, as individual collagen fibers, etc.
The second term corresponds to fairly large scatterers,
the so-called Mie scatterers, which can be fiber bundles
or their plexuses, as well as cell nuclei, mitochondria,
follicles, corpus luteum structures, fibrous scar tissue or
other fairly large components.

Itis clearly seen that in the region of 450-800 nm the
scattering coefficient smoothly decreases towards longer
wavelengths, which generally corresponds to the general
nature of the spectral behavior of the scattering
characteristics of biological tissues. However, in the
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ps (A) g
2.15-108A 81+ 111.9-103 0.79 + 0.1-[1 — exp(— (7\—84;:.1))]
215105050+ 103.1-09° 074+ 0.07-[1 - exp(- L=222)]
1.38-105-154 + 49.2-1.01 076+ 0.1-[1 - exp(- £=2220)]
1.02:108- 134 + 18.2:101 0.61+0.21-[1 - exp(- 222
101-10523%+ 2044°0 0,66 +0.11-[1 - exp(~ )]
5.02:108- 128+ 93.7-1:04 0.74 + 0.11-[1 — exp(— 225529

534.9

range of 410-600 nm, peaks appear in the region of the
absorption bands of hemoglobin and its oxygenated
forms, which is explained by the increase in the influence
of the imaginary part of the complex refractive index of
scattering centers in this region [16—20].

The formation of the transport scattering coefficient
and the scattering coefficient for all studied samples
occurs by at least two types of scatterers, since the
approximation functions are a combination of two power
functions. The first term of the approximating functions
is responsible for light scattering caused by fairly small
scatterers, which can be nanovesicles 20-150 nm in size,
identified in the ovaries [41], individual collagen fibers,
etc. The second term corresponds to fairly large scatterers
(Mie scatterers), which can be, in particular, lipid
granules. Recent studies have shown that lipids in
mammalian ovaries are not only evenly distributed, but
also occur in the form of cytoplasmic lipid granules.
Lipid granules in oocytes and embryos are not only
repositories of energy substrates, but also active
intracellular structures that perform many other functions
[42]. For most mammalian cells, the diameter of lipid
granules typically varies in the range of 0.1-1.0 um [43].

The hydrophobic core of lipid granules, surrounded
by a phospholipid monolayer, is mainly composed of
triacylglycerols and sterol esters such as cholesterol [44].
Lipid granules also contain various proteins [45].

Species with oocytes in the ovaries and lipid-rich
embryos include pig, rat, sheep, cat and dog [46]. Lipids
have a refractive index of ~ 1.45, and water 1.33 [3, 4].
The discrepancy between the refractive indices of lipid
granules and the cytoplasm leads to intense light
scattering on lipid droplets. The measured refractive
indices of healthy cat ovaries in the follicular and luteal
phases were 1.4254+0.0026 and 1.4219 +0.0022,
respectively. With the oncological diseases under
consideration, the refractive index of ovarian tissue
decreases and is: serous cancer 1.4132+0.0007;
granulosa carcinoma 1.4043 + 0.0045; stromal sarcoma
1.4001 + 0.0113; leimiosarcoma 1.3597 + 0.0031, which
suggests a decrease in lipids in their composition.
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Fig. 6 Spectral dependences of scattering anisotropy factors (1) and approximation graphs (2) of the studied samples of
cat ovaries with various diagnoses: (a) leimiosarcoma (n=5); (b) stromal sarcoma (n=5); (c) serous carcinoma (n=5);
(d) granulosa carcinoma (n=5); (e) follicular phase (healthy) (n=5); (f) luteal phase (healthy) (n=5). The standard deviation

(SD) is shown by vertical lines.

Also, large scatterers are follicles, which are vesicles,
the wall of which is formed by epithelial cells,
thyrocytes, and colloid inside. The size of the follicles
has a diameter depending on the phase of maturation
from 400 to 2000 pum [47].

In the luteal phase, a significant part of the ovary is
occupied by the corpus luteum — this is a temporary

(12 £ 3 um) and large luteal cells (34 + 5 um), as well as
a significant number of lipid droplets [48].

In leimyoscarcoma, pronounced autolytic fragments
of the tumor identified during histological examination
can be significant scatterers, and atypical spindle-shaped
cells can be small.

Histological examination in the ovaries with serous

endocrine gland, containing small luteal cells carcinoma revealed numerous cystic formations,
subepithelial ~ formations,  large-focal ~ numerous
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hemorrhages, foci of infiltration by siderophages;
tubular, pseudotubular and solid structures formed by
large hyperchromatic tumor cells can act as both partially
large and small scatterers.

With stromal sarcoma, the identified focal moderate
polymorphocellular subacute infiltrate, represented by
lymphocytes, plasma cells, macrophages, neutrophils
short intertwined bundles, turning into continuous fields
of underdeveloped connective tissue, can serve as large
scatterers.

During histological examination, fragments of
fibrovascular tissue with solid and focally cystic tumor
structures, predominant mucytous fields, zones of
necrosis and acute inflammatory infiltration identified in
samples with granulosa cell carcinoma and scattered
polymphorous cells with eosinophilic cytoplasm and
rounded nuclei can also act as quite large scatterers.

The pathologies of stromal sarcoma, leimyosarcoma
and granulosa cell carcinoma contain an increase in
collagenous stromal structures identified histologically,
which act as large scatterers with the lowest absorption
coefficients in the visible range (Fig. 7). The experiments
carried out by measuring changes in the mass of samples
in air made it possible to determine the amount of
interstitial water as a percentage of the initial mass, which
was: for the luteal phase 71.1%; for the follicular phase
72.1%; for leimiosarcoma 47.9%; for serous carcinoma
76.8; for granulosa cell carcinoma 46.5; for stromal
sarcoma 51.4%. Thus, the pathology of serous carcinoma
contains a larger amount of interstitial water with
hemoglobin in oxygenated form relative to the norm,
which is evident in the almost doubling of scattering
(Fig. 5¢) and significant values of absorption coefficients

(Fig. 7).
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Fig. 7 Absorption spectra reconstructed from DRS and
TTS measurements for all studied ovarian samples with
various diagnoses: 1— leimiosarcoma (n=5); 2 — stromal
sarcoma (n=5); 3 — serous carcinoma (n=5); 4 — granulosa
carcinoma (n=5); 5 — follicular phase (healthy) (n=5);
6 — luteal phase (healthy) (n=5). The standard deviation
(SD) is shown by vertical lines.

Itis clearly seen that in the region of 450-800 nm the
scattering coefficient smoothly decreases towards longer
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wavelengths, which corresponds to the general nature of
the spectral behavior of the scattering characteristics of
biological tissues [16—20]. However, in the range of
410-600 nm, peaks appear in the region of the absorption
bands of hemoglobin in its oxygenated form, which is
explained by the increase in the influence of the
imaginary part of the complex refractive index of
scattering centers in this region.

Fig. 6 shows the spectral dependences of the
scattering anisotropy factor of ovaries in norm and with
various diagnoses. It is clear seen that the experimental
data for g(A) are fairly well approximated by the
functions, presented in Table 2.

The spectral dependences of the scattering anisotropy
factor increase with increasing wavelength and have a
form characteristic for other biological tissues [16—20].
In the visible region, its formation also occurs under the
influence of both small and large particles, while in the
IR region the main contribution is made only by fairly
large scatterers, as evidenced by the increase in g with
increasing A. Sharp dips in the region of absorption bands
of hemoglobin and its oxygenated form are explained by
the influence of the imaginary part of the complex
refractive index of both the scatterers themselves and
their environment.

Most biological tissues exhibit anisotropic properties,
which are primarily manifested in scattering anisotropy
and are quantitatively characterized by the scattering
anisotropy parameter. The factor for various tissues
ranges from 0.7 to 0.93 [3, 4], as can be seen from the
obtained spectral dependences for the samples under
study. An increase in the anisotropy coefficient with
increasing wavelength is also typical for most biological
tissues [17, 28].

In the absorption spectra reconstructed from DRS and
TTS measurements for all studied ovarian samples
(see Table 1) with various diagnoses presented in Fig. 7,
absorption bands of oxyhemoglobin are visible with
maxima at 415, 542 and 576 nm. The presence of strong
absorption bands reduces the number of both transmitted
and backscattered photons for the wavelengths within the
absorption bands. Starting from 650 nm and further up to
800 nm, the influence of hemoglobin absorption bands
ceases to be significant; the total transmittance and back
reflectance spectra are formed mainly due to scattering,
since the influence of the absorption bands of tissue
chromophores in this region is minimal, which
corresponds to their transparency window. The spectra
show that the bands do not shifted and appear quite
intensive for all sample types. However, absorption is
minimal in leimyosarcoma, in granulosa cell carcinoma
and stromal sarcoma it is also rather small, which is
explained by the lower blood supply and small containing
of carotenoids in the ovaries with these diagnoses.
Despite the fact that granulosa cell carcinoma in the
ovary has multiple cavities filled with blood-containing
fluid, the absorption coefficient at the oxyhemoglobin
wavelength of 576 nm does not exceed 1.3 mm™. The
greatest blood supply is in samples diagnosed with the
luteal phase of a healthy ovary and serous carcinoma, the
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absorption coefficient at 576 nm reaches 5.2 mm™. Also,
tissues in both phases of a healthy ovary and serous
carcinoma apparently contain different types of
carotenoids, which is clearly visible from the
rise in the absorption spectrum at wavelengths of
440-500 nm.

The results of measurements show that there are
significant differences in the ratio of scattering to
absorption coefficient (ps/La) between normal and cancer
tissues, except for serous carcinoma, which is a
superficial lesion of the organ and manifests itself in the
epithelial tissue layer. The (us/ua) ratio calculated at
500 nm is the highest for leimyosarcoma (24), moderate
for stromal sarcoma (8.5) and granulosa carcinoma (7.3),
and the smallest for serous carcinoma (4.6), luteal phase
(healthy) (4.6) and follicular phase (healthy) (4.4). The
wavelength of 500 nm is between the strong hemoglobin
absorption  bands, where light scattering and
absorption of hemoglobin and carotenoids are still
significant.

5, mm

T T T T T T 1
450 500 550 600 650 700 750 800

A, nm

Fig. 8 Dependence of the light penetration depth (3) into
the tissue of the studied ovarian samples with various
diagnoses on the wavelength, calculated from the
experimental data presented in Figs.4 and 7:
1 — leimiosarcoma (n=5); 2 — stromal sarcoma (n=5);
3 — serous carcinoma (n=5); 4 — granulosa carcinoma
(n=5); 5 — follicular phase (healthy) (n=5); 6 — luteal
phase (healthy) (n=5). The standard deviation (SD) is
shown by vertical lines.

For organs heavily saturated by blood, the tissues to
be tested can be pre-washed by perfusion with isotonic
saline in order to avoid strong influence of blood
absorption on the measured scattering properties of
tissues. As it done recently in studies of sections of rat
liver tissue, to reduce the effect of blood absorption on
the recorded scattering properties [49].

From a comparison of the transport scattering
coefficient of the studied samples (Fig. 4), it is clear that
despite the fact that in general the spectral behavior of the
transport scattering coefficient for all types of tissues is
similar, light scattering for leimiosarcoma more than
3 times less (at 500 nm) than for samples with serous
carcinoma, which has the most abnormal behavior due to
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the pathology characteristic of this type of tumor.
Ovarian tissue in the luteal phase has a significant
scattering up to 600 nm. Strong light scattering is also
observed in ovaries diagnosed with stromal sarcoma and
granulosa cell carcinoma. A healthy ovary in the
follicular phase of the cycle has medium light scattering
properties among all studied ovaries. The obtained data
correlate well with literature data [11, 12]. In these
papers, optical coherence tomography (OCT) with the
wavelength 1300 nm was used to distinguish healthy
from cancerous ovarian tissue (without specifying the
specific tumor type) by estimation attenuation coefficient
for ballistic photons which is very close to tissue
scattering coefficient. The normal group has a higher
scattering coefficient at 1310 nm ranging from 0.60 to
5.27 mm™* with a mean value of 2.38 mm™ (£0.67),
while the malignant group shows a lower value in the
range from 0.42 to 3.86 mm™ with a mean value of
1.74 mm (£0.55). The average scattering coefficient
obtained from the normal tissue group consisted of 833
measurements from 88 sites was 2.41 mm™ (£0.59),
while the average coefficient obtained from the
malignant tissue group consisted of 264 measurements
from 20 sites was 1.55mm™ (+£0.46) [11]. This
difference may be related to the collagen content in
healthy and cancer tissues [12].

For clinical applications of phototherapy and laser
surgery, as well as optical diagnostics, it is important to
know the depth of light penetration into tissue. Using

Eq. 6= 1/,/3ua(pq +1'y), we determined the depth of
radiation penetration into the cat ovarian tissue (Fig. 8)
[17]. It can be seen that depending on the wavelength of
the probing radiation, the depth of its penetration changes
significantly. The greatest depth of penetration was found
in samples with leimyosarcoma. Granulosa cell
carcinoma and stromal sarcoma have medium values.
The lowest values of radiation penetration depth were
found in samples diagnosed as healthy ovaries in the
luteal and follicular phases and serous cancer, which may
be due to the highest content of blood and carotenoids in
these samples.

4 Conclusion

In this work, the optical properties of the ovarian tissues
of cats with the diagnoses leimyosarcoma, stromal
sarcoma, Serous carcinoma, granulosa carcinoma,
follicular phase (healthy), and luteal phase (healthy) were
experimentally studied in the wavelength range from 400
to 800 nm. Based on the measured spectra of diffuse
reflectance, total transmittance and collimated
transmittance  spectra, spectral dependences for
absorption and reduced scattering coefficients were
determined using the IAD method, as well as for
scattering anisotropy factor and the light penetration
depth into ovarian tissue in normal conditions and in
various types of cancer. The results of measurements
demonstrated that there are significant differences in the
ratio of scattering to absorption coefficient ps/pa at
500 nm between normal and cancer tissues, except for
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serous carcinoma, which is a superficial lesion of the
organ and manifests itself in the epithelial tissue layer.
We were able to reveal that scattering predominates over
absorption in all types of tumors under consideration
(except for serous carcinoma), which indicates large
differences in the composition and structure of the
studied samples in normal and malignant conditions,
which is possibly due to the high collagen content in
cancer samples. These observations are consistent with
literature data for other tissues. The difference in the
optical properties of healthy and malignant ovaries can
serve as an important and promising marker for
monitoring of pathology development in the early stages
in clinics using optical methods.

doi: 10.18287/JBPE24.10.020308

Disclosures

The authors declare no conflicts of interest. The funders
had no role in the design of the study; in the collection,
analyses, or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.

Author Contributions

Authors are equally contributed to this work.

Acknowledgments

Work was supported by the Russian Science Foundation

Grant No. 22-75-00021.

References

1.

1. E. Alexandrova, G. Pecoraro, A. Sellitto, V. Melone, C. Ferravante, T. Rocco, A. Guacci, G. Giurato, G. Nassa,
F. Rizzo, A. Weisz, and R. Tarallo, “An Overview of Candidate Therapeutic Target Genes in Ovarian Cancer,”
Cancers 12(6), 1470 (2020).

2. P.Laniewski, Z. E. llhan, and M. M. Herbst-Kralovetz, “The Microbiome and Gynaecological Cancer Development.
Prevention and Therapy,” Nature Reviews Urology 17, 232-250 (2020).

3. V. V. Tuchin (Ed.), Handbook of Optical Biomedical Diagnostics, 2nd ed., Volume 1: Light-Tissue Interaction, SPIE
Press, Bellingham, WA, 864 (2016). ISBN: 9781628419092.

4. V.V.Tuchin, Tissue Optics: Light Scattering Methods and Instruments for Medical Diagnostics, 3rd ed, SPIE Press,
Bellingham, WA, USA, 850 (2015). ISBN: 9781628415162.

5. M. D. Laguerre, B. J. Arkerson, M. A. Robinson, and N. S. Moawad, “Outcomes of laparoscopic management of
chronic pelvic pain and endometriosis,” Journal of Obstetrics and Gynaecology 42(1), 146-152 (2022).

6. C.P. Vignarajan, N. Malhotra, and N. Singh, “Ovarian reserve and assisted reproductive technique outcomes after
laparoscopic proximal tubal occlusion or salpingectomy in women with hydrosalpinx undergoing in vitro
fertilization: a randomized controlled trial,” Journal of Minimally Invasive Gynecology 26(6), 1070-1075 (2019).

7. G. Sharma, S. K. Naveed, A. Parmar, and K. Singh, “Chromatic dispersion-based wide-band, fiber-coupled, tunable
light source for hyperspectral imaging,” in Advances in Microscopic Imaging 11, E. Beaurepaire, A. Ben-Yakar, and
Y. Park (Eds), SPIE Proceedings 11922, 119221D (2021).

8. M. M. Amaral, A. Sun, Y. Li, C. Ren, A. Truong, Z. Jiao, P. Wang, and C. Zhou, “Characterization of age-related
follicle changes in mice ovaries using optical coherence tomography,” in Optical Coherence Tomography and
Coherence Domain Optical Methods in Biomedicine XXVII, J. A. lzatt, J. G. Fujimoto (Eds), SPIE Proceedings
12367, 123670X (2023).

9. A. Aguirre, Y. Ardeshirpour, M. M. Sanders, M. Brewer, and Q. Zhu, “Potential Role of Coregistered Photoacoustic
and Ultrasound Imaging in Ovarian Cancer Detection and Characterization,” Translational Oncology 4(1), 29-37
(2011).

10. D. Yudovsky, J. Q. M. Nguyen, and A. J. Durkin, “In vivo spatial frequency domain spectroscopy of two layer
media,” Journal of Biomedical Optics 17(10), 107006 (2012).

11. T. E. Renkoski, D. Kenneth, and M. D. Hatch, “Wide-field spectral imaging of human ovary autofluorescence and
oncologic diagnosis via previously collected probe data,” Journal of Biomedical Optics 17(3), 036003 (2012).

12. Y. Yang, T. Wang, N. C. Biswal, X. Wang, M. Sanders, M. Brewer, and Q. Zhu, “Optical scattering estimated
coefficient by optical coherence tomography correlates with collagen content in ovarian tissue,” Journal of
Biomedical Optics 16(9), 090504 (2011).

13. Y. Yang, T. Wang, X. Wang, M. Sanders, M. Brewer, and Q. Zhu, “Quantitative analysis of estimated scattering
coefficient and phase retardation for ovarian tissue characterization,” Biomedical Optics Express 56(3), 1548 (2012).

14. P. Listewnik, M. Ronowska, M. Wasowicz, V. V. Tuchin, and M. Szczerska, “Porous Phantoms Mimicking
Tissues—Investigation of Optical Parameters Stability Over Time,” Materials 14(2), 423 (2021).

15. Inverse Adding-Doubling (assesssed 11 October 2023). [https://omlc.org/software/iad/].

16.

J of Biomedical Photonics & Eng 10(2) 2024

A. V. Belikov, A. M. Zagorul’ko, S. N. Smirnov, A. N. Sergeev, A. A. Mikhailova, and A. A. Shimko, “Optical
Properties of Human Eye Cataractous Lens in vitro in the Visible and Near-IR Ranges of the Spectrum,” Optics and
spectroscopy 126(5), 574-579 (2019).

020308-12 24 Jun 2024 © J-BPE


https://doi.org/10.3390/cancers12061470
https://doi.org/10.1038/s41585-020-0286-z
https://doi.org/10.1038/s41585-020-0286-z
https://doi.org/10.1080/01443615.2021.1882967
https://doi.org/10.1080/01443615.2021.1882967
https://doi.org/10.1016/j.jmig.2018.10.013
https://doi.org/10.1016/j.jmig.2018.10.013
https://doi.org/10.1016/j.jmig.2018.10.013
https://doi.org/10.1117/12.2615809
https://doi.org/10.1117/12.2615809
https://doi.org/10.1117/12.2652950
https://doi.org/10.1117/12.2652950
https://doi.org/10.1593/tlo.10187
https://doi.org/10.1593/tlo.10187
https://doi.org/10.1117/1.JBO.17.10.107006
https://doi.org/10.1117/1.JBO.17.10.107006
https://doi.org/10.1117/1.JBO.17.3.036003
https://doi.org/10.1117/1.JBO.17.3.036003
https://doi.org/10.1117/1.3625247
https://doi.org/10.1117/1.3625247
https://doi.org/10.1364/BOE.3.001548
https://doi.org/10.1364/BOE.3.001548
https://doi.org/10.3390/ma14020423
https://doi.org/10.3390/ma14020423
https://doi.org/10.1134/S0030400X19050035
https://doi.org/10.1134/S0030400X19050035

A.A. Selifonov et al.: Discrimination of Optical Properties of Healthy and ... doi: 10.18287/JBPE24.10.020308

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

A. N. Bashkatov, E. A. Genina, M. D. Kozintseva, V. I. Kochubey, S. Y. Gorofkov, and V. V. Tuchin, “Optical
properties of peritoneal biological tissues in the spectral range of 350-2500 nm,” Optics and Spectroscopy 120(1),
1-8 (2016).

A. N. Bashkatov, E. A. Genina, V. I. Kochubey, V. S. Rubtsov, E. A. Kolesnikova, and V. V. Tuchin, “Optical
properties of human colon tissues in the 3502500 spectral range,” Quantum Electronics 44(8), 779-784 (2014).

S. Carvalho, N. Gueiral, E. Nogueira, R. Henrique, L. Oliveira, and V. V. Tuchin, “Comparative study of the optical
properties of colon mucosa and colon precancerous polyps between 400 and 1000 nm,” in Dynamics and Fluctuations
in Biomedical Photonics XIV, V. V. Tuchin, K. V. Larin, M. J. Leahy, and R. K. Wang (Eds.), Proceedings of SPIE
10063, 100631L (2017).

A. A. Selifonov, O. A. Zyuryukina, E. N. Lazareva, Yu. S. Skibina, T. M. Zagorovskaya, O. V. Syrova, O. Yu.
Aleshkina, and V. V. Tuchin, “Measurement of Optical Properties of Human Gums and Dentin in the Spectral Range
from 350 to 800 nm,” ISUNSSP 20(4), 258267 (2020). [in Russian].

V. V. Tuchin, D. Zhu, and E. A. Genina (Eds.), Handbook of Tissue Optical Clearing : New Prospects in Optical
Imaging, 1% ed., CRC Press, Boca Raton (2022). ISBN: 9780367895099.

I. S. Martins, H. F. Silva, E. N. Lazareva, N. V. Chernomyrdin, K. I. Zaytsev, L. M. Oliveira, and V. V. Tuchin,
“Measurement of tissue optical properties in a wide spectral range: A review,” Biomedical Optics Express 14(1),
249-298 (2023).

J. B. Schutt, J. F. Arens, C. M. Shai, and E. Stromberg, “Highly Reflecting Stable White Paint for the Detection of
Ultraviolet and Visible Radiations,” Applied Optics 13(10), 2218-2221 (1974).

A. Kienle, L. Lilge, M. S. Patterson, R. Hibst, R. Steiner, and B. C. Wilson, “Spatially resolved absolute diffuse
reflectance measurements for noninvasive determination of the optical scattering and absorption coefficients of
biological tissue,” Applied Optics 32(13), 23042314 (1996).

A. N. Bashkatov, E. A. Genina, V. I. Kochubey, V. V. Tuchin, E. E. Chikina, A. B. Knyazev, and O. V. Mareev
“Optical properties of mucous membrane in the spectral range 350-2000 nm,” Optics and Spectroscopy 97(6), 978—
983 (2004).

L. Kou, D. Labrie, and P. Chylek, “Refractive indices of water and ice in the 0.65- to 2.5-pm spectral range,” Applied
Optics 32(19), 35313540 (1993).

C. F. Bohren, D. R. Huffman, Absorption and scattering of light by small particles, Wiley-VCH (1998). ISBN:
9780471293408.

S. L Jacques, “Optical properties of biological tissues: a review,” Physics in Medicine & Biology 58(11), R37—R61
(2013).

M. Friebel, J. Helfmann, U. Netz, and M. Meinke, “Influence of oxygen saturation on the optical scattering properties
of human red blood cells in the spectral range 250 to 2,000 nm,” Journal of Biomedical Optics 14(3), 034001 (2009).
W. Sun, N. G. Loeb, and B. Lin, “Light Scattering by an Infinite Circular Cylinder Immersed in an Absorbing
Medium,” Applied Optics 44(12), 2338-2342 (2005).

M. Meinke, M. Friebel, “Determination of the complex refractive index of highly concentrated hemoglobin solutions
using transmittance and reflectance measurements,” Journal of Biomedical Optics 10(6), 064019 (2005).

D. Fukutomi, K. Ishii, and K. Awazu, “Determination of the scattering coefficient of biological tissue considering
the wavelength and absorption dependence of the anisotropy factor,” Optical Review 23, 291-298 (2015).

M. Meinke, G. Miiller, J. Helfmann, and M. Friebel, “Optical properties of platelets and blood plasma and their
influence on the optical behavior of whole blood in the visible to near infrared wavelength range,” Journal of
Biomedical Optics 12(1), 014024 (2007).

A. N. Bashkatov, E. A. Genina, V. I. Kochubey, and V. V. Tuchin, “Optical properties of human skin, subcutaneous
and mucous tissues in the wavelength range from 400 to 2000 nm,” Journal of Physics D: Applied Physics 38(15),
2543-2555 (2005).

M. Friebel, M. Meinke, “Model function to calculate the refractive index of native hemoglobin in the wavelength
range of 250-1100 nm dependent on concentration,” Applied Optics 45(12), 28382842 (2006).

A. A. Selifonov, A. S. Rykhlov, and V. V. Tuchin, “The Glycerol-Induced Perfusion-Kinetics of the Cat Ovaries in
the Follicular and Luteal Phases of the Cycle,” Diagnostics 13(3), 490 (2023).

A. N. Bashkatov, E. A. Genina, and V. V. Tuchin, “Optical properties of skin, subcutaneous, and muscle tissues: a
review,” Journal of Innovative Optical Health Sciences 4(1), 9—38 (2011).

A. N. Bashkatov, E. A. Genina, V. I. Kochubey, A. A. Gavrilova, V. A. Grishaev, and V. V. Tuchin, “Optical
properties of human stomach mucosa in the spectral range from 400 to 2000 nm: Prognosis for gastroenterology,”
Medical Laser Application 22(2), 95—104 (2007).

E. Czeczuga-Semeniuk, S. Wolczynski, “Identification of carotenoids in ovarian tissue in women,” Oncology Reports
14(5), 1385—1392 (2005).

E. L. Ashenafia, M. C. Nyman, J. T. Shelley, and N. S. Mattson, “Spectral properties and stability of selected
carotenoid and chlorophyll compounds in different solvent systems,” Food Chemistry Advances 2, 100178 (2023).
M. de Almeida Monteiro Melo Ferraz, M. Fujihara, and J. B. Nagashima, “Follicular extracellular vesicles enhance
meiotic resumption of domestic cat vitrified oocytes,” Scientific Reports 10(2), 8619 (2020).

J of Biomedical Photonics & Eng 10(2) 2024 020308-13 24 Jun 2024 © J-BPE


https://doi.org/10.1134/S0030400X16010045
https://doi.org/10.1134/S0030400X16010045
https://doi.org/10.1070/QE2014v044n08ABEH015613
https://doi.org/10.1070/QE2014v044n08ABEH015613
https://doi.org/10.1117/12.2253023
https://doi.org/10.1117/12.2253023
https://doi.org/10.18500/1817-3020-2020-20-4-258-267
https://doi.org/10.18500/1817-3020-2020-20-4-258-267
https://doi.org/10.1364/BOE.479320
https://doi.org/10.1364/AO.13.002218
https://doi.org/10.1364/AO.13.002218
https://doi.org/10.1364/AO.35.002304
https://doi.org/10.1364/AO.35.002304
https://doi.org/10.1364/AO.35.002304
https://doi.org/10.1134/1.1843961
https://doi.org/10.1364/AO.32.003531
https://doi.org/10.1088/0031-9155/58/11/R37
https://doi.org/10.1117/1.3127200
https://doi.org/10.1117/1.3127200
https://doi.org/10.1364/AO.44.002338
https://doi.org/10.1364/AO.44.002338
https://doi.org/10.1117/1.2138027
https://doi.org/10.1117/1.2138027
https://doi.org/10.1007/s10043-015-0161-y
https://doi.org/10.1007/s10043-015-0161-y
https://doi.org/10.1117/1.2435177
https://doi.org/10.1117/1.2435177
https://doi.org/10.1088/0022-3727/38/15/004
https://doi.org/10.1088/0022-3727/38/15/004
https://doi.org/10.1364/AO.45.002838
https://doi.org/10.1364/AO.45.002838
https://doi.org/10.3390/diagnostics13030490
https://doi.org/10.3390/diagnostics13030490
https://doi.org/10.1142/S1793545811001319
https://doi.org/10.1142/S1793545811001319
https://doi.org/10.1016/j.mla.2007.07.003
https://doi.org/10.1016/j.mla.2007.07.003
https://doi.org/10.3892/or.14.5.1385
https://doi.org/10.1016/j.focha.2022.100178
https://doi.org/10.1016/j.focha.2022.100178
https://doi.org/10.1038/s41598-020-65497-w
https://doi.org/10.1038/s41598-020-65497-w

A.A. Selifonov et al.: Discrimination of Optical Properties of Healthy and ... doi: 10.18287/JBPE24.10.020308

42,

43.

44,

45,

46.

47,

48.

49.

M. A. Welte, A. P. Gould, “Lipid droplet functions beyond energy storage,” Biochimica et Biophysica Acta (BBA)-
Molecular and Cell Biology of Lipids 1862(10), 1260-1272 (2017).

S. Daemen, M. A. van Zandvoort, S. H. Parekh, and M. K. Hesselink, “Microscopy tools for the investigation of
intracellular lipid storage and dynamics,” Molecular Metabolism 5(3), 153-163 (2016).

T. C. Walther, R. V. Farese, “The life of lipid droplets,” Biochimica et Biophysica Acta (BBA) - Molecular and Cell
Biology of Lipids 1791(6), 459466 (2009).

A. R. Thiam, Jr R.V. Farese, and T. C. Walther, “The biophysics and cell biology of lipid droplets,” Nature Reviews
Molecular Cell Biology 14(12), 775—-781 (2013).

M. Apparicio, C. Ferreira, A. Tata, V. Santos, A. Alves, G. Mostachio, E. Pires-Butler, T. Motheo, L. Padilha, E.
Pilau, F. Gozzo, M. Eberlin, E. Lo Turco, G. Luvoni, and W. Vicente, “Chemical composition of lipids present in cat
and dog oocyte by matrix-assisted desorption ionization mass spectrometry (MALDIMS),” Reproduction in
Domestic Animals 47(s6), 113-117 (2012).

K. Uchikura, M. Nagano, and M. Hishinuma, “The Effect of Ovarian Status and Follicular Diameter on Maturational
Ability of Domestic Cat Oocytes,” Journal of Veterinary Medical Science 73(5), 561-566 (2011).

M. M. Hryciuk, B. C. Braun, L. D. Bailey, and K. Jewgenow, “Functional and Morphological Characterization of
Small and Large Steroidogenic Luteal Cells From Domestic Cats Before and During Culture,” Frontiers in
Endocrinology 10, 724 (2019).

K. Kandurova, A. Palalov, E. Seryogina, V. Dremin, A. Dunaev, and E. Potapova, “Optical Properties of Perfused
Rat Liver Tissues,” Journal of Biomedical Photonics & Engineering 9(1), 010301 (2022).

J of Biomedical Photonics & Eng 10(2) 2024 020308-14 24 Jun 2024 © J-BPE


https://doi.org/10.1016/j.bbalip.2017.07.006
https://doi.org/10.1016/j.molmet.2015.12.005
https://doi.org/10.1016/j.molmet.2015.12.005
https://doi.org/10.1016/j.bbalip.2008.10.009
https://doi.org/10.1038/nrm3699
https://doi.org/10.1111/rda.12003
https://doi.org/10.1111/rda.12003
https://doi.org/10.1292/jvms.10-0381
https://doi.org/10.1292/jvms.10-0381
https://doi.org/10.3389/fendo.2019.00724
https://doi.org/10.3389/fendo.2019.00724
https://doi.org/10.18287/JBPE23.09.010301
https://doi.org/10.18287/JBPE23.09.010301

