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COMPARISON OF OPTICAL-SPECTRAL CHARACTERISTICS
OF GLIOBLASTOMA AT INTRAOPERATIVE DIAGNOSIS
AND EX VIVO OPTICAL BIOPSY

Romanishkin I.D.!, Savelieva T.A."?, Ospanov A.2, Kalyagina N.A.'2, Krivetskaya A.A.'2,
Udeneev A.M.2 Linkov K.G.', Shugay S.V.3, Pavlova G.V.3#, Pronin I.N.3, Loschenov V.B.'2
"Prokhorov General Physics Institute of Russian Academy of Sciences, Moscow, Russia
2National Research Nuclear University MEPhI, Moscow, Russia

3N.N. Burdenko National Medical Research Center of Neurosurgery, Moscow, Russia
“Institute of Higher Nervous Activity and Neurophysiology of the Russian Academy of Sciences,
Moscow, Russia

Abstract

The difficulty of intraoperative delineation of glial tumors is due to the peculiarities of their growth along vessels and nerve fibers with infiltration
of healthy white matter. Insufficiently complete removal of tumor tissues leads to recurrences, and excessive removal is fraught with neurological
complications. Optical spectroscopy methods are characterized by high speed, accuracy and non-invasiveness, which determines the prospects
of their use for intraoperative demarcation of the boundaries of such tumors. Fluorescence and diffuse reflectance spectroscopy have found wide
application in intraoperative neuronavigation, mainly for detecting the edges of diffuse gliomas. At the same time, in recent years the direction
of ex vivo spectral analysis of tumor samples using a combination of various optical spectroscopy methods, including both elastic and inelastic
scattering spectroscopy, has been actively developed. Obviously, the ability to obtain spectra intraoperatively and on fresh specimens is different.
The present article compares the results of the analysis of optical-spectral characteristics of intracranial tumors at intraoperative diagnosis and ex
vivo analysis and proposes a mathematical model for interpretation of the observed dependencies.

Keywords: glial tumors, optical spectroscopy, scattering, mathematical modeling, Monte Carlo simulation.
Contacts: Romanishkin 1.D., e-mail: igor.romanishkin@nsc.gpi.ru.

For citations: Romanishkin 1.D., Savelieva T.A., Ospanov A., Kalyagina N.A., Krivetskaya A.A., Udeneev A.M.,, Linkov K.G., Shugay S.V., Pavlova G.V.,
Pronin I.N., Loschenov V.B. Comparison of optical-spectral characteristics of glioblastoma at intraoperative diagnosis and ex vivo optical biopsy,
Biomedical Photonics, 2024, vol. 13, no. 4, pp. 4-12. doi: 10.24931/2413-9432-2024-13-4-4-12

CPABHEHME ONTUKO-CIMEKTPAJIbHbIX XAPAKTEPUCTUK
MUOBJTACTOMbI NMPU UHTPAOTEPALULMOHHOM
ANATHOCTHUKE U ONTHUHECKOU BUOTNCHUU EX VIVO

N.0. Pomannwkmn!, T.A. Casenbesa'?, A. Ocnanos?, H.A. Kansaruna'?, A A. Kpueeukas'?,
A.M. Yaeneee?, K.I. Jlunbkos', C.A. lopsiHos?, C.B. Lyrai?, I.B. Maenosa®*4, U.H. Mpoxun?,
B.b. JloweHos'-?

"Muctutyt obien dusmkm nm. A.M. MNpoxoposa Poccuitckoi akagemun Hayk, Mocksa, Poccus
2HaumoHanbHblIi MCCNeaoBaTensckuil aaepHbii yHnsepceutet «MUDUy», Mocksa, Poccus
*HaumoHanbHbI MEAMUMHCKMA MCCNEN0BATENLCKMMA LEHTP HEMPOXMPYPIMKU MMEHM AKALEMMUKA
H. H. Bypaerko, Mocksa, Poccus

UHCTUTYT BbICLLEN HEPBHOM AEATENBHOCTM U Hepodbuanonormm Poccuitckorn akagemmm Hayk,
Mocksa, Poccus

Pesiome

CnoXHOCTb MHTPaonepaLyoHHOro ornpeAeneHus rpaHunL, rMyanbHbIX OMyxonei 0bycnoBieHa 0CO6EHHOCTAMM VX POCTa BAOJb COCYAO0B U
HepPBHbIX BOJIOKOH C MHMNbTpaLven 340posoro 6enoro Belectsa. Mpy 3TOM HeJOCTaTOYHO MOJIHOE YAaNeHNe ONyXoeBbiX TKaHe! NPUBO-
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[UT K peumanBam, a u36bITOYHOE yAaneHe YpeBaTo HEBPOOTMYECKUMI OCTIOXKHEHUAMN. MeTofbl OMTUYECKON CMEKTPOCKOMMN XapaKTepu-
3YI0TCA BbICOKOI CKOPOCTbIO, TOYHOCTbIO U HEVHBA3MBHOCTbIO, YTO 0OYC/aBIMBaET NePCNeKTUBHOCTb UX UCMONb30BaHUA ANA NHTpaonepa-
LIVOHHOW fiemapKaLuy rpaHuL, Takux onyxonen. CnekTpockonusa ¢pnyopecueHumn 1 anddy3HOro oTpaxxeHrs HaLu WUPOKOE NPYMEHEHME
B MHTPaornepaLvioHHON HeNpPOHaBMraLuy, rmaBHbIM 06pa3om, AnA obHapyxeHVsa Kpaes AudeysHbIX rurom. Mpu 3Tom B nocneaHne rofbl
aKTMBHO pa3BKBaETCA HampaBeHne ex Vivo CnekTpanbHOro aHan3a obpasLoB OnyXosiel C MOMOLLbI0 COYETaHNA Pa3fIMyHbIX METOAO0B ONTU-
YeCcKoW CMeKTPOCKOMUY, BKIKOYAOLLUX CMEKTPOCKONIIO KaK YMpyroro, Tak 1 Heynpyroro pacceaHnsa. O4eBrAHO, BO3MOXHOCTY PErncTpauum
CMEKTPOB MPU MHTPaomnepaLroHHON paboTe 1 Ha CBeXMX 06pa3Liax OTNNYaTCA. B HacToALleN cTaTbe NPOBEAEHO CPaBHEHNE Pe3y/bTaToB
aHanM3a OnTUKO-CNeKTPasbHbIX XapaKTepUCTUK BHYTPUYEPENHbIX OMyXosell Npy UHTPaornepaLyoHHON ANarHoCTKe 1 aHanuse ex vivo, a
TaKXe NpeAnoXKeHa MatemaTnyeckas MofeNb ANA MHTEPMpeTaLuy HabnohaembiX 3aBUCUMOCTEN.

KnioueBble cnoBa: rnnanbHble onyxonun, ontnyeckasa CNekTPoCKonuAa, pacceaHne, MaTeMaTnyeckoe MmogenmpoBaHme, MOHTE-KapJ‘IO mope-
nnpoBaHune.

KoHTakTbl: PomaHuwkuH W.[. e-mail: igor.romanishkin@nsc.gpi.ru.
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Introduction

Currently, the primary line of therapy for highly
malignant brain tumors is surgical resection, but in vivo
tumor delineation remains a major challenge. Recent
technological advances in neurophotonic developments
such as Raman spectroscopy, thermal imaging, optical
coherence tomography, and fluorescence spectroscopy
have enabled the development of techniques for
minimally invasive neurosurgery [1]. Despite advances in
optical techniques, biopsy analysis remains the standard
diagnostic tool for tumor delineation.

Further development of intraoperative analysis
techniques with visual inspection would provide
neurosurgeons with real-time information, shorten
surgical procedure time, and enable more accurate
resection by detecting residual or hidden tumor foci.
Visual inspection tools can view and analyze the location,
size, shape, type, and extent of tumors [1-6].

Among the promising new optical techniques for
cancerdiagnosiswiththe possibility of intraoperativetissue
assessment is Diffuse Reflectance Spectroscopy (DRS).
DRS is a non-invasive or minimally invasive technique that
typically uses separate optical fibers — to deliver broadband
light to the tissue and to register diffusely reflected light
with a spectrometer. Diffuse reflectance signal formation
is possible because biological tissues are characterized by
their ability to scatter light multiple times, resulting in light
scattering from the source in all directions, with a portion
of the scattered light returning back. DRS can provide
such clinical information as total hemoglobin content,
tissue oxygen saturation, tissue lipid and water content,
and tissue scattering properties. The method has already
been used, for example, in studies to classify tumor tissue
in upper gastrointestinal cancers [7], to distinguish tumor
tissue from fibrosis in patients with rectal cancer as a
guide to surgery [8], and to record optical mammograms
and quantify absorption and scattering properties, from

BIOMEDICAL PHOTONICS T.13, N24/2024

which hemoglobin concentration and oxygen saturation
of healthy and pathological breast tissue were obtained
and analyzed [9]. Studies have shown that DRS can aid
in intraoperative decision-making during cancer surgery,
including selecting the best resection plane and area, and
distinguishing fibrotic or healthy tissue from tumor tissue.

In neurosurgery, the DRS method has been used to
assess blood fractions and oxygen saturation changes
by spectroscopic signal and hemoglobin absorption
spectrum [10], to distinguish between glial tumors and
normal brain ex vivo by assessing DRS signal [11], and
to detect cancer in vivo without labels and in real time
during brain surgery [12].

However, the accuracy of tissue classification is
still insufficient and the DRS method requires further
development. In this paper, we interpret a number of our
findings on the diffuse light reflection spectra of intracranial
tumor tissues and compare the data obtained in vivo during
neurosurgical surgery for tumor removal, and ex vivo during
biobanking. The results of the comparison allows avoiding
methodological errors when translating such technologies.
The mathematical model of elastic multiple scattering of
light by the studied tissues proposed in the article allows
to take into account not only karyomorphometric data,
obvious in classical histological analysis with hematoxylin-
eosin staining, but also demonstrates the necessity to take
into account the contribution of larger structures, such as
myelin sheaths of nerves, as well as, on the contrary, smaller
ones, such as subcellular structures, e.g. mitochondria.

Materials and methods
Method and device for simultaneous registration of
diffuse reflectance and fluorescence spectra in vivo
Diffuse reflectance spectra of tumor tissues are
the object of the present study. The fluorescence of
5-aminolevulinic acid (5-ALA) induced protoporphyrin
IX (PpIX) was used as a marker of tumor changes in
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the area of interest. In the process of post-processing
of spectral data obtained in the clinic, we analyzed the
co-distribution of PplX and markers of structural changes
determined by the diffuse reflectance spectrum.

For simultaneous registration of diffuse reflectance
and fluorescence spectra, the device described in [13] was
used. The emission from a broadband source (halogen
lamp) was filtered through a 500-600 nm bandpass filter.
A laser source with a wavelength of 632.8 nm (He-Ne laser)
was used to excite the fluorescence. Diffuse reflectance
and fluorescence spectra were recorded simultaneously
in 500-640 and 640-850 nm spectral ranges, respectively.
Measurements were performed using a fiber-optic probe,
the illumination and the receiving fibers were collected in a
special bundle and placed on one side of the object, which
determined the specifics of signal registration in the diffuse
reflectance geometry (Fig. 1). Several hours before the
operation, a solution of 5-ALA hydrochloride was injected
into the patient’s body. The combined spectra of normal
tissue (usually the cerebral cortex at a distance from the
tumor projection) and pathologically altered tissue above
the tumor, in the tumor, and in the tumor bed (to control
the quality of the resection) were measured sequentially
during the tumor resection surgery. This paper presents
a retrospective analysis of in vivo data obtained at the
Burdenko Neurosurgery Center. Diffuse reflectance spectra
recorded during the removal of glioblastomas (in 38
patients, 163 samples in total) and anaplastic astrocytomas
(in 6 patients, 35 samples in total) were considered.
Glioblastoma samples were distributed as follows: 14
samples with normally appearing white matter (NAWM), 18
samples from the perifocal area of tumor, 86 samples from
tumor center, 18 samples with necrotic tissues. Anaplastic
astrocytoma samples included 21 samples from tumor
center, 11 - from perifocal area, 3 NAWM, and no necrosis.

OcsemumesnbHoe MpuemHoe
01Mo8o0KHO/ onmoeonokHo/ Fiber
Fiber optic from light optic to spectrometer
sogrce  p—— 061acme Haubonee
8eposamHozo nymu
npoxoxieHusa
demexkmupyembix

¢pomoHos/

The region of most
probable path of
detected photons

NAg

Puc. 1. Cxema perucrtpauumn curHana audey3HOro oTpaxkeHus:
I — paccTosiHWe OT LieHTpPa OCBETUTE/IbHOro BOJIOKHA A0 LieHTpa
npuemHoro BosiokHa, NA_ — yucioBas aneptypa OCBETUTENIbHOIO
BOJIOKHa, NA_— uncnosas aneptypa npuemMHOro BOJIOKHa.

Fig. 1. Scheme of registration of diffuse reflection signal: r —
distance from the center of the illumination fiber to the center of
the receiving fiber, NA, — numerical aperture of the illumination
fiber, NA, — numerical aperture of the receiving fiber.

Method and device for simultaneous recording of
diffuse reflectance and Raman spectra ex vivo

Studies of the combined method of ex vivo optical
biopsy oftumorsampleswereconductedinthelaboratory
of neurosurgical anatomy and preservation of biological
materials at the Burdenko Neurosurgery Research Center
on tumor tissue samples extracted during neurosurgical
operations, immediately after removal. Samples from
patients diagnosed with glioblastoma (n=60) were
studied. From each patient 1-4 biopsy specimens were
taken with subsequent verification by pathomorphologic
examination (84 specimens in total).

For all samples, Raman spectra were measured with
StellarNet Raman-HR-TEC-785 spectrometer under 785
nm excitation, fluorescence was measured at 405 nm
and 632.8 nm, and diffuse reflectance was measured
in 500-600 nm spectral range using Biospec LESA-01-
BIOSPEC spectrometer. In this paper, we use only diffuse
reflectance spectroscopy data in white light (to calculate
hemoglobin concentration) and at 632.8 nm, just as we
did in in vivo measurements performed in the operating
room. The results of our previous studies of this method
[14-16] showed a significant contribution of these
spectroscopic features to the principal components.

Algorithm for processing diffuse reflectance spectra

Raman, fluorescence, and diffuse reflectance spectra
were subjected both to preprocessing in order to
increase decoding properties and to various variants
of decomposition in order to highlight characteristic
features peculiar to the tissues under study.

Fromthefluorescence spectrum of PplX, we calculated
the values of the 632.8 nm integral backscatter laser
intensity (area under the spectrum curve in the range
of 625-640 nm) and the value of the PplIX fluorescence
index (ratio of the area under the spectrum curve in
the range of 690-730 nm to the value of the 632.8 nm
integral laser intensity). In this work, we consider only the
first of these parameters.

The spectrum of diffusely reflected by the tissue
broadband light was used to calculate the hemoglobin
concentration [17] in the sample and the light scattering
coefficient [18].

Model of light interaction with structural elements
of tumor tissues

To determine the influence of the measurement
geometry and biological processes occurring in the
tumor on the recorded signals, a mathematical model
of the studied biological tissue in different states
was developed. It considered both the variation of
individual tissue components using Mie theory and their
concentration and composition of the medium, for which
the Monte Carlo simulation method was chosen, which
has a higher accuracy in the tissue regions proximal
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to the illuminator and receiver than the diffusion
approximation of the radiative transfer theory [19].

Cells, organelles, elements of intercellular matrix, nerve
endings can be approximated by spheres and cylinders
with refractive indices corresponding to the content of
proteins and fats in them, and immersed in a medium
whose refractive index is determined by all the molecules
contained in it that are not accounted for as independent
scatterers. The scattering cross section of unpolarized light
by a spherical particle was determined according to [20].
The infinite cylinder solution, also proposed by Bohren
and Huffman, was used to model the scattering of an
electromagnetic wave on myelinated nerve fibers. Two
variants of wave incidence with respect to the plane in
which the cylinder lies: parallel and perpendicular to the
plane of incidence, were considered and averaged.

Numerical modeling of radiation propagation in
scattering and absorbing media

The Monte Carlo method is widely used for numerical
solution of the radiative transfer theory (RTT) equation,
which is based on modeling of photon transport in a
scattering medium. The initial conditions are set and
each act of photon scattering on the inhomogeneities of
the medium is traced up to its absorption or exit from the
sample. Free path length and rotation angle are random
variables with theory-based distribution. The scattering
and absorption probabilities are determined by the
u. and p_ coefficients. The main disadvantage of the
Monte Carlo method is the substantial expenditure of
computational resources, which renders it impractical for
addressing the inverse problem in real time. However, it
is possible to develop algorithms for data interpretation
based on Monte Carlo simulation, as was done in [21]
to describe the dependence of the diffuse reflection
coefficient on the absorption and scattering coefficients
for a semi-infinite medium.

In the present work, a Monte Carlo packet method
has been implemented in the Visual Studio development
environment using C# language tools. It is based on the
assumption that a set of photons begins to co-propagate
in the medium, but gradually the population of the packet
runs out due to absorption, and the remaining part of
the packet is scattered until the population of the packet
becomes too small. This technique allows us to increase the
dynamic range of the calculated distribution at unchanged
costs of machine time in case of the absorbing medium.
For registration of radiation the possibility of receiving
radiation with a given aperture on a given area at a given
distance from the source in the XY plane is realized.

Determination of input parameters of mathematical
modeling

The main characteristic of glial tumors is their growth
along myelinated nerve fibers and blood vessels without

forming a capsule, which leads to their infiltration into the
normal white matter of the brain [22]. At the organ-tissue
level, glial tumors consist of central and perifocal zones
[23] and lead to displacement, deviation, and destruction
of nerve tracts during their development [24]. The central
zone of glioblastoma multiforme (the most malignant
form of glial tumors) is characterized by the development
of necrosis in the tumor nucleus with concomitant
destructive changes of myelinated nerve fibers [25, 26].

At the tissue level, the number and shape of cell
membranes should also be taken into account. It is well
known that about 50% of the white matter consists of
myelin sheaths of nerve tracts, which are multilayered
membranes consisting of a lipid bilayer (70-85% of dry
matter) with protein inclusions (15-30%) [27, 28], which
causes its high refractive index. How developed the
surface of the astrocyte membranes is also important, as
this factor is altered by cell compaction in the tumor and
affects scattering.

In [29], diffusion tensor MRI was used to show that
fluctuations in the fractional anisotropy index correlate
with the integrity of nerve tracts formed by myelinated
fibers, as well as with the state of the cells. Thus, the
significant decrease of the fractional anisotropy index
in the center of glioblastoma is due to a high degree of
nerve fiber disintegration and necrotic changes, while its
more moderate deviations are observed in the perifocal
zone, where nerve tracts are still structured and intact glia

Ta6nmua 1

Pe3ynbraTtbl UcCnegoBaHusa NoKa3aTtens ppaKkLMOHHON
AHU30TPONUU ANK IMMaNbHbIX ONyX0Jien pa3IMyHOK
cTeneHu 03/10Ka4yecTBNeHuUs

Table 1
Results of the fractional anisotropy index study for
glial tumors with different degrees of malignancy

LlenTp HopmanbHoe
onyxonu FpaHuuya |6enoe BewecTBo
Muno6nactoma (IV cragun)
Glioblastoma (Grade IV)
0.257 0.467 [30]
0.13 0.16 0.47 [26]
cpefHee
0.13 0.2085 0.4685 average

AHannactuuyeckas actpouurtoma (lll cragun)
Anaplastic astrocytoma (Grade Ill)

0.165 0.168 0.391 [31]
0.223 0.467 [30]
cpefHee
0.165 0.1955 0.429 average
OnddysHasa actpoumntoma (Il cragun)
Diffuse astrocytoma (Grade Il)
0.144 0.259 0.391 [32]
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cells are observed. The numerical values of this coefficient,
averaged from data from the literature, are shown in Table 1.

For modeling purposes, to unify data from different
sources, the fractional anisotropy index values obtained
in each study were normalized for the tumor center and
margin to the values from normal white matter. After that,
the average values were calculated, which were reduced
to the absolute value of the fractional anisotropy index
by multiplication by its average value for normal white
matter for all studies.

As can be seen in Table 2, at the cellular level,
glioblastoma multiforme (Grade V) exhibits such
features as dense cellularity, atypical development of
nuclei, increase in their size, and pleomorphism (diversity
of shapes) [36]. Anaplastic astrocytoma is characterized
by increased cell density, anaplasia, and mitosis, but
to a lesser extent than glioblastoma. Benign tumors
show a moderate increase in cell density and nuclei size
without cellular atypia or mitotic activity [38, 39]. At the
subcellular level, the most critical changes occur in the
content and structure of mitochondria. In normal tissue,
mitochondria make up about 7-8% of the cell volume
[40, 41]. In liver tissue, mitochondria have been shown to
have a significant effect on light scattering by the cell [42,
43]. Also, by analyzing liver slices using phase-contrast
microscopy, Schmitt and Kumar showed a significant
contribution of organelles to light scattering by cells [44].

Results and discussion

Comparison of in vivo and ex vivo data

The results of our previous work have shown that in
the combined spectral analysis of glial tumor tissues,
one of the most prominent features in classification is

Ta6nauua 2

the intensity of diffuse light scattering [13, 16]. Results
confirming this observation were obtained in [12].

Our in vivo and ex vivo studies included different
kinds of pathomorphological data, which determined
the samples as coming from normal white matter,
perifocal tumor area, or actively growing part of tumor,
and the percentages of tumor and necrotic tissue in the
sample (Fig. 2). In our ex vivo biobanking studies of optic-
spectral characteristics, the samples were represented
as having a certain percentage of tumor/connective/
fibrotic/necrotic tissue. However, when we subdivide
this sample into quartiles by tumor tissue content (with
the exclusion of necrotic areas), we see a similar pattern
of correlation between the degree of malignancy in the
measured area and the scatter score. The lowest light-
scattering values correspond either to the perifocal zone
(in in vivo measurements) or to a tumor content of 25 to
50% in the sample (in ex vivo measurements), which are
reasonable to compare with each other. Some differences
in the distribution of light scattering in different types of
glioblastoma tissues are also observed. For example, in
in vivo measurements, we could afford to record spectral
dependencies from normal white matter far away from
the tumor, as this did not require its removal.

The healthy areas of white matter obtained in the
biobanking process, were the areas adjacent to the
tumor showing morphological signs of normality.
However, according to the light-scattering ratio for ex
vivo measurements, we can assume that these samples
were still subject to some changes. Our mathematical
model of the relevant structural changes occurring in
neural tissues during tumor development is presented in
the following section.

[aHHble KapuomopdoMeTpUM ANA rMUanbHbIX ONYX0Jien Ppa3sIMYHOM CTENeHU 0310KayecTBEHUs

Table 2

Karyomorphometry data for glial tumors of different degrees of malignancy

Makc. pnamertp,

McTonornyeckum Tun MKM

HopmanbHoe 6enoe BellecTso
Normal white matter 4-5[33]
MunounTapHas actTpounToma (cTeneHsb )
Pilocytic astrocytoma (Grade )

LnddysHana actpoumtoma (cTeneHs ll)
Diffuse astrocytoma (Grade ) 8.93+1.26 [35]
AHannacTuyeckas acTpoumToma
(cTeneHn )

Anaplastic astrocytoma (Grade ll)

9.61+0.9 [27]

Mmuno6nactoma (cteneHs V)

Glioblastoma (Grade IV) 10.65+3.44 [35]

OTHOLWeEeHune
MeHbLen ocn
3ANUNCca K

KnetouHas
NAOTHOCTDb,
1/mkm3

KnetouHasn
MAOTHOCTDb,
1/mm?

6onbLuen

= 850.9 [32] 0.025x1073
- 26891745 [34] 0.14x10°
0.74+0.13 [36] 2363+726 [37] 0.12x10°
0.65+0.15 [36] 4864+1428 [37] 0.34x10°
0.627+0.5 [38] 5540+2160 0.41x1073
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Fig. 2. Diffuse scattering index in tumor tissues (as scattering index at 632.8 nm) registered (a) intraoperatively in vivo and (b) in ex vivo

samples.

Comparison of results of mathematical modeling
and spectroscopic measurements of gliomas

Local changes in light-scattering properties and
accumulation of tumor marker (5-ALA induced PplX)
in the patient’s tissues during tumor removal were
investigated. For this purpose, the data of spectroscopic
study performed in vivo in different tumor sections were
compared with the subsequent sampling of histological
material from the same sections. As a result of the analysis
of structural features of nervous tissues, and in particular
healthy white matter of the brain and glial tumors of
different degrees of malignancy, as well as physiological
characteristics, a mathematical model of scattering signal
formation in the tissues under study was created using
Mie theory (Table 3). The optical parameters of the model
composition media obtained as a result of modeling are
shown in Table 4.

Comparison of the results of numerical modeling
of laser radiation propagation in a complex medium

Ta6nuuya 3

that contains scatterers with parameters corresponding
to the main structural elements of nervous tissues and
hemoglobin as the main chromophore and the data of
spectroscopic study carried out in vivo showed a good
correspondence between the developed mathematical
model and clinical data (Table 5).

As can be seen from the above results, both in
numerical experiment and in vivo spectroscopic studies,
differences in light-scattering properties were observed
for the center and edge of tumor of different degrees of
malignancy.

The light scattering of the central portion of benign
neoplasms is less pronounced than that observed in
glioblastoma. However, in both cases, this value is markedly
lower than that exhibited by normal white matter. (Fig. 2).
This can be explained by competing effects occurring
at the tissue level during tumor development affecting
the scattering signal. Gradual demyelination of nerve
fibers, their displacement and destructurization, as well

Mopdonornyeckme xapakTepUCTUKU, NOCAYKUBLUUE BXOAHbIMU A@HHbIMU AJ11 MOAENMPOBaHUA ONTUYECKUX CBOMCTB

OTAE/IbHbIX KOMMOHEHTOB HEPBHbIX TKAHEN
Table 3

Morphological characteristics that served as input data for modeling the optical properties of individual compo-

nents of neural tissues

Kpain onyxonu

MapameTp
P, 1/MKm? P, 1/MKm?
Hopma 4/05/08  00004/200/  1.39/142/ )
Normal tissue (100%) 0.07 1.455
Creneib II-Il 9.5/03/ 00007/70/  1.39/142/ 8.5/03/ 0.0005/70/ 139/1.42
Grade lI-1ll 0.8 (40%); 0.07 1455 0.8 (50%); 0.07 /1.455
0.48 (60%%) : : 0.48 (50%%) : :
Crenenib IV ! %%Ség,;/ﬁ)? / 0.0015/ 139/1.42/ %%/(26%2)-/ 0.0007 /30/ 139/1.42
Grade IV o 0-30/0.07 1455 o 0.07 /1.455

*a - AnaMeTp paccenBaTtena, 0 — NIOTHOCTb AAepP, N — NOKasaTeNnb nNpenomneHna. 3HaueHus npuseneHbl ona aapa / MUTOXOHAPUN / MUEeNnuHM-

31POBaHHbIX BOTOKOH.

*a - diameter of scatterers, p — nuclei density, n - reflectance index. Values are provided for nucleus / mitochondria / myelinated fibers.
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OnTuyecKkue cCBOMCTBA HEepPBHbIX TKaHeu ¢ pasnwmoﬁ Mopd)onorweﬁ, nony4yeHHble B pe3y/ibTaTe MaTeMaTUu4ecKoro
MOAeNUpPOBaHUS C UCMOJIb30BaHUEM MHOITOKOMMOHEHTHOW Moaenu COOTBETCTBYHOLNUX TKaHen

Table 4

Optical properties of nervous tissues with different morphology obtained by mathematical modeling using a multi-

component model of the corresponding tissues

AnuHa

MapameTp BOJIHbI, HM

C'reneub -1l C'reneub v

Ll,eH'rp Kpan Lleu'rp Kpan
onyxonun onyxonun onyxonun onyxonu

u, 1/cm 632.8 113.7
M, 1/em 710 88.4
u, 1w 632.8 17
M., 1/em 710 076

632.8 0.85
G

710 0.84
Ta6nuya 5

49.7 54.2 112.6 50.9
39.3 429 90 40.3
3 2.2 7.1 35
2 1.5 2.5 1.2
0.89 0.86 0.9 0.89
0.88 0.85 0.89 0.88

ConocTtaBneHne gaHHbIX UMUTALMOHHOIO MOAENTUPOBAHUSA U pe3ynbratoB CNEKTPOCKOMNUn in vivo

Table 5

Comparison of simulation results with in vivo spectroscopy

Crenenb -1l

AnddysHoe oTpakeHue
Mo OTHOLUEHUIO

K HOpMaanOI‘il TKaHN

MoHTe-Kapno

Monte Carlo 0.22+0.001

632.8 HM

Rzl 0.21+0.02

in vivo
as a decrease in the number of mitochondria due to the
transition of tumor cells from oxidative phosphorylation
to glycolysis, lead to a decrease in the scattering signal,
while an increase in the size and density of nuclei leads
to its increase. For different parts of the tumor of one
patient, this effect can be traced by comparing the central
part of the tumor and its edge, where these changes
are less pronounced than in the center. Here we see the
opposite picture. The tumor edge of benign neoplasms
exhibits higher scattering properties than the edge of
glioblastoma, because in this region in the former case
there is not yet significant destructurization of myelinated
fibers and the decline of the scattering signal is due to
the greatest extent to metabolic changes leading to
the depletion of intracellular composition, while in the
latter case all components leading to the decline of the
scattering signal are already evident, but cellular density
is not as pronounced as in the center of the tumor. Thus,
we can rank the considered areas of pathologically altered
tissues in the following order: normal white matter, edge of
benign tumor, center of benign tumor, edge of malignant

CreneHnb IV

0.41+0.002 0.56%0.001 0.28+0.001

0.37+0.02 0.53+0.02 0.26+0.02

tumor, center of malignant tumor, which illustrates the
competitive nature of parameters influencing the light
scattering signal.

Conclusion

The study of the scattering properties of glial tumors,
both in vivo during neurosurgical operations and ex vivo
during biobanking of the samples, showed that in the
regions with low accumulation of tumor marker (5-ALA
induced PplX) and insignificant changes perceived
visually, that the light scattering signal, registered at a
small distance between the light source and the receiver
and that mostly depends on the changes occurring at the
subcellular level, has the highest contrast compared to
the normal white matter of the brain. Thus, the diagnostic
value of analyzing the light-scattering properties of
neural tissues in the perifocal zone of glial tumors has
been demonstrated.

This work was financially supported by the Ministry of
Science and Higher Education of the Russian Federation
(Agreement No. 075-15-2021-1343 dated October 4, 2021).
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Abstract

In an in vivo pilot study, the efficiency of noninvasive fractional laser photothermolysis (NFLP) as a transdermal system for application
photosensitization of mouse skin before photodynamic therapy (PDT) was studied. For NFLP, a laser (A = 970 nm) with an average power of 4 W
and a pulse frequency of 50 Hz was used. An area of the skin of the anterior abdominal wall of mice was irradiated. After NFLP, a photosensitizer
(PS) based on chlorin e6 in the form of a gel (0.5%) was applied to the skin with an application time of 30 min. Then, laser PDT (A = 662 nm)
was performed with a power of 2 W in a scanning pulse-periodic mode with a frequency of 5 Hz and a light spot area on the skin of 1.2 mm>.
The results of histological examination, confocal and electron microscopy showed the features of transdermal distribution of chlorin e6 after
NFLP. PS fluoresces in all skin layers and the subcutaneous fat layer, indicating its deep penetration into the hypodermis after NFLP compared to
conventional cutaneous application. The advantages of NFLP as a transport system for successful penetration of the gel form of chlorin e6 through
all skin layers are demonstrated. Electron microscopy showed transdermal transport of PS in the form of nanosized microspheres and particles
absorbed by macrophages and fibroblasts. It was also shown for the first time that pulsed PDT after NFLP leads to the formation of nanosized foci
of photodestruction up to the border of the reticular layer of the skin and the hypodermis.

Keywords: photothermolysis, transdermal drug transport, photosensitisation, chlorin e6, photodynamic therapy, fluorescence, confocal
microscopy, electron microscopy, light microscopy.
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BJINAHNE HEMHBA3MBHOTO ®PAKLUMOHHOIO
DOOTOTEPMOJIN3A HA SDPDPEKTHUBHOCTD
TPAHCOEPMAJIbBHOMN ®OTOCEHCHUBUTTU3ALUNA

N ®OTOONHAMUYHECKOMU TEPATNUN B SKCINMEPUMEHTE
IN VIVO

A.N. Yepronstoe', H.I. bratoea', C.A. HukoHos?, B.B. Humaes'
"HayuHo-1ccnenoBatenbCkmi MHCTUTYT KIMHUYECKOM M SKCNEPUMEHTASbHOM MMdONOrm —
dunman PenepansHOro rocyaapCTBEHHONO BIOAXETHOrO HAYYHOTO YYPEXAEHUS
«PepepanbHbii UCCNEAOBATENLCKUI LEHTP MHCTUTYT upTonormm u reHetukmn Crbupckoro
otneneHus Poccuitckoi akagemmu Hayky, Hosocnbupck, Poccuma

2HoBoCHBMPCKMIt HOYYHO-MCCNEROBATENLCKMIA MHCTMTYT Tybepkynésa, Hosocnbupck, Poccua

Pesiome
B nunotHom nccnepoBaHum in vivo nsyyeHa 3G PpeKTMBHOCTb HEMHBA3VIBHOMO GPaKLMOHHOIO nazepHoro ¢pototepmonusa (HOJID), kak TpaHc-
ZlepMasnbHOI CUCTEMbI NS anMIMKaLMOHHOW GpOTOCEHCMOUNM3ALIMN KOXNI Mblwel nepeq dotoanHammnyeckon Tepanvien (OAT). Ana HOO
ncnonb3oBany nasep (A = 970 HM) co cpefHelt MOWHOCTbIO 4 BT 1 yactoTon umnynbcos 50 lu. MpoBogunmn obiyyeHne yyacTka KoxXu nepes-
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Hell 6pioLHON cTeHKM Mbiwweid. Mocne HOJIO Ha KoxKy HaHocunm poToceHcnbrnmsatop (OC) Ha ocHoBe xnopuHa e6 B Brae rens (0,5 %) ¢ Bpe-
MeHeM annankauum 30 MuH. 3atem npoBogmau nasepHyto OAT (A = 662 HM) ¢ MOLLHOCTbIO 2 BT B CKaHMpPYIOLLEM MMMYSIbCHO-MEPUOANYECKOM
pexume ¢ yactoToil 5 My 1 NIoLWasblo CBETOBOMO MATHA Ha Koxe 1,2 MM>. PesynbTaTbl FMCTONOTMYECKOTO UCCeA0BaHIs, KOHMOKaNbHO 1
371EKTPOHHO MKPOCKOMMWU NMOKa3anu 0CO6eHHOCTH TpaHCAepMalibHOTro pacnpeaeneHns xnopuHa e6 nocne nposeaerus HOJ1O. OC dpnyo-
pecumpyeT Bo BCEX CIIOAX KOXKU 1 MOJKOXKHO-XMPOBOM CJ10€, YTO YKa3blBaeT Ha ero riy6oKoe NpoHNKHOBeHe B runogepmy nocie HOIO no
CpaBHeHMI0 C 06bIYHOW HaKoXHOW anmivKauven. NpoaeMoHcTpupoBaHbl npenmyLecta HOJIO Kak TpaHCMOPTHOW CUCTEMbI AJ1A YCMELLHOTO
NMPOHNKHOBEHVA refieBoi GopMbl XJIOPUHA €6 Yepes BCe CJION KOXKN. NEKTPOHHAA MUKPOCKONKSA NoKasana TpaHCAepManbHbI TPAHCMOPT
OC B B/Ae HaHOPa3MepHbIX MUKpocdhep 1 YacTuL, Norolaembix Makpodaramu n Gnbpobnactamu. Takke 6bi10 BNepBble MOKa3aHoO, YTo
mmnynbcHaa OAT nocne HOJIO nprBoanT K GOPMMPOBaHUI0 HaHOPa3MEPHbIX 04aroB GOTOAECTPYKLMN BMIOTb [0 FPaHKLbl CETYATOrO CJI0A
KOXW 1 TUMOLEPMbI.

KnioueBble cnoBa: GOTOTEPMONIN3, TPAHCAEPMASIbHbIN TPAHCMOPT IeKapPCTB, POTOCEHCUOUNM3ALMA, XNOPKH €6, GoToaNHaMMYecKas Tepa-
nus, GryopecueHLms, KOHbOKaIbHaA MUKPOCKOMUS, S1eKTPOHHAA MUKPOCKONMVIS, CBETOBAsA MUKPOCKOMYSA.

KonTtaktbi: YepHonaTos [1./., e-mail: danila.chernopyatov@yandex.ru.
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Introduction

Photodynamic therapy (PDT) is a modern method
of treating malignant neoplasms and precancerous
conditions based on systemic and local administration
of a photosensitizer (PS) and exposure to visible
electromagnetic radiation in the presence of tissue oxygen.
PS accumulates in pathological tissues and, under the
influence of light of a certain wavelength, converts tissue
oxygen into active oxygen species (ROS), which destroy
pathologically altered cells (precancerous pathology,
malignant neoplasms), bacteria and viruses [1-3].

The various effects of PDT include cell necrosis
and apoptosis, vascular thrombosis, activation of the
immune system and immunosuppression, stimulation
of collagenogenesis, as well as antimicrobial and
antiviral action. Owing to the development of laser
and endoscopic equipment and the emergence of
various PS, the range of PDT applications has expanded
significantly in such areas as oncology, dermatology,
cosmetology, gynecology, otolaryngology, dentistry,
urology, ophthalmology and even the treatment of the
new coronavirus infection [4-8].

The main goal of PDT of non-oncological diseases,
in contrast to the treatment of malignant tumors, is
the modulation of cellular functions by exposure to
low-power light energy and low-dose PDT with anti-
inflammatory, antimicrobial and reparative purposes.
However, at present, there are no standardized protocols
for PDT of non-oncological diseases [9, 10].

Over the past thirty years, three generations of
PS have been developed for clinical use. Chlorin e6,
which belongs to the second generation, is capable of
generating ROS when irradiated with red light of 662 nm.
Due to the hydrophobicity of chlorin e6 molecules, it can
penetrate the peptide glycan layers of the walls of gram-
positive bacteria, providing successful antimicrobial PDT,
including against Mycobacterium tuberculosis [11-15].

Methods of local photosensitization, such as
intradermal injection or application of gel forms of the
drug, allow the accumulation of PS only in the case of
a superficial location of the pathological lesion or for
the purpose of reparative regeneration of the skin [16].
This makes PDT more targeted and reduces the risk of
phototoxicity by reducing the dose of PS. However, deep
penetration of PS is limited by the protective functions
of the skin, which requires the development of new
transdermal delivery systems (TDS) [17].

As an alternative, a new non-invasive version of
fractional laser photothermolysis (FLP) is proposed as a TDS
for skin photosensitization before the PDT procedure [18].

With NFLP, lasers with a wavelength of less than
2000 nm are used, emitting energy in pulses that leave
the epidermis intact and, forming microthermal zones
without destruction of the dermis, cause the synthesis of
new collagen [19, 20].

Further efforts to develop minimally invasive
phototherapeutic techniques with increased efficacy
have led to the study of options combining FLP
techniques with pulsed light therapy or with PDT with
5-aminolevulinic acid (5-ALA) [21].

Since the NFLP technology with a wavelength of A =
970 nm has not previously been studied in relation to skin
photosensitization with chlorin e6 for subsequent PDT
procedures, we initiated an in vivo study of the features
of the intradermal distribution of chlorin e6 when locally
applied to healthy skin after NFLP.

Materials and Methods
Photosensitizer
Thedrugradachlorin (Rc) inthe dosage form“RadaGel”
(OO0 “Radapharma’, Moscow, Russia) containing sodium
salt of chlorin e6, obtained from the chlorophyll of the
alga Spirulina Plantensis using a patented method, was
used as a photosensitizer.
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Experiment. Animals

To study the intradermal distribution of Rc after NFLP,
male HTAAAKR mice (SPF-vivarium nursery of the ICG
SB RAS (Federal Research Center, Institute of Cytology
and Genetics, Siberian Branch of the Russian Academy
of Sciences, Novosibirsk, Russia) aged 3 months (n = 16)
were used.

The studies were carried out in accordance with the
requirements of Directive 2010/63/EU of the European
Parliament and of the Council of the European Union on
the protection of animals used for scientific purposes.
The animals were kept on a standard diet with unlimited
access to water and food. The experimental study
protocol was approved at a meeting of the local ethics
committee of the Research Institute of Clinical and
Experimental Lymphology - branch of the ICG SB RAS on
08.07.2019 (protocol No. 151).

The animals were fixed in a supine position. A 1x1
cm area was selected on the shaved skin of the anterior
abdominal wall of the animals, on which NFLP was
performed using semiconductor laser “Lakhta Milon”
(OO0 “Kvalitek”, Moscow, Russia) (A = 970 nm) with an
average power of 4 W in a scanning pulse-periodic mode
with a pulse duration of 10 ms at a frequency of 50 Hz
(t = 10 ms, f = 50 Hz) through a quartz-polymer light
guide with a focusing lens (OOO “Polironic”, Moscow,
Russia). The diameter of the light spot at the focus was
1.2 mm, the energy dose density in the pulse was 25 J/cm?.
Fractional laser exposure to the skin lasted 30's.

Rc in a concentration of 0.5% was applied with a
sterile spatula at a dose of 0.1 g per 1 cm? of the selected
skin area. The exposure of the drug on the skin was 30
min, after which its remains were removed with a sterile
napkin.

PDT was performed with a “Lakhta Milon”
semiconductor laser (OO0 “Kvalitek” Moscow, Russia)
(A = 662 nm) and a power of 2 W in a scanning pulse-
periodic mode with a laser pulse duration of 100 ms at a
frequency of 5 Hz (t = 100 ms, f = 5 Hz) through an optical
fiber with a lens focusing a light spot of 0.002 cm? on the
skin, providing a laser energy density of 40 J/cm? on the
tissue surface.

The animals were divided into 4 groups. Animals in
the 1st group (n = 4) underwent NFLP of the abdominal
wall skin. In the 2nd group (n = 4), similar preparation of
the skin with NFLF was performed and Rc was applied.
After 30 min, the remnants of PS were removed with a
sterile napkin and PDT was performed. In the 3rd group
(n = 4), Rc was applied to the skin of the animals for 30
min, then its remnants were removed with a napkin and
PDT was performed. In the 4th group (n = 4), the shaved
skin of the animals was not exposed to the effects.

After completion of the effects, euthanasia was
performed by dislocation of the cervical vertebrae,
then the anterior abdominal wall was excised and skin

samples were prepared for histological examination,
confocal and electron microscopy. The material was fixed
in a 4% paraformaldehyde solution.

Confocal microscopy

Confocal microscopy was performed on cryosections
of skin tissue. To prepare cryosections, skin samples were
fixed with a 4% paraformaldehyde solution for 1 day,
then washed with a cooled sodium phosphate buffer
(PBS) solution and immersed in a 30% sucrose solution
for 1 day. After that, the studied tissues were placed in
foil with a TissueTek medium and frozen at -70°C.

Sections from frozen tissue were obtained on an HM
5500P cryostat (Zeiss, Germany) and prepared taking
into account their transverse orientation for subsequent
assessment of the depth of penetration of the PS.Images
were obtained on a laser scanning microscope LSM 780
NLO AxioObserver Z1 (Zeiss, Germany) in the Collective
Use Center for Microscopic Analysis of Biological Objects
of the Institute of Cytology and Genetics SB RAS.

To analyze the fluorescence of PS in skin samples,
confocal microscopy was performed with fluorescence
excitation at a wavelength of A = 458 nm. Fluorescence
was recorded at a wavelength of A = 675 nm. The images
obtained by confocal microscopy were processed using
the Zeiss Efficient Navigation (ZEN) 2010 microscope
software. The recorded fluorescence values of the
preparation were expressed in optical units (r.u.).

For each animal, the fluorescence value of optical
sections in each skin layer was calculated using the
microscope software. After that, the data for each
individual were aggregated and calculations were
performed.

Light and electron microscopy

To assess the structure of the epidermis, papillary
and reticular layers of the skin, samples were prepared
by fixing in a 4% paraformaldehyde solution prepared
on Hanks' medium, then fixed for 1 hour in a 1%
osmium tetroxide (0s0,) solution on a phosphate buffer
(pH = 7.4), dehydrated in ethyl alcohol of increasing
concentration and embedded in Epon. Semi-thin
sections of 1 um thickness were obtained on a Leica EM
UC7 ultramicrotome (Leica Microsystems, Germany),
stained with toluidine blue and examined using a LEICA
DME light microscope (Leica Microsystems, Germany).
Digital micrographs were obtained using the AVerTV6
computer program.

For examination of skin samples in an electron
microscope, ultrathin sections of 70-100 nm thickness
were obtained using a Leica EM UC7 ultramicrotome
(Leica Microsystems, Germany) and stained with uranyl
acetate and lead citrate. Digital photographs of skin
fragments were obtained at a magnification of x30,000
with JEM 1400 electron microscope (JEOL, Tokyo, Japan)
and analyzed using ImageJ software (National Institutes
of Health, Bethesda, MD, USA). Microscopic analysis was
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performed at the Multidisciplinary Center for Microscopy
of Biological Objects at the Institute of Cytology and
Genetics SB RAS (Novosibirsk, Russia).

Morphometry

Morphometric analysis of digital photographs of
ultrathin skin sections (25 fields of view in each group
at a magnification of x15,000) was performed using
Image J software (Wayne Rasband, USA). The sizes of Rc
in the cytoplasm of epithelial cells, fibroblasts and in the
interstitium were determined.

Statistical processing

Since the study was preliminary and the number of
samples in each group was 4 units, which does not allow
making confident conclusions about the presence of
observed patterns in the population regardless of the
choice between parametric and nonparametric criteria,
in order to indicate the direction for further work, it was
decided to use sample means and standard deviations
as descriptive statistics (and, accordingly, parametric
criteria for intergroup comparisons), since it seems
that for a given number of objects, such statistics will
be a more visual and informative characteristic of the
sample than the mode, median and interquartile range.
The calculation of the average values of fluorescence
intensity and standard deviation (y, o) in each group was
performed using the Statistica v.10 program (Statsoft,
USA). Pairwise comparisons of groups were performed
using the Student’s criterion.

Separately, it should be notet that we received an
insignificant number of observations, and these results
justify the need to conduct a study with a larger number
of objects.

Statistical analysis of the data obtained when
determining the size of Rc particles was performed using
the Statistica v.10 computer program (Statsoft, USA).
The Kolmogorov-Smirnov statistical test was used to
check the variation series for normality. The results of
the ultrastructural analysis did not meet the criteria for
normal distribution, so the description of the quantitative
characteristics is presented as a median and the first and
third quartiles - Me (Q1; Q3).

Results

Confocal Microscopy

During confocal microscopy of skin samples from
group 4 (control) and from group 1 after NFLP, we did
not detect any obvious tissue fluorescence (Fig. 1A,
B), and the numerical values of fluorescence intensity
correspond to weak autofluorescence of endogenous
chromophores, with the exception of all epidermis
samples after NFLP, which were deprived of the ability to
fluoresce due to photobleaching under the influence of
pulsed infrared laser radiation of 970 nm (Table).

In groups 2 and 3, pronounced fluorescence was
noted, which in group 2 was much more intense than in

of transdermal photosensitization in the experiment in vivo

group 3 (Fig. 1). Evaluating the distribution of Rc in the
skin layers by fluorescence intensity in numerical values
of r.u,, it was possible to determine that the maximum
fluorescence in the skin samples in group 3 reached 2500
r.u. in the epidermal layer and sharply decreased to 600
r.u. at the border of the reticular layer.

Micrographs of skin samples in group 2, obtained after
NFLP with subsequent application photosensitization
of Rc, demonstrate an increase in the transdermal
distribution of PS, which is confirmed by fluorescence
in all layers of the skin with the highest intensity in the
epidermal and papillary layers.

Thus, in the epidermal layer, the maximum possible
fluorescence intensity value for recording by a
microscope was recorded at 4095 r.u., which turned out
to be 1.7 times greater than in group 3 with conventional
application of PS. At the border of the epidermal and
reticular layers, the fluorescence intensity reached 2000
r.u., which exceeded the maximum values in the third
group by 3.3 times.

It should be noted that after NFLP with application
photosensitization, deeper penetration of Rc into the
hypodermis occurs, where fluorescence up to 500 r.u. is
preserved, also spreading in the subcutaneous fat layer
(Fig. 1D).

This fact confirms the property of non-invasive pulsed
laser energy at a wavelength of 970 nm, focused on the
epidermis, to increase the transport of chlorine series PS
through all layers of the skin in 30 minutes of application
exposure of the drug.

The aggregate data on the comparative quantitative
characteristics of the fluorescence intensity of the skin

Puc. 1. KoHdoKanbHas MUKpPOCKONUs 06pa3LoB KOXU: A — KOH-
Tponb (rpynna 4); B — HOJIP (rpynna 1); C - ®C+DAT (rpynna 3);
D — HOJIO+DC+DAT (rpynna 2).

Fig. 1. Confocal microscopy of skin samples: A — control (group
4);. B — NFLP (group 1); C — PS +PDT (group 3); D — NFLP+PS+PDT
(group 2).
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Ta6nauua

MHTEHCUBHOCTb (JIyOpECLIEHLMU CIOEB KOXKM UCCiefyeMblX rpynr

Table

Fluorescence intensity of skin layers in the studied groups

nuaepmuc +
COCOYKOBbIN
cnom (o.e.)

Fpynnbi Bo3geicTBue

e om0 |
2(n=4) HOND + OC T QAT 3487,56; 150,64
3(n=4) O+ T 633,38;92,31*
4(n=4) KoHTpone 7,36 6,23

*p < 0,05

layers of the studied groups are presented in the form
of a table. At p < 0.05, significant differences from the
control group were noted.

Comparison of the results of skin photosensitization
demonstrates obvious advantages of preliminary NFLP,
which creates conditions for the penetration of chlorin
e6 through all layers of the dermis to the subcutaneous
fat layer, which was confirmed by an increase in the
fluorescence intensity of PS in all layers by 5.8 times, in
the papillary layer by 5 times, in the reticular layer by 6
times (table).

Light Microscopy

Light microscopy examination of skin samples
allowed to register the peculiarity of structural changes
in the compared groups that occur under the influence
of non-invasive laser energy pulses focused on the
stratum corneum.

Comparing the control samples from group 4 with
the samples from group 1, we were convinced that
after NFLP there were no thermal damages and the
differentiation and cellular composition of the epidermis
were preserved, but after non-invasive laser exposure
there was a compaction of the papillary layer of the skin
and edema of the reticular layer (Fig. 2B).

In group 3, after pulsed PDT, there was a significant
compaction of the papillary and reticular layers with a
violation of their differentiation (Fig. 2C).

Exposure of the skin to NFLP followed by pulsed PDT
in the second group led to compaction of the reticular
layer of the skin while maintaining the differentiation
and cellular composition of the epidermis (Fig. 2D).

NHTeHCcMBHOCTb pnyopecueHuun

CeTuaTtbiii cnion

(o.e.) Manopepma (o.e.) Bce cnom (o0.e.)

2,74;1,32 3,13;1,77 2,8; 1,06
140,22; 16,48* 16,03;2,78 240,35; 26,45*
22,68;4,77* 9,76;1,75 41,44; 6,15*
0,98;0,61 0 1,5;0,69

Thus, according to light microscopy data, the
presented variants of laser energy effects, devoid of
damaging effects on the skin, have a number of different
effects, represented by compaction of only the papillary

Puc. 2. CsetoBas MuKpockonusa (yBenuveHue x400, oKpacka
TONYUAUHOBBIM CUHUM): A — KOHTponb (rpynna 4); B - nocne
HOND (rpynna 1); C - nocne ®AT+PC (rpynna 3); D — nocne
HPNIP+DC+DAT (rpynna 2).

Fig. 2. Light microscopy (magnification x400, stained with
toluidine blue): A — control (group 4); B — after NFLP (group 1);
C - after PDT+PS (group 3); D — after NFLP +PS+PDT (group 2).
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layer after NFLP, deeper compaction of the papillary and
reticular layers after PDT, and the deepest compaction
of the reticular layer after a combination of NFLP with
subsequent PDT.

Electron microscopy

Electron microscopy allowed to characterize the
changes in the skin after non-invasive laser treatment at
the ultrastructural level, to see the features of the extra-and
intracellular distribution of Rc in the skin structures, and to
confirm the passage of laser energy through all layers of
the skin by the photodynamic reactions that took place.

In group 1, after NFLP without the use of PS, we noted
the compaction of epithelial cells, the papillary layer and
structures located on the border of the papillary and
reticular layers of the skin (Fig. 3C, D).

In animals of group 3, after cutaneous application
of Rc, its uneven distribution in the skin layers was
recorded in the form of spherical particles with an
average size of 536.0 (436.0; 668.5) nm. The maximum
accumulation of the drug occurred in the epithelial
layer (Fig. 4A).

When assessing the effects of pulsed PDT in group
3, a relatively low density of formation of foci of
photodestruction in the epithelium and papillary layer of
the dermis was noted with a high density of Rc particles
absorbed by epithelial cells.

Puc. 3. YnbTpacTpyKTypHas opraHn3aums KOXU KUBOTHbIX B KOH-
Tpone u nocne HOJID, aneKTpoHHaas MUKpocKonus: A-B — KOH-
Tponb (rpynna 4); A — ynbTpacTpyKTypa anutenus; B — cTpyktypa
COCO4YKOBOro cnosi aepmbl; C-D — nocne HOJ1® (rpynna 2); noBbl-
weHue NNoTHoCcTU anuTenus (C) u coco4KkoBoro cnos aepmbl (D).
Fig. 3. Ultrastructural organization of animal skin in control
and after NFLP. Electron microscopy: A-B — control (group 4);
A - ultrastructure of the epithelium; B — structure of the papillary
dermis; C-D — after NFLP (group 2); increased density of the
epithelium (C) and papillary dermis (D).

of transdermal photosensitization in the experiment in vivo

Puc. 4. YnbTpacTpyKTypHas opraHvM3auus KOXu nocne annauka-
LUMOHHOM poToceHcubunusauyum ®C 1 nocnegyrowen MMNyabCHON
®AT (rpynna 3): A — HaKONAEHUe B 3NUTENIUU MacCCbl MHTAKTHbIX
yactuy PC; B — Hanuume MHTaKTHbIX YacTuy PC 1 pa3po3HEHHbIX
ovaroB ¢poroaecTpykumu; C — HakonneHue ®C u oyaroB dotoae-
CTPYKUuMM B uutonnasame makpoodara; D — yactuubl ®C HaxoasaTcs
B COCOYKOBOM C/l0€ lepPMbl U OTCYTCTBYIOT B LiUTONIa3Me 3HJoTe-
IS KPOBEHOCHOI O cocyAaa (CTpesika).

Fig. 4. Ultrastructural organization of the skin after application
photosensitization with PS and subsequent pulsed PDT (Group
3): A - accumulation of a mass of intact PS; B — the presence of
intact sl PS particles and isolated foci of photodestruction; C - PS
and foci of photodestruction in the cytoplasm of the macrophage;
D - PS particles are located in the papillary layer of the dermis
and are absent in the cytoplasm of the endothelium of the blood
vessel (arrow).

We believe that in this group of animals that did
not receive preliminary NFLP, photodynamic effects
are realized to a lesser extent due to the shielding
of the energy of laser pulses absorbed by skin
pigments and excess PS on the stratum corneum of
the epidermis.

This assumption was confirmed after studying the
results of electron microscopy of skin samples from group
2 mice after NFLP with application photosensitization
and pulsed PDT.

We found that after NFLP, successful accumulation
of Rc particles occurs in epithelial cells, and the
subsequent photodynamic reaction is represented by
a significant number of scattered vesicle-like foci of
photodestruction with an average size of 681.0 (174.5;
1485.0) nm (Fig. 5A).

Similar in size and spherical shape, multiple foci of
photodestruction were recorded in the interstitium of
not only the papillary layer, but also in the reticular layer
of the dermis (Fig. 5B, C).

The obtained data indicate that the preparation of the
skin with NFLP significantly improves the penetration of
Rcin the form of spherical microaggregates into all layers
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Puc. 5. dneKTpoHHaa MUKpocKonuA. CTPYKTypa KOXU B NepBbii
neHb nocne HOJIP, annnMkaunoHHon dotoceHcubunusaumm ®C
u umnynbcHon ®AT (rpynna 2): A — aNUTENUI C MHOXKECTBEHHbIMMU
BE3UKyNnonofo6HbIMU o4yaramu ¢potoaecTpykumii; B u C — uHtep-
CTULMIA ceT4yaToro cfios AepMbl COAEPIKUT CKomieHus chepuye-
CKMX o4yaroB ¢$OTOAECTPYKLUUI; D — HaKonneHue 4acTUL, UHTaKT-
HbIX MUKpocdep PC B uutonnasme pubpobnacra.

Fig. 5. Electron microscopy. Skin structure on the first day after
NFLP, application photosensitization of PS and pulsed PDT (group
2): A - epithelium with multiple areas of photodamage, B and
C - the interstitium of the reticular layer of the dermis contains
clusters of spherical foci of photodestruction. D — accumulation
of particles of intact PS microspheres in the cytoplasm of
fibroblasts.

of the dermis, reaching the cytoplasm of the fibroblasts
of the reticular layer at the border with the subcutaneous
fat (Fig. 5D).

The effect of formation of multiple foci of
photodestruction in the depth of the reticular layer
in the hypodermis, characteristic only of cases from
group 2 (Fig. 5C), indicates an increase in the efficiency
of PDT after NFLP due to weakening of the epidermal
shielding and compaction of the reticular layer (Fig. 2B,
D), improving the light transmission of the skin, and an
increase in the energy density of light pulses to levels
that excite PS molecules to the triplet state in deeper
layers of the skin.

Therefore, after NFLP, the energy of photons in
the PDT process penetrates significantly deeper and,
consequently, increases the medicinal activity of Rc in
group 2 with the initially identical applied dose of PS in
the compared groups 2 and 3.

An important fact is that we have recorded that by
the beginning of the PDT procedure, PS does not move
into the vascular sector of the intact skin and for this
reason, microthrombosis of vessels, characteristic of
PDT of tumors, is prevented (Fig. 4D).

Discussion

Local application of PS is associated with limitations
due to the barrier function of the skin, especially the
stratum corneum, which prevents their absorption. When
PS is applied to healthy skin, the depth of its penetration
is limited by the stratum corneum and does not exceed
12 £ 5 um during 1 hour of cutaneous exposure [22].

In the search for optimal transdermal systems, non-
ablative photothermolysis with a 1550 nm laser was
successfully tested to increase the penetration of 5-ALA
in PDT of acne [21]. As studies have shown, non-ablative
laser techniques, devoid of invasiveness, minimally
damage the stratum corneum [19,20,23].

In our study, we sought to find out whether non-
invasive photothermolysis improves the penetration
of PS into the deep layers of the skin and increases
the effectiveness of PDT. The experiment was aimed
at creating a multimodal effect on the skin using laser
energy thatimproved light transmission and transdermal
transport of PS with chlorin e6.

We chose laser radiation at a wavelength of 970 nm,
focused on the stratum corneum with a pulse frequency
of 50 Hz. This allowed to achieve partial damage to
the stratum corneum, which weakened the reflection
of energy during PDT and caused photobleaching of
chromophores in the skin. The NFLP parameters ensured
energy delivery through the lens, concentrating the
power of 4 W in the focus on the epidermis without
tissue coagulation, which led to photobiomodulation
effects with activation of macrophages and fibroblasts
for phagocytosis and transport of Rc granules.

The results showed that preliminary exposure to
NFLP actually increases the depth of PS penetration
in healthy skin without significant damage. Unlike
traditional ablative FLP (AFLP), NFLP causes only point
microtraumas, activating phagocytic cells that capture
PS and transport it to the hypodermis.

The energy of the infrared laser pulse for traditional
AFLP is such that it creates a column of damaged tissues
to a certain depth, while the use of NFLP through a
focusing lens leads only to the formation of a point light
spot on the stratum corneum of the epidermis with
subsequent scattering of the light beam in the deeper
parts of the skin, which eliminates thermal damage.

Probably, pulsed laser action focused on the stratum
corneum and epidermis, absorbed by skin pigments and
hemoglobin in superficial capillaries and hair follicles,
causes point microtraumas and secondary activation of
phagocytic cells, which capture PS and actively transport
it down to the hypodermis. The study is devoted to
improving skin permeability using NFLP at a wavelength
of A = 970 nm for photosensitization in PDT.

Experiments on mice revealed features of Rc
distribution when locally applied to skin prepared with
NFLP. Although NFLP does not damage the epidermis,
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confocal microscopy showed a loss of autofluorescence
by the epidermis. This may indicate a photobleaching
reaction of endogenous chromophores and an
increase in the light transmission of the compacted
epithelium.

Electron microscopy confirmed the increase in light
transmission in the foci of photodestruction in the
deep layers of the dermis revealed after PDT. Confocal
microscopy showed an increase in the penetration of
Rc into all layers of the dermis after the preparation of
NFLP with an increase in its fluorescence intensity by 5.8
times. Electron microscopy demonstrated intradermal
transport of Rc in the form of microspheres and their
absorption by macrophages and fibroblasts, which is
important for successful PDT.

of transdermal photosensitization in the experiment in vivo

Conclusion

We assume that NFLP activates the migration of
phagocytic cells to the damaged area, which facilitates
the transport of PS into the deep layers of the skin.
Despite the demonstration of a new TDS for successful
skin photosensitization, our study was not powerful
enough to study the features of delayed skin reactions
to pulsed PDT in the long-term period, which requires
additional study.

Preliminary results of the pilot study emphasize
the importance of studying tissue reactions to laser
exposure at the micro level, which will open up new
prospects for the use of NFLP as a transdermal system for
drug delivery. We expect that the study will be useful for
further development of PDT methods.
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Tzerkovsky D.A., Adamenko N.D.
Doxorubicin enhanced the antitumor efficacy of sonodynamic therapy
with photosensitizer photolon in an in vivo experiment

DOXORUBICIN ENHANCES THE ANTITUMOR EFFICACY
OF SONODYNAMIC THERAPY WITH PHOTOSENSITIZER
PHOTOLON IN AN IN VIVO EXPERIMENT

Tzerkovsky D.A.', Adamenko N.D.2
'N.N. Alexandrov National Cancer of Belarus, Minsk, Republic of Belarus
%Vitebsk State University named after P.M. Masherov, Vitebsk, Republic of Belarus

Abstract

The antitumor effectiveness of sonodynamic therapy (SDT) with a chemotherapeutic drug and a photosensitizer (PS) of the chlorine series
was studied in an in vivo experiment. The work was performed on 60 white nonlinear rats, divided into 2 series of 30 individuals each. Pliss
lymphosarcoma, transplanted subcutaneously, was used as a tumor strain. Photolon was administered intravenously in a single dose of
2.5 mg/kg 2.5-3 hours before ultrasound exposure, and doxorubicin was administered intraperitoneally in a single dose of 5 mg/kg 0.5 hours before
ultrasound exposure performed using the «Phyaction U» apparatus, generating radiation with a frequency of 1.04 MHz, intensities of 0.5 and
1.5 W/cm? and lasting 5 minute. The study groups in each series included 5 rats: control, ultrasound, doxorubicin, photolon + ultrasound,
doxorubicin + ultrasound, photolon + doxorubicin + ultrasound. To assess antitumor effectiveness, criteria generally accepted in experimental
oncology were used: average volume of tumors (V_., cm?), absolute tumor growth rate (K, units), tumor growth inhibition coefficient (TGI, %),
frequency of complete tumor regressions (CR, %), the average life expectancy of rats (ALE, days), the coefficient of increase in the average life
expectancy of rats (%) and the median overall survival (days). Differences were considered statistically significant at a significance level of p<0.05.
In the first and second series of experiments, the most effective modes were the use of photolon, doxorubicin and ultrasound with a frequency of
1.04 MHz and intensities of 0.5 and 1.5 W/cm?, respectively. The proposed combination of therapeutic interventions made it possible to statistically
significantly (p<0.05) increase the indicators of TGI, PR and ALE compared to the control and each of the components of the method separately.
SDT methods developed and tested in in vivo experiments are characterized by high antitumor efficacy.

Keywords: Pliss lymphosarcoma, doxorubicin, photolon, ultrasound, sonodynamic therapy.
Contacts: Tzerkovsky D.A., tzerkovsky@mail.ru.

For citations: Tzerkovsky D.A., Adamenko N.D. Doxorubicin enhanced the antitumor efficacy of sonodynamic therapy with photosensitizer
photolon in an in vivo experiment, Biomedical Photonics, 2024, vol. 13, N2 4, pp. 22-32. doi: 10.24931/2413-9432-2024-13-4-22-32

COHOONHAMMYECKAS TEPAINNA
C JOKCOPYBMUMHOM U DOTOCEHCHUBUITUSATOPOM
®OTOJIOH B 3KCMEPUMEHTE IN VIVO

O.A. Uepkosckuit', H.[l. Apamerko?

'PecnybnmkaHckuin HayYHO-NPAKTUYECKMI LEHTP OHKONOTMM M MEAULMHCKON PAAUONOrMM
mm. H.H. Anekcarnpposa, Munck, Pecnybnuka benapycs

2Butebekmin rocynapcreeHHbiit yHusepeuteT um. [1.M. Maweposa, Butebck,

Pecnybnuka benapycsb

Pesiome
WccneposaHa npotreoonyxonesas 3GpPeKTNBHOCTb coHognHammyeckon Tepanun (CAT) ¢ XMroTepaneBTUYECKUM IEKaPCTBEHHbIM Cpef-
ctBoM (XJ1C) n poToceHcnbrnusatopom (OC) XOPUHOBOTO pAAa B SKCNeprMeHTe in vivo. PaboTa BbinosiHeHa Ha 60 6esibiX HeIMHENHbIX KPbl-
cax, pacnpepeneHHbix Ha 2 cepun no 30 ocobeln B Kaxaon. B kauecTse onyxoneBoro WwramMmma vcrnonb3osanmy numocapkomy lMnmcca, nepe-
BMBaeMyo NofKOXXHO. DOTONOH BBOAWIN BHYTPUBEHHO OJHOKPATHO B fj03€e 2,5 MI/Kr 3a 2,5-3 4 0 YNIbTPa3BYKOBOrO BO3/I€NCTBISA, @ JOKCO-
pyoULIMH — BHYTPUOPIOLWHO OAHOKPATHO B Ao3e 5 MI/Kr 3a 0,5 4 A0 yNbTpa3ByKOBOrO BO3[ENCTBUA, OCYLIECTBIAEMOrO C MOMOLLbIO annapara
«Phyaction U», reHepupytoLiero nssyyerue ¢ yactoton 1,04 MIy, nHteHcuBHocTaAMY 0,5 1 1,5 BT/CM? 1 POAOmKNTENbHOCTBIO 5 MUH. [pynnbl
NCCNEAOBaHNA B KaXAoW 13 CepUin BKITIOYANV MO 5 KPbIC: KOHTPOJIb, YNbTPasByK, JOKCOPYOULINH, GOTONOH + yNbTpasBykK, JOKCOPYOULIMH +
YNbTpasByK, pOTONIOH + AOKCOPYOVLIVIH + ynbTpasBykK. [inA OLEeHKM NPOTUBOOMYX0NeBon 3PpHEKTUBHOCTU NCMOMb30BaSIMCh OOLENPUHATbIE
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with photosensitizer photolon in an in vivo experiment

B 9KCMEPUMEHTANIbHOV OHKOJIOTUW KPUTEPUM: CPeHNI 06beM onyxonei (V(p., M), K03 dULIMEHT aBCONOTHOTO NPUPOCTa onyxonei (K, oTH.
ef.), KoapduumeHT TopmoxkeHusa pocta onyxonei (TPO, %), YactoTa NonHbIx onyxosnesbix perpeccuin (MNP, %), cpeaHAA NPOJOMKUTENBHOCTb
XM3HU KpbIc (CMXK, cyT), KO3GPULMEHT yBENNYEHA CPERHEN MPOAOIIKUTENBHOCTU XM3HNU Kpbic (YK, %) 1 MefnaHa o6Len BbIXXMBAaeMOCTU
(cyT). Pa3nununa cumtanu CTaTMCTUYECKM 3HAUMMbIMK NPV YPOBHE 3HauMMocT p<0,05. B mepBo 1 BTOPOI cepusix SKCNEPUMEHTOB Hanbo-
nee 3GbeKTUBHBIMU peXknMamu 6b110 NprMeHeHre GOTONOH, AOKCOPYOULIMH 1 ynbTpa3ByKa ¢ yactoton 1,04 MIy 1 nHTeHcMBHOCTAMM 0,5 1
1,5 BT/cm? cooTBETCTBEHHO. [peAnoXXeHHOe coueTaHvie TeEpaneBTUYECKINX BO3AENCTBII NO3BOIMIIO CTaTUCTUYECKU 3HaUUMo (p<0,05) yBenu-
unTb Nokasatenu TPO, MNP 1 Y no cpaBHeHMIO C KOHTPOJIEM U Ka)<AbIM 113 KOMMOHEHTOB MeTOAA B OTAeNbHOCTU. Pa3paboTaHHble 1 anpobu-
pOBaHHble B SKcnepumeHTax in vivo metoguku CAT xapakTepusyioTca BbICOKOV MPOTUBOOMYX01E€BON SPHEKTUBHOCTBIO.

KnioueBble cnoBa: numdocapkoma lNnucca, LOKCOpyOrLVH, POTONOH, YNbTpasByK, COHOAUHAMMYECKas Tepanus.

KonTaktbi: LlepkoBckuin [1.A., tzerkovsky@mail.ru.

Onsa untnposaHus: Liepkosckuin [1.A., AnameHko H.[]. CoHofMHaMuyeckas Tepanus ¢ AOKCOPYOULIMHOM 1 GOTOCeHCNObUNMN3aTopom GOTONIOH
B 3KCnepumeHTe in vivo // Biomedical Photonics. — 2024. - T. 13, N2 4. — C. 22-32. doi: 10.24931/2413-9432-2024-13-4-22-32

Inrtoduction

The search for and testing of new methods for
treating malignant neoplasms at the preclinical stage
of research with their subsequent implementation in
practical healthcare is a key aspect of experimental and
clinical oncology. It is well known that the gold standard
for treating patients with malignant neoplasms is
surgery, radiation therapy and chemotherapy. A number
of alternative methods based on the influence of physical
factors on tumor cells and tissues also have a certain
therapeutic potential. Such methods primarily include
laser therapy, cryotherapy, hyperthermia, high-intensity
focused ultrasound, etc. From a scientific point of view,
it is relevant to study the possibility of combined use of
ultrasound radiation (US) and various classes of drugs.

According to a number of authors, the effect of
ultrasound with a pulse frequency of 0.5-3 MHz and an
intensity of 0.5-5 W/cm? can increase the cytotoxicity of
various chemotherapeutic drugs. Researchers associate
this fact with an increase in the permeability of cell
membranes and the implementation of the effects of
cavitation, hyperthermia and sono-induced free-radical
oxidation of the biological structures of the tumor
cell [1, 2]. A new direction in experimental oncology is
called “sonodynamic therapy” (SDT), and the drugs used
are called sonosensitizers (SS). The SS class primarily
includes radiosensitizers (dimexide, metronidazole)
and a number of chemotherapeutic agents (bleomycin,
adriamycin, cisplatin, etoposide, 5-fluorouracil, etc.) [3].

At the same time, in the late 80s of the 20 century,
Japanese scientists led by T. Yumita conducted preclinical
studies on tumor cell cultures, proving the presence of
sonosensitizing properties in another class of drugs,
such as photosensitizers (PS), which until then had been
actively used for photodynamic therapy. In 1990, the first
results were published confirming the high antitumor
efficacy of SDT with hematoporphyrin [4].

In recent years, the results of numerous in vitro and
in vivo studies have been published, indicating the high
antitumor efficacy of SDT with PS in the treatment of a

number of nosological forms of malignant neoplasms
(breast cancer, lung, intestine, pancreas, soft tissue
sarcoma, skin melanoma, osteosarcoma, leukemia,
glioma) [5, 6, 7, 8]. A relevant and promising area of
scientific research is the combined use of SDT with
drugs that have fundamentally different mechanisms for
implementing an antitumor response when activated by
ultrasound, namely, PS and chemotherapeutic drugs [9,
10,11,12,13].

There are a small number of publications in the
foreign literature devoted to the study of this issue, most
of which were carried out in in vitro experiments. So,
H.J. Gao et al. (2010) (Department of Clinical Oncology,
Guangzhou General Hospital of Guangzhou Command,
People’s Republic of China) assessed the effectiveness
of SDT with chlorine e6 in doses from 0.05 to 1.6 mg/
ml and adriamycin in doses from 0.1 to 0.4 g/ml on
human breast cancer cell culture MDA-MB-231. The use
of US with a frequency of 1 MHz and intensities from
0.5 to 2 W/cm? after preliminary addition of PS to the
cell culture followed by the addition of adriamycin after
sonodynamic exposure caused a statistically significant
reduction in the number of viable tumor cells compared
to each of the components of the proposed scheme
(p<0.05) [9].

L. Liang et al. (2013) (State Key Laboratory of
Bioreactor Engineering, Shanghai Key Laboratory of
Chemical Biology, People’s Republic of China) in an
experiment on a culture of human cholangiocarcinoma
tumor cells QBC939 proved a dose-dependent increase
in the cytotoxicity of hematoporphyrin and doxorubicin
monomethyl ester when combined with US. Doxorubicin
was used in doses of 0.0625;0.125;0.25;0.5; 1;2 and 4 pug/
ml, and PS - 5, 10, 20, 40 and 80 pg/ml. Local ultrasonic
influence on tumor cells, sensitized with the help of
these drugs, was carried out with a frequency of 1.2 MHz
and intensities from 0.5 to 2 W/cm?”. The authors used
various combinations of drugs and ultrasound modes.
The results obtained indicate a statistically significant
increase in the number of non-viable tumor cells due
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to the toxic effect of a significantly higher percentage
of reactive oxygen species and significant activation of
cell apoptosis when using ultrasound with high doses of
both drugs. In addition, the expression of p53, Fas, Bax
and caspase-3 were significantly upregulated in cells
exposed to the combination therapy [10].

T. Osaki et al. (2016) (Joint Department of Veterinary
Clinical Medicine, Japan) studied the sonodynamic
propertiesof 5-aminolevulinicacid (5-ALA)and bleomycin
in combination with US with frequencies of 1 and 3 MHz,
and intensities from 1 to 3 W/cm? in an experiment on
mouse mammary cell culture. Thus, when using US with
a frequency of 1 MHz and intensities of 1,2 and 3 W/cm?,
the number of viable tumor cells decreased by 34.30%,
50.90% and 60.16%, respectively. When bleomycin was
added to the cell culture with its further insonation, it led
to a significant reduction in this indicator: 0.09%, 0.32%
and 0.17%, respectively. Additionally, the authors report
that the use of US with a frequency of 3 MHz, regardless
of the radiation intensity and exposure modes, did not
lead to positive results [11].

The same team of authors obtained similar results
in an experiment on cell culture and laboratory animals
with intestinal carcinoma of Colon-26 mice with the
combined use of bleomycin, aluminum disulfonate
phthalocyanine and low-intensity US. PS was used
in doses of 1, 5 and 10 ug/ml, bleomycin - in doses of
1, 5 and 10 pg/ml. Ultrasonic exposure was carried out
with a frequency of 3 MHz and intensities from 1 to 3 W/
cm?, the frequency of ultrasonic pulses, depending on
the series of experiments, varied from 5% to 100%. The
number of viable cells in the «Bleomycin + SDT» group
was statistically significantly lower compared to that in
groups with different doses of PS (1, 5 and 10 ug/ml)
when used in combination with US (p=0.0498; p=0.0405
and p=0.0219; respectively). The studied indicator in the
combination therapy group «PS + bleomycin + SDT» was
statistically lower than in the groups «PS + SDT» and
«Bleomycin + SDT» (p<0.05) [12].

In the in vivo part of the study, performed on linear
BALB/c mice with a subcutaneous model of intestinal
carcinoma Colon-26, the high antitumor efficacy of
combination therapy was proven. The study design
included the following groups: intact control; PS;
bleomycin;US;PS+US; bleomycin+USandPS+bleomycin
+ US (combination therapy). PS was administered once
intraperitoneally at a dose of 20 mg/ml 18 hours before
ultrasound exposure of transplanted tumors. Bleomycin
- once intraperitoneally at a dose of 25 mg/ml 0.5 hours
before ultrasound exposure of transplanted tumors.
The SDT session was carried out with an ultrasound
frequency of 3 MHz (50%) and intensity of 3 W/cm?.
The criteria for assessing effectiveness were the volume
of tumors, calculated on the 12" day after the start of
therapeutic interventions, and histological examination

with photosensitizer photolon in an in vivo experiment

data. The authors registered a statistically significant
inhibition of the growth of transplanted tumors in
the group of combination therapy using drugs in the
indicated doses compared with each component of the
treatment regimen (p<0.05) and the control. According
to a morphological study, this fact was associated with
both a direct cytotoxic effect and lethal damage to tumor
cells and tissues due to disruption of the blood supply to
tumors due to disruption of the integrity and patency of
the blood vessels feeding them (p<0.05) [12].

In a study by R. Xu et al. (2020) (Department of Breast
Surgery, The First Affiliated Hospital, People’s Republic of
China) studied the antitumor efficacy of the combined
use of high-intensity US with an intensity of 4 W/cm? in
combination with silicon nanoparticles with doxorubicin
and chlorin e6. In the in vivo experiment, we used linear
BALB/c nude mice with subcutaneously inoculated
human breast cancer MDA-MB-231. The data obtained
indicate a significant inhibition of growth and a decrease
in the weight of experimental tumors when using a
combination treatment regimen compared with each of
its components (p<0.05) [13].

The purpose of this work is to study the antitumor
effectiveness of the SDT method with photolon and
doxorubicin using low- and high-intensity US.

Materials and methods

Laboratory animals

The pilot study was performed on 60 white nonlinear
outbred male rats obtained from the vivarium of N.N.
Alexandrov National Cancer Centre of Belarus, with a
body weight from 150 to 300 g, aged 2.5-3 months. The
duration of quarantine before inclusion in the experiment
was 14 days. The rats were kept under standard
conditions of food and drink rations ad libitum, with
12-hour illumination, at a temperature of 18-22°C and a
humidity of 55-60% in individual cages, 5 individuals in
each.The conditions for keeping rats in the laboratory, as
well as humidity, temperature, and lighting in the room,
complied with the current sanitary rules for the design,
equipment and maintenance of vivariums [14, 15, 16].

Tumor strain

Pliss lymphosarcoma (PLS) obtained as a cell culture
(Russian Collection of Cell Cultures, Institute of Cytology
RAS, St. Petersburg, Russian Federation) was used as a
tumor strain.

Tumor model

PLS cell culture was inoculated subcutaneously in
rats. Subcutaneous inoculation of the experimental
study included the introduction under the skin of the
left inguinal region of 0.5 ml of a suspension of tumor
cells in 20% Hanks solution, obtained after taking and
homogenizing tumor pieces from a donor rat. PLS is
one of the rapidly growing tumors with a short latent
period. In this regard, rats with PLS were included in the
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experiment on the 5" day after transplantation, when
the diameter of the tumor node, on average, was 5 mm.

Ethical aspects

Experimental studies were carried out in accordance
with international legislation and the regulatory legal
acts in force in the Republic of Belarus for conducting
experimental studies with laboratory animals [17, 18, 19].

The nature of the studies performed was consistent
with the principles of «3Rs» developed by W.M. Russell
and R.L. Berch (1959) [20].

The study was approved by the Ethics Committee of
the N.N. Alexandrov National Cancer Center of Belarus
(protocol Ne 180).

Before irradiation, rats were anesthetized (neuro-
leptanalgesia: 0.005% fentanyl solution +0.25% droperidol
solution, in a ratio of 2:1, 0.2 ml per 100 g of body weight,
intramuscularly). After the end of the observation period,
the rats were sacrificed using generally accepted methods
of euthanasia (aether pro narcosi) in compliance with the
humane methods of handling laboratory animals.

Chemotherapy drug

The injection form of lyophilized doxorubicin powder
(DOX) (RUE «Belmedpreparaty», Minsk, Republic of
Belarus) was used as a chemotherapeutic drug. The DOX
were dissolved in a 0.9% sodium chloride solution and
administered on the 5" day after tumor transplantation
with LSP once, intraperitoneally, at a dose of 5 mg/kg.

Photosensitizer

As a drug, an injectable form of PS based on chlorin
€6 photolon (RUE «Belmedpreparaty», Minsk, Republic of
Belarus, registration number 16/11/886 dated November
08, 2016, 100 mg) was used. Before use, PS powder
was diluted with 0.9% sodium chloride solution and
administered once by intravenous infusion into the tail
vein of a rat in a darkened room at a dose of 2.5 mg/kg.

Sonodynamic therapy

A session of local ultrasound therapy (US) was carried
out once using a device («Phyaction U», Gymna Yniphy,
Belgium) using an applicator with a emitting surface area
of 5 cm? with a frequency of 1.04 MHz, intensities of 0.5
and 1.5W/cm? and lasting 5 minutes in continuous mode
after preliminary hair depilation and surface treatment
experimental tumor with a special gel. The ultrasound
session began 2.5-3 hours after photolon administration,
and intraperitoneal administration of DOX was carried
out 0.5 hours before irradiation.

Study design

All therapeutic effects were carried out on the 5%
day after LSP grafting, upon reaching the diameter of
the tumor node of at least 5 mm. The control group
consisted of rats with a transplanted tumor, which
were not administered PS, DOX and were not irradiated
(control). All rats were randomly distributed at each
stage of the study into 6 groups of 5 individuals each
(Tables 1, 2).

Ta6nuua 1
[n3aiH aKcrnepumeHTanbHOro uccnegosanus (cepus 1)

Table 1
Experimental study design (series 1)

Konunue-
CTBO KPpbIC

HanmeHoBaHue B rpynne,

rpynnbi n

KoHTpornb 5
Control

OOKC 5 mr/kr 5
DOX 5 mg/kg

Y3T 1,04 MI'y; 0,5 B/cm?
UT 1.04 MHz; 0.5 W/cm?

IOOKC 5 mr/kr + Y3T 1,04 MIu; 0,5 Bt/cm?
DOX 5 mg/kg + US 1.04 MHz; 0.5 W/cm?

OC 2,5 mr/kr + Y3T 1,04 MIy; 0,5 Bt/cm?
PS 2.5 mg/kg + US 1.04 MHz; 0.5 W/cm?

®C 2,5 mr/kr + OOKC 5 mr/kr + Y3T 1,04 MI'u;
0,5 Bt/cm?
PS 2.5 m%/kg + DOX 5 mg/kg + US 1.04 MHz;
0.5 W/cm

*[OKC - pokcopybuumH; Y3T — ynbtpa3ssykoBaa Tepanusa; O®C —
doToceHcmbunmsatop.
*DOX - doxorubicin; US - ultrasound therapy; PS — photosensitizer.

Ta6namua 2
[n3aitH aKcrnepumeHTaNnbHOro uccnegoBaHus (cepus 2)

Table 2
Experimental study design (series 2)

Konunue-
CTBO KpbIC

HavmeHoBaHue B rpynne,

rpynnbi n

KoHTpornb 5
Control

HOKC 5 mr/kr 5
DOX 5 mg/kg

¥Y3T 1,04 Mlu; 1,5 Bt/cm?

UT 1.04 MHz; 1.5 W/cm? >
LOOKC 5 mr/kr + Y3T 1,04 MIu; 1,5 Bt/cm? 5
DOX 5 mg/kg + US 1.04 MHz; 1.5 W/cm?

OC 2,5 mr/kr + ¥Y3T 1,04 MIy; 1,5 Bt/cm? 5
PS 2.5 mg/kg + US 1.04 MHz; 1.5 W/cm?

®C 2,5 mr/kr + OOKC 5 mr/kr + Y3T 1,04 MI'u;

1,5 Bt/cm? 5
PS 2.5 mg/kg + DOX 5 mg/kg + US 1.04 MHz;

1.5 W/cm

*NOKC - pokcopybuuuH; ¥3T - ynbTpasBykoBas Tepanus; ®C —
doToceHcMbUNM3aTop.
*DOX - doxorubicin; US - ultrasound therapy; PS — photosensitizer.

Criteria for evaluating antitumor efficacy

The antitumor efficacy of the interventions was
assessed according to the indicators generally accepted in
experimental oncology, which characterize the dynamics
of changes in the average tumor volume vV, cm?), as well
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as the change in the coefficient of absolute tumor growth
(K) and the index of tumor growth inhibition (TGlI, %). The
growth dynamics of transplanted tumors was recorded
starting from the 6th day after transplantation of the PLS
tumor strain for 2 weeks with an interval of 2-3 days.

Tumor volume was calculated using the following
Shreks formula (1):

:gxdlxd2xd3 , (1)

where:

d1,23 - three mutually perpendicular tumor
diameters (in cm);

/6 = 0.52 — a constant value;

V - the volume of the tumor (in cm?).

The coefficient of absolute tumor growth (K) was
calculated by the following formula (2):

K="=V P)

Vo
where:
v, - the initial volume of the tumor (before exposure);
Vt - the tumor volume for a certain period of
observation.
The coefficient of tumor growth inhibition (TGI) was
calculated by the following formula (3):

Veontrol —Vexpeirence

TGI = x 100%), 3)

Veontrol
where:

V..~ the average volume of the tumor in the
control group (in cm?);

eperience the average volume of the tumor in the
main group (in cm 3.

The minimally significant criterion demonstrating the
effectiveness of the treatment of transplanted tumors
was considered TGl > 50%.

The frequency of complete tumor regressions (CR)
was assessed 60 days after the end of exposure by the
absence of visual and palpatory signs of tumor growth.

Number of animals without tumors «

CR frequency =
Jrequency Number of animalsin group

x 100%. (4)

The evaluation of the antitumor effect by increasing
the lifespan was carried out at the end of the experiment
and the death of all rats. The average life expectancy (ALE,
days) in the groups was determined and the indicators
of life expectancy increase (LEIl, %) were calculated using
the formula [5]:

ALEexperiment — ALEcontrol
ALEcontrol

LEI= x 100%, 5)
where:

LEl-anindicator of the increase in the life expectancy
of dead rats (in %);

with photosensitizer photolon in an in vivo experiment

ALE, criment— the average life expectancy of dead rats
in the experimental groups (per day);

ALE_ . —the average life expectancy of dead rats in
the control group (per day).

The minimum significant indicator of LEI
demonstrating the effectiveness of treatment of
transplanted tumors was considered to be 50%.

Statistical processing of the obtained data

Statistical processing of data (V_, coefficients K and
TGI) was carried out using appllcatlon packages Excel
(version 2010), Origin Pro (version 7.0) and Statistica
(version 10.0). Data were presented as Mzm (mean
+ error of the mean). To assess the significance of
differences, the nonparametric Mann-Whitney U test was
used. Comparative analysis of survival rates was carried
out using a nonparametric log-rank test. Differences were
considered statistically significant at a significance level

of p<0.05.

Results and discussion

The effectiveness of the interventions proposed in the
Design was assessed based on the analysis of indicators
characterizing the change in the dynamics of the linear
sizes of transplanted tumors vV, coefficients K and TGlI).

Information about the dynamlcs of changes in V|
and, accordingly, the coefficients K and TGl associated
with this indicator, when using the above effects in rats
with LSP in series 1 of the experiment are presented in
Table 3.

Combination therapy, including a single intra-
abdominal injection of DOX at a dose of 5 mg/kg,
followed 0.5 hours later by an US session with a frequency
of 1.04 MHz and an intensity of 0.5 W/cm? according
to the V_ Criterion was statistically significantly more
effective compared to US alone (p=0.001;V_ inthe group
was 4.59 times less) and tended to mcrease efficiency
compared to chemotherapy without radiation (p=0.86;
V_in the group 1.2 times less).

In turn, combination therapy, including a single
intravenous injection of photolon at a dose of 2.5 mg/kg
2.5-3 hours and intraperitoneal administration of DOX
at a dose of 5 mg/kg 0.5 hours before the ultrasound
session with a frequency of 1.04 MHz and intensity 0.5
W/cm? according to the V_ criterion was statistically
significantly more effective compared to the combined
use of PS and US (p=0.004; V_ in the group was 9.84
times less) and tended to increase efficiency compared
to the DOX + US regimen (p=0.61; V_ in the group was
1.94 times less).

When assessing long-term results in terms of the
incidence of CR of tumors, high efficiency was noted
both in the DOX group and in the combination therapy
groups (DOX + US and PS + DOX + US). It is worth noting
that in the PS + DOX + US group the most optimistic
results were recorded according to the criteria for
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lifespan and lifespan compared to the control group in this group with the results of groups in which the

(ALE 52.045.1 days versus 18.0+1.0 days; LEl = 188.89%; effects are components of a «triple» scheme, statistical w
p=0.00004). When comparing data on survival rates significance was obtained for the differences in life 5
@,
Ta6nuua 3 |:
[aHHble 0 AUHaAMUKe U3MEHEHUS IMHENHbIX pa3MepoB OMnyxoJsie B 3KcnepumMeHTe Ha Kpbicax ¢ JICI o
Table 3 <C
Data on the dynamics of changes in the linear sizes of tumors in an experiment on rats with LSP g
KpuTtepum oueHKu npoTuBoonyxonesoro 3¢pdekra <Z]:
CpegHun o6bem onyxonen (ch ), B cm3(Mxm) Q
95% AU ' (a'4
KoadpdpuymeHT abconoTHoro npupocrta onyxonein (K), B otH.ef.
HanmeHoBaHue
rpynnbi
Koa¢ puumneHT TopmoxkeHuns pocta onyxonein (TPO), B %
s | 7 | w0 | 2 | u | v |
0,03+0,01 1,61+0,53 11,23+2,05 19,92+3,04 41,91+4,08 57,89+4,45
0,6-2,6 7,2-15,2 14,0-25,9 33,9-49,9 49,2-66,6
Kontponb - 52,67 373,33 663,00 1396,00 1928,67
Control
0,02+0,01 0,90+0,42 2,03+1,48 3,04+2,59 5,19+4,02 9,17+7,05
0,1-1,7 0,9-4,9 2,0-8,1 2,7-13,1 4,6-23,0
%%KXC - 44,00 100,50 151,00 258,50 457,50
- 44,10 81,92 84,74 87,62 84,16
>0,05 0,32 0,0039 0,0014 0,00005 0,0001
0,03+0,01 0,89+0,39 8,64+2,24 14,25+3,29 22,89+4,42 34,98+2,26
0,1-1,7 4,2-13,0 7,8-20,7 14,2-31,6 30,6-39,4
{J35T - 28,67 287,00 474,00 762,00 1165,00
- 44,72 23,06 28,46 45,38 39,58
>0,05 0,29 0,41 0,23 0,009 0,0008
0,03+0,01 0,33+0,06 1,33+1,27 4,15+4,07 5,91+5,09 7,62+5,88
0,2-0,4 1,2-3,8 3,8-12,1 4,1-15,9 3,9-19,1
ROKC +Y3T - 10,00 43,33 137,33 196,00 253,00
DOX + US
- 79,50 88,16 79,17 85,89 86,84
>0,05 0,035 0,0017 0,01 0,00018 0,00003
0,02+0,01 1,26+0,38 8,52+1,57 17,93+2,75 22,7143,39 38,67+8,68
0,5-2,0 54-11,6 12,5-23,3 16,1-29,4 21,7-55,7
“;% HFST - 62,00 425,00 895,50 1134,50 1932,50
- 21,74 24,13 9,99 45,81 33,20
>0,05 0,60 0,32 0,64 0,004 0,075
0,03+0,01 0,08+0,05 0,65+0,65 1,77+1,77 2,19+2,19 3,93+3,93
0,0-0,2 0,6-1,9 1,7-5,2 2,1-6,5 3,8-11,6
@C + IOKC +Y3T - 1,67 20,67 58,00 72,00 130,00
PS + DOX + US
- 95,03 94,21 91,11 94,77 93,21
>0,05 0,015 0,0005 0,0003 0,000003 0,000002
*NOKC - fokcopybuuuH; ¥Y3T - ynbrpassykoas Tepanus; OC — poToceHcnbrnmsatop.
*DOX - doxorubicin; US - ultrasound therapy; PS - photosensitizer.
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expectancy rates and median overall survival (52.0+5.1
days and 49 days versus 19.0+0.0 days and 19 days for
DOX + US (p=0.00005), and 20.4+0.6 day and 21 days for
PS + US (p=0.00007), respectively) (Table 4).

Information about the dynamics of changesinV_ and,
accordingly, the coefficients K and TGl associated with this
indicator, when using the above effects in rats with LSP in
series 2 of the experiment are presented in Table 5.

When carrying out combined therapy of transplanted
LSP tumors in rats with a single intra-abdominal injection
of DOX at a dose of 5 mg/kg, followed 0.5 hours later by an
US session with a frequency of 1.04 MHz and an intensity
of 1.5 W/cm?, a moderately pronounced inhibition of
tumor growth was noted in compared with US in mono
mode (V in the group is 3.35 times less, p=0.0014) and
with chemotherapy without radiation (V_ in the group
was 1.19 times less, p=0.74).

Combination therapy based on a single intravenous
injection of photolon at a dose of 2.5 mg/kg for 2.5-3
hours and intraperitoneal administration of DOX at a
dose of 5 mg/kg 0.5 hours before an ultrasound session
with a frequency of 1.04 MHz and intensity 1.5 W/cm?,
was characterized by greater antitumor efficacy in
comparison with the combined use of PS and US (V in
the group is 6.70 times less, p=0.0078) and DOX + US v,
in the group is 2.34 times less, p=0.087).

60 days after the implementation of therapeutic
interventions in the second series of experiments,
the highest incidence of CR (40%) was noted in the
combination therapy group (PS + DOX + US). When
assessing the survival rates of dead rats, there was no

Ta6nuua 4

MHdopMauua 06 oTaaneHHbIX pedynbratax UcciefoBaHus

Table 4
Information about long-term results of the study

with photosensitizer photolon in an in vivo experiment

statistical difference with the control in the groups, with
the exception of DOX + US (p=0.043), (p<0.05) (Table 6).

In recent years, the interest of researchers in studying
the possibility of using methods based on the action of
physical factors in the schemes of combined, complex
and multicomponent treatment of malignant neoplasms
has significantly increased. Such methods include
photodynamic therapy [21, 22, 23, 24], cryotherapy
[25, 26], hyperthermia [27] and others. A promising
direction of scientific research is to study the possibility
of combined use of ultrasound and different classes of
drugs (sonodynamic therapy, SDT).

The SDT methods with various classes of drugs
developed in our study and tested in vivo experiments
have high antitumor efficacy. The first and second
series of experiments showed that two modes are the
most effective: the use of photolon, DOX and US with a
frequency of 1.04 MHz and intensities of 0.5 and 1.5 W/cm?,
respectively. The proposed combination of therapeutic
effects made it possible to significantly inhibit the
growth of transfused tumors (p<0.05), increase the
frequency of CR (p<0.05) and optimize the survival rates
of rats (p<0.05) with transfused tumors compared with
the control and each of the components of the method
separately.

The closest analogue to our study is the work of
P. Xu (2020) (The First Affiliated Hospital, People’s
Republic of China), in which the authors studied the
antitumor efficacy of high-intensity US with an intensity
of 4 W/cm? in combination with silicon nanoparticles
with doxorubicin and e6 chloride on a human breast

Kputepun oueHKN npoTuBoonyxoneBoro 3¢deKra

YacrtoTa
MOJNHbIX
perpeccui, %

HanmeHoBaHue

rpynnbi

pvs.
KOHTpoONb

KoHTporsb 0 18,0+1,0 _ _
Control 16,0-20,0
%%I;C 20 1226;)1;79(; 44,44 028
Us 0 150150 555 033
LS 2 R
oc : 00
T e "

*[NOKC - nokcopybuumH; Y3T - ynbtpassykoBas Tepanus; OC — potoceHcnbmunmsatop; CMXK — cpeaHAA NPOJOMKUTENBHOCTb XKN3HN;
YIMXK — k03 dULMEHT yBenuueHnsa cpefHel NPOACIKUTENBHOCTA XKIU3HU.
*DOX - doxorubicin; US - ultrasound therapy; PS - photosensitizer.
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Ta6nuua 5
[aHHble 0 AMHAMUKEe U3MEHEHUS IMHEMHbIX pa3MepoB OMyXosiel B IKCNepUumMeHTe Ha Kpbicax ¢ JICT N
Table 5 -
Data on the dynamics of changes in the linear sizes of tumors in an experiment on rats with LSP d
KpunTtepum oueHKn npoTtuBoonyxonesoro 3¢ dpexrta =
oz
CpepHnii o6bem onyxoneii (V_ ), B cm® (M+m) <
95% AU —
<
Z
Koa¢puumneHT abconoTHoro npupocta onyxoneii (K), B oTH.ef. @)
HanmeHoBaHune o
rpynnbi
Koa¢puumeHT TOpmoKeHusa pocta onyxoneii (TPO), B % O
I R
1,63+0,22 11,43+1,42 21,81+1,63 54,19+2,95 66,11+2,89
0,012+0,002 1,221 8,6-14,2 18,6-25,0 48,4-60,0 60,4-71,8
KoHTponb - 134,83 951,50 1816,50 4514,83 5508,17
Control
0,99+0,21 3,41+0,27 6,56+0,72 8,66+1,19 9,75+1,42
e 06-1,4 2,939 5,1-8,0 6,3-11,0 7,0-12,5
LOKC - 69,71 242,57 467,57 617,57 695,43
DOX
- 39,26 70,17 69,92 84,02 85,25
>0,05 0,059 0,0002 0,000003 0,00000 0,00000
1,03+0,19 3,93+0,83 15,02+2,86 26,47+3,54 27,51+4,00
0,012+0,002 0,7-14 2356 9,4-20,6 19,5334 19,7-35,4
Y3T - 84,83 326,50 1250,67 2204,83 2291,50
us
- 36,81 65,62 31,13 51,15 58,39
>0,05 0,063 0,0008 0,063 0,00009 0,00008
0,32+0,07 0,85+0,22 5,05+1,49 7,19+1,96 8,22+2,18
O 0205 0,413 21-80 33-11,0 39125
OOKC + Y3T - 28,09 76,27 458,10 652,64 746,27
DOX + US
- 80,34 92,56 76,85 86,73 87,57
>0,05 0,0001 0,00001 0,00001 0,00000 0,00000
0,65+0,25 2,54+0,72 12,12+3,67 21,36+5,92 23,53+6,04
0,011+0,002 0,2-1,1 1,1-4,0 4,9-19,3 9,8-33,0 11,7-35,4
OC+Y3T - 58,09 229,91 1100,82 1940,82 2138,09
PS +US
- 60,12 77,78 44,43 60,58 64,41
>0,05 0,013 0,0002 0,034 0,0004 0,00005
0,33+0,08 0,83+0,29 2,14+0,67 3,41+1,12 3,51+1,24
B 0205 03-1,4 0,8-3.5 1,256 1,159
OC + JOKC + Y3T - 29,00 74,45 193,55 309,00 318,09
PS + DOX + US
- 79,75 92,74 90,18 93,71 94,69
>0,05 0,0002 0,00002 0,00000 0,00000 0,00000
*NOKC - gokcopybuuuH; ¥Y3T - ynbrpassykoas Tepanus; OC — poToceHcnbrnmsatop.
*DOX - doxorubicin; US - ultrasound therapy; PS — photosensitizer
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Ta6nuua 6
UHdopmauusa 06 oTaaneHHbIX pe3ynbTatax uccnegoBaHus

Table 6
Information about long-term results of the study

with photosensitizer photolon in an in vivo experiment

KpuTepum oueHKu npoTuBoonyxonesoro 3¢pdexkra

YactoTa
NMOJHbIX
perpeccuii, %

HanmeHoBaHme

rpynnbi

pVs.
KOHTpOJb

KoHTponb 0 19,0+0,0 _ _
Control 19,0-19,0
o 2 el
B : e
o : =
oc 2 o0
AT o e

*NOKC - nokcopybuuuH; ¥Y3T - ynbTpassykosas Tepanus; OC — poToceHcnbunmsatop; CMK — cpefjHAA MPOAOIIKUTENBHOCTb KU3HU;

YIMXK — k03 dnLMeHT yBenuueHna cpegHelt NPOACIKUTENBHOCTY XIN3HW.

*DOX - doxorubicin; US — ultrasound therapy; PS — photosensitizer.

cancer tumor model MDA-MB-231. The data obtained
indicate a significant inhibition of growth and a decrease
in the mass of experimental tumors when using the
combined treatment regimen compared with each of
its components (p<0.05) [13]. Nevertheless, the use of
higher US intensities in this study may be associated
with a greater risk of serious adverse reactions and the
predominant realization of the effects of hyperthermia
rather than sonochemical reactions.

Systematization and analysis of the above publications
of foreign researchers allowed us to conclude that the
use of PS and chemotherapy drugs in combination with
US radiation (sonodynamic effect) was characterized by
a synergistic increase in the antitumor effectiveness of
combined therapy compared with each of its components,
which was confirmed by a statistically significant increase
in the number of non-viable tumor cells and inhibition
of the growth of transfused tumors in laboratory
animals. The mechanism of action of chemotherapy
drugs (doxorubicin, adriamycin, bleomycin) used in the
listed in vitro/in vivo studies consists in interaction with
DNA, formation of free radicals and direct action on cell
membranes with suppression of nucleic acid synthesis.
Ultrasound exposure to tumor cells sensitized by these
drugs can significantly increase their active therapeutic
concentration by affecting the permeability of tumor
cell membranes. In the case of sonodynamic activation
of PS, sonochemical reactions mediated by the influence
of ultrasound occur in the structures of tumor cells due
to the toxic effects of significantly increasing amounts

of reactive oxygen species formed during sonodynamic
modification of PS molecules. An important role is played
by the effects of ultrasound itself, such as cavitation and
local hyperthermia, leading to both direct and indirect
damage to tumors due to disruption of the functional
state and integrity of blood vessels that feed tumor tissues.

Considering that in the available literature sources
we have found only a few publications devoted to the
study of the effectiveness of the combined use of PS
and chemotherapy drugs in combination with ultrasonic
radiation, the implementation of further research in
this area is an urgent and promising area of scientific
work. It is advisable to perform experiments on a larger
number of tumor models (subcutaneous, orthotopic).
Equally important is the study of the antitumor
effectiveness of SDT methods with a large number of PS
and chemotherapy drugs, as well as the implementation
of studies aimed at exploring the possibilities of using
subtherapeutic doses of drugs in order to reduce the
frequency and severity of adverse reactions.

CONCLUSION

The methods of SDT with various classes of drugs
developed in our study make it possible to expand the
range of therapeutic options in experimental and clinical
oncology.

The work was carried out with financial support from
the Belarusian Republican Foundation for Basic Research
(Grant No. M21M-031).
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PHOTODYNAMIC THERAPY OF CUTANEOUS
SQUAMOUS CELL CARCINOMA
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Abstract

Photodynamic therapy has traditionally been used and approved in many countries for the treatment of intraepithelial forms of cutaneous squa-
mous cell carcinoma and precancer - actinic keratosis and Bowen'’s disease. However, recently a number of studies have been conducted that
suggest a possible expansion of the boundaries of photodynamic therapy for cutaneous squamous cell carcinoma. Several authors have sug-
gested a therapeutic effect of photodynamic therapy for superficial, microinvasive and well-differentiated cutaneous squamous cell carcinoma. We
reviewed publications on the website https://pubmed.ncbi.nlm.nih.gov devoted to this problem. Analysis of the research results shows that photo-
dynamic therapy can achieve high efficiency and good cosmetic results in patients with microinvasive cutaneous squamous cell carcinoma, and in
some cases even with an invasive form, and can be considered as an alternative to surgical treatment in patients with contraindications to surgery.
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OOTOANHAMUYECK A4 TEPATNNA BOJIbHbIX
MIIOCKOKJIETOYHbIM PAKOM KOXHU

E.B. ®unonenko', B.A. Neanosa-Pagkesmny?

1«MOCKOBCKMI HOYYHO-UCCNIENOBATENBCKMIM OHKOMOrMYecKmit MHCTUTYT um. [.A. Tepuera —
dununan GIBY «HaumoHanbHbI MEAMUMHCKMIA MCCEN0BATENLCKMM LLEHTP PAAMONOTMMY
Munucrepcrsa sppasooxpanerms Poceuitckoin Pepepaumnm, Mocksa, Poccus
2Pocceuitckmit Yuusepeutet apyxbbl Haponos, Mocksa, Poccus

Pe3siome

DoToaMHaMMYecKas Tepanus TPAAULNOHHO NPUMEHSIETCA 11 0L06peHa BO MHOMMX CTPaHaX Afs IEUEHVS BHYTPUSMNUTENMASIbHbIX GOpM Mnio-
CKOKJIETOYHOTO paKa 1 npeapaka — akTMHNUYECKOro KepaTo3a 1 6onesHu boysHa. OfHako B nocneaHee Bpems 6bi MPOBeAeH psAA Uccieno-
BaHWIA, MO3BONAIOLMX CAEATb NPEANONOoXKeHE O BO3SMOXXHOM PaCLUMPEHUN FPaHNL, NpYMeHeHUss GOTOAMHAMUYECKON Tepanun Npu nio-
CKOKJIETOYHOM PaKe KOXM. HeckonbKuMmn aBTopamu 6biio BbiCKa3aHO MPEAnoioKeHNE O TePANeBTUYECKOM dddeKTe GpOTOANHAMUYECKON
Tepanuu Npu NoBepXHOCTHOM, MUKPOMHBA3UBHOM U XOPOLO AnddepeHLMpPOBaHHOM MIOCKOKIETOUHOM pake Koxu. Mbl nposenu o063op
ny6nukaumn Ha caite https://pubmed.ncbi.nlm.nih.gov, noceALleHHbIX 3To Npo6nemMe. AHanu3 pe3y/bTaToB UCC/IEA0BaHUI MOKa3biBaeT,
410 GOTOANHAMMYECKASN TEPATVS MOXKET MO3BOINTD AOCTUYb BbICOKOV SGPEKTUBHOCTY U XOPOLLMX KOCMETUYECKIX PE3YJIbTaTOB Y NAaLVEHTOB
C MUKPOWHBA3MBHbIM MIIOCKOKIETOUHbIM PAaKOM KOXMW, @ B psfie C/lyYaeB — Aaxe C MHBA3VNBHOWM GOPMOA, 1 MOXET OblTb PacCMOTPeHa, Kak
anbTepHaTVBa XUPYPrMYecKoMy NIeUeHMIo Y MaLVEHTOB C MPOTMBOMNOKa3aHMAMM K OnepaTMBHOMY BMELLATENbCTBY.

KnioueBble cnoBa: poToanHammnyeckas Tepanus, MIOCKOKIETOUHbIN pak KOXN, 5-aMUHONEBYIMHOBAsA KACIOTa, METUIIOBbIN 3GUp 5-aMUHO-
NEBYNNHOBOW KWUCNOTbI, XJIOPUH €6.

KoHTakTbl: DunoHeHko E.B., e-mail: elena.filonenko@list.ru.

Ana yntnposanua: OunoHeHko E.B., VBaHoBa-PagkeBuy B./. ®otopmHammueckaa Tepanua 60NbHBIX MIOCKOKIETOUYHbIM Pakom KOoXu //
Biomedical Photonics. — 2024. - T. 13, N2 4. - C. 33-39. doi: 10.24931/2413-9432-2024-13-4-33-39
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Introduction

Cutaneous squamous cell carcinoma (cSCC) is the
second most common non-melanocytic skin tumor
after basal cell carcinoma. In the Russian Federation (as
in many countries around the world), when analyzing
cancer statistics, ¢SCC is not taken into account
separately from other non-melanocytic skin tumors,
however, according to some data, cSCC accounts for
up to 15-20% of all skin cancer cases [1]. In 2023, the
incidence of non-melanocytic malignant skin neoplasms
in Russia was 305.5 cases per 100 thousand population
[2]. Thus, according to indirect estimates, the incidence
of cSCC is about 60 cases per 100 thousand population.

Clinical manifestations

The lesions of cSCC most often have a dense structure
with a smooth surface or look like a hyperkeratotic
papule or plaque, in the center of which an ulcer may be
located. In some cases, the lesion of cSCC may look like a
non-healing ulcerated wound that bleeds with minimal
trauma [3].

Stages of dissemination

The main precursor of ¢SCC is actinic keratosis (AK).
These two pathologies can be considered as different
stages of development of one pathological process
with transformation of epidermal keratinocytes [4]. The
main ways of development and dissemination of cSCC
are local infiltration and proliferation. In some cases,
dissemination can occur along nerves and blood and
lymphatic vessels. ¢SCC is characterized by a fairly high
frequency of metastasis to the lymph nodes — an average
of 3% [5,6]. Most authors note that the risk of metastasis
in patients with weakened immunity is higher than with
normal functioning of the immune system [7].

The frequency of degeneration of AK foci into ¢SCC
varies significantly from one study to another. On average,
it is believed that in about 60% of cases, cSCC develops
in the area of AK foci, and there is a clear relationship
between the number of actinic keratosis formations and
the risk of malignant transformation. However, although
AK is considered a risk factor and a possible marker for
subsequent invasive ¢SCC, it should be noted that a
number of authors provide data that up to half of AK
lesions disappear on their own within 1 year [8].

Non-invasive forms of cSCC (in situ) include Bowen'’s
disease and erythroplasia of Queyrat. When the invasion
of the papillary dermis occurs, it is called microinvasive
¢SCC; when the tumor spreads further into the skin, cSCC
is considered invasive [9,10].

Diagnosis

There are several biopsy techniques for taking
samples of lesions that may be skin cancer. Initial tissue
sampling is usually done by curettage if the lesion is

Filonenko E.V., Ivanova-Radkevich V.I.
Photodynamic therapy of cutaneous squamous cell carcinoma

raised, or by punch biopsy of the most abnormal areas
of the skin [3].

Therapy

The standard treatment for invasive ¢SCC is surgical
removal of the tumor lesion. However, for some patients,
the possibility of surgical removal of the ¢SCC lesion
may be limited due to age, general health, concomitant
anticoagulantorimmunosuppressivetherapy,andallergy
to local anesthetics. For such patients, the development
of other treatment methods is relevant. According to
some guidelines, if surgical removal of the ¢SCC lesion
is not possible, there is a possibility of treating low-risk
tumors with radiation therapy. However, as many studies
show, radiation therapy is not effective enough for cSCC.
In addition, post-radiation skin syndrome may worsen
over time, and radiation therapy is usually not prescribed
to patients under 55 years of age [3,8,9]. Treatment with
cryotherapy, imiquimod, and 5-fluorouracil is associated
with poor outcome and a high recurrence rate [11].

Another alternative treatmentfor cSCCis photodynamic
therapy (PDT). PDT demonstrates high efficiency and is
approved in Russia and abroad for the treatment of many
tumor and precancerous skin diseases [12-15]. In particular,
our recent review showed that PDT can be considered
as one of the first-line treatment options for in situ cSCC.
An analysis of articles devoted to PDT in monotherapy
in patients with Bowen’s disease demonstrated that
PDT is more effective and safer than 5-fluorouracil and
cryotherapy and is well tolerated by patients with minimal
side effects and an excellent cosmetic result, which is
important for patients with non-invasive ¢SCC lesions on
the face and exposed skin areas [16].

However, at present, there is insufficient evidence
from large randomized multicenter studies regarding
the efficacy of PDT as a treatment for invasive cSCC
[17] and there is insufficient evidence to support the
routine use of local PDT in ¢SCC [18]. There are only a few
studies evaluating the efficacy and tolerability of PDT
for microinvasive and invasive cSCC. According to some
authors, although local PDT is quite effective for superficial
lesions of ¢SCC, it is less effective for thicker tumors,
mainly due to inefficient absorption of 5-aminolevulinic
acid (5-ALA) and its derivatives, uneven distribution of
photoactive protoporphyrin IX, and limited penetration of
light into deeper tumor tissues [18].

The table provides summary data on the effectiveness
of PDT in patients with microinvasive and invasive cSCC.
The articles were searched on the website https://
pubmed.ncbi.nlm.nih.gov for the period 1995-2024
using the keywords “invasive OR minimally invasive
OR microinvasive” AND “cutaneous squamous cell
carcinoma” AND “photodynamic therapy”.

In a randomized clinical study by Choi S.H. et al., 24
patients with microinvasive cSCC underwent 2 courses of
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PDT with 5-ALA [19]. The study also included 21 patients
who underwent 1 course of PDT with preliminary
treatment of the c¢SCC lesion with an ablative fractional
laser. The overall complete response rate 3 months after
2 courses of PDT was 52.4%. It should be noted that the
use of an ablative laser increased this figure to 84.2%.
However, both treatment approaches did not have
significant differences in terms of cosmetic results, side
effects, or pain intensity.

Calzavara-Pinton P.G. et al. reported the efficacy of
PDT with 5-ALA in the treatment of ¢SCC depending
on the depth of invasion [10]. The authors of the article
staged cSCC taking into account the level of invasion
according to Clark, which shows to what layer of the skin
the tumor has spread. The authors assigned level | to
cSCC in situ (Bowen'’s disease), level Il (invasion into the
papillary dermis) to microinvasive cSCC, and levels IlI-V
to invasive c¢SCC. The results of the study confirmed the
higher efficacy of PDT in relation to microinvasive cSCC
(level Il according to Clark, invasion into the papillary
dermis) compared to invasive variants of ¢SCC (level IlI
and IV according to Clark). Complete regression 3 months
after 2 courses of PDT was achieved in 80.0% of cases of
microinvasive cSCC and only in 45.2% of cases of invasive
¢SCC (Clark levels Il and IV). For comparison, when using
PDT in patients with ¢SCC in situ (Bowen’s disease), the
frequency of complete regressions was slightly higher
than in the case of the microinvasive form of the tumor -
87.8%. With long-term observation, the effect in patients
with the microinvasive form of c¢SCC was significantly
more stable than in patients with invasive cSCC: after 24
months, complete regression was preserved in 57.5% of
cases of microinvasive ¢SCC and in 25.8% of cases of the
invasive form of the disease.

One of the largest studies of the effectiveness of
PDT in ¢SCC (51 patients) was conducted in Russia [21].
Patients underwent PDT after intravenous administration
of photolon, a photosensitizer based on chlorin e6. In
24 patients (47.1%), the diagnosis was made for the first
time, 27 patients (52.9%) were treated for continued
growth or relapse of cSCC after radiation therapy, surgery,
cryodestruction, and combined treatment. Among
patients with primary ¢SCC, T1 was established in 7 (29.2%),
T2in 16 (66.7%), and T3 in 1 (4.2%) people. Among these
patients, complete regression of tumor foci was achieved
in 91.7% of patients and partial in 8.3%. Among patients
with recurrent cSCC, the tumor sizes ranged from 2.0 to
5.0 cm in 40.7%, and 5.0 cm or more in 59.3%. Among
these patients, complete regression was achieved only in
59.3% of cases, partial regression in 33.3%, and no effect in
7.4%. With an observation period of 6 months to 5 years,
recurrent CCRC were diagnosed in 31.2% of patients.

Another large study involving 25 patients from 5
centers in 3 countries was published by Kubler et al. [20].
This was a prospective, open-label, multicenter study

conducted on patients with early-stage lip ¢SCC. The
authors used temoporfin (0.15 mg/kg intravenously) as a
photosensitizer. The interval between the administration
of the photosensitizer and irradiation (20 J/cm?) was
4 days. The complete response rate at 3 months after
treatment was 96%. During the dynamic observation,
relapse of cSCC was registered in 2 patients: 4 and 18
months after treatment.

The remaining publications we found were reports of
individual clinical observations in which PDT demonstrated
high efficacy against microinvasive cSCC (Table).

Discussion

As is known, the method of choice in the treatment
of patients with cSCC is surgical removal of tumor
foci [3,59]. However, for a significant cohort of
patients, there are limitations in performing surgical
intervention. This may be due to the age of the patients,
somatic status, or concomitant therapy. For this cohort
of patients, the development of non-invasive methods
for influencing cSCC foci is relevant. The use of iquimod
and 5-fluorouracil often does not achieve acceptable
efficiency [11,16]. Superficial ablative techniques such
as electrodissection and curettage, cryotherapy, and
the use of CO, laser have not shown high efficiency
and, thus, the validity of their use for the treatment of
invasive cSCC is highly questionable [11]. The use of
chemotherapy and radiation therapy are associated
with multiple side effects. PDT in the treatment of
non-invasive cSCC has a number of advantages, which
include relatively less invasiveness, high selectivity for
tumor tissue, no serious side effects, good cosmetic
results, low recurrence rates, and relative safety for
elderly patients and patients with comorbid conditions
for which surgical intervention is inappropriate [10,19-
26]. Despite all these advantages, PDT still requires
some modifications to be successfully used in invasive
¢SCC[10]. The main reason for the low efficiency of local
PDT in invasive ¢SCC may be insufficient penetration
of the topically applied photosensitizer through tumor
tissue or insufficient local bioavailability and, as a result,
decreased cellular absorption. Studies to increase the
efficiency of photosensitizers in relation to ¢SCC are
mainly aimed at developing methods to increase drug
penetration and achieve the desired concentration of
the photosensitizer in the tumor lesion. To increase the
delivery of photosensitizer to tumor cells, a combination
of PDT with various methods of physical action and
optimization of medicinal forms of photosensitizers is
used, facilitating the penetration of the photosensitizer
deep into the tissue [11].

For example, in the study by Sotiriou E. et al,
intralesional administration of the photosensitizer was
used to achieve the maximum concentration of the drug
in the tumor focus [20]. This approach allowed achieving
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complete regression of the infiltrative cSCC focus after
just 1 course of PDT with 5-aminolevulinic acid methyl
ester, and the relapse-free observation period was
16 months. Another promising direction is the use of
nanoforms for encapsulation of the photosensitizer
[27,28].

A number of studies have attempted to increase
the efficacy of PDT for invasive ¢SCC by combining it
with other physical or chemotherapeutic modalities.
As discussed earlier, Choi S.H. et al. [16] showed that
pretreatment of cSCC lesions with an ablative laser
resulted in complete regression in more cases than PDT
monotherapy, although no significant differences were
observed in both cases in terms of cosmetic outcomes,
adverse events, or pain intensity. Another study showed
in cell culture experiments that metformin pretreatment
could inhibit metabolic changes in c¢SCC cells during
PDT treatment and reduce tumor cell survival, and
this effect was confirmed in in vivo experiments where
metformin pretreatment increased the efficacy of PDT
with intratumoral administration of MAL [29]. Anand F. et
al. demonstrated increased accumulation of photoactive

Filonenko E.V., Ivanova-Radkevich V.I.
Photodynamic therapy of cutaneous squamous cell carcinoma

protoporphyrin IX in cSCC cells after 3-day pretreatment
of tumor lesions with 5-fluorouracil [30], which resulted in
greater tumor cell death. Another mechanism, according
to the authors, may be related to the fact that exposure
to 5-fluorouracil could cause changes in the expression of
key enzymes of protoporphyrin IX metabolism, including
coproporphyrinogen oxidase and ferrochelatase.

Regarding the efficacy of various photosensitizers
used for PDT of invasive cSCC, the number of studies in
this area is not large enough to speak of a statistically
significant difference, but there is an obvious trend
towards higher efficacy when using photosensitizers
based on chlorin e6 [10,19-21].

Conclusion

Photodynamic therapy can achieve high efficiency
and good cosmetic results in patients with microinvasive
¢SCC, and in some cases even with the invasive form, and
can be considered as an alternative to surgical treatment
in patients with contraindications to surgery. In invasive
cSCC, the use of photosensitizers based on chlorin e6 is
preferable, as they demonstrate higher efficiency.
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Abstract

To reduce the frequency of relapses after surgical removal a brain tumor, it is critically important to completely remove all affected areas of the
brain without disrupting the functionality of vital organs. Therefore, intraoperative differential diagnostics of micro-areas of tumor tissue with their
subsequent removal or destruction is an urgent task that determines the success of the operation as a whole. Optical spectroscopy has shown
its advantages over the past decade when used as a tool for intraoperative metabolic navigation. And one of the most promising options for
the development of this technology is spectrally-resolved imaging. Currently, methods of spectrally-resolved imaging in diffusely reflected light
have been developed, for example, mapping the degree of hemoglobin oxygen saturation, as well as fluorescence visualization systems, for both
endogenous fluorophores and special fluorescent markers. These systems allow rapid analysis of tissue by the composition of chromophores and
fluorophores, which allows the neurosurgeon to differentiate tumor and normal tissues, as well as functionally significant areas, during surgery.
No less mandatory are the methods of using spectrally resolved visualization based on mapping characteristics obtained from Raman spectra, but
due to the smaller cross-section of the process, these methods are used ex vivo, as a rule, for urgent analysis of fresh tissue samples. In this paper,
we focus on both the physical foundations of such methods and a very important aspect of their application - machine learning (ML) methods for
image processing and tissues’ classification.

Keywords: optical spectroscopy, spectrally-resolved imaging, intracranial tumors, machine learning, fluorescence intraoperative navigation,
fluorescence endomicroscopy, Raman microscopy, CARS, Stimulated Raman Histology, hyperspectral images.
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3apaven, onpepensioLen ycnex onepauyum B Lenom. OnTnyeckas CneKTpoCcKonus 3a NocnefHue AecATUNETE MOKa3asa CBOU NpeunMyLLecTBa
NpU NCMOMNb30BaHNUM B KaYeCTBe HCTPYMEHTa MHTPaonepaLyioHHON MeTabonnyeckomn HaBuraumm. Ml ogHUM 13 Hambonee MHoroobeLaoLwmnx
BAPMWAHTOB Pa3BUTNA 3TON TEXHOJNOTMN ABNAETCA CNEKTPaNibHO-Pa3peLLeHHan Br3yanm3auus. B HacToAL M MOMEHT pa3paboTaHbl METOANKN
KaK CreKTpanbHO-pa3peLleHHON BU3yanusaumm B Andedy3Ho-oTpaxkeHHOM CBETe, NO3BOMAIOLIME, HANPUMEp, KaPTNPOBaTb pacnpeaeneHvie
caTypauum remornobuHa Kncnopogom B 30He MHTepeca, Tak 1 CUCTeMbI Br3yanu3auun ¢ayopecLieHLnm, Kak SHAOTEHHOW, Tak U MHAYLMPO-
BaHHOW BBEEHMEM B OPraHn3m nauveHTa $GnyopecLeHTHbIX MapKepOoB. TN CUCTeMbI 06ecneyrBatoT GbICTPbIN aHanM3 TKaHel Mo CocTaBy
nccnepyembix Xxpomodopos 1 GpnyopodopoBs, NO3BONAA HENPOXMPYPTY BO Bpemsa onepauumn anddepeHLmMpoBaTb OMyxoneBble U HOpMasb-
Hble TKaHW, @ Tak»Ke GYHKLMOHaNbHO 3HauYMMble 30HbI. He MeHee BaXKHbIM HampaBieHMeM NMPUMEHEHUA CNEKTPaNbHO-Pa3peLLEHHON BU3yani-
33K ABNAIOTCA METOAbI, OCHOBAHHbIE HA KAPTVPOBAHUMN XapaKTePUCTUK, NMOJyHYaeMbIX U3 CNIEKTPOB KOMOMHALMOHHOTO paccenHvs, OAHAKO,
B CWJTy MEHDBLLEro CeYeHUs NpoLecca 3T METOAUKM MCMOb3YIOTCA ex Vivo, Kak NpaBuio, Af1A CPOUYHOTO aHanu3a TONbKO YTO yAaneHHbIX
06pasLioB TKaHel. B HacToALel paboTe Mbl cenaem GOKyC Kak Ha pU3NUECKUX OCHOBAHUAX TakuX METOAOB, Tak 1 Ha BECbMa BaXHOM acrekTe
MX MPUMEHEHUA — METOAAX MALUMHHOTO 0ByUYeHNA AA 06PabOTKM TaKMX M306parkeHWI U Knaccuprkaumum TKaHen.

KnioueBble cnoBa: onTuyeckas CNekTpOCKonus, CnekTpanbHO-paspeLleHHan B13yanv3aLms, BHyTpuYepenHble onyxonu, MallviHHoe obyye-
Huie, pnyopecLieHTHasA UHTpaorepaLVoHHasA HaBMrauus, GyopecLeHTHas SHAOMUKPOCKOMMWA, MUKPOCKOMMA KOMOMHALMIOHHOTO pacceaHus,

CARS, CTumynupoBaHHaA PamaHOBCKas ructonorusa, rmnepcnexkTpanbHble |/|306pa>Keva.
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Principles of formation
of spectrally resolved images

Speaking about spectrally resolved imaging in
biomedical applications, it is necessary to have a
good understanding of what physical effects of light
interaction with biological tissues lead to the formation
of these images and why spectral resolution of the
recorded signals is required (Fig. 1).

Light incident on a biological object can be reflected
from the surface (Fresnel reflectance signal Rf) or pass
through without interaction with tissue components
(transmission Tc, so-called ballistic photons), but we
do not consider these trivial cases in this review. From

the diagnostic point of view, we are interested in those
variants of light interaction with the tissue that we
observe in its volume. First of all, it is necessary to keep
in mind that most biological tissues are highly scattering,
so light is scattered in tissues many times (this interaction
is described by such an optical parameter of tissues as
the scattering coefficient My which is a value inverse to
the photon path length in the tissue between scattering
acts). Light scattering depends on the size of scattering
particles relative to the wavelength of incident light, as
well as their concentration, i.e. we can judge about the
structural features of tissues by this parameter. We can
estimate the value of the scattering coefficient by the

Rf
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Fig. 1. Interaction of light with
biological tissues.
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diffuse scattering signal (in the case of registration from
the same side of the tissue from which the illumination
was performed, we speak of diffuse reflectance Rd).
Another important type of interaction is the absorption
of light by the tissue. After light passes through the tissue,
we obtain the diffuse reflectance spectrum due not only
to light scattering, but also to absorption, since part of
the light does not reach the receiver due to absorption,
and part due to the fact that it was scattered in other
directions. Therefore, from the diffuse reflectance signal,
by decomposing the spectrum, it is also possible to
extract the absorption spectrum of the tissue, and hence
the information about the content of major absorbers,
for example, hemoglobin. No less important from the
diagnostic point of view is such type of interaction as
fluorescence of molecules when they absorb the incident
light. We distinguish between Stokes fluorescence (with
energy loss due to internal relaxation) and anti-Stokes
fluorescence (with energy gain), but the first variant is
more probable and is much more often used in medical
applications. In this case, while light scattering can
occur with different probabilities at different angles
(generalized scattering phase functions are indicated
by colored ellipses in Fig. 1), the fluorescence signal is
emitted isotropically along the direction. However, after
that, the fluorescence emission also travels through
the medium, scattering and absorbing repeatedly.
Thus, when recording the fluorescence spectrum from
biological tissues, we must remember that it has been
affected by absorption and scattering and in some cases
will require correction for these factors. A less probable
process, but very valuable from a diagnostic point of
view, is the effect of Raman scattering of light. Raman
scattering is a physical process in which not only the
direction of the incident light but, more importantly, the
energy of the light changes as a result of the interaction.
As in the case of fluorescence, we distinguish between
the Stokes (energy loss) and anti-Stokes (energy gain)
components of Raman scattering. Since the probability
of Stokes scattering is much higher for thermodynamic
reasons, we observe it most often, while the observation
of the anti-Stokes component requires special technical
solutions, which will be discussed below. Since the
energy shift in Raman scattering is associated with
vibrational sublevels of molecules, this signal allows us
to estimate the molecular composition of tissues without
introducing additional markers.

Spectrally resolved imaging systems can be divided
into multispectral and hyperspectral imaging (MSI and
HSI). Familiar examples of spectrally resolved imaging
in everyday life are human color vision and the color
cameras of our smartphones. The three color channels
allow these systems to be classified as multispectral
systems. Multispectral images typically contain between
3 and 10 bands. If more filters with narrower bandwidths

are used, such a system can be called hyperspectral.
Thus, the main difference between multispectral and
hyperspectral images is the number of bands and their
width [1].

In fact, in spectrally resolved visualization, instead of
a single image, we register a hypercube of size HxWxL
(frame height and width, as well as wavelength), i.e. a set
of images, each of which corresponds to the brightness
distribution in a certain spectral range. In this case, each
spatial pixel of such animage contains information about
the spectral distribution at a given point in the field of
view (Fig. 2).

The two main categories of spectral imaging methods
are scan-based and wide-field imaging. Point scanning
(whisk-broom) methods (Fig. 3A) capture spectral data
pixel by pixel. Although this method provides high
spectral resolution, it requires HXW iterations to obtain
a hypercube, which is time-consuming for megapixel
images and limits their use for capturing static scenes
and/or small fields of view. Linear scanning (push-
broom) methods (Fig. 3B) use a linear detector oriented
perpendicular to the scanning direction (e.g., row detec-

-J,
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Puc. 2. Paznuune MynbTUCNEKTPASIbHBIX U TUNEPCNeKTPabHbIX
M306paxKeHun.

Fig. 2. Difference between multispectral and hyperspectral
images.
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Puc. 3. PasnunyHble MeToabl NONy4YEeHUSA rMnepcneKTpaibHbIX
AaHHbIX (A — TOYe4YHOoe CKaHupoBaHue, B — nuHenHoe cKkaHupo-
BaHue, C — cneKTpanbHOe CKaHUpOBaHue).

Fig. 3. Different methods of obtaining hyperspectral data (A —
point scanning, B — line scanning, C — spectral scanning).
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tors scan along columns), and spectral data are collected
row by row. This approach reduces the number of
registrations to the number of rows or columns in the
image, which significantly decreases the registration time
compared to point scanners. These are the most common
systems that are widely used in HSI applications [2].

Wide-field imaging is a method of simultaneously
illuminating and, consequently, detecting the entire field
of view in an array of points (pixels of the detector array).
Compared to scan-based imaging methods, wide-field
imaging eliminates the need for mechanical scanning
and allows a large area to be imaged in a single scan.

Spectral scanning methods (Fig. 3C) are essentially
related to wide-field imaging as they allow one spectral
channel in a hyperspectral cube to be imaged at a
time. For this purpose, it is possible to use a tunable
bandpass spectral filter for sequential acquisition of
two-dimensional images in each spectral channel. It is
possible to implement this principle through filters at
the receiver, as well as time multiplexing of light sources,
for example. Snapshot methods provide a hyperspectral
cube with full spatial and spectral information in a
single exposure. Snapshot acquisition is achieved by
multiplexing the sensor with spatial separation in spatial
and spectral dimensions. It can be several cameras
separated by beam splitters, mosaically arranged filters
on the detector matrix or separation of the detector
matrix into macro zones for different filters.

Video fluorescent systems

At the end of the 20th century, W. Stummer [3]
presented the results of the study of fluorescence of
5-ALA-induced protoporphyrin IX (Pp IX) in patients with
glioblastoma, which initiated a new round of interest in
fluorescence in surgical practice. Pp IX is not injected
itself, but accumulates in tumor tissues as a product of
the metabolism of 5-aminolevulinic acid, which is used
as a drug for administration. This determines a number
of its interesting properties as a tumor marker [4-6].
Another porphyrin-based fluorescent tumor marker
chlorin e6 is promising for application in neuro-oncology
[7]. Since then, the use of Pp IX and chlorin e6 has become
widespread in neurosurgery [8, 9] and has gone beyond
an exclusively spectroscopic technique - in many

neurosurgical clinics and departments, fluorescence
video navigation is a routine part of brain and spinal cord
tumor removal [10].

Fluorescence is the emission of light by an atom or
molecule in an electronically excited state (in particular,
due to light absorption) (Fig. 4). Fluorescence is one
variant of the radiative relaxation of a molecule from an
excited state.

Video systems for fluorescence navigation in neuro-
surgery can currently be divided into wide field of view
and microscopic systems.

The principle of working of systems with a wide
field of view is to illuminate the entire area of interest
with a light source, the wavelength of which coincides
with one of the maxima in the absorption spectrum
of the detected fluorescent markers. For example,
protoporphyrin IX, which is widely used in neurosurgery,
has a strong absorption band in the violet region, the
so-called Soret band, as well as a Q-band of absorption
closer to the window of biological transparency,
therefore, light sources with wavelengths coinciding
with all local absorption maxima of this molecule can
be used for its excitation. For fluorescence detection
a cross filter system is necessary: an illuminating filter
suppressing the excitation light in the spectral range of
fluorescence registration, and an imaging filter installed
before the photodetector suppressing the excitation
light, which is necessary because fluorescence is several
orders of magnitude lower in intensity than the light that
excites it.

Among the systems with a wide field of view, the Opmi
Pentero Carl Zeiss microscope with Blue 400 mode, which
allows to observe fluorescence of Pp IX when excited by
violet light, is actively used in neurosurgical practice.
The main limitation of using this mode is the presence
of blood in the wound, which absorbs visible light in
the short-wave region, preventing it from penetrating
deeper - to the tissues under study. This limitation can
be avoided by using an excitation source not in the
short-wave range of the spectrum, in which most of the
biological molecules absorb light, but, for example, in
the first window of biological transparency in the red
region, as it was proposed in [11]. The authors created
an endoscopic system for visualizing the distribution of

Puc. 4. lnarpamma S16710HCKOr0O C 3HepreTuye-
CKMMM nepexoaamu, UINIOCTPUPYIOLWUMU NPUHLIUN
NnornoLweHns ceeta MONeKynon U UCNycKaHus
¢nyopecueHL1M B CTOKCOBOM 061acCTu.

300 400 500 600 700 j 550 650 750

A, nm A, nm

Fig. 4. Jablonski diagram with energy transitions
illustrating the principle of light absorption by a
molecule and fluorescence emission in the Stokes
region.
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Pp IX that combines full-color and fluorescence imaging
and calculates the concentration of the photosensitizer
under study in the central region. A system combining
a neurosurgical aspirator and the technique of fiber-
optic spectroscopy and spectrally resolved endoscopy
during surgeries for brain tumor removal was also based
on this technical solution [12]. In this implementation, a
fixed distance from the endoscope end face to the tissue
allows calibrating the system by fluorescence level and
quantifying the fluorophore concentration in the tissue
by signal brightness. Research is also underway on the
use of photo and spectral fluorescence analysis of the
area of spinal cord injury [13] or tumors [14].

In[15],aspectrally resolved video fluorescence system
integrated into a commercial neurosurgical microscope
is presented that allows quantitative estimation of Pp IX
content by correcting the effects of optical absorption
and tissue scattering in the detected fluorescence signal.

Despite the fact that the best delineation of tumor
tissues by fluorescent dye can be observed in high-
grade tumors, a large amount of work is also devoted
to fluorescence navigation in the removal of intracranial
low-grade tumors [16].

Intraoperative microscopy (microscopic imaging with
cellular and subcellular spatial resolution and millimeter
field of view) is also used as a tool for intraoperative
surgical navigation in brain tumor resection. Confocal
microscopy or confocal laser endomicroscopy (CLE)
[17] using portable probes provide in vivo registration
of microstructural images, allowing intraoperative
visualization of structures at depth, in three dimensions,
with histological detail (depending on the fluorescent
markers used). It is based on the principle of optical
scanning by laser beam of the entire field of view and
registration of fluorescent emission through small
apertures (pinholes) placed in the path of light for
selective display of photons from a certain focal plane.

The first results of using the Optiscan FIVE 1 fiber-
optic confocal system (Optiscan Pty Ltd, Australia)
for neurosurgery were published in [18] in 2010. This
device contains a miniature fiber-optic probe, excitation
and fluorescence radiation are transmitted through a
single fiber. The system provides non-invasive image
registration by optical sectioning at a known depth. The
system hasbeenvalidatedin C57/BL6laboratory animals
with GL26 glioblastoma. Fluorescein (0.1% Pharmalab,
Australia) and acriflavine (0.05% Sigma Chemicals,
Australia) were used as fluorescent dyes. Another
example of using the Optiscan system on animals with
C6 glioma and fluorescein as a dye was published in [19].
In addition to fluorescein, the authors also used acriavin,
indocyanine green and fluorescein isothiocyanate
as dyes. Their results allowed morphological analysis
and correlated well with classical histological images
of the same tumor sections. Another work using the

Optiscan intraoperative confocal microscopy system
was performed by Martirosyan et al. on animals with C6
gliomas and indocyanine green as a fluorescent marker
[20].

A study of the method of confocal laser endo-
microscopy with fluorescein was conducted in clinical
conditions on a sample of 33 patients with brain tumors
[21]. A definite breakthrough in this direction was the
study [22] conducted in clinical conditions on patients
with benign glial tumors using Pp IX as a fluorescent
marker; at the same time, due to the peculiarities of
the drug accumulation in cells, it was not a question of
morphological analysis, as it was demonstrated in the
works with fluorescein. The differences between tumor
and normal tissue were determined by the number of
luminous cells in the field of view. However, even in this
case, itis possible to detect some correlation between the
intraoperative picture and the histologic picture obtained
in the laboratory. The work [23] was also performed in
clinical conditions using the same endomicroscope, but
fluorescein administered intravenously immediately
before the endomicroscope analysis procedure was
used as a marker. The results obtained correlated well
with data from classical pathomorphology. A distinctive
feature of this work is the rather broad coverage of
different types of intracranial tumors. Various artifacts
of the intraoperative confocal system, particularly shear
artifacts and blood shielding of the signal, are also
discussed in this paper.

In [24], two contrast agents, fluorescein and 5-ALA
induced protoporphyrin IX with excitation in the
blue range of the spectrum, were used for confocal
laser endomicroscopy (Cellvisio system, Maune Kea
Technologies, Paris, France). This device uses a fiber
optic bundle as a sensor, in which each fiber functions
as a pinhole. One disadvantage of this device is the
inability to adjust the depth of focus, and another is the
autofluorescence of the fiber material when excited at
405 nm, making it difficult to use for excitation of 5-ALA
Pp IXin the Soret band [25]. The study was performed on
a sample of 9 patients, of which 6 had open surgery and
3 had stereotactic biopsy.

Summarizing the features of confocal laser
endomicroscopy systems, it can be seen that structural
analysis close to classical pathomorphology is achieved
usingfluorescein.Inthiscase, fluoresceinis predominantly
an extracellular contrast agent, penetrating only through
the disrupted blood-brain barrier. When malignant
gliomas are observed, it provides an intense fluorescent
background. Cells and intracellular structures are
identified as transparent or darker structures on the
fluorescent background. Erythrocytes are visualized
against the background in the same way. If the distal
end of the probe is not cleaned, artifacts from blood
can reduce image quality and affect the analysis. These
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disadvantages suggest the advantages of using dyes
that are excitable and fluorescent in the red and near-
infrared, such as Pp IX and indocyanine green. Pp IX is a
more tumor-specific dye.

The main obstacle to the widespread use of laser
confocal scanning microscopy in intraoperative analysis
is the scanning principle itself. Sufficiently long scanning
time (on average about 1 second for 1 frame for different
systems) leads to the appearance of shear artifacts and
to a decrease in the decoding properties of the obtained
images. A system combining a spectrally resolved
quantitative imaging device with a wide field of view
and a fluorescence endomicroscope is described in
[26]. Spectral resolution is achieved by using a tunable
liquid crystal filter with a half-width of 20 nm in the
range of 400-720 nm. The system already mentioned
above, Cellvizio (Mauna Kea Technologies), is used as
a fluorescence endomicroscope. In [27], it was shown
that over a wide range of fluorophore concentrations,
the ability of a video system using red light to excite
fluorescence at different depths along the image axis up
to 6 mm below the surface allows resolution of multiple
fluorescent foci at a distance of 2 mmin the same plane or
at different depths along the image axis at a distance of 3
mm. Second-generation CLE systems, such as the ZEISS
CONVIVO (Carl Zeiss Meditec AG, Oberkochen, Germany),
have been specifically designed for neurosurgical use
and have undergone a number of clinical trials in recent
years. CONVIVO has been used in animal models and in
ex vivo and in vivo experiments, confirming its feasibility
with fluorescein as a technology capable of providing
real-time in vivo histopathologic data [28-31].

Hyperspectral imaging in diffuse-reflected light

Biological tissues are mostly strongly scattering
media, i.e. light falling on them is multiply scattered
by fluctuations of the refractive index in the medium.
Part of the light returns to the detector, forming the
so-called diffuse reflectance (DR) signal (Rd on Fig. 1).
Since light is not only scattered in tissues, but part of it
is also absorbed by tissue chromophores, the detected
spectrum carries information about both scattering and
absorbing properties of tissues. The main chromophore
in the visible part of the spectrum is hemoglobin. Due
to differences in the absorption spectrum of hemoglobin
in oxygenated and reduced forms, it is also possible to
estimate the local level of hemoglobin oxygen saturation
using DR spectra.

The work [32] is devoted to the analysis of fresh ex
vivo glioma samples using both a laboratory spectro-
photometer and a hyperspectral system, which is based
on spectral scanning of samples using illumination
by a supercontinuum laser (SCL) filtered by acousto-
optic tunable filters (AOTF). When comparing
spectrophotometry and hyperspectral imaging data,

significant differences were found between individual
regions in two spectral ranges: between 510 and 660
nm (which can be attributed to variations in hemoglobin
concentration and oxygenation) and between 780 and
880 nm (which can be either hemoglobin or cytochrome
c oxidase).

The HELICoiD system is presented in [33, 34]. It consists
of two hyperspectral cameras. The first one operates in
the visible and near-infrared spectral range (400-1000
nm), and the second one operates in the near-infrared
range (900-1700 nm). These cameras are connected
to a scanning device with a push rod. The illumination
system provides cold light from 400 to 2200 nm through
an optical fiber connected to a quartz tungsten-halogen
lamp. The hyperspectral system is based on the line-
scanning method and provides a spectral resolution
of 2-3 nm, allowing identification of tumor tissue and
vascular structures. In [35], the authors performed a
statistical analysis of hyperspectral images of brain tumor
patients from the HELICoiD dataset to identify correlations
between reflectance and absorption spectra of tissue
chromophores, also finding a correlation with cytochrome.
The authors of [36] showed that the spectral bands 440.5-
465.96 nm, 498.71-509.62 nm, 556.91-575.1 nm, 593.29-
615.12 nm, 636.94-666.05 nm, 698.79-731.53 nm, and
884.32-902.51 nm are the most relevant for classification
of brain tumor tissues based on hyperspectral images.

Raman scattering-based visualization

One of the most actively developing areas of
spectral analysis in neuro-oncology at present is Raman
spectroscopy [37-39]. As mentioned above, Raman
scattering not only changes the direction of the incident
radiation, but the probability of this process is lower than
in the case of elastic scattering, and both an increase in
energy (anti-Stokes component) and a decrease (Stokes
component) are possible (Fig. 5).

Raman spectroscopy has many applications in
medicine due to its ability to characterize individual
molecules and biological tissues. Characteristic shifts in
the Raman spectrum correspond to specific vibrational
modes of chemical bonds. For example, the symmetric
stretching mode of -CH, plays an important role in the
characterization of biomedical samples, allowing the
detection of fatty acids [40].

Three characteristic spectral bands in the Raman
spectrum were used in [41] to create a virtual RGB color
scheme. Red (1004 cm™ channel corresponding to
phenylalanine), green (1300-1344 cm™, CH deformations
in protein and collagen) and blue (1600 cm™, C=0 and
C=C of the 1st amide band, lipids and nucleic acids) color
scales encoded the intensities in the corresponding
Raman spectral bands. On such color maps it was
possible to distinguish white matter, gray matter, and
tumor tissue with a diagnostic accuracy of about 90%.
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Spontaneous Raman scattering is the most accessible
method in terms of cost, but due to the low cross section
of the process the signal is too weak and exposure times
on the order of several minutes are required. A number
of approaches improve the sensitivity of the process.
Instead of obtaining broadband Raman spectra in
the range (0-3500 cm™), coherent Raman microscopy
methods increase the signal intensity by targeting a
specific wave number using a second excitation laser
beam to coherently control the vibrational frequency
of the active chemical Raman bonds. The two main
techniques using this approach and applied to brain
tumor imaging are stimulated Raman histology (SRH)
and coherent anti-Stokes Raman scattering (CARS)
microscopy.

A series of works [42, 43] presents the results of
the application of a spectrally-resolved Raman based
visualization technique for the analysis of images
structurally similar to histological hematoxylin-eosin
(H&E) images, but obtained using stimulated Raman
scattering with a dual-wavelength fiber laser with a fixed
pump wavelength of 790 nm and Stokes wavelengths
in the range from 1015 nm to 1050 nm. For Stimulated
Raman Histology (SRH) study, samples were sequentially
scanned at two Raman shifts: 2850 cm™ and 2950 cm’.
Lipid-rich brain regions (e.g., myelinated white matter)
show high signal at 2845 cm™ due to symmetric CH,
stretching in fatty acids. Cellular regions show high
intensity at 2930 cm™ and high S, /S, ratio, indicating
high protein and DNA content. The resulting maps of
the intensity ratios at these two peaks were converted
to pseudocolor using the H&E coloring scheme.
Convolutional neural networks (CNN) were used to
classify the resulting images. This is a very promising
method to use the entire array of currently accumulated
H&E histologic slices as a training sample.

In work [44], CARS microscopy was used to visualize
fresh unfixed and unstained ex vivo specimens from
a mouse model of orthotopic human astrocytoma.
The histologic features shown on CARS images were
comparable to standard H&E histology. Chemically
selective images of lipids (2845 cm™', symmetric CH,
stretching) and proteins (CH, stretching, 2920 cm™;

elastic scattering.

amide | band, 2960 cm™) allowed the delineation of
the brain tumor boundary in a mouse model. The
authors [45] used molecular C-H vibrations in different
cryosectioned brain tumors (glioblastoma, melanoma,
and breast cancer metastases) to assess lipid content
compared to normal brain tissue, demonstrating that all
tumor types have lower CARS lipid signal intensity than
normal parenchyma.

Methodology for the application
of machine learning in analyzing
spectrally resolved images

Machine learning (ML) methods are used for
spectrally resolved images at several levels. First, for
image processing and segmentation, and second, for
data classification. The combination of these methods is
usually combined by the term machine vision. However,
in the case of spectrally resolved images, we have a
hypercube of data, i.e. the dimensionality we operate
on is higher than when analyzing conventional images.
At the same time, the sampling volume, as is often the
case in medical applications, is limited by the image
registration procedure itself.

Typically, to develop effective clinical decisions, Al
models are trained to reproduce expert performance
on large amounts of well-annotated data, leading to
reasonably accurate and reproducible results in medical
image analysis. However, this approach is critically
dependentontheavailability of large annotated datasets.
Strict regulatory restrictions on medical data sharing and
the opportunity cost for physicians to annotate data
make the generation of large datasets far from a trivial
task [46] Several approaches have been used to increase
the amount of available data, such as synthetic dataset
generation [47] or artificial expansion of available
annotated datasets [48]. More non-trivial approaches are
also possible, as in the case of histology based on Raman
spectroscopy, where two characteristic peaks for proteins
and lipids allow the generation of a pseudo-color image
that mimics histological tissue images when stained
with hematoxylin-eosin, which immediately opens
access to huge databases of pathomorphological data
[49]. The method of laser confocal endomicroscopy with

46

BIOMEDICAL PHOTONICS T.13, N24/2024



Savelieva T.A., Romanishkin 1.D., Ospanov A., Linkov K.G., Goryajnov S.A., Pavlova G.V., Pronin I.N., Loschenov V.B.
Machine learning methods for spectrally-resolved imaging analysis in neuro-oncology

fluorescein offers a similar expansion of the annotated
data base.

The stage of preprocessing of recorded signals is
critical for successful tissue classification using spectrally
resolved data, including images. In works devoted to
hyperspectral imaging systems, a general algorithm
can be identified, including such stages as formation
of the hypercube of data (regardless of the type of
scanning used), background correction, correction on
the white and dark reference images, spectral correction,
normalization, and often a synthetic full-color image.
When analyzing spectrally resolved images based on the
Raman effect, the algorithm includes removal of “silent”
regions in the spectrum (those that do not contain
characteristic peaks), cosmic rays removal, baseline and
fluorescence correction, normalization.

Hyperspectral imaging has shown remarkable
results as a diagnostic tool for tumor detection in
various medical applications. In [50], using a k-fold
cross-validation approach, they demonstrated that
HSI combined with the proposed processing system
(Table 1) is a promising intraoperative tool for in-vivo
identification and delineation of brain tumors, including
both primary (high and low malignancy) and secondary
tumors. The obtained data were transformed into a
set of spectral and spatial features with subsequent
classification using both classical machine learning and
deep learning methods [51].

An important stage of work with spectral data is the
choice of a dimensionality reduction method. Among
the most commonly used methods are feature filtering
methods based either on a priori data on biochemical
composition of tissues or on the results of statistical
analysis and selection of those features that provide
statistically significant differences between classes
of data. Another widely used approach is the use of
feature projection methods, among which the principal
component analysis (PCA) is the most popular. PCA is
used to project a higher-dimensional data matrix onto a
low-component subspace. It reduces the set of variables
to a smaller set of orthogonal, and thus independent,
principal components in the direction of maximum
variation, i.e., it reduces the dimensionality and preserves
the most significant information for further analysis.
Linear discriminant analysis (LDA) and, somewhat less
frequently, quadratic discriminant analysis (QDA) are
also frequently used for this purpose. The main goal of
linear discriminant analysis (also called Fisher’s linear
discriminant) is to find “axes of discrimination” that
optimally classify data into two or more classes. LDA is
closely related to PCA (Principal Component Analysis) in
that both look for latent axes that compactly explain the
variance in the data. The main difference between PCA
and LDA is that LDA is a supervised method and PCA is
an unsupervised method. PCA looks for predictions that

maximize the variance, and LDA looks for predictions
that maximize the ratio of interclass variance to intraclass
variance. QDA is a classifier with a quadratic decision
boundary, generated by fitting class conditional densities
to the data and using Bayes'rule.

Another way to reduce the dimensionality of the
data is the t-Distributed Stochastic Neighbor embedding
(t-SNE) algorithm. It is a nonlinear dimensionality
reduction method well suited for embedding high-
dimensional data for visualization into a low-dimensional
space of two or three dimensions. In the higher dimension
space, a probability distribution over pairs of points is
constructed in such a way that similar points are assigned
a high probability, and dissimilar points are assigned a
lower probability. And in the lower dimension space, the
algorithm tries to achieve similar probability distribution
by minimizing Kullback-Leibler divergence between two
distributions. t-SNE tries to preserve the relative positions
of points in lower dimensional mapping.

To deal with high-dimensional hyperspectral data,
a dimensionality reduction method with manifold
embedding can also be used. This method uses a
modified version of t-SNE based on deep learning, called
t-SNE with fixed references (FR-t-SNE). This nonlinear
embedding method seeks to preserve local spatial
regularity (nearby pixels have a high probability of
representing the same class) while preserving high-level
global features (pixel classes) [52].

Both classical machine learning methods such as
support vector machine (SVM) method, linear and
quadratic discriminant analysis, ensembles of random
forest (RF)basedalgorithms,andmethodsbasedonneural
networks are used to classify tissues according to the
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Fig. 6. Flowchart of the key steps involved in the analysis of
spectrally-resolved images.
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obtained features (Table 1). SVM method is a supervised
machine learning algorithm that predicts an optimal
hyperplane in n-dimensional space to divide the training
set into several classes. Depending on the problem,
different kernel functions can be defined for the decision
function to add another dimensionality to the data,
allowing better partitioning into classes. The algorithm
proposed in the study [53] used a hybrid approach
that combined both supervised and unsupervised
machine learning methods. First, supervised pixel
classification using SVM was performed. The generated
classification map was spatially homogenized using the
t-SNE dimensionality reduction algorithm and K-nearest
neighbor (KNN) filtering. The information obtained from

Ta6nuuya 1.

the supervised stage was merged with the segmentation
map obtained by clustering. The merging was performed
using a majority voting approach that associates each
cluster with a particular class.

A combined approach was also used in [54]. The
KNN-based filtering algorithm receives an input image
that consists of probability maps estimated by the SVM
classifier and a hypercube representation at one of the
wavelengths generated using a dimensionality reduction
algorithm such as PCA. The result is a classification map
where each pixel is assigned to the most likely class. The
nearest neighbors of a particular pixel are searched in
the feature space, which contains both the pixel value
and spatial coordinates.

MeTtogonorus, ucnonb3lyemas npu KnaccudpuKaumm cnekTpanbHO-pa3peLlleHHbIX U306parKeHnn,

perucTpupyembix B yCA0OBUSIX in Vivo
Table 1.

Methodology used in the classification of spectrally resolved images recorded in vivo

m g L metr Mo

Ayaz 2022 [57] ['CB (J1C) ABTOKOPPENALMN U UHKPeMeHTanbHbIn MIK 3D CNN
HSI (push-broom) The autocorrelation and incremental PCA

Baig 2021 [58] [CB (J1Q) dMnupuyeckas MoaoBas AeKOMMNO3MLUS, BbIOOp Npr3HaKoB SVM
HSI (push-broom) EMD (Empirical Mode Decomposition), feature selection

Cruz-Guerrero, 2020 I'CB (C) PaclmpeHHoe cnenoe n3BeyeHre KOHeYHbIX aemeHToB  Crienoe iMHerHoe

[59] HSI (push-broom) 1 pacnpoCTpaHEHHOCTM pasnoxkeHue

Extended blind end-member and abundance extraction Blind linear
(EBEAE) unmixing, SVM

Ezhov, 2023 [35] ['CB (J10) MK
HSI (push-broom) PCA

Fabelo, 2016 [33] ['CB (J1C) SVM, CNN, RF
HSI (push-broom)

Fabelo, 2018 [53] I'CB (1C) t-SNE SVM, KNN
HSI (push-broom)

Fabelo, 2019 [51] ['CB (NC) DMMMPUYECKII BbIGOP TPEX CMEKTPabHbIX KaHaloB 2D-CNN, DNN
HSI (push-broom) Empirical choice of three spectral channels

Florimbi, 2018 [54] I'CB (J1C) PCA SVM, KNN
HSI (push-broom)

Leon, 2023 [50] rcB PCA SVM, RF, KNN, DNN

HSI
Ravi, 2017 [52] ['CB (cHUMOK) BrnoxeHne MHoroobpasui STF
HSI (Snapshot) Manifold embedding
Ruiz, 2020 [60] I'CB (CHMMOK) SVM, RF

Salvador, 2016 [61]
Sutradhar, 2022 [62]
Torti, 2018 [63]

Urbanos, 2021 [64]

HSI (Snapshot)

I'CB (J10)
HSI (push-broom)

[CB (cHUMOK)
HSI (Snapshot)
I'CB (J1C)

HSI (push-broom)

['CB (cHUMOK)
HSI (Snapshot)

SVM, RF, CNN, KKN
SVM
PCA SVM, KNN

SVM, RF n CNN

*I'CB - runepcnekTpanbHas Busyanusauns, JIC — nuHeliHoe ckaHupoBaHue, MI'K — meTog rnaBHbIX KOMNOHEeHT, JIJA — nnHeiHbIn
IVNCKPUMUHaHTHbIN aHanus, K[ A — KBafpaTUUHbIii AUCKPUMUHAHTHBIN aHanus, SVM — meTop onopHbix BeKTopoB, RF — cnyyvaiiHbii nec, KNN —
metop k 6nmxanwmx cocegeit, CNN — koHBonoUMOHHasA HepoceTb, DNN - rny6okas HelpoceTb, STF — ceMaHTUYeCKni TEKCTOBBIN flec

*HSI - Hyperspectral Imaging, PCA - Principal Component Analysis, LDA - linear discrimimnant analysis, QDA — Quadratic Discriminant Analysis,
SVM - Support Vector Machine, RF — Random Forest, KNN - k Nearest Neighbors, CNN - Convolutional Neural Network, DNN - Deep Neural
Network, STF — Semantic Texton Forest
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A random forest (RF) is an ensemble-based machine
learning algorithm with a teacher that uses decision
trees as a base. For classification tasks, the output of a
random forest is the class selected by the majority of
trees. For regression tasks, the output is the average of
the predictions of the trees. Studies on the use of RF [55,
56] have proved that it is a successful classifier when
hyperspectral images are used.

Convolutional neural networks (CNNs) have an
advantage over classical machine learning methods
in that they actually implement both stages: feature
extraction and classification. In the feature extraction
block, convolutions are performed to detect patterns
in spatial and spectral dimensions, resulting in a 3D
convolutional neural network (3D CNN) [57]. This feature
extraction stage yields a reduced feature vector as output,
which serves as input for the classification stage, where
a number of fully connected layers display a feature to
partition the data into desired classes. The parameters
of convolutional and fully connected layers are trained
in a supervised manner. Deep learning can be applied to

Ta6nuua 2.

tumor identification in both deep fully-connected pixel-
by-pixel and convolutional spatial-spectral configurations
[65]. The 3D CNN model proposed in [57] consists of only
two 3D layers and utilizes a limited number of training
samples (20%), which are further divided into 50% for
training and 50% for validation, and tested blindly (80%)
on the remaining data. This study outperformed the
state-of-the-art hybrid architecture, achieving an overall
accuracy of 99.99%. In [51], both a classifier based on a
two-dimensional convolutional neural network (2D-CNN)
of three convolutional layers, one averaging pooling layer
and one fully connected layer, and a deep neural network
(DNN) (implemented in TensorFlow on NVIDIA Quadro
K2200 GPU and trained using only spectral features of the
samples) were used. Three spectral channels (A42=591.10
nm, A50=620.21 nm, and A80=729.34 nm) were selected
fromthe hypercube to highlight blood vesselsintheimage,
the resulting images were classified using 2D-CNN. The
map of parenchymatous regions was also obtained using
2D-CNN. The hypercube was fed to the 1D-DNN input,
classifying the tissues in the image into four classes: normal

MeToponorus, ucnonb3dyemas Nnpu KnaccudukaLmm cnekrpanabHO-pa3peLlleHHbIX U306paXKeHUin, perncTpupyembix

B YCJIOBUSIX €X ViVvO
Table 2.

Methodology used in the classification of spectrally resolved images recorded ex vivo

MoproroBka
mMaTepuana

Tun curHana

CHUXeHune
pasmepHoOCTMN

MeTtoabi MO

Flrtjes 2023 [66] ex vivo SRH, aByx$oTOHHasA CNN
dnyopecueHums
SRH, two-photon
fluorescence
Hollon, 2021 [43] ex vivo SRH Inception-ResNet-v2 DNN
Hollon, 2023 [42] ex vivo Stimulated Raman ResNet-50 DNN
histology (SRH)
Kast, 2015 [41] ex vivo Raman microscopy (1004 cm™), MHorouneHHas
(785 nm) (1300-1344 cm™), NorncTuyeckas mogenb
(1600 cm™) A multinomial logistic model
Lita, 2024 [70] FFPE Raman microscopy MK, tSNE KNN, DBSCAN, SVM, RF
(532 nm) PCA, tSNE
Morais, 2019 [71] FFPE Raman MrK, AMn, TA LDA, QDA, SVM
microspectroscopy PCA, SPA, GA

Orringer, 2017 [49]

Uckermann, 2020
[69]

3aMOpPOXKeHHbIe
cpesbl
Frozen sections

3aMOpOXKeHHble
Cpesbl, CBEXUN
OUOMNCUIAHbIN
mMaTepuan

Cryosections, ex vivo

fresh biopsies

imaging (785 nm)
Stimulated Raman

MHOrocnonHbIn NnepcenTpoH

scattering (SRS) (MLP)
microscopy Multilayer perceptron (MLP)
CARS, TPEF LDA

*FFPE - duKcmpoBaHHble popmannHoMm 1 3anutble napadrHom npenapatbl TKaHen, SRH - ructonorvsa Ha OCHOBe BbIHYXAEHHOMO
KOMOVHaLUVOHHOTO paccesHus, MK — meToa rnaBHbix KOMMoHeHT, Al — anropyTm nociiefoBaTenbHbIX NPoekuuid, FA — reHeTUJYecKuin

anroputm, CNN - KoHBOMOLUMOHHas HelpoceTb, DNN - rny6okas HelpoceTb.

*FFPE - Formalin-fixed, paraffin-embedded tissue slides, SRH - Stimulated Raman histology, PCA - Principal Component Analysis, SPA — Succes-
sive projections algorithm, CNN - convolutional neural network, DNN - deep neural network.
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tissue, tumor tissue, blood vessels/hypervascularized
tissue, and background. The blood vessel map was then
merged with the 1D-DNN classification map by filling in
the positive mask, and this result was merged with the
parenchyma map using negative mask filling.

Very promising results can be obtained by combining
different approaches. Moving from the works devoted to
spectrally resolved imaging in vivo to ex vivo approaches,
it is necessary to consider several used optical-spectral
modalities at once. In [66], brain autofluorescence and
neoplasia were evaluated at the microscopic level using
stimulated Raman histology (SRH) combined with two-
photon fluorescence. By combining two different optical
effects, Raman scattering and autofluorescence with
two-photon excitation, virtual images similar in structure
to classical histological images obtained by hematoxylin-
eosin staining with corresponding fluorescence images
were obtained. Based on a previously developed
convolutional neural network (CNN) based model [67],
tumor, non-tumor and low quality SRH images were
differentiated, and a heat map was created as an overlay
on the SRH image. Using the CNN heat map, regions
of interest (ROIs) were created and overlaid on the
corresponding autofluorescence image to determine
the average fluorescence intensity in the corresponding
ROI.  Another important technique for visualizing
biological tissues is microscopy based on the principle
of multiphoton fluorescence. The main advantage of this
method of molecular imaging is high spatial resolution
in combination with greater depth of penetration into
the tissue, and this method shows good results even
without the introduction of additional dyes, based
on autofluorescence analysis [68]. Interesting results
were obtained by the authors [69] using a combination
of techniques such as CARS, two-photon-excited
fluorescence (TPEF) and second harmonic generation
on brain tumor cryosections of 382 patients and 28
healthy brain tissue samples. The texture parameters of
these images were calculated and used as input for linear
discriminant analysis. The combined analysis of CARS and
TPEF signal texture parameters proved to be the most
suitable for distinguishing between non-tumor brain
tissues and brain tumors (astrocytomas of low and high
malignancy, oligodendroglioma, glioblastoma, recurrent
glioblastoma, and metastases) with a sensitivity of 96%,

specificity of 100%. To approximate the clinical results,
the results were validated on 42 fresh unfixed tumor
biopsies: 82% of tumors and all non-tumor specimens
were correctly identified. An image resolution of 1 um
was sufficient to distinguish between brain tumors and
non-tumor brain.

The use of forced Raman microscopy with the
construction of a distribution map of the ratio of
protein and lipid peaks makes it possible to construct
a pseudo-hematoxylin-eosin image, i.e., to use the
entire accumulated histological material to classify
the corresponding samples, which was brilliantly
demonstrated in [42, 43].

Conclusion

Optical spectroscopy methods, due to the possibility of
non-damaging interaction of light with biological tissues
and wide possibilities of analyzing the content of various
molecules, markers, and their structural features, are
increasingly used in neurosurgery of intracranial tumors
to solve the problems of intraoperative demarcation of
tumor and healthy tissues. Another trend is the use of
optical-spectral methods as urgent biopsy techniques.
Clinical specialists are already accustomed to working
with medical images, which causes their growing interest
in the expansion of optical-spectral methods into the
field of analyzing spectrally resolved images. However,
the interpretation of such images requires a complex
mathematical apparatus including both methods of
preprocessing of data obtained in spatial and spectral
coordinates, and methods of classification of objects
and tissues in these images in order to determine the
boundaries of tumor tissues during surgery, or their
classification during microscopic examination. This review
considers such spectrally resolved image registration
methods as video fluorescence intraoperative navigation
including endomicroscopy, hyperspectral intraoperative
imaging in diffuse-reflected light, Raman microscopy
methods. Basic machine learning methods used for tissue
classification in neuro-oncology based on the analysis of
such images are also presented.
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