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Medvedev D.Y., Grin M.A.
Investigation of the pH-dependent hydrolysis of a chlorin e6 hydrazide
derivative as a potential photosensitizer for combined anticancer therapy

INVESTIGATIO OF THE pH-DEPENDENT HYDROLYSIS OF
A CHLORIN e6 HYDRAZIDE DERIVATIVES AS A POTENTIAL
PHOTOSENSITIZER FOR COMBINED ANTICANCER THERAPY

Medvedev D.Y., Grin M.A.
Institute of Fine Chemical Technologies, MIREA — Russian Technological University, Moscow,
Russia

Abstract

Oncological diseases represent a global healthcare challenge, and the development of new effective therapeutic strategies remains a pressing
task. Chemotherapy and photodynamic therapy (PDT) are key treatment modalities, however, their application is associated with side effects,
systemic toxicity, and the development of drug resistance. In recent years, combined approaches, including the use of pH-sensitive delivery
systems, have been actively investigated. The present study was dedicated to the investigation of the pH-dependent hydrolysis of a chlorin e6
hydrazide derivative, acting as a potential photosensitizer (PS) for combined anticancer therapy. Hydrazide fragments, due to their lability in
the weakly acidic environment of the tumor microenvironment (pH 4.5-6.0), are promising for the creation of targeted drug delivery systems.
The decomposition of the hydrazide fragment was studied spectrophotometrically in an acetate buffer (pH 5.0) over 120 minutes. Spectral
changes (bathochromic shift, appearance of a maximum at 688 nm) were recorded, indicating the formation of a protonated precursor
compound. A linear dependence of product accumulation on time was obtained, characteristic of zero-order reactions. A high coefficient
of determination confirmed the adequacy of the obtained model. This approach ensures controlled release of active components and
demonstrates the potential of the developed PS for enhancing PDT efficacy and reducing the systemic toxicity of chemotherapy.
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UCCJIEAOBAHUE pH-3ABUCUMOTO TMOPOJIU3A
MMAOPA3UOHOIO NMPOMN3BOAHOIO XJIOPUHA eéb
KAK MOTEHUNATIBHOTO ®OTOCEHCHMBUITTNMIATOPA
Anga KOMbUHUPOBAHHOM NMPOTUBOOIY XOJIEBOM
TEPAMNUU

A.10. Mepgepnee, M.A. TpuH
MHCTUTYT TOHKMX Xxmumumueckux TexHonorui, PTY MUP2DA, Mockea, Poccus

Peslome
OHKosornyeckme 3abonesaHna NpefcTaBAlT cobol rmobanbHyto Npobnemy 3paBoOXpaHeHNs, 1 pa3paboTka HOBbIX 3PPEKTUBHBIX Tepa-
MEeBTUYECKMX CTPaTervin ABAETCA akTyalbHON 3apayeit. Xumuotepanua 1 dotoguHamuyeckas Tepanua (OAT) ABNATCA KNoYeBbIMY Me-
ToflaMu NeYeHns, OAHaKO VX MPYMEHEHVEe CONPAXKEHO C MOGOYUHbIMY SPPeKTaMu, CUCTEMHON TOKCUYHOCTBIO U Pa3BUTVEM JIEKaPCTBEHHOM
YCTONUMBOCTY. B nocneHme roabl akTMBHO MCCeAyloTcA KOMOMHMPOBaHHbIE MOAXOAbI, B TOM YMCIE C MCMOMb30BaHVeM pH-uyBCTBUTENbHbIX
cvcTem gocTaBku. HacToALwee nccnenoBaHme 6bi10 NOCBALLEHO N3YUYEHMIO MAPONN3a MMAPa3NAHOIO NMPOU3BOJHOTO XJI0PUHa €6, BbICTYMalo-
Lero B KayecTse noTeHLUuanbHoro ¢otoceHcnmbunusatopa (PC) ana KOMOMHUPOBaHHOW NPOTMBOOMYXONEBO Tepanuu. lapasuaHble dpar-
MeHTbl, bnarofapa cBoen NabunbHOCTW B CTabOKNCION Cpefie OMyXoNIeBOro MUKPOOKpYxeHuA (pH 4,5-6,0), ABNAIOTCA NepcnekTUBHbIMU AN1A
CO3/1aHu1A CUCTEM afPECHO AOCTaBKM NeKapcTB. M3yueHune pasnoxeHns ruapasnaHoro parmeHTa ocyLLecTBAANOCH CNeKTpodoToMeTprYe-
CKu B aueTatHom bydepe (pH 5,0) B TeueHre 120 MuH. bbinu 3adurKcrpoBaHbl CnekTpasbHble N3MeHeHUsA (6aTOXPOMHbIV CABUN, NMOsABAeHME
MaKcrmyma npu 688 Hm), yKasbiBaloLye Ha 06pa3oBaHNe NPOTOHNPOBAHHOTO COeJUHEHVA-NPeALLIeCTBeHHIKA. bbina npoaeMoHcTprpoBaHa
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JINHEHanA 3aBUCMMOCTb HAaKOMIEHUA NPOAYKTa OT BPEMEHW, XapaKTepHas AA peakunil HyneBoro nopsagKa. Beicokun koadbduuneHT getep-
MUHALUW NOATBEPANN afeKBaTHOCTb NOMyYeHHOWN moaenu. [laHHbI nofaxon obecneunBaeT KOHTPOIMPYeMOe BbICBOOOXAEHNE aKTUBHbIX
KOMIMOHEHTOB U JEMOHCTPUPYET noTeHuman pa3pabotaHHoro OC ana nosbiweHus 3¢dekTrBHOCTY OAT 1 CHUXKEHUA CUCTEMHON TOKCUY-

HOCTU XMMnoTepanunn.

KnioueBble cnoBa: XNOpPWH eo6, ¢OTO,£I.VIHaMI/ILI€CKaH Tepanua, rmapasng, rmaponns.

KonTaktbi: MegBepes [1.10., e-mail: dy.medvedev@mail.ru

Ana untuposBaHua: Megseges [.10., puH M.A. ViccnegoBaHue pH-3aBucnmoro rugponunsa rugpasvgHoro Nponu3BoAHOro XnopuHa €6 Kak
noTeHumanbHoro gpotoceHcMbrnmaTopa AnA KOMOUHMPOBaHHONW MpoTnBooMyxonesow Tepanuu // Biomedical Photonics. — 2025. - T. 14,

N2 4. - C.4-10. doi:10.24931/2413-9432-2025-14-4-4-10

Introduction

Oncological diseases are a global health problem,
being the second leading cause of death in the world
after cardiovascular diseases. According to forecasts, the
number of new cases of malignant neoplasms, which
reached 20 million in 2022, will increase by 77% to 35
million by 2050 [1]. The etiological profile of oncological
diseases is characterized by the complex influence of
various behavioral factors, including tobacco smoking,
alcohol abuse and obesity, along with the exogenous
effects of environmental factors such as atmospheric
air pollution [2]. These trends highlight the urgent need
for further research in the field of oncology and the
development of new treatment strategies.

Among the existing therapeutic methods,
chemotherapy and photodynamic therapy (PDT) are
of particular interest [3]. Chemotherapy based on
the use of cytotoxic drugs is aimed at suppressing
the proliferation of tumor cells by disrupting their
metabolism or damaging genetic material [4, 5].
Despite the wide range of effects, chemotherapy is
associated with a number of serious side effects due
to non-selective effects on healthy cells of the body.
In addition, the development of drug resistance is
one of the main reasons for the ineffectiveness of
chemotherapy, requiring a constant search for new
drugs and strategies for their use.

One of the most common classes of
chemotherapeutic drugs are platinum compounds
such as cisplatin, carboplatin, and oxaliplatin, which
interact with the DNA of tumor cells and cause their
death [6]. These preparations contain platinum in the
oxidation state of +2 (Pt(Il)) and have a square-planar
geometry. Cisplatin, which is the first representative
of this class, forms adducts with DNA, disrupting
the processes of replication and transcription [7, 8].
Carboplatin, which has less pronounced nephrotoxicity,
also interacts with DNA, forming adducts, but its
use is limited by myelosuppression [9]. Oxaliplatin
containing a diaminocyclohexane ligand has a wide
range of activity, but it can cause neurotoxicity [10].

Despite their high efficacy, the use of platinum drugs
is associated with problems of resistance and toxicity,
which stimulates the development of new approaches,
such as the use of Pt(IV) prodrugs and targeting the
tumor microenvironment [11, 12].

In recent years, platinum pyridine complexes, which
have unique properties and the potential to overcome
the limitations of traditional platinum preparations,
have been actively investigated [13]. Pyridine ligands
coordinating with platinum can affect its reactivity
and selectivity [14, 15]. In addition, pyridine complexes
can be modified with various substituents to regulate
their lipophilicity, charge, and ability to penetrate cell
membranes.The use of pyridine complexes as antitumor
agents requires further study, but their potential for the
development of new effective and selective drugs is
beyond doubt.

PDT is a promising method for the treatment of
oncologicaldiseasesbasedontheuseofphotosensitizers
(PS) activated by light of a certain wavelength to
generate cytotoxic reactive oxygen species (ROS) [16-
18]. ROS such as singlet oxygen cause oxidative damage
to cellular components, leading to the death of tumor
cells. PDT has a number of advantages over traditional
treatment methods, including high selectivity of effects
on tumor tissues, minimal systemic toxicity, and the
possibility of repeated use [19, 20]. However, the main
disadvantage of PDT is the insufficient depth of light
penetration into tissues, which limits its use for the
treatment of deeply localized tumors.

The combined use of chemotherapy and PDT
is a promising strategy that allows combining the
advantages of each method and overcoming their
disadvantages [21, 22]. The synergistic interaction
of chemotherapeutic drugs and PDT can lead to an
increase in the effectiveness of treatment, reduce
toxicity and overcome drug resistance. In particular, the
combination of platinum drugsand PDT canincrease the
selectivity of effects on tumor cells and reduce systemic
toxicity due to local activation of PS and the release of
the platinum drug in the tumor microenvironment.
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One of the promising approaches to increasing
the selectivity and effectiveness of chemotherapy and
PDT is the use of pH-sensitive delivery systems that
ensure the release of drugs in the acidic environment
of the tumor microenvironment [23-25]. Tumor cells are
characterized by an increased level of glycolysis and
lactic acid formation, which leads to a decrease in the
pH of the extracellular space of the tumor [26, 27]. The
use of pH-sensitive linkers that are cleaved in an acidic
environment makes it possible to create conjugates of
chemotherapeutic drugs and PS, which release active
components only in the tumor microenvironment,
minimizing their effect on healthy tissues.

Previously, our scientific group successfully obtained
platinum complexes with derivatives of natural
chlorines, which have a high chelating ability and
promising photophysical properties [28]. Developing
the previously obtained results, in this work we focused
on the study of the stability of the hydrazide derivative
of e6 chlorin in a slightly acidic environment simulating
the tumor microenvironment.

Materials and methods

Reagents and equipment

All solvents have been cleaned and prepared
according to standard procedures.

ALUGRAM Xtra SIL G/UV254 plates coated with silica
gel 60 (0.2 mm) (Germany) were used for analytical
chromatography. Preparative chromatography was
performed both by the column method on Silica gel
60 (0.0040-0.0063 mm) silica gel (Germany) and using
chromatographic plates on a glass substrate measuring
20%20 cm with the same silica gel.

Absorption spectra were recorded on a Shimadzu
UV1800 UV/VIS spectrophotometer (Japan) in quartz
cuvettes (0.4x1.0 cm) with an optical path length of 1
cm (spectral slit width of 1 nm).

NMR spectra were recorded on a Bruker DPX300
spectrometer (USA) in CDCI3. The residual signals
of the 'H cores were used to calibrate the scale. The
experiments were performed using standard Bruker
techniques.

Photosensitizer

The synthesis of PS with the structural formula 1 (Fig.
1) was carried out according to the procedure described
earlier [28]. Chlorin e6 was obtained from the biomass of
blue-green algae Arthrospira Platensis by a well-known
method [29] and exhaustively modified with methyl
esters diazomethane in the acetone/diethyl ether
system to obtain the corresponding trimethyl ether.
The vinyl group of trimethyl ether of chlorin €6 in the
third position of the macrocycle was further oxidized
to the formyl function using the Lemieux-Johnson
reaction to obtain PS with the structural formula 2. The

final step was the introduction of the isoniazid residue
through the Schiff base. The product was purified by
column chromatography (CHZCIZ:CH3OH, 15:1) and is
crystallized from hexane. The yield of compound 1 was
92.2%.

'H NMR (300 MHz, CDCL,, 6, ppm): 9.71 (s, TH, 5-H),
9.58 (s, 1H, 10-H), 9.47 (s, TH, 20-H), 8.94 (s, TH, 33-NH),
8.80 (s, 2H, 3%-CH, 38-CH), 8.56 (s, 1H, 3'-CH), 7.75 (d, J =
25.1 Hz, 2H, 3°-CH, 3°-CH), 5.34 (dd, J=36.7 Hz, 19.2 Hz,
2H,15'-CH,), 4.42 (d, J = 9.0 Hz, 2H, 17-H, 18-H), 4.28 (s,
3H, 13>-COOCH,), 3.83 (s, 3H, 15°>-COOCH,), 3.66 (s, 3H,
173-COOCH,), 3.54 (s, 3H, 12'-CH,), 3.50 (s, 3H, 7'-CH)),
3.14(d,J=9.5Hz,3H,2'-CH,), 2.70 - 2.11 (m, 6H, 8'-CH_,
17'-CH,, 17>-CH,), 1.74 (s, 3H, 18'-CH,), -1.68 (s, 2H, 21-
NH, 23-NH).

Mass spectrum (ESI) m/z: [M+H]* calculated for
[C,H,N, O +H]*-759.3, found - 760.5.

Acid hydrolysis of compound

The decomposition of the hydrazide fragment
was studied spectrophotometrically. Compound 1 at
a concentration of 1 mg/mL was incubated in a DMF/
acetate buffer system (4:1) at pH 5.0 for 2 h. During the
incubation, aliquots were collected at 5-min intervals
and diluted to a concentration of 7.5 umol/L, optimal for
subsequent spectrophotometric analysis [30]. Optical
density measurements were performed at a wavelength
of 688 nm, corresponding to the absorption maximum
of the protonated form of precursor compound 2,
containing a formyl function at the third position of the
macrocycle.

Results and Discussion

Modification of the chlorin macrocycle at position
3 of the tetrapyrrole ring represents a promising
approach forimproving the physicochemical properties
and biological activity of compounds. The advantages
of this modification include the ability to introduce
various functional groups at the free carboxyl groups at
positions 13, 15, and 17. In particular, the introduction
of substituents at position 3 allows for effective
variation of the hydrophobic/hydrophilic balance of
the molecule, which is critical for its distribution in
biological systems.

Studies of hydrazide degradation are of significant
interest in the context of anticancer drug development,
primarily due to their lability in the slightly acidic
environment characteristic of the microenvironment
of many malignant tumors. Accelerated metabolism
in rapidly proliferating tumor cells leads to the
accumulation of metabolites such as lactic acid, which
lowers the pH of the extracellular space and inside
tumor cells to values in the range of 4.5-7.0. Unlike
the physiologically neutral environment (pH ~7.4)
of healthy tissue, this slightly acidic environment
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Fig. 1. Proposed mechanism of acid hydrolysis of the hydrazide fragment.

promotes rapid hydrolysis of the hydrazide bond.
This property makes hydrazides promising for the
development of targeted drug delivery systems.
Conjugates containing hydrazide moieties can remain
stable in the bloodstream but release a therapeutically
active substance (e.g., a cytostatic agent or a PS) upon
reaching tumor tissue. This mechanism increases the
therapeutic efficacy of the drug by targeting it directly
to the tumor and reduces systemic toxicity, minimizing
side effects on healthy tissue. Studying the conditions of
hydrazide hydrolysis, as well as their stability in various
pH environments, is key to optimizing the design of
new antitumor agents and delivery systems.

The change in spectral characteristics during
incubation at pH 5.0 demonstrates chemical
transformations of the hydrazide derivative of chlorin
e6 (Fig. 1). The initial spectrum of compound 1 (0 min) is
characterized by intense absorption bands at 410-450
nm (Soret) and 500-700 nm (Q-bands), typical of chlorin
compounds. After 60 minutes of incubation, significant
formation of the reaction product was detected: a
noticeable bathochromic shift of the absorption bands
and the formation of a distinct peak at 688 nm were
observed. After 120 minutes of incubation, a further
bathochromic shift of these bands is observed, with
the emergence of a pronounced absorption maximum
at 688 nm. This change in the absorption spectrum
indicates the formation of the parent compound in a
protonated form containing a formyl function at the
third position of the macrocycle, consistent with the
mechanism of hydrazide bond hydrolysis.

The decomposition of the hydrazide moiety and
the accumulation of the formyl derivative absorbing at
688 nm were studied by analyzing the linear regression
dependence of absorbance on time (Fig. 2). The
resulting equation, the main parameters of which are
presented in Table, demonstrates a high coefficient of
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Fig. 2. Absorption spectra of compound 1 solution in acetate
buffer (pH 5,0) at different incubation time intervals.

TaGnauua

MapameTpbl TMHEWHOW perpeccun HaKomieHus
nNpoAyKTa rmaposn3a BO BPEMEHHU

Table

Parameters of linear regression for product
accumulation during hydrolysis over time

YpaBHeHue y=a+bx

Contrcentn 005 +53210°
G 92010%+7,59-10°*

OcTtaToyHas CyMMa KBajpaToB

Residual sum of squares 1,12441

KoapdpnumeHT getepmuHaumm (R?)

Coefficient of determination (R?) 0,99844
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Fig. 3. Dynamics of reaction product accumulation over time.

determination, indicating a linear fit to the experimental
data. The slope of the curve reflects a constant rate
of product accumulation, indicating that the process
occurs at a steady state over the studied time range.
The observed linear dependence of the reaction
product concentration on time is characteristic of
zero-order reactions with respect to one or more
initial reactants. Alternatively, a variant in which the
concentration of the limiting reactant remains constant

throughout the experiment is possible. This may be
due either to its presence in significant stoichiometric
excess or to the presence of an external factor (e.g., a
catalyst or reactant source) that ensures its generation
or consumption at a constant rate. Consequently, the
most probable hypothesis explaining the observed
linear dependence of product formation at this stage
of the decomposition of the hydrazide fragment is
the variant in which the rate of the process is limited
by a substance whose concentration is maintained

practically unchanged under the experimental
conditions.
Conclusion

This study evaluated the pH-dependent hydrolysis
of a hydrazide linker conjugated to a chlorin e6
derivative under conditions simulating the slightly
acidic environment of a tumor microenvironment. The
results demonstrate that the hydrazide can act as a pH-
sensitive moiety that can be used in targeted delivery
systems, providing controlled release. Thus, the
developed PS has significant potential for enhancing
the efficacy of photodynamic therapy for cancer and
reducing the systemic toxicity of chemotherapy.

This work was supported by the Ministry of Science
and Higher Education of the Russian Federation under
state contract No. FSFZ-2025-0020.
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Abstract

Ciliary body melanoma (CBM) accounts for up to 20% of uveal melanoma cases and presents challenges for organ-preserving treatment due to
its peripheral location and proximity to critical ocular structures. This study presents the first clinical results evaluating the efficacy and safety of
isolated transscleral photodynamic therapy (TSPDT) with a chlorin e6 photosensitizer in 7 patients with CBM.The procedure was performed using an
«ALOD-01» laser system (A\=662 nm) and standardized irradiation parameters (energy density 519.5 J/cm?, accounting for power loss during scleral
transmission). The mean follow-up period was 19.0+5.9 months and demonstrated high local tumor control: complete regression was achieved in
4 patients, and partial regression in 3 patients. A statistically significant reduction in tumor height (from 4.69+2.58 mm to 1.36+1.14 mm; p=0.0062)
and basal diameter (from 8.54+3.56 mm to 6.65+3.70 mm; p=0.016) was accompanied by a pronounced vasculo-occlusive effect, manifested as
complete tumor avascularity in the majority of patients according to ultrasound with color Doppler Imaging (CDI). Echodenstitometry recorded
a statistically significant decrease in mean acoustic density from 35.53+1.26 dB to 28.97+0.83 dB (p=0.0002), which may indicate tumor tissue
destruction. No intra— or postoperative complications were recorded throughout the observation period, and a trend towards stable visual acuity
was noted. The obtained data suggest that TSPDT is a promising minimally invasive organ-preserving method for treating CBM, requiring further
investigation to define its role as either a standalone or combined therapy.

Keywords: uveal melanoma, ciliary body melanoma, choroidal melanoma, ophthalmic oncology, photodynamic therapy, chlorin €6, transscleral
photodynamic therapy, photosensitizer.
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Pesome

MenaHoma uunuapHoro Ttena (MLT) coctaBnseT go 20% ciiyyaeB yBeasnbHON MeNlaHOMbl U NMPeACTaBAAET CJIOKHOCTU AJiA OPraHOCOX-
pPaHHOro fieyeHusa BBUAY Neprdepryeckon nokanmnsaumm 1 6M30CTU K KPUTUYECKUM CTPYKTypaMm rnasa. B HacToswem nccnegosaHmm
npeAcTaBneHbl NepPBble KIMHUYECK/Ee pe3yibTaTbl OLeHKN 3GGeKTUBHOCTH 1 6e30nacHOCTU N30ANPOBaHHON TPaHCCKepanbHOM GoTo-
AvHamuueckoi Tepanun (TCOAT) ¢ doToceHcnbunusatopom (OC) xnopuH e6 y 7 naunerTtos ¢ MUT. MNpoLeaypa BbiNONHeHa C NCMOJb-
30BaHVieM na3epHoii ycTaHoBKM «AJIOO-01» (A=662 HM) 1 YHUPULMPOBAHHbBIX NMapaMeTPOB BO3AENCTBUA (MIOTHOCTb 3Heprun 519,5
[I/cM? C yueTOM NOTepb MOLWHOCTN NPY NPOXOXAEHNM U3TyYeHNs Yepes cknepy). IuHaMunueckoe HabiofeHne B CPeiHeM B TeueHune
19,0+5,9 Mec nNoKas3ano BblICOKWI JIOKaNIbHbI KOHTPOJIb Haj OMYXOJblo: MOMHbIA perpecc 6bll AOCTUTHYT Y 4 MALMEHTOB, YaCTUYHBIN —
y 3 naumeHToB. CTaTUCTUYECKMN 3HAYMMOE YMeHbLUEeHMe BbICOTbl onyxonu (c 4,69+2,58 mm go 1,36%1,14 mm; p=0,0062) n guametpa ee
ocHoBaHuA (¢ 8,54+3,56 Mm fo 6,65+3,70 mm; p=0,016) coyeTanocb C BbipaKEHHbIM BaCKYyN0-OKKMI03UBHbIM 3ddEKTOM, NpoABaAio-
LMMCA B MOJTHOW aBaCKynsApr3aLum onyxonu y 60oMblNHCTBa NAaLMEHTOB MO AaHHbIM Y/IbTPa3BYKOBOro nccnegoBaHus (Y3U) B pexmme
LLBETOBOIO AOMNMIEPOBCKOro KapTrupoBaHua (Y3[I). OxopeHcnTomeTpus 3adprKcnpoBana CTaTUCTUYECKN 3HAUYNMMOE CHUXKEHME CpefHeNn
aKkycTnyeckon nnotHoctu ¢ 35,53+1,26 b go 28,97+0,83 ab (p=0,0002), YTO MOXeT CBUAETENbCTBOBATb O AECTPYKLUMN OMyXOneBomn
TKaHW. Ha npoTtaxeHnn Bcero nepuopa HabsoaeHnA He 3adUKCUMPOBAHO UHTPa— MM NOCNEONEPALMOHHbIX OCIIOXKHEHNIA, OTMEYEHA
TEHAEHUNA K COXPaHEeHMo CTabunbHON OCTPOTbI 3peHus. [oflyyeHHble JaHHble No3BoAT paccmaTprBatbh TCOAT Kak nepcrneKkTmB-
HbII MMHMMaIbHO MHBAa3VBHbIV OpraHoCoXpaHALWmnin metog neveHusa MUT, Tpebyiownin fanbHeiLwero nyyeHusa s onpepeneHns ero
poNv B KauecTBe U30NNPOBAHHON NN KOMOVHMPOBAHHOW Tepanuu.
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KnioueBble cnoBa. YBeanbHas MenaHOMa, MelaHOMa LUMapHoro Tefa, MeslaHoMa Xopuovaen, oGTanbMOOHKONOrusA, GotogmHammye-
cKas Tepanus, XSIOPUH €6, TpaHccKepanbHasa GoToarHaMnyeckas Tepanus, poToceHcnbunmsaTop.
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Ansa yntnposaHua: Camkosuy E.B., bonko 3.B., MaHosa W.E., [Ba3aBa B.I", ViBaHoB A.A., Tpuwwayesa T.I., LeBueHko C.b. DoTogmHammyeckas
Tepanua Npy MenaHoMe LMIMapHOro Tesla: OMbIT M30JIMPOBAaHHOIO TPaHCCKepanbHoro nogxoaa // Biomedical Photonics. — 2025. -T. 14,

Ne 4. - C. 11-21. doi: 10.24931/2413-9432-2025-14-4-11-21

Introduction

Melanoma of the ciliary body (CBM) accounts for
up to 20% of all cases of uveal melanoma [1,2]. This
localization presents significant difficulties for organ-
preserving treatment, due to its anatomical location
in close proximity to the lens and drainage system
of the eye [1-6]. Peripheral localization and "hidden"
growth cause a late diagnosis of this process, and
also create significant difficulties in choosing the
optimal treatment tactics [2,3,6]. Currently, local
surgical resection (block excision) and various types
of radiation therapy are in the arsenal of organ-
preserving methods for CBM [2,4-10]. However,
each of these approaches has certain limitations.
Thus, block excision is technically difficult, involves
the risk of intra- and postoperative complications,
including suprachoroidal hemorrhage, detachment
of the choroid and retina, and requires the highest
qualification of the surgeon [2,6,7]. Radiation
treatment methods such as Ru-106/Rh-106
brachytherapy and proton therapy show high efficacy
in local tumor control [5,9,10]. At the same time, in
the treatment of CBM, they may be associated with
a higher incidence of post-radiation complications
compared with post-equatorial tumors, which is
due to the inevitable irradiation of critical structures
of the anterior part of the eyeball [5, 10-12]. An
additional difficulty in brachytherapy is the precise
positioning of the ophthalmoapplicator in the area
of the ciliary body.

Photodynamic therapy (PDT) has been actively
studied in recent years as a minimally invasive organ-
preserving approach for uveal melanoma [13-20]. The
clinical validity of the use in melanoma is confirmed
by the presence of officially registered indications
for chlorin photosensitizers (PS), such as photolon /
fotoran. The greatest experience has been gained with
the use of transpupillary PDT (TPPDT), the effectiveness
of which, as shown in a number of studies, depends
on the initial size of the tumor, as well as the degree
of its vascularization and pigmentation [15,16,18-20].
At the same time, the field of application of TPPDT is
limited to neoplasms of the posterior pole of the eye,
accessible for irradiation through transparent optical
media [18-20]. In this regard, transcleral PDT (TSPDT),
which provides direct laser radiation to the base of the
tumor through the scleral membrane, is a promising
alternative to overcome this anatomical limitation
[13,21,22]. The possibility of using this approach has
been confirmed in previous experimental studies,
which have shown the ability of laser radiation with
a wavelength of 660 nm to effectively and safely
penetrate the sclera [22]. In addition, selective
photochemical damage to the choroidal vascular
network has been proven [21]. However, there is no
datain the literature on the clinical use of TSPDT for the
treatment of ocular vascular melanoma. The present
study presents the first clinical results evaluating the
efficacy and safety of isolated TSPDT with PS chlorin e6
in the treatment of CBM.
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Materials and methods

The study included 7 patients (7 eyes) with CBM
who were treated with isolated TSPDT in the period
from 2022 to 2024. The inclusion criteria were: tumor
thickness up to 9 mm, base diameter up to 15 mm,
absence of signs of extrascleral spread and tumor
growth in the corner of the anterior chamber, absence
of complications.

Ethical aspects

The research protocol was approved by the local
Ethics committee of the Federal State Budgetary
Budgetary Institution "IEM" (No. 4/24 dated
10/24/2024).

All patients underwent a comprehensive clinical
and instrumental examination, which included
visometry with an assessment of best corrected visual
acuity (BCVA), biomicroscopy, ophthalmoscopy with a
non-contact lens, Maklakov tonometry and ultrasound
biomicroscopy (UBM). Ultrasound was performed on
a Philips Affinity 50 multifunction scanner (Philips
Ultrasound, USA) with an L15-7io sensor to evaluate
the metric parameters of the tumor, the characteristics
of intracellular blood flow using color Doppler
mapping (CDM) and densitometric characteristics of
tumor tissue (echodensitometry) with quantitative
determination of acoustic density in decibels (dB)
with the construction of and analysis of amplitude
histograms under standardized conditions. To stage
the process and exclude metastatic lesions, multispiral
computed tomography (MSCT) of the chest organs,
magnetic resonance imaging (MRI) of the abdominal
cavity with contrast, and MRI of the brain were
performed.

The distribution of patients by stage, size, blood
flow characteristics, and acoustic density of the tumor
is shown in Table 1.

As the data in Table 1 show, the patients in the
study were mainly women (n=6), whose average age
was 68.7+15.8 years. All tumors belonged to stage
Il according to the AJCC classification of the 8th
edition (IIA n=4), (IIB n=3). According to the degree of
pigmentation, strongly pigmented tumors prevailed
(n=4). At the time of diagnosis, the vast majority of
neoplasms (n=5) had a hypervascular type of blood
flow, while 6 patients had several vessels feeding the
tumor.The average acoustic density of the tumor tissue
before treatment was 35.53+1.26 dB (26.34-44.42). The
average follow-up period was 19.0+5.9 months.

The TSPDT procedure was performed under
anesthesia, 3 hours before the laser exposure, chlorin-
type PS based on chlorin e6 (photolon/fotoran) was
administered intravenously at a dose of 1.0 mg/kg body
weight. After conjunctival access and transpupillary
diaphanoscopy, transcleral laser irradiation of the
tumor base was performed using an ALOD-01 laser

(A=662 nm, Alcom Medica, Russia) and specialized
transcleral tip probes to accurately mark the tumor
boundaries.

The technical parameters of the exposure were
unified: radiation power 0.17 W, power density
0.866 W/cm?, energy density 519.5 J/cm? with an

Ta6nuua 1

KNMHUKO-UHCTPYMEHTalbHble XapaKTePUCTUKU
nauMeHTOB C Me/IaHOMON LiIMIMapHOro Tena Ao Jie4eHus
(n=7)

Table 1

Clinical and instrumental characteristics of patients
with ciliary body melanoma before treatment (n=7)

w

Bospacr, net 68,7+£15,8

Age, years (37-82)

MKeHckui non, n 6

Female gender, n

My»kckow non, n 1

Male gender, n

Cpok HabnogeHus, Mec 19,0+5,89

Observation period, months (12-30)

Cragua AJCC, n

AJCCstage, n

1A 4

1IB 3

MurmeHTauusa, n

Pigmentation, n

BbiparkeHHanA 4

Significant

YmepeHHas 2

Mild

becnurmeHTHan 1

Non-pigmented

Backynapusauua ncxogHas, n

Initial vascularization, n

[unepsackynapHas 5

Hypervascular

[nnosackynapHas 2

Hypovascular

KonuuectBo nuTawoLmx onyxofb COCyA0B, N

Number of vessels feeding the tumor, n

OpuH cocyn 1

One vessel

Heckonbko cocynos 6

Several vessels

CpepHAA aKycTnyecKas nIoTHOCTb, AB 35,53+1,26

Average acoustic density, dB (26,34-44,
42)
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exposure duration of 600 seconds (10 minutes) in the
field. These parameters were proportionally doubled,
taking into account the transmittance of the sclera to
provide the necessary therapeutic dose in the tumor
area. The exposure was carried out concentrically from
the center to the periphery with the overlap of fields
on 10-15% of the area.

The effectiveness of treatment was assessed
in dynamics after 1, 3, 6, 9, 12 months and further
annually, which was based on changes in the nature of
intracellular blood flow, densitometric characteristics
(acoustic density) and metric parameters of the tumor.
The response to treatment was assessed according
to the RECIST 1.1 criteria (2009): complete regression
(absence of elevation according to color Doppler
Imaging (CDI) and blood flow according to CDM),
partial regression (decrease in tumor height >30% from

Ta6nuuya 2

the initial one), stabilization (change in height within
+30%) and progression (increase in height >30%).
The dynamics of maximum corrected visual acuity
and intra- and postoperative complications were also
evaluated.

Statistical data processing was carried out using the
SPSS 28.0 program. Quantitative data were checked for
the normality of the distribution using the Shapiro-
Wilk test. The arithmetic mean and standard deviation
(MxSD) for parameters with a normal distribution
and the median with an interquartile range [Me (Q1;
Q3)] for parameters with a distribution other than
normal were used for the description. To compare the
indicators before and after treatment, the Student's
t-test was used for paired samples. Fischer's exact test
was used to analyze categorical data. The differences
were considered statistically significant at p < 0.05.

KNMHMKO-UHCTPpYMEHTalbHasA AUHAMUKa ONyX0ieBbIX, Y1bTPAa3BYKOBbIX, EHCUTOMETPUYECKHUX,
gonnneporpadpuyecknx u GyHKLMOHANbHbIX MApaMeTPOB A0 U Noc/ie NpoBeaeHnUs nsonmpoBaHHon TCOAT

Table 2

Clinical and instrumental dynamics of tumor, ultrasound, densitometric, Doppler and functional parameters before

and after isolated TSPDT

A (M3meHeHme) m

BbicoTa onyxonu, mm

Tumor height, mm 4,69+2,58 1,36+1,14 -3,33+2,41 0,0062
[min-max] [2,4-88] [0,0-3,0] [-83--1,0]

[AnameTp ocHOBaHUA, MM )

Base diameter, mm 8,54+3,56 6,65+3,70 1,89+1,64 0,016
[min-max] [5,0-14,0] [2,0-11,4] [-3,05-+0,1]

MKO3

Best-corrected visual acuity 0,60+0,34 0,71+0,26 +0,11£0,25 0,25
[min-max] [0,03-1,0] [0,4-1,0] [-0,4 - +0,45]
Backynapusauus, n (%)

Vascularization, n (%)

lvnepBacKynapHas 5 1

Hypervascular

lMnoBackynapHaa 2 1

Hypovascular

ABackynapHas

Avascular g g

CpepHAsA aKycTuyeckas

MNOTHOCTDb, Ab 35,53+1,26 28,97+0,83 -6,56+1,12 0,0002

Average acoustic density, dB
[min-max]

Pesynbrat neueHuns, n (%)
Treatment outcome, n (%)

MonHbIN perpecc
Complete regression

YacTuyuHbIN perpecc
Partial regression

[26,34-44,42]

[19,4-34,97]

[-12,02 --2,45]
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Results

The clinical and instrumental dynamics of tumor,
ultrasound, densitometric, Dopplerographic, and
functional parameters before and after treatment are
presented in Table 2.

Clinical and instrumental dynamics of tumor,
ultrasound, densitometric, Doppler and functional
parameters before and after isolated TSPDT.

Given that the key mechanism of action of PDT is
primary vascular occlusive effect, the analysis of the
results was primarily aimed at assessing changes in
intracellular blood flow. As the results presented in Table 2
show, the most pronounced and early changes were
recorded in the nature of intracellular vascularization.
Thus, if hypervascularization was observed in 5 patients
before treatment, then after TSPDT, all patients in this
group showed complete tumor avascularization, which
may indicate thrombosis of the vessels feeding the
tumor. One patient retained the hypovascular type
of blood flow, and only one patient showed signs of
moderate hypervascularization.

Next, the dynamics of the densitometric
characteristics of the tumor was analyzed. Statistical
analysis demonstrated a significant decrease in the
average acoustic density of tumor tissue from 35.53+1.26
dB to 28.97+0.83 dB (A=-6.56+1.12 dB; p=0.0002),
which may indirectly indicate a change in the structural
characteristics of the tumor, possibly associated with a
direct cytotoxic effect and destruction of tumor tissue.

The next step was to assess the reduction in tumor
size, which is a natural consequence of the cessation
of its blood supply. The analysis showed a statistically
significant decrease in tumor height: from 4.69+2.58 mm
to 1.36£1.14 mm (A = -3.33+2.41 mm; p=0.0062). The
diameter of the tumor base also significantly decreased:
from 8.54+3.56 mm to 6.65+3.70 mm (A = -1.89+
1.64 mm; p =0.016).

According to the criteria of treatment effectiveness
RECIST 1.1 (2009), complete regression was achieved in
4 patients, partial regression in 3 patients. There were
no cases of stabilization or progression of the disease,
which indicates 100% local control of the tumor during
the follow-up period.

When assessing functional outcomes, the changes
in BCVA did not reach statistical significance, but a
tendency to increase was found (from 0.60+0.34 to
0.71£0.26; A = +0.11+0.25; p=0.25). The peripheral
localization of tumors of the ciliary body in most cases
provided initially high visual acuity, which remained at
the same level and tended to improve after treatment.
It is important to note that during the entire follow-
up period, no intra- or postoperative complications
related to the TSPDT were recorded.

The results obtained are confirmed by the following
clinical observation. Patient E., 58 years old, was

sent to the St. Petersburg branch of S. Fyodorov Eye
Microsurgery Federal State Institution of the Ministry
of Health of the Russian Federation for consultation
with an ophthalmologist with suspected neoplasm
of the ciliary body of the right eye. The patient noted
a decrease in vision in his right eye during the last 4
months. According to the MRI data of orbits with
contrast in the inner segment, a solid formation was
determined in the projection of the ciliary body.
0,7*0,6%0,8 cm with a cystic component (0.4 * 0.6 cm),
closely adjacent to the lens, intensively accumulating
contrast. The patient signed an informed consent
for a diagnostic examination. According to the
results of a standard ophthalmological examination,
including biometry, visometry, tonometry, perimetry,
biomicroscopy, biomicroophthalmoscopy, it was found
that visual acuity was OD = 0.25 sph - 2.0 cyl -1.0 Dax
25 = 0.5; OS = 0.95 sph +0.25 cyl -0.5 D ax 100 = 1.0;
intraocular pressure according to pneumotonometry at
OD was 19 mmHg, at OS was 16 mmHg. Biomicroscopy
of the right eye revealed an enlarged episcleral vessel
at 9 o'clock, islet deposits of pigment on the iris from 3
to 5 o'clock, a moderately pigmented pro-inflammatory
neoplasm adjacent to the lens was detected behind
the pupillary edge from 2 to 5 o'clock, increased
lens opacity in the contact zone. Gonioscopy from
2 to 5 o'clock revealed partial closure of the anterior
chamber angle by the iris, pigment on the iris with a
local round area of hyperpigmentation measuring
1 mm. Ophthalmoscopically the optic nerve disc was
pale pink, the borders were clear, in the macular zone
there were no features, at the extreme periphery in the
upper-inner segment (mainly the inner) a protruding,
pigmented neoplasm of around shape was determined.

The patient underwent additional instrumental
examinations: ultrasound, including CDI with color
Doppler mapping of the reflected Doppler signal
and spectral Doppler imaging on a PHILIPS Affinity
50 multifunctional scanner (Philips Ultrasound, USA)
with an L15-7io high-frequency broadband linear
transducer in the operating frequency range of 15
to 7 MHz; ultrasound microscopy (UBM) on an Aviso
device with a 25 MHz linear transducer; and photo
monitoring. The clinical and instrumental examination
data are presented in Fig. 1.

According to ultrasound of the right eye (Fig. 1), in
the upper-inner segment in the projection of the ciliary
body, a rounded neoplasm with a height of up to 8.8 mm,
a diameter of up to 7.4 mm, and an uneven structure
with a cyst-like cavity in the thickness were detected.
In the CDM mode, multiple color streams were mapped
in the projection of a tumor with medium-speed, low-
resistance blood flow. During echodensitometry, the
average acoustic density of the tumor tissue was 37.4+1.8
dB. According to UBM, in the upper-inner quadrant, a
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Puc. 1. [JnarHocTU4ecKne XapaKTepucTMKU MeNaHoOMbl Luimap-
HOrO Tena Ao NeyYeHus:
a — NUrMeHTMpoBaHHOe 06pa3oBaHue, Npuierawwee K xpycra-

JIUKY;
b — YBM npomuHupytoLwero o6pa3oBaHus;

C — cepoLuKanbHOEe yNbTPpa3ByKOBOE CKAHUPOBaHUE;

d - UAK BHYTpMONyXoneBoro KPOBOTOKa.

Fig. 1. Diagnostic characteristics of ciliary body melanoma before
treatment:

a - pigmented mass adjacent to the lens;

b — ultrasound biomicroscopy of protruding mass;

¢ — grayscale ultrasound scanning;

d — color Doppler mapping of intratumoral blood flow.

protruding neoplasm with a height of up to 8.8 mm was
visualized in the area of the ciliary body.

To assess the extraocular prevalence of the process,
an MRI examination of the abdominal cavity and brain
organs, and an MSCT of the lungs were performed.
According to the results of additional studies, there are
no pathological changes.

Based on the data of a comprehensive clinical and
instrumental examination, the patient was diagnosed
with T2bNOMO stage IIB ciliary body melanoma.

Taking into account the size, abundant
vascularization and localization of the tumor, the
patient was offered treatment in the amount of TSPDT.
A voluntary informed consent for treatment has been
signed.

OnthenextdayaftertheTSPDT,ophthalmoscopically,
a pronounced reaction was noted in the form of
whiteness and swelling of the tumor surface. According
to CD, signs of thrombosis of intracellular vessels were
observed (Fig. 2). Echodensitometry data showed an
initial decrease in acoustic density to 34.1+£2.1 dB.

Aftertreatment,dynamicmonitoringwas continued.
At a follow-up examination 2 months after TSPDT,
positive dynamics was noted in the form of partial
regression of the tumor according to ultrasound (Fig.
3b) - the height of the tumor decreased to 3.3 mm, the

Puc. 2. PaHHue uameHeHnus nocne TCOAT (1 cyT):

a — NpuM3HaKu TpoM603a BHyTpuonyxonesbix cocyaos npu LAK;

b — cepoluKanbHoOe yNbTPa3ByKOBOE CKaHMpOBaHUe.

Fig. 2. Early changes after TSPDT (day 1):

a - signs of intratumoral vessel thrombosis on color Doppler
mapping;

b - grayscale ultrasound scanning.

Puc. 3. luHamuKa cocTtosHUs Yepes 2 mec nocne TCOAT:

a — GUOMUKPOCKONUSA rnasa ¢ NpU3HaKamu perpecca onyxonu;

b — cepolKanbHoe yNbTPa3ByKOBOE CKaHUPOBaHUE, AEMOHCTPU-
pyioLee yMeHblUeHUe pa3mMepoB ONyXoJiu.

Fig. 3. Dynamics at 2 months after TSPDT:

a — biomicroscopy of the eye with signs of tumor regression;

b — grayscale ultrasound scanning demonstrating reduction in
tumor size.

diameter of the base decreased to 5.5 mm, according
to CDI, blood flow in the tumor was not mapped, and
the average acoustic density significantly decreased to
29.2 £1.5 dB, Biomicroscopically, a decrease in tumor
size was noted (Fig. 3a).

Six months after treatment, positive dynamics
were noted in the form of tumor regression up to 90%.
According to ultrasound data, a decrease in size to
1.1%*2.6 mm was observed in the seroscale scanning
mode (Fig. 4b), blood flow in the tumor thickness
was not mapped during ultrasound with CDM (Fig.
4c), echodensitometry recorded a further decrease in
density to 22.6+1.1 dB, biomicroscopically a significant
decrease in tumor size was noted (Fig. 4a).

During follow-up examinations 9 months after
treatment, the condition is without dynamics.
According to ultrasound data in the seroscale scan
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mode, the tumor size was 1.1*2.6 mm (Fig. 5a), in
the CDM mode the neoplasm was avascular (Fig. 5b).
The acoustic density of the residual tumor tissue was
19.7£0.9 dB. 12 months after the TSPDT, a complete
regression of the tumor was achieved, according to
ultrasound, the tumor was not visualized (Fig. 5¢).

Discussion

TSPDT is an innovative approach in the treatment
of intraocular tumors. The key advantage of the
technique is the ability of radiation to overcome the
scleral membrane with minimal losses and selectively
affect the tumor from its base, which is achieved due to
the optical properties of the sclera and choroid, which
contribute to uniform distribution of energy in the
deep layers of the eyeball [14, 22, 23]. The present study
presents the first clinical results of the application of
this approach for the isolated treatment of melanoma
of the choroid of the eyeball.

In the presented series of cases, local tumor control
was achieved in all patients during the follow-up
period: complete regression was noted in 4 and partial
regressionin 3 patients with an average follow-up period
of 19.0£5.9 months. An important aspect is the absence
of cases of local disease progression during follow-up.
In cases with insufficient regression dynamics at control
examinations within 1-3 months, a timely transition to

Puc. 4. JuHamMmu1Ka cocTosHUSA Yepes 6 mec
nocne TCOAOT:

a — GMOMUKPOCKONMUSA rna3a co 3HaYuUTeNb-
HbIM PErPeccoMm Onyxosu;

b — cepolKanbHoe ynbTpa3ByKOBOE CKa-
HUpPOBaHMe, NoKasblBalLlee yMeHbLUeHUe
pa3mepoB Onyxonu;

¢ - UAK, noaTBepxaatowee aBacKynsap-
HOCTb OMyXOJIU.

Fig. 4. Dynamics at 6 months after TSPDT:
a — biomicroscopy of the eye with
significant tumor regression;

b — grayscale ultrasound scanning showing
reduction in tumor size;

¢ — color Doppler mapping confirming
tumor avascularity.

Puc. 5. OTganeHHble pesynstathl TCOAT:

a — cepolLKaJibHOEe Y/IbTPa3BYKOBOE CKaHU-
poBaHue Yepe3 9 Mec nocsie nevyeHus;

b — LBEeTOBOE AOMNMNIEPOBCKOE KAapTUPOBa-
HUe Yyepe3 9 Mec nocne neyYeHusl, aBacky-
NIAPHO;

C — cepoLuKaibHOoe yNbTPa3BYKOBOE CKaHU-

TBepXAatoLLee NoJiHbI perpecc onyxosu.
Fig. 5. Long-term results of TSPDT:

a — grayscale ultrasound scanning at 9
months after treatment;

b — color Doppler mapping at 9 months
after treatment, avascular;

¢ — grayscale ultrasound scanning at

12 months after treatment, confirming
complete tumor regression.

brachytherapy was used, which excluded wait-and-see
tactics. Achieving complete regression in more than
half of the patients allows to consider this technology
as a potential option for isolated treatment. However,
the absence of complete regression in some patients
requires further dynamic monitoring and, if necessary,
consideration of additional treatment.

The selectivity of PDT, based on the selective
accumulation of PS in pathological tissues, minimizes
damage to healthy structures of the eye [15, 24-27].
This fact explains the absence of decreased visual
acuity and complications characteristic of radiation
therapy in the study - post-radiation cataracts,
neuroretinopathy, and neovascular glaucoma, which
are especially common when tumors of the anterior
eye are irradiated and significantly limit the functional
results of treatment [5, 11, 12, 13].

The main mechanism of the antitumor effect
of PDT is the combined effect on the vessels of the
microcirculatory bed of the tumor (vascular occlusive
effect) and on tumor cells (direct cytotoxic effect)
[15,24,25,28,29]. Complete avascularization of the
tumor focus in most patients, which was observed
from early follow-up, confirms the pronounced
vascular-destroying effect of the method and is
consistent with the literature data on tumor vessel
thrombosis as a key mechanism of PDT [14-17,19-23].

poBaHue yepes 12 mec nocne sievyeHus, noa-
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An important result of this study, consistent with the
data on the direct cytotoxic effect, was the objective
confirmation of the destruction of tumor tissue using
echodensitometry [30, 31]. A statistically significant
decrease in the average acoustic density recorded
in dynamics (from 35.53+1.26 dB to 28.97+0.83 dB;
p=0.0002) may indicate the development of structural
changes in the tumor tissue, presumably associated
with necrotic processes, which is also consistent
with the data obtained in the presented clinical case.
The revealed changes, first of vascularization, and
then of acoustic density, naturally contribute to the
subsequent regression of the neoplasm.

Tissue pigmentation creates significant limitations for
PDT in oncological practice, since melanin absorbs light
energy, reducing the depth of radiation penetration and
therapeutic effectiveness [18, 32, 33]. In the presented
study, the combination of red spectrum radiation (660
nm) with transcleral access minimizes the impact of
these limitations. The key advantage of the technique
is the direct supply of light to the base of the tumor,
partially bypassing the pigment barrier, in contrast to
the transpupillary approach, where melanin shields the
radiation at the top of the tumor [19-21]. In this series
of cases, this approach made it possible to achieve
regression even with pronounced pigmented neoplasms.

The depth of penetration and the efficiency of
radiation delivery remain important aspects of PDT in
the treatment of intraocular neoplasms, since light in
PDT procedures is subject to scattering and absorption
when passing through biological tissues, including the
sclera. The wavelength range used to activate PS is
405-900 nm, while the penetration depth significantly
depends on the optical properties of the specific
wavelength and absorption spectrum of the drug
[20, 25]. In this study, PS chlorin e6 was used, which
belongs to the second generation of drugs [15, 16, 25,
34, 35]. Unlike first-generation porphyrins operating in
the range of 400-630 nm and providing a penetration
depth of up to 1-3 mm, chlorin e6 is activated by
660 nm radiation and provides a significantly greater
penetration depth of at least 3.5-4.4 mm, as well as
reduced absorption by the main tissue chromophores -
melanin and hemoglobin [15, 32, 33, 36, 37]. The results
obtained in the presented study are consistent with
the data on a sufficient depth of radiation penetration
in this spectral range.

The main limitation of this study is the small
number of patients in the sample and the relatively
short follow-up period, which makes it impossible
to draw definitive conclusions about long-term
outcomes and the frequency of local relapses.
The obtained preliminary data, on the one hand,
demonstrate the possibility of using TSPDT as an
isolated method in individual patients. On the

other hand, given the multicomponent approach
adopted in oncology and the fact that brachytherapy
remains the "gold standard" for the treatment of
ocular vascular melanoma, it is currently advisable
to consider the TSPDT method primarily as a
component of combination therapy. It should be
emphasized that this treatment method does not
claim to be a universal solution for all patients
with CBM. The demonstrated efficacy was achieved
within the selected cohort, which determines the
relatively narrow indications for its use as an isolated
treatment. The key conditions for success are careful
patient selection and strict postoperative monitoring,
which allows timely assessment of the response and
decision on the need for additional intervention.

Further development of the method is associated
with several directions. Firstly, TSPDT can be used
to treat small tumors of peripheral localization with
hypervascular type of blood flow. Secondly, its use as
part of a combined approach seems to be the most
reasonable, for example, as a neoadjuvant step before
brachytherapy or protonotherapy.

The results obtained, in particular, a significant
reduction in the size, vascularization, and acoustic
density of the tumor after TSPDT, suggest that such
tactics may create prerequisites for reducing the
radiation dose during subsequent brachytherapy,
which can potentially offset the risks of radiation
complications. The method may also be used in
adjuvant mode. In addition, a promising direction is the
combination of TSPDT with other methods, including
TPPDT, for a two-way effect on the tumor.

Conclusion

The study shows that isolated TSPDT with PS based
on chlorin e6 can be considered as a promising and safe
method of organ-preserving treatment of CBM. Within
the selected cohort of patients, the method allowed to
achieve a high frequency of local control. In addition
to a statistically significant reduction in tumor size and
a pronounced vascular occlusive effect, an objective
confirmation of the destruction of tumor tissue by
echodensitometry was a significant result, which may
reflect the direct cytotoxic effect of the method. An
important aspect is the preservation of stable visual
function and the absence of complications. Given the
preliminary nature of the data, the results obtained
determine the need for further research to clarify the
role of TSPDT in the treatment of vascular melanoma,
clarifying the prospects for its use as an isolated method
or, most likely, a component of combined treatment.
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Abstract

The task of developing a decision support system in neurooncology based on optical-spectral analysis of intracranial tumor tissue is associated
with several challenges inherent in working with biomedical data. These include the high dimensionality of the feature vector with a relatively
small sample size, data gaps, and sample imbalances due to the varying frequencies of various diagnoses. Analysis of correlations between features
of the tumors under study will allow both the restoration of data gaps and their augmentation (artificial expansion of the training dataset by
creating modified versions of existing examples). This paper presents an analysis of the dependence of various optical-spectral characteristics on
the tumor cell/tissue content in the sample and the cross-correlations between various features.

Key words: glial tumor, optical spectroscopy, Raman scattering, diffuse reflectance, fluorescence.
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A. OcnaHos', N.[. Pomanmwkmn?, T.A. Caeenseea'?, C.B. LLyrait®,

A.B. Kocbipbkosa®, I.B. Maenoea’*, U.H. Mponun?, B.b. JloweHos'?

"HaumoranbHbi nccnegosatensckuit saepHbliin yHusepeuteT <MDy

(MockoBckmit mHxeHepHo-duamyeckuin uHcTuTyT), Mockea, Poccus

2UnctutyT obwen dusmkm mm. A.M. Mpoxoposa Poccuiickoi akapemun Hayk, Mocksa, Poccus
*HauMoHaNbHbIM MEAULMHCKMI MCCNEN0BATENbCKMMA LEHTP HEMPOXMPYPIUU UMEHM

akagemmka H. H. bypaerko, Mockea, Poccus

*UHCTUTYT BbICLLIEN HEPBHOM OEATENBHOCTH M HEMPOdbUuanonorum Poccuickon akagemmmn Hayk,
Mockea, Poccus

Pesiome
3anaqa NOCTPOEHNA CUCTEMbI NOAAEPKKN MPUHATUA peLLIEHVIVI B HeVIpOOHKOHOFVIVI Ha OCHOBE ONTWKO-CNEKTPa/IbHOro aHannsa TKaHen BHY-
Tquepenglx OI'IyXOI'IeVI conmeeHa C HeKOTOprMI/I CNOXHOCTAMMN, CBOI7ICTBeHHbIMI/I pa60Te C 6I/IOM€AI/IL|,VIHCKI/IMI/I AaHHbIMW. Cpenm HUX —
BbICOKaA pPa3mMepHOCTb BEKTOPA MPU3HAKOB MNpn OTHOCUTESIbHO MaJjioM obbeme Bbl60pKl/I, nponycKkn B AaHHbIX, a TaKXe Hec6anchmposaH-
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HOCTb BbIGOPOK 13-3a Pa3HOii YaCTOTbl BCTPEYAEMOCTY Pa3NyHbIX AWArHO30B. AHA/IN3 KOPPENALMIA MEXAY NPU3HAKaM1 UCCIIefyeMblX Ory-
XOsieli MO3BONNT BbIMOHATL Kak BOCCTAHOBJIEHME MPOMYCKOB B AAHHbIX, TaK 1 NX ayrMeHTaLuIo (MCKYCCTBEHHOE paclumpeHue obyJarolero
Habopa JaHHbIX MYTEM CO3AaHVA MOANDULIMPOBAHHbIX BEPCUIA UMEIOLLMXCA NPUMepOoB). B faHHoO paboTe npefcTaBneH aHanms 3aB1cMMocCTy
Pa3NMYHbIX ONTUKO-CMEKTPAsIbHbIX XapaKTEPUCTVK OT COEPKaHWsA OMyXOseBbIX KIIETOK/TKaHN B 06pasLe 1 B3aMMHbIX KOPPENALW Mexay

pPa3nnYHbIMN NPU3Hakamu.

KnioueBble cnoBa: rnvanbHas onyxosib, ONTMYECcKas CNekTPOCKONUsA, KOMOVHaLMOHHOe pacceaHune, anddysHoe oTpakeHue, dnyopec-
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Introduction

Determining the boundaries of intracranial tumors
is a central problem in neuro-oncology today. The
magnetic resonance imaging (MRI) is limited as
intraoperative tools, and ultrasound does not provide
information on tumor metabolic parameters. Therefore,
intraoperative optical neuroimaging [1-3] and laser
spectroscopy [4,5] have becomeincreasingly important.

Fluorescence spectroscopy techniques are highly
dependent on the photosensitizer concentration in
the tissue being examined. If the photosensitizer has
not accumulated in sufficient quantities in the tissue,
fluorescence analysis may be uninformative. Raman
spectroscopy (RS) can be a useful complement to
fluorescence diagnostic methods. RS does not require
photosensitizer accumulation. However, due to the
specific features of Raman spectra, namely, the large
number of significant peaks and lower signal intensity
compared to fluorescence, Raman spectra require more
complex signal preprocessing and statistical analysis of
the results [6].

Machinelearning methods can be usedto preprocess
and analyze measurement results, particularly Raman
spectra. A brief overview of simple machine learning
methods for preprocessing data obtained from IR
and Raman spectra is provided in [7]. Dimensionality
reduction algorithms are one such method. It is the
process of reducing the size of a feature vector. A set
of features can be a dataset with hundreds of columns
or an array of points that form a large sphere in
three-dimensional space. As the number of features
increases, the number of dimensions also increases
proportionally. The more features describe one object,
the more objects in the sample we need to ensure that
all combinations of feature values are well represented.

Machine learning algorithms can also be used for
data analysis, which can be divided into supervised and
unsupervised learning. Unsupervised learning works
on unlabeled data, without human intervention. An
example of an unsupervised learning approach is data

BIOMEDICAL PHOTONICS T. 14, N24/2025

clustering. Supervised learning is a method in which
a model learns to solve problems based on examples
with known answers.

In [6], dimensionality reduction and clustering
algorithms were considered for data obtained using
fluorescence, diffuse reflectance, and Raman scattering
from intracranial tumor biopsies. It shows that an
algorithm without training on unlabeled data can
distinguish meningeal and glial tumors with good
accuracy. The use of more advanced algorithms will
make it possible to distinguish between the types and
stages of tumors.

Machine learning methods for spectroscopy have
become widespread. In [8], neural network algorithms
were applied to data obtained using surface-enhanced
Raman scattering for pathogen recognition. An
excellent example of data classification using machine
learning is the work [9], where for classification
random forest algorithms and the gradient boosting
tree method were used. The objects of classification
were Raman spectroscopy data obtained from fresh
specimens of glial tumors, which overlaps with the
objects studied in our article. Analysis of the application
of machine learning methods to spectrally resolved
data in neurooncology [10,11] shows that they can be
successfully applied to the classification of intracranial
tumors, which is what we aim to achieve.

However, we would like to move from classical
machine learning methods to neural network-based
ones, but the number of experimental specimens we've
analyzed to date is insufficient. Samples for different
diagnoses vary significantly in the number of specimens
they contain. To overcome these limitations in the
application of neural network algorithms, we propose
expanding groups with small numbers of objects with
artificial data - in other words, data augmentation.
To successfully implement augmentation, as well as
to study the relationships between measured data,
we decided to conduct a correlation analysis of the
available data, which is the focus of this article.
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Interesting application of correlation analysis
is presented in the work [12], in which the authors
examine brain gliomas and calculate correlation
coefficients to validate a previously studied machine
learning algorithm that sequentially generates a
cellularity prediction map.

Materials and methods
Biological specimens
In total (after removing outliers), more than 250
fresh tissue samples from intracranial brain tumors
(hereinafter referred to as biopsies) were examined. Of
these, the following were diagnosed:
e Meningioma - 66 specimens (38 - grade|l, 21 —grade
I, 7 — grade lll);
e Glioblastoma - 112 specimens;
e Oligodendrogliomas - 32 specimens
unknown grade; 8 - grade Il; 20 - grade lll);
e Astrocytomas - 41 specimens (12 with unknown
grade; 1 — grade |; 2 — grade II; 26 - grade IlI).

(4 with

Experimental stand for spectral analysis

A He-Ne laser (632.8 nm wavelength) and a diode
laser (405 nm wavelength) were used to excite the
fluorescence signal in biological samples. LESA-01-
BIOSPEC spectrometers with optical edge filters
attenuating the excitation light (632.8 and 405 nm) at
the spectrometer input to the fluorescence signal level
were used to record the fluorescence spectra. An optical
fiber was used to deliver the laser signal. A halogen lamp
and a LESA-01-BIOSPEC spectrometer were used as a
white light source to record diffuse reflectance. Raman
spectra were measured using a Raman-HR-TEC-785
spectrometer (StellarNet, USA; spectral range 200-2750
cm™', resolution 4 cm™'), a Ramulaser-785 laser source
(StellarNet, USA; 785 nm), and a fiber-optic confocal
probe for delivering laser radiation and a Raman signal.
The laser peak width is 0.2 nm; power up to 500 mW.
Spectral measurements were performed in a darkened
room.

Sample collection protocol
The sampling protocol was presented in the

following steps:

1. Transfer of brain tumor fragments (biopsy
specimens) removed by the surgeon during surgery
(cleaned of extrinsic material and placed in saline)
to the cryopreservation laboratory for preliminary
tissue characterization prior to freezing. Prior to
spectroscopic measurements, the specimen is kept
at 4°C (specimens were measured no later than 4
hours later).

2. Selection of one to three fragments of 2-5 mm in
diameter from the available tumor material. If a
fragment is larger than the dimensions described

above, it is divided into parts, as larger fragments

may have inhomogeneous structure.

3. Darkening the room and measuring the background
signal (baseline) of the Raman spectrometer for
subsequent software exclusion.

4. Calibration of fluorescence spectrometers (LESA
with filters at 405 and 632.8 nm) by wavelengths
using 3 lasers: 405, 532, 632.8 nm.

5. The fluorescence spectra of protoporphyrin IX (Pp
IX) and the autofluorescence spectra are measured
using the LESA-01-BIOSPEC spectrometer (Biospec,
Russia) using a common algorithm: the appropriate
laser (632.8 nm or 405 nm) is turned on, the distal
end of the light guide is brought into soft contact
with the sample, and several spectra from different
points on each sample are recorded (approximately
six measurements). The exposure time is 100 ms.

6. Measurement of diffuse reflectance spectra is
performed using a LESA-01-BIOSPEC spectrometer
(with a halogen lamp as a white light source) and
includes measurement of the baseline, the reference
signal in the reflectance mode from a white sample
(barium sulfate), measurement of spectra from an
object in the diffuse reflectance mode (with the
distal end of the light guide in soft contact with the
sample, several (about 6) measurements are made
for each sample).

7. Measurements of Raman spectra are performed
with an exposure of 30 s, 10 measurements from
each sample (the power of the 785 nm laser is 150
mW).

8. After measurements, the sample is placed in
formalin and given to a morphologist for histological
examination.

The process of sampling and recording optical
spectra was carried out in the Department of
Cryopreservation and Molecular Genetic Analysis of
the N.N. Burdenko National Medical Research Center of
Neurosurgery.

Spectrum processing

Uno software (Biospec, Russia) was used to process
fluorescence and diffuse reflectance spectra. Processing
of Raman spectra and subsequent analysis of both
fluorescence, diffuse reflectance, and Raman spectra
were performed using specialized software developed
in Python within the Jupiter Notebook environment.

Components of feature vector were extracted from
fluorescence, diffuse reflectance, and Raman spectra.
A matrix was formed from the feature vectors of the
specimens, which is used for data analysis (in this case,
for correlation analysis).

From fluorescence excited by a 632.8 nm laser,
backscatter (diffuse reflectance) of laser radiation
and Pp IX fluorescence were extracted as features.
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From fluorescence excited by a 405 nm laser, diffuse
reflectance (diffuse reflectance) of laser radiation and
the fluorescence of FAD and porphyrins were extracted.
The contribution of diffuse reflectance of broadband
radiation to the feature vector is represented by
hemoglobin absorption, its oxygen saturation, and the
scattering coefficient.

The largest number of feature vector components
were taken from the Raman spectra. When choosing
which data from the Raman spectra to take as features,
the authors relied on the work [7] and also searched for
biochemical components that showed the presence
of statistically significant differences between the
groups [13]. The following biochemical components
were taken from the Raman spectra as features:
cholesterol; phospholipid; lipids; carotenoids; heme/
hemoglobin; oxygenated heme/hemoglobin; proteins;
phenylalanine.

Ta6nuuya

Explanation of legenda on Figures for feature vector
components are given in Table.

A more detailed description of the methodology is
given in our previous works [14,15].

Correlation analysis

Correlation analysis is a statistical method for
determining the relationship between two sets of
variables (in this case, features in feature vector).
The key parameter of this method is the correlation
coefficient, which indicates the type of relationship.
The correlation coefficient can take values from -1 to
1. Values close to —1 indicate an inverse relationship
between the variables, values close to 1 indicate a
direct relationship, and values close to 0 indicate no
relationship. A very important parameter related to
the correlation coefficient is its statistical significance.
It allows one to assess the validity of the conclusion

CNUCOK OCHOBHbIX ONTUKO-CMEKTPa/ibHbIX NapamMeTpoB U UX YCNOBHbIX 0603Ha4YeHui

Table

List of main optical-spectral parameters and their symbols

YcnoBHOe
0603HaueHne

OnTuKo-cneKTpaabHble

napameTpbl

backscatter_633
fluo_633
backsca_405
fluo_405_fad
fluo_405_porph
hemoglobin
scattering
r_cholesterol
r_phospholipid
r_lipid
r_carothenoid
r_heme
r_oxy_heme
r_protein

r_phenylalanine

Ob6paTHOoe paccesHne OT 632,8 HM Nlasepa
Diffuse reflectance of 632.8 nm laser light

OnyopecueHLms oT 632,8 HM nasepa (accoummnpoBaHHas ¢ npoTonopdrpuHom IX)
Fluorescence excited with 633 nm laser light (associated with Pp IX)

Ob6patHoe pacceaHmne oT 405 HM nasepa
Diffuse reflectance of 405 nm laser light

OnyopecueHuua dnaBrHoB, npevmyLectBeHHo OA]] (naBruHageHNHANHYKNeoTAad) oT 405 HM nasepa
Fluorescence excited with 405 nm laser light (associated with flavins, mainly FAD)

®nyopecueHuna ot 405 HM nasepa (accoummpoBaHHas ¢ npoTonopdrprHom IX)
Fluorescence excited with 405 nm laser light (associated with Pp IX)

MornoweHne remornobuHa, onpegenaembli No cnekTpy Anddy3HOro oTpakeHMA OT 6eIoro NCTOUYHNKA
Hemoglobin calculated from diffuse reflectance spectra

KoaddpurumeHT paccesHus, onpegenaembiii No cnekTpy Anddy3Horo otpaxeHus ot 6e510ro MCTOYHMKa
Scattering coefficient calculated from diffuse reflectance spectra

Kom6VHaLMOHHOE paccesiHre OT XONIeCTEPUHOB
Raman scattering from cholesterol

KombrHaLmoHHoe paccesHre oT dochonmnuios
Raman scattering from phospholipid

Kom6ViHaLMOHHOE paccesiHrie OT NMNMA0B
Raman scattering from lipids

KombuHaLmoHHOe pacceaHmne OT KapOTUHOMAOB
Raman scattering from carotenoids

Kom6ViHaLMoHHOe paccesiHvie OT rema
Raman scattering from heme

Kom6u1HaLMoHHoe paccesHne OKCMIMHUPOBAHHOTO reMa
Raman scattering of oxygenated heme

Kom6uHaLmoHHoe paccesHmne oT 6enKkoB
Raman scattering from proteins

KombrHaLoHHoe paccesHre oT GpeHnnanaHmnHa
Raman scattering from phenylalanine
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regarding the presence of a correlation relationship
obtained using the correlation coefficient. The lower
the significance value, the stronger the correlation
relationship described by the correlation coefficient.

In this study, the Spearman rank correlation
coefficient was used. This coefficient was chosen
because the authors currently have a small amount
of data. The Spearman rank correlation coefficient is
calculated using formula (1):

_ z;(xi_f)(yi_y)
p_ 2 —\2
(5% (3 -7)

where n - number of observations; x n y - average
values.

The statistical significance of the correlation
coefficient (1) is determined using the Student's t-test
according to the formula (2):

t_p,/(n—2) 2

(=7

Calculations of correlation coefficients and their
statistical significance were performed using Python
programming language and the Jupiter Notebook
programming environment. Correlation coefficients
were calculated for all feature vectors with each other,
as well as correlations between feature vectors and the
tumor percentage (percentage of tumor cells) of the
biopsy specimen. Fig. 1 shows a generalized diagram of
the analysis of biomaterial and its spectral characteristics
for the purpose of automating classification, which
shows the place that the topic of this article has in this
concept.

) (M

Results and discussion
Correlation of features with the percentage of tumor in
the sample

In order to analyze the physiological correlates
of the spectral characteristics of tumors, we carried
out a study of the relationship between all known
characteristics of the samples, such as features
obtained from the pathological report (tumor type
glioma/meningioma/oligodenroglioma, tumor grade,
percentage of tumor in the sample) and from spectral
analysis (presence of various biochemical components
and optical characteristics).

The results of the pathomorphological examination
allow us to analyze the correlations between the
measured optical-spectral characteristics and the
content of tumor or necrotic cells/tissue in the sample.
Since classification results depend significantly on the
percentage of tumor in the sample at which we classify
it as a tumor, and the percentage of necrotic tissue at
which we classify it as necrosis, we conducted studies of
the threshold values for various characteristics.

Fig. 2 shows the summary results of the detected
dependencies, which allowed us to identify so-
called "healthy tissue correlates," that is, spectral
characteristics that are higher in normal tissue,
and "tumor tissue correlates," that is, parameters
that are higher in tumor and necrotic tissue. A non-
monotonous relationship with the percentage of
tumor in the sample was also found for lipids and
phospholipids, which was the subject of a separate
study, described below.

We included carotenoids (r_carothenoid) and
oxygenated hemoglobin (r_oxy_heme) among the
healthy tissue correlates (Fig. 3a). The carotenoid

Céop Peructpauyms cnektpos

obpasyoe/ dnyopecueHummM npu Bo3byKAEHUM Ha

Sample 405 Hm/ :>
collection Registration of fluorescence spectra

with excitation at 405 nm

Peructpauus cnexktpos dayopecueHumm
npu Bo3bykaeHuu Ha 632.8 Hm 1 [10 ¢
LUIMPOKOMONOCHBIM UCTOHMHUKOM/
Registration of fluorescence spectra with
excitation at 632.8 nm and DO with a
broadband source

Peructpauus cnexktpos
KOMBWHALMOHHOTO paccesHus oT
nasepa 785 Hm/

Registration of Raman spectra from a
785 nm laser

=

= A Knaccugpukayus/
Hanu. o
2 ant3 Classification
8 npusHakoe/
-2 Feature analysis
- O
I® ::> [Nannbie/
28 - aHann3 Kpocc- Data
§ © Koppenauuii/
¥, .
339 cross-correlation - -
(= .
S & analysis &’ ’:.‘ ‘.: ’;.‘
- L} [ X X XK ]
CHUXeHue > CIACTC RRR
= pa3mepHocTu/ .‘o‘.
3 dimensionality A
S © ] e®e®
2 9 reduction RARR
g 5 - 3anonHeHune
§ £ "> nponycxos/ gap
e = imputation Knaccel/
9% g = Classes
g 25 2 - ayrmeHTauma/
P ] o
R augmentation
C oo ©

Puc. 1. Cxema aHan13a o6pa3uoB M JaHHbIX NPU MOCTPOEHUU MOAeNn KnaccuduKkaumm BHyTpU4EpEnHbIX Onyxosiei No AaHHbIM ONTHU-

YEeCKOM CNEKTPOCKOMUMU.

Fig. 1. Scheme of sample and data analysis when constructing a model for classifying intracranial tumors based on optical spectroscopy

data.
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0-25% 25-50% m51-75% m76-100% ™ Necrosis

Puc. 2. 3aBUCMMOCTb ONTUKO-CMEKTPasbHbIX XapakTtepuctuk KP
OT coAepXKaHus onyxonesbiX TKaHeN B o6pasue.

Fig. 2. Dependence of optical-spectral characteristics from
Raman spectra on the content of tumor tissue in the sample.

and oxygenated hemoglobin content in the samples
inversely correlated with the percentage of tumor
tissue in the sample, since carotenoids are a component
of the antioxidant defense system in normal tissues,
while tumor tissues are hypoxic. Previous studies have
shown that carotenoid concentrations in plasma are
inversely proportional to cancer risk in epidemiological
and experimental studies. Carotenoids are specifically
distributed in different lymphocyte subtypes. Zhou et
al. [16] observed a clear decrease in the intensity of the
1157 and 1521 cm™' peaks with anincrease in the degree
of malignancy of gliomas. Hypoxia also correlates with
the degree of tumor malignancy [17].

When it comes to tumor tissue correlates,
hemoglobin (r_heme) is, of course, the primary one.
Blood volume correlates with the level of vascularization

2.5
2
25
1.5 2
1 15
1
0.5
0.5
0 0
0-25% 25-50% 51-75% 76-100% Necrosis
—8— Okcun-rem/ Oxy-hem
E —e— KapoTtuHougpl/ Carotenoids E
r_cholesterol i
15 2
I 1.5
1
1
0.5 0.5
0 0

0-25% 26-100%,

necrosis

and the degree of malignancy in gliomas [18,19],

and the density of microvessels in gliomas can be an

independent prognostic factor [20, 21]. This is precisely
the nature of the dependence on the tumorigenicity of
the sample that we observe with a significance level of

1% for heme, determined using Raman spectroscopy

(Fig. 3b).

In Fig. 3, we also see that cholesterol (r_cholesterol)
increased with increasing tumor tissue content in the
sample. However, the data spread was so wide that
the significance level of differences between groups
for this parameter was 18%. Tumor tissues were also
characterized by higher protein content (r_protein). It
should be noted that forming these groups required
partitioning with different tumorigenicity thresholds:

- Cholesterol levels in specimens with 26% or more
tumor tissues (including necrosis) are significantly
higher than in specimens with 0-25% tumor tissues;

e Heme levels in specimens with 51% or more tumor
tissues (including necrosis) are significantly higher
than in specimens with 0-50% tumor tissues;

e Protein levels in specimens with 76% or more tumor
tissues (including necrosis) are significantly higher
than in specimens with 0-75% tumor tissues.

This suggests the need for a finer division of
specimens into classes for some characteristics, as
well as a continuous change in these characteristics in
general.

Correlations between spectral features

Correlation coefficients for features were examined
to identify relationships between them. For each pair of
features, Spearman's rank correlation coefficients and

r_hem
0-50% 51-100%,
necrosis
r_protein
I Puc. 3. Koppensitbl 340pOBbIX U
I onyxoneBblX TKaHel (BKaloYas
TKaHU C HEKPOTUYECKUMMU BKIIIOYE-
HUSIMUH).

Fig. 3. Correlates of healthy and
tumor tissues (including tissues
with necrosis).
0-75% 76-100%,
necrosis
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statistical significance for each correlation coefficient
were calculated. As a criterion of interest, as well as
a certain statistical significance of the correlation
between features, we took the threshold value of the
rank correlation coefficient by modulus of 0.7 or higher,
and the value of statistical significance of 0.05 or less.
Feature vectors satisfying the above condition are called
feature vectors satisfying the criterion of interest. Fig.
5-9 show graphs of the dependencies of feature vectors
satisfying the criterion of interest with correlation
coefficients and with the statistical significance of the
correlation coefficients. A comparison was also made
of the spectral features determined from the diffuse
reflectance and Raman spectra, which showed a non-
monotonic dependence on the content of tumor tissue
in the sample.

Correlation of diffuse reflectance and Raman scattering
features

In our previous study [15], we compared light
scattering in tumors recorded intraoperatively and
during studies in biobank. Similar patterns were
demonstrated, with a minimum for the perifocal zone
in intraoperative studies, which we compared with the
light scattering minimum for samples containing 26-
50% tumor tissue during data analysis in biobank. We
explained this nontrivial behavior of the parameter
by the gradual degradation of normal white matter
during tumor development, which competes in its
effect with the growth of tumor cell content. Light
scattering in tissues occurs due to fluctuations in
the refractive index of the medium. The main source
of these fluctuations are lipids in cell membranes,
which is especially relevant for the white matter of
the brain, which comprises 50% of the myelin sheaths
of nerve tracts. In this study, we compared these
diffuse reflectance data with the results of lipid and
phospholipid analysis, which, as shown in Fig. 2 and
4, also demonstrate a local minimum for the same
samples. A study of the lipid and phospholipid content
in tumor samples using Raman spectra revealed the
same "saddle-shaped" dependence on the tumor
percentage of the samples (Fig. 4).

- 0.5
- 0.45
- 04
I 0.35
0.3
r 0.25
+ 0.2
~ 0.15
- 0.1
L 0.05
k0
Necrosis
(>80%)
—o—r_phospholipid —e—r_lipid —e—backscatter_633

26-50 51-100

0-25

Puc. 4. Koppenauusa curHana audpedy3Horo orpaxkeHus u coaep-
XaHusa nunugos u pochonmnnaos.

Fig. 4. Correlation of diffuse reflectance signal and content of
lipid and phospholipid.

Meningiomas

66 samples diagnosed with meningioma were
examined and analyzed in total. Of these, 38 were grade
| meningiomas, 21 were grade Il meningiomas, and 7
were grade lll meningiomas.

Fig. 5 shows two dependences of features that meet
the criteria of interest for grade | meningioma. A positive
correlation is observed between the fluorescence of
Pp IX (fluo_405_porph) and FAD (fluo_405_fad) upon
excitation by laser radiation with a wavelength of 405
nm (Fig. 5a). In Fig. 5b, a direct correlation is observed
between the Raman scattering of proteins (r_protein)
and phospholipids (r_phospholipid). According to work
[22], phospholipids in Raman spectra are most strongly
manifested in the white matter of the brain, stronger in
normal tissue, weaker in a tumor, but stronger in necrotic
tissue than in a tumor. If we look at Fig. 2 in this article,
we will see just such a non-monotonic dependence
of the expression of the presence of phospholipids
on the percentage of tumor in the sample with a local
minimum falling approximately in the range of 25-50%.
Moreover, the protein presence index demonstrates
a fairly significant increase when moving to samples
with a tumor prevalence of more than 50%. According
to surface-enhanced Raman spectroscopy data [23], the
presence of proteins is higher, including in glioblastomas.
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Fig. 6a shows a correlation between PP IX (fluo_405_
porph) and FAD (fluo_405_fad) similar to Fig. 5a. Work
[24] showed that free FAD is present to a greater extent
in grade Il meningioma than protein-bound FAD, and it
is more concentrated in grade Il meningioma than grade
I, while control samples show a higher frequency of
protein-bound FAD and a decrease in the concentration
of free FAD. In [25], fluorescence analysis was performed
using a modified surgical microscope. Data were
obtained on flavin fluorescence in the 500-580 nm range
and theintegrated fluorescence spectrum in the 430-740
nm range in freshly removed samples of various brain
tumors: low- and high-grade gliomas, meningiomas,
and metastases. It was shown that the fluorescence of
protein-bound flavin mononucleotide (FMN) in brain
tumors increased with a shift in metabolism toward a
more glycolytic mode. These metrics were characteristic
of various tumors and demonstrated the potential
for their use in machine learning-based classification
of brain tumors. The increased accumulation of Pp IX
within tumor cells is likely due to the difference in cell
proliferation between tumor and healthy tissues. In
particular, porphobilinogen deaminase activity increases
during replication [26]. Another enzyme with altered
activity in tumor cells is ferrochelatase, whose reduced
expression has been demonstrated in many tissues and

tumors, including glioblastoma [27, 28]. This condition
promotes a longer presence of Pp IX inside the cells,
which may also be associated with the intensity of their
fluorescence [29, 30]. Thus, the fluorescence correlation
in this case appears to be consistent, and we can extend
this pattern to all types of tumors analyzed in this work.

Glial tumors

A total of 185 glial tumors were examined. Of these:
glioblastomas - 112; oligodendrogliomas - 28 (grade
[l - 8; grade Ill v 20; unknown grade - 4); astrocytomas
- 41 (grade | - 1; grade Il - 2; grade Il - 26, unknown
grade — 12).

Fig. 7 shows the cross-correlations of parameters
for oligodendrogliomas, demonstrating the maximum
relationship between the features. Among these,
maximum values of the correlation coefficient are
between the fluorescence of Pp IX (fluo_405_porph)
and FAD (fluo_405_fad) upon excitation with a 405 nm
laser (p = 0.97) and between the indices of protein (r_
protein) and phospholipid (r_phospholipid) presence,
calculated from Raman spectra (p = 0.98).

General considerations regarding these relationships
were discussed above in the section on meningiomas.
The high correlation between phospholipids
(r_phospholipid) and heme (r_heme) appears quite
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expected, as we already identified heme as a correlate
of tumor tissue, and the increasing expression of
phospholipid spectral lines with increasing tumor
tissue content of the samples, starting from 50%, also
allows us to consider them in this way. However, the
non-monotonic dependence of the phospholipid
signal on the tumor tissue content means that higher
values can also be observed at lower, "healthy," heme
concentrations, which is reflected in the corresponding
diagram in Fig. 7 by the wide scatter.

Moreover, the high correlation of phospholipids
with oxygenated heme appears secondary to the
previous case, as it is due to the generally higher
hemoglobin content in tumor tissues. Furthermore,
we see very high variability in oxygenated
hemoglobin with high phospholipid content for two
reasons: it could be healthy tissue, which has a higher

saturation level; or it could be a tumor, which is more
hypoxic, but has a higher overall heme content,
meaning a higher absolute value of oxygenated
hemoglobin. The correlation of such features as heme
and proteins, as well as lipids and phospholipids, does
not require additional explanation. Phenylalanine,
despite the fact that it shows high values of correlation
coefficients with many parameters, demonstrates a
tendency towards clustering of values. According to
[22, 23], the phenylalanine Raman signal is higher
in glioblastoma, astrocytoma, and necrosis than in
normal tumors, stronger in necrosis than in tumors,
elevated in high-grade tumors, and slightly elevated
after radiation therapy. Fig. 2 in our work shows that its
relationship with tumorigenesis is ambiguous. Further
research will likely be required to evaluate its role.

For anaplastic astrocytoma, we can see a high

phospholipid content and a higher hemoglobin correlation, already demonstrated previously for
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other tumors and explained above (Fig. 8). Analysis
of glioblastomas (Fig. 9) reveals a predictably high
data variability across all parameters, as this is a highly
heterogeneous tumor. However, we can identify fairly
strong correlations between proteins and phospholipids,
as discussed above, proteins and heme, both total and
oxygenated (apparently due to heme being a prosthetic
group of the protein molecule), lipids and phospholipids,
and between heme and phenylalanine.

Conclusions

An analysis of correlations between the features
of the intracranial tumors studied, calculated based
on fluorescence, diffuse reflectance, and spontaneous
Raman spectra, and the tumor tissue content in the
specimens, allowed us to identify spectral correlates of

healthy tissues, such as carotenoids and oxygenated
heme, as well as tumor tissue correlates, such as
heme, cholesterol, and proteins. An analysis of cross-
correlations between spectral features revealed a
relationship between the autofluorescence of FAD and
PpIX,aswellas phospholipidsand proteins.This analysis,
combined with data of tumor tissue content, explains
the greater scatter of results with higher phospholipid
content. Other features showed significant correlations,
usually due to a common chemical nature.
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The effectiveness of intraoperative photodynamic therapy in the complex treatment
of stage Ill and IV nephroblastoma in children

THE EFFECTIVENESS OF INTRAOPERATIVE PHOTODYNAMIC
THERAPY IN THE COMPLEX TREATMENT OF STAGE I
AND IV NEPHROBLASTOMA IN CHILDREN

Rostovisev N.M.'2, Polyakov V.G.3, Kuzmina N. E."?, Neizvestnykh E.A."2, Kuzmina A.V.2
'Chelyabinsk Regional Children's Clinical Hospital, Chelyabinsk, Russia

2South-Urals State Medical University, Chelyabinsk, Russia

*National Medical Research Center of Oncology named after N. N. Blokhin, Moscow, Russia

Abstract

Nowadays, the problem of malignant neoplasms management remains a priority task. To achieve further progress in cancer treatment, it is
necessary to focus on existing but still undervalued methods. One of these approaches is photodynamic therapy (PDT), which can be used in
combination with surgery as well as with other antitumor drugs without any risk of inducing cross-resistance. Being miner invasive and selective in
tumor targeting, and having no risk of complications, the technique is attractive for application in oncologic pediatrics as an innovation capable of
expanding the range of therapeutic techniques. The aim of the study was to investigate the effectiveness of intraoperative photodynamic therapy
in children with stage Ill-IV nephroblastoma. The study included 66 patients aged 0-11 years with stage lll and IV nephroblastoma. The patients
of the control group (35 children) underwent surgical treatment in combination with chemotherapy and radiation therapy according to the SIOP
protocol. The patients of the main group (31 children) underwent therapy according to the SIOP protocol, but in combination with intraoperative
PDT.The 5-year survival rate in the main group was 90.3%, in the control group - 71.4% (p = 0.05). The recurrence rate in the main group was 9.7%,
in the control group - 11.4%. Thus, high therapeutic efficacy of PDT during intraoperative irradiation of the tumor bed after its removal has been
demonstrated. The technique contributes to the increased survival rate of patients with retroperitoneal tumors, which is a promising method to
be used in pediatric oncological practice.

Key words: pediatric surgery, photodynamic therapy, nephroblastoma, radachlorin.
Contacts: Rostovtsev N.M., e-mail: rostovcevnm@mail.ru

For citations: Rostovtsev N.M., Polyakov V.G., Kuzmina N.E., Neizvestnykh E.A., Kuzmina A.V. The effectiveness of intraoperative photodynamic
therapy in the complex treatment of stage Ill and IV nephroblastoma in children, Biomedical Photonics, 2025, vol. 14, no. 4, pp. 34-42. doi:
10.24931/2413-9432-2025-14-4-34-42

DPPEKTUBHOCTb MHTPAOTNEPALUOHHOIO
NMPUMEHEHUA POTOANHAMMNYECKOMU TEPATNNU
B KOMITJIEKCHOM JIEMEHHUUN HEDPOBJIACTOMbI
11, Iv CTAOUUN Y OETEN

H.M. Poctoeues'?, B.I. Monskoe®, H.E. Kysemnna'?, E.A. HenssectHbix'?, A.B. Kysbmuna?
'YenabuHckas obnactHas getckas knuHuyeckas bonbHuua, Yenabunck, Poccma
2KOxHO-Ypanbckui rocyAapCTBEHHbIN MEAMUMHCKMI yHUBEpCHTET, HYenabunck, Poccusa
*HaumoHanbHbI MEAMLMHCKMA MCCNENOBATENBCKMMA LEHTP OHKonormn umenn H. H. bnoxmHa,
Mockea, Poccus

Pesiome
Mpo6nema 60pbObI CO 3/10KAYECTBEHHBIMY HOBOOOPA30BaHMAMM OCTaeTCA NPYOPUTETHON AN COBPEMEHHOTO 06LlecTBa. 1A AOCTUXKeHWs
JarnbHeNLero Nporpecca B IeYEHUN OHKONOTMYECKIX 3a60n1eBaHNi HEOOXOAMMO aKLEHTUPOBATb BHUMaHME Ha CYLLeCTBYIOLMX, HO BCE elle
HeJOoOLUEeHEeHHbIX MeToAMnKaxX. O,ELHOIZ N3 TaKUX TEXHONOMUI ABNAETCA d)om,qvmammqecn(aﬂ Tepanuna (G)ﬂT), KOTOpaA MOXKEeT NCNOoJib30BaTb-
CA B COYEeTaHUn C XI/IpprVIHECKI/IM BMeLLaTeNbCTBOM, I'IpVIMeHHTbCﬂ C ,l]pyFI/IMI/I I'IpOTI/IBOOI'IyXOJ'IeBbIMI/I npenapaTaMM 663 pI/ICKa I/IH,quL[I/IVI
nepeKpecTHON pe3ncTeHTHOCTU. Manas UHBA3NBHOCTb, U36MPaTENIbHOCTb B MOPAXEHMU OMyXO0JN, OTCYTCTBME PUCKA OC/IOXKHEHWI AenatoT
MeToAUNKY anBneKaTeanon ANA NPpUMeHeHUA B OHKoneanaTpum Kak MHHOBaLuu, cnocobHom pacwmnpnTb AMana3oH NCNOoJIb3yeMbIX Tepa-
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neBTUYECKNX MeToANK. Lienbio nccnepoBanma ctano nsyyeHvie apdpexktnsHoct OAT y aetein c Heppobnactomo llI-IV ctagum npu nHTpaone-
PaLVOHHOM NpUMEHeHNI. B nccnepoBaHme BKIOUYeHbl 66 MaLneHToB B Bo3pacTte ot 0 ao 11 neT ¢ Heppobnactomo lII-1IV ctaguu. MNaureHTam
KOHTPOJIbHOW rpynmbl, BKOYaBLen 35 feTein, NPOBeAEHO XMPYypPruyeckoe feyeHme B KOMMIeKce C XMmoTtepanuen n iy4yeBon tTepanmen
no npotokony SIOP. MayneHTaMm 0CHOBHOW Fpynmbl, BKAoYaBLeln 31 pebeHka, npoBefeHa Tepanua no npotokosy SIOP, Ho B KoMGUHaLmu ¢
MHTpaonepavumoHHon OLT. 5-neTHsAA 06LLan BbXKMBAEMOCTb B OCHOBHOM rpynne coctauna 90,3%, B KOHTponbHoW — 71,4% (p = 0,05). YacToTa
pPeunanBoOB B OCHOBHOW rpynmne coctaBuia 9,7%, B KOHTposibHOW — 11,4%. MpeanoxeHHas MeToArKa KOMMIEKCHOTO fleYeHs 3abPIOLLNHHbIX
onyxosnen no npotokosny SIOP B KOMOVHaLMMN C MHTPaonepaLMoHHbIM GOTOANHAMUYECKM BO3LENCTBMEM Ha JIOXKE YAANEHHOWN Onyxonu y
[leTell NO3BONAET YNyULINTb Pe3yNbTaTbl ONEPATNBHOIO JIEUEHNA 1 YBENMYMBAET BbPKMBAEMOCTb MALMEHTOB C 3a6PIOLLNHHBIMI OMYyXONAMM.
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Introduction

Even with all the latest technological advances,
childhood cancer remains a major global problem:
malignant neoplasms remain the leading cause
of childhood mortality, second only to external
causes. Approximately 3,500 children in Russia are
diagnosed with malignant neoplasms annually, which
is approximately 14-15 per 100,000 children [1,2].
Of particular importance in solving the problems of
pediatric oncology is the search for ways to improve
specialized medical care for children with malignant
neoplasms. The development and implementation of
high-tech innovations for the diagnosis and treatment
of cancer is a key task of modern medical research.

Wilms' tumor (nephroblastoma), a well-studied and
treatable childhood tumor, is a malignant embryonic
neoplasm of the kidney and the second most
common malignant tumor of the retroperitoneum
[3]. Nephroblastoma accounts for 6% of all childhood
cancers and is the most common kidney cancer in the
pediatric age group, occurring in 1 in 10,000 children
under 15 years of age [4-6].

Nephroblastoma can often remain asymptomatic
for a long time, with no specific symptoms. Nonspecific
symptoms such as loss of appetite, weight loss,
lethargy, weakness, fatigue, and abdominal pain are
frequently observed. Parents may not attach significant
importance to these symptoms, and the first clinical
manifestation is usually a palpable abdominal mass,
which is discovered incidentally [7]. With prolonged
tumor development, the tumor can reach large sizes,
which can include invasion of intrarenal blood and
lymphatic vessels, penetration of the renal capsule, and
invasion of the perirenal tissue, and can also lead to
tumor rupture [8,9]. These factors significantly worsen
the prognosis and reduce patient survival. In this regard,
the search for methods that increase the radicalism

BIOMEDICAL PHOTONICS T. 14, N24/2025

of surgical intervention and reduce the frequency of
relapses and metastatic lesions remains relevant.

One such method is photodynamic therapy (PDT),
which involves the administration of photosensitizers
(PS) capable of selectively accumulating in tumor
tissue. With specific laser exposure, PDT exerts its
antitumor effects, which are associated with a direct
cytotoxic effect on tumor cells, destruction of the
tumor's vascular stroma, and tumor elimination under
the influence of immune cells due to the induction of
an inflammatory reaction and the development of a
systemic immune response [10-12]. Numerous studies
have demonstrated that PDT can be used both before
and after chemotherapy, radiation therapy, or surgery
without compromising these treatment modalities.
None of the clinically approved PS accumulates in cell
nuclei (which could cause DNA damage and, therefore,
lead to carcinogenic effects), and they have no serious
side effects [13-15].

Most of the studies analyzing the therapeutic
efficacy and scope of PDT have been conducted in adult
oncological practice. Studies of domestic PS devoted to
the study of the kinetics of their interstitial distribution
have been performed to identify optimal treatment
regimens that allowed optimizing techniques and
setting PDT targets [16-19]. A significant advantage
of PDT as an adjuvant therapy and for intraoperative
intervention is its effective use in patients with a high
risk of local tumor recurrence after surgery [14].

However, despite the interest of researchers in PDT
and the active introduction of the method in adult
patients, data on the use of PDT in pediatric practice
are sparse. There are only isolated studies indicating
the high effectiveness of PDT use in pediatric oncology,
dentistry, ophthalmology, and dermatology [20-24].

Clearly, the anatomical and physiological
characteristics of children require the development of
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unique therapeutic methods, regimens, and schedules
tailored to their age and disease severity. We found
no literature on the use of PDT with radachlorin in the
combination therapy of retroperitoneal tumors in
children. Therefore, the aim of our study was to evaluate
the clinical efficacy of intraoperative PDT with radachlorin
in the treatment of nephroblastoma, addressing the
challenges of preventing metastasis and improving
survival in children with solid retroperitoneal tumors.

Materials and Methods

The study was conducted at the Surgical Department
and the V.. Gerain Regional Oncohematology Center
for Children and Adolescents of the State Autonomous
Healthcare Institution "Chelyabinsk Regional Children's
Clinical Hospital."

The study was approved by the local Ethics
Committee of the Chelyabinsk Regional Children's
Clinical Hospital (Protocol No. 17 dated March 20,
2015) and the Ethics Committee of the South Ural State
Medical University (Protocol No. 6 dated September 9,
2024). Patient participation in the study was voluntary.
The clinical study was conducted in accordance with
the scientific and ethical principles set out in the
Helsinki Declaration of the World Medical Association
and reflected in OST 42-511-99 "Rules for Conducting
Quiality Clinical Trials in the Russian Federation", ICH
GCP guidelines, and current regulatory documents. All
patients and their legal representatives were provided
with written information about the PDT technique
prior to the study. The physician conducting the study
provided detailed information on the PS administration
procedure to patients and their legal representatives.
Before the study, the legal representatives signed
an informed consent form confirming the patient's
voluntary participation in the study.

The inclusion criteria for the study evaluating the
efficacy of PDT for retroperitoneal tumors in children
were:

1) a diagnosed retroperitoneal tumor as an initial
condition;

2) a guaranteed voluntary, uninterrupted follow-up
period of 60 months (5 years) after surgery and PDT;

3) the presence of complete medical documentation,
including medical history, laboratory, and diagnostic
data.

The complete medical history, laboratory, and
diagnostic data were recorded in the patient's individual
medical record.

In order to ensure safety, the participants (doctors
and patients) used safety glasses with a light filter
during laser exposure. The procedure was performed
intraoperatively under anesthesia.

Statistical data processing was performed using
IBM SPSS Statistics 19. Qualitative analysis of the study

of stage Ill and IV nephroblastoma in children

groups was performed using cross-tabulation tables
and Pearson's x? test for significance. Differences were
considered statistically significant at p < 0.05, which
corresponds to a 95% probability of an accurate
prediction.

To analyze 5-year overall and relapse-free survival
data, Kaplan-Meier curves were constructed, calculating
the mean survival time, its standard error, and the 95%
confidenceinterval. The log-rank test was used to identify
statistical differences in the survival curves; differences
were considered statistically significant at p < 0.05.

The study involved 66 patients with nephroblastoma:
35 boys and 31 girls. The control group, which included
35 children, underwent surgery in combination with
chemotherapy and radiation therapy according to the
SIOP protocol. The study group, which included 31
children with stage Ill and IV disease, regional lymph
node metastases, and tumor pseudocapsule invasion,
received therapy according to the SIOP protocol
in combination with photodynamic therapy. The
distribution of patients into groups based on gender
and age is presented in Table 1.

The vast majority of patients in the study group
were young children, aged 0 to 3 years: 43 children
(65.2%). The proportion of preschool-age children,
aged 4 to 6 years, was 18 people (27.3%). Only 5 cases
(7.6%) of nephroblastoma were noted in patients aged
7 years and older. The ratio of boys to girls in the study
group of patients was 1.1: 1 - 35 boys (53.0%) and 31
girls (47.0%). Our data are consistent with the literature
[26-28], according to which retroperitoneal tumors
develop more often in children aged 1 to 3 years, and in
90% of cases the diagnosis is established before the age
of 7; without gender predominance.

As noted above, retroperitoneal tumors can be
hidden for a long time, during this period there is
a slow increase in the tumor. The primary tumor

Ta6nuua 1
XapaKTepUCTUKU NaLUEHTOB, BKIKOYEHHbIX B UCCNEA0-
BaHue

Table 1
Characteristics of the patients included in the study

OcHOBHas
rpynna
(n=31)

XapakTepmncTukmn
nalneHToB

KoHTponbHan
rpynna

(n=35)

Mon, n:

Gender, n:
My»KcKom/male 20 15
XeHckui/female 15 16

Bo3spacrt, n:

Age, n:
0-3 roga/years 24 19
4-6 net/years 10 8
7-12 net/years 1 4
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symptom complex is diverse in its manifestations,
associated with the influence of the tumor process on
the metabolism and immunity of the child. Often, in
patients with nephroblastoma, the only symptom is the
presence of a palpable tumor in the abdomen, which
is detected by chance. The neoplasm was palpable in
the abdominal cavity, causing an increase in abdominal
size and its asymmetry in the majority of children -
59 (89.4%). Intoxication syndrome was also noted
in patients: weakness, lethargy, decreased appetite
were experienced by 50 children (75.8% of the entire
analyzed group). Blood changes (hypochromic anemia,
leukocytosis, neutrophilia) were noted in 47 patients
(71.2%). Complaints of abdominal pain were presented
by more than half of the children - 37 (56.1%). Subfebrile
temperature was recorded in 21 children, which
amounted to 31.8%, and weight loss - in 9 children
(13.6%). Urine analysis changes, such as hematuria,
associated with tumor invasion into the renal pelvis and
subcapsular rupture of nephroblastoma, were detected
in 29 children (43.9%). Half of these children were
considered critically ill upon admission. Developmental
delays were observed in 16 patients (24.2%). Table 2
presents the pattern of primary clinical symptoms in
the study group.

All children included in the study group underwent
a series of mandatory diagnostic tests in accordance
with the clinical guidelines of the Russian Ministry of
Health.

To determine subsequent treatment strategies, risk
groups and disease stage were taken into account,
classifying tumors from stages | to V in accordance with
the recommendations of the International Society of
Pediatric Oncology (SIOP, 2001) [4]. The study group
included patients with stages lll and IV, while the
control group included patients with stages Ill, IV, and
V. PDT was performed in patients with stage Ill and IV
nephroblastoma (unilateral tumor, with metastases in
regional lymph nodes, and with tumor pseudocapsule
invasion).

Focal lung lesions, rounded solid lesions measuring
3-5 mm in size, classified as metastases, were detected
in 7 patients in the study and control groups (22.6% and
20.0%, respectively). Table 3 presents the distribution
of patients by disease stage according to the TNM
classification.

The treatment sequence for all patients was as
follows: neoadjuvant chemotherapy - surgery -
adjuvant chemotherapy. Patients were divided into
two groups based on the surgical treatment regimen.
Patients in the control group underwent surgery in
combination with chemotherapy and radiation therapy
according to the SIOP protocol. Patients in the study
group received therapy according to the SIOP protocol,
but in combination with PDT. This was modified by

adding postoperative photodynamic therapy to
the standard therapy, targeting residual tumor and
metastatic regional lymph nodes, as confirmed by
intraoperative imaging.

Thirty minutes before surgery, the patient, who was
in a darkened room, received an intravenous injection
of a chlorin e6-based PS solution (radachlorin) at a
dose of 1 mg/kg of body weight. The accumulation of
chlorin e6 in the patient's tissues was monitored using
the LESA-O1-Biospec laser electron-spectral system.
Intraoperative PDT was performed using a Lakhta-
Milon high-intensity laser (Russia): laser radiation
in the range of 0.1 to 0.8 W/cm?, light energy dose
of 400 J/cm?, wavelength of 662 nm. The irradiation
duration depended on the tumor size and averaged
20 minutes. A midline laparotomy was used as the

ORIGINAL ARTICLES

Ta6nauua 2
CTpPYKTypa OCHOBHbIX KTMHUYECKMX CUMIMTOMOB Y Nauu-
€HTOB UCC/IefyeMOM rpynnbl

Table 2
The structure of the main clinical symptoms in patients of
the study group

YacrtoTa
KnuHunyeckmne cumntTombli

BCTpevyaemMmocTu,

Manbnupyemas onyxosb B >K1BOTE

Palpable abdominal mass 59(89.4)
WNHTOKCMKaLMOHHBIN CHAPOM

Intoxication syndrome 50(758)
BboneBon cnHgpom

Pain syndrome e
M3meHeHnA B aHann3ax Kposu

Changes in blood tests 47(71.2)
lNoBbiLlWeHWe TemnepaTypbl Tena 21(31.8)
Increased body temperature ¢
M3meHeHuA B aHann3ax Moun

(rematypus) 29 (43,9)
Changes in urine tests (hematuria)

CHmXeHune Beca

Weight loss 9(13.6)
Ta6nauua 3

PacnpegeneHue nauneHToB no ctaguam TNM
Table 3

Distribution of patients by TNM stage

OcHOBHas
rpynna
(n=31)

MapameTp

KoHTponbHasa
rpynna
(n=35)

T3N1TMO, n (%) 28 (80,0) 24 (77 ,4)
TANTM1, n (%) 6(17,1) 7(22,6)
T5NTMT1, n (%) 1(2,9) =
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surgical approach. Following abdominal exploration,
a tumor nephroureterectomy was performed, and
the renal and inferior vena cava were examined for
tumor thrombosis. For disease staging, regional
lymph nodes were removed and sent for pathological
examination. After tumor removal, patients in the main
group underwent PDT on the resected tumor bed.
Postoperative 24-hour monitoring was conducted in
the oncology intensive care unit. Further treatment of
nephroblastoma depended on the stage, histological
type, and tumor volume, based on SIOP guidelines. The
individual stages of treatment are presented in Fig. 1-4.

Results

To evaluate the effectiveness of PDT, a Kaplan-
Meier analysis of patient survival in the study groups
was conducted based on the proportion of surviving
patients. The follow-up period was 5 years, during
which time examinations by a pediatric oncologist were
performed, laboratory parameters were monitored,
and imaging data were analyzed to rule out continued
growth and metastatic lesions, according to the clinical
guidelines of the Russian Ministry of Health. Based on
the data obtained, the mean survival times to death

Puc. 1. MynbTucnupanbHas KOMNbloTepHas Tomorpadus opraHoB
GPIOLLHON NMONOCTU U 3a6GPIOLIMHHOMO NpoCcTpaHcTBa, Hedpobna-
CTOMa JIeBOM NMOYKHU.

Fig. 1. Multislice computed tomography of the abdominal organs
and retroperitoneal space, nephroblastoma of the left kidney.

Puc. 2. BHewHui Bua peéeHka ¢ HeppobaacToMon: acummMmeTpus
JXMBOTA B CBA3U C HAIMYMEM KPYMHOM OMYyXO/N.

Fig. 2. The appearance of a child with nephroblastoma: abdominal
asymmetry due to the presence of a large tumor.

of stage Ill and IV nephroblastoma in children

and relapse were determined for patients in the control
and study groups (Table 4).

The graphical representation of the Kaplan-Meier
method were the overall 5-year and relapse-free
survival curves shown in Fig. 5-6.

A comparison of the study and control groups
revealed a significant difference in overall patient
survival. In the group receiving protocol-based therapy
without additional PDT, the number of deaths over 5
years of follow-up was 10, with a 5-year overall survival
rate of 71.4%. In the group of patients who received
PDT in addition to the main therapy, the number of
deaths over the 5-year follow-up period was lower (3
cases), with an overall survival rate of 90.3% (p = 0.05).

No significant differences were found in relapse-free
survival of patients with nephroblastoma depending
on the use of PDT: relapse was diagnosed in 3 children
(9.7%) in the study group and 4 children (11.4%) in the
control group (p = 0.82).

In the study group, relapse was detected in 3
patients, requiring repeat surgeries. Relapses were
associated with unfavorable tumor histology, severe
disease stage, and parental noncompliance with the
treatment regimen due to social problems. Analysis of

Puc. 3. PeB13usi GpIOLLHON MOJIOCTU C OMYyX0Jbio BO paHKe.
Fig. 3. Revision of the abdominal cavity with a tumor in the flank.

Puc. 4. PotoanHaMuyecKas Tepanus JoXxa onyxonu.
Fig. 4. Photodynamic therapy of the tumor bed.
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Ta6nuuya 4
3 PeKTUBHOCTb TEPANUN B OCHOBHOM U KOHTPO/IbHOM rpynnax (5-netHee HabnoaeHue) N
Table 4 LLl
Therapy effectiveness in the main and control groups (5-year follow-up) (__I)
MNMokasatenu a¢pPpeKkTMBHOCTN KoHTponbHas rpynna OCHOBHas rpynna -
(n=35) (n=31) o
<
—
5-neTHAA 06Lan BbPKMBAaEMOCTb, % 71,4 90,3 <C
5-year overall survival, % 7
Yucno netanbHbIX cyyaes, n (%) 10 (28,3) 3(9,7) -
Number of deaths, n (%) O
CpegHee BpemaA JOXKUTUA [0 NleTaNlbHOro ncxoda (m=SD), mec 54,7+2,9 57,1£2,9 oz
Mean survival time to death (m£SD), months O
95% AN 49,1-60,4 53,0-61,2
95% Cl
5-neTHAn 6e3peUnanBHasn BbIKMBAEMOCTb, % 88,6 90,3
5-year relapse-free survival, %
CpepHee Bpema JoXnUTUA A0 peungmsa (m+SD), mec 54,1+2,8 54,7+2,9
Mean survival time to relapse (m+SD), months
95% AN 48,6-59,6 49,1-60,4
95% ClI

Dynruus BeUKHBaHUs/Survival functions

1,01
—LT 1 | enr/eor

+ - 6e3 @)1/ without PDT

" DJIT (ueH3ypHpOBaHHBIE JaHHE
0,8 PDT (censored)

6e3 O/IT (1eH3ypHpOBaHHEIE)
without PDT (censored)

0.6

024 Puc. 5. O6wasa 5-neTHas BbDKMBaemMoCTb
nauueHToB uccneayembix rpynn ¢ Hedpo-
6nactomom (mec)

Fig. 5. Overall 5-year survival of patients

Kymynstuhas Bepkrnsaemocts/Cumulative survival

0,07 in the study groups with nephroblastoma
; " S N Y S S (months)
Bpemst, Mec. / time, mths
Dyukiums BebKHUBaHusA / Survival functions
1,00

L~ ®OIT/PDT
v 6e3 ®JT / without PDT

|, DJIT (nemsypuposarible jian
PDT (censored)

0,95+

0,904

4 6e3 ®/T (1eH3ypupOBaHHbIE
085 without PDT (censored)

0,757
0,704
0,657
0,60+

0,554

Kymynstusras Beikusaemocts / Cumulative survival

Puc. 6. BespeuuauBHas BbIKUBAaeMOCTb
nauueHToB ¢ HedpobnaacTomoin (Mec)
10 20 20 40 50 60 Fig. 6. Recurrence-free survival of patients
Bpems, Mec. / time, mths with nephroblastoma (months)

0,507

o
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relapse rates prompted a more thorough assessment
and monitoring of the child's outpatient care.

Discussion

As previously reported, there are isolated studies on
the use of PDT in pediatric practice [20-24]. No reports
on the use of PDT in the treatment of retroperitoneal
tumors in children were found. In our study, we relied
on the results of a preliminary experiment, during
which a PDT regimen and protocol were developed [29].
Radachlorin, a second-generation chlorin e6-based
photosynthesis agent, was used as the photosynthesis
agent. This agent exhibits greater selectivity
for accumulation (compared to first-generation
photosynthesis agents), resulting in greater tumor
penetration depth, preservation of surrounding tissue
during irradiation, and low cutaneous phototoxicity.
Publications by a number of authors demonstrate good
clinical efficacy of PDT using chlorin e6-based PS in the
treatment of tumors of various localizations. Thus, in the
work of T.E. Sukhova [30], the response of basal cell skin
cancer in its various clinical forms, stages, histological
types, course and localization to PDT with intralesional
administration of radachlorin and photoditazine was
studied. At the same time, PDT with radachlorin allowed
to significantly improve the results of treatment of the
ulcerative form of the tumor compared to PDT carried
out using photoditazine (92.8% and 77.8%, respectively,
p < 0.05). Another research group: E.V. Filonenko et al.
[31] used radachlorin in the treatment of precancerous
and tumor diseases of the cervix with good clinical
results: complete tumor regression was achieved

of stage Ill and IV nephroblastoma in children

in 86.7% of patients. It is important that no adverse
reactions to the administration of the drug radachlorin
and PDT were detected during or after treatment.

L.A. Vashakmadze et al. reported the intraoperative
use of radachlorin in patients with a high risk of
local tumor recurrence after surgical treatment [32].
Intraoperative photodynamic therapy with photohem,
radachlorin, and photoditazine was performed in 17
patients with morphologically confirmed resectable
primary or recurrent retroperitoneal tumors. The tumor
bed was irradiated after its complete removal within the
healthy tissues from one or more positions, depending
on the location of the tumor foci. The researchers noted
arelapse of the disease after intraoperative PDT in 6 of 17
patients within 2 to 6 months. Importantly, the authors
noted the development of local relapses in patients who
received intraoperative PDT at the stage of practicing the
technique, selecting modes, and the radiation dose. The
researchers drew conclusions about the safety of PDT and
the affinity of the used PS for the tissue of retroperitoneal
sarcomas. The work of this research group was the most
interesting and similar in structure to our study.

Conclusion

The proposed method of comprehensive treatment
of retroperitoneal tumors using the SIOP protocol
in combination with intraoperative photodynamic
therapy at the tumor bed in children improves
surgical outcomes and increases survival in patients
with retroperitoneal tumors. The obtained efficacy
data make this method promising for use in pediatric
oncology.
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EFFECTIVENESS OF PHOTODYNAMIC THERAPY
IN THE CORRECTION OF POSTACNE SCARS AND
MORPHOFUNCTIONAL CHANGES IN THE SKIN

Dubenskiy V.V., Aleksandrova O.A., Chervinets Y.V., Nekrasova E.G.
Federal State Budgetary Educational Institution of Higher Education "Tver State Medical
University" of the Ministry of Health of the Russian Federation, Tver, Russia

Abstract

Acne is one of the most common dermatosis in young people. 85% of cases occur in patients between 12 and 24 years old. Duration of the disease,
severe form, frequent recurrences of acne, autotraumatization lead to development of symptoms complex postural, manifested in the form of
scarring changes, dyschromia, reduced elasticity, increased porosity and mildew. Acne complications occur in 95% of patients. Development of
an effective method for the correction of acne complications is a topical problem of modern dermatology and cosmetology. The article describes
the method of application of photodynamic therapy with an outer gel photosensitizer based on E6 chloride in patients with severe form of acne
after prior treatment with systemic retinoids. The morphofunctional indicators of the skin and the composition of the microbiome in the dynamics
were studied. As a result of the course of photodynamic therapy, resolution of scarring was observed in 97,2% of patients, disappearance of
pigmentation on cheeks and skin on the forehead in 89,1% and 91,9% of patients respectively, restoration of elasticity in 100% of subjects, decrease
in oiliness on the cheeks and skin in 91% and 94,5 % of patients respectively.

The exact exposure of the photosensitizing gel when applied externally to the scar tissue, the time range of its highest concentration and optimal
duration of the procedure were determined. As a result of the application of photodynamic therapy, the skin relief was leveled, its oiliness decreased,
the pigmentation disappeared and the elasticity was restored. In the microbiota of seborrheic sites, normal flora predominated over pathogenic.
This method proved to be effective in the correction of the postural.

Keywords: photodynamic therapy, photosensitizer, chlorin e6, acne, retinoid, scar, microbium.
Contacts: Aleksandrova O.A., e-mail: oaalexandrova@bk.ru

For citations: Dubenskiy V.V., Aleksandrova O.A., Chervinets Y.U., Nekrasova E.G. Efficiency of photodynamic therapy in the correction of postacne
scars and morphofunctional changes in the skin, Biomedical Photonics, 2025, vol. 14, no. 4, pp. 43-48. doi: 10.24931/2413-9432-2025-14-4-43-48.

SPPEKTUBHOCTb POTOANMHAMMYECKOM
TEPAMMU B KOPPEKLIMM PYBELIOB MOCTAKHE U
MOPDODPYHKLIMOHAJIbHbIX USMEHEHMN KOXM

B.B. dy6enckuin, O.A. Anekcangpoea, tO.B. Yepeunew, E.I. Hekpacosa
®PepepanbHoe rocygapcreeHHoe boaxeTHoe 06pa30BATENBHOE YYpEeXaAeHUE
BbICLLIErO 0BPA30BAHUS « [BEPCKOM rOCYAAPCTBEHHbIN MEAULMHCKMI YHUBEPCUTETY
Munmcrepcrsa sgpasooxpaHenus Poceuitckon @enepaumm, Teeps, Poccus

Peslome
AKHe ABNAETCA OfHVM U3 CaMblX PacnNpPOCTPaHEHHbIX AepPMaTo30B Y JiML, MOJIOJOro Bo3pacTa. B 85% cnyyaeB BCTpeyaeTca y NalueHToB B
Bo3pacTe oT 12 go 24 nert. inutenbHocTb 3aboneBaHus, Taxenasa ¢opma, HacTble peLyAvBbl YrpeBoi 6onesHu, ayToTpaBMaT/3aLya npuso-
[AT K Pa3BUTUIO CMNTOMOKOMM/IEKCa NOCTaKHe, MPOABNAOLEroca B BuAe PyOLIOBbIX M3MEHEHUI, ANCXPOMIM, CHUXKEHHOW 31aCcTUYHOCTH,
MOBbILEHHOTO MOPOO6Pa3oBaHUA 1 MUTMYMOB. OCITOXKHEHMA akHe BCTpeyvatoTca y 95% 60onbHbIX. PaspaboTtka spdeKkTnBHOro Mmetopa Ans
KOPPEKLUN OCNIOKHEHUI aKHe ABNAETCA aKTyaslbHOWN 3afaveli COBpeMeHHON AepMaTonorny n KocmeTonoruu. B ctatbe onncaHa metogrka
npuMeHeHnA GOTOANHAMUYECKON Tepanmm C Hapy»KHbIM renem GpoToCeHCMOUNN3aTOPOM Ha OCHOBE XJI0pPUHa €6 Y MaLMeHTOB C TAXenon pop-
MOW yrpeBovi 60ne3H/ nocsie NpeABapUTENbHO NPOBEAEHHOTO JIEUEHNA CUCTEMHBIMY PeThHougamm. Vdyyanicb MoppopyHKLMOHaNbHbIe
rokasaTenu KOXWu 1 cocTaB MUKPO6Moma B AUHaMUKe. B pesynbtaTte npoBefeHHOro Kypca GoTofMHamMmmyeckor Tepanim paspeLleHne pyoLos
Habntopanocb y 97,2% 605bHbIX, ICHE3HOBEHVE NUIMEHTALMN Ha LieKax U Ha Koxe N16a y 89,1% 1 91,9% naumeHToB COOTBETCTBEHHO, BOC-
CTaHOBINEHME 3nacTUYHOCTM Y 100% nccreayemblX, yMEHbLLEHME XKUPHOCTY Ha LeKax 1 Koxe 116a 'y 91% 1 94,5% 60/bHbIX COOTBETCTBEHHO.
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Dubenskiy V.V., Aleksandrova 0.A., Chervinets Y.U., Nekrasova E.G.

Efficiency of photodynamic therapy in the correction of postacne scars and morphofunctional changes in the skin

Bbina yctaHoBNEHa TOUHas SKCMo3nLmA refif GoToCeHCMOUIN3aTopa NpY Hapy>KHOM HaHECEHNI Ha PYOLIOBYIO TKaHb, 4ANa30H BPEMEHN ero
HanbosbLUe KOHLEHTPALMMN 1 ONTUMANbHOW NMPOAOIKMTENBHOCTY NPoLeaypbl. B pesynbtate npumeHeHvs GpoToarHamMmyecKkon Tepanim
BbIPOBHASICA pesibed KOXM, YMEHbLINIACh €€ XUPHOCTb, UCHe3/a NUIMeHTaLUs, a 31acTUYHOCTb BOCCTAHOBMAACh. B coctaBe Mrkpobroma
cebopeliHbIX yUacTKOB npeobafana HopmasnbHas dGnopa Hag natoreHHoN. [JaHHbI MeTog oKasancs 3GEeKTUBHbIM B KOPPEKLMM MOCTaKHE.

KnioueBble cnoBa: botoarHammueckas Tepanus, $oToceHCMbrnm3aTop, XJI0puH €6, akHe, peTuHoug, pybeL, nocTakHe, MUKPOOMOM.

KoHTakTbi: AnekcaHgposa O.A., e-mail: oaalexandrova@bk.ru

Ana uyntuposaHus: [lybeHckuin B.B., Anekcangposa O.A., YepsuHey 0.B., HekpacoBa E.I. SddekTMBHOCTL doTOAMHAMUYECKON Tepann B
KoppeKuun pybLoB NocTakHe 1 MOPPOPYHKLMOHANbHBIX M3MeHeHM Koxu // Biomedical Photonics. — 2025. -T. 14, N2 4. — C. 43-48. doi:

10.24931/2413-9432-2025-14-4-43-48

Introduction

Acne is a chronic, recurring disease of the sebaceous
glands and hair follicles, characterized by comedones,
pustules, and inflammatory infiltrates, most commonly
occurring in young adults [1]. Antibacterial drugs
(doxycycline), isotretinoin, and androgen receptor
blockers (cyproterone acetate in combination with
ethinyl estradiol as part of an oral contraceptive) are
used to treat acne. For severe inflammatory acne in
women, short courses of systemic glucocorticosteroids
are used [1,2,3]. Topical retinoids (adapalene), benzoyl
peroxide, antibacterial drugs (clindamycin phosphate),
and combination medications are prescribed for topical
therapy [1,4].

For severe acne and ineffective topical therapy,
isotretinoin, a vitamin A derivative, is widely used. The
drug suppresses sebaceous gland function, normalizes
keratinization processes, has a pronounced anti-
inflammatory effect, and reduces the appearance of
post-acne scars. Isotretinoin is prescribed at an initial
dose of 0.5 mg/kg of body weight per day, with a possible
increaseto 1.0mg/kg. Acumulative dose of 120-150 mg/
kg is required to achieve sustained remission. Dry skin
and mucous membranes, reversible lipid metabolism
disorders, and liver enzyme abnormalities often occur
during treatment. Systemic retinoids, if necessary, are
combined with antibiotics or hormonal drugs, which
increases the overall effectiveness of treatment [1,3].

However, after a course of therapy, post-acne
manifestations often remain in the form of post-
inflammatory changes in the dermis, dyschromia,
scars, enlarged pores, decreased skin elasticity, milia
and atheromas, the severity of which depends on the
severity and duration of acne [5].

Acne complications occur in 95% of patients, with
30% experiencing significant cosmetic defects, which
can lead to psychological and social problems leading
to social maladjustment [6]. Post-acne scars also often
arise from auto-traumatization of the skin, untimely
and/or inadequate treatment [7]. The main risk factors
for the development of cicatricial changes include the

severity of the pathological process, the duration of
the disease, and recurrence. Thus, patients with severe
acne are 3.4-6.8 times more likely to develop scars than
those with mild to moderate acne [8].

Atrophic scars arise from collagen breakdown in 80—
90% of patients, while keloid and/or hypertrophic scars
(due to decreased collagenase activity and excessive
deposition of collagen types | and Ill) occur in 10-20%
of patients [9]. Post-inflammatory hyperpigmentation
is equally common in men and women at any age
and results from melanin deposition in the epidermis
or dermis following inflammation and skin trauma.
It most often develops in individuals with Fitzpatrick
phototypes IV-VI. Ultraviolet radiation increases the
severity of hyperpigmentation [10].

The composition of the skin microbiome significantly
influences the development of acne. High bacterial
counts often cause acne recurrence [11].

Bacteria belonging to 4 types have been mainly
identified on human skin: Actinobacteria (for example,
Corynebacterineae, Propionibacterineae),  Firmicutes
(for example, Staphylococcaceae), Proteobacteria and
Bacteroidetes [11]. The bacterial composition varies
depending on age, body region, and microenvironment
[12]. In seborrheic areas of the skin (face, scalp, chest,
interscapular region), propionibacteria, which survive in
anaerobic conditions, predominate [13]. Staphylococci
and corynebacteria are more common on the moist
skin of the armpits, groin, and popliteal fossa. Gram-
negative bacteria predominantly colonize dry skin
[14]. Malassezia spp. are distributed over the entire
surface of the skin [15]. Cutibacterium acnes (C. acnes)
accounts for approximately 85-90% of all identifiable
microorganisms, dominates in the sebaceous hair
follicle area, and is one of the factors in the pathogenesis
of acne [16]. However, the number of C. acnes does not
affect the development of severe acne [17].

Benzoyl peroxide and clindamycin (for topical
therapy), isotretinoin and minocycline (for oral
administration) reduce the bacterial load. For example,
after 5 months of treatment, isotretinoin has been
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shown to increase the number of C. acnes ribotypes
with bactericidal activity [18,19].

Materials and Methods

A dermatological examination of 847 people
aged 18-25 years revealed acne in 61.5%. Severe
acne was diagnosed in 102 patients, most commonly
in men. All patients with severe acne were treated
with isotretinoin for an average of 8 to 10 months.
Topical creams containing azelaic acid, adapalene,
and benzoyl peroxide were applied. Additionally, skin
morphofunctional parameters (moisture, oiliness,
elasticity, pigmentation, pore formation) and bacterial
count were measured.

The Multiskin Test Center MC 900 software and
hardware system (Courage + Khazakaelectronic
GmbH, Germany, registration no. 11629994, dated
April 17, 2009) was used to evaluate the functional
properties of the skin. Measurements were performed
on pre-cleansed skin in a well-ventilated room at a
temperature of 22°C and 40-60% humidity for 15-20
minutes. Sensors were placed on the medial forehead,
the central area of the right cheek (under the zygomatic
bone), and the medial chin [20,21].

Skin scrapings from the forehead were used for
microbiological analysis. Samples were collected twice:
before treatment and after a course of photodynamic
therapy (PDT). The microbiome was studied using
a classical bacteriological method. Cultivation was
performed on enriched nutrient media, followed by
colony counting (Ig CFU/ml) under standard conditions
[14].

To correct acne complications, PDT was used, a
treatment method using an external photosensitizer
gel (PS) and laser radiation, the wavelength of which
corresponds to the peak absorption of PS [22]. The use
of topical PS eliminated toxic and irritating effects. After
activation of ultra-bright LEDs, cytotoxicity resulting
from the photochemical reaction causes necrosis or
apoptosis of the pathogenic cell. This results in the
growth of young, healthy cellular structures, collagen
and elastin synthesis, improved microcirculation, and
restored skin pigmentation. The procedure is painless
and non-invasive, with no downtime or side effects [23].

For PDT, an external photosensitizer gel was used, the
active substance of which is the N-dimethylglucamine
salt of chloride e6, obtained by extraction of
chlorophyll A from the marine microalgae spirulina
and its subsequent chemical transformation using the
original technology [24]. Trade name of the drug: gel
photoditazine (VETA-GRAND LLC, Russia, registration
certificate no. FSR2012/ 13043 dated June 08,2017).The
facial skin was pre-cleaned with an aqueous solution of
chlorhexidine. The gel was applied to dry skin under
occlusion and left for 10 minutes, then washed off with

water and a gel/foam cleanser, thoroughly cleansing
the pores of the photodynamic reaction. To activate the
photodynamic reaction, red laser radiation was used
for 10 minutes in the range of 660 + 2 nm. To irradiate
the entire surface to be treated, a laser device (Latus-T,
registration No. FSR 2010/09207, Russia) with a power
of 1-1.5 mW/cm? cumulative energy of 100-180 J/cm’
was used. The procedure was carried out once a week,
with a total of 10 courses [22].

Results

Clinical cure of acne with the use of systemic
retinoids was achieved in 97% of patients. However,
when examining morphofunctional parameters of the
skin, dehydration was detected in 92% of patients,
increased oiliness of the cheeks and forehead in 83.7%
and 78.3% of patients, respectively, low elasticity in
32.4% of patients, increased pore formation in the nose
area in 27.2% of patients, cheeks in 36.3% of patients,
forehead in 40.9% of patients, and hyperpigmentation
on the cheeks and forehead in 64.8% and 45.9% of
patients, respectively. Post-acne scarring was observed
as complications in 37.3% of patients.

The following microorganisms were identified in
the forehead skin microbiome before photodynamic
therapy: Staphylococcus spp. (66.7% and 4.2 lg CFU/
ml), Staphylococcus aureus (33.3% and 2.3 Ig CFU/
ml), Micrococcus spp. (58.3% and 3.3 Ig CFU/ml),
Enterobacter spp. (8.3% and 3.3 Ig CFU/ml), Klebsiella
spp. (8.3% and 2.2 Ilg CFU/ml), Bacillus spp. (8.3% and
1.6 Ilg CFU/ml), and Candida spp. (25% and 3 Ig CFU/ml).
Hemolytic Staphylococcus spp. (75% and 4.1 Ilg CFU/ml)
and Candida spp. (25% and 2.6 Ilg CFU/ml) were also
isolated.

Afterthe course of PDT, scar resolution was observed
in 97.2% of patients, disappearance of pigmentation
on the cheeks and forehead skin in 89.1% and 91.9%
of patients, respectively, restoration of elasticity in
100% of patients, and a decrease in oiliness on the
cheeks and forehead skin in 91% and 94.5% of patients,
respectively.

In the microbiological examination after PDT, the
frequency of Staphylococcus spp. increased (up to 75%
and 3.7 Ig CFU/ml), while Staphylococcus epidermidis
was found in 41.7% of cases in the amount of 4.3 Ig CFU/
ml, the prevalence of Enterobacter spp. increased (16.7%
and 3.5 Ilg CFU/ml), Candida spp. (41.7% and 3.6 Ig CFU/
ml). Also, the frequency of hemolytic Staphylococcus
spp. decreased (up to 33.3% and 2.8 Ig CFU/ml) and
Candida spp. (up to 83% and 2.7 Ig CFU/ml), and
Staphylococcus aureus, Bacillus spp., and Klebsiella spp.
completely disappeared. Micrococcus spp. remained
constant (58.3% and 2.7 Ig CFU/ml).

To more accurately determine the exposure of the
PS gel to the skin and improve the effectiveness of PDT,
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individual measurements of chlorin e6 fluorescence
in the skin were performed in patients with cicatricial
changes within 5-25 minutes, which can indirectly
assess the accumulation of the photosensitizer gel
(Table, Fig.).

According to the results of fluorimetry, the highest
fluorescence intensity was determined in the range of
10-20 minutes, which determines the optimal exposure
of the photosensitizer gel based on e6 chloride for 10
minutes, and the exposure time to laser radiation for 10
minutes.

Discussion

Long-term acne, severe acne, frequent acne
recurrences, and autotraumatization lead to the
development of post-acne symptoms, manifested as
scarring, dyschromia, decreased elasticity, increased
pore formation, and milia. The development of an
effective method for correcting acne complicationsisan
urgent task of modern dermatology and cosmetology.
Many post-acne treatments are accompanied by
soreness and require a period of rehabilitation. The
article describes a technique for using PDT with an
external photosensitizer gel based on e6 chloride
in patients with severe acne after prior treatment
with systemic retinoids. The positive dynamics of the
morphofunctional parameters of the skin and the
composition of the microbiome under the influence of
PDT has been established. The exact exposure of the
photosensitizer gel during external application to scar
tissue, the time range of its highest concentration and
the optimal duration of the procedure were determined.
As a result of the application of PDT, the skin's relief
was evened out, its oiliness decreased, pigmentation

] ]

Ta6nuya

[OMHaMMUKa MHTEHCUBHOCTU piyopecLeHUMHN nocne
MECTHOIro Ucnoab3oBaHusa rensi potoceHcuéunusaropa
Ha OCHOBE XJlIopuHa €6

Table
Dynamics fluorescence intensity after topical application
of chlorin e6 photosensitizer gel

NHTEeHCMBHOCTD
dnyopecueHumnn

JKcno3nuua rensa
(MuH)

(ycn.en.)

5 0,199
10 0,659
15 0,754
20 0,707
25 0,539

disappeared, and elasticity was restored. This method
proved to be effective in correcting post-acne.

Conclusion

PDT resulted in the correction of scarring,
pigmentation resolution, a decrease in oiliness, and
restoration of elasticity. Using PDT with a topical gel
based on chlorin e6 resulted in the restoration of the
microbiome composition of seborrheic areas. The
population of opportunistic microorganisms that
produce pathogenic enzymes (hemolytic Staphylococcus
spp. and Candida spp., Staphylococcus aureus, and
Klebsiella spp.) significantly decreased. However, an
increase in Staphylococcus epidermidis, which adversely
affects the development of acne, was observed.

Puc. WHTEeHcuMBHOCTb  dnyopecueHUnn
nocne MeCTHOroO WCNosb30BaHUS rens
doTtoceHcubUnM3aTopa Ha OCHOBE X/O-
pvHa €6: a — 5 MMH.; b — 10 MHH.; ¢ —
15 MuH.; d — 20 MUH.; € — 25 MUH.

Fig. Fluorescence intensity after topical
use of a photosensitizer gel based on
chlorin €6: a — 5 minutes; b — 10 minutes;
¢ — 15 minutes; d - 20 minutes; e -
25 minutes.
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Abstract

The Center for Photodynamic Therapy of the Hospital of the Medical Center of the Administrative Department of the President of the Republic of
Kazakhstan has clinical experience in treating cutaneous metastases of breast cancer. This paper presents the results of clinical observation of a
patient with metastatic breast cancer who underwent combined photodynamic therapy, including systemic photomodification of blood and local
irradiation of metastatic lesions. This clinical case is of particular interest since the patient did not receive standard antitumor treatments such as
chemotherapy or hormone therapy. This was due to advanced age and decreased tolerance to aggressive treatment regimens associated with
comorbidities, which limited the feasibility of conventional therapy. Despite the absence of systemic treatment, the use of combined photodynamic
therapy resulted in a pronounced positive clinical response. A reduction in the size and infiltration of cutaneous metastatic lesions, as well as an
improvement in the patient’s general condition and quality of life, were observed. These findings demonstrate the potential of photodynamic
therapy as an effective and safe alternative therapeutic approach for metastatic breast cancer, particularly in clinical situations where the use of
standard treatment protocols is impossible or contraindicated.
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Pesiome

LleHTp dpoTopmnHammnyeckon Tepanuu bonbHULbI MeguumuHcKoro LeHTpa Ynpaenenus aenamu MpesugeHTta Pecny6nukn KasaxctaH umveer
KIIVMHUYECKMIA OMbIT IeYEHUs KOXKHbIX METaCcTa30B paka MOJIOYHON xene3bl. B HacToseln paboTe npefcTaBieHbl pe3ynibTaTbl HAbN0AEeHUs
3a MaLMEHTKOW C MeTacTaTUYeCKUM PakoM MOJIOYHON Xene3bl, KOTOPOoW bbinia NpoBefeHa KOMOMHUPOBaHHAA poTogMHAMUYECKan Tepanus,
BKJIIOYalOLLaA CUCTEMHYIO GOTOMOANPUKALINIO KPOBY 1 TOKaNbHOE BO3AENCTBME Ha ouvaru nopakeHusa. KnnHuueckni cnyyai npeacraBnser
0CO6bIV IHTEPEeC, MOCKOJIbKY MaLlMeHTKa He MoJlyyana CTaHAAPTHbIX METOAOB MPOTNBOOMYXOEBOrO JIeYeHNs, TaKNX Kak XMMUO- 1 FOPMOHO-
TepanusA. 3To 06YCIOBIEHO MOXWMIIbIM BO3PACTOM U CHVXKEHHOIN MEPEHOCMMOCTbBIO arPeccUBHbIX JIeYeOHbIX cXxem Ha GpoHe COomyTCTBYIOLYMX
3ab0n1eBaHNN, YTO OrPaHNYVBAET BO3MOXHOCTU NMPOBEAEHMA TPAANLMOHHON Tepanun. HecMoTps Ha OTCYTCTBUE CUCTEMHOTO JIEYEHNS, MPWI-
MeHeHVe KOMOUHMPOBAHHOW GOTOAMHAMUYECKON Tepanv NO3BOANIO JOCTYb BbIPaXXEHHOIO MOJIOKUTENBHOIO KIUMHMYECKoro addekxTa.
OTMeYeHO yMeHblUeHVe pa3MepoB 1 MHOUNBLTPALUM KOXKHbBIX METaCcTaTUYECK/X OYaroB, yiyylleHre obLero COCTOAHNA U KauecTBa »KU3HU
naumeHTKN. MonyyeHHble pe3ynbTaTbl AEMOHCTPUPYIOT NoTeHLMan GoToAUHAMMYECKOV Tepanun Kak 3pdeKTUBHOro 1 6e30macHoro anstep-
HaTVBHOrO MeTofa BO3AENCTBYA NPV METACcTaTUYeCKOM PaKe MOJIOYHON »eJle3bl, 0COOEHHO B KIIMHUYECKUX CUTYaLusX, KOrga nposeaeHmne
CTaHAAPTHbIX CXEM NleYeHNA HEBO3MOXKHO UIN NPOTUBOMOKAa3aHo.
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Introduction

Breast cancer (BC) remains one of the leading
causes of morbidity and mortality among women,
representing a serious medical and social problem
worldwide [1,2]. Despite significant advances in early
diagnosis and improved treatment methods, survival
rates for common and metastatic forms of the disease
remain unsatisfactory.

The modern concept of radical breast cancer
treatment is based on the principles of multimodal
therapy, including surgery, systemic drug treatment
(neoadjuvant and adjuvant chemotherapy), as well as
radiation therapy [3]. This comprehensive approach
ensures local control of the tumor process and reduces
the risk of recurrence. However, with the development
of the metastatic form of the disease, systemic antitumor
therapy is of primary importance, aimed at slowing the
progression, controlling the metastatic process and
maintaining a satisfactory quality of life in patients.

Currently, strategies for the systemic treatment
of breast cancer include the use of chemotherapy,
hormone therapy, targeted and immunotherapeutic
drugs. The optimal choice of therapeutic tactics is
determined by the molecular biological characteristics
of the tumor, including the receptor status (ER, PR,
HER2), the general somatic condition of the patient,
the presence of concomitant diseases and previous
treatment [3]. Individualization of systemic therapy
makes it possible to increase its effectiveness, reduce
the frequency of adverse events and thereby improve
the quality of life of patients with a prolonged course
of the metastatic process.

Despite the success of drug treatment, there
remains a need to develop new methods aimed at

increasing local control and reducing systemic toxicity
of therapy. One of these areas is photodynamic
therapy (PDT), an innovative method based on the use
of a photosensitizer (PS) that selectively accumulates
in tumor cells. Under the influence of laser radiation
of a certain wavelength, activated PS initiates
photochemical reactions that cause damage to tumor
cells and blood vessels, which ensures the selective
destruction of pathological tissues, including in the
postoperative area [5].

We present the results of clinical observation
of a patient who received multi-course combined
photodynamic therapy (PDT) for metastatic BC.

Materials and methods

The 84-year-old patient has been under medical
supervision since 2021 for right breast cancer. After
the diagnosis, the patient refused to undergo standard
antitumor therapy. In November 2023, the patient
complained of an unproductive cough and shortness
of breath during exercise. In order to clarify the nature
of the process and conduct symptomatic treatment,
the patient was admitted to the Hospital of the Medical
Center of the Office of the President of the Republic of
Kazakhstan.

Computed tomography (CT) of the chest organs
revealed multiple nodules in the projection of the right
breast, axillary lymph nodes and skin. According to
ultrasound examination of the liver, a formation in the
right lobe was determined, regarded as a hemangioma
or possible metastases. Additionally, a moderate
amount of fluid in the pericardial cavity and signs of
exudative pleurisy were noted.
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For diagnostic purposes, pleurocentesis was
performed, in which 220 ml of light yellow exudate
was evacuated. Cytological examination of the
material revealed mesotheliocytes with marked
proliferation and tumor cells with signs of atypia.
GeneXpert testing excluded the presence of
Mycobacterium tuberculosis.

On the background of symptomatic therapy
(diuretics, bronchodilators, mucolytics, anticoagulants),
repeated accumulation of fluid in the pleural cavity was
observed. Repeated pleurocentesis was performed
with evacuation of 1100 ml of serous effusion.

Upon examination, the patient's general condition
was assessed as moderate, due to respiratory failure.
The right mammary gland is almost completely
replaced by a tumor infiltrate, and there are 13 x 10 cm
ulcers on the skin of the chest on the right. A dense,
rounded tumor of 6 x 7.5 x 8 cm in size with signs
of skin infiltration was detected in the left mammary

gland.
Based on a set of anamnestic, clinical and
instrumental data, in 2021, the diagnosis was

established: right breast cancer cT4NxMO (2021). In
2023, the progression of the disease with the collapse
of the right breast tumor was revealed. Metastases to
the left mammary gland, lymph nodes of the axillary,
supraclavicular and cervical regions on both sides,
multiple metastases to the lungs, exudative pleurisy
on the left were identified.

The patient had the following concomitant diseases:
arterial hypertension of the Ill degree (very high risk of
cardiovascular complications), chronic heart failure of
the lI-1ll functional class according to NYHA.

Based on the results of an interdisciplinary
consultation with oncologists, a biopsy and an
immunohistochemical study were recommended to
select the optimal drug therapy regimen. The patient
refused the proposed treatment.

As part of palliative care, combined PDT was
performed at the Photodynamic Therapy Center of
the Hospital of the Medical Center of the Office of the
President of the Republic of Kazakhstan.

Photodynamic therapy was started in November
2023. The courses were conducted with an interval of
3 weeks.

To carry out PDT, a PS based on e6 chloride was
used (photolon, JSC Belmedpreparaty, Republic of
Belarus). PS was administered intravenously at a dose
of 100 mg diluted in 200 ml of saline solution for 30
minutes. Blood photomodification was performed for
30 minutes (output power of the light fiber is 100 MW).
2.5 hours after intravenous blood photomodification,
the affected chest area was irradiated with a “Latus-
Fara” device (irradiation from two fields with an output
power of 0.20 W for 20 minutes per field, total exposure

time of 40 minutes, light dose 200-400 J/cm?). The
tolerability of the procedure was satisfactory.

Results

The patient underwent 28 PDT sessions. According
to CT scans of the chest organs performed between
January and December 2024 (once every 3 months),
stabilization of the tumor process was noted. In a
control study in May 2025, an increase in the total size
of foci was recorded by more than 20% according to
the RECIST 1.1 criteria, which is regarded as disease
progression (Table).

Clinically, positive dynamics were noted, including
a decrease in the severity of bronchitis syndrome, an
improvement in general well-being and a preservation
of appetite. At the same time, there was a moderate
pain syndrome associated with the presence of a
wound surface in the chest wall, as well as shortness
of breath due to left-sided exudative pleurisy (Fig.1,2).

During the first year of follow-up (January-
December 2024), CT data showed stabilization of the
process without the appearance of new metastatic
foci. Further progression in 2025 was accompanied
by an increase in pleural effusion and the detection of
new metastatic changes in the lungs (Fig. 3.4).

PDT demonstrated local efficacy in a patient with
metastatic breast cancer, ensuring stabilization of the
process for 12 months while maintaining a satisfactory
quality of life (Fig. 5,6). Unlike chemo and radiation
therapy, PDT did not cause systemic toxicity, as it is
a method of selective action on tumor tissues. The
introduction of PS into the bloodstream ensures
its predominant accumulation in tumor cells, and
subsequent laser irradiation activates the process
of generation of reactive oxygen species, inducing
apoptosis and necrosis of tumor cells and blood vessels
[61.

The presented clinical case demonstrates the
possibilities of PDT as an effective and clinically
significant method of local control in a patient with
metastatic breast cancer. Despite the disseminated
nature of the disease, PDT made it possible to achieve
stabilization of the process during the year, reduce local
manifestations and pronounced clinical improvement
with a good tolerance profile.

Discussion

In recent years, PDT has been considered as a
promising direction in the complex treatment of
malignant neoplasms, including breast cancer. The
presented clinical case demonstrates the possibility of
achieving stabilization of the disease in a patient with
a metastatic process when using PDT in a palliative
regime. Within a year after the start of treatment, it was
possible to maintain the general condition, reduce the
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OueHKa aguHamuku onyxoneBoro npouecca no RECIST 1.1 no gaHHbIM KT opraHOB rpyaHOM KNeTKu

Table

Assessment of tumor dynamics according to RECIST 1.1 based on chest CT data

HdaTa
ob6cnepoBaHunA
(KT opraHos
rpyaHon

KNeTKn)

TapreTHble o4arn

HeTtapreTHble ouaru

O6uwasn
oLeHKa
no RECIST

KommeHTapumn

18.01.24 0O6pa3oBaHNsA B MONTOYHbIX [MneBpanbHble BbINOTbI, basosoe YcTaHOBNEHbI NCXOAHbIE
xenesax, akcunnapHble NMMQOreHHbIN KaHLepoMaTo3  1CCIefoBa- — oyarv Asia nocnenyiolen
nuMooy3nbl, MHOXecTBeHHble  Pleural effusions, Hye OLIeHKM AVHaMUKN
ouaru B nierkmx lymphogenous carcinomatosis  Basic Study Initial lesions were
Formations in the mammary identified for subsequent
glands, axillary lymph nodes, progression assessment
multiple foci in the lungs

30.07.24 YMmeHblLueHre onyxonu [Mporpeccua B nerkmx OTHOCUTENb- YacTWYHbIN OTBET
B MOJIOYHbIX XKene3ax (yBenuueHwue y3nos, MaToBOCTb, HasA CTabu- MO TapreTHbIM o4aram,

1 numdoysnax KaHLlepoMaTo3), NIEBPASIbHOrO  N3aLmsa HO nporpeccua
Reduction of tumors in the BbINOTa Relative Mo HeTapreTHbIM
mammary glands and lymph Progression in the lungs Stabilization Partial response in
nodes (enlarged nodes, haziness, targeted lesions, but
carcinomatosis), pleural effusion progression in non-
targeted lesions

04.12.24 Bes cywectBeHHOM grHamuKkn  Ctabunusauna B Nerkux, Crabunuza- Crabunusauyus
B MOJIOYHbIX »Kene3ax 6e3 HapacTaHWs BbiNoTa uma Stabilization
1 numdoysnax Stabilization in the lungs, Stabilization
No significant changes in the without increasing effusion
mammary glands and lymph
nodes

27.05.25 YBenuyeHne oyaros HapacTtaHue nnespanbHOro Mporpeccn-  lNporpeccus
B NMPaBOM JIErKOM MOJIOYHbIX BbINoTa csieBa Ao ~600 mn, poBaHue NoATBEPKAEHHBIX
»Xenesax,nosiBjieHne HoOBOro CTabWIbHOCTb OCTaNIbHbIX Progression ouyaros>20%,
ovara B S6 Increase of pleural effusion on HapacTaHue

Enlargement of lesions in
the right lung and mammary
glands, appearance of a new
lesion in S6

the left to ~600 ml, stability of
the rest

nneBpassbHOro BbINoTa
Progression of confirmed
lesions >20%, increase in
pleural effusion

Mpumeyvanue: C AHBapA no fekabpb 2024 ropa y nayMeHTKN Habnoaanach cTabunusauyma npouecca no faHHbiM KT, 6e3 npusHakoB pocTa unm
HOBbIX METacTaTUYECKNX OYaroB
Note: From January to December 2024, the patient demonstrated disease stabilization according to CT data, with no signs of tumor growth or
new metastatic lesions.

severity of symptoms and local control of the tumor
process, which is confirmed by CT data and clinical
improvement.

Unlike traditional methods of treatment -
chemotherapy and radiation therapy - PDT is
characterized by minimal systemic toxicity and a gentle
effect on healthy tissues, which is especially important
for elderly and comorbid patients.

The results of domestic and foreign studies confirm
the high effectiveness of PDT in local and recurrent
forms of breast cancer. The frequency of complete
response in chest wall lesions reaches 60-73%, the

overall response is up to 90%, while side effects are
limited to mild photosensitivity, pain syndrome, and
skin hyperemia [7,8]. These data are consistent with
the presented clinical observation, which recorded a
long-term stabilization of the tumor process without
significant complications.

Of particular interest is the additional mechanism
of action of PDT - activation of the antitumor immune
response. Under the influence of a photochemical
reaction, tumor antigens are released and antigen-
presenting cells are activated, which contributes to
the development of a secondary immune response
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Puc. 1. Pe3ynbrathl KT opraHoB rpyaHoi
KNeTKKn 6e3 KoHTpacTa ot 18.01.24:

a — onyxosieBoe o6pa3oBaHue B NpaBoW
MOJIOYHOW ene3e 3,7x2,4x4,4 cm, B CTPYK-
Type NeBor MOJIOYHON XeNle3bl MHOXEeCTBEH-
Hble KUCTO3Hble 06pa3oBaHusa (n~7), pas-
Mepbl HanGonee KpynHoro go 3,8x2,9x3,0 cm;
b — B nneBpanbHOM NONOCTK CNeBa 1 BAONb
MEXA0JIEBOM LENN cripaBa BU3yannusmpyeTcs
BbIMOT, C KOMMPECCUOHHbIM cyGaTeneKTa3om,
TonwmHom ao 3,0 cm.

Fig. 1. Results of a chest CT scan without
contrast, 18.01.24:

a — a tumor in the right breast measuring 3.7
X 2.4 x 4.4 cm; multiple cystic lesions (n~7)
in the left breast, the largest measuring up to
3.8x2.9x3.0cm;

b — effusion with compression subatelectasis
up to 3.0 cm thick is visible in the pleural
cavity on the left and along the interlobar
fissure on the right.

Puc. 2. Pesynsratbl KT opraHoB rpyaHON KNeTKU 6e3 KOH-
Tpacta ot 30.07.24 (ymeHbLUeH1E pa3MepoB 06pa3oBa-
HWI B CTPYKTYpPEe MOJIOYHbIX XeJe3, Hanbosee KpynHble
yMeHblLUeHbl cripaBa Ao 3,4x1,6x2,6¢m (3,7x2,4x4,4 cm),
cneBa Ao 2,7x2,3x3,0cm (3,8x2,9x3,0cm); yMeHblLue-

HUe aKCUINAPHbBIX TIMMOY3J10B; MPOrpeccupoBaHue B
JIErKUX: yBeIMYeHUe KONM4ecTBa 1 pa3MepoB y3/10B,
yBeJIMieHune nneBpasbHoro BbirnoTa ciesa).

Fig. 2. Results of CT scan of chest organs without
contrast from 30.07.24 (decrease in size of formations in
the structure of mammary glands, the largest ones have
decreased on the right to 3.4x1.6x2.6 cm (3.7x2.4x4.4
cm), on the left to 2.7x2.3x3.0 cm (3.8x2.9x3.0 cm);
decrease in axillary lymph nodes; progression in the
lungs: increase in the number and size of nodes, increase
in pleural effusion on the left).

BIOMEDICAL PHOTONICS T. 14, N24/2025

Puc. 3. Pe3ynbrathl KT opraHoB rpyaHom
KNeTKu 6e3 KoHTpacTa 04.12.24 (tapreTHbie
ovaru (MosIoYHble Xenesbl, TMMOoy3/bl) — 6e3
CyLEeCTBEHHOW AMHAMMUKK, HEKOTOPbIE OYaru B
Nerkux — ymeHbLleHne/Ucye3HoBeH1e MaTo-
BOCTH, BbINOT — 6€3 U3MEHEHUN).

Fig. 3. Results of CT scan of the chest

organs without contrast 12/04/24 (target
lesions (mammary glands, lymph nodes) - no
significant dynamics, some lesions in the
lungs - decrease/disappearance of haze,
effusion — unchanged).
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Puc. 4. Pe3ynbratbl KT opraHoB
rpPyaHON KNeTKn 6e3 KoHTpacTa oT
27.05.25 (HecmoTps Ha He6GonbLIne
M3MEHEeHUs Mo OTAEeJIbHbIM o4aram,
o6llee yBeM4YeH1e NoATBEPKAEH-
HbIX MeTacTaTU4eCKUX 04aroB npe-
BbilwaeT 20% — npu3HaK nporpeccu-
poBaHus).

Fig. 4. Results of CT scan of the
chest organs without contrast from
27.05.25 (despite minor changes
in individual lesions, the overall
increase in confirmed metastatic
lesions exceeds 20% - a sign of
progression).

Puc. 5. Onyxonb go Hayana ®AT: npaBas MOJIOYHasn Xee3a npak-
TUYECKM MOMHOCTbLIO OTCYTCTBYET 3a CHET ONyX0JieBON MHOUNBLTPa-
LMK, Ha KOXKe rPyAHOMN KNEeTKM cnpaBa U3bsABNEHUS Ha nnowaamn
13x10 cm, B IeBO MOJIOYHOM XKene3e onyxoneBoe o6pa3oBaHue
OKpyrnou ¢popmbl pa3amepom 6x75x8 cm NIOTHOM KOHCUCTEHL MM C
UHOUNBTPaLMEN KOXKMN.

Fig. 5. Tumor before PDT: the right mammary gland is almost
completely absent due to tumor infiltration, on the skin of the
chest on the right there are lesions on an area of 13x10 cm, in the
left mammary gland there is a round tumor formation measuring
6x75x8 cm of dense consistency with skin infiltration.

and reduces the likelihood of local relapses [9-11]. This
feature opens up prospects for the combined use of
PDT with immunotherapy and targeted agents, which
is actively being investigated in modern oncology.

The socio-clinical aspect of the use of PDT should
also be noted. For some patients, especially the elderly,
the rejection of standard protocols is associated
not only with medical contraindications, but also
with subjective factors such as fear of side effects,
decreased motivation, or previous negative treatment
experiences. In such cases, PDT can be considered as a
method of choice that provides a balance between the
effectiveness and tolerability of therapy. This approach
is consistent with the principles of personalized
and value-based cancer care, where the therapeutic
strategy is adapted to the individual characteristics of
the patient.

Thus, the clinical example presented in this study
confirms the potential of PDT as an effective and safe
method of local exposure in metastatic breast cancer.

Puc. 6. CoctosHue nocne ®[T: B BepXxHEGOKOBOM KBagpaHTe
rPYAHON KNETKU (MpaBas CTOPOHA) BU3yalu3upyeTcs y4acToK
nepopMMpPOBaAHHOW KOXM C BbIPaXKE€HHbIMU NMPU3HaAKaMM
MHOUNBTPaALIUK, KOXKa BTAHYTA, C PyOLOBbIMU U3MEHEHUSIMH,
MArMEHTHbIMU NATHAMU U cnegamu nocne ceaHcoB ®AT.

Fig. 6. Condition after PDT: in the upper lateral quadrant of the
chest (right side) an area of deformed skin with pronounced
signs of infiltration is visualized, the skin is retracted, with
cicatricial changes, pigment spots and traces after PDT
sessions.

The use of PDT made it possible to achieve clinical and
radiological control while maintaining a high quality of
life for the patient, which underlines the importance
of the method in palliative practice and the need for
further study.

Conclusion

This clinical observation demonstrates that PDT can
be considered as an effective and minimally invasive
alternative or supplement to standard treatments
for metastatic breast cancer. The use of PDT made it
possible to achieve lasting stabilization of the disease,
clinical improvement and good tolerability of therapy
without the development of systemic side effects.

PDT has a number of advantages - selectivity of
exposure, the possibility of repeated use, minimal
toxicity and the potential for immunostimulating
action. These characteristics make the method
especially valuable in the treatment of patients with
disabilities for standard treatment regimens.
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