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STUDY OF ACCUMULATION OF WATER-SOLUBLE
ASYMMETRIC CATIONIC PORPHYRINS IN GRAM-
POSITIVE WOUND INFECTION PATHOGENS DURING
PHOTODYNAMIC INACTIVATION

Kvashnina D.V.!, Shirokova I.Yu.!, Belyanina N.A.", Syrbu S.A.2, Lebedeva N.Sh.2, Boeva Zh.V.',
Burashnikova A.A.', Gorshkova E.N.3, Razzorenova E.A.3, Kovalishena O.V.!, LazarevD .K.'
"Privolzhsky Research Medical University, Nizhny Novgorod, Russia

2G.A. Krestov Institute of Solution Chemistry of the Russian Academy of Sciences, Ivanovo, Russia
3National Research Lobachevsky State University of Nizhny Novgorod, Nizhny Novgorod, Russia

Abstract

The paper presents the results of a study on the accumulation of three different compounds of water-soluble asymmetric cationic porphyrins
by the bacteria S. aureus, S. epidermidis, S. haemolyticus and E. faecalis using flow cytofluorimetry and fluorescence microscopy. The studied
microorganisms were a sample (n=4) of isolates from biomaterial (wound discharge) from patients with wound infections (burn wound, trophic
ulcer, infection of the surgical area, etc.). The tested strains showed resistance to 1-7 antibiotics, two strains were carriers of the mecA gene. Porphyrins
containing heterocyclic fragments (benzoxazole, N-methyl benzimidazole, and benzothiazole residues) on the periphery of the porphyrin cycle
can accumulate in bacterial cells to varying degrees: porphyrin with N-methyl benzimidazole penetrates bacteria to a greater extent, and the
fluorescence signal is most intense for S. aureus and E. faecalis after incubation with this species. connections. There is some heterogeneity in the
bacterial cell population with respect to the ability to accumulate porphyrins, and the presence of bacterial lysis has been proven. S aureus after
incubation with S-porphyrin and subsequent photodynamic inactivation under the influence of light. The data obtained determine the prospects
for further study of compounds and determination of their bactericidal potential.

Keywords: antimicrobial photodynamic inactivation, photochemistry, porphyrin, antibiotic resistance, wound infection, accumulation.
Contacts: Kvashnina D.V., e-mail: daria_tsariova@mail.ru

For citations: Kvashnina D.V, Shirokova l.Yu., Belyanina N.A., Syrbu S.A., Lebedeva N.Sh., Boeva Zh.V,, Burashnikova A.A., Gorshkova E.N., Razzore-
nova E.A,, Kovalishena O.V,, Lazarev D.K. Study of accumulation of water-soluble asymmetric cationic porphyrins in gram-positive wound infection
pathogens during photodynamic inactivation, Biomedical Photonics, 2025, vol. 14, no. 2, pp. 4-11. doi: 10.24931/2413-9432-2025-14-2-4-11
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Pesiome

B paboTe npepcTaBnieHbl pe3ynbTaTbl NCCIEA0BAHMA MO N3YYEHIIO HAKOMIEHNM TPEX PasHbIX COeANHEHMI BOAOPACTBOPUMbIX HECUMMETPUY-
HbIX KaTVOHHbIX NOPPUPUHOB GakTepuamu S. aureus, S. epidermidis, S. haemolyticus v E. faecalis ¢ nomoLbto NPOTOYHON LUTODIYOPUMETPIN
1 nyopecueHTHON MrUKpockonuu. Viccnepgyemble MUKpoopraHu3mMbl — Bblbopka (n=4) n3onatos 13 buomatepuana (paHeBoe otaensaemoe)
OT MaLMEHTOB C paHeBbIMU MHPEKLMAMY (0XKOroBas paHa, Tpodryeckas A3Ba, MHPEKLMA 061acTy XMPYPryeckoro BMeLLaTenbCTBa U Ap.).
TecTvipyemble LUTaMMbl MPOABJIANN YCTONUYMBOCTb K 1-7 aHTUOMOTVKaM, fiBa LWTamMMa Oblin HocuTtenamu reHa mecA. lMopdupuHbl, copepatyme
Ha nepudeprn NopGUPUHOBOIO LNKIIA reTepoLmKInYeckime dpparmeHTbl (ocTaTkin 6eH3okcazona, N-metun 6eH3nummgasona n 6eH30Ta3ona),
B Pa3HOW CTEMEHY CNOCcobHbI HakamIMBaTbCA B 6aKTepuanbHbIX KneTkax: nopdupuriH ¢ N-meTun 6eH3MmMmnga3onom B 6onblueit CTeNeHn Npo-
HVIKAET B KINETKN 6aKTepuid, U curHan GpayopecueHuny HanbonbLen MHTEHCMBHOCTM HabnopaeTcs ans S. aureus v E. faecalis nocne nHky6auumn
C flaHHbIM BUAOM coeanHeHnA. Habnogaetca HekoTopas reTeporeHHOCTb NonynAuumn 6akTepranbHbIX KNETOK B OTHOLUEHUW CMOCOBHOCTY
HakannvBaTb Nop$UPWHbI, AOKa3aHO Hanuyve nu3uca 6aktepuid S. aureus nocne NHKY6aLUM ¢ GOTOCEHCUOMIM3ATOPOM 1 MOCefytoLen
doToanHaMMYeCKON UHaAKTBaLMEN Nob AeiCTBUEM cBeTa. [onyyeHHble AaHHble onpefenaloT NepcrneKkTyBbl ANA AaNbHENLWEro N3y4yeHns
CoeAVHEHUIA 1 onpeaeneHna nx 6akTepuLnaHOro noTeHLUyana.
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Introduction

With the increasing resistance of microorganisms to
antibiotics [1,2], there is a growing interest worldwide in
alternativemethodsandbiocides capable of overcoming
the polyresistance of leading infectious agents.
One promising area is antimicrobial photodynamic
inactivation (PDI), based on photochemical reactions
in which the main role is played by reactive oxygen
species produced by molecules of a non-toxic dye or
photosensitizer in the presence of low-intensity visible
light to destroy microbial cells [3,4].

Antimicrobial photodynamic therapy, being a
particular option of photodynamic therapy (PDT), has
found its place in the fight against infectious diseases
in various areas of clinical medicine: dentistry [5,6],
dermatology [7-9], gynecology [10,11], urology [12],
otolaryngology [13,14], etc.

In addition, in recent years, clinical interest has
increased and serious scientific prerequisites for the
use of PDI for the treatment of infected wounds of the
skin and soft tissues have emerged. From a therapeutic
point of view, this is determined by a number of
advantages for the patient like high precision and
selectivity of local action, low invasiveness, atraumatic
nature, and additional effects in the form of stimulation
of regeneration processes with acceleration of healing.
From a microbiological point of view, it is important
that this type of therapy can be used repeatedly with
the same photosensitizer without any apparent risk
of developing resistance, since at the moment there
are no unambiguous reports that microorganisms
exhibit resistance, in a certain sense of the word, to PDI.
Moreover, although authors from different research

BIOMEDICAL PHOTONICS T. 14, N22/2025

teams [15-17] observed the effect of decreasing the
susceptibility of the population of archival and clinical
strains to sublethal doses of irradiation after several
cycles of photoinactivation [15-17], this cannot be
interpreted as the development of resistance to
PDI, since when using more stringent experimental
conditions (increasing the concentration of the
photosensitizer and/or increasing the number of light
doses), bacteria were destroyed [18].

Limitations in the active use of the antimicrobial
PDI method in medical practice are associated with
a shortage of non-toxic drugs with high bactericidal
efficacy against planktonic and biofilm forms of
microorganisms.

Studying the properties of experimental
photosensitizers to find compounds with optimal
antimicrobial activity that participate in the fight
against resistant pathogens is a priority task in clinical,
microbiological and epidemiological terms.

It is known that anionic, neutral and cationic
photosensitizers are active against gram-positive
bacteria, while only cationic ones have an effect on
gram-negative bacteria [19]. Thus, to expand the
spectrum of bactericidal action, it is more appropriate
to use cationic photoinactivators.

The potential of water-soluble asymmetric cationic
porphyrins is determined by the efficient production
of singlet oxygen and the advantage of the possibility
of chemical modification of peripheral substituents
for selective binding to biotargets of microbial cells
[19-21]. However, to understand the bactericidal
potential of these compounds in an in vitro experiment,
additional studies are needed, including studies of the
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accumulation of the photosensitizer in microbial cells
of clinical strains of microorganisms.

Studying the features of photochemical reactions
in a population of antibiotic-resistant clinical strains of
pathogens brings our experience closer to conducting
preclinical studies in vivo and clinical trials.

It is extremely important to note that the scientific
and practical task is not only to search for new
compounds or modify existing molecules to maximize
the quantum yield of singlet oxygen in in vitro tests,
but also to study the molecular bonds inside microbial
cells and the factors influencing differences in the
susceptibility of microbes to photoinactivation [22].
The search for mechanisms, phenotypic and genotypic
features underlying various microbial responses to
photodynamic inactivation is an important problem
of antimicrobial PDI, since even a population
of one bacterial agent existing in one infection
site is heterogeneous in its properties. Moreover
subpopulations of the pathogen can exhibit different
susceptibility to antimicrobial factors, including PDI,
which can be determined by a number of factors:
persistent cells are less susceptible to antimicrobial
PDI than fast-growing ones, have a higher potential for
producing antioxidant enzymes, etc. One of the main
conditions determining the antimicrobial effect of PDI
is the ability of cells to accumulate a photosensitizer.

The aim of the study is to study the features of
porphyrin accumulation in cells of gram-positive
antibiotic-resistant bacteria during PDl in vitro.

Materials and methods

This study is planned as an exploratory,
comprehensive and multi-stage one. In the first stages
of the work, a group of researchers from the G. A.
Krestov Institute of Solution Chemistry of the Russian
Academy of Sciences (Ilvanovo) synthesized asymmetric
water-soluble porphyrins containing heterocyclic
fragments (benzoxazole, N-methyl benzimidazole
and benzothiazole residues) [23] on the periphery
of the porphyrin cycle using the C—H activation
method. The experiments conducted on direct and
reverse spectrophotometric titration of the interaction
(binding) of albumin with monoheteryl-substituted
porphyrins [23] allowed us to assume that porphyrins,
when interacting with a bacterial cell, target surface
proteins and the genetic material of microorganisms.
These data served as the basis for further work.

This study presents the following research results:
data on the accumulation of porphyrins in vitro in
gram-positive bacteria using flow cytofluorometry and
fluorescence microscopy.

Experimental studies were carried out at three bases:
1. synthesis of chemical compounds: Federal State

Budgetary Scientific Institution G.A. Krestov Institute

of Solution Chemistry of the Russian Academy of

Sciences, lvanovo;

2. microbiological studies on the isolation,
identification and study of antibiotic resistance of
microorganisms: bacteriological laboratory of the
University Clinic of the Federal State Budgetary
Educational Institution of Higher Education “Priority
Medical University” of the Ministry of Health of the
Russian Federation, Nizhny Novgorod;

3. studies on the accumulation of a photosensitizer in
bacterial cells: Research Center of Molecular Biology
and Biomedicine of the Federal State Autonomous
Educational Institution of Higher Education“National
Research Nizhny Novgorod State University named
after N.I. Lobachevsky’, Nizhny Novgorod.

In a series of laboratory experiments, the main
objects of study were three different compounds of
monoheteryl-substituted porphyrins and strains of
gram-positive bacteria.

The porphyrins studied were:

1) 5-[4"-(17",3""-benzothiazol-2""-yl) phenyl]-10,15,20-
tris(N-methylpyridin-3"-yl)  porphyrin  triiodide
(S-por). PBS (phosphate buffered saline) (7.4)
M=1176.73 C=1*10-5 mol/I;

2) 5-[4’-(1"",3"-benzoxazol-2"-yl)  phenyl]-10,15,20-
tris(N-methylpyridin-3"-yl)  porphyrin  triiodide
(O-por). PBS (7.4) M=1160.67 C=1*10-5 mol/I;

3) 5-[4-(N-methyl-1"",3""-benzimidazole-2""-yl)
phenyl]-10,15,20-tris(N-methyl-pyridin-3"-yl)-
porphyrin triiodide (N-por). PBS (7.4) M=1173.74
C=1*10-5 mol/I.

The studied microorganisms are a sample (n=85)
of microorganism isolates from biomaterial (wound
discharge) of patients with wound infections. The
experiment included clinical material from patients of
the Burn Center and the Institute of Traumatology and
Orthopedics of the University Clinic of the Federal State
Budgetary Educational Institution of Higher Education
“Privolzhsky Research Medical University (PRMU)" of the
Ministry of Health of the Russian Federation with various
purulent-septic infections of the skin and soft tissues
(burn wound, trophic ulcer, surgical site infection, etc.).
Species composition of the collection:

To study the features of porphyrin accumulation
in bacterial cells, one strain of S. aureus, S. epidermidis,
S. haemolyticus, and E. faecalis. were selected from the
general population.

Species identification of microorganisms was
carried out by MALDI-TOF mass spectrometry on the
appropriate equipment (MALDI-TOF MS (Germany) and
MALDI-TOF AUTOF MS1000 (Autobio, China)). The study
of susceptibility to antibacterial drugs was carried out
on a Vitek 2 bacteriological analyzer (France), with
subsequent interpretation according to the adopted
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rules of EUCAST (European Committee on Antimicrobial
Susceptibility Testing) [24]. The prevalence of resistance
genes was determined using the AmpliSens MDR MBL-
FL and Litekh reagent kits (Russia) for the isolation
of resistance genes by PCR with hybridization-
fluorescence detection of amplification products in real
time.The mecA gene was detected in staphylococci. The
properties of the isolated strains (antibiotic resistance)
were described using the version 2023 of the WHONET
program.

To obtain data on the accumulation of porphyrins
in bacterial cells, the following steps were performed:

1.1 Preparation of bacterial cell culture. An overnight
culture of S. aureus, S. epidermidis, S.haemolyticus
and E. faecalis was grown in sterile liquid LB medium
(10 g of tryptone, 10 g of NaCl, 5 g of yeast extract
(all from Sigma-Aldrich, USA)) for 16-18 h at 37 °C.
The resulting suspension was centrifuged (10 min,
4000g) and diluted to a concentration of 1.5x102
cells/mlin sterile 0.9% NaCl solution.

1.2 Incubation of bacterial cells with porphyrins. S-, O-
and N-porphyrins were dissolved in sterile PBS (pH
7.4) (10 uM) and added to the bacterial suspension
(1.5x107 cells/ml). For photoinactivation, the
bacterial suspension was irradiated with LED lamps
(20 W power) for 15 min at room temperature.

1.3 Evaluation of absorption and accumulation of
porphyrins by bacteria. To assess the absorption of
the studied porphyrins by bacteria after incubation,
the bacteria were washed twice with sterile PBS
(10 min, 4000 g, 4 °C) and the resulting suspension
was analyzed using a Cytoflex S flow cytometer
(Beckman Coulter, USA) and CytExpert 1.2.10.0
software (Beckman Coulter, USA).

The accumulation of porphyrins was estimated based
on the average values of the fluorescence signal (mean
fluorescence intensity, MFI), measured in relative units
and recorded for S. aureus, S. epidermidis, S. haemolyticus
and E. faecalis bacteria after treatment with S-, O- and
N-porphyrins after 15 minutes of light irradiation. For
fluorescence analysis using microscopy, a bacterial
suspension (1.5x107 cells/ml) after incubation with 10 uM
solutions of S-, O-, and N-porphyrins was centrifuged (5
min, 4000 g, 4 °C). The pellet was resuspended in sterile
PBS (pH 7.4) and applied to glass slides.

A drop containing the bacterial suspension was
dried in air, fixed in a burner flame, then placed in
Faramount Mounting Medium (Agilent, USA) and
covered with a coverslip. The study was carried out
on an LSM 800 setup (Carl Zeiss, Germany) using
ZEISS Axio Vert.A1 software (Carl Zeiss, Germany).
The accumulation of porphyrins was assessed by the
presence of fluorescence (excited using a 488 nm laser,
the fluorescent signal was detected in the wavelength
range of 640-740 nm using appropriate optical filters).

Statistical data processing was performed in the R
environment (Rstudio 1.1.463), and GraphPad Prism
8.4.3 software (GraphPad Software, USA) was used for
data visualization. Two-way analysis of variance was
used to compare mean fluorescent signal (MFI) values.
The level of statistical significance of differences in
hypothesis testing was chosen at p < 0.05.

Results and discussion

The tested strains (n=4) showed resistance to 1-7
antibiotics. The resistance profiles of the selected
cultures are presented in Table 1. Two strains
(S.haemolyticus 525, S.epidermidis 7) were resistant to
cefoxitin, which is an alarming microbiological and
clinical sign, since, according to the EUCAST guidelines,
resistance to this antibiotic is a sign of resistance to
the entire group of penicillins. At the same time, these
strains were carriers of the mecA gene.

In an in vitro experiment to study the accumulation
of porphyrins by bacterial cells of clinical strains of S.
aureus, E. faecalis, S. epidermidis and S. haemolyticus using

Ta6nmua 1

Mpodunm aHTMGNOTUKOPE3UCTEHTHOCTU KIIMHUYECKUX
wTaMMoB

Table 1

Profiles of antibiotic resistance of clinical strains

MwukpoopraHusm n
NAEeHTUPUNKALMOHHbIN HOMep
no nabopaTopHomy KypHany /
pesynbratbi MLUP

Mpodunpb
pe3nCcTeHTHOCTIU

S.aureus 229 / 6eTa-nakTamasbl + B-- PL- H
S.epidermidis 7 / mecA+ -_--XGPLN-_Z H_-
S.haemolyticus 525 / mecA+ R G —

E. faecalis 2025 -~ -G-_NM_-_—-

B ctonbue «Mpodnnb pesncTeHTHOCTV» MCMOsb30BaHa 3HakoBas
cuctema: «OykBa» — PE3UCTEHTHOCTb WM  MPOMEXYTOYHanA
UYBCTBUTENIBHOCTb K  OMpefeneHHOMY aHTUOBUOTUKY; « » -
UYBCTBUTE/IBHOCTb; «-» — UyBCTBUTENbHOCTb He ornpefenanach.
PacwmndpoBka 6yKBeHHbIX KOAOB B MPOdUIAX Pe3UCTEHTHOCTM:
B - 6eH3unneHeumnnuH; R — pudamnuumH; C — uedTprakcoH;
F - uedotakcum; X - uedokcutnH; G - reHTamuuyuH; P -
umnpodnokcaunH; L — nesodpnokcaumH; N — KnuHgamuumH; M —
JIMHKOMUUUH; E — spuTpoMuumH; Z — nuHesonug; V — BaHKOMULH;
H — xnopamderunkon; T — TeTpauunknmH; Y — TUreUKInH. <mecA+» —
y WiTaMmmMa 06Hapy»KeH COOTBETCTBYIOLLUIA FEH.

The column “resistance profile” uses a sign system: “letter” - resist-
ance or intermediate sensitivity to a particular antibiotic;“_" - sensi-
tivity; “-" — sensitivity to a particular antibiotic. Interpretation of let-
ter codes in resistance profiles: B — benzylpenicillin; R - rifampicin;
¢ - ceftriaxone; F - cefotaxime; X — cefoxitin; G - gentamicin; P -
vrofloxacin; L - levofloxacin; N - clindamycin; M - lincomycin; e -
erythromycin; Z - linezolid; V — vancomycin; H — chloramphenicol;
T-tetracycline; Y - tigrecycline. XR - resistance to cefoxitin.“mecA+"
- the corresponding gene was found in the strain.
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cytofluorimetric analysis, it was found that N-porphyrin

wn Horrx Horrx : Horkx Horx accumulates in bacterial cells to a greater extent than S-
- | | s | and O-porphyrins, as evidenced by the increasing mean
O L5106 1 = M = fluorescence intensity (MFI) in the series S-porphyrin >
= Hoxkx * RRK ook =1 S-por O-porphyrin > N-porphyrin (Fig. 1).
o . EE O-por
< 1x10° N-por
2:' = Puc. 1. 3HauyeHus cpepHero ¢nyopecueHTHoro curHana (MFI),
= peructpupyemoro ans Gaktepui S. aureus, S. epidermidis, S.
Z 5%105 - haemolyticusu E. faecalisnocne o06pa6oTkuS-, 0-u N-nopdupmHamm
N § T yepe3 15 MUHYT 06/1y4EHUS CBETOM (CTaTUCTUKA: ABYX(DAKTOPHbIN
@ § OUCNEePCUOHHBbIM aHanua, *— p<0,05; ****- p<0,0001, gaHHblEe
& § 0TOGpaXkaloT cpefiHee U CTaHJapPTHOe OTKIIOHEeHHUe).
O 0- = Fig. 1. The values of the average fluorescent signal (MFI) recorded
for S. aureus, S. epidermidis, S. haemolyticus and E. faecalis
bacteria after treatment with S-, O-, and N-porphyrins after 15
< R minutes of light exposure (statistics: two-factor analysis of
%? variance, *— p<0.05; ****- p<0.0001, the data shows the mean
and standard deviation).
S-por O-por N-por
&1 2 &
2 J§; 58+ 38
§ J dl 4
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-§* éﬁ- g ég_ Hble rucTorpamMmbl hayo-
s ] pecueHuun 6Gaktepuh S.
N ] aureus, S. epidermidis, S.
= 1 haemolyticus v E. faecalis
“ 1 nocne o6pa6oTku S-, O- n
= e 3 < P S . * o : i . _
o 10¢ 10° 108 10° o 10! 10° 10° 10° 0o 10f 10° 108 10° N-nopdmpunamy: Bl —no
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nocne o6paboTkM cBETOM
=R 8 8 15 mMuH.
] Fig. 2. Representative
| histograms of fluore-
£ & | x z scence of S. aureus, S.
S 3s sg dg epidermidis, S. haemo-
S ] Iyticus and E. faecalis
;} 1 bacteria after treatment
1 with S-, O- and N-por-
1 phyrins: Il —before light
tlr“:‘ 165 ”"Toe' ”“‘10? 0 104 10° 108 10° 0 104 10° 108 10° treatment, - aftgr light
PerCP-A PerCP-A PerCP-A treatment for 15 min.
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Moreover, for S. aureus and E. faecalis, the mean
fluorescenceintensities were higherthanfor S. epidermidis
and S. haemolyticus. Also, for S. epidermidis and S.
haemolyticus, the difference between S- and O-porphyrin
accumulation was not as significant (5% difference in
significance for S. epidermidis and no difference for S.
haemolyticus) than for S. aureus and E. faecalis.

Representative graphs obtained during cytofluoro-
metric analysis are shown in Fig. 2. The graphs demonstrate
that the fluorescence peak is shifted along the PerCP-A
axis to the right for N-porphyrin to a greater extent than
for S- and O-porphyrin. Moreover, in accordance with Fig.
1,in Fig. 2 it is observed that this shift is more pronounced
for S. aureus and E. faecalis, which is probably due to the
greater accumulation of N-porphyrin by these cells.

For S. aureus, S. epidermidis and S. haemolyticus,
the graphs demonstrate a decrease in the peak height

and/or the appearance of an additional peak, which
probably characterizes the presence of cells that do not
accumulate S- and O-porphyrins or accumulate them to
a lesser extent.

Using fluorescence microscopy, data were obtained
confirming the fact of accumulation of the porphyrins
used in the work by S. aureus, S. epidermidis, S.
haemolyticus and E. faecalis (Fig. 3).

We also observed that some cells accumulate
porphyrins to a lesser extent than the main population
(Fig. 4a), which confirms the data obtained using flow
cytofluorimetry on the presence of cells with lower
fluorescence intensity or its absence in the population.
In addition, it was shown that coincubation with
porphyrins followed by photoinactivation leads to
cell lysis (Fig. 4b), which determines the bactericidal
potential of the studied compounds.

S- por O- por

S.aureus

S.epidermidis

S.haemolyticus

E.faecalis

Axio

Zeiss, lepmanus), yBe-
nuyenue 40x).

Fig. 3. Representative

N- por

Puc. 3. PenpeseHTta-
TUBHble  MUKpodOTO-
rpadumn dnyopecuen-
uuun 6aKTepum S.
aureus, S. epidermidis,
S. haemolyticus v E.
faecalis nocne o6pa-
60TkM S-, O- u N-nop-
bupmHamu (aaHHbIE
NnoJly4eHbl C NOMOLbIO
MUKpOCKona ZEISS

Vert.A1 (Carl

micrographs of the
fluorescence of S.
aureus, S. epidermidis,
S. haemolyticus and E.
faecalis bacteria after
treatment with S-,
0- and N-porphyrins
(data obtained using
a ZEISS Axio Vert.
Al microscope (Carl
Zeiss, Germany), mag-
nification 40x).
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In  experimental conditions, evidence was
obtained that the population of antibiotic-resistant
microorganisms - causative agents of wound
infections, is heterogeneous in its ability to accumulate
porphyrin, which means that the bactericidal effect
can also vary. This is important for further research and
determining the basic parameters of antimicrobial PDI
using porphyrins in patients with infection. Namely, it is
necessary to more carefully approach the development
of exposure conditions (volume and concentration of
the photosensitizer, irradiation time), since it is possible
for some part (subpopulation) of microorganisms to
survive after irradiation.

Conclusion

Based on the results of the in vitro experiment, it was
determined that asymmetrical water-soluble porphyrins
containing  heterocyclic  fragments (benzoxazole,
N-methyl benzimidazole and benzothiazole residues)
on the periphery of the porphyrin cycle are able to
accumulatein bacterial cells to varying degrees. The study
assessed the accumulation of S-, O-, and N-porphyrins

Puc. 4. PenpeseHTaTMBHble MU-
KpodoTtorpadpum dnyopecueHUnn
6akTepun S. aureus nocne 06-
paboTku S-nopdUPUHOM, AEMOH-
cTpupylowme (a) pasnuvyus B WH-
TEHCUBHOCTU dniyopecueHunn ans
OoTAeNbHbIX 6aKTepui (yBennyeHue
100x), (6) Hannune nu3nca Gakre-
pui (yBennyeHue 40x).

Fig. 4. Representative micrographs
of S. aureus fluorescence after
S-porphyrin treatment, showing
(a) differences in fluorescence
intensity for individual bacteria
(magnification of 100x), (b)
the presence of bacterial lysis
(maghnification of 40x).

by S. aureus, S. epidermidis, S. haemolyticus, and E.
faecalis bacteria using flow cytometry and fluorescence
microscopy. It was confirmed that the porphyrins
used were able to accumulate in bacterial cells, and a
comparison of their accumulation efficiency in different
types of gram-positive bacteria was performed.

It was shown that N-porphyrin penetrates bacteria
to a greater extent, and the fluorescence signal of the
highest intensity is observed for S. aureus and E. faecalis
after incubation with this type of porphyrin. The data
obtained were confirmed by fluorescence microscopy.
It was also found that there is some heterogeneity
in the bacterial cell population with respect to the
ability to accumulate water-soluble asymmetric
cationic porphyrins, and the presence of lysis of S.
aureus bacteria after incubation with S-porphyrin and
subsequent photodynamic inactivation under the light
was demonstrated.

The study was supported by the Russian Science
Foundation grant No. 23-75-01087, https://rscf.ru/
project/23-75-01087/.
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LOCAL SCATTERING ANISOTROPY OF THE SKIN AS
A POSSIBLE FACTOR OF FLUORESCENCE BORDERS
DISTORTION OF NEOPLASMS

Kiryushchenkova N.P.", Novikov .A.'2
'M.M. Krasnov Research Institute of Eye Diseases, Moscow, Russia
2Prokhorov General Physics Institute of Russian Academy of Sciences, Moscow, Russia

Abstract

The use of protoporphyrin IX fluorescence imaging in skin tumors is limited by the complexity of light propagation in tissues. A non-invasive scat-
tering anisotropy test (comparison of the fluorescence pattern of a tumor with that of a point source applied to the same spot) would be useful
in distinguishing between cases of subsurface tumor growth and local fluorescence pattern distortions. However, the knowledge is missing of
whether the distribution from an external light source would be representative. The experiment described here addressed the correlation between
patterns in which light is dispersed from an external and an internal source within the same area of the skin. A pig’s head was chosen as the model.
Four zones of interest were identified, all different in optical properties. The wavelength of the light source was selected as to simulate the PpIX
fluorescence. The correspondence of light distribution patterns was quantified using the correlation method. The results have clearly demon-
strated the strong relationship between the fluorescence distribution pattern of a tumor and the condition/topography of the surrounding tissues
and proved the possibility of using an external light source to assess the local scattering anisotropy of the skin in vivo.

Keywords: scattering anisotropy, skin neoplasm, fluorescence, tumor border, protoporphyrin IX.
Contacts: Nataliya Kiryushchenkova, e-mail: nkir@niigb.ru

For citations: Kiryushchenkova N.P, Novikov I.A. Local scattering anisotropy of the skin as a possible factor of fluorescence borders distortion of
neoplasms, Biomedical Photonics, 2025, vol. 14, no. 2, pp. 12-20. doi: 10.24931/2413-9432-2025-14-2-12-20

JIOKAJIbHASY AHN3OTPOIKNA PACCEAHUNA KOXU
KAK BO3MOXHbIN PAKTOP MCKAXEHUS
PJTYOPECLIEHTHbIX TPAHML, OMYXOJ1U

H.MN. Kuprowenkoea', U.A. Hoeukos'2

'HayuHo-uccnenosatensckmit MHCTUTYT riasHbix bonesHein um. M.M. KpacHosa,

Mockea, Poccus

UncturyTt obwein dusmkm um. A.M. Mpoxoposa Poccuiickoin akapemmn Hayk, Mocksa, Poccus

Pesiome

LLnpokoe npumMeHeHWe ANarHOCTNKM HOBOOOPa30BaHMIA KOXI Ha OCHOBE aHanv3a ¢pnyopecueHuum npotonopdupriHa IX orpaHuyeHo cCnoXKHO-
CTblO paCI'IpOCTpaHeHI/IFI, B YaCTHOCTHN paCCGﬂHVIFI, CBE€Ta B TKaHAX. ﬂﬂﬂ OUEHKM BNAHNA ﬂOKaJ‘IbHOVI aHI/I3OTp0I'II/II/I pacceﬂHMﬂ KOXW Ha KapTI/IHy
dnyopecueHLMm onyxonu NpegsiaraeTcs Npov3BOANTb CPaBHEHME NocsieAHeN ¢ GiyopecLeHTHOWN KapTHOW PacnpoCTPaHEHNA CBETa OT ToUeY-
HOro NCTOYHMKA, MPUTOMKEHHOIO K MOBEPXHOCTN KOXIN B MPOEKUUN OMNMyXOJn. Takow TecT 6bin1 6bl NoneseH ANA BbIABNEHNA Clly4aeB CKPbITOro
pocTta HOBOOGpa3OBaHl/If-I, O[JHAKO, penpe3eHTaTUBHOCTb €ro Hem3BecTHa. B onuncaHHom 34eCb 3KCNepuMeHTe n3y4vasiaCb Koppenauna mexay
I'IaTTepHaMI/I paccemwm CB€Ta OT BHEeLWHero n BHyTpEHHeFO NCTOYHMKA B npenenax O[IHOIO M TOro Xe y'-IaCTKa KOXW. MOﬂeﬂbIO cnymvma ronoBa
CBUHbW. L|6Tblpe 30Hbl MHTEPECa C Pa3INYHbIMKX ONTUYECKNMIN cBovicTBaMu 6binn I'IO,D,O6paHbI C y4eToM CTpOoeHUA cpe,quVl TPETN Nnua 4veno-
BekKa. [lIMHa BOJHbI UCTOYHMKA CBETa Obina BblopaHa Tak, YTobbl MMUTVPOBaTb dGiyopecueHLmto npoTonopouprHa IX. CooTBeTCTBME MOgenel
pacnpegeneHys cBeTa 6bl10 OnpeaeneHo KoNMYeCcTBEHHO KOPPENALMOHHBIM METOAOM. MonyyeHHble pe3ynbTaTbl HarnAgHO NPOAEMOHCTPUPO-
Banu CUIbHYO B3aMOCBA3b MEXAY XapaKTEPOM pacnpeaeneHmna (])HyOp(-}CLlEHLlI/IVI onyxonu u COCTOHHMEM/TOI‘lOFpad)VIeVI OKpYyXatoLwmnx TKaHen
1 AOKa3ain BO3MOXHOCTb MCMNOJ1Ib30BaHUA BHELIHErNo MCTOYHWKa CBETa AJ1A OLeHKN JIOKanbHOW AHU30TPOMUN pacCeAHUA KOXN in vivo.

KnioueBble cnoBa: aH/30TPONMA pacceaHNs, HOBOObPa3oBaHMe KoXU, GyopecLeHLma, rpaHuLa onyxonu, npotonopdupuH IX.
KoHTtaktbi: KuptoweHkosa H.M., nkir@niigb.ru

Onsa untnposanus: KupioweHkosa H.MM., HoBrkos W.A. JlokanbHasa aH/30TPONKWs pacCcesiHNA KOXKIM Kak BO3MOXHbI GaKTOp UCKaXXeHNA diyo-
pecLeHTHbIX rpaHuL, onyxonw // Biomedical Photonics. — 2025. - T. 14, N 2. - C. 12-20. doi: 10.24931/2413-9432-2025-14-2-12-20
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Introduction

Malignant skin neoplasms, well-known for their high
incidence worldwide, mainly include basal cell carcinoma
(BCC) and other tumors of epithelial origin [1,2]. Close
attention is paid to accurately defining tumor borders
and optimal surgical margins due to the frequent head
and neck localization of BCC and associated complicacy
of its removal [3,4].

Biomedical fluorescence imaging, or fluorescence
diagnostics, is a compact area of research aimed at
assessing tissue concentrations of pathology markers
by exciting their characteristic emission. In oncology,
one such marker is protoporphyrin IX (PplX), a precursor
of heme, which is known to accumulate in rapidly
dividing cells [5-12]. PpIX fluorescence imaging allows
detection of increased proliferative activity of the tissue
and potentially can help identify areas of subsurface
tumor growth [13-15]. Most of the existing techniques
of endogenous PplX fluorescence analysis involve
the use of fluorescence induction [13,14], but some
authors prefer to work with non-induced endogenous
signals [15]. Regardless, the final result of fluorescence
imaging greatly depends on skin properties such as the
preferential orientation of collagen fibres in the dermis
[16-23]. The complexity of light propagation in the skin
constrains the development of fluorescence imaging as
a diagnostic modality.

We believe that the impact of scattering anisotropy
of the skin could be addressed by comparing the actual
fluorescence distribution pattern of a tumor with that of
a point source emitting at same wavelengths within the
same location. In an abstract isotropic model, radiation
from a point source would be evenly distributed in
all directions and brightness isolines would have the
shape of a circle in any section. In reality, however, skin
projection of a point light source would not match its
original geometry due to scattering anisotropy of the
medium. All the distortions thus determined, could then
be used to interpret the fluorescence diagnostics results.

Given the absolute impossibility of introducing
a point light source directly into a tumor in vivo, we
propose that the source may be externally applied to
the skin surface. We assume that the light propagation
from an internal and an external source will have a high
degree of agreement in our case, and thus, the surface
source will serve as an acceptable model of intradermal
neoplasm fluorescence.

The aim of this study was to prove our assumption and
to determine experimentally the correlation between
patterns in which light is dispersed from an external and
an internal source within the same area of the skin.

Material and methods
A pig's head (collected at a meat processing plant 12
hours after death) was chosen as the model. The head

was divided in two parts along the sagittal suture, the
brain was removed.

Optical scheme

Light source: we used a 560-660 nm incoherent light
source with adjustable intensity built on the basis of the
BioSpecLSH-4 (Russia) compact halogen source with a
dichroic filter for the simulation of PplX fluorescence. The
source was connected to a 400 pm single-mode optical
fiber equipped with a custom made matte hemisphere
(diffuser) at its distal end. To deliver the fiber across bones
and soft tissues, a Tro-Venocath 16-gauge intravenous
cannula (Vogt Medical, Germany) was used.

To study the intensity distribution of light scattered
by the diffuser relative to the longitudinal axis of the
fiber, we performed the following.

The cannula with the fiber inside was mounted on a
bracket able to rotate in the horizontal plane. The axis of
rotation was perpendicular to the cannula and passed
through the center of the diffuser. A Lesa-01-BioSpec
spectrometer (Russia) was installed in the plane of rotation
of the cannula. The distance between the aperture of the
spectrometer and the diffuser was 10 centimeters. The
position of the cannula's axis that coincided with the
direction of the spectrometer was taken as 0 degrees.

Light intensity was then evaluated through the area
under curve (AUC) values of the emission spectrum at
various positions of the cannula with respect to the
spectrometer. The maximum intensity was obtained
at 30 degrees and taken as 1. Other intensities were
calculated relatively to this position (Table 1).

Ta6nuua 1

OTHOCHUTENbHbIE 3HaYeHUs nnowaau nog Kpusown (AUC)
crneKTpa U3ny4yeHus Npyu pasindyHbIX NONOXKEHUAX UC-
TOYHUKa CBEeTa OTHOCUTEJIbHO CNeKTpomeTpa

Table 1

Relative AUC values of the emission spectrum at vari-
ous positions of the light source with respect to the
spectrometer

HanpaeneHue, ° )
Direction, ° 0 30 60 90 90
OTHOCHTENbHasA
VHTEHCUBHOCTb
n3nyueHns 079 100 092 094 0.88

Relative light intensity

Registration system

Digital camera: Canon EOS 2000D (Japan).

Shooting mode: aperture priority, f/8 aperture, 0.6
sec shutter speed, ISO-400, neutral white balance.

Lens distortions were preliminarily evaluated while
using a rectangular mesh target.

The camera was mounted on a tripod and fixed in
front of the experimental tissue block.

To navigate across the surface of the skin, a LED
backlight with a built-in ZS11 filter (480-570 nm) (OLTECH
Photonics, Russia) was used.
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The wavelength of the backlight was chosen so that
it would not interfere with the main signal in the RGB
color model. The intensity of the backlight, as well as that
of the test source, was within the dynamic range of the
camera.

The course of the experiment:

We have planned to study four skin zones with
potentially different optical features:

1) a relatively smooth area of skin within one face region,

2) a relatively smooth area of skin at the border between
two regions,

3) an area of skin with a pronounced microrelief,

4) an area of skin in the projection of ligaments and/or
tendons.

As aresult, in step 1, four areas were selected (Fig. 1),
including one within the frontal region (zone of interest
1), two in the periorbital region - close to the medial and
latheral canthi (zones of interest 2 and 4), and one within
the region that corresponds to the nasolacrimal sulcus in
humans (zone of interest 3).

Within each of the zones, a 1.8-mm drill was used to
create an access to the subcutaneous space from the cranial
cavity (Fig. 2A). A skin-mountable strain sensor (GML624A,
Galoce, China) was used for depth monitoring (Fig. 2B).
During the formation of the bone tunnel, the readings on
the sensor fluctuated within the range of +/-0.1 gram-force
(gf), which we considered to be mechanical noise. At the
value of 0.2 df, the drilling was stopped. The position of the
tip of the drill was then detected using a conical magnetic
pendulum and marked on the preliminary photo (Fig. 2C).
After this, the drill was removed (Fig. 2D).

In step 2, the light distribution pattern from an
internally (intradermally) located light source was

4

-
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Puc. 1. PacnonoxeHue 30H UHTepeca Ha MO eNu.

Macwrta6 npsaMoyronbHMKOB 1-4 CcOOTBETCTBYET MOJy4YEeHHbIM
Kaapam.

Fig. 1. Location of the four zones of interest.

The scale of the yellow rectangles corresponds to the resultant
images.

recorded (Test 1). For that, an intravenous cannula
with the fiber inside was inserted from the cranial
cavity into each of the four access tunnels such that
the end of the fiber was gently pressed against the
dermis (Fig. 2E,F).

In step 3, the light distribution pattern from an
externally located light source was recorded (Test 2). For
that, the optic fiber was applied to the four spots on the
skin surface earlier determined with the pendulum (see
step 1) (Fig. 2G,H).

Puc. 2. locnepgoBaTtenbHOCTb NpoBeAEHUS

3KcnepuMeHTa. A — cBepneHu1e JocTyna co cTo-

POHbI NON0OCTH Yepena; B — octaHoBKa cBepne-
D Hus; C — onpeaeneHve NpoekuuM ceepna Ha
NoBepXHOCTb KOXU; D — u3BneyeHne ceepna
13 chopmupoBaHHOro aocryna; E - BBepe-
HUE UHTPABEHO3HOW KaHIONIN C NOMeLLeHHbIM
BHYTPb BOJIHOBOAOM; MaToBasi nonycdepa Ha
KOHLIe BOJIOKHA (Bpes3Ka); F — ¢poTtodpukcauus
KapTWHbl pacnpeaeneHns curHana ot BHYTpU-
KOXHOro UCTOYHMKa (TecT 1); G — annaukauus
BO/IHOBOAA Ha NOBEPXHOCTb KOXu; H — doTo-
¢uKcaumus KapTuHbl pacnpegeneHus curHana
OT Hapy»KHOro UCTOYHUKaA (TeCT 2).
Fig. 2. Course of the experiment. A — access
drilling from the cranial cavity; B - drilling
stop; C - the detection of the tip of the drill
projection to the skin; D — drill removal from
the created access tunnel; E - introduction
of an intravenous cannula with the optical
fiber; close view of the fiber end equipped
with a matted hemisphere (inset); F — taking
photo of the light distribution pattern from an
intradermally located light source (Test 1); G —
optical fiber application to the skin surface; H
- taking photo of the light distribution pattern
from a superficially located light source (Test 2).
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Image preprocessing

Image preprocessing was done with the Image)
1.50d free software (Wayne Rasband National Institutes
of Health, USA). Each of the obtained images (Fig. 3A,B)
was split into RGB channels. The red channel was then
smoothed with a 20-pixel Gaussian window (which
exceeds the size of most microstructural elements of
the skin, such as hair follicle openings) and posterized
(Fig. 3C,D), which made it possible to create isolines of
the red channel brightness gradient. After that, the red
channel images with traced isolines were combined in
pairs in accordance with the four zones of interest such
that the first image in each pair was the one obtained at
Test 1 (internal light source), and the second - the one
obtained at Test 2 (external light source).

Quantitative assessment of the correspondence
between skin projections of light distribution at different
positions of the source

The skin projection of the tip of the drill determined
using a magnetic pendulum (step 1, Fig. 2C) was taken
as the origin (0,0). Then, in each pair of images (i.e.
Test 1 and Test 2 images of the same zone of interest),
brightness isolines were identified being similarly
distant from the origin. After that, the distance from
the origin to the selected isolines was measured in 24
directions at 15-degree intervals (Fig. 3E). In all cases,

A
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the value obtained from the Test 1 isoline was taken as
the X-coordinate, while that from the Test 2 isoline — as
the Y-coordinate of the same point on the scatter plot.
Thus, for each pair of isolines a 24-point X,Y cloud was
produced. For each cloud, the k coefficient of the linear
trend of approximation was calculated.

Estimation of the parameters of ellipses that
approximate the isolines of the brightness gradient

For each isoline that was analyzed at the previous
stage, the axis ratio of the approximating ellipse was
additionally determined with the Imagel) 1.50d free
software (Wayne Rasband National Institutes of Health,
USA).

Results

The pairs of Test 1 and Test 2 photos (Fig. 4) show
the similarity in the overall pattern of light propagation
in the skin, regardless of whether the light source was
applied externally or located intradermally. Note that
the use of the selected smoothing radius resulted in
complex-shaped isolines in the second zone of interest,
where multiple large pores were present (Fig. 4D-F).
Also, in the images taken at the external position of the
light source (Fig. 4C,Fl,L), the shape of the isolines was
affected to varying degrees by the presence of the fiber
in the field of view of the camera.

Puc. 3. NMopaaok 06paGoTKu n3o6paxkeHui (3oHa uHTepeca
4 B KavecTBe npumepa). A, B — doTtorpacdum ogHoro u Toro
ydacTKa KOXM, MOACBEYEHHbIX CUHE-3eN1eHbIM MPOXKEKTOo-
POM, NMPU Pa3/IMHHOM MOJIONKEHUU UCTOYHUKA, UMUTUPYIOLLLE-
rognyopecueHuuio npotonopdupuHa IX — BHyTPMKOXKHO (A)
WK NoBepXHOCTHO (B); C,D — KpacHbI KaHan n306paxkeHnin
A,B, cooTBeTCTBEHHO. lPMMEHEHO crna)KMBaHue rayccoBbiM
OKHOM W nocTepusaums; E — TpaccupoBaHHble M30AUHUU
rpagueHTa SIPKOCTU KpacHOro KaHana ans pucyHok C m D,
COBMelLEHHbIe MO LeHTPY KoopAMHaT (MosSICHEHUE B TEKCTE).
CnIOWHbIM LIBETOM HaHECEHbI U30JIMHUU C NEPBOro U3obpa-
JKEHUs U3 nNapbl (BHYTPUKOXKHAS YCTAaHOBKA UCTOYHUKA, TECT
1), NyHKTUPOM — CO BTOPOrO (Hapy)Has yCTaHOBKa UCTOYHU-
Ka, TecT 2). [loka3aH npuHuuN nony4yeHus koopauHat X,Y ans
napbl U30/IMHUIA Ha CXOAHOM yAaneHuMn ot LeHTpa. Bo Bcex
c/lyyasix 3HayeHue Xn npucBauMBaiv TOYKE, MOMYYEHHOW B
Tecte 1, Yn — B TecTe 2; F — npumep auarpammbl pacnpege-
JIEHUS] COBOKYMHOCTU TOYEK, MOJIyYeHHbIX AJI OJHOW 30HbI
UHTEpeca.

Fig. 3. Image preprocessing and quantitative assessment
example (zone of interest 4). A, B - internal (A) and external
(B) position of the PplX-simulating light source within the
same skin area (blue-green backlit). C,D — red channel
images derived from A and B photographs, respectively.
Gaussian smoothing and posterization are applied. E -
traced isolines of the brightness gradient from C and D
images, aligned by the origin (explanation in the text).
The isolines from the first image of the pair (internal light
source) are solid, from the second (external light source)
are dotted. The principle of obtaining X- and Y-coordinates
from a pair of isolines is shown. In all cases, the Test 1 isoline
measurement was taken as the X-coordinate and the Test
2 isoline measurement — as the Y-coordinate of the same
point on the scatter plot. F — a scatter plot example, where
four X,Y point clouds describe four pairs of isolines chosen
for analysis. The measurements were done in 24 directions.

ORIGINAL ARTICLES

15



V9]
-
O
l_
(2’4
<
<
<
O,
&
O

Kiryushchenkova N.P., Novikov |.A.
Local scattering anisotropy of the skin as a possible factor
of fluorescence horders distortion of neoplasms

Puc. 4. OnTMyeckui pe3ynbraTt IKCNepuMeHTa.

Mapbl doTorpaduin y4acTtkoB KOXKM (CM. 30Hbl MHTepeca Ha
pUcyHKe 1), noACBEYEHHbIX CUHE-3€eJIeHbIM NPOXKEKTOPOM, NpU
pas/In4HOM MOJIOKEHMU UCTOYHUKA, UMUTUpPYIoLero dnyopec-
ueHuuio npotonopédupuHa IX — BHYTpUKoxHo (A, D, G, J) nnmn
nosepxHocTHo (C, F, |, L). Benbim uBetom Ha Bce dpoTtorpadpumn
HaHeceHbl U30/IMHUU TPajMEHTOB SIPKOCTU KpPacHOro KaHana,
KOTOpble, KpOMe TOro, COBMeLLEHbI MO LeHTPY KoopAuHaT aAnsa
Kaxgown napbl poTorpadumn 1 BbiIHECEHDbI HA OTAENIbHOE U306pa-
eHue (B, E, H, K). 3oHe uHTepeca 1 coOTBETCTBYIOT U306pa-
)eHusa A,B,C; 30He MHTepeca 2 COOTBETCTBYIOT M306parKeHuns
D, E, F; 3oHe untepeca 3 - G, H, |; 3oHe untepeca 4 - J, K, L.
Fig. 4. Results of the optical experiment.

Pairs of photographs of the same skin areas (see zones of
interest in Fig. 1) at internal (A, D, G, J) and external (C, F, I, L)
position of the PplX-simulating light source (blue-green backlit)
with isolines of the red channel brightness gradient applied in
white. Additionally, the isolines of the red channel brightness
gradient from the corresponding photos are aligned by the
origin and presented separately in images B, E, H, K. Images
A, B, C correspond to the zone of interest 1; images D, E, F
correspond to the zone of interest 2; G, H, | — to the zone of
interest 3; J, K, L — to the zone of interest 4.

To assess the correspondence between skin  description, the k coefficient of the linear trend equation
projections of light distribution from an external and  was calculated for each point cloud (Fig. 5, Table 2). As one
an internal source, the scatter diagrams were created can see, the correspondence of light distribution increases
for all zones of interest (Fig. 5) such that every X,Y point  (k—1) with distance from the origin in all zones of interest.
cloud corresponded to a certain pair of isolines derived The axis ratios of the ellipses approximating the
from the Test 1 and Test 2 photographs. For quantitative  analyzed isolines are also provided in Table 2.
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Puc. 5. lnarpaMmmbl cornacoBaHHOCTU pacnpocTPpaHEHUsi CBeTa B TKaHW OT HapYXHOro 1
BHYTPEHHEro UCTOYHMKOB B MPOEKLMN Ha NOBEPXHOCTb KOXU. [luarpamMmmbl NOCTPOEHbI AN
yeTblpex 30H UHTepeca (cM. puc. 1): 1 - A, 2 - B, 3 - C, 4 — D. NopsaaKoBblie HOmepa 06/1aKkoB
Touek X,Y Ha Kaxoin auarpamme (B Kpy»KKax) COOTBETCTBYIOT NOPSIAKOBbIM HOMepaM nap
WU30/IMH1I, BbIOPaHHbIX AN19 aHaNnM3a Ha napax u3obpaxkeHum Tecta 1 1 tecta 2. Konnyectso
06naKoB X,Y, HAHECeHHbIX pa3HbIM LIBETOM, Ha KaX0MN fuarpamme COOTBETCTBYET Konye-
CTBY Nnap U30JIMHWUMI, BbIGPaHHbIX AN aHann3a B TeKyLen nape naodpaxeHun. nsa Kaxnoun
napbl U30/IMHUI GbU10 ONpeaeNeHo PaccTossHUE OT LieHTpa KoopAUHAT No 24 HanpaB/ieHUAM
(cm. puc. 3), Npu 3TOM paccTosiHUe, NOy4EHHOE Ha NEPBOM U306PaXKeHUU U3 Napbl, OTKNIa-
AblBanu no ocu X, a Ha BTOPOM — M0 ocH Y, 4TO Aano 24 TOUYKHU B KaXKJoM ob6nake. [ing Kaxkgoro
o6naka 3HayeHun X,Y paccuntaH KoapduumeHT k ypaBHEHUS TIMHENHOro TpeHaa.

Fig. 5. Diagrams of the correspondence between skin projections of light distribution from an
external and an internal source. The data was obtained in the four zones of interest (see Fig. 1):
1-A,2-B,3-C,4-D.Sequence numbers of X,Y point clouds in each diagram (plotted in circles)
match those of isoline pairs selected for analysis in the corresponding Test 1 and Test 2 images.
For each pair of isolines the distance from the origin was measured in 24 directions (see Fig. 3). The
Test 1 isoline measurement was taken as the X-coordinate and the Test 2 isoline measurement —
as the Y-coordinate of the same point on the scatter plot, which produced 24 points in a cloud. For
each XY point cloud, the k coefficient of the linear trend equation was calculated.
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Ta6nuuya 2

OueHKa napamMeTpoB 3//IMMNCOB, anfnpPOKCUMUPYIOLUUX U30IMHUU FPAaANEHTOB APKOCTU*

Table 2

Parameters of ellipses approximating the isolines of the brightness gradient*

OTHOLWWEeHNe CTOPOH
annunca (BHyTpeHHUN

NCTOUYHUK)

3oHa uHTepeca 1/ Zone of interest 1

Mapa n3onuHui / isoline pair 1 1.37
Mapa nsonuHuin / isoline pair 2 1.29
MNapa nsonuHwni / isoline pair 3 1.45
Mapa n3onuHuin / isoline pair 4 1.48
3oHa uHTepeca 2/ Zone of interest 2

Mapa n3onuHui / isoline pair 1 2.73
Mapa nsonunwuii / isoline pair 2 1.30
Mapa n3onuHuin / isoline pair 3 1.01
Mapa nsonunwii / isoline pair 4 1.04
3oHa uHTepeca 3 / Zone of interest 3

Mapa n3onunuii / isoline pair 1 1.28
Mapa nsonunnia / isoline pair 2 1.84
Mapa n3onuHuin / isoline pair 3 1.23
Mapa nsonunuia / isoline pair 4 1.09
Mapa n3onuHui / isoline pair 5 1.27
3oHa nHTepeca 4/ Zone of interest 4

Mapa n3onuHuin / isoline pair 1 1.04
Mapa nsonuHuia / isoline pair 2 1.06
Mapa nsonuHwuia / isoline pair 3 1.13
Mapa n3onuHuin / isoline pair 4 1.20

OTHOLWEeHNe CTOPOH
annunnca (Hapy»Hbii
NCTOUYHUK)

Koa¢ppuymnenr
ypaBHeHUs NUHENHOro
TpeHaa, k

1.09 0.37
1.24 0.53
1.30 0.62
1.33 0.78
2.98 -0.02
1.11 0.09
1.18 0.25
1.35 0.53
1.27 -0.15
1.66 0.39
1.19 0.40
1.10 0.53
1.27 0.80
1.05 1.09
1.17 1.01

1.13 0.71

1.04 0.64

* Mapbl M30NMHMI NPOHYMEPOBaHbI OT LIEHTPa KOOPAMHAT.
* Pairs of isolines are numerated from the origin.

Discussion

First of all, it should be noted that all designs in this
work are practical and do not aim to provide a thorough
analysis of quantum light-molecules interactions in the
skin.

From an optical point of view, a skin neoplasm can
be considered as a complex multicomponent object
[16-22]. In the epidermis, a significant portion of the
radiation in the range of 350-1200 nm is absorbed
by melanin, and in the ultraviolet region (with
wavelengths less than 300 nm) the light is absorbed
by aromatic amino acids, nucleic acids, urocanoic acid,
and other molecules. In the dermis, red blood cell
hemoglobin serves as the primary light absorber. Light
scattering occurs as well due to the differences in the
refractive indices of skin structures. Spatial distribution
of scattered light and its intensity depends on the size
and shape of these "inhomogeneities" in the medium
relative to the wavelength, which, in turn, affects the
results of spectral measurements due to the Rayleigh

and Mie scattering. Research also shows that these
parameters can change over the course of a lifetime
due to changes in melanin concentration and collagen
density [23].

A significant contribution to the formation of the
optical spectrum of the skin is made by endogenous
fluorescence (Table 3). The light emitted during the
fluorescence process is also absorbed and scattered, and
isinfluenced by fibrous anisotropic structures having the
properties of imperfect optical fibers. This effect makes
it challenging to analyze the distribution pattern on
the skin surface and limits the practical application of
fluorescent diagnostics. Empirical assessment of signal
distortion from an intradermally located light source has
become the main focus of this work.

Theoretically, any fluorophore listed in Table 3 could
be the object of our study. However, not all of these are
equally informative for oncodiagnostics. According to the
published data, changes in the characteristic fluorescence
of tryptophan [24], collagen [25], NADH [8] and especially
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Ta6nuya 3

CneKTtpabHble XapaKTePUCTUKU OCHOBHbIX 3HAOr€H-
HbIX GPNyopodOpPOB KOXKM

Table 3

Spectral characteristics of the most common endo-
genous skin fluorophores

G EELETTLS

[AnviHa BOJHbI
MaKCMManbHO-
ro Bo36yxpe-
HUA A, HM

JAnviHa BOJIHbI
MaKCMManbHOro
ncnycKkaHuA
dnyopecueHuun

A, HM

HAL(®)H / NAD(P)H 365 420-490
KepatuH / Keratin 355-405 450
KonnareHn/2nactuH 300-340 390-430
Collagen/Elastin

JlunodycuuH 400-500 480-700
Lipofuscin

MupokcnanH 320 390
Pyroxidine

MopdurpunHbI 405 630-700
Porphyrins

TnposunH / Tyrosine 220, 275 305
TpuntodaH 250-290 320-350
Tryptophan

OnasuHbl / Flavins 450 520-535

protoporphyrin IX are of value. PplX fluorescence analysis
is widely used in the examination and treatment of
patients with malignant neoplasms, as well as in their
postoperative care [10, 26-29]. Therefore, we have focused
our basic interest on this particular compound.

We have also chosen to focus on the periorbital
region, which is known for its uneven topography and
high cosmetic and functional requirements.

The choice of a pig as a model for the experiment
was not random. Unlike accepted laboratory animals
(dogs, cats, rabbits, and mice), the size of its facial skull
is comparable to that of humans. Moreover, similarly to
humans, a pig does not have much hair in the periorbital
region.

In the course of image preprocessing, isolines of the
brightness gradient of the red channel were derived.
Their shape was later used to assess the correspondence
between patterns in which light is dispersed in tissues
from an external and an internal source. Note that the
"ovality" of the light distribution in the projection onto
the skin surface was generally greater than the diffuser's
impact in all directions (see Table 1).

In most studies on optics, the authors prefer to use
ellipse parameters to describe the correspondence of light
distribution [19, 30-32]. This is partly due to the possibility
of multiple convolutions of the data, but also because
an ellipse is a cross section of the indicatrix of scattering,
which is commonly used to describe anisotropy of
optical properties. Nevertheless, we assumed that in

Kiryushchenkova N.P., Novikov |.A.
Local scattering anisotropy of the skin as a possible factor
of fluorescence horders distortion of neoplasms

the conditions we have modeled, approximation of the
brightness gradient with an ellipse might destroy critical
details of light propagation in tissues, like, for example,
thin optical "apophyses" associated with stacks of
unidirectional fibers in narrow skin folds, or with a zone
of continued tumor growth. Therefore, we have decided
not only to evaluate the parameters of the approximating
ellipses, but also to perform a quantitative assessment of
the correspondence using the correlation method. For
that, the k coefficient from the linear regression equation,
Y=k*X+b, that describes point clouds plotted for each pair
of brightness isolines, was chosen as the correspondence
criterion. The higher the correlation, the closer the k value
wasto 1.Please note that the proposed correlation method
will only be accurate if the isolines are clearly elongated in
one or more directions, but not largely distorted by noise
from minor surface irregularities, such as skin pores.

To sum up, the correlation between the skin
projections of light distribution from an internal and an
external source in this experiment should be regarded as
high in two cases:

1) both axis ratios of the ellipses corresponding to
one pair of isolines are within the range of 0.95
to 1.05 (deviation of less than 5% was considered
as insignificant). This means that both light sources
produce roughly circular spots on the skin surface,
which can happen when the light travels through
a relatively homogeneous and isotropic medium in
both tests;

2) the axis ratios of the ellipses corresponding to
one pair of isolines fall outside the range 0.95
to 1.05, but k is greater than 0.7 (i.e. strong or
very strong correlation according to the Chaddock
scale). This means that both light spots on the skin
surface are non-circular but still similar, which can
happen when the light spreads unevenly in different
directions, but the directivity of light distribution
correlates with the average strength of the signal
between the tests.

In the studied skin areas, the correlation of light
distribution from the two sources generally increased
with the distance from the origin (Fig. 5A-C and Table 2),
except for the zone of interest 4, where the trend was the
opposite. Perhaps, the latter was due to a more accurate
alignment between the locus of the maximum light
density at Test 1 (internal light source) and the position
of the external light source at Test 2. Besides uneven
light distribution across the given area, another possible
explanation for that could be an error in determining
the position of the tip of the drill with a magnetic
pendulum. Due to the fact that the pig's head was fixed
almost vertically (Fig. 1), it is logical to assume that there
could be a displacement of the pendulum under the
influence of gravity in the moment when the drill and the
pendulum were located in the same horizontal plane. An
empirical test of this assumption in the air showed that

BIOMEDICAL PHOTONICS T. 14, Ne2/2025



Kiryushchenkova N.P., Novikov LA.
Local scattering anisotropy of the skin as a possible factor
of fluorescence horders distortion of neoplasms

such a’‘slip’may be up to 0.80+/-0.05 mm. At the distance
from the light source, however, this effect diminishes and
the correspondence increases (Fig. 5).

Also, attention should be drawn to the results
obtained in the zone of interest 2, where the k coefficient
was low for all pairs of isolines and even took a negative
value for the pair 1, which is probably due to the presence
of multiple "coarse" skin pores that caused scalloped
edges of brightness gradients. Nevertheless, the overall
isometricity of the gradients remained high.

And finally, since we have selected truly "similar"
isolines (not equalized by their mean X and Y values),
each of the point clouds in Figure 4 appears to be slightly
shifted relative to the X=Y line. We could, of course, use
an iterative or analytical method to obtain perfectly
matched pairs of isolines in a quasi-smooth gradient
field from the very beginning, but this would not be very
useful in illustrating the correlation of light distribution
in tissues for the two arrangements of light sources.

Having analyzed the described results, we can
conclude that the registration of the light distribution
pattern from a source applied to the skin surface allowed
us to satisfactorily evaluate light propagation from
an intradermal source. Quantitative estimations were
positive for the outer regions of all zones of interest,
except for the zone 2, as well as the inner regions of the

zones 1 and 4. The relative failure of the zone 2 tests,
as stated above, can be attributed to significant skin
irregularities (larger than the selected filtering window)
and an obvious artifact produced by the optical fiber
within the field of view of the camera.

We suggest that "correction for anisotropy" could be
incorporated into the fluorescence diagnostics routine.
However, this would require some kind of a device that
projects light of a specific wavelength onto the skin surface
and which is a) simple enough to enable rapid examination
and b) free from geometric distortions caused by opaque
structural elements in the field of view of the camera.
Having these requirements met, such a device could be
used in practical oncology, including ophthalmology, since
it is the periorbital neoplasms that are often located at the
junctions of tissues with different optical properties.

Conclusion

This experiment has clearly demonstrated the
previously theoretical relationship between the
fluorescence distribution pattern of a tumor on the one
hand, and the condition and/or topography of the tissues
containing this tumor, on the other. It has also proved
the possibility of using an external light source to assess
the local scattering anisotropy of the skin, particularly in
the periorbital region.
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ON THE DEPENDENCE OF FLUORESCENCE INTENSITY ON
THE CONCENTRATION OF PHOTOSENSITIZER SOLUTIONS

Meerovich G.A.'2, Romanishkin I.D."2, Akhlyustina E.V.2, Loschenov V.B.'2

"Prokhorov General Physics Institute of Russian Academy of Sciences, Moscow, Russia
’National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Moscow,
Russia

Abstract

When studying the optical properties of photosensitizers, it is assumed that their fluorescence intensity depends linearly on concentration. How-
ever, there are many factors that need to be taken into account. At low photosensitizer concentrations, a part of the excitation radiation energy is
lost beyond the volume of the excited solution, and due to local or one-directional registration, a large part of isotropically emitted fluorescence
radiation is also not registered. At higher concentrations, the loss of fluorescence light increases due to its partial re-absorption by the photosensi-
tizer molecules and subsequent isotropic re-emission with quantum yield much lower than 1, and further increase of concentration leads to partial
aggregation of PS, and to the following decrease of effective fluorescence. At high absorption, fluorescence is excited only in a limited volume close
to the excitation radiation source, leading to higher significance of light registration geometry. This should be taken into account in fluorescence
diagnostics and navigation using this characteristic.

Keywords: photosensitizer, concentration, fluorescence, mathematical modeling.
Contacts: Romanishkin 1.D., e-mail: igor.romanishkin@nsc.gpi.ru

For citations: Meerovich G.A.,, Romanishkin I.D., Akhlyustina E.V., Loschenov V.B. On the dependence of fluorescence intensity on the concentration
of photosensitizer solutions, Biomedical Photonics, 2025, vol. 14, no. 2, pp. 21-26. doi: 10.24931/2413-9432-2025-14-2-21-26

O 3ABUCUMMOCTUN UHTEHCMBHOCTU
PJTYOPECUEHUMM OT KOHLEHTPALIULA PACTBOPOB
DPOTOCEHCHBUIJTU3ATOPOB

lA. Meeposuu'?2, U.[. Pomanuwkuu'?, E.B. Axnoctuna?, B.b. JloweHos'?
Muctutyt obwen dpusmkm nm. A. M. MNMpoxopoea Poceurckon akagemmn Hayk, Mockea, Poccms
2HaunoHanbHbIN UCCnenoBaTensckmit aaepHbiit yHnsepcutet <MDKy, Mocksa, Poccus

Peslome

Mpu rccnepoBaHMM ONTUYECKNX CBOVCTB GOTOCEHCMOUNI3ATOPOB NMPUHATO CYUTATb, YTO UHTEHCUBHOCTb UX (IyOPECLIEHLN NVHEHO 3aBU-
CWT OT KOHLeHTpauun. OfHaKo, eCTb MHOTO GpaKTOpPOB, KOTOPble HEOBXOAVMO YUUTbIBATb. NPy HU3KMX KOHLEHTPALMAX GpoToceHCnbunmsa-
TOpa YacTb SHEPruy BO3OYKAaIOLEro U3nyyeHus, BbIXoaALan 3a npefenbl 06bema Bo36YyXAaemMOoro pacTBopa, TEPAETCA, a 113-3a JIOKabHO
UM «O[HOCTOPOHHE» perncTpaumm YacTb U30TPOMHO PacnpOCTPaHAOLErocs UsnyyeHna GpayopecLeHLmn, Takxe He pernctpupyetca. Mpw
6onee BbICOKNX KOHLEHTpaLMsAX noTepu $payopecLieHTHOro CBETa YBENMUYMBAIOTCA 3a CYET NEPenorioLeHsl ero YacTu Mosiekynammu ¢poTto-
ceHcMbunM3aTopa v NocieayioLero U30TPOMHOro NepensnyyeHrisa C KBaHTOBbIM BbIXO[OM 3HAUNTENbHO HIKe 1, @ AanbHelLee yBenyeHve
KOHLIEHTPALMN NPUBOANT K YacTnuHo arperaumn OC, 1 K cnepyoLemy 13 3TOro CHUKEHNI0 3PeKTBHON GnyopecueHuun. Mpy BbICOKOM
riornoweHnn, dbnyopecueHuns Bo36yK4aeTcs TONIbKO B OFpaHnYeHHOM 06beme BO/M3N NCTOYHVKA BO30Y>KAQIOLEro N3nyyeHus, U3-3a Yero
60/bLLOE 3HAUEHNE HAYMHAIOT UMETb FreOMETPUYECKI e 0COBEHHOCTN perncTpaLm cBeTa. 3To HEOGXOAMMO YUNTbIBATb NPU GyOPECLIEHTHON
[INarHOCTUKE 1 HaBUraLlym € NCMONb30BaHNEM JaHHOW XapaKTePUCTUKU.

KnioueBble cnoBa: $poToCeHCUOMNN3aTOP, KOHLEHTPAaLMA, GyopecueHLMA, MaTeMaTMyeckoe MOAENPOoBaHe
KoHTakTbi: PomaHuwkuH W.[. e-mail: igor.romanishkin@nsc.gpi.ru

Ona untupoBanua: Meeposud LA., PomanunwkinH W.1., AxnoctrHa E.B., JloweHos B.b. O 3aBUCMMOCTI MHTEHCUBHOCTY GriyopecLeHLnn oT
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On the dependence of fluorescence intensity on the concentration of photosensitizer solutions

Spectral-fluorescent methods for studying photosen-
sitizers (PS) and sensitized biological tissues using local,
2D and 3D methods of fluorescence intensity registra-
tion are widely used for fluorescent diagnostics to deter-
mine the topology and boundaries of different patho-
logical foci, fluorescent navigation, assessment of the
kinetics and level of PS accumulation, what is important
for optimizing of photodynamic therapy (PDT) [1-5]. The
measurement of integral fluorescence intensity values at
different time intervals after administration is used as a
pharmacokinetic curve of PS, and the ratio of the values
of this parameter in different organs and tissues is used
for estimation of the selectivity of PS accumulation [6].
Typically, in such studies, excitation and registration of
fluorescence are performed from one side of the exam-
ined sample (including a cuvette with a photosensitizer
solution) using local (light-guide) or matrix photodetec-
tors equipped with a focusing optics [7]. Fluorescence
studies (spectral density distribution in the fluorescence
and absorption bands of the working transition of the PS
responsible for the photodynamic effect, the shape and
features of these spectral characteristics, fluorescence
lifetime and spatial distribution of all parameters in bio-
logical tissue, and also the integral fluorescence intensity
are carried out, as a rule, in a wide range of PS concentra-
tions [2]. However, most of these works do not take into
account reabsorption in PS solutions with a significant
overlap of absorption and fluorescence spectra in the
working band [8], aggregation of PS molecules in solu-
tions, as well as a number of geometric factors associ-
ated with the excitation of fluorescence in a volume of a
PS solution and its registration at specific dimensions of
this volume, that can significantly affect, for example, the
dependence of the integral fluorescence intensity on the
PS concentration.

The purpose of this work is to evaluate this
dependence, taking into account these phenomena,
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Fig. 1. The spectral contours of absorption (1) and fluorescence
(2) bands oftetracationic bacteriochlorin derivative at 5 yM
concentration.

which is important for assessing their influence on the
integral fluorescence intensity. For such an assessment,
we consider the simplest model (using photophysical
characteristics of a tetracationic derivative of synthetic
bacteriochlorin for quantitative assessments [9]) with the
following assumptions:

e excitation is carried out in a shorter wavelength spec-
tral range, far enough from the fluorescence band
(in case of synthetic bacteriochlorin derivatives—in
the Q2 band at 532 nm) to exclude the effect of scat-
tered excitation light on the registered fluorescence
spectra;

® the scattering in the sensitized liquid is negligible;

PS is not aggregated;

e the distribution (spectral density) of intensity in the
absorption and fluorescence bands is spectrally
homogeneous within each of the bands
As a simplified calculation model, consider the

scheme of registration of PS fluorescence in an optical

cell with length L and a cell wall thickness of / (Fig. 2).

Optical fiber for light irradiation and optical fiber for

receiving fluorescence with a diameter D are in contact

with this wall (this is a simplified model for studying the
fluorescent properties of PS using a fiber-optic spec-
trometer[1]). The fluorescence of the solution is excited

through a transparent wall by a parallel light flux with a

power density P

_&Dhe rf” 2.3xexp| -, (x—1)e—g,c(1-7)(x~1)]
16 =

I dx, (1)

1

where &5 — PS extinction at a wavelength 532 nm, g =
PS extinction in the spectral maximum of the absorption
band of working transition, I' - quantum yield of
photoluminescence in the fluorescent band of working
transition upon excitation at a wavelength 532 nm, y
- quantum yield of photoluminescence in fluorescent
band upon excitation of absorption band of working

X

»
»

A
A 4

A
A4

Puc. 2. Cxema ynpowéHHomn moaenu.

Fig. 2. Scheme of the simple calculation model.

We take into account that the fluorescence emission from each
point is distributed uniformly in all directions.
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transition, A — "overlapping factor" of the spectral
contours of fluorescence and absorption.
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X 1
where Ei(x)= Ie—dz - exponential integral. Thus, the
b

dependence of the integral fluorescence intensity the
concentration of the photosensitizer for different optical
cell lengths can be represented by the formula:

b(I+L) bl
¢ +e]. Q)

I=Bce | bEi(b(l+L))-b Ei(bl)-
ce [ l( (+ )) l( ) [+L [

The “overlapping factor” of the working absorption
and fluorescence bands, according to [8], is about 0.4 for a
lot of PS. As for the quantum yield of photoluminescence
upon its excitation in the working band, its value for an
effective PS should be significantly lower than the quan-
tum yield of ROS generation (for example, for phthalocya-
nines, which have intense fluorescence, according to [10],
the quantum yield of ROS generation is 0.60-0.65, and the
quantum yield of their fluorescence is 0.03-0.11).

An analysis of ratio (2) shows that in the ranges of PS
concentrations of 1-100 uM and cell length (sensitized
layer thicknesses) of 1-10 mm, which are relevant for
ongoing studies, the dependence of the integrated fluo-
rescence intensity recorded from the excitation side on
the PS concentration is sublinear. At low concentrations of
PS, a part of the energy of the exciting light, which passes
through the absorbing solution, is lost, and, due to local
or “one-sided” registration, a part of the fluorescent light,
which emits in all directions, is also not registered. Also
(especially at high concentrations) the losses of fluores-
cent light are significantly higher due to the partial reab-
sorption by PS molecules and subsequent reemission with
a quantum yield significantly less than 1 [11].

However, the results of calculations using the above
formulas exceed the data obtained experimentally, espe-
cially at high concentration, due to a number of simplify-
ing assumptions adopted for making these estimates.

For a more correct assessment of the dependence of
the integral fluorescence intensity on PS concentration
and its comparison with the experimentally obtained
dependence, we will carry out estimates in a modified
model with assumptions closer to the experimental con-
ditions. We utilize the real shape of the absorption and
fluorescence spectral contours from the experimental
data obtained at low concentrations, when PS in solution
is not aggregated. We also consider that the delivery of
laser light and the reception of a fluorescent signal are
carried out via two parallel optical fibers.

An offset of the receiving fiber axis reduces the value
of the solid angle at which fluorescence must be emitted
to be registered through the receiving fiber, and compli-
cates the calculation form. In the simple case of coaxial
transmitter and receiver, the solid angle is defined as

Q=27 (1-cos0)

O=atan(r/d) ’

where fis the cone angle at the fluorescent light emission
point with the base representing the optical fiber core; r

- the radius of the base of the cone, d is the height of the
cone. Equations (3) is reduced to

3)

However, in the general case, the calculation of the
solid angle is more complicated [12]. It is also necessary
to take into account the angle at which the optical fiber is
able to receive light, which is determined by its numeri-
cal aperture.

Laser light is delivered through an optical fiber
directed along the x axis and the center of theend diskof
which is located at the point of origin, and its radius is
Fip- The laser radiation emerging from the optical fiber
propagates at an angle 8 not exceeding the critical angle
0., determined from the numerical aperture of the opti-
cal fiber (NA =0.22). It was determined that in our experi-
ments the sine of the divergence angle of the exciting
laser light from the optical fiber was sin(¢) = 0.062 , and
this value was used in the calculations.

The following model for calculating the fluorescence
signal obtained in reverse geometry with offset fiber
optic source and receiver has been implemented:

Laser radiation is represented by a set of beams emer-
ging from the point O = (x,,0,0), where x, = -, Ctg (@)
at an angle to the x-axis, less than 6. For each ray r,, we
simulate the absorbed light intensity along its path, cal-
culate the effective intensity of the excited fluorescence
at different points in the volume, and calculate the fluo-
rescent signal transmitted through the absorbing pho-
tosensitizer medium. The resulting intensity of the fluo-
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rescent signal from the beam was calculated using the
formula -
F= IABXL‘ (F)fcff (;:)'T/hw (F)df

i

Here Fl and r, aretheradiusvectors of theintersection
points of the beam r with thefrontandrear innerwalls of
the optical cell.

The absorption of exciting light A_ is calculated
using the Bouguer-Lambert-Beer law in differential form:

Agxc (;;) —_ dT'exC (r)
d

T (’_;) _ —SL“F—;I‘
exc

where ¢ is the value of the molar absorption of the PS at
the wavelength of the exciting light, ¢ is the molar con-
centration of the PS.

The value of the effective emitted fluorescent signal
is determined by the formula

d

10)-2 0, ©)

Here @ is the fluorescence quantum yield, I. (1) is the
value of the fluorescence spectrum curveof the photo-
sensitizer, normalized on maximum, measured at a low
PS concentration (when aggregation can be neglected),
at wavelength 2, vy is the vector between the fluores-
cence emission point and the center of the receiving
fiber face. Q(r,) determines the value of the solid
angle within which all emitted fluorescence enters the
receiving optical fiber.

The factor T, (7) takes into account the absorp-
tion of fluorescent light on the way from point I to the
receiving fiber.

T

i e L
o ()= ( e, )J ©)

Heree (1) =¢ A(A) is the value of the molar absorption
of the photosensitizer at the fluorescence wavelength,
0, is the angle between the x-axis and the vector r,
(Fig. 3).

The dependence of the integral fluorescence inten-
sity of the PS (obtained numerically using the proposed
model with the parameters of tetra-cationic derivative
of bacteriochlorin as an example) agrees better with the
experimental data (at least in the concentration range
under 30 uM, wch is important from a practical point of
view) than the dependence obtained in the simplified
model (Fig. 4).

This calculation was also carried out in the approxi-
mation of a non-aggregated solution corresponding to
the Bouguer-Lambert-Beer law. The observed difference
between the results of calculations and experiments in
the range of concentrations above 30 uM seems to be

due to a number of phenomena associated with aggre-
gation. Although the dependence of the PS solution
absorption is linear with respect to its concentration,
the fluorescence kinetics of its solutions upon excitation
by a picosecond laser had features that indicate partial
aggregation of solutions with higher concentrations. The
values of the fluorescent lifetime of PS molecule aggre-
gates are much shorter than those of non-aggregated
molecules [13,14]. If the fluorescence decay kinetics of

Puc. 3. luarpamma paclimpeHHon moaenun ansa pacyérta UHTeH-
cuBHOCTU dpnyopecueHumnmn pactBopa ®C B oNnTUYECKOM KloBeTe,
yuuTbiBawlass CMeLleHUue MpUHUMMaloWero  OnTUYECKOro
BOJIOKHA.

Fig. 3. Diagram of a modified model for calculating the
fluorescence intensity of a photosensitizer solution in optical
cell, taking into account the shift in the position of the receiving
fiber.
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Puc. 4. 3aBMCMMOCTb MHTEHCUBHOCTU WUHTErpanbHow ¢pnyopec-
LEeHUMU TEeTpaKaTUOHHOrO MNPOU3BOAHOIO GaKTEPUOXTIOPUHA,
nosy4eHHasi pac4éToM C MOMOLLbIO YNPOLEHHOW MOAENU (CUHUI)
M pacwMUpeHHOW Mojenn (opaHXeBbi), a TaKXe 3HayeHus
(cepbliit), Nony4YeHHble B IKCNEPUMEHTE C OMTUYECKOW KIOBETOMN
AnAnHon 10 Mm. 3Ha4yeHMs HOPMUPOBaHbl HA UHTEHCUBHOCTb dy-
opecueHUUN Npu KoHueHTpauumn 1 MkM.

Fig. 4. The dependence of the integral fluorescence intensity of
tetracationic bacteriochlorin derivative, obtained by calculation
using the proposed simplified (blue) and modified (orange) models,
and the values (gray markers) obtained in the experiment with the
optical cell length of 10 mm. Numerical values are normalized to
the fluorescence intensity at a concentration of 1 M.
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a partially aggregated PS is described by the sum of two
exponential components with different weight coeffi-
cients [13]:

I(t)=4 exp(—tj+A2 exp(—[], (7)

T Ty

then the ratio between the weight coefficients A z, for
non-aggregated molecules and Az, for aggregates can
characterize the degree of PS aggregation. Studies using
the approach [13] showed that in solutions of the studied
PS with a concentration in the range of interest, there are
two fluorescent molecular groups: a monomeric PS with
a relatively long lifetime (in the range of 1.5-3 ns), and
the second group with a significantly shorter time life-
time (< 1 ns), the fluorescence of which is associated with
self-aggregated complexes of PS molecules. The ratio of
monomeric PS, estimated from the number of photons
with such a lifetime among the total number of fluores-
cence photons, was more than 74% in an aqueous solu-
tion, that is, the degree of aggregation is low and does not
noticeably affect the efficiency of this PS. but it can lead to
adecreasein fluorescence intensity, which and is observed
when the experimental data on the integral intensity of
the solution deviate from the calculated values. Moreover,
at very high concentrations (>100 uM), which go beyond
the values observed in biotissues during PDT, the depen-
dence of the integrated fluorescence intensity due to
aggregation can saturate or even start decreasing.

The assumption about the partial aggregation of this
PS at high concentrations, which affects its fluorescent
characteristics, is additionally confirmed by the fact that
when studying its fluorescence kinetics of its solution
in blood plasma, the fraction of photons emitted by the
monomeric component of the PS increases to 85%, and
the second component, presumably associated with self-
aggregated complexes of PS molecules, correspondingly
decreases compared to a solution in water (Table 1). This is
typical of tetrapyrroles due to the disaggregating effect of
plasma proteins [15,16]but is only now becoming widely
used. Originally developed as cancer therapy, some of
its most successful applications are for non-malignant
disease. The majority of mechanistic research into PDT,
however, is still directed towards anti-cancer applications.
In the final part of series of three reviews, we will cover

Ta6nuuya 1.

Bpems pa3pelueHHble KOMMOHEHTbI ¢pyopecueHLnmn
TeTpaKaTMOHHOIo NPOU3BOAHOIro 6aKTEPUOX/IOPUHA
B BOJE Y MNJla3Me KPoBH

Table 1.
Lifetime components of tetracationic bacteriochlorin
derivative fluorescence in water and in blood plasma

A1T1’ OA) Az‘rz’ 0/0
74 26 <1

Bona 1.9-29
Water
Mnasma Kposu 85 24 15 <1

Blood plasma

the possible reasons for the well-known tumor localizing
properties of photosensitizers (PS. These results confirm
the assumption that the deviation of the experimentally
obtained dependence of the integral fluorescence inten-
sity from the theoretical (calculated) curve may be asso-
ciated with PS aggregation at an increased concentration
of its solution.

Conclusion

At low concentrations of PS a part of the energy of
the exciting light, which goes beyond the volume of the
excited solution, is lost, and due to local or “one-sided”
registration, a part of the fluorescence light, which prop-
agates in all directions, is also not registered. At higher
concentrations, the losses of fluorescence light signifi-
cantly increase due to the reabsorption of part of fluores-
cent light by PS molecules and subsequent re-emission
with a quantum yield significantly below 1. With a further
increase in concentration, partial aggregation of PS also
begins to reduce the efficiency of fluorescence. At very
high concentrations, the influence of aggregation begins
to dominate, and therefore the dependence of the inte-
grated fluorescence intensity on concentration saturates
and even starts to decrease. Thus, the dependence of
the integral fluorescence intensity on PS concentration
is sublinear, and this should be taken into account in
fluorescence diagnostics and navigation using this para-
meter.

This work was supported by RSF grant N 24-45-00020.
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Abstract

This article reviews clinical experience in treating skin neoplasms using photodynamic therapy with combined ultrasound and fluorescence diag-
nostics for neoplasms in the nose, lateral face, and adjacent areas. Injectable forms of chlorine-type drugs were used as photosensitizers — photodi-
tazine or photoran at a dose of 0.7 to 2.5 mg per kilogram of patient body weight. The drug was administered intravenously for 30 minutes 2.5-3.0
hours before tumor irradiation. Of 107 observations over a 9-month observation period, one case of marginal tumor recurrence in the treatment
area was detected. Thus, the recurrence rate was 0.93%. The results show that three-dimensional tumor visualization for the H-zone with complex
noninvasive diagnostics allows achieving high efficiency in photodynamic therapy of non-melanoma tumors of the above anatomical localizations.

Keywords: ultrasound navigation; fluorescence diagnostics; laser spectroscopy; non-melanoma skin tumors, laser spectroscopy, non-invasive
monitoring.
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OOTOOMNHAMUYECKAS TEPATNA
BA3AJIbHOKJIETOYHOIO PAKA KOXW H-3OHbI JIMLA
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B.H. lankmu', U.B. Pewsetos?

'TocynapcTeeHHOE BIOIKETHOE YUpEXIEHME 30PABOOXPAHEHUA ropoaa MockBbl
«Fopopckas knmHuyeckas 6onbHuua umenn C.C. IOamHa JenapTameHTa 3apaBooXpaHeHms
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Peslome

B AaHHOW cTaTbe PacCMOTPEH KIIMHWUYECKMIA OMbIT IEYEHUA HOBOOOPA30BaHUI KOXKY METOAOM GOTOAMHAMUYECKON Tepanmm C COYETaHHOM
YNbTPa3ByKOBOW 1 GJIyOpeCcLeHTHON AMarHOCTUKON Ansi HOBOOGpa3oBaHWi B 30HE HOCA, GOKOBOW MOBEPXHOCTU NINLLA U CMEXHbIX 0bNlacTel.
B kauecTBe GpoTOCEHCMOUNM3ATOPA MPUMEHSNV NHBEKLMOHHbIE GOPMbI MPENapaToB XNOPUHOBOIO psaaa, GoToamnTasvH unm GoTopaH, B Jo3e
ot 0,7 Bo 2,5 Mr Ha KulorpamMm Macchl Tena nauueHTa. [penapat BBOAWV BHYTPUBEHHO B TeyeHue 30 MUH 3a 2,5-3,0 Y o Havyana o6nyyeHns
onyxonu. M3 107 HabnopeHn Npu Cpoke HabnogeHnsa 9 Mec BbifBNEH OAMH Cllyyall KpaeBoro peuuanea Onyxosin B 30He JiedeHus. Takum
obpa3om, YacToTa BO3HUKHOBEHUA peunanBos coctasuna 0,93%. MonyyeHHble pe3ynbTaThl MOKa3biBaloT, YTO TPEXMepPHaa BU3yanuauus
onyxonu Ana H-30Hbl C KOMMIEKCHON HEUHBA3VBHOW [VNarHOCTNKON NMO3BONAET AOCTUYb BbICOKON 3PpPEKTUBHOCTM NPy GOTOANHAMUYECKOW
Tepanumn HeMenaHOMHbIX OMyXOoJiel BbllleyKa3aHHbIX aHaTOMUYECKUX JIOKanm3aLnii.

KnioueBble cnosa: YynbTpa3ByKoOBaA HaBUrayus; ¢J'Iy0p6CLleHTHaﬂ ANarHOCTUKa; Na3epHana CNekTPOoCKoNuA; HeMeslaHOMHbIE OMyXONnn KOXW,
Jla3epHadA cnekTpockonua, HENHBa3UBHbIN MOHUTOPWHT.
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Nadkernichnaya E.V., Ermoschenkova M.V., Semin V.E., Parts S.A., Galikin V.N., Reshetov .V.

Introduction

In the Russian Federation, for the period from 2013 to
2023, the crude incidence rate (both sexes) of non-mel-
anoma skin cancers increased from 46.09 to 62.79 cases
per 100,000 population. The growth rate for the speci-
fied period was 15.44% [1]. For non-melanoma tumors, a
wide range of surgical and non-surgical treatment meth-
ods are used in accordance with clinical guidelines [2].
Photodynamic therapy (PDT) is one of such methods [2-
5]. The desire for uniformity and standardization of clini-
cal treatment protocols are key steps to the implementa-
tion of current recommendations for the effective use of
PDT in oncology. It is known that up to 90% of all non-
melanoma skin cancers are localized on the face [2]. The
emerging need for gentle, organ-preserving approaches
increases the relevance of PDT in the clinical practice of
an oncologist. The key objective of therapy is to achieve
a good cosmetic result while maintaining antitumor ef-
ficacy. It is also necessary to take into account that criti-
cal loss of fluorescent radiation (photobleaching) occurs
during photodynamic reactions. The practical signifi-
cance of fluorescence diagnostics (FD) is due to the abil-
ity of a photosensitizer (PS) to selectively accumulate in
malignant neoplasms relative to surrounding healthy tis-
sues, creating a fluorescent contrast [6]. High-resolution
ultrasound with assessment of tumor microvasculariza-
tion can be a valuable tool for clarifying neoplasm char-
acteristics such as thickness, contours, echostructure,
and prevalence [3].

Combining therapeutic and diagnostic capabilities
into a single technology will help personalize the selec-
tion of energy parameters for laser exposure and moni-
tor PDT in real time.

Materials and methods

A total of 107 cases of clinical observations of ultra-
sound-guided PDT of epithelial malignant tumors in
patients of both sexes and different age groups with
basal cell skin cancer were selected for participation in
the study. They underwent inpatient treatment in the
fluorescence diagnostics and photodynamic therapy
room from November 2023 to March 2024. During the
ultrasound-guided PDT procedure, injectable forms of
chlorine photosensitizers - photoditazine or photoran
were used at a dosage of 0.7 to 2.5 mg per kilogram of
patient body weight. The drug was administered intra-
venously for 30 minutes 2.5-3.0 hours before the start
of tumor irradiation. The average age of patients was 73
years. The tumors were divided into comparable groups
based on indicators regarding high-risk zones of recur-
rence, ultrasound characteristics, local fluorescence
data, and laser exposure parameters. During PDT, high-
resolution ultrasound examination was performed on
an expert-class Philips Epic 7 device using MFI techno-
logy. At the next stage, FD was performed in the blue and

Photodynamic therapy of basal cell carcinoma of the face H-zone

red spectrum ranges in real time using PDT apparatus
"Harmony" and UFF630/675-01 (video LED photothera-
peutic fluorescence devices), as well as a LESA-01 laser
fiber-optic spectrometer. For the laser irradiation ses-
sion, a Lakhta-Milon model 662-2.8 device (OOO Kvali-
tek, MILON laser LLC group of companies, St. Petersburg,
Russia, registration certificate of the Federal Service for
Supervision of Health, Safety and Social Development
No. FS 02262003/2932-06) with a wavelength of 662
nm was used. Light was delivered to the tumor using a
certified light guide with macrolenses (manufactured
by OOO Polironik, Moscow, Russia). The light dose and
power density were 100-250 J/cm?. All PDT and FD pro-
cedures were performed in specially equipped rooms
in accordance with the requirements of the "Sanitary
Norms and Rules for the Installation and Operation of
Lasers" No. 5804-91. Further clinical observations were
carried out 3, 6 and 9 months after PDT under ultrasound
navigation in an outpatient care center.

Results

In a retrospective study, cases of non-melanoma skin
cancer were analyzed in a group of patients with tumors
located in the H-zone of the face. With respect to the
anatomical areas, the neoplasms were divided into three
groups: group 1 — nasal zone (n=44), group 2 - lateral
face surface zone (n=33) and group 3 - adjacent local-
ization zone (n=30). All patients from the studied groups
underwent expert-class ultrasound examination with an
assessment of the ultrasound characteristics of thickness
and prevalence (Fig. 1).

The diagnostic results showed that the thickness of
the formations in the nasal area averaged 2.1 mm (mini-
mum 1.5 mm, maximum 3 mm). As for the prevalence
of neoplasms in this area, the average value was 9 mm,
with a minimum value of 6.38 mm and a maximum
value of 12.25 mm. In the area of the lateral surface of
the face and adjacent localizations, the thickness of the
neoplasms was slightly smaller, averaging 1.8 mm (with
a minimum thickness of 1.35 mm and a maximum of 2.6
mm). The prevalence rates in these areas were 9.7-10
mm (minimum 7.5 mm, maximum 13 mm) (Table 1).

After ultrasound navigation, local fluorescence imag-
ing was performed in the blue and red spectral ranges.
During local fluorescence spectroscopy (HeNe laser,
632.8 nm), the degree of PS accumulation was assessed
using calculations of the fluorescence contrast “tumor/
healthy tissue” based on average fluorescence intensity
values (Fig. 2).

PDT in combination with ultrasound diagnosis and FD
demonstrated high efficiency in dynamic observation of
107 cases of skin neoplasms for 9 months after therapy. The
observation periods for patients from the specified groups
were divided into time periods in accordance with the
schedule. The first period was from 1 week to 3 months, the
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Puc. 1. lpumep ynbTpa3BYKOBOro MCClefOBaHUE BbICOKOIO
paspelleHMs Ha annaparte 3kcnepTtHoro knacca Philips Epic 7
Cc ucnonb3oBaHueMm TexHonorun MFI nepea ®AT: a — BHyTpu-
KOXXHOE TrUMNO3XOreHHoe HEeOAHOPOAHOE C HEPOBHbIMU HeueT-
KMMKU KOHTYpamu o6pa3oBaHue, ropu3oHTa/ibHbIMKU pa3MepamMu
(NpoTsi>KeHHOCTb) He meHee 11 mm; b — TonwuHa o6pa3oBaHus
2,8 MM, aKTUBHbIW LleHTpasibHbIA U NepudepudecKnini cocyancTblin
PUCYHOK.

Fig. 1. Example of high-resolution ultrasound examination on the
Philips Epic 7 expert class device using MFI technology before
PDT: a - intradermal hypoechogenic inhomogeneous formation
with uneven fuzzy contours; horizontal dimensions (extent) not
less than 11 mm; b - thickness of the formation 2.8 mm, active
central and peripheral vascular pattern.

Ta6nuuya 1.

Intensty

620 610 660 680 0 720
‘Wavelength (nm)

N

0
0 1 2 3 4

Puc. 2. Cnektpbl dnyopecLueHLn U COOTBETCTBYIOLLME MM TFUCTO-
rpaMMbl, XapaKTepu3ylolMe WHTEHCUBHOCTb  (JIloopecLeHLUn
(Bo36ykaeHne HeNe-nasep, 632,8 HM): 1 — (KpacHbiit) — bnyo-
pecueHuus onyxonu yepes 3 4yaca nocne BBeaeHus PC; 2 — (cu-
HUR) - dnyopecueHUMss Onyxonu nocjie nepBoro 3tana o06-
nyyenus (100 k/cm?); 3 — (po30Bblit) — hyopecLeHLUs Onyxonu
nocne BToporo 3atana o6ayyenus (50 [K/cm?); 4 — (TEMHO-CUHUI) —
dnyopecLeHLUs HopManbHOM KOXM NaumneHTa (KoHTponb 1); 5 — (buo-
IeTOBbIN) — GpyopecLeHLUs KOXKU Bpada (KOHTposb 2).
®doToceHcuGunusartop: GpotonoH, gosa 2,0 Mr/Kr Beca. dnyopec-
LleHTHasi KOHTPACTHOCTb ~6 . 06/y4eHue 662 HM, 250 MBT/cm2.
Fig. 2. Fluorescence spectra and their corresponding histograms
characterising fluorescence intensity (HeNe-laser excitation,
632.8 nm): 1 - (red) — tumour fluorescence 3 hours after PS
injection; 2 — (blue) — tumour fluorescence after the first stage
of irradiation (100 J/cm?); 3 — (pink) — tumour fluorescence after
the second stage of irradiation (50 J/cm?); 4 - (dark blue) -
fluorescence of the patient's normal skin (control 1); 5 - (violet)
- fluorescence of the doctor's skin (control 2).
Photosensitiser: fotolon, dose 2.0 mg/kg weight. Fluorescence
contrast ~6 . Irradiation at 662 nm, 250 mW/cm?2.

XapaKTepuCcTUKKU onyxosien (ToNLWMUHa U pacnpoCTPaHEHHOCTb) 1 Naowaamn na3epHoro BO34e1MCcTBus

B 3aBUCUMOCTH OT JIOKa/iM3aunu onyxoau
Table 1.

Tumor characteristics (thickness and extent) and laser treatment areas depending on tumor location

063328%1&3,

Pasmepbi O6wasa naowaab
(NpoTAXKeHHOCTDb), nasepHoro
MM BO34eNCTBNA

O6nactb 60K0BOW

NOBEPXHOCTM LA 33 1,8 1,35-2,60 9,7 7,50 - 13,00 3 3-5
Lateral facial surface area

O6nacTb HoCa

Nasal region 44 2,1 1,51-3,00 9 6,38 -12,25 3 3-5
06nacTb CMEXHbIX JIOKaNM3aLmn 30 18 132-250 10 7,70 - 12,00 3 3_5

Area of related localisations
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9 v bonee
mecAueB

m06nacTb Hoca m O61acTb GOKOBOW NOBEPXHOCTM AULA
0O6.1acTb CMEXKHBbIX I0KaNN3aLMin

£0 3 mecaues ot 3-6 mecAues  6-9 mecAues

Puc. 3. PacnpegeneHne HoBooGpa3oBaHUii KOXKU Ans uccnepye-
MbIX Fpynn cornacHo rpad)vn(y AWHAMMUYECKOro HabnwaeHus.

Fig. 3. Distribution of skin neoplasms for the studied groups
according to the dynamic observation schedule.

second - from 3 to 6 months, the third — from 6 to 9 months,
and the fourth — from 9 months and more (Fig. 3).

All patients underwent regular monitoring, which
allowed for timely detection of relapse and provision of
the necessary subsequent treatment. Of the 107 obser-
vations, 106 cases of relapse-free observation and one
case of marginal tumor relapse in the treatment area 9
months after PDT were identified. Thus, the relapse rate
was 0.93%. Registration of one relapse of the disease
(0.93%) during the specified observation period indi-
cates the high therapeutic efficiency of PDT.

Fig. 4 shows an example of the result obtained 9
months after PDT under ultrasound navigation of a skin
neoplasm on the bridge of the nose.

Puc. 4. Pe3ynbraTt nevyeHus nauueHTta 4yepes 9 mec nocne ®AT
nop Y3-HaBurauuen HoBoo6pa3oBaHUsA KOXKU CMTIUHKKU Hoca. PoTo-
ceHcubunusatop: ¢oTonoH, agosa 2,0 mr/Kr Beca. 06ny4yeHue
662 HMm, 250 MBT/cMm?.

Fig. 4. Patient's treatment result 9 months after PDT under ultra-
sound guidance of dorsal nasal skin neoplasm. Photosensitiser:
Fotolon, dose 2.0 mg/kg body weight. Irradiation at 662 nm,
250 mW/cm?.

Conclusion

The study confirmed that PDT is a highly effective
method for treating basal cell skin cancer, including
tumor foci localized on the skin of the H-zone of the
face. At the same time, three-dimensional visualization
of the tumor for the H-zone with complex non-invasive
diagnostics had an advantage in PDT of non-melanoma
tumors of the above anatomical localizations.
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FROM PRELIMINARY STUDIES TO CURRENT DEVELOPMENTS
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Abstract

Non-surgical therapies are essential for reducing the progression rate of human papillomavirus-associated cervical intraepithelial neoplasia (CIN)
from low-grade (CIN 1) to high-grade CIN (CIN 2/3) and subsequently to cervical cancer with minimal adverse reactions and complications in
women, such as haemorrhaging, cervical stenosis, spontaneous abortion, and preterm birth.

Photodynamic therapy (PDT) has garnered considerable attention as a non-invasive approach to CIN treatment in recent years. PDT works by
applying photoactive compounds, known as photosensitizers, that accumulate in target cells. Subsequent exposure of these cells to light of a
specific wavelength (photoactivation) occurs. This paper aims to review the clinical development of clinical research on the effectiveness of PDT
with a 5-Aminolevulinic acid (5-ALA) photosensitiser for treating CIN 1-3 from the early preliminary studies to recent reports.

Early PDT studies using lower concentrations of 5-ALA showed poor effectiveness, but recent research with a 20% concentration of 5-ALA
demonstrated better outcomes. Larger studies, preferably conducted across multiple centres, are needed to establish the optimal number of PDT
sessions required to eliminate HPV.

Keywords: cervical intraepithelial neoplasia, photodynamic therapy, human papillomavirus, 5-aminolevulinic acid, squamous intraepithelial
lesions.
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KITMHNYECKME UCCITEQOBAHNA POTOOANHAMMYECKOU
TEPATUN C 5-AJIK NMPU OUCTIJTA3SHA LLEMKN MATKU:

OT NMUNOTHBIX MCCNEOOBAHMIN IO COBPEMEHHbIX
PA3PABOTOK

H.A. Wanasapos!, A.[l. Aitkanumes’, T.I. Mpuwauesa?, C.O. Kucukosa', C.B. 3uHueHko?,
b.C. Kacuera', C.b. Cmaunoea’, XX. K. Canemarambertoea’, K. Cerrbekosa’

'bonbHuua MeauumHckoro uerHtpa Ynpasnerus genamu Npesunaenta Pecnybnmkm Kasaxcra,
Actana, KasaxctaH

MNepsbit CankT-MNeTepbyprckuin rocyaapCTBEHHbIN MEAMLMHCKUIA YHUBEPCUTET MMEHM
akagemmka M. T1. MNasnosa, Cankr-MNetepbypr, Poccus

SKasarckmit (Mpusomnxckui) pepepanshbit yHusepcutet, Kasars, Poccua

Pesiome
HeonepaTvBHble METOADBI TEPANUN MEIOT BaXXHOE 3HAUYEeHMe ONA CHKEHMA CKOPOCTY MPOrpeccrpoBaHna ANCMNA3NNA WeNKN MaTKu, acco-
LMMPOBaHHbIX C BUPYcom nanunnombl yenoseka (BMY), ot CIN 1 go CIN 2/3, a 3aTemM o paKa LenKy MaTKy, NPy MUHUMAJbHbIX MOBOYHbIX
3P deKTax 1 OCNIOKHEHNAX Y KEHLUH, TaKMNX KaK KPOBOTEUEHNSA, CYXKEHWE LMK MATKM, CNIOHTaHHble abopTbl U MPeXAeBPeMEHHbIE POfbl.
QoTtoarHamunueckas Tepanus (OAT) npusnekna 3HaunTeNbHOE BHUMaHWE Kak HenHBa3uBHbI MeTog neveHns CIN B nocnegHue rogbl. OAT
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OCHOBaHa Ha NpUMeHeHNN GOTOAKTVBHbIX COEAVHEHWI, N3BECTHbIX Kak GOTOCEHCMOUNM3aTOPbI, KOTOPbIe HaKamnaMBaloTCA B LiefIeBbIX KNeT-
Kax. 3aTem 3TU KNeTKM NojBepraloTca BO3AECTBNIO CBeTa C OnpeaeneHHON ANVHO BONHbI. Lienb faHHO paboTbl — 0630p KNMHNYECKOro
pa3BuTKA 1 uccneposanua s¢pdextneHocTn OAT ¢ doToceHcMbUNM3aTopom 5-ammHoneBynHoBow Kucnotbl (5-AJTK) ana nevenmna CIN 1-3,
HauvHaA C paHHVX MUAOTHbIX NCCIeOBaHNIA 1 3aKaHYMBaA MOCAEAHUMMN OTYETaMu.

PanHne nccneposaHma OAT ¢ ncnonb3oBaHneM HU3KMX KOHLIeHTPauui 5-AJ1IK nokasanu HU3Ky 3GPpeKTUBHOCTb, HO HelaBHVIE NCCeA0Ba-
HUA C KOHUeHTpauuen 20% 5-AJIK npogeMoHCTpUpoBany iyylune pesynbraTthbl. [N ycTaHOBIEHMA ONTMManbHOro Konnyectsa ceaHcos OT,
HeobxoAnMbIX AnA ycTpaHeHua BINY, Tpebytotca 6onee KpynHble NCCnefoBaHNA, XenlaTeNlbHO MPOBOAMMbIE B HECKOIbKUX LieHTpaXx.

KnioueBble cnoBa: aucnnasus Wenkyu matku, d)OTO,EWIHaMI/I‘-IECKaH Tepanuna, BUPyC nanuiioMbl YenoBeKa, S-aMI/IHOJ'IEByﬂVIHOBaﬂ KWUCNoTa,
NMNOCKOKNETOUYHOE NHTPaanuTenanbHOE nopaxeHune.

KoHTtakrbi: AliTkanuves A. [1., e-mail: aitkaliyev1998@gmail.com
[Ana untnposaHus: LLlaHasapos H.A., Aiitkannes A.[., Mpuwavesa T.I., Kncukosa C.[., 3uHyerko C.B., Kacnesa b.C., Cmannosa C.b., Canbmaram-
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Introduction

Among all human cancer cases worldwide,
approximately 15% to 20% are associated with viral
infections, thus making oncogenic viruses recognized as
significant risk factors for cancer development [1]. One of
the most prominentinfectious oncogenic agents worldwide
is human papillomavirus (HPV) which is responsible for
31.1% of all infectious disease-induced cancer cases and
the development of 99.7% of cervical cancer in women [1,
2]. Particularly, HPV types 16 and 18 are the most virulent
and are responsible for about 70% of all pre-cancerous
cervical lesions and cervical cancers [3]. While 90% of
HPV infections are transient and get cleared up by the
immune systems within 12 to 24 months of exposure,
some persistent HPV strains can prompt infected cells to
proliferate uncontrollably, therefore inducing precancerous
or tumorous changes in the host organism [4].

Cervical cancer is a progression of a prolonged phase
of pre-invasive disease known as cervical intraepithelial
neoplasia (CIN). CIN is further categorized into CIN 1, 2, or
3, reflecting increasing severity based on the proportion
of abnormal cells within the cervical epithelium. Although
CINis classified as a precancerous condition, only about 9%
of CIN 1 lesions progress to CIN 3 over approximately 2 to 3
years [5], and only 30% of CIN 3 lesions progress to cancer
in 10-25 years [6]. According to the Lower Anogenital
Squamous Terminology (LAST) standardization, low-grade
squamous intraepithelial lesions (LSIL or CIN 1/2) are an
instantaneous expression of HPV infection, exhibiting
distinct biological properties from malignant tumours
and featuring a high natural regression rate, - about 60%-
90% of LSIL cases undergo natural reversal within 2 years,
and only 1% may advance to cervical cancer [7], whereas
high-grade squamous intraepithelial lesions (HSIL or CIN
3) a more dangerous category with the risk of progression
to invasive carcinoma of the cervix in the absence of
appropriate treatment.

Generally, the mortality rate in underdeveloped
countries from cervical cancer is 18 times higher than the

wealthier Western countries due to their lack of public
awareness, socioeconomic factors, no HPV vaccination,
limited access to screening programs, and subsequent
delayed or inadequate treatments [8].

Conventional treatment methods for CINs and HPV
infection, such as radiation, chemotherapy, cryotherapy,
and surgical excision using laser or loop electrosurgical
excision procedures, are all invasive in their application.
These invasive treatments can lead to various adverse
reactions and complications, including haemorrhaging,
cervical stenosis, and serious issues in subsequent
pregnancies like spontaneous abortion, preterm birth,
and overall fertility [9, 10]. Hence, there is a crucial
need to develop alternative treatment approaches that
effectively address CIN and cervical HPV infection without
compromising a patient's fertility and health [11, 12].

Photodynamic therapy (PDT) stands out as a
promising and highly selective therapeutic method
in this context. PDT involves the use of photoactive
compounds (photosensitizers) that accumulate in target
cells, and its therapeutic effect is not limited to the direct
destruction of these cells. The photodynamic action also
includes damage to local vasculature and modulation
of the immune response, making PDT a multifaceted
treatment modality [13, 14]. 5-Aminolevulinic acid (5-
ALA), a precursor to the potent sensitizer protoporphyrin
IX (PpIX), has been utilised in PDT treatments for cervical
condyloma, cervical intraepithelial neoplasia (CIN), and
other diseases of the female reproductive tract. The
sensitiser selectively accumulates in abnormal tissues
and, upon exposure to light at specific wavelengths
induced, induces cellular oxidative stress by generating
reactive oxygen species that kill pre-cancerous cells [15].
PDT has found utility across various medical domains
as a non-invasive, highly selective, and locally applied
treatment.

Our study seeks to review the development and
evolution of clinical research assessing the effectiveness
of PDT with 5-ALA with some parallels with similar
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photosensitisers as a therapeutic option for women
diagnosed with cervical dysplasiainduced by an HPV virus.

PDT-5-ALA Mode of Action

PDT consists of three essential components: a
photosensitiser, an optical wavelength of light, and
a reactive oxygen species [11, 15]. Early clinical trials
of PDT utilized first-generation photosensitisers, such
as hematoporphyrin derivative and its purified form
photofrin Il, demonstrating effectiveness against various
cancers including brain, lung, and skin carcinomas [16-
18]. However, first-generation photosensitisers were
limited by their complex composition and structure,
which negatively impacted tissue selectivity and
the stability of photodynamic damage intensity. In
contrast, second-generation photosensitisers have
a clear composition and structure, with significantly
improved photosensitivity, absorption  spectrum,
and tissue selectivity [16]. Many second-generation
photosensitisers are based on the porphyrin structure,
including benzoporphyrins, purpurins, texaphyrins, and
protoporphyrin IX (PpIX)[16].

5-ALA, and its more hydrophobic ester derivatives,
methyl aminolevulinate (MAL) and hexaminolevulinate,
is a natural amino acid and a precursor of PpIX. When
externally administered, 5-ALA enters normal cells and
participates in the porphyrin metabolism pathway,
contributing to haem synthesis. However, in cancer cells,
PplX accumulates selectively and acts as a photosensitizer
due to the reduced activity of the enzyme ferrochelatase
(FECH), which is responsible for converting PpIX into haem
[19, 20]. Cells infected with HPV can selectively take up
ALA upon exposure, leading to the accumulation of PpIX
within these infected cells [21, 22]. During irradiation,
specifically ultraviolet or blue light, PplX exhibits
distinct red fluorescence, simultaneously initiating the
generation of cytotoxic reactive oxidative species that
eliminate the cells, inhibiting viral replication through
oxygen-dependent cytotoxic reactions, viral nucleic acid
strand breaking, or base site disappearance [23]. Unlike
typical fluorescent agents used solely for imaging, these
prodrugs serve a dual purpose by labelling cancer cells for
easy detection and cancer cell death, which is employed
by PDT [24].

Early feasibility studies of 5-ALA-PDT
in treating cervical dysplasia

Hillemanns et al. were one of the pioneers in
employing 5-ALA for fluorescence-based diagnosis of CIN,
revealing promising prospects for the 5-ALA-mediated
PDT (5-ALA-PDT) of CIN [25, 26]. In their study, it was the
topical application of 1% 5-ALA that exhibited distinctive
porphyrin fluorescence specifically in CIN, while the lesser
concentration of 5-ALA (0.5%) was proven ineffective due
to rapid photobleaching [26].

In a retrospective analysis involving clinical data from
115 patients with CIN (53 in a control group and 62 in an
experimental group treated with 5-ALA-PDT), Yi Chen et al.
found that the PDT treatment achieved HPV clearance and
disease reversal at significantly higher rates (79.0% and
80.6%, respectively) than the one-time Co, laser therapy
(62.3% and 64.2%, respectively) (p<0.05) at the 6-month
follow-up. Furthermore, the PDT therapy achieved a better
therapeutic effect with no significant difference in the
cure rate of different parts, indicating that 5-ALA-PDT can
reach a target site without causing scarring and preserving
fertility function, thus demonstrating the ability to target
localized HPV infections [27].

HPV is a highly epitheliotropic virus, - it adheres to
basal cells, and the released viral DNA integrates into the
host cell genome [28]. This integration results in elevated
protein expression levels of E6 and E7 with synergistic
effects, enhancing the proliferation capacity of cells
and contributing to the transformation into cancerous
cells [28]. Yi Chen et al. hypothesized that eradication of
HPV from a host happens through 5-ALA-PDT-induced
inhibition of the expression of E6 and E7, which in turn
creates conditions in which the host cells cannot support
the complete life cycle of HPV [27]. However, it is worth
noting that in this study both control and case groups
consisted of patients only with low-grade squamous
intraepithelial lesions (LSIL).

In a similar prospective study with 76 patients with
persistent cervical HPV infection, a randomly allocated
treatment group (39 patients) underwent three sessions of
topical 5-ALA-PDT at two-week intervals, while the control
group (37 patients) received no treatment [29]. After being
monitored for 9 months, the treatment group exhibited
an overall HPV remission rate of 76.92%, while the control
group's natural remission rate was 32.4%. A statistical
analysis comparing remission rates between the two groups
revealed a significant difference (p<0.01). The findings in
a comparative study between cold-knife conization and
ALA-PDT treatment for CIN 2 associated with HR-HPV
infection were consistent with previous research findings
where Bodner et al. found negative viral detection in 73%
of patients after a 3-month treatment [30].

Contrastingly, upon the investigation of the
ameliorative effects of topical 5-ALA-PDT in a clinical trial
involving 40 women diagnosed with CIN 2 and 3, Keefe
et al. reported that locally applied 5-ALA-PDT showed
non-significant effects in the treatment of cervical CIN 2
and CIN 3 [31]. Colposcopy, followed by morphological
examination of cervical biopsy material at 4, 8, and 12
months after PDT, confirmed complete regression in 15
(4-month checkpoint), 13 (8-month checkpoint), and
9 patients 1 year after PDT. Three patients experienced
disease progression immediately after treatment [31].
Notably, the efficacy of PDT for the irradiation of neoplastic
lesions did not show dependence on the varying light
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doses (50—150 J/cm?) used for irradiation [31]. Barnett et
al. reported similar results from their randomized, double-
blind, placebo-controlled trial with topical 3% 5-ALA-PDT
treatment against placebo (13 women each, 26 total)
for the treatment of CIN [32]. Histologic examination at
the 3-month post-PDT mark revealed that 33% showed
no evidence of CIN 3 (31% in the placebo arm), 42%
displayed CIN of the same grade observed before PDT
(38% in the placebo arm), 25% presented evidence of a
higher-grade CIN than before the treatment (31% in the
placebo arm), thus concluding there was no significant
difference in response observed between the groups
receiving 5-ALA-PDT and those undergoing placebo
treatment [32]. The limited success of PDT in treating CIN,
as reported by these authors, might be attributed to the
topical application of photosensitizers. More promising
outcomes were observed with the systemic administration
of photosensitizers for CIN treatment through PDT.

The non-specific, selective absorption of 5-ALA and
its derivatives by cervical mucosa and urethral mucosa,
coupled with the predominant location of PPIX in the
epidermal layer of cervical mucosa (rather than the dermis),
ensured the safety of 5-ALA-PDT treatment in addressing
cervical HPV infection. The dose increase of 5-ALA did not
result in an increased accumulation of 5-ALA in the cells of
the cervical epithelium [25]. Notably, 5-ALA-PDT exhibits
selective action on rapidly proliferating cells, resulting in
a specific killing effect with little or no damage to normal
tissues and cells [33]. Side effects observed in the studies
observing topically applied 5-ALA mostly included local
burning and vaginal discharge, which did not require
treatment or pain relief [29, 30, 32, 34]. Notably, it
produced minimal local scarring compared to procedures
like laser or LEEP, effectively preserved cervical function,
and minimised the impact on fertility. Topically applied
5-ALA’s small content in normal cells does not induce
photosensitivity. However, depending on the sensitizer
used, when applied intravenously or orally, patients are
advised to restrict sunlight exposure to their eyes and skin
for up to thirty days or more after treatment, due to the
significant likelihood of skin photosensitivity, despite the
dye having greater affinity for tumour tissues [35, 36].

These clinical studies had common limitations, such
as a small sample size, a relatively short duration for
observing the curative effects, and a lack of extensive
research on long-term negative conversion rates and
recurrence rates.

Current clinical studies of 5-ALA-PDT
in treating cervical dysplasia

The most recent studies indicated that 5-ALA-PDT
is an effective treatment for LSIL with a regression
rate of 84.88%-94.81% with no significantly different
rates among different age groups [37, 38]. However,
patients with normal vaginal microecology might elicit

a significantly higher remission rate compared to those
with vaginal microecological imbalance [38]. Moreover,
Liyiong Gu et al. reported women older than 50 years had
a higher progression rate than the <50 years old women
after the PDT treatment (12.20 % and 0.46 %, respectively).
It is worth noting that women above 50 years had an
increased risk of spontaneous progression than women of
age >50 (31.4 % and 21.98 %, respectively) [39]. Therefore,
Liyiong Gu et al. recommended patients over 50 still need
close follow-up monitoring.

A single-centre, prospective cohort study by L. Ma
et al. compared the clinical efficacy of 5-ALA-PDT and
cryotherapy for CIN2: the regression rate after PDT was
significantly higher than cryotherapy (91.7% vs 81.4%) but
with no difference in HPV clearance rate [40]. Moreover,
the study used a 20% concentration of 5-ALA with two
follow-up treatments while suggesting increasing the
frequency if patients have multicentric lesions in the
cervix and inflammation in the genital tract to achieve a
better outcome. The 20% concentration could be more
suitable since 12-20% 5-ALA reached 91% of efficacy [41,
42], compared to 30.8-63% with 5-10% 5-ALA [43, 44].

Xiaoyun Wang et al. noticed that most women with
LSIL had cervical ectropion, a condition that might
expose the host to various sexually transmitted diseases,
including HPV infection [45]. Interestingly, Xiaoyun Wang
et al. unexpectedly discovered a significant reduction
in cervical erosion and a decrease in vaginal discharge
in 78% of the cases following treatment, indicating the
benefits of 5-ALA-PDT not only as an organ-preserving
alternative but also a simultaneous treatment of LSIL and
cervical ectropion [45].

The systemic review and meta-analysis of data from
45,000 women with CIN reported that the high-risk HPV
was associated with a 28.4% treatment failure rate [46].
After the integration of HPV DNA into a host genome,
viral oncoproteins promote the hypermethylation of
CpG islands of tumour suppressor genes, consequently
silencing them and allowing the progression of cervical
lesions [47, 48]. Particularly, PAX1 methylation is strongly
linked to the development of cervical lesions [49, 50].
As was reported by Y. Tang et al. during the 5-ALA-PDT
study on treating HSIL, the HPV clearance and complete
remission (CR) rates in the PAX1'™ group were 71.3% and
92.5%, respectively, which were significantly higher than
the rates of 36.8% and 73.7% observed in the PAX1"™
group, suggesting that the PAX1 methylation status
may influence the effectiveness of 5-ALA-PDT [51]. The
findings imply that patients with higher PAX1 methylation
levels are more likely to progress toward cervical cancer
rather than experience regression, although the exact
mechanisms behind this effect remain unclear.

Nonetheless, the virus clearance rate is of great
importance to avoid the risk of disease remission. A
systematic review and meta-analysis of randomised
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clinical trials reported promising outcomes: 62.3% of
patients (48 out of 77) who underwent PDT achieved
complete remission at the 3-month follow-up [52]. More
recent studies reported similar results, with a 64.34%-
75.32% HPV remission rate at 3 months, 64.6%-88.54%
at 6 months, and 81.3-81.82% at 12 months post-
treatment[37,38,51,53],0ra 63.64% HPV remission rate
following six treatment sessions [54]. These remission
rates are considerably higher than the conization (57-
59.1%) [55, 56]. A minimum of two years of follow-up is
required to confirm the effectiveness of the treatment
for HR-HPV clearance, although the complete response
rate of 75% and 90% was achieved in CINT and CIN2/3
patients, respectively, during the one to two-year long-
term effectiveness of topical PDT for CIN1 and CIN2/3
study [41].

The recent retrospective study revealed that small
cervical intraepithelial lesions responded more positively
to 5-ALA-PDT, while larger lesions had a higher failure rate,
implying that factors such as "HSIL/ASC-H on cytological
tests" and lesion characteristics were linked to the
effectiveness of 5-ALA PDT [57]. Z. Qu suggested that the
severity of the lesion increases with the extent of the SIL
[57], and large cervical lesions may lead to micro invasion
or invasion [58]. The research showed that patients with
visible lesions covering less than one cervical quadrant
had a higher HSIL regression rate after 5-ALA PDT [571].
Therefore, the authors expressed the importance of
the use of appropriate cytological tests, endocervical
curettage, and colposcopic examinations to assess the
severity of HSIL, and strict criteria when selecting patients
for 5-ALA PDT.

There are several potential reasons for the failure
of 5-ALA PDT. First, 5-ALA may not adhere tightly to the
cervical surface, resulting in insufficient absorption by
some of the target cervical cells, thus failing to accumulate
the photosensitizer [57]. Second, if the lesion is located
near the external os of the exocervix, the LED light may
have difficulty reaching the lesion due to the direct path
the light travels [57]. Lastly, if the intraepithelial lesion
is too deep, the 635nm red light may not penetrate
effectively to activate the photosensitiser.

As far as safety is concerned, the primary side effects
of 5-ALA-PDT were reported to be local discomfort,
burning sensations, and increased vaginal discharge
[59], or abdominal pain, increased vaginal discharge,
and itching sensations, while the incidence of increased
vaginal discharge was significantly lower in the PDT group
compared to the cryotherapy group [40].

As 5-ALA-PDT is a tissue-preserving treatment that
doesn't result in visible scarring, the preservation of
the reproductive abilities of women remains a high
priority. 5-ALA PDT has not caused cutaneous phototoxic
reactions to the cervix, and studies on reproductive
and developmental toxicity have indicated that it is

relatively safe for the embryo and fetus [60]. There have
been no reports of pregnancy failure resulting from
PDT. Conversely, some patients were able to conceive
successfully within 6 months after treatment [53], and
one patient delivered a healthy baby vaginally at full
term after becoming pregnant within three months
post-5-ALA-PDT [38]. Out of 29 patients who attempted
pregnancy after undergoing 5-ALA-PDT, 18 became
pregnant, and none of the fetuses experienced death
due to cervical insufficiency [34].

The main advantage of PDT with 5-ALA that was
indicated by all researchers is that it clears oncogenic
HPV, selectively targets epithelial tissues or CIN lesions,
avoiding surgery, hospitalization, or even interference
with follow-up colposcopies, and in some studies, it avoids
the risk of preterm birth in later pregnancies. Additionally,
the devices used for the PDT application were easily
administered by the gynaecologist and removed by the
subjects. In many countries, such as Germany, conization
is often performed under general anaesthesia, and
hospitalization and disability are significant cost drivers
[61]. Pregnancy-related morbidity linked to surgical
procedures is substantial, with the average incremental
cost per preterm birth (all causes) estimated to be $51,600
in the United States [62]. This highlights the potential for
economic advantages by reducing the number of surgical
interventions in patients with cervical high-grade disease
using tissue-preserving treatments like PDT.

Conclusion

Multiple clinical studies suggest that 5-ALA-PDT is
particularly attractive as an alternative treatment for its
minimally invasive application, high tissue selectivity,
reduced risk of adverse events compared to conventional
methods, and lower likelihood of severe complications.
Moreover, 5-ALA PDT can shrink cervical ectropion and
reduce vaginal discharge, making it a potential treatment
for cervical ectropion and chronic cervicitis. These
advantages make PDT a potentially effective approach
for managing CIN and cervical HPV infection, particularly
among young women who plan for pregnancy. Regulating
vaginal microflora during PDT can improve the remission
rate of HPV for patients with vaginal microecological
imbalance. For patients over 50, close follow-up
monitoring after treatment may be necessary.

Early studies with smaller concentrations of 5-ALA
showed poor effectiveness rates; however, 5-ALA with a
concentration of 20% has shown better results in recent
research. Larger studies, ideally from multiple centres, are
needed to determine the optimal number of PDT sessions
required to eradicate HPV.

This research is funded by the Science Committee of the
Ministry of Science and Higher Education of the Republic of
Kazakhstan (Grant N°BR18574160).
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Krivetskaya A.A., Savelieva T.A., Kustov D.M., Levkin V.V., Kharnas S.S., Loschenov V.B.
Automatization of planning and control of photodynamic therapy of gastrointestinal organs

AUTOMATIZATION OF PLANNING
AND CONTROL OF PHOTODYNAMIC THERAPY
OF GASTROINTESTINAL ORGANS

Krivetskaya A.A.'2, Savelieva T.A.'2, Kustov D.M.!, Levkin V.V.?, Kharnas S.S.3, Loschenov V.B.'2
"Prokhorov General Physics Institute of the Russian Academy of Sciences, Moscow, Russia
%|nstitute of Engineering Physics for Biomedicine, National Research Nuclear University MEPhI,
Moscow, Russia

3Department of Faculty Surgery No. 1, .M. Sechenov First Moscow State Medical University,
Moscow, Russia

Abstract

The main aspects of automatization of photodynamic therapy (PDT) planning include several key areas related to improving accuracy, efficiency
and personalization of treatment. Mathematical modeling of light propagation makes it possible to calculate the distribution of light energy in
biotissues taking into account their optical characteristics and pathology geometry. At the same time the use of optical diagnostic methods allows
not only to plan but also to control in real time the photodynamic effect with parameters adjustment depending on the degree of photosensitizer
photobleaching and the hemoglobin oxygen saturation, as well as to determine the optical properties of tissues exactly in the exposure area. These
methods also make it possible to personalize the effect, since it is based not on a priori information about averaged properties of organs and tis-
sues, but on dynamically changing and measurable parameters. The use of photodynamic therapy for tumor diseases of the gastrointestinal tract
has shown effectiveness as an adjunct to surgical treatment, as well as for tumors of small size and as a method of palliative treatment. At the same
time from the point of view of light propagation in tissues the walls of gastrointestinal tract organs represent rather complex multilayer structures,
optical properties of which depend on physiological state and pathologies developing in the organ. These circumstances make the task of automa-
tion of planning of photodynamic therapy of Gl organs urgent and nontrivial. In this paper we review the methods that solve this problem.

Key words: photodynamic therapy, optical spectroscopy, photosensitizer, hemoglobin, optical properties, gastrointestinal tract
Contacts: Krivetskaya A.A., e-mail: annakrivetskaya1998@gmail.com
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Pesiome
OCHOBHbIE acneKTbl aBTOMaTM3aumn miaHMpPoBaHUA (I)OTO,qVIHaMVILIeCKOVI Tepanun ((DD,T) BKJTIOUAKOT HECKOJIbKO K/1HOYEBbIX Hal'lpaBﬂeHVII7I,
CBA3aHHbIX C NMOBbILWLIEHNEM TOYHOCTU, 3¢¢eKTI/IBHOCTI/I N nepcoHannsaynn nevyeHua. MaTtemaTnyeckoe mMopennpoBaHme pacnpocTtpaHeHnAa
13yYeHVsi NMO3BOJIAET PacCcuUTaTh pacnpefenieHne CBETOBOM SHepriv B BUOTKaHSAX C YYETOM MX OMTUYECKMX XapakTePUCTVK U FeOMeTpumn
natonornn. r|pVI 3TOM MCNOJIb30BaHME ONTUYECKMX METOAOB AMArHOCTUKKN MO3BOJIAET HE TOJIbKO MJ1aHNPOBATb, HO N KOHTPONNPOBAaTb B
peanbHOM BpeMeHU <|)0TOAI/IHaMI/IHeCKoe BO3,D,EVICTBI/I€ C KOppeKTVIpOBKOVI napameTpoB B 3aBUCUMOCTU OT CTEMNEHW BbIrOPaHUA ¢0TOC€H-
cm6v|n|/|3aTopa 1N CTeneHn HacblleHnA remornobrHa KNCNOPOAOM, a TakXe onpeaenAatb ontnyeckme CBOWCTBA TKaHe MMEeHHO B 30He BO3-
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AeNCTBUA. 3TN MeToAbl 06YCNaBMBAIOT TaKXKe 1 BOSMOXHOCTb NepPCOHanu3aLmy BO3AeCTBUA, MOCKOMbKY OHO MPW 3TOM OCHOBAHO He Ha
anpriopHoin MHPopmMaLmmn 06 ycpefHEeHHbIX CBOMNCTBAaX OPraHOB M TKaHel, a Ha AMHAMUYECKN MEHAIOWMXCA U U3MePAEMbIX NapameTpax.
Vcnonb3oBaHue GoTognHammyeckol Tepanun Ana onyxosieBblx 3aboneBaHni XenyAo4HO-K/LLEYHOro TpaKTa nokasano 3gp$eKTBHOCTb B
KayecTBe JOMNOJHEHNA K XMPYPrMyecKoMy NleUeHuto, a TakKe A oryxoneii He6oMbLIOro pasmepa 1 B KauecTse MeTofja NanmaTMBHOrO fleye-
HA. [pK 3TOM € TOUKM 3peHNA pacnpoCTpaHEHUA CBETa B TKaHAX CTEHKV OPraHOB XeJy[OYHO-KMLIEYHOrO TpakTa NPeACcTaBAAT AOCTAaTOUHO
CJIOXHbl€ MHOFOC/IOMHbIe CTPYKTYpPbl, ONTUYECK/E CBONCTBA KOTOPbIX 3aBUCAT OT GM13MONOrMYECKOro COCTOAHNA 1 Pa3BrBaIOLLVXCA B OpraHe
naTosiornin. 3T obCToATENbCTBA AENalOT 3aAady aBToMaT/3aLmMy NAaHNPoBaHUA GpoToarHaMMYecKko Tepanun opraHoB XKT akTyanbHoM 1
HeTpVBUaNbHOW. B HacTosALeN cTaTbe NpoBefeH 0630p METOAOB, KOTOPbIE PeLUatoT 3Ty 3aaady.
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Introduction

Photodynamic therapy (PDT) is a progressive method
of treatment of various diseases, including malignant
neoplasms [1, 2] and precancerous conditions [3] of the
gastrointestinal (Gl) organs. To implement photodynamic
action, a combination of light-sensitive substances
(photosensitizers) and light radiation of a certain
wavelength is necessary. In this case, PDT can either directly
form free radicals through a substrate (Type I) or generate
singlet oxygen through the transfer of energy to oxygen
(Type Il). The effectiveness of PDT depends on personalized
treatment planning and dosimetric control during the
procedure, which necessitates the development and
application of techniques to achieve these goals.

The main limitation of traditional PDT protocols is the
standardized approach, which does not take into account
the variability of tissue optical properties, the degree
of photosensitizer accumulation and heterogeneity of
biological tissues. This leads to the risk of damage to

healthy tissues or insufficient therapeutic effect. For
example, the absorbed dose varies depending on the
light penetration depth and the local concentration of the
photosensitizer. The absorbed dose is mainly determined
by the light power density, energy dose, photosensitizer
and oxygen concentration in the irradiated tissue, which
makes it necessary to take into account the optical
properties of tissues and individual characteristics of
patients [4]. Therefore, control of PDT by dosimetry and
automatic treatment planning, as well as personalization
of the procedure, are important factors to maximize the
effectiveness of therapy. Fig. 1 presents a scheme showing
the sequence of dosimetric techniques applied during the
photodynamic therapy procedure.

Personalization of PDT is carried out by adapting the
radiation dose and exposure time to the specific biological
characteristics of the patient. This review is devoted to the
consideration of existing methods of automated planning
of photodynamic treatment and various techniques of
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Fig. 1. Sequence of the process of dosimetric control of PDT.
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dosimetric control, as well as the influence of taking into
account the optical properties of exposed biological
tissues on the effectiveness of treatment.

Review of PDT methodology
for Gl organs

In this paragraph we provide an analysis of
the methodology of photodynamic therapy on
gastrointestinal organs, the key aspects of which are
summarized in two tables, with Tab. 1 shows the studies
for which the method of PDT efficacy control was not
specified in the papers, and in Tab. 2 are those for which
the efficacy control was performed. Tab. 1 includes data
from 34 studies, and Tab. 2 nine, so we can conclude
that only every fifth PDT protocol for gastrointestinal
neoplasms is accompanied by a control procedure.

Tables 1 and 2 compare different methodologies
of photodynamic therapy of various diseases of
gastrointestinal tract organs. In some works instead of
dose (J/cm?) and power (W/cm?) per unit area the dose
per unit diffuser length (J/cm) and power per unit diffuser
length (W/cm) are given. These values are convenient for
certain applications, but for comparing studies using
different photosensitizers and illumination geometries,
the values per unit area are more informative because
they provide information on the absolute measure of
light illuminating the surface of the area being treated

Ta6nmua 1.

[45]. One of the most common pathologies for which
this treatment method is used is Barrett's esophagus also
abbreviated CELLO (columnar epithelium lined lower
oesophagus). In this disease in the epithelial lining of
the esophageal mucosa is found atypical for the normal
intestinal type epithelium instead of flat multilayer
epithelium.If untreated, Barrett's esophagus can progress
to the malignant pathology of adenocarcinoma, which
has the fastest growing incidence of any solid tumor in
most of the world [62]. When treatment is performed
according to standardized protocols that do not take
into account the tissue characteristics of a particular
patient, there is variability in the response to PDT, in the
case of Barrett's esophagus it consists of residual Barrett's
syndrome and stricture formation. One of the reasons for
the different outcome of therapy is the difference in the
delivered dose, as the actual dose of light absorbed by
tissue depends not only on the energy of light, but also
on the optical properties and geometry of the sample,
which is especially significant for hollow organs [46]
and, consequently, for Gl organs. Accordingly, in order to
increase the probability of a positive treatment outcome,
it is necessary to carry out personalized laser-induced
exposure depending on the tissue characteristics of
each specific patient. This task can be accomplished
using methods of automatic planning and dosimetric
measurements directly during the PDT procedure.

ConocTtaBneHne NPOTOKON0B nNpoBeaeHns GoToOAUHAMUYECKON Tepanuum pasinyHbix 3a6oneBaHunm enygo4dHo-

KULLEYHOro TpaKTa — 6€3 KOHTPO/IA 3D PEKTUBHOCTH
Table 1.

Comparison of protocols for photodynamic therapy of various gastrointestinal diseases — without effectiveness control

®doToceHcmbununsatop

1 [1] KPP ®oTodpuH
CRC Photofrin
2 [2] Al ®otodpuH
EA Photofrin
3 [3] Mb, A ®oTtodpuH
CELLO, EA Photofrin
4 [5] ne ®oTtodpuH
CELLO Photofrin
5 [6] Mb, Al ®otodpuH, 5-AJIK
CELLO, EA Photofrin, 5-ALA
6 [7] b, All ®oTodpuH
CELLO, EA Photofrin
7 8] MnB, A ®otodpu II, MM
CELLO, EA Photofrin II, HPD
8 [9] b ®oTodpuH
CELLO Photofrin
9 [10] NG 5-AJTK, doTodpuH
CELLO 5-ALA (a), photofrin (b)
10 [11] MNb 5-AJIK
CELLO 5-ALA

BOJIHbI (HM)

AnvHa

Bup obnyuartens

Jo3a (nnoTHOoCTb
MOLLHOCTH)

630 nr 200 J/cm?
FC (-)
630 ua 300 J/cm
@) (400 mW/cm)
632 ua 150-250 J/cm
@) (400 mW/cm)
630 L, 6annoH 130 J/cm
CD, balloon (400 mW/cm)
630 LA, 6annoH 50-75J/cm
CD, balloon (400 mW/cm)
ua 150 - 225 J/cm
(@) ()
630 ua 200 J/cm, 32
(@D J/cm? (400 mW/cm)
630 ua 150 J/cm ()
CcD
635 (@): MT, (b): LLAO (a): 200J/cm?
(@): FC, (b): CD (b): 130 J/cm,
28 J/cm?(-)
635 ua 500-1000 J/cm
CD
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[24]

[25]
[26]
[27]
[28]
[29]
[30]
311
[32]
[33]
[34]

[35]

1B, A
CELLO, EA
b, Al
CELLO, EA

Al
EA

M6
CELLO

M6
CELLO

All, PI1
EA, ESCC

1B, Al
CELLO, EA

on
ET

on
ET

on
ET

All
EA

PM
ESCC

PM
ESCC

orn
ET

on
ET

PM
ESCC
b, Al
CELLO, EA

6
CELLO

M6, AN
CELLO, EA

PM
ESCC

Afl, PI1
EA, ESCC

orn
ET

M6
CELLO

PK
GC

5-ANIK
5-ALA
5-AJIK
5-ALA
5-AJIK
5-ALA

mTHPC

mTHPC

5-AJIK (a),
mTHPC (b)
5-ALA (a)
mTHPC (b)

mTHPC

®oTtodpuH
Photofrin

®oTtodpuH,
Tananop®uH HaTpus
Photoftrin,
talaporfn sodium

TananopduH HaTpus
Talaporfin sodium

HPPH

®oTodpuH
Photofrin

®oTodpuH
Photofrin

TananopdwvH HaTpuA
Talaporfin sodium

®oTodpuH
Photofrin

TananopduH HaTpus
Talaporfin sodium

®oTodppuH
Photofrin

®oTodpuH
Photofrin

Mrr, potodpuH
HPD, photofrin

®oTodpuH
Photofrin

®oTtodppuH
Photofrin

®oTtodpuH Il
Photofrin Il

Mrr, potodpuH
HPD, photofrin

QoTodpuH,
TananopduH HaTpuA
Photofrin,
talaporfin sodium

635
630
580 - 720,
1250 - 1600
514

511 (a),
652 (b)

635, 652

652

630

630, 664

664
665
630

630

664
630
664
630
630
630
630
630
630
630

405, 630

nT
FC

ua
cD

nT
FC

ua
D
LA
D

LA, 6annoH
CD, balloon

LA
D

BonokHo ¢
MUKPOJINH30M
Microlens fiber

nT
FC

un
CcD
[T, MukponuH3a, LI

FC, microlens, CD

BonokHo ¢
MUKPOJINH30M
Microlens fiber

nT
FC

bannoH
Balloon

nT
FC

uAa
CD
ua
D
LA
D

nT
FC

un
CcD
ua
cD
LA, 6annox

CD, balloon

nT
FC

150 J/cm?
(100 mW/cm?)
100 - 200 J/cm?
90 - 150 mW/cm?
100 J/cm?
()

75 J/cm?
(100 mW/cm?)
(@): 75 J/cm?
(b):7 Jerm?
(60-100 mW/cm?)
(@): 150J)/cm?,
(b): 20 J/cm?
100 mW/cm

8-20J/cm?
(200 mW/cm)
75 J/cm?
Q]

75-100 J/cm?
(150 mW/cm?)

100 J/cm?
()

150-175 J/cm
(100- 400 mW/cm?)
75 J/cm?

()

75 )/cm?

(160 mW/cm?)

50 J/cm?
(150 mW/cm?)

100J/cm

100 J/cm?
(150 mW/cm?)

-0)

100 - 200 J/cm
)

300 J/cm, 32 J/cm?
(400 mW/cm)
75 J/cm?

Q]

300 J/cm
(400 mW/cm)

300 - 400 J/cm
()
200 J/cm
(400 mW/cm)

60 J/cm?
(150 mW/cm?)
60 J/cm?

KPP — konopekTanbHbin pak, All — ageHokapumnHoma nuwesopa, Ol — onyxonu nuwesoga, Mb — nuwesop bapeTTa, Pl — N10CKOKNETOUHbI
pak nuwesopa, PXK — pak xenyaka, MMl - npon3BoaHble rematonopdupuHa, 5-AJIK — 5-ammHonesynvHosas kncnota, hTHPC - 5,10,15,20-
TeTpa(m -rugpokcudennn)xnopuH, HPPH (2-[1-rekcunokcnatun]-2-gesuHnn nupodeodpopbua-a), LU — umnunapuyeckuin guddysop, MT -

NIOCKNUIA TopeLl.

CRC - Colorectal Cancer, EA - Esophageal Adenocarcinoma, ET - Esophageal Tumors, CELLO - Columnar Epithelium Lined Lower Oesophagus,
ESCC - Esophageal Squamous Cell Carcinoma, GC - Gastric Cancer, HPD — Hematoporphyrin Derivatives, 5-ALA — 5-aminolevulinic acid, hTHPC

- 5,10,15,20-tetra(m-hydroxyphenyl)chlorin, HPPH (2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a), CD - Cylindrical Diffuser, FC - Flat Cut.
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Ta6nuuya 2.

ConocTtaBneHne NPoTOKON0B nNpoBeaeHuss GoToAUHAMUYECKON Tepanum pasinyHbix 3a6oneBaHunm enygo4dHo-

KULLEYHOro TpaKTa ¢ KOHTponem 3PpPeKTUBHOCTU
Table 2.

Comparison of protocols for photodynamic therapy of various gastrointestinal diseases with monitoring of effectiveness

dDoToceHcn-
6unusartop

AnuHa

1 [36] 5 5-AJIK 635
CELLO 5-ALA
2 [37] PX 5-AJIK 635
GC 5-ALA
3 [38] CRR ®oTodppuH 532
Photofrin
4 [39] M, An QotodppuH 630
CELLO, EA Photofrin
5 [40] EC TananopduH 664
HaTpus
Talaporfin
sodium
6 [41] M6 5-AJIK 505
CELLO 5-ALA
7 [42] Al 5-AJIK 630
EA 5-ALA
8 [43] 3} QotodppuH 635
CELLO Photofrin
9 [44] 13 5-AJIK 630
CELLO 5-ALA

BOJIHbI (HM)

Bug

ob6nyuarens

CD, balloon

FC

FC

CcD

CD

cD

Dosa
(nnoTHOCTb
MOLLHOCTH)

150 J/cm?
(150 mW/cm?)

(30 W/cm?)

(400 mW/cm)

100 J/cm?
(150mW/cm?)

)

100 - 200 J/cm?
(90 - 150 mW/
cm?)

37 J/cm?
(45 mW/cm?)

KoHTponb
3pdeKkTMBHOCTU

Ho3umeTtpua OC,
¢doTOoBbILBETAHNE
Photosensitizer
concentration,
photobleaching

@doToBbILBETaHNE
Photobleaching

Catypauus,
KOHLIeHTpaumsa
reMorniobuHa,
KOHLeHTpauma ¢/c
Blood oxygenation,
hemoglobin
concentration, drug
concentration

OnyopecueHTHasA
cnekTpockonusa
Fluorescence
spectroscopy

Busyanusauua
oKcMreHauum
Oxygensaturation
imaging
OnyopecueHTHasA
cnekTpocKonua
Fluorescence
spectroscopy

OnyopecueHTHas
cnekTpockonusa
Fluorescence
spectroscopy

Honnneposckasa OKT
Doppler OCT

(@b) 100 J/cm?
(100 mW/cm?)

KoHTponb mowHocTH
n3yyeHunsa
Fluence rate
measurements

KPP — kKonopekTanbHbI pak, All — ageHoKapuvHoma nuwesoaa, Mb — nuwesop bapeTTa, PX - pak xenygka, 5-AJIK - 5-amnHonesynnHosas
kucnoTta, U - yununppryeckuin gudodysop, MT - nnockuin Topew, OC - poToceHcnbUnm3aTop.
CRC - Colorectal Cancer, EA — Esophageal Adenocarcinoma, CELLO - Columnar Epithelium Lined Lower Oesophagus, GC — Gastric Cancer,

5-ALA - 5-aminolevulinic acid, CD - Cylindrical Diffuser, FC - Flat Cut.

Automated planning
of photodynamic therapy

Automating PDT planning addresses key challenges
such as tumor irregularity, patient movements, and the
need for accurate light dosimetry in complex anatomical
areas, and includes several key components. First,
computer-aided design algorithms determine the optimal
placement, power, and configuration of light sources (e.g.,
fiber-optic probes or LED arrays) based on 3D imaging
data (e.g., MRI or CT) to adjust the distribution of light
absorption in tissues to the tumor shape and minimize

the impact on organs at risk. Second, the automation of
PDT planning usually implements dynamic dosimetry
and light dose monitoring. Automated systems can adjust
light output in real time to account for patient movement
or changes in tissue optical properties. Third, machine
learning techniques, which are now being widely adopted
in clinical practice, are also being used for this task to
adapt to individual variations in tissue optical properties,
making treatment plans more reliable and personalized.
Automated planning of photodynamic therapy (PDT)
uses advanced mathematical and technical methods to
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optimize the light dose, minimize damage to healthy
tissue, and maximize tumor destruction. PDT planning
must take into account irradiation geometry, separating
the cases of intrathecal and superficial irradiation
schemes. Intrathecal PDT has evolved as a response to
the clinical demand for therapy of deep-seated tumors,
the effect on which is limited by the depth of light
penetration during surface irradiation.

Modeling of light propagation is the main tool for
estimating the absorbed light dose in tissues [47]. Monte
Carlo methods numerically simulate light transport in
three-dimensional models of pathologies, including
complex geometry [48], in the volume of surrounding
tissues, the geometric parameters of which are obtained
using MRI or CT [49]. Dose-volume histograms derived
from modeling reduce computational costs and allow
iterative improvement of the plan. This modeling takes
into account the optical properties of tissues (absorption,
scattering), generates the distribution of the absorbed
dose in the tissue volume for different illumination
geometries, allows iteratively refining the position of
sources and taking into account the change of optical
properties during the PDT procedure.

The clinical implementation of these PDT planning
techniques is represented, for example, by PDT-SPACE
(open source software combining machine learning
for planning that takes into account individual patient
differences, adaptive optimization for bone metastases
and brain gliomas, damage reduction (>70% compared
to previous methods) while achieving >98% tumor
destruction) [47]. The approach implemented in the
FullMonte software package for tetrahedral 3-D Monte
Carlo simulation, visualization, and analysis of light
propagation in inhomogeneous turbid media is also of
interest [50].

Analysisof oxygen concentrationinthe photodynamic
treatment zone is another critical component of planning
and implementation of photodynamic therapy (PDT),
along with dosimetry of absorbed radiation, because the
efficacy of PDT depends on the simultaneous presence
of photosensitizer, light, and oxygen. The generation
of cytotoxic reactive oxygen species (ROS), especially
singlet oxygen, is central to the mechanism of PDT, and
insufficient oxygen in tissues can limit therapeutic results
[51]. Maintaining adequate oxygenation throughout
treatment is essential for optimal ROS formation and
exposure control. Monitoring methods are represented
by several approaches. Direct measurement methods
include oxygen electrodes and fluorescent optodes.
They provide a direct, spot measurement of tissue partial
pressure of oxygen (p0O,), but are invasive and not always
suitable for clinical settings [51].

Optical spectroscopy also allows us to determine
oxygen concentration indirectly, since it is closely
related to the level of hemoglobin oxygen saturation.

At the same time, this approach provides noninvasive
assessment of oxygenation status and is the most widely
used at present [51, 52].

Another important aspect of PDT planning that is
often overlooked in clinical application is modeling
of the biological response. It is necessary to take into
account the dynamics of oxygen transport during PDT
and singlet oxygen-mediated cell death kinetics [53],
binary models of cell fate decision making [54].

The use of photodynamic therapy for tumor diseases
of the gastrointestinal tract has shown efficacy as an
adjunct to surgical treatment, as well as for tumors
of small size and as a method of palliative treatment
[55-57]. Consider in more detail such aspects of PDT
planning automation as the use of mathematical models
of treated organs and tissues for numerical simulation of
light propagation in the medium and consideration of
optical properties of these organs and tissues.

PDT control

The transition to personalized PDT dosimetry is a
non-trivial task due to the difficulty in accounting for
the nonlinear interaction between light dose, irradiation
time, and the concentration of photosensitizer and
molecular oxygen [58].

PDT dosimetry

The mainthree components of photodynamictherapy
are photosensitizer, laser light and oxygen. Accordingly,
in order to transition to personalized treatment, it is
necessary to monitor the parameters related to these
three components. PDT dosimetry can be divided into
four types: explicit and implicit dosimetry, monitoring of
biological tissue response, and direct dosimetry [59].

Explicit dosimetry takes into account the entire
PDT pathway, from light absorption to singlet oxygen
production. This type of dosimetry involves direct control
of the power density of the light source, photosensitizer
concentration, and oxygen content [60]. This type of
dosimetry works well in conditions of high tissue oxygen
saturation, when the PDT dose, which is proportional to
the time integral of the product of local photosensitizer
concentration and light flux intensity, is the most
accurately defined dosimetric value and a good indicator
of treatment outcome [61]. Using explicit dosimetry,
initial PDT parameters are measured and incorporated
into a dose calculation model to estimate singlet oxygen
production [62]. Even under static conditions, it is
technically difficult to measure all three parameters and,
given that they are also dynamically interdependent, it
is difficult to achieve accurate dose determination [62].

Taking into account the interdependence of light
intensity, photosensitizer concentration, and oxygen
content, the parameters controlled by direct dosimetry,
is a difficult task in determining the photodynamic
dose. The dependence of the photosensitizer decay on
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the radiation intensity cannot be expressed as a simple
exponential expression [63]. Since it is extremely difficult
to track all changes using explicit dosimetry, implicit
dosimetry is often used, which aims to measure a value
that depends on all or at least most of the above factors
[63].

Implicit dosimetry measures parameters that depend
on several of the three components of PDT, such as
photobleaching and photoproduct formation [64]. The
main goal of implicit dosimetry is to quantify all relevant
individual parameters, the aggregate of which can be
represented as an integral parameter closely correlating
with the therapeutic dose [65].

Monitoring the response of biological tissues involves
adjusting the parameters of photodynamic treatment
depending on its effect on the tissues of the treated
organ, which is monitored by avoiding the occurrence
of necrosis area or blockage of the vascular channel [66].

In order to control the PDT procedure using direct
dosimetry, it is necessary to measure the presence and
amount of reactive oxygen species in the tissues under
study [67]. The technique is based on the assumption that
the PDT effect is mainly achieved through photochemical
reactions of the second type.

Currently, the main methods used for PDT dosimetry
are optical imaging, including techniques based on
fluorescent and diffusely reflected signal registration,
and modeling [65]. A comparison of techniques for
monitoring the effectiveness of PDT and types of
dosimetry is shown in Table 3. Optical imaging is a
broad concept that includes such techniques as video
fluorescence imaging, fluorescence spectroscopy, optical
diffusion spectroscopy (mainly in diffuse reflection
geometry), Raman spectroscopy, and optical coherence
tomography [65]. Video fluorescence imaging and
fluorescence spectroscopy make it possible to determine
the areas of photosensitizer accumulation, as well as to
evaluate photobleaching. Accordingly, these methods
can be referred to implicit dosimetry. Diffuse reflectance
spectroscopy can be used to estimate oxygen content,
which allows this method to be classified as explicit
dosimetry.This method can also be used to determine the
optical properties of tissues to personalize photodynamic
treatment. Raman spectroscopy allows to determine
the concentration of photosensitizer [68, 69], therefore,
it is a method of explicit dosimetry. Optical coherence
tomography [70] refers to methods of monitoring the
response of biological tissues. Singlet oxygen dosimetry
[71], which refers to direct dosimetry, is also used as a
method to monitor photodynamic effects. It is also
possible to use several techniques together, for example,
diffuse reflectance spectroscopy and fluorescence
spectroscopy [52, 72] or singlet oxygen photobleaching
and luminescence measurements [62], for simultaneous
monitoring of a larger number of parameters.

Ta6namua 3.
ConocTtaBneHue Buaa JO3UMETPUN U METOAMK
KoHTponsa adpdeKkTuBHoctn GAT

Table 3.
Comparison of the type of dosimetry and methods
for monitoring the PDT effectiveness

Bupg
AosumeTpun

KoHTponupyemble
napameTpbl

MeTtopbi

AABHaA MnotHocTb aHeprun  CnekTpockonusa
Explicit NCTOYHMKA, KOHL|EH- anpdysHoro
Tpauua GoToceHcu- oTpakeHus
6unusaTopa, cogep- Diffuse
XaHue Knucnopopga reflectance
Source energy spectroscopy
density,
photosensitizer
concentration,
oxygen content
HesBHasA ®oTobnnynHr OnyopecueHTHas
Implicit uny obpasoBaHue OMarHoCcTnka
doTonpoayKToB Fluorescent
Photobleaching diagnostics
or photoproduct
formation
KoHTponb HeponyuieHune OnTtnyeckas
peakuum HeKpo3a 1 KorepeHTHas
6r10N10rNYEeCKUX 6OKVPOBKY Tomorpadusa
TKaHemn CcOoCyancToro pycna Optical
Control of Preventing necrosis coherence
biological tissue  and blockage of the tomography
reactions vascular bed
Mpamas Konunuectso JllomnHecueHumA
Direct aKTUBHbIX GopMm CUHFNEeTHOTro
Kucnopopa Kucnopoga
Active oxygen Singlet oxygen
forms luminescence

Determination of optical properties as a method of PDT
control

Regardless of the choice of the type of dosimetry
for more accurate realization of PDT it is necessary
to take into account the optical properties of tissues.
When performing explicit dosimetry, this is possible
by introducing a correction factor that allows taking
into account the optical properties when recording
fluorescence; this methodology is presented in [73].
In this paper, optical properties were determined not
directly during photodynamic treatment, but beforehand
using optical phantoms imitating biological tissues.

When calculating the required dose from the light
source during photodynamic therapy, the dose that
will be delivered to tissues is most often calculated.
However, not the entire volume of this dose will be
absorbed by biological objects, including due to
incomplete overlap of the light source spectra and
absorption of the photosensitizer [74]. Accordingly,
for more accurate control of the PDT procedure, it is
necessary to make measurements of the absorbed dose
in each case. In addition to influencing the absorbed

46

BIOMEDICAL PHOTONICS T. 14, Ne2/2025



Krivetskaya A.A., Savelieva T.A., Kustov D.M., Levkin V.V., Kharnas S.S., Loschenov V.B.
Automatization of planning and control of photodynamic therapy of gastrointestinal organs

dose, the optical properties of tissues also affect the
spectral characteristics of the fluorescence signal,
including the detectable signal depends on the oxygen
concentration [75]. Consequently, determination of the
optical characteristics of the studied objects is important
not only for personalization of photodynamic therapy,
but also for increasing the accuracy of fluorescence
diagnostics.

The interaction of optical radiation with tissues can
be described using various analytical models, including
modified Beer-Lambert law [76], Jacques [77] and
Yudovsky [78] models. Also, light propagation in tissues
can be investigated using Monte Carlo simulations. In
[79], a comparison of the three mentioned analytical
models is presented with respect to their applicability
for estimating tissue parameters. The comparison
was carried out using data obtained by Monte Carlo
simulation and measurements on optical phantoms with
known optical properties. The simulation results are best
matched by the Yudovsky model. The empirical data are
closest to the calculations performed with the Jacques
model.

There are various methods that allow to determine
the optical properties of biological objects by processing
the data obtained from spectral measurements. The
most common are the inverse Monte Carlo method
and the inverse addition-doubling method [80]. These
techniques involve registration of spectra in several
geometries. Conducting measurements of diffuse
reflectance and transmittance spectra allows the
determination of two parameters: absorption coefficient
and reduced scattering coefficient. To recover three
optical properties: absorption coefficient, scattering
coefficient and anisotropy factor, itis necessary to register
spectra in three geometries. Globally, modern algorithms
for recovering optical properties of biological tissues
are based either on integrating sphere measurements,
which are based on reflectance and transmittance
measurements of thin slices of dissected tissue [81],
and techniques based on the registration of diffusely
reflected signal using point sources and detectors [82-
84], which aim to characterize the spatial, temporal,
and spectral dependence of the recorded signal. The
recovery of information about optical properties from
measured signals can be based on empirical calibration
based on tables with a representative set of reference
phantoms with known characteristics [83], as well as on
models with analytical approximation, such as diffusion
theory [84], or Monte Carlo simulations [82]. Currently,
data on optical properties have been obtained for such
localizations as bone, nerve, muscle, and adipose tissue
[85], white and gray matter of the brain [86], esophagus
[87], stomach [88, 89], colon [90, 91], and small intestine
[89]. In all the works cited in this paragraph, the optical
properties were determined not during surgery.

Currently, several scientific groups are working on
the task of taking into account the optical properties of
tissues during clinical photodynamic treatment. They
propose to take into account the optical properties of
tissues during fluorescence registration by applying the
Monte Carlo method for modeling the propagation of
radiation in biological media, with the values of optical
properties either determined using optical phantoms
[92, 93] or taken from literature data [94].

The article [95] is devoted to the development and
demonstration of a noninvasive method for quantitative
determination of optical properties of turbid media
(including biological tissues) in the wavelength range
from 430 to 1050 nm. The method is called spatially
modulated quantitative spectroscopy and is based on
the measurement of reflected light from the sample
under study when it is illuminated at different spatial
frequencies. This allows to calculate absorption and
scattering coefficients without preliminary assumptions
about the composition of chromophores in the sample.
The method was tested on liquid phantoms with known
concentrations of absorbers and scatterers. The obtained
values of optical properties had good agreement with
the expected results. As a demonstration of the feasibility
of the in vivo method, an experiment was performed on
human skin. The obtained skin absorption spectrum was
described with good accuracy using models taking into
account the contribution of oxy- and deoxyhemoglobin,
water and melanin, and the quantitative values of these
components corresponded to the data for skin from
literature sources.

The authors of the study [38] developed a technique
for transforming the diffuse reflectance signal in a wide
spectral range into parameters of human skin, such
as light penetration depth, blood oxygen saturation,
hemoglobin concentration, and epidermis thickness.
The diffusion approximation of the radiative transfer
theory was used to analyze the data. The obtained
values of blood oxygen saturation and hemoglobin
concentration are in good agreement with published
physiological data, the epidermis thickness measured
optically coincides with the results of histologic studies.
The proposed approach can be used to monitor skin
condition, diagnose diseases and evaluate the efficacy of
photodynamic therapy.

In the article [96], modeling of photodynamic therapy
of the esophagus was carried out taking into account the
absorption and scattering coefficients determined by
measuring a porcine esophagus sample on integrating
spheres. PDT modeling was performed by Monte Carlo
method taking into account tissue multilayers. The
introduction of photosensitizer was taken into account
by changing the values of optical properties: both
absorption and scattering increased. The depth of tissue
damage was determined for different values of light
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dose. The obtained values were compared with clinical
results in other literature sources.

In [97], the control of PDT efficiency was determined
using fluorescence spectroscopy and light dose
measurements. Depending on the in vivo determined
concentration of the photosensitizer (Photofrin), a
correction for the optical properties of the object under
study was introduced. The method of correction of
irradiation procedure depending on optical properties
was developed by means of Monte Carlo simulation
and tested on optical phantoms. The presented system
allows simultaneous examination of eight areas in real
time.

In [98], the determination of tissue optical properties
is carried out to optimize the implicit dosimetry
technique. The method consisted in measuring the
fluorescence and reflected signal, which were used to
estimate blood volume, reduced scattering coefficient
and photosensitizer concentration. Validation of the
methodology was performed on optical phantoms
using least squares nonlinear regression analysis and in
vivo on mice. Diffuse reflectance spectroscopy was used
as a reference method to independently measure the
properties of biological tissues and compare the results.
The blood volume and scattering coefficient measured
by the developed method were compared with the
results obtained by diffuse reflectance spectroscopy.
Hemoglobin oxygen saturation was also measured in the
tumor using diffuse reflectance spectroscopy.

The work [99] is devoted to the application of machine
learning methods (neural networks and gradient boosting
regression trees) to restore the optical properties of
biological tissues during intrathecal PDT in real time by
adapting the power of light sources. Optical properties of
tissues (absorption coefficient p, and scattering coefficient
M) can change during treatment due to changes in blood
flow, edema or cell swelling, which affects the light dose
distribution. Traditional methods to account for optical
properties based on analytical models (e.g., diffusion
approximation) are not accurate enough for deep-seated
tumors. Using machine learning (gradient bousting and
neural networks), with training on simulation data to
predict tumor y, and s based on light dose measurements
using cylindrical diffusers, it is possible to optimize emitter
location and power distribution by pre-planning based
on average tissue optical properties. The light dose is
also measured in real time using receiving optical fibers,

the actual p, and ps are reconstructed using machine
learning techniques, and then the power of the emitters
is recalculated to minimize errors in the delivered dose
magnitude. The methodology has been validated on 3D
glioblastoma models.Resultsindicate that optical property
restoration followed by power reoptimization reduces
the uncertainty in dose prediction by 75% for healthy
tissues. The method enhances treatment personalization
by adapting to tissue changes during therapy, which may
improve clinical outcomes in deep-seated tumors such as
glioblastoma.

Conclusion

This review has considered the actual works devoted
to the task of automation of planning and control of
photodynamic therapy of gastrointestinal organs and
highlighted several main directions for solving this task.
First of all, automation is realized due to more effective
calculation of the absorbed dose of therapeutic radiation
using algorithms of numerical modeling of light
propagation in tissues, information about the geometry
of pathological inclusions and optical properties of
normal and tumor tissues, determination of which is
possible both at the preoperative stage and during the
exposure itself. Two other important aspects of PDT
planning and control are the control of photosensitizer
photobleaching and oxygen concentration in the
treatment zone, because without these components it
is impossible for the photodynamic reaction to proceed
according to type Il. The methods of machine learning
and artificial intelligence, which are currently primarily
associated with automation of various processes, are just
coming to the field of photodynamic treatment planning,
as they require a sufficiently large amount of unified
data for training classification models. However, their
use already makes it possible to increase the accuracy
and efficiency of determining the optical properties of
tissues in order to optimize the location of emitters and
the distribution of absorbed dose in the tissue volume by
means of preliminary planning. Thus, we can conclude
that automation of photodynamic treatment planning
includes a number of important components, both
algorithmic and technical, and represents an actively
developing area of scientific research.

The work was funded by the Russian Science Foundation,
grant No. 25-25-00516.
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