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Possibilities of interstitial photodynamic therapy in the treatment of brain glioblastoma

POSSIBILITIES OF INTERSTITIAL PHOTODYNAMIC THERAPY
IN THE TREATMENT OF BRAIN GLIOBLASTOMA

Rynda A.Yu., Olyushin V.E., Rostovtsev D.M., Zabrodskaya Yu.M., Papayan G.V.
Russian Neurosurgical Institute named after prof. A.L. Polenov — a branch of the National Medical
Research Center named after V.A. Almazov Ministry of Health of Russia, St. Petersburg, Russia

Abstract

Interstitial photodynamic therapy (iPDT) is a minimally invasive treatment method based on the interaction of light, a photosensitizer (PS) and
oxygen. In brain gliomas, iPDT involves the stereotactic introduction of one or more light guides into the target area to irradiate tumor cells and
tissues that have accumulated PS, which subsequently causes necrosis and/or apoptosis of tumor cells, destruction of the tumor vascular network
and causes an inflammatory reaction that triggers stimulation of the antitumor immune response.

The aim of the study was to analyze the possibility of using iPDT in the treatment of unifocal, small-sized (up to 3.5 cm) glioblastomas.

The study with iPDT included 7 patients with a unifocal variant of glioblastoma with a maximum tumor size of up to 3.5 cm and a Karnofsky score
of at least 70 points. In 5 patients (71.4%) there was a relapse of glioblastoma, in 2 cases (28.6%) the tumor was diagnosed for the first time. As a
PS, PS photoditazine was used, administered intravenously by drip at a dose of 1 mg/kg. Interstitial irradiation was performed using a laser (Latus
2.5 (Atkus, Russia)) with a wavelength of 662 nm and a maximum power of 2.5 W and cylindrical scattering fibers. The target tumor volume was
determined after combining multimodal CT images (contrast-enhanced scanning, axial slices of 0.6 mm) with preoperative MRI, PET. Spatial precise
interstitial irradiation of the tumor volume was planned using special software. The duration of irradiation did not exceed 15 min. The light dose
was from 150 to 200 J/cm?. Transient clinical deterioration was recorded in about 2 patients (28.6%). These 2 patients had worsening neurological
deficits in the early postoperative period (increase in hemiparesis from 4 points to 2 points in one patient and development of dysarthria and
dysphasia in the second patient). The median overall survival from the first diagnosis of malignant glioma to death was 28.3 months. The median
relapse-free survival was 13.1 months. MGMT status played a significant role in the outcome of patients treated with iPDT. Patients with a methylated
MGMT promoter survived longer than patients with an unmethylated MGMT promoter by a median of 22.1 months, and they did not experience
disease progression for an additional 9.3 months.

iPDT may be a promising treatment option in a population of patients at high risk of postoperative neurological deficit. It does not interfere with,
but rather may complement, other treatment options for this disease, such as repeat radiation therapy and chemotherapy. iPDT remains a potential
option for deep-seated gliomas in patients with high surgical risk and in case of tumor recurrence.

Key words: glioblastoma, interstitial photodynamic therapy, new technologies, results, glioma.

For citations: Rynda A.Yu., Olyushin V.E., Rostovtsev D.M., Zabrodskaya Yu.M., Papayan G.V. Possibilities of interstitial photodynamic therapy in
the treatment of brain glioblastoma, Biomedical Photonics, 2025, vol. 14, no. 1, pp. 4-19. doi: 10.24931/2413-9432-2025-14-1-4-19

Contacts: Rynda A.Yu., e-mail: artemii.rynda@mail.ru

BO3MOXXHOCTU UHTEPCTULMATIBHOM
dOTOONHAMUNYECKOU TEPATMMU B NNEYEHUM
[MMTMOBJTACTOM FOJIOBHOTO MO3TA

A.1O. Puinpq, B.E. Onowun, .M. Poctosues, FO.M. 3abpopackas, I.B. ManasH

Poccuitckuin Hetpoxupypriudeckuit tHCTUTYT umenn npod. AJl. Monenosa — dunmnan PrbY
«HaumoHanbHbIN MEAMUMHCKMI UCCIefoBATENLCKMI LeHTP nmern B.A. Anmaszosa» MuHsapasa
Poccum, Cankr-lNetepbypr, Poccus

Pesiome
WHTepcTumanbHaa ¢otoguHammnyeckas tepanus (MOOT) — 3TO MUHMMANbHO MHBA3UBHBIV METOZ, SIeUeHNs, OCHOBAHHbIV Ha B3aUMOZEN-
cTBUM cBeTa, doToceHcmbunmsaTtopa (OC) n Kucnopoda. MNpu rmmomax ronosHoro mo3sra MOAT BKOYaET CcTepeoTakCUMYeckoe BBEAeHVe
OJIHOTO UM HECKOJIbKUX CBETOBOAOB B LieNIeBYyt0 0651acTb AnA 061yYeHrA ONyxoneBbIX KNEeTOK 1 TKaHen, Hakonuewmux OC, 4To Bbi3biBaeT B
JanbHenwem HEKPO3 /UK arnonTo3 OMyXONeBbIX KNEeTOK, pa3pyLUeHne COCy[MNCTON CETY OMyX0Jn 1 BOCMANUTENbHYIO peakLyio, 3anycKato-
LLYyt0 MPOTMBOOMYXOJIEBbI UMMYHHbI OTBET.

BIOMEDICAL PHOTONICS T. 14, Ne 1/2025
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Llenbio nccnefoBaHvs ABAANCA aHann3 BO3MOXHOCTU npumeHeHna n®AT npu neyeHun ogHOo4aroBbIx, He6oMbLUVX MO pa3mepam (4o 3,5 cm)
rnnmo6nacTom.

B nccnepoBaHme 6b11m BKNOYEHBI 7 MALMEHTOB C O4HOOYAroBbIM BapUAHTOM rMo61acToOMbl C MaKCUMalbHbBIM Pa3MepOM OMyXou Ao 3,5 cm
1 OLIeHKOV Mo WKane KapHoBcKkoro He meHee 70 6annoB. Y 5 (71,4%) nauneHToB 6bin peuyuamns rmmobnactombl, B 2 (28,6%) ciyyasx onyxosb
6blna BrepBble AnarHocTMpoBaHHoN. B kauectBe OC ncnonb3oBany $oToaUTasnH, BBOAVIMbIV BHYTPUBEHHO KanesibHO B Ao3e 1 Mr/Kr Beca
Tena. BHyTpuTKaHeBoe 06J1yyeHMe BbIMOHANM C 1Cnofb3oBaHveM nasepa (Jlatyc 2,5 (ATkyc, Poccurs)) ¢ ANNHOM BOSTHbI 662 HM 1 MaKCUMasb-
HOW MOLLHOCTbIO 2,5 BT 1 LUNNHAPMYECKUX paccenBaloLyx BONIOKOH. LleneBoli o6bem onyxonu onpeaensany nocine o6beanHeHns mysb-
TUMOJANbHbIX 1306paxeHuii KT (ckaHMpoBaHMe C KOHTPACTHBIM YCUSIEHNEM, akcManbHble cpesbl 0,6 MM) ¢ mpeagonepauroHHon MPT, M3T.
[pocTpaHCTBEHHOE TOUHOE BHYTPUTKaHEBOE 06yUYeHr e 06bema Onyxonu NiaaHUpPoBany C KCMOJSIb30BaHUEM CreLanbHOro MPOrpaMmMHOro
obecneyeHns. AnnTenbHOCTb 061yyeHnA He npeBbiwana 15 MuH. CBeToBasA fo3a coctaBuna ot 150 go 200 [x/cm?.

TpaH3uTOpHOE KNNHMYEeCKoe yxyaLeHne 6bio 3aduKcmpoBaHo y 2 (28,6%) naumeHToB. Y HUX Habnogany HapacTaHue HeBPONOrMYeckoro
fedurumta B paHHEM MOCIeoNepaLMoHHOM Neprofe (HapacTaHve remMunapesa c 4 6annos Ao 2 6annoB y ogHOro NauueHTa 1 NoABeHne
An3apTpun 1 gucdasmm y BTOporo naumeHta). MeguaHa o6Liei BblXXMBAaEMOCTY OT MEPBOTO AUArHo3a 3/10Ka4eCTBEHHOW MIMOMbI O CMepPTH
cocTaBumna 28,3 mec. MeanaHa 6e3peLnanBHON BblXKmBaemocTu coctaBuna 13,1 mec. Cratyc MGMT cbirpan 3HauuTesibHyto Posib B pe3ysibTa-
Tax neyeHusa nayneHTos ¢ MPAT. MaymeHTbl ¢ METUANPOBaHHBIM NPoMoTopoM MGMT Xunu fonblue, Yem NALMEHTbI C HEMETUNNPOBAHHbLIM
npomoTtopom MGMT, B cpefiHeM Ha 22,1 Mec, U y HUX He Habnoaany NporpeccnpoBaHia 3a6051eBaHNA B TeYEHVE AOMONTHUTESNbHBIX 9,3 Mec.

NOLT MOXeET 6bITb MHOrOO6ELLALWMM BapMaHTOM NleYeHUA B MOMYNALMN NALMEHTOB C BbICOKUM PUCKOM MOC/IeONepaLioOHHOro HEBPOJIO-
rMyeckoro geduumta. ITo He MELIAET, a CKOPEe MOXKET JOMOMHATL APYre BapuaHTbl TIeYeHNsA JaHHOTO 3aboneBaHus, Takne Kak MOBTOpHas
nyyeBas Tepanua n xumurotepanusa. UOLT ocTaeTcA NOTEHLUMANbHBIM BAPUAHTOM NP rTy60KO PacrofioMeHHbIX IMOMaXx Y MaLUeHTOB C BbICO-
KM XMPYPrMyYecKnM pUCKOM 1 MPpuW peLmanee onyxonu.

ORIGINAL ARTICLES

KnioueBble cnoBa: FJ']I/IO6J'IaCTOMa, NHTEpCTUUManbHaA ¢0T0£WIHaMI/I‘-IECKOIZ Tepanun (I/I(D,U,T), HOBbI€ TEXHOJIOTUW, pe3ynbTaThbl, INIOMa.

Ana yntuposBanumaA: PoiHaa A.lO., OntowuH B.E., PoctoBues [1.M., 3abpopackas F0.M., ManasH IB. BO3MOXXHOCTV MHTEPCTULMaNbHON GoToau-
HaMV4eCcKoW Tepanuu B IeYeHnn rMuobnacTom ronoBHoro mo3ra // Biomedical Photonics. - 2025. - T. 14, N 1. - C. 4-19. doi: 10.24931/2413-

9432-2025-14-1-4-19

KoHTtakTbi: PoiHga A.O., e-mail: artemii.rynda@mail.ru

Introduction

Glioblastoma (2021 WHO CNS, Grade V) is the
most common primary malignant tumor of the central
nervous system [1-4]. Despite advances in oncology
and the introduction of new methods and regimens for
the treatment of malignant neoplasms of the central
nervous system into clinical practice in recent decades,
significant progress in achieving stable remission and
increasing life expectancy in this category of patients
has not been achieved [5-9]. A very low median overall
survival of 12-16 months, persistent tumor resistance
to drugs, and a high degree of diffuse, aggressive, and
invasive tumor growth indicate that the treatment of
glioblastomas remains a difficult task [10-17].

The current standard of treatment includes maximally
safe tumor resection followed by adjuvant chemotherapy
and radiotherapy [1, 2, 18-22]. Thus, even new advances
in glioblastoma surgery (using fluorescence-guided
surgery) have not fundamentally changed the prognosis
of patients, and it still remains disappointing. In addition,
patients with tumors localized in functionally significant
or deep areas of the brain are often not prescribed
surgical treatment using fluorescence navigation due to
the high risk of aggravation or occurrence of neurological
deficit in the postoperative period. To solve this problem
and potentially prolong survival while maintaining
adequate quality of life, several new approaches based
on minimally invasive or non-invasive procedures
such as brachytherapy, immunotherapy, radiosurgery,

transcranial focused ultrasound or chemoradiation
therapy have been investigated [4, 6, 9, 22-29].

Among these approaches, interstitial photodynamic
therapy (iPDT) can be considered as a promising option
based on the standard stereotactic procedure [30-
33]. Patients receive PS orally or intravenously, which
results in the appearance of the active substance in the
intravascular space of the target tissue (tumor). Due to the
dysfunction of the blood-brain barrier in the tumor area
and impaired metabolism in tumor cells, PS selectively
accumulates in malignant cells. Minimally traumatic
access is performed from one trephination hole, no
more than 1.5 cm in diameter. Then, along a pre-planned
trajectory (stereotactic marking), the fibers of the optical
diffuser are immersed in the target tumor tissue and the
tumor is irradiated with a laser source. Excitation of PS by
light causes the production of active oxygen species (in
particular, singlet oxygen), which damage and ultimately
destroy neoplastic cells. Compared to standard PDT,
standard craniotomy is not required, and the tumor
is accessed through a trephination hole. Thus, dead
tumor tissue remains inactivated in situ [34-41]. Another
advantage of the method is that normal brain tissue is
preserved due to the selective accumulation of PS in the
tumor (Fig. 1).

TheeffectsofiPDTontumortissueandits environment
are still being studied due to the abundance of processes
involved. In particular, the activation of the immune
response to the use of PDT plays a significant role. At
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T'emaTo3HIehaTHIeCKUTT
Dapwep / Blood-brain

Dorocencubuimsarop/ Ilepopasisno / Per os

Tnvoma =
Glioma

Qs Hacapxa msyuarens
(\i Attached emitter
— "
)

Photosensitizer [ﬂ\
|

wim / or
Buytpusenno / Intravenously

'COOH C7Hy;NO5

COOH C7Hy7NO; \

Puc. 1. 650K cxeMa meTofa MHTepcTULManbHON GOTOAUHAMUYECKON Tepanuiu.

Fig. 1. Block diagram of the interstitial photodynamic therapy method.

present, there is a relatively small number of clinical
studies describing the use of this technique in patients
with glioblastoma and presenting long-term results of
the study after its use [3, 8, 11, 25, 42-46].

To determine the capabilities of this technique, we
studied the intraoperative iPDT and the long-term results
of its use in a cohort of patients with glioblastoma.

Materials and Methods

Asingle-center, cohort prospective study with elements
of retrospective analysis was conducted at the Department
of Neurooncology of the Russian Research Institute of
Neurosurgery named after prof. A.L. Polenov. The study
included 7 patients of different genders and ages.

All patients signed voluntary informed consent
to participate in the study in accordance with Good
Clinical Practice (GCP) (Clinical Trials Directive 2001/20/
EC; GCP Directive 2005/28/EC; Clinical Trials Regulation
536/2014; Executive Commission (Regulation 2017/556)),
Good Manufacturing Practice (GMP) standards and the
principles of the Helsinki Declaration, 7th revision of 2013.
The study was approved by the local ethics committee at
the Russian Research Institute of Neurosurgery named
after prof. A.L. Polenova No. 4 from 12/17/2013.

The inclusion criteria for the study were:

- written informed consent;

+ age 18-75 years;

- Karnofsky performance status (KPS) =70 points;

- radiologically suspected diagnosis (according
to RANO criteria [47]) of the first recurrence of
glioblastoma located in the cerebral hemisphere,
including the insular and intermediate lobes of the
brain; tumors in the brainstem were excluded; the
first MRI (magnetic resonance imaging) with signs of

first recurrence (radiological RANO criteria for disease
progression [47]) within 8 weeks before informed
consent, not necessarily identical to the primary
tumor location, or primary glioblastoma with deep
localization without the possibility of complete
tumor removal due to the high risk of postoperative
neurological deficit;

single or single progressive presence of contrast
enhancement according to MRI, the largest tumor
diameter no more than 3.5 cm.

Exclusion criteria:

multifocal disease (more than 2 sites);

patients with significant non-contrasting areas of
tumor;

previous treatment for relapse;

presence of another malignancy;

hypersensitivity to porphyrins;

porphyria;

HIV infection, active hepatitis B or C infection;
patients with poor prognosis, such as severe ischemic
heart disease, heart failure (NYHA lII/IV), severe poorly
controlled diabetes, immunodeficiency, residual
neurological deficit after stroke, severe mental
retardation or other serious concomitant systemic
disorders incompatible with the study;

any active infection;

any psychological, cognitive, family, social condition
that, in the opinion of the researcher, compromises
the patient’s ability to understand health information
and the procedure, to give informed consent or to
comply with the study protocol;

previous antiangiogenic therapy;

participation in another interventional clinical trial
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during this study or within 4 weeks before the start
of this study;
« pregnancy or breastfeeding.
The tumor size did not exceed the maximal extension
of 3.5 ¢cm, determined by gadolinium enhancement
of the tumor on T1-weighted MRI. Viability of the

Ta6nmua 1
KnuHuyecKas xapaKTepucTMKa nauueHToB

Table 1
Clinical characteristics of patientsy

tumor tissue was previously confirmed by a minimally
invasive stereotactic biopsy procedure with subsequent
morphological examination to exclude treatment-
related effects or pseudoprogression of the tumor. The
size limitation was based on the maximum number of
light fibers per laser, since the optimal distance between

XapaKTepucTUKM NaLeHToB
cnd®aT

Bospacr (ner)

Age (years)

Mon M M
Gender m m
Nnpekc KapHoBcKoro 80 80

Karnofsky index

45 61 47 58 53 60 49

MayuneHT

CumnTombi 3a6oneBaHns
Symptoms of the disease

00LLemMo3roBas cMMNToMaTKa

general cerebral symptoms + +
CYLBOPOXHbIA CUHAPOM o

convulsive syndrome

acdasua 6e3 napesos .

aphasia without paresis

napes 6e3 adazuu +
paresis without aphasia

adasua n napes

aphasia and paresis

CropoHa nonywapus npa.as ne.as
Side of the hemisphere right left

Jlokanusauyums, gona mosra
Localization, brain lobe

NIo6HasA
frontal

BMCOYHasA
temporal

TemMeHHas
parietal

3aTblIoYHasA
occipital

Tasamuyeckasn obnactb
thalamic region

KnuHunyeckas xapakTepucTuka onyxonm
Clinical characteristics of the tumor

MakcumanbHbI pa3mep onyxonuv, Mm 29 25
Maximum tumor size, mm

nepBrYHaA onyxonb

primary tumor +

I'IepBbIVI peunane onyxonu
first tumor recurrence

BIOMEDICAL PHOTONICS

X M X M X
f m f m f
90 80 80 80 90
+ + + +
+
+
npa.as npa.as nesas neBas npa.as
right right left left right
+
+
+
+
+
20 23 19 22 27
+
+ + + +
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CreneHb 3/10Ka4eCTBEHHOCTUN onyxonu

no BO3 1% 1%
Grade,WHO

CreneHb BO3 npun nepBoHayanbHOM

AnarHose v

WHO grade at primary diagnosis

CraTyc meTunupoBaHusa npomoropa MGMT
MGMT promoter methylation status

METUIPOBAHHbI

methylated + + +
HemMeTUIMPOBaHHbIN
unmethylated + + + +
MyTtauwmsa IDH
IDH mutation
OUKNIA T
wild type + + + + + +
MyTMpOBan +
mutated
Bpems npe6biBaHuA B cTaLOHape,
AHN 6 5 7 5 4 5 6
Duration of hospital stay, days
KonuuectBo onepauuii
Number of operations 3 “ “ 3 2 2 3
JlyueBas tepanus, COA l'p
Radiation therapy, STD Gr e 1240 [ 1240 e 2 1240
Famma HoX, Kn6ep Hox
Gamma knife, Cyber knife na/yes na/yes
Xumunorepanua
Chemotherapy
nepBas NUHUA, KONNYECTBO KypCOB 7 T™3 5T1m3 10 TmM3 8 M3 7 T™M3 11 ™™m3 9 T™™3
first line, number of courses 7 tmz 5tmz 10 tmz 8tmz 7 tmz 11 tmz 9tmz
Jiomy-
CTVH + aBacTuH
27TM3 + BUHKPW- 3T™M3 + + npu-
BTOpPas NMHWA, KONNYECTBO KypCoB aBacTuH PCV CTVH aBacTuH PCV HOTeKaH 41M3
second line, number of courses 2tmz + lomu- 3tmz + avastin 4tmz
avastin stine + avastin + irino-
vincri- tecan
stine
aBacTVH
+ npu-
TPEeTbA INHKA, KONIMYECTBO KypCoB 3T™m3 HOTeKaH pCV pCV
third line, number of courses 3tmz avastin
+irino-
tecan
Be3speuungnBHaa BbKMBaeMOCTb, MecC
Progressive-free survival (PFS), months 12 19 ¢ e 12 = i
O6Lwan BbXKMBaeMOCTb, MeC 36 19 21 17 28 61 22

Overall survival (OS), months

light diffusers is about 7-9 mm, which is necessary for
precise tissue irradiation without causing critical thermal
effects. Detailed clinical characteristics of the patients are
presented in Table 1.

Technique of the conducted interstitial photodynamic
therapy

Photoditazine (OOO Veta-Grand, Russia) (Fig. 2A)
with the active substance chlorin e6, diluted in 200 ml of

physiological solution at the rate of 1 mg of the drug per 1
kg of the patient’s body weight, administered to the patient
intravenously 2 hours before the expected placement of
the trephination hole for PDT, was used as the PS.
Preoperative planning was performed using software
for spatially precise intra-tissue irradiation of the tumor
volume. The target tumor tissue volume to be irradiated
was determined after combining multimodal CT
(computed tomography) images (contrast-enhanced
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CnexTpeI NorowWweHwA XA0pHHa e6/ Absorption spectra of chlorin e6.
350 400 450 500 550 600 850 700

onTuueckan nnoTHocTs / optical density

350 400 450 500 550 600 650 700

ANMHa BOMKYI, kM / wavelength, nm

Puc. 2. OcHaweHue ana u®AT: A — dotoguTasuH; B — cnekrtp
nornoweHus xnopuHa e6; C — uunuHapuydeckuin aucddysop nasep-
HOro U3ny4yeHus B paboyem coctosiHuu; D — popmbl guddysopos;
E - WCTOYHMK u3Ny4yeHUss NONynpoBOAHUKOBLIN nasep <Jlatyc
2,5»; F — cnektpoaHanusartop JIACA-01-BUOCTIEK; G — cBeToBOA.
Fig. 2. Equipment for iPDT: A — photoditazine; B — absorption
spectrum of chlorin €6; C - cylindrical diffuser of laser radiation
in working condition; D — shapes of diffusers; E — radiation source
semiconductor laser “Latus 2.5”; F — spectrum analyzer LESA-01-
BIOSPEC; G - light guide.

scanning, 0.6 mm axial slices) with preoperative
gadolinium-enhanced MRIand PET-CT (positron emission
tomography) (Fig. 3). The images were loaded into a
computer and processed using the Gamma Multivox
2D/3D automated workplace software (AWP) for image
summation and construction of a 3D tumor model.

At the next stage, simulations were performed for
the iPDT parameters taking into account the obtained
tumor volume and its spatial location according to the 3D
simulation at the previous stage. Thus, for iPDT simulation,
the software of the integrated Monte Carlo simulation
platform was used for light delivery from the laser source
and control of the thermal effect from laser radiation
exposure. Figure 4A shows an overview of the integrated
Monte Carlo simulation platform. The simulation platform
processes the parameters from the user and performs
an analysis of heat dissipation, light propagation and
energy absorption. It is possible to determine the best
PDT mode, which will be most effective for activating the
photosensitizer. The software of the integrated Monte
Carlo simulator made it possible to carry out iPDT taking
into account five important criteria, including: the degree
of light penetration; the rate of energy absorption; the
level of uniform energy absorption in the tumor tissue; the
time required to deliver the target volume of light energy;
the range of temperature change.

Thus, using the software interface based on the
integrated Monte Carlo modeling platform, a numerical
analysis of the propagation and absorption of light
(photon) and heat dissipation in the brain tissue and
tumor (Fig. 4A, B) was performed. The platform allowed
to select the number of laser radiation sources, the light
spectrum (wavelength of the radiation spectrum), and
the formation of an integrated analysis of the obtained
data, taking into account the photosensitizer. Using the
program, results for assessing heat dissipation, light
absorption, and delivery of light energy to the target
tissue were obtained, which made it possible to select the
most effective iPDT mode. Figures 4B—F show the results
for the photosensitizer chlorin e6 (photoditazine), which
has an absorption peak at 400 and 662 nm, respectively.
For the calculations, we used a three-dimensional
spherical tumor model obtained from the preoperative

MPT € KOHTPAaCTHbIM
ycunenvem /
MRI with contrast

KT ¢ KOHTpPaCcTHbIM
ycunenuem /
CT with contrast

MIT-KT /
PET-CT

u3obpaskeHnin MPT, KT, N3T-KT ¢
3D
computer combination of MRI, CT, PET-
CT images with 3D tumor modeling

3D moaenb onyxonu
/ 3D model of tumor

Puc. 3. NMnaHnpoBaHue npeanonaraemoro o6bema o6/)y4eHUs No AaHHbIM HEPOBU3yalu3aLMOHHbIX METOAUK C NocieayoLwein cymma-
uMen nsobpaxkeHui n noctpoexus 3D moaenu, 3arpy3Koi nocneaHen B nporpamMHoe NpuioxKeHue ana pacyeta napametpos MOAT u
WHTpaonepaunoHHOro NJAaHMpoBaHUSA JOCTYNa K ONyX0/u.

Fig. 3. Planning the expected volume of irradiation based on neuroimaging data, followed by image summation and construction of a
3D model, loading the latter into a software application for calculating iPDT parameters and intraoperative planning of access to the
tumor.
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3D modeling data. Figure 4C shows heat maps and heat
dissipation graphs depending on the wavelength under
constant (upper figure) and cyclic illumination (lower
figure). The results showed that there was no detectable
temperature change at any given setting, limiting
damage to surrounding normal brain tissue due to
thermal scattering from the laser sources during device
operation in the cycling setting. Figures 4E,F summarize
the performance comparisons across five criteria (degree
of light penetration into target tumor tissue; energy
absorption rate; level of energy absorption uniformity
across the tumor volume; time required to deliver the
target light energy; and range of temperature change)
and show the light absorption distribution across the
tumor volume for chlorin e6 (Figure 4E). We specified and
calculated these variables in the simulations to provide
detailed information on the critical variables in obtaining
the results. Specifically, we assessed the ability of light
to penetrate different types of media, such as gray
and white matter, perifocal brain edema, and tumors
(including cystic and solid components), for each light

source. The energy absorption coefficient in the tumor
was calculated in accordance with the light spectra, as
well as the time to reach the threshold energy significant
for tumor growth suppression. The results obtained
under different conditions (wavelength) showed that
the optimal condition for chlorin e6 is achieved with a
combination of wavelengths of 400 and 662 nm and 25%
of the irradiation working cycle.

The actual iPDT technique was as follows. After
accessing the tumor along a special, pre-set trajectory
of preoperative marking, an intraoperative analysis
was performed for the presence of photosensitizer
accumulation in the tumor tissue and the intensity of its
luminescence. After receiving a positive result (maximum
light emission by chlorin e6), a biopsy of the tumor was
taken and sent to the histological express laboratory
at the research laboratory of pathomorphology of
the nervous system of the Russian Scientific Research
Institute named after prof. A.L. Polenov located in the
same building. Within 15-20 minutes, the morphological
result of the biopsy was obtained. After confirmation that

u3nyuenme / Visible irradiation
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sensors at different distances
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Fig. 4. Schematic diagram of the simulation of parameters for conducting iPDT sessions. A — overview of the integrated software
simulator for conducting iPDT — PDTsimulation Monte Carlo; B — cross-section of the tumor tissue model for calculating the iPDT session
and parameter control; C — light scattering and heat map at a wavelength of 662 nm for the activation of chlorin €6; D — graph of the
heat removal temperature in the full-duty cycle mode; E — calculation of the absorbed dose from the laser source depending on the
distance from the radiation source, and taking into account the effect of light attenuation in the brain tissue; F — the best iPDT mode for

chlorin e6 activation taking into account the optimization.
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the biopsy material contained a tumor (glioblastoma),
the next stage of iPDT was performed. Thus, the viability
of tumor tissue was confirmed before iPDT using a
minimally invasive stereotactic biopsy procedure with
subsequent morphological examination to exclude
treatment-related effects or tumor pseudoprogression.

When planning the procedure for introducing the
laser radiation source with subsequent tumor irradiation,
special equipment was used. Technically, the procedure
was feasible in all expected cases. Intratissue irradiation
was performed (from the target point with maximum
luminescence emission according to spectroscopy data)
using a laser (Latus 2.5 (Atkus, Russia)) (Fig. 2E) with
a wavelength of 662 nm and a maximum power of 2.5
W, an optical fiber cable (Fig. 2D) and using cylindrical
scattering fibers (Fig. 2C). The fibers for delivering light
from the laser radiation source consisted of 4-6 cylindrical
diffusers with a diameter of 600 um and a length of 20 or
30 mm.The length of the diffuser was at least equal to the
extent of the tumor along the trajectory of introduction.
These fibers were introduced into the tumor tissue
using a stereotaxic approach. The energy illumination
was assessed using the “Optical power meter QB230”
(ADVANTEST Corp., Japan).

Using the intraoperative spectral online monitoring
technique (LESA-01-BIOSPEC laser electron-spectral
system (Russia) (Fig. 2F)), it was possible to monitor the
transmission of emitted light between the fibers and
the fluorescent light of chlorin e6. The system consists of

Ta6nauua 2
UHguBuayanbHble napameTpbl 1a3€pPHOro U3yyeHus

Table 2
Individual parameters of laser radiation
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a laser source for excitation of the photosensitizer and
a miniature universal spectrometer for recording and
analyzing the fluorescent signal. During most irradiation
sessions, chlorin e6 fluorescence before illumination
was characterized as “good” and then decayed during
irradiation. This fact, at least in cases with good
postoperative gradation of light transmission, indicated
a significant consumption of chlorin e6, as expected, due
to photobleaching of this photosensitizer. The technique
of spectral online monitoring allowed local determination
of the degree of accumulation of the photosensitizer
in the tumor tissue and normal brain tissue accessible
to the fiber-optic probe. For the assessment, special
software running in the Windows operating system was
used, which made it possible to compare the degree
of accumulation of the photosensitizer in the tumor
tissue with the standard or with normal brain tissue. The
procedure for collecting tissue samples was carried out
under the guidance of intraoperative smear preparations,
which usually guaranteed the selection of both solid
and necrotic areas of the tumor. For histopathological
examination, tissue probes were used and the density of
tumor cells, the presence of necrosis, vascular proliferation,
tissue proliferation of the tumor (Ki-67 index, P53), and
molecular genetic analyses, such as determining the
methylation status of the MGMT promoter, and IDH status
were analyzed.

At each target point (according to both preoperative
planning and intraoperative spectroscopy data) along
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the route of the light emitter, at least one irradiation
session was performed. In case there was a residual
level of photosensitizer accumulation after irradiation,
according to spectroscopy data, a repeat irradiation
session was performed in this area. The total irradiation
duration did not exceed 15 min (Fig. 2G). The exposure
dose of light was calculated based on the geometry
and size of the tumor using the integrated Monte Carlo
modeling platform. The light dose averaged 180 J/cm?
(Table 2).

After the session, to avoid light damage to the retina
due to the presence of traces of chlorin e6, the patient
was in opaque glasses and a dimly lit room for the next
24 hours.

Assessment of the safety and tolerability of the treatment
method

Complications that developed during iPDT treatment
were considered any postoperative complications
that developed within 2 months after surgery. The
severity of the reaction and frequency were assessed
in accordance with the unified terminology criteria
for assessing the severity of adverse events (CTCAE)
(version 5) dated 11/27/2017 [48]. In the postoperative
period, the patient’s complaints were assessed (daily,
until discharge), somatic (including dermatological
manifestations) and neurological status (daily, until
discharge), ophthalmologist examination (at least 2
times before discharge, 1 and 2 months after surgery),
electroencephalogram and electrocardiogram (at least
1 time before discharge) were assessed. Laboratory tests
(clinical blood test, clinical urine test, biochemical blood
test, coagulogram) were also performed on the 1st, 3rd
and 7th day after surgery, before discharge from the
hospital, 1 month and 2 months after surgery.

Statistical analysis

All analyses were performed using SPSS (version 20,
IBM Corp.). Descriptive survival was analyzed using the
Kaplan-Meier method, p-values <0.05 were considered
significant.

Results

Before iPDT fiber placement, 7-13 tissue samples were
collected along one of the planned treatment trajectories.
3-7 samples were used for histopathological evaluation
and molecular genetic analysis, and 4-9 samples were
collected for chlorin e6 concentration studies. The
diagnosis of glioblastoma was morphologically verified
in all patients.

Fluorescence intensity was analyzed in all patients.
Almost all patients had high chlorin e6 fluorescence
before irradiation, which also showed high chlorin e6
concentration in the extracted tissue, in parts of the
tumor. The mean chlorin €6 concentrations measured

along the biopsy trajectories ranged from 1.5 to 3.1
WM. The strongest chlorin e6 fluorescence intensity was
found in patient 1, which was consistent with the chlorin
e6 extraction values in the biopsy tissue, which were also
among the highest among all patients. Slight chlorin e6
fluorescence was found in one patient, although one
tissue sample showed a high chlorin e6 concentration.
This tumor was characterized by an extensive area of
necrosis.

Spectral measurements performed before and
after iPDT showed high chlorin e6 fluorescence before
irradiation and very low chlorin e6 fluorescence after
irradiation, indicating significant photobleaching.

Postoperative MRl image analysis

Postoperative MRI performed within 24 h after iPDT
showed minimal (3 patients (42.9%)) or no (4 patients
(57.1%)) contrast enhancement in the iPDT treated area,
at a distance of about 15 mm from the irradiation center.

Various pre-processing techniques were applied
beforeimage analysis. First, MRI data recorded at different
time points were positionally aligned with each other.
This was done automatically using the Gamma Multivox
2D/3D AWP software package, followed by manual checks
and adjustments. All images, settings and segmentations
were reviewed by experienced neuroradiologists. Figure
5 shows as an example the regions of interest in one
patient, such as the tumor volume (consisting of the
contrast enhancement area in T1 mode and the necrosis
area), the perifocal edema area, the expected iPDT effect
area and the area of changes after iPDT. The PDT effect
area appeared after the PDT session.

Segmented volumes were rounded to the nearest 3
mm, since higher accuracy was not meaningful based
on the physical resolution of the image. The necrosis-
to-tumor ratio (NTR) was calculated for each case before
treatment by dividing the necrosis volume by the tumor
volume, according to Henker C. et al. [19].

Thus, the volume of tissue exposed to phototoxic
effects from laser radiation was determined based on
postoperative MRI data. The average calculated size of
the phototoxic effect from one diffuser fiber was 3.1 x
2.7 x 2.8 cm. The average total target volume of involved
tumor tissue from one diffuser was 3.57 £ 0.32 cm®.

Immediate results

Transient clinical deterioration was recorded in 2
patients (28.6%), which was mainly due to increased
perifocal edema and/or some hemorrhagic imbibition
in the irradiation zone in the early postoperative period.
However, these changes were not associated with direct
traumatic effects due to the individual trajectory of the
laser tip and tumor vessels. These patients showed an
increase in neurological deficit in the early postoperative
period (an increase in hemiparesis from 4 points to 2

12

BIOMEDICAL PHOTONICS T. 14, Ne 1/2025



Rynda A.Yu., Olyushin V.E., Rostovtsev D.M., Zabrodskaya Yu.M., Papayan G.V.
Possibilities of interstitial photodynamic therapy in the treatment of brain glioblastoma

points in one patient and the appearance of dysarthria
and dysphasia in the second patient). Only one patient
with hemiparesis showed an increase in neurological
deficit after surgery, which persisted for more than 5
weeks. However, the symptoms significantly regressed
within 5 weeks after iPDT even without hormonal
therapy, which was avoided in order not to interfere with

the possible immunological effects of PDT. Moreover, the
development of postoperative complications did not
depend on the volume of the tumor.

Adverse reactions associated with the use of
photoditazine according to the CTCAE criteria were not
detected in patients, which can be explained by the small
group of patients.

preoperative MRI

npegonepaunoHHoe MPT nocronepaumoHHoe MPT 24 4 nocronepauuoHHoe MPT 96 4
postoperative MRI 24 h

postoperative MRI 96 h

Puc. 5. OueHka MPT go v nocne nd[T, nokazaHHas B KayecTBe npumepa y o4HOro nauneHta. CermeHTMpoBaHHble 06beMbl, 0603HaY€EH-
Hbl€ LIBETOBbIMU HaNnoXeHUsaMu Ha nsoopaxeHusax MPT (T1-pexum) (1 — 30Ha nepudoKanbHOro oteKa (KpacHas), 2+3 — 06beM onyxonau
C ycuieHueM KoHTpacTta B T1-pexkume (2 — coNUAHbI KOMNOHEHT (PproneToBbli), 3 — 30Ha HEKPO3a (3eneHblin)), 4 — npeanonaraemas
30Ha Bo3aencTBus oT UPAT (cuHuUit), 5 — 30Ha U3MeHeHui no gaHHbiM MPT nocne M®AT (3kenTbiit)).

Fig. 5. MRI evaluation before and after iPDT, shown as an example in one patient. Segmented volumes indicated by color overlays on
MRI images (T1-weighted) (1 — area of perifocal edema (red), 2+3 — tumor volume with contrast enhancement in T1-weighted (2 - solid
volume (purple), 3 — necrosis volume (green)), 4 — estimated area of iPDT effect (blue), 5 — area of changes according to MRI data after

iPDT (yellow)).
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Fig. 6. Overall and progression-free survival of patients: A — overall survival (0S);
B - progression-free survival (PFS); C — overall survival depending on MGMT; D -
progression-free survival depending on MGMT.
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Remote results

Catamnesis was monitored in all patients. The duration
of observation after iPDT was up to 61 months. The cause
of death was tumor progression. The median overall
survival from the first diagnosis of malignant glioma to
death was 28.3 months. The median relapse-free survival
was 13.1 months. The median time between the first
diagnosis and the course of iPDT was 10.8 months.

MGMT status played a significant role in the
outcome of patients with iPDT. Patients with MGMT
promoter methylation survived longer than those with
unmethylated MGMT by a median of 22.1 months (based
on median overall survival) and remained progression-
free for an additional 9.3 months (based on median
relapse-free survival) (Fig. 6C,D). The median overall
survival for patients with MGMT promoter methylation
was 41.3 months, while for patients with unmethylated
MGMT it was 18.6 months (p<0.005). The median relapse-
free survival was 18.6 months for patients with MGMT
promoter methylation and 9.3 months for patients with
unmethylated MGMT (p<0.005). This is usually explained
by a higher sensitivity of tumor cells to adjuvant
chemotherapy with temozolomide. In cases of relapsed
glioblastoma treated with iPDT, no survival advantage
was found for the methylated MGMT promoter
compared to the unmethylated MGMT promoter. This

npegonepauuorHHoe MPT MPT yepes 24 yaca nocne AT
preoperative MRI

MRI 24 hours after PDT
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Y 901
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may be due to higher resistance of the tumors of these
patients to chemotherapy due to inhibition of apoptosis
or upregulation of genes causing multidrug resistance.

Clinical example

Patient K., 45 years old, first relapse of glioblastoma
after surgical treatment, 60 Gy RT course, temozolomide
chemotherapy. iPDT with chlorin e6 was performed with
assessment of photosensitizer accumulation in tumor
tissue during surgery and assessment of fluorescence
intensity according to spectroscopy data. MRl images with
gadolinium contrast enhancement in T1 mode before
and 24 hours after surgery and 3 months after surgery are
presented below (Fig. 7).

Discussion

Glioblastoma is the most difficult to treat of all
primary brain tumors. Factors determining the prognosis
of this disease include such factors as age and working
capacity status before treatment, the volume of tumor
resection during surgery, the volume of postoperative
radiation therapy and chemotherapy, and molecular
genetic factors of the tumor [1, 2, 7, 9, 14, 29, 41]. The
extremely low median survival time in patients with
glioblastoma indicates that there is currently no effective
treatment for this category of patients. To improve the

MPT yepes 3 mecaua
MRI after 3 months

Puc. 7. KnuHnyeckunin npumep nauuneHt: A — MPT ronos-
Horo mo3ra 1,5 Tecna ¢ KOHTPacTHbIM YCU/IEHUEM rafo-
nuHMeM (nepep onepauuen, Yyepes 24 4 nocne one-
pauuu u 4yepes 3 mMec nocsie onepauuu) akcuanbHble
cpesbl; B — cneKkTpanbHblii aHanu3 dnyopecueHuuu B
o6GnacTtu LeneBoin onyxoneBon TkaHu (go AT, u nocne
®AT B pnose 180 k/cm®); C — GUONCUIAHDBIA MaTepun
OMyXONM MNONYyYEeHHbIH in vivo po MPAT Gbin GbICTPO
obpa6oTaH, 3adpukcupoBaH B 4% napadopmanbaeruae,
3anuT B napaduH, Hape3aH Ha MUKPOTOME U NOABEPTHYT
OKpallMBaHUIO reMaToOKCUIMHOM-303uHOM (H&E); mac-
wrabHasa nuHerika 50 MkMm. MpeactaBneHHble U3obpa-
JXEHUS BbINOJIHEHbI B 3 peXXUMax: B peXume o6bl4HOro
cBeTa U Noj UCTOYHMKOM CUHErO LBeTa (Mo3BONSIOLEro
BuAEeTb GhyopecLeHUUIo XJIopuHa €6 B TKaHU Onyxonu);
B PEXMME TONbKO OGbIYHOrO cBeTa, 6e3 MCTOYHMKa
CUHEero cBeTa; B PEeXMUMe OTCYTCTBUS 0ObIYHOI0 OCBeLLe-
HUSA, HO B PEXXMME CUMHEro LiBeTa NO3BONSIOLLErO BUAETb
dnyopecueHumio xnopuHa e6.

Fig. 7. Clinical example of a patient: A — MRI of the brain
1.5 Tesla with contrast enhancement with gadolinium
(before surgery, 24 hours after surgery, and 3 months
after surgery) axial sections; B — spectral analysis of
fluorescence in the area of the target tumor tissue
(before PDT, and after PDT at a dose of 180 J/cm?); C
— tumor biopsy material obtained in vivo before iPDT
was rapidly processed, fixed in 4% paraformaldehyde,

XNIOPUH €6 + cBeT + XNOpUH €6 — cBeT +
chlorin e6 + led + chlorin e6 - led +

XNOpPUH e6 + ceeT —
chlorin e6 + led —

embedded in paraffin, cut on a microtome and stained
with hematoxylin and eosin (H&E); scale bar 50 ym. The
presented images were obtained in 3 modes: in normal
light mode and under a blue light source (allowing to see
chlorin e6 fluorescence in the tumor tissue); in normal
light only mode, without a blue light source; in the
absence of normal lighting, but in the blue light mode
allowing one to see the fluorescence of chlorin e6.

14

BIOMEDICAL PHOTONICS T. 14, Ne 1/2025



Rynda A.Yu., Olyushin V.E., Rostovtsev D.M., Zabrodskaya Yu.M., Papayan G.V.
Possibilities of interstitial photodynamic therapy in the treatment of brain glioblastoma

prospects for patients with glioblastoma, it is necessary
to provide a larger range of treatment methods against
this malignant tumor in the future [2,9, 11, 18].

According to the literature, 90-95% of all
glioblastomas recur within 2 cm of the primary tumor
margin. The remaining 5-10% of recurrences beyond this
2-cm margin can be called distant recurrences. The high
rate of local recurrences may be due to insufficient local
eradication of tumor cells. One explanation may be that
the tumor margins visible on conventional MRI do not
include tumor cells disseminated into the surrounding
tissues of the perifocal zone [5, 9, 19, 28, 33, 38].

At the present time, the first step of treatment is to
perform the safest possible resection in order to remove
as much of the tumor as possible and to avoid the
development of neurological deficit. PDT is one of the
methods studied in recent decades, which allows increasing
the radicality of the surgical intervention, with a minimal risk
of complications, and has recently been increasingly used
in neurosurgical practice. The effect of PDT is based on the
destruction of tumor cells through a complex mechanism of
direct cellular damage caused by singlet oxygen generated
by the excitation of the photosensitizer accumulated inside
the tumor cells, as well as indirect effects such as damage
to the intima in microvessels inside the tumor, embolic
mechanisms caused by blood stagnation due to spasm of
arterioles, and inflammatory reactions of immune cells [6,
8,9,11,17,25].

The current issues related to iPDT that remain at the
present time are: selection of a light diffuser with suitable
geometry for the application of optimal photostimulation
of tumor tissue; determination of the optimal number
of diffusers for introduction into the tumor in order to
maximize the therapeutic effect while minimizing the harm
associated with the introduction of the diffuser through
normal brain tissue; the correct choice of tumors of suitable
size, anatomical location and geometry for greater safety
and effectiveness of iPDT [12, 14, 19, 27, 29, 35, 38].

Another problem with iPDT is the uniform delivery
of photostimulation to achieve adequate energy flux to
the maximum tumor volume without causing thermal
damage to normal brain tissue. Model experiments
studying light delivery have determined the optimal
geometry of light guides for iPDT. Cylindrical light
diffusers have a larger emitting surface area with a lower
energy flux velocity at the tissue/light emitter interface
than flat split fibers [27]. Thus, light delivery through a
cylindrical diffuser improves photon distribution with
reduced sensitivity to local tissue absorption variability,
thereby distributing the radiation over a larger tissue
volume than flat split fibers. However, the light flux falls
faster from a flat fiber, which is useful when treating
a tumor in close proximity to functionally significant
areas of the brain. Thus, the light diffuser geometry as
well as the total number of diffusers required to safely

treat the tumor are factors that should be considered
preoperatively to achieve optimal iPDT [33, 38, 42].

The dose of light delivered during iPDT is another
important factor in this technique. The applied
dosimetric model should take into account the type of
photosensitizer.Atthe sametime, toachievethemaximum
therapeutic effect of iPDT, it is necessary to calculate the
flow rate to achieve maximum photobleaching of the
photosensitizer in the tissue (more than =95%). Thus,
in the case of iPDT with 5-aminolevulinic acid (5-ALA),
modeling shows that maximum photobleaching is
achieved at a distance of about 4 mm from the surface
of the light diffuser emitting a power of 200 mW/cm?
for 1 h. Based on the expected volume of tissue affected
by photoirradiation, the optimal interfiber distance of
photodiffusers in iPDT should be about 10 mm, and the
maximum photostimulation power should not exceed
200 mW/cm?, since the threshold value at which the
risk of tissue temperature increasing above 48°C (the
threshold at which thermal side effects become a factor)
increases significantly [4, 30].

Software for optimizing iPDT delivery has been
developed over several decades [16]. One of the approaches
uses co-registration of contrast-enhanced magnetic
resonance imaging and positron emission tomography
with stereotactic computed tomography images to
provide virtual trajectory planning and positioning of light
scatterers within the tumor [30]. The goal is to virtually plan
the implantation of the optimal number of light scatterers
to ablate the tumor without damaging adjacent vasculature
or traversing functionally important brain areas.

In this study, we explored the potential of iPDT as part
of a combination treatment for glioblastoma to motivate
scientists and clinicians to further study this promising
therapeutic option. iPDT is applied by stereotactically
inserting a fiber optic cable into the tumor and delivering
a photoemitter (laser light source) to the tumor tissue
after pre-injection of a photosensitizer into the patient.
The use of iPDT is similar to laser interstitial thermal
therapy (LITT) for the treatment of glioblastoma, as both
are minimally invasive stereotactic methods, but iPDT
has the additional advantage of selectively targeting
tumor cells [6, 8,9, 11, 17, 28, 37, 39].

Analyzing the data of the research results, as well
as data from available literary sources reporting on the
use of iPDT as one of the methods in the treatment of
glioblastoma, it is quite difficult to conduct a direct
meaningful comparison of them, due to the pronounced
heterogeneity of the treatment groups in different
studies. The results of using the iPDT technique in patients
with malignant gliomas depending on the year of work,
the type of photosensitizer and the PDT parameters of
some studies are presented in Table 3.

In our cohort of patients treated with iPDT, 5 of 7
patients had distant recurrence (outside the site of iPDT).
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Results of the use of iPDT in patients with malignant gliomas by different authors

Roza ®C, mr/kr

JANviHa BOJHDbI, HM

[lo3a o6nyueHus, x/cm®

MepuaHa o61Lei1 BbKUBAaeMOCTH, MeC

MepunaHa BbnKnBaemMmocTi 6e3 nporpec-
cMpoBaHmnA, mec

Muller PJ. lfemaTonopduprH BHYTPVBEHHO HeT AaHHbIX
[35] 18 AA Hematoporphyrin intravenously 17,1) n/a
22 GBM
18 AA
Powers SK. 1991 6 1TBM  TemaTtonopdupuH BHYTPUBEHHO 24 2 630 400 05-11 HeT faHHbIX
[45] 1IC  Hematoporphyrin intravenously n/a
4AA
1 GBM
1GS
4 AA
Origata- 1993 15 8IBM  Tematonop¢upuH BHYTpUBEHHO 48 -72 2 630 50 8-16  HeT faHHbIX
moT.S.[37] 6 AA  Hematoporphyrin intravenously n/a
10A
8 GBM
6 AA
10A
KostronH. 1996 50 [BM  lematonopdupuH BHYTpUBEHHO 24-72 2,5 630 15- 10TP 13
[46] GBM  Hematoporphyrin intravenously 260 191T
10GR
19 GP
MullerPJ. 1996 20 11TBM TematonopdupuH BHyTprBeHHO 12-36 2 630 15- 9, 2TBM HeT faHHbIX
[9] 9AA  Hematoporphyrin intravenously 110 12 AA n/a
11 GBM 9,2 GBM
9AA 12 AA
Krishna- 2000 17 12[BM T[ematonoppupvH BHYTPVBEHHO 24-72 2 630 1500- 16,4AA HeT faHHbIX
murthy S. 5AA  Hematoporphyrin intravenously 5900 3,8BbM n/a
[43] 12 GBM 16,4 AA
5AA 3,8 GBM
Stummer 2007 1 BM 5-AJIK nepopasnbHO 24 20 633 1200 HeTfaH- HeT AaHHbIX
W.[33] GBM 5-ALA per os HbIX N/a n/a
BeckTJ. 2007 10 BM 5-AJIK nepopasnbHO 1 20 633 939- 15 HeT faHHbIX
[30] GBM 5-ALA per os 2304 n/a
KanekoS. 2008 20 167BM T[ematonopdupuH BHYTpMBEHHO 24-48 2 630 180 20,5 HeT faHHbIX
[44] 4AA  Hematoporphyrin intravenously n/a
16 GBM
4 AA
KanekoS. 2011 26 18[BM [ematonopdupvH BHYTPVBEHHO 24 -48 2 630 180 15 HeT AaHHbIX
[44] 6 AA  Hematoporphyrin intravenously n/a
18 GBM
6 AA
Johans- 2013 5 BM 5-AJIK nepopanbHo 5-8  20- 635 720  31n9(2), >29(3)
son A.[16] GBM 5-ALA per os 30 >29(3)
SchwartzC. 2015 15 'BM 5-AJIK nepopasnbHO HeT 20— 633 12960 34-37 16
[29] GBM 5-ALA per os naHHbIX 30
n/a
LietkeS.[6] 2021 44 371BM 5-ANK nepopanbHo  3-5 20 635 5760- 39,7 13
7AA 5-ALA per os 17 388
37 GBM
7AA
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QuachS. 2023 16 '6M 5-AJIK nepopasnbHO 3 20 635 969 - 28 164
[41] GBM 5-ALA per os 5760
Rafae- 2023 10 71BM 5-AJIK nepopasbHO 4 20 635 234- 36,3 16,3
lyan AA. 3AA 5-ALA per os 104
[26] 7 GBM
3AA
RyndaA. 2025 7 7 BM X/TOPVIH €6 BHYTPUBEHHO 2 1 662 180 28,3 13,1
7 GBM chlorin e6 intravenously

*BM - rnnobnactoma, I'C — rnnocapkoma, AA — aHannacTnyeckas actpounTtoma, OA — aHannacTnyeckas onuropgergpornmoma, GP — nepsuyHas

rnmo6nactoma, GR - peumarBHas rmmoobnactoma.

*GBM - glioblastoma, GS - gliosarcoma, AA — anaplastic astrocytoma, OA — anaplastic oligodendroglioma, GP - primary glioblastoma, GR - recur-

rent glioblastoma.

According to the above criterion, it can be concluded that
there is a lower proportion of local recurrences after iPDT
compared with other treatments. However, no correlation
was found between the distance of recurrence from
the primary tumor and any other parameter evaluated.
In our study, the median overall survival from the first
diagnosis of malignant glioma to death was 28.3 months.
The median recurrence-free survival was 13.1 months.
Moreover, MGMT status played a significant role in the
treatment outcomes of patients with iPDT.

Conclusion

In this study, we evaluated neuroimaging data, patient
characteristics, and tumor molecular biological and
cytogenetic data, which were collected and evaluated
retrospectively. A thorough preoperative planning of the
iPDT session was performed, taking into account multiple
physical and biological parameters, using dedicated
software.The MRlimages obtained after iPDT were analyzed.
In order to identify potential survival-related factors, various
available parameters were examined for correlation with
survival data. We also aimed to explore the potential of iPDT,
and to motivate further research on this important topic
and lay the foundation for future studies.

In conclusion, it should be noted that iPDT shows
promising results regarding overall and relapse-free
survival in the structure of complex treatment of patients
with glioblastoma. At the same time, technical and clinical
issues related to the small number of patients in the existing

studies remain, which should be resolved in the future
to determine the tactics of using iPDT and to develop a
standard for the use of this technique in the treatment of
malignant tumors of the central nervous system.

In the future, iPDT can also be combined with other
treatment methods in order to be able to affect as many
tumor cells as possible, with the initiation of a wide range
of tissue and cellular processes that can help in the fight
against this invasive tumor malignancy. To improve the
control of tumor growth at a distance, a combination with
immunotherapy or sonodynamic therapy may be of interest.

Interstitial PDT of gliomas remains a challenging
procedure due to the limited depth of light penetration
into the brain tissue, complex planning and implantation
oftheirradiator,and potential risk of clinical deterioration,
especially after treatment in functionally important brain
areas. However, iPDT may be a promising treatment
option in a population of patients with a high risk of
postoperative neurological deficit. It does not interfere
with, but rather may complement, other treatment
options for this disease, such as repeat radiotherapy
and chemotherapy. iPDT remains a potential option
for deep-seated gliomas in patients with high surgical
risk and in case of tumor recurrence. Hospital stay with
iPDT is significantly shorter, which reduces the cost of
hospitalization. Patients treated with iPDT may receive
adjuvant treatment more quickly than patients with
standard craniotomy. These data strongly support further
studies in controlled prospective settings.
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Abstract

A new method has been proposed for the treatment of gunshot wounds complicated by nosocomial microflora. The method is based on the
treatment of wounds with high-intensity pulsed optical radiation of a continuous spectrum in the wavelength range from 200 to 1100 nm. A
pulsed xenon lamp is used as a radiation source. The effect of high-intensity pulsed wide-spectrum optical radiation and low-intensity continuous
UV radiation with a maximum at a wavelength of 272 nm and a half-width of the spectrum of 12 nm on the course of the wound process in a
gunshot injury was compared. It has been shown that the effect of such radiation on tissues with signs of purulent-inflammatory process provides
an antibacterial effect and stimulates tissue regeneration. At the same time, high-intensity wide-spectral optical radiation has a more pronounced
anti-inflammatory effect and contributes to the earlier development of tissue regeneration compared with low-intensity narrow-spectrum UV
radiation. However, the use of high-intensity optical radiation requires an individual dosage for each phase of the wound process.

Keywords: pulsed wide-spectrum phototherapy, gunshot wound, optical radiation, antibacterial effect, tissue regeneration
Contacts: Kamrukov A.S., e-mail: kamrukov@bmstu.ru
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UMIYJIbCHAS LUMPOKOCIEKTPAJIbBHAS POTOTEPAINUA
OIHECTPEJIbHbIX PAH MATKUX TKAHEU

B.B. barpos', A.H. bo6un?, B.A. bo6bines?, J1.1O. Bonogun', [1.B. Nasbigos?3,

A.C. Kampykos', A.B. Kongpatses', M.B. Hectepoea?, M.C. MNeuepckas?, A.B. ®arees?,
M.A. Weppuna?, H.b. caynenko?

"MOCKOBCKMI TOCYAAPCTBEHHbIN TEXHUYECKMIA yHMBEPCUTET MMern H.D. baymara (HaumoHans-
HBIM MCCrefoBaTENbCKMI yHMBEpcuTeT), Mocksa, Poccus

2[NOBHbIM BOGHHBIN KNMHMYECKMIt rocnuTans umenn akagemuka H.H. bypaerko Munucrepcrsa
obopoHbl Poceuickon Pepepaunmn, Mocksa, Poccms

SPoccuitckmit yHmnsepeuteT apyx6bl Hapopos mm. [Natpuca Jlymymbsl, Mocksa, Poccus

Peslome

MpepnoXeH HOBbIV METOZ AJ1A JIEYEHNA OTHECTPESIbHBIX PaH, OC/IOXKHEHHBIX KOHTaMMHaLMEeN HO30KOMUanbHo MUKpodopoil. MeTog oc-
HOBaH Ha 06paboTKe paH BbICOKOMHTEHCVBHBIM MMMY/IbCHbIM ONTUYECKMM 13MyYeHUEeM CMTOLHOTO CeKTpa B Anana3oHe AnvH BosiH oT 200
0 1100 HMm. B KauecTBe NCTOUHMKA U3/TyYEHWNA UCNOMb3YeTCA UMNY/bCHAsA KCeHOHOBasA flamna. lMpoBeeHO CpaBHEHME BAVAHUA Ha TeYeHne
paHeBOro npouecca Npu OrHeCTPesIbHON TpaBMe BbICOKOMHTEHCUBHOIO MMMYNbCHOTO WNPOKOCMNEKTPabHOrO ONTUYECKOTO M3lyYeHNa 1
HV3KOMHTEHCVIBHOTO HempepbiBHOro YO n3slyyeHnsa ¢ MakCMMYMOM Ha [iIMHE BOJTHbI 272 HM 1 NMONYLIMPUHOW cnekTpa 12 HM. MokasaHo, 4to
BO3/leNCTBYE TaKNX N3NYYEHWNIN Ha TKaHU C MPU3Hakammn rHOMHO-BOCNaNMTENbHOIO npoLecca obecneurBaeT aHTUOaKTepUanbHbI 3GdeKT 1
CTUMYNUPYET pereHepaLmio TkaHeid. Mpn 3TOM BbICOKOVHTEHCVBHOE LIMPOKOCMEKTPaIbHOe ONTnYeckoe nsnlyyeHre obnagaet 6onee Bbipa-
»KEHHbIM MPOTMBOBOCMANVTENbHBIM AeNCTBMEM 1 CNIOCOOCTBYET Honee paHHeMy pPa3BUTUIO pereHepaLnn TKaHel MO CPAaBHEHWIO C HA3KOMH-
TeHcKBHbIM YO n3nyyeHnem y3koro cnektpa. OfHako npuMeHeHne BbICOKOMHTEHCMBHOMO OMTUYECKOro M3NyyYeHnsa TpebyeT nHAnBmayanb-
HOW AO3UPOBKM ANA Kaxkaon dasbl paHeBOro npotecca.
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Introduction

In modern medicine, one of the issues that remains
extremely relevant is the search for methods that increase
the effectiveness of local treatment of wounds of various
etiologies [1, 2]. This problem has acquired particular
significance in connection with the increase in the number
of military conflicts and terrorist attacks [3, 4, 5]. In case of
gunshot injury, complex pathomorphological processes
occur in the body [6]. Polyorganic structural disorders and
functional changes resulting from tissue damage and
metabolic imbalance combined with inevitable bacterial
contamination of gunshot wounds create conditions
that increase the incidence of infectious complications in
wounded patients by 5-6 times compared with surgical
patients [7, 8,9, 10].

One of the causes of complications due to gunshot
wounds are pathogens of nosocomial infections (S.aureus,
Paeruginosa, E.coli, Klebsiella spp., etc.), the etiological
significance of which has increased significantly in recent
years [8]. A distinctive feature of hospital microflora
is polyresistance to antibacterial drugs and increased
virulence of opportunistic pathogens with relatively low
pathogenicity (for example, Acinetobacter spp.) against the
background of reduced reactivity of the body and inhibition
of the reparative regeneration process [6].

In these conditions, it is rational to use technologies that
allow simultaneous action on various pathogenetic links
of the wound process. For this purpose, various methods
of local wound treatment have been proposed: chemical,
biological, physical and reconstructive-plastic [11].

Active study and development of physical methods of
influencing wounds, in particular, optical radiation of various
spectral ranges [12, 13], are due to the prospect of their
use for targeted regulation of wound process phases. The
experimental data available today indicate high efficiency
of the biocidal action of high-intensity pulsed optical
radiation of a wide spectrum [14, 15, 16, 17]. However, the

N -

— . .

issue of its effect on reparative tissue regeneration in the
area of a gunshot wound is currently insufficiently studied,
which complicates the development of new approaches to
the treatment of acquired infected defects of soft tissues.

The aim of this work was to study the efficiency of
high-intensity pulsed optical radiation of a continuous
spectrum in the wavelength range of 200-1100 nm as a new
physical factor on the course of the wound process in the
treatment of gunshot infected defects of soft tissues and its
comparison with the wound healing effect of continuous
low-intensity UV radiation.

Materials and methods

Characteristics of the research object

The object of the study were 30 sexually mature male
Wistar rats weighing 390+10 g. The animals were kept
under standard vivarium conditions in individual cages
with free access to food and water. The experiments were
conducted in accordance with international and national
legislation on compliance with the principles of humane
treatment of animals. Permission to conduct the study was
obtained from the Independent Ethics Committee of the
Burdenko Main Military Clinical Hospital of the Ministry of
Defense of the Russian Federation.

Anesthetic support

All  manipulations with animals were performed
under general anesthesia. The main anesthetic used was
Zoletil®100 (VIRBAC, France) (5 mg/kg of animal weight),
approved for use in the Russian Federation.

Modeling of an infected gunshot wound

The development and creation of a model of gunshot
injury were implemented in the conditions of shooting
range of the 111th Main State Center for Forensic and
Criminalistic Examinations of the Ministry of Defense of the
Russian Federation.

After induction into anesthesia, fixation of the animal in
aspecially designed device (Fig. 1) and topographic marking

Puc. 1. dopmupoBaHue
MOAENN OrHEeCTPENbHOIO
paHeHus.

Fig. 1. Formation of

a model of a gunshot
wound.
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Ta6nauua

Pulsed wide-spectral phototherapy of soft tissue gunshot wouds

PacnpegeneHue }XMBOTHbIX NO rpynnam B 3aBUCUMOCTHU OT XapaKTepa BO3/JEeNCTBUSA HA C¢OpMVIpOBaHHyIO OrHe-

CTPENbHYIO paHy
Table

The distribution of animals into groups depending on the nature of the impact on the formed gunshot wound

Fpynnbi
XKNBOTHbIX

Bupg Bo3gencrensa
Ha paHeBYI0 NOBEPXHOCTb

KonuuectBo
XKUNBOTHbIX

| OrHecTpenbHas paHa (rpynna )

Il NHdMUMpoBaHHas orHecTpenbHas paHa (KoHTponbHas rpynna ll)
An infected gunshot wound (control group Il)

NHdMuUmMpoBaHHasA orHecTpenbHan paHa + BbICOKOMHTEHCMBHOE UMMYJSIbCHOE
onTMYecKoe M3NyyeHmre WNPOKOro cnekTpa (annapat «3apHuua-A»).

CneKTpanbHbI AnanasoH — AA=200-1100 Hm;
SHepreTnyeckas ao3a obnyyeHus — 1,5 [xx/cm?
no3sa B YO-C granasoHe (AA=200-280 Hm) - 0,15 xx/cm?;
UMNybCcHanA 061yYeHHOCTb paHbl ~200 BT/cv?

11l pexnm BO3[eCTBUA — UMMNYSIbCHO-MEPUONYECKUIA.
Infected gunshot wound + high-intensity pulsed optical radiation

of a wide spectrum (Zarnitsa-A device)

spectral range — AA=200-1100 nm;
energy dose of radiation - 1.5 J/cm?,
the dose in the UV-C range (AA=200-280 nm) - 0.15 J/cm?;
the pulse irradiation of the wound ~200 W/cm?
the exposure mode - pulse-periodic.

NHduumMpoBaHHas orHecTpenbHas paHa + HU3KOVHTEHCBHOE HerpepbiBHoe YO
13ly4YeHue y3Koro cnektpa (annapart «3apHuua-[»)

CNeKTpanbHbI nanasoH A=272+6 HM;
SHepreTyecKkas fo3a obnyueHns — 0,29 Ix/cv?
no3a B YO-C guanasoHe - 0,23 [Ixk/cvm?;
0651y4eHHOCTb paHbl ~4 MBT/cm?

vV peXX1m BO3AENCTBUA — HEMPEPbIBHbIN.
Infected gunshot wound + low-intensity continuous narrow-spectrum

UV radiation (Zarnitsa-D device)

spectral range — A\=272+6 nm;
the energy dose of radiation — 0.29 J/cm?;
the dose in the UV-C range - 0.23 J/cm?;
the irradiation of the wound ~4 mW/cm?;
the exposure mode - continuous.

Gunshot wound (group 1) 6
8

MapameTpbl 06nyyeHus:
8

Irradiation parameters:

MNapameTpbl 06nyyeHusA:
8

Irradiation parameters:
Bcero nabopaTopHbIX XMBOTHbIX: 30

Total laboratory animals:

of the main anatomical structures located in the area of the
back of the left thigh on the skin, each animal received one
penetrating gunshot bullet wound. The weapon used was
a small-caliber rifle CZ 452-2E ZKM (made in the Czech
Republic) with Standard cartridges of 22 caliber (bullet with
a diameter of 5.66 mm and a weight of 2.6 g). The rifle was
placed in a specialized fixing machine for small arms. The
shot was fired from a distance of 1.0 m. The muzzle velocity
of the bullet was 320 m/sec; kinetic energy - 133 J.

Depending on the nature of the subsequent impact
on the gunshot wound, all animals were divided into four
groups (table). In three groups of animals (groups II, Il and
IV), 2 hours after the gunshot wound, the wounds were
infected once with a suspension of Klebsiella pneumoniae
and Acinetobacter baumannii bacteria. In group |, the
gunshot wound was not artificially infected.

Equipment for experiments on remote exposure of
wounds to optical radiation

Prototypes of phototherapeutic devices of two types
were used in the study':

« a high-intensity pulsed optical irradiation device
"Zarnitsa-A" based on a pulsed xenon lamp generating
continuous spectrum radiation in the wavelength range
from 200 to 1100 nm [15, 16];

« a LED device "Zarnitsa-D" providing irradiation of
wounds with low-intensity continuous UV radiation of
a narrow spectrum with a spectral band width of 12
nm and a maximum at a wavelength of 272 nm [18]
(this device can be considered a modern analogue

'The Zarnitsa-A and Zarnitsa-D devices were developed and manufac-
tured at the Research Institute of Power Engineering of the Bauman
Moscow State Technical University.
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of traditional medical devices based on low-pressure

mercury lamps).

The Zarnitsa-A device uses a compact pulsed xenon
lamp PPF2-5/60 (manufactured by Rider LLC, Russia) with
an internal diameter of the quartz shell of 5 mm and an
interelectrode gap length of 60 mm, the initial xenon
pressure in the lamp is 400 mm Hg. The lamp shell is made of
high-quality quartz glass with transmission in the UV region
at wavelengths of A = 210-400 nm of more than 80%. The
lamp is mounted on the axis of a conical aluminized reflector
with an output quartz window with a light diameter of 50
mm. The average electric power of the lamp is 100 W at a
pulse repetition rate of 5 Hz and their duration of ~ 20 ps.

The wound surface was irradiated daily for 21 days,
starting from the first day after infection. Before irradiation,
the wound was cleaned of necrotic tissue, fibrin and dried.

Irradiation parameters

The Zarnitsa-A device was used to treat gunshot
wounds at a distance of 10 cm from the irradiator to the
wound surface with a wound irradiation duration of 60
s. The total dose of UV-C radiation (AN = 200-280 nm)
per irradiation cycle (60 s) was 0.15 J/cm? in the integral
radiation spectrum (A\ = 200-1100 nm) ~1.5 J/cm? (in the
center of the light spot); the diameter of the irradiation zone
(light spot) at the half-intensity level was 5 cm. The density
of the pulsed power of optical radiation on the object
(irradiance) was ~200 W/cm?>.

When irradiating gunshot wounds with the Zarnitsa-D
device, the distance from the irradiator to the wound surface
was 2 c¢m; duration of the procedure (1 cycle) of wound
irradiation was 72 s; total dose of UV radiation (AA\= 272+6
nm) per 1 irradiation cycle was 0.29 J/cm? (UV-C dose —0.23 J/
cm2), diameter of the irradiation zone (spot) - 5 cm. Radiation
power density on the object was about 4 mW/cm?

The work with the devices was carried out using UV-
protective glasses for the researcher and a protective screen
for the eyes of the animals.

Research methods

Clinical studies

Clinical monitoring of the somatic condition of the
animals was carried out daily for up to 21 days: the body
weight of the animals was measured, the pain component
was assessed. Regionally, the course of the wound process
was assessed based on clinical markers of inflammation
(the degree of hyperemia and tissue edema, the amount
and nature of wound discharge), as well as the dynamics of
wound healing using photography and video filming.

The presence and severity of pain syndrome in the
wound area were determined by changes in the eating
behavior of the animals: in case of no changes in the
volume of food consumed, it was assumed that pain
symptomatology was absent (0 points), and in case of
refusal of food, the severity of pain was significant (3 points).

A scoring system was also used to assess the severity of
hyperemia and tissue edema: 0 points — pale pink color / no

edema; 1 point — mild hyperemia / minor edema; 2 points —
moderate hyperemia / moderate edema; 3 points — severe
hyperemia/pronounced edema.

Microbiological studies were performed at the Center for
Clinical Laboratory Diagnostics of the Federal State Budge-
tary Institution "N.N. Burdenko Main Military Clinical Hospi-
tal" of the Ministry of Defense of the Russian Federation.

In preparation for the described cycle of experiments
with a gunshot wound, we preliminarily conducted in
vitro microbiological studies on the bactericidal properties
of the types of optical radiation used — broad-spectrum
high-intensity pulsed ("Zarnitsa-A") and narrow-band low-
intensity continuous ("Zarnitsa-D"). Six clinically significant
strains of microorganisms obtained from the biomaterial
of patients were selected as objects of research, including
gram-negative strains: Klebsiella pneumoniae, Escherichia
coli, Proteus mirabilis, Acinetobacter baumanii and gram-
positive strains: Staphylococcus epidermidis, Enterococcus
faecalis. The studies showed a higher bactericidal efficiency
of high-intensity pulsed radiation, but did not reveal a
significant difference in the photoresistance of the studied
types of bacterial microflora to the applied optical radiation.
The results of these studies were partially published in
[15, 16, 18]. In this regard, two clinical polyresistant strains
isolated from the biomaterial of patients in the surgical
departments of the hospital and related to gram-negative
ESKAPE pathogens were selected as representative
exogenous sources of contamination of gunshot wounds:
A.baumanii and K.pneumoniae.

The daily culture of microorganisms was diluted with
salinetoaconcentration of 108 CFU/ml, which corresponded
to an optical density of 0.5 according to the McFarland
turbidity standard for each microorganism. Turbidity was
measured using a BD Phoenix Spec nephelometer (Becton
Dickinson@Company, USA).

Wound infection in animals of groups I, Il and IV
was carried out by dropwise introduction of 0.1 ml of a
suspension of a mixed bacterial culture of A.baumanii and
K.pneumoniae into the area of the wound channel entrance,
which ensured contamination of the wound with ~5.10¢
cells of each microorganism. In group |, the gunshot wound
was not artificially infected.

Ondays1,3,7,10,15and 21 from the momentof gunshot
injury and wound infection, microbiological studies of
wound discharge with a quantitative determination of each
strain of microorganism were performed in all animals.

Pathomorphological studies were conducted in the
Department of Pathological Anatomy of the Burdenko Main
Military Clinical Hospital of the Russian Ministry of Defense.
A 0.5%1.0 cm? soft tissue fragment was taken from the entry
wound site of a gunshot wound for pathomorphological
studies in all experimental groups on days 1, 3, 7, 10, 15,
and 21 after injury and infection. A standard protocol
was used to process the obtained biological material.
Samples were prepared using a Leica ASP6025S automatic
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vacuum histological processor (Leica Biosystems, USA). All
preparations were stained with hematoxylin and eosin.
Histological micropreparations were examined at 10x, 20X,
and 40x magnification using a Leica DM3000 direct light
laboratory microscope (Germany).

Microscopic preparations were scanned on an Aperio
AT2 scanning device (manufacturer Leica, USA) at a mag-
nification of 20 For morphological analysis, micro-
photographs were prepared from scanned slides in the
Aperio ImageScope (12.3.3) program (developer Leica, USA).

Results

Somatic condition assessment

Starting from day 3 to day 15 of observation, a decrease
in body weight was noted in all laboratory animals in all
groups (Fig. 2). The greatest loss of body weight (15.7%) was
recorded in animals of group lIl; the smallest (5%) was noted
in groups | and IV. After day 15, most animals in all groups
gained weight, reaching the initial indicators by day 21.

Pain syndrome assessment

Gunshot injury was accompanied by pain syndrome,
the intensity of which in animals in all groups was greatest
on the 3rd day after the start of the experiment (1.13+0.2
points in group |, 2.5+£0.16 points in group Il, 1.92+0.24
points in group lll, 1.58+0.2 points in group IV).

During the entire subsequent observation period, a
gradual decrease in the intensity of the pain syndrome was
recorded, and the average pain intensity values in points
in animals of group Il were always higher than in animals
of groups Il and IV, which indicates that broad-spectrum
optical and short-wave UV irradiation reduce pain syndrome
in the case of infected wounds.

Evaluation of the degree of tissue hyperemia and
edema

Inall groups, the maximum degrees of tissue hyperemia/
edema developed by the 3rd day of observation, with the
most pronounced ones occurring in animals of groups Il
and lll (Fig. 3).

By the 10th day, the color of the perifocal tissues and
the degree of edema in the laboratory animals of group |
returned to normal values, in the other groups the severity
of hyperemia/edema gradually decreased, remaining to
the greatest extent in the group with an infected gunshot
wound (group Il). On the 15th day, hyperemia and edema
were noted only in the group with an infected gunshot
wound (group lI).

The purulent-hemorrhagic nature of the wound
discharge persisted for up to 7 days in all groups. Starting
from the 7th day, in laboratory animals in groups |, llland IV,
the nature of the wound discharge was serous-hemorrhagic.

Thus, the greatest severity and duration of the
inflammatory process in the area of the gunshot wound
were observed in the experimental animals of group I
(infected gunshot wound). Exposure to high-intensity
continuous-spectrum optical radiation (group Ill) and low-

Pulsed wide-spectral phototherapy of soft tissue gunshot wouds
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Fig. 2. Dynamics of decrease in body weight of laboratory animals
during the experiment (Roman numerals correspond to the
numbers of experimental groups of animals).

intensity continuous narrow-spectrum UV radiation (group
IV) reduced the duration and activity of the inflammatory
process in an infected wound, bringing the dynamics of
the wound process closer to the nature of the course in an
uninfected wound (group ).

Results of microbiological studies

In experimental groups Il and IV, where the
corresponding types of optical radiation exposure to
the wound surface were applied, there was no growth of
K.pneumonia and A.baumannii strains, starting from the
first day. In group lI, the growth of the declared pathogenic
strains (K.pneumonia and A.baumannii) persisted for up
to 17 days with a gradual decrease in concentration to 10°
CFU/ml by the specified time.

Analysis of the results of microbiological examination
of wound discharge in animals with a gunshot infected
wound demonstrated a stable bactericidal effect of high-
intensity optical radiation of the continuous spectrum of the
Zarnitsa-A device and low-intensity continuous UV radiation
of the narrow spectrum of the Zarnitsa-D LED device on
gram-negative bacteria K.pneumoniae and A.baumannii.
This effect was expressed throughout the study.

Results of morphological studies

The dynamics of the wound process at the cellular and
tissue levels was studied by microscopic examination of
the material obtained as a result of a lifetime biopsy of soft
tissues from the zone of the gunshot defect in animals of
all experimental groups. A brief description of the results
obtained is given below.

Fig. 4 shows micropreparations of the animal wound on
the 3rd day of treatment.

In the wound injuries of animals of groups | and Il on the
third day, the prevalence of necrobiotic changes remained
the same as on the first day, namely: cellular detritus with
diffusely expressed dense segmented nuclear infiltration,
a large number of neutrophilic leukocytes (75-80%) in
a state of degeneration and destruction (in the form of
karyopyknosis and karyorrhexis, cytolysis). The remaining
20-25% of the cellular composition is represented by
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Puc. 3. luHamuKa pa3BuTus runepemuu (a) v oteka (6) y naéopa-
TOPHbBIX }XUBOTHbIX B XOA€ IKCMNepMMeHTa (PUMCKUe Ludpbl COoT-
BETCTBYIOT HOMepPaMm 3KCMepPUMEHTa/IbHbIX FPYMNN }XUBOTHbIX)

Fig. 3. Dynamics of hyperemia (a) and edema (6) in laboratory
animals during the experiment (Roman numerals correspond to
the numbers of experimental groups of animals)

lymphocytes, monocytes and individual macrophages and
polyblasts. In general, the nature of changes in soft tissues in
these groups on the third day of observation corresponded
to the first phase of the wound process and did not have
significant morphological and morphometric differences in
intergroup comparison.

In group Il of animals, against the background of a decre-
ase in morphological markers of inflammation, cases of
formation of immature granulation tissue were noted.
Enhanced angiogenesis with proliferation of vascular
endothelium was observed (in different rats from 19 to 26
vessels per 1 mm?). In the structure of the cellular composition,
adecrease in the content of neutrophilic leukocytes to 65-50%
and an increase in the number of macrophages were observed.

In group 1V, all laboratory animals in biopsy specimens
still showed a predominance of necrobiotic changes,

namely: cellular detritus with pronounced dense
segmented nuclear infiltration and a large number of
neutrophilic leukocytes (70-60%). However, the severity of
the inflammatory process decreased.

By the seventh day, animals of group | showed signs of
transition of the wound process to the regeneration phase
and decreased severity of inflammation, as evidenced
by changes in the cellular composition: a 1.6-2.5-fold
decrease (compared to the first three days) in the number
of neutrophilic leukocytes, an increase in the number of
regeneration predictors: macrophages, mast cells, fibroblast
proliferation, increased angiogenesis (in different rats from
9 to 16 vessels per 1 mm?), as well as the development of
immature granulation tissue.

In animals of group Il, a pronounced inflammatory
process persisted: the predominant elements of the
cellular composition were neutrophilic leukocytes (70-
80%); angiogenesis was poorly developed, fibrin thrombi
persisted in some vessels.

Inanimals of groupsllland IV, regression of inflammatory
reactions and activation of reparative regeneration due to
external exposure to optical radiation were clearly observed.
Formation of mature granulation tissue was clearly visible
in biopsies. Formation of vertically located vessels with
endothelial proliferation was observed (from 10 to 15 per
1 mm?). In the structure of the cellular composition, tissue
undifferentiated polyblasts, fibroblasts, lymphocytes, as
well as macrophages and mast cells predominated (70-
80%). The content of neutrophilic leukocytes was 20-30%,
which indicates a significant decrease in the severity of
the inflammatory process, mainly in group Il (Zarnitsa-A
device). In general, the nature of changes in soft tissues in
groups lll and IV corresponded to the second phase of the
wound process - the regeneration phase.

On the 10th day, the majority of laboratory animals in
three of the four experimental groups - |, llland IV - showed
a morphological picture reflecting the progression of
regeneration in the area of the gunshot wound.

In all animals in groups Il and IV, whose wounds were
irradiated with optical radiation, the biopsy specimens
clearly showed the formation of mature granulation tissue,
the formation of vertically located vessels with endothelial
proliferation (from 10 to 12 per T mm?); stroma with signs of

Puc. 4. MukponpenapaTbl paHbl XXMBOTHbIX Ha 3-1 fieHb iedenus (3/1 — 1-a rpynna; 3/11 — II-a rpynna; 3/11l - lll-a rpynna; 3/IV — IV-a rpynna): J1 —
cerMeHTosiAepHble IeMKOUMTbI; H — HEKPO3 MArkux TKaHew; H-b — HeKpo3 MArkux TKaHen ¢ kposousnusiHuew; HI — Hespenas rpaHynsiuMOHHas
TKaHb, pa3BUTHE aHIMOreHe3a ¢ 04aroBoi nponudepaument aHgotenus. MacwrtabHas meTka — 200 MKM; OKpacKa — reMaToOKCU/IMH-303UH.

Fig. 4. Micro-preparations of animal wounds on the 3rd day of treatment (3/1 — 1st group; 3/Il - Il group; 3/1ll - 11l group; 3/IV - IV group):
J1 - segmented leukocytes; H — necrosis of soft tissues; H-b — necrosis of soft tissues with hemorrhage; HI — immature granulation tissue,
development of angiogenesis with focal proliferation of the endothelium. The scale label is 200 microns; the color is hematoxylin-eosin.
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fibrosis. In the structure of the cellular composition, fibroblasts,
macrophages and mast cells predominated (75-80%). The
content of neutrophilic leukocytes was 20-25%, indicating an
insignificant severity of the inflammatory process.

In group Il of animals, a pronounced inflammatory
process persisted by the 10th day. There were no trends
towards activation of the connective tissue regeneration
process in the area of the infected gunshot wound. In
all the biopsies examined from the area of the gunshot
wound, immature granulation tissue with a predominance
of neutrophilic leukocytes in the structure of the cellular
composition was determined. Angiogenesis was poorly
developed, fibrin thrombi were noted.

On the 15th day, the positive dynamics of the wound
healing process in Group | was generally maintained,
in particular, a partial transition from the regeneration
phase to the phase of scar reorganization (reparation) and
epithelialization (phase Il of the wound process) was noted.

In Group I, positive dynamics were also noted compared
to the previous morphological picture: five animals showed
pronounced activity of the tissue regeneration process in
the area of the gunshot infected wound. Morphologically,
granulation tissue formation was observed in biopsies,
the number of vessels decreased (up to 15 per 1T mm?),
the vessels took a vertical position, and the endothelium
showed signs of proliferation. In the structure of the cellular
composition, the content of neutrophilic leukocytes was
35-45%. However, in the other three animals of the group,
regeneration was less pronounced: immature granulation
tissue, active angiogenesis (the number of vessels up
to 25 per 1 mm?), and stroma with minimal signs of
collagenization were determined. The cellular composition
is represented by 50-60% neutrophilic leukocytes.

In group I, all examined biopsies showed the presence
of mature granulation tissue, vertically oriented vessels, and
endothelium with signs of proliferation. Angiogenesis activity
was reduced:the number of vessels was upto 10 per 1 mm2The
stroma was compacted with collagenization. However, com-
pared to the previous morphological picture, in this group, on
the 15th day, a slowdown in the rate of tissue regeneration
with an increase in the activity of the inflammatory process

was observed. In the structure of the cellular composition, the
content of neutrophilic leukocytes increased from 20-25%
to 40-50%; the remaining 50-60% of cells are represented by
tissue undifferentiated polyblasts, fibroblasts, lymphocytes, as
well as macrophages and mast cells.

Unlike group lll, laboratory animals of group IV did
not show any increase in the activity of the inflammatory
process and maintained a stable sequence of early
interphasetransitioninthe dynamics ofthe wound process,
namely, the transition from the regeneration phase to
the scar reorganization and epithelialization phase. In
the cellular composition, the proportion of neutrophilic
leukocytes was 20-30%, tissue undifferentiated polyblasts,
fibroblasts, lymphocytes, as well as macrophages and mast
cells formed 70-80%. Formation of mature granulation
tissue was clearly visible in the wound. Angiogenesis
activity was reduced: the number of vessels was up to
10 per 1 mm?2 The vessels were located vertically, the
endothelium showed signs of proliferation.

Fig. 5 shows micropreparations of the animal wound on
the 21st day of treatment.

When analyzing the dynamics of the wound process
on the 21st day, it was noted that in groups | and IV, the
wound process entered the phase of scar reorganization
and epithelialization in all laboratory animals. In group
I, the process of transition to the third phase was not
completed in most animals, but maintained positive
dynamics. In the structure of the cellular composition,
the content of neutrophilic leukocytes was 30-40%. In
group I, no significant differences in the dynamics of the
wound process were observed compared to the previous
morphological picture - the rate of tissue regeneration in
the wound area was slowed down against the background
of the continued activity of the inflammatory process.

Discussion of the results

The conducted studies of reparative regeneration of
soft tissues in the area of infected gunshot injury allow to
make the following clinical conclusions.

The slowest development of the regeneration process
was observed in Group Il (infected gunshot wound). This is
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Puc. 5. Mukponpenapatbl paHbl }KUBOTHbIX Ha 21-i1 AeHb nevyenus (21/1 — 1-a rpynna; 21/I1l - ll-a rpynna; 21/111 - lll-a rpynna; 21/1V - V-5
rpynna): 3I' — dopmMupoBaHue 3penow rpaHyaLMOHHON TKaHU ¢ Ha4anom 06pa3oBaHUa BePTUKaIbHO PacnoioXKeHHbIX COCYA0B ¢ nponude-
pauueii aHaotenus; JIM — BocnaneHue npeacTaB/ieHO paccesiHHbIMU ieiiKouuTamu, iumdoLMTaMu 1 nnasMmouutamu; [l — KNeTo4HbIN 4eTPUT;
K - nponudepauus ¢pu6po6nacTos, Ty4HbIX KNEeTOK u MakpodaroB. MaclutabHas MeTKka — 200 MKM; OKpacKa — reMaTOKCUJIMH-303UH.

Fig. 5. Micro-preparations of animal wounds on the 21st day of treatment (21/1 - 1st group; 21/11 - 1l group; 21/1ll - lll group; 21/IV - IV
group): 3l — formation of mature granulation tissue with the onset of formation vertically located vessels with endothelial proliferation;
NN - inflammation is represented by scattered leukocytes, lymphocytes and plasmocytes; 1 — cellular detritus; K — proliferation of
fibroblasts, mast cells and macrophages. The scale label is 200 microns; the color is hematoxylin-eosin.
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due to the presence of long-term (up to 10 days) bacterial
inflammation.

The effect of high-intensity optical radiation of a wide
spectrum and low-intensity continuous UV radiation of a
narrow spectrum on the tissues of infected gunshot wounds
accelerates the transition between the inflammatory and
regenerative phases of the wound process. Compared with
Group ll, the regeneration process in the area of the infected
wound began 7-10 days faster, and compared with Group |
(uninfected gunshot wound) - 3-5 days faster.

When analyzing the wound-healing effects of various
types of optical radiation, it was found that high-intensity
broad-spectrum optical radiation has a more pronounced
anti-inflammatory effect in the first phase of the wound
process and ensures earlier development of tissue rege-
neration compared to low-intensity continuous narrow-
spectrum UV radiation.

However, at prolonged application (more than 10 days)
high-intensity pulsed optical radiation of wide spectrum
with the dosage selected in this work caused slowing
down of tissue regeneration process in the area of wound
damage, which should be taken into account when carrying
out therapeutic procedures.

It should be noted that in the described experiments
the dosage of the optical radiation used was set based on
the results of previously conducted in vitro microbiological
studies, which determined the bactericidal effectiveness
of various types of optical radiation against clinically
significant strains of pathogenic microorganisms [15, 16,
18]. The doses used reduced the initial level of bacterial
contamination of the surface of the nutrient media by
more than 6 decimal orders. Thus, the magnitude of the
energy dose in these experiments was determined by the
requirement to ensure a bactericidal effect in the wound.
It was believed that effective suppression of bacterial flora
activity is one of the main factors determining the nature of
the course and duration of the wound process.

In this regard, it can be assumed that the observed
effect of inhibition of regenerative histogenesis in the
wound with a simultaneous increase in the activity of the
inflammatory process in the case of long-term use (more
than 10 days) of sufficiently high energy doses of pulsed
optical irradiation is associated with an overdose of such an
effect on the granulation tissues and epithelial layers that
arise during regeneration. An overdose of optical radiation,
and primarily its short-wave UV component (UV-C and UV-B
components) is accompanied by increased concentrations
of photochemical destruction products of intracellular
structures (proteins, lipids, nucleic acids, etc). These
destruction products are, in fact, photoinduced antigens
and should be neutralized and removed as a result of the
inflammatory process. This can explain the prolonged
nature of inflammation and inhibition of reparation
observed in the experiments after 10 days of irradiation
with the Zarnitsa-A device. Thus, the use of high-intensity

pulsed irradiation for wound therapy requires strict
methodological justification of the regime parameters and,
first of all, the applied dose characteristics for each phase of
the wound process.

Based on the results of the study, we can make a
preliminary conclusion about the need for a gradual
reduction in the doses of pulsed broad-spectrum optical
irradiation in the phases of regeneration and reorganization
of the scar (Il and Il phases of the wound process) to a
preventive level of exposure, which is 10-20% of the initial
dose, providing an anti-inflammatory (bactericidal) effect.

The experiments also showed that low-intensity
UV radiation from LEDs, even at higher energy doses com-
pared to pulsed optical radiation, has a smaller photo-
chemical effect in biological tissues and, under the modes
used in these experiments, did not cause any pronounced
negative effects. Nevertheless such radiation accelerated
the development of the phases of regeneration and
reorganization of the scar and epithelialization.

Conclusion

The research proposes a new approach to the treatment
of gunshot wounds complicated by nosocomial microflora.
The essence of the method lies in the effect on the wound
surface of high-intensity pulsed optical radiation of a wide
spectrum, continuously covering the entire UV range (from
200 to 400 nm), visible and near infrared spectral regions. A
pulsed xenon lamp is used as a radiation source, on the basis
of which the Zarnitsa-A device was created. A comparison
was made of the effect on the course of the wound process
in gunshot trauma of high-intensity pulsed broad-spectrum
optical radiation and low-intensity continuous UV radiation
of a LED device emitting a narrow-band emission spectrum
with a maximum atawavelength of 272 nmand a half-width
of 12 nm. It has been shown that high-intensity optical
radiation of a broad spectrum has a more pronounced anti-
inflammatory effect in the first phase of the wound process
and ensures earlier development of tissue regeneration
compared to low-intensity continuous UV radiation of a
narrow spectrum. However its use requires justification of
dose characteristics for each phase of the wound process.

Based on the results of the studies, it is recommended
to gradually reduce the dosage of pulsed broadband
optical irradiation in phases Il and Il of the wound process
to a preventive level of exposure, which is 10-20% of the
dose that provides a bactericidal effect. The results of the
studies show the potential for using optical irradiation
devices such as "Zarnitsa-A" and "Zarnitsa-D" for the
treatment of infected gunshot wounds for the purpose of
targeted action on the phases of the wound process and
accelerating healing.
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Abstract

An experimental model of an infected wound was created in 90 Wistar rats using a mixture of cultures of Staphylococcus aureus, Pseudomonas
aeruginosa, Klebsiella pneumoniae, and Candida albicans. The animals are divided into 3 groups of 30 individuals. The first group consisted of
animals treated with pulsed high-intensity broadband irradiation using an experimental apparatus with a pulsed xenon lamp operating in a pulsed
periodic mode with an average UV-C (200-280 nm) radiation power of 3 W, and a pulsed UV-C power of 24 kW. In the second group, traditional
ultraviolet irradiation of wounds with a mercury bactericidal lamp was used for treatment, with an average UV-C (254 nm) radiation power of 1.2
W. The third group received only a local antiseptic treatment. The computer planimetry was used for monitoring the effectiveness of treatment.
Parameters such as wound area, rate, and degree of epithelialization were recorded on days 1, 7, 14, and 21 of treatment. The study showed that
in the first group of animals, the rate and degree of epithelialization, as well as the reduction in wound area at each control stage, were statistically
significantly greater compared to the use of traditional ultraviolet irradiation and local antiseptic monotherapy. This dynamic is associated with
the earlier cleansing of wounds from pathogenic microorganisms and the morphological changes that correspond to an earlier transition from
the inflammatory phase to the proliferation and regeneration phases. Therefore, the local treatment of infected wounds with antiseptic agents in
combination with pulsed high-intensity wideband radiation promotes the earlier epithelialization of the wounds.

Keywords: purulent wounds, infected wounds, high-intensity pulsed broadband radiation, ultraviolet radiation, regeneration, epithelialization,
planimetry
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Pesiome

/I3yyeHO AeNCTBME LIMPOKOMOJIOCHOTO O6yYeHUA Ha UHOQMLMPOBAHHbIE paHbl. JKCMEPVIMEHTaNIbHO MOAENVPOBaHa UHPMLMPOBaHHaA
paHa y 90 kpbic nuHum Wistar npu nomoLym cmecu Kynbtyp Staphylococcus aureus, Pseudomonas aeruginosa, Klebsiella pneumoniae, Candida
albicans. XXnBoTHble 6b1nn pasgeneHbl Ha 3 rpynnbl Mo 30 ocobeli. MepByio rpynny COCTaBUAM XMBOTHbIE )15 JIEYEHNSA, KOTOPbIX NCMONb30Ba-
HO UMMY/NbCHOE BbICOKOMHTEHCMBHOE LUMPOKOMOJIOCHOE 06/1yUYeHre SKCNeprMeHTaIbHbIM anmnapaTom C MMYSIbCHON KCeHOHOBOW SIaMMon,
paborTaioLLen B UMMySIbCHO-NeProaNYECKOM peXxrme co cpeaHei MowHocTbio YO-C (200-280 HM) nsnyyeHus — 3 BT, UMnynbCHON MOLLHOCTbIO
YO-C - 24 kBt. Bo BTOpOI1 rpynne Ana neyeHns NCnosib3oBanu TPaguLMoHHoe ynbTpaduronetoBoe obnyyeHre paH pTyTHOM 6akTepruaHon
namno, co cpefHern mowHocTbo YO-C (254 Hv) nanyyeHus — 1,2 BT. B TpeTbel rpynne cnonb30oBanu TONbKO MECTHOE MPUMEHEHNE aHTUCEr-
TUKa. AnA KOHTponA 3¢ GEKTUBHOCTY NPOBOAMMOTO SleYeHNA HamMy UCMOJb30BaHa KOMMbIOTEPHAA MaHUMETPUSA. YUTeHbl MapamMeTpbl MoLla-
[N, CKOPOCTW 1 CTEMEHW 3nuTeNr3auunn paH B 1-1, 7-i, 14-in 1 21-1 gHW neveHna. ViccnepoBaHne Nokasano, YTO Y XKMBOTHbIX NePBON FpyMmbl
CKOPOCTb 1 CTEMeHb SNUTeNn3aumn 1, COOTBETCTBEHHO, YMEHbLUEHVE MOWaAMN PaH Ha KaXKAOM 3Tane KOHTPONA CTaTUCTUYECKN 3HaUYMMO
60/blie MO CPaBHEHMIO C MCMOJIb30BaHNEM TPAANLNOHHOTO YibTPadroNeToBOro 06s1yYeHns 1 MECTHOW MOHOTEPANMMN aHTUCENTMKOM. Takas
[MHaMMKa cBAi3aHa ¢ 6osiee paHHUM OUVILLEHVEM PaH OT MAaTOreHHOW MUKPO6HO Gnopbl 1 6onee paHHNM NEPEXOAOM BOCMANMUTENbHOM dasbl
B pasy nponudepaunmn v pereHepauum. Takim ob6pasom, MECTHOE NleyeHne MHPULMPOBAHHBIX PaH aHTUCENTUKaMM C KOMOVHALMEN MMYSbC-
HOFO BbICOKOVHTEHCMBHOTO LUMPOKOMOIOCHOTO 06/1yYeHrs CnocobCTByeT 6osiee paHHen SnuTenn3aunm paH.
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KntoueBble c/ioBa: rHOiiHbIE paHbl, MHGULIMPOBaHHbIE PaHbl, BbICOKOVHTEHCMBHOE MMIMYJIbCHOE LUMPOKOMOIOCHOE 06/1yYeHNe, ynbTpaduo-
neToBoe 06syuYeHune, pereHepaLms, SNUTenn3aLms, MiaHUMeTPUs.
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YeCcKoro VCCNeAoBaHnA SKCNEePUMEHTANIbHO MOAENIMPOBAaHHbIX MHOVLIMPOBAHHbBIX PaH NMpu BO3AENCTBAN BbICOKOVHTEHCVIBHOTO VIMMYSbC-
HOTFO LIMPOKONON0CHOro obnyuyeHns // Biomedical Photonics. - 2025. - T. 14, N2 1. - C. 29-35. doi: 10.24931/2413-9432-2025-14-1-29-35

Introduction

The factors of ineffective prevention and treatment
of purulent complications in surgery are increasing
resistance of microorganisms to antibacterial therapy,
decreasing reactivity of the organism, increasing number
of surgeries, their complexity, including in comorbid and
elderly patients. All this determines the need to improve
the existing and develop new types of prophylaxis and
treatment [1,2,3].

In this regard, the works based on the effect of optical
radiation on infected wounds are of considerable interest.
In the scientific bases there are data on the successful
application of various types of this radiation in wound
infection: visible, infrared, ultraviolet radiation, as well as
photodynamic therapy. The mentioned types of optical
radiation have a destructive effect on Pseudomonas
bacillus and multidrug-resistant strains (e.g., MRSA) and
they also improve regenerative processes in the wound
[4,5,6,7].

The biocidal effect of optical radiation is based on
the presence of different spectral absorption bands in
different microorganisms. The maximum destructive
effect will be achieved in microorganisms whose
maximum spectral sensitivity will coincide oris maximally

close to the spectral line of the radiation source. The
biocidal effect of UV radiation has been known for a
relatively long time, as well as the fact that different
parts of the UV spectrum have different biological
activity. The UV-C region (from 200 to 280 nm) has the
maximum biocidal effect, causing the death of various
types of microorganisms - bacteria, spores and viruses. In
this regard, the use of high-intensity pulsed broadband
optical irradiation is of great interest. However there are
very few works devoted to this method of exposure,
which does not allow making reliable conclusions about
the feasibility of its application, and requires further
study and improvement [8,9].

The aim of the study was to evaluate the rate of
wound surface reduction under high-intensity pulsed
broadband irradiation of experimentally modeled
infected wounds.

Materials and Methods

An experimental study with modeling of infected
wound on 90 male Wistar rats was carried out. The
approval of the Interuniversity Ethics Committee was
obtained (extractfrom protocol No.06-23 dated 15.06.23).
Under aseptic conditions and general anesthesia with
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the solution of xylazine and zoletil 100 in the withers
area a bordering incision with removal of skin and
subcutaneous tissue up to fascia was performed, after
which a defect with a diameter of 20 mm was formed.
Infection of soft tissues was performed with a trigger
moistened in a mixture of cultures from control strains
of Staphylococcus aureus, Pseudomonas aeruginosa,
Klebsiella pneumoniae, Candida albicans in equal volumes
and dilutions, containing 10° microbial bodies in 1 ml.
The skin defect was sutured and aseptic dressing was
applied. After 1 day, the wound was opened by removing
the sutures. Daily all animals without exception were
treated with 0.1% chlorhexidine solution. The studied
animals were randomly divided into three groups of
thirty animals each.

In the first, main, group of animals for wound
treatment, high-intensity pulsed broadband irradiation
was performed using an experimental apparatus
developed by the Research Institute of Power Engineering
of Bauman Moscow State Technical University. The
apparatus is equipped with a pulsed xenon lamp of PPD
(pulsed, pumping, direct) 5/60 type, operating in pulse-
periodic mode with pulse frequency of 5 Hz and average
electric power of 100 W. The average power of the lamp
radiation in the UV-C range of the spectrum (200-280
nm) was 3 W, the pulse power of UV-C radiation was 24
kW. The device had three modes with irradiation cycle
duration of 10 s (mode 1-50 pulses), 20 s (mode 2-100
pulses) and 40 s (mode 3-200 pulses). We selected the
following method of wound treatment: in the first 5
days of treatment we used radiation mode 3 (200 pulses
with irradiation cycle duration of 40 s) with irradiation
distance of 5 cm from the wound; starting from the 6th
day of treatment the next 5 days mode 2 was used (100
pulses with cycle duration of 20 s) at a distance of 10 cm.

In the second group of animals for the treatment of
wounds traditional UV irradiation with the device UQI-
01 (Ultraviolet Quartz Irradiator) “Solnyshko”, UV quartz
irradiator with a mercury bactericidal lamp type ACBU-7
(arc, compact, bactericidal, universal) with a power of 7
W, and UV-C with a radiation power 1.2 W - 275-180 nm
were used. Irradiation was carried out daily for 10 days
for 3 min at a distance of 10 cm from the wound. And
in the third, control, group of animals the treatment of
wounds was carried out only with the help of antiseptic
by daily toileting and applying a dressing with 0.1%
chlorhexidine solution to the wound.

One of the criteria of treatment efficiency was the
study of wound healing parameters, which include the
rate and degree of epithelialization, indicators of area
reduction and direct control of wound area in different
periods of treatment. All these parameters were analyzed.

To measure the wound area, Imagel - a computer
program for image analysis and editing - was used on
the Windows XP platform. For this purpose, at each

control stage (day 1, day 7, day 14, day 21 of treatment)
we photographed the wound and saved the file in JPEG
format.Then each of the JPEG files was opened in ImageJ
program and wound area parameters were calculated.
The rates and degrees of wound epithelialization were
calculated in the periods between days of area control,
and therefore time periods or intervals were identified.
The first of such periods was the time interval from the
beginning of treatment to the 7th day. The second period
was from the 7th to the 14th day of treatment, and the
third control period was from the 14th to the 21st day of
treatment.

The study of wound epithelization rate was performed
according to the following formula:

ER=S-Sn/t (mm?)

where ER is the rate of wound epithelization per day, S is
the area of the defect in the previous study, Sn is the area
of the defect in the current study and t is the number of
days between studies.

Analysis of the dynamics of the epithelization rate
was performed using the following formula:

Sc=(S-Sn)x100/Sxt (%)

where Sc is the degree of ulcer epithelization per day (in
%), Sis the ulcer area in the previous study, Sn is the ulcer
area in this study, t is the number of days between the
previous and this study.

Results

The analysis of wound epithelization rate showed that
in the first 7 days of treatment against the background of
cleansing in the first group of animals, to which pulsed
high-intensity broadband irradiation was used in the
treatment of wounds, the dynamics of epithelization rate
was the highest compared to that in the animals of the
second and third groups (Fig. 1). Thus, in the first group
the epithelization rate in the first 7 days of treatment
was 1.43 (1.29;1.71) mm/day (p<0.0001 in relation to
the indicators of the second and third groups), while in
the second and third groups it was 0.86 (0.57;0.87) mm/
day (p=0.0024 in relation to the indicators of the third
group) and 0.57 (0.57;0.71) mm/day, respectively. In the
time interval between the 7th and 14th days the rates of
wound epithelization in animals of the first and second
groups did not differ significantly (p=0.61), and were
equal to 0.71 (0.71;0.86) mm/day and 0.71 (0.57;0.86)
mm/day, which was statistically significantly higher
compared to the same indicators in animals of the third
group (0.57(0.43;0.71) mm/day p=0.004 and p=0.016,
respectively).

When comparing the epithelization rate within
the groups (Fig. 1) between the first and second
time intervals, it was revealed that the rate of wound
epithelization decreased after the 7th day of treatment
compared to the first 7 days of treatment in the first
group of animals (p<0.0001). In the interval between
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Fig. 1. Indicators of wound epithelialization rate in animals
with different types of treatment (mm/day)

the 14th and 21st days of treatment the rate of wound
epithelization in the first group of animals was 0.86 mm/
day, which is statistically significantly higher compared
to the indicators of the animals of the second and third
groups (p<0.0001 for both groups). At the same time, in
the first group, where pulsed high-intensity broadband
irradiation was used during wound treatment, and in the
second group, where traditional ultraviolet irradiation
was used, in the period from the 14th to the 21st days of
treatment the epithelization rate was significantly lower
in comparison with the first control period (in the first 7
days of treatment) (p<0.0001 for the first group, p=0.006
for the second group).

During the first 7 days of treatment in animals of the
first group the degree of wound epithelization was 3,97
(3,47;4,4) % per day (p<0,0001 in relation to the indicators
of the second and third groups), in the second group
it was 2,2 (1,59;2,38) % per day (p<0,0001 in relation to
the indicators of the third group). In animals of the third
group, where only antiseptic degree was used in wound
treatment, epithelization was equal to 1.59 (1.5;1.88) %
per day (Fig. 2).

In the period from the 7th to the 14th day the degree
of wound epithelization in animals of the first group
decreased in comparison with the previous period to
2.7 (2.38;3.06) % per day (p<0.0001). At the same time
it was statistically significantly higher compared to the
indicators of animals of the second and third groups
(p=0.003 and p<0.0001, respectively). In animals of the
second and third groups, the dynamics of the degree of
epithelization did not change significantly compared to

the previous control period (Fig. 1). In the control period
from day 14 to day 21 anincrease in the degree of wound
epithelization up to 3.99 (3.43;4.55) % per day was
observed in animals treated with pulsed high-intensity
broadband irradiation, which was significantly higher
compared to the indicators in the previous control period
(p<0.0001) and compared to the indicators of the animals
of the second and third groups (p<0.0001). In animals of
the second and third groups, the indicators of the degree
of epithelization were not significantly different from the
previous control periods and compared to each other,
and were equal to 2.2 (2.04;2.65) % per day and 2.04
(1.71,2.46) % per day (Fig. 2), respectively.

The study showed that during the whole period
of observation the degree of wound epithelization in
animals of the first group was 2.78 (2.65;2.83) % per day,
which was statistically significantly higher compared to
the indicators in the first and second groups (p<0.0001).
In animals of the second group the degree of wound
epithelization was equal to 1.85 (1.72;2.06) % per day
(p=0.00012 compared to the third group), and in animals
of the third group 1.58 (1.5;1.85) % per day (Fig. 2).

The area of wounds before treatment in animals of all
three groups was not statistically different (Fig. 3). By the
7th day of treatment there was a statistically significant
positive dynamics within each group compared to the
initial indicators (p<0.0001 for each group). It should be
noted that when comparing the wound area between
the groups there was a significant difference (p<0,0001).
In the first group of animals, where treatment was carried
out by pulsed high-intensity broadband irradiation, the
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Fig. 2. Indicators of the degree of epithelialization of wounds
in animals with different types of treatment (%).
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wound area decreased by 10 (9;12) mm?, and was equal
to 27 (26,28) mm? (p<0,0001 in relation to the indicators
of the second and third groups). And in the third group,
the area was 33 (32;34) mm?, decreasing by 4 (4;5) mm?.

By day 14 of treatment, the wound area in all groups of
animals was statistically significantly smaller compared to
day 7 of control (p<0.0001). In the first group of animals the
wound area decreased compared to day 7 of the control
by 6 (4;,6) mm? and was equal to 22 (21;23) mm?; in the
second group it decrease by 5 (4;6) mm? and amounted
to 27 (26;28) mm? and in the third group the wound
decreased by 4 (4;5) mm?, reaching 29 (28;30) mm?. At
this point in the study, there was a statistically significant
difference in wound area between the groups.

The wound area on day 21 of treatment within each
group was statistically significantly smaller compared
to the previous day's control. In group one, the wound
surface area was 15 (15;16) mm? (p<0.0001 compared to
the rates in groups one and two), while in group two it
was 22 (21;24) mm? (p<0.0001 compared to the rates in
group three), and in group three it was 24 (23;26) mm?2.

Further analysis showed that in the first group of
animals, where pulsed high-intensity irradiation was
appliedtotreatinfected wounds, complete epithelization
of wounds was achieved within 37 (36;38) days (Fig. 4),
which was statistically significantly less compared to the
group where conventional UV irradiation was performed
(p<0.0001) and to the group using only antiseptic
(p<0.0001). In the second group of animals, we observed
complete epithelialization of wounds by the 48th (47;49)
day of treatment, which was significantly less (p<0.0001)
compared to the third group, where complete
epithelialization was achieved by the 61st (59;61) day.
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Fig. 3. Dynamics of wound area in animals with different
treatment methods.

~
=}

/ Number

of days until complete epithelialization
(4
o

=}
a

@
S

1
S

o
o

IS
&

M J10 TTOJIHOM STIUTEIIU3aluHA

==

I
S

w
&

=+

1 rpymma / 1 group

KonugectBo aHe

30

2 rpymma/ 2 group 3 rpymma / 3 group

Puc. 4. CpoKu NosIHON anuTennsauun MHGULMPOBAHHbIX paH
Y JXMBOTHbIX TPEX rPymnn ¢ pa3/iiHbIMU METOaMH leHeHUs.
Fig. 4. The timing of complete epithelialization of infected
wounds in animals of three groups with different treatment
methods.

Discussion

In modern scientific literature there are a sufficient
number of studies devoted to the treatment of wounds,
including infected ones. According to Ashja Zadeh M.A. et
al., the area of experimentally infected wounds in rats with
diabetes when using the extract of Crocus Pallasii Subsp.
Haussknechtii Boiss leaves by the 21st day of treatment is
reduced by more than three times compared to classical
treatment methods. At the same time, the authors claim
bactericidal effectiveness when using this extract [10].
There is also evidence that the combined use of local
antiseptic polyhexanide and exposure of the wound
surface to erbium laser in chronic purulent wounds
contributes to significant cleansing, decontamination
and, consequently, earlier epithelization of wounds
[11]. Another method of exogenous physical treatment
of infected wounds is cryotherapy. Thus, according to
some authors, irrigation of the wound surface with liquid
nitrogen, both monotherapy and in combination with
local application of antiseptics, as well as in combination
with antibacterial therapy, leads to a rapid decrease
in signs of inflammation, activates the processes of
granulation and epithelialization [12].

To assess the effectiveness of wound treatment in
modern surgery, numerous methods of control are
used, including bacterial, cytologic, morphologic, which
includes both light microscopy, immunohistochemical
methods and electron microscopy, as well as
morphometry and other control methods. One of the
most used criteria for analyzing the results of wound
treatment, including infected wounds, is planimetry,
a method of dynamic control of the wound area. With
the development of computer technology in modern
practical surgery, doctors use electronic programs and
mobile applications for planimetry [13]. There is data on
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the use of computer planimetry, which allows to analyze
different parameters of the wound surface, such as the
area, the presence of necrosis in the wound, fibrin plaque,
the appearance of granulation and epithelization, which
makes it possible to determine the choice of further
treatment, compare and evaluate different approaches
and methods of local therapy [14].

We modeled an experimentally infected wound
using a mixture of cultures of Staphylococcus aureus,
Pseudomonas  aeruginosa, Klebsiella  pneumoniae,
Candida albicans. The animals were divided into three
groups depending on the type of treatment. The first
group consisted of animals for the treatment of which
a combination of pulsed high-intensity broadband
irradiation and local application of antiseptic was used. In
the second group a combination of traditional ultraviolet
irradiation of wounds was used with local application
of antiseptic. In the third group only local application
of antiseptic was used. To control the effectiveness of
treatment computerized planimetry was applied. At

each stage of the control photofixation of the wound was
carried out, subsequently the photo file in JPEG format
was entered into the Imagel program and counting of
the wound area was performed. The planimetric study
showed that in animals that were treated with pulsed
high-intensity broadband irradiation for the treatment of
infected wounds, the rate and degree of epithelialization
and, accordingly, the reduction in the area of wounds
at each stage of control were statistically significantly
greater compared to the use of traditional ultraviolet
irradiation and local antiseptic monotherapy. Such
dynamics is associated with earlier clearing of wounds
from pathogenic microbial flora [15] and morphologic
picture [16, 17], i.e. earlier transition of the inflammatory
phase to the phase of proliferation and regeneration.

Conclusion

Local treatment of infected wounds with antiseptics
and combination of pulsed high-intensity broadband
irradiation promotes earlier epithelization of wounds.

REFERENCES
Amaral A.L,, Aoki A., Andrade S.A. Could light be a broad-spec-
trum antimicrobial? // Evid Based Dent, 2024, Vol. 25(14)? pp.
192-193. d0i:10.1038/541432-024-01042-2

2. Alcolea J.M., Hernandez E., Martinez-Carpio P.A., et al. Treat-
ment of Chronic Lower Extremity Ulcers with A New Er: Yag
Laser Technology. Laser Ther. - 2017.-Vol. 26(3). - P. 211-222.
doi:10.5978/islsm.17-OR-17

3. Aleksandrowicz H., Owczarczyk-Saczonek A., Placek W. Venous
Leg Ulcers: Advanced Therapies and New Technologies. Bio-
medicines, 2021, Vol. 96(11), pp. 1569. doi:10.3390/biomedi-
cines9111569

4.  Gupta A, Avci P, Dai T, Huang Y.Y,, Hamblin M.R. Ultraviolet
Radiation in Wound Care: Sterilization and Stimulation. Adv
Wound Care (New Rochelle), 2013, Vol. 2(8). - pp. 422-437.
doi:10.1089/wound.2012.0366;

5. Wang D., Kuzma M.L, Tan X., et al. Phototherapy and
optical waveguides for the treatment of infection. Adv
Drug Deliv Rev, 2021, Vol. 179, pp. 114036. doi:10.1016/j.
addr.2021.114036;

6. Chepurnaya J.L, Melkonyan G.G., Gul'muradova N.T., So-
rokin A.A. The effect of photodynamic therapy on the wound
process dynamics in patients with purulent hand diseases.
Biomedical Photonics, 2021, Vol. 10(2), pp. 4-17. https://doi.
org/10.24931/2413-9432-2021-10-2-4-17

7. Soltan H.H., Afifi A.,, Mahmoud A., Refaat M., Al Balah O.F. Bnu-
AHME HaHouyacTUL cepebpa 1 HU3KOMHTEHCMBHOTO Nasepa Ha
VUMMYHHDBI OTBET U 3aXXUBNEHNE KOXHbIX PaH Mbllleii-anbbu-
HocoB. Biomedical Photonics, 2024, Vol. 13(1), pp. 16-27.

8. https://doi.org/10.24931/2413-9432-2023-13-1-16-27;

9. Arkhipov V.P, Bagrov V.V., Byalovsky Yu.Y. and others. Organiza-
tion of preclinical studies of the bactericidal and wound-heal-
ing effects of the Zarya pulsed phototherapeutic apparatus.
Problems of social hygiene, public health and the history of medi-
cine, 2021, Vol. 29(5), pp.1156-1162. DOI 10.32687/0869-866X-
2021-29-5-1156-1162.

10. Davydov All, Lipatov D.V., Kamrukov A.S. and others. The use
of pulsed high-intensity optical irradiation and exogenous ni-
trogen monoxide in the complex treatment of patients with
purulent inflammation of the uterine appendages. Issues of gy-
necology, obstetrics and perinatology, 2007, Vol. 6(1), pp. 14-17.

11. Ashja Zadeh M.A., Ebrahimi M., Salarian A.A., Abtahi S.R., Jah-
andideh A. Evaluation of Beneficial Influence of Local Appli-

J'II/ITEPATVPA

Amaral A.L., Aoki A., Andrade S.A. Could light be a broad-spectrum
antimicrobial? // Evid Based Dent. — 2024. - Vol. 25(14). - P. 192-
193.d0i:10.1038/541432-024-01042-2

2. Alcolea J.M. Hernandez E., Martinez-Carpio P.A,, et al. Treatment of
Chronic Lower Extremity Ulcers with A New Er: Yag Laser Technol-
ogy // Laser Ther. - 2017. — Vol. 26(3). — P. 211-222. doi:10.5978/
islsm.17-OR-17

3. Aleksandrowicz H., Owczarczyk-Saczonek A., Placek W. Venous
Leg Ulcers: Advanced Therapies and New Technologies // Bio-
medicines. — 2021. - Vol. 96(11). - P. 1569. doi:10.3390/biomedi-
cines9111569

4.  Gupta A, Avci P, Dai T, Huang Y.Y, Hamblin M.R. Ultraviolet Radia-
tion in Wound Care: Sterilization and Stimulation // Adv Wound
Care (New Rochelle). - 2013. - Vol. 2(8). - P. 422-437. doi:10.1089/
wound.2012.0366;

5. WangD., Kuzma M.L,, Tan X., et al. Phototherapy and optical wave-
guides for the treatment of infection // Adv Drug Deliv Rev. - 2021.
—179.-P. 114036.doi:10.1016/j.addr.2021.114036;

6. Chepurnaya J.L., Melkonyan G.G., Gul'muradova N.T.,, Sorokin A.A.
The effect of photodynamic therapy on the wound process dy-
namics in patients with purulent hand diseases // Biomedical Pho-
tonics.—2021.-Vol. 10(2). - P.4-17. https://doi.org/10.24931/2413-
9432-2021-10-2-4-17

7. Soltan H.H., Afifi A, Mahmoud A., Refaat M., Al Balah O.F. Bnus-
HVe HaHovacTuL cepebpa N HM3KOUHTEHCVBHOTO fla3epa Ha M-
MYHHBbI OTBET 11 3aXKMBJIEHNE KOXHbIX PaH Mbileii-anbbuHocoB //
Biomedical Photonics. - 2024. - Vol. 13(1). - P. 16-27.

8.  https://doi.org/10.24931/2413-9432-2023-13-1-16-27;

9.  Apxunos B.MM., barpos B.B., banosckuii t0.10. n gp. OpraHnsayumsa
OOKJIMHNYECKUX UCCNIER0BAHNIA GAKTEPULMAHOTO U PAaHO3aXKMB-
nALWero 4eNcTBUA UMNYNbCHOTO GoTOTEpPaneBTNYECKOro anna-
pata «3aps» // [pobnembl coLuManbHOM rMrneHbl, 34paBooOXpaHe-
HUA 1 UCTOPUN MeaNLUHBI. — 2021.-T. 29, N°5. - C. 1156-1162. DOI
10.32687/0869-866X-2021-29-5-1156-1162.

10. [Hasbigos AU, Jlunatos [1.B., Kampykos A.C. n gp. icnonb3oBaHune
MMMYJIbCHOTO BbICOKOMHTEHCUMBHOTO OMTUYECKOro 06nyyYeHus 1
3K30reHHOro MOHOOKCKAA a30Ta B KOMMJIEKCHOM fieueHnmn 60sb-
HbIX THOVHbBIM BOCMafieHeM NPUAATKOB MaTKu // Bonpocbl ruHe-
KOSIOrnu, akyllepcTea 1 nepuHatonorum. — 2007. - T. 6, N 1. - C.
14-17.

11. Ashja Zadeh M.A., Ebrahimi M., Salarian A.A., Abtahi S.R., Jahan-
dideh A. Evaluation of Beneficial Influence of Local Application

34

BIOMEDICAL PHOTONICS T. 14, Ne 1/2025



Chudnykh S.M., Egorov V.S., Abduvosidov Kh.A., Snitsar A.V., Chekmareva I.A., Emaimo John A.
A planimetric study of experimentally modeled infected wounds exposed to high-intensity pulsed broadband radiation

BIOMEDICAL PHOTONICS T. 14, N2 1/2025

cation of Crocus Pallasii Subsp. Haussknechtii Boiss. Extract
on Healing of Full Thickness Excisional Infected Wounds in
Diabetic Rats. Bull Emerg Trauma, 2020, Vol. 8(3), pp. 169-178.
doi:10.30476/BEAT.2020.82567

Zaitsev A.E., Asanov O.N., Chekmareva I.A. Analysis of the ef-
fectiveness of an erbium laser in the treatment of trophic pu-
rulent wounds in an experiment. Medical Bulletin of the North
Caucasus, 2023, Vol. 18(4), pp. 394-397. DOI - https://doi.org/
10.14300/mnnc.2023.18093

Pavlov A.V. Maskin S.S., Igolkina L.A. Acceleration of heal-
ing of experimentally modeled purulent wounds under local
cryotherapy. Science of the young (Eruditio Juvenium), 2022, Vol.
10(4), pp. 391-400. https://doi.org/10.23888/HMJ2022104391-
400 .

Bokov D.A., Mikhailov N.O., Laptieva A.Yu., Goryushkina E.S.
Modern methods of measuring the area of the wound surface
and their comparison with each other. Youth Innovation Bulle-
tin, 2023, Vol. 12(2), pp. 14-16.

Ivanov G.G., Yarosh V.N., Balashov I.A. Determination of the size
and structural elements of the RAS based on computer planim-
etry. Photoprotocol in assessing the course of the wound pro-
cess. Wounds and wound infections. B.M. Kostyuchenko Jour-
nal, 2023, Vol. 10(1), pp. 38-44. https://doi.org/10.25199/2408-
9613-2023-10-1-38-44

Abduvosidov Kh.A., Chudnykh S.M., Egorov V.S., Filimonov
A.Yu., Korolyova I.A., Kamrukov A.S., Bagrov V.V, Kondrat'ev A.V.
Bactericidal effectiveness of high-intensity pulsed broadband
irradiation in treating infected wounds. Biomedical Photon-
ics, 2024, Vol.13(2), pp. 26-33. https://doi.org/10.24931/2413-
9432-2023-13-2-26-33

Egorov V.S., Filimonov A.Yu. Chudnykh S.M., Abduvosidov
Kh.A., Chekmareva I.A., Paklina O.V. Baranchugova L.M.,
Kondrat'ev A.V. Morphological evaluation of the effectiveness
of treating infected wounds with high-intensity pulsed broad-
band irradiation. Biomedical Photonics, 2024, Vol. 13(3), pp. 31-
41. https://doi.org/10.24931/2413-9432-2024-13-3-31-41
Egorov V.S., Filimonov A.Yu., Chudnykh S.M., Spiryakina E.V.,
Abduvosidov Kh.A. Experimental substantiation of the use of
high-intensity pulsed broadband radiation in the treatment
of infected wounds. Kazan Medical Journal, 2025, Vol. 106(1),
pp.79-87. doi:https://doi.org/10.17816/KMJ634565

12.

13.

14.

15.

16.

17.

18.

of Crocus Pallasii Subsp. Haussknechtii Boiss. Extract on Heal-
ing of Full Thickness Excisional Infected Wounds in Diabetic Rats
// Bull Emerg Trauma. - 2020. - T. 8(3). - P. 169-178. doi:10.30476/
BEAT.2020.82567

3aiiueB A.E., AcaHoB O.H., Yekmapéaa W.A. AHanun3 adpdeKkTBHO-
CTU 3p6KEBOrO Nasepa Npu NeYeHnn TPoGUUECKUX FTHOMHBIX paH
B 3KCnepumeHTe. MegmumnHcknin BecTHNK CeBepHoro KaBkasa. —
2023. - T. 18, N24. — C. 394-397. DOI - https://doi.org/10.14300/
mnnc.2023.18093

Masnos A.B., Mackux C.C., ironkunHa J1.A. YckopeHue 3axnsneHmna
3KCnepuMeHTanbHO MOAENPOBAHHbIX FTHOMHbBIX PaH Npu IoKasb-
HoM KpwuoBo3geicTumn // Hayka monogpix (Eruditio Juvenium).
- 2022. - T. 10, N 4. - C. 391-400. https://doi.org/10.23888/
HMJ2022104391-400.

bokos [.A., Mwuxannos H.O., Jlantnésa A.lI0. ToprowknHa E.C.
CoBpeMmeHHble Cnocobbl M3MepPeHVA NIOLWAAN PaHEBOI NMOBEPX-
HOCTU 1 UX CPaBHEHWEe Mexay coboll // MonogexHbl HHOBAaLM-
OHHbIV BECTHUK. — 2023. - T. 12, N22. - C. 14-16.

MBanos I, Apow B.H., banawos V.A. OnpepeneHne pasmepos
N CTPYKTYPHbIX 3/IEMEHTOB paH Ha OCHOBE KOMMbIOTEPHOIA Miia-
HumeTpun. DOTONPOTOKON B OLEHKE TeYEHWA pPaHeBOro npo-
uecca // PaHbl n paHeBble nHPekumn. KypHan mmeHn npood.
B.M. KocTiouéHka. — 2023. - T. 10, Ne1. — C. 38-44. https://doi.
0rg/10.25199/2408-9613-2023-10-1-38-44

Abduvosidov Kh.A., Chudnykh S.M., Egorov V.S,, Filimonov A.Yu., Ko-
rolyova LA, Kamrukov A.S., Bagrov V.V,, Kondrat'ev A.V. Bactericidal
effectiveness of high-intensity pulsed broadband irradiation in treat-
ing infected wounds // Biomedical Photonics. — 2024. - Vol. 13(2). - P.
26-33. https://doi.org/10.24931/2413-9432-2023-13-2-26-33

Egorov V.S., Filimonov A.Yu., Chudnykh S.M., Abduvosidov Kh.A.,
Chekmareva I.A., Paklina O.V,, Baranchugova L.M., Kondrat'ev A.V.
Morphological evaluation of the effectiveness of treating infect-
ed wounds with high-intensity pulsed broadband irradiation //
Biomedical Photonics. - 2024. - Vol. 13(3). - P. 31-41. https://doi.
0rg/10.24931/2413-9432-2024-13-3-31-41

Eropos B.C., ®unumonos A.0., YyaHbix C.M., CnupskuHa E.B., A6-
gyBocmpaoB X.A. SKcnepumeHTanbHoe 060CHOBaHWE WCMOoJb30-
BaHWA BbICOKOMHTEHCMBHOIO VMMYNIbCHOIO LWMPOKOMOIOCHOTO
06nyyeHns B neveHUn MHGULMPOBAHHBIX paH // KasaHcKnin me-
OULMHCKUIA XypHan. — 2025. - T. 106, N°1. — C.79-87. doi:https://
doi.org/10.17816/KMJ634565

ORIGINAL ARTICLES

35



V9]
-
O
}_
(2’4
<
<
Z4
O,
&
O

Zavedeeva V.E., Efendiev K.T., Kustov D.M., Loschenova L.Yu., Loschenov V.B.
Dual-wavelength fluorescence study of in vivo accumulation and formation of 5-ALA-induced porphyrins

DUAL-WAVELENGTH FLUORESCENCE STUDY OF IN VIVO
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Abstract

This article discusses the processes of 5-aminolevulinic acid (5-ALA) metabolism, as well as the accumulation and photobleaching of protoporphyrin
IX (PpIX) during photodynamic therapy (PDT) of benign skin tumors using the application method of introducing a 20% 5-ALA solution. The
exposure time of the drug was 4 h. The study included two patients, one with dermatofibroma and one with congenital melanocytic nevus.
Spectral fluorescence study was performed by fluorescence excitation using lasers at wavelengths of 405 and 632.8 nm. Fluorescence of normal
and pathological tissues was recorded in the range of 350-800 nm at A_ =405 nm and in the range of 600-750 nm at A =632.8 nm. The dynamics
of PpIX accumulation was studied. In the superficial tissue layers (at }\exc:405 nm), the maximum accumulation of PpIX was recorded 3 h after the
5-ALA administration. In deeper tissue layers (at A, =632.8 nm), the PpIX accumulation increased during 4 h of observation. After PDT with laser
radiation with a wavelength of 635 nm, photobleaching of PpIX and the formation of its chlorin-type photoproducts with a fluorescence maximum
in the range of 670-700 nm were observed. It was not possible to establish the presence of uroporphyrins I and Ill and/or coproporphyrin I, which
could indicate a disturbance in the mitochondrial metabolism of necrotic cells. The obtained results expand the possibilities of spectral-fluorescent
diagnostics and can contribute to increasing the effectiveness of 5-ALA-PDT of tumors.

Key words: spectral fluorescence diagnostics, photodynamic therapy, 5-aminolevulinic acid, porphyrins, protoporphyrin IX, chlorin-type
photoproducts, fluorescence spectra.
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ABYXBOJIHOBOE ®PJTYOPECUEHTHOE UCCJTIEQOBAHUE
IN VIVO HAKOIJTEHNA U OBPA3SOBAHUA 5-AJIK-
MHOYUNPOBAHHbBIX MOPPUPUHOB

B.E. 3asepeeera’, K.T. Ddengues??, [1.M. Kycros?, J1.IO. JloweHnoea*, B.b. JloweHos??
"Yhueepcurer CopborHa, DakynbTeT Haykn u urxeHepum, MNapux, Pparums
2NncTutyT 06wen pusukm um. A.M. MNpoxoposa PAH, Mockea, Poccus

SHaunoHanbHbIM UccnenosaTensckmit aaepHbii yHnsepcutet «MUDPU», Mocksa, Poccus
‘OO0 «BMOCTIEKs, Mockea, Poccus

Peslome
B paHHoOW cTaTbe paccMOTPEHbI MpoLecchl MeTabonm3ma 5-amrHoneBynnMHoBow KucnoTol (5-AJTK), a Takxe HakonneHus n dotoobecuBeun-
BaHuA npoTtonopdupuHa IX (MnlX) B npouecce potoarHammnyeckon Tepanum (GAT) [o6POKaYECTBEHHDBIX OMYXOJEN KOXM C MPUMEHEHNEM
annanKaLMoHHoro crocoba BeegeHus 20%-ro pacteopa 5-AJIK. Bpems skcno3mumm npenapara cocTaBunio 4 u. B nccnegosaHnm yyactsoBanu
[1Ba NauyeHTa c aepmaToprubpomon 1 BpoXKAEHHbIM MenaHoLMTapHbIM HeBycoM. CneKkTpasibHO-(pyopecLeHTHOe UccefoBaHve NPOBOANIIN
c BO30y»eHvem driyopecLieHLMm la3epamu Ha AnvHax BonH 405 1 632,8 Hv. DnyopecLieHLmMio HOpMasibHOW 1 NaTONOrMYeCcKn N3MEHEHHOW
TKaHU PerncTprupoBany B AnanasoHe 350-800 Hm npu A, =405 HM 1 B AnanasoHe 600-750 HM npu A =632,8 HM. MiccnegoBaHa AnHammKa
HakonieHya MnlX. B noBepxHOCTHbIX cioax TKaHei (Mpu A =405 HM) Makcumym HakonneHus MnlX pernctpuposany cnycta 3 4 nocne Bee-
neHus 5-AJIK. B 6onee rny6oKmx cnoax TKaHew (mpu )\303:632,8 HM) HakonneHue MnIX yBenuuneanock B TeueHve 4 4 HabnogeHws. NMocne OAT
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Na3epHbIM U3NyYeHeM C ANNHO BOHbI 635 HM Habnoaanu oTtoobecuBeurBaHue MnlX 1 o6pasoBaHne ero GoToNPOAYKTOB XJIOPUHOBOIO
THNa, C MakcMymom dryopecleHLun B AnanasoHe 670-700 HM. YcTaHOBUTb Hanuuve ypornopduprHos | v Il u/unn konponopdupuHa |,
KOTOpble MOrN 6bl CBUAETENbCTBOBATH O HAPYLIEHUM MUTOXOHAPWAIbHOFO MeTabosIM3Ma HEKPOTUYECKIX KIETOK, He yaanoch. [NonyyeHHble
pesynbTaThl PacIMPAIT BO3MOXKHOCTMN CMEKTPanbHO-hIyoOpeCLIEHTHON ANArHOCTVKI 1 MOTYT CMOCO6CTBOBATH MOBbILLEHUIO 3GEKTUBHOCTN

5-ANIK-OAT onyxonen.

KnioueBble cnoBa: criektpanbHo-pnyopecLieHTHaA AvarHocTka, otofMHamMmmyeckas Tepanus, 5-aMMHONEBYIMHOBAA KMUCIoTa, nopdupu-
Hbl, npoTonopdupyH X, poTonpoayKTbl XNOPUHOBOIO THMa, CMEKTPbI GrtoopecLeHLUN.

KoHTakTbi: 3aBefeeBa B.E., e-mail: vezavedeeva@gmail.com

Ana yntnpoBaHusA: 3asepeeBa B.E., DdeHpues. KT, Kyctos [1.M., JloweHosa J1.t0., JloweHos B.B. [IByxBonHOBOe $nyopecLieHTHOE 1ccne-
[OBaHue in vivo HakomnaeHua 1 obpa3oBaHUA 5-anKk-MHAYLMPOBaHHbIX nopdurpriHoB // Biomedical Photonics. — 2025. - T. 14, N2 1. - C. 36-46.

doi: 10.24931/2413-9432-2025-14-1-36-46

Introduction

Fluorescence diagnostics and photodynamic therapy
(PDT) using 5-aminolevulinic acid (5-ALA) are widely
used in leading clinics around the world to treat various
oncological and non-oncological diseases. PDT includes
two key steps: administration of a photosensitizer (PS)
which has the ability to selectively accumulate in tumor
tissues and cells, and then exposure of the sensitized
tissues to light of a specific wavelength. It is optimal if
the wavelength corresponds to one of the PS absorption
peaks, which triggers the process of generation of
reactive oxygen species, mainly singlet oxygen (Fig. 1).

The transfer of molecular oxygen from the triplet state
to the singlet state is facilitated by the energy transfer from
the PSin the excited triplet state. When the PS absorbs laser
radiation, the molecule passes into an excited state, which
can exist in either singlet or triplet configuration. The PS
molecule in the singlet state quickly passes back to the
ground state, accompanied by the emission of light quanta
(fluorescence) or is converted into kinetic thermal energy

of the reaction products. In contrast, the PS in the triplet
state has a longer lifetime, which increases the probability
of energy transfer to nearby (within 0-20 nm) oxygen
molecules, thereby transferring them to the singlet state.
According to [1], 5-ALA has two metabolic pathways. The
first pathway leads to the formation of photodynamically
active protoporphyrin IX (PpIX). The second pathway leads
to the formation of fluorescent uroporphyrin |, which
either does not have photodynamic activity or exhibits it
to an insignificant degree (Fig. 2).

It is especially important that 5-ALA metabolism in
necrotic tissues has been shown to occur via an alternative
pathway [1]. In cells that have undergone apoptosis under
the influence of PDT, metabolic disturbances are also
observed, which indicates the possibility of switching the
metabolism of irradiated cells to an alternative pathway.
Furthermore, it has been demonstrated that the intensity
of the PplX accumulation process diminishes with laser
irradiation when light exposure occurs prior to reaching
maximum accumulation [1]. This phenomenon can likely
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Fig. 1. Scheme of formation of the excited (singlet) oxygen state in the PDT process.
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Fig. 2. Scheme of metabolic pathways in normal, cancerous and necrotic cells.

be attributed to the requirement of molecular oxygen for
the conversion of coproporphyrinogen lll to PplX. It can be
hypothesized that premature irradiation limits the access
of molecular oxygen to coproporphyrinogen lll, since it
leads to the activation of molecular oxygen to its singlet
state, which, in turn, prevents the formation of PpIX.
Therefore, two competing mechanisms can be
identified: one that reduces photodynamic activity
and the other one that increases it. The isolation of
the spectra of the products of natural metabolism of
5-ALA and its photochemical transformation in vivo is a
methodologically complex process.Thiscomplexity arises
from the substantial overlap between the absorption and
fluorescence spectra of these compounds. The current
state of technical capabilities precludes the simultaneous
excitation of several wavelengths corresponding to the

Ta6namua 1.

absorption of various porphyrin derivatives of 5-ALA, as
well as the effective separation of the recorded spectra.

In order to solve this problem, it is necessary to have
precise knowledge of the absorption and fluorescence
spectra of the porphyrins under study in the biological
tissues under study. In this case, the focus is on porphyrins
such as uroporphyrin I, uroporphyrin lll, coproporphyrin |,
coproporphyrin lll and PpIX. However, the spectra of these
fluorophores are most often reported for acidic, alkaline,
or other media that do not correspond to the physiological
conditions of the human body. Fig. 3-4 illustrate the
absorption and fluorescence spectra of uroporphyrins |
and lll, coproporphyrin |, and PplX in various media [2, 3].

Table 1 shows the characteristic fluorescence and
absorption maxima of coproporphyrin |, uroporphyrin |,
uroporphyrin lll and PpIX [2, 3].

CpaBHuUTeNnbHas Tabnauua NMKoOB ¢pyopecueHUnn U nornoweHus KonponopdupuHa l, yponopdpupuna l,

yponopdupuna lll n NMniX [2,3]
Table 1.

Comparative table of fluorescence and absorption peaks of coproporphyrin I, uroporphyrin I, uroporphyrin lll and PpX [2,3]

Makcnmym nornoweHus, HM Makcnmym ¢pnyopecueHUnmn, HM
Porphyrin

Kl
CPI

Yl
UPI

Yl
UP I

Mn IX
Pp IX

406 552 592

398 502 538

408 506 542

375 389 503 537 559 609 614 677

560 612 = 618 681

577 631 - 633 722

KM | - konponopdupuH |, YN | — yponopoupuH I, Y Il - yponopdupu lil, MnIX - npotonopdupmH IX
CP | - coproporphyrin I, UP | - uroporphyrin |, UP Ill = uroporphyrin Ill, Pp IX - protoporphyrin IX

38

BIOMEDICAL PHOTONICS T. 14, Ne 1/2025



Zavedeeva V.E., Efendiev K.T., Kustov D.M., Loschenova L.Yu., Loschenov V.B.
Dual-wavelength fluorescence study of in vivo accumulation and formation of 5-ALA-induced porphyrins

Coproporphyrin 1/K dupun |
Uroporphyrin 1/Yponopdupun [
Uroporphyrin 111/¥Yponopdupun 111
11| Protoporphyrin IX dimethyl ester/.| i achup npy b X |

ion/Hopa.
=4
2

z
02—+
7
=—1 :

P S { =
%3203403&)3804{”420“04@4%5“)52054056{]5806“)620640
Wavelength (nm)/Jymna sosmst (1m)

0.1 T T T T T T T T T

—_— Coproporphyrin 1/Konponopdupun 1

—_— Uroporphyrin 1/Ypouopdupun |

— Uroporphyrin 111/Yponopdupun 111

_ it acpup b IX

Protoporphyrin IX dimethyl ester/ )|

<1072

®

-1072

B

.10-2

o

w

-1072

-

.10-2

-102

Normalized Absorption/Hopma msoBarHoe noriomenue
“w

-10-2

S

1-1072

. . . =
480 500 520 540 560 580 600 620 640 660
Wavelength (nm)/ mna somust (ns)

Puc. 3. Cnektpbl nornouweHus 5-AJIK-uHayumMpoBaHHbIX nopdupuHoB: pacteopa KI 1 B8 0,1 M kanuinHo-pocdaTHoro 6ydpepa, pactsopa
YN 1. 1,0 M pactBope consiHow Kucnotbl, pactsopa Y 11l 8 0,1 M pactBope KanuitHo-dpochaTHoro 6ydepa u pactsopa MNnlX gumertun

actepa B xjopodopme [2, 3].

Fig. 3. Absorption spectra of 5-ALA-induced porphyrins: a solution of coproporphyrin | in 0.1 M potassium phosphate buffer, a solution
of uroporphyrin I in 1.0 M hydrochloric acid, a solution of uroporphyrin Ill in 0.1 M potassium phosphate buffer, and a solution of PpIX

dimethyl ester in chloroform [2, 3].

The purpose of this study is to characterize the
absorption and fluorescence spectra of 5-ALA-induced
porphyrins for subsequent use in spectral separation.
In addition, to investigate the formation of PplIX
photoproducts - chemical compounds formed as a result
of photochemical reactions during PDT.
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Puc. 4. Cnektpbl dpnyopecueHumnn 5-AJIK mHAyLMPOBaAHHbIX MOp-
¢upuHoB: pacteopa K | B 0,1 M KanuitHo-dpocdaTHoro 6ydepa,
pactBopa YI Il B 0,1 M KanuiHo-dochaTHOoro 6ydepa u pac-
TBOpa MnIX gumeTtun actepa B pacTBope meTaHona [2, 3].

Fig. 4. Fluorescence spectra of 5-ALA-induced porphyrins: a
solution of coproporphyrin 1in 0.1 M potassium phosphate buffer,
asolution of uroporphyrin lllin 0.1 M potassium phosphate buffer,
and a solution of PpIX dimethyl ester in methanol solution [2, 3].

BIOMEDICAL PHOTONICS T. 14, N2 1/2025

Differences in the fluorescence lifetime of uropor-
phyrin I, coproporphyrin lll, PpIX and its photoproducts
open up the possibility of differentiating the metabolic
pathways of 5-ALA. From a practical point of view, this is
especially important, since such differentiation of spectra
can allow the presence of necrotic tissue in the irradiated
area to be detected even before the start of PDT.

Monitoring of PplX concentration and its
photobleaching in different parts of the irradiated tissue
is of greatest interest, as it can help to detect initiated
processes of necrotic or apoptotic cell death. If in certain
parts of the tissue the concentration of PplXis lower than
in the actively proliferating part of the tumor, and the
fluorescence intensity does not decrease after irradiation,
it may indicate partial necrotization of the tissue or lack
of oxygen access caused by stenosis or obstruction of
blood vessels.

Materials and methods

Patients

This study included two clinical cases of benign skin
tumors - dermatofibroma and congenital melanocytic
nevus. Both patients underwent spectral fluorescence
diagnostics to assess the accumulation of 5-ALA-
induced porphyrins before and after PDT. The dynamics
of accumulation and the intensity of photobleaching
of PpIX in different tissue layers were also studied. The
main parameters of the patients involved in the study are
presented in Table 2.

Fig.5 showsimages of patients'tumors with indication
of the areas where spectral fluorescence diagnostics was
performed.
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Ta6nuua 2
OCHOBHble NapaMeTpbl NaLUeHTOB

Table 2
Main parameters of patients

OwnarHos LepmaTtodpnbpoma BpoxaeHHbIn
Diagnosis Dermatofibroma MenaHoUUTapHbI
HeByC
Congenital melanocytic
nevus
Mon MKEHCKUN YKEHCKUN
Gender female female
Bospacr 56 net 35 net
Age 56 years 35 years

Puc. 5. Onyxonu c ykazaHMeMm 30H, rae npoBoaunun ¢iyopecueHT-
Hble UccnefoBaHuUs: a — NauneHT ¢ gepmatoprubpomon (3oHa 1 —
LeHTpanbHas 061acTb ONyxonu; 3oHa 2 — nepudepus onyxonu);

b — nauMeHT ¢ BPOXKAEHHbIM MenaHOLUMTapHbIM HEBYCOM (30HbI
1-3 - 0651acTU C MOBLIWEHHbIM COAEpP}KaHMEM MeNaHOLMUTOB;
30Ha 4 — o6nactb cBOGOAHAA OT ME/IAHOLMTOB).

Fig. 5. Tumors with indication of the zones where fluorescence
studies were performed: a — patient with dermatofibroma (zone
1 - central area of the tumor; zone 2 - tumor periphery); b —
patient with congenital melanocytic nevus (zones 1-3 - areas
with increased content of melanocytes; zone 4 - area free of
melanocytes).

The study included several stages, one of them being
spectral-fluorescent studies of the accumulation and
photobleaching of PplX (Fig. 6).

For 24 h after the administration of 5-ALA, patients
strictly observed the light regime (excluding exposure
to direct sunlight, watching television programs, etc.).
All procedures were carried out in accordance with the
recommendations of the Helsinki Declaration of the
World Medical Association.

Photosensitizer

A 20% aqueous solution of 5-ALA prepared
immediately before use was utilized for the spectral-
fluorescent study. The administration was carried out
by the application method: a sterile gauze napkin was
soaked in the solution and applied to the area of the
pathological focus. Before applying the preparation, the
skin was cleaned with distilled water.

To prevent evaporation of the 5-ALA solution and
improve its penetration, the treated area was covered with
cling film. During the entire observation period of 5-ALA-
induced PplX accumulation (up to 4 h), the patient was in
a darkened room to minimize exposure to external light.

Spectral fluorescence diagnostics

Laser electron-spectral unit LESA-01-BIOSPEC (BIOSPEC
Ltd., Moscow) was used for spectral-fluorescence study.
Tissue fluorescence was excited by laser irradiation
with wavelengths of 405 and 632.8 nm. Excitation with
wavelength in blue and red spectral bands was performed
in order to study the distribution of PplX in superficial and
deeper tissue layers [4]. When the fluorescence was excited
at 405 nm wavelength, the spectral signal was recorded
in the range of 350-800 nm. While excited at 632.8 nm
wavelength, the spectral signal was recorded in the range
of 600-750 nm, respectively. Both bands included diffusely
scattered laser emission signal and tissue fluorescence in
the red region of the spectrum.

Spectral fluorescence imaging of normal skin and
neoplasm skin was performed before PS injection to
determine endogenous tissue fluorescence. The cheek
skin was chosen as a reference in measurements. Tissue
fluorescence spectra were also recorded 1, 2, 3,and 4 hours
after 5-ALA application, before the start of PDT. Spectral
fluorescence imaging was performed again after PDT.

Photodynamic therapy

Both continuous and pulsed irradiation modes were
used for PDT. The laser LFT-02-BIOSPEC (BIOSPEC Ltd.,
Moscow) with a 635 nm wavelength and the maximum
output power of 1.5W was used in continuous irradiation
mode. Laser radiation delivery was carried out through
a quartz optical fiber with a polymer shell with a total

T~

Spectral fluorescence study of porphyrin

Application of 5-ALA (20% solution) /

accumulation (during 4 h) [

PDT /| ®OT

BeepeHue 5-AJIK (20% pacTBop) CrekTy ) L4

\/

/\

Spectral fluorescence study of the formation of PpIX
photoproducts /
CnekTtpanbHO-}iyopecLieHTHOe UccnefoBaHue
o6pa3oBaHua poTtonpoaykTos MnIX

yop:! THOoe
HakorneHus NoppUpHOB (B TeueHue 4 4)

Spectral fluorescence study of PpIX photobleaching /
CneKTpanbHo-$nyopecLeHTHOe uccnefoBaHne

Puc. 6. O6wwasn
cxema nposeje-
HUSA uccnegoBsa-
Hus.

Fig. 6. General
scheme of the
study.

doroobecueunBanus MnixX
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diameter of 600 um. Output power of laser emission was
varied in the range of 400-1200 mW.

Skin neoplasms were continuously irradiated with a
wavelength 635 nm and a power density of 380-440 mW/
cm?. The energy dose was 95-100 J/cm?. Laser irradiation
was stopped when the pain effect increased. A significant
increase in pain symptoms exceeding the pain threshold
was recorded 10-20 sec after the beginning of continuous
irradiation. After this, laser irradiation in pulse mode was
performed. Pulsed irradiation of pathologic tissues with
PpIX accumulation contributes to the pain reduction of
patients in the light exposure area [5]. To minimize the
impact on the surrounding healthy tissues, a medical
dressing with a 10 mm hole diameter was applied to the
pathological tissues area before pulse irradiation. A pulse
system based onaring xenon gas discharge lamp (BIOSPEC
Ltd., Moscow) was used for pulsed PDT treatment. Patients
received 10-12 pulses sequentially with an average energy
density of 1 J/cm? and a total energy dose of 10-12 J/
cm?. Applying the pulse mode allowed to reduce pain in
patients during PDT of tissues with PplX accumulation.

Results and discussion

The spectral fluorescence study was performed
with fluorescence excitation at wavelengths of 405 and
632.8 nm. This approach allowed the diagnosis of both
superficial and deeper tissue layers [6]. Fig. 7 shows the
spectral data of PplX accumulation under fluorescence
excitation at wavelengths A_ =405 nmand A\, = 632.8
nm. The recorded data include diffusely scattered laser
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irradiation and fluorescence of tissue from a patient with
a dermatofibroma: central region and tumor periphery.

When fluorescence was excited at A, =405 nm, two
intense peaks were recorded at 625-670 nm and 700-740
nm. A fluorescence peak in the 690-740 nm wavelength
region was observed by irradiation at A_ = 632.8 nm.
Fig. 8 shows the integral fluorescence intensities
distribution in the indicated spectral ranges.

The results show that during the 4-hour observation
period after the application of 5-ALA, an increase in the
accumulation of PpIX was observed bothin the superficial
(Fig. 8a, b) and in the deeper (Fig. 8c) tissue layers. PDT
was performed in the zones of PplX accumulation. After
PDT, a new fluorescence peak was registered in the
wavelength range of 670-700 nm under laser excitation
at a wavelength of 405 nm (Fig. 9).

Earlier in [7] it was shown that laser irradiation with a
wavelength of 635 nm and an energy dose of 43 J/cm?
of human adenocarcinoma cells leads to the formation
of photodynamically active PpIX photoproducts. These
photoproducts that fluoresce with a minor short-
wavelength shift, are characterized as a mixture of
chlorin-type photoproducts [7]. The main photoproduct
in the mixture is photoprotoporphyrin: two chlorin-type
hydroxyaldehyde isomers that exhibit fluorescence in the
wavelength range of 670-690 nm.

Chlorin-type photoproducts differ from PplX by the
presence of an absorption band in the 450 nm region
and an intense fluorescence peak in the 650-700 nm
wavelength range. The property of PpIX photoproducts
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Puc. 7. CneKkTpanbHble JaHHble, BKAOYatowme audpy3Ho paccesHHOE na3epHoe uanyyeHue u payopecueHUmIo B LeHTpanbHOM 06nactu

(3oHa 1) n nepudepun (3oHa 2) sepmatoPpruépoMbl B pasiinyHbie BpEMEHHbIE TOYKK nocne BBeaeHus 5-AJTK: (a) npu

,=405 HMm; (b) npu

A,;,,=632,8 HM. CneKTpbl HOPMUPOBAHbI HA MaKCMMasibHOEe 3Ha4eHNe MHTEHCUBHOCTH AnddYy3HO paccesiHHOro na3epHoro nU3ny4yeHus.
Flg 7. Spectral data including diffusely scattered laser radiation and fluorescence in the central area (zone 1) and periphery (zone
2) of dermatofibroma at different time points after 5-ALA administration: (a) at 2, =405 nm; (b) at 4  =632.8 nm. The spectra were
normalized to the maximum intensity of diffusely scattered laser radiation.

ORIGINAL ARTICLES

BIOMEDICAL PHOTONICS T. 14, N2 1/2025

41



V9]
-
O
—
(a'4
<
<
<
©
o
O

-3
<3
3

|—=—zone 1/ 30ma 1
—e—zone 2/ 30Ha 2
500 - Aex. =405 NM / 3.,,,=405 HMm

Zavedeeva V.E., Efendiev K.T., Kustov D.M., Loschenova L.Yu., Loschenov V.B.
Dual-wavelength fluorescence study of in vivo accumulation and formation of 5-ALA-induced porphyrins

@
=
ks

|—=—zone 1/ 30ka 1
—e—zone 2/ 30Ha 2
250 - Aexc=405 Nm / 1,,,,=405 HMm

)

—=—zone 1/30Ha 1
—e—zone 2/ 30Ha 2
hexc=632.8 nm / 1,,,=632.8 HM

\,

=]

S
I

=3
=3
S

740 Hm) (OTH.eA.)

IS

3

3
L

200 4

w

=1

3
!

150

200 100 o

Fluorescence intensity (625-670 nm) (a.u.) /
WHTEHCMBHOCTL hnyopecueHLmnm (625-670 Hm) (0TH.ea.)
Fluorescence intensity (700-740 nm) (a.u

WHTEHCMBHOCTB chnyopecueHLm (700

100

a
3
1

o
o

@ s a
<3 =] 3
S =1 S
L I I

N

=1

S
L

Fluorescence intensity (690-740 nm) (a.u.) /
WHTeHcrBHOCTL dhnyopecuerLmnm (690-740 Hm) (oTH.ea.)

100

T T
without 5-ALA 1h/1y4

16e3 5-ATNK

T T T
2h/2y 3h/3y 4h/4y

a

T T
without 5-ALA 1hi1y

1 6es 5-ANK

=

T T T T T T T T
2h/2v 3h/34 4h/4y without 5-ALA Thity 2h/2y 3h/34 4h/4u

16e3 5-AINK
b c

Puc. 8. PacnpeaeneHve UHTErpaabHbIX MHTEHCUBHOCTEN dyiyopecLeHUMU B LeHTpanbHOM ob6nacTtu (3oHa 1) u nepudepun (3oHa 2)
aAepmatodubpombl: a — B gManasoHe 625-670 HM; b — B guanasoHe 700-740 HM; ¢ — B guana3oHe 690-740 HMm.

Fig. 8. Distribution of integrated fluorescence intensities in the central region (zone 1) and periphery (zone 2) of dermatofibroma: a - in
the range of 625-670 nm; b — in the range of 700-740 nm; ¢ — in the range of 690-740 nm.

is sometimes used to improve the efficiency and contrast
of 5-ALA fluorescence navigation [8]. Exposure to 635
nm laser excitation leads to a decrease in the PplIX
fluorescence intensity and is followed by the formation
of a new fluorescence peak at 675 nm [8].

An increase in tissue fluorescence intensity in the
670-700 nm wavelength range was also recorded in
both central and peripheral regions of dermatofibroma,
indicating the presence of chlorin-type photoproducts in
tissue after PDT. PpIX photoproducts have photodynamic
activity and can be used in 5-ALA-PDT.The quantumyield
of singlet oxygen of photoprotoporphyrin is 0.69 [9].

To evaluate the contribution of photoproduct fluore-
scence to the recorded signal, the photoprotoporphyrin
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fluorescence index was calculated as the ratio of the
integral fluorescence intensities in the 670-700 nm
wavelength range to the integral intensity in the 625-670
nm wavelength range (Fig. 10).

Currently, scattered data are available on the dynamics
of 5-ALA-induced PplX accumulation. The maximal
accumulation time of PpIX may vary depending on the
route of administration of 5-ALA as well as the tumor type.
The most common 5-ALA-PDT of skin tumors is performed
by topical (local) drug administration in the form of gel or
aqueous solution.This route of administration demonstrates
a more rapid PpIX accumulation in tissues compared to
oral and inhalation administration of 5-ALA [10]. The PpIX
maximum accumulation in skin tumors is observed by 3.5-6
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Fig. 9. Results of spectral fluorescence diagnostics in the central area (zone 1) and periphery (zone 2) of dermatofibroma: a — before

PDT (4 hours after 5-ALA administration); b — after PDT.
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Fig. 12. Distribution of integrated fluorescence intensities of melanocytic nevus tissues in areas with an increased content of
melanocytes (zones 1-3) and in an area relatively free of melanocytes (zone 4): a — in the range of 625-670 nm; b — in the range of 700-
740 nm; ¢ - in the range of 690-740 nm.

h after application of 5-ALA [11]. For example, in squamous  with increased melanocyte content (zones 1-3) and in
cell cancer with local injection of a 20% solution of 5-ALA,  the area relatively free of melanocytes (zone 4) (Fig. 11).

peak accumulation was recorded after 4 h, whereas in basal The spectra were normalized to the maximum value
cell cancer it was recorded 6 h after administration [11]. of the intensity of diffusely scattered laser radiation.
In case of the patient with congenital melanocytic As in the case of the dermatofibroma patient, two

nevus, intensive PplX accumulation was registered as  intense peaks were recorded at A, = 405 nm in the
early as 1 h after 5-ALA application, both in the areas  wavelength range of 625-670 nm and 700-740 nm. A
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fluorescence peak in the region of 690-740 nm was
observedat__=632.8 nm.Fig. 12 shows the distribution
of integrated fluorescence intensities in the indicated
ranges.

In comparison to dermatofibroma tissues, the
results showed that in the superficial tissue layers (at
Aexc = 405 nm) of the investigated zones 3 and 4, the
PpIX maximum accumulation was observed 3 h after
5-ALA application (Fig. 12a,b). The 5-ALA-induced PplX
accumulation continued to increase 4 h after injection
(Fig. 12¢) in deeper tissue layers (at )\exc=632,8 nm). PDT
was performed in all areas. Photobleaching of PpIX was
observed in both superficial and deeper tissue layers as
aresult (Fig.13).

Photoprotoporphyrin formation was observed in all
investigated areas of melanocytic nevus after PDT (Fig.
14). There was no correlation between the intensity of
photoprotoporphyrin formation and the intensity of
PplIX accumulation (Fig. 12, 14).

PplIX photoproducts are of great interest and offer
new opportunities for high-contrast fluorescence
imaging using 5-ALA [8]. PpIX photoproducts can easily
move in the intracellular space due to their greater water
solubility compared to PplIX [12], and be less sensitive to
the singlet oxygen generated by PplX [13]. Despite the
lower singlet oxygen generation efficiency compared
to PpiX, PpIX photoproducts can potentially be used for
PDT [7, 14]. In summary, PpIX photoproducts can expand
the fluorescence diagnostic capabilities and improve
the efficiency of PDT, which requires further research for
their practical application.

Conclusion

The dynamics of PplX accumulation in superficial and
deep dermatofibroma layers and congenital melanocytic
nevus with fluorescence excitation at wavelengths 405

0.60
=@ zone 1/30Ha 1
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0.55 -{ ==e==z0ne 3 / 30Ha 3
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Puc. 14. UameHeHne dnyopecueHunn ©GOTONPOAYKTOB XJI0pU-
HOBOro TMNa B npouecce HakonneHus 5-AJIK-MHAyLMpOBaHHOIO
MniX u nocne nposegenus ®AT menaHouUTapHOro HeByca
(A=635 HM, nnoTHOCTb MoLwHocTM 380 MBT/cm?, fo3a aHeprum
100 [x/cm?).

Fig. 14. Changes in fluorescence of chlorin-type photoproducts
during the accumulation of 5-ALA-induced PplIX and after PDT
of melanocytic nevus (A=635 nm, power density 380 mW/cm?,
energy dose 100 J/cm?).

and 632.8 nmwith administration of a 20% 5-ALA solution
was studied. PplX accumulation in dermatofibroma
tissues continued to increase during 4 h of observation
in both superficial and deep tissue layers, in the central
and the peripheral regions of the tumor. In comparison to
melanocytic nevus tissues, maximum PplX accumulation
in superficial layers was reached after 3 h, while in deep
layers an increase in PplX accumulation within 4 h was
observed. It is found that in the process of tumor PDT by
laser excitation with a 635 nm wavelength, chlorin-type
photoproducts characterized by intense fluorescence in
the range of 670-700 nm are formed.
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Abstract

Hyperparathyroidism (primary, secondary and tertiary) is a common endocrine disease, often occurring with pronounced symptoms, in most
cases caused by adenoma (rarely several adenomas) in primary hyperparathyroidism (pHPT) and chronic renal failure in patients on programmed
hemodialysis with secondary (sHPT) and tertiary (tHPT) hyperparathyroidism. To date, the only radical treatment for hyperparathyroidism (HPT)
is surgical removal of pathologically altered parathyroid glands. In this regard, there is a need to improve diagnostic search algorithms, including
intraoperative ones, for altered parathyroid glands. The main objective of the review is to study current trends and techniques of intraoperative
imaging of the parathyroid glands, compare these methods and evaluate their effectiveness. The use of qualitatively new technologies for the topi-
cal diagnosis of altered parathyroid glands, such as identification by autofluorescence in the near infrared spectrum (NIRAF), the technique of using
indocyanine green (ICG) and 5-aminolevulinic acid under UV radiation, make it possible to visualize the localization of the parathyroid glands with
more than 90% accuracy. However, the issue of their priority use remains open and unresolved.

Key words: primary, secondary, tertiary hyperparathyroidism, parathyroid gland, imaging, surgical treatment, ICG, NIRAF, 5-ALA.
Contacts: Zinchenko S.V., e-mail: zinchenkos.v@mail.ru.
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METO[bl MHTPAOMNEPALIMOHHOM ®NTYOPECLEEHTHOM
TOMUYECKOM OUATHQCTUKMU MAPALLIMTOBUOHBIX
XKENE3: JIUTEPATYPHbIN OB3OP

C.B. 3unuenko', H.A. LLlaHazapos?, H.®. Mypartos', C.[1. Kucukoea?, K.C. Cenrbekosa?,
M. U6parum?®, P.P. AxmeTumn'

"Kazanckun (Mpusonxckuit) denepanbHbiit yHnsepcutet, KasaHb, Poccus

2P[T1 Ha MXB «bonbHuua Meguumnckoro uerntpa Ynpaenerus nenamu MNpesupenta PK»,
ActaHa, Pecnybnmka Kasaxcran

SMepunumHckunit uentp «Alsay, Actana, Pecnybnuka Kasaxcran

Pesiome
[unepnapatpeo3 (nepBUYHBINA, BTOPUYHBIA M TPETUYHbIN) — PacnpoCTpaHeHHOe SHAOKPUHHOE 3abofeBaHve, 4YacTo npoTeKkawliee ¢
BblPaXXe€HHOW CYMMTOMATVKOWN, B GOMbLUMHCTBE Cly4yaeB OOyCNOBIEHHOE afleHOMOW (peXke HeCKONbKUMU afieHoMamu) Npu nepBUYHOM
runepnapatipeose (NITIT) 1 XPOHUYECKON MOYeYHOW HEeJOCTaTOYHOCTbIO Y MaLMEHTOB Ha NPOrpaMMHOM remMofuanuse npv BTOPUYHOM
(BIMIT) n TpetnyHom (TITIT) runepnapaTupeose. Ha cerogHAWHWI AeHb eAWHCTBEHHbIN PaguKaibHbI METOA NIeYeHUA rnepnapaTmpeosa
(TMAT) - xupypruyeckoe ypaneHve NaToNIOrMYECKN M3MEHEHHbIX MapalUTOBUAHbLIX Xene3. B 3Toi cBA3M BO3HWKaeT HeobXOAUMOCTb
COBEpPLIEHCTBOBAHMA aIrTOPUTMOB AVMArHOCTUYECKOTrO NMOUCKa, B TOM YMCIe NHTPAoNepaLiOHHOIO, N3MEHEHbIX NapalUTOBUAHBIX Kenes.
OcHoBHas 3afjaya 0630pa — N3y4nTb COBPEMEHHbIE TEHAEHLMM 1 METOAMKI UHTPAONEePaLMOHHO BI3yann3aLmm napawmToBUAHbIX XKenes,
CPaBHUTb AaHHble Cnocobbl 1 OLUeHWUTb UX 3PeKTUBHOCTb. [pMMeHeHNe KayeCTBEHHO HOBbIX TEXHONMOTUA TOMMYECKON AMArHOCTUKM
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MN3MEeHEHHbIX NMapaLLMTOBMAHBIX >Kee3, TakuX Kak ngeHtudukaumusa nytem aytodnioopecueHuuy B 6nmskom nHdpakpacHom cnektpe (NIRAF),
MEeTOAVKa MCMoNb30BaHUA NHAoUMaHnH-3eneHoro (ICG) n 5-aMrHONEeBYNMHOBOW KMCIOTbl nMpu YO-n3nyyeHnn nos3sonsoT ¢ 6onee yem
90% TOUHOCTbIO BU3yany3vpoBaTh JIOKaNM3aLmio NapalnToBUaHbIX xenes. OgHako BONpPOC VX NMPUOPUTETHOIO MCMOJb30BaHKSA OCTaeTCs

OTKPbITbIM 1 He peLleHHbIM.

KnioueBble cnoBa: nepBUYHbIV, BTOPUYHbIA U TPETUYHDIA rMneprnapaTMpeos, NapalMToBUAHAA XKenesa, BU3yanvsauns, Xupypruyeckoe

neuenue, ICG, NIRAF, 5-AJIK.

KoHTtakTbl: 3uHyeHko C.B., e-mail: zinchenkos.v@mail.ru
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Introduction

Today, primary hyperparathyroidism (pHPT) after
diabetes mellitus and thyroid diseases is the third
most common disease of the endocrine organs, which
occurs in 1% of the world's population [15]. Chronic
kidney disease in the terminal stage is the cause of
secondary hyperparathyroidism (sHPT) and tertiary
hyperparathyroidism (tHPT), which is associated with a
violation of phosphorus-calcium metabolism, altered
metabolism of cholecalciferol due to a violation of its
hydroxylation in the affected kidneys [1]. In this case,
the secretion of parathyroid hormone (PTH) becomes
independent of the concentration of calcium and
phosphate ions. Together, this leads first to sHPT, and
then to tHPT, which is expressed morphologically in the
formation of autonomous hyperfunctioning adenomas
of the parathyroid glands (PTG). Drug therapy of HPT in
the form of taking drugs that suppress the synthesis of
PTH from the cinocalcet group is quite effective in the
early stages of sHPT, but has a number of significant
drawbacks: 1) high cost; 2) the effectiveness does not
extend to pHPT, tHPT and long-term persistent sHPT.
Thus, surgical treatment remains the only effective
treatment option for the latter category of patients [1].

Despite the fact that PTG surgery has been
developing since the mid-20th century, generally
accepted indications for parathyroidectomy are
accepted only for pHPT; a unified and standardized
surgical method, volume, and timing of the intervention
for sHPT and tHPT have not yet been developed [1, 2,
3]. The most commonly used approaches are subtotal
parathyroidectomy and total parathyroidectomy with
autotransplantation. Thus, the analysis conducted
by Triponez et al. proves a confident decrease in PTH
levels in the postoperative period in patients with
total parathyroidectomy, in contrast to patients who
underwent subtotal resection [2]. Rothmund et al. also
found a low rate of hyperparathyroidism recurrence
in patients who underwent total parathyroidectomy
with autotransplantation [3]. It is worth noting that
autotransplanted PTG tissue will not function fully

until it undergoes neovascularization, so transient
hypoparathyroidism is more common and pronounced
after such radical operations than after subtotal
parathyroidectomy. Autotransplantation of PTG can also
fail and lead to long-term hypoparathyroidism [4].

For adequate parathyroidectomy, a clear
understanding of the PTG localization is necessary.
Preoperative PTG visualization techniques such as
ultrasound and PTG scintigraphy have not lost their
importance to this day. Overweight patients, recurrent
HPT, multiple lesions, atypical parathyroid gland location
can reduce the accuracy of these methods. All these
disadvantages are inherent in intraoperative ultrasound
and gamma detection [5,6]. In this review, we discuss
in detail the issues of intraoperative fluorescence
navigation of the PTG when all available preoperative
diagnostic methods have been exhausted.

One of the first methods of visual navigation of the
PTG was the intravenous administration of a methylene
blue solution in the preoperative period with the
development of blue staining of the PTG [7]. However,
according to a number of authors, methylene blue stains
less than half of all PTG [8], and in some cases can lead to
the development of acute neurological disorders [9,10].
Today, this technique is not used due to the above-
mentioned shortcomings.

Theuseofindocyaninegreen (ICG) asafluorescent dye
has attracted the attention of surgeons due to its ability
to improve the visualization of anatomical structures.
ICG was first synthesized in 1955 and was initially used
in ophthalmology to assess vascular perfusion. One of
the first significant studies devoted to the use of ICG in
PTG surgery was a study conducted in 2016 by Fortuny
et al. [11]. Richard et al. showed that the use of ICG
significantly increases the accuracy of PTG identification
compared to traditional visualization methods and
reaches, according to the authors, 94%. This is especially
important in cases where the anatomical position of
the glands may vary [12]. Raffaelli et al. found that the
use of ICG in parathyroidectomy reduces the number
of complications (persistent hypoparathyroidism up
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to 9%, persistence of HPT up to 5%) [13]. However, this
method also has its drawbacks in use: 1) the need for
appropriate fluorescence imaging systems, which are
not available in most medical institutions; 2) reduced
efficiency of ICG imaging in cicatricial and tumorous
changes in the anatomic location of the PTG; 3) the
need for expensive training of medical staffl in the ICG
imaging technique. The most important advantage of
ICG over other techniques is the ability to determine the
preservation of PTG vascularization with 99% sensitivity.
This helps to determine which glands are functioning
normally, which is important for improving calcium
control after surgery [14, 15, 16, 17, 18, 19]. Fortuny et
al. demonstrated that ICG angiography can reliably
predict PTG vascularization and eliminate the possibility
of persistent hypoparathyroidism. Using this technique
in 13 patients with HPT, it was possible to visualize all 4
PTGs in all cases. A correlation was obtained between
perfusion of the parathyroid remnant and its function in
the postoperative period [20].

In 2012, Chissov V.l. et al. proposed a method for
intraoperative identification of parathyroid gland using
derivatives of 5-aminolevulinic acid (5-ALA) (Patent of the
Russian Federation No. 2458689 Chissov V.l. et al., 2012).
The method is based on the 5-ALA oral administrastion
in the preoperative period at a dose of 30 mg/kg of body
weight and a surgery performed 120-180 minutes after
administration with irradiation of the surgical field with
polarized blue light [21]. According to the results of the
study by Dolidze et al., conducted as part of a study of
the pre-, intra- and postoperative period of surgical
treatment with intraoperative visualization in patients
with PTG adenomas, it was proven that visualization of
the PTG was achieved in 94% of patients. Normalization
of ionized calcium levels was also noted within 6 months
in 100% of patients, a decrease in PTH levels by more
than 50%, and due to clear visualization of the PTG, no
recurrent nerve injury was recorded in any of the cases.
According to the authors, this approach significantly
improves the results of surgical treatment of solitary PTG
adenoma in patients with pHPT [22].

In 2020, Zinchenko S.V. et al. described a technique
similar to the technique described by Chissov V.I. et al.
(Patent of the Russian Federation No. 2019142608). The
authors reported that high doses of the drug (10 mg/
kg body weight of 5-ALA when administered orally) are
not required for adequate parathyroidectomy in patients
with sHPT and tHPT, since the excretion of 5-ALA is
significantly slowed down in dialysis patients [23]. The
promise of this visualization method is undeniable
and many studies confirm this thesis. Kalashnikov A.A.
et al. conducted a study in which they compared the
technique of using 5-ALA in patients with parathyroid
adenomas, 95% of which were visualized [24]. Vshivtsev
D.O. et al. in their study of intraoperative visualization of

the PTG using 5-ALA demonstrated that the fluorescence
intensity of altered and hyperfunctioning glands was
subjectively higher than that of unchanged glands. In
all patients in the sample, the PTH level decreased to
normal values within 24 hours after surgery. However,
the authors of the study noted the development of a
phototoxic reaction was detected in 2 patients with
oral administration of 5-ALA at a rate of 30 mg/kg body
weight [25].

The most “young” method of PTG visualization is
near infrared autofluorescence (NIRAF). In 2011, Paras
et al. presented a new technique for PTG detection in
the near infrared range. The study demonstrated that
the fluorescence intensity of PTG is higher than that of
thyroid tissue [26]. In 2014, MacWade et al. presented the
possibility of PTG visualization in the near infrared range
using a modified Karl Storz camera [27]. Subsequently,
a number of studies confirmed these findings that
near infrared fluorescence can help in detecting PTG
tissue during thyroid surgery. Early studies using near-
infrared fluorescence imaging allowed surgeons to scan
the surgical field for parathyroid tissue using a camera
with a 25 cm field of view, but this requires turning off
the operating room lights due to interference between
ambient light and the light emitted by the intrinsic
fluorophores of the PTG [28,29]. Despite the interest of
surgeons in developing the technique, research studies
arelimited by small patient samples.Rossietal.conducted
a study on the use of NIRAF in parathyroidectomy
in 11 patients with primary hyperparathyroidism.
Histopathologic examination of 15 resected specimens
confirmed 14 PTG adenomas and one schwannoma.
All adenomas had a heterogeneous NIRAF pattern,
distinct from the homogeneous pattern seen in the
schwannoma. A bright "cap" was detected in 9 of 14
(64.3%) PTG adenomas, which proves the high efficiency
of the method [30]. A large monocentric prospective
study by Akgun et al., which examined NIRAF images in
1506 normal and 597 altered PTG, indicates that there
are differences between the luminescence intensity
of normal and hyperplastic PTG glands [31]. Despite
the high sensitivity and accuracy (92-99%) declared by
the authors, cases of negative use of the method have
been described. Thus, small adenomas can be verified
by the surgeon as normally functioning PTGs. Lee et al.
in their study examined NIRAF data in patients with a
history of parathyroidectomy. From 2017 to 2021, 151
parathyroidenomas were removed from 131 patients
with pHPT. The mean intensity of PTG autofluorescence
in the near infrared range had a negative correlation with
the weight of patients and a positive correlation with
age (glands in elderly patients fluoresced more strongly).
However, no correlations were found with the level of
calcium in the blood before surgery, PTH, BMI, or gender
[32].
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Ta6nuua 1.

CpaBHeHNe MeTOAUK UHTPpaonepaLMoHHOW BU3yanm3aLmm napawmMToBUAHbIX Kenes

Table 1.

Comparison of intraoperative imaging techniques for parathyroid glands

MeToguka

MeTnneHoBbIn
CUHWUI
[7,8,9,10]
Methylene blue
[7,8,9,10]

ICG
[11-20]
ICG
[11-20]

5-AJIK
[21-25]
5-ALA
[21-25]

NIRAF
[26-32]
NIRAF
[26-32]

Mpenmywecrea

[ocTaTouHOo yeTKas
BM3yanu3auus.
Sufficiently clear
visualization.

YnyulieHHas naeHTnduKauus
aHaTOMUYECKUX CTPYKTYP.
CHWKeHue pucka nocne-
onepaLoHHbIX OCIOXHEHWIA.
MHTpaonepaunoHHasa oLeHKa
BacKynApr3auum.
MwuHMMK3aLmMA MHBa3NBHOCTU
1 COKpaLLeHne BpemMeHy
onepauuu.
Improved identification of
anatomical structures.
Reduced risk of postoperative
complications.
Intraoperative assessment of
vascularization.
Minimization of invasiveness
and reduction of surgical time.

BbicoKkm ypoBeHb MHTpa-
onepaLynoHHON BU3yanu3auuu.
Busyanusauma runep-
nnasupoBaHHbIX MK BbiLwe,
YeM Y HOPMaJSibHbIX.
OTHOCUTENBHO HU3KNIN
NPOLEHT OCNTOXKHEHWI,
MUHUMI3ALMA MHBA3NBHOCTY,
oNTYMU3aLVA BPEMEHU
onepauumn.

High level of intraoperative
visualization.
Visualization of hyperplastic
PTG is higher than that of
normal ones.
Relatively low percentage of

complications, minimization of

invasiveness, optimization of
surgical time

[Ona susyanusaumn MK He
HY>»eH KOHTPaCT.
CpaBHuTeNnbHO 6osbLuan
ry6rHA MPOHVKHOBEHUS
cnekTpa.
Bu3ya-nu3auua He 3aBUCUT OT
MaToNOrMYeckoro cTaTyca.
OTcyTcTBYIE MOBOYHBIX
3¢ deKTOB.

No contrast needed for PTG
imaging.
Relatively large spectrum
penetration depth.

Visualization is independent of

pathological status.
No side effects.

HepoctaTkm

MoxeT nprBOAUTb K
pa3BUTHIO OCTPbIX HEBPO-
NOTMNYECKNX HapyLLIEHNI

nocre onepauuu.
Can lead to the development
of acute neurological
disorders after surgery.

Bo3moxeH purck Bo3-
HVKHOBEHWSA annepruyeckom
peakLuu y NauyeHToB ¢
anneprvemn Ha nog.

[ina npoBefeHna METOANKMN
TpebyeTca cneymnanbHoe
o6opynoBaHue.
Bo3morkHO orpaHuyeHve
BU3yanv3auuu npu
HanMuyn aHaTOMUYECKNX
0cobeHHOCTEN.
Possible risk of allergic
reaction in patients with
iodine allergy.

Special equipment is required
to perform the technique.
Visualization may be limited
in the presence of anatomical
features.

OrpaHuyeHHas JOCTYNHOCTb
Hannuve Bo3moxHoro
OC/IOXXHEHVA B BUAE
doTopepmaTo3oB
TpebyeT 0cobbix ycnosuii
NpOBeAeHNs, yYeTa BpeMeH!
BBEJeHVA npenapaTa
Limited availability
Presence of a possible
complication in the form of
photodermatoses
Requires special conditions
for implementation, taking
into account the time of drug
administration

OrpaHunyYrBaeT OLeHKY
nepdy3sun MLRK.
TpebytoTca ocobble ycnosua
OCBelLLeHNsA BO Bpems
onepauumn.
Bbicokme skoHOMMuyecKkme
3aTpaTbl, HeCOBEPLUEHHOE
obopynoBaHue.
Limits PTG perfusion
assessment.
Requires special lighting
conditions during surgery.
High economic costs,
imperfect equipment.

50

Cneun- TouyHOCTb

$dunyHOCTL

YyBscTBU-
TENIbHOCTb

YyscTBUY- - -
TeNnbHOCTb 46%
Sensitivity
46%

85%-100% 90%-100% 93%-98%

85%-95% 90%-98% 88%-95%

85% 80%-90% 90%-95%
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The resulting data on the comparison of existing

methods of intraoperative visualization of the PTG are
presented in Table 1.

Conclusion

The main method of treating HPT (primary, secondary

and tertiary) remains surgical. Even for an experienced
surgeon, visualization of the PTG and their complete
removal is often an impossible task. Despite the large

number of scientific papers on the topic of intraoperative
navigation of the PTG, the cheapest and most effective
method of fluorescent visualization of the PTG are
techniques using 5-ALA. They do not require the purchase
of expensive equipment and fluorescent agents, and are
associated with low rates of side effects and complications.
Further research on this issue is necessary in order to
minimize side effects and improve the effectiveness and
safety of surgical treatment of pHPT, sHPT and tHPT
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