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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.
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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.
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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.
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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
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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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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

BIOMEDICAL PHOTONICS T. 14, Ne 1/2025
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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
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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

BIOMEDICAL PHOTONICS T. 14, Ne 1/2025
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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
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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
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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
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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
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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.
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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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