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Lienb uccnepoBanma: nsyuntb MP-Br3yann3aLMoHHbIe U MOPPOIOrMYECKUE U3MEHEHWA MOAKOPKOBbIX TKAHEN rOJI0BHOTO MO3ra KpbICbl B Pa3/inyHble
CpOKM nocne Bosaeinctana 2010-HM TyIMEBOrO BOSIOKOHHOTO /1a3epa B YC0BUAX IKCNEPUMEHTA.

Matepuan n metoabl: ncciepoBaHve b6bi10 nposeseHo Ha 20 6ecnopofHbix Kpbicax maccoit 180-200 r. ¥uBOTHble pasgeneHbl Ha 4 rpynnbl no 5
Kpbic. CTepeoTakcuyecKas sasepHasn abnauua MoWHocTblo 5 BT 1 aHeprueit 10 [ BbINosHEHa B MPOEKLMK NPaBoi TeMeHHOM foau. fucTonormye-
CKOe 1ccnefoBaHue Bbi0 ocyLecTsieHo 4 rpynnam Ha 1-e (cpasy nocne abnauuy, | rpynna), 3-u (Il rpynna), 7-e (Il rpynna) v 30-e (IV rpynna) cyTku.
[LononHutenbHo IV rpynne BbiNosHeHa MarHUTHO-pe3oHaHcHaa Tomorpadusa (MPT) 8 T2 PROPELLER pexume Ha 1-e (cpa3y nocne abaauuu), 3-u, 7-e,
30-e cyTkM nocnie abnaumu.

Pesynbrathl: No AaHHbIM MPT cpa3y nocne abnaumu LeHTpabHas 30Ha NOPaXKeHWA Bblia NPAKTUYECKU M30MHTEHCUBHA KOHTPATEPaIbHOMY NOY-
waputo (KM) (KN npuHaTo 3a 1,0; oTHocUTeNbHas UHTeHcHBHOCTL (OU) — 1,01 [0,84; 1,06]), a nepudepunyeckas 30Ha xapakTepn3oBaiacb CHUNKEHHOM
OW curHana—0,79 [0,73; 0,95]. Ha 3-u, 7-e, 30-e cyTku Habnoganock nosbiweHne OU 30HbI NopakeHMs B CPaBHEHUM € 1-mu cyTKamu nocne abnaumu
—-1,88[1,70; 1,94]; 1,92 [1,76; 1,98]; 2,82 [2,68; 2,86] cootBeTcTBeHHO (p=0,001) 1 konebaHus OU nepudepunyeckoii 3oHbl — 0,93 [0,86; 1,11]; 0,96
[0,89; 1,14]; 0,88 [0,80; 1,11] cooTseTcTBEHHO (p>0,05). Pazmep oyara nospexaeHMs no gaHHbIM MPT Ha 3-M 1 7-e CyTKM MMeN TeHAEHUMIO K YBENU-
uenuio 0 4,79 [3,46; 5,24] mm? 1 4,63 [4,01; 4,83] MM? COOTBETCTBEHHO MO CPaBHEHMIO C 1-Mu cyTkamu — 2,40 [1,45; 2,70] mm2. K 30-m cyTkam npou-
30LW/10 ero ymeHblueHue ao 4,03 [2,72; 4,46] mm?2. CTaTUCTUYECKM 3HAYUMBbIX Pa3/IMUMIA Pa3MEPOB O4Yara Mex/y COOKamMu HabloaeHUs He BbISBIEHO
(p=0,035). Npn mopdonormyeckom nccnef0BaHUM y Kpbic cpasy nocsie abnaumm B OCHOBHOM Hab/Il0AaNNCh MPU3HAKM MEXaHWYECKOro NoBpexaeHus
TKaHM ro/I0BHOMO MO3ra, a TaKXKe YMepeHHble UWeMUYecKne U3MeHeHUA ¢ OPMUPYIOLLMMUCA MUKPOHEKPO3aMu. Ha 3-1 CyTKM JOMUHUPOBAN Pe3Ko
BbIPAXKEHHbIW OTEK C KPYMHbIMU O4aramu Hekposa. Ha 7-e CcyTKM B LieHTpe NocTNy4eBOi 30Hbl GOPMUPOBaNach KUCTO3HaA NONOCTb C YMEPEHHOM
makpodaranbHoli MHoUnbTpaumeit. Ha 30-e cyTkM dopmmpoBanacb HEUCTUHHAA KUCTA, BbIABAAAMUCH NPU3HAKWU HEOaHrMoreHesa U He3HauuTe bHO
BbIPaXKEHHOMN rPaHYNALIMOHHO TKaHW, YTO CBMAETENbCTBOBA/IO O Hayale PenapaTuBHbIX MPOLECCOB TKAHU FOJI0BHOTO MO3Ta.

3aknioueHue: Bo3gelicteme 2010-Hm 1a3epHOro U3Ny4eHUsa Ha TKaHb FOJI0BHOMO MO3ra COMPOBOXKAAETCA NOCNeL0BaTeIbHON CMeHo Mopdonoruye-
CKUX (a3 OT ULLIEeMUYECKU-HEKPOTUYECKOTO NOBPEKAEHMA 0 POPMMUPOBAHUA OTFPAHUYEHHOW HEMCTUHHOM KUCTbI C MPU3HaKaMu penapaLmu. Slokanb-
Has OTrPaHUYEeHHOCTb 30HbI BO3AEMCTBUA CBUAETENLCTBYET O KOHTPONMPYEMOM XapaKTepe fa3epHoit abaaumu.
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Objective: To investigate MRI and morphological changes in the subcortical tissues of the rat brain at different time points after exposure to a 2010-nm
thulium fiber laser under experimental conditions.

Methods: The study was conducted on 20 outbred rats weighing 180-200 g. The animals were divided into four groups of five rats each. Stereotactic laser
ablation was performed in the projection of the right parietal lobe using a power output of 5 W and an energy setting of 10 J. Histological examination was
carried out in groups 1-4 on day 1 (immediately after ablation, Group 1), day 3 (Group 2), day 7 (Group 3), and day 30 (Group 4) after the procedure. In
addition, magnetic resonance imaging (MRI) in the T2 PROPELLER sequence was performed in Group 4 on day 1 (immediately after ablation), day 3, day
7, and day 30 following ablation.

Results: MRI demonstrated that immediately after ablation, the central lesion area was almost isointense to the contralateral hemisphere (CH, used as the
reference value of 1.0); relative signal intensity (RSI) of the central lesion area was 1.01 [0.84-1.06], while the peripheral area exhibited reduced RSI-0.79
[0.73-0.95]. On days 3, 7, and 30, an increase in RSI of the lesion area compared to the first day after ablation was observed: 1.88 [1.70; 1.94], 1.92 [1.76;
1.98], and 2.82 [2.68; 2.86], respectively (p=0.001), whereas RSl in the peripheral zone decreased: 0.93 [0.86; 1.11], 0.96 [0.89; 1.14], and 0.88 [0.80;
1.11], respectively (p>0.05). The lesion size, according to MRI, increased on days 3 and 7 to 4.79 [3.46; 5.24] mm? and 4.63 [4.01; 4.83] mm?, respectively.
By day 30, it decreased to 4.03 [2.72; 4.46] mm?2. No statistically significant differences in lesion size were found between the observation time points
(p=0.0351). Morphological examination of rats immediately after ablation revealed primarily mechanical damage to brain tissue, along with moderate
ischemic changes and developing micronecroses. On day 3, edema was pronounced, with large foci of necrosis predominated. On day 7, a cystic cavity
with moderate macrophage infiltration formed in the center of the post-radiation zone. On day 30, a pseudocyst was formed; signs of neoangiogenesis
and mildly expressed granulation tissue were detected, indicating the onset of reparative processes in brain tissue.

Conclusion: Exposure of brain tissue to 2010-nm laser irradiation results in a sequential progression of morphological phases, from ischemic-necrotic
injury to the formation of a well-demarcated pseudocyst accompanied by reparative changes. The confined nature of the lesion suggests that laser
ablation is a controlled and spatially precise procedure.

Keywords: Thulium-doped fiber laser, laser ablation of the brain, histological methods, neuroimaging methods.
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BBEAEHUE

C MOMeHTa CO34aHMA MepBbIX /1a3ePOB HAYa/MCb aAKTVBHbIE
NCCNef0BaHNA Na3epHOro BO3AENCTBMUA Ha OMONOrMYEcKMe TKaHW.
BHeapeHWe na3epHbIX TEXHONOMNIA B HEMPOXMPYPIUYECKYHO MPAKTUKY
natupyetca 1965 rogom, ¢ Tex Nop NpPoCAeXMBAETCA TeHAEHLUMA Tex-
HWUYeCcKoro nporpecca B 06/1acTv pa3paboTKM BONOKOHHbIX 1a3ePHbIX
TexHonorui [1, 2].

Mpy npoBeaeHUM HENPOXMPYPTUYECKMX OMepaumin BarKHbIM
acnekTom asnsetca aQpdeKTUBHOE KoaryisaLMOHHOE CBOMCTBO Nasepa
[3]. Cpeay nasepHbIx cucTem Hambonee LMPOKO UCMONb3YHOTCA Heo-
avmoBble 1 amopgHble. XoTa Nd:YAG-nasep 4eMOHCTPUPYET BbICOKYHO
remoctatuyeckyto apdektneHoctb (1060-1340 Hm), ero rybokoe
NPOHVUKHOBEHMWE B TKAHW MOXKET NPMBECTU K NOBPEXKAEHMIO KPUTUYe-
CKMX MO3FOBbIX CTPYKTYP, YTO OrPaHUYMBAET MPUMEHEHME B HEMPOXM-
pypruyeckmx onepaumsx [4].

Ha cerofHAWHMIM aeHb NepCneKTUBHBIM HaNpaBAeHWEM ANA U3-
YYEHUS ABASETCA NPUMEHEHWE TYIMEBOTO S1a3epa B HEMPOXMpPYpPruu.
HenpepbiBHOBOHOBbIE Ty/IMEBO-BOMIOKOHHbIe (Tm: fiber) nasepbl 06-
NafatoT 6onbWMM noTeHUManom, 6aarogapa aanHe BoaHbl 2010 Hm
1 eé cneKTpanbHoi 61M30CTU K MUKy BogonoroLerus [5]. B BogHo
cpefie BO/MOKHA M3 KpeMHe3éma He MOryT nepefaBaTb CBETOBYHO
3Hepruto bonee, yem Ha 2 MM OT NepesHero Kpas /1a3epHoro Hako-
HeyHMKa. Mo3Tomy Ntobas TKaHb, 1OKANN30BaHHAsA B 6osiee, Yem 2 MM
OT HAaKOHEYHMKA, 3aLLMLLEHa BOAHOW cpeaoii [6].

LLENb UCCNEAOBAHMUA

M3yuntb MP-BM3yanmnsaLMoOHHbIE M MOPQONOTUYECKME U3MeE-
HEHWA NOAKOPKOBbLIX TKAHEN FONOBHOMO MO3ra KpbiCbl B pa3inyHble
Cpoku nocne Bo3aeictans 2010-Hm Ty IMeBOro BOJIOKOHHOIO Nasepa
B YC/I0BMAX IKCNEPUMEHTA.

INTRODUCTION

Since the development of the first lasers, active research has
examined the effects of laser radiation on biological tissues. The in-
troduction of laser technologies into neurosurgical practice dates
back to 1965; since then, steady technical progress has been ob-
served in the development of fiber laser technologies [1, 2].

An important aspect of neurosurgical procedures is the la-
ser's effective coagulation capability [3]. Among laser systems,
neodymium and diode lasers are the most widely used. Although
the Nd:YAG laser demonstrates high hemostatic efficacy at wave-
lengths of 1060-1340 nm, its deep tissue penetration may dam-
age critical brain structures, thereby limiting its use in neurosur-
gical operations [4].

At present, the use of the thulium laser in neurosurgery is a
promising field of investigation. Continuous-wave thulium-doped
fiber lasers have considerable potential owing to their wave-
length of 2010 nm and their spectral proximity to the water ab-
sorption peak [5]. In an aqueous medium, silica fibers cannot
transmit light energy more than 2 mm from the front edge of the
laser tip. Therefore, any tissue located more than 2 mm from the
tip is protected by the aqueous medium [6].

PURPOSE OF THE STUDY

To investigate MRl and morphological changes in the subcor-
tical tissues of the rat brain at different time points after exposure
to a 2010-nm thulium fiber laser under experimental conditions.

METHODS

The study was conducted on 20 outbred rats weighing 180-
200 g. The laboratory rats were housed under standard animal
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MATEPUAN U METOAbI

WccnenosaHue 6b110 nposeaeHo Ha 20 6ecnopogHbIX Kpbicax
maccoi 180-200 r. /TabopaTopHble KpbiCbl COAEPMKANNCH B CTaHAAPT-
HbIX YC/I0BUSAX BUBAPUSA C KOHTPOAMPYEMbBIMU MapaMeTpammn MUKPO-
KNMMaTa: TemnepaTypa Bo3ayxa 22-28°C, cBeToBoM pexkum 12:12 (12
4acoB CBETOBOM peMM, 12 4acoB HOYHOW pPeXmm), CBOBOAHbIN A0-
CTYN K CTAaHZAPTHOMY FPaHy/IMPOBaHHOMY KOPMY M NUTbEBOV BOZE.

Bce nofonbITHbIE ¥KMBOTHbIE OblIM CyYaiiHbIM 0bpa3om pac-
npeaeneHbl Ha 4 rpynnbl O 5 KPbIC B KaXX40M B COOTBETCTBUM C Ne-
PUOAOM WX UCKNHOYEHUA U3 SKCNepUMEHTa. B | rpynny BOLAM KpbICbI,
UCKIOYEHHbIE Cpa3y Noc/ie CTepeoTakCUYEeCKoin nasepHoit abnauum,
asoll, lll v IV rpynnbl — 0cobwu, BbIBEAEHHbIE U3 UCCEA0BAHMSA Yepes
3-n, 7-e, 30-e cyTKM.

AHECTe3MA KMBOTHbIX OCYLLECTBASNACh BHYTPUOPIOLMHHBIM
BBEAEHMEM KOMOMHauuM TunetamuHa-3onasenama (Zoletil® 100,
Virbac, France) B gose 7,5 mr/kr u KeunasuHa (Xyla®, Interchemie,
the Netherlands) 8 go3e 10 mr/Kr. SKCnepUMEHTaNbHbIE KMUBOTHbIE
MO3MLMOHUPOBA/ZIUCL B CMPOEKTMPOBAHHYIO M pacneyaTaHHyl Ha
3D-npuHTepe CTEePEOTaKCUYECKYIO Ayry Ans Kpbic. KOHCTpyKumA obe-
crneynBana HagexHyo GMKcaUMIo rooBbl *KMBOTHOMO NOCPEACTBOM
bunaTepanbHbIX AeprKaTeneit B 061acTU HapyKHbIX CIYXOBbIX NPOXO-
[10B v 3yB6HOM NAaHKKM ana dukcaumm nepeaHux 3ybos (puc. 1).

Mcnonb3yemble AN nevatm matepuanbl 6b11m MP-HeraTuBHble,
YTO NO3BO/IMNO NpoBoaMTb MPT 6e3 conyTCTBYHOLWMX apTedaKToB.
Mocne NoAroToBKM ONepaLMOHHOrO NOAA NOA MUKPOCKOMOM Mpous-
BOAM/CA JIMHEWHbIV pa3pes3 KOXW W NOA/eKalumX TKaHeN AMHOW 2

house conditions with controlled microclimate parameters: air
temperature of 22-28°C, a 12:12 light-dark cycle, and free access
to standard pelleted feed and drinking water.

All experimental animals were randomly divided into four
groups of five rats each according to the time point at which they
were withdrawn from the experiment. Group 1 included rats
withdrawn immediately after stereotactic laser ablation, whereas
groups 2, 3, and 4 included animals withdrawn from the study on
days 3, 7, and 30, respectively.

Animals were anesthetized by intraperitoneal injection of ti-
letamine-zolazepam (Zoletil® 100, Virbac, France; 7.5 mg/kg) and
xylazine (Xyla®, Interchemie, the Netherlands; 10 mg/kg). The

Puc. 1 O6uuti 8ud paboyezo mecma 0515 NPOBEOEHUS SKCNepUMeHmMa
(A) u pukcayus kpsicel 8 cmepeomakcuyeckoli pame (B): 1

— PAcnonoMeHUE KpbiCbl HO 3KCNEPUMeHManbHOM cmore, 2 —
npenapamel 071 HaOpPKOMU3aYUU 1a60PAMOPHbIX HUBOMHbIX
(Zoletil® 100, Xyla®), 3 — nazepHeoili 30HO Optical Fiber Single Use

272 um, 4 — MUKPOUHCMPYMEHMbI: MUKPONUHUEM U MUKDPOHOMHUYbI,
5 — sbicokockopocmHoli 6op, 6 — mapnesas cangpemxa, 7 —
0NepayUOHHbIL MUKPOCKON

Fig. 1 General view of the experimental workstation (A) and fixation
of the rat in the stereotactic frame (B): 1 — positioning of the rat on
the experimental table; 2 — drugs used for anesthesia of laboratory
animals (Zoletil® 100, Xyla®); 3 — Optical Fiber Single Use 272 um laser
probe; 4 — microinstruments: microforceps and microscissors; 5 — high
speed burr; 6 — gauze swab, 7 — operating microscope
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cM. KOXXHO-anoHeBPOTUYECKUIA TOCKYT NOALUMBANCA KOHOLLEN UINOK
6,0 1 0TOABMIaNCA C LeNblo BU3yanm3alLmm onepaLMoHHoro nons. Tpe-
bVHaLMOHHOE OTBEPCTME BbIMO/HANOCH BbICOKOCKOPOCTHbIM Hopom
Ha 2 MM flaTepasibHee U Ha 4 MM fopcanbHee Gpermbl B MPOEKLMK
TEMEHHOM 0M FONI0BHOMO MO3ra.

CrepeoTakcuyeckas nasepHas abasauma nposoauaach ¢ Nomo-
LLbIO XMPYPrUYECKOii TyIMeBOM NasepHoi cuctembl CyberTM (Quanta
System, Italy) mowHocTbto f0 200 BT ¢ Ucnosib30BaHMEM OLHOPA30BO-
ro ONTUYECKOro BOJIOKHA AyameTpom 272 MKkm (Quanta System, Italy).

B xoze npesBapuTENbHOMO CKPUHWHIOBOTO UCCNEA0BaHNA bblin
BbIfiB/IEHbl ONTUMA/IbHbIE NAPAMETPbI 1A3€PHOTO U3/TyUYEHUA, KOTOPbIE
NPUBOANAN K MUHUMANBHOM NETaNbHOCTU 1abOPaTOPHbIX UBOTHBbIX.
YHunatepanbHoe nasepHoe BO3AEMCTBME OCYLLECTBAANOCH B NpPaBoW
NOMI0BMHE NONYLIAPUA B NPOEKLN TEMEHHOMN [ONM FOIOBHOMO MO3ra,
MOLLHOCTbtO 5 BT, 3Heprueit 10 K. JlazepHblii 30HA, 6b11 NpoBeaEH Ha
ry6uHy 3,0 MM OT MOBEPXHOCTY TBEPZAOM MO3roBoii 060/10uKK. Mocne
BO34EMCTBUA /1a3epa ONTOBO/IOKHO BbIAEPHKMBANOCH B TEUEHWE 3 MU-
HYT B 06/1aCTV NOPaXKEHUA C LIENbIO OXNaxaeHus (puc. 2, puc. 3A).

[lnA OLEHKU BbIPAXKEHHOCTU 1Ia3€PHOT0 MOBPEXAEHUA BO BCEX
9KCMNePUMEHTa/IbHBIX FPYNMNax NPOBOAMAOCH FTMCTONOTUYECKOE UCCNe-
ZoBaHwue. lononHUTeNbHO Y Kpbic IV rpynnbl (BbiBeAEHHbIX U3 KCMe-
pumeHTa Ha 30-e CyTKM) Moz BblleyKa3aHHOM ceflaLMelt BbINOHANCA
ANHAMMUYECKUI HEMPOBU3YaIM3aLLMOHHbIM MOHUTOPUHT C MOMOLLbIO
MPT B T2 PROPELLER peskume B akcuanbHoi npoekuumn (Discovery
MR750w 3.0 Tn) cpasy nocne onepauuu (1-e cytku), 3-u, 7-e n 30-e
CYTKM C Pacrono}eHem cpesa Ha ypoBHe KOHYMKa S1a3epHOro 30HAa
(puc. 3B). ViamepeHue nHTEHCMBHOCTM MP-cUrHana M NaowWwaam pas-
Mepa oyara abnaLmMm NPoBOANUIOCh C UCMONb30BAHWEM CTaHAAPTHBIX
M3MEpPUTENbHbIX MHCTPYMEHTOB (closed polygon) nporpammbl RadiAnt
DICOM Viewer (ver. 2021.2) (Medixant, Poland)). Pe3ynbtaTbl n3me-
peHus NpeacTaBaeHbl B MM2. Bbluncisnack OTHOCUTENbHAsA NAOTHOCTb
MP-curHana B cpaBHeHUM C NAOTHOCTBIO B KOHTP/1aTepabHOM MoAy-
wapum (KM). PesynbTtatbl BbiaM NpescTaBneHbl B OTHOCUTENbHbIX He3-

experimental animals were positioned in a stereotactic frame de-
signed for rats and produced using a 3D printer. The design pro-
vided reliable fixation of the animal’s head by means of bilateral
holders placed in the region of the external auditory meatus and
a tooth bar for fixation of the incisors (Fig. 1).

The materials used for 3D printing were MR-negative, en-
abling MRI without associated artifacts. After preparation of the
surgical field, a 2-cm linear incision of the skin and underlying
tissues was made under microscopic visualization. The cutane-
ous-aponeurotic flap was sutured with a 6-0 puncture needle
and retracted in order to visualize the operative field. A burr
hole was created using a high-speed burr 2 mm lateral and 4
mm dorsal to bregma, in the projection of the parietal lobe of
the brain.

Stereotactic laser ablation was performed with a CyberTM
surgical thulium-doped laser system (Quanta System, Italy) at up
to 200 W, using a disposable optical fiber with a diameter of 272
um (Quanta System, Italy).

During the preliminary screening study, optimal laser irradi-
ation parameters were identified, resulting in minimal mortality
among the laboratory animals. Unilateral laser exposure was ap-
plied to the right cerebral hemisphere in the parietal lobe projec-
tion, at a power of 5 W and an energy of 10 J. The laser probe was
advanced to a depth of 3.0 mm beneath the dura mater. After

Puc. 2 06wuli 8ud MPT kabuHema u obopydosaHus (A): 1 — mynesbili
nazep cucmemsi Cyber TM mowHocmetro 200 Bm (Quanta System,
Italy); (B) — nuHeliHaA 0suHa ceemog8o2o ny4Ka mysnuesoeo snasepa, (C)
— paduasnbHaA 0UHA C8EMOBO20 NYYKA Mynuegoeo /a3epa

Fig. 2 General view of the MRI room and equipment (A): 1 —CyberTM
thulium laser system with a power of 200 W (Quanta System, Italy);
(B) — linear length of the thulium laser beam; (C) — radial length of the
thulium laser beam

457




Sufianov RA et al Exposure of rat brain to a thulium laser

AVICENNA BULLETIN
Vol 28 * No 2 * 2026

Puc. 3 06wuli 8ud MPT-onepayuoHHol: (A) — ebinosHeHUe cmepeomakcuyeckoli nasepHoli abasyuu;, (B) — nposedeHue MPT Ha annapame

Discovery MR750w 3.0 Tn (GE Healthcare, USA)

Fig. 3 General view of the MRl operating room: (A) stereotactic laser ablation procedure; (B) MRI performed using a Discovery MR750w 3.0T

scanner (GE Healthcare, USA)

pasmepHbIX eamHuuax. MHteHcmsHocTb KIM npuHATa 33 eamHuLy; oT-
HOCUTE/IbHO HEE PACCUNUTBIBAAM OTHOCUTE/bHYH MHTEHCUMBHOCTL (OU)
CUrHana B 30Hax NnopaskeHus.

C uenblo NPoBeAEHNs MCTONOTMYECKOr0 UCCNeA0BaHMA KUBOT-
HbIX MOABEPraiN BbIBEAEHUIO M3 IKCMEPUMEHTA MyTEM HAPKOTK3a-
LMK 3KCMEPUMEHTA/IbHBIX }KMBOTHBIX (BHYTPUOPIOLIMHHOE BBEAEHWE
KOMbMHaLMM TuneTaMiHa-301a3enama (Zoletil® 100, Virbac, France)
B #03e 7,5 mr/Kr u KeunasuHa (Xyla®, Interchemie, the Netherlands) B
n03e 10 Mr/Kr ¢ nocneaytoLein KAMHUYECKOM OLEHKOMN ryBMHbI Hap-
Ko3a. Mo gocTuxkenuto rmybokoro yposHs (lIl) xupypriuyeckoro Hap-
KO3a B MO/IOXKEHWUM KMBOTHOTO Ha CMMHE OCYLLECTB/IANOCH BCKPbITUE
IPYAHOM KNETKM, BbINOAHANCA pa3pes B 061acTv NpaBoro npeacepans
pasmepamu [0 5 MM (418 cBOBOLHOMO MUCTEKAHUS KUAKOCTM) C no-
cneayroLlel NyHKLUMEN NIEBOTO KeNyA0UKa U BBEAEHUEM NeTabHOW
£03bl 10% pacTBopa dopmanbaernaa.

Mocne 3TOro BbINOMHANACL AEKaNWUTaLMA U U3BEYEHME TON0B-
HOrO MO3ra KMBOTHOrO C NOCAeAyIOWMM NOMELLEHNEM NpenapaTa B
10% HelTpanbHbI 3abydepeHHbIin pacTBop popmanmHa npu 18°C Ha
24-48 yacos. [lpn Bbipe3Kke NONYYEHHOrO Matepuana NpPoBOAMNACH
aHaTOMMYeCKan OPUEHTUPOBKA C BbINOJHEHUEM aHaTOMUYECKUX Cpe-
30B B aKCMa/IbHOM NPOEKLMK C Warom B 2 Mmm. Matepwuan bl B3AT B
paboTy ToTasbHO.
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laser exposure, the optical fiber was left in the lesion area for 3
minutes to allow cooling (Fig. 2, Fig. 3A).

To assess the severity of laser-induced damage, histological
examination was performed in all experimental groups. In addi-
tion, rats in Group 4, which were withdrawn from the experiment
on day 30, underwent dynamic neuroimaging monitoring under
the above-mentioned sedation using MRI in the T2 PROPELLER
mode in the axial plane (Discovery MR750w 3.0T) immediately
after surgery and on days 1, 3, 7, and 30, with the slice positioned
at the level of the laser probe tip (Fig. 3B). The intensity of the MR
signal and the area of the ablation lesion were measured using
the standard measurement tools, including the closed polygon
tool, in RadiAnt DICOM Viewer software, version 2021.2 (Medix-
ant, Poland). The measurement results are presented in mm?2.
The relative MR signal density was calculated relative to the sig-
nal density in the contralateral hemisphere (CH). The results were
expressed in relative dimensionless units. The signal intensity of
the CH was set as 1.0, and the relative signal intensity (RSI) in the
lesion zones was calculated with respect to this reference.

For histological analysis, the animals were euthanized under
deep anesthesia induced by intraperitoneal administration of ti-
letamine-zolazepam (Zoletil® 100, Virbac, France; 7.5 mg/kg) and
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lMcTonornyeckas npoBoZKa BbINONHANACH MO  CTaHAAPTHOM
cxeme: 06e3BOXKMBaHME B CNMPTaX BOCXOAALLEN KOHLEHTPALMM U 3a-
NvBKa B napaduH (obopyaosaHue Leica TP1020 n EG1150H). Cpesbi
TONLWMHOMN 3-4 MKM, NOyYeHHble Ha POTaLMOHHOM MUKpoTOoMe Leica
RM2125RT, oKpalumMBasucb reMaToKCMaAMHOM Maiepa M 303MHOM
(BroBwuTpym, Poccus).

MIMMYHOTMCTOXMMMYECKOE UCCNefloBaHWE BbINOMHANOCH Ha
cpesax TONWMHOM 23 MKM MO CTaHAAPTHOMY NMPOTOKOAY: Aenapa-
bvHM3aLmMA, BNOKMPOBAHME SHAOTEHHOW MepoKcMaasbl 3% nepok-
CUIOM BOAOPOAA, TENN0BAA AeMacKkMpoBKa aHTMreHos (Trilogy, Cell
Marque; 97°C), 6nokupoBaHue 5% 6blubMM CbIBOPOTOYHBLIM ajlb-
6ymuHom. Cpesbl MHKYOMPOBANNUCH C MEPBUYHBIMM AHTUTENAMU K
GFAP (rnnanbHblii GMbpUANapHbIA KUCAbIA BENOK, MapKEp acTpoLy-
108; 1:100, Cell Marque) n CD68 (Mmapkép makpodaros u MUKPOrIUHK;
1:150, Cell Marque) B TeyeHne 18 4 npu 6°C, 3aTEM C BTOPUYHBbIMMU
aHTuTenamm (EnVision Mouse mam EnVision Rabbit) 30 muH npwm
37°C; nokpalumBaHue remaTokcManHom Mariepa, 3akatoueHve nog,
NMOKPOBHOE CTEKNO.

MonyyeHHble TUCTONOMMYECKME CTEKNONpenapaTbl CKaHMPOBaA-
JINCb C NMPUMEHEHNEM CKaHMpYtoLLero MmMkpockona Leica APERIO AT2
(Leica Biosystems, Germany) ¢ nporpammHbiM obecneyeHvnem APERIO
ScanScope Console (Aperio Imaging, USA). MonyuyeHHble paiinbl B dop-
mate ScanScope Virtual Slide (Leica Microsystems, Germany), oueHu-
Ba/INCb KaYeCTBEHHO U KOMYECTBEHHO BPAYOM-MaToNOr0aHaTOMOM,
cneunanvsmnpytowmmeca B Hepomopdonoruu.

dTuyeckoe 3asBneHue. MccnegosaHune 6bi10 0A06PEHO N10-
Ka/IbHbIM 3TUYEeCcKMM KomuTeTom CeYeHOBCKOro yHMBepcuTeTa (npo-
Tokon Ne 10-25 ot 24.04.2025). UccnenoBaHue bblno npoBeaeHo B
COOTBETCTBMM C NONOKEHMAMM CTaTbu 5 EBponelickoit KoHBeHUMM 0
3alLMTE NO3BOHOUHbIX MBOTHbIX, UCMO/b3YEeMbIX B SKCMEPUMEHTalb-
HbIX M MHbIX HayyHbIx Lenax (Ctpacbypr, 18 maprta 1986 roga), ana
NabopaTopHbIX XKMBOTHBIX BblAK 0becneyeHbl ONTUMabHbIe YCNOBUA
coaepaHua [7, 8]. B cooTBETCTBMM CO CTaTbEM 8 YKa3aHHOM KOHBEH-
LMK BblAM NPUHATEI Mepbl AR MUHUMM3aLMK 601eBOro CMHAPOMA,
CTPaZlaHuWii AN TPEBOTM SKCNEPUMEHTA/IbHbIX KUBOTHbIX. AHecTe3unto
YKMBOTHbIX OCYLLECTBAAAN BHYTPUOPIOLLMHHBIM BBEAEHNEM KOMOUHA-
LMKU TUNeTaMMHa-30na3enama (Zoletil® 100, Virbac, France) 8 no3e 7,5
Mr/Kr 1 KennasuHa (Xyla®, Interchemie, the Netherlands) 8 gose 10
mr/kr [7].

CratucTyeckuii aHanus. O6paboTka CTAaTUCTUYECKUX AaHHbIX
NpoBOAMIaCh C MOMOLLBI CTaHZAPTHbIX NPOrpamm Ass pabotsl C
3NeKTPOHHbIMK Tabauuamu Microsoft Excel 2010 (Microsoft, USA)
W MakeTa NPUKNAAHbLIX NPOrPamMm ANA peLleHns 3afay TEXHUYECKUX
BbluncneHnin MATLAB 2020b (MathWorks, USA)). MpoBepka Hop-
MasnbHOCTW pacnpefeneHna OCyLLecTBAANACh C NMOMOLLbIO Kputepums
Wanwupo-Yunka. MockonbKy pacnpeseneHue B rpynnax omimM4anoch ot
HOPMasbHOTO (Manblii pasmep BbIGOPKM N=5), AaHHble Bbin Npes-
CTaB/EHbl Kak MefnaHa (Me) n MexXKBapTUabHbIK MHTepsan [Q1; Q3].
[ONA MHOXECTBEHHbIX CPaBHEHUI MeX[y YeTblpbMA BPEMEHHbIMMU
TOYKaMM UCMO/b30BaCA HenmapameTpuyeckuin Kputepuii Kpacke-
Na-YONnuca, T.K. B 4-x BpEMEHHBIX TOUKaxX Oblain 4 pasHble rpynmbl XKu-
BOTHbIX. [l1A NapHbIX CPAaBHEHWI LEHTPasbHON U nepudepuyeckom
30H MCMOAb30BancA Kputepuid BunkokcoHa. Pasnunuma cumtanucb
CTaTUCTUYECKM 3HAUMMbIMK Npu p<0,05 ANA MapHbIX CPAaBHEHUN U
p<0,0125 ans MHOXKECTBEHHbIX CPaBHEHMIA (C yY4ETOM NonpaBKu BoH-
depponu ans df=3).

PE3YNbLTATbI

Mpu UccnefoBaHUM TOIOBHOTO MO3Ta KPbIC B PasHble Nepuoap!
Moc/ie Jly4eBOro BO3AEWCTBMA C UCTMIONb30BAHNEM METOL0B HENPOBH-

xylazine (Xyla®, Interchemie, the Netherlands; 10 mg/kg). The
depth of anesthesia was confirmed by clinical assessment prior to
tissue collection. Once a deep level of surgical anesthesia, stage
Ill, was achieved, the animal was placed in the supine position,
the thoracic cavity was opened, and an incision up to 5 mm in size
was made in the region of the right atrium to allow free outflow
of fluid. This was followed by puncture of the left ventricle and
administration of a lethal dose of 10% formaldehyde solution.

The animals were then decapitated, and the brain was re-
moved and placed in 10% neutral buffered formalin at 18°C for
24-48 hours. During gross sampling of the material obtained, an-
atomical orientation was performed, and axial sections were ob-
tained at 2-mm intervals. The entire material underwent further
processing.

Histological processing was performed according to a stan-
dard protocol, including dehydration in graded ethanol solutions
and paraffin embedding (Leica TP1020 and EG1150H systems).
Sections 3-4 um thick were prepared using a Leica RM2125RT ro-
tary microtome and stained with Mayer's hematoxylin and eosin
(BioVitrum, Russia).

Immunohistochemical analysis was performed on 2-3 pm-
thick sections according to a standard protocol, including depa-
raffinization, blocking of endogenous peroxidase activity with
3% hydrogen peroxide, heat-induced antigen retrieval (Trilogy,
Cell Marque; 97°C), and blocking with 5% bovine serum albumin.
The sections were incubated with primary antibodies against
GFAP (glial fibrillary acidic protein, an astrocyte marker; 1:100,
Cell Marque) and CD68 (a marker of macrophages and microglia;
1:150, Cell Marque) for 18 h at 6°C, followed by incubation with
secondary antibodies (EnVision Mouse or EnVision Rabbit) for 30
min at 37°C. The sections were then counterstained with Mayer's
hematoxylin and coverslipped.

The obtained histological slides were scanned using a Lei-
ca APERIO AT2 scanning microscope (Leica Biosystems, Germany)
with APERIO ScanScope Console software (Aperio Imaging, USA).
The resulting ScanScope Virtual Slide files (Leica Microsystems,
Germany) were assessed qualitatively and quantitatively by a pa-
thologist specializing in neuromorphology.

Ethical statement. The study was approved by the Local
Ethics Committee of Sechenov University (protocol No. 10-25
dated April 24, 2025). The study was conducted in accordance
with the provisions of Article 5 of the European Convention for
the Protection of Vertebrate Animals Used for Experimental and
Other Scientific Purposes (Strasbourg, March 18, 1986). Optimal
housing conditions were provided for the laboratory animals [7,
8]. In accordance with Article 8 of the Convention, measures
were taken to minimize pain, suffering, and distress in the ex-
perimental animals. Animals were anesthetized by intraperi-
toneal injection of tiletamine-zolazepam (Zoletil® 100, Virbac,
France; 7.5 mg/kg) and xylazine (Xyla®, Interchemie, the Neth-
erlands; 10 mg/kg) [7].

Statistical analysis. Statistical data processing was per-
formed using standard spreadsheet software, Microsoft Excel
2010 (Microsoft, USA), and MATLAB 2020b software package for
technical computing (MathWorks, USA). Normality of distribution
was assessed using the Shapiro-Wilk test. Since the distributions
in the groups differed from normality due to the small sample size
(n=5), the data were presented as median (Me) and interquartile
range [Q1; Q3]. For multiple comparisons among the four time
points, the nonparametric Kruskal-Wallis test was used, as four
distinct groups of animals were analyzed at each time point. The
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3yanusaumm oLEeHWBaNNCh LIEHTPaNbHaA 30Ha, 30Ha B 06/1aCTH Heno-
CpesCTBEHHOTO BO3AENCTBUA TYIMEBOrO 1a3epa M nepudepuyeckasn
30Ha, pacrnonaratLanca B 3 MM OT LeHTPaIbHOW, @ TaKKe MHTaKTHasA
30Ha NPOTUBOMOIOXKHOTO Nosywapua (puc. 4 A-D).

Moka3zatenu MHTEHCMBHOCTM MP-curHana LieHTpanbHOM 1 nepu-
bepuryeckoit 30H NoparKeHus NpeacTasneHbl B Tabn. 1

B 1-e cyTKu cpasy nocne nasepHoi abaaumm Ha T2-B3BELLEHHOM
1300paXKeHNUN LIeHTPaNbHaA 30Ha MopaxkeHusa bblna MpaKTUYecKku
n3omHTeHcuBHa KM (OM 1,01 [0,84; 1,06]), Toraa Kak OU curHana ne-
pudepunyeckoit 30HbI bbina cHxkeHa — OM 0,79 [0,73; 0,95] (Tabn. 1,
puc. 4 A, puc. 5, puc. 6). UHTeHCMBHOCTb HOpMMpOoBaHa Ha K, npu-
HATOe 3a 1,0. OM curHana LeHTpanbHOM 30HbI CTAaTUCTUYECKM 3HAUMMO
HapacTana no cpokam HabniogeHusa (Kputepuit Kpackena-Yonnuca):
Ha 30-e cyTkM oHa Bbina Bbille, yem Ha 1-e (p<0,001) v Ha 3-7-e cyT-
kv (p<0,01). Mpw aTom OU curHana Ha nepudepumr 30HbI NopaXKeHUs

Tabauya 1 OmHocumerbHbIl NOKA3aMesb UHMEHCUBHOCMU
MP-cueHana ueHmpansHoli u nepugepuyeckoli 30H NopareHus
Ha 1-e (cpasy nocne abnayuu), 3-u, 7-e, 30-e cymku

WUHTEHCUBHOCTb CUrHaNa LI,EHTpaIIbHOﬁ

Wilcoxon test was used for paired comparisons between the cen-
tral and peripheral zones. Differences were considered statistical-
ly significant at p<0.05 for paired comparisons and p<0.0125 for
multiple comparisons, taking into account the Bonferroni correc-
tion for df=3.

RESULTS

When examining rat brain tissue at different time points af-
ter radiation exposure using neuroimaging methods, the central
zone, corresponding to the area of direct thulium laser exposure,
the peripheral zone located 3 mm from the central zone, and the
intact zone of the CH were assessed (Fig. 4A-D).

The MR signal intensity values of the central and peripheral
lesion zones are summarized in Table 1.

Table 1 Relative MR signal intensity in the central and
peripheral lesion zones on day 1 (immediately after ablation),
day 3, day 7, and day 30

WNHTEHCUBHOCTb cUrHana nepudepunyecKoit 30HbI nopaxe-

CyTKM HUA (3 MM OT LLeHTPa/IbHOM 30HbI)
30HbI NOpaXKeHus . . I . i p
Day . . o . Signal intensity in the peripheral lesion zone, 3 mm from
Signal intensity in the central lesion zone
the central zone

1 1.01[0.84; 1.06] 0.79[0.73; 0.95] =0.043
1.88 [1.70; 1.94] 0.93 [0.86; 1.11] =0.043
1.92 [1.76; 1.98] 0.96 [0.89; 1.14] =0.043
30 2.82[2.68; 2.86] 0.88[0.80; 1.11] =0.043

[pumeyaHuma: p — cTaTUCTUYECKasA 3HAYMMOCTb pasnvmmﬁ noKasaTenei MHTEHCMBHOCTU CUrHasa mexay u,eHTpaanoﬁ n I'IepVId)epMHECKOVI 30HaMM Nopa*keHnAa (I'IO Kpute-

puto BUNKOKCOHa)

Notes: p denotes the statistical significance of differences in signal intensity between the central and peripheral lesion zones (Wilcoxon test)

Puc. 4 MPT 8 T2 PROPELLER pexcume 8 akcuaneHol npoekyuu (Discovery MR750w 3.0 Tn). Cmpesnkoli ykasaHa 30Ha abasyuu. (A) — cpasy nocne
nazepHoli abnayuu (1-e cymku): 8 ueHmpassHoU 30He onpedendaemca U3ouHmeHcusHsIl, no nepugepuu — 2unouHmeHcusHsIl MP-cueHas; (B, C)
— 3-u, 7-e cymku: ommedaemcsa nocnedosamesnsHoe noseleHue uHmeHcusHocmu MP-cueHana 8 ueHmpassHol 30He 1a3epHO20 NOPAMEHUs,
Ha T2-838eweHHbIX U306paxceHuAX 00 8bIPAMEHHO 2UNePUHMEHCUBHO20 8 CPOBHEHUU C KOHMPOsIbHLIM NOAYWapUem, @ MaKkie yMepeHHoe yae-
nuYeHue e20 pasmepos bes sudumbix usmeHeHul MP-cueHana 8 nepugepuyeckoli 30He; (D) — 30-e cymku nocse nopaxceHus: suzyanusupyemcs
opmuposaHue KUcmMo3Hol NOAOCMU € POBHBIMU, YEMKUMU KOHMYPAMU, COOMBEMCMBYUlee y4acmky Kucmo3sHol OezeHepayuu 8 obnacmu
7103€pHO20 NOPaMeHUA

Fig. 4 MRl in the T2 PROPELLER mode in the axial plane (Discovery MR750w 3.0T). The arrow indicates the ablation site. (A) Immediately after
laser ablation (day 1), the central region appears isointense, whereas the peripheral region exhibits a hypointense MR signal; (B, C) days 3 and 7: a
progressive increase in MR signal intensity is observed in the central zone of laser-induced injury, becoming markedly hyperintense on T2-weighted
images compared with the CH, as well as a moderate increase in lesion size without visible changes in MR signal in the peripheral zone; (D) day
30 after injury: formation of a cystic cavity with smooth, well-defined contours is visualized, corresponding to an area of cystic degeneration in the
region of laser-induced injury
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Puc. 5 A — uHmercusHocme MP-cueHana ueHmpansHol 30Hbl nopaxceHusa Ha 1-e, 3-u, 7-e u 30-e cymku, B — uHmeHcusHocme MP-cueHana nepu-
thepuyeckoli 30HbI nopaxceHus Ha 1-e, 3-u, 7-e u 30-e cymxu (cmamucmu4eckas 3Ha4UMOCmb onpedensnacs no Kpumeputo Kpackena-Yonnucay.
LlocmueaHymele yposHU 3Ha4uUMocmu npusedeHsl 8 mabs. 1 u mexkcme pazoesna pesysbmamos

Fig. 5 A— MR signal intensity in the central lesion zone on days 1, 3, 7, and 30; B— MR signal intensity in the peripheral lesion zone on days 1, 3, 7,
and 30. Statistical significance was determined using the Kruskal-Wallis test. The achieved levels of statistical significance are reported in Table 1

and in the Results section

CTaTUCTUYECKM 3HaYMMO Bbina cnabee, yem B LeHTpe (p=0,043). MNo-
[06HOE COOTHOLLEeHME MHTEHCUBHOCTM CUTHANA MEMKY LeHTPaIbHOW
30HOV NopasKeHUs U nepudepuyeckoi 30HOW HabnaaNoCh U B No-
cnegytowme aHu (Ha 3-u, 7-e 1 30-e cyTku).

[nsA cpaBHEHUA MHTEHCMBHOCTU CUTHasa MO CyTKam, BBUAY MUC-
N0/1b30BaHWUA Pa3NNYHBIX }KMBOTHbIX, MPUMEHANCA KpuTepuin Kpacke-
na-Yonnwuca (puc. 5A, B). AHanM3 NoKasas, YTo B LIEHTPaIbHOM 30He
nospexaeHva K 30-m cyTkam OM curHana CTaTUCTMYECKM 3HAYMMO
HapacTana, B TO BPeMs KaK B nepudepnyeckolt 30He NopakeHus Ha-
61t04anach Wb TeHAEHUMA HapacTaHua O curHana.

AHa/I13 NOKasar, YTo B LEEHTPAIbHOM 30HE NOBPEXKAEHMA K 30-M
cyTkam OWM curHana CTaTUCTUYECKM 3HAaYMMO HapacTana, B TO Bpems
KaK B nepudepuyeckol 30He MopaxkeHws Habaganacb Nulb TeH-
JeHuua HapacTaHua OU curHana.

OvHamuky wmHTeHcmBHOCTM MP-curHana Ha T2-B3BeLUeHHbIX
M306paKEHNAX aANMPOKCMMMPOBAAN  NOrapuOMUYECKOn  AUHWUEN
TpeHaa (puc. 6).

M3meHeHMe nnowaam ovara abaauuu, no gaHHbim MPT ronos-
HOrO MO3ra KpbICbl, NPEACTaBAEHO Ha puc. 7.
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Immediately after laser ablation (day 1), T2-weighted MRI
demonstrated that the central lesion zone was almost isointense
to the CH (RSI 1.01 [0.84-1.06]), whereas the peripheral lesion
zone showed decreased signal intensity — 0.79 [0.73-0.95]) (Table
1; Figs. 4A, 5, and 6). Signal intensity was normalized to that of
the CH, which was assigned a value of 1.0. The RSI of the central
zone increased significantly over the observation period (Krus-
kal-Wallis test): on day 30, it was higher than on day 1 (p<0.001)
and on days 3 and 7 (p<0.01). At the same time, RSl in the periph-
eral part of the lesion was statistically significantly lower than in
the central zone (p=0.043). A similar relationship in signal inten-
sity between the central lesion zone and the peripheral zone was
also observed on subsequent days, namely on days 3, 7, and 30.

To compare signal intensity across time points, the Krus-
kal-Wallis test was used because different animals were exam-
ined at each time point (Fig. 5A, B).

The analysis showed that in the central injury zone, signal
intensity increased statistically significantly by day 30, whereas in
the peripheral lesion zone only a tendency toward increased sig-
nal intensity was observed.

The temporal dynamics of relative MR signal intensity on
T2-weighted images were modeled using a logarithmic trendline
(Fig. 6).

Puc. 6 /locapugmuyeckas AuHUA mpeHOa UHMeHCUBHOCMU CU2Hana
Ha T2-838eweHHoOM u30bpaxceHuu. Mo ocu abcyucc — cymku nocne
abnayuu, no ocu opduHam — OU MP-cueHana 8 6e3pasmepHeix
eduHuYax. [lyHKMUpPHaA AuHUA npedcmassaem 102apU@MUYeCcKyro
annpoKcumayuro OUHaMuKu usmeHeHud. lpeden nozapugmudeckol
7AUHUU mpeHOa 8 3 pasa avlue, yem eenuvuHa 8 Kil

Fig. 6 Logarithmic trend line of RSl on T2-weighted images. The
x-axis shows days after ablation, and the y-axis shows relative MR
signal intensity in dimensionless units. The dashed line represents the
logarithmic approximation of the dynamics of changes. The limit of
the logarithmic trend line is three times higher than the value in the
contralateral hemisphere
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Mnowagab ovara abnauum / Area of the ablation focus
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Kak BuaHo 13 puc. 7, nnowaas MP-u3ameHeHwW B 3TOT nepuog,
cocrasuna ot 2,40 go 4,79 mm? c nocnefyroWwmm yMmeHbLUEHUEM K
30-m cyTkam 40 4,03 mm2,

MaKpo- M MUKPOCTPYKTypa NpaBoro Mnosywapusa roN0BHOIO
MO3ra KpbICbl Cpa3y Noc/ie NPoBeaeHNA Na3epHoON abnaLmm npeacTas-
NeHa Ha puc. 8.

Puc. 7 VameHeHue naouwadu o4aea abasuuu no 0aHHsIM MPT eosnos-
HO20 M032a Kpbickl Ha 1-e (cpasy nocne nasepHol abnsyuu), 3-u, 7-e
u 30-e cymku uccnedosaHus (IV epynna). Mo ocu abcyucc — cymyu
nocse abnayuu, No ocu opoOUHam — naowads o4aza e Mm% Cmamu-
CMUYecKU 3Ha4YUMbIX pasau4uli pazmepos o4aea Mexoy CPOKaMu
HabnodeHus He ebiAsneHo (Kpumepul Kpackena-Yonsnuca, p=0,0351)
Fig. 7 Changes in the area of the ablation lesion according to MRI of
the rat brain on day 1 (immediately after laser ablation), day 3, day

7, and day 30 of the study (Group 4). The x-axis shows days after
ablation, and the y-axis shows the lesion area in mm?Z. No statistically
significant differences in lesion size were found between the
observation time points (Kruskal-Wallis test, p=0.0351)

The change in the area of the ablation focus, according to
MRI data of the rat brain, is shown in Fig. 7.

As follows from Fig. 7, the area of MRI-detected changes
during this period ranged from 2.40 to 4.79 mm?, followed by a
decrease to 4.03 mm? by day 30.

Morphological examination of rats in Group 1, withdrawn
from the experiment immediately after ablation, revealed signs
of focal mechanical tissue damage in the probe placement zone
and local hemorrhages represented by non-hemolyzed erythro-
cytes. Signs of pericellular edema were also observed, along with

Puc. 8 MaKpo- u MUKPOCMPYKMYpa npago2o noaywapus 20/108H020 M0O320 KPbICbl CPA3y nocse npogedeHus nasepHoli abasyuu. (A) — makpo-
CKONUYECKOE UCC1ed08aHue Npago2o noywapus 20108H020 M0O32a KpbICbl Cpasy nocne nasepHoll abnsyuu, (B-D) — Mukpockonu4ecku Habko-
0aromcs A8AEHUSA NePUUENKAPHO20 OMEKA (YEPHAA CMpesKa), duCmpopuyeckue usMeHeHUs HelipoHo8 no mémHomy muny (6enas cmperi-
Ka), KpubAropbl (CUHAA cmperka), HekpPobUuOMUYecKue USMEHEHUS U KPOBOU3AUSHUSA (KpacHas cmpeska). OKpacKa 2eMamoKCUUH-303UHOM,
macwmab Ha u306paxeHuu

Fig. 8 Macro- and microstructure of the right cerebral hemisphere of the rat immediately after laser ablation. (A) Macroscopic examination of the
right cerebral hemisphere of the rat immediately after laser ablation; (B-D) microscopic findings include pericellular edema (black arrow), dark
neuronal degenerative changes (white arrow), cribriform changes (blue arrow), necrobiotic changes, and hemorrhages (red arrow). Hematoxylin

and eosin staining; scale bar shown in the image
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Kak BuaHo 13 puc. 8, npu MopdoNornyeckom UccnesoBaHnm y
KpbIC | rpynnbl, BbIBEAEHHbIX U3 IKCNIEPUMEHTa cpasy nocse abnauum,
BbIABNAINCH NPU3HAKM 043rOBbIX MeXaHUYECKUX NOBPEXAEHUIN TKaHW
B 30HE YCTaHOBKU 30H/a, /IOKa/IbHbIe KPOBOW3UAHUA, NPEACTaB/EH-
Hble HEremMOoIM3NPOBAHHbBIMU 3PUTPOLIUTaMKU. MMenn mecTo Npu3Ha-
KM NEPULLENIONAPHOTO OTEKA, @ TAKXKE YMEPEHHO BbIPAKEHHbIE MLLe-
MUYECKME U3MEHEHUA ¢ GOPMUPYIOLLLUMUCA MUKPOHEKPO3aMMU.

Mpw nposeneHnn MPT-uccnegosanma y kpbic IV rpynnbl Ha 3-u m
7-e cyTkM Habaoaanock ysennyeHne OM MP-curHana ot LeHTpasibHo
30HbI NOBPEXAEHMA OTHOCUTENBHO KOHTPaNaTepaNbHOro NoAyLIapuaA
ro/I0BHOrO Mo3ra. MHTeHCMBHOCTb MP-curHana B LEHTPabHOM 30He
abnaummn Ha 3-u n 7-e cyTKM cocTaBuna cootsetcTeeHHo 1,88 [1,70;
1,94] n 1,92 [1,76; 1,98] (p<0,05) B CpaBHEHUM C UHTEHCMBHOCTbIO
MP-curHana B nepsble cyTku) (puc. 4B, puc. 4C, puc. 5).

M3ameHeHua MP-curHana B nepudepnyeckoit 3oHe (3 mm ot 06-
N1acTV BO3AEWCTBUA N1a3ePHOT0 U3/IyYeHNs) XapaKTeprU3oBanCh TeH-
JeHUMel K MeHbLUel MHTEHCMBHOCTY B CPaBHEHWW C KOHTpAaTepasb-
Hoii cTopoHor — 0,93 [0,86; 1,11] 1 0,96 [0,89; 1,14] cOOTBETCTBEHHO
Ha 3-1 u 7-e cyTK1 nocsie abnauun. OLHaKO 3TU U3MEHEHUA CTAaTUCTH-
YECKM He OT/IMYAUCh OT aHaNIOMMYHbIX U3MEHEHUI B 1-e CyTKM nocse
Bo3aeicTeua (Tabn. 1, puc. 4B, puc. 4C, puc. 5).

Pa3mep ouyara nospexaeHus, no gaHHbIM MPT, Ha 3-u 1 7-e cyT-
KW YBEMUYMU/ICA COOTBETCTBEHHO A0 4,79 [3,46; 5,24] mm? 1 4,63 [4,01;
4,83] MM?, OAHAKO CTaTUCTUYECKM 3HAYMMbIX Pa3NNuMii pasmepos
oyYara Mexxay Cpokamu HabntoAeHNs He BbiiBNEHO (KpuTepwit Kpacke-
na-Yonnwca, p=0,0351) (puc. 7).

MaKpo- ¥ MMKPOCTPYKTypa MpPaBOro MO/yLapWs TO0BHOMO
MO3ra KpbICbl Ha 3-W CyTKM MOC/IEe NPOBEAEHWA Na3epHoi abnaumum
npeacTaBneHa Ha puc. 9.

moderately pronounced ischemic changes with developing mi-
cronecroses (Fig. 8).

MRI examination of rats in Group 4 on days 3 and 7 showed
increased relative MR signal intensity in the central injury zone
compared with the CH. MR signal intensity in the central ablation
zone on days 3 and 7 was 1.88 [1.70; 1.94] and 1.92 [1.76; 1.98],
respectively (p<0.05 compared with MR signal intensity during
the first 24 hours) (Table 1, Fig. 4B, Fig. 4C, Fig. 5).

Changes in MR signal in the peripheral zone, located 3 mm
from the area of laser exposure, were characterized by a tenden-
cy toward lower intensity compared with the contralateral side:
0.93 [0.86; 1.11] and 0.96 [0.89; 1.14] on days 3 and 7 after ab-
lation, respectively. However, these changes did not differ statis-
tically from the corresponding changes observed on day 1 after
exposure (Table 1, Fig. 4B, Fig. 4C, Fig. 5).

Puc. 9 Makpo- u MUKpOCMpyKmypa npasozo nosywapus 20/108H020
MO0320 Kpbicbl Ha 3-U CymKuU nocsie npogedeHus nasepHol abaayuu. (A)

— MAKpOCKONUYeCKoe UuccedosaHue npagoao NoMywapus 20108H020
MO0320 KpbICbl Ha 3-U cymku nocne nasepHol abaayuu; (B-D) — mukpocko-
nu4yecku Hab0armca A8AEHUS PE3KO BbIPAHEHHO20 OMEKA (YEpHas
CMPesKa) U KpynHsle o4azoesle Hekpo3sl (benas cmpenka). OKpacka
2eMAMOKCU/UH-303UHOM, MAcWmab Ha U306paxeHuu

Fig. 9 Gross and microscopic features of the right cerebral hemisphere

of a rat on day 3 following laser ablation. (A) Gross appearance of the
right cerebral hemisphere on day 3 after laser ablation. (B-D) Histological
examination demonstrated severe edema (black arrow) and large focal
necrotic lesions (white arrow). Hematoxylin and eosin staining, scale bars
are indicated in the images
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Kak BuaHo 13 puc. 9, npu mopdonoruieckom uccnefosaHnm Ha
3-M CyTKM Habntofannch PesKo BbIPAXKEHHbIV OTEK, oYarm HeKposa,
MUKPOKMCTO3Has TpaHChOpMaLLMA CTPOMbI, HepaBHOMEPHOE COCyau-
CTOe MOJIHOKPOBME, He3HauuTeNbHaA MakpodaranbHas UHOWUABTPa-
umA.

MaKpo- ¥ MWKPOCTPYKTypa NpaBoro MOAyLapua rON0BHOMO
MO3ra KpbICbl Ha 7-e CyTKM nocsie NpoBefeHWA Na3epHoi abnaumm
npeacTasneHa Ha pwmc. 10.

Kak BugHo u3 puc. 10, npy mopdonornyeckom mccnesoBaHnm
Ha 7-e CyTKM HabatAaAMCh 04arv KoarynaLuuoHHOTO HeKpPo3a, MUKPO-
KMCTO3HaA TpaHchOpmaLmMA CTPOMbI, HEPAaBHOMEPHOE COCYAWCTOe
MOJIHOKPOBME, OYaroBble KPOBOM3NUAHWA. B LeHTpe moctiydeBoit
30HbI UMe/Ia MeCTo GOPMUPYIOLLLAACA KUCTO3HaAs NOOCTb.

Ha 30-e cyTKM Habnoganmcb MakcumasbHble nsmeHeHns OU
CWUrHana Ha T2-B3BELLEHHbIX M30OparKeHMsX, XapakTepusytolme Gpop-
MUPOBaHMe KWUCTO3HOM MONOCTU. BbIABAANOCH MHKANCyNMPOBaHHOE
06pa3oBaHMe C YETKMMM POBHBIMM KPasMK B LIEHTPaNbHOMN 30He
nopaxeHus, OW curHana KoToporo npesblllana UHTEHCUBHOCTb K1
B 2,82 pa3sa (p<0,001 B cpaBHEHWUM C MHTEHCMBHOCTbIO MP-curHana B
nepsble cyTky, p<0,01 B cpaBHEHUM C MHTEHCUBHOCTbIO MP-curHana
Ha 3-7-e cyTku). O MP-curHana B nepudepuyeckolt 30He ocTaBanacb
HuKe, yem B KM 1 coctasnsna oTHocuTenbHo Hero 0,88 [0,80; 1,11]
(Tabn. 1, puc. 4D, puc. 5). [vHamuKa Naowwasam oyara B 3TOT Nepuos,
npefcTasneHa Ha puc. 7.

Mo paHHbIM NapameTpos OU LeHTPanbHOM 30HbI MOCTPOEHA N10-
rapudmmnyeckan IMHUA TpeHAa, OTPaXKatoLasn yBeIMYeHNEe MHTEHCUB-
HOCTM CUTHaNA C TEYEHNEM BPEMEHMW.

MaKpo- M MUKPOCTPYKTypa NpaBoro Mnosywapusa roN0BHOIO
MO3ra Kpbicbl Ha 30-e CyTKM Moc/e NPOBEAEHMUA Na3epHoI abnauum
npeacraeneHa Ha puc. 11.

Kak BuaHo u3 puc. 11, npu mopdonornyeckom mccnefoBaHum
Ha 30-e cyTku onpeaenanacb cdopmmnpoBaHHas Kucrta. CoxpaHANUChb
OCTaTOYHble HeKpoTMyeckne GOKycbl C NpU3HaKamu mx pesopbuum
MaKkpodaramu (3epHUCTbIMK Wwapamm). OTMeYaNnUcb NPU3HaKM Heo-
aHr1oreHesa 1 He3HauYMTeNbHO BblPaXKeHHaA rPaHYNALMOHHAA TKaHb.
MepndokanbHO onpesenannch Munos, AMCTpodUYecKkne MMKPOKab-
LIMHATbI, MLIEMMYECKan AUCTPOPUA HEPOHOB MO TEMHOMY U CBETNO-
My TWUMY, HE3HAUUTENbHbIN CaTeNNTO3 U HelipoHOarus.

Takum 0bpasom, B AMHaMUKe Npu MOpdONOrMYECKOM Uccre-
[l0BaHUM Yy KpbIC Cpasy mocne abnsauuy B OCHOBHOM Habnioganvch
NPU3HAKM MEXaHMYECKOTO MOBPEXAEHUA TKaHW TONI0BHOMO MO3ra, a
TaKXKe YMepeHHble MLWEeMUYecKue U3MEHEHUA C ABNEHUAMM OTEKa
n dopmmpyoWMMUCA HEKpo3amu. Ha 3-1 CyTKM JOMMHMPOBaAn pes-
KO BbIPQXKEHHbIV OTEK C KPYMHbIMM OYaraMu HeKpo3a, OTMEeYanunchb
UllemMUYecKkre NOBPEXAEHUA HEMPOHOB NO TEMHOMY TUMY, @ TaKKe
nepuBacKkynapHble Kpubatopbl. Ha 7-e cyTKM B LieHTpe nocTiyyeBoi
30Hbl NOABAANACH GOPMUPYIOLLAACA KUCTO3HAA MOMOCTb C YMEpeH-
HOM MaKpodarasbHo MHPUALTPaLMEN U remocuaepodaramu, OTEK U
HeKpo3bl coxpaHanucb. Ha 30-e cyTkn dopmmpoBanacb HEUCTUHHAA
KWCTa, OTMEYaNuCb WLEeMUYeCKMe W3MEHEeHUA HEMpPOHOB MO CBeT-
JIOMY ¥ TEMHOMY TUMY, BbIABAAUCH BblpaKeHHaa MakpodarasbHas
MHGUABTPALMA € remocuaepodaramu, NPU3HAKM HeoaHTMoreHesa U
HE3HAUYUTENbHO BbIPAXKEHHAA TPAHYNALMOHHAA TKaHb, PEAKTUBHbIV
[/IM03, YTO CBUAETENLCTBYET O Ha4asie penapaTUBHbIX MPOLECCOB TKa-
HW roNI0BHOrO mo3ra (Taba. 3).

OBCYXAEHUE

CoBpemeHHasn HeMpOoXMPYpPrvsa PasBMBAETCA B HANPABAEHUU MU-
HUMHBA3MBHbIX CTEPEOTAKCMYECKMX BMELLATENbCTB, CPEAN KOTOPbIX
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According to MRI data, the size of the injury focus increased
on days 3 and 7 to 4.79 [3.46; 5.24] mm? and 4.63 [4.01; 4.83]
mm?, respectively; however, no statistically significant differenc-
es in lesion size were found between the observation time points
(Kruskal-Wallis test, p=0.0351) (Fig. 7).

Morphological examination on day 3 revealed pronounced
edema, foci of necrosis, microcystic transformation of the stro-
ma, uneven vascular congestion, and mild macrophage infiltra-
tion (Fig. 9).

Morphological examination on day 7 revealed foci of coagu-
lative necrosis, microcystic transformation of the stroma, uneven
vascular congestion, and focal hemorrhages. A developing cystic
cavity was present in the center of the post-radiation zone (Fig.
10).

On day 30, the most pronounced changes in RSI on
T2-weighted images were observed, corresponding to the forma-
tion of a cystic cavity. An encapsulated lesion with well-defined,
smooth margins was identified in the central lesion zone. Its RSI
was 2.82-fold higher than that of the CH (p<0.001 compared with
the MR signal intensity on day 1 and p<0.01 compared with that
on days 3-7). The RSI of the peripheral zone remained lower than
that of the CH, amounting to 0.88 [0.80-1.11] relative to the ref-
erence value (Table 1; Figs. 4D and 5). The temporal changes in
lesion area during this period are presented in Fig. 7.

Based on the parameters of relative intensity in the central
zone, a logarithmic trend line was constructed, reflecting an in-
crease in signal intensity over time.

As shown in Fig. 11, a well-formed cyst was identified on
morphological examination at day 30. Residual necrotic foci
showing macrophage-mediated resorption (gitter cells) were still
present. Signs of neoangiogenesis and a mildly developed gran-
ulation tissue were also noted. In the perifocal region, gliosis,
dystrophic microcalcifications, ischemic neuronal changes of both
dark and light types, mild satellitosis, and neuronophagia were
observed.

Thus, over time, morphological examination of rats immedi-
ately after ablation mainly revealed signs of mechanical damage
to brain tissue, as well as moderate ischemic changes accompa-
nied by edema and developing necroses. On day 3, pronounced
edema with large foci of necrosis predominated; dark-type isch-
emic neuronal damage and perivascular cribriform changes were
also observed. On day 7, a developing cystic cavity appeared in
the center of the post-radiation zone, accompanied by moderate
macrophage infiltration and hemosiderophages, while edema
and necroses persisted. On day 30, a pseudocyst had formed;
light- and dark-type ischemic neuronal changes were noted,
along with pronounced macrophage infiltration with hemosid-
erophages, signs of neoangiogenesis, mildly expressed granula-
tion tissue, and reactive gliosis, indicating the onset of reparative
processes in brain tissue (Table 3).

DiscussiON

Modern neurosurgery is increasingly focused on minimally
invasive stereotactic procedures, among which laser interstitial
thermal therapy is gaining growing clinical importance [1, 9, 12].
Despite accumulated clinical experience, experimental character-
ization of the temporal dynamics of tissue response to thulium
fiber laser exposure remains limited, which defined the aim of
the present study: to compare neuroimaging and morphological
findings at different time points after ablation.
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Puc. 10 Makpo- u MUKpoCmpyKmypa npagoao Nosywapus 20/108H020 M0O32d KPbICbl HA 7-€ CymKU nocsae nposedeHus nasepHol abasayuu. (A)

— MAKPOCKONUYecKoe uccnedo8aHue nosywapus 20/108H020 M032a KPbiCbl HA 7-e CymKu nocne nasepHol abnayuu; (B-F) — Mukpockonuyeckue
usMeHeHus; (B) — 30Ha nopaxeHus, NpeumywecmseeHHo npedcmasseHHasa HeKPO3oM U omeéxkom (YépHasa cmpenka); (C) — obwas naowads nopa-
weHuA nasepHol ycmaroskol; (D) — obwas nnowadb opmupyrowelics KUcmo3Hol nosnocmu ¢ ymepeHHoU MakpogazansHoU UHGUALMPayu-
eli; (E) — 0bwasa naowadb 30Hel KPo8ousnusaHuUA, (F) — o4azosbie Hekpo3el. OKPACKA 2eMamOKCUUH-303UHOM, Macwmab Ha u3obpaxeHuu

Fig. 10 Macro- and microstructure of the right cerebral hemisphere of the rat on day 7 after laser ablation. (A) Macroscopic examination of the
cerebral hemisphere of the rat on day 7 after laser ablation, (B-F) microscopic changes; (B) lesion zone predominantly represented by necrosis and
edema (black arrow); (C) total area of laser-induced injury; (D) total area of the developing cystic cavity with moderate macrophage infiltration;
(E) total area of hemorrhage; (F) focal necroses. Hematoxylin and eosin staining; scale bar shown in the image
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Puc. 11 MaKpo- u MUKpocmpykmypa npagoao nosywapus 20/108H020 M032d Kpbicel Ha 30-e cymKu nocse nposedeHus aazepHol abaayuu. (A)

— MOKPOCKONUYeCKoe Ucc/ie008aHUE NPAso20 NOAYWAPUSA 20/108H020 M032a Kpbickl Ha 30-e cymku nocne nasepHol abaayuu; (B) — mukpocko-
nuyeckoe uccnedosaHue NPaso2o NOYWapUs 20108HO20 MO32a Kpbickl Ha 30-e cymku nocne nasepHol abaayuu; (C) — obwaa naowadb 30Hsl
n1a3epHoeo nopaxerus; (D) — 30Ha Hekpo3a; (E) — 30Ha makpogazaneHol uHgunsmpayuu, (F) — nocmay4esas 30Ha Ha 2paHUUE C COXPaHHOU
napeHxumoli: cnabas duggysHas CD6E8-peakmueHOCMb MAMPUKCA U eOUHUYHbIe pacceaHHble CD68-nosioxcumerbHble KAemku (Makpogaau,
GKMUBUPOBAHHAA MUKpPO2/1Us); YépHOU cmpesnkol yKa3aHa Kpaesas 30Ha oyaea, (G) — pacnpedeneHue GFAP no kparo nocmayy4esoli 30Hb! (peak-
mueHeIl 21U03) KaK OmpaxeHue penapamusHeix npoueccos. [laHeau B-E — 0Kpacka 2eMamoKCUnUH-303UHOM,; NaHeau F u G — UMMYHO2UCmoxu-
muyeckoe okpawugaHue, CD68 u GFAP coomsemcmaeHHo. Macwmab yKka3aH Ha u306paxceHusx

Fig. 11 Gross and microscopic features of the right cerebral hemisphere of a rat on day 30 after laser ablation. (A) Gross examination of the
right cerebral hemisphere on day 30 after laser ablation. (B) Microscopic examination of the right cerebral hemisphere on day 30 after laser
ablation. (C) Overall area of the laser-induced lesion. (D) Necrotic zone. (E) Zone of macrophage infiltration. (F) Post-irradiation zone at the
interface with the preserved parenchyma, showing weak diffuse CD68 immunoreactivity of the extracellular matrix and scattered CD68-positive
cells (macrophages and activated microglia); the black arrow indicates the peripheral margin of the lesion. (G) GFAP distribution along the
border of the post-irradiation zone (reactive gliosis), reflecting reparative processes. Panels B—E: hematoxylin and eosin staining; panels F and G:
immunohistochemical staining for CD68 and GFAP, respectively. Scale bars are indicated in the images

466




Cyguarios PA ¢ coasm. BosaeiicTBre TyA1eBOTO Aa3epa Ha TOA0BHOIM MO3I KPBICHI

BECTHMK ABMILIEHHEBI
Tom 28 * No 2 * 2026

Tabnauya 3 [JuHamuka mopgonozuyeckoli KapmuHel Ha 1-e
(cpasy nocne abnauuu), 3-u, 7-e, 30-e CymKu uccnedo8aHus

MpU3HaKM MEXaHMYECKOTo NOBPEKAEHUA TKAHU FONI0OBHOMO MO3ra
Signs of mechanical damage to brain tissue
MUWKPOKPOBOU3NUAHUA

Microhemorrhages

OTék

Edema

Mwemunyeckne NoBpexaeHNa HeMpoHoB
Ischemic neuronal damage

Hekpos

Necrosis

MUKpPOKMCTO3HaA TpaHCHOpMaLMA CTPOMbI
Microcystic transformation of the stroma
ObpaszoBaHNe HEUCTUHHOWN KUCTbI
Formation of a pseudocyst
MakpodaranbHasa UHGUNbTPaLUA
Macrophage infiltration

MpW3HaKM HeoaHrnoreHesa

Signs of neoangiogenesis

PeaKTWBHbIN 1103

Reactive gliosis

Table 3 Dynamics of morphological changes on day 1
(immediately after ablation), day 3, day 7, and day 30 of the study

1-e cyTkM 3-U1 cyTKH 7-e cyTKun 30-e cyTKMn
Day 1 Day 3 Day 7 Day 30

+++ ++ +
+++ ++ +

++ +++ ++ +

++ ++ ++ +

+++ +++ ++ +

++ +++ ++ ++

+ ++

+ +++ ++

++ ++

++

[pumeyaHme: + He3HaYUTEIbHAA CTeNeHb; ++ YyMepeHHan CTeneHb; +++ BblpaXeHHasa cTeneHb

Note: + mild degree; ++ moderate degree; +++ pronounced degree

Nla3epHas MHTEPCTULMANbHAA TepmoTepanusa 3aHUMaeT Bcé bonee
3HauMmoe mecto [1, 9, 12]. HecMoTps Ha HaKOMNEHHbIN KIMHUYECKMIA
OnbIT, IKCNEPUMEHTAIbHAA XapPaKTEPUCTMKA AUHAMMKM TKAHEBOTO OT-
BETa Ha BO3JeMNCTBME TYIMEBOTO BOJIOKOHHOIO N1a3epa OCTaéTcA orpa-
HWYEHHOW, YTO M OMNpesienna0 3aAa4y HaCTOALLEro NcCAea0BaHNA: co-
MOCTaBUTb HEPOBM3YaNMN3aLMOHHYIO U MOPGONIOTMYECKYIO KaPTUHY B
pasnMyHble CPOKM nocsie abnaumu.

doToTepmmyecknin 3GPEeKT Na3epHOro U3NyyYeHns onpesenset-
€A ONTUYECKUMU U TENNOPU3NYECKUMU CBOMCTBAMM TKAHW U 3aBUCUT
OT A/IMHbI BOJIHbI, MOLLHOCTU U MPOAO/IKUTENbHOCTU BO3AENCTBUA: B
3aBMCMMOCTYM OT 3TUX NapamMeTPOB Pa3BMBAKOTCA KOAryaaLms, ucnape-
HWe UAn KapboHusauma [13, 14]. B otiMume oT HeNpepbIBHOBONHOBbIX
Nd:YAG 1 anoaHbIx n1a3epos, POpPMUPYIOLLMX PE3KME TEMNEPATYPHbIE
rpasMeHTbI M pa3pbiBatoLmii 3GPeKT Ha rpaHmue abnaumm [13, 15], Ty-
NINEeBbIV BOSIOKOHHBIV 1a3ep C A/IMHOM BO/IHbI 0Kono 2000 HM norsio-
LaeTcA NPenMyLLLECTBEHHO BOZOM TKaHW, YTo obecneyrBaeT niasHoe
ncceyeHne M UcnapeHue C BbIPaXKeHHbIM KOarynauMoHHbIM 3pdek-
Tom [5, 6, 16]. B HacTosLwei paboTe MCNo/b30BaH HEMPEPLIBHOBOA-
HOBOW TYIMEBO-BOIOKOHHBI 1a3ep ¢ AAUHOM BoaHbI 2010 Hm [16].

Cpa3y nocne abnauun LeHTpanbHas 30Ha MopaxkeHua bGbina
NpaKTUYeckn n3onHTeHcmBHa KiM Ha T2-B3BeLUEHHbIX U300paXKeHUAX,
4TO COOTBETCTBOBANO CNaboM BbIPAXKEHHOCTU CTPYKTYPHBIX U3MEHE-
HUI B 3TOT CPOK: MMCTONIOTUYECKM BbIABNAUCL NEPULENIONAPHDIN
W NepUBACKYNAPHBIA OTEK U ULIEMUYECKUE U3MEHeHUsA ¢ dopmupy-
OLLMMMCA MUKPOHEKpOo3amu. Mofo6HbIN XapaKTep paHHUX U3MeHe-
HWI nocne NasepHoON TepMOZECTPYKLIMM B BUAE YHaCTKOB HEKPO3a U
HeKpobMo3a ABNAETCA KNACCUYECKUM M OncaH paHee [17]. Tepmuue-
CKOE 1a3epHOe BO3AENCTBME MMEET OTCPOYEHHbIM KOMMOHEHT, Npu
KOTOPOM BbIPA¥EHHOCTb AECTPYKTUBHbIX M3MEHEeHU HapacTaeT B
TeyeHMe 24-48 yacoB C COXpaHEHNEM HATUBHOW CTPYKTYpPbI B nepude-
pyYeckux 3o0Hax [18]: B Halel paboTe 3TOT OTCPOUEHHbIV 3GDEKT bbin
NOATBEPHKAEH KaK HeMPOBU3YaM3aLLMOHHO, TaK U TMCTONOMMYECKU.

The photothermal effect of laser radiation is determined by
the optical and thermophysical properties of the tissue and de-
pends on wavelength, power, and duration of exposure; depend-
ing on these parameters, coagulation, vaporization, or carboniza-
tion may occur [13, 14]. In contrast to continuous-wave Nd:YAG
and diode lasers, which generate steep thermal gradients and a
disruptive effect at the ablation boundary [13, 15], thulium fiber
lasers with a wavelength of approximately 2000 nm are predom-
inantly absorbed by tissue water, enabling gradual dissection and
vaporization with a pronounced coagulative effect [5, 6, 16]. In
the present study, a continuous-wave thulium fiber laser operat-
ing at 2010 nm was used [16].

Immediately after ablation, the central lesion zone was
nearly isointense with the CH on T2-weighted images, consistent
with relatively mild structural changes at this stage. Histologically,
pericellular and perivascular edema, along with ischemic chang-
es and developing micro-necroses, were observed. This pattern
of early changes following laser thermal destruction, character-
ized by necrotic and necrobiotic areas, is well established and
has been previously described [17]. Laser thermal injury has a
delayed component, with progressive development of destruc-
tive changes over 24-48 hours and relative preservation of native
structure in peripheral zones [18]; in the present study, this de-
layed effect was confirmed both by neuroimaging and histological
findings.

On days 3-7, the central zone demonstrated a hyperintense
signal, which corresponded morphologically to large necrotic foci,
marked pericellular and perivascular edema, ischemic neuronal
degeneration of the dark type, vascular congestion, and focal
hemorrhages. A cystic cavity with moderate macrophage infiltra-
tion formed in the center of the post-irradiation zone. A similar
sequence of tissue response — formation of a coagulative necrosis
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K 3-7-m cyTKam LeHTpanbHas 30Ha npuobpertana rmnepuHTeH-
CMBHbIN CWUTHaz, YTO MOPQONOrMYECKM COOTBETCTBOBANO KPYMHbIM
oyYaram HeKpo3a, BbIPaKEHHOMY NEPULLENNONAPHOMY U MEPUBACKY-
NAPHOMY OTEKY, ANUCTPOGUYECKMM M3MEHEHUAM HEWPOHOB MO TEM-
HOMY TWUMY, COCYAMUCTOMY MOSHOKPOBMIO U O4aram KpOBOW3/USHWIA;
B LIEHTPEe MOCTNy4eBOV 30HbI POPMMPOBaANAch KUCTO3HAA MNOAOCTb C
yMepeHHOM MakpodaranbHow MHOUALTPaumMen. CxoaHyo nocaeno-
BaTE/IbHOCTb TKAHEBOrO OTBETA — POPMMPOBAHME 30HbI KOAry/IALIMOH-
HOTO HEKPO3a C KPaeBoWi rPaHYNALMOHHON TKaHbIO U NMOCNeay WM
KMCTOOOPa3oBaHMEM — OTMEYanM B IKCMEPUMEHTA/IbHBIX MOAENAX
N1a3epHOro BO3LEMCTBMA Ha rONI0BHOM MO3r ¢ npuMeHeHnem COz-na-
3epa [10] v B moaenu nasep-vHAYLUMPOBAHHOMO MOBPEXKAEHMA C M-
CTONIOrMYECKO 1 NOBeAEHYECKON oLeHKoM [11].

B nepuog ¢ 7-x no 30-e cyTKW, NO AaHHbIM HENPOBW3YyanM3a-
LMK, OTMEYANACh TEHAEHLMA K YMEHbLIEHMIO Pa3MepoB o4ara ¢ ero
KMCTO3HOM TpaHchopmaLmeint. Ha MUKPOCKOMMYECKOM YPOBHE 3TOMY
COOTBETCTBOBA/M HOPMUPOBAHME HEUCTUHHOW KUCTbI, pe3opbuus
KOaryNaLMOHHOTO HEeKpo3a MaKkpodaramu (3epHWUCTbIMU Liapami),
YMeHbLUeHWe nepudoKanbHOTO OTEKa, a TaKkKe nepudoKanbHble pe-
aKTUBHbIE U3MEHEHUS C YMEPEHHbIM [JIMO30M, HEOAHTUOTEHE3OM U
TPaHYNALMOHHOM TKaHbO B BUAE AEMApPKaLMOHHON AnMHWUKU. Jonon-
HUTENIbHO BbIABAANNUCL AUCTPOPUYECKME U3MEHEHUS HEWPOHOB MO
TEMHOMY M CBETNOMY TUMY. YETKas OTrpaHUMYEHHOCTb 30HbI BO3AEN-
CTBMA MPU MUHUMATBHOM TMOBPEXAEHWUMN OKPYKAIOLLEN NapeHXMMbl
COINIacyeTcs C NPeACcTaBleHNAMM O CENIEKTUBHOCTM TYIMEBOTO /1a3ep-
HOro BO34eiCTBMUA, 0OYC/I0BNIEHHOM BbICOKMM BOAOMOMOLLEHUEM HA
[aHHOW ANWHe BOAHbI [5, 6].

OrpaHUYeHUAMM HaCTOALLEro UCCNEAO0BAHUA ABNAIOTCA: He-
60/1bLUOI 06BEM rpynn (MO 5 KMBOTHBIX), YTO OrPaHNYMBAET CTATUCTH-
YECKYH MOLLLHOCTb; ONMCATEe/bHbIN XapaKTep rMCTONOTMYECKOM OLEeH-
KM — MONYKONMYECTBEHHbIM BannbHbIM aHann3 mMopdonorMyeckunx
NPU3HAKOB HEe NPOBOAMACSA, B CBA3M C YEM COMOCTaB/IEHUE HEMPOBH-
3yaNM3aLMOHHOM M TUCTONOTMYECKOW KapTUHbI ABAETCA KaueCTBEH-
HbIM, @ HE CTAaTUCTUYECKM NOATBEPHKAEHHOW Koppensaume.

C y4E€TOM TOTa/IbHOTO HEKPO3a M IM3KCA 30HbI BO3AENCTBUA Na-
3epHOIN 3HEepruM Npu MMUHUMANbHOM MOBPEXKAEHUN OKPYKatoLLen
3[10pOBOI TKAHW TY/IMEBbIN BOJIOKOHHbIN Na3ep NpeACTaBAAET UHTe-
pec Anf AanbHEWLEro N3y4YeHns 1 NPUMEHEHWA B HEMPOXMpPYpruye-
CKoVi npakTuke [19].

3AKNIOYEHUE

Bospgeitctene 2010-HM Ty/MEBOrO BOJIOKOHHOTO /lasepa Ha
TKaHb rOJIOBHOTO MO3Ta KpbICbl CONMPOBOXAAETCA NOC/IeA0BaTEIbHOM
cMeHoV Mopdonornyeckux ¢as: oT PaHHEro ULLEMUYECKU-HEKPOTH-
YeCcKoro NnoBpexaeHUs ¢ OTEKOM B NepBble CYTKM, yepe3 Gopmupo-
BaHME 30Hbl KOAryNaLUMOHHOIO HEKPO3a C KUCTO3HOW MONOCTbIO K 7-M
CYTKaMm, 40 OTrPaHUYEHHON HEUCTUHHOM KUCTbI C MPU3HaKamu pena-
pauum — pesopbupnelt HEKPO3a, YyMePEHHbIM [IMO30M U HEOaHruore-
He30M — K 30-m cyTKam. ITu pasbl CONPOBOXKAANNCL 3aKOHOMEPHOW
LVMHAMUKON HeMpOoBMU3Yann3aLMOHHOM KapTuHbl: OW MP-curHana
LLeHTPa/IbHOM 30HbI CTAaTUCTUYECKM 3HAYMMO HapacTasia Mo CPoKam
HabnogeHun (kputepuin Kpackena-Yonnuca), 4ocTuras MakcMmyma K
30-m cyTKam M OTparkas opraHu3auumio npowecca ¢ GopmMmnpoBaHUEM
OTrPAaHUYEHHOM KUCTbI.

JNloKanbHaA OTrPaHMYEHHOCTb 30Hbl BO3AEWCTBMA MPU MUHW-
Ma/IbHOM MOBPEXAEHWUN OKPYKatOLLEl MapeHXMMbl CBUAETENbCTBY-
€T 0 KOHTPO/IMPYEMOM XapaKTepe TyaMEBOW NasepHoit abnauuum. C
NPaKTUYECKON TOUKM 3peHUs nepuos Haubosbliei BblparKeHHOCTH
BA30reHHOW peakLuu NPUXoANUTCA Ha 3-7-e CyTKM, YTo Lenecoobpas-
HO Y4WTbIBATb NPU NAAHUPOBAHWUM KOHTPOAbHOM MPT-AMarHoCTUKK.
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zone with peripheral granulation tissue and subsequent cyst for-
mation — has been reported in experimental models of laser brain
exposure using CO, lasers [10] and in models of laser-induced in-
jury with histological and behavioral assessment [11].

Between days 7 and 30, neuroimaging demonstrated a
tendency toward reduction in lesion size with cystic transforma-
tion. Microscopically, this corresponded to the formation of a
pseudocyst, resorption of coagulative necrosis by macrophages
(gitter cells), reduction of perifocal edema, and perifocal reactive
changes including moderate gliosis, neoangiogenesis, and gran-
ulation tissue forming a demarcation zone. In addition, ischemic
neuronal alterations of both dark and light types were observed.
The well-demarcated nature of the lesion, with minimal damage
to the surrounding parenchyma, is consistent with the selective
nature of thulium laser exposure, attributable to high water ab-
sorption at this wavelength [5, 6].

Limitations of the present study include the small sample
size in each group (n=5 animals), which reduces statistical pow-
er. In addition, the histological evaluation was descriptive; no
semi-quantitative scoring of morphological features was per-
formed. Therefore, the comparison between neuroimaging and
histological findings represents a qualitative association rather
than a statistically validated correlation.

Considering the development of total necrosis and lysis
within the laser-irradiated zone with minimal damage to the sur-
rounding healthy tissue, the thulium fiber laser remains of inter-
est for further investigation and potential application in neurosur-
gical practice [19].

CONCLUSION

Exposure of rat brain tissue to a 2010-nm thulium fiber la-
ser is accompanied by a sequential progression of morphological
phases: from early ischemic-necrotic injury with edema within
the first day, through the formation of a coagulative necrosis zone
with a cystic cavity by day 7, to a well-demarcated pseudocyst
with signs of tissue repair — including necrosis resorption, moder-
ate gliosis, and neoangiogenesis — by day 30. These phases were
accompanied by a corresponding temporal evolution of neuro-
imaging findings, with relative MR signal intensity in the central
lesion zone increasing significantly over time (Kruskal-Wallis test),
reaching a maximum at day 30 and reflecting lesion organization
with pseudocyst formation.

The localized and well-circumscribed nature of the lesion
with minimal damage to the surrounding parenchyma indicates
the controlled character of thulium fiber laser ablation. From a
practical perspective, the most pronounced vasogenic response
occurs between days 3-7, which should be taken into account
when scheduling follow-up MRI examinations.
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