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A.E. LUenmax, A.H. MuuieHko, B.A. KypTykos, f.H. LLioixeT
MannuatuBHoE XMPYPru4ecKoe ie4eHue ¢ npuMeHeHnem hoTOAUHAMUYECKOM Tepanuu 60bHbIX CO 3N10Ka4eCTBEHHbIMU
HOBOOOPa30BaHNUAMM XENYEBbIBOASLLEH CUCTEMbI, OCJIOKHEHHbIMU 06CTPYKTUBHOM XENTYXO0i

NAJJTMATUBHOE XUPYPTMHECKOE JIEHEHUE

C MIPMMEHEHUEM ®OTOOANHAMHYHECKOU

TEPATMNK BOJIbHBIX CO 3/TOKAYECTBEHHbIMU
HOBOOBPA3OBAHMNIAMMU )KEJ'I‘-IEBbIBO,lJ,SILLI,EM CUCTEMDI,
OCJNIOXHEHHbIMU OBCTPYKTUBHOM XENTYXOM

A.E. Uenmax', A.H. Muwenko?, B.A. Kyptykos?, 4.H. LLoiixert'
TANTAMCKMIA TOCYAAPCTBEHHbBIN MEAMLMHCKMI yHuBepcuTeT, baprayn, Poccus
Topopackas 6onbHuua Neb, baprayn, Poccua

Peslome

Llenbto nccneposaHua 6bi10 oLeHUTb 3GHEKTUBHOCTb NANNIMATABHOIO XMPYPrMYECKOro IeYeHNs C NpYMeHeHeM GOTOANHAMNYECKON Tepanun
(OAT) y 60nbHbIX 3M0KaYeCTBEHHbIMY HOBOOOPA30BaHNAMM XKeTUYEBbIBOAALLEN CUCTEMbI, OCIOXKHEHHbIMU OBCTPYKTUBHOW XenTyxon. [pep-
CTaB/leHbl pe3y/bTaTbl MCCIIeOBaHNA BbIXKMBAaE@MOCTY, MapKEPOB remocTasa, MPOoTeosr3a 1 ONyxo1eBOW NHBa3MM NOC/Ie KOMMIEKCHOro naiuv-
aTVBHOTO NeyeHuns nauneHToB. Y 10 naLMeHTOB OCHOBHO rpynmnbl MPOBOAWIOCH NannaTUBHOE XUpypruyeckoe sieyeHve c nprmeHennem OAT,
y 20 nauMeHTOB rpynmnbl CPaBHEHUA BbIMOHANOCH TOJIbKO NaffMaTBHOE XMPYpPruyeckoe feyeHmne. B ocHoBHoO rpynmne Habsiofanock cTaTucTu-
YecKn 3HaYMMoe yBeNiyeHre NPOAOIKUTENIbHOCTY XI3HM MO CPAaBHEHWIO C rpynnon cpaBHeHuUA Ha 104 aHA (p=0,033). BbiABNEHO CTaTUCTUYECKN
3HauYMMOe BNIUAHME MapKepa OMnyxosieBol UHBa3uy GakTopa HEKpPO3a OMyXOo/n a Ha BblK1BaeMoCTb (p=0,012) 1 yMeHbLUEHWe ero ypoBHA nocine
OAT ¢ 43,53+33,99 nr/mn fo 28,33+26,12 nr/mn (p=0,041). Takum 06pa3om, nannvaTmBHoe nevyeHre ¢ npumeHeHnem OT 310KayeCcTBEHHbIX HOBO-
06pa3oBaHNIl KeNYeBbIBOAALMX MPOTOKOB, OC/IOKHEHHbIX 0OCTPYKTUBHOW XENTYXOW, MO3BONIAET YBENNYUTb BbIKBAEMOCTb MaLMEHTOB 3a cYeT
YMEeHbLUEHUA FyOnHbI OMyXONeBon UHBa3UN.

KnioueBble c/oBa: 310KaueCTBeHHbIE HOBOOOPA30BaHMS KeN4YeBbIBOASALLEN CUCTEMb, OTOANHAMUYECKAS TePanuis, BbKMBAEMOCTb.
KonTakTbl: Lieiimax A.E., e-mail: alevtsei@rambler.ru.

Onsa yntuposaHus: Lienmax A.E., MuwweHko A.H., KypTykos B.A., LLoiixeT A.H. MannnaTuBHoe xupypruyeckoe feyeHmve c npuMmeHeHrem potoguHa-
MUYEeCKO Tepanum 6OMbHbIX CO 3M10KayeCTBEHHbIMY HOBOOOPA30BaHVAMY XKeN4YeBbIBOAALLEN CUCTEMbI, OCSIOKHEHHBIMY OOCTPYKTUBHOM »KenTy-
xoii // Biomedical Photonics. — 2023. - T. 12, N 2. - C. 4-10. doi: 10.24931/2413-9432-2023-12-2-4-10.

PALLIATIVE SURGICAL TREATMENT USING
PHOTODYNAMIC THERAPY FOR BILIARY CANCER

COMPLICATED BY OBSTRUCTIVE JAUNDICE
Tseimakh A.E.!, Mitshenko A.N.2, Kurtukov V.A.%, Shoykhet la.N.!

'Altai State Medical University, Barnaul, Russia
2State hospital Ne5, Barnaul, Russia

Abstract

The article presents the results of a study of survival, markers of hemostasis, proteolysis and tumor invasion after complex palliative treat-
ment of patients with histologically verified malignant tumors of the bile ducts complicated by obstructive jaundice in two comparable
groups of patients. The aim of the study was to evaluate the effectiveness of palliative surgical treatment using photodynamic therapy
in patients with malignant tumors of the biliary system complicated by obstructive jaundice. In 10 patients of the main group, palliative
surgical treatment was performed using photodynamic therapy; in 20 patients of the comparison group, palliative surgical treatment was
performed without the use of photodynamic therapy. In patients of the main group, a statistically significant increase in life expectancy
was observed compared to the comparison group by 104 days (p=0.033). At the same time, a statistically significant effect of tumor necro-
sis factor a, a marker of tumor invasion, on survival (p = 0.012) and a decrease in its level after photodynamic therapy by 15 pg/ml (p=0.041)
was revealed. Thus, palliative treatment using photodynamic therapy of malignant tumors of the bile ducts, complicated by obstructive
jaundice, can increase the survival rate of patients by reducing tumor invasion.

Key words: biliary cancer; photodynamic therapy; survival.
Contacts: Tseimakh A.E., e-mail: alevtsei@rambler.ru

For citations: Tseimakh A.E., Mitshenko A.N., Kurtukov V.A., Shoikhet la.N. Palliative surgical treatment using photodynamic therapy for
biliary cancer complicated by obstructive, Biomedical Photonics, 2023, vol. 12, no. 2, pp. 4-10. doi: 10.24931/2413-9432-2023-12-2-4-10.
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A.E. Ueimax, A.H. MuwieHko, B.A. Kyptykos, f1.H. LLloixet

MannuatMBHOE XMPYPruyecKoe ieYeHne ¢ NpUMEHeHneM (hOTOAMHAMUYECKOI Tepanuu 60NbHbIX CO 3710Ka4eCTBEHHbIMM
HOB0OOGPa30BaHUAMM XENYEBbIBOAALLEH CUCTEMbI, 0CNIOXXHEHHBIMW 00CTPYKTHBHOM XENTYXOif

BBepeHune

Pak 6unuapHoro TpakTta ABNAETCA pefKo OHKOMOMu-
yeckon naTosiornen, K KOTOpOm OTHOCATCA AMCTaNbHasA
N NPOKCMMaNbHasA XONaHIMOKaPLUMHOMA, pakK »KeNYHOro
ny3bipa [1, 2, 3]. CTpyKkTypa 3aboneBaemMocTu 1 fieTalib-
HOCTb MpPU OWIMAPHOM paKe OLEHMBAETCS COBMECTHO
C renaTouennonApHbIM pakom [1]. PacnpocTtpaHeHHOCTb
paka OunmMapHoOro TpakTa COBMECTHO C remnaTouesio-
NAPHbIM pakoM cocTtaBnseT 6,7 Ha 100 TbiC. HaceneHus.
3noKauecTBeHHble HoBoobpasoBaHuA (3HO) xenuesbl-
BOAALLMX NMPOTOKOB UMEIOT OJHU U3 Hanbosiee BbICOKMX
nokasarenen obuen netanbHocTn (35,2%) 1 netanbHO-
CTW Ha NEePBOM rofly C MOMEHTa yCTaHOBJIEHMA AnarHo3a
(66,8%) [1-5].

HecmoTpsa Ha pa3BuTrie MeTodoB Jly4eBOW Y XUMUO-
Tepanuy OCHOBHbIM METOAOM JleyeHUss GOsbHbIX 6u-
JIMAPHbIM PaKOM oOcCTaeTca xupypruyecknin. OgHako Ha
MOMEHT MOCTaHOBKM AnarHo3a 57,3% nauuneHToB yxe
nmetoT 3anyLyeHHyto IV ctagmio ocHoBHOro 3aboneBaHus,
a 80,3% nauneHToB MMeIOT 3anyLeHHbIN U MecTHopa-
CNpOCTpPaHeHHbIN npouecc [1, 2]. Taknum obpasom, bonee
80% naumeHTOB BO3MOXHO MPOBEAEHVE NNLWb Nanava-
TUBHOTO JleYeHUs, aBHbIM KOMMOHEHTOM KOTOPOro
ABNAETCA YCTPAHEHME XKN3HEYTPOXKAKOLLNX OCSIOKHEHNI
OCHOBHOro 3ab0fieBaHUsA, TakMX KakK OOCTPYKTVBHas
XKenTyxa u xonaHrut [4-6].

OfHVM 13 METOL0B NafIMAaTUBHOTIO JIeYeHNA, JOMOon-
HAIOWMM XUpYpruyeckoe rnevyeHue, sensaetca dortoau-
Hamnyeckasa Tepanua (OAT). OAT - 3To meTog NeyeHun
nauveHToB ¢ 3HO, Npu KOTOPOM NPOBOAUTCA 06NyUYeHNe
OMNyXxonu CBETOM ONpefeneHHON ANVHbI BOMHbI, NepeBo-
OAWMM MOJNeKysbl 130MpaTeNibHO HaKaniMBaloLwerocs
B TKaHW OMyXoNv CrneuunanbHOro Belectsa — GOTOCEH-
cnbunmsaTtopa, B BO30YyKAEHHOE COCTOAHME B MPUCYT-
cTBUM Kucnopoga. Obpasylmeca B pesysbrate 3TOro
aKTUBHble GOPMbI KUCIIOpOZa MPUBOAAT OMyXoJieBble
KneTKu K rmbenu nytem anonTtosa, Hekpo3a v aytodaruu.
MNpoBeneHHble B MpeaLwecTByOLWMe rogbl UCCneoBaHUA
apdektuBHocT QT npum pake OKNMapHOro TpakTa Aanu
obHafexuBaloLe pe3ynbTaThl, FOBOPALLME O Nepcrek-
TMBHOCTW NpumeHeHna OJT B nannmaTMBHOM NleyeHUn
3TVX GONbHBIX, YBENNYMBAOLETO BbPKUBAEMOCTb MaLu-
€HTOB B CpefHeM A0 8 MeC. Npu NPOBEeAEHNN NOKaNbHOM
O[T npor3BogHbIMM rematonopoupuHos [8-13].

Llenbio nccnenoBaHna ABnsnach oueHka 3pdeKTrB-
HOCTM ManINaTMBHOIO XMPYPrMyeckoro neyeHms C npu-
meHeHveM QT y 6onbHbix 3HO xenueBbiBOAsLLEN CUC-
TeMbl, OC/IOXKHEHHBIMU OBCTPYKTUBHOW MENTYXOIA.

MaTtepunanbl n metoabl

B OTKpbITOE HepaHLOMM3NPOBAHHOE CPABHUTENIbHOE
nccnenoBaHve BbiKMBAEMOCTU Obinu BKIoueHbl 30 naum-
€HTOB C MMCTOJIOTMYECKN BepUPULINPOBAHHON afeHOoKap-
LMHOMOW »KeN4YyeBbIBOAALUNX MPOTOKOB, OC/IOKHEHHOWN
OOCTPYKTVBHOWN XKENTYXOW, MPOXOAMBLUMX KOMMEKCHOe

neyeHrie Ha 6aze KpaeBOro remaTtosiorMyeckoro LeHTpa
KrbY3 lopopackas 6onbHuua N25, 1. bapHayn (r. bapHayn,
P®) ¢ 2016 no 2020 rr. MaumeHTbl 6biNK NOAENEHbI Ha ABE
rpynnbl. Kputepusmu BKIIOUEHWA B UCCTiefoBaHMe Obinm
BO3pacT cTaplue 18 neT, rmctonornyeckn sepuduymnpo-
BaHHbIN AnarHo3 3HO »enyeBbIBOAALLMX MPOTOKOB, NOA-
nMcaHHoe UHGOPMMPOBAHHOE COrflace Ha ornepaTvB-
HOe neyeHve B nepuog rocnutanusaunn. Kputepuamm
UCKITIIOUEHVA Obinn NeTanbHOCTb BO BpeMs NpebbiBaHuA
B CTaLlMOHApPe, HanMyvie OHKONIOMMYeCKoro 3aboneBaHuns
KpoBu. B ocHOBHyt0 rpynny 6binu BKoyeHbl 10 naum-
€HTOB, KOTOPbIM NPOBOAWAN NaNNIMAaTUBHOE XUPYyprmye-
ckoe neyeHune ¢ npumeHeHnem QOAT. Ipynny cpaBHeHMA
coctaBuny 20 MaLMEHTOB, KOTOPbIM OblIO NPOBEAEHO
nannMaTUBHOE XMpypruyeckoe neveHvie 6e3 nprimeHe-
Hua OJT. PacnpeneneHue nayeHTOB B rpynnbl NPOBOAU-
nun 6e3 UCNoNb30BaHNA PaHLOMU3ALIMM: MALUEHTbI, NOA-
nucaBslime cornacre Ha nposegeHne QLT BcnepcTBre
HanMuMA NPOTMBOMOKA3aHUN K MPUMEHEHWIO anbTepHa-
TUBHbIX METOJOB JlIeYeHUs], ObININ BKITOUEHbI B OCHOBHY!HO
rpynny. OTkasaslumeca ot nposeferHva OAT naumeHTbl
OblIV BKIIOUYEHDI B FPyNMy CpaBHeHWA. [ln3alH nccneqo-
BaHMsA Obln 0106peH JIoKanbHbIM DTUYecKM Komutetom
OIrbOY BO «AnTanckmm rocyfapCcTBeHHbIN MeAULNHCKAI
yHuBepcuteT» MuH3gpasa PO (Bbinucka u3 npotokona
N°11 ot 27.11.2017). CpaBH/TENbHAA XapaKTepucTuka
rpynmn rno rnosy, BO3pacTy, PyTUHHbIM 1Tab0PaTOPHbIM Mo-
KasaTensim BoCnaneHus, bonnupyorHeMmm 1 neyeHOUHbIX
bepmeHTOB NpepcTaBneHa B 1abn. 1. [pynnbl Gbin cono-
CTaBMMbl MO OCHOBHbIM XapaKTepUCTUKAM.

CpaBHUTeNIbHaA XapakKTepUCTMKa rpymnn no nokanu-
3aumm 3HO npepcTaBnieHa B Tabn. 2. CTaTUCTUYECKM 3Ha-
YVIMbIX PA3INYNIA BbIABIEHO He ObIITO.

MannuaTtmBHOE XUPYypruyeckoe neyeHme BKIOYANO
B ce0s onepaTrBHOE NIeYEHUNE XKNHEYTPOXKALLUMX OCIOX-
HEeHWU, Mpexae BCero OOCTPYKTVMBHOWM »KenTyxu: upe-
CKOXKHOE YypecrneyeHOYHOEe MOHO- 1 6unobapHoe apeHu-
pOBaHMe XeNUYHbIX MPOTOKOB, CTEHTUPOBAHME METUYHbIX
NPOTOKOB MOA YNIbTPa3BYKOBbIM 1 PEHTIFEHOIOrNYECKM
KoHTponem. CuMnTomMaTyeCcKoe KOHCepBaTMBHOE Neye-
Hrie BKoYano B ce6a NHOY3NOHHYI0, Ae3MHTOKCUKaLW-
OHHYI0, aHaNbreTNYecKyto, renaTonpPoTEKTOPHYIO, aHTU-
6aKkTepuanbHyto Tepanuio [4, 5].

Y BCcex nauueHTOB OCHOBHOW TpynMbl MPoOBOAUIN
OOT no cneayowemy anroputMmy: ¢nyopecueHTHas
ONArHOCTMKA Ha NTa3epHON 3NeKTPOHHO-CNeKTpasbHOM
ycTtaHoBKe «buocnek» (OO0 «HoBsble xupypruyeckue
TexHonorumy», Poccnsa), nokanbHas v cuctemHas OAT Ha
NPOrpaMMHOM CneunanmM3MpPoOBaHHOM Na3epHOM [BYX-
BoniHoBoM annapate «JIAMU-Tennoc» (OO0 «HoBble
Xnpypruyeckue TexHonorumy, Poccua) no TY 9444-001-
53807582-2010. B kauectBe ¢poTOCeHCUbunmM3aTopa mc-
nosb30Banu npenapat GOTOAUTA3UH HA OCHOBE XIIOPVHA
e6 (OO0 «BETA-TPAH[», Poccuna). Cuctemuyo OAT npo-
BOAWIN Yepe3 nepudepuyecknii JOCTyn B KybuTasnb-

OPUTUHAJIBHbBIE CTATbA
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Ta6nuya 1

XapakTepucTka NauMeHTOB, BKAOUEHHbIX B UCCAEeAOBaHUE
Table 1

Characteristics of patients included in the study

lpynna
CpaBHeHuA

OcHOBHas

MokasaTtenb rpynna

Bospacrt, net

61,3£16,9 69,8+9,4 0,168
Age, years
Yuncno KeHWmH 5 5 0,879
Number of women
Yncno myxumH 8 15 0,879
Number of men
JNevikouuTbl, ¥10°/n
Leukocytes, *10°/L 8,87+3,16 9,71+2,16 0,487
Tpomb6ouuTsl, ¥10°/n
Thrombocytes, *10°/L 285,33+164,42 258,67+43,15 0,649
O6wwuin bunnpy6buH,
MKMOMB/N 19733417309 1150045619 0,210
Common bilirubin,
mcmol/L
ACT, Ea/n
AST, U/L 96,83+63,07 53,17+29,51 0,097
AT, En/n
ALT, U/L 98,99+73,51 58,22+41,79 0,206

lMpumeyaHue: p — CTaTUCTUYECKAA 3HAUMMOCTb Pa3NNYNN MeXIy OCHOB-
HOW rpynnown 1 rpynnon cpaBHeHnA.

Note: p - statistical significance of differences between the main group
and the comparison group.

HYI0 BEHY MOHOXPOMAaTUYeCKNM CBETOM C AJSIMHOWN BOJI-
Hbl 662-665 HM co cBeToBOW Ao30M 1200-1400 Ox/cm?,
MOLHOCTbIO 0,7 BT, NAOTHOCTbIO MOLLHOCTM U3NYyYEeHUA
0,22 Bt/cm? annapaTom iA BHYTPVMBEHHOrO 06nyyeHuns
KpPOBM BO BpeMs BHYTPMBEHHOrO BBeAeHUs (OTOCEH-
cmbunuzaTtopa B gose 1-1,4 mr/kr maccol Tena. Jlokanb-
Hyt0 KOHTakTHyto O[T ocyulecTBasAAM nyTem obnyyeHus
MOHOXPOMATNYECKNM CBETOM C OJIMHOW BOJHbI 662 HM,
cBeToBOM po30i 220 [x/cM? nporpaMmHbIM Crnielua-
NIM3UPOBAHHbIM Nla3epHbIM ABYXBOJIHOBbIM arnnapaTom
MOLLHOCTbIO 0,7 BT € NIOTHOCTBIO MOLHOCTY U3TyYeHNA
0,22 BT/cM? MO MCTEYEHUM 5 4 C MOMEHTa OKOHYaHMA
cuctemHon QAT [6].

Hoctyn gna nposepeHua OOT ocywectBnanu cne-
AyloLwyM o6pa3om: NPOBOAUIN YPECKOXKHOE Ypecneye-
HOYHOE Hapy»KHOe [APeHVPOBAHMNE KeNUHbIX MPOTOKOB
noa YnbTPa3BYKOBbIM KOHTpONeM. 3aTem uyepes Mpo-
CBET OOLLEro »KeJTYHOro MPOTOKa 3aBOAWSN MPOBOAHUK
N HU3BOAWAW €ro B ABeHagLaTUnepcTHyo Kuwky. o
HU3BeEeHHOMY MPOBOAHWKY KaHINMPOBanu 6onbluoin
AyOofeHanbHbIl COCOYeK M MPOBOAWAN SHAOCKOMNUYe-
CKYI0 ManunnochUHKTEPOTOMMIO Ha NMPOBOAHMKE, MOC-
fie yero no NPOBOAHUKY MPOBOAUIN SHAOCKOMUYECKYIO
GannoHHYI0 Aunatauuio MpPOCBETa MHTPaMypasibHOM

yactn xonepoxa u 3aBefeHne DPOC HanpasnawooLwero
KaTeTepa c ero ¢ukcauymeir. 3atem no DPOC-kaTeTepy
B MPOCBET X0J/lejoXa 3aBOAIN TPaHCHa3asbHbIA racTpo-
ckon, 6anyioH pasgyBancs B 30He budypKaLmm JoneBbix
NpoTOKOB. [lanee npoBoAnAun TpaHcoMHanbHyto OOT
noa BMAEOSHAOCKOMMNYECKMM BU3YyaSibHbIM KOHTPOMIEM.
Llenbto npoeepeHus nokanbHort OAOT 6Gbina Hopmanusa-
LUMA OTTOKa MO BHEMEYEHOYHbIX KeJTYHbIM MPOTOKaM 3a
CYeT yMeHbLIeHNA o6 bema OnyxoneBol TKaHU B MPOCBe-
Te >KeJIYHbIX NMPOTOKOB C MOABNIEHNEM KaK PEHTIeHOCKO-
nMyecKku, Tak 1 BU3yanbHO CBOOOAHOro NMpocBeTa (yBe-
JOMIIeHVe O NpUeMe 1 perncTpaumm 3aaBKn npuoputeTta
N2 2023105379).

OCNOXHeHNA XNPYPruyeckoro feyeHna oLeHnBanu
no wkane Clavien-Dindo [14].

OnpepeneHune KOHUEHTpaUuy ¢pnbpuHoreHa B niasme
no Clauss (1957) npoBoagunn ¢ Ncnosib3oBaHem Habopa
peareHTOB Ppupmbl «TexHonorua — CtaHgapT» (Poccus).

[na onpepeneHnsa KOHUEHTPaLMM TKAaHEBOrO aKTu-
BaTopa nnasmuHoreHa (t-PA), nHrmbutopa TKaHeBOro
akTmBaTtopa nnasmuHoreHa-1 (PAI-1), TkaHeBoro dak-
Topa (TF), uHrmbuTopa nyTn TKaHeBoro daktopa (TFPI),
dakTopa Hekposza onyxonu-anbda (TNF-a) B cbiBOpOTKE
KPOBM MCMOJIb30Ba/IN CTaHZAPTHbIE HAbOPbI ANA MMY-
HodepmeHTHOro aHanusza TECHNOZYM (Technoclone
Herstellung von Diagnostika und Arzneimitteln GmbH,
ABCTpUA), ANA U3IMEPEHNA ONTUYECKOW MIIOTHOCTU WUC-
Monb30BanM YHMBEPCAsbHbIA aBTOMATUYECKUn ¢oTo-
MeTp Aans MukponnaHwet EIx808 (BioTec Instruments,
Inc.,, CLLA).

CTaTnucTMyeCcKnin aHanmn3 NPOBOAMAN C MOMOLLbIO Ma-
KeTa cTaTucTnyeckux nporpamm SigmaPlot 14.0 (peru-
CTpaLMVOHHbIN HOMep 775400014). MNpn npoBepke HoOp-
ManbHOCTM Mo Kputepuio LWannpo-Yunka BbiasneHo,
YTO BCe M3yyaemble NoKasaTeny Kpome rnona 1 Bo3pacrta
UMenun pacnpegeneHune, He COOTBeTCTBYtoLlee [ayccoBy
pacnpegeneHuio B obenx rpynnax. [1ns aHanu3a Hesa-
BMCUMbIX BbIOOPOK MCMOJIb30BANIN HeMapameTpruiyecKui
Kputepnii MaHHa-YUTHW, NapHbIX BbIOOPOK — KpuTe-
puin BunkokcoHa. nAa cpaBHeHUA HeCBA3aHHbIX rpynn
C HOpPMasbHbIM pacrnpegeneHnemM MNPUMEHANM Mapa-
MeTpuyecknin Kputepuii CTblofleHTa, OTHOCUTENbHbIX
BENMUUMH — z-KpuTepuin Quwepa. [na oueHku obuien
NPOOOMKNTENIbHOCTY XN3HW MPUMEHSANN METOA, KPUBbIX
KannaHa-Mewnepa, Ana cpaBHUTENbHOrO aHann3a BblKK-
BAeMOCTU — JIOM-PaHroBbIn Kputepuin. [1na oueHkn BAna-
HUA GaKTOPOB Ha NPOrHO3 3aboneBaHVA NCMNOJIb30BANU
MHOXECTBEHHbIN JIMHENHbIN PerpecCUOHHbIN  aHanus.
Kputnyecknin ypoBeHb 3HaUMMOCTU pe3ynibTaToB ncce-
noBaHuA npyHumanu p<0,05.

Pesynbratbl n nx o6¢cyxpeHne

Y 1 maumeHTa OCHOBHOW Tpynnbl Habnogany noc-
leonepaurioHHYI0 OCTPYIO remMopparmyeckyo aHemuto
nocne NpPoBefEeHHOro YPEeCKOXHOro YypecneyeHoOYHOro
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Ta6nuya 2
CpaBHUTEAbHAs XapaKTepUCTUKa 6OAbHbIX MO AOKAAM3aLIMKU U pacnpoCTPaHEHHOCTU HOBOOOpa3oBaHUsA
Table 2
Comparative characteristics of patients by localization and prevalence of tumor

Jlokanusayma 3n10Ka4ecTBEHHOro HOBOOGPaBOBaHVIiI

JnctanbHasa xonaHrMoKapLMHOMa, B TOM YnCIe:
Distal cholangiocarcinoma including:

ctagus llla no knaccudumkaumm TNM (8 pegakuus)
stage llla according to the TNM classification (8th edition)

ctagua IV no knaccnmkaumm TNM (8 pegakuuma)
stage IV according to the TNM classification (8th edition)

MpokcrmanbHas XxonaHrMokapLMHOMa, B TOM Yncie
Proximal cholangiocarcinoma including

Tun Il no knaccudpukaumm Bismuth-Corlette
Bismuth-Corlette type Il

Tvn Illa/lllb no knaccudmkaumm Bismuth-Corlette
Bismuth-Corlette type Illa/Illb

™n IV no knaccudukaumm Bismuth-Corlette
Bismuth-Corlette type IV

ctagus llla no knaccndukauyum TNM (8 pefakums)
stage llla according to the TNM classification (8th edition)

ctagua IV no knaccndukaumm TNM (8 pegakuumsa)
stage IV according to the TNM classification (8th edition)

Aﬂ,eHOKapLI,I/IHOMa 6051bLIOro AyOo[eHaNIbHOro CoOCoYKa, B TOM yucne

Adenocarcinoma of big duodemal ampulla including

ctagua llla no knaccudumkauum TNM (8 pepakuus)
stage llla according to the TNM classification (8th edition)

ctagua IV no knaccndmkaumm TNM (8 pegakuumsa)
stage IV according to the TNM classification (8th edition)

MenyHbI ny3bipb
Gallbladder

ctagus IV no knaccnouxaumm TNM (8 pegakuus)
stage IV according to the TNM classification (8th edition)

HERFRES
2

20,00 9 45,00 0,348
1 10,00 7 35,00 0,307
1 10,00 2 10,00 0,519
5 50,00 6 30,00 0,503
2 20,00 1 5,00 0,519
2 20,00 5 25,00 0,879
1 10,00 0 0,00
2 20,00 5 25,00 0,879
3 30,00 1 5,00 0,184
3 30,00 3 15,00 0,628
2 20,00 2 10,00 0,849
1 10,00 1 5,00 0,796
0 0,00 2 10,00 0,796
0 0,00 2 10,00 0,796

lpumeyaHue: p — CTaTUCTUYECKAA 3HAYUMOCTb Pa3NNUNIA MeXay OCHOBHON rpynmow 1 rpynmnow CpaBHeHWA.
Note: p - statistical significance of differences between the main group and the comparison group.

MOHOJI00APHOrO [APEHNPOBAHUS XKEJYHbIX MPOTOKOB.
OcnoxHeHun nocne OAOT oTMeueHo He 6bisio.

B rpynne cpaBHeHMs y 2 NaumneHToB Oblfo BbISIBNEHO
BbiMNafleHNe YPECKOXKHOTO UpecrneyeHOYHOro ApeHaka
C Pa3BUTMEM KEJTYHOTO MePUTOHNT], Y 1 NauueHTa Habnto-
Janu nocneonepaLuoHHY OCTPYI0 FreMopparnyeckyio
aHeMUMIO Moc/ie MPOBEAEHHOr0 UYPECKOXHOro upecre-
YEeHOYHOro MOHOJI00APHOTO APEHNPOBAHUS XKENUHbIX
NPOTOKOB. Mpy CpaBHUTENBHOM aHanu3e rpynnbl Obian
COMOCTaBUMbI Kak Mo o6Lemy 4uciy nocieonepauu-
OHHbIX OCnoXHeHui (p=0,519), Tak 1 Npu cTpaTnuduKa-
umn Clavien-Dindo: 1 (10,0%) ocnoxHeHusa llla cteneHn
B ocHoBHOM rpynne u 3 (15,0%) B rpynne cpaBHeHUsA
(p=0,849) [7].

Mpwn npoBefeHNN OLLEHKN MPOAOTIXKUTENBHOCTA MU3-
HU B MapasieNlbHO CpPaBHMBaeMbIX rpynnax (Tabn. 3)

BIOMEDICAL PHOTONICS T. 12, Ne2/2023

B OCHOBHOW rpynne no CpaBHEHMIO C KOHTPOJIbHOW yCTa-
HOBJIEHA CTAaTUCTUYECKU 3HauyMMas 6onbluas MeauaHa
BbixuBaHuA (p = 0,033) (puc. 1).

Ha coBpemeHHOM 3Tane Ao cux nop Masno uccrieno-
BaHWI, MNoCBAWeEHHbIX nanavatusHon OAT npu 3HO
XKeNyeBbIBOASALLMX MPOTOKOB, U pe3ynbTaTbl UCCIIefoBa-
HUIM 3HauUNTENbHO BapbupytoT [8-13]. B nccnegoBaHmnax
Haider n coaBT. [8] MeanaHa BbIXKMBAaEeMOCTU MaLVEHTOB,
koTopbiM npoogunu OOT, coctaBuna 14 mec. (9 naym-
€HTOB C ANCTAJIbHOW XONAaHIMMOKapLUVUHOMOM, NTOKanbHas
OOT ¢ poToceHMOMNN3aTOPOM Ha OCHOBE MPOU3BOA-
HOro remaTtonopduprHa B Oo3e 2 MI/Kr mMaccbl Tena
C 06nyyeHVeM MOHOXPOMATUYECKMM CBETOM C IJIMHOM
BOJIHbI 630 HM co cBeToBOW Ao301 180 [Ix/cm?). B meTa-
aHanuse Moole n coaBT. [11] Ha ocHOBe 9 nccnefoBaHUN
3ddekTuBHOCTU nokanbHon QAT ¢ NPoun3BOAHbBIMY re-
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Ta6nuuya 3

CpaBHUTEAbHBIM aHaAWM3 BbDKMBAeMOCTU 6OAbHbIX
Table 3

Comparative analysis of survival of patients

95% poBepuTeNbHbIN

MeaunaHa BbDKUBaHUA, AHN
lpynna
NHTEepBan
Ocriosran 170 (1648;113) 25,235-365,235
= 0,033
pasHennA 66 (200;29) 33,13-98,87
Comparison
1.0  Ocoman rpyma / Vi group Hyto O[T 1 xMMMOTepanuio, XUnu B AiBa pasa [oJiblue,
— Tpynna cpaexenna / Comparison group 4yem nauyneHTbl, NoABEPrHyTbie 3TM MeTodaM NneyeHunA
B MOHOpeXuMe. 3HaunTesibHble Pa3fiMunAa pe3ysnbTaToB
0.8 p=0,033 NCCNeaoBaHUn 00YCNOBIIEHbl BbICOKOM 3aBUCMMOCTbIO

06 -

0.4 -

02 -

BepoaTHocTs BekWBanus [ Possibility of survival

)

0.0 T T T T T 1
0 500 1000 1500 2000 2500 3000

Bpema, aHu / Time, days

Puc. 1. 06was BbDKMBAa€MOCTb NALMEHTOB OCHOBHOM Fpynnbl U Fpyn-
Nbl CpaBHEHUS.

Fig. 1. Overall survival of patients in the main group and comparison
group.

MaTonopdrprHOB MOMyyeH MoKasaTenb MeAuaHbl Bbl-
XVBaeMocCTu 7,6 MeC. Y NMaLMeHTOB C Hepe3eKTabesibHOw
xonaHrnokapuuHomown nocne OAT. C gpyron CTOPOHbI,
B uccnepgoBaHum Pereira 1 coaBT. [12] npoBogunun cpas-
HUTENbHbIA aHann3 mMexgy rpynnow, nosyyasllen nan-
NNATMBHOE CTEHTUPOBAHME X0Nlefoxa 1 XMMnoTepanuio,
W TPyMmnow nauueHToB, KOTOPbIM MPOBOAWIN KOMOUHU-
poBaHHOe neyeHue, Bkntouvaswee OAT n xumroTepanuio.
[Tocne gocTuKeHna megriaHbl BbPKMBAEMOCTHU B 8,4 mec.
naumeHTbl, KoTopbiM He npoogunu OAT, Xunn gonblue
(46 NauMeHTOB C AMUCTaNbHOWM U MPOKCMMANbHOWM XONaH-
rMOKapPLUHOMOW, PaKOM XeJIYHOro My3blps; JIOKasibHasA
®AT c npousBogHbIM remaTtonopdrpriHa B fo3e 2 Mr/Kr
Maccbl Tena; ¢ obnyyeHMeM MOHOXPOMATUYECKMM CBe-
TOM C AJINHOM BOJNHbI 630-635 HM 1 cBeTOBOW 0301 186
Ix/cm?). Maswikiti n coaBT. [13], BbINOAHUB MeTaaHanms
Ha OCHOBe 7 UCCNefoBaHNUA COBMECTHOFO NMPUMEHEHNSA
O[T npousBoAHbIMU reMaToNnopPGUPUHOB 1 XUMMOTEpa-
nuu, NPUBOZAT APYrve AaHHble, 3aK/Yalowmecs B TOM,
YTO MaUMEHTbl, KOTOPbIM MPOBOAUIN KOMOWHMPOBAH-

pe3synbratoB O[T OT CBETOBOW A03bl, MOLLHOCTU, KOHTPO-
nA nofBefeHus nasepa K onyxonesown TKaHwu. [Tpn stom
aKTyaJIbHbIM OCTAeTCA BONPOC BO3MOXKHOCTY YyuyLLeHMA
OTAANEHHbIX CXOLOB Y NaLNEHTOB C Hepe3eKTabenbHOM
XONAHTMOKapLMHOMOW, B TOM uncne 3a cyeT OIT, KoTo-
pas aBnseTca 6e3onacHbIM METOIOM JIEYEHUS COMMacHO
OaHHbIM MUPOBOV NUTEPaTypPbl M MOJyYEHHbIM Hamu
DaHHbIM.

[MpoBeneH aHanun3 Nokasatenen BOCManeHns, remocta-
33 U NPOTeoNn3a B AUHaMKKe. BbIABNEHO CTaTUCTMYECKN
3Haummoe ymeHblueHne TNF-a nocne OAT ¢ 43,53+33,99
nr/mn go 28,33+26,12 nr/mn (p=0,041) (pwnc. 2).

TNF-a n3BecTeH, Kak 3HauMMbIi paKTOp HeOBaCKYJO-
reHesa, ABNAIOLWErocs rnaBHbIM KOMMOHEHTOM OMnyxone-
BOV MHBa3nn MpW KaHUeporeHese 3a cyeT CTUMyNAUNn
npoaykuumn uuknookcmreHasbl-2 (LUOI-2). B nccnepgosa-
HMAX MOKa3aHa NpsMas NPOMopUMOHaNbHaA 3aBUCU-
MOCTb Mexay KoHueHTpauunen TNF-a 1 ckopocTbio pocTta
3HO, nprBoAsLLan K CHUXKEHUIO 0OLLen NPoaoSIKUTENb-
HOCTW XWM3Hu [14, 15].

DaHHble nuTepaTypbl ObiNM MNOATBEPXKAEHbI Hamui
B XOfe MpoBeAeHNA MHOXEeCTBEHHOIO JIMHENHOro pe-
rPeCCYOHHOro aHanmsa ¢GakTopoB, BAUSAIOWNX Ha Bbl-
XKVBaeMOCTb y MaLUEHTOB C OGUAMAapHbIM pakom: Obino
MOMyYeHO CTaTUCTUYECKU 3HAYMMOe 0b6paTHO Mponop-
LMOHANbHOE BNMAHME HA BbIPKMBAEMOCTb KOHLEHTPALUN
TNF-a go neveHus (tabn. 4).

M3meHeHnA cMcTembl reMoCTas3a Yy OHKONTIOMMYECKKX MNa-
LMEHTOB — OfiHa U3 BEAYLUMX NPO6/IeM COBPEMEHHOW OH-
KOJIOrnK, NPV 3TOM TPOMOOTUYECKME OCNOKHEHUS ABISA-
I0TCA OJHON 13 BeAYLUMX NPUYMH NeTanbHoro ncxopa [15].

MonyueHHble pe3ynbTaTbl MOATBEPXAAT AaHHble
npepblaywmx nccnegosanuin. OAT sBnaetca 6Ge3onac-
HbIM METOZOM BblbOpa NpU NaNVATUBHOM XMpypruye-
CKOM JIeYeHUWN MauNeHTOB C OunmnapHbiM pakom. Oco-
OEHHO 3TO aKTyaslbHO [ns MALMEHTOB C 3anyLieHHOMN
IV ctagmnen 3aboneBaHus, y KoTopbix OOT no3sonser
3HAUUTENBHO YBENNYUTb MPOJOIIKUTENBbHOCTb »KU3HU
npu OTCYTCTBUM NOBGOUHBIX 3DEKTOB OT Tepanuu.
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A.E. Ueimax, A.H. MuwieHko, B.A. Kyptykos, f1.H. LLloixet
MannnatuBHOE XMPYPru4ecKoe NieYeHue ¢ npuMeHeHnem (hoTOAMHAMUYECKON Tepanuu 60MbHbIX CO 3/10Ka4eCTBEHHbIMU
HOB006Pa30BaHUAMM XENYEBbIBOAALLEH CUCTEMbI, OCJIOKHEHHBIMHU 06CTPYKTUBHOM XENTYXO0i
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20 Fig. 2. Comparative characteristics of parameters of inflammation, haemostasis and
o proteolysis before and after photodynamic therapy of malignant tumors.
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MoaeAb MHOXXECTBEHHOr0 AMHEWHOIO PEerpecCMoOHHOro aHaAuM3a ANl OLEHKU BAMAHUA 3HaueHusa TNF-a, TPA, PAI-1, obwero 6uampybuHa po
AeYEeHUA Ha MeAuaHy BbDKMBAEMOCTH Y NaLUMEHTOB OCHOBHOM rpynnbl

Table 4

Model of multiple linear regression analysis to assess the effect of TNF-a, TPA, PAI-1, total bilirubin before treatment on the median survival
in patients of the main group

Mokasartenb Bto
HeErL ) 2003,485+393,260 <0,001
Constant
TNF-a -17,074+5,659 0,012
TPA -3,940+3,436 0,276
PAI-1 -3,525+2,721 0,222
Obwnit GuMpyGuH -1,260+1,021 0,243

Common bilirubin

MepwaHa BbikrBaemocTn = 2003,485 - (17,074 — nokazatenb TNF- a) - (3,940 - nokasatenb TPA) - (3,525 - noka3satenb PAI-1) -
(1,260 - nokasatenb obLero 6UNMpPy6UHa)

Survival median = 2003,485 - (17,074 - value of TNF-a) - (3,940 - value of TPA) - (3,525 - value of PAI-1) - (1,260 - value of
common bilirubin)

R =0,777; R*=0,603; F =4,185; p =0,027
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A.E. LUenmax, A.H. MuuieHko, B.A. KypTykos, f.H. LLioixeT

MannuatuBHOE XMPYPrueckoe NEYEHNE ¢ NPUMEHEHNEM (hOTOAMHAMMYECKON TEpanuu GONbHLIX CO 3N10KA4ECTBEHHLIMU
HOB0OGPa30BaHUAMM XKENYEBbIBOAALLEH CUCTEMbI, 0CNIOXKHEHHbIMW 06CTPYKTUBHON XENTYXOil

3aKnioueHune

Taknm o6pa30M, KOMIMJIEKCHOEe NnaJinaTuBHoOE neve-

Hue ¢ npumeHeHnem OAT nauuneHtoB ¢ 3HO kenueBbl-
BOAALIMX MPOTOKOB MO3BONAET YBENUUTb MPOJOITKU-

TENIbHOCTb WX »KU3HU, He OKa3blBas 3HAUMMbIX NMOOOYHbIX
3ddekToB. QAT mMoxeT ObITb peKkomMeHOoBaHa AfiA Npu-
MeHeHUA Npwv NanIMaTMBHOM IeYeHUr BUIMAaPHOTo paka.
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M.A. Pa6osa, J1.5. MutpochaHos, M.K). Ynynos, B.A. CtenaHoBa, K.A. CtepxoBsa
MnynbCHbIA pexum BO3AeCTBUA NONYNPOBOJHUKOBOrO Na3epa ¢ ANUHON BONHbI 445 HM B (hoHOXMPYprum:
JKCnepUMeHTanbHoe UccnefoBaHue

MMNYJIbCHbIM PEXXMM BO3OENCTBUS i}
NONYNPOBOOHMKOBOTO JTA3EPA C AJIMHOM BOJIHbI
445 HM B DOHOXMPYPITMM: SKCMEPUMEHTAJTbHOE
MCCIEQOBAHME

M.A. Psboea’, J1.b. MutpodaHos?, M.IO. Ynynoe', B.A. Crenanosa', K.A. Crepxoea?
'DIEQY BO «[Mepebit CankT-TNeTepbyprckmit rocyaapCTBEHHbBIN MEAULMHCKUIA YHUBEPCHUTET
um. akag. M.I. Masnosa» Munsapasa Poccun, Cankr-lNetepbypr, Poccus

2PIBbY «HaunoHanbHbIM MEAMLMHCKMIA MCCIenoBaTENbCKMIA LUeHTP um. B.A. Anmasosa»
Mwunsgpasa Poccun, Cankr-letepbypr, Poccua

Pesiome

MpepncTaBneHbl pesynbTaTbl SIKCNEPUMEHTANIBHOTO MCCef0BaHNA, MOCBALEHHOTO BbIGOPY ONTUMANbHOMO PEeXUMa UMMYSbCHOFO KOHTAaKTHOroO
Jla3epHOro BO3L4ENCTBUA NMOMYNPOBOAHMKOBOIO Jla3epa C ANIMHON BOJIHbI 445 HM B XVPYPrviv FOfIOCOBbIX CKaAoK. DHAONAapUHreanbHas GoHOXU-
pyprvisi NO3BONSIET MaKCMMabHO COXPAaHUTb aHAaTOMUYECKN 1 GYHKLMOHANbHO 3HAaUMMble CTPYKTYPbl FOPTaHy B COYETaHNM C PaAMKanbHOCTbIO
BMelaTtenbcTaa. C no3nummy MyKOyHAYIAPHOW TEOPUM FOI0CO06pa3oBaHyis BOTHOOOPa3Hble KosiebaHs rofloCoBbIX CKNAAOK BO3MOXHbI 33 cYeT
NOABUXHOCTY MOKPOBHOTO CJ1051 FONIOCOBOW CKaZlKM OTHOCUTENbHO ee Tena. CrefoBaTeNibHO Ntobas TpaBMaTU3aLys Ha yPOBHE NMOKPOBHOIO CNI0st
COMpPsKEHa C PUCKOM €ro M36bITOYHOro PyOLIeBaHUA 1 MOTepeil CMOCOBHOCTY K BOIHOOOPA3HOMY CKOJIbXeHWI0. [0110CoBble CKaAKy CBMHbY, MO
[aHHbIM pAAa aBTOPOB, NMEIOT CXOXKee CTPOEHME C YeIOBeYECKMMM Kak Mo MMCTONOrMYecKoMy CTPOEHMIO (TONLWMUHA CNOeB, COOTHOLLEHME KO-
flareHoBbIX 1 311aCTUYECKUX BOJIOKOH), TaK 1 MO aKyCTUYECKMM MapamMeTpam, YTo 060CHOBbIBAeT PaLMoHanbHOCTb UX NCMOMb30BaHMs B KauecTBe
SKCNepuMeHTaNnbHONM Mogenu. B ceprm sKkcneprMeHTOB C UCMONb30BaHVEM fladepa C ANIMHON BOMHbI 445 HM NpoBeAeHbl KOHTAaKTHbIE UMMYSIbCHble
BO34eNCTBUA Ha 61OoNorMyecKyto Mofienb C ANMUTeNbHOCTbIO MMMynbcoB 10, 20, 50 1 100 Mc ¢ nocnefyioLei OLeHKOM Mo JaHHbIM FMCTONOMMYeCcKrX
Cpe30B CNieayoLLyX NapamMeTpoB: Fy6unHa U WPrHa KpaTepa abnsaumm, LWpUHA 30Hbl GOKOBOTO TEPMUYECKOTO NOBPEXAeHNs. YCTaHOBEeHbl Hau-
6onee onTMasnbHble Ans GOHOXUPYPIrIUYECKMX BMELIATENbCTB PEXUMbI UMMYbCHBIX BO3AEWCTBIN la3epa C ANTMHON BOJHbI 445 HM.

KnioueBble cnoBa: poHOXMPYPrid, nasep C ANNHON BOMHbI 445 HM, AMCHOHMA, NazepHasn XMpPYpPrua, napyHronorus.
KoHTakTbi: CtenaHoBa B.A., e-mail: valeriia.stepanoval5@gmail.com

Onsa untupoBaHma: Pa6osa M.A., MutpodaHosa J1.6., Ynynos M.IO., CtenaHoBa B.A., CtepxoBa K.A. IMMynbCHbIN pPeXnum BO3AeNCTBYSA Nonynpo-
BOJHMKOBOTO Jla3epa C AJIMHON BOMHbI 445 HM B GOHOXMPYPriU: SKCreprMeHTanbHoe nccnegosanue // Biomedical Photonics. — 2023. - T. 12,
N2 2. - C. 11-15. doi: 10.24931/2413-9432-2023-12-2-11-15.

PULSED EXPOSURE MODE OF THE 445 NM
SEMICONDUCTOR LASER IN PHONOSURGERY:
AN EXPERIMENTAL STUDY

Ryabova M.A.', Mitrofanova L.B.2, Ulupov M.Y.!, Stepanova V.A.!, Sterkhova K.A.?
'Pavlov First Saint Petersburg State Medical University, Saint-Petersburg, Russia
2Almazov National Medical Research Centre, Russia, Saint-Petersburg, Russia

Abstract

The study presents the results of an experimental study devoted to the choice of the most optimal mode of pulsed contact laser expo-
sure of semiconductor laser with a wavelength of 445 nm in phonosurgery, which implies maximum preservation of anatomically and
functionally significant structures of the larynx combined with radical approach to the pathological process. From the standpoint of the
mucoundular theory of voice formation, wave-like oscillations of the vocal folds are possible due to the mobility of the cover layer of the
vocal fold (epithelium, superficial layer of the lamina propria) relative to its body (deep layer of the lamina propria, vocal muscle). Thus,
any injury at the level of the integumentary layer is associated with the risk of its excessive scarring and loss of the ability to wave-like slid-
ing. Pig vocal folds, according to a number of authors, have a structure similar to human ones in terms of both histological structure and
acoustic parameters, which justifies the rationality of their use as an experimental model. In a series of experiments using a 445 nm laser,
contact pulsed impacts on a biological model were carried out with pulse durations of 10, 20, 50, and 100 ms, followed by evaluation of
the following parameters based on the data of histological sections: the depth and width of the ablation crater, the width of the zone of
lateral thermal damage. Thus, the most optimal for phonosurgical interventions modes of pulsed laser exposures with a wavelength of
445 nm are described.

Key words: phonosurgery, laser 445 nm, dysphonia, laser surgery, laryngology

Contacts: Stepanova V.A., e-mail: valeriia.stepanoval5@gmail.com

For citations: Ryabova M.A., Mitrofanova L.B., Ulupov M.Y., Stepanova V.A,, Sterkhova K.A. Pulsed exposure mode of the 445 nm semicon-
ductor laser in phonosurgery: an experimental study, Biomedical Photonics, 2023, vol. 12, no. 2, pp. 11-15. doi: 10.24931/2413-9432-2023-
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M.A. Pa6osa, J1.5. Mutpothanos, M.H). Ynynos, B.A. CtenaHosa, K.A. Ctepxosa
MnynbCHbIA pexum BO3AECTBUA NONYNPOBOJHUKOBOrO Na3epa ¢ ANUHON BONHbI 445 HM B (hoHOXMPYpPruu:

BBepeHune

NobpokauecTBeHHble HOBOOOPA30BaHWA rOpPTaHM —
Hauboree YacTo BCTpeyaemMasi NaToNorvsa ropTaHu, Npu-
BOAALLAA K CTONKON AnchoHUn, Kotopas obycioBnmBaeT
CHUXKEHMe KauecTBa »KU3HY YesIoBeKa 1 3a4acTylo yTpaTy
NPOAYKTUBHOCTU ero npodecCroHanbHON AeATenbHO-
cTun. JleyeHvie gaHHOM NAaTONOIN BO3SMOXHO TOJIbKO C UC-
MONb30BaHNEM XMPYPTrMYEeCKNX TEXHUK.

SHponapuHreanbHas GOHOXUPYPrus noppasymMmeBa-
€T CobOol MaKCMMAsbHYI0 COXPAHHOCTb aHAaTOMUYECKM
1 QYHKLUMOHANBbHO 3HAUMMbIX CTPYKTYp FOpTaHu B CO-
yeTaHUM C PaamKaNbHOCTbIO B OTHOLUEHUN MaTosiornye-
CKoro npovuecca. [oBopA 0 MakcManbHOW COXPaHHOCTMU
CTPYKTYp, B NMEPBYIO ovyepefb MMEeTCs B BUAY MOKPOB-
HbI Cnow ronocoBoi cknaaku. C No3numm 6MoMexaHnKu
BMOPALMOHHBIX KONebaHni, HEOOXOAUMbIX AN BO3HUK-
HOBEHUSA rOfI0Ca, CTPYKTYPY FOf0COBbIX CKIAAOK pa3fe-
NAIOT Ha TaK Ha3blBaeMbll «MOKPOBHbIN CIION» U «Teo».
CnusncTas 060nouKa (3NUTeNni 1 NOBEPXHOCTHDBIV IO
COOCTBEHHOW NNMACTUHKI) ABAAOTCA «MOKPOBHbBIM C/TIOEM»
1 NpeaCcTaBsioT ool eiiHy0 MOPPODYHKLIMOHANbHYO
efMHULY, CMOCOBHYI K CaMOMOAAEPKMBAKOLMMCA KO-
nebaHnAM OTHOCKTESNIbHO «Tefla», KOTopoe 06pa3oBaHO
rny6oKUM crnoem COOCTBEHHOW MAACTUHKU, NeXallmm
Ha roJIoCOBOW MblWLE, CPEAHWI e CNON COOCTBEHHOM
NnacTUHKY 0603HAYAeTCA Kak «nepexofHas 30Hay. Mo3a-
Hee ObIIN MPEeLIOKEHbI HECKOMNbKO VHble pasfeneHus,
pasnuumna B KOTOPbIX B OCHOBHOM KacatoTCsl MOJSIOKEHNA
MPOMEXYTOUYHOIO CJIo COOCTBEHHOWM MNACTVHKKM, HO
B IIOOOM CJlyyae, OCHOBHas Uen 3aKIIloYaeTcs B TOM, YTO
«MOKPOB» U «TeNo» 06/1afatoT pasHol bromexaHvkon [1].
MoBEepPXHOCTHBIV €OV COBCTBEHHOW MMACTVMHKU copep-
XUT HaMMeHbLLEe KONMYECTBO GUOpUNnsApHbIX 6enkos
(konnareHa 1 3nacTMHa), YTO onpendenaeT ero BbICOKYO
NMOABMXHOCTb. TakMm o6pa3om, nobas TpaBMa Ha 3TOM
YPOBHE 1 CTUMYNALMSA aKTUBHOCTY GprOPOO6IACcTOB MOXET
NMPYBOAUTD K N30bITOYHOMY PyOLIEBaHNIO 1 OrPaHNYEHNIO
NMOABWKHOCTM MOKPOBHOIO C/1051 FONIOCOBOW CKaZKM.

Mpu doHOXMpyprum [OO6POKAYECTBEHHBIX MOpaXe-
HUI FOSI0COBbBIX CKIAZlOK BCEraa He0bxoanMO yunTbIBaTh,
YTO XMPYPrUYECKU paspes TKaHu, UCCeYeHmne nnm abnsa-
umAa camu no cebe MoryT Bbi3biBaTb M36bITOUHOE pybLie-
BaHMe TKaHW KaK cnefcteue ee 3axkmenenua [2]. Mepen
XVIPYpProm Bcerga CTOWUT 3afjaya CBeCT K MUHUMYMY
TPaBMUPOBAHME TKaHeWN rofoCoBbIX CKMafjoK BO BpeMs
onepawmu, YTo NOATBEPXKAaeT 060CHOBAHHOCTb MOMCKa
1 BHeZpeHVA B MPAKTMKY HOBbIX, bornee WaasLmx, MeTo-
OVK GOHOXMPYPryecknx BMeLLaTenscTs [3].

MaTtepunanbl n metoabl

B aKcnepumeHTanbHOM UCCeloBaHUK Obina Mpo-
BeeHa OLeHKa BO3[eNCTBMA U3TyYeHMa MOonyrnpoBoa-
HMKOBOro nasepa 445 HM Ha OGMONOrMYeCcKylo TKaHb.
B KauecTtBe Guonornyeckor MoAenu WCMosb30BanncCb
ron0CoBble CKNaaKM cBUHeN ex vivo (Sus scrofa domesti-

JKCNepMMeHTanbHoe UccneaoBaHune

Ccus), 3a60p KOTOPbIX OCYLLIECTBAANCA B TeYeHne 2 Y rnoc-
ne rymMaHHom rnbenn XMBOTHbIX Ha CKOTOGOWHe C no-
cnepyoWmMm coxpaHeHnem nx npu temnepatype 2°C ana
nsberaHusa gerpagauumn 6MONOrMYeckon TKaHn go npo-
BeeHUA SKCNeprMeHTa.

Ona nasepHoro obnyvyeHusi UCNonb3oBanachb nasep-
Has ycTaHoBKa IPG Photonics (Poccuna) ¢ gnuHoi BomHbI
445 HMm. B KauecTBe oNTUYECKOro BONOKHA MCMOMb30Bas-
CA MHOTOpPAa30BbI HECTEPUSIbHbIN BOIOKOHHbIN NHCTPY-
meHT IPG Surgical Fiber Reusable (Poccuna) ¢ guametpom
cepaueBviHbl 400 MKM.

JKCNeprMEeHT MPOBOAWICA MOCNe NpeaBapuUTENbHO-
ro eCTeCTBEHHOIO COrpeBaHnsa GroNorMyecKor TKaHu 4o
KOMHaTHOW TemnepaTtypbl. B xoge akcnepumeHTta nony-
NPOBOAHUKOBBINV Na3ep C AIMHOWN BOJHbI 445 HM 1CMonb-
30BancA B UMMYNbCHOM pexume. MetofavKka BKovana
HaHeceHWe OTAeNbHbIX TOYEYHbIX SlTa3ePHbIX BO3AENCTBUN
B KOHTAaKTHOM peXUMe Ha MaKCMManbHOW MOLYHOCTHY
13 BT ¢ 4nnTenbHOCTbIO OTAeNbHbIX Mnynbcos 10, 20, 50
1 100 mc. [InA KaxKAoro MMMynbCHOrO peXxuma 6bino Bbl-
nonHeHo 10 oTaenbHbIX /la3epPHbIX BO3AENCTBUN MO Me-
OnanbHOMY Kpato OOHOW ronocoBou cKnagku. B akcnepu-
MEeHTe MCMOJb30BAaHO 5 CBMHbIX ropTaHen, 4 13 KOTOPbIX
[NA SKCNepUMEHTaNbHOM YacTh, 1 — B KauecTBe KOHTPONA.

Mocne 3aBeplueHna obnyyeHnsa obpasubl 6ronoru-
Yeckon TKaHM OblIv npenaprpoBaHbl (puc.1), matepran
¢dukcnposanca B 10% pactBope 3abydepeHHOro Hent-
panbHoro ¢opmanuHa B TeueHe 48 4 (CooTHoLIeHMe GUK-
caTopa 1 nccnegyembix obpasuos 10:1), 3atem buonoruve-
CKWI MaTepuran Hapes3asca Ha NiacTyHbI TONWNHON 5 MM
W yKnagblBasnca B MMCTonornyeckne Kaccetol. Janee npo-
BOOWINCH AeKasbLMHaLKMA CPe30B B KUCJIOTHOM pacTBoOpe
(cooTHOLIEHME AeKanbLyMHaTOpa 1 1UcciegyemMbix obpas-
uoB 50:1) n cTaHgapTHaA CNMPTOBaA MPOBOAKA C 3aMB-
Kol B mapaduH no obuienpuHsaTon metoguke [4]. U3 6no-
KOB M3roTaBvBann Cpe3bl TOMLWMHON 2 MKM Ha CBETOBOM
MuKpoTome Leica DM1000 (lfepmaHuna) ¢ nocneaytouen
OKpPACKOWM MX reMaTOKCUMIIMHOM 1 303UHOM MO CTaHZapT-
Hol MeToguke. MMcToNornyeckne cpesbl oundpoBbIBaIU
Ha CKaHupytowem Mrkpockone Aperio AT2 (fepmaHus).

MopdomeTpurio Npon3BoaMIM C MOMOLLbIO aHaNn3a-
Topa n3obpaxeHua Aperio ImageScope 12.4.6.5003. 3a
CYeT BbICOKOW MAOTHOCTA MOLLHOCTU B 30HE KOHTaKTa
BOJIOKHA C MOBEPXHOCTbIO TKaHU GpopmMmpyeTca oyar fe-
CTPyKUMM (@6naunm) TKaHu (KpaTtep), AvameTp 1 rnybrHa
KOTOPOro ObINN N3MepPEHbI B SKCMEPVIMEHTE, B pe3yJbTa-
Te Yero MnofyyeHbl AMana3oHbl BENVNYNH NOBPEXAEHMA
ONA KaKAoW ANNTENbHOCTA MMIMYJIbCHOMO BO3AENCTBUA.
30HOW Na3epHOro BO3AENCTBUA CUMTanM ONTUYECKN MyC-
Tyl0 06MacTb, B KOTOPOW MPOWCXOAMIIO BblNapuBaHue
HOPMAJIbHbIX FMCTONOMMYECKUX CTPYKTYP, OOBEKTUBHO
OTMeYanu1cb Kak NpepbiBaHe HOPMasbHOro MHOTOC/ON-
HOrO MJIOCKOrO HEOPOroBeBaloLero anuTenvsa ¢ Gpop-
MUPOBaHUEM crieymduyeckoro Kpatepa abnsauuu, Tak
W Npunexalyas K KpaTepy TKaHb (COOCTBEHHAA MAacTUH-
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Puc. 1. Makpockonuyeckue npenaparbl rONOCOBbIX CKAQAOK CBUHEW
NnocAe Aa3epHOro BO3AEUCTBUA C AAMTEABHOCTbIO MMMyAbca: a — 10 mc,
6 - 20 mc, B - 50 mc, r - 100 mc.

Fig. 1. Macroscopic preparations of the pig vocal folds after laser ex-
posure: a - 10 ms, 6 - 20 ms, B - 50 ms, r - 100 ms.

Ka rofIoCOBOW CKMafKW, rofocoBas Mbllwua) C Npu3Ha-
KaMu TEPMUMYECKOrO MOBPEXAEHWA B BUE HapyLUeHWA
AEPHOro CTPOEHMA 1 Ae30pUeHTauun xoda snactmye-
CKUX 1 KOJIJTareHOBbIX BOJIOKOH.

CratncTnyeckyto 06paboTKy pe3ynbTaToB NPOBOAU-
nun Ha nnatdopme Jupyter notebook ¢ ncnonb3oBaHriem
Python 3.9 c pacueTom Koppenauun ¢ NCNoNb30BaHNEM
koadpdurumenTa (r) CnupmeHa.

Pe3yanaTb| n OGCY)KAeHI/Ie

3on0TbIMM  CTaHAAPTaMU POHOXUPYPIUUN SBMAIOTCA
BMeLUaTeNbCTBa C MCMOMIb30BAaHMEM XOMOAHbIX MUKPO-
VHCTPYMEHTOB i € ncnosnb3osaHvem CO,-nasepa. loBops
0 KNacCUYeCKom «XONofQHOM» GOHOMUKPOXUPYPIUN, He-
CMOTpPA Ha aKTVBHOE BHeApPeHMEe MasloVMHBA3VBHbIX Me-
Toauk (microflap, mini-microflap), ctout oTmMeTUTH, UTO
B OTHOLUEHMM MHOTUX 1OOPOKaueCTBEHHbIX MOPaXKEHW
rONIOCOBBIX CKMAJOK 00bEM XUPYPITUN NCUNCIAETCA MUK-
pomeTpamu. 3To 06YCNOBNMBAET C/IOKHOCTb B pacuyeTe
TOYHOCTU CaMUM XUPYProM CBOWX AENCTBUIA C UCNOSb-
30BaHMEM MUKPOXMPYPIMYECKUX HOXKHUL, CKasbhens
N OPYrnx MHCTPYMEHTOB. [103ToMy CBA3aHHaA C «xonof-
HbIM» BMeLUATE/IbCTBOM TPAaBMa TKaHW FONTOCOBbIX CKJla-
[OK MOTeHUuanbHO 6osee Bbipa)keHa 13-3a 60bLIMX
pa3mMepoB MHCTPYMEHTOB MO CPABHEHMIO C peasibHO He-
06X0AMMbIMY Pa3MepamMi B MUKPOHHOM fAuanasoHe o
IOCTUPKEHUA PaMKaNbHOCTY onepaLuu.

Kak 6bl/10 CKa3aHo BbllUe, B OTHOLLIEHVV MaKCUMANbHO
6epeXkHOro BOCCTAHOBNEHVA BMOPALMOHHBIX KonebaHui
rONIOCOBOM CKMagKu npu GOHOXUPYPrUM MPUHLMMNN-
anbHO MPOBOAMTbL BMELIATENbCTBO B Mpepenax snure-
NIMA U NMOBEPXHOCTHOIO C/I0A COOCTBEHHOW MACTUHKMU,

yTO B MOC/edyoLEeM NO3BONUT 13bexaTb U3ObITOYHOTO
pybueBaHUs U HapyLueHWA MOABUKHOCTU MOKPOBHOIO
C/10A CKNafKM OTHOCUTENBHO ee Tena. o JaHHbIM psaga
ny6nvKaLuii NOBEPXHOCTHBIN CNION COCTaBNAET NopsaKa
30-40% OT BCe rybrHbl COOCTBEHHOWN MNACTUHKY, TON-
LWMHa KOoTopon B cpegHem gocturaeT 1 mm [5, 6, 71. Tny-
OGUHa 3NUTENNS UCTUHHOW rOJIOCOBOV CKMaAKM Npu 3TOM
okono 80-100 mkM [8] n, cnegoBaTenibHO, rNy6MHa NOK-
POBHOIO CNOSA TONI0OCOBOW CKNafKU COCTaBNAeT B Cpef-
Hem 400-500 MKM. Bo nsbexaHue cBasbiBaHNA pyOLOBON
TKaHM C TEJIOM rOfI0COBOW CKNAAKM U OrpaHMNYeHus nog-
BVPKHOCTM B 3TUX Mpeaeniax AonyCcKaeTcs npoBefeHue
bOHOXMpPYpPrMyeckoro BMeLlaTenbCTBa.

Pap nccnepgoBatener CUMTalOT, YTO Y CBUHEN MOXKHO
BbIAENNTb TEHAEHUMIO K aHaIOrMYHOMY TPEXCIOMHOMY
CTPOEHMI0 COOCTBEHHO MNACTMHKM FrONI0OCOBOW CKNaaKu
C MOXOXNM COOTHOLUEHVEM KOJINIAareHOBbIX U dnacTrnye-
CKMX BOJIOKOH Ha MPOTAXeHUN BCen rnybrHbl COOCTBEH-
HOWM MNACTUHKK. ToNWMHA CM3UCTON OBOJMIOUKM Fono-
COBbIX CKNagoK CBUHeN B cpefaHem coctaBnset 0,9 mm
[9]. Mo paHHbIM aKyCTUYECKOro aHanm3a ecTeCTBEHHON
boHaUMM XKMBOTHBIX OblNIO OOHAPYKEHO, UYTO AMaMna3oH
yacToT doHaLMn y CBUHe Hanbonee 6M30K K TaKOBOMY
y yenoBeka [10, 11].

HecmoTpa Ha aHaTOMMYeCKOe 1 rMCTONOMMYecKoe npen-
MyLLECTBO MOZENM CBUHBIX FOJIOCOBbIX CKMAZLOK 1 paumo-
HaNbHOCTb VX MCMOMb30BaHUS B KayecTBe HayyHOro 06-
pasua Ans oTpaboTKM XUPYPrmyeckux MeToamK n3-3a nx
NErkon JOCTYNHOCTY Ha CKOTOOOWHE, B HacToslLLee Bpems
nmeeTcA HebonbLUIoe KONMYECTBO Ny6NnKaLnii, B KOTOPbIX
3Ta MOZeNb OLIEHNBAETCA C TOUKM 3PEHNA Na3epPHOro BO3-
[eNCTBYA, NPUMEHAEMOrO B GOHOXMPYPriv Y YenioBeKa.

Hu B ogHOM 13 BOCTYNHbIX Ny6nuKaLmin Hamy He 06-
Hapy>KeHO TCTONOMMYECKON OLEHKM TOUYEYHBIX Jla3ep-
HbIX BO3ECTBUI Ha rOJIOCOBbIE CKMaAKM TabopaToOpHbIX
6UONOrMYECKMX MOAENEeN NPU NCMOMNb30BaHNN JTa3ePHO-
ro N3nyyeHus C ANIMHOM BOMHbI 445 HM, YTO onpepensaet
AKTYasIbHOCTb BbINO/IHEHHOIO SKCNEePUMEHTaIbHOrO 1C-
cnefoBaHumA.

Mpu TOYeUHbIX Nla3epPHbIX MMMYbCHBIX BO3AENCTBU-
AX C ASIVHOWM BOJMHbI 445 HM HapacTaHue AJINTENbHOCTA
UMnMysnbca NPUBOAUT K YBENUUYEHMIO FyOrHbI KpaTepa
abnAUMM 1 TONLWMHBI 30HbI GOKOBOIO TEPMUYECKOTO MO-
BpexaeHna (puc. 2). NMpu 3TOM 3HaUYMMOrO yBeNMYeHUs
LWUMPUHBI KpaTepa abnaumm HaMmm He OTMeYanoch (puc. 3).

[JlaHHble CTaTMCTMYECKOro aHanr3a NPOBEeEHHbIX 13-
MepeHWIA NpefcTaBneHbl B Tab.

Mpwu pacuete KoadduureHTOB Koppensauumn Cnnpme-
Ha Ans onpepeneHns B3avMOCBA3M MeXAY ANUTENbHO-
CTbIO UMMY/bCa U FYOUHON KpaTepa abnsauumn JaHHbIN
Ko3dpdurumeHT coctaBun 0,81, AnA TONLWKMHbBI 30HbI HOKO-
BOro TepMmnyeckoro nospexaeHua — 0,74, ona wWupuiHbl
KpaTtepa abnsaumm - 0,45 (p<0,05). M3 npeacTaBneHHbIX
[aHHbIX CrefyeT, YTO B3aUMOCBA3b MeXAY AJINTENIbHO-
CTbIO MMMYSbCa M KaXKabIM U3 OLEHMBAEMbIX MapamMeTPOB

OPUTUHAJIbHbBIE CTATbU
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M.A. Pa6osa, J1.5. Mutpothanos, M.H). Ynynos, B.A. CtenaHosa, K.A. Ctepxosa
MmnynbcHbIA peXxum BO3AEHCTBUA NONYNPOBOAHUKOBOIO Nasepa ¢ ANUHON BONHbI 445 HM B hoHOXMpYpruu:
JKCNepuMeHTanbHoe uccneaoBaHue
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Puc. 2. 3aBucUMOCTb Ty6UHBbI KpaTepa abaauuu (pUc. @, oCb Y; MKM) U TOALLMHBI 30HbI 60- Puc. 3. 3aBMCMMOCTb LLUMPUHDBI KpaTepa
KOBOFO TEPMUUYECKOrO NMOBPEXAEHUSI B MKM (puUC. 6, OCb y; MKM) OT AAMTEAbHOCTU MMMyAbCa abaauum (0Cb y; MKM) OT AAMTEABHOCTU UM-
Aa3epHOro BO3AEWCTBUA (OCb X; MC). NyAbCa Aa3ePHOro BO3AEUCTBUSA (OCh X; MC).
Fig. 2. Dependence of the ablation crater depth (fig. a, y-axis; pm) and the thickness of the lat- Fig. 3. Dependence of the ablation cra-
eral thermal damage zone (fig. b, y-axis; um) on the laser exposure pulse duration (x-axis; ms). ter width (y-axis; ym) on the laser expo-

sure pulse duration (x-axis; ms).

Ta6nuuya

3aBUCUMOCTb TAYOUHDI, LUMPUHDBI KpaTepa abAAauMuu U 30HbI 6OKOBOTO TEPMUUYECKOTO NOBPEXAEHUA OT AAMTEABHOCTU UMIYALCHOIO AA3EPHOI0
BO3AEWUCTBUA C AAMHOW BOAHBI 445 HM.

Table

Dependence of the depth, width of the ablation crater and the zone of lateral thermal damage on the duration of pulsed laser exposure with
wavelength of 445 nm.

30Ha 60KOBOroO Tep-
MUYECKOro NOBpeX-
AEeHUA, MKM

AnutenbHoCTb
MMNYNbCHOrO BO3-
AeNCTBUA, MC

LlnpuHa KpaTepa
abnauumn, MKm

Pe3synbratbl cTaTucTuyeckon | My6uHa Kpatepa
o6paboTkun abnayumn, MKm

Cpe,que 3HayeHne

(cTaHpapTHOE OTKNOHEHME) 124,8 (32,9) 85,2 (20,0) 526,6 (55,2)
10 Mean value (standard deviation)
WITIER 104; 148 71:104 485; 563
(min; max)
CpefiHee 3HaueHne
(cTaHAApPTHOE OTKOHEHNME) 312,5(83,8) 126,8 (27,8) 564,0 (51,7)
20 Mean value (standard deviation)
liTHIERE 262; 365 107; 140 536; 593
(min; max)
CpepnHee 3HayeHne
(cTaHAAPTHOE OTKIOHEHNME) 498,6 (93,7) 152,4 (30,6) 548,7 (90,1)
50 Mean value (standard deviation)
LRI 440; 592 138; 165 504; 604
(min; max)
CpepnHee 3HayeHune
(cTaHgApPTHOE OTKOHEHNME) 730,3(313,9) 235,7 (82,6) 673,4(115,7)
100 Mean value (standard deviation)
LI LRI 475;926 168;304 602; 737
(min; max)
eCTb N ABMAETCA CTAaTUCTMYECKM 3Haummown. MNpu sTOoMm Ha npeactaBneHHbIX MMCTONOTNYECKNX Cpe3ax Har-

ONs WAPWHBI abNALMOHHOIO KpaTepa 3Ta B3aUMOCBA3b  JIAAHO MPOAEMOHCTPUPOBAHO YyBeNMYeHne rnyourHbl
XapaKTepHa B MeHbLLUEeN CTENEHN, YTO 0ObACHMMO GU3N- U LIVPUHBI 30HbI GOKOBOIO TEPMMUYECKOTO MOBPEXAEHUS
YeCKVMY CBONCTBAMV N1a3ePHOr0 M3MyYeHUs: Npu KoH-  (puc. 4, a — r). YCTaHOBNIEHO, YTO NPU AAUTENIbHOCTA NM-
TaKTHOM peXXrMe BO3[eNCTBYA MOrfoLleHre n3nydeHmsa  nynbca B 100 mc (puc. 4, r) 30Ha NOBpEXAeHNA NPeoso-
B OCHOBHOM MPOVCXOANT BriyOb OMONOrMYeckom TKaHW.  JIeBAeT BCe CJIoM COOBCTBEHHOW MAACTUHKA U GOMbLUyio
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Puc 4. Mukpodortorpaduu ruCTONOrMUECKUX CPE3OB FONOCOBBIX CKAGAOK CBUHEN NOCAe
A@3€pHOro BO3AEUCTBUA: @ — AMMTEABHOCTb UMNyAbca 10 mc, MmacwwTab 200 MKM; apeak-
TUBHbIN (6€3 BOCNAAUTEABHOTO MHOUALTPATA) A3BEHHbIN AePEKT C HEKPO30OM BCEX CAOEB
NAOCKOKAETOUHOIO 3NUTeAUst; 6 — AAMTEABHOCTb MUMMyAbca 20 Mc, MacwTtab 200 MKwm;
0YaroBbli HEKPO3 ¥4 COOCTBEHHOM MAACTUHKU CAU3UCTOM OOOAOUKM; B — AAMTEABHOCTb
umMmnyabca 50 mc, macwtad 200 MKM; o4aroBbii HEKPO3 FOAOCOBOWM CKAGAKU C pacnpo-
CcTpaHeHueM Ha 2/3 raybuHbl COOCTBEHHOM NAACTUHKU CAU3UCTON 0OONOUKM; I — AAUTEND-
HoCTb UMmnyAbca 100 mc, macwTtab 400 MKM; yBEAMUEHME Ouara HEKpo3a 3a CUET BO-
BAEUEHUA BOAbLLEN NAOLLAAU ANUTEAUA U HEKPO3a 1/3 MbILEYHbIX BOAOKOH FOAOCOBOM
CKNAAKMU. OKpaCKa reMmaTokKCUAUHOM U 303UHOM.

Fig. 4. Micrographs of histological sections of the vocal folds of pigs after laser exposure,
stained with hematoxylin and eosin: a - pulse duration 10 ms, scale 200 ym; areactive
(without inflammatory infiltrate) ulcerative defect with necrosis of all layers of the squa-
mous epithelium; 6 - pulse duration 20 ms, scale 200 um; focal necrosis of the lamina
propria and ¥ of the muscle fibers of the vocal fold; B - pulse duration 50 ms, scale
200 um; focal necrosis of the vocal fold extending to 2/3 of the depth of the mucosal
lamina propria; r - pulse duration 100 ms, scale 400 um; an increase in the focus of
necrosis due to the involvement of a larger area of the epithelium and necrosis of 1/3 of

YacTb MbILWEYHbIX BOJIOKOH FOJIOCOBOW
CKNagKu.

3aknioyeHue

TakruMm 06pa3oM, ANUTENIbHOCTb VM-
nynbca npu nposefeHun ¢GOHOXMPYp-
rMYECKMX BMeLLATENbCTB AO/MKHA ObiTb
BblOpaHa HeMNoCpPefCTBEHHO XUPYProm
B 3aBMCUMOCTU OT MATONIOMMYecKoro ob-
|pa3oBaHMsA rONOCOBON CKNagku. Ha Haww
B3rNAg, Havubonee ONTUMAbHbIMU pe-
XUMaMU Na3epHOro BO3AeNCTBUA ABNA-
I0TCA U3NYyYeHNA C ANUTENbHOCTbIO OAU-
HOYHOro umnynbca 10 mc 1 20 mc, npu
BO3[ENCTBMM KOTOPbIX C 60/bLLION BEPO-
ATHOCTBIO MOXHO 3GPeKTVBHO yaanuTb
anuTenuanbHble WM cybanutenunanb-
Hble 0b6pa3oBaHVA B Npefenax noBepx-
HOCTHOIO CJ101 COOCTBEHHOW MIACTUHKN
roflocoBOW CKnagku. B cnyvyaax obbem-
HbIX 06Pa30BaHNI Ha LWIPOKOM OCHOBA-
HUWN MOXET ObITb PEKOMEH[IOBAH PEXNM
C OANUTENbHOCTbIO OAVHOYHOIO MMIMYJb-
ca 50 mc, B TO BpemsA Kak oUTeNbHOCTb
umnynbca 100 mc cnepyet nsberatb npu
bOHOXUPYPrMyeckom BMeLLATENbCTBE,
yumnTbiBas OOJblUY0 BEPOATHOCTb MPO-
HUKHOBEHUA 1Ta3€pPHOro U3NlyyeHna Ha
BCIO TONWMHY COOCTBEHHOW MIACTUHKN

the muscle fibers of the vocal fold.

rof0CoOBOW CKMaAKMU.
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"HayuHo-TexHONorMYeckmi LeHTP YHUKANLHOTO NpubopocTpoeHms Poccuitckoi akagemmm Hayk,
Mockea, Poccua
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Pe3iome

MpepnoxeHo annapaTHO-MPOrpamMMHOE 1 MeTofMuyeckoe obecrieyeHne ANA OLEHKM MUKPOLMPKYNIALMK, OTAMYalolleecs HeMHBA3UBHOCTBIO,
MHPOPMATUBHOCTBIO, @ FMaBHOE — BO3MOXKHOCTbIO MPOBOANTL NCCIeAOBaHME B XoAe $poToaKTMBaLuu. ITo fenaeT BO3MOXHbIM €ro npumMeHeHue
B KauyecTBe [OMOJIHUTEIbHOrO MeTofa K CYLLECTBYIOLWMM AUarHOCTUYECKM MeTofjaM MpU peLleHn NccnejoBaTebCkrx 3afay U B KINMHNYECKON
npakTuKe. BbiABNEHHbIE C MOMOLLbIO pa3paboTaHHOro noaxofa GyHKLUMOHaNbHbIE MPUHLMMbI peakumm COCyANCTON ceTn Ha GoToguHamMmyeckoe
BO3[ENCTBYE NPEACTABAIOTCA NMOIE3HbIMU ANA MOBbILLEHUA 3PPeKTUBHOCTU 1 6e3onacHoCTM GoTofuHamMmmyecKol Tepanum. PaspaboTaHHas ycTa-
HOBKa M03BOJIAET O4HOBPEMEHHO NMPOBOAUTb GpOTOAMHAMMYECKOE BO3LENCTBME U UCCIIeOBaHe NapaMeTpOB MUKPOLMPKYALMN MeTofamMm BU-
feokanunnapockonun n gotonnetrsmorpadpun. oToanHaMUYeCcKoe BO3AENCTBME OCYLLECTBAIT Yepes 3 Y Mocsie BHYTPVBEHHOIO BBEAEHUA
doToceHcMbUnM3aTopa Ha OCHOBE XJIOPUHa €6 (5 MI/Kr) nasepHbIM U3NyYeHneM C ANIMHON BOJIHbI 662 HM W MAIOTHOCTbIO MOLHOCTW 15 MBT/cm?
B HEMpPepbLIBHOM U MMMY/IbCHOM pexrmax. Busyanvsmpyiolas cuctema ycTaHOBKM COCTOUT M3 MUKPOCKOMa € 60sbLUMM pabourm paccTosHreM,
LppPOBOI BbICOKOCKOPOCTHOW Kamepbl 1 ONTUYECKOro GpuibTpa, oTpesalollero oTpaxeHHoe OT UCC/ieflyeMoil MOBEPXHOCTM n3flyyeHre $poTo-
akTmBaumu. OcBeTUTeNbHaA cMCTeMa NpeAcTaBieHa AVOAHBIM VCTOYHVKOM U3JTyYeHUA C LEeHTPanbHON AAIMHON BOMHbI 532 HM. 3apernctpupo-
BaHHble YCTaHOBKOW 1306paxeHna NccriefyemMoro yyacTka Koxu o6pabaTbiBatoTca B pa3paboTaHHOM aBTopaMu NMporpaMmMHOM obecriedeHnmn ans
nostyyeHVs MopGOMETPUYECKMX U FEMOANHAMUYECKMX JaHHbIX O MUKPOLIMPKYNALMK. [InA cpaBHEHVA NPEeAnoXXeHHOro NoAxoAa C CyLecTByto-
LMY MeTofjamMm MapamMeTpbl KPOBOTOKa PErMCTPYPOBai TakxKe Jla3epHbIM AOMMIEPOBCKMM dproymeTpom. B xofe anpobauun paspaboTaHHoOM
YCTaHOBKM Ha VHbELMPOBaHHbIX GOTOCEHCUOMNN3AaTOPOM KpbiCax MosyyYeHbl Habopbl KapT AeNCTBYIOWMX COCYA0B, GOTOMNETN3MOrPaMm 1 3Ha-
YeHUI MIOTHOCTY COCYAOB KOXM 0, BO BPeMA 1 nocie ¢poToakTMBaLmmn B ABYX pexmmax reHepauuu. MpoBefeH COBMECTHbIN aHann3 AaHHbIX
BuAeoKanunapockonuu, gotonnetramorpadun 1 nasepHom JonmnaepoBckon Gproymetpuu. MokasaHo, YTO NpefnoKeHHbIN NOAXOH NO3BoNAeT
BbIABUTb Pa3NNuMA B MEXaHM3MaxX peakLnyi MUKPOLMPKYNALMU Ha GoTofMHaMMyecKkne BO3AENCTBE C Masiol MIOTHOCTbIO MOLHOCTY B Pas3finy-
HbIX PeXnmax, B YaCTHOCTM, HeCOBMajileHVie BPeMEeH OT Hauana SKCno3mumm o OCTaHOBKM KPOBOTOKA 1 Hauana BOCCTaHOBUTESTIbHOTO Nepuropaa.

KnioueBble cnoBa: potoarHaMmmnyeckas Tepanus, MAKPOLVPKYnaLuus, potonnetnsmorpadus, BUAEOKaNnUIIAPOCKONNA, la3epHasa [ONMIepoB-
ckas dpnoymeTpua
KonTakrbi: [puwavesa T.I,, e-mail: tgrishacheva@gmail.com

Ccbinka gna yutuposaHusa: Nypoinesa A.B., Maunxux A.C., Tpuwauesa T.I,, MNMetpuwes H.H. NpumeHeHre BUAeoKanmnaapockonum ana MOHUTO-
PUHra MUKPOLMPKYNALMN B KOXKe Npu doToauHammyeckon Tepanun // Biomedical Photonics. - 2023. - T. 12, N2 2. - C. 16-23. doi: 10.24931/2413-
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VIDEOCAPILLAROSCOPIC MONITORING
OF MICROCIRCULATION IN RATS DURING
PHOTODYNAMIC THERAPY
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Abstract

The proposed approach to microcirculation assessment is non-invasive, informative, and can be implemented during photoactivation,
and thus is perspective both for research tasks and clinical practice. The functional principles of the vasculature response to photodynamic
exposure, identified using this technique, also foster the efficiency and safety of photodynamic therapy. The developed setup allows si-
multaneous photodynamic exposure and studying the microcirculation parameters by videocapillaroscopy and photoplethysmography
techniques. Photodynamic action is carried out by 662 nm laser radiation with a power density of 15 mW/cm? in continuous and pulsed
modes. The imaging system of the setup consists of a large working distance microscope, an optical filter, and a monochrome camera. The
illumination system is based on LED with a central wavelength of 532 nm. The acquired images were processed in order to obtain mor-
phometric and hemodynamic microcirculation data in the inspected skin area. To compare the proposed approach with existing methods,
we measured blood flow parameters by a laser Doppler flowmeter. We tested the developed setup on rats injected with a photosensitizer
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and obtained active vessel maps, photoplethysmograms, and skin vessel density values before, during, and after photoactivation in both
generation modes. The proposed approach allows to reveal differences in the microcirculation response to photodynamic effects of low
power densities in different modes, in particular, the discrepancy between the time from the start of exposure to the cessation of blood

flow and the start of the recovery period.

Key words: photodynamic therapy, microcirculation, photoplethysmography, videocapillaroscopy, laser Doppler flowmetry.
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BBepeHune

QotogmHammnueckaa Ttepanua (OOT) npepctasnser
coboll MeTo[ fleyeHnsa, OCHOBAHHbIM Ha COYeTaHuUu CBe-
TOUYBCTBUTENILHOTO (apMaKOIoOrMyeckoro npenapata —
¢doToceHcmbunmsatopa (OC) 1 BO3JENCTBUS NEKTPO-
MarHUTHbIM M3MlyYeHneM OrnpefeneHHON ANVHbI BOJHbI.
®otoaktmBauma OC nHMLMUpyeT GOTOXUMMYECKME peak-
Lun, KOTOpble COMPOBOXAAOTCA 0Opa3oBaHUEM aKTVB-
HbIX popm Kucnopoda (ADK), okasbiBaloWUX LNTOTOKCU-
yeckoe [eNCTBME HA KNEeTKU obpabaTbiBaeMblX TKaHEN.
OOT npumeHaeTca OnAa nevyeHWsa paga AepMaTonoru-
yecknx 3aboNieBaHUN KOXU, B TOM YKC/e akHe, Ncopua-
33, 1epMaTo30B, a TakXKe Npu HEKOTOPbIX popmMax paka
KOXMW, TaKMX Kak 6a3arnbHOKNETOUYHAs 1 MIOCKOKIeToY-
HadA KapuuHombl [1, 2]. Bnnanme OOT Ha MUKpoLMpPKyna-
uuio (ML) B KoXke meeT 6onblioe 3HaueHne ana AoCTu-
XeHusa neyebHoro adpdekTa.

Wccneposarnne ML B BepXHUMX CIOAX KOXKK BO Bpe-
ms poToakTmaymm (DA) no3sonseT nonyuntb NHOOpP-
Mauuio 0 ee ¢yHKUMOHanbHOM oTBeTe Ha OA, Heobxo-
OVMYI0 AnA noBblweHna 3GGEKTUBHOCTU MoCieaHen
1 6e30MacHOCTU NleYeHs, a TaKkKe 1 U3yUYeHUs Mexa-
Hu3moB percteua OT. Cpean CyLleCcTBYOLWX METOAO0B
nccnenosaHna ML B koxe anAa BbiABNEHUS 0COH6EHHO-
CTen COCYAUCTOro oTBeTa Npu NOBPeXAeHUW onyxosnen
nocne MA Hanbonee pacnpoOCTPaHEH METO[ Na3epHoW
ponnnepoBckor Gpnoymetpum (JIAD). OH obecneunBaeT
pervucTpauunio n3meHeHms nepdysny TKaHel NHTerpasb-
HO C HEKOTOPOTO y4YacTKa KOXIM Ha ocHoBe 3ddekTa lon-
nnepa [3-5].

JlazepHasa CneKTpoCKONUA TakXe MpuMeHAeTca OnA
aHanmsa MU »n wm3yyeHua mexaHusmoB oToaMHaAMU-
yeckoro penctemA. OHa OCHOBaHa Ha MCMOJMb30BaHUN
CNEeKTPanbHOro aHann3a OTPAKEHHOIO OT KOXU U3nyye-
HUA ONA onpefeneHus B pexunme peasbHOro BpemeHu
cofiepXaHnaA OKCUTEeHUPOBAHHOIO remornobuHa u ges-
OKCUTeHUPOBAHHOIO remMornobrHa B Kanuinspax, fB-
NALWErocs oAHMM U3 K/OYEBbIX MOKasaTenen 3dodek-
TrBHOCTY QT [6]. U3BECTHbI CNOCOObLI OLIEHKM AVHAMUKIA
KPOBOTOKA C MOMOLLbIO (pJIyOPECLEHTHBIX KOHTPACTHbIX
BELLECTB, B TOM YKC/ie C NPUMEHEHUEM KOH)OKaNbHOM
MUKpockonuu [7, 8], KoTopasa No3BonAeT BU3yanu3npo-
BaTb COCYAMCTYIO CETb iN ViVO C BbICOKUM pa3peLleHnem
1 oueHmBaTb otBeTbl Ha OAT Kak Ha ypoBHe 3HAOTENU-
anbHbIX KNETOK COCY[OB, Tak U Ha YPOBHE OTAENbHOro
cocyna. OnTnyeckas KorepeHTHas Tomorpadusi no3Bo-

nAeT BU3yanv3npoBaTb KanuiasapHYy CeTb 1 OLeHNBaTb
oKKnto3uio cocypos nocne AT B onyxonu 1 B OKpy»ato-
LLMX 30POBbIX TKaHAX [9].

BONbWNHCTBO CyLIeCTBYIOWMNX METOAOB AUArHOCTU-
kn ML, npu OOT x0TA 1 OTNMYATCA HEVHBA3MBHOCTBIO
1 BO3MOXHOCTbIO MpOoBedeHnA N3MePEHWU in vivo, HO He
NO3BOJIAIOT OCYLLECTBAATE MOHUTOPUHT HEMOCPEeACTBEH-
Ho Bo Bpemsa MA. Kpome Toro, metofbl 06nagatoT pagom
He[O0CTaTKOB: 3aBMCUMOCTbIO OT OpUEHTaUUn AaTYnKOB
M OMblTa oOnepatopa, HeobXOoAMMOCTbI MPUVIMEHEHNSA
NOAKPaLUMBAOWNX BELLECTB, CIIOXKHOCTbIO U BbICOKON
CTOMMOCTbIO annapaTtypbl.

OfHVM 13 NepCneKkTUBHbIX METOLOB MPUKM3HEHHON
oueHKN MOpPOodYHKLMOHANBHBIX XapaKTEPUCTVK Kanu-
NAPHOTO pycna KoK ABNAETCA BUAEOKaNuIApoCKonuma
(BKC) [10, 11]. OHa ocHOBaHa Ha perucTpaunmn nocnego-
BATENIbHOCTY M300paXKeHN KOXM 1 KX MOCSefyoLero
NPOCTPAHCTBEHHO-YACTOTHOrO aHanusa. Pesynbratom
BMAEOKaNUANAPOCKOMNYECKNX NCCTIeJOBaHUI ABNAIOTCA
KapTa aKTUBHbIX COCYAOB C AeNCTBYIOWNM KPOBOTOKOM
N reMoAVHaMMyecKmne XapakTepUCTUKK, BKIOYaa Kap-
Ty CKOpPOCTM ABUXeHuA 3putpounTtoB. BKC otnmyaetca
TeM, UTO He TpebyeT UCMOMb30BaHNA NOAKPALLNBALNX
BeLlecTB, 0becrneyrBaeT nojyyeHrie NPOCTPaAHCTBEHHO-
ro pacnpegeneHna MUcciegyemMbix napameTpoB, NpocTa
N OOCTYMHA B TEXHNYECKOW peannsauuu, No3BonseT no-
NyYnTb KOMMIEKCHY0 UHdopMaLuio o mopdomeTpuye-
CKMX M remoAvHaMMUYecKNX MapameTpax MUKPOLMPKY-
nATopHOro pycna. B page pabot BKC npumeHsietca ana
oueHku 3ddektuBHocTn OAT, onpegeneHns onTMMasb-
Hbix o3 OC n napameTpoB n3nyuyeHusa [12].

Annapatypa ana BKC no3BondeTr KonnyecTtBEHHO
oueHuBaTb Nepdy3uio TKaHelN C MOMOLLbIO PermcTpaLmm
1 aHanusa ¢otonnetmamorpamm (OMI). Konnuectso oT-
PaXeHHOro OT KOXMW W3Ny4YeHUs WU3MEHAEeTCA BMmecTe
C ONTMYECKOWN NIOTHOCTbIO NCCIefyemblX TKaHen, KOTo-
pas B CBOI ouepefb 3aBUCUT OT KpoBeHanonHeHus [13].
O npepcTaBnsieT cO60M BPEMEHHOW MEPUOANYECKII
CUTHan, NPONOPLUNOHANbHbIA UHTEHCMBHOCTM OTPaXKeH-
HOFO OT KOXM M3MTyUYeHUs], XapaKTepusyowuin nepodysmo
TKaHen 1 ncnosnb3yemblin ana oueHkr ML npn peweHnn
MHOIMX OMioMeaMLIMHCKUX 3aaa4 [14-16].

BaxkHbiM cBoicTBOM MeTofoB BKC m ¢otonnetus-
Morpadun ABnsaeTca 6ECKOHTAKTHOCTb U3MEPEHUI, YTO
BaXXHO AN1A npoBedeHUA MOHUTOpUHra Bo Bpema OA,
O[HAKO HACKOMbKO M3BECTHO aBTOpaM, A0 HACTOALLEro
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BpeMeHV He NpuBeAeHO OnucaHMne peann3auumn Takoro
uccnepoBaHus. B HacTosweln paboTe paccmaTpuBaeTca
BO3MOXXHOCTb NpumeHeHust BKC u poTtonnetusmorpadun
LANA n3yyeHna paHHux nameHeHun ML npn OA B 3aBuUCK-
MOCTW OT PeXKMMa reHepaLm nasepHoro n3nyyeHus.

MaTtepunanbl n metoabl

IKcnepumeHmMasbHble XUBOMHbIE

WccnenoBaHre npoBeaeHo Ha 6asze OIBOY BO «[ep-
Bbll CaHKT-TeTepbyprcknii rocyqapcTBeHHbI MeaULIMH-
CKMU yHMBepcuteT nm. akag. W.IMN. Masnosa» MunH3gpasa
Poccun. PaboTta BbIMONHEHa Ha Kpblcax-caMuax CToKa
Wistar Becom 250+25 r, nonyyeHHbix 13 OIYM «Mutom-
HMK JTabOPATOPHBIX KMBOTHbIX «Pannonoso»» OIBY «Ha-
LMOHANbHbIN  NCCNefoBaTENbCKAN  LeHTP  «KypuaToB-
CKUI MHCTUTYT»», B COOTBETCTBUU C AnpekTreon EC (The
European Council Directive (86/609/EEC)) no cobniope-
HMIO STUYECKUX MPVHLUMMOB B paboTe ¢ nabopaTopHbIMU
MMBOTHbBIMU. PKUBOTHbBIX COAEP>Kann Ha HeOrpaHNYEHHOM
noTpebneHnn KopMa (CTaHZAPTHbIN PaLMoH AnsA nabopa-
TOpHbIX KpbIC K-120 (MHpopmKopm, Poccunsa)) n Bogbl npu
CTaHOApPTHOM [ABeHaguatTMyacoBoM pexume (12 4 cger,
12 u TemHOTa). TemnepaTypy noaaepxunBany B npeaenax
22-25°C, OTHOCUTENBHYIO BNaXHOCTb — 50-70%. Onutens-
HOCTb KapaHTVHa (aKKIMMaTM3auMoHHOro nepropaa) ans
BCEX KMBOTHbIX COCTaBANa He MeHee 14 oHen.

MNepen Hayanom sKCNepMMeEHTa XKMBOTHbIX HAPKOTU-
31pOBaNy NyTemMm BHYTPUBEHHOIO BBEAEHA NpenapaToB
3onetun 100 (VIRBAC, ®paHuusa) n Kcvuna (De Adelaar
B.V., HugepnaHgbl) B paBHbIX o6beMax B fo3e 0,5 mn/Kr
Maccbl Tena. 3aTem KpbiCy NMOMeLLany Ha TepMoCTaTmpy-
embli ctonuk TCAT-2 (Physitemp, CLLUA) ¢ nocTosaHHbIM
noaep)kaHvem peKTanbHOW TemnepaTtypbl B npegenax
37-37,5°C. Koxy CrnvHbl ounLany oT WepCTu MmexaHuye-
cKuUM nyTem. Kpbicbl Obiny nofgeneHbl Ha 2 rpynnbl: Ans
nepsoin nposogunn MA B HeNPEepPbIBHOM peXMMe reHe-
pauun, 4nA BTOPOW — B UMNYSIbCHOM pexume. B kKauectse
KOHTPONA MCNOMb30Bann MHTaKTHbIX KpbiC. iccnenoBa-
Hue ML, B Koxke npoBogmnu yepes 3 4 nocne BBeeHnA B
xBocToByto BeHy OC Ha OCHOBe XJIOpMHa €6 pagaxIopuH
(PAOA-OAPMA, Poccus) B no3e 5 Mr/Kr macchl Tena.

O6opydosaHue

Ona ouerku MU npu nposegerHnn OAT mbl pa3pabdoTa-
NN 1 anpobUpPoBanM yCTaHOBKY, COAEP KaLLytO JIa3ePHbIi
ncrounnk OOT n cuctemy BKC, npeacTaBneHHyto Ha puc.
1. Cuctema BKC BkntouyaeT B cebsa CBETOANOHbBIN NCTOY-
HUK U3NYyYeHNA C LLeHTParbHOW /IMHOM BOJMIHbI 520 HM 1
LWUMPUHON nosocbl nponyckaHua 30 HM (LED); mukpockon
(M) ¢ 6onbwymM paboyrm PacCTOSHUEM Y YBEJIMYEHUEM
x1,5; moHoxpomHyto kKamepy (K) (Allied Vision Procolica
GT2000, lepmaHusa) c paspelueHem 2048x1088 nukce-
neui, pasmepom nukcena 5,5x5,5 MKM, 4acToTon KagpoB
1o 54 Ty, natepdenicom GigE n 12-6uTtHbIM aHanoro-uud-
poBbIM npeobpasosatenem (ALM); komnbtoTep (MK). Bbi-
6paHHas AJIvHa BOJHbI MOACBETKM MO3BOJAET YBENUUTD
KOHTPACTHOCTb KanuiisipoB Ha GOHE OKpyKaloLmx TKa-
Hel. MMKpOCKON 1 Kamepa 06ecneyrBaoT perncTpaumo
N300paKeHNA KOXW KPbICbl C BbICOKUM pa3pelleHnem,
YBeJIMYEHMEM U YACTOTOW KapoB. [na obecneueHus pes-
KOro M300paXeHUsi BO BCEM MOJe 3PEHUS UCCTIERYEMYIO
00651aCTb HaKpPbIBaN TOHKOW CcTeKNAHHOM nnactuHom (CIM).
Ina nonyyeHnsa n3obpakeHNi B OAVHAKOBbIX YCIIOBUAX
no, Bo Bpema 1 nocnie OAT nepen MMKPOCKONOM Mome-
wanu ontnyecknin ¢punstp (O), oTCeKaroWmMn UsnydyeHne
B CMeKTpa/ibHOM AranasoHe Bbiwe 570 HM. OnTnyeckoe
BONOKHO (OB) ¢ MUKpPONMH30M, Nepefatollee nasepHoe
nsnyyeHne QA ot nasepHoro annapata (/1) AJIOL (Ankom
Mepvika, Poccua) ¢ anmHom BonHbl 662 HM 1 MJTIOTHOCTbIO
MowHocTn 15 MBT/cv?, 6b110 3adprKCUPOBAHO B MOJIOXKe-
HUK, 06ecrneyrBaloLLEM ANAMETP NTA3ePHOro MNSATHA Ha UC-
cnefyemon TKaHM pasMmepom 3 Cm.

N3mepeHne KpOBOTOKa NPOBOAUN Kak C MOMOLLbIO
yctaHoBKM BKC, Tak 1 c ucnonb3oBaHueM na3epHom gomn-
nneposckon ¢noymetpun (JIAD®) (Transonic Systems
Inc., BLF21). MowWHOCTb ANOOHOrO MCTOUYHUKA M3Nyye-
Hua JIO® ¢ gnuHon BosiHbI 780 HM He npeBbiwana 2 MBT.
®noymeTp no3BonAeT PerucTpMpoBaTb TKaHEBY Mep-
oy3uio ot 0 fo 100 mn/mrH Ha 100 r TKaHW. Pe3ynbTaThl
oueHuBanu B nepdy3noHHbIX eanHuLax (no. ed.). O6bem
nccnegyemMon € NOMOLLbIO JTa3ePHOro JaTurKa 30Hbl He
npesbiwan 1 mm3, rybrHa 30HOMPOBAHUSA MUKPOTemMo-
OWNHaMKKKN cocTaBnana Ao 1 mm.

Puc. 1. Cxema yCTaHOBKMU:
K - kamepa, M - mukpo-
ckon, MK - nepcoHanbHbIN
Komnbtotep, OB - onTuue-
CKOe BOAOKHO,

N - Aa3epHbIit annapar,

® - onTUuecKUi GUALTP,
CI - cTteknsiHHasA nAa-
CTUHa.

Fig. 1. Assembled setup:
C - Camera, M - Micro-
scope, PC - personal com-
puter, OF - optical fiber,
LS - laser, F - optical
filter, GP - glass plate.
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lpomokon s3kcnepumeHma

Cxema npoBefeHns SKCNeprMeHTa NpeacTaBieHa Ha
puc. 2. OueHKy napameTtpoB ML ocywectBnanm gna aByx
pexrnmoB MA. KCNo3numA B HENPEPbIBHOM PEXUME COC-
TaBuna 1,5 MUH, 3KCNO3nNUMA B UMMYSIbCHOM peXxume —
3 MWH, NpX 3TOM ANUTENbHOCTb MMMYbCa N MHTEpBan
MeXAay Mnynbcamm 6bin 10 ¢. MNOTHOCTbL SHepruy B obe-
nx rpynnax cootseTcTBoBana 1,35 [x/cm?.

BKC nposoawnnu 3a 1,5 MuH, go, BO Bpemsa 1 B TeueHne
20 muH nocne OA. o n nocne OA peructpmpoBanu nocne-
[oBaTeNbHOCTY M306paxeHnit n3 1000 12-6UTHbIX KagpoB
C yacToTonm Kagpos 43 . 1na getanbHOro aHanmsa n3me-
HeHun ML| BO BpemA 3KCNO3uLMn CbeMKa NPoBOAWIacb
C TOV Xe YaCTOTOW KafpOB, HO B TeYEHMe BPeMEHN, PaBHOIO
ONUTeNbHOCTY nMnynbca Bpemenun OOT, To ecTb 10 c.

Qukcauuo nNapameTpoB KpoBOTOKa Bo Bpema (DA

¢ nomouwbio JIA® He npoBoaMnM BBUAY KOHTAaKTHOMO Xa-
pakTepa MeTofa, MO3TOMY [laHHble Oblfv 3aperncTpupo-
BaHbl fo 1 nocne QA. [Ina yMmeHbLlUeHUA BAUAHUA MOMEX,
MHGOPMALIMIO CUMTBIBANM B TeUeHMe 1 MUH TPYXKAbI U 3a-

Assembled setup / s
YctaHoBka BKC n @M %f

NUcbIBann HanmeHbllee 3HaveHue. MNokazatens ML (MML)
peructpupoBanu o OA B TeyeHne 1 MVH 1 cpasy nocne
BbIK/TIOYEHVA JTAa3€PHOrO U3NyyeHna B TeyeHne 20 MUH.
Ona ncknoueHna snuaHma nsnydenna JIAO Ha ML B koxe
KpbiC ¢ BBeeHHbIM OC NpoBOAUIN U3MEPEHNA Y NHTAKT-
HbIX KpbIc 6e3 OC B KauecTBe KoHTponsa MNMML.

Anzopumm yugposoti o6pabomku 0aHHsix BKC

MonyueHHble metogom BKC nocnepoBatenbHOCTU
n3obpakeHnii 0b6pabaTbiBavi C MOMOLLbIO aNITOPUTMA,
peanusoBaHHoro B MATLAB u nopgpo6HO OnmMcaHHOro
[17]. OcHOBHble 3Tanbl anropuTMa NpuBeAeHbl Ha puc. 3.
MpepBapuTenbHaa 06paboTKa AaHHbIX CIYXUT 4NIA yryy-
LIEHVA N306paXKeHUIN, B YaCTHOCTU pacClUMpPeHnNs AnHa-
MMYECKOro AnanasoHa, yCTpaHeHUs HepaBHOMEPHOCTH
OCBELLEHHOCTU, KOMMEeHcaLun cMeLleHnst obpasua v np.

YnyuiieHHble N306pa)KeHUs COCTOAT U3 OTHOCALLKX-
CA K cocydam M K OKPYXaLWUM MNX TKaHAM MUKCENAM.
B npepenax Kaxpow nocnefoBaTeNbHOCTU B MUKCENSX,
OTHOCALUXCA K CcocydaMm, MPONCXOAUT Neprogmyeckoe

LoF/ne LT

S NS T T T TR T T T T T T T T T T T T e T T r T \
- ! i
-ogael PDT/@OT I INNNNEN| PDT/®AT |
293 VCS & PPG/ |1
888! BKC & oM |1 l ] LoF /o |
EsE 8, of[10 180 1200 ts/tc .: oo 180 12000 fs/toc |
== ! !
I
1 1 I
= 1
= | | |
S_z5 i! |
3~ mel PDT/GAT 1 PDT/®aT
Seo3s VCS & PPG / ,
é%%m BKC & @M l: LDF /A
- %1 90) 1200 tsite ' T 1200 fsitc !
o 5ol 1€ |
9] 1
T \ 7 )

Puc. 2. lpotokon akcnepumenTa: BKC - Bupeokanuanapockonus, Ol - potonnetnsmorpadua, NA® - rasepHasa ponnaeposckas proymeT-

pusa, ®AT - poTopuHamuueckan Tepanus, A -dpoToakTUBaLMUA.

Fig. 2. Experimental design: VCS - videocapillaroscopy, PPG - photoplethysmography, PDT - photodynamic therapy, LDF -

flowmetry.

laser Doppler

Data preprocessing / MpeasaputensHas o6paboTka gaHHbIX

Inmall/llmage stack / Contrast Illummatlon allgnment/

CcXxofaHas enhancement / BeipaBHuBaHve

MOCNEROBATENbHOCTE  MoppiieHue KOHTPACTa OCBELLEHHOCTH
n306paeHnin

Active vessel map
calculation / pacuet
KapTbl AENCTBYIOLL X

- cocynos

Spatio-temporal filtration /
MpocTpaHcTBEHHO-
BpeMeHHast punbsTpaums

Map binarization /
BuHapusauus kapTbl

e —

Frames matching /
CoBMmelLeHVEe KaapoB

el

Blood flow reveal /
MonyyeHwe kagpos
KPOBOTOKa

PPG

calculation /
pacuyet MMAr

AVD calculation /
Pacuer NAC .
Puc. 3. Arroputv umuédpoBon

06paboTK1 AQHHbIX BUAEOKA-
NUAAIPOCKONUU U HOTONAETU3-
morpamm. MMrr - ¢potonneTns-

-- e
Blood flow lack /
[ B
- R
Vascular
activation /

AxTusauus
cocynos

Vessel maps /
Kaptbl cocynos

morpadusa, MAC - NAOTHOCTb
AeWcTByOWMX cocyaoB, MML, -
nokasarenb MUKPOLMPKYAALMH,
QA - doToakTUBaLMA.

Fig. 3. Data processing

Image stacks, acquired
before, during and after PDT /
[NocnenoBaTenibHOCTU
n3obpaxeHui, NonyyYeHHble
[0, Bo BpeMsi 1 nocne ®A

Vessel state determination /
OnpepenexHue cocTosiHue
MUKPOLIMPKYNALMM MO KapTam
cocynoB

pipeline. PPG - photoplethys-

mography, AVD - active vessel
density, PDT - photodynamic

therapy.

Long-term PPG and AVD signal /
Ipadcpmkm MM, M v NAC
3a Bce Bpemsi HabnoaeHus

OPUTUHAJIBHbBIE CTATbA
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N3MEHEHNEe VIHTEHCUBHOCTW, CBA3aHHOE C ABVXXEHUEM
3PUTPOLMTOB. VIHTEHCMBHOCTU MUKCENENn OKPYKatoLmx
cocyabl TKaHel MMeloT NPaKTUYeCKn HEM3MEHHbIe 3Ha-
yeHuA. C NOMOLLbIO MPOCTPAHCTBEHHO-YACTOTHOIO aHa-
NM3a BbIUMCNAIOTCA KapTbl COCYAOB ANA KaXAoW nocre-
[0BATENIbHOCTU M300paxKeHU. [1Na Kaxaon Tako KapTbl
MOXET ObITb paccunTaHa U3mMepsieMas B NPOLeHTax MyoT-
HOCTb penctBytowmx cocygos (MAC), Kak OTHOWeHMe
nuKcenen, NpUHaaneXxawmx akTUBHOW KanuansapHON
cetn, K oblemMy KOnmMuyecTBy MuKcenen n3obparkeHusa.
BpemeHHble TOUKN, CBA3aHHbIE C HAYaIOM BbIK/TOUYEHUSA
COCY[,0B, NMOJIHON OCTAHOBKOW KPOBOTOKa M aKTMBauu-
e cocyfoB, onpenenAnncb C MOMOLLbK BU3YyasibHOrO
aHanv3a nosly4yeHHoW KapTbl, HA OCHOBaHUW Yero panee
6bl1a NpoBefeHa pa3meTKa rpaduka.

CHWXeHNe unn yBenuuyeHme OnTUYECKOW MIOTHO-
CTV 06nacTy UccnenoBaHus, MOAYIMPOBaHHOe cepaey-
HbIM PUTMOM M KPOBEHAMONHEHMEM, NPUBOQNUT K COOT-
BETCTBYIOLLEMY W3MEHEHWI WHTEHCMBHOCTM MNUKCEnen
N300pakeHMIN OT Kafpa K Kagpy. YcpedHEeHVe WHTeH-
CUBHOCTU MUKCENEN KaXKaoro n3obpakeHnsa BCeX 3ape-
rMCTPUPOBAHHbBIX NOCef0BaTENbHOCTEN NO3BONAET NO-
NYYnTb PaBHbIN KONMNYECTBY KafpOB Habop Touek. Takme
Touku dopmupytoT OII, onucbkiBatowyo nepdysunio BO
BpeMmMsA 3KCNeprMeHTa 1 U3MePAIOLLYIOCA B OTHOCUTENb-
HbiIX eguHuuax (oTH. ead.). Janee m3 curHana O yapa-
NAeTCA HM3KOYaCTOTHasA COCTaBMAOWAA U MPOBOANTCA
aHanm3 TONbKO aMMANTYAbl TIOKaNbHbIX MNEPUOANYECKNX
N3MEHEHWI CUTHaNa, CBA3aHHbIX C CepAEYHbIM PUTMOM.
OpHako B HacTosilel paboTe Ana NpofomKUTENIbHOrO
aHanu3a nepdy3um HU3KOUACTOTHAA COCTaBMAOLLANA Tak-
Xe ABnaetca nonesHbiM curHanom. CurHan Ol noggep-
ranca Nvlb CrnaXkMBaHUIO METOAOM CKOJIb3ALLEro OKHa
[NA yCTPaHEeHNA LYMOBOW COCTaBAAOLWEN.

Pesynbratbl

HaHHble o cocToaHnn ML, B koxe npu OOT ¢ nomo-
wbto paspaboTtaHHom yctaHoBku BKC u JIAO npusege-
Hbl Ha puc. 4. KapTbl cocygos, OIl, KprBble N3MEHEHUA
NMJIOTHOCTU COCYA0B, CKOPOCTU KpoBoToKka u MNMML, npu-
BelleHbl Ha ogHOM rpaduke ans asyx pexumon QA. Ipa-
bUKM pa3meyeHbl LiBETaMU B COOTBETCTBUM C COCTOAHU-
€M COCY[0B Ha OCHOBaHWW aHanm3a KapT 1 MIOTHOCTH
COCY[0B.

Mo panHbim JIAO MML B KOXe A0 Hayana Bo3aen-
cTBUMA Konebanca ot 2,3 oo 6,5 nd. ea., cpeaHee 3HaueHne
cocTtaBuno 4,7+0,5 nd. eq. Cpasy nocne OA B HenpepbIB-
HOM peXume reHepauuy nasepa HabnLanocb CHUXe-
Hue MMU po 0,4+0,4 no. en. B TeueHne nepBbix 7 MUH
nponcxoanno nocteneHHoe yesennyenve NMLU, K 8 muH
3TOT MoKasaTenb coctasnan 3,7+£0,3 n. en. Mpu nocne-
Aylowen peructpauun KpoBoToka B TeyeHune 10 muH
npoucxoanno 3HaumTenibHoe ysennyeHue NML B Koxe
00 9,9+0,7 nd. eq. Ha 20 muH peructpauum NMML, cocTas-
nan 7,2+0,4 no. en.

B rpynne KpbiC, MOABEPrHyTbIX BO34ENCTBUIO B NM-
nynbCHOM pexunme, cpasy nocne MA 3aperncTpnpoBaHo
cHukeHne NMMLU go 0,6+0,4 no. ea. K 4 mnH HabnogeHua
3a MUP B koxe MNMML coctaBun 4,7+0,3 nd. eq. Janee npo-
ncxoguno nosbiwerve NMML go 14,5+0,8 nd. ea. K KoHLy
BpemeHn HabniofeHus 3a KpoBoTokom MML, coctaBnsn
7,4+£0,4 nd. en.

Ho OA ncxogHble BenuunHbl OMI n NAC coctaBnsa-
N, COOTBETCTBEHHO, oT 0,4 no 0,8 oTH. ed. n o1 7,1% po
11,9%. Bo Bpems nasepHol 3KCNo3muum Habnoganocsb
cHuxeHne NAC n yBenuuernre amnautyabl OMT. CHuxe-
Hue MNAC B rpynne c HenpepbiBHon MA npoucxoaunno
B cpefHeM Ha 39 C na3epHoONn 3KCNO3nLUK, YTO COOTBET-
ctBoBano 0,585 [x/cm?. B rpynne ¢ MMnynbCHOMN reHe-
paumnen CHUXeHMe TeX »e BeNMUYUH 3aperncTprMpoBaHoO
B CpefiHeM Ha 44 ¢, TO eCTb NPU JOCTUXKEHUN MIIOTHOCTH
sHeprun 0,33 [x/cm? TMpy 3TOM MOMHOE OTCyTCTBUE
KPOBOTOKA B rpyrnne HenpepbiBHOro 06/yyeHns 3adpuk-
CMPOBAHO B cpefHem Ha 96 ¢, TO ecTb yepes 6 ¢ nocse
npekpaLeHna na3epHoro Bo3aencTeums. B rpynne ¢ nm-
NySbCHbIM PEXMMOM MOMIHOE OTCYTCTBUE KPOBOTOKA 3a-
pernctprpoBaHo Ha 128 ¢, To ecTb Bo Bpema DA.

BoccTaHoBUTENbHBIM Nepuoa, CONPOBOXKAALWMNCA
NOABNEHNEM KPOBOTOKA, B FPYyMMe »MBOTHbIX C Hernpe-
PbIBHBIM PEXMMOM BO3[ENCTBMA HAUMHANCA B CPefHEM
yepes 8 MUH MOC/e Hayana flasepHoOn 3KCMO3nULUNN, YTO
COBMafano C MOMEHTOM Hayasia MOBbIWEHNA 3HAYEHNI
OII. Pernctpauma BOCCTaHOBNIEHUA KPOBOTOKA Y KpPbIC
C BO3JeNCTBMEM B MIMMY/IbCHOM pPeXxmnme Nponcxofmnna
yepes 4,7 M1H NOC/1IE OKOHYAHUA NTa3ePHOM SKCMO3nLNK,
ofHaKo yeenunueHue 3HavyeHun QNI HacTynano nosxe,
B CpefHeM yepes 7,5 MUH.

O6cyxpeHne

OOT 3apekomeHpoBana ceba Kak 3deKTUBHbIN
METOA JleYeHns 3JI0KaYeCTBEHHbIX HOBOOOPA30BaHMI
1 paga 3aboneBaHMIn HeonyxoneBon npupoabl [18, 19].
Mpn ®A npoucxoanT MOrMOLWEHME SHEPrUnN Na3epHo-
ro N3nyyeHUs n ee nepepayda B COMPAKEHHYO CUCTEMY
monekynbl ®C. B3anmopelictBre ¢OTOAKTUBMPOBAH-
Hon monekynbl ®C ¢ monekynon Knucnopopa NpuUBOANT
K MepeHoCy SHEepruv 3MeKTPOHHOro BO30OyXAeHWA Ha
MOJIEKYNIAPHBIA KUCNOpOoA Cpefbl C NOC/TeayoWwnm ero
nepeBofom B 6oiee peakLMOHHOCNOCOOHOE COCTOAHNE
1 obpazoBaHuem AQK, Bbi3biBasi MEPEKMCHOE OKUCTIEHNE
nunngoB 1 6enkoB B MembpaHax Knetok, obycnosnu-
BallLee UX NoBpexzaeHre u rmnbenb. Kpome Toro, B Me-
XaHu3me 6uonorunyeckoro pencteua npu OOAT nmeet
3HaveHue HapyweHne MLP, a TakKe foKanbHbI OTBET
Ha MMYHHble peakuuu. CoctoaHne MLIP obecneumBaet
onpepesieHHoe cofepKaHre Kuciopoaa, Heo6Xoaumoro
ans obpa3oBaHUs ero akTuBHbIX Gopm B 30He DA, a Tak-
e [OCTaBKY MUMMYHHOKOMMETEHTHbIX KNEeTOK.

OfHUM 13 NapaMeTPOB, BAVALLMX Ha pe3ynbTaT ¢o-
TOAMHAMMNYECKOrO BO3EeNCTBUA, ABNACTCA PEXNM reHe-
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paunn nsnyyeHusa. Ha npaktuke, Kak npaBusio, NCNosb-
3yeTCA HEeNpepbIBHbIA PEXMM reHepaunn WU3nyyeHus,
3aK/I0YaOLWMIACA B 06/TyYeHNM YYacTKa KOXM B TeYeHne
BCEro BPemMeHM 3KCMo3nUumn n3nyyeHmnem C NoCTOAHHbI-
MU XapaKTepucTkamm u NpUBOAALLNIA K UHTEHCYBHOMY
uctoweHuto AQOK B pesynbrate pOTOXMMUYECKMX pPeak-
uun [20, 21]. IMNyNbCHBIN PEXUM, XapaKTepusyoLwuii-
€A nocnefoBaTeNbHbIMU NepuofamMmn BKIKOYEHUA U Bbl-
KNIOYEHNA NNa3epHOro UCTOYHMKA 3a BpeMaA 3KCno3uuuu,
NMo3BOJNIAET CHU3UTb 3TOT 3ddeKT [23, 24]. OueHKa BNus-
HUA pa3HbIX pexnmoB Ha ML ocTtaeTca akTyanbHON, NO3-
BONAlOLLEN MOBbICUTb 3PPeKTNBHOCTb Tepanuu. B pa-
60Te MpoBefileH MHoOrornapameTpuyeckmii aHanu3 ML|
KPOBOTOKA pasfInyHbIMU METOZAMN.

OTpaxaTesibHas CMOCOOHOCTb KOXU B 3HAUUTESIbHOM
CTeneHu OnpeaenAeTca HanoJHAKLWEN TKaHW KPOBbiO
1 ee okcmreHaumen. Npuv ysennyeHnn KpoOBeHanoHeHWA
N OKCUTeHaUMM NPOUCXOAUT NOBbILEHWE MOrnoLwaTeNb-
HOWM U CHVIXKeHMe OTpakaTeslbHOW CMOCOOHOCTM TKaHMU.
YBenuyeHuvie QI cooTBeTCTBYET HOJbLIEMY KONNYECTBY
nagatoLlero Ha CeHCoOp BUAeOKaMepbl, a 3Ha4YuT U OTpa-
XeHHOro oT nccreyemon NoBepPXHOCTU, n3nyyeHus. Ha-
pactaHue BenuumHbl OMT B nepsble MuHyTbl QA (punc. 4,
KpacHasa 30Ha) MOXKET CBUAETENbCTBOBATb O CHUXKEHWN
B MU3MepAEMOM Yy4yacTKe KOXM KONMYeCTBa KPOBU COB-
MEeCTHO CO CTeneHblo ee okcureHauun. [Josa nasepHom
DA 6bina He3HaumTeNbHasA, NO3TOMY B TeUEHNE HEKOTO-
poro BpemeHu nocne okoHuyaHuA MA 3anyckanca mexa-

Continuous wave / HenpepbiBHbIn pexvm A

18- 080 10

o~ 055~ 0%
MI, PPG,

p.u./ a.u./

M, nnr,

nd.eq. oTH.ed

0 5 10 15

Hu13Mm ayToperynaunn. CHukeHne 3HadeHna OI B nepu-
Of, MOMHOW OCTAHOBKM KPOBOTOKA (puc. 4, UepHana 30Ha)
06YyCNOBIEHO BK/IOYEHUEM PErYNIATOPHbIX MEXAHN3MOB
1 n3meHeHuem ML B 6onee rnyboOKMX COsIX KOXW, Bbl-
3bIBAIOLWMUX NPUNB OKCUTEHMPOBAHHOWM KPOBU K MeCTy
BO3[eNCTBUA. DTVM Xe NpoLieccam COOTBETCTBYET yBenu-
yeHwue 3HayeHun [MML, pernctpupyembix JIOD. Pesynbra-
TOM PEerynaTMBHbIX NPOLECCOB nocse npekpateHna OA
ABNAETCA BOCCTAHOB/EHVE KPOBOTOKa B JOCTYMHbIX AJ1A
Busyanusauum metogom BKC cocypax (puc. 4, xentas
30Ha) 1 nocnegyiollee BO3BpaLleHME K PaBHOBECHOMY
coctoaHMto ¢ nosbiweHnem QNI 1 ymeHblweHnem MNMML|
[0 3HauyeHui, BnNM3KMX K ncxopHbiM (puc. 4, 3eneHas
30Ha).

Kak B HeMpepbIBHOM, TaK 1 B UMMYJIbCHOM peXmnmax
DA npriBena K 0CTaHOBKE ABUKEHUA SPUTPOLUTOB MO CO-
cygam v K uameHeHuo 3HayeHun OIT, NMLU v NAC, koTo-
pble yepes 15 MunH nocne Havana OA BepHYNNCb K UCXOA-
HbIM U GNIM3KMM K HUM 3HauyeHuAM. OfHAKO XapakTep
peakuumn MMKPOCOCYAOB KOXKM KPbIC Ha Manble fo3bl QA
OKas3asnca pasHbiM ANiA ABYyX pexnmos. B nogseprwenca
®A B UMNYNbCHOM peXunme rpynne MUBOTHbIX Hayano
BOCCTAHOBUTENbHOrO nepuoga (puc. 4, »entaa 30Ha),
TO eCTb BO3BpaLleHNe K UCXOAHbIM 3HAYEHUAM BEINYMH
Onr, NML, n NAC, Habnoganock paHbLue, Yem B rpynne
¢ HenpepbiBHOU DA. Kpome TOro, B BOCCTaHOBUTENTIbHOM
nepuoge B rpynne KpbiC C BO34eNCTBMEM MMMY/IbCHON
@A Habnopanocb nokanbHoe nosbiweHne MML, 6onee

Pulsed irradiation / MnynbcHbIA pexkum DA

Microcirculation parameters /

MapameTpbl MUKPOMPKYNALMA

10 15 20

Time, min / Bpems, MuH

Active vessel map /
KapTta geiicTByoLLIMX COCYA0B

Puc. 4. AvHamMmuka MopdpoMeTPUUECKUX U FTEMOAUHAMUUECKMX NapaMeTPOB MUKPOLUPKYASLMU, MOAYYEHHBIX METOAAMU BUAEOKANUANAPO-
ckonuu, potonaeTuamorpadumn U Aa3epHoW AONMNAEPOBCKOM GproymeTpuu. Mepuoabl uccrepoBaHUSA: 1 - HOpMaAbHOE COCTOSIHUE COCYAOB OT-
HocuTenbHo 3HaueHun OII, 2 - doToakTMBaUMK, 3 - OCTAHOBKA KPOBOTOKA, 4 —~BOCCTaHOBUTEAbHbIN nepuoa.lMlapameTpsl: MML, - nokasatenb
MUKpouupkyAaumu, MMT - potonretuamorpadus, MAC - NAOTHOCTb AeHCTBYIOLLMX cocyaoB, DA - poToakTUBaALMA.

Fig. 4. Morphometric and hemodynamic microcirculation parameters acquired by means of videocapillaroscopy, photoplethysmography and
laser doppler flowmetry: 1 - normal vessel functioning, 2 - photodynamic activation, 3 - cessation of blood flow, 4 - vascular activation. M| -
microcirculation index, PPG - photoplethysmography, AVD - active vessel density.

OPUTUHAJIBHbBIE CTATbA
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yem B 3 pasa OTHOCMTENIbHO HOPMbl C MOC/eayoLWnM
CHV>KEHMEM 1O HOPMallibHbIX 3HAUYEHUIA.

MonyyeHHble OaHHble, MOKa3blBalowue BO3BpaLlle-
Hue OIT n MAC B BOCCTaHOBUTENIbHOM NEPUOAE K UC-
XOAHbIM 3HAUYEHUAM, KOPPENUPYIOT C COOTBETCTBYHOLLUM
yeenunyeHvem [NMMLL, nonyyeHHbimM ¢ nomoubto JIAD. Mpwn
3TOM B NMEPUOA NOSTHOWM OCTAaHOBKM KPOBOTOKA B MOBEPX-
HOCTHbIX cocyfax u Hynesbix 3HayeHuaAx MAC MML nven
OT/INYHbIE OT HYNA 3HaueHuA. Takme pa3nmyma MoryT CBU-
JeTenbCcTBOBaTb O perncrpaumm napametpos ML c pas-
JINYHON TNYOMHBI OTHOCUTENIbHO MOBEPXHOCTU KOXWU
pa3HbiMM meTogamu. Tak, ¢ nomoubio JIA® napametpbl
KPOBOTOKA B KOXe WCCNefyTcs Ha rnybrHe o 1 mm,
TO eCTb B Kanunapax 1 NoBepXHOCTHOM apTepurosioBe-
HynapHom crnnieteHun [20]. Mpwn 3Tom ¢ nomouybio BKC
obecrneuyrBaeTcs BM3yanusauua COCYHOB, 3asieraiooLiyx
Ha rny6uHe 1o 0,5-1 mm [25, 26].

3aknioyeHve

PesynbTaTtbl JaHHOMO MCCIefOBaHMA MOKasany NPUH-
LMNNanbHYI0 BO3MOXHOCTb MPUMEHeHNA paspaboTaH-
HOW YCTaHOBKM N MeTOAUKM MOHuTOpuHra ML Koxu
npu OIT, B TOM uncne HenocpeactBeHHo Bo Bpema QA.

MonyuyeHHble AaHHble KOPPENUPYIOT C COBPEMEHHbIMU
npeacTaBneHnAMN O MexaHu3smax peakumn ML Ha OA
N C pe3synbTaTamu, NosyyaemMbiMy PacnpoOCTPaHEHHbIMIA
Ha NpaKkTnKe metodamu [27, 28].

PaspaboTaHbl 1 anpobupoBaHbl METOAUYECKNI MOA-
XOf W anmnapaTHO-NporpammHoe obecreyeHre HOBOW
TEXHONOMMN, HaMpPaBNEHHOM Ha HEWHBa3UBHOE MOJy-
yeHre KapT cocynos, rpadukos OMr n NMNAC po, nocne,
a rmaeHoe, Bo BpemA MA. [lpoBeaeHo nccnegoBaHue me-
XaHM3MOB peaKL KOXN B Pa3HbIX peXKMMax reHepaumm
boToaNHAMMYECKOro BO3AENCTBMA NPY Manbix go3ax QA
C NCNOJIb30BaHMEM MPeASIoXKeHHOro nogxoaa. Ana asyx
pPEeXUMOB reHepaL M Noka3aHo OT/INYME BO BPEMEHHbIX
oTpeskax mexgay Hayanom DA, oCTaHOBKOW KPOBOTOKa
B COCyAax, HayanoMm v NPOAOKNTENIbHOCTbIO BOCCTaHO-
BUTeNbHOro nepmoga. OnncaHHbIN MeToh MHOoromnapa-
MEeTPUYECKON OLEHKN COCYAUCTON CETU MOXET CITYXUTb
LeHHbIM JONONIHEHNEM K CYLLeCTBYIOLWUM METO4aM aHa-
nm3a ML, npymeHAembIM B MCCNeQoBaHUAX U B KNNHWYe-
CKOW NpakTuke.

WccnedosaHue gbinosnHeHo 8 pamkax [ocydapcmeeH-
Ho20 3a0aHus HTL| YI1 PAH (npoekm FFNS-2022-0010).

J'II/ITEPATVPA

Dougherty T.J. et al. Photodynamic Therapy JNCI: Journal of
the National Cancer Institute // Oxford Academic. - 1998. - Vol.
90(12). - P. 889-905.

2. LiX. et al. Clinical development and potential of photothermal
and photodynamic therapies for cancer // Nature Publishing
Group. - 2020. - Vol. 17(11). - P. 657-674.

3. Korbelik M. et al. Nitric oxide production by tumour tissue:
impact on the response to photodynamic therapy // Br J Cancer.
Nature Publishing Group. - 2000. - Vol. 82(11). - P. 1835.

4. SouzaCS.etal.Long-term follow-up of topical 5-aminolaevulinic
acid photodynamic therapy diode laser single session for non-
melanoma skin cancer // Photodiagnosis Photodyn Ther. -
2009. - Vol. 6 (3-4). - P. 207-213.

5. ChenD.etal.Intraoperative monitoring of blood perfusionin port
wine stains by laser Doppler imaging during vascular targeted
photodynamic therapy: A preliminary study // Photodiagnosis
Photodyn Ther. Elsevier. - 2016. - Vol. 14. - P.142-151.

6. Orlova A. et al. Diffuse Optical Spectroscopy Monitoring of
Experimental Tumor Oxygenation after Red and Blue Light
Photodynamic Therapy // Multidisciplinary Digital Publishing
Institute. — 2021.-Vol. 9(1). - P. 19.

7. Khurana M. et al. Intravital high-resolution optical imaging
of individual vessel response to photodynamic treatment // J
Biomed Opt. J Biomed Opt. - 2008. - Vol. 13(4). - P. 1.

8. Grishacheva T.G. et al. Digital Analysis of Colposcopic Images
Before and After Photodynamic Therapy with Open Source
Software ImageJ) and Fluorescence diagnostics // Optica
Publishing Group. - 2020. - P. JW3A.2.

9. Christou EE. et al. Evaluation of the choriocapillaris after
photodynamic therapy for chronic central serous chorioretinopathy.
A review of optical coherence tomography angiography (OCT-A)
studies // Graefes Arch Clin Exp Ophthalmol. Graefes Arch Clin Exp
Ophthalmol. - 2022. - Vol. 260(6). - P. 1823-1835.

10. Gallucci F. et al. Indications and results of videocapillaroscopy in
clinical practice // Advances in medical sciences. - 2008. - Vol.
53(2). - P.149-157.

REFERENCES

Dougherty T.J. et al. Photodynamic Therapy JNCI: Journal of the
National Cancer Institute. Oxford Academic, 1998.Vol. 90(12), pp.
889-905.

2. Li X. et al. Clinical development and potential of photothermal
and photodynamic therapies for cancer. Nature Publishing Group,
2020, Vol. 17(11), pp. 657-674.

3. Korbelik M. et al. Nitric oxide production by tumour tissue: im-
pact on the response to photodynamic therapy. Br J Cancer. Na-
ture Publishing Group, 2000, Vol. 82(11), p. 1835.

4. Souza C.S. et al. Long-term follow-up of topical 5-aminolaevulin-
ic acid photodynamic therapy diode laser single session for non-
melanoma skin cancer. Photodiagnosis Photodyn Ther, 2009, Vol.
6 (3-4), pp. 207-213.

5. Chen D. et al. Intraoperative monitoring of blood perfusion in
port wine stains by laser Doppler imaging during vascular tar-
geted photodynamic therapy: A preliminary study. Photodiagno-
sis Photodyn Ther. Elsevier, 2016, Vol. 14, pp. 142-151.

6. Orlova A. et al. Diffuse Optical Spectroscopy Monitoring of Ex-
perimental Tumor Oxygenation after Red and Blue Light Photo-
dynamic Therapy. Photonics 2022, Vol. 9, p. 19. Multidisciplinary
Digital Publishing Institute, 2021.Vol. 9(1), p. 19.

7. Khurana M. et al. Intravital high-resolution optical imaging of in-
dividual vessel response to photodynamic treatment. J Biomed
Opt, 2008, Vol. 13(4), p. 1.

8. Grishacheva T.G. et al. Digital Analysis of Colposcopic Images
Before and After Photodynamic Therapy with Open Source Soft-
ware Imagel) and Fluorescence diagnostics. Optica Publishing
Group, 2020, p. JW3A.2.

9. Christou E.E. et al. Evaluation of the choriocapillaris after photo-
dynamic therapy for chronic central serous chorioretinopathy. A
review of optical coherence tomography angiography (OCT-A)
studies. Graefes Arch Clin Exp Ophthalmol. Graefes Arch Clin Exp
Ophthalmol, 2022, Vol. 260(6), pp. 1823-1835.

10. Gallucci F. et al. Indications and results of videocapillaroscopy in
clinical practice. Advances in medical sciences, 2008, Vol. 53(2), pp.
149-157.

BIOMEDICAL PHOTONICS T. 12, Ne2/2023

22



A.B. Typbinesa, A.C. Mainxun, T.I'. lpuwiayesa, H.H. Metpuilies

MpuMeHeHne BULEOKANUANAPOCKONNUM AN MOHUTOPUHIA MUKPOLMPKYNALMK B KOXE Npu (hOTOAUHAMUYECKON Tepanuu

11.

20.
21.
22.
23.
24,

25.

26.
27.

28.

BIOMEDICAL PHOTONICS T. 12, Ne2/2023

Machikhin A.S. et al. Exoscope-based videocapillaroscopy sys-
tem for in vivo skin microcirculation imaging of various body
areas. Optica Publishing Group. - 2021. - Vol. 12(8). - P. 4627-
4636.

. Da Silva FAM., Newman E.L. Dynamic capillaroscopy: a mini-

mally invasive technique for assessing photodynamic effectS in
vivo // Photochem Photobiol. John Wiley & Sons, Ltd. - 1993. - P.
Vol. 58(6). - P. 884-889.

. Kamshilin A.A. et al. A new look at the essence of the imaging

photoplethysmography. Scientific Reports. Nature Publishing
Group. - 2015.-Vol. 5(1). - P. 1-9.

. Kumar M. et al. PulseCam: a camera-based, motion-robust and

highly sensitive blood perfusion imaging modality // Nature
Publishing Group. - 2020. - Vol. 10(1). - P. 1-17.

. Park J. et al. Photoplethysmogram Analysis and Applications: An

Integrative Review // Front Physiol. Frontiers Media S.A. — 2022. -
Vol.12.-P.2511.

. Allen J. Photoplethysmography and its application in clinical

physiological measurement // Physiol Meas. Physiol Meas. —
2007. - Vol. 28(3). - C.R1

. Guryleva A.V. et al. Feasibility of videocapillaroscopy for charac-

terization of microvascular patterns in skin lesions // Proceed-
ings of SPIE - The International Society for Optical Engineering. -
2022.-Vol. 12147.

. Dolmans D.E.J.G.J., Fukumura D., Jain R.K. Photodynamic therapy

for cancer // Nature Publishing Group. - 2003. - Vol. 3(5). - P. 380-
387.

. Gunaydin G., Gedik M.E., Ayan S. Photodynamic Therapy—Cur-

rent Limitations and Novel Approaches // Front Chem. Frontiers
Media S.A. - 2021. - Vol. 9. - P. 400.

FosterT., et al. Oxygen consumption and diffusion effects in pho-
todynamic therapy // Radiat. Res. - 1991. - Vol. 126. - P. 296-303.
Henderson B., et al. Oseroff, Photofrin photodynamic therapy
can significantly deplete or preserve oxygenation in human
basal cell carcinomas during treatment, depending on fluence
rate // Cancer Res. - 2000. - Vol. 60. - P. 525-529.

Klimenko V.V, et al. Pulse mode of laser photodynamic treat-
ment induced cell apoptosis // Photodiagnosis Photodyn Ther.
-2016.-Vol. 13.- P.101-107.

Wilson B.C., Patterson M.S. The physics, biophysics and technol-
ogy of photodynamic therapy // Phys Med Biol. — 2008. - Vol.
53(9).-P.61-109.

Abbot N.C. et al. Laser Doppler Perfusion Imaging of Skin Blood
Flow Using Red and Near-Infrared Sources // Journal of Investi-
gative Dermatology Elsevier. — 1996. - Vol. 107(6). — P. 882-886.
Moco A., Verkruysse W. Pulse oximetry based on photoplethys-
mography imaging with red and green light: Calibratability and
challenges. J Clin Monit Comput // Springer Science and Busi-
ness Media B.V. - 2021. - Vol. 35(1). - P. 123-133.

Han S. et al. Design of Multi-Wavelength Optical Sensor Module
for Depth-Dependent Photoplethysmography // Multidiscipli-
nary Digital Publishing Institute. - 2019. — Vol. 19(24). - P. 5441.
Volkov M. V et al. Evaluation of blood microcirculation param-
eters by combined use of laser // Doppler flowmetry and vide-
ocapillaroscopy methods. — 2017.

Dremin V. et al. Dynamic evaluation of blood flow microcircula-
tion by combined use of the laser Doppler flowmetry and high-
speed videocapillaroscopy methods //Journal of biophotonics. -
2019.-T.12. - N2.6. - C.e201800317.

11.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Machikhin A.S. et al. Exoscope-based videocapillaroscopy sys-
tem for in vivo skin microcirculation imaging of various body
areas. Biomedical Optics Express, 2021, Vol. 12(8), pp. 4627-4636.
Optica Publishing Group, 2021, Vol. 12(8), pp. 4627-4636.

. Da Silva FA.M., Newman E.L. Dynamic capillaroscopy: a minimal-

ly invasive technique for assessing photodynamic effectS in vivo.
Photochem Photobiol. John Wiley & Sons, Ltd, 1993, Vol. 58(6), pp.
884-889.

. Kamshilin A.A. et al. A new look at the essence of the imaging

photoplethysmography. Scientific Reports. Nature Publishing
Group, 2015.Vol. 5(1), pp. 1-9.

. Kumar M. et al. PulseCam: a camera-based, motion-robust and

highly sensitive blood perfusion imaging modality. Scientific Re-
ports, 2020, Vol. 10(1), Nature Publishing Group, 2020. Vol. 10(1),
pp. 1-17.

. Park J. et al. Photoplethysmogram Analysis and Applications: An

Integrative Review. Front Physiol. Frontiers Media S.A., 2022, Vol.
12,p.2511.

. Allen J. Photoplethysmography and its application in clinical

physiological measurement. Physiol Meas, 2007. Vol. 28(3).

. Guryleva A.V. et al. Feasibility of videocapillaroscopy for charac-

terization of microvascular patterns in skin lesions. Proceedings of
SPIE - The International Society for Optical Engineering, 2022, Vol.
12147.

. Dolmans D.E.J.G.J., Fukumura D., Jain R.K. Photodynamic therapy

for cancer. Nature Reviews Cancer, 2003, Vol. 3(5). Nature Publish-
ing Group, 2003, Vol. 3(5), pp. 380-387.

. Gunaydin G., Gedik M.E., Ayan S. Photodynamic Therapy—Cur-

rent Limitations and Novel Approaches. Front Chem. Frontiers
Media S.A., 2021.Vol. 9. P. 400.

Foster T, et al. Oxygen consumption and diffusion effects in pho-
todynamic therapy. Radiat. Res, 1991, Vol. 126, pp. 296-303.
Henderson B., et al. Oseroff, Photofrin photodynamic therapy
can significantly deplete or preserve oxygenation in human ba-
sal cell carcinomas during treatment, depending on fluence rate.
Cancer Res, 2000, Vol. 60, pp. 525-529.

Klimenko V.V., et al. Pulse mode of laser photodynamic treatment
induced cell apoptosis. Photodiagnosis Photodyn Ther, 2016, Vol.
13, pp. 101-107.

Wilson B.C., Patterson M.S. The physics, biophysics and technol-
ogy of photodynamic therapy. Phys Med Biol, 2008, Vol. 53(9), pp.
61-109.

Abbot N.C. et al. Laser Doppler Perfusion Imaging of Skin Blood
Flow Using Red and Near-Infrared Sources. Journal of Investiga-
tive Dermatology Elsevier, 1996, Vol. 107(6), pp. 882-886.

Moco A., Verkruysse W. Pulse oximetry based on photoplethys-
mography imaging with red and green light: Calibratability and
challenges. J Clin Monit Comput. Springer Science and Business
Media B.V., 2021, Vol. 35(1), pp. 123-133.

Han S. et al. Design of Multi-Wavelength Optical Sensor Module
for Depth-Dependent Photoplethysmography. Multidisciplinary
Digital Publishing Institute, 2019.Vol. 19(24), p. 5441.

Volkov M. V et al. Evaluation of blood microcirculation param-
eters by combined use of laser. Doppler flowmetry and videocapil-
laroscopy methods, 2017.

Dremin V. et al. Dynamic evaluation of blood flow microcircula-
tion by combined use of the laser Doppler flowmetry and high-
speed videocapillaroscopy methods. J Biophotonics, 2019, Vol.
12(6).

OPUTUHAJIBHbBIE CTATbA

23



AN
n
}_
<C
|_
@)
L
n
L
0
=
<
T
~
| —
X
o
O

[O.A. Uepkosckuit, [.11. Kosnosckuii, A.H. Masypexko, H.[I. AnameHko, ®©.®. bopuyesckun
JKcnepumeHTanbHbIE UCCNEeR0BaHMA in Vivo NpoTUBOONYX0NeBoi 3)(heKTUBHOCTH (DOTOLMHAMNYECKOIA
¥ paguoANHAMNYECKOI Tepanum, X COYETAHHOr0 NPUMEHEHUs!
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Pesiome

B pamKax nMmnoTHOro nccnefoBaHyA aBTopammn U3yyeHa NpoTrBoonyxonesas 3¢pdeKTMBHOCTL poToanHammuyeckon Tepanum (OAT) B KoMOMHa-
uun ¢ pagroanHammueckon Tepanveid (PAT) B aKcnepumeHTe in vivo Ha MOZeny NOAKOXHO nepeBuTon numdocapkombl MNnncca (JICM) y Kpbic.
®otoceHcnbunmsatop (OC) Ha ocHOBe XSTOpUHa €6 BBOAMIN BHYTPUBEHHO B A03e 2,5 Mr/Kr Maccbl Tena. CeaHc PAIT npoBoAman Ha ycTaHOBKe AJist
KOHTaKTHOW nyyeBoii Tepanuu (KJTT) ogHoKpaTHO yepes 2,5-3 u nocne okoHuYaHusA BeeaeHua OC c ucnonb3oBaHuem y-usnyyerus ('?r) B pasoBoit
ovaroBoli fo3e 6 p. CeaHc OAT ocyLiecTBNANM OAHOKPATHO HEMOCPEACTBEHHO NMOCse BO3AENCTBMA NOHU3MPYIOLWMM U3yYyeHneM C MOMOLLbIO
nonynpoBogHuKoBoro nasepa «PDT diode laser» (OO0 «Imaf Axicon», benapycb, A=660+5 HM) co cBeToBOW J030W 100 [I>K/CM?, NNOTHOCTbHIO MOLL-
HocTu 0,2 BT/cm? n mowHocTbio 0,353 BT. Bee Kpbichl Obinv pa3aesnieHbl Ha 4 rpynnbl N0 6-7 0cobeli B KaXKAoN: UHTAKTHbIN KoHTponb (MK), OC + OAT,
OC + KNT, OC + KNT + OAT. Kputepun oLeHKM NpoTUBOOMYXOneBoi 3GpPeKTUBHOCTU: CPeAHU 06bem onyxonen Ve M), koadduLMeHT abco-
NIOTHOro NpupocTa onyxonu (K, B oTHocutenbHbIx egnHuuax (OE)), nokasatenb TopmoxeHua pocta onyxonu (TPO, %), yacToTa NonHoM perpeccmm
onyxonu (MNP, %), aona naneyeHHbIx Kpbic (%), NOKasaTenb yBenmyeHusa NPOLOSIKUTENbHOCTU XN3HN (YTTXK, %). Paznuuma cumtanncb CTaTUCTUYECKN
3HaYMMbIMU MPY YPOBHE 3HaunmmocTn p<0,05. Ha 18-e cyT. akcnepumeHTa V(p_ B rpynnax coctasun 63,25+2,76 cm®; 29,0346,06 cm® (p=0,0002);
22,18+5,94 cm® (p<0,0001); 11,76£3,29 o’ (p=0,0000), cooTBeTcTBEHHO. KoadduumeHTsl K - 4516,86 OE; 2638,09 OF; 2024,45 OE; 979,00 OE. Mo-
kasatenb TPO - 54,10% (OC + OAT); 64,93% (OC + KIT); 81,41% (OC + KNT + OAT). Mokasatenb YMNXK - 48,57% (OC + OAT); 60,00% (OC + KIT);
97,71% (OC + KNT + OAT). Ha 60-e 1 90-e cyTKn 3KcnepumeHTa YactoTa [P 1 Jona n3neyeHHbIX KPbIC Obin OAMHAKOBbIMU U COCTaBUAVM B rpymnnax
0%; 16,7%; 14,3% n 28,6%, cOOTBETCTBEHHO. onyyeHHble pe3ynbTaTbl CBUAETENbCTBYIOT O NEPCNEKTUBHOCTU 1 aKTyaslbHOCTU AaNbHENLLNX UC-
CnefoBaHV B 3TOM HayYHOM HanpaBlieHUN.

KnioueBble cnoBa: 3KkCnepuMeHTanbHOE UCCNIefJOBaHNE, KPbICbl, MEPEBUBHbIE OMyX0au, GoToAUHAMUYECKan Tepanus, paguoanHammyeckas Tepa-
nus, doToceHcMbUNM3aTOP.

KoHTtakrbi: LiepkoBckuii [1.A., tzerkovsky@mail.ru

[Anayntnposanuma: Lepkosckuin [1.A., Kosnosckuin [.1., Masyperko A.H., Anamerko H.[l., Bopuuesckuin ©.0. SkcnepumeHTanbHble MCCNefoBaHnA
in vivo npoTrBoomnyxoneBoi 3bPpeKTUBHOCTU GOTOAVHAMMYECKOW U PAaANOLNHAMUYECKON Tepanun, X COYeTaHHOro nprmMeHexuns // Biomedical
Photonics. - 2023. - T. 12, N2 2. - C. 24-33. doi: 10.24931/2413-9432-2023-12-2-24-33.

EXPERIMENTAL IN VIVO STUDIES OF THE ANTITUMOR
EFFICACY OF PHOTODYNAMIC AND RADIODYNAMIC
THERAPY AND THEIR COMBINATIONS

Tzerkovsky D.A.!, Kozlovsky D.A. ', Mazurenko A.N.', Adamenko N.D.%, Borichevsky F.F.?

'N.N. Alexandrov National Cancer Center of Belarus, Lesnoy, Republic of Belarus
%Vitebsk State University named after P.M. Masherov, Vitebsk, Republic of Belarus
3Minsk Regional Clinical Hospital, Lesnoy, Republic of Belarus

Abstract
The authors studied the antitumor efficacy of photodynamic therapy (PDT) in combination with radiodynamic therapy (RDT) in an in vivo
experiment. The study was approved by the Ethics Committee of the N.N. Alexandrov National Cancer Center of Belarus (protocol dated
February 25, 2022, N2 180). The work was performed on 26 white non-linear rats weighing 200 + 50 g. Pliss lymphosarcoma (PLS) was used
as a tumor model, which was transplanted subcutaneously. Photosensitizer (PS) «Photolon» (RUE «Belmedpreparaty», Belarus) was ad-
ministered intravenously at a dose of 2.5 mg/kg of body weight. The RDT session was performed by the contact method (CRT) once 2.5-3
times after the end of the infusion of the PS on the «microSelectron-HDR V3 Digital apparatus» (Elekta, Sweden) using y-radiation ('*?Ir)
in a single focal dose 6 Gy. A PDT session was performed once immediately after exposure to ionizing radiation using a «<PDT diode laser»
(OO0 Imaf Axicon, Belarus, A=660+5 nm) at an exposure dose of 100 J/cm? with a power density of 0.2 W/cm? and a power of 0.353 watts.
All rats were divided into 4 groups of 6-7 animals each: intact control (IC), PS + PDT, PS + CRT, PS + CRT + PDT. The criteria for evaluating
antitumor efficacy were: the average volume of tumors (V_, cm?), the coefficient of absolute growth of tumors (K, in OE), the coefficient of
tumor growth inhibition (TGI, %), the frequency of complete tumor regressions (CR, %), the proportion of cured rats (%), an increase in the
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average duration of dead rats (%). Differences were considered statistically significant at p<0.05. On the 18™ day of the experiment, V_. in
groups was 63.25+2.76 cm?; 29.03£6.06 cm? (p=0.0002); 22.18+5.94 cm? (p<0.0001); 11.76%3.29 cm? (p=0.0000), respectively. Coefficients
K - 4516.86 OE; 2638.09 OF; 2024.45 OE; 979.00 OE. TGl coefficients — 54.10% (PS + PDT); 64.93% (PS + CRT); 81.41% (PS + CRT + PDT). An
increase in the average duration of dead rats indicator — 48.57% (PS + PDT); 60.00% (PS + CRT); 97.71% (PS + CRT + PDT). On the 60* and
90t days of the experiment, the frequency of PR and the proportion of cured rats were the same and amounted to 0%; 16.7%; 14.3% and
28.6%, respectively. The results obtained indicate the prospects and relevance of further research in this scientific direction.

Key words: experimental research, rats, transplanted tumors, photodynamic therapy, radiodynamic therapy, photosensitizer.

Contacts: Tzerkovsky D.A., e-mail: tzerkovsky@mail.ru
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BBepeHune

OoTtoanHammnyeckan Tepanusa (OLT) — meTog neveHuns
npefonyxoneBbix 3a60/1€BaHUN 1 310KaYeCTBEHHbIX HO-
BoobpazosaHuii (3HO), 3pdeKTMBHOCTb KOTOPOTOo OKa-
3aHa U NoATBepXAeHa pe3y/nbTaTaMy MHOTOUYNCSIEHHbIX
OOKIUHNYECKUX UCCNEQOBaHUA HA KIIETOUYHbIX KyJbTy-
pax 1 1abopaTOPHbIX XKMBOTHbIX C MEPEBUBHBIMU OMYXO-
NAMK, @ TaKXKe KIIMHUYECKKX, B TOM YMCJIe MHOTOLEHTPO-
BbIX PAHAOMM3MPOBAHHbIX NCCNIEL0BAHMI, BKITIOYAOLLX
3HAUMTENbHOE KOMIMYECTBO MALMEHTOB C PaA3/IMYHbIMU
Ho30M0rMYecknMy GopMamMm OHKOJSIOrMYECKOW MaToso-
run [1, 2]. B ocHoBe O[T neXxut ncrnonb3oBaHue crneymn-
anbHbIX NpenapaTtos — poToceHcmbunusatopos (MC), ak-
TUBaLUS KOTOPbIX B MNAaTONOrMYECKN U3MEHEHHbIX TKaHsX
peanusyeTcs 3a CYeT BO3AENCTBUSA NTa3ePHbIM M3NTyUYeHN-
eMm C onpefeneHHon ganHoM BonHbI [3, 4, 5]. B nocnepn-
HMe rofibl B paMKax Hay4HbIX NMPOEKTOB akTMBHO M3yya-
€TCA BO3MOXKHOCTb VCMOJb30BaHUA ApYrux Grsnyeckrx
baKToOpOoB, TaKMX Kak YNbTPa3BYK (COHOAMHaMMUYyecKas
Tepanus), rmneptTepmusa (TepMoarHamMmmnyeckas Tepanus),
SNeKTprYeckne nona (aneKTpoarHaMmnyeckasa Tepanus)
MU MOHM3VpYIOLee Kr3NydyeHue (paguogvHammnyeckas
Tepanus) B KayecTBe MyTel 3anycka CIIOXHbIX GpU3MKO-
XVIMUYECKUX PeakLUil Ha MOMEKYNSAPHOM U KJIETOYHOM
YPOBHSAX, MPUBOAALMX K nepexopy monekyn OC B Bo3-
Oy>KaeHHoe cocTosHre nogobHo OAT, ¢ nocneaywoLwen
OecTpyKumen onyxoneBblx KNeTok [6, 7, 8].

C Uenbio NOBbLIWEHMA NPOTUBOOMNYXONeBON ddpdek-
TmBHocT OOT uenecoobpasHbiM ABMAAETCS KOMOWHU-
POBAHHOE 1 COYEeTaHHOEe NMPUMeEHeHNe MeTofa C Tpaau-
LUMOHHbIMK noaxogamn K neveHuio 3HO, B yacTHOCTH,
¢ nyyesown Tepanuen (JIT) [9, 10]. CoueTaHHOe Npume-
HeHne OOT n PAT paeT BO3MOXHOCTb MCMOMb30BaHUA
CyOTepaneBTUYECKNX PEXMMOB JIA3€PHOI0 1 UOHU3U-
pYIOLLEro M3/lyYeHU, MPYIMEHEHVE KOTOPbIX MPUBOAUT
K yBenuueHuto 3ddeKTa Kaxgoro n3 MeTofoB Tepanuu
3a CYET CUHepPreTNYecKoro BO3AENCTBMA CO 3HAUUTESb-
HbIM YMEHbLUEHVEM PUCKA BO3HUKHOBEHUS pAfa Hexe-
naTenbHbIX PeaKkuMi, UMEeLLMX MeCTO NPU NPUMEHEHUN
BbICOKUX 103 YKa3aHHbIX $ur3nyeckmx GakTopoB B nep-
Bylo oyepenb JIT.

MaTtepuanbl n metoabl

JlabopamopHvle xusomHole

MunoTHoe nccnenoBaHKe BbINOTHEHO Ha 26 Genbix He-
NNHEWHbIX 6ecnopofHbIX KpblCax-CamLaX, MOMyYEHHbIX
13 Buapua PHIL OMP mnm. H.H. AnekcaHapoBa, ¢ maccor
Tena 20050 r.,, B Bo3pacTe 2,5-3 mec. [AnntenbHOCTb Ka-
paHTVHa nepeq BKIOYEHNEM B SKCMEPUMEHT COCTaBNANa
14 cyT. KpbiC cogepanu B CTaHAAPTHbIX YCNOBUAX NiLLe-
BOrO 1 MUTbEBOro pauuoHa ad libitum, npu 12-yacoBom
pexrnmve ocBelleHus, Temnepatype 20-22°C 1 BRaXHo-
ctn 50-60% B UHAMBUAYaSbHBIX KNEeTKax o 6-7 ocoben
B KaX[IOW. YCNoBMs coflepaHusi KpbIC B labopaTtopuu,
MokasaTeny BRAXHOCTKM, TeMnepaTypbl, OCBELLEHHOCTU
B MOMELLEHMN COOTBETCTBOBANM [EWNCTBYIOWMM CaHU-
TapHbIM MpaBWiaM Mo YCTPOMNCTBY, 060OPYAOBAHMIO U CO-
OepxaHuto BuBapueB (CaHWTapHble npaBuia U HOPMbI
2.1.2.12-18-2006 «YcTpoIcTBO, 060pyfOBaHMe 1 COAepKa-
HMe 3KCNepUMEeHTaNIbHO-OMONOrMYecKnX KIUHKK (BMBa-
pueB)», [NocTaHoBNEeHMe MNaBHOro rocyfapCcTBEHHOrO Ca-
HuUTapHoro Bpava Pecny6nuku benapyco, ot 31.10.2006 T.
N° 131) n MexrocygapctBeHHbIMU cTaHpapTamu: TOCT
33216-2014 («PykoBOACTBO MO COAEPXaHUIO 1 yXOAy 3a
nabopaTopHbIMM  KUBOTHbIMK. [paBuna copepkaHuA
M yxoAa 3a IabopaTOPHbIMY FPbI3yHAMU U KPOJIMKaMU»
n FOCT 33215-2014 «PyKoBOACTBO MO COAEPMKAHMIO U YXO-
Zly 3a nabopaTopHbIMM XKMBOTHbIMU. [paBuna o6opynosa-
HMA MOMELLEHWI 1 OpraHM3aLun npoueayp», yTBepKaeH-
HbiMn [ocTaHoBneHnem MexKrocygapCTBEHHOro COBeTa
no CcTaHgapTM3aLuuy, MeTpoiorumn 1 ceptudukalmm, npo-
TOKon oT 22.12.2014 ., N2 73-11).

Onyxonesbiti Wwmamm

B KauecTBe OmMyxoneBOro wWrTamMma WKCMoOJib30Bann
numdocapkomy Mnucca (JICM), nonyuyeHHyto B BUAE Kie-
TOUHOW KynbTypbl (Poccumnckaa Konnekumsa KneTOYHbIX
Kynbtyp, MHcTutyT umtonorun PAH, r. CaHkT-TeTepbypr,
Poccuinckas Oepepauusn).

Onyxonesas modesnb

Knetouryio kynbtypy JICI1T MHOKynupoBanu Kpbicam
NMOAKOXKHO 1 MOJAEPXKUBaNM NacCUBUPOBAHMEM in Vivo.
MNoakoxHasA nepeBmBKa BKIlOYana BBefleHNe Nnoj Koy

OPUTUHAJIBHbBIE CTATbA
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neBOV NaxoBow obnactu 0,5 M B3BECU OMyXOJEBbIX Krie-
TOK B 20% pacTBope XeHKca, MoyYeHHbIX Nocne B3ATUA
1 FTOMOreHM3aumnmn KycouykoB OMyXOnn OT KpbICbl-4OHOPA.
JIC oTHOCKTCA K Ymcny BbICTPOPACTYLLMX ONYXONel C Ko-
POTKUM NAaTEHTHbIM NEPUOAOM, B CBA3M C 3TUM, KpbIC ¢ JICTT
BKJTIOYaNN B SKCMEPUMEHT Ha 6-e CyT. NoC/1e NepeBrBKN No
JOCTUKEHWIO fiiaMeTpa OnyXoseBoro y3na 3—-5 Mm.

Smuyeckue achekmeol

JKCrepuMeHTalIbHble UCCNIeoBaHMA Obln NpoBe-
[EeHbl B COOTBETCTBAM C MEXAYHApOAHbIM 3aKOHOAa-
TeNbCTBOM M AenctBylowmmn B Pecnybnuke benapycb
HOPMATVBHbLIMA MPABOBbIMM akTaMu MO MNPOBEAEHUIO
3KCMepUMEHTaNbHbIX UCCNIeIoBaHUI C NabopaTOPHbIMA
>KMBOTHbIMU, @ UMEHHO:

1. EBponenckaAa KOHBeHUMUA O 3awuTe MO3BOHOU-
HbIX >KMBOTHbIX, WCMOJSIb3yeMbIX [N SKCNepUMEHTOB
WY B MIHBIX HayuHbIX uensax (r. Ctpacbypr, OpaHuus, ot
18.03.1986 T.) C N3MEHEHUAMMN B COOTBETCTBUW C MOJIO-
»eHnamu Mpotokona (CEA N2 170 ot 02.12.2005 r.).

2. Oupektrea 2010/63/EU EBponeickoro napiameH-
Ta 1 EBponenckoro coto3a no oxpaHe XMBOTHbIX, NCMOJb-
3yeMblIX B HayuYHbIx Lenax (o1 22.09.2010 r.).

3. TKM 125-2008 «Hagnexalan nabopatopHasa npak-
TnKa» (GLP) (noctaHoBneHne MuHMCTEpPCTBa 34PaBOOX-
paHeHua Pecny6nuku benapycb N 56 ot 28.03.2008 r.).

XapakTep BbINOMHAEMbIX WCCAe[OBaHUA COOTBET-
CTBOBaJ NpuHUUnam «3Rs», paspabdoTtaHHbim W.M. Russel
n R.L. Berch (1959 1.), a UMeHHO:

1) «Reduction» — cokpalLleHrie KonMyecTsa NCnosb3ye-
MbIX JTA60PATOPHBIX XKUBOTHbIX B SKCMEPUMEHTE.

2) «Refinement» — ycoBepLUEHCTBOBaHNE METOAMKM
npoBeaeHns 3KCNeprMeHTa 3a CYeT NPUMeHeHMA 0be3-
60NMBaOLWMX 1 HETPABMATUYECKUX METOIOB.

3) «Replacement» — 3ameHa (nNepexon OT UccnefoBa-
HUI Ha >KNBOTHbIX K METOAAM, HE UCMOMNb3YIOLUM XNBbIX
CyLLIecTB).

Kpbic nepep obnyyeHuem BBOAWAN B HApKO3 (Hewl-
ponenTaHanre3us: 0,005% pactBop ¢peHTaHuna + 0,25%
pacTBOp Aponepuaosa B COOTHOWEHUM 2:1, BHYTPUMbI-
weyHo rno 0,2 mn Ha 100 r maccbl Tena). lNocne okoHYaHWA
nepuofa HabnaeH s 3a KpbiCamy VX YyMepLLBIEHME Bbl-
MOJIHANIM C MOMOLLbI0 OOLENPUHATBIX METOAOB 3BTaHa-
3un (aether pro narcosi) ¢ cObnofeHNeM ryMaHHbIX METO-
[0B OOpalleHus C 1abopaTOPHbIMY XNBOTHBIMU.

BbinonHeHne nccnegoBaHns ogobpeHo KomuTeTom
no 3tuke PHIML, OMP um. H.H. AnekcaHppoBa (Bbinucka
13 npoToKkona ot 25.02.2022 r. N2 180).

®omo- u paduoceHcubunuzamop

B KauecTBe nekapCcTBEHHOrO CpPefCcTBa UCMONb30Ba-
NN VHbeKUMOoHHY dopmy OC Ha OCHOBe XopuHa €6
doTtonoH (PYN «benmepnpenapatbl», . MUHCK, Pecny6-
nvka benapycb, permctpaumoHHbin Homep 16/11/886
ot 08.11.2016 r., 100 mr). Nepen ncnonb3oBaHNEM MOPO-

M pagMoaANHAMUYECKOW Tepanuu, X cO4YeTaHHOro NPUMEHeHUs

wok OC passognnm 0,9% pacTBOpPOM Xnopuga HaTpus
1 BBOAWSIM OQHOKPATHO MyTeM BHYTPUBEHHON UHY3UU
B XBOCTOBYIO BEHY KPbICbl B YCJIOBUAX 3aTEMHEHHOIO MO-
MeLleHunA B fo3e 2,5 MIr/Kr maccbl Tena.

PaduoduHamuyeckas mepanus

O6nyuyeHMe NepeBUBHbLIX OMYXONel OCYLLeCTBAANIM
KOHTaKTHbIM METOAOM (KOHTaKTHasa NyyeBad Tepanus,
(KNT)) Ha annapate «microSelectron-HDR V3 Digital»
(Elekta, LBeunsn) c ncnonb3oaHuem y-usnydenus (*2r).
NCTOYHUK MMen BbICOKYIO aKTMBHOCTb, COCTaBUBLLYIO
5,2 Ci Ha MOMEHT Hauana 3KCMepUMEHTOB. DTO 00YycCso-
BWJIO HEOOXOAMMbIE ANIA KPbIC, HAXOAALNXCA B COCTOA-
HUN MEeJVKAMEHTO3HOIO CHA, BbICOKYIO MOLLHOCTb [03bl
N KOPOTKYIO MPOJOSIXKUTENIbHOCTb CEaHCOB 00yyeHus.
Ona npoeepeHna KNT Ha o6nacTb NnepeBrBHON OMYXONu
ncnonb3oBancsa annnukatop Leipzig, pukcrpoaswmim-
CA Ha MOBEPXHOCTN OMYXONM C MOMOLLbI MATKUX pe3u-
HOBbIX fepanoK. ObnyuyeHre NPOBOANIN OJHOKPATHO
B pa3oBoli oyaroBow go3se (POL) 6 p, uTo 3KBUBANIEHTHO
10,8 'p npu a/B = 3, yepe3s 2,5-3 4 nocsie OKOHYAHUA VH-
¢by3nn. Pacuet BpemeHu ceaHca 06nyyeHUss MPOBOAUIM
Ha cucteme nnaHupoBaHuA «Oncentra Brachy v4.5.2»
(Elekta, LUBewuus) Ha nycTol cepumn N306paXkeHUn ¢ uc-
nonb3oBaHuem anroputma TG-43 6e3 yueTa OTpaxkeHus
N paccemBaHMA W3JlyuyeHUs BHYTpW annaukatopa. Uc-
nosb3osanu metoauky KJ1T ¢ HopmanusaLmen Ha TOUKY,
PacnosioXKeHHYI0 Ha PacCTOAHUM 5 MM OT TepaneBTUYe-
CKOW NOBEPXHOCTM anryMkaTopa, B COOTBETCTBUN C pas-
MepoMm MuLieHn n pekomeHaaumamm GEC-ESTRO ACROP
1 apyrumu. Vicnonb3lyemas MmeTofrika 0b6nyyeHns no3so-
nuna noaBecTy 3annaHnpoBaHHble PO/l Ha MmuLeHb 6e3
nepeobsyyeHnss HopMasibHbIX TKAHEN.

®omoduHamuydeckas mepanus

CeaHcbl OOT ocyLiecTBNANM OAHOKPATHO Hemnocpea-
CTBEHHO MNOC/Ie BO3OENCTBUA VIOHM3UPYIOLWUM U3nyye-
Huem (KJTT) ¢ nomoLubio NOAynpoBOAHMKOBOIO Jla3epa
«PDT diode laser» (OO0 «Imaf Axicon», r. MuHck, Pecriy6-
nuka benapycb) ¢ AIMHON BOMHBI N3nyYeHna 660£5 HM.
O6nyueHMe nNepeBUBHbIX OMyXONie HauvHanM vepes
2,5-3 4 nocne okoHuyaHuA uHdy3unm OC co cBeTOBOM
noson 100 O»/cm?, nNOoTHOCTbi0 MolHOcTK 0,2 BT/cm?
n mowHocTblo 0,353 BT. [MpogomkutenbHOCTb BO3aen-
CTBMSA COCTaBUMIa 8 MUH.

JluzatiH 3KkcnepuMeHmManbHO20 UCC1e008aHUS

Bce Bo3gencrTema npomssBogunn Ha 6-e CyTKu nocne
nepesusku JICI1 N0 JOCTVMXKEHMIO AaMeTpa OnyXoneBoro
y3na He MeHee 3-5 MM. Bce MBOTHble, 26 KpbiC-CaMLOB
BKJ/IIOYEHHbIX B UCCNefoBaHUe, Obin CyyaliHbIM 06pa-
30M pacnpegeneHbl Ha 4 rpynmbl N0 6-7 0cobel B KaxIow.
B kauecTBe MHTaKTHOro KOHTponA (MK) BbiCTynanu KpbiCbl
C MepeBVBHbIMY OMyXOnAMU, KOTopbiM He BBogunu OC
N He OCYLLeCTBIIANN HUKAKOro 0byyeHus (Tabn. 1).
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W paguofMHAMNUYECKOi Tepanun, UX COYETAHHOr0 NPUMEHEHMS

TaGnuuya 1

Av3aiH aKcnepuMeHTaAbHOro UCCAeAOBaHUSA
Table 1

Experimental study design

Yucno Kpbic
B rpynne, n

HavmeHoBaHue rpynnbi

MK
Intact control

OC 2,5 mr/kr + KIT PO 6 Tp
PS 2.5 mg/kg + CRT SFD 6 Gy

OC 2,5 mr/kr + OAT 100 Ok/cm? 0,2 BT/cm?
PS 2.5 mg/kg + PDT 100 J/cm? 0.2 W/cm?

OC 2,5 mr/kr + KIT POL 6 Tp +
OAT 100 Ox/cm? 0,2 BT/cm?

PS 2.5 mg/kg + CRT SFD 6 Gy +
PDT 100 J/cm? 0.2 W/cm?

* OC - poToceHcmbunmsatop; KIT — KOHTaKTHaA nyyeBas Tepanus;
PO[] - pa3zoBas ouarosas fo3a; ®AT - poToanHammyeckan Tepanms.
* PS - photosensitizer; CRT - contact radiotherapy; SFD - single focal
dose; PDT - photodynamic therapy.

Kpumepuu oyeHku npomusoonyxonesol 3¢ppexkmus-
Hocmu

OueHKy npoTuBoonyxoneson 3$¢deKTMBHOCTU BO3-
[eNCTBUIN OCYLLEeCTBAANN MO 0OLLEeNPUHATLIM B 3KCNepu-
MEHTA/IbHON OHKOJNOIUM MOKa3aTeNAM, XapaKTepusyto-
LWUM AVHAMUKY U3MEHEHMS CpeiHero obbema onyxonen
(ch‘, cMm3), MO M3MeHeHUo KoaddurLmeHTa abconoTHOro
npupocta onyxonu (K) n nokasatento TOPMOXKeHNA Po-
cta onyxonu (TPO, %). OnHamuky pocta MnepeBUBHbIX
Onyxosnen perncTpupoBasnu, HauMHasa C 6-x CyT. nocse
nepeBuBKu onyxonesoro wramma JICI B TeyeHve 2 Hep
C IHTepBasioM 2-3 CyT.

O6bem onyxonel Bbiuncnanm no ¢opmyne Lpeka (1):

. V=l:r>= d* dy* d

roe: 5] : -

d,,; — TPV B3aUMHO MePneHAVKYIAPHbIX AnameTpa
onyxonu (B cm);

/6 = 0,52 — NOCTOAHHAA BENINYMHA;

V - 06bem onyxonu (B cm3).

KoadduumeHnt abcontotHoro npupocta onyxonu (K)
paccuutbiBanu no popmyine (2):

V,-V,

roe: V:

V, = ncxofHbin obbem onyxonu (mo Hauana Bo3pen-
CTBUN);

V, — o6bem onyxonu Ha onpefeneHHbIN CPOK Habsio-
neHus.

3HayeHue nokasatenda K > 0 (V Ha cooTBeTCTBYIOLLEM
CpOKe HabrnoaeHus MnpeBbiWasl ero UCXOAHOe 3Hauve-
HUe) pacueHMBanNy Kak NpPOAO/MKEHHbIA POCT OMyXOnu;
-1 < K< 0 (V Ha cooTBeTCTBYIOLLEM CpOKe HabnogeHWs
Obl1 MEHbLLE €ro UCXOAHOro 3HAUEHUST) Kak TOPMOXKEH e

K=
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pocTa onyxonu; K = -1 KaK NosHyo perpeccuio onyxonu.
KoadduumeHt TopmoxkeHuss pocta onyxonu (TPO)
paccuuTbiBanu no popmyine (3):

4
onima % 100

KOHmMpona

KOHMPpOsIA

TPO% =

roe:
conmpons CpepHUin o6bem OMnyxonu B KOHTPOSbHOM
rpynne (B cm?);
o — CPEAHNI 06bEM ONYXONV B OCHOBHOM rpynne
(B cv?).

MWHMManbHO 3HaYMMbIM KpUTEpPUEM, EMOHCTPUPY-
oM 3GEKTUBHOCTb NTEYEHUS MEPEBVIBHBIX OMYXOJen,
cumtanu TPO > 50%.

YactoTy nonHbix onyxonesbix perpeccui (MP) oue-
HuBann 4yepes 60 CyT. Nocsie OKOHYaHUA BO3AENCTBUN
MO OTCYTCTBUIO BU3YasibHbIX U NMasibNaTOPHbIX NPU3HAKOB
OMnyXxoneBoro pocra.

[lonio n3neyeHHbIX KpbIC B rpynnax onpegensanu ye-
pe3 90 cyT. nocne OKOHYaHWA BO3AENCTBUMN MO OTCYT-
CTBUIO BM3YallbHbIX 1 NaNbNaTOPHbIX NPU3HAKOB OMyXO-
NeBoro pocTa.

KonuuectBeHHble KpUTEPUN OLEHKM UHIOUpYoLLe-
ro a¢peKkTa Ha NePeBMBHbIX OMYXOJAX Y KPbIC Oblv crie-
ayowmmn (tabn. 2) [11].

OueHky npoTmBoonyxoneBoro 3¢dekra no ysennye-
HUIO NPOJOIIKUTENBHOCTU XKN3HM NPOBOAUIN MO OKOH-
YaHWM SKCMeprMeHTa 1 rmbenm Bcex Kpbic. Onpegensanu
CpefHIo NPOAOMKNTENbHOCTL XM3HK (CMPK, cyT) B rpyn-
nax 1 BbIYMCAANN NOKa3aTeNny yBennYeHUsa MpPOofoSKu-
TenbHoCTU xun3Hu (YK, %) no dopmyne (4):

) - CMXK

oneima KOHMPOJIA -IOO

CIK

KOHmMpona

YI1XK% =

roe:

YIMK — nokasatenb yBennyeHna npoaoIKNTENbHOCTA
MKU3HW NaBLwmx Kpbic (%);

CIMK onblTa — cpegHAA NPOAOIKUTENBHOCTb XKU3HU
NaBLUMX KPbIC B OMbITHbIX Fpynnax (CyT);

CIMXK KoHTponA — cpefHAA NPOAOIKNTENIbHOCTb »KI3-
HU NaBLUNX KPbIC B KOHTPONbHOM rpynmne (cyT).

Cmamucmudyeckaa 06pabomka nosy4eHHbIX OGHHbIX

CraTcTUYecKyto 06paboTKy pe3ysbTaTtoB (ch., K n TPO)
NPOBOAWN C MOMOLLbIO MAKETOB NPUKAAHbIX NPOrpamMm
Excel, Origin Pro (Bepcus 7.0) u Statistica (Bepcua 10.0).
[JaHHble npeactaBneHbl Kak M+m (cpefHee 3HaueHue +
olwmnbKa cpefiHero 3HayeHus). [1na oLeHKr JOCTOBEPHO-
CTU pas3nnumm ncnonbsosann U kputepun MaHHa-YUTHN.
OO6LLyt0 BbPKMBAEMOCTb OLIEHVBANM C KCMONIb30BAaHMEM
HenapameTpuyeckoro metofa KannaHa-Marnepa. 3a Tou-
Ky 0 npuHMManu Jaty NepeBUBKM OMyXomnu, COObITUEM
cunTanu rnbenb KpbiCbl, OKOHYaHVWEeM HabnopeHus —
rmbenb Bcex KPbiC B OMbITHOW rpynne. CpaBHUTENbHBIN
aHanm3 JaHHbIX NPOBOAMAN C MOMOLbIO HeMapaMeTpu-

OPUTUHAJIBHbBIE CTATbA
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Ta6nuuya 2

KpuUtepuu oLeHKU NMPOTUBOONYXONEBOW 3PPEKTUBHOCTU NO KO3IDdU-
LUUEHTY TOPMOXXEHUA POCTA ONMYXOAU U HACTOTE MOAHbIX perpeccm7|
Table 2

Criteria for evaluating antitumor efficacy in terms of the coefficient of
tumor growth inhibition and the frequency of complete regressions

Kputepun npotnBoomnyxone- 3HaueHun
BOM 3pPpeKTNBHOCTMN 3¢ PeKTNBHOCTN
TPO < 20% 0
TGl < 20%
TPO < 20-50% "
TGI < 20-50% -
TPO < 51-80% N
TGl < 51-80%
TPO < 81-90% .
TGI < 81-90%
TPO < 91-100% + < 50% [P .
TGl < 91-100% + CR < 50%
= 0, 0,
TPO > 91-100% + > 50% P s

TGl > 91-100% + CR > 50%

*TPO - KoaddurLmeHT TopmoXkeHUs pocTa onyxonu; MNP - nonHas
perpeccus.
*TGI - tumor growth inhibition; CR - complete regression.

YeCKoro Nnor—paHkK Tecta. Pasnuuua cuntanm ctatncrmye-
CKM 3HAYUMbIMW NPY YPOBHE 3HaunmocTn p<0,05.

Pesynbratbl

MNprBMBaeMOCTb OMyXONEeBOro LWTaMma COCTaBuia
100% (BCe 26 KpbIC HA MOMEHT Hauana TepaneBTUYEeCKNX
BO3[eNCTBMI, TO eCTb Ha 6-e CyT Nocsie NepeBnBKu, nme-
N BU3yaribHble M NanbrnaTopHble MPU3HAKM OMYXONeBo-
ro pocTa).

Mo6GOYHbIX pPeakunin U OCHOXKHEHWI, CBA3AHHbIX
C BHYTprBeHHbIM BBefeHnem OC, npoBefeHnem ceaHCcoB
OAOT v KT, 3apernctpnpoBaHo He 6bis10.

B sKkcnepumeHTe oueHMBanu NPOTUBOOMYXOJIEBYIO
3bdEKTUBHOCTL MeTofa KOMOWHVMPOBAHHOW Tepanuu
NnepeBUBHbIX OMYXOJIel, BKITIOYAKOLEro CUCTeMHoe (BHYT-
puBeHHoe) BBegeHne OC Ha OCHOBe xJIoprHa e6 ¢ noc-
nefyowyM OOHOKPaTHbIM BO3[ENCTBMEM WMOHU3UPYIO-
wum nsnyyeHvem B POM1 6 Ip 1 nasepHbIM n3flyyeHnem
co cBeTOBO f0301 100 [J>k/CM? C MNOTHOCTBIO MOLLHOCTH
0,2 Bt/cm? B CpaBHEHUN C KaXkObIM 13 KOMMOHEHTOB Me-
Topa (OC + KNT, ®C + ©AT) n UK.

Kak BMAHO 13 TabJ. 3, B TeUeHMe BCEro CPOKa OLIEHKM
nokasaTeniel, XxapakTepursyLwmnx N3MeHeHe AUHAMUKIN
pOCTa MepeBUBHbIX OMyXOJNiel, OTMEYEHO ero CTaTuCTu-
YeCKy 3HauMoe TOPMOXKEHUE KaK B rpyrne KOMOMHUPO-
BaHHOW Tepanuu, Tak 1 B rpynnax c Tepanuein B MOHope-
xunme (OC + OOT n OC + KJT), no cpaBHEHMIO C FPyNMnoWn
MK (p<0,05).

Ha 18-e cyTKu 3KcnepumeHTa ch‘ B rpynne Kombu-
HUPOBaHHOW Tepanuy Obln  CTaTUCTUYECKU 3HAYVIMO
MeHbLle Mo cpaBHeHuto ¢ rpynnamu UK (B 5,38 pasa ;

M pagMoaANHAMUYECKOW Tepanuu, X cO4YeTaHHOro NPUMEHeHUs

p=0,00001) n ®C + OAT (B 2,47 pa3a; p=0,025) n nmen
TEHOEHLMIO K YMEHbLUEHUIO MO CPABHEHMIO C TPYNMow
OC + KNT (B 1,89 pa3za; p=0,15).

MpoTtuBoonyxoneaa 3$HeKTUBHOCTb BO3LAENCTBUN
Mo MOJyKONNYEeCTBEHHON LWKane oueHku [11] npeactas-
neHa B Tabn. 4.

MokaszaTenn BbIXKMBAEMOCTM KpbIC (Tabn. 5) cBupe-
TENIbCTBYIOT O BbICOKOWM MpPOTMBOOMNYXOneBon 3dpdek-
TUBHOCTU Pa3paboTaHHOro MeTofa KOMOVHUPOBAHHOW
Tepanun: JOCTUTHYTO CTaTUCTUYecKun 3Havymmoe YK no
CpaBHeHuIo ¢ VIK v oTMeyeHa TeHgeHUMA K ONTUMnU3aLmn
nccnegyemblx MokasaTtesiell Mo CPaBHEHUIO C KaXKablm
13 KOMMNoHeHTOB meToaa (p=0,12 B rpynne OC + OAT;
p=0,24 B rpynne OC + KJIT).

Takum 0b6pa3om, pa3paboTaHHbIN MeToh KOMOVHUPO-
BaHHOI Tepanunu, BKIOYAOLWNIA BHYTPUBEHHOE BBEAEHNE
OC Ha ocHoBe xnopurHa €6 B fo3e 2,5 Mr/Kr maccbl Tena
C nocnegywlwmm yepes 2,5-3 4 OOHOKPATHbIM CEaHCOM
KNT B POJl 6 Tp v OAT co ceeToBON f030i1 100 [x/cMm?
W NAOTHOCTbIO MoLlHOocTK 0,2 BT/cm?, npoAeMOHCTPU-
poBan BbICOKYI MPOTMBOOMYXONeBY 3PpPEeKTMBHOCTb.
Ha 18-e cyT nocnie ceaHca neyeHns *XUBOTHbIX KO3bPU-
umeHT K coctaBun 979,00 OE; BennunHa TPO no cpas-
HeHuio ¢ UK - 81,41%. Ha 60-e n 90-e cyT vactotbl 1P
1 U3nevyeHHoCTn coctaBmnu 28,6% un 28,6%, nokasatenmn
CIMX n YK - 34,6043,75 cyT 1 97,71%, COOTBETCTBEHHO.
S¢dbEKTUBHOCTb BO3LENCTBUS MO MOJTYKONINYECTBEHHOM
LUKase OLEHKM COCTaBUMA «+++».

O6cyxpeHne

Kak 6b110 OTMEUEHO, B NOC/IeiHME rofbl aKTVBHO 13Y-
YaeTcA BO3MOXKHOCTb MCMOMb30BaHMA TaKNX GU3MUYECKIMX
baKTOpOB Kak ynbTpasByK, rMnepTepmus, dnekTpuye-
CKUe MOl U HEKOTOpbIe Apyrve B KauecTBe TPUITEPHbIX
MEXaHM3MOB akTuBaLuuy monekysbl OC B NaToNornyecKkm
M3MEHEHHbIX KNeTKax M TKaHAax [6-8]. OgHum 13 Hau-
6ornee aKkTyaJibHbIX HaMpPaB/IeHWI HAYYHbIX UCCefoBa-
HUM B 3KCNEPVMEHTAJIbHON N KIMHNYECKOW OHKONOrnn
asnsetca PAT - meton neueHnss 3HO, OCHOBAHHbLIN Ha
KOMOUHMPOBAHHOM npumeHeHun OC, X NPon3BOAHbIX
N VIOHU3MPYIOLLEro 13yyeHuns C onpeaeneHHbIMU napa-
meTpamu. OC, TpagnuUMoHHO ncnonbyemble ana OOT, mo-
ryT obnaatb paguoCceHcMounm3npyoLwLumm CBOMCTBaMu
M B 3TOM C/lyyae paccMaTprBaTbCsA KaK PaguoceHcmom-
NU3MPYIOLWNE areHTbl, MOBbILIAKLLYID MNPOTUBOOMYXO-
nesyto 3bodektuBHocTb JIT. U3BecTHO, uto dusmonorua
onyxosnein XxapakTepmnsyeTcsa He3HaUMTENbHbIM HaMpsxe-
HMeMm Knuciopopaa (rmnokcrs, aHOKCKs), HU3KUM YPOBHEM
MIOKO3bl U BbICOKMM COfepXKaHVeM faKTaTa, UHTEPCTU-
UMaNbHOW TUMNEPTEH3NEN U BHEKJIETOYHbIM aLUa030M.
CocynncTasa ceTb OMyXoNnv OTINYAETCA BbIPAXEHHON
nponudepaunen SHAOTENMOLMTOB, YTO NPUBOAUT K pas-
BUTUIO 1epeKTOB CTPYKTYPbl U GYHKLIMOHaNIbHOW HECOC-
TOATENbHOCTU MUKPOKANWIAPOB, B pe3ysbTaTe 4yero
BHYTPMOMYXOJIEBbIN KPOBOTOK CTAHOBUTCA XAOTUYHbBIM
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C HanmMumem 30H HedOCTaTOUYHOW Backynapusauumu. m-
MOKCMYeCKne onyxoseBble KNeTky 00ialaloT NOBbIWEeH-
HOWN YCTOMYMBOCTbIO K BO3AEWCTBUIO MOHU3MPYIOLWEro
n3nyyeHnsa u TPebylT KCNONb30BaHMA BbICOKUX 103
pagvaumy, HUBENMPYLWNX AaHHbIA 3PdEKT, UTo MoXeT
NPUBOANTb K PA3BUTUIO JIyUYEBbIX PeaKLUiA 1 NoBpexae-
HUN OKPYXaloLmMX OMnyxosib HOPMasibHbIX TKaHen. Kto-
YoM K NpodunaKkTnKe faHHOW CUTYaL KN ABAAETCA Npu-
MEHEHVE PagnOCEHCMONIN3ATOPOB, MOANDULIMPYIOLLKX
npoTtusoonyxosnesyto 3ddekTuBHocTb JIT (B YacTHOCTH,
®CQ), nnbo komburHauum J1IT ¢ gpyrumn TepaneBTUYeCKU-
My onuuamn (Hanpumep, ®OT) ¢ Mcnonb3oBaHMEM CHU-
MEHHbIX J03 n3nyyeHuna [8, 9, 10, 12].

Mpu VHTEpRNpeTauun OCHOBHBIX MEXAHV3MOB, NeXa-
LWMX B OCHOBE MOBPEXAEHUS OMyXONeBOW KIETKU npu

KOMOVHUpoBaHHOM nprMeHeHn OC 1 NOHU3KPYIOLLEro
N3MTyYeHs, aBTOPbl NPUXOZAT K BbIBOAY, UTO KITIOUEBbIM
3BEHOM B peanusauuy npoTuBOONyxoneBoro 3dpdexra
POT siBnsieTca cBOH6OAHO-pagmKanbHOE OKUCTIEHME, pa3-
BMBaloLleeca BC/IeACTBME BO3LENCTBUA U3NTyYEHMA Ha
HaxoZALLYCA B KNeTKe BOAY C MNOCNeayWwmum nepeBo-
fom monekynbl ®C 13 OCHOBHOFO COCTOAHUA B BO30YX-
[eHHOe N 0Opa3oBaHMEM 3HAUUTENIBHOIO KONMYeCTBa
CBOOOAHbIX paAuKanoB (akTUBHble GOPMbl KUCIOPO-
ga — AOK) [13, 14]. Mornowasa nsnyyeHune, monekyna ®C
BCTYMaeT B KacKag peakuuii, YTo NprBoauT K obpasosa-
HUIO B KNETKe NMAPOKCMIIbHOIO pajmrKana, Cynepokcuaa
aHVOHA N CUHIJIETHOTO KNCNOPOAa, KOTOPble akKKyMysu-
pylOTCA TakXKe BCNeACTBME JIYYEBOrO pagmonnsa BoAbl.
B nanbHenwem Ha ypoBHe GU3NKO-XMMUYECKUX NMpoLiec-

Ta6nuya 3

AaHHbIE 0 AUHAMUKE pocCTa nepeBUBHbIX onyxot\eﬁ B 9KCNEPUMEHTEe Ha KpbiCax C ACN

Table 3

Data on the growth dynamics of transplanted tumors in an experiment on rats with LSP

CyTKl/I nocne nepeBNBKN

NCCNEAQYEMbBIE KPUTEPUN:
CpenHunii 06bem, B cm® (M+m)
Koa¢dpuumeHT abcontoTHoro npupocra onyxoneii (K), B OE

HanmeHoBaHune
rpynnbi

KoadduumeHT TopmoKeHus pocta onyxoneii (TPO), B %
YpoBeHb 3HAaUMMOCTU Pa3nny4nii N0 OTHOLLEHUIO K UHTaKTHOMY KOHTPOJIO

0,014+0,001 1,23+0,19 10,29+0,71 19,85+0,65 47,19+0,74 63,25+2,76
K - 86,86 734,00 1416,86 3369,71 4516,86
IC _ _ _ _ _
0,011%0,002 0,33+0,13 1,46+0,51 3,88+1,15 15,92+4,58 22,18+5,94
OC + KITT - 29,00 131,73 351,73 1446,27 2024,45
PS+CRT - 73,17 85,81 80,45 66,26 64,93
>0,05 0,0018 0,00000 0,00000 0,00001 0,00002
0,011%0,002 0,62+0,20 3,02+0,62 7,76+2,01 22,69+5,43 29,03+6,06
OC + OAT - 55,36 273,55 704,45 2061,73 2638,09
PS+PDT - 49,59 70,65 60,91 51,92 54,10
>0,05 0,046 0,000002 0,00007 0,0005 0,0002
0,012+0,001 0,17+0,03 1,15+0,46 3,88+1,13 11,14+3,42 11,76+3,29
OC + KNT + OAT - 13,17 94,83 322,33 927,33 979,00
PS+CRT +PDT 86,18 88,82 80,45 76,39 81,41
>0,05 0,00008 0,00000 0,00000 0,00000 0,00000

* OC - poToceHcnbunusatop; KNT — KoHTakTHasA nyyesas Tepanus; UK — MHTakTHbIN KoHTponb; AT - doToanHammyeckan Tepanus.
* PS - photosensitizer; CRT - contact radiotherapy; IC - intact control; PDT - photodynamic therapy.
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COB BO3HMKAlOT NeTalbHble MOBPEXAEHMA KNETOUHbIX
KOMMOHEHTOB: LIMTOMIa3MaTUYEeCKNX MeMOPaH, rpaHy-
NAPHONM SHAOMIA3MATUYECKON ceTu, muToxoHapun, AHK
n apyrux. Obnagan BbICOKUM OKUCIIUTENbHLIM MOTEHLMA-
nom, AOK B3anmopgencTByoT ¢ nunugamm MembpaH op-
raHesis1 ONyXxoneBoW KNeTKM C 06pa3oBaHNEM NPOLYKTOB
OKMCNIeHNA, AecTabunusaumen 1 nocsedyowmnm paspy-
WweHrem KneTku B uenom. CneacTBmem BbllleyKasaHHbIX
peakunil Ha OCyLIeCTBIEHHOe KOMOWHVPOBAHHOE BO3-
JeNCTBME ABNAETCA OKUCIUTENbHbIN CTPECC—CUHAPOM,
nHayumpytowmn anontos [15].

B pOCTynHbIX NUTEepaTypHbIX MCTOYHMKAX BCTPEYaloT-
C HEMHOTOUMCJIeHHbIe NybnuKaLmm, NOCBsLLEHHbIE U3Y-
yeHuto pagnognHammyeckon aktneHoctn ®C Ha ocHoBe
npotonopoupuHa IX, rematonopdurprHa 1 ero npoms-
BOAHbIX B 3KCMepuMeHTax in vitro/in vivo: rnmombl c6
n U-373 MG, runocapkoma 9L; nnocKoKneTouHasa Kapum-

M pagMoaANHAMUYECKOW Tepanuu, X cO4YeTaHHOro NPUMEHeHUs

HOoMa nuweBofa Yenoseka OE-21, ageHoKapLHOMa nu-
wesoga yenoseka OE-33; kKapuHOMa MOYEBOTO Ny3blpsA
yenoseka RT4 n ageHoKapLUnHOMa TONICTOrO KMLEeYHMKA
HT-29 [13, 14, 16-18]. ABTOpbl COOOLAOT O CTAaTUCTU-
YeCKr 3HAYMMOM COKPALLEHWM YMCIIA KU3HECTTOCOOHbIX
OMNyXONEeBbIX KNETOK 1 TOPMOXKEHMM POCTa NepPeBUBHbIX
onyxonein B rpynnax KOMOWHMPOBaAHHONW Tepanuu Mo
cpaBHeHwuio ¢ JTT B MOHOpeXxume.

Panetta J.V. n coast. u3 Fox Chase Cancer Center
(CLLIA) npepctaBunu  pesynbTathl  npumeHeHna PAT
¢ npotonopdupuHom IX y mbliLen ¢ OpToTONMYecKor Mo-
Oenbilo KapuUHOMbI NpeacTaTeNbHOM »Kenesbl YenoBeka
PC 3. 5-AJIK, Bbi3biBatoLLyt0 06pa3oBaHMe SHOAOFEHHOro
®OC npoTtonopdupuHa IX, BBOAUNM nepopasnbHO B fo3e
100 mr/Kkr maccbl Tena 3a 4 4 fo Hayana obnyyeHusa o6-
NacTn NMOAKOXHO NepeBuTbIX onyxonei. ObnyyeHne ocy-
wectenanu B PO 4 I'p ogHokpaTtHO. Yepes 7 n 14 cyt

Ta6nuya 4

KpuTepuu oueHK1 NPpOTUBOONYXOAEBOH 3P HGEKTUBHOCTHU MO KOIGPULMEHTY TOPMOXEHHUSA POCTA OMYXOAM U YACTOTE MOAHBIX PErPECCHI

Table 4

Criteria for evaluating antitumor efficacy in terms of the coefficient of tumor growth inhibition and the frequency of complete regressions

HanmeHoBaHue
rpynnbi

(TPO, %)

MK
IC

OC+oaT
PS + PDT

OC+KNT
PS + CRT

OC + KNT + OAT
PS + CRT + PDT

54,10

64,93

81,41

Kputepum oveHkn 3¢ peKTMBHOCTU NPOTMBOONYX0JIeBOM Tepanuu

lNMokasaTtenb TopMmoXKeHUA pocTa onyxonen | Yactora nonHbix perpeccnii, %

3¢ PeKTMBHOCTD

0,0 0

16,7 AFaraE
14,3 +++
28,6 +++

* OC - poToceHcnbunusatop; KNT — KoHTakTHasA nyyesas Tepanus; K — MHTaKTHbIN KoHTponb; OAT - doTognHammyeckas Tepanus.
* PS - photosensitizer; CRT - contact radiotherapy; IC - intact control; PDT - photodynamic therapy.

Ta6nuya 5

Moka3aTeAn BbDKMBAEMOCTH KPbIC MOCAE NPOTUBOOMYXOAEBOI0O AeYEeHUSA

Table 5
Rat survival rates after antitumor treatment

HanmeHoBaHune

rpynmnbi

CpegHas
NPO&OMKUTENBHOCTBXKU3HN, CYT

K

IC 17,50+£2,16
OC+oaT

PS + PDT 26,00+3,48
OC+KNT

PS + CRT 28,00+3,86

OC+ KNT + 04T 34,60+3,75

PS + CRT + PDT

Kputepnn oueHKn 3dpPpeKTUBHOCTU

YBenuyeHue cpefHen P OTHOCUTENbHO
NPOAOIHKUTENIbHOCTN KN3HU, % MK

48,57 0,058
60,00 0,034
97,71 0,0017

* OC - poToceHcnbunusatop; KNT — KoHTakTHasA nyyesas Tepanus; K — MHTaKTHbIN KoHTponb; OAT - doTognHammyeckas Tepanus.
* PS - photosensitizer; CRT - contact radiotherapy; IC - intact control; PDT — photodynamic therapy.
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OT MOMEHTa Hayana TepaneBTUYECKMX BO3LENCTBUN
no cpaBHeHuio ¢ rpynnon JIT B MOHOpeXxume B rpynne
POT cpepHuin o6bem onyxoneit 6bin Ha 24+9% 1 21+8%
MeHblLLe, COOTBETCTBEHHO (p<0,05) [19].

B 6onee nosgHem nccnepgosaHunn D.M. Yang 1 coaBT.
(Fox Chase Cancer Center, CLLIA) fokasanu Hanmuune pa-
OVMOCEHCUOMN3UPYIOLLMX CBOWCTB Y npoTonopdupuHa
IX B aKCneprMeHTe Ha NHerHbIX Mblwax C57BL/6 ¢ nepe-
BUTOW MOAKOXHO OMYXOJSblo MENKOKNETOYHOro paKka fer-
koro KP1. 5-AJIK BBogunu nepopanbHo B fo3e 100 mr/kr
Macchl Tefa 3a 4 4 4o Havana obnyYeHUsi NOLKOXKHO Me-
pPEeBUTBIX OMyXxOoJel, KOTOPOoe OCYLLECTBAAAN OAHOKPAT-
Ho B PO[] 4 Tp. Yepes 14 cyT OT MOMEHTa Havana fieyeHus
B rpynne POT Obio 3aperucTpripoBaHO TOPMOXeHue
pocTa nepeBmBHbIX onyxonen Ha 52,1%, 48,1% wn 57,9%
no cpaBHeHuto ¢ rpynnown 5-AJIK (p<0,001), JIT B MOHO-
pexunme (p<0,001) n UK (p<0,001), cootBeTCcTBEHHO [20].

B nccneposaHnm Takahashi J. n coasT. (Health and Med-
ical Research Institute, AnoHNA) NpeacTaBneHbl pesynbTa-
Tbl NpyMeHeHus POT ¢ npotonopdupmHom IX rnmnobna-
ctom yenoseka U25TMG n U87MG y mbiwen BALB/c-nu/
nu. 5-AJIK BBOgMAM nepopanbHo B go3ax 60 n 120 mr/kr
3a 4 4 o Havana obnyyYeHns NOOKOXKHO MEPEBUTBIX OMy-
xone, koTopoe nposoaunu B PO 2 Ip 5 pa3 B Hef B Te-
yeHune 6 Hea ao poctvkeHusi COL 60 Ip. ABTOpbI CO06LLa-
I0T, UTO NpeanoXKeHHasi METOAUKa 06/TyYeHNs oKasbliBasna
BblpaXKeHHOe yrHeTalollee AeicTBME Ha POCT 0benx Mo-
Jener nepeBrBHbIX OMyXOfiel B TeyeHne BCero cpoka
HabniopgeHus (42 n 70 CyT, COOTBETCTBEHHO), Bbi3blBas
B OMyXOJIeBOV TKaHV Pa3BUTE HEOOPATNMbIX MOBPEX-
[eHWIA, 3aperncTpMpoBaHHbIX Ha OCHOBaHKK Mopdosio-
rmyeckoro nccnegosaHma [12].

B akcnepumeHTax in vivo Y. Matsuyama n coasT. (Mie
University Graduate School of Medicine, AnoHus) usyun-
NN BAUSHWME VIOHM3UPYIOWEro U3NTyYeHUA Ha NpPOTUBO-
onyxonesble cBorictBa OC akpuaunH opaHxesbirt (AO).
B KauecTBe OOBEKTOB MCC/IeOBaHMI aBTOPbI UCMOJIb-
30Banu NHenHbIX Mblwein C3H/HeSlc n BALB/cSlc-nu/nu
C MepeBMBHbIMWA OMyXONAMU CredylowWwmnx WTaMMOB:
ocTeocapkoma mbiwen LM8, pak npencratenbHom »e-
nesbl yenoeka PC 3, pak MONIOUYHON »ene3bl YenoBeka
MDA-MB-231. AO BBOAMNN MOJKOXKHO MO MepumMeTpy
onyxonei B pose 1 Mkr/mn. ObnyyeHne nponsBogmam
opHokpatHo B PO 5 I'p. PAT c AO npopgemMoHcTpupoBana
BbIPaXEHHbIV LMTOCTaTUYeCKUN 3PdEKT B OTHOLEHUU
BCex BMAOB onyxosnen. Tak, Ha 14-e CcyT nocne Havana
TepaneBTUYECKMX BO3AENCTBMI CPEAHUN 0OBEM OMyXO-
nen LM8 B koHTponbHo rpynne coctasun 890 mm?, AO —
780 mm®, IT POA 5 p — 120 mm® 1 AO + JIT POJ1 5 Tp —
42 mm® (p<0,05); ana MDA-MB-231 - 1060, 620, 1010
n 29 mm® (p<0,05), gna PC 3 - 530, 200, 45 n 14 mm®
(p<0,05), cootBeTCcTBEHHO [21].

M, HakoHel, C. Dupin n coaBT. (Bordeaux Institute of
oncology, ®paHuura) nNpeacTaBuIM OMbIT NMPUMEHEHUS
meToga POT B 3kcnepumeHTe Ha MMMyHOZAEePULMTHBIX
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Mbiwax RAGy2C—/— ¢ opToTONMYECKOn MoZenbio rmo-
6nactombl yenoBeka P3. B kauectBe ¢oToceHcmbUnu-
3mpylowero areHta wucnonb3osanu 5-AJ1K, koTtopyto
BBOAWAUN MHTpanepuToHeanbHoO B go3e 100 mr/Kr mac-
cbl Tena. ObnyuyeHrie NepPeBUBHbBIX OMyXOJiel OCyLlecT-
BNANW 3 pasa B Hedento B cnegyowmx pexnmax: 3x2 p,
5x2 Ip n 5%3 Ip; 2,55 lp/MuH. Ha ocHoBaHMK aHanm3a
MOJTYYEHHbIX PE3yNbTaTOB MO KPUTEPUIO BbIXKUBAEMO-
CTV ONTUMAJIbHbIM BO34ENCTBMEM ObII0 GPAKLMOHMPO-
BaHHOe o6nyueHue B pexume 5x3 [p 3 pasa B Hegeno
(73-83 cyT) vs. kOHTpOnb (6e3 Bo3gencTeuii) (15-24 cyT),
JIT 3x2 Tp (41-47 cyT) n JIT 5%3 p (48-62 cyT) (p<0,05).
B cpaBHUTENbHOM acnekTe OTMeYeHa TeHAeHUMA K OnTu-
MU3aLMK NoKasaTtenen BbiKrMBaemocTu B rpynne 5-AJIK +
JIT 5%2 Ip (53-67 cyT) kK rpynne JIT 5x2 I'p (p=0,24) [22].

HauaTbl HECKOMNBKO KIIMHUYECKUX UCMbITaHWIA Ha 6O1b-
WKMX BblIOOPKaxX MaUWEHTOB C LeNbl0 OLEHKM Ge3onac-
HOCTM 1 nepeHocumocTn PAOT. KnuHnyeckoe ncnoitaHme
«A Phase | Dose Finding Study Of Low-dose Radiation With
Sensitization Using 5-aminolevulinic Acid In Advanced
Malignancies», B 0CHOBe KOTOPOro NexuT onpepeneHne
ontumanbHbix o3 JIT u OC y naumeHToB C PasnnyHbIMA
Ho3onornyeckumyt popmamm 3HO (convpgHble onyxo-
NN TONOBbI U LIEW, TPYAHON 1 OPIOLLIHOM MONOCTY, Maso-
ro tasa) Hayato Fox Chase Cancer Center (CLLA) B nione
2020 r. B uccneposaHve nnaHupyeTca BkoveHve 130 na-
umneHToB. B kauectBe OC ncnonbsyetca 5-AJIK B 3 pgosax.
O6nyyeHrie ocyulecTnfeTca GPakLMOHUPOBAHHO, KypC
Tepanuu NPOBOAMUTCA OAHOKPATHO 1 cocTaBnAaeT 21 AeHb.
B panbHenwemM naumeHTbl HAXOOATCA NOA AMHAMUNYECKNM
HabnofeHeM B TeyeHne 56 CyT C Liefiblo OLEHKM YacTo-
Tbl U CTEMEHU BbIPAaXKEHHOCTN HeXXenaTenbHbIX peaKkuuni,
a TakXXe aHanm3a npeaBapuTenbHbIX AaHHbIX O MPOTMBO-
onyxoneBol 3bpeKTMBHOCTY MeToAa [23].

KnuHuueckoe ncnbitaHme «Phase I/l Dose Escalation
Trial of Radiodynamic Therapy (RDT) With 5-Aminole-
vulinic Acid in Patients With First Recurrence of Glio-
blastoma» nop pykoBozacTBom npodeccopa Stummer
W. (University Hospital Miinster, Germany) HauaTo B OK-
TA6pe 2022 r. Llenb nccnenoBaHusa — onpegeneHmne Mak-
CMManbHO nepeHocumbix o3 OC n JIT, onTuManbHOro
yncna ceaHcos PAT. B nccnegosaHme naaHnpyeTca BKItO-
ynTb 34 NaymeHTa C peumansHon popmon rmnobnacto-
Mbl (MepBbIN peunanB nocie KOMOMHUPOBAHHOIO UK
KOMMieKcHoro neveHus). B kauectse OC ncnonb3yetca
5-AJIK. O6nyvyeHue 6yneT npoBoauTbcA GpPaAKUMOHU-
poBaHHO. B KauecTBe KpuTepueB NpOTUBOOMYXOSE€BON
abPeKTMBHOCTY ByayT M3y4yeHbl NOKasaTenu BblKMBae-
MOCTU NauuneHToB (o6Wwasn 6-MecAYHas BbIKMBAEMOCTb,
6-MecsAYHas BbDKMBAEMOCTb 6e3 MporpeccmpoBaHums
n gpyrue) [24].

AHanu3 JOCTYMHbIX INTEPATYPHbIX MCTOYHUKOB CBU-
OeTeNnbCTBYIOT O 3HAUUTENbHbIX NEepCrnekTUBax AaHHO-
ro HarmpaB/ieHUA B 3KCMEPVMEHTASIbHON OHKOMOrUu.
MonyyeHHble B 3KCMepuMeHTax in vitro/in vivo pesynb-
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TaTbl NO3BONAIOT CAeNaTb BbiBOA O Hannumm y paga OC
pPaAnoCeHCMONNN3MPYIOLLNX CBOWMCTB, UYTO CO3AAET Npea-
NOCBUTKM ANA ONTUMMU3ALNN U JaNbHENLLEro COBepLUEH-
CTBOBaHUsi KOMOUHPOBAHHOW 11 KOMIMIEKCHOW Tepanmm
naumeHToB ¢ 3HO pa3nnyHbIX NoKanmnsayuin.

3aknioyeHune

OOT aBnAeTcA MeTOAOM Tepanuu NpeponyxoneBbixX
3aboneBaHuii 1 3HO, 1EMOHCTPYPYIOLWMM BbICOKYHO MPO-
TBOOMYX0NeBylo 3GPEKTUBHOCTL B IKCMEPUMEHTasb-
HOWM N KITMHNYECKOWN OHKonorum [25-27]. Tem He meHee,
C uenbto ontummusauun npumeHerHna OAT wenecoobpas-
HO ee KOMOVHMPOBAHHOE WM COYETAaHHOE MCMOMb30-
BaHMe C pAQOM Apyrux mMetogoB Tepanuu. NunoTHble
[aHHble, MOJlyYeHHble Ha OCHOBAHUW aHanm3a Henocpen-
CTBEHHbIX 1 OTAANEHHbIX Pe3yNbTaToB SKCNeprMeHTalb-
HOro UCCNefoBaHUA Ha MOZENAX NepPeEBUBHbBIX OMyXonen

M pagMoaANHAMUYECKOW Tepanuu, X cO4YeTaHHOro NPUMEHeHUs

Yy KpbIC, CBUAETENbCTBYIOT O BbIPAXKEHHOW TeHAeHUU
K 6onee BbICOKOMY MPOTMBOOMYXoneBoMy 3GdeKTy KoM-
OUHVPOBAHHOIO NleYeHUs, BKITIOYAIOLEro NpUMeHeHne
®OC c nocnegytowmm nposegeHnem ceaHcos PAT n OOT
NPy OLHOKPATHOM peXrMe OOJlyYeHMs MO CPAaBHEHUIO
¢ POT n ®AT B moHopexumax. Mybnunkayuii, nocBaLLeH-
HbIX U3y4yeHUo 3PPEKTMBHOCTM KOMOUHMPOBAHHOIO
npumeHeHnsa OC XNIOPUHOBOrO pAda M yKasaHHbIX Me-
TOQOB Tepanuv, JEMOHCTPUPYIOLKMX MONOXKUTENbHbIE
pe3ynbTaTbl, B AOCTYMHbIX UCTOYHMKAX NMTEPATYpbl He
npeacTaBieHo, YTo NO3BOJIAET CAeNaThb BbIBOL O HEOOXO-
OVIMOCTU 11 MepCrneKTUBHOCTY pa3BuTus 6onee rny6oKnx
NCCNefoBaHU B JAHHOM HamnpaBieHNN.

Paboma swvinonHeHa npu ¢puHaHcogol noddepxxke Ha-
yuoHaneHol akademuu Hayk benapycu (epaHm Ne 2021-
61-284, 3a0aHue 3.05.3).
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CNEKTPOCKOMMHECKOE NCCITEQOBAHUE
DOTOPHUN3NYECKUX CBOMNCTB METUJIIEHOBOTO
CHHETO B BUOJTIOTUYHECKMNX CPEOAX

A.B. Momuuosa'?, A.B. Pasboea'?, U.[. Pomannwkun', U.B. Mapkosa?, E.B. AxnioctuHa?,
A.C. Ckobenbumu'-?

"Muctutyt obwein dusukn um. A. M. Mpoxoposa Poccurckon akagemmun Hayk, Mocksa, Poccus
HaumoHanbHbIN MCCneaoBaTensckmit aaepHbiin yHnsepcutet <MDKy, Mocksa, Poccus

Pe3iome
MpoBeaeHo cnekTpockonmuyeckoe nccienoBaHme Gotodusnyeckrx CBONCTB MeTuneHoBoro cnHero (MC) B BOAHbIX pacTBOpax 1 G1ONOrMyYeckmx
XKUKOCTAX. 3aperncTprpoBaHbl CreKTPbl MOMOLEeHUsA 1 GryopecLieHLMY, a TaKKe BpemMeHa X13Hu ¢pnyopecLieHumn. Mo 3aBUCUMOCTU MHTEHCMB-
HOCTU 1 GOPMbI CMEKTPOB OT KOHLEHTPaLUM YAAN0oCh yCTaHOBUTb Anana3oHbl KoHLeHTpaumin MC ana nccnepoBaHuii in vitro v in vivo npu KOTopbix
He HabnogaeTtcs arperaums (3o 0,01 MM, 4To cooTBeTCTBYET 3,2 MI/KT).
WccnegosaHo potoobecuseunsarne MC nog AeincTBmem nasepHoro nsnyyeHus. iccnepgosanua potoperpapaLliv B 6ronornyecknx cpefax no-
Kaszanu, yto poToobecLBeurBaHme 6onee yem Ha 80% B nnasme U KynbTypanbHOW cpeae Habnofaetca yxke npu gose 5 [x/cm? B To Bpems Kak
B BOZE NPU TaKoW KOHLeHTpauun npu go3se 5 [xx/cm? dotoobecuBeumBaHus elle He HabnogaeTcs, a npu gose 50 [x/cm? doToobecLBeunsaHme
MC coctaBnsaeT nopagka 30%. YcTaHOBIEHO, UTO B CpeAax, coaepallmx 6enku n obnaaatowmx WwenoyHbim pH, potoobecLBeunBaHme NpONCXoauT
CyLeCTBEHHO ObICTpee, YeM B HelTpasnbHbIX BOAHbIX cpefjax. MIoHHas cuna pacTBopa He OKasbiBaeT BAMAHNA Ha CKOPOCTb GpoToobeCcLBeUVBaHMA.
Takoe poToobecLBeurBaHMe Bbi3BaHO poToaerpagaumein MC, a He nepexofom B nenkodopmy.
MpoBeneHa oLeHKa 3¢pPeKTUBHOCTU reHepaLny CUHIIETHOTO KNCopoAa U GOTOAVHAMUYECKON akTUBHOCTM in vitro. B nccnepyemom ananasoHe
KoHueHTpauuii MC 3bpeKTUBHOCTb FreHepaLny CUHINETHOTO KNCIIOPOAa AOCTaTOYHO HM3Kas, TaK Kak MONOXUTENIbHO 3apsaxeHHbI MC cBs3bIBa-
€TCA C HeraTMBHO 3apsXKeHHbIMW MeMbpaHamu KeToK, YTO MPUBOAUT K M3MeHeHMIo Tina GoTofnmHammyeckon peakumu. NMpoaemMoHCcTprpoBa-
HO BO3HWKHOBEHME B KNeTKax Apyrux akTueHbIX ¢opm Kucnopoga (ADK), oTnyHbIX OT CUHIIETHOrO Kucnopopa. leHepauma ADK 1 HeBblCOKNI
KBaHTOBOM BbIXOf, reHepaLn CYHIIIETHOTO KNC/IOPOAa CBUAETENbCTBYIOT O CKIOHHOCTU MC K MexaHu3my poToceHcubunmsaumm | Tuna (nepeHoc
3/71eKTPOHa C 06pa3oBaHMEM MOJTyBOCCTAHOBMIEHHBIX U MOJTYOKMCIIEHHbIX paarkanos MB*), a He K MexaHu3my |l Tvna (MepeHoc S3Heprum K KNCIopo-
Lly C 06pa3oBaHNeM CMHIIETHOTO KMCII0poAa) B GMONornyeckmnx cpeaax u in vivo.
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Abstract

A spectroscopic study of the photophysical properties of methylene blue (MB) in aqueous solutions was carried out. Absorption and fluo-
rescence spectra as well as fluorescence lifetime were recorded. The concentration dependence of the intensity and shape of the spectra
allowed establishing the ranges of MB concentrations for in vitro and in vivo studies at which aggregation is not observed (up to 0.01 mM,
which corresponds to 3.2 mg/kg).

Studies of photodegradation in biological media showed that photobleaching of more than 80% in plasma and culture media is observed
already at a dose of 5 J/cm?, while in water at this concentration and dose photobleaching is not yet observed, and at a dose of 50 J/cm?
photobleaching of MB is about 30%. It was found that in media containing proteins and having an alkaline pH, photobleaching occurs
significantly faster than in neutral agueous media. The ionic strength of the solution has no effect on the photobleaching rate. Such pho-
tobleaching is caused by the photodegradation of MB rather than the transition to the leucoform.
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The efficiency of singlet oxygen generation and photodynamic activity were evaluated in vitro. In the investigated range of MB concen-
trations, the efficiency of singlet oxygen generation is rather low, because positively charged MB binds to negatively charged cell mem-
branes, which leads to a change in the type of photodynamic reaction. The emergence of other reactive oxygen species (ROS), different
from singlet oxygen, in cells has been demonstrated. The generation of ROS and the low quantum yield of singlet oxygen generation
indicate the tendency of MB to provide the type | photosensitization mechanism (electron transfer with the formation of semi-reduced
and semi-oxidized MB* radicals) rather than to the type Il mechanism (energy transfer to oxygen with the formation of singlet oxygen) in

biological media and in vivo.

Keywords: methylene blue, spectroscopy, absorption, fluorescence, photobleaching.
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Introduction

Photodynamic therapy (PDT) is a very promising
therapeutic method for treatment of tumors and non-
malignant diseases. The method is based on use of pho-
tosensitizer (PS), which is selectively localized in target
tissue, and irradiation with light. The PS absorbs the light
and can then transfer the energy to molecular oxygen
and create singlet oxygen (type Il photochemical reac-
tion), which is extremely phototoxic, causing photodam-
age and subsequent cell death. Another way is the par-
ticipation of PS in electron-transfer reactions initiating
formation of hydroxyl radicals and hydroperoxides and
radical-induced damage in biomolecules (type | photo-
chemical reaction) [1, 2]. For the vast majority of clinically
approved PS, singlet oxygen is the main cytotoxic agent
that determines the mechanism of photodynamic effect
and causes cell death in PDT [3]. The type | photochemical
reaction may be preferable for therapy of tumors which
are hypoxic [1]. However in vivo it is difficult to establish
without doubt which of these mechanisms is more prev-
alent, both processes can ultimately lead to cell death [4],
but the knowledge how these processes are affected by
biological environments is important [5].

Due to the popularity of fluorescence diagnostic
methods and PDT [6-9], there is interest in the study of
various dyes that can be used as PS. One of the actively
studied PS is methylene blue (MB) - a heterocyclic aro-
matic phenothiazine dye discovered in 1876 by Heinrich
Caro. In the dry state MB appears as odorless dark blue
crystals, soluble in water, chloroform, and alcohol. Its mo-
lecular weight is 319.85 g/mol [10]. In its oxidized state,
MB is blue in color because the phenothiazine molecule
strongly absorbs in the 600-700 nm region. In aqueous
solutions, the wavelength )\max of the absorption band
maximum for monomer is given in various works as
668 nm, 664 nm [11], 660 nm [12, 13]; )\max for dimer is
614 nm [12, 13], 605 nm [11]; )\max for trimer is 580 nm
[11]. In the UV region for the monomer )\maX =292 nm
[13]. The oxidized form can be easily reduced to colorless
leucomethylene blue (LMB) in the absence of oxygen
[14] or by interaction with NAD(P)H [15, 16] or reduced

glutathione [17]. LMB predominantly absorbs in the UV
region (256 nm).

MB redox properties are important because, depend-
ing on its form, it can be both an electron donor and an
electron acceptor, changing rapidly from one state to
another [18]. For example, MB interacts directly with the
mitochondrial electronic circuit, donating electrons to
complexes | and Ill and/or providing partial restoration
of the Krebs cycle [19], whenever NADH is oxidized by
MB or even resuscitation of the mitochondrial electronic
circuit. The redox properties of MB are of great interest to
researchers and make it possible to use it to treat various
pathologies, for example, to treat methemoglobinemia
by reducing iron to its divalent state [20-23], to relieve
septic shock [24, 25], to treat lactoacidosis [26], and as an
antidote for carbon monoxide poisoning [27] or cyanide
[28, 29]. MB also increases oxygen consumption by tis-
sues with aerobic glycolysis and tumors, while the effect
of MB is approximately proportional to the enzymatic
capacity of tissues [30], which is promising in terms of
photodynamic therapy because the efficiency of singlet
oxygen generation obviously depends on oxygen con-
centration.

The ability of MB to fluoresce is used to label tumors
and other blobjects in order to visualize them [31]. For a
long time, MB has been actively used for photodynamic
therapy of neoplasms [32-36], photodynamic inactiva-
tion of pathogens [37-40], including antibiotic-resistant
microflora [41-44].

The photophysical properties of MB in solutions are
actively studied. Although its photochemical proper-
ties in isotropic solution are well established, its effect
in vivo needs further study. Most of the results reported
in the literature are obtained for MB in ethanol or water.
Many papers report that efficient intersystem crossing is
observed with quantum yields around 0.5 [2, 45], but it
should be noted that this value was obtained in isotropic
ethanol solutions [46]. The quantum yield and genera-
tion of 'O, decreases to values close to zero if MB dimer-
izes due to a fast nonradiative decay (3-4 ps) of the ex-
cited dimer population [47, 48], favoring electron transfer
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reactions and consequent generation of radical species
[45, 49, 50]. Dimerization could also lead to fluorescence
quantum yield decrease [45, 50]. Another parameter
which affects the singlet oxygen generation efficiency
is the pH. According to literature data the production
of singlet oxygen is approximately five times more effi-
cient in alkaline than in acidic medium [51]. The ratio of
monomer to dimer depends significantly on the solution
composition as well as MB concentration [52, 53, 53-60].
According to literature data, in 20 pM aqueous solution
only MB monomers are present, at higher concentration
dimerization was observed, however at concentrations
below ~20 ppm [61] or ~70 ppm [57] the existence of tri-
meric or tetrameric aggregates can be neglected.

The state of MB aggregation in aqueous solution is
also sensitive to the ionic strength [52], it was shown that
the increase of the inert salts concentration indicates the
decreasing tendency of the MB molecules to undergo
aggregation. The concentration of surfactant also influ-
ences the dimerization. The polarity of the solvent, con-
centration of surfactants [50], binding of molecules in
membranes and interaction with surfaces [62] can cause
the changes in ratio of monomer to dimer as well as the
singlet oxygen production.

A large number of interrelated factors affecting the
photophysical and photochemical properties of meth-
ylene blue make it difficult to study and implement in
clinical practice, despite a number of unique properties
that can be very useful for improving the effectiveness of
photodynamic therapy. For clinical use, it is important to
study the photophysical and photochemical properties
of MB under conditions closest to real biological ones.
In this regard, in this work, the absorption, fluorescence,
photobleaching, and singlet oxygen generation efficien-
cy of MB in biological media (serum and RPMI medium
for cell cultivation) were studied using modern spectro-
scopic methods. The range of concentrations was chosen
based on literature data on MB concentrations in blood
after a typical daily dose: 19 uM after oral administration
of 500 mg, 10 uM after intravenous administration of 100
mg [63, 64]. The data obtained for biological media were
compared with aqueous solutions to determine the main
mechanism of photodynamic activity.

Materials and methods

Materials

Methylene blue solution purchased in a pharmacy
was used for the studies: Methylene blue, 1% aqueous
solution, the active substance methylthioninium chloride
(Samaramedprom, Russia). Spectroscopic studies were
performed for aqueous MB solutions with concentra-
tions in the range of 0.001-0.05 mM, which corresponds
to 0.32-16 mg/kg.

Measurements were performed in distilled water
(PanEco, Russia), blood serum (newborn calf blood se-

rum, PanEco, Russia), cell culture medium RPMI (PanEco,
Russia) with 10% calf blood serum added, and saline
(0.9% sodium chloride, infusion solution, Grotex, Rus-
sia). pH of the solutions was controlled using indicator
paper (Johnson universal indicator paper, pH 1-11). For
water and saline, the pH was 7, for cell culture medium
RPMI—8, for plasma—9. To analyze the effect of pH on
the spectroscopic properties of MB we also used water
with pH adjusted to 8 using 1M NaOH solution.

Absorption spectroscopy

Absorption spectra in the range 200-1000 nm were
recorded using a Hitachi U3400 spectrophotometer (Hi-
tachi, Japan) in quartz cuvettes with optical path lengths
of 1 cm (for water and NaCl) and 2 mm (for plasma and
RPMI medium). To compare the results obtained with
each other, all optical density values were multiplied by
the corresponding coefficients (0.1 and 0.5 for the cen-
timeter and 2-mm cuvette, respectively) and scaled to
the optical density value for a 1-mm cuvette. The analy-
sis of absorption spectra allows studying the transition of
the basic form of MB into its reduced form (LMB) under
the influence of external factors, photodegradation, and
aggregation of MB.

To analyze aggregation, the absorption spectrum
shape was approximated in the 500-800 nm range by
two Gaussian peaks with maximums at wavelengths cor-
responding to dimers and monomers, then the ratio of
areas under these peaks was considered as a characteris-
tic of dimerization. A linear approximation of the baseline
was performed to account for scattering.

Fluorescence spectra and lifetime measurements

The fluorescence spectra of MB aqueous solutions
were measured using a LESA-01-Biospec fiber spectrom-
eter (Biospec, Russia) equipped with a longpass edge
filter (LP640) in the wavelength range of 650-850 with
HeNe laser excitation, 15 mW power output from the
fiber.

To investigate the lifetime of aqueous MB fluores-
cence solutions, a system of Hamamatsu streak camera
and streak scope (C9300 and C10627-13) was used to
carry out measurements with picosecond resolution.

Study of photobleaching in biological media

To study the laser effect on the solutions, irradiation
was performed in 1 X 1 cm optical cuvettes. The surface
of the solution was uniformly irradiated with an LED
source with a power density of 100 mW/cm? and a wave-
length near the MB absorption maximum of 664 nm.
The light source was controlled using a programmable
timer, which enabled studying the dependence of the
effect on the light dose in increments of 0.5 to 5 J/cm?.
The irradiation was performed in cyclic mode, the fluo-
rescence intensity was measured in pauses between ir-
radiation windows when excited by a 632.8 nm laser. The
MB photobleaching rate was estimated by the decrease
in integral fluorescence intensity (area under the fluores-
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cence peak in the wavelength range of 650-800 nm) as a
function of light dose density. Fluorescence intensity was
determined using a LESA-01-BIOSPEC fiber optic spec-
trometer (Biospec, Russia).

Assessment of photodynamic activity of MB in vitro

The photodynamic activity of MB was determined by
measuring the oxygen content in erythrocyte solution
with MB by the hemoglobin oxygenation level [65]. We
measured the deoxygenation rate of PDT with MB on
erythrocyte suspension with registration of MB fluores-
cence under 660 nm laser irradiation at a power density
of 250 mW/cm? (10 min=150 J/cm?). As a result of the type
Il photosensitization mechanism, the formed 1O2 reacts
irreversibly with biological molecules, resulting in a re-
duction of dissolved O, in the sample. We calculated the
relative quantum yield of singlet oxygen generation for
MB concentrations of 1-100 mg/kg by comparing with
experimental data for aluminum phthalocyanine with
the known quantum yield of singlet oxygen generation
in agueous medium from the literature (@A = 0.38) [66].

Assessment of singlet oxygen generation efficiency
in PDT with MB using the Singlet oxygen sensor green

Singlet oxygen sensor green (SOSG, Invitrogen, USA)
reagent was dissolved in methanol to make a stock solu-
tion of 500 uM. SOSG (with final concentration of 50 uM)
was added to 10 mg/l MB aqueous solution, irradiated
with a 660 nm laser at a power density of 250 mW/cm?.
SOSG fluorescence was measured with a LESA-01-BIO-
SPEC fiber spectrometer in the range of 550-600 nm with
532 nm laser excitation. To quantify the generation of sin-
glet oxygen, we compared it with the experimental data
for the 1 mg/I of aluminum phthalocyanine.

Evaluating the efficiency of MB generation of reac-
tive oxygen species in vitro

6-Carboxy-2'7"-dichlorodihydrofluorescein diacetate
(Carboxy-H2-DCFDA, Lumiprobe RUS Ltd, Russia) was
used as an indicator of reactive oxygen species (ROS is
specific for hydrogen peroxide H,0, and other ROS such
as superoxide-anion O2.-, hydroxyl radical -OH, hydrop-
eroxides ROOH, and peroxynitrites ONOO-, but with
much lower sensitivity compared to H,0,) in living cells
after PDT with MB. Hela cells were grown on RPMI-1640
medium (PanEco, Russia) supplemented with 10% fetal
bovine serum (FBS, BioSera, Nuaille, France), 100 U/mL
penicillin and 100 pg/mL streptomycin (Life Technolo-
gies, Carlsbad, California, USA) in standard conditions
(37°C, 5% CO,). Cells were subcultured every third day.
For confocal microscopy, cells were seeded in a POC-R2
glass-bottomed Petri dish (PeCon GmbH, Erbach, Germa-
ny) at a density of 100 x 103/cm? one day before the ex-
periment. Twenty-four hours later, MB at a concentration
of 20 mg/L was added to the cells 120 minutes before the
microscopic examination. 30 minutes before the micro-
scopic examination Carboxy-H2-DCFDA was added at a
concentration of 25 uM in FBS at 37°C, 5% Co,. The cells

were washed three times with prewarmed phosphate-
buffered saline, replaced with fresh culture medium,
and examined with a laser scanning fluorescence micro-
scope. Sensor fluorescence was excited with a 514 nm
laser and detected in the 530-600 nm range. MB fluores-
cence was excited with a 633 nm laser and detected in
the 650-730 nm range.

Results and discussion

Concentration effects on absorption, fluorescence,
and fluorescence lifetime of MB in various biological
media

Absorption spectra of aqueous solutions of MB as a
function of concentration are shown in Fig. 1.

Characteristic peaks are observed in the red (664
nm—monomer, shoulder at 615 nm—aggregates) and
ultraviolet (250, 290, and 320 nm) parts of the spectra.
Additional peaks in the absorption spectra of MB in
plasma and medium are associated with their absorp-
tion (415 nm—plasma, 560 nm—phenol red in culture
medium). There was also strong absorption in the UV
region for plasma and culture medium, which makes it
impossible to analyze the MB absorption peaks in this
range.

To analyze the aggregation, the absorption spectra
were normalized by their maximum, to observe how the
spectrum shape changes with increase in concentration,
Fig. 2.

The shape of the absorption spectrum changes at
concentrations above 0.01 mM (3.2 mg/kg) for water and
NaCl and at 0.03 mM (9.6 mg/kg) for serum and RPMI me-
dia, which appears as a dimer peak of MB in the spectral
region of 600-630 nm.

To quantify and compare aggregation in different so-
lutions, the spectrum was decomposed and the relation-
ship between the areas under the peaks corresponding
to monomers and dimers was determined depending on
the concentration, Fig. 3.

In water, the most rapid increase in aggregation with
increasing concentration is observed. At the same time,
at low MB concentrations, the degree of aggregation is
higher in serum solutions.

Fluorescence spectra of MB in water as a function of
concentration are shown in Fig. 4.

To analyze aggregation and reabsorption, the fluores-
cence spectra in water and biological media were nor-
malized to the fluorescence maximum (694 nm), Fig. 5.

The obtained spectra show that at a concentration of
0.01 mM (3.2 mg/kg) there is a shift of the maximum to
the long-wavelength region, which indicates the pres-
ence of aggregation as well as reabsorption at higher
concentrations. The shape of the spectrum does not
change in this case. More rapid shift of the fluorescence
maximum to the long-wavelength region in case of se-
rum confirms higher aggregation at low concentration.
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Comparison of the MB fluorescence spectra regis-
tered in various biological media shows that the most
intense fluorescence is observed in saline and in water,
Fig. 6.

The decreased fluorescence intensity of MB in culture
medium and in plasma may be due to both interaction
with plasma proteins and more alkaline pH. At the same

time, the fluorescence intensity in culture medium is
higher (pH = 8) than in pure plasma (pH = 9). The shape
of the fluorescence spectrum did not change in the stud-
ied media. Analysis of the integral fluorescence intensity
(estimated as the area under the fluorescence peakin the
650-800 nm range) shows that in all the studied media
the dependence on concentration is nonlinear, a linear
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section is observed up to the concentration of 0.01 mM
for all media, except for plasma, in which a deviation
from the linear dependence is observed already at 0.003
mM, which presumably is associated with a large number
of dimers in plasma at low concentrations. At concentra-
tions of 0.01-0.03 mM, there is a sublinear section fol-
lowed by saturation, which could be associated with re-

1w H,O
1 © Nacl
4 RPMI media / cpeaa RPMI
e serum / nnasma %

dimer/monomer ratio /
oTHOLIEHWe AuMep/MoHoMep
w
1

0 0.01 0.02 0.03 0.04 0.05 0.06
C.mM/C.mM

Puc. 3. 3aBUCUMOCTb OTHOLLEHUSA NAOLLAAEN MOA MUKaMU COOT-
BETCTBYIOLMMU AMMEpPaM U MOHOMepam (OTHOLLEHWE AuMep/
MOHOMEP) OT KOHLLEHTPaLUH.

Fig. 3. Dependence of the ratio of the areas under the peaks
corresponding to dimers and monomers (dimer/monomer ratio)
on concentration.

absorption of excitation in solution as well as with small
penetration depth of laser irradiation in solution.

A study of the MB fluorescence lifetime depending on
concentration was carried out. No significant differences
in lifetime were observed for all investigated concentra-
tions (Table 1), which may indicate that the aggregates
formed at high concentrations of MB do not fluoresce.
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Fig. 4. Fluorescence spectra of MB in water as a function of
concentration.
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Fig. 5. Normalized spectra
of MB fluorescence in water
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Puc. 6. CreBa - cnekTpbl

900 1 —H0 450000 A ——H,0
— Nacl _._N; i dayopecueHumn MC B pas-
800 - RPMI rr}edia/cpe,a,a RPMI 400000 - RPMI media / cpega RPMI AMYHBIX 6BUOAOTUUECKMX
| ——serum / nnasma © 3s0000 | —+serum Jninassa cpepax. CnpaBa 3a3u-u
) CUMMOCTb MHTErPanbHOM
4 600 5 300000 MHTEHCUBHOCTH dAYOpec-
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; 400 3 200000 B AMana3oHe 650-800 HMm)
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=300 4 “ 150000 Fig. 6. Left - fluorescence
200 - 100000 . spectra of MB in various
biological media. Right—
100 50000 the integral fluorescence
0 0 : . ' . X intensity (area under the
600 0 0.01 0.02 0.03 0.04 005 fluorescence peak in the
A, ik ik C, mM /C, MM range of 650-800 nm)
dependence on MB con-
centration.
TaGnuua 1 MB concentration of 10 uM (3.2 mg/kg). The studies of

BpemeHa xu13Hu pnayopecueHuun MC B BOAHBIX pacTBopax B 3aBUCH-
MOCTH OT KOHLEHTpaLuHu.

Table 1

Fluorescence lifetime of MB in aqueous solutions as a function of
concentration.

0.001 0.3687
0.003 0.3700
0.01 0.3696
0.03 0.3696

0.1 0.3707

Influence of laser exposure on absorption and fluo-
rescence

We studied the dependence of MB fluorescence in-
tensity in biological media on the light dose density for

photodegradation in biological media showed that pho-
tobleaching by more than 80% in plasma and culture
medium was already observed at the dose of 5 J/cm?,
while in water at such concentration there was no pho-
tobleaching yet at the dose of 5 J/cm?, and at the dose
of 50 J/cm? the photobleaching of MB was about 30%,
Fig.7.

The results of previous studies also show that MB
is photostable in water, the photodegradation of mol-
ecules when irradiated with doses up to 50 J/cm? does
not exceed 40% [43], while for lower concentrations of
MB photobleaching occurs more rapidly, which is pre-
sumably due to the large volume of the irradiated area
at low concentrations, at high concentrations of the drug
is absorbed most of the radiation in a thin layer due to
high optical density. Due to the small amount of oxygen
in the thin layer, the photobleaching rate at high concen-
trations slows down because it is limited by the oxygen
diffusion rate.

R * HO

e NacCl

e H,0 + NaOH (pH=8)
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' o AO3bl U3AYUEHUSA 3a cueT poToaerpapaLmu B
0.2 e pasAMYHbIX cpepax.
B L ] - . .
° ° ° ° ° i ° ° < ° Fig. 7. Decrease of MB fluorescence intensity
i as a function of radiation dose density due to
0+ photodegradation in different media.
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The photobleaching rate in physiological solution is
the same as in water, and in the RPMI medium is the same
as in serum, indicating that the ionic strength of the solu-
tion has no effect on the photobleaching rate.

The higher rate of photobleaching in plasma and cul-
ture media may be due to a more alkaline pH: according
to the published data, the efficiency of MC singlet oxy-
gen generation is 5 times higher at pH 9 than at pH 7 [51].

However, based on a comparison of the photobleach-
ing rate of an aqueous solution with the addition of NaOH
to pH 8, we can conclude that the change in pH is not the
only reason for the increased photobleaching rate.

The photobleaching rate in plasma as well as in water
[43] depends on concentration, and at high concentra-
tions is slower, Fig. 8.

The obtained dependencies indirectly indicate that
photobleaching in plasma occurs due to interaction with

singlet oxygen; the rate of photobleaching is limited by
the rate of oxygen diffusion in the medium.

To check the effect of interaction with plasma pro-
teins on the spectroscopic properties of MB over time
without laser exposure, the absorption spectrum of MB
in plasma was recorded 30 minutes after preparation,
and no change in the spectrum was observed. Absorp-
tion spectra recorded after photobleaching suggest that
the photobleaching is caused by photodegradation of
MB and is not related to the transition to the leucoform,
Fig. 9.

Assessment of photodynamic activity and efficiency
of singlet oxygen generation in vitro

The value of photodynamic activity determined by ir-
reversible quenching of singlet oxygen which is equiva-
lent to the quantum yield of singlet oxygen generation
for MB in the concentration range of 1-100 mg/kg relative
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o ° ® ° ° ° due to photodegradation as a function
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Fig. 9. Absorption spectra of MB before and after irradiation in various biological media.
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to aluminum phthalocyanine (@A = 0.38) was 0.0065 +
0.0014. In the investigated range of MB concentrations,
the efficiency of singlet oxygen generation is rather
low.

The measured quantum yield of singlet oxygen gen-
eration using the SOSG sensor in water demonstrated a
similar value for the MB concentration of 10 mg/kg —
@A 0.0028. Thus, it is shown that the photodynamic
reaction in vitro in the presence of erythrocytes for MB
proceeds according to type |, when not singlet oxygen
but other reactive oxygen species are formed. We as-
sume that this is caused by the positively charged MB
binding to negatively charged cell membranes, which
leads to a change in the type of photodynamic reaction
[36].

This is verified by the ROS generation test performed
on the cell culture (Fig. 10).

After incubation with MB, cells show staining for ROS
diffusely in the cytoplasm and brightly in some vesicles.
After irradiation of cells with accumulated MB at 660 nm,
50 J/cm?, the intensity of the ROS sensor in vesicles be-
comes brighter. In control cells without MB, the ROS sen-
sor is not detected, even after irradiation.

The results on ROS generation and low quantum yield
of singlet oxygen generation confirm the tendency of MB
to shift from type Il photosensitization mechanism (en-
ergy transfer to oxygen with formation of singlet oxygen)
to type I mechanism (electron transfer with formation of
MB* semi-reduced and semi-oxidized radicals) [50].
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MC 1 06AyueHus.

Fig. 10. Integral intensity (averaging over the
whole picture) of the ROS sensor fluorescence
in cells after MB accumulation and irradiation.
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Conclusion

Absorption and fluorescence spectra in water, saline,
blood plasma and cell-culturing medium RPMI were
measured for MB concentrations 0.001-0.05 mM, fluo-
rescence lifetime was determined for different concen-
trations. The analysis of the spectrum shape indicates
weak aggregation at concentrations above 0.01 mM
(3.2 mg/kg), which manifests in the appearance of the MB
dimer peak in the spectral region of 600-630 nm.

The obtained spectra of MB fluorescence in aque-
ous solutions show that at a concentration of 0.01 mM
(3.2 mg/kg) there is a shift of the maximum to the long-
wave region, indicating the presence of reabsorption and
aggregation at higher concentrations. The shape of the
spectrum in this case does not change. Comparison of
MB fluorescence spectra recorded in various biological
media shows that the most intense fluorescence is ob-
served in saline and in water. The decrease of MB fluo-
rescence intensity in the culture medium and in plasma
may be due to both the interaction with plasma proteins
and more alkaline pH. At the same time, the fluorescence
intensity in culture medium is higher (pH 8) than in pure
plasma (pH 9). The shape of the fluorescence spectrum
does not change in the studied media. The analysis of
integral fluorescence intensity dependence on MB con-
centration shows that in all the studied media it is non-
linear, the linear section is observed up to the concentra-
tion of 0.01 mM for all the media, except for plasma, in
which the deviation from linear dependence is observed
up to 0.003 mM (presumably due to large number of di-
mers in plasma at low MB concentrations in comparison
to water). At concentrations of 0.01-0.03 mM, the sub-
linear section of the dependence begins followed by
saturation, which could be associated with reabsorption
of excitation in solution as well as with small penetration
depth of laser irradiation in solution.

A concentration-dependent MB fluorescence lifetime
study was performed. No differences in the lifetime were
observed for all studied concentrations, which may indi-
cate that the aggregates formed at high concentrations
of MB do not fluoresce.

Studies of photodegradation in biological media
showed that more than 80% photobleaching in plas-

ma and culture media is already observed at a dose of
5 J/cm?, while in water at this concentration at a dose of
5 J/cm? there is no photobleaching yet, and at a dose of
50 J/cm? the photobleaching of MB is about 30%.

The photobleaching of MB under the effect of laser
radiation was investigated. For lower concentrations of
MB the photobleaching occurs more rapidly, which is
presumably associated with a larger volume of irradiated
area at low concentrations: at high concentrations of the
drug most of the radiation is absorbed in a thin layer due
to high optical density. The obtained relations indirectly
indicate that photobleaching in plasma occurs due to in-
teraction with singlet oxygen; the rate of photobleaching
is limited by the diffusion rate of oxygen in the medium.

In media containing proteins with alkaline pH, pho-
tobleaching is significantly faster than in neutral aqueous
media. The ionic strength of the solution has no effect on
the photobleaching rate. The absorption spectra record-
ed after photobleaching suggest that the photobleach-
ing is not due to the transition to the leucoform but is
caused by the photodegradation of MB.

The efficiency of singlet oxygen generation and pho-
todynamic activity were evaluated in vitro. In the inves-
tigated concentration range the efficiency of singlet
oxygen generation is quite low. We assume that this is
because the photodynamic reaction for MB proceeds
according to type |, when not singlet oxygen is formed,
but other reactive oxygen species. This is because the
positively charged MB binds to negatively charged cell
membranes, which leads to a change in the type of pho-
todynamic reaction. It is demonstrated that in addition to
the generation of singlet oxygen, the presence of other
ROS in the cells is observed. After incubation with MB,
cells show staining for ROS diffusely in the cytoplasm and
brightly in some vesicles. After irradiation of cells with ac-
cumulated MB at 660 nm, 50 J/cm?, the sensor intensity
for ROS in vesicles becomes brighter. In control cells with-
out MB the ROS sensor is not detected even after irradia-
tion.
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E.B. ®unoneHko, B.I. lBaHoBa-PaakeBiy
doToanHamMnYecKas Tepanusa npu akHe

OOTOANHAMMUNYECKAA TEPATMUA MNP AKHE

E.B. ®unonenko’', B.A1. MsaHoea-Papkerny?

'«MOCKOBCKMI HOYYHO-UCCNEAOBATENBCKMI OHKONOTMYECKUt MHCTUTYT um. [1.A. TepueHa —
dunman PIBY «HaumMoHanbHbI MEAMUMHCKMI MCCNEROBATENLCKMM LEHTD PAAUONOTUMY»
Munucrepcrsa sgpasooxpanerms Poccuitckoit Penepaumu, Mocksa, Poccus
2Poccumckmin Yuusepeutet apyx6el Hapoaos, Mocksa, Poccus

Pe3iome

AKHe — oflHa U3 CcaMbIX PacMpOCTPAHEHHbIX B MMpPe KOXHbIX naTtonoruii. Pag nccnepoBaHuin nokasan, yto ¢potoanHammnyeckas tepanua (OOT)
6e3onacHa 1 3pPeKTBHa NPU BOCMANNTENIbHON U HEBOCMANIUTENbHOW GOPMe akHE 1 MOXKET 3HAUNTENIbHO YYYLLNTb COCTOAHMNE KOXU NMPU 3TOM
3abonesaHumn. dpdekTnsHocTb OAT NPOTUB akHE B OCHOBHOM OOYC/IOB/IEHa YMEHbLUEHVEM KOIMYEeCTBa KOXKHOTO cana, BbipabaTbiBaeMOro casib-
HbIMU Kefle3aMul, 3a CYET CHVKEHUA UX aKTUBHOCTW B pe3yrnbTaTe NpAMoro GpoTOANHAMUYECKOrO MOBPEXAEHUA CallbHbIX »Kenes, SpaaunKaLyven
Cutibacterium acnes v CHUXXeHUEM YPOBHs rinepkepaTosa. [10 cpaBHEHMIO C CUCTEMHOI MeAVKAMEHTO3HOW Tepanuvei neyeHune Taxenon Gopmbl
akHe metogom OIT nmeeT criepyioLLvie NPerMyLLECTBa: ObICTPbIN pe3ynbTaT, BbicoKasa 3GPEKTNBHOCTD, BbICOKaA CENEeKTUBHOCTb, OTCYTCTBME CUC-
TeMHbIX MOOOYHbIX peakLuii 1 eKapCTBEHHON YCTONUMBOCTY, HI3KasA YacToTa pelyuansoBs. Hanbonee yacto ana OAT y 60nbHbIX akHe NPYMEHSAIOT
npenapatbl Ha OCHOBE 5-aMUHONEBYNMHOBON KncnoThl (5-AJIK) 1 ee meTunosoro adupa (M3-AJIK). Ha faHHbI MOMEHT He CyLlecTBYeT efjuHbIX
pekomeHpauwmi no pexumam OAT Ana neyeHnsa 3Toi KOXKHOW natonoru. PasnnuHble NccneaoBaHNA 4EMOHCTPYIPYIOT BbICOKYHO SGPEKTNBHOCTb
OAT ¢ wupokum ananazoHom go3 5-AJ1K (3-20%) n M3-AJIK (4-16%), ceeToBbix A03 (15-120 [x/cm?) n BpemeHn obnydeHuns (30-90 mrH). O6uias
TeHAEeHUMA B UCCNIEA0BAHUAX Pa3HbIX aBTOPOB CBOANTCA K TOMY, UTO LaAALLMe HU3KOUHTEHCMBHbIe pexumbl OIT npu akHe AeMOHCTPUPYIOT TaKyto
e BbICOKYI0 3PPEKTMBHOCTb MPU 3HAUYNTENIbHOM CHIKEHUV 6ONEBBIX OLLYLLEHWI B NpoLecce 065TyYeHNA N MECTHBIX KOXKHBIX peakuuil (dputema,
oTeK, rnepnurmeHTaLyma).

KnioueBble cnoBa: otoguHammyeckas Tepanus, akHe, 5-aM1HONEBYNIMHOBAs KUCIOTa, METUOBbIN 3GVpP 5-aMUHONEBYNVHOBOW KUCOTI.
KonTakTbl: DunoHenHko E.B., e-mail: elena.filonenko@list.ru

Onsa yntnposaHusa: OunoHeHko E.B., ViBaHoBa-Pagkesuy B./. QotoanHammueckas Tepanusa npu akHe // Biomedical Photonics. - 2023. - T. 12,
Ne 2. - C. 48-56. doi: 10.24931/2413-9432-2023-12-2-48-56.

PHOTODYNAMIC THERAPY OF ACNE

Filonenko E.V.!, Ivanova-Radkevich V.I.2

'P.A. Herzen Moscow Oncology Research Center — branch of FSBI NMRRC of the Ministry of
Health of the Russian Federation, Moscow, Russia

2RUDN University, Moscow, Russia

Abstract

Acne is one of the most common skin conditions in the world. A number of studies have shown that photodynamic therapy (PDT) is safe
and effective for both inflammatory and non-inflammatory acne and can significantly improve skin conditions in this disease. The effec-
tiveness of PDT against acne is mainly due to a decrease in the amount of sebum produced by the sebaceous glands due to a decrease in
their activity as a result of direct photodynamic damage to the sebaceous glands, eradication of Cutibacterium acnes, and a decrease in
the level of hyperkeratosis. Compared with systemic drug therapy, PDT treatment of severe acne has the following advantages: fast results,
high efficiency, high selectivity, no systemic adverse reactions and drug resistance, and low recurrence rate. Most often for PDT in patients
with acne, drugs based on 5-aminolevulinic acid (5-ALA) and its methyl ester (ME-ALA) are used. At the moment, there are no unified rec-
ommendations on PDT regimens for the treatment of this skin pathology. Various studies demonstrate the high efficiency of PDT with a
wide range of doses of 5-ALA (3-20%) and ME-ALA (4-16%), light doses (15-120 J/cm?), and exposure time (30-90 min). The general trend
in studies by different authors is that gentle low-intensity PDT regimens for acne demonstrate the same high efficiency with a significant
reduction in pain during irradiation and local skin reactions (erythrema, edema, and hyperpigmentation).

Key words: photodynamic therapy, acne, 5-aminolevulinic acid, 5-aminolevulinic acid methyl ester.
Contacts: Filonenko E.V., e-mail: elena.filonenko@list.ru

For citations: Filonenko E.V., Ivanova-Radkevich V.I. Photodynamic therapy of acne, Biomedical Photonics, 2023, vol. 12, no. 2, pp. 48-56.
doi: 10.24931/2413-9432-2023-12-2-48-56.

AKHe (06bIKHOBEHHbIE Yrpu) — XpOHMYECKoe Bocna- SMNUAEMUNONOrnsa
nuTenbHoe 3aboNieBaHUE KOXW, XapaKTepusyloleecs AKHe exerogHo 3aboneBaloT npumMepHO 600 MAH Ye-
ype3mMepHbIM POCTOM MUKpoopraHusma Cutibacterium  noBek BO BCEM MUPE, UTO CTABUT 3TY KOXKHYHO NMaTONIOrMI0
acnes, paHee M3BECTHOrO Kak Propionibacterium acnes Ha BOCbMOE MeCTO MO PacnpoCTpaHEHHOCTM B Mupe [1].
B CaNbHbIX xene3ax [1]. AkHe BcTpeuaetcs y 70-75% peTenn B npenybeptaTHOM
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Bo3pacTte — Ao 12 net (06bI4HO B 9-11 neT). o 80-85%
NMOAPOCTKOB M MOOAbIX B3POC/bIX CTPAAaloT OT yrpei.
B cTaplumx BO3pacTHbIX rpynnax MPOLEHT CHWXKaeTcA,
HO BCe PaBHO MOYTU KaXKabl AeCATbIN B3POC/Ibli Nocne
25 net cTpapaeT akHe [2]. XoTa akHe He ABnAeTCA onac-
HbIM 7151 XM13HWU 3aboneBaHMEM, B Pa3NYHbIX UCCIeao-
BaHMAX COOOLANOCh O CEepPbe3HbIX MCUXOMOrUYECKNX
NMoCneacTBMAX Y MaLUMEHTOB, KOTOpPble MOTyT BAVATb Ha
06WNTENBbHOCTD, BbI3biBaTb $OOMM 1 MPUBOANTD K CUMI-
ToMam genpeccum [1].

3TNONOrnA N natoreHes

AKHe MOXeT BO3HMKaTb Ha poHe cebopeu, KoTopas
XapaKTePU3yeTCa M3MEHEHUEM XMMUYECKOro COCTaBa
KOXHOTO Cana 1 ero NoBbllEHHbIM BblAeNeHNneM CalibHbl-
MU >kenesamu. Kak cneficTBue, yrpy BO3HMKAIOT Ha y4acT-
Kax KOXKHOT O MOKPOBa, Hanbonee 60ratbix CafbHbIMY XKe-
nesamu [2]. MNaToreHes akHe BKOYAET YETbIPe OCHOBHbIE
MeXaHu3Ma: QONIMKYISPHBIA runepkepaTo3 (paspac-
TaHVe 3NUTeNus C YTOJLLEHMEM POrOBOrO CJ10A KaHanoB
CanbHbIX XeJe3), NOoBbIlEeHHas CEKPELMA KOXKHOro cana,
konoHmsauus C. acnes v NOKanM3oBaHHOE BOCMasneHune.
Mpw 3TOM cUMTaETCA, YTO UMEHHO KonoHu3auusa C. acnes
Urpaert KiyeByto posib B pa3BuTtum akHe [3]. C. acnes aB-
NAETCA TPaMMOSIOKUTENBHONW, aHA3POOHON, MeAneHHO
pacTyulen GakTepuen, KoTopas MeTabonusmpyert Tpu-
rniuepuabl U BblpabaTbiBaeT LMTOKUHbBI, Bbi3biBalowue
BOCManuTenbHble peakuuu [3, 4].

Knaccndpukauyma

CornacHo knaccuéourkauum MKB-10 BbigensoT cne-
ayowme pasHoBUAHOCTY akHe: L.70.0 Yrpy o6bIKHOBEH-
Hble; L.70.1 Yrpmn waposugHble; L.70.2 Yrpmn ocnoBugHble;
L.70.3 Yrpu Tponuyeckue; L.70.4 Oetckue yrpwu; L.70.5
JKCKopumMpoBaHHble akHe; L.70.8 Opyrue yrpu n L.70.9
Yrpu HeyTouHeHHble. CylecTByeT Takxe Knaccudrikaumsa
BYJIbrapHbIX yrper no T1ny nopakeHus: HeBoCManuTesb-
Hble aKHe (3aKpblTble N OTKPbITble KOMEeAOHbI) 1 BOCMNa-
NUTeNbHble akHe (MOBEPXHOCTHbIE: MAMNyNONyCTyNe3HbIe;
rnyOoKre: VHAYPATUBHbIE, KOHINOOATHbIE; OC/TOXHEH-
Hble: Y3/I0BAaTOKMCTO3Hble, abcueanpyoLme, GbnermoHos-
Hble, KeflovaHble, pybuyoLnecs, OC/IOKHEHHbIE CUHYCO-
BbIMU TpaKTamu) [2].

CreneHb TAXeCTU akHe Mo lwKane Leeds yunTtbiBaeT
NMopakeHUsi akHe Ha nuue, CNHe 1 rpyamn n Knaccuobuum-
pyeT ux Kak BOCManuTeNbHble UM HEBOCMNANUTENbHbIE.
Bannbl Leeds BapbupytoTca ot 0 (HavmeHee cepbe3Hoe
nopaxeHue) go 10 (Hambonee cepbe3HOe MOPAXKEHNE).
CywecTByloT MoauduUUMpPOBaHHbIe wWKasnbl Leeds, mak-
CMManbHbI 6ann Mo KoTopbiM cocTaBnseT 12 [5, 6].
Llkana oueHkm akHe Pillsbury knaccudumumpyet creneHb
TAXKECTN akHe oT 1 (HanmeHee Taxenas) oo 4 (Hanbonee
cepbesHan) [7, 8].

Tepanua akHe

TpaguumnoHHaa Tepanua akHe BK/OYAeT MeCTHble
N CUCTEMHbIe aHTUOVOTMKY, B YaCTHOCTY, TaKMe KaK TeT-
paUUKHBI U N3OTPETMHOWH, a Takxe peTnHougbl [1].
Wcnonb3oBaHne aHTUOMOTMKOB CYLLECTBEHHO OrpaHu-
YeHO pPOCTOM aHTUbMoTMKope3sucTeHTHOCTU C. acnes,
a VCMNonb30BaHWEe PETUHOWAOB — WX CEPbE3HbIMU MO-
60uHbIMY dddEKTaMU, CBA3AHHBIMY C TEPATOrEHHOCTbIO,
CMOHTAHHbIMM abopTamu, Pa3gpParKeEHNEM KOXU, XeNnu-
ToM, ¢oTOCEeHCMOUNM3aUmen, apTpanrien, runepTpu-
riuepugemueri, BOCNanuTesbHbIMK 3aboneBaHUAMU
KMLWeYHWKa, NaHKpeaTuToM 1 genpeccuen [3, 9]. Tepa-
nMa akHe BeCbMa npogonxutenbHa. Mo mHeHuio Cunliffe
W COaBT. 15 MOJIHOTO pa3peLLeHMs aKHe NIerkon 1 cpea-
Hel cTeneHn TAXKeCTU Heobxoaumo 3-4 ropa nevyeHus,
B CJyYae TAXKEesoW CTeMNeHn akHe MOXET NoTpeboBaTbcA
8-12 net. Mo HabnogeHmam Cunliffe y 7% nauuneHToB
C MaHudecTaumeln 3aboneBaHNs B NOAPOCTKOBOM BO3-
pacTte nposBneHna 6one3Hy MOryT MPOAOSXKaTbCA [0
45-50 net [10]. Mpw AnuTeNbHOM NPUMEHEHUN aHTUBMO-
TUKOB BO3MOHbI pa3HO0bpa3Hble Nob6ouHble 3¢deKTh,
BK/OYas AUCOAKTepro3 1 MOBbILEHNE BEPOATHOCTU
3apaXeHnsA OMMOPTYHUCTMYECKMMMX MNaTtoreHamu. [nu-
TeflbHOe MPUMEHEHME U3OTPETUHOMHA MOXET Bbl3BaTb
CYXOCTb KOXW U CIM3UCTbIX 060SI0YEK, MOBBICUTb YPO-
BEHb NIMUAOB B KPOBY, MPUBECTY K HAPYLLUEHMIO OYHK-
Lun neYyeHn, AeNPECCUnN U CynLmMaanbHON HAKIIOHHOCTU.
Kpome Toro, ykasaHHbIln npenapat obnajaeT Tepatorex-
HbIM 1eICTBMEM U HE MOXET ObITb PEKOMEHA0BAH Y XeH-
WKMH fgeTopogdHoro Bo3pacta [11]. MecTHoe npumeHeHne
YKa3aHHbIX NpernapaToB MOXeT Bbi3blBaTb pa3gparkeHune
KOXu. HemanoBaxkHO 1 TO, UTO NpPUMeHeHMe nx TpebyeT
CobM0AEHUs YETKON CXEMbI NPUEMa, U B PeasibHOW Kiu-
HUYECKON NpaKTNKe YacTo HabohaeTcs HapyLueHe na-
LMEeHTOM NpaBun npriema.

Huskas 3¢pdeKTMBHOCTb, NOGOUHbIE bdeKTbl, Anu-
TeNIbHOCTb aHTUOUOTUKOTEPANUN U JIEYEHUS PETUHOWA-
MU ABNATCA NPeanocbiikamu A Movcka HOBbIX, 6e30-
nacHbIX 1 3GHEKTUBHbBIX CNOCOOOB NleueHMA akHe. B aTom
KOHTEKCTE HOBOW TEHAEHLVEN B JIeYEHUN aKHe CTaHO-
BATCA pa3nnyHble 6e3onacHble 1 3¢dpeKkTrBHbIE Gr3no-
TepaneBTuyeckre npouenypbl. OQHYM 13 BO3MOXHbIX
anbTepHaTMBHbIX METOLOB JIeYEeHUss MOXKET BbICTYMNaTb
doToguHammueckas Tepanua (OOT) [1, 11].

OAOT B neyeHNn akHe

OOT npumeHAETCA NpPU  PasNYHbIX OMYXONEeBbIX
N NpeponyxoneBbix natonornax koxu [12 — 14]. TMo-
KasaHo, uto O[T 6e3onacHa n 3¢pdeKkTMBHaA Npy BOCMa-
NIUTENBHOWN 1N HEBOCMANUTENIbHOW pOPME aKHE U MOXKET
3HAUUTENBHO YNYYLWNTb COCTOAHME KOXW MPU 3TOM 3a-
6oneBaHun. bonee Toro, NOCKONbKY akTVBHble GOpPMbI
Kucnopopa, BbipabatbiBaemble npy OAT, He MMEIOT Ka-
KOM-NM6O KOHKPETHOWN MonekynsipHou muwenun, OOT
[aeT BO3MOXHOCTb JIerko OOOWTU JIeKaPCTBEHHYHO

OB3OPHI JIMTEPATYPHI
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YCTONYMBOCTb MUKPOOPIraHN3MOB, YTO AAET NpeumyLle-
CTBO 3TOWN Tepanuu nepen NeyeHneM aHTUOMOTUKAMMU.
SddektnBHocTb OAT NPOTMB aKHE B OCHOBHOM 06YCOB-
NleHa YMEeHbLUEHEeM KONMyecTBa KOXHOMo cana, Bblpa-
6aTbIBAEMOrO Ca/lbHbIMU KeJie3aM, 33 CUET CHUPKEHUSA UX
AaKTUBHOCTU B pe3ynibTaTe NpsmMoro ¢oToanHaMmnyecKoro
NOBPEXAEHNA CaNibHbIX kenes, 3pagukaumen C. acnes
N CHUXKEHMEM YPOBHA runepkepartosa [1, 15].

MNepBasa pepakuma EBponenckmx KNIMHNYECKNX peKo-
MeHpauuin no mectHou OAT (2002) copeprkana nHboOp-
MaLNI0 O BO3MOXXHOCTM NPUMEHEHNS MeTofa ANa nede-
HUA 6GOPOAABOK 1 aKHe, MPUYEM Kak Hauboree LWMpoKo
ncnonbyemblint npenapat ana OAT 6bina ykasaHa 5-am-
HoneBynuHoBasa KucsoTa (5-AJ1K). Takxe pekomeHpaumm
cofepann ykaszaHve Ha BO3MOXKHOCTb NpUMeHeHUs ana
OAT Kak KOrepeHTHbIX, TaK U HE KOFrepPeHTHbIX NCTOUYHU-
KoB cBeTa [16]. K2008 1. [17] meTogy O[T Kak cnocoby ne-
YyeHUs akHe, 6OPOLABOK N KOXKHOIO JellMaHno3a 6bi1
NPUCBOEH YPOBEHb YOeAUTENIbHOCTU 1 OKa3aTeIbHOCTU
KNUHWYECKMX pekomeHdauun IB (cuna pekomeHpaumm B,
KauyecTBO foKa3aTenbcTs |). B nocnegHem nspgaHum EBpo-
NencKUX KNNMHNYECKNX pekomeHZauu no mectHon OOT
TaKenas popmMa akHe OCTaeTcs yKa3aHa Kak MoKasaHue
K OOT c ypoBHem IB [11].

GUO ¥ COaBT., OCHOBbIBAasICb Ha Moyt 20-NeTHem
onbiTe KnMHMYeckoro npumeHeHna OOT ana nedyeHus
TsKenon GopMbl akHe, AenaloT BblBOA, UYTO MO CpaBHe-
HUIO C CUCTEMHOWN MeNKaMeHTO3HOW Tepanunen nevyeHme
TKenom dopmbl akHe metogom QAT nmeeT cnegytolme
npeumyLlecTBa: ObICTPbIV pe3ynbraT, BbicOKas 3ddek-
TUBHOCTb, BbICOKaA CENEKTUBHOCTb, OTCYTCTBME CUCTEM-
HbIX MOOOYHbIX pPeaKkUuil N NeKapCTBEHHOWN YCTONUNBO-
CTW, HM3KaA YacToTa peunansos [1]. Picone n coaBsr. [18]
TakXe YKa3blBaloT Ha TO, YUTO HECOMHEHHbIM MpenmyLLe-
ctBom OIT ana neueHns akHe ABASAETCA OTCYTCTBUE PY6-
LLOB MOC/e NeYvyeHuns.

MIHTepecHO, UTO HU3KME KOHLEeHTpauun GoToCeHCH-
6unmsatopa, KOPOTKOEe Bpems HKYbaLum 1 HU3Kue CBe-
TOBble f103bl (0KONO 13 [IX/CM?) npu 06NyYeHUn CUHUM
CBETOM 00€eCneunBaloT KPaTKOBPEMEHHbIV aHTUMIUKPOO-
HbI 1 IMMYHOMOZYNVPYOLWNiA 3GdEKTDI, B TO BPEMSA Kak
6onee BbiCOKME CBeTOBbIe A03bl (10 150 [Ix/cm?) KpacHo-
ro cBeTa JOMNONIHUTENIbHO BbI3blBAIOT AECTPYKUMIO Calb-
HbIX »Kene3. JononHUTeNbHbIM 3hhEeKTOM BCEX PEXKMMOB
O[T, npuBoAALMUM K YMEHbLLEHWIO 06CTpYyKUmK donnu-
KYNOB 1 YMEHbLUEHUIO BbIAENEHNA KOXHOrO cana, ABnA-
eTcA ycuneHme obHoBeHNs anugepmica [4].

B nocnegHue roapl 661710 NPOBEAEHO HECKOJIBKO KPYT-
HbIX KIIMHWYECKNX nccnefoBaHnii 3boekTnsHocTn n be-
3onacHocTy OT npn neyeHnn akHe, C NCNONIb30BAHNEM
5-AJIK n meTtunosoro a¢upa 5-AJIK (M3-AJIK). HecmoTps
Ha TO, UTO COOOLLEHNN O NPUMEHEHUN B KIVHUYECKOW
npakTnKe Npon3BogHbIX XxnopnHos ana OAT naumeHToB
C aKHe HamMu HalgeHo He ObiNo, nccnegoBaHua in vitro
M in vivo € NCNONb30BaHVEM XJIOPMHOB TaKKe MoKasanu
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YAOBNETBOPUTENbHbIe pe3ynbTathl [19]. DTanoumaHmHbI,
HACKOJIbKO HaM M3BECTHO, 10 HACTOALLEro BPEMEHMN He
1nccnenoBanuch Ans NevyeHnsa 3Ton KOXKHOW NaToNornu.

Hamu 6bin npoBefieH MOWCK OMy6NMKOBAHHbBIX pe-
3yNIbTAaTOB UCCNIELOBAHWI KNHMYeCKoW 3GPeKTUBHOCTH
OLT y 60nbHbIX akHe 3a nocnegHue 10 net no 6ase faH-
Hbix Pubmed. Mbl BKNtouanu B aHanms3 TonbKo 1Uccneno-
BaHWsA, MpoBefeHHble ¢ ydactuem 10 1 6onee NayneHToB,
kotopbiMm OIT NpOBOAUNN B MOHOPEXKMME C UCMOSb30Ba-
HMEM CTaHZAPTHbIX UCTOYHVKOB 1 PEXUMOB O0MyUYeHUs.
OTgenbHble KNMHUYeCKMe CyYyau, NpeacTaBnaoLme vH-
Tepec, AOMONHUTENIbHO OMMCaHbl HUKe. poBefeHHbIN
aHanmM3 Nno3Bonus BbIIBUTb 9 UCCNefoBaHNIA, B KOTOPbIX
npefcTaBneHbl AaHHble, MOMyYeHHble CYMMApPHO Mpu
neyeHun 368 naumeHToB € akHe (Tabn.). B 6bonblumHcTBe
nccnegoBaHun gnsa nposepeHua OOAT npumeHann 5%
5-AJIK B BuAe annamMkauum NpPOAO/KUTENbHOCTbIO OT 1
0o 4 4. B ogHOM unccnegoBaHuM KoHueHTpauma 5-AJIK
6bina Huxe (3,6%). B 3 nccneposanusx ana OAT ncnonb-
30Bann M3-AJIK B CTaHAAPTHOWM KOHLEeHTpauun 16% mnnum
B 6onee HU3KOW KoHLUeHTpauun (4%). Ona obnyyeHwns
yalle Bcero 6bl1 NCMOMNb30BaH KpacHbili cBeT. CBETOBble
no3bl coctaBnanu ot 15 go 120 x/cm?. Bo Bcex uccne-
foBaHMAX BGblNo NMOKasaHo oblee ynyylleHne TeyeHus
akHe nocne nposefeHna OOT.

OcHoBHoW 3ajaven B pa3sutumn metoga OAT B obna-
CTV NeYEeHNs1 aKHE Ha [aHHbIA MOMEHT ABNSETCA MOUCK
PEXMMOB, CHVXAIOLLKMX O0eBble OLYLLEHNA U Pa3BUTHNE
MECTHbIX pPeaKkLuWil B 30He NpoBefeHns 061yyYeHns npu
COXpPaHeHN BbICOKOW 3P EKTUBHOCTY NEYEHUs], LOCTUT-
HYTOW B MpeLecTBYOWNX NCCNIeA0BAHNAX.

Pap wccnepoBaHnin geMOHCTpUpYeT 3HaunMTeNnbHoe
CHWXKEHME VHTEHCUBHOCTM OGONEBbIX OLWYLWEHNA BO
BpeMsi NPOBeAeHNsA ceaHca obnyuYeHus, APYrnxX Hexe-
naTesibHbIX ABIEHUN C COXPAHEHUEM BbICOKOWN dddek-
TMBHOCTY JleYeHUA Npu NpoBeAeHNN HU3KOUHTEHCKB-
Hou OMT. Tak, B uccnegosaHum Chen u coast. [21] OOT
co cBeToBOM A0301 120 [IXK/CM? 1 NNOTHOCTbIO MOLLHO-
¢t 10 MBT/cm? Bbi3Bana 3HaunTesbHble 6oneBble oLy-
LEHNA, XOKEHUE, SpUTEMY 1 OTEK, COXpaHAaLmeca 1o
4 cyt nocne OAT y 28% nauneHTOB 1 BPEMEHHYIO nur-
MeHTauuio y 12% nauneHTos. Liu n coasr. [3] coobwu-
N O Pa3BUTUUN HeXKenaTesbHbIX ABNEHUN (yMmepeHHble
6oseBble OLlyLIeHUs, SpUTEMA U OTEK, COXPaHALLMeCs
0o 5 cy1) y 92% naumeHTtoB nocne nposegeHuna OOT co
CBETOBOW 10301 127 [I>K/CM? 1 NNTIOTHOCTbIO MOLLIHOCTY
105 mBT1/cm? B uccnepgosaHum Calzavara-Pinton v coaBT.
[22] cBeToBasA Ao3a Obila cHUKeHa Ao 37 k/cm? npu
MAOTHOCTU MoLHOCTK 10 MBT/cm2. O 3HauuTenbHbIX 60-
NeBbIX OWYLIEeHNAX NN APYINX HexenaTesbHbIX ABfe-
HUAX aBTOPbI UCCNIeAOBaHUA He coobLatoT. Tonbko y 4%
naumeHToB C TUNoM Koxu IV Ha mecTe neyeHnsa obpaso-
Ba/IMCb YYaCTKM rTMNeprnmrMmeHTaLmm.

BboneBble oLyLEeHNA CHMXKAIOTCA U MPY NPUMEHEHUN
5-AJIK n M3-AJ1K B 6onee HU3KNX KOHLEHTPALMAX, YeM
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06bluyHO. Dessinioti 1 coaBT. [24] ana nposeaeHna OOT
ncnonb3oBanu kpem M3-AJIK ¢ KoHLUeHTpauwren B 4 pa3a
HVXKe cTaHAapPTHOM (4%). MobouHble 3¢ deKTbl orpaHnUn-
Ba/INCb JIerkKOoN npexogslien 3pnuTemon B MecTtax Jieye-
HUA 1 NPOJOIKANNCb HECKONbKO YacoB. OTeKOoB, NycTyn,
06pa3oBaHNA KOPOK WS CTOMKOWN 3prTeMbl He Habnio-
fJanock. MauuneHTbl He coobLwany o 60MeBbIX OLLyLIEeHN-
Ax. MNpun 3TomM 3dPeKTUBHOCTL NleueHns bbina JOBOIbHO
BbICOKafA: HEMoCpPeACTBEHHO MOC/e NPoBefeHna 2 Kyp-
coB OIT KONMUYeCTBO OYaroB YrpeBow CbiM CHU3USIOCh
B cpefHeM Ha 35% OT MCXO[HOro YPOBHA.

MHorne wnccnepgoBatenu OTMeEYalOT, YTO MpPUMEHe-
Hue ana OOT akHe 5-AJIK B BbICOKOW KOHUEHTpauum
BbI3blBAET CyLlecTBeHHble NobouHble AneHuA. Pollock
1 coaBT. [27] coobuwatoT o nprMeHeHnn y 10 naumneHToB
c akHe 5-AJIK B KoHueHTpauun 20% c annavkauuen 3 u.
HecmoTps Ha JOCTAaTOUHO WafAwmi pexxum obnyyeHns
(15 Ox/cm?, 25 MBT/cm?) y naumeHTOB Habnoganucb cy-
LwecTBeHHble GoneBble OLLyLIeHUss BO BpeMs CeaHca
065yueHna 1 3putemMa. IGPEKTMBHOCTL NeYeHNA Npu
3TOM 6OblSIa flaXke HUXKE, YeM Mpu UCMNonb3oBaHUN bonee
HU3KMX KOHUeHTpauun 5-AJ1K: nocne BToporo Kypca ne-
yeHVa B 30He 00JlyYeHUss HabAANOCh CTaTUCTUYECKU
3HAUMMOE CHWXKEHWE KOJIMYeCTBa BOCMaNMTeNIbHbIX OYa-
roB YrpeBo CbiMn NO CPABHEHWIO C UCXOAHbIM YPOBHEM,
HO He B CPaBHEHUW C KOHTPOJIbHbIMM 30HaMK. B pesynb-
TaTe MPOBEAEHHOTO JleyeHNs He OblfIo MONyYeHo CTa-
TUCTMYECKM 3HAUYMMOrO CHWXKeHnA KonnuectBa C. acnes
UM YPOBHA BblAeNIeHNA KOXKHOMO cana.

HekoTopble nccnenoBaTeny pekoMeHAyloT CoKpalle-
HVe BpeMeHU annnvKkaumm 5-AJIK Kak cnocob cHuKeHns
WHTEHCUBHOCTY OONIe3HEHHbIX OLLYLLEeHWI Npu NpoBeae-
HUWM 0bnyyeHnA. Pe3ynbTaTbl OAHOrO HelaBHEro MeKo-
MaclWTabHOro McciefoBaHNs, B KOTOPOM Yy MaLUeHTOB
C akHe mcnonb3oBanu 5% kpem 5-AJIK, nokasanu, 4to
COKpalleHune BpemeHn annamkaumm ¢ 90 go 30 MuH npum-
BEJO K NPaKTUYECKU NMOSTHOMY OTCYTCTBUIO 60/I€3HEHHbIX
OLUYLLEHNI BO BPeMsA CeaHca Npu COXPaHeHUN npexHen
3ddekTMBHOCTU NneyveHunsa [28]. Kutaiickue gepmaTonoru
TakXe MNPUBOAAT pe3ynbTaTbl MCCIeQOBaHUN, AEMOH-
cTpupytowue, yto nposegeHne OAT ¢ KOHUEHTpaLmen
5-AJ1IK 3-5% 1 605nee KOPOTKMM BpeMEHEM anminMKaLmm
(30 MUH) MoxeT 3GPEKTUBHO yNyyLINTb COCTOAHKE NPU
BY/IbrapHbIX YrPAX CPefHen 1 TAXKeNOoN CTeNneHn C MUHU-
MaJibHbIMV 60NIEBBIMU OLLYLLIEHUAMU 1 L PYTIMU HEXKena-
TeNbHbIMK peakymamm [29].

Mcnonb3oBaHne BEHTUNATOPA, OXNa)AeHue xonon-
HbIM BO3ZyXOM M BO3MOXKHbI€ KOPOTKUE NepepbiBbl B OC-
BeweHun Bo Bpema OAT TakKe MOryT 6bITb MCNONb30-
BaHbl [f YMEHbLUEeHNA 60K, CBA3AHHOWN C JleYeHneMm.
O6bluHO Ao 1 nociie OAT MOXKHO MPUMEHATb MECTHYHO
aHecTe3wuio [30].

OTgenbHaa nepcrnekTMBHasA o6NMacTb MPUMEHeHUs
OOT y nauneHToB C akHe — 310 nposegeHve OAT nocne
HeabPpeKTNBHOrO neveHusi 3aboneBaHUs APyruMm MeTo-

Jamu, B YaCTHOCTU, NMocsie 060CTpeHnUsi 3abosieBaHNA Ha
¢boHe neueHnsa M30TPETUOHMHOM. HecmoTpsa Ha To, 4TO
LIMPOKOMACLUTAOHBIX UCCNefoBaHUN  3bPEKTUBHOCTU
OAT y sToM rpynnbl NaLMeHTOB He MPOBOAWUIIOCD, B INTe-
paType OnMMCaHO HECKONIbKO MHTEPECHBIX KIUHUYECKNX
cnyyvaes. Liu J. n coast. [31] coobuwatoT 06 ycnewHom
NeYeHUn naumeHtTa C oOOCTPeHMeM aKHe focie fe-
yeHVa M30TpeTUoHMHOM. O6OCTpeHue akHe pa3BuMBa-
eTcA y HebOoMbLlOW YacTu MaUMeHTOB B Hauasne nepo-
pafbHOro mnpremMa W30TPETUHOMHA. KnuHMYyeckun 310
06bIYHO NPOABASAETCA GONE3HEHHBIMY, N3bA3BIIEHHBIMY
N remopparvyeckumu nopaxeHuamun. TpagnMuMOHHON
Tepanuelnl B JAaHHOM Cilyyae fBNAETCA MPUEM BHYTPb
KopTukocTepouaos. Ho y oTaenbHbIX MaureHTOB Takas
Tepanus TakXe MOXEeT COMpPOBOXAATbCA MOOGOYHLIMU
3bdeKkTamy, TaKNMKM Kak HapylleHne obmeHa BeLLecTs,
YrHeTeHUe NMMYHHOU GYHKLMM 1 APYTMMU HeXXenaTtesb-
HbIMU AIBNEHUsIMU. ABTOPbI COOOLLAIOT O MOJIOAOM MYX-
yrHe ¢ 060CTPEHNEM aKHe MoCsie NpreMa U30TPETUHOU-
Ha, koToporo neumnu OAT (2-yacoBas annaunkauma 5%
5-AJIK, obnyuyeHune 63316 mm, 42 MBT/cm?, 75,6 [Ix/cm?,
7 KypcoB). Pe3ynbraT fieyeHmns Obin OLEHEH KaK MOJIHOe
OUNLLEHNE KOXU C OTIINYHBIM KOCMETUYECKMM Pe3yrib-
TaToM. Picone un coasr. [18] coobuatoT 0 gpyrom ciydae
YCMeLHOro r3neyeHns 060CTPeHNsA akHe Ha GoHe npue-
Ma n3oTpeTmoHunHa. OT npoBoaMAN NALNEHTY C A3BEH-
HBIMV 1 FeMOPPArnYecKUMI NMOPAKEHNAMU OT YrPeBoi
CbINU Ha NriLe 1 TynoBuLLe C 060oCcTpeHreM 3aboneBaHUs
rocse Havasa fieyeHrsa N30TPETVOHUHOM, He pearmpyio-
MM HA CUCTEMHBIN NpreM NPefHU30/I0HA B COYeTaHUN
C MECTHbIM NPUMEHeHNEM KIMHAAMULMHA 1 Ae3nHuLm-
pyowmx cpelcTs. MauneHTy 6binm NpoBefeHbl 6 KypCoB
®OOT ¢ M3-AJIK (annnukauua 16% ma3u) ¢ obnydyeHnem
KpacHbiM cBeToM (630 HM, cBeToBas Ao3a 39 [K/cm?).
Mpu 6-MecAYHOM HabNAEHN Y NaLUeHTa He 6bl1o 06-
Hapy’>KeHO aKTVBHbIX MOPAXXEHWI, TONbKO PyO6Lbl, npu
3TOM BO BPeMs 1 MOCJIe KaXKAoro CeaHca JieueHms He Co-
06L1anock HM O Kaknx NobouHbIX b deKTax.

3aknoyeHune

B nocnepHue roabl akTMBHO Pa3BMBAETCA MeTof Jie-
yeHusa akHe — O[IT, BeMOHCTPYPYIOLWUIA BbICOKYIO 3ddeK-
TUBHOCTb U YAOBNETBOPUTENbHLIN Npodunb Gesonac-
HocTu. Ona OAT akHe npumeHsioT 5-AJIK u M3-AJTK. O6a
npenapata NOKa3blBalOT BbICOKY 3HEKTUBHOCTb B OT-
HOLUEHVM KaK BOCMA/IUTENbHbIX, TaK M He BOCManuTesb-
HbIX MOPAXEHU NPY NETKOW, CPefiHEN U TsKenon dpop-
Max aKHe, a Takxe nocse He3hHEeKTNBHOIO NIeYeHNs aKkHe
APYrviMu MeTogamu, B YaCTHOCTK, MOCie 060CTpeHMs 3a-
6oneBaHuA Ha GoHe neyeHNa N30TPETUOHNHOM. OCHOB-
HbIM HanpasneHuem pa3suTua OLT 60nbHbIX aKHe ABNA-
€TCA NoUCK 1 oTpaboTka cxem Hu3KouHTeHcBHou OOT
C Ueniblo MUHMMM3aLuuUn 60IEBbLIX OLLYLIEHN N MECTHbIX
peakuuii Ha obnyyeHme.

OB3OPHI JIMTEPATYPHI
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