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MO3/PABJIEHIA

Konnextus ®T'BHY «Poccuiickuii eHTp HEBPOJIOTUM U HEf{pOHAYK» MO3ApaBIseT COTPYIHUKOB LleHTpa,
u30pannbix B 2025 rogy B Poccuiickyio akaaeMuio Hayk:

Mapuns MoscecoBHa Tanamss, 3amectutenb aupekropa PLIHH mo Hayunoit
pabore, n3bpana akageMukoM PAH 10 crieruaabHoCTy <HEBPOJIOTHS.

Enena Bnanumuposna l'Henosckas, samecturesns aupexropa PLIHH no Hayunoit
¥ Hay4HO-OpraHU3alMOHHON paboTe, n3bpaHa yieHoM-KoppecronaenTom PAH
T0 CIeLNaTbHOCTY «HEBPOJIOTHSD.

Anna bopucosna CanmuHa, 3amectutesns aupextopa MHctuTyTa Mosra PLIHH,
n3bpana wieHoMm-KoppecrionzerTom PAH o crenpmasnbHocTH «001ast natosno-
TUfl, B TOM UKC/Ie MOJIEKY/ApHasA MeJMLHay.

YKenaem BHOBb M30paHHBIM KOJITEraM aKTHBHOI W IUIOJ0TBOPHOIA paboThI Ha G/1ar0 OTeYecTBeHHOI HayKwu!

AHHasIbl KITMHNYECKOU 1 aKcriepumeHTasibHov Hesponornn. 2025. T. 19, Ne 3 9]



NCTOPUSA MEOINIINHBI 1 HEBPOJIOTUU

80 ner PoccuiickoMy LIeHTPY HEBPOJIOTUM U HeHpPOHAyK

K 80-neruemy ro0usnero
Poccuiickoro ueHTpa HEeBpOJIOrUUA U HEMPOHAYK

M.A. Ilupanos, C.H. Unnapuomkux

Poccuiickuti yenmp negponozuu u Hetiponayk, Mockea, Poccus

On the 80 anniversary of the Russian Center

for Neurology and Neuroscience
Mikhail A. Piradov, Sergey N. Illarioshkin

Russian Center of Neurology and Neurosciences, Moscow, Russia

HayuHo-nccnenoBatenbCkuit MHCTUTYT HeBponoruu Axafie-
muu MeauupHckix Hayk CCCP Obut oTkpbit 1 anpenst 1945 .,
3a Mecdl 0 oKOH4YaHus Benmukoit OTeuecTBEHHO!N BOMHBL
Basoit aa ero cospanus snack Knnbrka HepBHbIX 60-
ne3Heli 1 oTzena Gr3NOIOTHY ¥ NIATOJIOTHK OPraHoB YyBCTB
Bcecor3HOro MHCTUTYTa 3JKCIEPUMEHTANbHOM MeIULHBI
uM. A.M. Topbkoro (BUDM). Ha ocose BUDM B 1944 r. 6bita

obpasoBana Akamemusi MeauumHckux Hayk CCCP, B umciio
TNIepBbIX UHCTUTYTOB KoTopoi Bowén HWUU HeBponoruu.

Cranosnenue Mucrutyta (1945-1964)

VIHCTUTYT pacrioNoxuics B [ABYXSTaKHOM 3/jaHUM ObIBLIEH
ArnexcaHzipoBckoil O0bHULBI B LieHTpe MOCKBBI Ha yiHLe
[unok. OpranusaTopom 1 HepBbIM AupekTopoM WHcTuTyTa
cran Bbipawouuiics yuénsiit HU. Iparenkos. B nepseiii coctas
YUEHOT0 COBETa BOLWIY BbIAIOIVECS UCCIef0BaTeNu U3 Ipy-
TMX HayuHbIX yupexxenuil crpansl: HH. bypnenko, A.B. Bum-
nesckuii, EK. Cenm, 3.B. Epmornbesa u zip. [l paGotsl 6buin
npurameHsl Benvikve Helipodusuonorn H.A. BepHureiiH
1 AP, Jlypusi. Hemuorvie yupesxzenns Moru Obl TOXBACTaThes
TaKOll KOHLeHTpaLyell MHTe/NeKTyalbHOro 0TeHUuaa.

B mepseie rozpr nepen ViHcTuTyTOM OBUM TIOCTaBIIEHBI [BE
OCHOBHBIE 3ajiaud, OmpefenseMble MOTPEGHOCTAMU BOEHHO-
IO U TOCTIEBOEHHOTrO TEPUOZIOB: M3yueHKe TPaBMaTUUYECKHX
TMOP&KEHMiI HEPBHOW CHUCTEMbI M WCC/IE[OBAaHUA B 00/1acTu
Hediponrdexuuid. B 1945-1947 rr. ObUt 3aBepIuéH KOMIUIEKC
paboTt, MOCBALIEHHBII BOGHHOI TPaBMe TOJIOBHOTO U CIIMHHOTO
M03ra, BK/II0Yasi 00001eHre OMbITa JleYeHrs] B BOEHHO-TI0Ne-
BBIX YC/IOBUSX YEPENHO-MO3rOBOM TPaBMBbI Cy/bpaHUIaMU-

HUKOJIAN
HMBAHOBHY

TPAIIEHKOB
(1898 - 1965)

BACH/IBEBHY

(1900 - 1966)

HUKOJIAN EErEHH

BAAJMMHPOBHY
KOHOBAIOB HIMHAT

(1905 - 1985)

HHKOJIAR
BHKTOPOBHY
BEPELIATHH

(1922 - 2004)

3HHAMTA
AJIEKCAHAPOBHA
CYC/IHHA

(1949 - 2014)

Puc. 2. ®otorpacuu nupexropos Mucruryra (Lentpa) HeBponoruu 1945-2014 rr. Ha Annee cnaBbl.
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Puc. 3. MIL. UymakoB (B 1eHTpe) ¥ U3BECTHBI aMepUKAHCKHUIA
supycosor A. Ceit0uH (crpaBa) mPOBOAAT 3KCIEPUMEHT MO 3apa-
JKEHUIO 00e3bsHbI 10 BpeMsi paboyeii M0e3K! COBETCKUX YUEHBIX
B CIIIA (1956 r.).

MU ¥ aHTHOMOTHKAMH, OMKCaHHe aHaspoOHON MH(eKIMH
MO3ra, HEBPO30B BOEHHOTO BpEMEHY, peuyeBbIX HapyLIeHWi
TpY HelpoTpaBMax.

C cepemunbl 1940-x IT. KJacCMK MUpOBOM BHUPYCOJIOTHU
M.IL. YymakoB u ero COTpyAHUKU NMPOBOAWUIM B VHCTUTYyTE
HEBPOJIOTMM LMK/ WCCTefjoBanuii sHuedanutos. Ha Gase
ViHeTuTyTa GbUTa CO3MaHa BUPYCOIOTMYECKas 1abopaTopus,
a pAf 3KCIIePYMEHTOB NPOBOAMIICA COBMECTHO ¢ LleHTpars-
HbIM MHCTUTYTOM 3KCIIEPUMEHTAIbHOM MeJULMHBI BO IIaBe
¢ JLA. 3unbbepom. B pesynbrate skcneauiuii B snuaemMuye-
CK¥ie 0Yard ObuUTM OMMCAHBI OMCKast M KPBIMCKast reMopparu-
YecKyie TMXOPaaKH, JUKyIaHrapcKuil aHLedanur u Jp.

C 1948 mo 1966 r. uctutyT Bosrnasnsn yueHuk HU. Pocconu-
MO, KpynHeimmii coeTckuil HeBposor H.B. Konosasnos, Burie-
npesugentT AMH CCCP. Beiiut co3zaHbl XOpOIIO OCHALIEHHbIE
naboparopurt MOp(ONOTMY LIEHTPAbHON HEPBHOW CHCTEMBI,
a71eKTPO(U3HONIOTHH, GMOXMMHUH, TICHXOJIOTHY, KOTOpbIE BO3-
IJaBWIM Takue KpymHeimue yuénole, kak AH. Komrosep,
®B. Baccun, EA. HupmyHckas, H0.C. FOceBuy, A.A. MutTens-
wrent, J.C. befin 1 ap. MHCTUTYT B3sics 3a pellieHue Ipo-
671eMbl OCTPOrO JMKZIEMUYECKOTO OIMOMKENNTE, KOTOPbIN B
cepeite XX B. BO BCEM MUpe CTa/l HACTOSALIMM OeICTBHEM.
KnuHuueckass yactb paboThl OCYLIECTB/IACH [0 PYKOBOZ-
creoM H.B. KoHoBanoBa, a BHpyconmoriueckas 4acTb, BBINIOJ-
HaBwasgca MIL YymakoBsblv, BKIOYana 3KCIIEPUMEHTbl Ha
00e3bsiHAX U JIPYIUX BH/AX 1a00PAaTOPHBIX UBOTHBIX. B pe-
3y/MbTaTe CUTYaLKIO C IOJIMOMUENUTOM Y/aI0Ch IePelOMUTD, a
CO3/1aHHAs B Ja/bHeleM BaKLHa PaKTUIeCK! JUKBUAUPO-
BaJia 3T TsuKeseliiiee 3a00/1eBaHNe B Hallleil CTpaHe.

[lpoGrema monvioMuenvTa MMesna MPSAMOE OTHOLIEHHE K
cozganuio JLM. TlonoBoit B creHax MHcTuTyTa coBeplieH-

AHHasIbl KITMHNYECKOU 1 aKcriepumeHTasibHov Hesponornn. 2025. T. 19, Ne 3
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HO HOBOTO [/Is Hallell CTpaHbl HalpasjeHUs — Helpopea-
HUMATOJIOTHH U TepBOro CHelall3MpOBaHHOIO OT/eNeHUs
Helipopeannmanuy (1962 r.). Bnarogaps 3tomy yzanoch
[OCTUTHYTb OECIPELeIeHTHOTO CHIKEHHUS JIETalbHbIX KC-
XONOB TP TSDKENBIX (OpMax IOMHEBPONATUi pasHOro
reHe3a, MuUacTeHud, OOTyIM3Me, 3HUedanoMuenurax, mo-
JIyUUTb NMUOHEPCKUE JIaHHbIe M0 MeXaHUKe [bIXaHWus y He-
BPOJIOTHYeCKUX O0/bHbIX. K 3TOMY 3ke mepuozy oTHOCATCS 1
pabotbr T.JI. ByHUHOM, OTKpBIBLIEH IpU OOKOBOM aMUOTpO-
duueckom cknepose crenuduueckre LUTOIIA3MAaTHIECKHE
PHK-cozepsxaiuye BK/IIOUEHUS] B MOTOHEHPOHAX CIIMHHOIO
mo3ra («renbiia BynnHoi). JLA. 3unsbepom u H.B. KoHoa-
JIOBBIM ObL7Ia BBIABUHYTA TUIIOTE3a O BO3MOXHOM 3HAUEHHH
TIEPCUCTHUPYIOLMX BUPYCOB B 3THOJIOTHH OTHENBHBIX (GOpM
6OKOBOTO aMHOTPODUUECKOr0 CK/IEpO3a, TMOATBEPKIEHHAS
B 9KCTIEPUMEHTE C 00e3bHaMHU. DTO CTas0 OfJHUM U3 Haubo-
7ee paHHUX apryMEHTOB B I0/Ib3y LIMPOKO NPU3HAHHOM Ce-
TO/IHS KOHILEMUUN 1iepeOpaibHbIX TPAHCMKUCCUBHBIX IPOTE-
vHonatuit. [0BOps 0 HelpozereHepaTUBHbIX 3a007EBAHKSX,
cleayeT OTMETUTDb BaKHeHlIne UCC/Iel0BaHus ONMBONOHTO-
1epebenpHoOil aTpoduu 1 renaToNeHTHKYISPHOI JereHe-
paluu, KOTopas B HAlle#l CTpaHe HOCHT Ha3BaHue «007e3HN
Bunbcona-Konosanosa». H.B. KoHoBanoBy npuHannexur u
TNepBblii B HAllel CTpaHe CHCTeMaTU3MPOBAHHBIA aHalu3
KJIMHAYECKMX NPOSIBIEHUI PacCessHHOTO CK/Iep03a, KOTOpBIH,
HApSILy C APYTUMU AeMUETHHU3UPYIOLIMMI 3a00/IeBaHUSIMY,
CTas OJHOM M3 LieHTPasbHbIX TeM A7 HayuyHOrO KOJIeKTHBA
MuctutyTa.

Puc. 4. OcHOBONONOKHUK 0TeYeCTBEHHOH HelipOpeaHUMaTONI0THU
JLM. Ionosa.

Puc. 5. Tenbna byHuHO# B MOTOHeIpOHaX CIIHHOTO MO3ra IpH
00KOBOM aMHOTPO(HYECKOM CKIIEpO3e.
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C cepenunbl 1950-x rr. B UHCTUTYTE HauMHaeTcs paspaboTka
pOBJIEMbI COCYAMCTHIX 3a00/IEBaHUIl MO3Ta, UTO CBSA3AHO C
umeneM E.B. [llmunra (Bosrnasnsn MHctuTyT ¢ 1966 mo 1985 1.).
VM ObUTM HayaThl COBEPIIEHHO HOBBIE JUIA TOTO BPEMEHU
MCCTIEIOBAaHUs MATONOTHMM MAarkCTpaibHbBIX apTepuil Tojo-
Bbl C Y4acTHeM BBIAAIOIMXCSA KIMHULKCTOB, MOP(OJIOros,
pentreHosnoros (H.B. Bepemarun, /LK. Bparuna, [1.K. JlyHes,
JLH. JTxubnapze, JIT. TliogkoBckas u zip.). Bbuia mpoaemMoH-
CTpYpOBaHa BeAyllas posib NaTOMOTMH SKCTPaKpaHUalbHBIX
apTepuii B reHese aTepoTpOMOOTHYECKOTO M TeMOLMHAMH-
YecKOro MOATHUIIOB HIIEMUYECKOro WHCY/bTa, MpoBeJeHa
nepeasg B CTpaHe OIepanus KapOTHUAHOH 3HApTepIKTo-
muu (K0.B. Borarsipe). [lon pykoBoacTBoM mpodeccopa
AH. KonroBep 6butii pazpaboTaHbl MPUHIMIBI CHCTEMHOTO
MOpPQOIOrUIecKOro KCCIe0BaHMS LI€JI0T0 MO3ra U ero co-
CYJMCTOM CHCTeMbl y NALMEeHTOB C aTepOoCKIepo30M U TH-
NEPTOHUYECKOH 0one3Hbio. [IpoBOmMIOCh M3yueHKe Mexa-
HM3MOB PeueBbIX U IBUraTe/bHbIX PaCCTPOHCTB COCYAUCTOrO
MPOKCXOXK/EHNS, pa3paboTaHbl METOMbI KHHE30Tepariy fa-
panuueil 1 napesos, co3ziaHa GpyHAaMeHTaIbHAs U IPUKTIaj-
Has 6asa /I BOCCTAHOBJIEHHS BBICIIMX KOPKOBBIX (DYHKLIHA,
B [IEPBYI0 Ouepe/ib HapyLIeHWi peuy, 4To CTajo BaKHeMIel
BEXOil B PasBUTKK HEHPOpeaduIUTALUH,

HoBblil 10M ¥ HOBble Hay4HbIE HANPAB/IEHHS
(1964-1991)

[lepee3n MHcTuTyTa HeBpOnoruy B 3aaHue Ha Bonokonam-
CKOM ILIOCCe MO3BO/IWI CO37aTh HOBble HAayUHble U KJIMHUYe-
CKHe MOZpaszieNeHNs. Bblo OTKPBITO Crenuani3upoBaHHoe
HeliporeHeTueckoe OTAeneHue, B KoTopoM PA. Tkauésbim
u ero npogomxarenamu E.JIl. Mapkosoit u M.A. VBaHoBO#-
CMoneHCKOH CcO3faHa yHUKaIbHAas IIKOTA M3Y4YeHWs jere-
HEPATUBHBIX U HAC/E/ICTBEHHbIX 3a00/IeBaHU HEPBHOW CHU-
CTEeMbl, KOTOpasl CerofiHs 3aHUMaeT JIMAUPYIOLIUE NO3ULUH

Puc. 6. 3nanue llentpa Ha Bomokonamckom mocce (sun B 1965 r.).

B cTpaHe. B 1965 r. GrecTsmym HeHpOXUPYpProM-HOBaTOPOM
O.M. Kanpnenem 6bU1o co34aHO HefpOXUPYpriyecKoe OTze-
TleHyie, CTaBllee Ha AecsTUeTHs ¢rarMaHOM OTeYecTBeH-
HOU QYHKUMOHANBHOM U CTepeoTakcHuecKoi Helpoxupyp-
TMM M HeYKJIOHHO pacllKpsiBliee BO3MOKHOCTH OKa3aHuA
TNIOMOIY NalMeHTaM C NapKUHCOHM3MOM, AMCTOHMeH, 3c-
CEHIIMAIbHBIM TPEMOPOM, OOJIEBBIMK CHHAPOMaMH ¥ Ip.
O.W. Kanpenb u ero yuennk B.B. [lepecenos paspaboramu
He UMeIolLMii aHaIoroB B MUpe METOZ CTePe0TaKCU4ecKoro
K/IVIMPOBAHUA aHEBPU3M, aBTOPCKUI CTepeoTaKCHM4ecKUi
Kommieke — «anmnapaTt Kanpena-IlepecenoBa», a Takxke
TNIpPe//IOKUIM HOBBI METOZ CTepeoTaKCHuecKoro yzasne-
HUSL BHYTPMMO3TOBbIX T€MAaToM, M03BOJMBIIKII Oonee uem
B/IBOE CHM3HUTb IOC/IE0NEPALMOHHYI0 eTanbHOCTh. Ha py-
6exe 1960-1970-x rr. MHCTUTYTOM OBUIM MHULMKPOBAHEI
MacitabHble 3MUIEMUONIOTMYECKIE MCC/Ie0BAHUS COCY-
IUCTBIX 3a00JIeBaHMI MO3ra, pa3paboTaHbl METOAUYECKKE
TIOZIXO/bl OpraHU3aly PerucTPOB MHCYIbTA, MOMYIISALMOH-
HBIX CKPMHHHIOBBIX, IPOCTIEKTHUBHBIX U NPOGUIAKTUUECKUX
TIporpamMm.

C 1985 mo 2003 r. UuctutyT Hesponorun AMH CCCP Bos-
rnasasan H.B. Bepewaruy, ¢ nMeHeM KOTOpOro CBsI3aH Lie-
7Bl psAA APKUX CBepLIEHMI B aHTrMOHeBpoioruU. B 3Tn
rogsl B VIHCTHTYTE ObUTM paspaboTaHbl MPUHLMIbI [IHa-
THOCTUKY ¥ i depeHINpOBaHHON Tepanny pasinyHbIX
TMOATUNOB HIIEMUYECKOT0 MHCYIbTa, CO3/jaHO CIeLu-
anM3UpOBaHHOEe OT/AENeHHe OCTPbIX HApyLIeHWil MO3ro-
BOrO KpOBOOOpAlleHUs C MasaTaMd MHTEHCUBHOW Te-
panuu (3.A. Cycnuna). B otnenenun HelfipopeaHuMalyu
(M.A. Tupazos) Obina cospana cucrema auddepeHrpo-
BaHHO} HelipopeaHMMALFIOHHOW MOMOLIHM IPU HHCY/bTAX,
npyUMeHeHHe KOTOpPOM IO3BOJWIO CHU3UTH JIETalbHOCTD
npu uHdapkrax mMoara B 1,6 pasa, a Ipu KpOBOU3MUAHUSIX
B MO3r — B 1,9 pasa.

W | =
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Puc. 7. OcHOBONO/I0KHUK BeAyIIel MKO/Ib! HeliporeHeTUKY B Ha-
meii ctpade PA. Tkaues.
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Puc. 8. [lnoHep oTeuecTBeHHOI (QYHKIMOHAIBHON U CTEPEOTAKCH-
yeckoil Heiipoxupypruu J.U. Kanpeno.

Puc. 9. Anmapar Kanpens-Ilepecenosa.

B nepBoM B cTpaHe OTZeNeHUM BOCCTAHOBUTEJIbHOW HEBpO-
noruu Gbuti chOpMY/IMPOBaHbI 6A30Bble TIPUHIMIBI ¥ PEATH-
30BaHa crcTeMa aTarHoi Heiipopeabumiraruu (TP Tkauesa,
JIT. CronspoBa, A.C. KazipikoB), cosnana obpasioBas achaswio-
JIOrO-JIOTOMe/IMYecKas Y HEMpOICKXOJIOTHYECKas —CTyx0a.
B HeliporH(EKIMOHHOM OTZENEeHUH LEHTPAbHOE MECTO 3a-
Hama npo0sieMa PaccesHHOrO CKJepo3a (BK/oYas ero aTu-
MYHBIE BAPUAHTBI), OCTPOTO PACCESTHHOTO 3HIeaTOMHUeNHTa,
6onesueit motoneiipona (0.A. Xouzakapuas, M.A. 3apanuium).

B 1970-x rr. mpoMsomuia peBosonysa B MeTonax obcie0sa-
HUA MALMEHTOB C MaTOJIOTHel TOJI0BHOTO M03ra — Havauach
3M0Xa KOMIIbIOTEPHOM HelipoBudyanuszauuy. C IOMOLIbIO
TIepBOTO B CTPaHEe KOMIbIOTEpHOro ToMorpada B VHcTuTyTe
ObUIM [leTanbHO M3YUeHbl KIMHMKO-HEHpOBM3yaIn3aliOH-
Hble MpOsiB/ieHns MHGbApKTOB MO3ra U LepedpanbHbIX Kpo-
BOM3/IMSHUMY, HefiposiereHepaTHBHbIX 3a007eBaHuM, pacce-
SIHHOTO CKJIepo3a, 00bEMHBIX 00pasoBanuii Mosra. B Hauarne
1980-x rr. corpynuukamu HMM MunucrepeTsa anekTpoTex-
Huyecko#l npomblunedHoctd CCCP u yuénbiMu MHcTHTYTA
HeBpororuu Bo rase ¢ H.B. Bepemjarutbiv Obit cospan oTe-
4eCTBEHHBIH KOMIbOTepHbIid ToMmorpad — CPT 1000/1000M.
Takue Tomorpadbl ycIewHo paboTany Bo MHOTHX YUpeske-
HUSIX cTpaHsbl 0 Havana 1990-x rr.
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Puc. 10. OteuectBenHblil peHTreHoBckuit Tomorpad CPT 1000.

VIHCTUTYT HEBPONOTUM SIBUICS POJIOHAYANbHUKOM YIbTpa-
3BYKOBOTO MCCJIE[IOBAHMs COCYZIOB B Hallleil CTpaHe, a TakKe
pa3paboTurKoM (QYHKLIMOHAIBHBIX METOZ0B HefpOBU3yaIy-
3auui — B KoHue 1970-x IT. BiepBbie B CTpaHe 37ech ObUIo
HanmaxeHo paaronsoTonHoe (¥Xe) uccnezoBaHne MO3roBOro
KPOBOTOKA TPY OKK/TIO3UPYIOLIMX TIOPaKEHHMAX MarucTpaib-
HbIX apTepyil TO/OBbl, M3yYaluCh MeXaHU3Mbl ayTOPEry-
NALUMM MO3TOBOTO KPOBOTOKA, T€MOJAMHAMUYECKUN De3epB
mo3ra (M.B. Mycarosa, M.A. [lupazos, T.H. llapeimoza,
B.B. llIsenkos u zp.).

Tepexopubiii mepron (1992-2006)

[locne opranusauuu B Havane 1992 r. Poccuiickoii akanemuu
MEJIMLMHCKUX HayK VIHCTUTYT Momyuun HOBOe HaWMeHOBa-
Hue — HW neeponoruu PAMH. Ha nporsxennu 1990-x rr. Un-
CTUTYT CyMeJl He TIPOCTO COXPaHUTDb CBOE JIULO, HO 1 HAlTHU pe-
CypCbI //ist OGHOB/IEHHSI ¥ TIPOJBIKEHVS BIIEPEN — MOSABIISIOCH
HOBOE 000py/I0BaHKe, COXPAHSUIMCH BbICOUAMIIME CTAHAPTbI
KMHIYecKoi paboTsl Ha pyGeske BekoB ViHCTUTYT Bbilen Ha
HOBbIX ypoBeHb pas3sutus. [lox pykosogcrsom M.A. Iupanosa
ObUTM BBIMOTHEHBI PA0OTHI, MOCBAIIEHHBIE TKENBIM TEMOppa-
TMYeCKUM U HLIEMUYECKUM HHCY/bTaM, IeMUeNTMHU3UPYIOLIIM
Y BOCMaTUTe/bHbIM TOJMHEHpONaTHaAM, MUACTEHUYeCKUM U
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Puc. 11. Paznuuble MeTOAbI MOJIEKY/ISIPHO-TeHeTHUecKoro ckpununra B [IHK-naGoparopun.

XONMHepruyeckuM Kpusam. [IpropuTeTHble MccnefioBaHus 1o
NaTOTeHe3y U Teparyy OCTPbIX BOCIAIUTE/bHbIX [AEMUETVHU-
3UPYIOIMX TOMHeHdponaTuii Mo3BoNuIK BzBoe (0 1-2 Mec)
COKpATHUTb CPOKH BOCCTAHOBJIEHHS TIPY TKENBIX POPMAax CHH-
Apoma I'iteHa—-bappe 1 Ha IOPSIOK CHU3UTD JIETAJIbHOCTD MPU
TOKENMBIX dopMax ArdTepHiiHON NoMMHeponaTHy.

Emé c cepenunnl 1990-x rr. mox pykosoactBom 3.A. Cyc-
JIMHOM, KoTOpas siBMsnach aupexTopoM VHcruryta ¢ 2003
no 2014 r, Havanach yHAAMeHTabHAsA pa3paboTKa Mpo-
6neM kapauoHeBponoruu. B UHcTuTyTE TMOsBMIIACH TepBast
CrIeLManY3npoBaHHas 1abopaTopus M0 U3yYeHHIo reMopeo-
JIOTMM U TeMOCTa3a MpPU HEeBPOJIOTHYECKUX 3aboneBaHMsX,
ObUT BHECEH 3HAYMTENbHBII BK/IA/| B PaspabOTKy U K/IHHMYe-
CKYIO anpo0aliyio HOBbIX aHTHArPEeraHToB ¥ aHTHUKOAry/IsiH-
t0B. M.M. TaHauisiH u eé coTpyaHuKkamu Gbita pazpaborana
KOHLIeNUs AU3PErynALy reMocTa3a Kak YHUBEpCaJbHOro
(axTopa natoreHesa HIIEMHYECKUX MHCYIbTOB. VHCTHTYT
C/leJIa)l HOBBIA 1Iar B M3YYeHUH CHCTEMHOrO TPOMOO/IM3uca:
BIIEpBbIE B CTpaHe ObLIO MPOBEEHO MCCTIe/j0BaHKe BHYTPU-
apTepuanbHOr0 BBEJEHUA YPOKMHA3bl NpU HILIEMUYECKOM
uHcysbre. HoBbIil LMK McceioBaHuit ObUT MOCBAWEH pac-
KPBITHIO TPUYMH WHCY/IbTA B MOJIOZOM BO3pacte, npobieme
antudochonmumipHoro cunppoma (J1.A. Kanamnukosa). Co-
TpyzHUKY VIHCTHTYTa BHECM GOMbluoi BKJIaj B OpraHusa-
LIMI0 OKA3aHKs TOMOLM OOBbHBIM C MHCY/IBTOM U CO3/jaHue
cUCTeMbl Takoi nomotuu B Poccuiickoii Oepeparui.

Vi3yuennio HelipoziereHepaTUBHBIX ¥ HAC/IE/ICTBEHHBIX 3a00-
JieBaHuUi 1o HOBbIH uMysbe cozanve [JHK-naboparopun.
OT0 1M03BOMIIO MPOBECTH MaciuiTaOHble paboTsl B obnactu
MYTaLHUOHHOTO CKPUHMHTA reHoB prcka U JJHK-auarHocTuku
MapKMHCOHM3MA, [JUCTOHUH, CIMHOLEpeOe/UIApHBIX JereHe-
pauuii ¥ pyrux pacCTPONCTB [ABMKEHMI, OMUCaTh HeCKOMb-
KO HOBBIX HAC/Ie/ICTBEHHBIX 3a00/IeBaHMil HEPBHOM CHCTEMBI,
CO3[aTb OCHOBAHHYI0 HAa MOJIEKY/IAPHO-TeHeTeTUUECKOM
ZMarHoCTHKe CUCTeMY Me/IKO-TeHeTH4eCKOro KOHCYIbTHPO-
BaHUs ¥ MPOQUIAKTUKY IPY MOHOTE€HHON HeBpOJIOrMYecKol
natonoruu (CH. Wnnapuonikus). Veroprueckoi 3acmyroit
HUU uesponoruu PAMH aBnsercs craHosieHne 60TyIHHO-
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Teparnui Kak HOBOW 00/1aCTH HEBPOJIOTHK B HAIIEH CTpaHe.
B HeliponH(EKLIMOHHOM OTZENEHNN BBINONHEHBI MHOHEP-
CKHE B CTPaHe MCC/IeJOBAHMUS 10 PUOHHBIM 3a00JIEBAHUSM.
Hosbim HanpassieHreM paboTbl €TI0 MPYMEHEeHKe Mpenapa-
TOB, U3MEHAILIMX TeUeHHe PACCesHHOrO CKIepo3a.

CoTpyaHukn — 1ab0paToOpuM  MATOJIOTMYECKOH — AHATOMUH
(B.A. Moprynos, T.C. I'yneBckas) omucany NaToIOrH4ecKue
TIpoLiecchl IpY apTepHabHON TUIIePTOHNY U aTepOCK/Iepo3e Ha
BCEX CTPYKTYpHO-(QYHKLMOHAIBbHBIX YPOBHAX COCYAMCTOH CH-
CTeMbI TOJI0BHOTO MO3ra — OT MAarucTpa/bHbIX apTepuil rono-
BBI 710 MUKPOLIMPKY/IATOPHOTO pyciia. B maGoparopuu sxcrepy-
MeHTa/IbHO! MaTo/Iorky HepBHOU cucteMbl (M.B. [annykiHa)
ObUTH BBITOJTHEHbI TIPHOPUTETHBIE HCCTIE0BAHKS MEXAHU3MOB
VHZVBY/yabHOK MPEeApacooKeHHOCTY MO3Ta K HILIEMUH,
po/i  remarosHiedanmueckoro 6Gapbepa IpU  HAPYLIEHHsX
MO3TOBOTO KPOBOOOpAILEHHsI U YEpEIHO-MO3TOBOil TPABME.
Jlaboparopus 6roxumi (A.A. Borbipes) cTana MAOHEPOM MO-
JIEKY/IAPHOM HEMPOXMUMKK ¥ MEMOPAHOJIOTUK B Hallleil CTpaHe
¥ BHEC71a OCHOBOIO/IAralolyii BK/Ia/, B PacKpbITHE MOJEKYAp-
HbIX MEXaHM3MOB OKC/IUTENLHOTO CTPecca B MO3TOBOM TKaHM.

Coepemennbiii 3tan (2006-2025)

B konue 2006 r. pewennem Ilpesuanyma PAMH B cocras Un-
cruryta Hespornornd PAMH 6bur BrmouéH WHetuTyT Mo3sra
PAMH — crapeiiiiee HayyHO-KCCTIEJ0BATENBCKOE YUPEKIEHNE
CTpaHbl, 3apofwBLieecs emmé B cepenuHe 1920-x IT. Kak sabo-
paropust 1o usydenuto Mosra B.M. Jlenuna. C 1928 r. UHcTuTyT
Moara paspabatbiBa (pyHAaMeHTa IbHbIE POOJIeMbI aHATOMHY,
rycTonoruy, (U3MOIOIMM HEPBHOK CHCTEMBI, 3KCIepUMeH-
TaJIbHOM NATONOTMU MO3Ta, K KOTOPbIM CO BTOPOH MOJIOBMHBI
CTOZIeTHS TIPUCOE/IUHIINCD MICC/Ie/ioBaHuUs B 00/1aCTH KY/IbTYp
HEpBHOH TKaHY, CHHANTOIOTMY, QYHKLMOHAIbHOM Mopdoxu-
muu. B ero crenax paboTany KIacCHKM OTEUeCTBEHHOH HayKu
0 Mo3re, ObU CO3/jaHbI [IepBbie B Hallleit cTpaHe JlabopaTopun
37MIEKTPOHHOI MHUKDOCKOINY, 3KCTepPUMeHTalbHON HeHpory-
TOJIOTHH, HEAPOKUOEPHETHKHY, & TaKiKe YHUKaJIbHbIEe 00BEKTHI,
VIMEIOLLIVE He TOJbKO HayYHOE, HO U GOJIBLIIOE Ky/IbTYPHO-HCTO-
puueckoe 3HaueHue: Myaeil ooy Moara 1 [laHTeoH Mo3-
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Puc. 13. My3eii aomonuu mMo3ra u Ilanteon mosra.

ra. B pesynbrare npousorueiero o6beyHeHrs Gbll CO3/aH
VHUKa/IbHbI HAay4HO-MCC/IE/I0BATE/IbCKUI LIEHTP C IIMpOovai-
LM CIIEKTPOM KOMIIETEHIMH B PasIMyHbIX 00/IACTAX KIMHY-
YecKUX U (QyHZAMEHTAIbHBIX HelpOHAyK, peanv3ylomyii Ha
TIPaKTUKe IepesioByI0 MOZe/b TPAHC/ALMOHHOM HEBPOJIOTUM.
OH nonyunn Ha3BaHue — Hayunblit LieHTp HeBponoruy, B 2014 1.
ero Bo3rnasun akazemuk M.A. [Tupaznos. BypHblii porpecc B

AHHa bl KIIMHUYECKOV 1 SKCriepuMeHTabHov Hesponormn. 2025. T. 19, Ne 3

80 net Poccuiickomy LiEHTPY HEBPOMOTUW 11 HEpOHayK

UCC/IeZI0BATEIbCKUX Y MEAULMHCKUAX TEXHOJOTUsAX, B TyILe
KOTOpOro Haxoxuscsa LleHTp, crocobcTBOBa pasBUTHIO Tpa-
IWMIMOHHbBIX HAMPABIEHUI ero paboThl U MOSBIEHUIO HOBBIX
obracreil MHTEpeca Ha CTBIKe C APYTUMHU AUCLATUTAHAMHE.

AxtuBHO pasBuBawTca B LleHTpe MccefoBanua B 06macTy
Hefipopeabwmrauyu. [IpoBesieHo mepBoe B MUPE HCCIe-
noBauve 3GeKTUBHOCTY peabuuTaluy MalUeHToB C Mo-
CTHHCY/IbTHBIMY JIBUTaTebHbIMU HApPYIIEHUIMH C TIOMOLLbIO
9K30CKesleTa KUCTH, YIPaBJIsieMOoro yepe3 nHTepdeic «Mosr—
xommnbiotep» (MMK) Ha ocHoBe mpejcTaBneHUs ABMKEHHUS.
B coTpynHuuecTBe ¢ MHAYCTpHAIbHBIMKU MapTHEpaMu pas-
paboTaHbl POTOTHUIIBI SK30CKeneTa KucTH. [IponomkatoTes
uceneoBanyd 1o ucnosnb3oBauuio B IMK cucremsl peru-
CTpaLM¥ aKTUBHOCTU MO3Ta C IOMOLIbI0 HH(PaKpacHoro us-
nydenus B OmakHeM uanasone. Ha 6ase LlenTpa meficteyer
n1aboparopya Mo CO3/[aHUI0 HeHpPOpeabMIUTALMOHHBIX Bbl-
COKOTEXHOJIOTUYHBIX YCTPOKCTB, U MHOTHE pa3paboTKu yixe
CEero/iHs Haxo[AT CBOE NPaKTHYecKoe NpHUMeHeHVe Y Maly-
€HTOB C Pas3/MYHbIMK HAapYIIEHNUSIMU MOTOPHBIX (QYHKIMIL.

Ha mMupoBoM ypoBHe MpOBOAATCA MCCIef0BaHKs B 06nacTu
HEeMHBA3VBHON HelipoMonynsuuy, kKoropas Beero 3a 40 ner
TpoLuia MyTb OT KCHepUMEHTANbHOM METOAUKY JI0 CIIOCO-
0a JieueHust ¢ OYeHb BHYIIMTE/IBHON JJ0Ka3aTeNbHOM 6a3oi,
BKJIIOUEHHOTO B pAJl KIMHMYECKUX peKoMeHzauui. boree
TOro, NpoBefieHHbIe B LleHTpe McciefoBaHUS MOKA3bIBAIOT
danTacTUyecKre BO3MOXKXHOCTH 3TOTO METOAA /I H3yde-
HUSI CaMbIX Ba)XKHBIX TaliH 4esioBevecTBa — MEXaHU3MOB CO-
3HaHWA U NaMATH. [[0CTaTOUHO CKa3aTh, YTO COTPYAHUKAMHU
Llentpa yxxe paspaboTaH MpOTOKOJ MEpCOHNUHULIPOBAHHON
HaBUTalMOHHON TpaHCKpaHWajbHOW MAarHWTHOM CTUMYy/IS-
LJUM, KOTOpask CrOCOOCTBYET Y/YYIIEHUIO MAMATH Y 310pO-
BbIX /MOfel MUHUMYM Ha 20%, ¥ 9TO TOJIBKO Hayaso MyTH.

B

E.. L » 0%

Puc. 14. Po0oT 1/15 HABMIalMOHHON TPAHCKPAHMATBHON MarHuT-
HOW CTUMY/ISLMU.

Puc. 15. UapuBupyanbaas 3D-Moznenb rosoBHOro Mo3ra.
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BaxHedllMM akLeHTOM MPOBOAMMBIX CErOfiHS HCCTeso-
BaHMH B 007acTH HEeHpOJereHepaTUBHBIX, COCYIMCTBIX,
[eMUENTVHUA3UPYIOIUX W APYTMX COLMAIbHO 3HAUMMBIX
3aboneBaHnii HEPBHOM CHCTeMbl fB/IAeTCS paspaboTka
MH(QOPMATUBHBIX OHOMAPKEPOB MOPAKEHUs MO3ra: MoJie-
KY/IAPHO-TeHeTUUECKUX, UIMMYHOIOTMYeCKUX, HeHpoBU3ya-
NM3aLMOHHbIX U JIp., YTO T03BONISET GOPMUPOBATH TaApPreT-
Hble T'PYIIbI PUCKA U OCYLIECTBATb MAKCUMabHO PaHHIOH
Tepanuio. [lepcoHann3poBaHHble METOZBI JIEUEHHUS, NPU-
MeHAeMble B LleHTpe, BKIIOUAOT Ha3Ha4YeHWe Ipernaparos
MOHOKJIOHA/IbHBIX aHTHUTEJI, aHTUCMBIC/IOBBIX OJUTOHYKJIE-
OTHU/IOB U JIPYTHX BBICOKOAKTHMBHBIX OHOMOMEKy/, paspa-
GaThIBAIOTCS HOBblE TMOLXO/BI TEHHOW U TeHHO-KIeTOYHOMN
Tepanuy, TeXHOJOTMU TepaneBTUYeCKOH U IpeBeHTHBHOU
HeMponpoTeKLHyL.

B LlenTpe ycremHo peanusylOTCSl YHHUKabHblE BO3MOXKHO-
CTH XWUPYPrMYEeCKOro JiedeHus 3a00/eBaHUN HEpPBHOM CHU-
creMbl. Tak, HOBBIM IIAroM CTal0 NpuMeHeHHe OKycHpo-
BAHHOTO y/bTpas3Byka moz koHtponeM MPT, nossonsiouiee
HEU3Bas3MBHO, 0e3 pa3pe30B YCTPAHSTH TSIKENbBIE [BHTra-
TeJIbHble CUMIITOMbI IIpy G0s1e3Hu [TapKUHCOHa, AcCeHIIab-
HOM TPEMOpE U JPYTHX 9KCTpanvpaMUIHbIX 3a00/eBaHMSX.
OnTUMU3UPYIOTCS TOAXOABl K XUPYPriueckoMy JIeYeHHUIO
(bapMakope3ucTeHTHO! 3muierncyy. VenonpayoTess MeTonsl
CTUMY/IALMY CIIMHHOTO MO3ra J1fl JIeueHus CIacTUYHOCTU U
6bos1eBoro cuHIpoMa.

HoBbIM Hampas/eHreM Ha CTBIKE C [IaCTUYECKON XUpypruiei
CTali PEKOHCTPYKTUBHbIE XUPYPrUYECKHE BMEIIATENbCTBA
Ha CTPYKTYpax roJIOBbI U ILeY [PU ONYXOJIsX, TPaBMax, Cocy-
JICTBIX MaJib(GOPMALIMAX, KOTOPbIE BHIMOJIHAITCA C MPUBJIE-
YEHUeM B OMEPALMOHHYI0 OpUrajly OHKOJIOrOB M YeNHOCTHO-
JILEBBIX XMPYProB. [IpoBOAATCA HOBATOPCKKE OMEpaLuy Mo
BOCCTAaHOBJIEHHIO Cl)yHKLH/II/I JIMLEBOr0 HEPBa U MHUMHYECKUX
MBI, (POPMUPOBAHUIO COCY/IUCTBIX AHACTOMO30B MEKY
VHTpau 9KCTPaKpaHUa/bHbIMU apTepusMu. Ha Bbicoyaiiiiem
YPOBHE BbITNIOTHATCA BMEILIATENbCTBA 10 MOBOAY dHEBPU3M
COCY/IOB TOJIOBHOTO MO3ra. B XMpypruu no3BOHOUHMKA MpH-
OpHUTET 0TAAETCS pa3paboTKe U BHEAPEHUI0 MUHUMAJIbHO-MH-
Ba3MBHbIX ¥ SHIOCKONMYECKHMX BMELIATENBCTB, YTO [03BOJIAET
CYILECTBEHHO Y/yULINTb HEBPOJIOTMYecKHe MCXOfbl Orepa-
TMBHOIO JIEYeHs], B 2 pasa YMEHbILWTb YACIO OC/IOKHEHUH U
JUIATENIbHOCTb MpeObIBaHKA OOIBHOTO B CTALMOHAPE.

B ¢oxyce dyHnameHTanbHbIX vccnenoBanuii Llentpa — pas-
paboTKa HOBBIX TEXHOJIOTMHA MOJE/NMPOBAHUS TKAHHU TOJIOB-
HOTO Mo3ra in vitro; co3nanue UMQPOBBIX ABOHHUKOB KIle-
TOK M MY/IbTUK/IETOYHBIX aHcambriell, M3yueHne MoBeJeHus
’KVBOTHBIX KaKk Mojienefl A7s OLEHKYU BJMAHMS BHEIIHMX
($aKTOpoB Ha MIACTUYHOCTb MO3Ia; CO3/laHKEe HOBBIX MaTe-
pHaoB ¥ annapaTHO-NPOrpaMMHBIX KOMIUIEKCOB VIS TPaHC-
TIALMOHHBIX MCCTe[IOBaHUiL; MOJIEKY/IIPHO-TeHeTHYeCK1e KUC-
C/Iefi0BaHUsI KOTHUTUBHBIX QYHKLMH ¥ MX HapyLIeHUH Npu
CTapeHWy; M3y4eHWe TeHeTHYeCKUX OCHOB peOpraHM3aLyy
HeiipoceTefi MO3ra NPy pas3/INYHBIX NATOJIOTHAX; pa3paboTka
HOBBIX (hapMaKoTepaneBTUYeCKUX U KJIETOYHBIX CTpaTeruii
B HelipoHayKax. [I71e pelleHys 3TUX 3aiay aKTUBHO IpUBJIe-
KIOTCS CIIELMaIKCThl IKCIIEPTHOTO YPOBHS B 00/1acTH Heil-
po6uonorny, HeipodU3KOIIOTHH, HEHPOMOP(OIOTrKH, MoJie-
KYJPHO TeHeTHKH, KIeTOYHON OWOJIOTHH, HefpOoXMMUY,
brontxenepu, 6rodusuky, GHoMHGOPMATHKYL.
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OcoGeHHOCTbIO KCC/IeI0BAHMIA, TIPOBOMMBIX B LleHTpe, aB-
7MeTCS MX MEX/VCLMIUIMHAPHBIA XapakTep, a Takke K0o-
nepanys C IIMPOKMM Kpyrom napTHEpoB B Poccuiickoit
®enepauyy 1 3a pybeskom. CTpaTernyeckumy NapTHEPaMu
apnsaoress MITY um. H.3. baymana, MI'V um. M.B. Jlomo-
Hocosa, HUIl «Kypuarosckuil unctury™, MBX nm. akap,
MM. llemsaxuna u F0.A. OBuuHHUKOBa PAH 1 emé 6onee 30
KPYMHEeHIIMX HayuyHbIX LIEHTPOB CTPaHbl, & TaKkke yHUBEp-
curetsl MockBel, Cankt-Ilerep6ypra, Hixuero Hosropopa,
Kasanu, KpacHosapcka, CapatoBa u Apyrux ropogos, Oonee
10 NpOMBILTEHHBIX PEATNPUATHI 1 AL BEAYIIMX 3apy0Oesk-
HBIX HAayYHBIX LIEHTPOB.

AKTHBHOE paclIMpeHHe CIeKTpa INpPOBOAMMBIX MCCTe0Ba-
HUI 1 TIOSAB/IEHNE HOBBIX YHUKAJIbHBIX BO3MOXKHOCTEH B 0Cy-
IIECTBIEHNY KIVMHUYECKOH AeATeNbHOCTH, MPOU3OLIEAIINe
6narozapsi BBEJIEHMIO B 9KCIUTyaTaLiMI0 HOBOTO Kopryca
OCHALL|EHHIO ero caMbIM IepeoBbIM 060py/0BaHKEM, CTaU
npeanocskuiKamu s Beinenenus B 2023—-2025 rr. B coctaBe
Llentpa 5 uHCTUTYTOB: VIHCTUTYTa KIMHWYECKOH U Mpodu-
NaKTHYeCKO# HeBposoruu, MHcTuTyTa Heifpopeabummrariiy
¥ BOCCTAHOBHUTE/IbHbIX TexHOMoruy, WHetutyTa QyHKLMO-
HaJIbHOH Helpoxupypruy, ViHcTuTyTa Mosra, MiHcTutyTa Me-

Puc. 16. Ctepeo-33T' npu npenxupypruyeckoM oGcie[0BaHAH Ma-
1IMeHTa ¢ ()apMaKope3UCTEHTHOIT AMUIIeNCHeN.

Puc. 17. [lepconnuunpoBannbie KJIETOUHbIE Mofend 3a0oneBa-
HUI HePBHOH CHCTeMbl HA OCHOBE TEXHOJIOTMM HH/YIMPOBAHHBIX
IUTIOPHUIIOTEHTHBIX CTBOJIOBBIX K/IETOK.
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Puc. 19. HoBbiit kopnyc Poccuiickoro LeHTpa HeBpOJIOTUH U HelipOHayK.

JILIMHCKOTO 00pa3oBaHus 1 MpodeccHOHANBHOTO Pa3BUTHSL.
B ero crpykrype cosnansl Llentp amunencu, Lientp 3a6o-
NieBaHUi meprudepuueckoil HepBHOM cuctembl, Llentp 6oy,
LleHTp KOTHUTMBHOTO 3[0POBbS, OKAa3blBAIOLIME BCE BUMIBI
BBICOKOCTIELIMA/IM3UPOBAHHON MOMOLIM Y peanu3yrolye
VHUKaJIbHbIe KCCreloBaTebCKue IPOrpamMMbl.

Ha 6ase yupexsjeHus peanusyiorcs maciirabHbie 006paso-
BaTe/IbHbIe IPOrPaMMBI /sl CTYZEHTOB (BK/IOUas o0ydeHve
cabitie 300 CTYZIEHTOB U3 HECKOJIbKUX MEJULIMHCKIX YHUBED-
cureToB MoCKBBI 1 TipoBe/ieHre HalrioHambHOM 0MMIra st

«Bynymue HeBponory XXI Beka»), KIMHUYECKUX OpAMHATO-
poB 1 acmupanToB (cBbiue 100 00yyAKOIIUXCA €KETOHO),
a Take Bpauell pas/IMyUHbIX CIIELMaNbHOCTEH B paMKax Mpo-
rpaMM IMOC/TeAUIVIOMHON MOATOTOBKK (e)xeroaHas ayguTo-
pus — Gonee 7000 yesoBex).

Emié HecKombKo BrevaT/Isionmx nudp:
— B Llentpe paboraiot 5 aKaeMUKOB U 4 ujleHa-KOpPECIIOH-
neHta Poccuiickoii akanemMuu Hayk;

Bce ¢pomozpapuu — u3 apxuea PL[HH.

AHHasIbl KITMHNYECKOU 1 aKcriepumeHTasibHov Hesponornn. 2025. T. 19, Ne 3

80 net Poccuiickomy LiEHTPY HEBPOMOTUW 11 HEpOHayK

— Cpenu mpezcTaBuTeneil Hay4Ho# mKosb! LlenTpa — 2 na-
ypeara JleHnHckol npemuy, 9 naypeaTos [ocynapcTBeH-
Ho#t mpemun CCCP, 8 naypearos npemuu [IpaBurenscrsa
P®, 8 naypearos npemuu [Ipesunuyma PAMH/AMH CCCP,
2 naypeata Jonotoil mefamu umenu W.II. [laBnosa AMH
CCCP, 27 3acny»eHHbIX fiesTesell HayKy;

— corpynuuky LleHtpa eseroHo BbimyckaoT 6onmee 250
HAYYHBIX MyONMKALKiA, BKIOYAs CTATbi B CAMbIX BIIMS-
TeJIbHbIX MEXIYHApOAHbIX XKypHanax: The Lancet, JAMA
Neurology, PNAS u 1ip,;

— 3a BCe rofibl ozroToBseHo Honee 250 MoHorpaduit, pyko-
BOJICTB /U1 Bpaueii, CIPaBOYHIKOB 1 y4eOHNKOB;

— momyyeHo cBbie 200 MaTeHTOB Ha M300peTeHHs, Mones-
HbIE MOJIEJTH, KOMIIbIOTEPHbIE TIPOTPaMMbI U 0a3bl JAHHbIX.

Takum o06pasoM, B Hacrodiiee Bpems Llentp mnepemmén
Ha KauyeCTBEHHO HOBBbIf BUTOK CBOErO pa3BUTHS, MONY4MB
B 2025 r. HOBOE, 8MKOe M BceoObeMIOLIee Ha3BaHWE —
Poccuiickuil nenTp HeBpomoruu U HeiipoHayk. OH ocTaéres
¢narMaHoM OTeYecTBEHHOIl HEBPOJIOTMM U YBEPEHHO CMO-
TpuT B Oymyiiee.
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Biofeedback Training in Rehabilitation of Patients
with Neurological Disorders in Post-COVID
Syndrome: a Randomized Controlled Trial
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Abstract
Introduction. The high prevalence of post-COVID syndrome (PCS), which frequently manifests with emotional disturbances, cognitive impairment,
and asthenia, necessitates effective rehabilitation methods. One potential approach is electroencephalography (EEG)-based biofeedback (BFB)
therapy, though its use in PCS management has been explored in only a few studies to date.
The study aimed to evaluate the effects of EEG a-rhythm BFB training on emotional state and cognitive function recovery, and reduction of as-
thenia symptoms in PCS patients.
Materials and methods. Patients diagnosed with U09. Post-COVID-19 condition were randomly assigned to two groups of 10 participants each.
The main group underwent 1215 sessions of EEG a-rhythm BFB training using the NeuroPlay-6C headset with the Neurocorrection of COVID-19
Psychoemotional Consequences protocol, while the control group received identical training without biofeedback. Assessments performed before
and after the intervention included: emotional state evaluation (State-Trait Anxiety Inventory [STAI], Short Health Anxiety Inventory [SHAI], Beck
Depression Inventory [BDI], Psychological Stress Measure [PSM-25]), cognitive function assessment (Addenbrooke’s Cognitive Examination Il
[ACE-11I], Schulte tables, Stroop test, Tower of London test, N-back test, 10-word memory test), assessment of asthenia (Multidimensional Fatigue
Inventory [MFI]), and sleep quality evaluation (Insomnia Severity Index [ISI]).
Results. In both groups, the training resulted in a significant reduction of personal anxiety, psychological stress, depression, and asthenia. The main
group additionally demonstrated decreased health-related anxiety and improved information retention parameters. Intergroup comparison revealed
more pronounced dynamics in the main group: greater reduction of general fatigue manifestations, increased immediate word recall volume,
and improved retention of verbal information in working memory. The proportion of patients transitioning to milder symptom severity levels on
individual scales was comparable between both groups.
Conclusion. EEG a-rhythm biofeedback training can be implemented at the outpatient rehabilitation stage for PCS patients.

Keywords: post-COVID syndrome; asthenia; emotional disorders; cognitive impairment; electroencephalographic biofeedback
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OPUMMHANBHBIE CTATbIA. Knuhnyeckas HeBponorus
BOC-TpeHWHr Npu NOCTKOBMAHOM CUHAPOME

BOC-TpeHUHT B peaOMINUTALMH MMAllHEHTOB
C HEBPOJIOTUYECKUMU HapyLIeHUSIMU
[IpU NOCTKOBUAHOM CHUHJpOMe:
paHI0MHU3MPOBaHHOE KOHTPOJIMpPyeMoe
HhccjaegoBaHue

A H. Yepxacosa', E.C. Ukonnukosa', PX. /liokmanos!, 0.A. Kupuuenko', 0.A. Mokuenko'?, B.A. Koubimes?, A.A. 3oHoB?,
H.A. Cynonesa', M.A. Tlupanios!

"Poccuiickuti yenmp Hesponoauu u Heiipouayk, Mockea, Poccus;
*Hetipobomukc, 3enenozpad, Poccus;

SHHemumym evicuieti HepeHoli desmenbHocmu u Helipocuuonoeuu Poccutickoii akademuu Hayk, Mockea, Poccus

AHHOTaIMg

Beedenue. Pacnpocmpanérxocms nocmkogudrozo cunopoma (IIKC), cpedu nposieneruii komopoeo 8bicoka acmoma 8cmpeuaemocmu HapyuieHuil
IMOYUOHATbHOLL Chepbl, KOZHUMUBHBIX (hYHKYULl U nposeneHui acmeruy, mpebyem paspabomku memodos ux npeodonerus. OOHUM u3 makux
Memodog Moxem cmamb mepanus ¢ Ucnonb3osauem Guonoeuteckoti obpamroti cesu (BOC) no anekmpoanyedanoepachuu (93I), usyuenue
xomopoti 8 omHoweruu [IKC ozpanuueHo eduHuuHbLMU padomamu.

Llenwv uccnedosanus — oyerums enusHue 5OC-mpenutea no a-pummy 339 Ha goccmanoeneHue aMOYUOHANLHO20 COCMOSHUS, KOZHUMUGHDbIX
hynkyuti, cHusxenue nposenenuti acmenuu y nayuernmos c IIKC.

Mamepuanst u memodet. [layuermos ¢ duazrosom «U09. Cocmosrue nocre COVID-19» pandomusuposanu e 2 epynnet no 10 uenogex. YuacmHuku
0CHOHOLI 2pynnbl npoxodunu 12-15 mpenuposok BOC-mpenutea no a-pummy 33I ¢ nomowsvto eaprumypet <NeuroPlay-6C» no npozpamme «Heli-
poKoppexyus ncuxoamoyuorabHoix nocnedcmeuti COVID-19. B koHmponsHoli 2pynne npumMeHsu me e mpeHUposKy, Ho 6e3 06pamHoli c6s3u.
o u noce mperuHea oyeHusany cocmosHue amoyuoransHoii ceput (Onpocrux Cnunbepeepa—Xarura, Kpamkuii onpocHuk mpegoeu 0 300pogbe,
Llxana denpeccuu Beka, Illkana ncuxonozuueckozo cmpecca), koeHumueHblx QyHkyuil (AddenOpykckas wkana oyeHku KoeHUMuUEHbLX GYHKYULl
1T, <Tabnuypt [yneme», mecm Cmpyna, <bawnu Jondoar, N-back, «10 cnoe»), napamempest acmenuu (CyOzexmueHas wikana oyeHku acmenuu) u
Kkauecmea cHa (MHdekc maxecmu UHCOMHUL).

Pesynemamot. B obeux 2pynnax nocze mpexuH2a npousOULIO 3HAUUMOE CHUXEHUE JUUHOCMHOL MpPeBoKHOCMU, NCUXONI02UUECK020 cmpeccd,
denpeccuu u acmeHuu. B 0cHOBHOL epynne make omMmeueHo CHUXeHue mpesoe 0 300p06be U YayULieHue napamempos 3anoMUHanUus uHgop-
mayuu. [lpu Mexepynnoeom cpasHeHuu 8 0CHoBHOLL pynne Habodanacs bosee Bblpa)eHHAs OUHAMUKA CHUKeEHUS NposseHull obujell acmeHuu,
yeeauueHus 005EMa HenocpedcmeerH020 80CNPOU38e0eHUS C108, yOepKanus 8epoaibHoLl undopmayuu 8 paboueti namamu. Konuuecmeo nayuen-
mos, nepewedutix Ha 0osiee 1é2KuLl YPO8eHb NPOSBIEHUS CUMNITIOMOB N0 OMOE/IbHBIM WKAAM, 8 08yX 2pynnax b0 ConOCMagUMbLM.
3axmouenue. FOC-mpenure no a-pummy D3I moxem npumensmbcs Ha ambynamoprom smane peabunumayuu nayuermos ¢ [IKC.

Kniouesbie cioga: nocmrkosuOHblii CUHOPOM; ACMEHUS; HAPYWEHUS, IMOUUOHATILHOLI Chepbl; KOZHUMUBHblE HAPYWEeHUS; Ouonozute-
ckas 06pamHas cé3b no anekmposHyeanozpacpuu

IJTHyeckoe yTBep:kaeHHe. VccrenoBaHHe BBINOTHEHO HEMHBA3WBHBIM METOZIOM B COOTBETCTBUM C 3THUECKUMHU HOpPMaMHU
XeNbCHHKCKOM JieK/Iapalin mpu J00POBOIbHOM UH()OPMUPOBAHHOM MMMCbMEHHOM COTJIACHH MAalMeHTOB. [IPOTOKON KCCTemo-
BaHUsA 0100peH JIOKaTbHBIM 3TUYECKUM KOMUTETOM PoccuiicKoro LeHTpa HeBpoJoruu u HeiipoHayk (mportokon N2 9-5/22
ot 19.10.2022).

Wcrounuk ¢uHaHcupoBaHUs. ABTODEI 3asIB/SIOT 00 OTCYTCTBHUM BHELIHMX HCTOYHMKOB (MHAHCHPOBAHMS PU MPOBELEHHH
UCCIeI0BaHMAL

Koudukr unrepecos. ABTopb! 3asB/ISIOT 00 OTCYTCTBMM SIBHBIX M TOTEHLUA/bHBIX KOH(QIMKTOB MHTEPECOB, CBSA3aHHbIX
¢ myO/IMKaLvei HACTOAEH CTaThH.

Anpec nns koppecnonaenuuu: 125367, Poccus, Mocksa, Bonokonamckoe mocce, . 80. Poccuiickuii ieHTp HEBPONOTUY U Hell-
ponayk. E-mail: cherka.sova@mail.ru. Yepkacosa A.H.
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Introduction

COVID-19, which has been spreading worldwide since late
2019, has led to significant medical and social challenges, one
of these being the so-called post-COVID-19 condition or post-
COVID syndrome (PCS). This condition was first defined by
the World Health Organization using the Delphi methodology
in October 2021 [1]. According to a large meta-analysis,
the prevalence of PCS among patients who recovered from
COVID-19 was 41.79% [2].

Neurological and mental disorders are widely represented
among PCS symptoms. Meta-analyses indicate that the
most frequently reported symptoms include fatigue, sleep
disturbances, anxiety, depression, and cognitive impairment.
The reported prevalence rates of these symptoms vary
but remain consistently high [3-5]. Research is ongoing
into the causes of these and other PCS symptoms, with
proposed mechanisms including prolonged inflammation,
direct neurotoxic and neurotropic effects of the SARS-CoV-2
virus on the central nervous system, pandemic-related stress
factors, and others [6, 7].

Given the widespread prevalence of PCS, treatment and
rehabilitation methods should be developed, with their
effectiveness evaluated. Studies are being conducted on
both pharmacological therapies and non-pharmacological
interventions  [§-10]. One promising approach is
electroencephalography (EEG)-based biofeedback (BFB)
therapy — neurotraining or neurofeedback. This modality
involves regulating various parameters of brain electrical
activity through real-time feedback. Numerous studies
demonstrate the application of BFB therapy in rehabilitating
neurological patients with cognitive and emotional
impairments [11]. As many of these impairments are present
in PCS, this method may prove effective for managing its
symptoms.

In 2022, Russian authors published results from the first
controlled study evaluating the efficacy of EEG a-rhythm
BFB training in post-COVID patients with emotional
disturbances. Participants in the intervention group
(n=24) completed 18 sessions using the Neuro V system
(Neurobotics) with customized a-rhythm stimulation
exercises. The control group (n=16) did not receive BFB
therapy. Psychological assessments were performed in
both groups before and after the intervention (or without
it). At baseline, the groups showed no differences in state
anxiety, trait anxiety, depression, or psychological stress
levels. Post-intervention comparisons revealed statistically
significant improvements across all measured parameters in
the intervention group [12].

Czech researchers conducted a pilot study demonstrating
reduced anxiety and depression severity lasting at least
1 month after 5 neurofeedback sessions using the Othmer
method in a group of 10 PCS patients [13]. A study by
Korean researchers showed the effectiveness of EEG
a-thythm and sensorimotor rhythm neurofeedback as part
of a comprehensive rehabilitation program for post-COVID
cognitive and emotional impairments in older adolescents
[14]. Additionally, case reports have been published describing
the use of EEG-based biofeedback therapy for COVID-19
sequelae [15, 16].

The study aims to evaluate the effects of EEG a-rhythm
biofeedback training on emotional state recovery, cognitive
function improvement, and asthenia reduction in PCS
patients within a blinded randomized controlled trial with
active control.

Materials and methods

Study design

This blind randomized controlled trial was conducted at
the Institute of Neurorehabilitation and Recovery Technol-
ogies of the Russian Center of Neurology and Neurosci-
ences from June 2022 to June 2024 in an outpatient set-
ting. The study design is shown in Fig. 1. A total of 20
patients were enrolled and randomized into two groups
using the sealed envelope method. Prior to the BFB-train-
ing, all participants underwent neurological examination
and qualitative neuropsychological assessment using
AR. Luria’s syndromic analysis [17] to identify the struc-
ture of higher mental function impairments in PCS (these
data will be presented separately). Quantitative assess-
ments of emotional state, cognitive functions, and sleep
quality were performed before the first and after the last
training session. Participants in the main group underwent
EEG a-rhythm BFB-training, while the control group re-
ceived identical training without BFB. The following mea-
sures were implemented to ensure blinding: all patients
underwent identical diagnostic and training procedures,
including EEG headset placement and use of the same soft-
ware. Participants were not informed about the principles
of the BFB system or their group assignment. All partici-
pants received identical instructions and were trained un-
der the same conditions, except for the provision of BFB.

The study duration for participants was 21-27 days according
to the following schedule: neurological examination and neu-
ropsychological assessment (1 day), quantitative evaluation
of emotional status, cognitive functions, and sleep quality be-
fore training sessions (1 day), 12-15 training days on week-
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| Neurological examination

| Neuropsychological examination

« State-Trait Anxiety Inventory ;
« Short Health Anxiety Inventory;
« Beck Depression Inventory;

« Psychological Stress Measure

Quantitative assessment of the emotional domain
before starting therapy sessions

Screening of patients

diagnosed with U09.
Post-COVID-19 condition

using questionnaires
and the Hospital Anxiety « ACEIII;

and Depression Scale
« Schulte tables;

« 10-word memory test Stroop test;
« Tower of London test;
« N-back test

Quantitative assessment of the cognitive domain
before starting therapy sessions

« Phonological and semantic verbal fluency tests;

Sessions
in the main group
using
NeuroPlay-6C
(12-15 sessions) Reassessment
using
the same
Sessions methods
in the control group
using

Sham NeuroPlay-6C
(12-15 sessions)

Randomization into two groups using the sealed envelope

« Insomnia Severity Index
« Multidimensional Fatigue Inventory

Quantitative assessment of asthenia and sleep quality

Fig. 1. Study design.

days with weekend breaks (participants were allowed up to 3
non-consecutive missed training sessions during the course,
which had to be made up), and quantitative evaluation of
emotional status, cognitive functions, and sleep quality after
training sessions (1 day). Eighteen patients completed all 15
training sessions, while two patients ended the study at the
14™ and 12" training sessions, respectively, due to external
circumstances unrelated to the study.

The study protocol was approved by the Local Ethics Com-
mittee of the Russian Center of Neurology and Neurosciences
(Protocol No. 9-5/22 dated October 19, 2022). Participation
was entirely voluntary, with each patient providing written
informed consent.

Eligibility criteria

Study participants were recruited through announcements
posted on electronic information resources, bulletin boards
at the Russian Center of Neurology and Neurosciences, and
in special social media groups for PCS patients. A specialized
questionnaire was developed for screening, containing
questions about COVID-19 history (disease confirmation
through medical records, time since infection, severity, current
symptoms, chronic conditions, and medications). A separate
section of the questionnaire focused on detailed assessment
of anxiety, depression, asthenia, cognitive impairments,
and sleep disorders — the key symptoms of interest in this
study. The questionnaire along with the Hospital Anxiety
and Depression Scale (HADS) [18] were sent upon request
following telephone conversations with potential participants,
during which they received detailed information about study
timelines/format and could ask questions. After analyzing
questionnaires and HADS results, participants preliminarily
meeting inclusion criteria were invited for neurological

examination to confirm the diagnosis of U09. Post COVID-19
condition.

Inclusion criteria: Diagnosis of U09. Post COVID-19 condition;
subclinical or mild clinical manifestations of anxiety and/or
depression (HADS score < 16); self-reported symptoms from
the depression/anxiety group, cognitive impairment group,
and/or sleep disturbances/asthenia group associated with
COVID-19; age > 18 years; informed consent.

Exclusion criteria: Presence of other conditions that could
explain anxiety, depression, cognitive impairment, sleep
disturbances, or asthenia; use of antidepressants, anxiolytics,
or other medications affecting studied functions during dose
titration or adjustment periods.

Withdrawal criteria: Patient withdrawal of consent; patient-
reported escalation of anxiety/depression symptoms to
severe clinical manifestations.

During the study period, 87 applications for participation
received through various channels were analyzed. Forty-six
patients declined participation during the detailed telephone
briefing about the outpatient setting, geographical location,
and study duration. Nineteen patients were excluded after
questionnaire and HADS scale analysis due to meeting
various exclusion criteria. Two other patients were excluded
after neurological examination (one was referred for
psychiatric consultation, the other due to contraindicated
medication use).

Consequently, 20 PCS patients were enrolled in the
main study. Five patients had confirmed COVID-19 more
than once, with disease duration calculated from the
episode when PCS symptoms first appeared. According
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to questionnaires, 18 patients reported symptoms across
all analyzed categories, while 2 reported symptoms in
all categories except cognitive impairments. At the time
of the study, 2 patients were taking antidepressants
in stable doses; other participants were not receiving
pharmacological treatment.

EEG a-rhythm biofeedback training

Patients in the main group underwent 12-15 training
sessions of 30-50 minutes each using EEG a-rhythm bio-
feedback technology with the NeuroPlay-6C system (“Neu-
robotics”) via the built-in Neurocorrection of Psychoemo-
tional Consequences of COVID-19 protocol. The headset
and software were provided for free use. The headset is a
wireless mobile 6-channel EEG recording system (Fp1, Fp2,
T3, T4, 01, 02 channels) utilizing dry electrodes mount-
ed on a specialized headband secured around the head.
The recorded signals are transmitted to the main device
via Bluetooth. The software analyzes EEG spectral charac-
teristics to provide patients with biofeedback about their
physiological state.

During training sessions, patients sat at a table in comfort-
able chair facing a computer monitor. Each session included
a theoretical component explaining the upcoming exercises
and a practical component for their implementation. During
task performance, patients followed voice-guided instructions
focusing on breath control, muscle relaxation, mental train-
ing, and meditation practices. All training sessions were con-
ducted with closed eyes. Participants received auditory feed-
back about their physiological state during exercises. Failed
task performance triggered increasing noise that masked
background music perception. When patients returned to
the target state with registered o-rhythm activity, the noise
ceased. The main group participants learned to self-regulate
their state using BFB during training.

Control group patients completed 12-15 training sessions
(30-50 minutes each) using the Sham-NeuroPlay EEG
program simulating BFB via the built-in Neurocorrection
of COVID-19 Psychoemotional Consequences protocol. This
protocol version was specially provided by Neurobotics for
the study. Identical to the main group, control participants
wore electrode headbands and performed state regulation
exercises with the program’s voice assistant, but without
actual feedback.

Instruments for assessing patients’ condition before and
after training

To study the impact of training on the emotional state in
both groups before and after the intervention, electronically
completed questionnaires were used:

o The State-Trait Anxiety Inventory (STAI [19] adapted by
Yu.L. Khanin [20]), containing two scales: state (reactive)
anxiety and trait anxiety (symptom severity ranges: 0-29
EOiEtS — low anxiety level, 30-45 — moderate, 46-80 —

igh);

. Tl%e Short Health Anxiety Inventory (SHAI [21] adapted
by TA. Zhelonkina et al. [22]), assessing total scores
(maximum 54 points) and three subscales: health anxiety,

fear of negative consequences of illness, and vigilance to
bodily sensations;

* The Beck Depression Inventory (BDI [23] adapted by
N.V. Tarabrina [24]), evaluating total scores (symptom
severity: 0-9 — no depressive symptoms, 10-15 — mild
depression, 16-19 — moderate, 20-29 — severe, 30-63 —
very severe), along with cognitive-affective and somatic
subscales;

¢ The Psychological Stress Measure (PSM-25 [25] adapted
by N.E. Vodopyanova [26]), assessing total scores (stress
severity: 0-99 — low stress level, 100-155 — moderate,
> 155 — high).

To study the effect of training on cognitive functions,
both groups of participants underwent quantitative
neuropsychological assessment before and after the
experimental intervention. The assessment was conducted
by a qualified neuropsychologist using methods targeting
both general cognitive screening and evaluation of specific
cognitive functions that, according to literature data [10], are
most susceptible to impairment in PCS.

The following blank assessment tools were used:

o Screening Addenbrooke’s Cognitive Examination III
(ACE-III) [27], validated by N.A. Varako et al. [28], which
assesses total scores (maximum 100 points) across 5
domains: attention (max 18 points), memory (max 26
points), verbal fluency (max 14 points), language (max 26
points), and visuospatial function (max 16 points);

* Phonological and semantic verbal fluency test adminis-
tered within the ACE-IIl framework but separately scored
based on the total number of correct words generated per
minute;

 Schulte tables [29], with calculated parameters including
work efficiency (mean time per 5 tables), index of work
warming-up (time for first table divided by mean time), and
psychological stability index (time for fourth table divided
by mean time) according to A.Yu. Kozyreva’s method;

o AR. Luria’s 10-word memory test [17], recording para-
meters of immediate/delayed word recall volume and the
number of trials required for complete memorization.

The Stroop test [30], which assessed interference effect
parameters under word reading and color naming conditions
(automatically calculated by the software), was administered
using the Schuhfried hardware-software complex (https://
www.schuhfried.com/en/).

Other computerized neuropsychological tests were conducted
using Psychology Experiment Building Language Battery
software [31]:

» The Tower of London test [32], which measured the total
number of moves required to solve all planning subtests
and the total time spent completing the entire test;

o The N-back test [33] under dual-task working memory
conditions (simultaneous maintenance of letter and spa-
tial stimulus sequences) with a comparison task between
current on-screen stimuli and those presented n steps ear-
lier (n = 1, 2, 3). For analysis, series with n = 2 and 3 were
considered, recording the number of correct responses
and false alarms for both letter and spatial stimuli. After
test completion, the d-prime sensitivity index (d’) [34] was
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calculated for each stimulus type in every series (n = 2 and
3) using the formula:

d = Z(hit rate) — Z(false alarm rate),

where hit rate = number of patient’s correct responses /
maximum possible correct responses; false alarm
rate = number of patient’s false alarms / number of
non-target stimuli; these rates were standardized using
Z-transformation.

In addition to the techniques targeting emotional and cogni-
tive domains, patients’ subjective sleep quality was assessed
using the Insomnia Severity Index (ISI [35], adapted by
E.Il Rasskazova et al. [36]), which recorded total scores with
the following severity categories: 0-7 points — normal, 8-14
points — mild sleep disturbances, 15-21 points — mode-
rate, and 22-28 points — severe. Manifestations of asthenia
were evaluated using the Multidimensional Fatigue Inven-
tory (MFI-20 [37], Russian-translated version), with regis-
tration of total scores (maximum possible score: 100) and
scores across 5 subscales: general fatigue, reduced activity,
reduced motivation, physical fatigue, and mental fatigue.

Statistical Analysis

Due to the small sample size and non-normal distribution
of data for several variables (according to the Kolmogorov-
Smirnov test), non-parametric methods were used for
statistical analysis. Intergroup differences in age and all
baseline study variables were assessed using the Mann-
Whitney U test for two independent samples. Fisher’s
exact test was used to compare groups based on the
nominal variable of participants’ sex. The training effect
within each group was evaluated using the Wilcoxon
signed-rank test (W) for two related samples (comparing
preand post-training indicators). For statistical comparison
of intervention protocols in each group, delta changes
between preand post-training indicators were calculated for
all specified variables. These changes were compared using
the Mann-Whitney U test for two independent samples.
The analysis also included patients who transitioned to
milder levels of anxiety, depression, psychological stress,
and sleep disturbances in each group (assessed using the
State-Trait Anxiety Inventory, Beck Depression Inventory,
Psychological Stress Measure, and Insomnia Severity
Index). Intergroup comparison of the proportion of such

BOC-TpeHHr Npu NOCTKOBUAHOM CUHAPOME

patients was performed using Fisher’s exact test. The
statistical significance level was set at 0.05. Calculations
were performed using IBM SPSS Statistics v.23 software.
Data are presented as median [25%, 75% quartile].

Results

Baseline Comparison of Patient Groups

Demographic and baseline clinical characteristics of the main
and control groups are presented in Table 1. The groups
showed no differences in sex, age, time since COVID-19
infection, or HADS scores used during participant screening.

Both groups underwent quantitative assessments of emotional
status, cognitive functions, and sleep disturbances prior to the
training. Comparative analysis of all variables revealed signif-
icant intergroup differences in Psychological Stress Measure
scores. Stress levels in the control group were higher than those
in the main group, with median scores in both groups corre-
sponding to moderate stress levels. Differences were also ob-
served in one parameter of the Stroop test (interference effect
during word reading condition). All other baseline parameters
showed no significant differences between groups (Table 2).

According to the scales assessing the severity of emotional
and sleep disturbances, the severity levels in both groups
were comparable (when comparing the median values within
each scale’s score ranges):

* state and trait anxiety scores indicated high levels;

o depression scores corresponded to a mild level;

e stress scores were at a moderate level;

* sleep quality scores suggested mild disturbances.

Cognitive screening using the ACE-IIl revealed no overt
cognitive impairments suggestive of dementia (< 88 points,
sensitivity 1.00) in either group (Table 2).

Assessment of intragroup dynamics of study participants’
condition

1. Intragroup dynamics of emotional domain

When comparing preand post-training indicators in both the
main and control groups, significant improvement was observed
across several parameters (hereinafter figures show results for
main scale scores; subscale data are described in the text):

Table 1. Demographics and baseline characteristics of two groups

Mann-Whitney

Characteristic Main group (n = 10) Control group (n = 10) U test value p
Sex 4 males, 6 females 1 male, 9 females 0.303
Age 41 [32; 50] 31 [24; 40] 30 0.143
Time since COVID-19 (months) 23 [15; 26] 16 [9; 18] 26 0.075
HADS — anxiety assessment 8 [5; 11] 8[6; 10] 32 0.190
HADS — depression assessment 9 [8; 10] 7[5;11] 45 0.739
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Table 2. Comparison of two patient groups across all assessed parameters before intervention

Parameter Main group (n = 10) Control group (n=10) Mann-Whitney U testvalue  p
Emotional domain

STAI, state anxiety 49.5 [37.3; 55.0] 49.5 [37.0; 54.3] 50 1.000
STAI, trait anxiety 56 [42.8; 60.8] 50.5 [43.7; 63.5] 48.5 0.912
SHAI, total score 13 [10; 17] 13 [8.8; 21.0] 48.5 0.912
SHAI, health anxiety 4.5[3.0;7.3] 5.5[2.0;9.3] 46 0.796
SHAI, fear of negative consequences of illness 5[3.8;6.3] 3.5[3.0; 5.3] 35 0.280
SHAI, vigilance to bodily sensations 3.5[1.8;6.0] 4.51[2.8;6.5] 39 0.436
BDI, total score 11.5[8.0; 14.7] 15.5[9.8; 17.8] 35.5 0.280
BDI, cognitive-affective subscale 6 [5.0; 8.3] 86.0; 11.3] 32.5 0.190
BDI, somatic subscale 5[3;7] 5.5[3.8;7.5] 44 0.684
PSM-25 102 [87; 115] 115 [99; 120] 18 0.015
Cognitive domain parameters

AGE-Ill, total score 98 [95.5; 99.3] 98 [95.5; 98.3] 41 0.529
AGE-Ill, attention 18 [18; 18] 18 [17; 18] 39.5 0.436
AGE-Ill, memory 25.5 [25; 26] 25 [25; 25] 31.5 0.165
ACE-IIl, verbal fluency 13 [11.8; 14.0] 13 [12.8; 13.3] 455 0.739
ACE-Ill, language 26 [25; 26] 26 [25.8; 26.0] 46.5 0.796
ACE-IIl, visuospatial function 16 [15; 16] 16 [15.5; 16.0] 47 0.853
Phonological verbal fluency 17.5[14;19] 18 [17; 21.5] 40 0.481
Semantic verbal fluency 22.5[18.5; 25.3] 22.5[16.5; 26.0] 50 1.000
Schulte tables, efficiency 32.3[26.1; 41.4] 28.7 [27.1; 39.4] 44 0.684
Schulte tables, work warming-up 0.96 [0.92; 1.01] 0.99 [0.91; 1.05] 415 0.529
Schulte tables, psychological stability 0.99 [0.95; 1.08] 1.06 [0.97; 1.13] 37 0.353
10-word memory test, immediate recall volume 6 [5.8; 7.0] 8 [6; 8] 255 0.063
10-word memory test, delayed recall volume 9[7.8;10.0] 9[7.8;10.0] 34 0.247
10-worq memory test, number of trials to complete 3.5[3.0;5.3] 2.5[2.0;4.2] 49 0.971
memorization

Stroop test, interference in word reading condition 0.20.17;0.22] 0.11[0.09; 0.15] 22 0.035
Stroop test, interference in color naming condition 0.1[0.08; 0.17] 0.08 [0.05; 0.10] 28 0.105
Tower of London, total number of moves 150 [136; 162] 158 [151; 166] 34 0.247
Tower of London, completion time 392 [361; 533] 344 [297; 623] 34 0.247
N-back, n = 2, letter stimuli, d’ 1.2 [0.60; 2.05] 1.47 [0.68; 2.13] 46.5 0.796
N-back, n = 2, spatial stimuli, d’ 1.8 [0.80; 2.28] 1.63 [0.64; 2.13] 46 0.796
N-back, n = 3, letter stimuli, d’ 1.07 [0.48; 1.15] 1.11[0.72; 1.86] 40 0.481
N-back, n = 3, spatial stimuli, d’ 0.84[0.16; 1.17] 0.93[0.64; 1.12] 47 0.853

Sleep quality and asthenia assessment indicators

IS 9[2.8;17.0] 12.5[6.0; 17.3] 40.5 0.481
MFI-20, total score 65 [49.5; 70.5] 68.5 [55.0; 76.5] 34 0.247
MFI-20, general fatigue 16 [14.8; 16.3] 14.5[13.8; 17.0] 415 0.529
MFI-20, reduced activity 13.5[9.8; 16.3] 13.5[8.7; 17.3] 49 0.971
MFI-20, reduced motivation 9[6;12] 11.5[9; 15] 26 0.075
MFI-20, physical fatigue 11.5[9.0; 14.3] 13 [11.8;14.5] 40.5 0.481
MFI-20, mental fatigue 12 [7.5;17.3] 13 [11.8;14.5] 44.5 0.684
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o reduction in trait anxiety (Fig. 2, A);

* reduction in psychological stress (Fig. 2, B);

* reduction in overall Beck Depression Inventory scores
(Fig. 2, C), including scores on the cognitive-affective sub-
scale (main group: W = -2.814; p = 0.005; control group:
W = -2537; p = 0012) and somatic subscale (main group:
W = -1.998; p = 0.046; control group: W = -2.537; p = 0.012);

¢ reduction in scores on the SHAI vigilance to bodily
sensations subscale (main group: W = -2.558; p = 0.011;
control group: W = -2.701; p = 0.007).

Additionally, the main group demonstrated reduced overall
SHAI health anxiety scores, which was not observed in the
control group (Fig. 2, D). No changes were observed in other
assessed variables.

2. Intragroup dynamics of cognitive domain

When comparing preand post-training indicators in the main
group, improvements were observed in the performance of
AR. Luria’s 10-words memory test: increased volume of imme-
diate word recall (W = —2.356; p = 0.018) and reduced number
of attempts required to memorize all 10 words (W = —2.565;
p = 0.010). To illustrate these changes, we present the dyna-
mics of the 10-word learning curve in Patient No. 7 from the
main group (Fig. 3). No other significant changes in cognitive
domain parameters were identified.

In the control group, cognitive changes showed bidirectional
effects: post-training improvements in total completion time
for the Tower of London test (W = -2.497; p = 0.013), but
reduced efficiency in maintaining letter stimuli in working
memory (N-back test, n = 3, letter stimuli, & — W = -2.293;
p = 0.022). No other significant changes were observed.

3. Intragroup dynamics of sleep quality and asthenia
manifestations

When comparing preand post-training indicators in both the
main and control groups, a significant reduction in asthenia
manifestations was observed, both in the total score of the
MFI (Fig. 4) and in individual subscales:
o general fatigue (main group: W = -2.670; p = 0.008; control
group: W = -2.025; p = 0.043);

o reduced activity (main group: W = -2.677; p = 0.007;
control group: W = -2.388; p = 0.017);
o physical fatigue (main group: W = -2.113; p = 0.035;

control group: W = -2.120; p = 0.034);
* mental fatigue (main group: W = -2.257; p = 0.024; control
group: W = -2.094; p = 0.036).

The control group also showed improvement in the reduced
motivation subscale (W = -2.002; p = 0.045).

No significant improvements in sleep quality were
demonstrated in either group.

Intergroup comparison of intervention efficacy
When comparing delta changes (degree of improvement

across all specified variables), statistically significant inter-
group differences were observed for two cognitive measures.

BOC-TpeHHr Npu NOCTKOBUAHOM CUHAPOME

The experimental group showed greater improvement com-
pared to the control group in immediate recall scores on
AR. Luria’s 10-word memory test (U = 25.5; p = 0.036), as well
as higher efficiency in maintaining letter stimuli in working
memory (N-back test; n = 3; letter stimuli, d — U = 23.5;
p = 0.034). Intergroup differences were also observed on the
general fatigue subscale of the MFI, with more substantial
changes in the experimental group compared to controls
(U =19.5; p = 0.019). Changes across all other measured pa-
rameters were comparable between groups.

For statistical comparison of the two interventions, we ana-
lyzed the number of patients transitioning to milder severity
levels of anxiety, depression, psychological stress, and sleep
disturbances in both groups. The proportion of such patients
on each scale was comparable between experimental and
control groups (Table 3).

Discussion

In this blinded randomized controlled trial, both EEG
a-rhythm BFB training and various psychological practices
without feedback demonstrated positive outcomes, including
reductions in trait anxiety, psychological stress, depressive
symptoms, and fatigue. The BFB therapy group additionally
showed decreased health-related anxiety and improved
performance on the 10-word recall memory test. Psychological
interventions without feedback exhibited mixed effects on
specific cognitive domains.

When comparing intervention protocols, BFB therapy demon-
strated superior efficacy in reducing general fatigue, enhanc-
ing immediate word recall during learning, and maintaining
verbal information in working memory. However, both proto-
cols showed comparable results in the proportion of patients
achieving milder symptom severity levels based on emotional
state and sleep quality questionnaires.

The obtained results regarding EEG o-rhythm BFB training
align with published data on the effective use of biofeedback
therapy for anxiety disorders [38], depression [39], stress
[40], and asthenia [41] outside the context of PCS. Further-
more, existing evidence demonstrates the influence of EEG
a-rhythm BFB training on working and episodic memory in
healthy individuals [42]. The cognitive improvements ob-
served in our study may result both from the direct effects
of biofeedback therapy on the examined functions and from
the more pronounced reduction of asthenia in the main study
group, which could enhance neurodynamic aspects of cogni-
tive processing and consequently lead to increased immedi-
ate recall capacity and reduced number of trials required for
memorization in the 10-word memory test.

The results obtained from various psychological practic-
es indicate that breathing control exercises, muscle relax-
ation techniques, mental training, and meditation practices
exert an independent positive effect on several emotion-
al parameters and manifestations of asthenia, regardless
of the feedback. Consequently, the data obtained through
BFB therapy may be partially explained by non-specific
effects of the applied exercises rather than the feedback
mechanism itself.
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Fig. 4. Intra-group dynamics of Multidimensional Fatigue Inventory total scores in both groups.

Table 3. Comparison of the proportion of patients achieving transition of symptoms to milder severity levels

Proportion
Achieved improvement on STAI, state anxiety, n (%)
Achieved improvement on STAI, trait anxiety, n (%)
Achieved improvement on BDI, n (%)
Achieved improvement on PSM-25, n (%)

Achieved improvement on ISI, n (%)

Main group (n = 10)

5 (50%)
2 (20%)
6 (60%)
2 (20%)

4 (40%)

Control group (n = 10)
6 (60%)
1(10%)

5 (50%)
4 (40%)

3 (30%)
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p
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Limitations of this study include small sample sizes (which
may account for baseline differences in psychological param-
eters between groups), lack of preliminary statistical power
calculations and sample size estimation, and absence of neu-
rophysiological analysis of EEG parameter changes preand
post-training. In this study, the control group received no
feedback, potentially raising participants’ suspicions about
the intervention given that both groups wore headsets and
received identical instructions during each session.

In future studies, the use of sham feedback in the control
group may help elucidate the specific contribution of feed-
back mechanisms. Additionally, introducing a no-intervention
group could help control for placebo effects associated with
study participation. To comprehensively assess the efficacy of
BFB therapy, patient evaluations should be conducted at spe-
cific intervals (1 month, 6 months, 1 year) post-intervention.
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Predicting the Efficacy of Anti-B-Cell Therapy
in Patients with Multiple Sclerosis

Yuliana A. Belova, Yulia Yu. Chuksina, Sergey V. Kotov

M.F. Vladimirsky Moscow Regional Research and Clinical Institute, Moscow, Russia
Abstract
Introduction. Prognostic markers can be used to evaluate a response to anti-B-cell therapy in patients with multiple sclerosis (MS).
Aim. The study aimed to evaluate the characteristics of peripheral blood (PB) lymphocytes and monocytes in patients with aggressive MS during
the first 6 months of anti-B-cell therapy.
Materials and methods. Twenty-nine patients with aggressive MS were treated with a humanized anti-CD20 monoclonal antibody (anti-CD20
mAb). A panel of MAbs to differentiation antigens of PB lymphocytes was used to assess the parameters of cellular immunity using six-color flow
cytometry. The reference values were based on the similar parameters of ten apparently healthy volunteers.
Results. At month 6, the initial course of anti-CD20 therapy resulted in low recovery of the PB sub-populations of B cells in 85% of patients.
Significant decreases were reported in the absolute counts of T cells, T helper cells, Natural Killer (NK) cells, and relative percentage of natural killer
T (NKT) cells. The study also showed low levels of activated T cells and significantly decreased percentage of memory B cells (CD27)) and B cells
expressing costimulatory and activation molecules (CD40, CD38", and CD25, respectively). A significant decrease in the mean fluorescence intensity
of HLA-DR was observed on PB monocytes compared to normal values and those in patients receiving other disease-modifying therapies. Anti-
CD20 therapy may indirectly suppress their antigen-presenting ability. Other immunological criteria for prediction of MS progression and magnetic
resonance imaging activity during the first year of anti-B-cell therapy may include the following changes from baseline: increased percentages of
CD3', CD3"HLA-DR', CD25'CD3", and CD95*CD3" cells; significant expression of the CD40 molecule and B-cell activation markers CD38 and CD25,
and decreased expression of CD95.
Conclusion. Further research on changes in cellular immunity parameters during anti-CD20 therapy could allow for early adjustment of MS
treatment to stabilize the patient’s condition.
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[IporHo3upoBanue 3(pPeKTUBHOCTHU JieUeHUS
MallMEHTOB C pacCesIHHbIM CKJIEPO30M,

[0JIyYalomUX aHTU-B-K/IeTOUHYI0 Tepanulo
10.A. benoga, 10.10. Uykcuna, C.B. Koros

Mocxosckuii o6nacmwoti Hayuro-uccredosamensckutl kaunuteckuti unemumym umenu M.®. Bnadumupckoeo, Mockea, Poccus

AHHOTanMg

Beedenue. [Ipu HasHaueruy aHmu-B-knemouroii mepanuu 6obHbLM paccestHbim ckneposom (PC) oyenums omsem Ha mepanuio MoXHO no ypos-
HI0 NPOZHOCMUYECKUX MAPKEPOB.

Llens: uccnedosanue ocobexHocmeli nonynayuti aumoyumos u moroyumos nepugpepuseckoii kposu (IIK) y nayuenmos ¢ azpeccussim PC 8
nepevie 6 mec npoedeHus anmu-B-knemounoii mepanuu.

Mamepuanst u memodst. 29 nayuenmam c azpeccushvim PC Obinio HasHauero zymanusupoanxoe anmu-CD20 MOHOK/IOHATbHOe aHmumeno
(anmu-CD20-MAT). Tlapamempb! K7emouHo2o uMMyHUmema oyeHusany Memodom 6-ysemHoii npomouHoli Yumomempuu ¢ UCNO/b308aHUEM NAHeNU
MAT « ducppepenyuposounsim anmueenam aumgoyumos IIK. B kauecmee peghepeHcHbIX 3HAUEHUL UCNONb308AHbI AHANIOUYHbIE NOKA3AMENU
10 npakmuuecku 300po6bLX Uy,

Pesynomamet. [Ipogedenue 1-20 kypca aumu-CD20-MAT npodemoHcmpuposano Huskyio cmeneHb 80CCMAHOBNEHUS KOTUYECTBEHHbIX
napamempos nonynsuyuu B-numgpoyumos TIK y 85% nayuermog uepe3 6 mec. Bbino ommeueHo 8bipaxeHHoe CHUxXeHue abCOMOMHO20 KouUe-
cmea T-numdoyumos, T-xenneproti cybnonynsyuu, NK-numeoyumos, codepxarus NKT-cyononynayuu u Huskuii ypogeHs aKmugUpoBaHHbIX
T-numgpoyumos, cyujecmserHoe cHuxeHue codepxanus B-knemox-namsmu (CD27°), a makxe B-knemok, akenpeccupyrowjux Kocmumyaupylougue
u akmueayuonHsie monexynsi (CD407, CD38", CD25* coomeemcmaenHo). OOHApYKEHO 3HAUUMETIBHOE CHUKEHUe Napamempa cpeoHetl uHmeHcus-
Hocmu ¢nioopecyeryuu HLA-DR na moroyumax 1K no cpasreHuio ¢ HOpManbHbLMU 3HAUEHUAMU U NayUeHmamu, nony4aswumu opyaue npena-
pam, usmensiougue meueue PC. Boamosxro, anmu-CD20-MAT onocpedosarro nodasnsiem ux aHmuzeHnpeseHmupyiousyio cnocobrocms. Hmmy-
HOI02UHeCKUMY OONOTHUMEIbHbIMU KpUMepUSMU npozHo3uposanus obocmpenus PC u akmusrocmu no MPT e nepebiii 200 anmu-B-knemouroi
mepanuu Mozym CJyKUMb U3MeHeHUs N0 CPAGHEHUIO ¢ UCXOOHbIMU Cedylowux napamempos: nosviuienue codepxanus CD3*-, CD3*HLA-DR'-,
CD25'CD3*-, CD95*CD3*-numepoyumos; svipaxenHas akcnpeccus kocmumynupyioujeti monexynst CD40 u mapkepos axmusayuu B-numgoyumos
CD38, CD25 npu cuuxenuu axenpeccuu CDI5,

3axnwouenue. Janshetiiee usyyenue JuHaMUKU usmeHeHuti noxazameneti kiemouroeo umMmyHumema nod deticmeuem anmu-CD20-MAT dacm
803MOKHOCIL paHHell koppexyuu mepanuu PC, HanpaenexHoil Ha cmabunu3ayuio cocmosHus nayuexma.

Kntoueewte cnoea: paccesnibiti cknepos; T-numgoyumoy; B-numgoyumel; Guomapkepol

IJTuyeckoe yrBepskaeHue. Vccienosanue 07100peHO He3aBUCHMbIM 3THYeckuM KomutetoMm npu MOHUKU um. M. Branu-
mupckoro (mportokon N 8 ot 13.06.2019).
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UCCIIEI0BAHUS.

KoHdmukT mHTepecoB. ABTOpBI [EKIAPUPYIOT OTCYTCTBUE SBHBIX M MOTEHIMATbHBIX KOH(IMKTOB WHTEPECOB, CBA3aHHBIX
¢ myO/IMKaLKei HACTOALEH CTaThH.
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Introduction

Multiple sclerosis (MS) is considered a heterogeneous,
multifactorial, immune-mediated disease, with T cells and
B cells both playing a key role in its pathogenesis. B cells
present antigens to T cells and produce cytokines, which
act as inflammatory mediators [1, 2]. B cells also produce
autoimmune antibodies to myelin components, thereby

affecting the processes of demyelination and axonal damage.
In other words, B cells are involved in the humoral immune
response at every stage of MS [3].

Treatment strategies for MS are based on its pathogenesis
and include reducing the activity of Th1/Thl7 cells,
activating regulatory T cells, inhibiting the migration
of lymphocytes into the nervous system, and targeting
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B cells. The mechanisms of autoimmune inflammation,
including the role of regulatory B cells, are not fully
understood [4, 5].

The research focuses on anti-B-cell therapies, particularly the
use of anti-CD20 monoclonal antibodies (mAbs). This protein
is expressed on pre-B cells, mature B cells, and memory
B cells, but not on early B cell progenitors or plasma cells.
Anti-CD20 mAbs deplete B cells via antibody-dependent
mechanisms such as phagocytosis, cellular cytotoxicity
and apoptosis, resulting in reduced immunopathological
inflammation in MS. However, humoral and innate immunity,
as well as the ability to recover B cells, are still maintained,
and the total T cell count remains almost unchanged [6-9].

Experimental and clinical studies focus on mechanisms by
which anti-CD20 therapy depletes and recovers B-cell-rich
immunological compartments, such as the bone marrow,
peripheral blood (PB), spleen, and lymph nodes, as well as to
evaluate B cell function after temporary elimination [10, 11].
The most effective B cell depletion was observed in blood,
where anti-CD20 therapy resulted in virtually complete
absence of B cells. The lowest depletion of CD19* B cells was
reported in the bone marrow. After treatment, CD20* B cells
repopulated the bone marrow and spleen simultaneously, and
then reappeared in the blood [10].

One of the key issues related to prescribing anti-B-cell therapy
is to establish personalized criteria, such as prognostic
markers for optimal treatment response, as well as treatment
dosage and frequency. For some patients, frequency of every
six months may be excessive due to a significant decrease
the CD19* B cell count. Therefore, the percentage of memory
B cells (CD19*CD27*) was considered such a prognostic
marker [12-14].

In real-world practice, it is particularly relevant to evaluate
the effects of anti-CD20 therapy on various parameters of
innate and adaptive cellular immunity in patients with MS,
especially PB parameters, to assess the systemic effects of
therapy.

The study aimed to evaluate the characteristics of PB
lymphocytes and monocytes in patients with aggressive MS
during the first 6 months of anti-B-cell therapy.

Materials and methods

Inclusion criteria:

¢ informed consent signed by a patient;

* aggressive course of MS;

¢ anti-CD20 therapy for at least 24 months;

* availability of testing for cellular immunity before the start
of therapy and 6 months after the first dose.

Exclusion criteria:

o refusal to sign an informed consent;

¢ contraindications to anti-CD20 therapy;
* inability to attend follow-up visits.

A control group included 10 apparently healthy volunteers
who were matched by sex and age.

buomapkepb! 3dEKTUBHOCTH Tepanii pacCcesHHOro CKneposa

The study was conducted in accordance with the Helsinki
Declaration of the World Medical Association, the
International Council for Harmonization, and local laws. All
study participants provided informed written consent after
a detailed discussion of the protocol. The study was approved
by the Local Ethics Committee at M.E. Vladimirsky Moscow
Region Research Clinical Institute (Protocol No. 8 dated
June 13, 2019).

Patients with MS (n = 29) were examined according to clinical
guidelines' to identify contraindications to anti-B-cell therapy
with a recombinant humanized mAb that selectively targets
B cells expressing CD20 (anti-CD20 mAbs). The first dose of
anti-CD20 therapy was administered via a specialized system
as two intravenous 300-mg infusions, the second of which
was given two weeks after the first dose. This was followed
by single 600-mg infusions every six months. PB parameters
of cellular immunity parameters were evaluated before the
initial course of anti-CD20 therapy and during subsequent
courses at 6, 12, 18, and 24 months thereafter, with changes
in functional state and neuroimaging assessed.

Six-color flow cytometry was performed to evaluate the
cellular immune response in patients with MS, using a panel
of mAbs (Becton Dickinson) to differentiate antigens on PB
lymphocytes and monocytes.

The percentages and counts of the following cell types were
assessed: T-cells (CD3*), B-cells (CD19*CD20%), Natural Killer
(NK) cells (CD3-CD16*CD56%), T helper cells (CD3*CD4*),
cytotoxic T cells (CD3*CD8*), and Natural Killer T (NKT) cells
(CD3*CD16*CD56"), as well as the percentages of activated
T-cells (CD3*CD25*, CD3*HLA-DR*, CD3*CD95*) within the
CD45* lymphocyte population. HLA-DR expression on PB
monocytes was evaluated based on the CD14*HLA-DR* count.
HLA-DR expression intensity on PB monocytes was evaluated
using mean fluorescence intensity (MFI), which reflects
HLA-DR molecule density on the monocyte membrane and
indicates their antigen-presenting function.

The study evaluated the immunophenotypic characteristics
and timing of B cell recovery in PB after anti-CD20 therapy.
Based on cytometry of the entire lymphocyte population
using the CD45%/side scatter gating with no more than 50,000
events to be included, it was assumed that not all patients
with MS would have detectable B cells after six months of
the initial course of anti-CD20 therapy. Indeed, the majority
of patients (85%) had no CD19* cells. The cell elements were
concentrated to collect a large number of B cells, forming
a complete cluster. The PB samples were preliminarily divided
into several portions of 500-1,000 uL each. The erythrocytes
were lysed using PharmLyse solution (Becton Dickinson).
After rinsing twice with phosphate-buffered saline, the
sediment was concentrated in one test tube. The next step
was to perform cytometry on the PB samples that had been
incubated with mAbs to specific lymphocyte differentiation
antigens (CDs), conjugated with fluorescent dyes. B cells were
gated based on side scatter (SSC) and CD19* expression. The
analysis included at least 500,000 events.

"Multiple sclerosis. Clinical guidelines, 2025. https:/cr.minzdrav.gov.ru/clin-rec (accessed on
August 1, 2025).
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As a result, the composition of the B cell subpopulations
was determined within the CD19* lymphocyte gate: Bl cells
(CD5*), memory B cells (CD27+), and expression of activation
and costimulatory molecules (CD40, CD25, CD38, and CD95).

Statistical analysis was performed using SPSS Statistics v. 23
(IBM Corp.). The Kolmogorov-Smirnov test was used to
evaluate the data normality. The following tests were used to
identify differences between groups: the independent t-test,
the Mann-Whitney test, the one-sample t-test with one-way
analysis of variance (ANOVA), and the paired t-test with
the Wilcoxon test (differences were considered significant at
p < 0.05). A regression analysis was performed that included
the Durbin—Watson pretest and partial correlations to evaluate
the strength of dependence between the variables (the effects
were considered significant at p < 0.05). Discriminant analysis
was used to identify the most significant difference factor
for nominal variables in independent samples. The analysis
included Wilks lambda, one-way ANOVA, the F-test for equality
of variances, and stepwise regression. The quantitative data on
the HLA-DR expression on PB monocytes are presented as the
median and quartiles (Me [Q,; Q,]). A Kruskal-Wallis test was
used for comparison. Differences between samples with a less
than 5% probability of a type I error (p < 0.05) were considered
significant. In cases of multiple pairwise comparisons, the
Bonferroni correction was used.

Results

MS therapy was adjusted with anti-CD20 mAbs in 29 patients
in the study group, including 22 women (75.9%) and 7 men
(24.1%). The mean age was 369 = 7.7 years. The mean
duration of MS was 15.7 years (95% confidence interval [CI]:
6.42, 24.91). The mean Expanded Disability Status Scale
(EDSS) score was 3.2  1.5. Since their MS diagnosis, patients
had received an average of 3.7 disease-modifying therapies
(DMTs) (95% CI: 2.83, 4.59).

Of 29 patients with aggressive MS included in the study,
six (23.6%) received interferon beta, 19 (65.2%) received
natalizumab, one (3.4%) received teriflunomide, one (3.4%)
received glatiramer acetate, and two (6.9%) treatment-naive
patients initiated anti-CD20 therapy.

Of 19 patients who received natalizumab as their last treatment
option before treatment adjustment, 14 switched due to a
high antibody titer to the John Cunningham virus for more
than 24 months of treatment, and high risk for progressive
multifocal leukoencephalopathy. Four patients reported a
worsening of MS symptoms and progressed to secondary
progressive MS. A washout period for natalizumab switch to
an anti-CD20 mAb was 7.4 months (95% Cl: 4.14, 10.71). Twenty
(71.3%) patients included in the study group had experienced
a MS exacerbation within the previous 12 months, including
patients who were in the washout period after natalizumab
discontinuation.

The total PB lymphocyte count before anti-CD20 therapy was
significantly higher (p = 0.001) than that of healthy volunteers
(Table 1). This difference may be due to the previous use of
natalizumab, which could be associated with increased PB
lymphocyte counts [15].

Compared to normal values, the study group showed a
significant increase in the percentage of T helper cells, though
not in their absolute counts. There was also a decrease in the
percentage of cytotoxic T cells and NKT cells, as well as in
absolute counts of NK cells. Levels of T cells and B cells,
as determined by CD19 and CD20 markers, as well as their
antigen-presenting potential (CD19*HLA-DR*), were normal.
However, patients demonstrated a significant decrease in
activated T cells (CD3*HLA-DR*) before the adjustment of
anti-CD20 therapy.

Six months after the initial course of anti-CD20 therapy,
the total count of PB lymphocytes decreased significantly
compared with baseline values and those of the control group
(Table 1). However, this decrease did not reach the values
determined by the Common Toxicity Criteria (CTC) score.?
As for the relative parameters, patients showed a significant
increase in PB levels of T cells and T helper cells. However,
this increase was associated with compensatory mechanisms
due to the depletion of B cells, which had not normalized by
the start of the study. These parameters showed significantly
lower absolute values compared to the control group. The
level of the cytotoxic T cells did not differ significantly from
that of healthy volunteers, in either relative or absolute
terms. There was a significant decrease in the absolute count
of NK cells and percentage of NKT cells, as well as low levels
of activated T cells. NK cells are considered to play a double
role in MS. First, they can demonstrate a cytotoxic effect
on autoreactive effector cells. Second, they can promote the
damage and lysis of astrocytes and oligodendrocytes, as well
as influence the level of regulatory T cells in patients with
MS [16].

The percentage of B cells in patients ranged from 0% to 7.5%.
Only 15% of patients had normal values within the range
of 6.0% to 7.5%. Thirty-eight percent of patients had B cell
percentages of 2% to 4%. The remaining 47% had a percentage
of up to 1%. Therefore, 85% did not normalize their B cell
levels. Similarly, the percentage of B cells that could present
antigens (CD19*HLA-DR*) decreased dramatically.

Before the start of anti-CD20 therapy, patients with MS
did not differ significantly from the control group in terms
of the percentage of B cells expressing the costimulatory
molecule CD40, the CD95 apoptosis marker, or the Bl cell
subpopulation (CD19*CD5*) associated with the production
of autoantibodies (Table 2).

Patients with MS showed a significant (p < 0,05) increase
in the percentage of memory B cells (CD19*CD27*) and B
cells activated by CD38 and CD25 antigens compared to the
control group.

At month 6 after the initial course of anti-CD20 therapy,
patients with MS showed a significant increase in the
percentage of circulating CD5* B cells (p < 0.05) and a
significant decrease in the percentage of memory B cells
(CD27+), as well as B cells expressing costimulatory and
activation molecules (CD40, CD38, and CD25) (p < 0.05).

2Multiple sclerosis. Clinical guidelines, 2025. URL: https://cr.minzdrav.gov.ru/clin-rec
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Table 1. Cellular immunity parameters in patients with MS (M + SD)

Six months after the first dose

Before B-cell therapy of anti-CD20 therapy

Healthy volunteers

Parameter

Total lymphocyte
count

CD3* T cells

T helper cells
CD3+CD4+

Cytotoxic T cells
CD3+CD8t,
% of cells

NK cells
CD3-CD16* CD56*

NKT cells
CD3+CD16+*CD56*

B cells
CD19+

B cells
CD20*

CD3+HLA-DR*

CD19*HLA-DR*

CD3+CD25*

CD3+CD95*

x 10%L

%

abs.

%

abs.

%

abs.

%

abs.

%

%

abs.

%

%

%

%

%

(n=29)
1

2,145.6 £784.3

75.67 +6.71

1520.7 £ 118.2

46.84 £7.75

939.2+71.9

26.89 +7.96

565.7 £ 75.6

11.50 + 4.46

189.0 £ 25.2

6.01 +4.52

12.78 £4.8

284.7 +60.3

12.25 + 3.44

7.67 +3.08

9.86+5.3

19.6 £6.64

10.5 £6.85

(n=29)

2

1,725.4 £ 648.9

85.03 £5.63

1,352.9 £ 65.9

51.54 +10.64

795.8 +64.4

31.43 £ 10.51

477.6 £49.7

12.76 + 6.09

180.3+17.2

5.7 £ 3.68

1.60+2.25

25.7£10.0

0.75 £1.37

6.11£2.52

1.30+1.94

26.81 +23.83

44.42 £25.05

(n=10)
3

2,070.0 £101.3

74.97 +1.53

1,670.7 £ 131.5

40.69 £ 2.27

1,125.5£103.2

33.00 + 3.08

537.9+56.4

12.47+£1.70

328.7+18.4

10.50 +1.73

11.79+1.86

271.6+29.6

11.19+1.83

13.30 £ 2.60

10.32 + 3.41

11.16 £ 5.22

42.14 £18.99

p,,<0.001*
p, ,=0.001*
p, ,=0.001*
p,,=0.001*
p, ,=0.09
p, ,=0.001*
p,_=0.107
p, . =0.1230
p,,=0.0173
p,,=0.001*
p, ,<0.001*
p,,=0.001*
p, ,=0.0678
p, = 0.6870
p, ., =0.0044*
p,.,=0.05
p, ,<0.001*
p, = 0.484
p,,=0.1633
p, = 0.3820
p, = 0.2076
p,,=0.001*
p, ,=0.281
p, = 0821
p, ,=0.3857
p, ,<0.0000*
p, , < 0.0000*
p,,=0.001*
p,,=0.001*
p,,=0.001*
p,,=0.001*
p,,=0290
p,,<0.001*
p,,<0.001*
p, = 04214
p, ,<0.001*
p,.,<0.001*
p,,=0723
P, ,<0.001*
p,,=0.001*
p,,=0.001*
p, < 0.001*
p,,=0.001*
p,,=0.709
p,,<0.001*
p, ,=0.06
p, ,=0.056
p, =035
p,,<0.001*
p, =069
p, =096

Note. The results are presented as the relative percentage (%) and absolute (abs.) count of lymphocytes. The relative value is expressed as a percentage of the total count of CD45* cells, and the
absolute value is expressed as the number of cells in 1 pL of PB. *The difference is statistically significant when adjusted by the Bonferroni correction.
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Table 2. Parameters of B cell immunity in patients with MS (% of CD19* gate cells)

Six months after the first dose

Before B-cell therapy
Lymphocyte population (n=29)

1

CD40+ 48.32 £27.49

CD95* 23.02 £17.32

CD5* 14.35+11.10

cD27+ 37.40 £15.32 1

CD38* 34.41+£20.81

CD25¢ 23.16 £ 14.59

Note. *The difference is statistically significant after the Bonferroni correction.

A significant increase in the expression of CD95 and CD5
antigens on B cells from baseline levels (p < 0.05) suggests
an inadequate response to a single dose of anti-CD20 therapy
and high likelihood of a future MS exacerbation.

The study evaluated how different DMTs affect the expression
patterns of a HLA-DR molecule on PB monocytes in patients
with MS. No significant differences in the percentages
of monocytes expressing HLA-DR were found between
treatment-naive patients with aggressive MS, all DMT
groups, and healthy volunteers (Table 3). The MFI HLA-DR
index in treatment-naive patients and patients treated with
interferon-beta and natalizumab did not differ from that of
healthy volunteers. A significant decrease in MFI HLA-DR was
only found in patients who received the initial course of anti-
CD20 therapy compared to healthy volunteers. This finding
suggests that anti-CD20 therapy may indirectly affect PB
monocytes by suppressing their ability to present antigens.

The study group (n = 29 patients) continued to be followed
up for 24 months, receiving subsequent courses of anti-CD20
therapy at the dose of 600 mg at 6, 12, 18, and 24 months
after the initial course.

MRI activity was recorded in 7 patients (24.13%). In 1 patient,
gadolinium-enhancing (Gd*) lesions were detected after 6
and 12 months of therapy. Changes in MRI scans revealed
Gd* lesions in 2 patients after 6 months, 3 patients after
12 months, and 1 patient after 24 months of therapy. New
non-contrast-enhancing lesions were detected in two patients:
one after 12 months and the other after 24 months.

of anti-CD20 therapy
(n=29)

17.13 £23.12

25.85 + 25.05

21.38 + 20.21

25.45 +18.15

29.04 £23.24 1

13.93 £ 12.83

Healthy volunteers

3

p,,=0.001*
p,,=0.883
p,., =0.001*

p,_, = 0.004*
p,_, = 0.406
p, = 0.427

p,_, = 0.004*
p,,=0.228
p, = 0.497

p,_,=0.001*
P =001
p,,=0599

p,.,=0.001*
p,,=0.001"
p,,=0.08

p,_,=0.003*
p,_, = 0.007*
P, =0.970

49.20 £ 4.45

19.89 £ 2.30

17.29 + 3.96

28.30+2.74

16,10 £ 2.63

13.93+12.82

Clinical data, disease progression, and cellular immunity
parameters in patients before and six months after the start
of anti-CD20 therapy revealed changes in PB lymphocyte
subpopulations, which can be interpreted as risk factors
for MS activity within two years. An increase in the relative
percentage of CD3* T cells in a follow-up test is a significant
factor for MRI activity during the first six months of therapy
(p = 0.014, predictive accuracy of 68.2%). A decrease in CD19*
and CD20" counts was not identified as significant factors
(p = 0.09).

At month 12, MRI activity with prognostic accuracy of
greater than 90% was detected in patients who showed
increased levels of CD25*CD3* (p = 0.007), CD95*CD3* (p =
0.046), CD40*CD19* (p = 0.000), CD5*CD19* (p = 0.003), and
CD38*CD19* (p = 0.001) cells, as well as decreased levels of
CD95*CD19* cells (p = 0.001) after the first course of anti-
CD20 therapy. This study revealed no significant biomarkers
for MRI activity at month 24, which may be due to PB changes
resulting from subsequent courses of anti-B-cell therapy.

An exacerbation was diagnosed in five (17.24%) patients and
in one (3.44%) patient after 6 and 12 months of therapy.
Increased levels of activated CD3*HLA-DR* cells was a
significant risk factor for exacerbations after 6 months of
therapy, with a 90.9% probability (p = 0.02).

During 12 months after the start of therapy, the risk of
exacerbations increased by more than 90% with increased
levels of CD25°CD3* (p = 0.01), CD95°CD3* (p = 0.05),
CD40*CD19* (p = 0.000), CD5'CD19* (p = 0.003), and
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Table 3. HLA-DR expression on PB monocytes, Me [Q;; Q,]

buomapkepb! 3dEKTUBHOCTH Tepanii pacCcesHHOro CKneposa

Patients receiving

Healthy Treatment-naive Patients receiving Patients receiving the initial course
volunteers patients with aggres-  interferon beta natalizumab of anti-CD20
Parameter (n=10) sive MS (1 = 2) (n=6) (n=19) therapy P
(n=29)
1 2 3 4 5

Monocytes p,,=0.152
CD14+ 95.4 96.1 94.8 92.4 91.0 p,,=0.101
HLA-DR, [93.1; 100.0] [89.7;97.1] [90.4; 96.7] [86.9; 96.0] [81.4; 94.6] p,,=0123
% of cells p,;=0.082
p,,=0.148

MEI HLA-DR 230.4 186.1 207.3 160.2 111.6 p,,=0.179
[198.0; 261.7] [115.0; 256.3] [83.8; 263.3] [126.1; 227.6] [100.4; 139.5] p,,=0137

p,s=0.008"

Note. *The difference is statistically significant after the Bonferroni correction.

CD38*CD19* (p = 0.001) cells. In addition, decreased levels of
CD95*CD19* cells (p = 0.001) were reported (see Figure). This
study did not identify any significant biomarkers of potential
exacerbation after 24 months.

Four patients (13.7%) demonstrated MS progression: three
(10.3%) during the first year of therapy and one (3.4%) during
the second year. No significant changes in immune status pa-
rameters were identified as factors for MS progression after
the first course of anti-CD20 therapy.

Discussion

Numerous experimental and clinical studies of cellular
immunity in patients with MS have shown high variability
in all study lymphocyte subpopulations, particularly during
DMT compared to untreated patients [14, 15, 18]. The
proinflammatory and encephalitogenic effects of CD8* T
cells increased upon contact with myelin basic protein
molecules [16]. In addition, the percentages of T cells
(CD3*) and T helper cells (CD4*), including activated ones
(CD4*HLA-DR*), decreased, while the percentage of NKT
cells (CD3*CD16*CD56%) increased. The increased count of
activated CD8* cytotoxic T cells suggests their crucial role in
MS progression.

Our study revealed significant changes in baseline cellular
immunity parameters in patients with MS compared to
healthy volunteers. These changes included the increased
percentage of T helper cells (with no change in the absolute
count), decreased percentage of cytotoxic T cells and
NKT cells, and decreased count of NK cells and activated
(CD3*HLA-DR*) T cells. These patients showed a significant
increase in the percentage of memory B cells (CD19*CD27*),
as well as B cells activated by CD38 and CD25 antigens. These
changes were correlated with the clinical presentation: at the
time of inclusion, 20 (71.3%) patients had experienced an MS
exacerbation within the previous 12 months. All examined
patients with MS required therapy adjustment.

Patients who received the first course of anti-CD20 therapy
showed extremely heterogeneous levels of recovery of
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quantitative B-cell parameters. By the time of the second
dose of anti-CD20 therapy at month 6, 85% of patients had
not normalized their B cell counts.

Six months after the first course of anti-B-cell therapy,
patients showed a more than tenfold decrease in absolute
and relative B-cell parameters, as well as a decrease in total
PB lymphocyte counts due to a decrease in the absolute T-cell
and T-helper counts, although their percentages increased.
In addition, the study reported a significant decrease in the
absolute count of NK cells and the percentage of NKT cells,
an even lower level of activated T cells (CD3*HLA-DR*), and a
significant decrease in memory B cells (CD27), including the
main pool of B cells expressing costimulatory and activation
molecules (CD40, CD38, CD25). Therefore, patients with
MS demonstrated a significant decrease in the absolute PB
counts of key immunocompetent cells, including T cells and
NK cells, even after the first course of anti-CD20 therapy.
There was also inhibition of the activation potential of T and
B cells, including their ability to present antigens.

The interaction between the costimulatory molecule
CD40 on B cells and its ligand, CD40L (CD154), on T cells
stimulates an immune response and activates B cells to
produce antibodies [18]. The presence of CD40 on B cells
within inflammatory lesions of the central nervous system in
deceased patients with MS suggests that antibody production
through interactions between T cells and B cells via CD40
may contribute to the development of the condition [19].
A decrease in CD40* B cells during anti-CD20 therapy may
indicate the reduced ability of these cells to trigger an
immune response. Therefore, it can be concluded that the
anti-CD20 therapy affects mature CD20* B cells directly and
indirectly by affecting the costimulatory molecule on these
cells and the T-cell component.

In addition, in this group of patients, the expression patterns
of HLA-DR on PB monocytes suggest a significant decrease in
the density of this molecule, as determined by MFL This may
indicate suppression of the antigen-presenting ability of the
monocyte/macrophage component of the immune system. In
neuroinflammation and central nervous system lesions in MS,
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the first dose of therapy.

macrophages and microglia can act as antigen-presenting
cells, promoting the activation of effector lymphocytes and
stimulating a specific immune response [20]. Macrophage
involvement in the pathogenesis of MS may also influence
disease progression. PB monocytes are innate immune
cells that differentiate into tissue macrophages when they
migrate into tissues and act as specialized antigen-presenting
cells because they express class I major histocompatibility
complex antigens, which increases when the cells are
activated. Antigen presentation is a critical component of
the immune response, that links the innate and adaptive
immune systems [21]. Therefore, research on the antigen-
presenting ability of monocytes can significantly improve our
understanding of the MS immunopathogenesis.

Clinical and experimental data suggest that monocytes with
low or absent HLA-DR expression cannot properly present
antigens and produce inflammatory mediators in response to
appropriate stimuli [23].

Some publications report that a decrease in HLA-DR
expression on monocytes is associated with a high risk of
infectious complications in patients with trauma, burns,
pancreatitis, or sepsis, as well as in patients undergoing
organ transplantation or heart and vascular surgery [24-28].

Statistical methods were established to determine the
association between changes in quantitative parameters
of T and B cell subpopulations and significant risk factors
for an unfavorable long-term MS prognosis. These
parameters included the increased percentage of CD3* cells,
subpopulations of CD3*HLA-DR*, CD25*CD3*, CD95*CD3*,
CD40*CD19*, CD5*CD19*, and CD38*CD19* cells, as well
decreased levels of CD95*CD19* cells. Therefore, increased
activation of T cells and B cells, as well as decreased B cell

apoptosis, are significant risk factors for MS exacerbation
and MRI activity in the future.

Conclusion

At month 6, the initial course of anti-CD20 therapy resulted
in low recovery of the B cell sub-populations in 85% of pa-
tients. A relative increase in the percentage of total T cells
was revealed as a result of B cell depletion. In addition, sig-
nificant decreases were observed in the absolute values of
primary parameters of T cells and NK cells, as well as counts
of activated T cells and B cells. These results may indicate an
insufficient ability of recovering B cells to present antigens
and provide the complete immune response.

The ability of monocytes and macrophages to present an-
tigens was suppressed after the first dose of anti-CD20
therapy, but in our study, this effect was not observed in
treatment-naive patients with aggressive MS or during other
types of DMTs. These facts may indicate the high efficacy of
the first course of anti-CD20 therapy. Further analysis is re-
quired to correlate these facts with the clinical characteristics
of patients in this group.

Additional immunological criteria for predicting MS exac-
erbation and MRI activity in the first year of therapy may
include changes from baseline in the following immunologi-
cal parameters: increased percentages of CD3" cells and
subpopulations of CD3*HLA-DR*, CD25*CD3*, CD95*CD3,
CD40*CD19*, CD5*CD19*, and CD38*CD19* cells; decreased
levels of CD95"CD19* cells.

Further research on biomarkers allows for the early adjust-
ment of MS therapy, thereby stabilizing the patient’s condi-
tion.
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HaMnMcaHue 1 peflakTUPOBaHKe TeKCTa PYKOIUCH.

36 Annals of clinical and experimental neurology. 2025; 19(3). DOI: https://doi.org/10.17816/ACEN.1398



OPUMMHANBHBIE CTATbIA. Knuhnyeckas HeBponorus
Tpom60TM4eCK1e MapKepbl Npu LLepebpoBacKYNAPHbIX 3a60/1eBaHNAX

© Tanashyan M.M., Roitman E.V,, Raskurazhev A.A., Domashenko M.A., Shabalina A.A., Mazur A.S., 2025

Early Markers of Thrombotic Hazard
in Cerebrovascular Diseases

Marine M. Tanashyan', Eugene V. Roitman'?, Anton A. Raskurazhev!, Maksim A. Domashenko?,
Alla A. Shabalina', Andrey S. Mazur'

'Russian Center of Neurology and Neurosciences, Moscow, Russia;
*Pirogov Russian National Research Medical University, Moscow, Russia;

SLomonosov Moscow State University, Moscow, Russia
Abstract
Introduction. Cerebrovascular disease (CVD) is a heterogeneous group of difficult-to-diagnose conditions in which hemorheological and hemostatic
disorders significantly impact the risk of ischemic stroke (IS), as well as the prognosis and response to reperfusion therapy and preventive treat-
ment. Laboratory thrombotic hazard markers, such as the thrombin-antithrombin Il (TAT) complex, the plasmin-a2-antiplasmin (PAP) complex,
thrombomodulin (TM), and the tissue plasminogen activator (tPA)/plasminogen activator inhibitor-1 (PAI-1) activity ratio, have not been adequately
evaluated as predictors of different IS subtypes. Their potential role in acute IS has also not been determined.
Aim. The study aimed to evaluate the diagnostic and predictive value of primary thrombotic hazard markers in patients with CVD.
Materials and methods. The retrospective study included 91 patients with acute IS (45% of men; median age: 62 years). At admission, primary
clinical parameters were assessed, including a National Institutes of Health Stroke Scale (NIHSS) score. Laboratory parameters and thrombotic
hazard markers were also measured using an enzyme-linked immunosorbent assay. Three IS subtypes included large artery atherosclerosis (LAA)
related IS (n = 32), lacunar IS (n = 27), and hemorheological (small artery occlusion-related) IS (n = 32). The clinical outcomes were evaluated at day 10
using the NIHSS scale. A comparison group included patients with chronic CVD (n = 29; 34% men; median age: 55 years).
Results. The plasma levels of almost all study biomarkers differed significantly between patients with IS and chronic CVD, as well as between
patients with different IS subtypes. Four of six markers (PAI-1, PAP, TAT, t-PA/PAI-1) were significantly associated with IS development, with
TAT showing the strongest association (odds ratio: 4.78; 95% confidence interval: 2.70, 9.68). Linear regression models were used to evaluate the
predictive value of thrombotic hazard biomarkers for IS outcomes, and TAT showed the most significant association in this case (p < 0.001). An
analysis of the differential value of study biomarkers for different IS subtypes showed that PAI-1 was the most sensitive (0.969) marker for LAA
related IS, while t-PA/PAL-1 (0.99) and TAT (0.889) demonstrated high predictive value for lacunar IS.
Conclusion. Thrombotic hazard markers are a promising laboratory tool for evaluating IS risk and predicting functional outcomes and response
to reperfusion therapy in patients with IS.
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AHHOTanMa

Beedenue. epebposackynsphvie 3abonesanus (JB3) — namozenemuuecku 2emepozeHHas u c0xHAs 0N QUGZHOCMUKY 2pynna CoCMosHUL, npu
KOMOpbIX HADYUIEHUS 8 CUCMEMAX 2eMOPeoo2ull U 2eMoCmasd uzparom 3Ha4UMylO pob, onpedenss puck uwemuueckozo uxcynsma (MH), ezo
npozHO3 U omeem Ha penepphysuoHHylo U npesermugHyio mepanuio. Hedocmamouro usyuerst 1abopamophble Mapkepol «mpomMoomuyeckoil onac-
Hocmu: komnaexc mpomour—awmumpomoun Il (TAT), komnnexc naasmun—o2-awmuniasmur (PAP), mpombomodynun (TM) u coomnouwieue
aKMUGHOCMU MKAHe8020 akmueamopa naasmurozena (tPA) u e2o anmazonucma — uxzubumopa axkmueamopa niasmurozexa I-2o muna (PAI-1)
8 kauecmee npedUKmMopos pasiuyHblx namozeHemuueckux nodmunog UM. He ymounén nomenyuan ux 3Hauumocmu y nayueHmos 8 ocmpom
nepuode UH.

Leny uccnedosarus — onpedenenue QUAzHOCMUYECKOL U NPOZHOCMUUECKOL! POJIU OCHOBHbIX MAPKePO8 «mpoMOOMuUeckoti onacHocmu» y nayu-
enmos c L[B3.

Mamepuanst u memodot. B pempocnexmusHoe uccredosanue vl ekniouer 91 nayuenm ¢ A 8 ocmpetiwiesi cmaduu (45% — myxuunbl, Meuana
gospacma — 62 200a). B dewv nocmynenus 8 cmayuoxap Gbinu onpedesienst 0a308bie KIUHUHECKUE (8 MOM HUCTE OUEHKA BbIPAKEHHOCIIU HEBPONO2U-
ueckux Hapywienuii no wkane NIHSS) u nabopamopHsie nokazamenu, a maxxe @bluienepeuucienHbie MapKkepsl «mpoMOOMUUECKOLl onacHocmu»
C NOMOUbIO UMMYHOGhepMeRmH020 ananusa. MU 6vin npedcmassien mpems namozeHemuueckumu noomunamu: amepompombomuyeckum (n = 32),
JaKyHapHsim (n = 27) u 2emopeonozuveckum (n = 32), kunuueckuti ucxod komopix oyerusanu yepes 10 cym no wkane NIHSS. B kauecmee epynnot
cpasHeHus ObLiu 8bI0PaHbL NALUeHmbl ¢ XpoHueckum meueHuem L[B3 (n = 29; 34% — myxuunvl, Meduana eoapacma — 55 nem).

PesynsmamoL. [11a3MeHHAS KOHYEHMpPAyus npakmuuecku 6cex UuccnedoaHHblx OUOMAPKEPOS8 3HAUUMO OMJUYANACH KAK NPU CPABHEHUU Zpynn
nayuenmos ¢ UM u xporuueckumu L[B3, mak u y nayuenmos ¢ paswvimu namoeexemuueckumu nodmunamu MH. C passumuem UM okasanuce 3Hauumo
accoyuuposarHbimu 4 u3 6 mapkepos (PAI-1, PAP, TAT u omnowenue akmusgHocmu t-PA/PAI-1), npuuém no mazumyde c6s3u HaubombuiuLi eec umen
xomnaexc TAT — omnowerue warncos 4,78 (95% AM 2,70-9,68). Momenyuanshyio npedukmopHyio pons Guomapkepos «mpombomuteckoti onacHocmuy
8 omHoweruu ucxoda UM oyerusanu ¢ nomoujbio Modesneil uHetiHot peepeccuu: Haubosiee 3HAUUMbLM 0KA3ascs makxe yposeHs komnaexca TAT
(p < 0,001). Yposenn PAI-I sensemcsa Haubonee uyscmeumensioim (0,969) 6 omrowenuu amepompombomuueckozo MK, 6 mo épems Kak coomHouieHue
axmugrocmu t-PA/PAI-1 (0,99) u yposens TAT (0,889) obnadaiom xopoweii npedckasamenbHot cnocobHocmuio 015 akyHapHozo MH.
3axouenue. Pacwupenue 1ab0pamoprozo apceHana Mapkepamu «<mpoMOOMUUecKoll onacHoCMU» U UCNOJb308AHUE UX 8 Kauecmee NaHesu y
nayuenmos ¢ MM — nomenyuansHo nepenekmueHsiti uHempymenm onpedenenus pucka UM, npoeHo3uposanus e2o (yHKYUOHAILHO20 Ucxooa U,
B03MOXHO, 0MBeMa Ha penephy3UcHHyI0 mepanuio.

Kniouegvie cnoea: komnnekc mpombun—anmumpomOun II; komniexc naasmun—a2-aHmunyiasmut; mpomMOomMoOyauH; mKkaHesoll
akmueamop NJiasMUHO2eHd; UH2UbUMOp aKmueamopa niasmuHozena I-20 muna; yepe6posackyspHble 3a001e8aHUS

druueckoe yTBepxaeHue. ViccenoBaHye POBOAKIIOCH MPK 106POBOIBHOM HHGOPMUPOBAHHOM [HCbMEHHOM COT/IACHH MaLU-
eHToB. [IpoToKO/ HceeioBaHks 000peH JIOKaIbHbIM 3THYECKMM KOMUTETOM POCCHIACKOro 1ieHTpa HEBPOJIOTMM 1 HelipoHayk
(mpotoxkon N2 6-5/17 ot 24.05.2017).
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Introduction

Cerebrovascular disease (CVD) is a major medical and
socioeconomic challenge Epidemiological data indicate
rising rates of morbidity, mortality, and disability resulting
from acute and chronic cerebrovascular accidents, which
also significantly contribute to the increasing prevalence of
cognitive dysfunction [1].

After many years of research at the Russian Center of Neu-
rology and Neurosciences (formerly the Research Center
of Neurology), the concept of dysregulated hemorheology
and hemostasis emerged. This phenomenon has been thor-
oughly investigated, clinically tested, and proven as one of
the primary drivers of cerebrovascular disease (CVD), re-
gardless of its subtype [2]. In addition, laboratory, neuroim-
aging, and neurological features have been identified for a
specific type of ischemic stroke (IS) which is associated with
hemorheological occlusion of small arteries. In this subtype,
dysregulated hemorheology and hemostasis play a crucial
role. The clinical presentation of ischemic cerebrovascular
accidents often fails to distinguish between different CVD
subtypes (for example, in cases of differential diagnosis of
extracranial and intracranial atherosclerotic lesions [3, 4], a
combination of brachiocephalic artery atherosclerosis and
cardiac disorders with a high risk of cardio-cerebral embo-
lism). This differentiation is crucial for the adequate sec-
ondary pathogenetic prevention of IS. This fact highlights
the importance of a broader range of neuroimaging, ultra-
sound, and laboratory parameters for selecting management
strategies. However, despite advancements in neurovascular
care, including reperfusion techniques such as thrombolytic
therapy and mechanical thrombectomy, treatment options
for patients with acute IS are often limited and ineffective.

One potential reason is the tendency to underestimate and

inadequately treat thrombotic hazard factors. These factors

include the following potential biomarkers that can be used
to better assess the risk of IS and improve the response to
antithrombotic and/or reperfusion therapies, as well as pro-

vide differential diagnoses of CVD [5]:

— thrombin—antithrombin III complex (TAT), responsible for
clotting processes;

- plasmin-o.-antiplasmin complex (PAP), which is used to
evaluate fi Zbrmolyms

— thrombomodulin (TM), which is used to assess the severity
of endothelial dysfunction;

- an activity ratio of tissue plasminogen activator (tPA)
and its antagonist, plasminogen activator inhibitor
type 1 (PAI-1), which regulates and controls the level
of fibrinolytic activation depending on the state of the
endothelium.

TAT has been investigated since the 1980s and has been
validated as a marker of thrombin generation [6]. A
systematic review and meta-analysis have confirmed its role
in diagnosing IS [7]. PAP was first described in 1960 [8] as
a marker of fibrinolytic activation [9]. Although the primary
evidence of its predictive value was obtained for venous
thromboembolic = conditions [10], higher o,-antiplasmin
levels have been reported as a risk factor for IS [11] and
unsuccessful reperfusion (in patients receiving thrombolytic
therapy) [12].

Tpom60TM4eCK1e MapKepbl Npu LLepebpoBacKYNAPHbIX 3a60/1eBaHNAX

TM and soluble TM (sTM) are transmembrane glycoproteins
that bind to thrombin and play a dual role in IS: they serve
as sensitive markers of acute endothelial injury and modulate
restorative and anti-inflammatory processes. For example,
an increase in TM levels within the first 24 to 48 hours
after IS correlates with IS severity and mortality rates and
is associated with risk factors for cardiovascular diseases,
such as male sex and dyslipidemia [13]. This highlights the
importance of monitoring thrombomodulin levels early after
IS to predict clinical outcomes.

PAI-1 is a primary endogenous inhibitor of t-PA. By binding
t-PA in a 1 : 1 ratio and forming an inactive t-PA/PAI-1
complex, it significantly reduces plasmin formation and
thrombus dissolution [14]. Proinflammatory cytokines, such
as interleukin-1 and tumor necrosis factor-alpha, as well as
stress factors, such as hypoxia and oxidative stress, increase
the expression of PAI-1, leading to endothelial dysfunction
and the maintenance of thrombogenesis. High PAI-1 levels
prior to thrombolytic therapy is associated with a lower rate
of successful recanalization and a higher risk of adverse
outcomes within three months [15].

Note that these parameters demonstrate abnormal values
long before fibrin formation and, in some cases, thrombosis
occur. Therefore, they can potentially serve as early IS
biomarkers.

Despite the large number of studies on the diagnostic and
predictive value of these markers in various thrombotic
conditions (e.g., thromboembolic events and myocardial
infarction), the results are not reproducible. This may be due
to the fact that changes in the entire pool of biomarkers
should be evaluated simultaneously. It should also be noted
that studies on ischemic CVD are currently extremely limited.

The study aimed to evaluate the diagnostic and predictive
value of primary thrombotic hazard markers in patients with
CVD.

Materials and methods

The retrospective study included patients who had received
inpatient treatment at the Russian Center of Neurology and
Neurosciences. A total of 342 patients with acute IS were
enrolled based on medical records. Of these patients, 91 had
hyperacute IS with available marker testing results (TM,
t-PA, PAI-1, TAT, and PAP) on the day of admission, as well
as data on changes in these markers to assess severity of
neurological deficit using NIHSS! at baseline and on day 10 of
hospitalization. The control group included 29 patients with
chronic CVD (34% of men, median age: 55 years).

Blood samples were obtained via cubital venipuncture in
fasting state in the morning using vacuum systems and tubes
containing either 3.2% sodium citrate (for citrate plasma) or
a coagulation activator and gel (for serum). Blood samples
were obtained, transported, stored, and handled during
the pre-analytical stage in accordance with the Russian
Federation’s national standard. Serum/plasma testing for

"Tpom60TMYeCKNE MapKepbl Npy Liepe6poBacKyNAPHbIX 3a60NeBAHNAX
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t-PA, PAI-1, TAT, and PAP was performed in duplicate using a
sandwich enzyme-linked immunosorbent assay (ELISA) with
Technoclone and Cloud Clone Corporation reagent kits on a
Victor 2 (PerkinElmer) and/or a Real-Best plate readers.

A statistical analysis was performed using the R programming
language (v. 4.4.1) in RStudio (v. 2025.05.1) with the following
plug-ins: tidyverse, gtsummary, corrplot, pheatmap, ggplot2,
and ReppCNPy. In addition, GraphPad Prism 10 (v. 10.4.0) was
used. Descriptive statistics were represented by medians, as
well as upper and lower quartiles for continuous variables and
frequencies for discrete variables. Two unpaired groups were
compared using Wilcoxon-Mann—Whitney test for continuous
variables or the Pearson y? test for discrete variables. Three
or more unpaired groups were compared using the analysis
of variance (ANOVA) (Kruskal-Wallis test) with subsequent
pairwise comparisons and the p-value adjusted using the Dunn
multiple comparison test. A heat map showing the relative
levels of each variable was created based on preliminary
calculations of its percentile in the column. Associations and
predictor value were evaluated using regression analysis. In
the case of a binomial dependent variable (stroke), univariate
and multivariate logistic regression with an odds ratio (OR)
and 95% confidence interval (CI) was used. For a continuous
variable, linear regression with beta coefficients was used (for
a univariate model: changes in the NIHSS score by day 10
according to the formula ANIHSS = NIHSS, , = NIHSS, .
for a multivariate model: the NIHSSby day 10,5€OTE (+ NIHSéjbaselin
score as a covariate). A correlation’ analysis was performe
using the Spearman’s rank correlation coefficient, and the
results were visualized using a correlogram. The significance
level was set at 0.05, and all tests were two-sided.

Results
Table 1 presents the main clinical data by study subgroups.

On average, patients with IS were older than those with
chronic CVD. The groups were comparable in terms of

sex and anthropometric parameters (weight). As expected,
however, the distribution of classical risk factors was shifted
toward groups with LAA-related and lacunar IS.

Patients with acute IS were admitted to the Russian Center
of Neurology and Neurosciences within 48 hours of a
cerebrovascular accident. The clinical presentation included
impaired level of consciousness and focal neurological
symptoms resulting from injury to one of the cerebral
hemispheres. Ischemic injury to the left hemisphere was
reported somewhat more frequently (52.7%). A decrease in
the level of arousal (obtundation) was recorded in 27 patients
(29.7%). Focal symptoms were most often caused by injury
to the pyramidal tract fibers on the side of the cerebral
hemisphere with the ischemic lesion. In these cases, the most
common motor disorders included central hemiparesis (84
patients, 92.3%) and central monoparesis of arm (7 patients,
7.7%). Motor impairment reached the level of hemiplegia in
one-third of the patients (29 patients, 31.9%). Central paresis
of the facial muscles was observed in 86 patients (94.5%).
Speech disorders were also common focal neurological
symptoms. For example, aphasia of varying severity occurred
in 28 patients (30.8%), and dysarthria occurred in 30 patients
(32.9%). Forty-six patients (50.5%) had impaired surface
sensation, such as hemihypalgesia and hemianalgesia,
and 35 patients (38.5%) had impaired deep sensation and
neglect syndrome. Oculomotor disorders such as limited
gaze and gaze paresis (either isolated or in combination with
forced head turning towards the affected hemisphere) and
hemianopsia were reported less frequently, in 12 (13.2%) and
11 (12.1%) patients, respectively.

Reperfusion therapy was not initiated because patients were
admitted for more than six hours after the onset of IS.

The group of chronic CVD included patients without a
history of acute cerebrovascular accidents. These patients
presented with subacute progression of generalized cerebral

Table 1. Main clinical and demographic characteristics of the study groups

Parameter LM}:Z'?;;’ 3

Age, years, median [Q,; Q,] 66 [58; 70]
Male, n (%) 16 (50)
Smokers, n (%) 13 (41)
Weight, kg, median [Q,; Q,] 81 [74; 95]
Type 2 diabetes mellitus, n (%) 19 (59)
The presence and stage of hypertension, n (%)

no 2(6.3)

stage | 2 (6.3)

stage Il 17 (53)

stage Il 11 (34)

Hemorheological IS Lacunar IS  Chronic CVD  p (Kruskal-Wallis
(n=32) (n=27) (n=29) test; Pearson 2 test)
58 [54; 64] 63 [57;69]  55[49; 62] <0.001
11 (34) 14 (52) 10 (34) 0.3
5 (16) 12 (44) 5(17) 0.019
80 [67; 94] 89 [76;101] 72 [67; 88] 0.081
8 (25) 16 (59) 9 (31) 0.006
0(0) 0(0) 2(6.9)
14 (44) 2 (7.4) 21 (72)
9 (28) 18 (67) 6 (21)
9 (28) 7 (26) 0(0)
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and focal neurological symptoms associated with cerebral
atherosclerosis and microangiopathy (as confirmed by
neuroimaging results), classified as stage 1/Il discirculatory
encephalopathy. The most common neurological symptoms
in this group included cephalgic syndrome (58.6%),
vestibulocerebellar symptoms (55.2%), and astheno-neurotic
syndrome (55.2%). Patients also had diffuse microsymptoms,
including sensation disorders (20.7%), pyramidal symptoms
(17.2%), and extrapyramidal symptoms (17.2%).

Levels of study biomarkers differed significantly between the
groups (Fig. 1), differentially depending on the IS subtype.

Table 2 shows the quantitative values of the markers by study
group and changes in neurological deficits by NIHSS scores.

Clinically, patients with lacunar IS initially have less severe
neurological deficits. However, by day 10 post-stroke, the

Tpom60TM4eCK1e MapKepbl Npu LLepebpoBacKYNAPHbIX 3a60/1eBaHNAX

median NIHSS score was no lower than 6 (a standard cutoff
for a favorable outcome). The further analysis considered
these patients based on the progression of their neurological
disorders.

A cluster analysis of the relative values was performed to
identify a differentiated pattern of changes in thrombogenic
markers in patients with various CVD manifestations, and
the results were visualized (Fig. 2). Almost all patients with
lacunar IS demonstrated higher t-PA levels and higher t-PA/
PAI-1 ratio, as well as lower TM and TAT levels. Conversely,
the reverse pattern was observed in patients with LAA-related
IS (to a greater extent) and hemorheological IS (to a lesser
extent). Patients with chronic CVD had lower relative TAT
and PAI-1 levels and moderate-high t-PA levels.

Regression models were created and characterized in order
to further evaluate the potential associations between study

TAT
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’ ' <0,0001
800
8- <0,0001 <0,0001 600 0,0090
—
| T 600 T
6_
400 -l- =
= = = ]
% 4 T % @ = 400
200
2 é g 200
0 QID ! IU) 'IC/) J) 0 QID 'I(/J 'I w :.I) 0 QID 'IU) 'IC/) U;
§3 £5 33 & §3 £5 I3 = 53 £35 33 =
5 22 £ 3 5 gg £ 3 & g3 2 3
2 = 5 = = 5 2 = 5
PAI-1
t-PA <0,0001
| t-PA/PAI-1
0,0005 <0,0001 0.0001
T <y,
<0,0001 | <0,0001 1
— 1 <0,0001
0,0016 <0,0001 <0,0001
10 1 80 I’_| 0.5 <0,0001
8 60 é 044 -
= 6 — = 0.3
= = 404 T
= 4 T = 0.2
20+
11T ] 1 LT
0 T T T T 0 T T T T 0.0 T T T T
& g % 3 & B % B & 2% % 8
2= = S 27 = it 2 = 3

Fig. 1. A box plot of levels of study biomarkers b%' IS subgroup. Only significant differences in pairwise post hoc comparisons adjusted using

the Dunn multiple comparison test are shown.

he data are presented as the median, first and third quartiles, and range.

CVD, cerebrovascular disease; IS, ischemic stroke; LAA, large artery atherosclerosis.
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Table 2. Thrombotic hazard marker levels and changes in NIHSS scores by IS subtype, median [Q; Q,]

NIHSS score

baseline 13 [11; 16] 10 [9; 12] 14 9; 16] 0.006

day 10 12 [9; 14] 71[6;9] 11 [7; 15] <0.001
Thrombomodulin, ng/mL 370 [268; 482] 311 [230; 360] 455 [363; 555] <0.001
t-PA, ng/mL 1.60 [0.97; 2.05] 5.45 [4.20; 6.90] 2.10 [1.56; 2.81] <0.001
PAI-1, ng/mL 52 [42; 57] 54 [45; 59] 25 [18; 37] <0.001
t-PA/PAI-1 0.03 [0.02; 0.05] 0.11[0.09; 0.14] 0.07 [0.05; 0.14] < 0.001
TAT, ng/mL 4.51 [3.93; 5.23] 2.60 [2.30; 3.40] 4.82 [4.34; 5.64] < 0.001
PAP, ng/mL 328 [266; 380] 366 [312; 468] 311 [270; 358] 0.052

10 Subgroup

Chronic CVD
Hemorheological IS
LAA-related IS
Lacunar IS

Fig. 2. A heat map of the relative levels of study biomarkers by subgroups.
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Table 3. Regression analysis models
Predictors of IS

univariate model multivariate model

Biomarker
OR (95% CI) p OR (95% CI) p

™ 1.00 (1.00-1.00) 0.8 1.00 (0.99-1.00) 0.2
t-PA 1.02 (0.83-1.29) 0.8 1.79 (0.80-4.50) 0.2
PAI-1 1.05(1.02-1.08) <0.001  1.04 (0.96-1.14) 0.4
PAP 1.01(1.01-1.02) <0.001  1.01(1.00-1.02) 0.12
TAT 478 (2.70-9.68) <0.001  10.9 (4.45-37.4)  <0.001
tPA/PAI-1 0.00 (0.00-0.10)  0.006  4.11(0.00-4 x10%) 0.9

Note. * The baseline NIHSS score was used as a covariate.

Tpom60TM4eCK1e MapKepbl Npu LLepebpoBacKYNAPHbIX 3a60/1eBaHNAX

Adverse outcome predictors
univariate model multivariate model

Beta coefficient
(95% CI) p

Beta coefficient
(95% CI)

Table 4. ROC analysis data for differentiating between IS and chronic CVD

Biomarker AUC (95% CI)
™ 0.498 (0.376-0.620) 355
t-PA 0.56 (0.458-0.663)
PAI-1 0.72 (0.626-0.814) 48.8
t-PA/PAI-1 0.662 (0.555-0.769)
PAP 0.758 (0.66-0.856)
TAT 0.869 (0.806-0.931) 3.55

biomarkers and IS development, as well as to determine if the
biomarkers could predict short-term IS outcomes (Table 3).

Of six markers considered, four (PAI-1, PAP, TAT, and t-PA/
PAI-1) were found to be significantly associated with IS
development. TAT demonstrated the strongest association
(OR = 478 95% CI 2.70-9.68). However, multiple logistic
regression analysis revealed that TAT was the only independent
significant factor of IS (OR = 10.9; 95% CI 4.45-37.40).

The potential predictive value of thrombotic hazard
biomarkers for IS outcomes was evaluated using singleand
multivariate linear regression models. TAT was found to
be the most significant factor. However, its independent
predictive value was not confirmed when considered in
combination with other factors.

A ROC analysis was used to assess the sensitivity and
specificity of each marker for IS development and determine
the cutoff levels of study biomarkers (Table 4). TAT showed
the strongest association with IS.

A different pattern was observed when the differential
value of the study biomarkers was evaluated considering IS
subtypes using multinomial logistic regression (Table 5). PAI-1

Cut-off

1.675

0.061
286.95

0.00 (0.00-0.00) 0.009  0.001(-0.002-0.003)  0.561
-0.15(-0.26-0.03)  0.014  -0.046 (-0.316-0.224)  0.734
-0.01 (-0.03-0.01) 0.2 -0.001 (-0.03-0.027)  0.928
00.00 (0.00-0.00) 0.4 0.002 (-0.002-0.005)  0.348
0.40 (0.22-0.59) <0.001  0.306 (-0.009-0.62)  0.057
0.00 (-6.0-2.0) 0.3 1.753 (-6.886-10.393)  0.688

Sensitivity Specificity

0.582 0.517

0.319 0.931

0.429 1

0.516 0.793

0.703 0.724

0.736 0.931

was the most sensitive marker for LAA-related IS, while
t-PA/PAI-1 and TAT demonstrated high predictive value for
lacunar IS.

A correlation analysis (Fig. 3) revealed the multidirectional
associations between biomarkers. For example, higher TAT
levels were associated with decreased positive changes in
NIHSS scores (ANIHSS) and decreased tPA levels. At the
same time, TAT positively correlated with TM levels.

Discussion

We used a retrospective cohort of patients with CVD of
various origins (both acute and chronic) to differentiate
patterns of changes in thrombotic hazard markers such as
TM, TAT, PAP, and tPA/PAI-1.

The most significant result of the study demonstrated that
TAT can serve as an early marker of thrombotic risk in IS.
Significant differences in TAT levels were reported across
the study groups. The highest levels were found in patients
with LAA-related IS (4.51 ng/mL) and hemorheological IS
(4.82 ng/mL), while patients with lacunar IS demonstrated
significantly lower TAT levels (2.60 ng/mL). These findings
were consistent with those of current meta-analyses showing
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Table 5. ROC analysis data for differentiating IS subtypes

Biomarker Subtype Sensitivity Specificity AUC
t-PA LAA-related IS 0.812 0.729 0.796
Lacunar IS 1 0.875 0.971

Hemorheological IS 0.719 0.661 0.710

™ LAA-related IS 0.375 0.831 0.530
Lacunar IS 0.704 0.734 0.758

Hemorheological IS 0.875 0.542 0.755

PAI-1 LAA-related IS 0.969 0.441 0.706
Lacunar IS 0.815 0.594 0.726

Hemorheological IS 0.750 0.949 0.893

t-PA/PAI LAA-related IS 0.969 0.746 0.907
Lacunar IS 1 0.656 0.821

Hemorheological IS 0.969 0.237 0.540

PAP LAA-related IS 0.438 0.593 0.467
Lacunar IS 0.370 0.938 0.656

Hemorheological IS 0.719 0.542 0.608

TAT LAA-related IS 1 0.407 0.721
Lacunar IS 0.889 1 0.986

Hemorheological IS 0.781 0.695 0.772

™
t-PA
PAI-1
TAT
PAP
tPA/PAI

aNIHSS

‘ aNIHSS

0.8
™ 0.6

04
t-PA

0.2
PAI-1 Lo

r-0.2
TAT

L 0.4
Pae X X 06

0.8

tPA/PAI X .

Fig. 3. A correlation analysis of biomarkers and NIHSS changes in a group of patients with IS using Spearman rank-order correlation
coefficient. Correlations with p > 0.05 were excluded. ANIHSS = NIHSS Fday 10) — NIHSS (baseline).
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that patients with IS had higher TAT levels than controls,
with a mean difference of 5.31 (95% CI 4.12-6.51) [7]. Notably,
TAT levels were highest during the acute phase of IS and
gradually decrease over time. The degree of increase varied
depending on IS subtypes.

Importantly, in our analysis, TAT was the only biomarker
that maintained predictive value in the multivariate model
of association with IS (OR: 10.9; 95% CI 4.45-37.4; p < 0.001).
Our study found a significant association between TAT and
poorer IS outcomes, consistent with other studies. Welsh et
al. found higher TAT levels in patients with a modified Rankin
score of > 3 in the acute phase of IS [16]. TAT is a sensitive
marker of a prothrombotic state. In the context of IS, it may
also indicate a systemic inflammatory response [17].

Our study reported significant differences in TM levels
between groups. The highest levels were found in patients
with hemorheological IS (455 ng/mlL), while those with
lacunar IS had significantly lower levels (311 ng/mL).

Current publications confirm the important role of TM in the
CVD pathogenesis. A large multicenter study in 3,532 patients
with IS showed that higher plasma TM levels were associated
with a lower risk of adverse clinical outcomes 3 months after
IS [18]. This phenomenon can be explained by the dual role
of TM in hemostasis. On the one hand, sTM levels indicate
endothelial injury, which contributes to thrombogenesis [19].
On the other hand, an increase in TM levels may prevent
some patients from developing IS [20]. In our study, TM did
not show independent predictive value in the multivariate
analysis, which can be explained by the difficulty of
interpreting this marker based on vascular history.

Our study revealed significant differences in t-PA and PAI-1
levels between the study groups. Interestingly, patients with
lacunar IS had higher tPA levels (5.45 ng/mL) compared to
patients with LAA-related IS (1.60 ng/mL) or hemorheological
IS (2.10 ng/mL). The latter group showed also lower PAI-1
levels (25 ng/mL) compared to other groups. The tPA/PAI-1
ratio is an important marker of fibrinolytic potential. In our
study, patients with lacunar IS had the highest tPA/PAI-1
levels (0.11), which may indicate a compensatory activation
of the fibrinolytic system in response to microvascular injury.

Fibrinolytic system disorders are known to play an important
role in the pathogenesis of IS. The Northern Sweden MONICA
prospective study showed that tPA/PAI-1 is an independent
predictor of a new-onset IS (occurring 2.74 times more
frequently in patients with upper quartile levels of tPA/
PAI-1 compared to lower levels) [21]. PAI-1 may reduce the
effectiveness of thrombolytic therapy. The level of active PAI-1
in new thrombi can be thousands of times higher than the
normal plasma level, which is sufficient to inhibit the clinical
dose of tPA. In addition, PAI-1 produced by astrocytes in the
central nervous system can limit excessive tPA activity in
the brain parenchyma and prevent injury to the blood-brain
barrier, thereby exerting a neuroprotective effect [14].

In recent years, the role of a2-antiplasmin in the pathogenesis
of IS has been actively investigated. Epidemiological studies
have shown that high levels of a.2-antiplasmin are associated

Tpom60TM4eCK1e MapKepbl Npu LLepebpoBacKYNAPHbIX 3a60/1eBaHNAX

with a higher risk of IS [22]. In our study, PAP levels did not
show any significant differences between groups (p = 0.052),
although there was a trend towards higher levels in patients
with lacunar IS (366 ng/mL).

Changes in study markers are a topic of active discussion
in the literature regarding the effectiveness and safety
of reperfusion therapy for patients with IS, particularly
intravenous thrombolysis (IVT). The recovery of blood flow
during IVT is associated with low levels of sSTM [23]. High
TAT levels are associated with poorer functional outcomes
and higher mortality rates, reflecting a lower percentage of
successful revascularization following IVT [7]. Low levels of
a.2-antiplasmin are associated with poor IVT outcomes and
higher rates of intracranial hemorrhagic events [24]. Although
higher PAI-1 activity and levels before IVT were associated
with adverse progression of cerebral infarction according
to neuroimaging 24 hours after IVT, PAI-1 activity was not
associated with hemorrhagic events or functional outcomes
during IVT. The 5G/5G PAI-I polymorphism was shown to
be an independent risk factor for intracranial hemorrhage
during IVT [25].

Changes in study markers should also be mentioned as
important potential predictive markers and predictors of
complications during mechanical thrombectomy (MTE), such
as hemorrhagic transformation and reocclusion. Even after
angiographically successful recanalization, levels of these
thrombotic hazard markers may indicate a poorer prognosis
for patients. These changes may indicate the patient’s initial
condition as well as local vascular wall injury during MTE.
In addition, current MTE protocols include the systemic
administration of thrombolytics prior to endovascular
treatment, which can significantly impact the hemostatic
response. Xu et al. assessed the levels of sTM, TAT, PAP, and
tPA-PAI-1 in arterial blood samples taken from the femoral
artery and from an artery located distal to the thrombotic
occlusion site [26]. The authors demonstrated that low
sTM levels and high TAT, PAP, and tPA-PAI-1 levels were
associated with a poor functional outcome following MTE
in patients with IS. Moreover, higher TAT and PAP levels in
arterial blood samples from the ischemic zone were identified
as independent risk factors for symptomatic intracranial
hemorrhage after MTE.

Our study also evaluated the predictive value of biomarkers
for the short-term outcome of IS. The univariate analysis
revealed that t-PA and TAT were the most significantly
associated with a poor outcome. However, the multivariate
analysis did not confirm the independent predictive value of
any biomarkers.

These results are consistent with systematic reviews showing
that, despite the associations between many coagulation and
inflammatory biomarkers and IS, it is too early to conclude
whether these biomarkers can be used therapeutically to
predict IS, acute phase severity, or clinical outcome after
treatment [27].

The limited predictive value of individual biomarkers can be
explained by the complex and multifactorial pathogenesis
of IS. Current research shows that combining multiple
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biomarkers of different pathophysiological pathways
significantly improves risk stratification for poor outcomes
[28]. This fully applies to patients who received reperfusion
therapy as well as to those who received background and
antithrombotic therapy.

In an era when only clinical guidelines should be followed,
our study provides unique data on the ability of the
study biomarkers to differentiate IS subtypes. Significant
differences were particularly evident in t-PA levels between
lacunar IS and other subtypes of IS, which may reflect the
characteristics of microvascular pathogenesis. These findings
are supported by literature indicating that different IS
subtypes are characterized by different patterns of hemostatic
system activation [7, 29]. All of the above suggest the need
for personalized, optimized, and pathogenetically confirmed
(for changes in hemorheology and hemostasis) therapy
aimed at restoring blood flow properties (hemorheology)
and improving vascular wall function. This therapy should
be intended to treat existing thrombotic events and prevent
new ones.

This study has some important limitations that should be
considered when interpreting the results. A relatively small
sample size can lead to overfitting of the model and decreased
accuracy of parameter estimates in multivariate regression
analysis. Therefore, the obtained regression coefficients
require careful interpretation. The retrospective design
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Depression in Amyotrophic Lateral Sclerosis:
Screening Using Attention Bias Assessment
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Abstract
Introduction. Depression is highly prevalent in amyotrophic lateral sclerosis (ALS) [9]. Its detection can be challenging, particularly in advanced
disease when many patients develop bulbar dysfunction and upper limb muscle weakness. This necessitates objective methods for diagnosing
affective disorders in ALS.
The study aimed to evaluate the potential utility of eye-tracking technology for detecting depression in ALS patients using an attention bias
assessment.
Materials and methods. The study enrolled ALS patients meeting Gold Coast criteria. Depressive symptoms were assessed using the Hospital
Anxiety and Depression Scale (HADS). During eye-tracking sessions, patients viewed a screen displaying pairs of faces — one emotional (sad
or happy) and one neutral.
Results. Data from 33 participants were analyzed. Comparative analysis of mean gaze fixation duration showed that ALS patients with depressive
symptoms had significantly longer fixation times on sad faces compared to non-depressed patients. HADS depression scores correlated with mean
fixation duration on sad (r = 0.421; p = 0.018) and neutral (r = 0.36; p = 0.047) faces. To analyze the interaction of sensitivity and specificity of mean
fixation time on sad faces for detecting depressive disorders, ROC analysis was performed. An area under the curve was 0.722 (acceptable value).
Conclusion. Eye tracking-based attention bias screening assessment shows potential utility for depression detection in ALS. This method may
be particularly valuable in advanced disease when patients become immobilized and lose capacity for verbal communication or questionnaire
completion [9].
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AnHoTarug
Beedenue. [lenpeccus wiupoko pacnpocmparena npu 6okogom amuompouueckom cknepose (BAC). E€ evisenenue moxem npedcmasasmo ciox-
HOCIMU, 0COOEHHO HA paseeépHymuix cmadusx 60s1e3Hu, K020a y MHO2UX NayueHmos pasguearomcs 0y0apHble HapyuieHus, ciabocms 8 MbluYax
pyk. B ces3u ¢ amum yenecoobpasna paspabomka 00sexmugHblx Memodos duazkocmuku aghdpekmugHblx Hapywenuti npu BAC.
Liens pabomst — oyenumb NOMeHYUAIbHYI0 UHPOPMAMUBHOCTL Memo0a mpekuHza 2nas 0 eviaenenus denpeccuu y nayuenmos ¢ AC Ha oc-
Hoge napaduzmb NPede3IMoCmu BHUMAHUSL
Mamepuan u memodsL. B uccnedosanue skmiouanucs nayuewmsi ¢ BAC no kpumepusm Gold Cost. /Ins ouyerku denpeccusHbiXx Kanob ucnosy-
3oeanacy locnumanshas wiana mpegoau u denpeccuu (HADS). Ilpu nposederuu mpekuKea 21a3 nayueHmam noxkassléan 3Kpax, Ha KOmopom
0eMOHCMPUPOBaU U300paXeHus nap Jut, 00HO U3 KOMopbIX GbLI0 IMOYUOHATLHbLM (2DYCMHbIM UL PAOOCTHBLM), BMOPOE — HELIMPATbHbIM.
Pesynemamet. [Ipoananusuposans dannvie 33 uenosex. CpagumevHbili GHAMU3 cpedHeti Onume sHoCmu QuKcayuul 630pa Ha UYAX ¢ pasautHb!-
MU SMOYUAMYU NOKA3a, umo y nayuernmos ¢ BAC ¢ cumnmomamu denpeccuu cpedree 8pems PUKCAYLLU HA 2pYCMHbLX IUYAX OblI0 3HAUUMO b0riee
OnumenvHbLM, ueM y nayuermos Oe3 denpeccuu. BoipaxenHocms denpeccuu no HADS Kkoppenuposana co cpedketi dnumesnsHocmolio (ukcayuu
630pa Ha epycmuylx (r = 0,421; p = 0,018) u netimpanshoix (r = 0,36; p = 0,047) nuyax. C yenvio aHanuza 83aumodeticmeus uyscmeumensHocmu
U cneyuuurocmu cpedrezo 8peMeu (UKCayuU Ha 2pycmHOM Juye 07 8bl6/eHUA enpeccugHslx Hapywenuil Ovin nposedén ROC-awanus. [Ino-
wads nod kpusoti cocmasuna 0,722 (npuemnemoe 3HaueHue).
3axntouenue. CKpUHUHZ C UCNOJIb30BAHUEM MPEKUH2a 271a3, OCHOBAHHYII Ha napaduzme nped83smocmu 6HUMAHUS, NOMEHYUATbHO UH(opmamu-
8en 0na eviseseHus denpeccuu y nayuenmos ¢ BAC. Henomvsoeanue dannoti memoduku 0ydem 0cobeHHO akmyaibHo Ha paseéprymoli cmaduu
bonesHu, kozda nayuexm 00e308uxeH U He Moxem nodOepxueamy peuesoii KOKMAKM UL 3aNOTHAMY OYMAKHble ONAHKU ONPOCHUKOB.

Knioueswie cnosa: 60ko6oil amuompogpuueckuti ckaepos; 60/1e3Hy 08U2amensHo20 Helipond; denpeccus; OuazHoCmuKd; mpexuHz
2nas
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Introduction

Depressive disorders are highly prevalent among patients
with neurological diseases [1]. These disorders may stem
from both organic mechanisms and psychogenic factors
related to emotional responses to neurological symptoms.
Organic mechanisms are associated with the pathogenesis
of the underlying disease and include neurotransmitter

imbalances, focal lesions in emotion-related brain regions,
aseptic inflammatory responses, and neuroendocrine
disturbances [2]. Depression significantly reduces patients’
quality of life and worsens the prognosis of the underlying
disease [3].

Amyotrophic lateral sclerosis (ALS) is a severe neurological
disorder causing motor neuron degeneration and progressive
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muscle weakness. Current pathogenetic therapies for ALS are
limited to a few agents with minimal therapeutic efficacy [4].
The average life expectancy after symptom onset in ALS is
2-3 years, necessitating improved approaches to palliative
care as a key component of medical management [5].

Depression develops in up to 75% of ALS patients, com-
plicating care and potentially reducing life expetancy
through mechanisms including low treatment adherence.
It is assumed that depression in ALS results from emotion-
al stress associated with the progression of motor deficits
and the patient’s awareness of the poor disease progno-
sis. There is also evidence that neurodegeneration in ALS
extends beyond the motor centers of the nervous system
and involves adjacent structures, such as the prefrontal
cortex, which may be considered a predisposing factor for
depression [6, 7].

In neurological practice, depressive symptoms are primarily
identified using various diagnostic scales. The most widely
used scales include the Hospital Anxiety and Depression Scale
(HADS), Beck Depression Inventory (BDI), Montgomery-
Asberg Depression Rating Scale (MADRS), among others.
Completing them typically takes 10-20 minutes, requiring
patient cooperation and demanding specific expertise from
the clinician [1].

Speech and motor impairments typical for ALS often com-
promise communication. In such cases, detecting depressive
symptoms becomes particularly challenging, prompting the
search for alternative depression biomarkers. One approach
for depression detection utilizes the phenomenon of atten-
tional bias. Studies have demonstrated that patients with de-
pression exhibit attentional bias toward images of sad facial
expressions [8]. This approach has been previously investi-
gated in psychiatric practice [8], but its applicability in ALS
remains unexplored.

Aim: To evaluate the potential utility of attention bias as-
sessment using eye tracking for detecting depression in ALS
patients.

Materials and methods

The study enrolled ALS patients meeting Gold Coast criteria
[9]. Exclusion criteria were chronic eye diseases, other severe
neurological disorders, comorbid ALS with frontotemporal
dementia, and use of psychotropic medications.

During eye tracking, patients were positioned in a quiet room
with constant illumination in front of a computer screen dis-
playing pairs of facial images: one emotional (sad or happy)
and one neutral. The experiment included 20 happy/neutral
pairs and 20 sad/neutral pairs (featuring the same actor in
each pair). Facial images were selected from a database of
professional actors displaying various emotions [10]. Each
image measured 506 x 650 pixels, with non-informative ele-
ments (e.g., earrings) removed by cropping within an ellipti-
cal shape of 280 x 360 pixels. Each pair was displayed twice
(80 trials total). The sequence began with a 500 ms black
screen, followed by a 1000 ms white fixation cross. Image
presentation duration was 3500 ms [11].

CKpuHUHT aenpeccuu npu 60KOBOM aMMOTPOGINYECKOM CKNEpo3e

Eye tracking was performed using the stationary Gazepoint
GP3 device at approximately the same time of day. The study
began with a standard calibration procedure of the eye track-
er, followed by data recording. Patients were informed that
different faces would be displayed on the screen and instruct-
ed to continuously look at the screen without further clarifi-
cation. The following parameters were assessed: direction of
the first gaze (toward emotional or neutral faces), mean time
to first fixation on faces, mean duration of first fixation, num-
ber of revisits to different faces, and mean fixation duration.

Depressive symptoms were assessed using the Hospital Anxi-
ety and Depression Scale (HADS). A physician read aloud the
questions and possible responses, and the patient selected
an answer either verbally or by head nod. Scores of 0-7 in-
dicated no depression, 8-10 indicated subclinical depression,
and 11 or higher indicated clinically significant depression
[12]. Patients scoring 11 points or higher were referred for
consultation of a psychiatrist.

The severity of neurological deficit was assessed using the
ALS Functional Rating Scale-Revised (ALSFRS-R) [13], and
disease staging was performed using the King’s College sys-
tem [14]. Cognitive functions were evaluated with the Edin-
burgh Cognitive and Behavioural ALS Screen (ECAS) [15],
while asthenia was assessed using the Multidimensional Fa-
tigue Inventory (MFI-20) [16].

Statistical analysis was performed using SPSS Statistics
v. 26 software (IBM). Non-parametric statistical methods were
applied. Data are presented as median and interquartile range
(IQR). Comparative analysis was conducted using the x* test
and Mann-Whitney U test. Spearman’s correlation analy-
sis was used to identify relationships between parameters.
ROC analysis evaluated the diagnostic value of the method.
A p-value < 0.05 was considered statistically significant.

Results

Data from 33 ALS patients were analyzed. All patients
successfully completed the calibration and eye tracking
registration procedure. The main characteristics of the study
participants are presented in Table 1. Nine patients (27%)
showed signs of clinically significant depression (HADS
> 11) and were diagnosed with a depressive episode through
clinical interview.

Comparative analysis revealed that ALS patients with de-
pression had longer mean fixation times on all face types
compared to non-depressed ALS patients, which may be
explained by the cognitive inhibition characteristic of de-
pression [1, 2]. However, these differences reached statis-
tical significance only for sad facial expressions (Table 2).
Figure 1 presents heatmaps illustrating the focus of at-
tention on sad and neutral faces in 2 patients with clini-
cally evident depression and without it. Analysis of other
eye-tracking parameters did not reveal significant differ-
ences between ALS patients with and without depressive
symptoms.

Correlation analysis revealed a significant association between
depression severity on the HADS [2] and mean fixation duration
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Table 1. Social and demographic characteristics of ALS patients

Parameter Value
Age, years, Me [Q,; Q,] 63.0 [52.0; 67.0]
Sex (male/female), n (%) 14 (42.4%)/19 (57.6%)
Disease onsetn (bulbar/spinal), n (%) 6 (18.2%)/27 (81.8%)
King’s College stage, n (%)

I 1(3.0%)

I 10 (30.3%)

Il 10 (30.3%)

IV 12 (36.4%)
Education (higher/secondary), n (%) 11(33.3%)/22(66.7%)
Marital status (married/single), n (%) 27(81.8%)/6(18.2%)
HADS depression symptoms, Me [Q,; Q,] 713 11]

HADS anxiety symptoms, Me [Q,; Q,] 7[5; 11]
ALSFRS-R disease severity, Me [Q,; Q,] 39 [35.0; 43.5]
ECAS cognitive impairment:

specific Me [Q,; Q,] 63 [51.5; 73.5]

non-specific Me [Q,; Q,] 25 [20.5; 28.0]

total score Me [Q,; Q,] 86 [76.5; 99.0]

A

Fig. 1. Heatmaps.
A — patient V. with ALS and clinically significant depression exhibited longer visual fixation on sad faces compared to neutral ones;
B — patient N. with ALS without depression showed longer fixation on neutral faces than sad ones.

on sad (r = 0.421; p = 0.018) and neutral (r = 0.36; p = 0.047) To analyze the interaction of sensitivity and specificity of
faces. No significant correlations were found between mean mean fixation time on sad faces for detecting depressive
fixation duration on faces with various emotions and HADS disorders, ROC analysis was performed. The area under the
anxiety scores, ECAS [3] cognitive decline, MFI-20 asthenia, or curve (AUC) was 0.72 (95% CI 0.54-0.90 — acceptable value;
ALSFRS-R neurological deficit severity. Fig. 2).
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Table 2. Comparative analysis of median gaze fixation duration in patients with and without depressive symptoms, Me [Q;; Q]

Parameter

Mean gaze fixation duration on neutral faces, sec
Mean gaze fixation duration on happy faces, sec

Mean gaze fixation duration on sad faces, sec

ROC curve
1.0

0.8

0.6

Sensitivity

0.4

0.2

0.0

0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity

Fifg. 2. ROC curve demonstrating the sensitivity and specificity
of mean fixation duration on sad faces for detecting depressive
symptoms in ALS patients.

The cut-off value for mean fixation duration on sad faces to
detect depressive symptoms in ALS patients was determined
based on the maximum combined sensitivity and specificity
principle. Analysis of the curve coordinates showed that a
median average fixation duration on sad face images exceeding
0.37 s indicated depression with 88.8% sensitivity (95% CI
51.75-99.72%) and 50% specificity (95% CI 35.75-82.70%).

Discussion

Analysis of data from a group of 33 ALS patients demonstrated
the potential utility of depression symptom screening using
eye tracker-based attention bias assessmemt. This approach
does not require physician involvement and can be used
under the supervision of a trained nurse or technician. No
significant correlations between average fixation duration on
sad faces and parameters such as severity of asthenia or
cognitive impairment suggests that this parameter primarily
reflects the presence of depressive disorders. Previous
studies have shown that eye-tracking methods can be used
in neurological patients with communication deficits, such
as post-stroke aphasia [11]. Dysarthria in ALS patients may

No depression symptoms
(n = 26)

0.42 [0.08; 1.04]
0.48 [0.05; 0.87]
0.36 [0.12; 0.92]

Presence of clinically significant depressive

symptoms (n =7) p

0.61[0.32; 1.32] 0.199
0.65[0.32; 1.32] 0.182
0.83[0.44; 1.43] 0.048

hinder depression diagnosis through clinical interviews.
Paper/electronic  questionnaires are also not always
feasible due to upper limb muscle weakness progression.
Recent studies have revealed that subclinical oculomotor
impairments may develop in advanced ALS [17]. However, in
this study, the influence of such impairments is unlikely, as
the assessment focused on attentional bias rather than visual
saccade/antisaccade characteristics.

Digital modalities are increasingly being integrated into the
assessment of ALS patients. Most studies in this field focus
on evaluating motor deficits. It is hypothesized that technical
tools allow for more precise evaluation of neurological
impairment severity in ALS and better tracking of disease
progression [18]. Significantly fewer studies have explored
digital technologies for assessing non-motor manifestations
of ALS. Eye-tracking technology is currently successfully
employed for alternative communication in advanced ALS,
particularly for administering traditional psychometric
scales in patients with speech impairment and upper limb
paresis [19].

Timely diagnosis of depression remains a critical task
in neurological disorders, as depression constitutes an
indication for pharmacotherapy. Effective treatment can
normalize patients’ emotional state, facilitate caregiving,
improve compliance, and consequently enhance short-term
disease prognosis.

A limitation of this study is the small sample size, the
relatively low proportion of patients with symptoms of
clinically significant depression, and the absence of patients
at the terminal stage of the disease. This research did not
perform a detailed evaluation of the diagnostic value of
depression screening in ALS using eye tracking.

Future studies should determine the optimal technical
parameters of this method and evaluate its sensitivity and
specificity compared to standard depression diagnostic
tools. The analysis of potential correlations between other
parameters and indicators of cognitive and behavioral
impairments is also of interest.

Conclusion

Attention bias paradigm-based screening using eye tracking
shows potential utility for detecting depression in ALS
patients. This method may be particularly valuable in
advanced disease when patients become immobilized and
lose capacity for verbal communication or questionnaire
completion.
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Abstract
Introduction. Levodopa and other dopaminergic agents remain the cornerstone of pharmacotherapy for Parkinson’s disease (PD). Two enzymes
play key roles in dopamine metabolism: catechol-O-methyltransferase and monoamine oxidase type B, encoded by the COMT and MAO-B genes
respectively.
This study aimed at analyzing potential association between dopaminergic therapy response and carrier status of COMT (rs4680) and MAO-B
(rs1799836) polymorphisms in patients with PD.
Materials and methods. The study included 96 PD patients at stages 2-3 on the modified Hoehn and Yahr scale. Most patients (n=64; 66.7%) received
levodopaycarbidopa, with 40.6% on combined dopaminergic therapy. All patients underwent assessment of dopaminergic therapy effictiveness using
the difference in motor deficit (calculated from part Il of the Unified Parkinson’s Disease Rating Scale) between the worst and best states (%). COMT
and MAO-B polymorhisms were detected by real-time polymerase chain reaction.
Results. Allelic analysis demonstrated that carriers of the COMT gene rs4680 G allele responded better to dopaminergic therapy than A allele
carriers (p = 0.038) (43.78 + 18.15% vs 38.53 £ 16.58%; p = 0.038). Among men, we found no significant differences in therapy sensitivity related to
MAO-B (rs1799836) variants, while female CC genotype carriers demonstrated better treatment response than TC heterozygotes (35.45 £ 17.78% vs
55.16 = 11.22%; p=0.019).
Conclusion. Our data suggest that in patients with PD, not only drug-induced dyskinesias and motor fluctuations, but also overall sensitivity to
dopaminergic therapy may be associated with specific COMT and MAO-B polymorphisms.

Keywords: Parkinson’s disease; polymorphism; levodopa; dopamine; MAO-B; COMT
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Acconuanusa nmoauMop(@HbIX BAPUAHTOB I'e€HOB
COMT u MAO-B ¢ 4yBCTBUTE/IbHOCTHIO
K JopaMuHepruyecKoil Tepanuy y NalueHToB
c 0onesnnio IlapkuHcoHa

10.1. Xabaposa', A.A. Tanmaxos', T.E. [Tonosa’, H.E. Makcumosa’, A.C. Acexpurosa®!, 0.B. Tarapurosa“*
USTkymekutl HayuHbLil YeHmp KOMNJIeKCHbIx MeduyuHckux npobnem, Axymek, Poccus;
“Cesepo-Bocmounblii (hedepanbHuiti yHusepcumem umenu M.K. Ammocosa, Axymek, Poccus;
SMeduyunckas knuxuxa «/Tomoc, Akymex, Poccus;

‘Pecnybnuxarckas kaunudeckas bonshuya N 3, kymek, Poccus
AxHoTanug
Beedenue. [Ipenapamet nesodonst u dpyeue dogamureputeckue npenapamsi 0Cmaiomes. 0cHo8oli papmakomepanuu 6onesnu [Tapkurcona (BII).
B memabonuzme dopamuna kniouesyio ponib uzpaiom 08a Gepmerma: kamexon-0-memunmpanchepasa u MoHoamurokcudasa muna b, komopoie
Kxodupyromes 2enamu COMT u MAO-B coomeemcmaerHo.
Llenvio Hacmosiuje20 uccne006aHUA A6UNOCH U3YUeHUe 603MOKHOL 63aUMOCBA3U MeKOY BbIPAKEHHOCMbIO omaema Ha dopamuHepauteckyio me-
panuio u Hocumenbcmeom noaumopgruix eapuarnmos 2enos COMT (rs4680) u MAO-B (rs1799836) y nayuenmos c BI1.
Mamepuanst u memodut. B uccnedosanuu npunsnu yuacmue 96 nayuernmos ¢ BIT 2-3-ii cmaduu no modudpuyuposanroti wkane Hoehn-Yahr.
Bonwwurcmeo nayuenmos (n = 64; 66,7%) npunumanu npenapamet negodonsi/kapoudonsl, 40,6% nayuenmos — KoMOUHUPOBaHHYI0 dopamunep-
euteckyro mepanuio. Beem sxnouénHbim 6 uccnedosaue nayueHmam npoeoounu mecm agexmusHocmu npuHumMaemoti dogpamurepeuteckoii
mepanuu ¢ pacyémom pasocmu dsuzamensHo2o dehuyuma, oyeHénHozo no 3-ii uacmu Yrugpuyuposanroii pelimurzosoli wikanwt B, 6 pasax
Hauxyoduwiezo u Hauyyuiezo camouyscmeus (8 %). Onpedenerue nonumopdHoix sapuarmos zenos COMT u MAO-B nposedero memodom nonume-
pasHoli yenHoti peakyuu 8 peasibHoM peMEHL.
Pesynmamot. Annenvhuiti aHanu3 nokasan, umo Hocumenu annens G eena COMT (rs4680) nyuuwe omeeuarom Ha dopamurepauueckyio mepa-
nuio, uem Hocumenu annens A (43,78 + 18,15% npomug 38,53 = 16,58% p = 0,038). Cpedu My uuH Mol He 0OHAPYXUAU SHAUUMBLX PASAUYULL NO
uyecmaumensHocmu Kk doghamurepeutieckoli mepanuu 8 3agUCUMOCTU OM HOCUMebemea nonumMopHsix eapuarmos 2ena MAO-B (rs1799836),
a KeHujuHsl — Hocumenu 2eHomuna CC xapakmepu3oganuch Jy4wum omeemom Ha doGamurepaueckyio mepanuio, uem 2emepoguzomol TC
(35,45 * 17,78% npomus 55,16 + 11,22%; p = 0,019).
3axmouenue. OcHo6bIBAACH HA NOTYUEHHBLX OGHHBLY, MOXHO NPeONn0N0KUMS, YUMo He MOJIbKO pasgumue NexapemeeHHslX OUCKUHe3UL U MOMOPHbLX (yk-
myayuil, Ho U uyscmeumebHocb K 00(haMurepeueckoli mepanuu 6 yejaom y nayuermos ¢ bII moxem Gbimb 00yc10871eHa Hocumenbemeom onpedené-
HbLX nonumop@Hslx eapuanmos 2enos COMT u MAO-B.

Knioueswle cnosa: Gonesny [lapkuncona; nonumopgvie sapuarmel; nesodona; dopamur; MAO-B; COMT

druueckoe yTBepskaeHue. cenenoBanyie MPOBOAMIOCH IPU 0GPOBOIBHOM MH(MOPMUPOBAHHOM MHCbMEHHOM COIJIACHM Ta-
upeHToB. [IpoToKO/ cciejoBaHks 000p€eH N0KaIbHBIM KOMUTETOM 10 OMOMEIUIMHCKOM 9THKe SIKYyTCKOro HayYHOro LeHTpa
KOMIUIEKCHBIX MeJMIMHCKUX 11pobseM (mpotokon N2 51 ot 17.12.2020).

Braronaprocts. Bbipaskaem rny6okyi mpusHaTenbHOCTb (enbaliepy-1abopaHTy 1abopaTopiyl MOJEKY/ISPHOH TeHeTHKH
LlenTpa npeaMKTUBHOM MeMLKMHBI 1 OnonHbopMaTHKy PecrybmkaHcKoit knuHryeckoit bombrupl N 3 (Skyrck) E.B. Temep-
baeBoit 3a HemocpesCTBEHHOE yUacTHe B UCC/IE/0BATEIbCKOIT paboTe.

Uctounuk q)HHaHCI/IPOBaHI/IH. ABTOpr 3asBJIAIT 00 OTCYTCTBUU BHEIIHUX UCTOYHUKOB Cl)I/IHaHCI/IpOBaHI/IH [Ipu IpoOBeZIEHNN
HCCieq0BaHKuA.

Kondukr unrtepecos. ABTOpbI 3asBASIOT 00 OTCYTCTBUHM ABHBIX M MOTEHIUATbHBIX KOH(IUKTOB MHTEPECOB, CBA3AHHBIX
¢ myOMKalyei HacTOAIIEH CTAThH.

Anpec nna xoppecnonpennuu: 677018, Poccus, fAkyrcek, yn. Kynakosckoro, 4. 6. IkyTcKkril Hay4HbIH LEHTP KOMILIEKCHBIX Me-
AUUMHCKKX pobiem. E-mail: september062007@mail.ru. Xa6aposa F0.U.

Mg uutupoBanus: Xabaposa 0.1, Tanmaxos A.A., [Tonosa T.E., Makcumosa H.E., Acekputosa A.C., Tatapunosa O.B. Accorua-
nus nomumopdHbix BapuanTos reHoB COMT u MAO-B ¢ uyBCTBUTEBHOCTBIO K A0(paMUHepPruyecKoil Tepanyy y NaiueHToB C
bonestbio [TapKUHCOHA. AHHA/IbL KIUHUYECKOL U dKcnepuMenmansHoll Hegponozuu. 2025;19(3):55-62.
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Accoumauusa nonumopgu3mMoB ¢ LOPaMUHEPrU4ecKoin Tepanmer npu 601e3Hu MapkuHcoHa

Introduction

Parkinson’s disease (PD) is one of the most common neuro-
degenerative disorders, characterized by progressive dege-
neration primarily of dopaminergic neurons in the substantia
nigra of the brain, leading to severe dopamine deficiency and
the emergence of symptoms such as bradykinesia, muscle
rigidity, and resting tremor [1, 2]. The prevalence of PD con-
tinues to rise annually, which is attributed not only to popula-
tion aging but also to complex interactions between genetic,
epigenetic, and environmental factors that require further
investigation [3-5].

The cornerstone of PD pharmacotherapy includes levodopa
and other dopaminergic agents [6]. Levodopa, as a dopa-
mine precursor capable of crossing the blood-brain barrier,
is converted into dopamine and compensates for the neu-
rotransmitter deficit. Other medications such as dopamine
receptor agonists, monoamine oxidase B (MAO-B) inhibitors,
and amantadine directly stimulate dopamine receptors or en-
hance/prolong the effects of levodopa [7, 8].

Individual genetic characteristics may serve as key determi-
nants of therapeutic response to dopaminergic treatment.
Dopamine is metabolized by two enzymes: catechol-O-methyl-
transferase (COMT) and monoamine oxidase type B (MAO-B),
encoded by the COMT and MAO-B genes located on 22q11.21
and Xp11.3 chromosomes, respectively [9].

The Val158Met (rs4680) polymorphic variant of the COMT
gene significantly alters enzyme activity. The G allele (en-
coding valine) is associated with higher COMT enzyme ac-
tivity and consequently faster dopamine depletion in the
synapse, while the A allele (encoding methionine) is linked
to slower COMT activity and prolonged synaptic dopamine
retention [10]. The A644G (rs1799836) polymorphic variant
of the MAO-B gene may modify MAO-B enzyme activity.
Specifically, TT (AA), TC (AG), and CC (GG) genotypes corre-
spond to high, intermediate, and low enzyme activity levels,
respectively [11].

Most studies have focused on associations between COMT
and MAO-B gene polymorphisms with levodopa-induced
dyskinesias and motor fluctuations in PD patients [12-16],
but none have investigated the relationship between do-
paminergic therapy response intensity and polymorphic
variant carrier status. This rationale guided the selection
of specific genes and polymorphic variants included in the
current study.

Study aim: to analyze the relationship between dopaminergic
therapy response and carrier status of COMT (rs4680) and
MAO-B (rs1799836) polymorphisms in patients with PD.

Materials and methods

The study was conducted at the Center for Neurodege-
nerative Diseases of the Clinic of Yakut Scientific Cen-
ter for Complex Medical Problems included 96 patients
(43 men and 53 women) with PD stages 2-3 according to
the modified Hoehn and Yahr scale between January 2021
and December 2022.

Inclusion criteria:

¢ clinically established diagnosis of PD according to the
2013 criteria of the International Parkinson and Movement
Disorder Society;

o continuous use of levodopa or other antiparkinsonian
agents for at least the preceding year;

¢ age 18 years and older.

The non-inclusion criteria:

* patients with secondary parkinsonism or parkinsonism
within multisystem neurodegeneration;

o patients with severe medical conditions;

* patients who took anticholinergics, anti-dementia drugs,
or antidepressants within the previous 6 months;

» refusal to participate in the study.

All patients provided written informed consent to participate
in the study. The study protocol was approved by the Local
Biomedical Ethics Committee of Yakut Scientific Center for
Complex Medical Problems (Protocol No. 51 dated December
17, 2020).

The mean patient age was 66.58 + 9.37 years (95% CI 64.68-
68.48), with average disease duration of 571 * 3.59 years
(95% CI 4.98-6.44). Most patients (66.7%) received levodopa/
carbidopa, with a median daily dose of 500.0 [375.0; 750.0]
mg. 40.6% of patients received combination dopaminergic
therapy. Table 1 shows the complete characteristics of the
study participants.

All patients included in the study underwent an efficacy assess-
ment of their dopaminergic therapy. After obtaining consent,
all anti-Parkinsonian medications were discontinued until the
patient reached their self-assessed worst clinical state (Phase
1), during which motor impairments were evaluated using Part
Il of the Unified Parkinson’s Disease Rating Scale (UPDRS).
Following administration of a single dose of their prescribed
dopaminergic agents and achievement of the optimal thera-
peutic effect (Phase 2), motor impairments were reassessed.
Scores obtained in the worst clinical state were considered
baseline, with percentage change calculated for the best clini-
cal state following dopaminergic agent administration.

The molecular genetic study was conducted at the Labo-
ratory of Molecular Genetics of the Center for Predictive
Medicine and Bioinformatics at Republican Clinical Hospi-
tal No. 3. Blood samples were collected from patients’ cubi-
tal veins into Improvacuter vacuum tubes (Guangzhou Im-
prove Medical Instruments, China) containing 0.5 M EDTA
solution. Genomic DNA extraction was performed using the
AmliSens RIBO-PREP DNA/RNA isolation kit (Central Re-
search Institute of Epidemiology, Rospotrebnadzor, Russia) ac-
cording to the manufacturer’s protocol. The isolated DNA was
stored at —20°C. Polymorphic variants of the COMT (rs4680)
and MAO-B (rs1799836) genes were analyzed using real-time
polymerase chain reaction on a CFX 96 nucleic acid amplifier
(Bio-Rad, USA) with commercial reagent kits (rs4680: Syntol,
Russia; rs1799836: TestGen, Russia). For genotyping the COMT
rs4680 polymorphism, 5-TCGTGGACGCCGTGATTCAGG-3'
and 5-AGGTCTGACAACGGGTCAGGC-3' primers were
used. For genotyping the MAO-B 151799836 polymor-
phism, 5-GGAACCTCTTATACCACAGG-3 and 5-GACTGC-
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Table 1. Characteristics of patients
Parameter
Total No. of patients
Male, n (%)
Mean age, years
Mean disease duration, years
Disease subtype, n (%):
complex
akinetic-rigid
tremor-dominant
Use of levodopa/carbidopa, n (%)
Median levodopa daily dose, mg
Combined dopaminergic therapy, n (%)
Use of dopamine receptor agonists, 11 (%)
Use of amantadine, n (%)

Median equivalent levodopa daily dose, mg

Mean Unified Parkinson’s Disease Rating Scale (UPDRS) Part Il score:

Phase 1
Phase 2
Mean Montreal Cognitive Assessment (MoCA) score:
Phase 1
Phase 2

CAGATTTCATCCTC-3' primers were used. Genotyping results
were analyzed using TaqMan allelic discrimination technolo-
gy with fluorescent probes.

Statistical analysis was performed using SPSS Statistics v.
25.0 software. Quantitative data normality was assessed us-
ing Kolmogorov-Smirnov and Shapiro—Wilk tests. For nor-
mally distributed data, mean * standard deviation (M % SD)
with 95% confidence interval (CI) was presented. Non-nor-
mally distributed data are shown as median and interquar-
tile range (IQR) (Me [Q; Q,]). One-way ANOVA was used
to compare three groups of independent quantitative vari-
ables with normal distribution, followed by post-hoc analy-
sis when significant differences were detected. Independent
samples t-test was applied for comparing two groups of nor-
mally distributed variables. Categorical data are presented
as frequencies (%). The level of statistical significance was
set at p < 0.05.

Genotype distribution was tested for Hardy—Weinberg equi-
librium. Figure 1 shows the frequency distribution of geno-
types for the studied gene polymorphisms.

Value
96
43 (44.8%)
66.58 (9.37)
5.71 (3.59)

65 (67.7%)
18 (18.8%)
13 (13.5%)

64 (66.7%)
500.0 [375.0; 750.0]
39 (40.6%)

45 (46.9%)

31 (32.3%)
500.0 [300.0; 750.0]

54.25 (16.57)
32.53 (15.69)

19.6 (4.97)
23.43 (4.97)

Results

Table 2 compares motor deficit differences in PD patients
between the two study phases broken down by the carriage
of the COMT gene rs4680 polymorphisms. Carriers of the
GG genotype showed a more pronounced reduction in motor
deficit in response to antiparkinsonian therapy compared to
AA genotype carriers, though the differences were not statis-
tically significant. Allelic analysis demonstrated that carriers
of the COMT gene rs4680 G allele responded better to dopa-
minergic therapy than A allele carriers (p = 0.038).

Since the MAO-B gene is located on the X chromosome,
the analysis was performed both in the overall sample
and stratified by gender. In the overall sample, we found
no statistically significant difference in the response to
antiparkinsonian therapy depending on genotype distribution,
though heterozygotes showed a smaller reduction in motor
deficit (p = 0.093). Among men, no statistically significant
differences were observed based on T or C allele carriage
(p = 0.941). In women, one-way ANOVA revealed a significant
difference (p = 0.043) in motor deficit changes depending on
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Fig. 1. Distribution of genotype frequencies in the MAO-B and COMT genes.

Table 2. Association of the COMT gene rs4680 polymorphic variant with response to dopaminergic therapy

Genotype/allele n

GG 42
GA 17
AA 37
101

A 91

80

Difference in UPDRS Part lll scores (%)

100

%

M= SD 95% CI o
453+17.8 39.77-50.87
36.15+18.90 26.39-45.91 0.12
39.07 £16.17 33.68-44.46
43.78 £ 18.15 40.2-47.36
0.038
38.53 £ 16.58 35.07-41.97

151799836 polymorphic variant genotypes. Post-hoc testing
demonstrated that the difference stemmed from variations
between TC heterozygotes and CC mutant allele homozygotes
(35.45 = 17.78 vs. 55.16 £ 11.22; p = 0.019). Consequently, the
CC genotype in women was associated with a better response
to dopaminergic therapy. Meanwhile, allele frequency analysis
in both the overall group and gender-stratified subgroups
showed no significant differences (Table 3).

Discussion

The polymorphic variants of the COMT and MAO-B genes
included in this study have been extensively investigat-
ed across various populations to assess both PD risk and
treatment response associations. A meta-analysis of 20
case-control studies involving 2,846 cases and 3,508 controls
demonstrated that the AA genotype of the MAO-B A644G
polymorphism is associated with increased PD risk com-
pared to AG + GG genotypes (OR = 1.32; 95% CI 1.18-1.47)
[17]. Conversely, AG and GG genotypes were linked to earlier
onset and higher frequency of drug-induced dyskinesias in
patients with PD, potentially due to reduced MAO-B enzyme
activity and elevated synaptic dopamine levels [12, 18]. The
influence of COMT haplotypes (rs6269:A>G; rs4633C>T;
154818:C>G; rs4680:4>G) on levodopa dosing was investigat-
ed, revealing that carriers of the G_C_G G haplotype (as-
sociated with high COMT enzyme activity) required signifi-
cantly higher levodopa doses compared to other haplotypes
(604.2 = 261.9 mg vs. 512.2 £ 133.5 mg, p < 0.05) [19]. In-
vestigation of MAO-B and COMT gene effects on PD in the
Yakut population remains pending, with planned emphasis
on ethnic-specific associations.

Our study assessed whether carrying specific genotypes or
alleles of COMT and MAO-B gene polymorphisms could in-
fluence the sensitivity to dopaminergic therapy in patients
with PD. By dopaminergic therapy, we meant any treatment
capable of enhancing dopaminergic transmission, including
levodopa, dopamine receptor agonists, MAO-B inhibitors,
and amantadine. We excluded patients taking any other
medications that could alter the response to anti-parkin-
sonian therapy, either by enhancing or suppressing its ef-
fects. Our results showed that carriers of the G allele of the
COMT 154680 polymorphism exhibited more pronounced re-
duction in motor deficits when receiving anti-parkinsonian
medications. However, the GG genotype and G allele are
associated with high COMT enzyme activity and consequent
rapid dopamine depletion [15]. Our findings appear partial-
ly inconsistent with these data, suggesting the involvement
of additional mechanisms modulating treatment response
intensity.

According to our data, female carriers of the CC geno-
type of the MAO-B gene (rs1799836) demonstrated bet-
ter response to anti-parkinsonian therapy [17]. The CC
genotype (designated as GG in most studies) is linked to
low MAO-B enzyme activity [17]. Consequently, carriers
of this genotype may require lower doses of anti-parkin-
sonian medications or show better response to equivalent
drug doses. Conversely, T. Sampaio et al. found that male
carriers of the MAO-B G allele (rs1799836) had a higher
relative chance of requiring high-dose levodopa therapy
(> 600 mg/day; p = 0.04), while no significant differences
in genotype/allele frequency or levodopa dosing were ob-
served in women [12].
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Table 3. Association of the MAO-B gene rs1799836 polymorphic variant with response to dopaminergic therapy

Difference in UPDRS Part lll scores, %

Genotype/allele n p
M+ SD 95% CI
Overall sample

T 56 42.02+18.23 37.13-46.90
TC 20 35.27+17.3 27.16-43.38 0.093
cec 20 4526 +15.29 38.10-52.42
T 132 40.99+18.13 37.87-44.12

0.724
c 60 41.93+16.42 37.69-46.17
T 30 4022 +17.74 35.71-44.74

0.941
c 13 39.93 + 14.51 34.07-45.79
T 26 44.09 +19.05 36.39-51.78 0.043

=01*
TC 20 35.45+17.78 26.89-44.02 Prrre
Prrog= 0.344*

cc 7 55.16 + 11.22 44.78-65.53 Prege = 0.019*
T 72 4178+ 18.86 37.32-46.24

0.604
c 34 43.82 +17.97 37.44-50.18

Our study has several significant limitations. The primary
limitation is the lack of stratification of patients by groups
of antiparkinsonian medications used. It is likely that car-
riers of different genotypes will respond differently to
levodopa preparations, dopamine receptor agonists, and
other agents. Nevertheless, we demonstrated that sensi-
tivity to dopaminergic therapy depends on polymorphic
variants of genes whose products are involved in levodopa
metabolism. Second, patients received antiparkinsonian
agents in varying doses. Therefore, we decided to calculate
between-phase differences in the study not in absolute val-
ues (points) but in percentage terms. During the study, we
did not adjust doses of previously prescribed medications.
We temporarily discontinued nighttime antiparkinsonian
medications, but most patients did not reach their worst

clinical condition by the next morning, necessitating pro-
longation of the withdrawal period. The third major limi-
tation is the small sample size and lack of ethnic stratifi-
cation. We hypothesize that representatives of different
ethnic groups may also have specific features in sensitivity
to antiparkinsonian therapy.

Conclusion

Our data suggest that in patients with PD, not only drug-in-
duced dyskinesias and motor fluctuations, but also overall
sensitivity to dopaminergic therapy may be associated with
specific COMT and MAO-B polymorphisms. Larger-scale
studies with stratification by antiparkinsonian medications
and ethnicity are undoubtedly needed.
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Metabolic Manifestations of Parkinson’s Disease
in Cell Models Derived from Induced Pluripotent
Stem Cells
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Abstract

Induced pluripotent stem cell (iPSC)-based models represent an innovative approach to studying the pathogenesis of inherited Parkinson’s disease
(PD) at molecular and cellular levels. The ability to derive neurons, astrocytes, and microglia carrying SNCA gene mutations from iPSCs significantly
advances our understanding of key metabolic disturbances in PD. Each specific type of SNCA gene mutation (A53T, A30P, triplications, duplications,
etc,) exhibits individual effects on functional and biochemical characteristics of differentiated cells. These differences involve synaptogenesis,
extramitochondrial oxygen consumption, and protein metabolism. The diversity of effects makes critical the selection of strictly defined iPSC
lines depending on research objectives. The aim of this review is to examine metabolic features of brain cells derived from iPSCs with inherited
PD associated with SNCA mutations, as well as the potential of using iPSCs to develop personalized in vitro models for understanding disease

mechanisms. This approach will facilitate identification of new therapeutic targets and refinement of existing technologies for diagnosis and targeted
therapy.
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MeTtabonruecKkue IposAB/IeHHS 00/Ie3HH
[TlapkuHCOHA B KJI€TOYHBIX MOJE/AX, IMOTyUEHHbIX
13 WHAYIHPOBAHHBIX IUIIOPUIIOTEHTHBIX
CTBOJIOBBIX KJIETOK

H.A. Konotbesa, P.C. Mynapucosa, H.A. Po3anosa, A.K. bepanuxos, C.B. Hopukosa, }0.K. Komnesa

Poccuiickuti yenmp neeponoauu u Hetiponayk, Mocksa, Poccus

AHHOTanMa

Modenu Ha ocHose UHOYYUpOSAHHbLX nalopunomermusix cmeonoswlx knemok (MIICK) sensiomes uacmyio UHHOBAYUOHHO20 N00X00 K U3YHEHUI0
namozene3a HacnedcmeerHblX opm 60ne3Hu TIaPKUHCOHA HA MOJIEKYIIAPHOM U KJemOUHOM yposHax. Boamoxrocmy nonyuenus uz UIICK wetl-
POHO8, ACMpOYUMO8 U MUKpo2uL, Hecyuyux mymayuu 6 2ewe SNCA, nosgosigem cyujecmseHHo npodguHymb NOHUMAHLUe Kiouesblx Memabonute-
cKux Hapywienuil, conposoxdarouyux danuyto namonoeuto. Kaxowili omoenshotii mun mymayuti 6 2ene SNCA (A53T, A30P, mpunnukayuu, dynauka-
Yuu U 0p,) no-pasHoMy eausiem Ha (IyHKYUOHAbHble U OUOXUMUYECKUE XapaKmepucmuky OUpOepeHUPOBaHHbLX KemoK. Dmu pasauuus 3ampasusaion
NPOYECCh! CUHANIMO2EHe3d, BHEMUMOXOHOPUAIbHOZ0 nompebieHus Kuciopoda u Geskogozo obmena. Pasroobpasue sdpexmos denaem axmyarp-
HbIM 8b100p cmpozo onpedenéunbix unutl UTICK 6 3asucumocmu om 3aday uccnedosanus. Liensto 0630pa aensemcs usyuenue Memadoauueckux
ocobeHHocMell Kemok 201081020 Mo32a, noy4enHbvix u MIICK ¢ eenemuueckoii hopmoii Goneanu [TapkuHCOHA, ACCOYUUPOBAHHOL ¢ Mymayusmu
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8 2eHe SNCA, a makoxe nomenyuana ucnonw3osanus MIICK ons paspabomku nepcoHanusupoanHsix modesnei in vitro 0719 NOHUMAHUS MeXAHU3-
Mo8 3abonesanus, umo 6ydem cnocobCmBo8am BbiS6/EHUI0 HOBIX MULIEHEL! U YCOBEPUIEHCMBOBAHUIO CYWjecmayiouux mexHonozut ons dua-
2HOCMUKU U mapaemHoll mepanuu.

Kniouegvie cnoea: 6onesuv Iapkurcona; 2en SNCA; memabonuueckas naacmuiHocmy, UHOYYUPOBAHHbLe NIOPUNOMEHMHble CMeo-
JI08ble KJIemKU; acmpoyumbl; HEUPOHbl, MUKPO2/IUS
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Introduction

Parkinson’s disease (PD) is a complex neurodegenerative dis-
order characterized by the loss of dopaminergic neurons in
the substantia nigra, leading to reduced dopamine levels and
diverse motor and non-motor symptoms. The disease is de-
fined by the presence of Lewy body aggregates composed of
aberrant o-synuclein. Although PD was first described over
200 years ago, our understanding of its biological basis re-
mains fragmented and insufficiently profound. Hypotheses
linking PD to oxidative stress, mitochondrial dysfunction,
inflammatory processes, protein metabolism system impair-
ments, and other factors have been proposed [1]. However,
none of these theories fully explains all aspects of the dis-
ease, underscoring the need for a comprehensive research
approach.

In recent decades, significant progress has been made in di-
agnosing and treating this neurodegenerative disorder, yet
many key mechanisms underlying its pathogenesis remain
unclear. Genetic studies identifying PD-associated genes, in-
cluding SNCA, PRKN, PINKI, GBA, and LRRK2, have played a
pivotal role in elucidating PD pathogenesis [2]. The extent of
environmental factors, lifestyle changes, and aging effects on
disease manifestation in mutation carriers continues to be
actively investigated [3].

Current research aims to develop models that most accu-
rately reflect the pathophysiological processes occurring in
PD: in silico modeling, in vitro cellular technologies (including
human cells), and in vivo experimental organisms, with each
system having its own advantages and limitations [4]. Shortly
after the groundbreaking discovery that adult human somatic
cells can be reprogrammed into an embryonic state through
the expression of a specific set of pluripotent transcription
factors [5], human disease modeling reached a qualitatively
new level. This technology enabled the use of various pa-
tient-derived cells, including skin fibroblasts, peripheral blood
mononuclear cells, and urine-derived epithelial cells, to gene-

rate induced pluripotent stem cells (iPSCs). iPSCs represent
a virtually unlimited source of human cells that retain the
donor’s unique genetic profile and possess the capacity for
directed chemical and/or transcriptional differentiation into
specific cell types. This breakthrough provides unprecedent-
ed opportunities to study molecular and cellular mechanisms
of pathogenesis under conditions that closely approximate
physiological states. Unlike traditional cell line-based models,
iPSCs retain endogenous mechanisms, making them more
representative for studying complex hereditary and molec-
ular aspects of PD [6]. Additionally, iPSCs and cells differen-
tiated from them serve as key tools for modeling biological
processes in cells and tissues that are difficult to obtain from
living donors, particularly those of the neurovascular unit
(NVU) and blood-brain barrier.

Most PD studies predominantly focus on iPSCs differentiated
into dopaminergic neurons, as the loss of these cells under-
lies the motor symptoms of the disease. Only a few studies
have explored other cell types (astrocytes, oligodendrocytes,
microglia, etc.).

This review aims to examine the metabolic features of brain
cells derived from iPSCs with inherited PD associated with
SNCA gene mutations, as well as the potential of using iPSCs
to develop personalized in vitro models for understanding
disease mechanisms. Such models could facilitate the iden-
tification of new therapeutic targets and the refinement of
existing approaches for diagnosis and targeted therapy.

Current Cellular and Molecular Hypotheses
of Parkinson’s Disease Pathogenesis

The current concept of PD pathogenesis views it not as a
single disease, but as a combination of pathological processes
characterized by an individual interplay of genetic factors,
environmental influences, and comorbid disorders [1]. The
contribution of each process varies among patients depend-
ing on their predisposition to the disease. Several cellular and
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molecular hypotheses describe PD pathogenesis, including
the role of mutations in PD-associated SNCA, PRKN, PINK],
GBA, and LRRK2 genes as predisposing risk factors. Biallel-
ic mutations in PRKN and PINKI genes demonstrate com-
plete penetrance. Mutations in GBA and LRRK2 genes may
increase individual risk and are not associated with complete
penetrance. Regardless of genetic predisposition, the key
processes contributing to PD pathogenesis are mitochondrial
dysfunction and pathological a-synuclein accumulation [7].

The mitochondrial damage theory is associated with diverse
cellular-molecular mechanisms and bioenergetic disturbanc-
es. Mitochondrial dysfunction causes neuronal death in the
substantia nigra, promotes oxidative stress, membrane/pro-
tein/DNA damage, enhances mitophagy, and depletes auto-
phagy resources. Increased production of reactive oxygen
species (ROS) disrupts lysosomal and proteasomal systems,
stimulating aggregation of aberrant a-synuclein [8]. Dam-
aged mitochondria release mitochondrial DNA, which am-
plifies proinflammatory cytokine production and activates
cytotoxic T-cells, thereby linking neurodegeneration and neu-
roinflammation. Under pathogenic stimuli (injury, infection,
aging, o-synuclein fibrils, mitochondrial dysfunction), glial
cells (astrocytes and microglia) transition from physiological
to reactive states, secreting proinflammatory cytokines and
activating the complement system. Chronic activation leads
to blood-brain barrier permeability disruption, peripheral im-
mune cell infiltration, increased local inflammatory mediator
production, and exacerbated oxidative stress [9].

The hypothesis about the role of pathological o-synuclein in
PD pathogenesis is based on aberrant protein structures form-
ing toxic fibrillar complexes — Lewy bodies, which can spread
between neurons and cause neurodegeneration. a-Synuclein ag-
gregation may result from excessive production of endogenous
a-synuclein, particularly in cases of SNCA mutations, which can
suppress efficient protein clearance pathways; these pathways
may also be disrupted by GBA gene mutations. o-Synuclein
aggregates disrupt membrane integrity, increase intracellular
calcium levels, and exacerbate cellular stress. The efficiency of
proteasomal degradation and lysosomal clearance decreases,
leading to the accumulation of oxidized and aggregated pro-
teins, ROS formation, and worsening cellular damage [10-12].
Chaperones such as GroEL promote the amyloid transformation
of a-synuclein, linking microbiota to the pathogenesis of neuro-
degenerative diseases [13].

Thus, the precise mechanism of dopaminergic neuron loss
in PD remains a subject of active research and discussion.
Existing hypotheses (a-synuclein toxicity, inflammation, mi-
tochondrial dysfunction, genetic predisposition) describe var-
ious critical links in the pathogenesis of neuronal cell degra-
dation. However, each of these research areas highlights the
complexity and multifactorial nature of the process, where in-
teractions between different pathophysiological mechanisms
create an interconnected network that contributes to disease
progression.

Metabolic Plasticity of NVU Brain Cells

The metabolic plasticity of NVU brain cells reflects the ability
of various cellular components to adapt their metabolic path-

MeTtabonuyeckue ocobeHHOCTH KneTok moara u3 UIMCK

ways in response to microenvironmental changes and func-
tional demands. The NVU is a complex multicellular brain
structure comprising neurons, astrocytes, cerebrovascular
endothelial cells, pericytes, and microglia [14]. 25% of the
body’s energy expenditure is allocated to the brain. Within
NVU cells, there is continuous activation of glycolytic pro-
cesses (predominant in astrocytes, reactive microglia, and
mature oligodendrocytes) as well as oxidative phosphoryla-
tion (prevailing in mature neurons, resting microglia, cerebral
vascular endothelial cells, and oligodendroglial progenitor
cells) [15].

The regulation of energy metabolism and metabolic demands
occurs through intercellular interactions. Lactate serves
as a crucial energy source for neurons, being synthesized
in astrocytes from glucose and transported to neurons via
monocarboxylate transporters. After entering neurons, lac-
tate undergoes oxidation in mitochondria providing cellular
energy requirements [16]. Mature neurons primarily rely on
mitochondrial metabolism to support synaptic activity and
can transport mitochondria along dendrites to perisynaptic
regions [17]. Activated neurons exhibit increased dependence
on lactate of both neuronal and astrocytic origin, which be-
comes a vital energy substrate during complex cognitive
tasks [18]. Glutamate metabolism is tightly regulated through
the glutamate-glutamine cycle involving astrocytes. Gluta-
mate and oxaloacetate modulate mitochondrial processes by
influencing ROS production [19].

Astrocytes synthesize and utilize fatty acids to support neu-
rons and protect their mitochondria from oxidative stress
[20]. Astrocytes possess glutaminolytic enzymes, can syn-
thesize glutamine from glutamate, participate in the gluta-
mate-glutamine cycle essential for neuronal activity [21], and
exhibit high pentose phosphate pathway activity to generate
NADPH and maintain antioxidant defenses [22]. Furthermore,
astrocytes play a key role in regulating local blood circulation
by rapidly responding to neuronal demands through the re-
lease of vasoactive metabolites [23-25].

During stimulation and polarization, microglia switch from
mitochondrial oxidative phosphorylation to glycolysis, asso-
ciated with lactate-induced histone lactylation and epigenetic
changes linked to a pro-inflammatory phenotype [26]. Mi-
croglia actively metabolize fatty acids through beta-oxida-
tion, which is crucial for brain plasticity and memory [27].
Under glucose deficiency, microglia utilize glutaminolysis
to generate tricarboxylic acid cycle metabolites and energy,
maintaining metabolic flexibility for migration and surveil-
lance [28]. Pro-inflammatory factors — interleukin-1 and tu-
mor necrosis factor-a, produced by activated microglia, shift
astrocytes into an active phenotype, amplifying inflammatory
processes. The close interaction of glial cells within the NVU
supports immune functions while maintaining CNS homeo-
stasis [29, 30].

NVU cell metabolism is highly dependent on the local mi-
croenvironment and activation states of different cell types,
leading to metabolic reprogramming and altered contribu-
tions of specific pathways to energy production and biomole-
cule synthesis, playing a key role in regulating brain plasticity
[24]. PD-associated mutations cause mitochondrial dysfunc-
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tion and impaired energy metabolism, reducing oxidative
phosphorylation efficiency and ATP synthesis. Additionally,
these mutations disrupt intercellular interactions, metabo-
lite transport, and the expression and function of relevant
transporters, potentially accompanied by vascular changes
and other pathophysiological processes. A critical focus is the
study of metabolic characteristics in NVU cells derived from
iPSCs with SNCA gene mutations.

Metabolic features of iPSC-derived neurons with SNCA
mutations

The SNCA gene, first identified as associated with familial PD,
encodes a-synuclein protein — a key pathological marker of
the disease [31, 32]. Pathogenic SNCA variants include point
mutations (A53T, A30P, E64K, H50Q, G51D u A53E) and struc-
tural variations such as gene duplication and triplication [33].
These mutations or SNCA replications induce conformational
changes in a-synuclein or increase protein expression, con-
tributing to PD pathogenesis. The association of A53T substi-
tution with PD was first identified by M.H. Polymeropoulos et
al. [32]. Subsequent studies characterized other substitutions
(A30P, E46K, G51D, A53E) [34-36] and genotypes with 2 [37,
38], 3 [39], or 4 SNCAcopies [40]. SNCA triplication was first
detected in 2003 in an American family with hereditary PD
[39]. iPSCs with SNCA triplication and differentiated midbrain
dopaminergic neurons successfully replicated o.-synuclein ac-
cumulation phenotypes [41]. Some metabolic alterations in
SNCA-mutated iPSC-derived brain cells directly contribute to
neurodegeneration, while others may represent compensa-
tory mechanisms reflecting cellular adaptation to stress and
toxic effects of aberrant protein aggregates.

Morphofunctional Cell Features

In cortical neurons derived from iPSCs with the SNCA A53T
mutation, significant neurite shortening is observed — their
length is 30% less compared to controls, indicating impaired
capacity for normal growth and development [42]. These
morphological changes reflect disruptions in intracellular
transport and cytoskeletal organization, as evidenced by al-
tered gene expression patterns [43]. Dopaminergic neurons
derived from iPSCs with heterozygous duplication of exons
2-7 of the SNCA gene demonstrate cytoplasmic vacuolization
represented by autophagolysosomes of varying density lo-
calized in the perinuclear area and processes. Mitochondrial
fragments are detected within vacuoles, while axonal swell-
ings contain massive autophagic inclusions that disrupt the
parallel arrangement of microtubules [44]. In animals with
transplanted iPSC-derived microglia subjected to lipopolysac-
charide-induced stimulation, an increased number of amoe-
boid cells was observed compared to healthy controls [45].

Transcriptomic analysis of dopaminergic neurons with the
SNCA A53T mutation revealed increased expression of genes
responsible for histone modification and chromatin organi-
zation, specifically the inhibitor of differentiation (ID) family
(ID1-ID4), which are hypothesized to regulate dopaminer-
gic signaling [43]. In SNCA triplication, downregulation of
key genes was observed: delta-like homolog 1 (DLKI), gam-
ma-aminobutyric acid type B receptor subunit 2 (GABABR2),
nuclear receptor-related 1 protein (NURRI), G protein-cou-

pled inwardly rectifying potassium channels (GIRK-2), and
tyrosine hydroxylase (TH), indicating impaired cellular differ-
entiation [46]. Cortical neurons with the SNCA A53T mutation
exhibited an increased number of cells with activated caspase
3/7, suggesting enhanced apoptosis [42]. Molecular analysis
revealed activation of the ERK1/2 and JNK signaling path-
ways, which play a central role in regulating cell death [42].
Thus, neurite shortening, cytoplasmic vacuolization with mi-
crotubule disorganization, increased caspase-3/7 expression,
and ERK1/2-JNK signaling represent direct pathological shifts
leading to neuronal dysfunction and activation of apoptotic
cascades. The proinflammatory response of microglia further
exacerbates neuroinflammation and cellular damage. Auto-
phagolysosome formation serves as a compensatory mecha-
nism for clearing defective organelles and proteins.

Synaptogenesis impairment of is one of the key pathological
aspects of PD. Neurons with the SNCA A53T mutation exhibit
significant alterations in the expression of genes responsible
for preand postsynaptic processes. Specifically, dysregulat-
ed expression of presynaptic proteins is observed: synapto-
physin 3 (SYN3), synaptic vesicle protein 2C (SV2C), rabphilin
3A (RPH3A), and the double C2-like domain-containing beta
protein (DOC2B). At the postsynaptic level, reduced expres-
sion of SLITRK1, SLITRK2, and SLITRK4 proteins, which regu-
late dendritic spine morphogenesis and synaptic plasticity, is
noted, along with decreased levels of DLG-associated protein
2, GRIN2D, and GRIP2, involved in excitatory synaptic trans-
mission [47]. These findings indicate impairments in synap-
togenesis and synapse maturation. Reduced transcription of
cadherin family genes (CDHI3 and CDH15) suggests defects
in intercellular adhesion [47]. A marked decrease in the ex-
pression of calcium-binding and calcium-associated proteins
(RCN3, HPCA, CCBE1, CACNA2D4, CACNAI1D), critical for sig-
nal transduction and neurotransmitter release regulation, as
well as receptors and ion channels directly involved in syn-
aptic transmission, has been demonstrated. Notably, altered
expression of FABP7 and ABLIM3 points to issues in axonal
guidance [47]. Concurrent downregulation of preand post-
synaptic proteins, along with CDH13/15 cadherins, disrupts
synaptic morphogenesis and maturity, impairs intercellular
adhesion, and compromises proper axonal growth orientation.
Reduced GRIN2D expression limits calcium-dependent excito-
toxicity but appears insufficient to fully compensate for func-
tional deficits.

Alterations in Protein Homeostasis

Under physiological conditions, a-synuclein is predominantly
localized in presynaptic terminals where it regulates the syn-
aptic vesicle cycle by maintaining the reserve pool through
interactions with SNARE complex proteins (VAMP2, syntaxin,
SNAP-25) and facilitating full neurotransmitter exocytosis.
Additionally, in dopaminergic neurons, it modulates tyrosine
hydroxylase activity, controlling dopamine synthesis, storage,
and metabolism. Recent studies confirm a-synuclein involve-
ment in SNARE-dependent release of postsynaptic endocan-
nabinoids, expanding our understanding of its functions [48].

Neurons differentiated with 3-4 copies of the SNCA gene and
the A53T mutation accumulate higher amounts of o-synu-
clein [49-51]. Concurrently, reduced expression of the SNCG
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gene encoding y-synuclein is observed, potentially reflect-
ing a cellular compensatory mechanism against a-synuclein
overabundance. The expression of B-synuclein SNCB gene
remains stable. Wild-type B-synuclein is known to exert a
protective effect by suppressing a-synuclein aggregation
[41]. Astrocytes with SNCA mutations (A30P, A53T, duplica-
tion, triplication) also demonstrate a-synuclein accumulation.
The highest levels of a-synuclein aggregates are observed in
astrocytes with A30P and A53T point mutations and SNCA
triplication, though their concentrations remain lower than
in neurons with triplication [52]. These findings correlate
with clinical manifestations: earlier disease onset and greater
severity are associated with the A53T mutation and SNCA
triplication, which correspond to increased markers of cell
death [39].

Excess a-synuclein in neurons with SNCA triplication induc-
es significant endoplasmic reticulum (ER) stress, triggering a
cellular response — the unfolded protein response (UPR) to
counteract the accumulation of unfolded or misfolded pro-
teins [53,54]. Among the three main stress sensors in the
UPR system (PERK, ATF6, and IREla), the transcription fac-
tor IRE1o. demonstrates the highest sensitivity to a-synuclein
accumulation. Its activation enhances XBP1 mRNA splicing,
generating the active XBPI(S) isoform that translocates to
the nucleus to upregulate ER homeostasis genes while si-
multaneously initiating apoptosis via CHOP and BIM factors,
accompanied by reduced levels of the anti-apoptotic protein
BCL-2 [53]. However, some studies report insufficient UPR
activation during misfolded protein accumulation and ER
fragmentation in SNCA-triplication neurons, indicating pro-
tein quality control system dysfunction [55]. Modeling ER
stress in SNCA-mutant neurons reveals upregulated expres-
sion of genes involved in ubiquitin-proteasomal degradation
(UBB, UBC, RNF187, UCHLI, PSMC4, PSMBI), heat shock
response (DNAJ/C4, DNAJB9, HSPA5, PARK7), and ER stress
(PDIA4, DDIT3). Concurrently, decreased expression is ob-
served in genes regulating synaptic vesicle transport (PCLO,
RAB3B, RAB3C, ITSN1) and axonal transport (KIF24, KIF1B,
KIF3A), reflecting impaired neuronal communication [43]. SN-
CA-triplication neurons exhibit reduced B-glucocerebrosidase
(GCase) activity, with immature enzyme forms accumulating
in aggregates, leading to glycosphingolipid deposition and
promoting neurodegeneration [55].

Thus, SNCA gene mutations (A30P, A53T, triplication) lead
to the accumulation of a-synuclein aggregates, which play
a critical role in PD pathogenesis. a-Synuclein fibrils impair
presynaptic membrane function by blocking SNARE-depen-
dent exocytosis, resulting in deficient neurotransmitter re-
lease and compromised transmembrane transport. These
aggregates interfere with clathrin-dependent endocytosis, in-
teract with membrane lipids and cholesterol, and destabilize
synaptic membrane structure and function. While the aggre-
gation process is well-documented in literature, the mecha-
nisms underlying a-synuclein dysfunction in SNCA mutations
and their connection to toxicity remain poorly understood.
The A30P mutation reduces the protein’s ability to associate
with lipid vesicles compared to wild-type a-synuclein [56], di-
minishing synaptic vesicle clustering capacity and adversely
affecting neurotransmission [57]. The A53T mutation directly
accelerates protein nucleation rates, promoting aggregation

MeTtabonuyeckue ocobeHHOCTH KneTok moara u3 UIMCK

processes [58, 59]. Elevated a-synuclein levels result from
stabilization of mutant forms rather than gene overexpres-
sion. SNCA triplication drives pathological processes through
excessive a-synuclein concentration, though whether this
mutation alters individual protein functionality remains un-
resolved. Pathological changes leading to exocytosis block-
ade and neurodegeneration arise from combined intracellular
and extracellular o-synuclein accumulation, functional alter-
ations, and associated metabolic disturbances. Cells adapt to
a-synuclein toxicity by activating the IRE1o-XBP1 unfolded
protein response (UPR) pathway, but these protective mech-
anisms gradually fail, ultimately leading to neuronal death.

Autophagy

In dopaminergic neurons with four copies of SNCA, accumu-
lation of the autophagosome marker LC3 is observed [46].
a-Synuclein suppresses autophagy by impairing the fusion
of autophagosomes with lysosomes, leading to reduced au-
tolysosome formation [60]. Metabolic disturbances associat-
ed with SNCA mutations are accompanied by dysfunction in
calcium homeostasis regulatory mechanisms [51]. The im-
balance between autophagic activity and calcium homeosta-
sis promotes the accumulation of pathological a-synuclein
aggregates and increases the susceptibility of dopaminergic
neurons to apoptotic death. Altered autophagy activity ini-
tially acts as a compensatory mechanism aimed at removing
a-synuclein aggregates and damaged organelles. However,
prolonged accumulation of autophagic substrates causes
autophagosomes to lose their efficiency, transforming into
non-functional vacuoles, thereby shifting this process from
compensatory to pathological.

Energy Metabolism

In dopaminergic neurons with the SNCA A53T mutation and
SNCA gene triplication, significant metabolic profile alter-
ations are observed, characterized by decreased levels of
lactate, N-acetylaspartate, pantothenic acid, and cholesterol,
along with increased expression of sirtuin 1 (SIRT1). In re-
sponse to oxidative stress, neurons carrying this mutation
exhibit altered expression profiles of genes associated with
glycolysis (LDHA, ENO1, TPI1, ALDOA), oxidative phosphory-
lation (NDUFAI, COX6A1), and cholesterol biosynthesis (SQLE,
HMGCSI, MSMO1) [43]. The metabolic reprogramming, ac-
companied by reduced levels of lactate, N-acetylaspartate,
and cholesterol, as well as suppression of oxidative phos-
phorylation genes, reflects pathological disruptions in glyco-
lytic flux, mitochondrial functions, and neuronal metabolic
activity. Concurrently, elevated SIRT1 levels and induction of
glycolytic enzymes LDHA and ENOI1 suggest a compensatory
shift toward anaerobic ATP production, accompanied by acti-
vation of mitophagy and antioxidant pathways.

Neurons with the SNCA A53T mutation and SNCA triplication
exhibit significant mitochondrial dysfunction. Characteristic
features include reduced basal respiration and decreased
ATP production. These functional changes are accompanied
by morphological abnormalities in mitochondria (rounded
shape), pronounced fragmentation, and reduced membrane
potential, indicating impaired organelle function [49]. Simi-
lar impairments were observed in neurons with 4 copies of
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the SNCA gene, where additional functional reorganization of
ATP synthase occurs. The enzyme operates in reverse mode
to maintain membrane potential through ATP hydrolysis,
accompanied by increased ROS generation, reduced levels
of reduced glutathione, and enhanced oxidative stress [51].
Furthermore, increased a-synuclein production due to SNCA
triplication was shown to cause direct interaction of oligo-
meric protein forms with mitochondrial ATP synthase com-
plexes. This leads to decreased NADH redox index, exacer-
bates energy imbalance, and intensifies oxidative stress [61].
In differentiated astrocytes with SNCA mutations, cytosolic
calcium levels are elevated, with calcium being released at
a higher rate in A30P and A53T mutant lines. A53T mutant
astrocytes additionally exhibit reduced reserve respiratory
capacity, indicating impaired mitochondrial ability to adapt
to energy demands [52].

Mitochondrial impairments are a well-documented pathologi-
cal consequence of SNCA gene mutations. Decreased oxygen
consumption and ATP production demonstrate that aberrant
a-synuclein disrupts efficient oxidative phosphorylation,
leading to energy supply deficits. Fragmented depolarized
mitochondria are prone to releasing ROS and pro-apoptotic
molecules, threatening cell survival. To prevent loss of mito-
chondrial membrane potential, cells resort to ATP hydrolysis
and increased cytosolic calcium levels. Activation of mitoph-
agy serves as a crucial compensatory mechanism that pre-
vents accumulation of damaged mitochondria and suppress-
es ROS production.

Oxidative Stress

Studies have shown that SNCA triplication causes increased
a-synuclein mRNA levels in differentiated neurons, overex-
pression of oxidative stress markers, and heightened suscep-
tibility to H,0,-induced oxidative damage [62]. These chang-
es indicate reduced cellular capacity to manage excessive
ROS production, leading to impaired mitochondrial function
and energy metabolism. Additionally, there is a significant
increase in the expression of key genes involved in the oxi-
dative stress response, such as HMOX2 (heme oxygenase 2).
Concurrent activation occurs in genes encoding heat shock
proteins (DNAJAI, HSPBI) and components of the ubiqui-
tin-proteasome protein degradation system (UCHLI) [46, 62],
suggesting proteostasis disruption due to increased burden
on the degradation system for damaged or misfolded pro-
teins. Differentiated microglia with the A53T mutation ex-
hibit elevated oxidative stress levels, increased expression
of the SLC11AI gene (associated with ROS protection in in
vivo animal transplantation) [45]. ROS overproduction and
heightened sensitivity to redox agents indicate pathologi-
cal vulnerability of brain cells with SNCA gene mutations.
The increased expression of these genes likely represents a

compensatory mechanism to enhance protective responses
under oxidative stress conditions.

The table summarizes metabolic alterations observed in hu-
man brain cells differentiated from iPSCs carrying mutations
associated with inherited PD. These data reveal both shared
and distinct metabolic features in SNCA mutations, provid-
ing insights into pathophysiological mechanisms underlying
inherited PD.

Conclusion

There is no consensus regarding the precise understanding
of the mechanisms underlying PD. Despite existing hypoth-
eses about PD pathogenesis, including genetic factors, accu-
mulation of aberrant a-synuclein, exposure to mitochondrial
toxins, and neuroinflammation, the true cause of PD remains
unknown. It is hypothesized that PD etiology is multifactorial,
influenced by genetic background variability, environmental
conditions, lifestyle factors, and individual manifestations, re-
sulting in each patient having a unique disease form.

By analyzing numerous studies, we identified that mutations
in the SNCA gene induce complex metabolic alterations in
brain cells (neurons, astrocytes, microglia, etc.) differentiated
from iPSCs. Research has demonstrated increased secretion
and aggregation of pathological o-synuclein, activation of
ER stress, heat shock protein response and UPR, oxidative
stress, mitochondrial and lysosomal enzyme dysfunction, and
disruptions in lipid, protein, and carbohydrate metabolism.
These metabolic defects are accompanied by impaired dif-
ferentiation, reduced neurite outgrowth, and activation of
apoptotic signaling pathways. The findings underscore the
pivotal role of mitochondrial dysfunction linked to altered
mitochondrial gene activity, energy homeostasis disruptions,
and impaired intercellular transport in the disease pathogen-
esis. Despite the abundance of molecular patterns associated
with PD, our understanding of its etiology remains merely the
tip of the iceberg. Further research should focus on develop-
ing personalized in vitro cellular models, including iPSC-de-
rived organoids, and implementing omics technologies such
as exposomics to identify diverse etiological components and
potential lifelong epigenetic changes. From the perspective of
clinical practice and therapeutic development, refining per-
sonalized approaches, discovering targeted molecular path-
ways, and identifying novel biomarkers for early diagnosis
are critical priorities. Additionally, iPSC-based models provide
a platform for high-throughput screening and preclinical test-
ing of new pharmacological agents, enhancing predictive val-
ue while reducing costs and timelines for drug development.
Thus, despite substantial progress, continued fundamental
and clinical research is essential to address these challenges
and successfully implement iPSC-driven personalized strat-
egies that could significantly improve early diagnosis, treat-
ment efficacy, and patients’ quality of life.
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Metabolic features of neurons and astrocytes differentiated from iPSCs with SNCA mutations

Cell type Mutation Features

- short neurites
- synaptic defects
- 1 phosphorylated a-synuclein

- 1 sirtuin 1
SNCA (AS3T) I bl
Dopaminergic - | N-acetylaspartic acid
neurons - | pantothenic acid

- | cholesterol

Manifestations Sources

- mitochondrial dysfunction

- dysfunction of protein quality [42, 43, 47,
control systems (UPR/ 49, 50, 63]
autophagy)

- increased basal ROS production
- oxidative stress
- impaired calcium homeostasis

SNCA - impaired neuronal differentiation and maturation - 1 a-synuclein [41, 46, 49,
(triplication) 1 autophagy 50, 53, 55,
- | B-glucocerebrosidase activity 62, 63]
- impaired protein translation
SNCA (A53T) - 1 nicastrin [53, 65:] 64,
- 1 nitrosative stress
Cortical neurons . - mitochondrial dysfunction;
- reductive stress - 1 a-synuclein
SNCA - abnormal NADH levels (53, 61]
(triplication) - ER stress ’
- | membrane potential
- 1 number of pyknotic nuclei
SNCA (A53T) - | rate of extracellular oxidation [52]
- | extramitochondrial oxygen consumption - mitochondrial dysfunction;
A SNCA (A30P) - | extramitochondrial oxygen consumption 1 a-synugleln . [52]
- 1 cytosolic calcium
SNCA - 1 number of pyknotic nuclei [52]

(triplication) - | rate of extracellular oxidation
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Current Approaches to Multiple Sclerosis

Management in Pregnancy
Valeriya A. Malko, Ekaterina A. Sadovnichuk, Gennady N. Bisaga

V.A. Almazov National Medical Research Centre, Saint Petersburg, Russia

Abstract

This article reviews literature data on the impact of multiple sclerosis (MS) on fertility and pregnancy outcomes, the specifics of using diseasemodifying
therapies (DMTs), and breastfeeding practices. The results demonstrate that fertility rates in women with MS do not differ from the general
population, and the frequency of pregnancy complications, including stillbirths, congenital malformations, and spontaneous abortions, does not
exceed population-level rates. A reduction in MS activity is observed during the third trimester of pregnancy; however, the risk of relapses increases
by 50% within the first three months postpartum, necessitating timely resumption of therapy. Pregnancy management in women with MS should
involve interdisciplinary collaboration between neurologists and obstetricians and gynecologists, personalized therapy adjustments, and patient
education about safe treatment strategies. Certain DMTs can be safely used during pregnancy and lactation, though careful benefit-risk assessment
remains crucial. Women with MS can successfully plan and carry pregnancies to term without significant untoward effects on outcomes. Developing
personalized management strategies for these patients will help minimize risks and improve their quality of life.
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CoBpeMeHHbI€ MOAX0/bl K BEJEHUIO PACCESTHHOI0
CKJIEp03a BO BpeMd O0epeMeHHOCTH

B.A. Manbko, E.A. CanoBuuuyk, I .H. bucara

Hayuonanshbiti meduyunckuii uccredosamenvckuti yenmp umenu B.A. Anmasosa, Cankm-Ilemep6ype, Poccus

AHHOTa U

B cmamve npedcmasnen 0030p OaHHbLX IUMepamypbl 0 6AUSHUU paccesiHozo ckaeposa (PC) Ha depmunbHocmy u meuenue GepeMerHocmu, 00
ocobenHocmax npuéma npenapamos, usmensiowux meuerue PC (ITATPC), u 2pyoHozo eckapmauganus. Pesyimamsl 0eMOHCTPUPYIoM, Ymo y
keHwyuH ¢ PC nokasamenu gepmubHocmu He omaudaiomes om obujeli nonyasyuL, a 4acmoma oCJOKHeHULl OepeMeHHOCL, BKJIOHAS Mepmeo-
posx0eHus, 6p0x0EHHble NOPOKU U CNOHMAHHble AbOPMbL, He npeabiiaem NOnyJAYUOHHbe nokasamenu. Yemarosnero cHuxerue akmusrocmu PC 8
I mpumecmpe bepemenHocmu, 00Hako 6 nepevle 3 Mec noczie podos puck obocmpenuii ospacmaem Ha 50%, umo mpebyem coespeme-
H020 80300H08IeHUA mepanuu. Bederue bepemenrocmu y xenuun ¢ PC donxHo 8Ki04aMb MeXOUCKUNTUHAPHOE COMPYOHUUECMB0 Heaposoed U
aKyuepa-euHexo02a, UOUBUOYAbHYI0 KOPPEKMUPOBKY Mepanuu u nosbiuleHue 0c8edOMNEHHOCU NAYUEHMOK 0 OE30NACHbLX MAaKMuKax sede-
Hus. Hexomopuie [TUTPC mozym 6e30nacko ucno/i308amscs 6 nepuod bepeMeHHOCMU U IAKMAyuy, npu MoM 8aKHO y4UMbIearb COOMHOLEHLe
pucka u nonb3sl. XKenugurvt ¢ PC Mozym ycnewno niaHuposams U biHAWUEAMy OepeMeHHOCMb 0e3 3HaUUMO20 8/USHUA Ha eé ucxodbl. Paspa-
bomka unousudyanbHbIX cmpamezuii 8e0eHUs MAKUX NAYUEHMOK NO3GO/IUM MUKUMUSUPOBANMY PUCKU U NOBbICUMb KAYECTBO UX KUSHL.

Kntouegvie cnosa: paccesuHblil ckepo3; bepemeHHOCMb, (hepmubHOCMb, 2pYOHOe BCKAPMAUBAHUE; NPenapaml, USMeHsoujue me-
yeHue paccesHHo20 CKepo3a

Ucrounuk ¢punancuposanus. Boinonneno npu nopaepsxkke HMUL um. B.A. Anvasosa Munszpasa Poccuu.

KoHdukT unTepecos. ABTOpbI 3a4BAA0T 00 OTCYTCTBMM SBHBIX M TOTEHIUATbHbIX KOH(DIUKTOB MHTEPECOB, CBA3AHHBIX
ny6/MKaryei HacTosiie CTaThu.
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Introduction

The global prevalence of multiple sclerosis (MS) is approxi-
mately 2.3 million people [1]. In Russia, MS has an incidence
rate of 15-55 per 100,000 population. The disease most com-
monly manifests between the ages of 20 and 50 years. MS is
2.5-3.0 times more common in women than in men, meaning
the majority of MS patients are women of reproductive age.
Consequently, studying MS effects on fertility, pregnancy, and
breastfeeding has become a critical issue [1-4].

Fertility rates among women with MS are lower than in
healthy women, likely due not to direct disease effects on the
reproductive system, but rather to patients’ psychoemotional
and physical status, as well as fears surrounding pregnancy
and childbirth in the context of chronic illness [5]. Women
with MS fear pregnancy both due to risks of disease exac-
erbations and potential therapy-related fetal effects, high-
lighting the need for improved patient education about safe
pregnancy planning and management strategies [6]. Current
approaches to the management of pregnant MS patients re-
quires collaboration between neurologists and gynecologists,
with many established concepts having evolved over recent
decades. This shift stems from advances in understanding
MS pathogenesis, numerous studies on pregnancy outcomes
in MS patients, and expanded therapeutic options with dis-
ease-modifying therapies (DMTs) [7].

Proper management of women with MS requires understanding
the disease’s potential impact on preconception counseling,
pregnancy, and the postpartum period. Studies confirm no
negative effects of multiple sclerosis on fertility, pregnancy,
or breastfeeding when proper preparation and pregnancy
management are implemented [3, 8]. Compared to the
healthy population, MS does not increase the risk of stillbirth,
congenital malformations, low Apgar scores, spontaneous
abortions, or ectopic pregnancy [9-11]. MS is not a risk
factor for complications such as preeclampsia, postpartum
hemorrhage, or chorioamnionitis [9, 12]. Additionally, MS
does not affect anti-Miillerian hormone levels, follicle-
stimulating hormone levels, or ovarian size, although
estrogen levels and antral follicle counts are slightly lower,
while luteinizing hormone levels are higher compared to the
healthy population [6].

Effects of Pregnancy, Delivery, and Breastfeeding
on MS

Pregnancy serves as a protective factor against relapses in
women with MS: the annualized relapse rate and disease ac-
tivity gradually decrease by the third trimester, potentially
due to elevated hormone levels (17-beta-estradiol, progester-

one, prolactin, testosterone) that stimulate anti-inflammatory
mediators (interleukin-10) while suppressing pro-inflammato-
ry cytokines (interleukin-6 and -17). This effect may also in-
volve placentaand fetus-derived cytokines that reduce type 1
T-cell immune responses [8, 12-15]. During pregnancy, sever-
al myelin repair-promoting factors are produced: the maternal
circulating preimplantation factor enhances remyelination,
while allopregnanolone (a progesterone metabolite) poten-
tiates gamma-aminobutyric acid (GABA) signaling through
oligodendrocyte GABA receptors, thereby stimulating myelin
regeneration [14]. Pregnancy does not influence long-term
disability accumulation outcomes in MS [6, 14]. However,
physiological immunosuppression during gestation may not
fully compensate for the withdrawal of DMTs discontinued
to mitigate fetal risks, potentially leading to increased MS
activity during pregnancy after DMT cessation [13].

MS activity typically increases significantly during the first
3 months postpartum and then gradually decreases over the
following vyear [2, 4, 8, 14, 16]. Risk factors for postpartum
relapses include high pre-pregnancy disease activity, relapses
during pregnancy, discontinuation of second-line DMTs be-
fore or during pregnancy, and delayed resumption of DMTs
after delivery [17, 18]. Conversely, early reintroduction of
DMTs reduces post-pregnancy relapse risks [13, 16].

Results from retrospective MRI studies during pregnancy and
postpartum demonstrated an increased number of Tland
T2-weighted lesions during pregnancy without increased gray
matter atrophy [14]. Data on gadolinium-enhancing lesions
were conflicting: some studies showed no pregnancy-related
changes in contrast-enhancing lesions, while others reported
increased gadolinium-accumulating lesions postpartum |6,
14]. Studies examining serum neurofilament light chain lev-
els as a biomarker of disease activity and neurodegeneration
in MS revealed temporary elevation in untreated postpartum
patients. In contrast, patients receiving natalizumab (before
and during pregnancy) showed lower neurofilament levels
compared to untreated individuals [6].

Data on potential protective role of breastfeeding (BF) in pre-
venting disease exacerbations during the postpartum period
were contradictory: while several studies described no effect
of BF on MS course, others reported reduced risk and fre-
quency of relapses during BF [4-6, 8, 16-19].

Preﬁnancy Planning and Management in Patients
with MS

Pregnancy planning is a crucial stage of collaboration be-
tween the patient, neurologist, and gynecologist, during
which healthcare professionals must inform the patient that
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pregnancy is not contraindicated in MS provided proper
preparation and management are ensured. Therefore, even
at the stage of selecting MS therapy, it is essential to clarify
with the patient: whether she plans pregnancy (and if so,
how long after therapy initiation), her obstetric history, and
whether she intends to breastfeed [12] (Table 1).

For women with MS not planning pregnancy, it is important
to use effective contraception to prevent unintended preg-
nancy [6, 14]. Reversible long-acting contraceptive methods
(intrauterine device), irreversible permanent methods (tubal
ligation), and barrier methods is acceptable, safe, and effec-
tive in MS [5, 6]. Long-acting and permanent contraceptive
methods may be preferred for patients receiving therapy with
proven teratogenic effects [5]. Opinions regarding the use
of combined oral contraceptives (COCs) in patients with MS
vary [19]. On one hand, earlier studies suggest that COCs
may negatively impact the course of multiple sclerosis due
to alterations in women’s immune status associated with hor-
monal stimulation; they may also increase the risk of MS by
40% and contribute to a more severe disease course [14, 15].
On the other hand, several authors have demonstrated no
association between COCs and the course of multiple sclero-
sis, even suggesting a possible neuroprotective effect relat-
ed to changes in hormonal activity during COC use [15, 19].
COCs do not increase the risk of conversion from clinically
isolated syndrome to MS [5]. According to the meta-analy-
sis by M. Ghajarzadeh et al, COCs have neither a positive
nor negative effect on the course of multiple sclerosis [15].
Progestogen-only contraceptives may have a possible pro-
tective effect [14, 15]. Some studies also report that patients
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taking COCs had lower EDSS scores and reduced annualized
relapse rates [2]. To date, there is no definitive understanding
of the impact of emergency hormonal contraception on MS
course, which underscores the importance of selecting an ap-
propriate long-term contraceptive method [6]. Contraceptive
choice should be personalized, considering factors such as
drug compatibility, potential contraindications, and revers-
ibility [6]. Interpregnancy contraception reduces the risks of
induced abortion, which may trigger MS exacerbations and
disease progression due to hormonal stress [6].

When counseling women with MS planning pregnancy, it is
crucial to consider their concerns about potential disease
exacerbations, MS progression, and challenges of childcare
management given their condition [6]. For women planning
pregnancy, achieving sustained MS remission prior to con-
ception, adjusting DMTs, and optimizing vitamin/mineral
supplementation (e.g., folic acid, vitamin D) are particularly
important during pregravid preparation [8, 12]. According to
R. Alroughani et al., women who received DMTs for at least
two years prior to pregnancy exhibited lower risks of relapses
both during gestation and postpartum [20]. Maintaining re-
mission for one year before conception is associated with ab-
sence of postpartum MS exacerbations [6]. During pregnancy
planning, clinicians should review all medications used for
MS symptom management or comorbid conditions (e.g., de-
pression, pain syndrome, anxiety, etc.), as these may impact
both hormonal contraceptive efficacy and fetal health [5, 12].

Some medications (particularly cyclophosphamide) used
for MS therapy may reduce ovarian reserve and affect

Table 1. Algorithm of managing pregnant women with MS (based on [17])

Before pregnancy

1. Regular consultations

(at least annually) should be
conducted to discuss:

What type of contraception
should be used?

Whether the woman is

and how treatment should be
adjusted?

If pregnancy is not achievable,
should assisted reproductive
technologies be considered?
2. When preparing for
pregnancy, vitamin D and
folic acid should be taken

in accordance with general
recommendations

supplementation is recommended.

congenital anomalies.

After pregnancy

1. Women with unplanned pregnancies should adjust their DMT
regimen and undergo ultrasound examination. Interferon beta and should be considered. Interferon beta
glatiramer acetate may be continued, while other medications
should be discontinued as soon as possible: natalizumab may
be used until 34 weeks of gestation in cases of high relapse
risk. Patients on teriflunomide require an accelerated elimination
physically capable of pregnancy  protocol until plasma drug concentration falls below 0.02 g/L.

2. Maintaining a healthy diet with vitamin D and folic acid

3. Most inactivated vaccines can be administered during
pregnancy, whereas live vaccines are generally contraindicated.
4. Relapses may be managed with high-dose methylprednisolone  during the postpartum period.
(not dexamethasone) or plasmapheresis. Methylprednisolone
can be used starting from the second trimester, and in the
first trimester only if maternal benefits outweigh fetal risks of

5. Close monitoring is required for urinary tract infections,

Postpartum

1. The woman’s wish to breastfeed

and glatiramer acetate may be continued
during BF, while natalizumab and
ocrelizumab may be used in select cases.
Other DMTs are not recommended.

2. Women at high risk of postpartum
relapses should be advised to delay or
avoid BF and promptly resume high-
efficacy DMTs.

3. The likelihood of relapses increases

Methylprednisolone and plasma
exchange may be used to manage
relapses during BF. Breastfeeding may
be resumed 4-12 hours after intravenous
methylprednisolone administration

thromboembolic events, hypothyroxinemia, perinatal depression, at the treating physician’s discretion.

and other complications.

Pharmacological relapse prophylaxis is not

6. Multiple sclerosis does not contraindicate any specific delivery  recommended.
method or anesthesia type. The choice should be guided primarily 4. There are no restrictions on MRI use

by obstetric indications.

7. MRI necessity should be evaluated case-by-case. A standard
1.5 Tesla protocol is recommended, while gadolinium-based

contrast agents should be avoided

during the postpartum period. Brain MRI
is recommended within 2-3 months after
delivery, while gadolinium-based contrast
agents are not advised during BF
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female fertility [14]. Therefore, patients with MS who are
not planning pregnancy in the near future may be advised
to undergo oocyte cryopreservation or partner sperm
preservation before initiating treatment with fertility-
affecting agents [8]. The use of fertility-affecting DMTs
and the average age of MS onset may necessitate assisted
reproductive technologies (ART) [8]. The need for hormonal
stimulation of oocyte maturation during ART may lead to
increased relapse rates and numbers of active MRI lesions [6,
8, 21]. Studies have shown that the annualized relapse rate
may increase following ART using gonadotropin-releasing
hormone (GnRH) agonists, which activate autoreactive CD4*
T cells, lead to elevated estrogen levels, and consequently
increase proinflammatory factors [5, 14]. However, there is no
definitive consensus regarding the association between MS
relapse risk and ART. Current evidence suggests that ART
protocols using GnRH antagonists may be safer in terms of
MS course [6, 19]. When ART is required, it is recommended
to achieve stable clinical and radiological remission for at
least 12 months before initiating ART and to continue DMTs
during ART to reduce relapse risk. When planning pregnancy
using ART, patients should be informed about the potential
adverse effects of hormonal stimulation [14].

The method of delivery for patients with MS is determined
by general obstetric indications; however, obstetricians and
gynecologists may unjustifiably opt for cesarean delivery due
to excessive caution [13, 14, 22]. Cesarean delivery may be
indicated by neurological symptoms that increase the risk of
secondary labor dystocia: severe lower paraparesis, weakness
of the abdominal muscles, or pelvic organ dysfunction [22—
25). Epidural anesthesia during labor has been shown to have
no adverse effects on the course of MS: there is no evidence
of increased relapse rates or impact on patient disability [6,
12, 13]. Patients with MS may experience sensory deficits that
prevent them from recognizing the onset of labor; therefore,
they should be educated about alternative signs indicating
the initiation of labor [14].

MRI in Pregnancy

In pregnant patients with MS, routine MRIis not recommended;
however, if vital indications are present, the study may
be performed at any gestational age. MRI scanners with a
magnetic field strength of less than 3 Tesla are permitted
[5, 11, 14, 25]. Gadolinium-based contrast agents are not
recommended due to their ability to cross the placental
barrier, accumulate in the fetal brain, and cause intrauterine
fetal demise or developmental abnormalities; their use
should therefore be restricted to cases where benefits clearly
outweigh risks [5, 12, 14, 25].

Medications Overview and DMT Use Strategy During
Pregnancy

Difficulties in prescribing and continuing MS therapy
for pregnant women arise from the need to discontinue
certain medications due to their teratogenicity [5, 13].
Discontinuation of DMTs increases the risk of MS activity
both during pregnancy and postpartum [3, 13, 14]. Currently,
the number of patients remaining on DMT therapy during
pregnancy decreases by half in the first trimester and sixfold

in the second and third trimesters compared to the pre-
pregnancy period [26]. Recent studies indicate a significant
shift in the perception of DMT safety: continuation of DMT
therapy and early resumption of DMTs postpartum are
now recommended for all MS patients, as this promotes
disease stabilization and reduces the risk of relapses during
pregnancy and the postpartum period [4, 5, 7, 16].

According to a retrospective analysis by M. Moccia et al.
describing data from 2018-2020 in a population of Italian
women with MS, continued use of DMTs during pregnancy
(glatiramer acetate, interferon beta, and natalizumab) was as-
sociated with lower infant birth weight. However, DMT thera-
py did not affect pregnancy duration, cesarean section rates,
congenital malformations, or infant head circumference and
length [3]. These data were obtained in comparison with a
group that discontinued DMTs after conception. The fetal
effects of these agents may be related to their ability to cross
the placental barrier: small molecules, predominantly admin-
istered orally, penetrate the barrier more easily, unlike large
molecules, which are retained due to their size [5].

Interferon Beta and Glatiramer Acetate

For women with MS at high risk of relapses who are planning
pregnancy, first-line DMTs such as interferon beta and
glatiramer acetate are considered safe due to their large
molecular size and limited ability to cross the hematoplacental
barrier [14]. Interferon beta and glatiramer acetate were
among the first DMTs shown to reduce relapse rates and
delay disability progression in MS. According to the study by
M. Moccia et al, no cases of congenital malformations were
reported in children born to patients who received glatiramer
acetate and interferon beta during pregnancy [3]. Interferon
beta is not associated with adverse pregnancy outcomes
regardless of the timing of administration [7, 27]. However,
interferon beta and glatiramer acetate may sometimes be
insufficient for disease control, necessitating a switch to
second-line DMTs whose safety during pregnancy remains
uncertain [28].

Natalizumab

Natalizumab is a monoclonal antibody that can reduce the
number and size of active brain lesions while decreasing the
frequency of relapses [27]. Although natalizumab can cross
the placental barrier, its use during pregnancy is allowed
if the potential therapeutic benefits outweigh the risks [12,
14]. Prolonged natalizumab therapy prior to pregnancy
significantly improves MS control and reduces the likelihood
of relapses during pregnancy and postpartum [28]. Patients
who discontinue natalizumab after conception exhibit a
higher risk of MS exacerbations and disability progression
both during pregnancy and in the postpartum period [4, 5, 12,
29]. Therefore, natalizumab should not be discontinued before
pregnancy or during the first trimester, given the elevated
risk of severe relapses upon withdrawal (with a ~10% risk of
significant disability); instead, therapy should be continued
at extended intervals (6—8 weeks) until the third trimester
(30-34 weeks gestation), followed by early postpartum
resumption to minimize relapse risk [4-6, 12, 30]. Secondand
third-trimester natalizumab use is associated with lower
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neonatal birth weight and fetal anemia/thrombocytopenia,
but does not increase risks of major congenital malformations
or spontaneous abortion [3, 5, 12, 28, 30].

Fingolimod

Fingolimod is the first oral agent approved for relapsing MS,
effectively reducing relapse rates [27]. Animal studies have
demonstrated that fingolimod can cause fetal death and
significant congenital anomalies [27]. In a study by M. Moccia
et al., 9.1% of women exposed to fingolimod during pregnancy
gave birth to children with birth defects [3]. Effective
contraception is essential during fingolimod treatment;
fingolimod must be discontinued at least 2 months before
planned pregnancy, though this carries risks of increased MS
exacerbations after discontinuation and severe disability (6%)
[4, 5, 12, 27]. The association between fingolimod withdrawal
and elevated relapse risk necessitates pregnancy planning
with potential transition to alternative fetal-safe therapies
capable of controlling MS: first-line DMTs or natalizumab
may serve as a therapeutic bridge during fingolimod
discontinuation and until conception [31-33]. As fingolimod
belongs to agents with a higher risk of withdrawal syndrome,
early resumption of therapy during the postpartum period is
required.

Siponimod

There is insufficient research on the safety and outcomes
of siponimod use during pregnancy [5]. Siponimod is
contraindicated during pregnancy and must be discontinued
at least 10 days prior to conception [4-6, §].

Dimethyl fumarate

Data on dimethyl fumarate use during pregnancy are
limited, with potential reproductive toxicity in animal
studies. Discontinuation is recommended upon pregnancy
confirmation, and no washout period is required [6-8, 14, 27].
Usli during pregnancy is only permissible if benefits outweigh
risks.

Teriflunomide

Teriflunomide has proven teratogenic effects, increasing
spontaneous abortion risk by 21-22% [5, 6, 12, 27]. It is
contraindicated during pregnancy and requires a washout
period until plasma concentrations fall below 0.02 mg/L
before conception [4, 7, 12, 27]. Patients must be advised
to use contraception during the washout period to prevent
unintended pregnancy [12]. Teriflunomide is detectable
in semen, necessitating contraceptive measures for males
during treatment and washout. Additionally, men should
be informed about potential fertility reduction during
therapy [34].

Alemtuzumab

The fetal risks associated with alemtuzumab continue to be
studied, but it cannot be ruled out that alemtuzumab use
later than 4 months before pregnancy may increase the
risk of spontaneous abortion and neonatal thyrotoxicosis
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due to transplacental transfer of thyroid autoantibodies
[5, 12, 25, 27, 35]. Studies indicate that the most common
pregnancy outcome following alemtuzumab exposure is an
uncomplicated pregnancy; however, there is no conclusive
evidence regarding the drugs safety [3, 7, 14, 36]. In
women with MS receiving alemtuzumab, no increased risk
of hypertension, eclampsia, preeclampsia, or postpartum
hemorrhage was observed compared to healthy women,
though elevated risks of autoimmune thyroid disorders and
infectious diseases were noted [14, 27, 35]. Thyroid function
should be monitored during treatment and when planning
pregnancy. According to prescribing guidelines, the agent
must be discontinued at least 4 months prior to conception
[3,4, 6, 14, 27].

Cladribine

The safety of cladribine during pregnancy remains debated:
some studies show most infants exposed to cladribine during
gestation are born without severe congenital malformations,
though animal studies suggest potential reproductive toxicity
[3, 5, 6, 14, 37]. Cladribine should be discontinued 6-12
months before planned pregnancy [3-5, 8, 25].

Mitoxantrone

Mitoxantrone is teratogenic and contraindicated for use
during pregnancy. Prior to initiating therapy, healthcare
providers must confirm the patient is not pregnant, has
no pregnancy plans, and is using effective contraception.
Discontinuation of mitoxantrone is recommended at least
4-6 months prior to pregnancy [7, 25, 27, 38].

Anti-CD20 Monoclonal Antibodies

The safety of ocrelizumab during pregnancy is under
discussion. Use of the agent during pregnancy may lead
to toxic effects on the reproductive system [14, 27, 35].
Ocrelizumab should be discontinued 6—12 months before
conception [4-6, 12, 35, 39].

Rituximab during pregnancy poses potential risks to the fe-
tus, including preterm birth and congenital malformations
[27, 35]. Rituximab must be discontinued 6-12 months prior
to pregnancy [35].

Rituximab and ocrelizumab during pregnancy may cause
fetal B-cell depletion with gradual recovery over 6 months
[5, 12]. This should be considered when administering live
vaccines to newborns: vaccination timing should be individu-
alized based on B-cell levels [5].

Limited studies of ofatumumab have not demonstrated fetal
toxicity; however, it can cross the transplacental barrier and
reduce fetal B-cell counts [5, 35]. Ofatumumab is contraindi-
cated during pregnancy; due to limited safety data, it should
be discontinued 6 months before pregnancy [5, 8, 12, 27, 35].

CD20* B-cell-targeting agents (ocrelizumab, rituximab, and
ofatumumab) may serve as preferred options for managing
patients in the postpartum period due to their efficacy and
safety profile during high relapse-risk phases [6]. They may
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also be used as bridging therapy shortly before or imme-
diately after delivery for patients declining natalizumab or
fingolimod based on individual indications, to reduce relapse
risks [5, 12, 37].

Exacerbation Treatment

Exacerbations of MS during pregnancy should be treated
with short courses of methylprednisolone, as unlike
dexamethasone, it is metabolized in the maternal body
before crossing the placental barrier [14, 28]. Dexamethasone
may be associated with lower birth weight and length [5,
14]. In cases of inadequate response to glucocorticosteroids,
plasmapheresis is recommended [5, 14, 3].

Therapy During Breastfeeding

An important factor in selecting MS therapy during the
postpartum period is the woman’s wish to breastfeed.
All DMTs, except for interferon beta, are not considered
absolutely safe for the child during breastfeeding [4, 8,
12, 14]. This factor raises the question of discontinuing
breastfeeding if early resumption of other MS therapies is
required. Although interferon beta can penetrate breast milk
in small concentrations, no proven association with adverse
effects on the child’s growth and development has been
established [27].

Glatiramer acetate may be used during breastfeeding, but its
necessity should be evaluated based on maternal benefit and
the agent’s ability to pass into breast milk in small concen-
trations, despite the lack of data on negative effects on the
child [4, 8, 12, 27].

Natalizumab is detected in breast milk in small concentra-
tions, with no observed long-term health consequences for
the child [12, 27]. However, the European Medicines Agency
recommends avoiding natalizumab during breastfeeding [8,
12]. The decision to use natalizumab during BF should be
made based on individual indications with a benefit-risk as-
sessment [8, 14].

Breastfeeding can be resumed one week after the last dose
of cladribine [8].

Alemtuzumab therapy requires discontinuation of BF during
the treatment course and for 4 months after the last admin-
istration [8, 14].

Recent evidence suggests that CD20* cell-targeting drugs
may be safe during BF with regular pediatric monitoring [8].
While rituximab demonstrates potential toxicity during B,
no adverse effects have been reported with ocrelizumab [27].
After ocrelizumab administration during ongoing BE, a 4-hour
pause before the next feeding is recommended [8].

Mitoxantrone, fingolimod, siponimod, dimethyl fumarate, and
teriflunomide are contraindicated during BF due to potential
infant toxicity [8, 14, 27].

Prophylactic glucocorticosteroid treatment for postpartum
relapses is not recommended [14]. Methylprednisolone is the
option of choice for acute relapse management, with minimal
breast milk concentration [12, 14]. The prescribing informa-
tion advises against methylprednisolone use during BF due
to milk penetration, though plasma concentrations decrease
to undetectable levels within 18 hours (extremely low levels
within 12 hours). Research indicates methylprednisolone con-
centrations in breast milk reach safe levels within 2—-4 hours
post-administration, allowing clinical discretion in its use [5,
12, 25]. Plasmapheresis may be considered for breastfeeding
women with severe methylprednisolone-resistant relapses
[2511i Summary of DMT use in MS patients is presented in
Table 2.

Conclusion

Management of pregnancy in multiple sclerosis requires a
multidisciplinary team approach. It is crucial to evaluate the
impact of current therapy on pregnancy and breastfeeding,
the need for treatment modification, risks to the mother and
fetus, and select appropriate contraception if pregnancy
postponement is necessary. Safe contraception should also be
selected for patients wishing to avoid pregnancy. Unintended
pregnancy and abortion may trigger MS exacerbations.
COCs may be used in MS patients, but their safety remains
controversial.

MS does not reduce fertility and is not a contraindication to
pregnancy or childbirth, but requires careful planning and
monitoring. ART may increase relapse risk, necessitating
achievement of stable remission prior to ART and use of
GnRH antagonist protocols from the perspective of MS
exacerbation risk management.

DMT selection depends on both MS type and patient’s
reproductive plans. While not all therapies are fetal-safe,
treatment discontinuation carries risks of relapses and
disability progression. The only agents with proven safety
during pregnancy are interferon beta and glatiramer acetate.
Other agents require individual risk-benefit assessment.
When discontinuing therapy, washout periods and required
contraceptive coverage must be considered.

Postpartum MS exacerbation risk increases, necessitating
prompt DMT resumption with consideration of BF status.
Interferon beta and glatiramer acetate are considered safe
during BE, while other agents require dose adjustment or
BF discontinuation. Postpartum treatment selection should
account for maternal breastfeeding preferences and adjust
therapy accordingly.
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Table 2. Use of disease-modifying therapies for multiple sclerosis before pregnancy, during pregnancy, and during lactation
Drug Product Contraception before pregnancy Use during pregnancy Use during lactation
Interferon beta

Use may be considered following risk
assessment by the treating physician

Interferon beta-1a DITVEISER) 15 10550 [ 10 50755 Gesar s May be used. The amount of drug excreted

(Rebif, Teberif) Not required LITCEBEe, EXETETER Uil JE (e into breast milk is negligible; no adverse

(GRLS) soeulLd af‘d il trlmesters IS Very Uit effects on infants are anticipated
No increased risk of congenital

malformations prior to conception and/or
during the first trimester of pregnancy

Available data are insufficient

to adequately assess the risk of spontaneous Available data suggest that the amount
Interferon beta-1a _ - abortion in pregnant women using drugs  of drug excreted into breast milk is negligible.
(Plegridy) (GRLS) No information in the label _ of_the sam_e class; hoyvever, they do not No adverse _effects on ths_; r_lewborn/breastfed

indicate an increased risk. Use of the drug infant are anticipated.
may be considered by the treating physician Use during breastfeeding is allowed
based on clinical necessity
Interferon . Data on drug excretion into breast milk
Women of reproductive . i .

beta-1a are unavailable; a choice must be made

potential should use effective Contraindicated

(Genfaxon, contraceptive methods

CinnoVex) (GRLS)

between discontinuing the drug or ceasing
breastfeeding

No harmful effects on the newborn/child
are anticipated with drug use during
pregnancy. In cases of clinical necessity,

Interferon the treating phvsician should decide on Can be used during breastfeeding.
beta-1b (Infibeta) No information in the label iing physician No harmful effects on the breastfed infant are

the possibility of using interferon beta-1b L
(GRLS) : . : anticipated

during pregnancy if the expected benefit

of the drug outweighs the potential risk

of its use

Sampeginterferon
beta-1a (Tenexia) No information in the label Contraindicated Contraindicated

(GRLS).
Glatiramer acetate

It is unknown whether glatiramer acetate or its

Axoglatiran FS metabolites pass into breast milk. The expected

No information in the label Contraindicated

(GRLS) therapeutic benefit for the mother should be
weighed against potential risks to the child

Timexon,

Capantiny Ve, . Not recommended except when maternal May be used. No adverse effects

Copaxone 40, Not required . : . . o

. benefit outweighs potential fetal risk on newborns are anticipated
Glatirat, Glatsetat
(GRLS)

For continuation of the Table 2, see page 80.
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Drug Product

Femorix,
Teriflunomide,
Teriflunomide
Kanon,
Teriflunomide
PSK,
Teriflunomide-
Chemrar,
Dissemil (GRLS)

Eumileo, Fluterio,
Dimethyl
fumarate (GRLS)

Nescler, Gilenya,
Sclimod, Modena,
Fingolimod
Native, Lifespan,
Fingolimod,
Fingolimod
Medisorb (GRLS)

Tysabri (GRLS)

Expert consensus
opinion [5, 25]

Lemtrada (GRLS)

80

Contraception before pregnancy

Discontinue 24 months
prior to conception Measure
drug concentration prior to
pregnancy planning; if two
measurements 14 days apart

show < 0.02 mg/L, no waiting
or accelerated elimination is
needed. Embryofetal toxicity

risk in males is considered low

Throughout the entire treatment
course

Throughout treatment and 2
months after discontinuation

No instructions

Not required

Throughout treatment
and 4 months post-treatment

Use during pregnancy

Teriflunomide

Contraindicated

Dimethyl fumarate

Limited data available. Demonstrated toxic
effects on reproductive system. Should
only be prescribed in critical cases where
maternal benefit outweighs potential fetal

risk

Fingolimod

Drug discontinuation should be
considered, weighing maternal benefits
against fetal risks, due to severe relapses
after withdrawal. Reproductive toxicity

Natalizumab

Should only be used in critical cases.
Newborns should be monitored for
platelet count and hemoglobin levels

Discontinue at 30-34 weeks gestation
with extended dosing interval
(6-8 weeks), then resume 1-2 weeks
postpartum. Alternative approach: Switch
to another DMT before pregnancy to
reduce relapse risk, particularly in patients
with PML risk and JC virus antibodies.
Newborn blood parameters (LDH,
bilirubin, hemoglobin) require monitoring
when used in 2"/3" trimester

Alemtuzumab

May be used if maternal benefit
outweighs fetal risk. Placental transfer
of TSH receptor antibodies causing
neonatal Graves’ disease has been
reported. Untreated hypothyroidism in
pregnancy increases miscarriage risk
and fetal complications including mental

retardation and dwarfism

Use during lactation

Contraindicated

Decision should be made after thorough
benefit-risk assessment for mother and child

Contraindicated

Breastfeeding must be discontinued during
drug therapy. Excreted in breast milk

May be used. No interval required between
infusion and subsequent breastfeeding

Breastfeeding benefits should be balanced
against maternal clinical need and potential
adverse effects of alemtuzumab/maternal
disease on infant. Breastfeeding prohibited
during treatment and 4 months post-infusion

For continuation of the Table 2, see page 81.
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Drug Product

Throughout treatment

Bl (B and 12 months post-treatment

Conservative approach:
pregnancy is possible
3 months after the last infusion.
Active approach: pregnancy
in the next menstrual cycle

Expert consensus
opinion [5, 25]

Throughout treatment

i (L) and 12 months post-treatment

Throughout treatment

BT (LR and 6 months post-treatment

Either a conservative approach
(discontinuing the drug when
attempting pregnancy) or an

active approach (administering

the drug until conception
occurs, with injections timed to
menstrual periods)
is recommended

Expert consensus
opinion [5, 25]

Both men and women must

Mavenclad :
(GRLS) use contraception for 6 months
' after the last dose

Kajendra (GRLS) Throughout treatment

and 10 days post-treatment

Contraception before pregnancy

PaccesHHbIIn CKNepo3 BO BPeMs 6ePeMEHHOCTH

Use during pregnancy Use during lactation

Ocrelizumab

Should be avoided unless benefit
outweighs risk Limited data available.
Possible B-cell depletion and
lymphocytopenia in newborns. Animal
studies showed no teratogenic effects but
demonstrated reproductive toxicity

Breastfeeding should be discontinued during
therapy. Risk cannot be ruled out

In the absence of absolute indications,
discontinuation of ocrelizumab during
pregnancy is recommended. Decrease
in B-cell counts in newborns and a slight
increase in the risk of preterm birth and
low birth weight were observed in a study
involving < 30 pregnancies in women

May be used; a waiting period of = 4 hours
after antihistamine administration is required
before the next breastfeeding session

Divozilimab

Contraindicated. Should not be used
during pregnancy, except in cases where
the benefit to the mother outweighs the

potential risk to the fetus. Some newborns
of mothers treated with anti-CD20
antibodies during pregnancy showed
transient depletion of peripheral B-cell
pools and lymphocytopenia

Not recommended during treatment
with the drug.
No data available on potential drug excretion
into breast milk

Ofatumumab

Contraindicated due to lack of safety data
for this therapy. Animal studies showed
no reproductive toxicity

Contraindicated due to insufficient safety data

Limited data (30 pregnancies) show no
congenital anomalies. Seventeen live
births have been reported

The drug can be safely used 2 weeks
postpartum, with no required interval
between breastfeeding and infusion

Cladribine

Women who become pregnant during
therapy should discontinue the drug.
Animal studies demonstrated reproductive
toxicity

No data available on drug excretion into
breast milk. Breastfeeding should be
discontinued during therapy and for 1 week
after the last dose

Siponimod

Contraindicated.
Animal studies demonstrated embryoand
fetotoxicity

Contraindicated. Unknown whether it
penetrates breast milk

Note. GRLS — the drug prescribing information in Russia is derived from the State Register of Medicinal Products (Russian abbreviation: GRLS). Green — safe for use during pregnancy;
yellow — use during pregnancy is permissible if maternal benefit outweighs fetal risk; red — contraindicated for use during pregnancy.
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Neuroimaging in Huntington’s Disease
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Abstract

Huntington’s disease (HD) is an autosomal dominant progressive neurodegenerative disorder for which effective disease-modifying treatments
have not yet been developed. Current diagnosis of HD relies on clinical criteria and genetic testing. However, neuroimaging plays a crucial role in
differentiating HD with similar phenotypes and, most importantly, in objectively monitoring the neurodegenerative process, particularly during the
development of disease-modifying therapies. Novel technologies and imaging protocols have significantly advanced neuroimaging capabilities in HD
patients in recent years. This review presents a range of promising neuroimaging modalities (magnetic resonance morphometry, functional MR,
diffusion tensor imaging, positron emission tomography, etc,) that assess HD neurodegenerative patterns from multiple perspectives and clarify
disease mechanisms and their correlation with clinical manifestations. Further development of these technologies is important not only for neurology but
also for neuropharmacology and neurophysiology.

Keywords: Huntington’s disease; neuroimaging; neurodegeneration; biomarkers, magnetic resonance imaging; positron emission to-
mography; resting-state functional magnetic resonance imaging; diffusion tensor magnetic resonance imaging; magnetic resonance
tractography
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TexHonoruu HepoBU3yaaM3anuu
npu 0one3nu [eHTHHITOHA

TA. Anuxun, C.A. Kmomnukos, A.C. Qunaros, A.A. Jlsckosuk, C.H. Unnapuomkus

Poccutickuti yenmp Heeponozuu u Heliporayk, Mockea, Poccus

AHHOTa U

Bonestv Tenmunzmona (BI) — aymocomHo-0omunarmoe npozpeccupyiouee HetipodezeHepamugHoe 3a0071e8arue, s(hdexmusHsie namozeremu-
ueckue Memodb! JieueHus Komopozo noka He paspabomanyl. Juaskocmuka Bl 8 HACmosuwuti MOMEHM OCHOBbIBAEMCS HA KIUHUUECKUX Kpume-
pusix U OaHHbIX 2eHEMUYECKO20 GHANU3A, HO Memodbl HelipoBU3YAIU3AYUU MO2Ym uMemy Gonbuioe 3HaueHue 0n4 dugpeperyuposarus Bl co
CXOOHbLMU (DeHOMUNAMU U 271a8HbIM 00pa30M — Ot 00BEKMUBHO20 MOHUMOPUHZA HellpoOe2eHepamueHoz0 npoyeccd, 8 MoM Yucie Ha (oHe
paspabambieaembix n00x0008 60e3Hs-MoOupuyUpyoweli mepanuy. BosmoxHocmu Heliposusyanusayuu y nayuesmos ¢ OaHHbLM 3a00/1eaHUemM
CYWECMBEHHO BbIpOCU 8 NOCAedHUe 2006l 8 C8A3U CO BCE G0Jee WUPOKUM NPUMEHEHUEM PSO0a HOBbIX MeXHONIO2UL] U peXUMo8 Ucciedosanus. B o63ope
npedcmassies cnekmp Haubosiee NepeNeKMUGHbLX HelipoBU3YanU3AYUOHHbIX MemOOUK (MAZHUMHO-PE30HAHCHAS MOPOMeMPUS, DYHKUUOHANbHAS
U Qughhy3UOHHO-MEH30PHAS. MAZHUMHO-PE3OHAHCHAS MOMO2PAGhUS, NOIUMPOHHO-IMUCCUOHHAS momozpaghus u dp,), Komopsle oyexusaiom Helipodeze-
HepamueHsle nammepHsl BI' ¢ pasnuuHbLx CMOPOH U yMOUHAIOM NamozeHemuueckue MexaHusMbl O0NIE3HU U UX 63AUMOCEA3b C KAUHUUeCKUMU
nposieneHusmu. JanvHeliuiee pasgumue 3mux mexHoNO2UL uMeem 3HaUeHue He moJibko 0N He8posIoeul, Ho maiske 075 Helipodapmaronozuu u
Hetipogusuonozuu.

Kntouegvie cnosa: 6onesH» [enmunzmona; Heliposu3yanusayus; HetipodezeHepayus; OLOMApKepbl; MAZHUMHO-DE3OHAHCHAS MOMO-
2pagusi; nO3UMpPOHHO-IMUCCUOHHAS MOMO2PAPUS; (PYHKYUOHANbHAS. MAZHUMHO-PE30HAHCHAS moMozpagust nokosl; Ougpdy3uoHHo-
MEH30PHAS. MAZHUMHO-PE30HAHCHAS MOMO2ZPADUS; MAZHUMHO-PE3OHAHCHAS MPakmozpapus
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Wcrounuk ¢uuaHcupoBaHus. ABTODBI 3asB/SIOT 00 OTCYTCTBHUM BHELIHMX UCTOYHMKOB (DMHAHCHPOBAHMS DU MPOBELEHHH

HcceaoBaHus.

KOH('I)JII/IKT HHTEPECOoB. ABTOpr AEKJIapyupylT OTCYTCTBUE ABHbIX W NIOTEHLIHATbHbBIX KOHCl)JII/IKTOB WHTEpPECOB, CBA3aHHbIX C

nyb/IMKaLyei HaCTOALIEH CTaTbHU.
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Huntington’s disease (HD) is a severe progressive neurode-
generative disorder with autosomal dominant inheritance,
characterized by multisystem clinical manifestations and
degeneration of striatal spiny neurons as the primary tar-
get of the pathological process [1]. The classic triad of HD
symptoms includes motor disorders (chorea, dystonia, my-
oclonus, etc.), cognitive decline (progressing to subcortical
dementia), and various psychiatric abnormalities (depression,
obsessive-compulsive disorder, anxiety, possible psychotic
episodes, etc.) [1-3]. Additionally, HD patients often exhibit
metabolic abnormalities that may lead to progressive weight
loss culminating in cachexia [2, 3].

The genetic basis of HD involves the expansion of tandem
polyglutamine-encoding CAG repeats in the HTT gene, result-
ing in elongation of the mutant huntingtin protein, accumu-
lation of aberrant protein molecules in degenerating striatal
neurons, and initiation of pathological cascades in brain tis-
sue [1-3]. For over a century, this disease has been a focus
of intense global research and is considered a unique genetic
model for studying neurodegenerative patterns, mechanisms
of brain plasticity, and possibilities of preventive neuropro-
tection.

Despite some promising studies (e.g., antisense oligonucle-
otides to suppress expression of mutant polyglutamine-en-
coding HTT alleles), effective evidence-based disease-mod-
ifying therapy for Huntington’s disease (HD) remains
undeveloped, and the disease continues to be largely incur-
able [3]. Existing therapeutic approaches are purely symp-
tomatic and palliative in nature [2, 3]. The key prerequisite
for implementing effective treatment strategies capable of
slowing HD progression and preventing symptom onset
in asymptomatic mutation carriers is the earliest possible
initiation of pathogenetic therapy. This requires detailed
investigation of HD’s molecular mechanisms and develop-
ment of methods for timely diagnosis of neurodegenerative
processes including the preclinical stage. In this context,
the current priority is identifying reliable HD biomarkers
applicable in real clinical practice [4], with neuroimaging
biomarkers playing a crucial role in detecting subtle struc-
tural and functional changes and neural network reorga-
nization across all stages of mutant gene carriage [4, 5].
Numerous studies employing voxel-based morphometry
(VBM), resting-state fMRI, diffusion tensor imaging (DTI),
MR spectroscopy, and PET demonstrate the significant po-

tential of modern neuroimaging techniques for investigating
HD neurobiology, elucidating neuroplasticity mechanisms in
this condition, and evaluating novel therapeutics in clinical
trials [5-9].

This review synthesizes global research experience with
promising HD neuroimaging biomarkers, focusing on rela-
tively accessible structural MRI/fMRI techniques and PET
data using different radiotracers. Literature search was con-
ducted in Scopus, Web of Science, PubMed (MedLine), and
eLIBRARY.RU databases.

Positron Emission Tomography

Positron emission tomography (PET) is a functional imaging
modality based on the ability of radioactive isotopes to ac-
cumulate in tissues with high metabolic activity. In HD, PET
imaging with various ligands — low-molecular vectors capa-
ble of crossing membranes — allows visualization of specific
targets [3]. The targets for these ligands include intermediate
metabolites, protein complex components, signaling mole-
cules, and nuclear receptors [10], with short-lived radionu-
clides demonstrating optimal binding properties.

In a study by C. Giampa et al, an early version of a PET
ligand for huntingtin — compound CHDI-180R — was pre-
sented [11]. It was demonstrated that CHDI-180R molecules
exhibit strong binding to toxic huntingtin aggregates in
vitro. CHDI-180R was successfully used to localize mutant
huntingtin aggregates in brain samples of HD mice, with
ligand binding to the mutant protein shown to increase with
animal aging.

Thus, PET ligands can precisely localize mutant huntingtin
and estimate its approximate quantity in the brain, whereas
analysis of cerebrospinal fluid and other biological samples
in HD does not provide reliable information about disease
progression severity, clinical stage, or pathological process
dissemination. Unlike PET scanning (which specifically tar-
gets the pathological polyglutamine substrate), most existing
biochemical methods measure total huntingtin levels, includ-
ing both mutant and normal forms [5].

Phosphodiesterase 10A (PDE10A), an enzyme expressed in
medium spiny neurons of the striatum that regulates their
sensitivity to glutamatergic signaling, has been identified as
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a promising biomarker for HD [10]. PDE10A inhibition func-
tionally mimics the effects of D1-like receptor agonists and
D2-like receptor antagonists while modulating both direct
and indirect striato-thalamo-cortical pathways in the central
nervous system. To date, research has primarily character-
ized the effects of PDE10A inhibition, which reproduce the
inhibitory effects of D2-like dopamine receptor antagonists.

An international research team from Denmark, the Nether-
lands, Norway, and Sweden measured PDE10A availability
in patients with early-stage HD using the ""MNI-659 radioli-
gand, revealing significantly reduced binding in the striatal
region compared to healthy volunteers [11]. Data from other
studies [12-15] suggest that diverse alterations in PDE10A
signaling within pathomorphologically intact neural net-
works of the central nervous system represent the earliest
neuroimaging marker detectable before the predicted onset
of symptomatic HD. Changes in PDEI0A expression also
provide valuable information for monitoring cerebral atro-
phy progression in HD.

Voxel-Based Morphometry

Voxel-based morphometry (VBM) has emerged as a promis-
ing MRI biomarker for neurodegeneration, enabling quan-
titative assessment of atrophy in various brain regions [16,
17]. Russian researchers demonstrated that in HD, VBM
not only identifies involvement of specific structures of
the central nervous system but also quantifies gray mat-
ter changes, reveals subtle process characteristics (such
as asymmetry), assesses potential topographic spread of
neurodegeneration over time, and establishes correlations
between mutation severity, clinical data, and regional brain
atrophy [7].

One study in HD patients revealed more pronounced degen-
erative changes in the dominant hemisphere, along with an
inverse correlation between CAG repeat copy number and the
severity of atrophy in the caudate nucleus and putamen [18].

Correlation analysis indicates that reduced gray matter vol-
ume in the caudate nucleus, putamen, and insula constitutes
an early morphometric brain change detectable in preclinical
HD mutation carriers [19]. Striatal atrophy in early-stage HD
patients is associated not only with motor control impair-
ments but also with executive dysfunction, likely involving
cortical regions such as the insular lobe.

A French research group [20] confirmed progressive gray
matter volume loss in the basal ganglia, substantia nigra, hy-
pothalamus, amygdala, insular, premotor, and sensorimotor
cortices as HD advances to clinical stages. Atrophy was most
pronounced in the basal ganglia, subsequently spreading to
cortical regions predominantly involved in subcortical-thala-
mo-cortical pathways.

A recent study in patients with confirmed HD assessed the
distribution of atrophic changes across various brain regions
using automated volumetry compared to standard clinical
measurement methods [21]. Automated caudate nucleus vol-
ume measurements were additionally verified using manual
segmentation. This study demonstrated that new software
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developments enable more accurate identification of patients
with basal ganglia atrophy and determination of its severi-
ty. Prospective studies utilizing state-of-the-art software may
facilitate more detailed diagnostics of pathological cerebral
processes in HD patients.

It can be concluded that VBM has undeniable advantages,
allowing quantitative tracking of progressive brain atrophy
during longitudinal monitoring of HD patients.

Functional MRI

Functional MRI (fMRI) indirectly assesses functional activity
in various brain regions. It does not measure neuronal electri-
cal activity but instead relies on the neurovascular coupling
phenomenon, i.e., regional blood flow changes in response to
activation of nearby neurons, as increased neuronal activity
requires greater oxygen and nutrient delivery through blood
circulation [22].

The literature presents findings on the activation patterns
of various brain regions in HD patients during fMRI using
diverse paradigms [23]. These results indicate that fMRI is
sensitive to neural dysfunction occurring more than 12 years
prior to the anticipated onset of HD clinical manifestations
[24]. Multiple studies have demonstrated that alterations in
spontaneous neuronal activity (resting-state fMRI) within the
default mode network in HD correlate with clinical features
of the disease and may serve as neuroimaging correlates of
visuospatial, affective, memory, executive, and motor con-
trol impairments, both at the asymptomatic mutation carrier
stage and in patients with manifest HD.

Thus, fMRI is as a valuable neuroimaging tool to objectively
assess the progression of neurodegenerative processes and
patterns of functional neuroplastic reorganization during lon-
gitudinal monitoring of HD patients.

Diffusion tensor MRI and differential tractography

DT-MRI is used for in vivo quantitative and qualitative
assessment of water diffusion directionality in the human
brain, enabling the study of microscopic structure of white
matter pathways in cerebral hemispheres. This technique
allows reconstruction of three-dimensional images of com-
missural, associative, and projection tracts that ensure nor-
mal brain function [25].

When assessing white matter integrity in patients with pro-
dromal and clinically manifest stages of HD using DT-MR],
researchers identified white matter disintegration in frontal
lobes, preand postcentral gyri, corpus callosum, anterior
and posterior limbs of internal capsule, and corticostriatal
pathway [26]. Some HD studies also demonstrated altered
structural connectivity integrity in white matter — from early
manifestations to advanced stages — with most pronounced
microstructural changes observed in corpus callosum. Such
alterations of commissural fibers in HD patients may lead to
cortical disconnection effects [27].

J.V. Barrios-Martinez et al. evaluated correlations between
changes in white matter pathways in HD and motor, cog-
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nitive, and functional assessment scores using a variant of
tractography — differential tractography [27]. Unlike conven-
tional tractography, which maps all existing pathways, dif-
ferential tractography allows quantification of degeneration
severity by calculating the volume of affected tract segments
based on longitudinal changes in specific pathways within
individual patients. Significant differences were observed be-
tween manifest and premanifest disease stages. Initial results
in manifest HD patients showed substantial involvement of
pathways, whereas premanifest mutation carriers exhibit-
ed either no or minimal affected pathways. Changes in the
volume of affected pathways significantly correlated with
disease severity on the Unified Huntington’s Disease Rating
Scale (UHDRS) (p < 0.001), and chronological changes on dif-
ferential tractography also correlated with worsening scores
on this scale (p < 0.001). Moreover, one patient demonstrated
increased lesion volume prior to symptom onset. A larger

Comcok ncrounukos | References

1. Wnnapuowkun CH., Kmowmnukos C.A., CemusepcroB [0.A. bonesnb
Tentunrrona. M.; 2018.
lllarioshkin SN, Klyushnikov SA, Seliverstov YuA. Huntington’s disease.
Moscow; 2018. (In Russ.)

2. Kmommnukos C.A. bonesnp TenTunrrona. Hesponozuueckuii xypHan
umenu J1.0. Badanaua. 2020;1(3):139-158.
Klyushnikov SA. Huntington’s disease (review). L.O. Badalyan Neurologi-
cal Journal. 2020;1(3):139-158. doi: 10.46563/2686-8997-2020-1-3-139-158

3. HaAD, Fung VS. Huntington’s disease. Curr Opin Neurol. 2012;25(4):491-
498. doi: 10.1097/WC0.0b013e3283550c97

4. Cenusepcros 0.A. Knunuko-HeiipoBu3yani3alyoHHbIi aHanmu3 GyHK-
L{MOHA/IbHBIX M3MEHeHWH o7I0BHOT0 Mo3ra 1py 60s1e3Hy [eHTHHITOHA:
muc. Kaup. Men. Hayk. M; 2015.
Seliverstov YuA. Clinical and neuroimaging analysis of functional brain
changes in Huntington’s disease: dissertation. Moscow; 2015. (In Russ.)

5. Wilson H, Dervenoulas G, Politis M. Structural magnetic resonance
imaging in Huntington’s disease. Int Rev Neurobiol. 2018;142:335-380.
doi: 10.1016/bs.irn.2018.09.006

6.  LiuL, Prime ME, Lee MR, et al. Imaging mutant Huntingtin aggregates:
development of a potential PET ligand. ] Med Chem. 2020;63(15):8608-
8633. doi: 10.1021/acs.jmedchem.0c00955

7. IOnuna EH., Kowosanos PH., A6pambiuesa HIO. u ap. Ombir
npumerenust MPT-mopdomerpun nipu 60s1e3Hn [eHTHHITOHA. AHHAb!
KuHuueckoll u axcnepumenmansHoil Hesponozuu. 2013;7(4):16-19.
Yudina EN, Konovalov RN, Abramycheva NYu, et al. Experience of us-
ing MRI morphometry in Huntington’s disease. Annals of Clinical and
Experimental Neurology. 2017;7(4):16-19. doi: 10.17816/psaic222

8. Lowe AJ, Rodrigues FB, Arridge M, et al. Longitudinal evaluation of
proton magnetic resonance spectroscopy metabolites as biomarkers in
Huntington’s disease. Brain Commun. 2022;4(6):fcac258.
doi: 10.1093/braincomms/fcac258

9. Hobbs NZ, Papoutsi M, Delva A, et al. Neuroimaging to facilitate clin-
ical trials in Huntington’s disease: current opinion from the EHDN
Imaging Working Group. J Huntingtons Dis. 2024;13(2):163-199.
doi: 10.3233/JHD-240016

10.  Russell DS, Barret O, Jennings DL, et al. The phosphodiesterase 10 pos-
itron emission tomography tracer, [18F]MNI-659, as a novel biomarker
for early Huntington disease. JAMA Neurol. 2014;71(12):1520-1528. doi:
10.1001/jamaneurol.2014

11.  Giampa C, Laurenti D, Anzilotti S, et al. Inhibition of the striatal spe-
cific phosphodiesterase PDE10A ameliorates striatal and cortical
pathology in R6/2 mouse model of Huntington’s disease. PLoS One.
2010;5(10):e13417. doi: 10.1371/journal.pone.0013417

12. Kleiman RJ, Kimmel LH, Bove SE, et al. Chronic suppression of phos-
phodiesterase 10A alters striatal expression of genes responsible
for neurotransmitter synthesis, neurotransmission, and signaling
pathways implicated in Huntington’s disease. / Pharmacol Exp Ther.
2011;336(1):64-76. doi: 10.1124/jpet.110.173294

volume of involved tracts is considered indicative of reduced
structural integrity.

The obtained results confirm that differential tractography
can be used as a dynamic neuroimaging biomarker, allowing
individualized assessment of HD progression. Importantly,
this methodology serves as a quantitative tool for tracking
degeneration in presymptomatic patients, with potential ap-
plications in clinical trials.

Thus, numerous methodologies have been proposed as neu-
roimaging biomarkers in HD. These appear to be among the
most promising approaches for describing and characteriz-
ing patterns of neurodegeneration. New technologies and
advances in existing methodologies will enable tracking of
therapeutic responses, identification of novel drug targets,
and provide deeper insights into disease pathogenesis.

13. Cardinale A, Fusco FR. Inhibition of phosphodiesterases as a strategy
to achieve neuroprotection in Huntington’s disease. CNS Neurosci Ther.
2018;24(4):319-328. doi: 10.1111/cns.12834

14.  Fusco FR, Paldino E. Role of phosphodiesterases in Huntington’s disease.
Adv Neurobiol. 2017;17:285-304. doi: 10.1007/978-3-319-58811-7_11

15.  Hobbs NZ, Papoutsi M, Delva A, et al. Neuroimaging to facilitate clin-
ical trials in Huntington’s disease: current opinion from the EHDN
Imaging Working Group. J Huntingtons Dis. 2024;13(2):163-199.
doi: 10.3233/JHD-240016

16. HOpuxa EH. MopdodyHKuOHaMbHbIE H3MEHeHUs FOJI0BHOTO MO3ra
npy 6071e3HM [eHTHHITOHA: MC. KaHz. Mep. Hayk. M,; 2014,

17. Yudina EN. Morphofunctional changes in the brain in Huntington’s
disease: dissertation. Moscow; 2014. (In Russ.)

18.  Ashburner J, Friston KJ. Voxel-based morphometry — the methods. Neuro-
image. 2000;11(6 Pt 1):805-821. doi: 10.1006/nimg.2000.0582

19.  Coppen EM, van der Grond J, Hafkemeijer A, et al. Early grey mat-
ter changes in structural covariance networks in Huntington’s disease.
Neuroimage Clin. 2016;12:806-814. doi: 10.1016/j.nicl.2016.10.009

20. Peinemann A, Schuller S, Pohl C, et al. Executive dysfunction in early
stages of Huntington’s disease is associated with striatal and insular
atrophy: a neuropsychological and voxel-based morphometric study. /
Neurol Sci. 2005; 239(1):11-19. doi: 10.1016/j.,jns.2005.07.007

21.  Douaud G, Gaura V, Ribeiro MJ, et al. Distribution of grey matter atro-
phy in Huntington’s disease patients: a combined ROI-based and vox-
el-based morphometric study. Neuroimage. 2006;32(4):1562-1575. doi:
10.1016/j.neuroimage.2006.05.057

22.  Haase R, Lehnen NC, Schmeel FC, et al. External evaluation of a deep learn-
ing-based approach for automated brain volumetry in patients with Hun-
tington’s disease. Sci Rep. 2024;14(1):9243. doi: 10.1038/s41598-024-59590-7

23. Pasley BN, Freeman RD. Neurovascular coupling. Scholarpedia.
2008;3(3):5340. doi: 10.4249/scholarpedia.5340

24.  Paulsen ]S, Zimbelman JL, Hinton SC, et al. fMRI biomarker of early
neuronal dysfunction in presymptomatic Huntington’s disease. A/NR
Am J Neuroradiol. 2004;25(10):1715-1721.

25.  Zimbelman JL, Paulsen JS, Mikos A, et al. fMRI detection of early neural
dysfunction in preclinical Huntington’s disease. J Int Neuropsychol Soc.
2007;13(5):758-769. doi: 10.1017/S1355617707071214

26. Kymxosa C.H., Bpioxos B.B., Ilepeceniora A.B. u zip. JudpdysronHas
TeH30pHas MarHUTHO-pe30HaHCHas Tomorpadust M TpakTorpadus
TPY paccessHHOM CKyepose: 0630p nureparypbl. JKypHan Hesponozuu
u ncuxuampuu um. C.C. Kopcaxosa. Crierpbimycku. 2012;112(2-2):52-59.
Kulikova SN, Briukhov VV, Peresedova AV, et al. Diffusion-tensor magnetic
resonance tomography and tractography in multiple sclerosis: a review.
S.S. Korsakov Journal of Neurology and Psychiatry. 2012;112(2-2):52-59.

27.  Bohanna [, Georgiou-Karistianis N, Hannan AJ, Egan GF. Magnetic res-
onance imaging as an approach towards identifying neuropathological
biomarkers for Huntington’s disease. Brain Res Rev. 2008;58(1):209—
225. doi: 10.1016/j.brainresrev.2008.04.001

88 Annals of clinical and experimental neurology. 2025; 19(3). DOI: https://doi.org/10.17816/ACEN.1311



0B30PbI. TexHonoruu

28.  Barrios-Martinez JV, Fernandes-Cabral DT, Abhinav K. et al. Differential
tractography as a dynamic imaging biomarker: a methodological pilot

Information about the authors

Georgy A. Anikin — postgraduate student, 5 Neurological department, Rus-
sian Center of Neurology and Neurosciences, Moscow, Russia,
https://orcid.org/0009-0005-2447-1418

Sergey A. Klyushnikov — Cand. Sci. (Med.), leading researcher, 5% Neurologi-
cal department, Russian Center of Neurology and Neurosciences, Moscow,
Russia, https://orcid.org/0000-0002-8752-7045

Alexey S. Filatov — Cand. Sci. (Med.), researcher, Department of radiology,
Russian Center of Neurology and Neurosciences, Moscow, Russia,
https://orcid.org/0000-0002-5706-6997

Alina A. Liaskovik — radiologist, Department of radiology, Russian Center of
Neurology and Neurosciences, Moscow, Russia,
https://orcid.org/0000-0001-8062-0784

Sergey N. Illarioshkin — Dr. Sci. (Med.), Prof., Full member of the RAS, Direc-
tor, Brain Institute, Deputy director, Russian Center of Neurology and Neuro-
sciences, Moscow, Russia, https://orcid.org/0000-0002-2704-6282

Authors’ contribution: Anikin G.A. — writing the article, searching for rele-
vant literature sources, editing the text; Klyushnikov S.A., Filatov A.S., Liasko-
vik A.A. — verification and actualization of the article; Illarioshkin S.N. — con-
ceptualization and verification of the article.

TexHonoruv HelpoBu3yanuaawum npn 60Ne3HN [eHTUHITOHA

study for Huntington’s disease. Neuroimage Clin. 2022;35:103062. doi:
10.1016/j.nicl.2022.103062

Undopmauus o6 asropax

AHukun Teopeuii Anexcandposuy — acmupaHT 5-r0 HEBPOMOTMYECKOrO OT-
nenenus Poccuiickoro LeHTpa HeBposoruu 1 HeiipoHayk, Mocksa, Poccus,
https://orcid.org/0009-0005-2447-1418

Kmownuxoe Cepeeii AHamonvesuu — KaHz. MeJi. HayK, B. H. C. 5-TO HEBPOJIO-
ruyeckoro otaeneHus Poccuiickoro LieHTpa HEBPOJIOTUK U HelipoHayk, Mo-
ckBa, Poccug, https://orcid.org/0000-0002-8752-7045

®unamos Anexceli Cepeeesuy — KaHzl. Me[l. HayK, H. C. OT/7eJ1a Jy4eBoil fua-
rHocTHKY Poccuiickoro LeHTpa HeBposoruu 1 HelipoHayk, Mocksa, Poccus,
https://orcid.org/0000-0002-5706-6997

Jlackosuk AnuHa AHamonveeHa — Bpau-peHTreHOJIOr OTAeNa JIy4eBoi Aua-
rHocTrkM Poceuiickoro LeHTpa HeBposorun U HelfpoHayk, Mocksa, Poccns,
https://orcid.org/0000-0001-8062-0784

Hnnapuowxkun Cepzeti Hukonaeeuu — 1-p Mef. Hayk, npod., akafemuk PAH,
IupekTop MHCTHTYTa MO3ra, 3aM. MpeKTopa [o HayuHoi pabote Poccwuii-
CKOTO LIeHTpa HeBpOJIoruy U HelipoHayk, Mocksa, Poccus,
https://orcid.org/0000-0002-2704-6282

Bxnan aBropoB: Awukun I'A. — HamvicaHue CTaTbH, NMOMCK WCTOYHUKOB JIUTe-
paTypbl, HayuHoe pefaxTupoBaHue Tekcra; Kmownukos CA, PunamosAC,
Jlackosuk AA — TpoBepka W axtyanusauus pabotsy; Munapuowkun CH. —
KOHLIENTYa/IM3aLyis ¥ NPOBEpKa CTaTbH.

AHHarbl KITMHNYECKOM 1 aKcriepuMeHTasbHov Hesposormy. 2025. T. 19, Ne 3. DOI: https://doi.org/10.17816/ACEN.1311 89



CASE REPORTS

© Russkin V.O., Kuznetsova A.A., Abramyan M.A., Sandrikov VA., 2025

Electrographic Status Epilepticus Following
Cardiac Surgery for Congenital Heart Defects

in Children
Vadim O. Russkin', Alexandra A. Kuznetsova**, Mikhail A. Abramyan?, Valery A. Sandrikov'
'Petrousky National Research Centre of Surgery, Moscow, Russia;
*Morozov Children’s City Clinical Hospital, Moscow, Russia,

Moscow Research and Clinical Center for Neuropsychiatry, Moscow, Russia

Abstract

Status epilepticus (SE) is a severe complication of cardiac surgery for cyanotic congenital heart defects in children. SE significantly worsens
neurological prognosis and increases the likelihood of fatal outcomes. In most cases, epileptic seizures and status epilepticus in intensive care unit
patients lack clinical manifestations and are detected exclusively through electroencephalography (EEG). In this study, we present a series of clinical
observations demonstrating the transformation of SE from clinical to electrographic manifestations during anticonvulsant therapy in children
with cyanotic congenital heart defects during the postoperative period. We emphasize the critical importance of EEG in managing SE in pediatric
intensive care settings.
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AHHOTanMg

Inunenmuueckuii cmamyc (3C) a615emes MAKENBIM OCTOKHEHUEM KAPOUOXUPYP2UUECKUX Onepayul, HANPAGIEHHbIX HA KOPPEKYUIO BPOKOEHHDIX
nopokos cepoya yuaxomuueckozo muna y demeti. Hanuuue 9C 3Hauumo yxyduiaem Hesponozuueckuli npozHo3 u yeeauuueaem 6eposmHoCcy
JIemasbHo20 Uucxo00d. B Gonbiuuncmee cyuaes anusenmuueckue npucmynsl u Cmamyc y nayueHmos 8 omoeneHul PeaHUMAUL He UMerom Ku-
HUHECKUX NpOSBNEHULl U Pecucmpupyiomcs UCKTI0UUMesHO Npu npogedeHuu anekmposnyechanoepammyl. B daunoii pabome mbi demorcmpupyem cepuio
KAuHUdeckux Habmodenuti mparcpopmayuu C u3 KauHuueckozo 8 anekmpoepauueckuil Ha Gore npomusocydoposxHoli mepanuu y demeli ¢
uuanomueckumu GPOMaéHHblMu nopoxamu cep@qa 6 nocmonepayuoHHOM nepuoae. Mot axyenmupyem 6HUMAHUe Ha 8axxHOCMU UCNOIb308aHUU 37IEKMPO-
anyecpanoepachuu 6 kynuposauu 3C 8 neduampuueckoli peaHuMayu.

Knrouegvle cnosa: anexmposryeganozpacpus; snunenmuueckuii cmamyc; 6pox0ExHbIL nopok cepdya

drtuueckoe yreepxknenne. OT 3aKOHHbIX PECTABUTENEN MAIMEHTOB MONYYEHO J00POBOIbHOE HHPOPMUPOBAHHOE COracKe
Ha MybIMKaLMIO.

HcTouHuk (bI/IHaHCI/IPOBaHI/IH. ABTOpr 3a4B/AI0T 00 OTCYTCTBHUM BHEIIHMX UCTOYHUKOB Cl)I/IHaHCI/IpOBaHI/IH Ipu NpoBEJEHNN
HCC/ieJOBaHUA.

Koudnukr unrepecoB. ABTOpbI AEKIApUPYIOT OTCYTCTBHE SIBHBIX U MOTEHLMAJbHBIX KOH(IMKTOB UHTEPECOB, CBSI3aHHbBIX
c ny6n1/1}<au1/1e1?1 HACTOSILEH CTAThU.

Anpec nna xoppecnonmenuum: 119991, Mocksa, Abpukocosckuit mep., 4. 2. PHIX wum. akanemuka B.B. Ilerposckoro.
E-mail: russkinvadim@mail.ru. Pycckun B.O.

Jns uuruposanus: Pycckun B.O., Kysnenosa A.A., Abpaman M.A,, Canznprikos B.A. Onextporpaduueckuii amunenTuyecKuit
cTaTyc 1nocje KapAUOXUPYypPruvecKux oneparuii, HanpaBIeHHbIX Ha KOPPEKLMIO BPOX/IEHHBIX NIOPOKOB cepla y AeTel. AuHa-
Jlbl KJIUHUYECKoLi U akcnepumenmanvHoli Hegponozuu. 2025;19(3):90-99.

DOL: https://doi.org/10.17816/ACEN.1205

EDN: https://elibrary.ru/CEOIAF

TMoctynuna 08.10.2024 / [punsTa B nevars 17.04.2025 / Ony6mukosana 30.09.2025

Introduction

Congenital heart defects (CHD) are the most common type
of congenital defects and the leading cause of childhood
mortality in neonatal and infant periods [1, 2]. By the mid-
20" century, only one-third of children with CHD reached
adulthood. Since the 21st century, due to advances in
diagnostic, anesthesiological, and surgical techniques,
approximately 90% of children survive into adulthood [3-5].
Having achieved significant reductions in mortality among
children with CHD, the medical community is gradually
shifting its focus toward improving these patients’ quality
of life, particularly combating intraand postoperative central
nervous system (CNS) complications.

The incidence of epileptic seizures (ES), clinical status
epilepticus (SE), and electrographic SE (ESE) following

corrective surgery for CHD in children ranges from 8% to
11.5% [6-8]. Most of these cases (up to 85%) lack clinical
manifestations. In critically ill children, ESE significantly
increases mortality and worsens long-term outcomes,
necessitating long-term multi-hour EEG monitoring [9].

In 2013, the Salzburg criteria for diagnosing non-convulsive
SE were proposed to standardize critical care EEG assessment
and improve the diagnosis of electrographic seizures and
ESE, significantly enhancing ESE detection while reducing
false-positive results [10-12] (Table 1).

In some patients, electrographic seizures or ESE persist
after resolution of clinical SE manifestations. I. Sanchez
Ferndndez et al. found that in pediatric intensive care units,
transformation of SE into electrographic seizures occurred in
33-52% of cases, and SE into ESE in 12-25% of cases [6, 13],
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Table 1. Clinical EEG criteria for diagnosing electrographic seizures and electrographic status epilepticus

Electrographic seizure

Discharges with a frequency > 2.5 Hz lasting = 10 seconds
(= 25 discharges over 10 seconds

OR

Any pattern with clear evolution lasting > 10 seconds

Electrographic status epilepticus

Electrographic seizures lasting > 10 minutes
OR

> 20% of a 60-minute recording

which is comparable to adult population data (48% and 14%,
respectively) [14].

We present case reports of three pediatric patients who de-
veloped SE after cardiac surgery for CHD, which subsequent-
ly transitioned into non-convulsive (electrographic) or elec-
troclinical forms.

Clinical case 1

Patient T., 3 months of age. The perinatal history is unremark-
able. At three month of age the patient received surgical inter-
vention — radical surgery for tetralogy of Fallot: closure of the
ventricular septal defect with a polytetrafluoroethylene patch,
infundibulotomy, and transannular patch plasty of the right
ventricular outflow tract and pulmonary artery trunk using
a xenopericardial patch under cardiopulmonary bypass (CPB)
and pharmaco-cold crystalloid cardioplegia. The duration of
CPB was 51 minutes.

Electroclinical seizure

Clinical manifestations occur synchronously with EEG discharge patterns
OR
Clinical and electrographic improvement following parenteral antiepileptic
drug administration

Electroclinical SE

Electroclinical seizures lasting > 10 minutes
OR

> 20% of a 60-minute recording
OR

> 5 minutes for bilateral tonic-clonic seizures

Possible SE: electrographic improvement without clinical improvement
after parenteral antiepileptic agent administration

On postoperative day 2, the child developed focal motor sei-
zures manifesting as clonic twitching in the right arm with
impaired awareness progressing to SE. After clinical reso-
lution with 2.5 mg diazepam and 40 mg/kg/day levetirace-
tam, a follow-up EEG was performed (Fig. 1). Throughout the
recording, left-lateralized rhythmic delta activity (LRDA) at
2.5-3.0 Hz was observed, followed by frequency evolution
(down to 2 Hz) and transformation into lateralized periodic
discharges (LPDs), which according to the Salzburg criteria
was interpreted as ESE.

Brain magnetic resonance imaging (MRI) revealed a watershed
infarction in the left hemisphere (Fig. 2), while 3D time-of-
flight (TOF) MR angiography showed no signal changes in the
intracranial arteries.

Given the persistent EEG pattern of SE, midazolam at
0.2 mg/kg/h and sodium thiopental at 5 mg/kg/h were
added to the therapy.

Fig. 1. A fragment of scalp EEG recording from patient T. on day 2 postoperatively.
A — LRDA at 2.5-3.0 Hz recorded under the electrodes over the left hemisphere; B — evolution of frequency characteristics to 2 Hz with
transformation into LPDs. The channels where LPDs are recorded are highlighted in color. Longitudinal bipolar montage. Sensitivity — 15 wV/mm.
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On day 3, during levetiracetam infusion, continued midazolam
sedation, and reduced sodium thiopental dosage, a repeat EEG
was performed (Fig. 3). Background activity was represented
by diffuse slow waves in the 6 and & ranges. No epileptiform
activity or ictal EEG patterns were recorded.

On day 5, midazolam was gradually discontinued. Follow-up
brain MRI showed sequelae of acute cerebrovascular accident
in the left middle cerebral artery territory and at the watershed
zone between the middle and posterior cerebral arteries,

Fig. 2. Results of patient T. MRI on day 2 postoperatively.

A, B — brain MRI. Diffusion-weighted imaging (DWI), axial view. MRI
findings of a watershed infarction in the eft%emisphere (within the
red oval). C, D — MR angiography, 3D reconstruction. Blood flow in
the intracranial arteries of the head is intact.

without negative changes over time. The neurological status at
discharge included moderate right-sided hemiparesis (up to 3
points) and anisoreflexia. Cognitive function was fully restored,
and elements of cooing and the animation complex appeared.

In this patient, the combination of an electrographic pattern
classified as ictal with the semiology of epileptic seizures
(right-sided clonic contractions in the upper limb) led to the
suspicion of an acute cerebrovascular accident and prompted
an MRIL

Clinical case 2

Patient B., 3 months of age. The perinatal history is un-
remarkable. At 1 month of age, the diagnosis of CHD was
established: subaortic ventricular septal defect measuring
7.5 x 79 mm. At 2 months of age, the patient underwent car-
diac surgery — closure of the ventricular septal defect with a
polytetrafluoroethylene patch under CBP (80 minutes).

On the first postoperative day, focal motor epileptic seizures
occurred in the right extremities. To control seizures, valproic
acid at 20 mg/kg/h (intravenous microbolus) and midazolam
at 0.2 mg/kg/h were administered. Clinical manifestations
subsided, but due to the inability to perform nighttime EEG
monitoring, the study was conducted 14 hours later.

The first EEG was performed while the patient was already
on antiepileptic therapy. The recording showed LRDA up
to 4 Hz in the right occipital region with spread to the left
occipital region, lasting up to 30 seconds. Independent LPDs
as sharp waves at 2-3 Hz were observed under the electrodes
of the left hemisphere, lasting up to 60 seconds. Given that
LRDA and LPDs were recorded for more than 50% of the
tracing, this EEG pattern was interpreted as ESE (Fig. 4).
Consequently, sodium thiopental was added to the treatment
regimen at 1 mg/kg/h with gradual titration up to 5 mg/kg/h,
and the dose of valproic acid was increased to 45 mg/kg/day.

Brain MRI revealed watershed infarctions in both hemispheres
(Fig. 5).
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Fig. 3. A fragment of scalp EEG recording from patient T. on day 3 postoperatively.
Background activity is represented by diffuse slow waves. No ictal EEG patterns were recorded. Longitudinal bipolar montage. Sensitivity —

5 uwV/mm.
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On postoperative day 3, under sodium thiopental and val-
proic acid therapy, repeat EEG demonstrated bursts of epi-
leptiform activity featuring polyspikes superimposed on dif-
fuse cortical rhythm suppression, consistent with the high
epileptiform burst-suppression electrographic pattern (Fig. 6).

Fig. 4. A fragment of scalp EEG recording from patient B. on day
2 postoperatively.

A — 4 Hz LRDA is recorded in the right occipital region with spread
to the left occipital region. B — LPDs manifest as 2.0-2.5 Hz sharp
waves under left hemisphere electrodes. Red frames highlight

electrodes detecting LRDA and LPDs. Longitudinal bipolar montage.
Sensitivity — 7 uwV/mm.

Fig. 5. Results of patient B. MRI on day 2 postoperatively.

A, B — brain MRL. DW], axial plane. Watershed infarctions in both
cerebral hemispheres. Red oval outlines the most extensive area
in the right hemisphere; similar regions are observed in the left
hemisphere. C, D — MR angiography, 3D reconstruction. Intracranial
arterial blood flow remains intact.

This activity was interpreted as reflecting combined effects of
sedative therapy and severe cerebral injury.

This morphology of graphoelements in patients with SE has
been described as a predictor of seizure recurrence [15, 16],
prompting the decision to continue sedative therapy with the
addition of a second antiepileptic agent, phenobarbital, with
gradual titration up to 3.75 mg/kg/day.

Midazolam was discontinued on postoperative day 5.
A follow-up EEG was performed to register a burst-suppres-
sion pattern, with diffuse low-amplitude slow waves incorpo-
rating a spike component within the burst structure (Fig. 7).

On postoperative day 6, the sodium thiopental dose was re-
duced to 2 mg/kg/h and discontinued on day 7. Follow-up
EEG showed diffuse slow theta waves, regional epileptiform
activity in the central regions of the left hemisphere, with no
ictal patterns recorded. At discharge on day 20, the neurolog-
ical examination revealed prolonged disorder of conscious-
ness — unresponsive wakefulness syndrome.

In patient B., the semiology of epileptic seizures was char-
acterized by right-sided hemiclonic jerks, consistent with
the localization of the epileptogenic zone in the left hemi-
sphere. Additionally, an independent focus emerged in the
right occipital region. Given the multifocal structural le-
sions on neuroimaging, the initiation zones of epileptic sei-
zures were likely several areas of structural brain changes.
Notably, a highly epileptiform burst-suppression pattern
was recorded during pharmacological sedation. This EEG
pattern, combined with bilateral diffuse MRI changes, car-
ries poor prognostic significance for consciousness recov-
ery, consistent with the functional outcome at the end of
observation [17-19].

Clinical case 3

Patient V., 2 months of age. The perinatal history is unre-
markable. In the first days of life, the following diagnoses
were established: CHD, transposition of the great arteries
with left ventricular outflow tract obstruction; muscular ven-
tricular septal defect; mitral valve developmental anomaly;
atrial septal aneurysm. At 2 months of age, balloon atrial
septostomy (Rashkind procedure) was performed. Cardiopul-
monary bypass duration was 40 minutes.

On day 2 postoperatively, focal motor epileptic seizures de-
veloped, manifesting as clonic jerking of the upper extremi-
ties (D < S), which were managed with midazolam infusion at
0.2 mg/kg/h and intravenous levetiracetam at 25 mg/kg/day.
Emergency MRI revealed a watershed infarction zone in the
left cerebral hemisphere (Fig. 8).

On postoperative day 2, during continuous midazolam infu-
sion (0.3 mg/kg/h), EEG was performed: diffuse rhythmic the-
ta-range activity (4-5 Hz) was recorded, with left temporo-oc-
cipital predominance showing evolution through frequency
decrease (to 3 Hz) and morphological changes (appearance of
sharp waves), meeting the criteria for electrographic seizure
pattern (Fig. 9). The pattern persisted for over 50% of the
recording duration, leading to the diagnosis of ESE.
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Fig. 6. A fragment of EEG recording from patient B. on day 3 postoperatively.
Epileptiform burst-suppression electrographic pattern. Longitudinal bipolar montage. Sensitivity — 3 wV/mm. The highly epileptiform burst is

highlighted with a red frame.
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Fig. 7. A fragment of EEG recording from patient B. on day 5 postoperatively.

a spike component are highlighted red frames.

Based on the EEG results, a decision was made to increase
the midazolam dose to 0.3 mg/kg/h. On postoperative day 3,
a repeat EEG showed diffuse suppression of cortical rhythm
with no epileptiform activity (Fig. 10).

On day 5, the midazolam infusion rate was reduced to 0.2
mg/kg/h; on day 7 — to 0.1 mg/kg/h; and on day 8, the agent
was discontinued.

After midazolam discontinuation, the EEG showed a domi-
nant occipital rhythm with a frequency of up to 3.5-4.0 Hz
(theta and delta range), with no epileptiform activity present.

Neurological examination revealed that the child was con-
scious, with full and symmetric active and passive limb move-
ments. Cognitive function had recovered by the time of dis-
charge. Follow-up brain MRI prior to the planned discharge
(day 26) revealed cystic-glial transformation in the left middle
cerebral artery territory.

In this patient, the clinical presentation of epileptic seizures
was characterized by clonic jerking of the upper limbs with

EpileEtiform urst-suppression electr()%raphic pattern. Longitudinal bipolar montage. Sensitivity — 3 uV/mm. Bursts of slow waves incorporating
wit

marked left-sided predominance. On EEG, the seizure pattern
was diffuse with emphasis in the posterior regions of the
left hemisphere, while MRI visualized an area of cytotoxic
edema in the left hemisphere. The discrepancy between the
seizure semiology, EEG findings, and neuroimaging data was
likely due to the acute paresis in the right limbs, caused by
structural changes in the brain parenchyma of the left hemi-
sphere.

Discussion

The most common symptoms of CNS injury following pedi-
atric cardiac surgery are seizures and status epilepticus [19,
20]. Among children undergoing corrective surgery for CHD,
their incidence is approximately 10% [7, 8, 21]. In the study
by B. Desnous et al, risk factors for seizures included delayed
sternotomy wound closure, extracorporeal membrane oxygen-
ation, high RACHS-1 (Risk Adjustment in Congenital Heart
Surgery) scores, and prolonged intensive care unit stay [22].

The methodology for EEG interpretation in this patient
group significantly differs from that used in outpatient stud-
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Fig. 8. Results of patient V. MRI on day 2 postoperatively.

A, B — brain MRI. Right DW], axial plane. Watershed infarction zone
in the left cerebral hemisphere (red ovals), multiple small ischemic
foci. C, D — MR angiography, 3D reconstruction. Intracranial arterial
blood flow remains intact.

Fig. 9. Fragment of scalp EEG recording from patient V. during

midazolam administration on postoperative day 2.

A diffuse ictal pattern is recorded, with emphasis in the left occipital

region. A — onset of the ictal pattern; B — evolution of the ictal
attern. The onset of the ictal pattern recording is marked by a red
rame. Longitudinal bipolar montage. Sensitivity — 7 wV/mm.

ies. Physicians require specialized terminology for standard-
ized description and interpretation of EEG in patients with
severe cerebral injury [23-25]. Furthermore, encephalogra-
phy equipment is mandated in the operational standards of
medical institutions with cardiac surgery departments con-
taining cardiac intensive care units".

In a study of 137 patients, KL. Wagenman et al. demonstrat-
ed that SE during intensive care unit stay was associated
with subsequent deterioration in quality of life and served as
a significant risk factor for epilepsy in critically ill children
[26]. Therefore, timely diagnosis and treatment of epileptic
seizures and management of SE in the intensive care unit are
essential to reduce mortality and the risk of new neurological
deficits [19, 27].

Several publications confirm that earlier initiation of SE
treatment increases the likelihood of successful termination,
whereas ESE exerts damaging effects on the CNS and is as-
sociated with worse neurological outcomes, similar to SE with
prominent motor manifestations [28-31]. Moreover, both
electrographic seizures and ESE can develop not only pri-
marily due to acute cerebral injury but also secondary to the
management of clinically apparent seizures and SE [6, 13].

In 2011, the American Clinical Neurophysiology Society pre-
sented clinical guidelines for the use of prolonged EEG mon-
itoring in the intensive care unit for infants under 1 year of
age [32]. These guidelines emphasized that seizures in infants
under 1 year of age often occur without clinical manifesta-
tions, leading to the recommendation for EEG monitoring in
patients at high risk of acute cerebral injury. This high-risk
group includes patients with congenital heart defects requir-
ing early surgical intervention with CPB, as well as those on
extracorporeal membrane oxygenation.

In the presented clinical case series, all pediatric patients
had cyanotic CHD and underwent cardiac surgery using
CPB, which increases the risk of cerebral injury. In all cases,
the first signs of cerebral injury were seizures, which were
managed with a combination of anticonvulsant and sedative
agents. Brain MRI in all children revealed areas of cytotoxic
edema that localized the cerebral injury and correlated with
the electrographic patterns.

Even relatively brief EEG recording after the resolution of
overt clinical symptoms revealed electrographic epileptic ac-
tivity indicative of ESE, and in one case, a pattern specific to
unfavorable consciousness recovery prognosis. Standardized
EEG terminology for patients with brain injury allowed us to
verify nonconvulsive SE and the burst-suppression pattern.
We observed the transformation of convulsive SE into non-
convulsive SE under pharmacological sedation, where despite
clinical “cessation” of epileptic seizures, its electrographic
manifestations persisted, necessitating adjustments to anti-
seizure therapy.

An unfavorable outcome of cerebral hypoxic-ischemic in-
jury manifested as chronic disorders of consciousness de-
veloped only in Patient B. from Clinical case 2 with bilat-
eral brain damage, which was suggested by a “malignant”
burst-suppression pattern on EEG. In Patients 1 and 3, the
MRI pattern corresponded to a single vascular territory
(middle cerebral artery) in the absence of angiographic
signs of embolism. Patient B. from Clinical case 2 had a

Appendix 29 to the Procedure for Providing Medical Care to Patients with Cardiovascular Diseases
(approved by the Order No. 918n of the Ministry of Healthcare of the Russian Federation dated
November 15, 2012).
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Fig. 10. A segment of scalp EEG recording from patient V. during midazolam infusion at a dose of 0.3 mg/kg/h on postoperative day 3.
Diffuse suppression of cortical rhythms is observed. Longitudinal bipolar montage. Sensitivity — 3 uwV/mm.

longer cardiopulmonary bypass time during surgery (80
minutes vs. 51 and 40 minutes), consistent with previous
publications [33, 34].

Our clinical case series emphasizes the need to expand the
use of EEG in intensive care units, not only for patients with
impaired consciousness suspected of non-convulsive SE, but
also after successful clinical control of seizures using sed-
ative medications. However, in Russia, this method has not
yet gained widespread adoption in pediatric intensive care
settings. Potential reasons include the need for expensive
equipment, the labor-intensive nature of EEG recording, and
the challenges of analyzing and interpreting EEGs in patients
with altered consciousness levels, which require specialized
training for functional diagnostics specialists [24].
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Combined Spinal Cord and Peripheral Nerve

Stimulation in Severe Neuropathic Pain Syndrome
Viktor P. Kondratyev, Emil D. Isagulyan, Alexey A. Tomskiy

N.N. Burdenko National Scientific and Practical Center for Neurosurgery, Moscow, Russia

Abstract

Introduction. Chronic severe neuropathic pain syndrome (NPS) refractory to conservative and surgical treatments remains a significant clinical
challenge. Chronic electrical stimulation of a single neural structure often proves insufficiently effective, highlighting the need for innovative
approaches such as combined neuromodulation. This article aims to present a clinical case of combined spinal cord and peripheral nerve stimulation.

A case report. A 32-year-old female with iatrogenic injury to the sural nerve following surgical intervention presented with refractory NPS (8 points on VAS).
Failed conservative therapy (gabapentin, duloxetine) and surgical management (neuroma excision) led to chronic spinal cord stimulation, achieving
30% pain reduction. Subsequent ultrasound-guided peripheral nerve electrode implantation combined with chronic electrical stimulation resulted in
complete pain area coverage and pain intensity reduction to 1-2 points on VAS.

Conclusion. Technical challenges associated with combined neuromodulation should not preclude its clinical application. Electrode proximity
does not significantly affect system performance. Combined neuromodulation demonstrated synergistic effects in pain management by enhancing
analgesia through simultaneous modulation of central and peripheral pain mechanisms. Large-scale studies evaluating the safety and efficacy of
this combined approach are required for routine clinical implementation.

Keywords: neuropathic pain syndrome; spinal cord stimulation; peripheral nerve stimulation
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KINHYECKIE PA3BOPSI
Kom6uHMpPOBaHHAA 3NeKTPOCTUMYNALNA NPU HEMPONATMYECKON 60nK

KomOuHHpOBaHHOE IIPHMEHEHHE
3JIEKTPOCTUMY/ISILIMKA CIIMHHOTO MO3ra
1 neprucgepruuecKoro HepBa C 1e/Ibl0 KOHTPOJIS
XPOHHUYECKOTO TSKEIOro HelpornaTuyecKoro
00/1eBOro CHMHIpPOMA

B.II. Konppatsbes, 3./1. Ucarynsn, A.A. Tomcknii

Hayuonanshbiii meduyunckuti uccnedogamensckuti yenmp Heiipoxupypeuu umeru axademuxa H.H. Bypdenko, Mockea, Poccus

AHHOTan U

Beedenue. Xporuueckuti msxénvii Heliponamuueckuil 6onesoli cundpom (HBC), pesucmenmHbiil K KOHCEPBAMUSHBLM U XUPYPEUYECKUM Memo-
dam neuenus, ocmaémes cepbE3HoLl KUHUUecKoLi npobneMotl. XpoHuueckas 371ekmpocmuMynayus ulitb 0OHOL HepeHOLi cmpykmypbl He 8cezda
okasvieaemes docmamouHo agdexmueHol, umo noduepkugaem HeobxoduMmocmy NoUCKa UHHOBAUUOHHbIX N00X0008, OOHUM U3 KOMOPBIX MOXKem
A871AMbCA KOMOUHUPOBAHHAS HEUPOMOOYIAYUS.

Llenwto OanHoti cmampu sengemcs npedcmasieHue KIUHUUECKO2O Cy4as KOMOUHUPOBAHHOU 7eKMPOCMUMYNAYUU CNUHHO20 MO32a U
nepucgepuyeckux Hepeos.

Onucanue xaunuyeckoeo cayuas. [layuenmxa, 32 200a, ¢ SmpoeeHHbIM noBpedeHUeM UKPOHOKHOZ0 Hepaa nociie XUpypeuieckozo eMeuamens-
cmea, cmpadaiowas pepaxkmeprsim HBC (8 6annos no BAIL). HeachekmugHocmp KorcepgamusHoti mepanuu (2abanenmu, 0ynokcemun) u
XUpypauteckoti KoppeKyuu (Licceuenue HegpOMbl) npuseNa Kk NPUMEHEHUI0 XPOHUHECKOL J7eKmpoCmuMyNayuU CNUHHOZ0 M0324, Umo CHU3U0 607
na 30%. [ocnedyiowas umnaanmayus anexmpoda 015 nepucpepuyeckoti cmumynayuu Hepsa nod Y3-koHmponem 8 couemaruu ¢ XpoHuueckoli anexmpo-
cmumyzAyueli n036ouna doCmuYb NONHOZ0 Nepexpbimus 30Hb! 60U U CHuxKeHus eé umercugHocmu do 1-2 6annos no BALLL

Buigod. Croxnocmu, ces3anHble ¢ npumMeHeHueM KOMOUHUPOBAHHOU! HetpoMoOyaAyuL, He QOTKHbL NPpensmemeosams eé npumereHuo. Yoanéu-
HOCIMb 97ekmpoda He uzpaem 3HAUUMOL ponu 8 (yHKYUoHanbHocmu cucmemyl. KoMOUHUpoanHas Hetipomodynsyus npodeMOHCMpUposaa
CuHepzusm 8 Jiedenuu 0071e8020 CUHOPOMA, YCUNUeas aHaibzemuueckui agdexm 3a cuém g03delicmeus Ha yeHmpassHble U nepuchepuueckue
MexausMbl 60/ JIsi pymuUHHOZ0 UCNOMb308aHUS 8 KIUHUYECKOL npakmuke mpeGyiomes Macumadkble ucciedosanus, oyeHusarouue besonac-
HOCMb U AGhheKmuesHOCb KOMOUHUPOBAHHO20 NOOX0OA.

Knrouegvie cnoea: Hetiponamuueckuii 6071€60Li CUHOPOM; CMUMYNAYUS CNUHHO20 MO32a; CMUMYAYUS nepucpeputieckux Hepaos

Oruueckoe yreepxaenue. MudopmuposanHoe 100pOBOIbHOE COrIacke Ha MyOIUKALMIO B MACbMEHHOU (GOpMe MOTyYeHo OT
nalyenTa.

Wcrounuk ¢uHaHcupoBaHUs. ABTODBI 3asBSIOT 00 OTCYTCTBUM BHELIHMX UCTOYHUKOB (DMHAHCHPOBAHMS IIPU MPOBELEHHH
HCCJIe0BaHUSL.

Kongaukt unTepecos. ABTOpbI 3aABJASIOT 00 OTCYTCTBMM ABHBIX M MOTEHIUANbHbIX KOH(DIMKTOB MHTEPECOB, CBA3AHHBIX
¢ nyO/MMKayeil HacTosmel cTaThy.

Anpec nns koppecnonpennuu: 125047, Poccus, Mocksa, yi. 4-1 TBepckas-flmckag, z. 16. HMULL Hefipoxupypriu uM. akag.
H.H. Bypaetko. E-mail: vstenv@gmail.com. Konnpatses B.IL.

Jins uuruposanus: Kounparses BIL, Wcarynsan 9./1, Tomckuit A.A. KomGrHMpOBaHHOE NPUMEHEHKE 37eKTPOCTUMYIIALUNI
CTIMHHOTO MO3ra ¥ repruepruyecKoro HepBa C Le/Ibl0 KOHTPOJIS XPOHUUYECKOTO TSHKENOro HefipornaTHyeckoro 00eBoro CHH-
apoma. AHHabl KAUHUHeCKoL U akchepumeHmansHoll Hegponozuu. 2025;19(3):100-104.

DOL: https:/doi.org/10.17816/ACEN.1355

EDN: https:/elibrary.ru/CEGAFE

Toctymuna 05.05.2025 / TMpunsra B neyats 16.06.2025 / Ony6nukosana 30.09.2025

Introduction monotherapy is possible in only 20-30% of patients, while

combined pharmacological approaches show better analgesic

The prevalence of post-traumatic neuropathy developing as
a result of surgical interventions ranges from 3% to 15% [1].
Studies indicate that 6-30% of patients with this condition
have chronic neuropathic pain syndrome (NPS) [2]. Seve-
ral studies evaluating the efficacy of conservative thera-
py demonstrate that achieving > 50% pain reduction with

effects but are not universally effective [3]. Surgical methods,
including neurolysis and neurectomy, demonstrate effective-
ness in only 50-70% of cases [4, 5], highlighting the need for
innovative treatment approaches. In this context, neuromod-
ulation techniques such as chronic spinal cord stimulation
(SCS) and peripheral nerve stimulation (PNS) are gaining
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relevance. This article presents a clinical case of combined
SCS and PNS in a patient with chronic pharmacoresistant
NPS due to sural nerve neuropathy, along with an analysis of
current evidence on their efficacy.

Clinical case report

Patient S., a 32-year-old female, underwent surgical removal
of a subcutaneous lipoma located on the dorsolateral surface
of the left foot posterior to the lateral malleolus. In the early
postoperative period, she developed a severe burning pain
syndrome radiating along the lateral foot surface, accompa-
nied by paresthesias and hypesthesia of the toes. Pain inten-
sity reached 8 points on the visual analog scale (VAS). Neuro-
logical examination and instrumental diagnostics confirmed
iatrogenic injury to the sural nerve (n. suralis) in the surgical
access area. Sequential attempts at surgical management
(marginal neurectomy) and conservative therapy (gabapen-
tin 900 mg/day, duloxetine 60 mg/day, venlafaxine 150 mg/
day) proved ineffective, showing only short-term analgesic
effects with pain recurrence before subsequent dosing. In
2022, the patient underwent implantation of a chronic spinal
cord stimulation (SCS) system at Th10-Th12 levels (Fig. 1).

e

Stimulation-induced paresthesias covered 80% of the pain
area and reduced pain intensity by 30%.

In 2023, the patient presented to the N.N. Burdenko National
Medical Research Center of Neurosurgery, where she under-
went a sural nerve block. Complete regression of the pain
syndrome was observed during the local anesthetic effect,
with complete recurrence of pain occurring on days 2-3 post-
block. Consequently, a decision was made to implant an elec-
trode for chronic electrical stimulation of the n. suralis under
ultrasound guidance. A 3 cm linear incision was made on the
posterolateral surface of the calf, through which the n. sura-
lis trunk was identified under ultrasound guidance. Using a
Tuohy epidural needle (provided with the electrode kit), the
electrode was implanted parallel to the n. suralis course and
secured at the incision site with a thick non-absorbable silk
suture (5 metric) (Figs. 2, 3).

The main challenge was advancing the distal end of the elec-
trode to the upper gluteal region, where a subcutaneous pulse
generator had previously been implanted. Given the patient’s
height of 170 cm, the distance from the lateral malleolus to
the generator measured approximately 100 cm, necessitating

413

Fig. 1. Radiographic image of the implanted electrode in the posterior epidural space at the T10-T12 vertebral levels.

trode implantation on the sural nerve (n. suralis).

L.

n. suralis can

Ultrasound image of the implanted electrode.

ransverse scan. The electrode runs along the trunk of the sural nerve
(n. suralis) at a distance of less than 1 mm from it. Right: longitudinal scan.
Aligning the electrode and n. suralis in the same plane is extremely challenging
Fig. 2. Intraoperative photograph. Ultrasound-guided elec- due to their sgatial relationship, but the electrode shadow and epineurium of

e visualized.
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Fig. 4. Photograph of postoperative wounds on day 3 after surgery.
Several hematomas were observed in the loop pocket bed, but they had no clinically significant effect and resolved spontaneously within several

weeks.

e

Scores

NN W s o1 o0 N oo ©

—_

o

Without treatment

SCS SCS+PNS

Fig. 5. Changes of pain intensity (VAS scores) over time depending on the treatment method.

a loop system to compensate for joint movements. Additional
2 cm incisions were made in the upper third of the calf and
middle third of the thigh; through a subcutaneous tunnel,
55 cm and 35 cm extensions were placed, and two compensa-
tory loops were formed (Fig. 4). This achieved a total system
length of 140 cm, eliminating the risk of electrode tension
during limb flexion-extension movements. Impedance testing
was then performed, which remained within normal limits.
The procedure concluded with layered wound closure.

On the following day, neurostimulation programming was
adjusted, resulting in complete coverage of the pain area.
Combined neurostimulation (SCS + PNS) reduced neuropa-
thic back pain intensity to 1-2 points on the VAS (Fig. 5). At
24-month follow-up, depletion of the implanted pulse genera-
tor’s battery was noted, requiring its replacement. Pharmaco-
therapy was maintained at the previous dosage.

Discussion

The presented clinical case demonstrates the potential of
combined neuromodulation in managing complex pain syn-
dromes. According to randomized controlled trials, PNS
monotherapy achieves > 50% pain reduction in 38% of pa-
tients with posttraumatic neuropathy [6], while a systematic

review highlights variability in efficacy (38-78%) depending
on injury etiology and location [7]. SCS provides analgesic
effects in 50-70% of patients [6, 8]. Several clinical cases de-
scribe combined PNS and SCS use with superior analgesic
outcomes compared to either modality alone [9-12].

The synergistic mechanism likely involves simultaneous
modulation of both spinal and peripheral nociceptive path-
ways. SCS acts on the dorsal horns of the spinal cord, sup-
pressing central sensitization, while PNS blocks peripheral
hyperexcitability of damaged nerves [9]. However, the lack of
randomized controlled trials on combined stimulation limits
the evidence base, and the increased risk of complications
(electrode migration, intraoperative structural damage, infec-
tions) necessitates careful patient selection, surgical proce-
dures, and post-operative follow-up.

Another distinctive feature of this clinical case was the
remote location of the electrode relative to the generator
When implanting electrodes on the nerves of the lower leg,
the generator is typically placed in the lateral thigh area.
However, in this case, a generator was already implanted,
necessitating the use of multiple extension leads to bridge the
distance and minimize the risk of tension on the electrode
and extensions, which we successfully achieved. Notably,
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there was no significant increase in circuit impedance, which
remained around 800 ohms, allowing the use of low stimulation
amplitudes and conservation of the generator’s battery charge.

Conclusion

The management of NPS refractory to conservative treatments
requires a multimodal approach integrating pharmacotherapy,
interventional procedures, and neuromodulation techniques.
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18-19 uronsa 2025 ropa B 3nanuu Liudposoro fenoBoro mpo-
crpancta B MockBse cocroscs OOUNEIAHbIN, 5-i1 10 CYeTy,
HEMPO®OPYM ¢ MexayHapoaHbIM yuacTheM. [7aBHbIM
opranuzatopoM HEMPODOPYMA-2025, yHuKambHOTO Me-
POMpHUATHA B 007IACTH HEBPOJIOTMY U HEHPOHAYK, BBICTYIIHI
Poccuiickuil LieHTp HeBpOJOrMM U HeMpoHayK, KOTOpbIK B
2025 rony mpasmHyeT 3HameHatenbHylo Aary — 80 net co
JiHSl CBOErO OCHOBAHHSL.

PYM-2025

T

Jinst obecrieyeHus MakCHMAIbHOM [OCTYIHOCTH U TIPUBIIE-
YEHHUS WKPOKOTO KPyra CreLUaIucToB MepOonpusaTye ObUIo
peanusoBaHo B rubpuzHom dopmare. bnarojapa Takoi
¢dopme npoBezenus reorpapus HEMPODOPYMA-2025 ox-
BaTiIa ayauropuio u3 54 cybpextoB Poccuiickoit Depe-
pauuu u 8 3apyOexHbIX CTpaH, BKIOuas Asepbaiimxa,
Apmenuto, benapych, Kasaxcran, Kbviproicran, Monnosy,
TapxukucTaH u ap.

B pa6ote HEIPO®OPYMA-2025 npunsu yuactie ouxo 968
yesioBeK, OHMaiH — 1214, Cpenu HUX — BeAyllKe 3KCIepThl,
yuéHble B 00/1aCTH HEBPOJIOTHH U HefipOHayK, a TaK)Ke Bpaur
PasNUuHbIX CMeLaIbHOCTell: HeBPOJIOTH, PEeHTIeHONOTH,
HelpOXMpypry, TepaneBThl, IeAUaTPbl U MHOTHE JIPyTHe.

B npusercTBeHHOM crnoBe Muxaun Anexcannposud lupazos,
akanemuk PAH, Buue-mpesuzpent PAH, mupexrop OIBHY
«Poccuiickuii LieHTp HEBPOJIOTMM U HEHpOHAyK», OTMETHIL
«Ha nporsikenun MHorux Jer Hayublil LeHTp HeBposo-
rMM, a HbiHe — PoCCHMIiCKMII LIeHTp HEeBpOJIOTMM M Heipo-
HayK OpraHu30BbIBAJ MHOTOYMC/ICHHbIE KOHIPEcchbl, I0-
CBALIEHHBIE pA3NMUHbIM HANpaBIEHUAM B  HEBPOJIOTMH
u cmexubix guctumvHax. C 2021 roma BMeCToO HUX eXKerofHo
TMPOBOAUTCS OOLLIMH KOHCOMMAMPYIOLIMiA (OpyM, KOTOpBIiT TO-
nyurn Hassanne HEIPO®OPYM. Ceroitisi OH 0ObeAMHSET Thi-
CSUM KOJUIET — OYHbIX M OH/ai{H-y4acTHUKOB, BK/I0Yas Mpef-
CTaBUTeJIedl MHOTUX CTPaH J&/IbHEr0 U OMIKHEro 3apyOexbs.
[1aTbiit GOPYM OTIMYAETCA TEM, UTO COBMAAAET C APYTUM OUEHDb
BaKHbIM COObITHEM — 80-1TeTHIM 001/IeeM Hattero LleHTpan.
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XPOHIKIA

HEPO®OPYM-2025

B Beictymennu M.A. [npazosa {I1ytb fuHoit B 80 ne» Gbin
TpeJICTaB/IeH MCTOPUYECKUil 0030p passutust Poccuiickoro
LIEHTpa HEBPOJIOTMU U HEMpOHAyK, OXBATHIBAIOLIMY NEPUOA
OT MOMeHTa OcHoBaHMsl MHCTHTYTa HeBponornu Axazemunt
menuuuHckux Hayk CCCP B 1945 . o coBpemenHocTy. Oco-
6oe BHHMaHKe ObUIO AKIEHTMPOBAHO Ha KIIOYEBBIX JTamax
craHoenenus PUHH kak Begymero HayyHo-uccnenoBa-
TEJIbCKOTO ¥ K/IMHAYECKOTO LieHTpa B 00/1aCTH HEBPOJIOrHY
U HelipoHayK. Jlok/az OCBETWM BK/A/, BbIAAIOIMXCS YUEHBIX
B (OpPMUpOBAHME HAyYHbIX LIKOJ U PasBUTHE HPUOPUTET-
HBIX HarpaBJeHU# MccefloBaHUM, BK/IIOYas U3yveHre naTo-
reHe3a, JUArHOCTHKY U JieueHKs 1iepebpoBacKy/IApHbIX 3a-
boeBaHuMii, HeMPOEreHePaTUBHBIX U IEMUETMHU3UPYIOLLIIX
TPOLIECCOB Y psAfa APYTUX HEBPOJOTMYECKUX PacCTPOMCTB.
[onuépkHyTa 3BOMIOLKMSA METO/ONIOTMYECKON 0asbl HCCIe-
JI0BaHUH — OT K/JIACCHUECKUX KIMHUYECKUX HaOMOeHNH 10
BHe/IpeHNsI COBPeMEHHbIX METO/I0B U3y4eHHs TaToMopdoIo-
T'WH, TaTO(QU3HOOTMH, TeHETUKH, aHTHOHEHPOBU3YaTu3aLy.
B sakmouenve foknaga Obuii 0603HAYEHDBI MEPCIEKTHBBI
JanbHeiiiuero pa3ButHs PoccUICKOro LieHTpa HeBPOJIOTUU U
HelipOHayK B KOHTEKCTe I7100a/bHbIX TEH/eHIHIT 1 3a1ad 110
TIOBBILIEHUIO YPOBHS OKa3aHWS HEBPOJIOTMYECKOH MOMOLIH
TNaLeHTaM, yIy4IleHns KauecTBa ¥ NPOJ0KUTENIbHOCTH UX
’KU3HU.

Hayunas nporpavma HEMPO®OPYMA-2025 oruyanach
HACBILEHHOCTbI0 ¥ Pa3HO00pasueM: YYaCTHUKHM TOCEeTHIN
2 TIeHapHBIX 3acefaHus, TOCBALIEHHbIX CTOPUM Pa3BUTUA
HEBPOJIOTMM 1 HeHpOHayK, ¥ 33 TeMaTHYecKux CHMIIO3UY-
Ma [0 BONPOCaM AMAarHOCTUKHU U JIEYeHUS] HEBPOTIOTUYECKUX
3abo7eBaHuii, B TOM YKCIe C OCBELIeHWEM IOC/IEHUX J0-
CTIKeHUH B 007acTé (yHAAMEHTATbHBIX U KIMHUYECKUX
HelpoHayK.

B o6cy:x/eHunu KIOUeBbIX 3ajiau, KOTOPbIE CTOSAT IEepel Co-
BPEMEHHO# HayKo#, npuHsm yuactue Gonee 100 crvkepos,
MO/IEpaTopoB ¥ JOK/I3[UMKOB, POCCHHCKMX W KHOCTpaH-
HBIX 3KCIIEpPTOB, B UMC/IE KOTOPBIX — JIWJEPBl BCEMUPHOIO
3HaueHus. Tak, ObUta MpejcTaBIeHa NEKIUsA WHOCTPAHHOTO
wieHa PAH, npodeccopa HeBponoruy 1 3mu/ieMHONOTHH,
IUpeKTopa VIHCTUTYTa MHCY/IbTa U TIPUK/IAAHBIX HEHPOHAYK
Ok7eH/CcKOro TexHOMOTMYecKoro yHuBepcutetra B Hopoii
3enanauu B.J1. Qeiiruna «{udpoBas npodunakTika UHCYb-
Ta: 0071aCTh TPUMEHEHMS W JI0KasaTenbcTBa 3(hGEKTUBHO-
cTw. JloKIaguvK — BeayIyi CenyanicT B MUpe 10 BOMpO-
caM Heifpoamnu/IeMU0JIOT|H, O €TI0 BbICOKOH pe3y/bTaTHBHOCTH
MOXKHO CYZUTD 110 ero uHzekcy Xupuia B SCOPUS — 144,

CornacHo MHeHuto 3amectutens aupexropa PLIHH mo Ha-
yuHoil pabore, axagemuka PAH CH. Wmiapunomkua,
HEVMPOOOPYM-2025 3anmymbiBancs Kak —«MepOTpHSTHE,
KOTOpoe OyzeT IOKas3biBaTh BO3MOKHOCTH HMHTErpaLlyy
K/IMHAYECKOH Y (YyHAMeHTaIbHON HeBpOJIOTWH, Halll Co-
BMECTHbIE JIOCTIKEHHS C BeJyIUMYU YHHBEpCUTETaMU U
HAYYHBIMK HHCTUTyTaMu CTpaHbl. Oco00e BHMMAHHME Mbl
BCerja y/enseM MOANepXKe MHULMATUB MOJIOJbIX YUEHbIX.
Hanpumep, Ha cexunn dyHpamenrtanbHol Hayku KoHkypea
MOJIO/IBIX YUEHBIX [IEPBOE MecTO 3aHsuia Onectsiias pabora
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Enenbl KoHfakoBoOH, BbINOIHEHHAS [0 TPaHTy YHUBEpCUTETa
“Cupuyc”, KoTopas Nokasana HOBble BO3MOKHOCTH MIEHTU-
¢uxanmn Qynxuuit reros Spout! u CCDC82 B naToreHese
BPOK/IEHHBIX [IOPOKOB Pa3BUTUS HEPBHOW CUCTEMbI»,

ITo cnosam samecturens nupexktopa PLIHH o Hayusoii pa6o-
Te, akaziemuka PAH M.M. TanausH, «onvpasich Ha OMBIT Tpo-
11171070, MBI CTPEMUMCSI K HOBBIM JIOCTIKeHHAM. B nocrnenHee
Bpems 60sIbIIoi BK/Iaz B MeTaMopdo3bl KIMHUYECKUX TPO-
ABJIEHNH Pas/IMYHbIX HEBPOJIOTUYECKUX 3a00/IeBaHMil BHO-
CUT LiepeOpoMeTabo/MnyecKoe 37j0pOBbE — MPEIOKEHHDIN
HaM¥ HOBbIA TepMuH. HeoOXo#MMO yuMTHIBaTh U3MEHEHHs
MOJIEKY/ISIPHO-OMOXMMUYECKHX, aHTMOBU3Ya/IM3aLMOHHbIX U
Mopdostoriyeckrx 6roMapKepoB MY JIEYeHHH U MEHSATD ajl-
TOPUTMBI IMArHOCTYKY U JIeUeHHs], IePCOHUPULIMPYS UX A71s
KaXX7I0T0 TIaLMeHTa.

YuactHuku ¢opymMa paccMOTpENH COBpPEMEHHbIE BO3MOMKHO-
CTH HeHpOXMpYpruu, HepopeaduIUTaLMK, SKCIePUMEHTa]Tb-
HOIt HefipoOrooruy, LMdPOBbIX TexHOMOrHiL. Ha cummosnyme
N0 KPUTMYECKUM COCTOSIHAAIM B HEBpONOruu aupekrop Mu-
CTUTYTa MeJMLMHCKOr0 00pa3oBaHus 1 MPOQeCcCHOHaNTbHOTO
passutusa PLHH, unen-koppecniongent PAH E.B. I'nenosckas
pacckasana o BceMrpHOM NpoeKTe 110 HeBPOJIOTHUECKUM KpH-
TepusiM CMepTH Mo3ra ¢ yuactieM akcneptos PLIHH. Otaens-
Hoe BHuMaHue B mporpamme HEVIPOOOPYMA-2025 Obiio
y/ie/IeHO BOIpOCaM 3THKUA U JIeOHTOOrWH, 3QQeKTUBHOH
KOMMYHUKALMK MeKIy BpauoM U TNaLieHTOM.

KoHKypc MonozibIx yuéHBbIX, MOCBSAMWEHHBI (byHIaMeHTab-
HbIM HEHpOHAYKaM ¥ KIMHUYECKON HEBPOJIOTUH, BBICBETHII
¥ 0003HAYK/T OCHOBHbIE HAIIPABJIEHHS «MOJIOAEKHON» HEBPO-
JIOTMYECKON MbIC/H, 8 Hanbosiee 3HaUKMble, Ha B3IJIAZ CTPO-
TOTO JKIOpH, PabOThI OB OTMEUEHBI TAMATHBIMK TPaMOTa-
MU U LIeHHBIMH TIPU3aMU

B nononnenwe k Hayuxoii mporpamme HEMPO®OPYMA-2025
ObUT OpraHM30BaH [IAXMATHBI TYPHUP, TAK)XKe [OKa3aBLINi
TOHKYIO CBSI3b HEBPOJIOTMYECKOH MamuTpbl 1 HEBPOJIOTOB C
3TOM JipeBHe} Urpoil.

[IpencraBneHHast BHICTaBKA HOBEHIINX JIEKAPCTBEHHBIX Mpe-
1apaToB U TEXHOJIOTMYECKOro 000pYHOBAHMUS, B TOM YKCIE
0TEeYeCcTBEHHOTO NPOM3BO/ICTBA, SIBMIACH BaXKHBIM JIOMONHE-
HUEM UH(POPMALMOHHOTO YPOBHSL.

Meponpusatus HEMPO®OPYMA-2025 npoxofunu B TEMIOM
¥ TIPa3/IHAYHON aT™Mocdepe APYKECKOro OOLIEHUs C KoJle-
raMy ¥ eJMHOMBILITIEHHVKAMHU. Y4acTHe B JJAHHOM COOBITUH
TPeZI0CTaBU/I0 BO3MOKHOCTb IPUKOCHYTHCS K MHOTOJIETHUM
HAYYHBIM TPaIWLMAM W OHOBPEMEHHO OIIYTHTh cebs ua-
CTbIO CIUIOYEHHOrO TpOQecCHOHaNbHOro cooliecTsa. B 3a-
BepueHne HEMPOOOPYMA-2025 mon Xyno:xecTBEHHBIM
PYKOBOACTBOM MOJIOZIOTO POCCHICKOr0 KOMIIO3UTOpa U
Bpayva-Heipoxupypra PLIHH kangunata MegunyHCKUX Hayk
JI.B. IletpocsHa cocTosncs KOHLEPT J[UKa30BOW MY3BIKY,
TIOYepPKHYBIINI KY/IbTYPHYI0 HACHILIEHHOCTb U MHOTOTpaH-
HOCTb MEpOIpUATHUS.
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