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AHHOTALMA

MocnencTBMA UHCYMbTA YaCTo BKIKOYAIOT HApyLUEHWe ABUraTeNbHbIX GYHKLMI, 4TO NPUBOAMT K TPYLHOCTAM B BbIMOJIHEHUM
MPUBbIYHBLIX ABUMKEHWI KOHEYHOCTEN. ITW HapyLLEeHUA OBUKEHUA BO3HUKAIOT M3-3a NOBPEKOEHUA KOPbI MOSI0BHOMO MO3ra
W HapyLUeHUA HEMPOHHBIX CBA3EN B LIEHTpasbHbIX NMpaMuaanbHbix NyTax [1]. BocctaHoBneHVe MOTOPHbIX HaBbIKOB Moc/e
WHCYNbTa ABMAETCA CNIOMKHBIM WU TPYAOEMKUM MPOLECCOM, TPebyIOLLMM KaK BHELUHUX MeOULIMHCKMX PecypcoB, Tak U cob-
CTBEHHbIX YCMMIA NaumeHTa. 0OHaKo BO3MOMHO BOCCTAHOBMTb KOHTPOMb Haf [OBUMKEHUAMM KoHeUuHocTen. CTaHmapTHbIN
noLxoA K HermpopeabunuTaLmm Noce MHCYbTa BKIKOYAET TepaneBTUYecKMe GU3NYECKME YNIPAHEHWA U KMHE3UTepanuio.
3T TEeXHWUKM onupatoTcA Ha agdepeHTHyI0 MHDOPMaLMI0 BO BPEMA MOTOPHBIX 3aAay [J1A BOCCTAHOBNEHWS CBA3EN MEXay
LeNocTHbIMM 0bnacTAMM ronoBHoro Mo3ra. [2] yTéM TpeHMpPOBKM MOpaXEHHBLIX KOHEYHOCTENM MPOMCXOOUT MepecTpolika
CMHAMNCoB B KOPE, aKTMBALWMA CMALLMX HEVPOHOB M PacLUMpeHMe KOPKOBBIX 0611acTelt, MpuneramLmx K HeaKTMBHbIM pe-
rmoHaM. HecMoTpA Ha 3Q@eKTUBHOCTb 3TUX METOAMK B YAaCTUYHOM BOCCTAHOBJIEHUM [OABUMKEHWIA, MHOTUE MaLMEeHThI nocne
MHCYNbTa NPOJOMKAIT UCTILITBIBATb HAapyLUEHWA. TpaaMLMOHHbIe MeToabl peabunuTaumm YacTo He 06eCrneynBaloT NoHOMo
KOHTPONIA Haf OBUMKEHWEM, NO3TOMY UCCNef0BaTeNM MLLYT anbTepHaTUBHbIE NOAXoabl. B nocnegHve rogbl 6onbluoe BHU-
MaHuWe yOenaeTca Mo3r-KoMnbloTepHbIM uHTepdercaM (MMK) Ha ocHoBe MoTopHoro Boobpamenus [3, 4]. 31 uHTepdenchl
NO3BONAIOT MHTErPUPOBATh PasfNyHbIE MEXaHU3Mbl 06paTHOM CBA3W U MOrYT bbITb MCMONb30BaHbI BMECTE C 3K30CKeNeTa-
MM BEPXHMX M HUMKHMX KOHEYHOCTEN. YPOBEHb KOHTPONA, KOTOPLIM MMeeT nauueHT Hag MMK-cucTeMoi, HenocpeacTBeHHo
BNMAET Ha NpoLiecc BoccTaHoBneHuA [5]. BeeeHne TpaHCKpaHWanbHoM MarHuTHoM ctumynaumum (TMC) B UMK Ha ocHose
MOTOPHOro BoobparkeHUaA obeLuaeT co3aatb eAuHbIN U BbICOKOIGPEKTUBHBIN MeTOA peabunuTaLmm nocne UHCynbTa.

Ona wccnepoBaHuA 6binu nogobpaHbl 29 340poBbIX B3pOCHbIX MCMbITYeMbIX (21 »KeHWMHa) cpegHero Bo3pacTa
20,93+2,14 ropa. Y HWX He 6bio onbiTa paboTbl C MO3r-KOMMNbIOTEPHBLIMU MHTEpdENCaMK, U OHUM bbinn NpasLuamu. Mccne-
A0BaHWe nosyunno ofobpenue studeckoro komuteta HHIY (mpotokon N2 2, ot 19.03.2021), 1 Bce y4acTHUKM NpefocTaBu-
N NUCbMEHHOe MH(POPMMpOBaHHOE cornacue. McnbiTyeMble 6bin ciyyaiHbiM 06pa3oM pacrpefeneHbl Ha rpynnbl, Nony-
yaiowme nnbo norkHyto (15 Yenosek), NM60 peanbHylo TPAHCKPaHMUaNbHYIO MarHUTHYI0 CTUMynAumio (14 yenosek). 3apaHuA
AeMoHcTpupoBanuch Ha HK-3KpaHe gvaroHanbio 24 floiMa, pacnosiodeHHOM Ha pacCTOAHUM 2 MeTPOB. YUYacTHUKK cufe-
71 B KOMOOPTHOM Kpecsie, B 3T0 BpeMA 3anucbiBanuck curHansl 33, 06yyueHne MOTOpHOMY BooGpaXKeHMI0 € UCMOMb30Ba-
Huem VMK npoBoaunock B Te4eHMe [BYX AHER, MO YeTblpe 3afaHuA B AeHb: MOTOPHAA aKTUBHOCTb, KBa3M-MOTOPHaA aK-
TUBHOCTb U [1Ba MOTOPHbIX BOOGpaeHnA JoMUHMpYloLen pyku. GoHoBaa akTuBHocTb I3 perncTpypoBanack 4o 1 nocne
BbIMOJIHEHWA 3a[laHWi, Kawpoe 3aaHue coctoAno u3 20 nosTopeHwmii npogonKuTenbHocTbio 10 cekyHA. 3KcnepuMeHTaTop
KOHTponvpoBan anexktpoMuorpaduio (3MI) B pexumMe peanbHOro BpeMeHM BO BpeMA MOTOPHbIX 3apay. TMC npoBogunach
MeXay ABYMA 3a[jaHUAMM M0 MOTOPHOMY BOOBPaKeHMI0 C ABYXMUHYTHBIM MepepbiBOM Nocse cTUMynALMK. CUrHanbl anex-
TposHuedanorpapum (33) permctpupoBanuchk ¢ noMoLlbio cepTuduumposanHoro yeunutena NVX-52 ¢ 32 anektpogamu
Ag/Cl, pacnonoeHHbIMW B COOTBETCTBUM C MeayHapoaHom cuctemor 10-10. 331 curHan bbin 3anucaH ¢ 4acToTon amc-
Kpetmsaumm 1000 My, TakKe NPUMEHANCA peeKTopHbIM GuibTp Ha yYactote 50 . IMIT perncTpupoBanack ¢ NOMOLLbIO
0[JHOPa30BbIX 3MIEKTPOAOB CO cribatens nanbLes Ha npaBoi pyke. TMC npuMeHAnach K fopconatepanbHov npepoHTanb-
HOWM Kope C MCMofb30BaHWEM ABOWHOIO YrI0BOr0 MHAYKTOPA, NOAKIOYEHHOTO K MarHUTHoMy ctumynaTopy Neuro MS/D.
JorHaA cTUMyNALMA NPOBOAMNACH C UCMOb30BAHUEM TEX e NapaMeTpoB, HO KaTyLuKa bbina noBepHyTa Ha 90 rpamycos
AN UMUTaLMK 3BYKa pearnbHOM CTUMYNALMK. [INA OLEHKM CTaTUCTUYECKM 3HAUMMbIX Pa3fIMumMiA MEX Y NepMoaaMm NoKon
W nepvofamMm BbINONHEHUA MOTOpHOM 3apaun nocne TMC 6bin NpoBeEH HenapaMeTpUYecKWit NepecTaHOBOYHBINA TECT.
Bbinn BbigeneHbl 3HauMMbIe KnacTepbl HavBbiCLIeW COObITUIHOM AecuHxpoHu3aumm (ERD). AHanu3 nokasan 3HauMMbIN
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OTpUUaTeNbHbIA KnacTep B TeTa-putMe (0—6 W), KOTopbIM OTAMYANCA 0T 06/1acT¥ MarHUTHOM CTUMyNALMK. opobHble
3HauMMble KnacTepbl ERD Habmioganucb Meay nepeoii U BTOPOM CEpUAMU BOOBParKaeMbIX ABUHKEHUN.

WccnepoBaHme M3yvano M3MeHEeHWs aKTUBHOCTM MOTOPHOM Kopbl noce LeneHanpaeneHHon TMC. MonyyeHHble pesynbTaThl
nokasanu, 4to TMC ¢ onpeaenéHHbIMM NapamMeTpamMm NPUBOAMT K NPeaBapUTeNIbHONM aKTUBaLMM 0611acTei rofloBHOMO MO3-
ra, aHanoru4HbIX aKTMBaLMKM BO BPeMA MOTOPHOro BoobparkeHus. Mcnonb3oBaHue 3TOro MeToda CTUMYMALMA NOBbILIAET
aKTMBHOCTb KOPKOBbIX 06N1acTel, CBA3aHHbLIX C BOOOparKeHMEM ABUMEHWNA. Pe3ynbTathl CBUAETENLCTBYIOT O NOTEHLMANb-
How 3d¢peKTnBHOCTM TMC B yCMNEHUM aKTMBALMM MOTOPHOWM KOpbl B NpoLiecce peabunutaumm.
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ABSTRACT

The aftermath of a stroke can frequently result in impaired motor functions causing problems performing habitual limb
movements. These movement disorders stem from damage to the cerebral cortex and disruptions to neuronal connections in
the central pyramidal pathways [1]. Restoring motor skills following a stroke is a time-consuming and challenging process,
requiring resources from both external medical sources and the patient. Despite these challenges, it is still feasible for patients
to regain control over their limb movements. The common approach for stroke neurorehabilitation consists of therapeutic
physical activities and kinesiotherapy. These methods rely on afferent information during motor tasks to repair connections
between intact brain areas [2]. Through exercising the impacted limbs, synaptic rearrangement happens in the cortex, awakening
dormant neurons and increasing cortical areas adjacent to inactive regions. Although these techniques can partially restore
movement, a significant number of stroke patients still face impairments. It is crucial to acknowledge the limitations of the
current interventions and explore new approaches for better outcomes. Traditional rehabilitation methods often do not fully
restore movement control, prompting researchers to explore alternative approaches. Motor-imagery-based brain-computer
interfaces (BCls) have gained attention recently [3, 4]. They allow for integrating various feedback mechanisms, which can
be combined with upper and lower limb exoskeletons. The level of control a subject has over a BCI system directly affects
the recovery process [5]. Introducing transcranial magnetic stimulation (TMS) into motor-imagery BCls shows promise for
developing a unified and highly efficient approach to post-stroke rehabilitation.

Twenty-nine healthy adult participants (21 females) with a mean age of 20.93+2.14 years were recruited for this experiment. All
participants were right-handed and had no prior experience with brain-computer interfaces. Ethical approval was obtained from
the local ethics committee of Lobachevsky State University of Nizhny Novgorod (ethical approval No. 2, dated 03/19/2021),
and written informed consent was obtained from all participants. Subjects were randomly assigned to receive either a sham
intervention (n=15) or active TMS (n=14). The experiment displayed tasks on a 24-inch LCD screen placed 2 meters away.
Participants sat in a reclining chair with hands on adjustable armrests for EEG signal recording. Motor-imagery-based BCl
training took place over two days with four daily tasks: motor performance, quasi-motor, and two motor imaginations of the
dominant hand. EEG activity was recorded prior to and after completing the tasks. Each task comprised of 20 trials, each
lasting 10 seconds. TMS was administered in between two motor imagination tasks, and a rest period of 2 minutes followed
the stimulation. The researcher objectively monitored electromyography (EMG) in real-time during motor tasks. Certified NVX
52 amplifiers with 32 Cl/Ag electrodes positioned according to the international 10-10 system recorded electroencephalography
(EEG) signals. The EEG was digitized at a sampling rate of 1000 Hz and filtered with a 50 Hz Notch filter. Disposable electrodes
were used to record EMG data from musculus flexor digitorum superficialis on the right hand. EMG signals were digitized at
1000 Hz and filtered using a 50 Hz Notch filter. TMS was applied to the dorsolateral prefrontal cortex (dlPFC) using a figure-8
coil connected to a Neuro MS/D magnetic stimulator. Sham stimulation was performed with the same parameters, except
the coil was tilted 90 degrees to simulate the sound of real stimulation. A nonparametric permutation test was conducted to
assess the statistically significant dissimilarities between rest periods and periods subsequent to conducting motor imagery
after TMS. Significant clusters of the highest event-related desynchronization (ERD) were observed. The analysis demonstrated
a significant negative cluster in the theta rhythm (0—6 Hz) that was distinct from the magnetic stimulation site. Similar significant
ERD clusters were identified during the first and second series of imaginary movements.

The study examined alterations in motor cortex function following targeted rTMS. The results demonstrated that TMS using
particular parameters resulted in the pre-activation of brain regions comparable to those stimulated during motor imagery.
The implementation of this stimulation protocol increased activity in cortical regions related to motor imagery. The outcomes
propose the probable effectiveness of TMS in elevating motor cortex activation during the rehabilitation process.

Keywords: BCl; repetitive TMS; EEG; nTMS; motor imaging; event-related desynchronization.
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