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AHanu3upyeTcsl UHTEHCUBHO Pa3BUBAIOLIMIACS B MOCJIEIHUE TOAbl MHHOBALIMOHHbIN
TOIXOM K OPTaHU3alluM CTUMYJISIIIMOHHBIX TPOLIENyp — adallTUBHAs HEMpPOCTUMYIISI-
L, TPU KOTOPOI1 MapaMeTpbl CEHCOPHOU CTUMYJISILIMY aBTOMATUYECKU YIIPABIISIIOTCS
CUTHajlaMy OOpaTHOI CBSI3U OT COOCTBEHHBIX (DM3UOJOTMYECKUX XapaKTEePUCTUK Ye-
snoBeka. PaccmoTrpeHsl 3pdekThl mprMeHeHWsI MHBAa3UBHBIX U HEWMHBA3MBHBIX Mar-
HUTHBIX U 3JEKTPUUYECKUX BO3NECUCTBUIA, a TAKXKE aKyCTUUYECKOW W aynIMOBU3YaJIbHOM
CTUMYJISILIMY C OOPATHOM CBSI3bIO OT PUTMHUYECKUX MPOLIECCOB YeaoBeka. Ha MHoroumc-
JICHHBIX IPUMepaXx MPOAeMOHCTPUPOBAHBI OCOOEHHOCTH U JOCTVKEHUSI HOBOTO TIOIXO-
[1a TIPY JICYEHU U PA3IMYHBIX TICUXOCOMATUYECKUX PACCTPOMCTB 1 KOTHUTHUBHOI peadu-
JIUTAaUUM 4YeJIOBEKa, HaMEUeHbl MEePCNEKTUBbI Pa3BUTUSI JaHHBIX TexHosoruid. [lpen-
CTaBJICHBI PE3YJIbTaThl COOCTBEHHBIX UCCIICIOBAHWI aBTOPA B TOM HaIlpaBJIeHUN.
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aBTOMaTHh4yecKasi MOAYJISILIUS, DJIeKTpOodHLedarorpaMMa, pUuTM cepaleOueHnit, puTM
JIBIXaHUST
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BBEAEHUWE

Pazpaborka u KiiImHu4YecKasi anmpoOaivsi HOBbIX METOJOB CTUMYJISILIUM MO3Ta — 3axBa-
ThIBaloIIasl ¥ OBICTPO pa3BUBaloIIasICs 00JIacTh Helipodusuonoruun. K Hactosmemy Bpe-
MEHU pa3HOOOpa3Hble METONIbl HEUPOCTUMYJISILIUU IIIMPOKO MCIIOJB3YIOTCS B MCHUXMUAT-
pUU 1 HEBPOJIOTMU B KayeCTBE TepareBTUYECKOrO0 MHCTPYMEHTA IJIsi BOCCTAHOBJICHUS
HapylIeHHBIX GYHKIUI |1, 2] 1 KOTHUTUBHOI peabrINTaLIMM ITAalIIeHTOB HEBPOJIOTAYE -
CKOI KIIMHUKU [3—5], WIS JeYeHWsI MalMSHTOB C pa3IMYHBIMMU 3a00JIeBaHUSIMU LICH-
TpaJIbHO# HEPBHOM CUCTEMBI, KOTOPBIE He MOIIAI0TCSI KOHCepBaTUBHOM Tepanuu [6, 7],
TSl aKTUBALlMU MPOLIECCOB HEMPOIJIACTUYHOCTH MYTEM PEOpraHu3aliMu KOPKOBBIX Ce-
Teit non BausiHueM addepeHTHOI ctumMynsiiuu [8—10], pu ycTpaHeHUMY KOTHUTUBHBIX
M CTpeCcC-UHIYIMPOBAHHBIX paccTpoicTB [11—14], a Takke TpU ONTUMU3ALIMA KOTHU-
TUBHBIX (PYHKIIMI Yy 3MOPOBBIX Jtoneit [15—17]. OqHako MHOTHE aBTOPHI OTMEYaIOT TaK1e
HEAOCTAaTKM CYIIECTBYIOIIUX METONOB, Kak HU3Kas 3¢hGheKTUBHOCTD, BbICOKAas Bapua-
0eJILHOCTh U cJiabasi BOCIIPOU3BOIMMOCTD MOIydaeMbIX pe3yabraToB [18—20]. INpuun-
HOI yKa3aHHBIX HEJOCTATKOB SIBJISIETCS TOT (haKT, UTO MPU OPTaHU3ALMHY STUX JIeUEeOHBIX
BO3IEMCTBUIA, KaK MPaBUJIO, IPUMEHSIIOTCSI SMIMPUYECKU 3alaHHBIEe TapaMeTphl, KOTO-
pbI€ OCTAIOTCSI TIOCTOSTHHBIMM 110 X0y CTUMYJISIIUU U HE 3aBUCAT OT U3MEHEHUI B CO-
crosiHUM TtauueHTa. [Ipyr 9ToM He yYyuThIBaeTCs [MHaMu4decKas ipupoaa usnoiornye-
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CKUX (DYHKUMI, U CTUMYJIbI IPEIbSIBIISIIOTCSI BO BpeMsl pa3HbIX (PU3UOTOTUYECKUX MUK~
POCOCTOSTHMIA Mo3ra, TIpUBOAS K BBICOKOW BapuabeabHOCTU 3(ddeKTra OTaeTbHbIX
CTUMYJIOB U K cllabomMy cymMapHoMy 3ddekTy ctumyasuuu [21, 22]. B pesynbraTte He-
CBOCBPEMEHHO IIPMMEHEHHAsT HEHMPOCTUMYJISIIUS MOXET ObITh HedddekTuBHOM [23]
WY JaXKe BBI3BIBATh HeXelaTeJIbHbIe IT000UYHbIe 3 dEeKTHI [24].

C 1eplo MpeofoJieHUs YKa3aHHBIX HEJIOCTATKOB PSIIOM aBTOPOB OBLIO MPENIOXEHO
WCITOJIb30BaTh OOPATHYIO CBSA3b OT TEKYIIUX (PU3MOJIOTMUECKUX MapaMeTpOB YeJIoBeKa,
KOTOpbIE MOAYJIUPYIOT WK alanTUPYIOT Teparuio B OTBET Ha (pU3MOJIOTUYECKUE U3MEe-
HEHUS ¥ TaKUM 00pa3oM obecrieunBaloT 6osiee 3(HEKTUBHYIO U IEMCTBEHHYIO TEpario
[25, 26]. B pe3yabrare Hauan (pOpMUPOBATHCS MHHOBALIMOHHbII MMOAXON K OpraHM3alun
CTUMYJISTIIMOHHBIX TIPOLIeyP, KOTOPBIi MOJTYyIMII Ha3BaHWE analTUBHAs HEHPOCTUMYJIS -
U WM HEMPOCTUMYJISILIMS ¢ 3aMKHYTBIM KOHTYpoM (closed-loop adaptive neurostimu-
lation) o6paTHOIi cBsi3u [27, 28].

B mocnenHee BpeMsi YMCJIO IMyOIMKAlMid, MOCBSIIEHHBIX 3(ddeKkTaMm NpuMeHeHUs
allanTUBHON HEWPOCTUMYJISILIMU C OOpaTHOI CBSI3bIO, CTPEMUTEBLHO Bo3pacraeT. Llenb
MpeaCcTaBIECHHOTO 0030pa 3aKII0YaeTcsT B 0000IIeHNY COBPEMEHHBIX TaHHBIX O pa3pabo-
TaHHBIX MTOAX0JAaX K KIMHUYECKOMY UCTIOIb30BAaHUIO Pa3HbIX BUAOB aalITUBHOM HEWPO-
ctumyJisinuu. I1pu 3ToM OCHOBHBIMU 3agadyaMu 0030pa SIBJISIETCS aHAJIU3 0COOEHHOCTEI,
JNOCTUKEHUI U OrpaHUYEHU pa3pabOTaHHBIX K HACTOSIIIIEMY BpEMEHU METOJIOB, a TaK-
K€ MEepCHeKTUB AaJbHEHIIEero pa3BUTHUSI 3TOTO HaMpaBJIEHUsI CTUMYJISIIMK Mo3ra. Pac-
CMOTpeHBI 3 eKThl MPUMEeHEHNsT NTHBAa3UBHBIX 1 HEMHBA3WBHBIX MAarHUTHBIX U 3JIEK-
TPUYECKMX BO3MEMCTBUII, a TakKkKe aKyCTUUECKONW M ayaIUOBU3YATbHOU CTUMYJISIINAM.
ITpoaHaM3upoBaHbl BOBMOXKHOCTH M MEPCIIEKTUBBI UCITOIb30BAHUS 3TUX TEXHOJIOTUIA B
KJIMHUYECKO MeIUIIMHE, TPEACTaBIeHbl PE3yAbTaThl COOCTBEHHBIX MCCIEIOBaHUMN aB-
TOpa B 3TOM HallpaBJIeHUM.

1. OTIMYUTEJIbHBIE OCOBEHHOCTH METO/1OB
AJAIITUBHOU HEMPOCTUMVIIALIUN

B Meronax aganTuBHOU HEMPOCTUMYJISILIMK UCTIONB3YIOTCSI CEHCOPHbIE BO3AEHUCTBUS,
KOTOpBIE afanTUPYIOTCS K CIeMMDUIECKUM 7151 JAHHOTO MallMeHTa TEKYIIIUM TapameT-
paM AMHAMUYECKUX MPOLIECCOB C MOMOIIBIO YIIPABISIONIMX CUTHAJIOB OOpaTHOM CBSI3U
OT pa3IMYHBIX (PU3UOJIOTUUECKUX ITapaMeTpoB opranusma [29, 30].

CremyeT OTMETHTh, YTO 3aMbIKaHME KOHTYpa OOpaTHOM CBSI3W OT WHAMBHUIYATBHBIX
XapaKTePUCTHK TallMeHTa MPEeayCMOTPEHO TaKKe B COBPEMEHHBIX METONAX alalITUBHOTO
ouoymnpasieHus (neurofeedback). B aTux MeTomax ye10BeKy IMPeabsIBISIOTCS CEHCOPHbIE
CTUMYJIBI (3pUTENbHBIE, CIYXOBblE, TAKTWIbHbBIE, IEKTPUUECKHE), OTpaXalole TeKy-
1IIYI0 aKTUBHOCTb OMpeeIeHHbIX HEPBHBIX CTPYKTYP, KOTOPbIE JIeXKaT B OCHOBE €r0 10~
BemeHus wiu matosoruu [31]. T1o3BoJsAST BBIABIASTh NMPUUMHHBIE B3aMMOOTHOIIECHUS
MEXIY MO3TOBOI aKTMBHOCTBIO M TOBEACHUEM, TaKasi 0OpaTHast CBA3b 00eCIIeYnBacT ye-
JIOBEKY BO3MOXHOCTb OOYUYEHUsI OCO3HAHHOM PeTyJIsIiuu COOCTBEHHBIX (DYHKIINI, TIpU
KOTOPOI CEHCOPHBIE CTUMYJIbI HECYT He JIeueOHYI0, a JIMIITb MH(POPMAIIMOHHYIO HArpy3-
Ky [32, 33]. OnHako CylIeCTBEeHHbI HEAOCTAaTOK TEXHOJOIMi HeipoOMOoyIpaBlIeHUs 3a-
KJII0YaeTcs B TOM, YTO 3HAYUTeIbHOE YKcIo (10 30%) maleHTOB He MOTYT OOYIUThLCS Ha-
BBIKY OCO3HaHHOW MOIU(UKAIIMU COOCTBEHHBIX (DYHKIIVI I TOCTVDKEHUST TpeOyeMbIX
Je4eOHBIX 3(pPEeKTOB, a OCTaJIbHEIC HYXXIAIOTCS B OUeHb JUIMTEILHOM 00ydeHuM [34]. JaH-
Hasg “mpobjieMa HeoOydyaeMOCTH” OOyCJIOBJIEHA 3aBUCUMOCTBIO YCIIEITHOCTU OOYYeHUS
OT MOTHBAlIMU U HACTPOEHMsI YeaoBeka [35], a Takke TpYIHOCThIO KOPPEKTHOIO JeKOIM -
POBaHUSI MBICJIEHHBIX KOMaHJ/ M MCIOJb30BaHUEeM Hea(d®dEKTUBHBIX CTpaTeruit ooyue-
Hus [36].

Takum o6pa3oM, KiTodeBasi 0COOEHHOCTh METOMOB alalTUBHOM HEMPOCTUMYJISILINU
3aKJTI0YAETCST B TOM, YTO PETYJIMPOBKA MMapaMeTpOB Je4eOHOTO BO3ICICTBHS, YIIpaBIIsie-
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MOTO CUTHaJJaMU 0OpaTHOM CBSI3U OT TEKYIIUX (DU3NOJIOTMYECKUX TToKa3aTeleil malnueH-
Ta, OCYIIECTBJISIETCSI aBTOMAaTUYeCKU, O6e3 ydyacTusi ero co3dHaHust [37]. AnanTUBHOCTb
HEHPOCTUMYJISILIUKA JOCTUTAETCS 3a CUET TOTO, YTO BO3IeUcTBUE, c(hOPMUPOBAHHOE B
KaXIbIil JaHHBI MOMEHT Ha OCHOBE 3apeTMCTPUPOBAHHBIX (DM3NOJIOTUIECKUX TTapaMeT-
POB, IPUBOIUT IO BIUSTHUEM CTUMYJISILIMY K VX aAallTUBHBIM U3MEHEHUSIM, KOTOPHIE, B
CBOIO OYepenb, MOMYJIUPYIOT TTapaMeTphbl CIAEAYIOIIEro MUKa CTUMYysiiuu. biaromaps
MPUHIIAITY aBTOMAaTU4YECKOTO 3aMbIKaHMsSI OOpaTHOI CBSI3UM METObI aJaliTUBHOMN HEHpO-
CTUMYJISIIUM MOTYT JIOCTUTaTh BHICOKOU 3¢(h(heKTUBHOCTU M TMEPCOHATMU3AIUU BO3/ICHi-
ctBuii [38]. KpoMe Toro, oHM mproOpeTaoT XapaKTep 3aBUCUMOM OT COCTOSIHUASI MO3Ta
cruMysiiau [39], KoTopast yaUThIBaeT TEKYIIYIO TMHAMUKY MUKPOCOCTOSTHUI HEPBHOI
cucteMbl. [To cpaBHEHUIO ¢ TPAAUIIMOHHBIMU METONAaMU HEMPOCTUMYJISILIMUY, anarTUB-
Hasl HEMPOCTUMYJISILIUSI C OOPATHOI CBA3bIO MOXKET MOBBICUTH 3 (HEKTUBHOCTh TEpAIUu,
WCKJTIOUUTD JUIMTEIbHBINA HadaJabHBIN MEpUo IJisl TpOrpaMMUPOBaHUS U PEryJIMPOBKU
CTUMYJISITOpPA, 00ECIeYnTh MHANBUAYAJIBHOE JIeYeHUE U aBTOMAaTUUECKU TTOIIePKUBaTh
amarnTUBHEIE TapaMeTphl Bo3aeiicTeus [40, 41].

2. JOCTUXKEHUS METOJOB AIANITUBHON HEMPOCTUMYVIISILIMU
C OBPATHOU CBA3bIO

AHaJIM3 TUTEPATYpPhl MOKA3BIBAET, UTO HauboOJIee IIMPOKOE PACIIPOCTPAHEHUE U MTPU-
3HAHUE TTOJYYMJIN adallTUBHbIE METOIbI IJTYOMHHOM 3JIEKTPOCTUMYJISILIMU Mo3ra (closed-
loop deep brain stimulation) [42—44]. B aTux MeTomax napameTphl JIeUeOHOM 37EKTPO-
CTUMYJISILIMML IMTHAMYECKH KOHTPOJIUPYIOTCSI OOPaTHOM CBSI3bIO OT OMOMAapKEPOB TaTOJIO-
TMYECKOII aKTUBHOCTH Mo3ra [45]. CTUMyoM K pa3BUTHIO JAHHOW JIMHUU WCCIICIOBAHUIA
TTOCITY>KJI TOT (DAKT, YTO MATOJIOTIecKast HepOHHAsT aKTUBHOCTh MOXKET OBITh 3apeTUCTPH -
pOBaHa HETOCPEACTBEHHO OT 1I€JIEBOM 00JIACTH MO3Ta € TIOMOIIIBIO CTUMYJIUPYIOIINX DJIeK-
TPOJIOB W MCIOJB30BaThCs Uil afarnTaluu ImapaMeTpoB CTUMYJISILIUM B COOTBETCTBUU C
MePCOHATM3UPOBAHHON TepaleBTUYECKON MOTpeOHOCThI0 [46]. B HacTosiee Bpems
alanTUBHBIE METOMbI TJTYOMHHON 3JIEKTPOCTUMYJISILIUM MO3Ta YCTEIIHO MCIOJIb3YIOTCS
TS JIedeHUs1 XxpoHuueckoit 6onu [47, 48], cunnpoma Typerra [49], Tpemopa [50], nmap-
KuHCOHM3MA [51—53] 1 Apyrux aBUTaTeIbHBIX PACCTPOIMCTB, a MIOMCK OMMOMapKEPOB U ajl-
TOPUTMOB CTUMYJISILIMM aKTUBHO MponopkaeTcs [54, 55]. IloaydaloT Takke mpu3HaHUe
METO/Ibl aJaNTUBHON ONTOreHETUYECKON CTUMYJISLIMU, OOeCIeunBaolIe aBToMaTuye-
CKYIO MOJCTPOIKY MapaMeTPOB ONTUYECKOI CTUMYJISILIMM HAa OCHOBAaHUM NaHHBIX HEli-
pOHaJIbHOTO OTBeTa [56, 57].

OnucaHHbIe METObI SIBJSIIOTCS MHBA3MBHBIMU, TaK Kak IMpeArosaraloT HeooXxoau-
MOCTb UMILIAHTALIMU CTUMYJIUPYIOIIMX 3JIEKTPOAOB B OIpeAeJIeHHbIE CTPYKTYPhI MO3ra.
B To ke BpeMsI B TuTepaType oTMedaeTcsl 0cobast aKTyaTbHOCTb M TIEPCIIEKTUBHOCTh Me-
TOHOB aIaNTUBHON HEHPOCTUMYIISILINY, CTTOCOOHBIX HEMHBA3MBHO OCYIIECTBIISITH MOHU-
TOPUHT (PUINOJIOTUIECKOTO COCTOSTHUS [58] M ImepcoHaINM3MPOBaHHYIO TEPAIINIO BBISIB-
JIEHHBIX paccTpoiucTB [59].

CoBpeMeHHbIE TEXHUYECKUE CPECTBA MO3BOJISIIOT HEMHBA3WBHO PETUCTPUPOBATD TTa-
pamMeTpbl PYHKIIMOHUPOBAHUS MTPAKTUYECKH JIIOO0M CUCTEMbI OpraHU3Ma U UCTIOJIh30-
BaTb MX B Ka4eCTBE CUTHAJIOB, YNMPABJISIONINX CTUMYJsiiMeid. Tak, Hampumep, mpoje-
MOHCTPUPOBAHO YCIEITHOE MPUMEHEHNE NIYOMHHOM CTUMYJISILIMKA MO3Ta, YIIPaBIsieMOit
CUTHAJIaMUA OOPATHOM CBSI3U OT KOXHOro comnpotusiaeHus [60]. ITokazaHo TakXKe, YTO
3 eKTUBHOCTh QYHKIIMOHAIIBHOM 3JIEKTPUUECKOI CTUMYJISILIUU MOKET OBITh TTOBBIIIIE-
Ha IIPU UCMOJIb30BAHUY YIIPABJISIIOIINX CUTHAIOB OT 3JIeKTpoMuorpaMmel (DMT) [61].

Haubonpmiit nHTEpeC MpeacTaBsioT JeueOHble CEHCOPHBIE BO3IEMCTBUSI, aBTOMA-
TUYECKHU MOAYIMPYEMbIe TEKYIIIUMU PUTMUYECKUMHU TIpolleccaMU MallueHTa — pUTMaMu
CepIeYHO-COCYIMCTON M IbIXaTeJIbHOW CUCTEM, a TaKXKe PUTMaMM 3JIEKTpO3HIIedano-
rpamMmbl (DBI). JIeCTBUTENLHO, 3T PUTMUYECKUE ITPOLIECCHI SIBIISIIOTCS NICTOYHUKOM
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SKM3HEHHO BaXKHBIX IJISI YeJIOBeKAa MHTEPOLENTUBHBIX CUTHAJIOB, KOTOpBIE 00ecrneYrnBa-
JOT BOCIIPHUSITUE BHYTPEHHUX TEJECHBIX OIIyIIEeHU [62—64]. HapyleHus MHTepOLeI-
IIMM B HACTOSIIIIEe BPeMs pacCMaTPMBAIOT B Ka4eCTBE MaTOTeHETUYECKOTO MeXaHU3Ma
TICUXOCOMATUYECKMUX 3200JIeBaHUI 1 TTIOTEHIIMAJIbHOW MUIIIEHU TEPaNeBTUYECKOTO BO3-
neiicrBus [65—67].

KoH1uenuust ncrojb30BaHUS S3HIOTEHHBIX PUTMUUYECKUX TTPOILIECCOB YeJI0BeKa B Ka-
yecTBe (pakTOpa MOIYJISIIIUY TTapaMeTPOB CTUMYJISILIMU Obls1a chopMyIMpOBaHa elle B
1996 1. [68]. B paboTe 6bLTO TTOKa3aHO, YTO JaXe MPU OTHOKPATHOM MTPUMEHEHUHN dJIeK-
TPOHEUPOCTUMYJISLIMU, AaBTOMAaTUYECKU YIPaBIASIEMONl PUTMOM JbIXaHUS TAllMEHTa,
JOCTUTAETCSI OBICTPOE CHSITUE 0OJIEBBIX CUHAPOMOB U coxpaHeHUe 3¢ eKToB 00e300-
JIMBaHUSI Ha JJIUTENbHBINA cpokK. BrmociienctBuu yrpasiisiemasl JAbIXaHUEM TallMeHTa
9JIEKTPOCTUMYJISIIINS OblJ1a YCIIEIITHO UCTTOJIb30BaHa PSIIOM aBTOPOB MPU JIEYSHU U XPO-
HUYECKUX Helpormaruyeckux 6omeir [69—71]. YcrmemHbsIMU 119 TOCTUKEHUSI COCTOSI-
HUS pejakcalliy OKa3aJUuCh TaKXe KOMIUIEKCHBbIE aKyCTUYeCKHe BO3NEMCTBUS, aBTO-
MaTUYECKU yMpaBiisieMble TEKYIIUMU 3HAUEHUSIMUA BapuabesIbHOCTU CEPAEYHOTO PUT-
Ma nauueHrTa [72].

OCco0eHHO aKTMBHOE Pa3BUTUE TMOJYUYUIM METOAbl aJallTUBHOU HEWPOCTUMYJISLINY,
MCIOJIB3YIOIIe 00paTHYIO CBI3b 0T DI manueHTa. DTo 00yCIOBICHO TAKUMMU IIPEUMY -
mectBamMu DT, KaKk HEMHBAa3UBHOCTb, BHICOKOE BpeMEHHOE pa3pellleHUe, IPOCTOTa IIpUMe-
HEHUSI 1 BOSMOXKHOCTH U3BJICUEHUST TAaHHBIX B pEXXMMe peajlbHOTO BpeMeHH [73, 74].

HarmsnHoit wimiocTpaluueil akTyaJlbHOCTU JTaHHOM JIMHUY MCCIIEA0OBAaHUI SBISIIOTCS
MHOTOYMCIIEHHbIE pa0OThl, B KOTOPBIX MOKAa3aHO, YTO C MOMOIIbIO HEMHBA3UBHBIX
CEHCOPHBIX BO3/Ie{ICTBUI1, CHHXPOHU3UPOBAHHBIX C OTIpEIeIEHHBIMU TEKYIIIMMU Tapa-
meTpaMu DT, oka3bIBaeTCs BO3MOXHBIM YJIydylllaTh KA4eCTBO CHA, YCUJIMBATh KOTHU -
TUBHBIE DYHKIIMU U Mpolecchl KoHconumauuu namsatu. [lonooHsie addhexTs B mo-
cliefHUE TOIbl MPOJEMOHCTPUPOBAHBI B 9KCIIEPUMEHTAX C MCIOJb30BAaHMEM TpPaHC-
KPaHUAJIbHOU 3JEKTPUYECKON CTUMYJISILIUU, YIpaBisieMOi MelJIEHHOBOJIHOBBIMU
(0.5—1.2 Tx) komnoHeHTaMu JJoOHOIT DT [75] unu dazoii Tera (4—8 I'm) 3BT putma B
JIOOHBIX OTBeAeHUsIX [76]. ABTOPBI JaHHOU pabOThl YKa3bIBAIOT, YTO pa3pabOTaHHbLII
METOJ MOXKET MPUBECTU K MOBBIIIEHUIO 3(P(HEeKTUBHOCTH JIeUEHUS B TOMAITHUX YCIIO-
BUSIX, HO TOJIBKO TTOCJIE€ COBEPILIEHCTBOBAHMSI CUJIOBBIX U BDEMEHHBIX ITapaMeTPOB BO3-
NEVNCTBUMNA.

Bo3MOXHOCTB CyIIECTBEHHOTO YIy4IlIeHWSI Ka4yeCcTBa CHA U TPOILECCOB KOHCOIMIA-
1IMM TIAMSITH TI0Ka3aHa TakKXe MPY UCIIOJIb30BAaHUM aKyCTUYECKMX BO3AEHUCTBUI (PO30-
BBII IIIYyM U YMCThIE TOHA PA3HON YaCTOTHI), YIIPABISIEMbIX CUTHAJIaMU OOpaTHOM CBSA3U
OT pa3nu4yHbBIX IMapameTpoB DO — “conHbix DI BepereH” [77], MeNIEHHOBOJIHOBBIX
(0.25—4.0 Tu) ocummnsityii B 1o6Hoi DT [78] u ycpenHeHHOII MOIIHOCTY HU3KOYa-
crotHBIX (<2 1) KOMITOHEHTOB MHOTOKaHaIbHOI DI, BEIYMCIsIeMOii B pealbHOM Bpe-
MEHMU C TTOMOIIIBIO CITeIIUAILHOTO ajiroputMa [79].

[Mpu eyeHnr AeNPEeCCUBHBIX PACCTPONCTB OYEHDb YCMEITHBIMU OKAa3aJIMCh MPOLICIY-
pbl TPAaHCKPaHUAIBHOW MarHUTHON CTUMYJISIIMU, YIIPaBIsIieMOll B peaJbHOM BpeMeHU
KOMITIOHeHTaMu aJibda-putMa DB B nipedpoHTanbHbIX oTBeaeHuUsX [80, 81]. ABTOpbI
MOMYEPKHUBAIOT, UTO JicdeOHBIe (P eKThl HaKaIJINBAIOTCSI B TeUCHUE OTHEM/Henenb OJa-
ronapsi TpOrpecCMBHOMY BOBJICYEHUIO MEXaHU3MOB HEUPOIJIACTUYHOCTHU. YCIIEUIHOE
YCTpaHEHUE COCTOSIHUIM TPEBOXKHOCTU U AETPECCUN JOCTUTATIOCH TTPU ayIMOBU3YaJIbHOM
CTUMYJISIUM, aBTOMATUYECKU YIPaBJISIEeMOl CUTHajlaMU OOpaTHOM CBSI3U OT y3KOYa-
CTOTHBIX CMIEKTPaIbHBIX KOMIOHEHTOB DI B 1IeHTpajlbHOM JIOOHOM OTBeneHUM [82].

B psine pabot obpaTHasi CBsI3b 0T DI Mcmosb3yeTcs ITyTeM KOMITBIOTEPHBIX IIpeoopa-
30BaHUI TEKYLIUX NapaMeTpoB OMORJIEKTPUYECKONH aKTUBHOCTU MO3ra B aKyCTUYECKUE
curHaibl. Tak, pazpaboTaH MeTon OMoaKyCTUIeCKoi KoppeKuu [83, 84], KOTOpHIii M03-
BOJISIET “ycCibIlaTh” paboTy Mo3ra B peaJlbHOM BpeMeHM Ojarojaapsi nmpeoopa3oBaHUIO
napaMmeTpoB DII' B My3bIKOIIOM0OHKII 3ByKopsia. [Ipu mpeo6Gpa3zoBaHUM UCIIOIL3YETCS
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onepauys CoracoBaHus 3HAYEHUI nmepuoaoB KojaedaHuit DD ¢ MHOXECTBOM 3BYKO-
BBIX 00pas3lIioB, I1e KaxXaoMy repuoay Kojedanust 33T B nuanazone ot 1 no 30 I'u coot-
BETCTBYET 00Opa3ell 3ByKa C OIpeeJIeHHOM YacTOTO OCHOBHOTO TOHA. MeToj yCTelHO
WCITOJIb30BaH [IJIsI KOPPEKIIUM HEOIaronpusiTHbIX (DYHKIIMOHATBHBIX COCTOSIHUI TIPU Ha-
PYILIECHUSIX KOTHUTMBHOM 1 3MOLIMOHAJIbLHO-BOJIEBOM cephl [85, 86].

AKYCTHUYECKHe BO3IEHCTBUS, aBTOMAaTUYECKW TeHepupyeMble MyTeM TpaHchopMarmn
noMUHUpYIOInX DT pUTMOB B MY3bIKIbHBIE TOHBI, MPOIEMOHCTPUPOBAIM BBICOKYIO
3(heKTUBHOCTD MPU JISYSHUU ITOCTTPAaBMaTHUUECKOTO CTPECCOBOIo paccTpoiicTBa [87, 88],
a TakoKe TP ONTUMM3AlIMU aBTOHOMHBIX (DYHKLIMIA M yJIydllieHMU KadyecTBa cHa [89, 90].
ABTODPBI MPOLIMTUPOBAHHBIX pabOT CUUTAIOT, YTO OOHOBJIEHUE B peaTbHOM BpeMeHH CO0-
CcTBeHHBIX DD maTTepHOB U pe30HAHC MEXKIY CIBIIIIMMBIMU aKyCTUISCKIMU CUTHAJIAMK
W OCIIWJLTSITOPHBIMUA MO3TOBBIMU CETSIMM HAIOT OPraHU3MYy BO3MOXKXHOCTh aBTOKaJTUOPOB-
KM, pejaKcallii U MPeoaoJICHUS YCTOMUMBBIX MATOJOTMYECKUX COCTOsIHUI [88].

B Hammx uccienoBaHUSIX Mbl UCXOJUJIM U3 TOTO, YTO MOBBIIIIEHHOU 9 eKTUBHOCTHIO
MOTYT 00J1aaTh MYy3bIKaJlbHO-TEpAleBTUYECKUE BO3ICMCTBUS MPU YCIOBUM UX MOMYJISI-
MM cOOCTBEHHBIMU napameTpamu DO yenoeka [91]. B pazpaboTraHHOM My3bIKaJIbHOM
HeliponHTepdeiice TeKyle 3HaYeHUsT JOMUHUPYIOIINX Y CyObeKTa CIeKTpaabHbIX DOT
KOMITOHEHTOB (DD ocuMUISITOPOB) MPeoOpasyoTcsl B My3bIKOIIOJOOHbBIE CUTHAIBI, 11O
TeMOpy HarmOMUWHAIOIIMe 3ByKHU (DJICUTHI, TJIABHO BapbUPYIOIIME 110 BHICOTE TOHA U UH-
TeHCUBHOCTU. aHHBI HeliponHTepdeiic ObUT YCIIEITHO UCIIOIb30BaH IIPU KOPPEKIINN
CcTpecc-MHAYLMPOBAHHBIX paccTpoiicTB [92]. BriocnenctBuu onvcaHHblit Meton DOT-
yIPaBIsIeMO My3bIKAJIBHON CTUMYJISILIMU ObUT YCOBEPILIEHCTBOBAH MyTeM N00aBIE€HUS
BTOPOTO KOHTYpa 0OpaTHOI1 CBSI3U, B KOTOPOM OJTHOBPEMEHHO C MY3bIKOIOIOOHOM CTH-
MYJISIIUEN TIPEIbSIBIISIIOTCSI CBETOBbIE PUTMUYECKUE BO3IECTBUS, (hopMUpyeMble Ha OC-
HoBe HatuBHOU DI mamumenTa [93, 94]. Co3naHHbBII METON CBETO-MY3bIKAJIbHON CTH-
MYJISIHAY ¢ TBOMHOM 00paTHOI CBsA3BIO OT DI ObUI YCIIEITHO IIPUMEHEH IUISI KOTHUTUB-
HOI peaOWIMTallMU MALMEHTOB C UHCYJIbTOM [95], mpu JiedeHUU MOCTTPaBMaTUUYECKOTO
cTpecca 1 Mpo¢heCCUOHATBHOIO BhIropaHus [96], mpy KOpPEeKLIMNU HETATUBHBIX (DYHKILIM-
OHAaJIbHBIX COCTOSTHMI [35], mpu JieueHUU TTOCTKOBUIHOTO CUHApoMa [97], a Takxke mpu
KOTHUTHMBHO# peabuInTalu CIIelMaIuCTOB BBICOKOTEXHOJIOTUYHOTO npoduist [98].

[Ipu pacrojioc(keHUM PacCMOTPEHHBIX MyOJUKALMii B XPOHOJOTMYECKOM ITOPSIIKE
MOXHO TIPOCJICIUTh TUHAMUKY Pa3BUTUSI HEMHBA3UBHBIX METOJIOB alafiTUBHOI Hepo-
CTUMYJISIIAY C OOPATHOM CBSI3BIO OT pUTMUYECKHX IIPOLIECCOB YejloBeKa (Tadir. 1).

JaHHble TaOJUIIBI TTOKA3bIBAIOT, YTO KOJUYECTBO ITyOJIMKAIINI, UCTIONB3YIOIIX He-
WHBa3WBHbIE METOABI aNalITUBHON HEMPOCTUMYJISIIIMUA C OOPATHOI CBSI3BIO OT SHIOTEH-
HBIX PUTMUYECKHUX TPOIIECCOB OpPTaHU3Ma, NTEMOHCTPUPYET MHTEHCUBHBIM POCT, OCO-
OeHHO B 1tociaenHue 5 aet. [1pyu 3ToM 3HaYUTEILHO paclIupsieTcs KaK Habop UCTIOJIb3ye-
MBIX BUJIOB CTUMYJISILIMM, TaK U CIEKTP OMOMEIUIIMHCKUX MPUJIOKEHUI TaHHOTO BUIA
BO3JICHCTBUM.

3. MNEPCIIEKTHBbI PA3BUTH A METO)],OB“A):[AI'ITI/IBHOI;I
HEWPOCTUMVIIALINN C OBPATHOUN CBA3bIO

AHanu3 nuTepaTypbl MOKA3bIBAET, YTO OOJIBIIOE BHUMAHWE UCCIeq0BaTeNeld TIpUBIe-
KaloT MEPCTIEKTUBBI Pa3BUTHUS TAKOTO MHBA3WUBHOTO METOJA AN TUBHON HEHPOCTUMYJIS -
1M ¢ 0OpaTHOI CBS3bIO, KaK TIIYOMHHAas JIEKTPOCTUMYJISALIMS Mo3ra. JlaHHbBIIT MeTox
npeanosjaraeT UCNojab30BaHUE UMIUIAHTUPYEMbIX BHYTPUUYEPETHBIX JEKTPOIOB, OaTa-
peil MUTaHUS U TeHEepPaTOPOB UMITYJIbCOB C OOpPAaTHOI CBSI3bIO, YTO TMO3BOJISIET lieJieHA-
MPaBJIEHHO OCYILECTBJISITh OCHOBAHHYIO Ha HEMPOHHBIX CeTsIX Helipomonynsuuio. [1o-
3TOMY B KayecTBe ONVKAUIIMX MEPCIEKTUB paccCMaTpUBAIOTCSI NTOCTUXXEHUST B 00JIacTU
WHXEHEPUHN, TaKre KaK CO3JaHue HaOeKHBIX 3JEKTPOAOB U 0O0JIee COBEPIIEHHBIX KOH-
CcTpyKuMii 6aTapeit, a Takxke pa3padborka 3OEKTUBHBIX METOIOB CTUMYJISILIIMU C 3aMKHY-
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Ta6auma 1. /luHaMuKa pa3BUTHS HEMHBA3UBHBIX METOIOB aJalTUBHON HEUPOCTUMYIISILIUU C 00-
paTHO CBSA3BIO OT SHAOTEHHBIX PUTMUYECKUX ITPOIIECCOB OpraHU3Ma

A ?quDCKT Bun Bo3zeiictBust TTapameTp oGpaTHOI1 CBSI3U Ccpika [Ne]
BO3IECTBUST
YcrpaHeHue 00J1eBbIX DNEKTPOCTUMYJISLIUS PutMm apixanus Fedotchev, 1996
CUHIPOMOB [68]
BuoakycTuyeckas Kop- AKycTHIecKast Kommonentsr (1-30 I'x) KoHcranTnHOB
PEKLIUS COCTOSTHUS CTUMYJISILUS JIOGHOI ¥ 3aThIIOYHOM DT u np., 2014 [83]
JleueHune XxpoHNYECKOI 60-| DIEKTPOCTUMYJIISIIINST Put™m npixanus Lietal., 2016 [69]
bi%4
YcrpaHeHue nocnenctBuii | MysblkoroaooHast V3kouactotHble DO ocumiuisi- | Fedotchev et al.,
cTpecca CTUMYJISILIAS TOPBI B IAATIa30HE 2017 [92]

anbda (8—13 I'n)

JleyeHue rocTTpaBMaTu-
YecKoro cTpecca

AKYCTUYECKHE CTUMYJIbI

JdomuHupyoiue D3I komno-
HeHTh BotBeneHusix F, C, T, P, O

Tegeler et al., 2017
[87]

JleueHune xpoHn4eCKoOit 60-
hji%4

DIEKTPOCTUMYJISLIAS

Put™m npixanust

Karri et al., 2018
[70]

Ynyi{mem/re KayecTBa CHa
" KOHCOJIMJALMU MMaMATHU

TpaHCKpaHUaTbHAasI eK-
TPUYECKAs CTUMYJISILIUS

MoiHoCTb To6HOM DD B nna-
mazone 0.5—1.2 Tix

Ketzetal., 2018 [75]

OnTuMu3anusi aBTOHOM-
HBIX QYHKINN, yTydlie-
HUE KayecTBa CHa

AKYCTHYECKHE CTUMYJIbI

JdomuHupyoine DI komno-
HeHTH BotBeneHusix F, C, T, P, O

Shaltout et al., 2018
[89]

MHnyKius cocTostHUS pe-
JaKkcalum

My3biKononooHas
CTUMYJISILIUST

Purm cepnueduenuit

Yu et al., 2018 [72]

YJ'IY‘{I.HCHI/IC KayecTBa CHa
1 KOHCOJIMOALMU ITaMATU

AKyCTI/I‘{CCKI/Ie CTUMYJIBL

“Connbie DI BepereHa”

Ngoetal., 2019 [77]

Koppexius nocnencrBuii
crpecca

CBCTO-MY3BIK3J'[]>H8.§{
CTUMYJIALUA

Anpda O3T ocummiaTopsl
(3BYK) + HatuBHas1 DI (cBer)

Fedotchev et al.,
2019 [93]

ViyulleHue KayecTBa CHa
¥ KOTHUTUBHOTO KOHTPOJIST

TpaHcKkpaHUalIbHasI 2JIeK-
TpUJecKast CTUMYJISIIUS

MoHocTh 1 (paza 106H0it DD
B nuamna3zoHe 4—8 Iix

Mansouri et al.,
2019 [76]

Jleuenue IIOCTTpaBMaTu-
YECKOro cTpecca

AKyCTHYECKUE CTUMYJIbI

Jomunupytoime D3I komIto-
HeHThl BotBeneHusix F, C, T, P, O

Tegeler et al., 2020
[88]

Jleuenue JETIPECCUBHBIX

TpaHcKkpaHuanbHast

MormurHocTh 1 aza anbha

Zrenner et al., 2020

paccTpoiicTB MarHuTHast ctumyssiuust | (8—12 I'm) B otBenenuu F5 [80]
KornutusHasi peabunura- | CBeTO-My3bIKaJIbHast Anbda D3I octmmisiTopsl Mukhina et al.,
LUSI IPU UHCYJIbTE CTUMYJISILIUS (3ByK) + HatuBHas ODT (cBer) | 2021 [95]
JledeHre XpOHUYECKOM DIEKTPOCTUMYJISIIHS Put™m nbixaHust Karri et al., 2021

oonu

(71]

Jleuenue nocrrpaBMaTH-

CBCTO-My3bIKaJIbHaH

Anpda O3T ocumsiaTopsl

Fedotchev et al.,

YECKOTO CTPecca M BbITO- | CTUMYJISILIAST (3ByK) + HatuBHas DT (cer) | 2021 [96]

paHus

BuoakycTuueckast Kop- AKycThyeckast Kommnonents! (1—-30 I'n) 1061011 | IBaHOBa,

PEKLHUST COCTOSITHUS CTUMYJISILUAS M 3aTbUIOYHOI DD KopwmyiikuHa,
2021 [85]

Koppekuml HETraTUBHBIX

CBBTO-My3BIKaJIbHaH

Anpda O3T ocumsiaTopsl

Fedotchev et al.,

(YHKLIMOHAJIBHBIX COCTOSI-| CTUMYJISILIUS (3ByK) + HatuBHast DOI (cet) | 2021 [38]
HUA
Koppexk1ust cocTostHmit AynuoBu3syanbHast V3kouacTtoTHBIE crieKTpaibHble | Pino, 2021 [82]
TPEBOTH U ACTIPECCUU CTUMYJISILIUS KOMTIOHEHThI DT B OTBeIeHUM
Fz
Jleuenue nenpeccuBHBIX | TpaHCKpaHManbHasI MourHocTs 1 da3za anbdha Faller et al., 2022

paccTpoiicTB

MarHuTHas CTUMYJISA LU

(6—13 I'p) B orBeneHnu F3

(81]

VnyullieHue KayecTBa CHa
¥ KOHCOJTUIAIINY TTaMSITA

AKYCTHYECKHE CTUMYJIbI

Men1eHHOBOJIHOBbBIE
(0.25—4.0 I'n) 5BI KOMIOHEHTHI

Debellemaniere
etal., 2022 [78]
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Tab6muua 1. OxkoH4YaHMe
L'}zgﬂbé 3"1((1:);11)3?41? Bun BozneiicTBust TMapameTp o6paTHOI CBSI3U Ccputka [Ne]

JleyeHue MOCTKOBUIHOTO

CBCTO—My3blKaJ'[bHaH

Anbdha DI ocUIISTOPBI

Polevayaetal., 2022

CUHIpOMa CTUMYJISILIUS (3ByK) + HatuBHas OOI (ceer) |[97]
Buoakyctrueckast Kop- AKycTraecKas KommnonenTsr (1—30 I'x) 1o6Hoii | Llleronbkos u np.,
PEKIIMS COCTOSTHUS CTUMYJISILIUS M 3aTbUIOYHOI DD 2022 [86]

Koppekuusi crpecc-Bbl-

CBGTO—My3])IKaJ'IbHaH

Anbha D3I octuassTopsl

Fedotchev et al.,

3BaHHBIX PACCTPOICTB CTUMYJISILIAS (3ByK) + HatuBHast OOI (cBer) | 2022 [94]
ViydieHre KauecTBa CHa | AKyCTHYeCKue YcpenHeHHast MOIITHOCTh HKU3KO- | Ruch et al., 2022
U €T0 BOCCTAaHOBUTENBHBIX | CTUMYJISIIIUS yacToTHbIX (< 2 I'1) KoMnoHeH- | [79]

byHKIMI

TOB MHOTOKaHaTbHOU DD

KorHutuBHasi peabunura-
LUST CrieUaaInucTa

CBeTo-My3bIKaJIbHast
CTUMYJISLIVS

Anbha DIT ocuIsAToOpsl + Ha-
TuBHasA DD

Fedotchev, 2022
[98]

OnrtrMu3anust aBTOHOM-
HBIX QYHKUMI, yTyule-

AKyCTI/I‘{eCKI/Ie CTUMYJIbL

Homunupytomue DI kommo-
HeHThl BoTBeacHusix F, C, T, P, O

Tegeler et al., 2023
[90]

HUE KadyeCTBa CHa

ThIM UMKJIOM U AUCTAaHLIMOHHOTO nporpammupoBanus [99, 100]. [1pennonaraercs, 4To B
Te4eHue S JIET Ha PHIHOK BBIMAYT CJIOXHbBIE UMIUIAHTUPYEMbIE CUCTEMbl HEUPOMOIYJIsI-
LIVM, CTTIOCOOHBIE K CTUMYJISILIMM C OOpaTHOM CBSI3bIO M MPUMEHEHUIO HOBBIX, OoJiee 3¢h-
(EeKTUBHBIX BUIOB BO3IEUCTBUS, a Yepe3 S JIET OKUAAETCsl MHTerpalus afanTUBHOM ce-
TeBON HEHPOMOIYISIIUKA C TIPEIUKTUBHBIM HCKYCCTBEHHBIM HWHTEJUIEKTOM, KOTOpast
06eCrneYnT aBTOMAaTUYECKYI0 HACTPOMKY MO3TOM M BHEIITHUMHU JaTYMKAMU U OyIeT KOH-
TPOJIUPOBATHCS yepe3 obaauyHble nprtoxeHus [101].

[Mpu paccMOTpeHUU MEPCHEKTUB PAa3BUTUS alalTUBHOMN TTTyOMHHOM 3JEKTPOCTUMY-
JISIIAM MO3Tra BaXkKHasl poOJib OTBOJMUTCS JBYHAIpPaBJIIEHHBIM UMILJIAaHTUPYEMbIM WHTEP-
deiicaM MO3r—KOMIIBIOTEP, KOTOPbIE MOTYT OOHAPY>KUBAaTh U BHIOOPOYHO MOYJIMPOBATh
naTo(pU3NONIOTUYECKYI0 aKTUBHOCTh MO3TOBBIX 1IeTNeid. YKa3bIBaeTCsl, YTO TepareBThuYe-
CKUii ycriex OyIeT JOCTUTaThCs 3a CYET KOMILIEKCHOI pa3paboTKM CTpaTeruii 1mo uaeH-
TU(UKALIMY CUTHAJIOB OOpaTHOM CBSI3U, MOoAaBIeHUsT apTe(akToB, 00OpabOTKM CUTHAJIOB
W PEXUMOB YIIPABJICHUS [JI1 TOUHOM JIOKAIM3ALUU CTUMYJISILIUA C Y4€TOM WHAUBUIY-
aJTbHBIX 0OcoOeHHocTel natmenTa [102]. st onTuMuU3aluuy yecTpoicTB NIyOMHHOM 3J1eK-
TPOCTUMYJISILIMKA MO3Ta TIpelyiaraeTcss B OyayllieM MCIOJb30BaTh MOIEIM MAallUHHOTO
00y4JeHuUs1, KOTOpbIe CITOCOOHBI MPENCcKa3bIiBaTh/UACHTU(MULIMPOBATh HAIMYNUE CUMIITO-
MOB 3200JIeBaHUSI HA OCHOBE Ha HEMPOHHOM aKTUBHOCTU M MOTYT aIalITUBHO MOJLYJIMPO-
BaTh ctuMyJisiuio [103].

Yto KacaeTtcst MepcrieKTUB HEMHBA3WUBHOM afanTUBHON HEHPOCTUMYISILIUU C 0OpaT-
HOIi CBSI3bI0, 3aCTy>KMBAaeT BHUMAaHMSI aKTUBHO PAa3BUBAIOIIASICS JIMHUS UCCIEIOBAHUIA,
CBsI3aHHAs ¢ TMOHATUAIMU “ocmmwuionatun” 1 “ocmmwuioreparnus” [104]. KoHuenryaib-
HOM OCHOBOM HaHHOI JIMHUM SIBJISIIOTCS CJIeAyIolnue mojaoxkeHuss. OCHMUISITOpHAS aK-
TUBHOCTb MO3Ta OTpaXkaeT W MOAIEPXUBaeT MHorue (usnonorudyeckue GyHKINAU, OT
MOTOPHOTO KOHTPOJISI 10 TTI03HaHUs U 3Mouuii. [1py1 HEBpOJOrMYeCKuX 1 IMCUXUIECKUX
paccTpoiicTBax, TaKMX Kak SIUJIETICUsI, TTApKUHCOHU3M, 00Jie3Hb AJblireiiMepa, 1m30-
¢dpeHust, TpeBOXKHbBIE, NETIPECCUBHBIE U JIPYyTMe PacCTPONCTBA, OOBIYHO HAOJIOIAOTCS
HapylIeHUsT HOPMaJIbHOM OCLMJIIATOPHOM NESTeTbHOCTA Mo3ra. Takue paccTpoiicTBa
MOXHO paccMaTpuBaTh Kak o01ure ae¢heKThl KoJlebaHWii, NI “OCHMIIONATUN ”, SIBJISIIO-
mmecs GMoMapKepoM COOTBETCTBYIOLLIMX CUMIITOMOB. BHelllHue puTMuyeckue Bo3aeii-
CTBUSI MOTYT HAIpaBJIEHHO MOMIYJIMPOBATh 9HAOTEHHbBIC OCUMUISILIMM Yepe3 pe30HaHC-
HbIE MEXaHU3MBbI WJIU MEXaHU3MBbI YCBOeHUsI puTMa. [1o3TOMy MHOTME aBTOPBI yKa3bIBAIOT
Ha MepCTNeKTUBHOCTh UCIOJIb30BaHUS KOJIeOaHUIT HEMPOHHOM CeTH B KAYECTBE TepareB-
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TUYECKUX MUILIEHEN MPU OpraHu3alyu Mmpouenyp “ocuujuioTepanuu’ myTeM IpuMeHe-
HUSI aKTMBHO Pa3BUBAIOLIMXCSI METONOB adalTUBHOW HEWPOCTUMYJISILMM C OOpaTHOM
cBsa3bio [105, 106].

B 3T0it CBSI3M TIEPCNEKTUBHBIM MPEICTABISIETCS] HEAABHO TMPEMIOXEHHBIH METON
“TpaHCIIAaHTALMU” COCTOSIHMIA MO3ra 4epe3 CEHCOPHYIO MU TPaHCKPAHUAJIbHYIO CTH-
MyJsInio, copMrUpoBaHHYIO Ha ocHoBe DOI xapakrtepuctuk “moHopa” [107]. ABTrop
WCXOMUT U3 TOTO, YTO CEHCOpHasl W TpaHCKpaHWaJIbHas CTUMYJISIIUM, BOBJIEKAIOIIME
MO3T' B OIpeNeJIeHHbIE MO3TOBbIe PUTMBI, MOTYT 3(b(heKTUBHO BBI3BIBATh XKeIaeMble CO-
CTOSTHUST MO3Ta (HalmpuMep, COCTOSTHUE CHA WJIM COCTOSIHUE BHUMAHMUS), KOPPEJIUPYIO-
1IMe ¢ TAKUMU KOPKOBBIMU pUTMaMU. [10aToOMy mpeacTaBiisieTcsi BO3MOXKHBIM BbI3bIBAaTh
JKeJIaeMO€e COCTOSIHME MO3ra, BOCIIPOU3BO/ISI 3TU HEMPOHHBIE KOPPEJSITHI Yepe3 CTUMY-
ssiyio. J1jist 9Toro TipeasaraeTesl OCylecTBIATh 3anuch DD xapakrepucTuk “noHopa”,
HaXOISIIIErocss B ONpenesiIeHHOM (DYHKIIMOHAIBHOM COCTOSTHMH, W MCITOJIb30BaTh UX B
Ka4yecTBe YMPaBJISIONINX CUTHAJIOB OOpaTHOM CBSA3M MPU CEHCOPHOM WJIM TpaHCKpaHU-
AJIbHOI CTUMYJISILIUM “pelUITMEeHTa” . ABTOP CUUTAET, YTO MPEIJIOXKEHHBINA METOI OTKPHI-
BaeT HOBBIN 3(P(heKTUBHBIN HEUPOMOMYJISILIMOHHBIN MOAXO K HEMHBAa3WBHOMY HEMEIM -
KaMEHTO3HOMY JICUCHUIO Pa3JIMYHBIX MCUXUYECKUX M HEBPOJOTUYECKUX PACCTPOMCTB,
JIJIST KOTOPBIX COBPEMEHHBIE METOIbI JIeUeHUSI B OCHOBHOM OTpaHUYMBAIOTCS (hapMaKo-
TepareBTUYeCKUMU BMelaTesaberamu [107].

B Halmx aKCnepuMEeHTaIbHBIX pad0TaX TaAK:KE€ HAMETUJIMCh HEKOTOPBIE TTePCITeKTUB-
HbIe HallpaBJieHUs! JaJdbHENUIIMX ucciienoBaHuii. OMHO M3 HUX CBSI3aHO C BBEICHUEM B
DBT-ynpaBisieMblii  My3bIKJIBHBIA HeMpOWHTepdeic TOIMOTHUTEIBHOTO KOHTYpa
yIpaBiaeHUsI ot cepaedHoro purMma [108]. B cTporo KOHTpOIMpPyeMBIX MCCISIOBAHUSIX
OBLIO MOKAa3aHOo, YTO KOMILJIEKCHAasi 0OpaTHast CBSI3b OT OMOMOTEHIIMAJIOB MO3ra U cepliia
MO3BOJIIET CYIIECTBEHHO MOBBICUTH 3(h(HEKTUBHOCTD JIEUEOHBIX MTPOLIEAYDP MPU KOPPEeK-
LM CTPECC-UHIYLUPOBAHHBIX cOCcTOsIHU [109] 1 MPpUBOIUT K MAaKCUMAaJIbHOMY TIPUPO-
CTY MOIITHOCTHU Ol-pruT™Ma DD oTHOCUTENIBHO (pOHA, COTTPOBOXKIAEMOMY TTOJIOKUTEIbHBI-
MU 3MOILIMOHAJIBHBIMU PEAKIIMSMU 1 CIBUTAMU (DYHKIITMOHATBHOTO COCTOSTHUSI OpTraHU3-
Ma 3a CYeT BOBJICUCHHUS] MHTEPOIIETITUBHBIX CUTHAJIOB B MEXaHU3Mbl MYJIBTMCEHCOPHOM
WHTETpaluu, HEMPOIJIACTUYHOCTHU U PE30HAHCHBIE MexaHu3Mbl Mo3ra [ 110].

Ellle omHO TIepCIeKTUBHOE HAaITpaBJIeHNE UCCIeIOBAHMUI CBSI3aHO C IPUMEHEHHUEM pe-
30HaHCHOTO CKAaHWPOBAHWUSI, WJIN CBETOMMOAHOU PUTMUUECKON (hOTOCTUMYIISILINU C TI0-
CTEIIEeHHO BO3pacTarollieil YacTOTOM B AraIta30He OCHOBHBIX puTMoB DI [111]. B HenaB-
Heil paboTe MoKa3aHo, YTO Pe30HAHCHOE CKAHMPOBAHUE MOXET CIIYXKUTh CBO€0Opa3HO
MpenBapuUTEIbHOI HACTPOMKOM MO3Ta, BbI3bIBasi aKTUBALIMIO MOTECHIIUATIbHBIX PE30HATO-
poB B criektpe DOI n yBenmunBas peakuMyd Mo3Ta Ha nocienyoiryto D3I -ynpasnse-
MYIO aJalITUBHYIO HelipocTuMyssuuio [112]. B pe3yinbTare Takoii KOMOMHAIIUN 9K30T¢H-
HBIX W DHIOTEHHBIX PUTMUYECKUX BO3ICHCTBUIT 3HAUMMBIC TTO3UTHUBHBIC 3(DHEKTHI TpHn
KOPPEKIIMM CTpecC-UHAYLIMPOBAHHBIX COCTOSTHUM M KOTHUTUBHOM peadMINTAlluU Yesio-
BeKa PETUCTPUPYIOTCS yKe TMOocjie ONHOKPAaTHOM JieueOHOi MpoLeayphbl M yCUIMBAIOTCS
MPU MOBTOPEHUM OOCTIETOBAHUIA.

SAKJIIOYEHUE

INpencraBieHHbIe TaHHBIE TTO3BOJISIIOT 3aKJIIOYUTh, UYTO METO/Ibl aalITUBHON HEUPO-
CTUMYJISIIIAM ¢ 0OpaTHOM CBSI3BIO MPEACTABISAIOT CO00it aKTMBHO pa3BUBAlOIIeecs U TTep-
CTIEKTUBHOE HarmpabiieHue Heiipodusnonorun. Cyns 1Mo pacCMOTPEHHBIM ITyOIMKAIIM -
sIM, HanOoJbIIIee pa3BUTHE U 3(PHEKTUBHOCTD IEMOHCTPUPYIOT METOIBI, CTIOIB3YIOIINE
MYJIbTUMOAAIBLHYIO CEHCOPHYIO CTUMYJISILIUIO, aBTOMATUUECKU MOIYJIUPYEMYIO CUTHATIaMU
00paTHOI CBSI3U OT COOCTBEHHBIX PUTMUYECKMX ITPOIIECCOB UeJIOBEKa — PUTMA IbIXaHUS,
put™Ma cepauebueHuii 1 purmoB DI, KomriekcHas oOparHasi CBSI3b OT 3TUX PUTMOB
CMOCOOCTBYET y4aCTUIO 3HAYMMBIX TSI YeJI0BEeKa MHTEPOLETITUBHBIX CUTHAJIOB B MeXa-
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HU3MaxX MYJbTUCEHCOPHON MHTETrpaluyv, HEUPOIUIACTUYHOCTA U PE30HAHCHBIX Mexa-
HU3Max Mo3ara. biaromapsi MCIOMb30BAaHUIO YIPABJISIIONINX CUTHAJIOB OT 9HIOT€HHBIX
PUTMOB, Takasi HEMHBA3UBHAsI CTUMYJISILIMS 34 CUET yyeTa TMHAMUKKU MUKPOCOCTOSTHUI
MO3ra IOCTUTAET BBICOKOM TepcoHanu3auuu u 3pOeKTUBHOCTU JIe4eOHBIX BO3IECTBUIA.

Oco6eHHO NMepCcneKTUBHOM JUHUEH UCCIIeIOBaHU MPENCcTaBsieTCs] aBTOMaTUYeCcKast
MOIYJISILISI CECHCOPHBIX BO3JICMCTBUI TeKylIuMHU napamerpamu D3OI yenoBeka. ABToOMa-
TUYECKOE yIpaBlieHUE JIeueOHbIMU CEHCOPHBIMU BO3AEUCTBUSMHU JA€T BO3MOXHOCTH UC-
noJsib30BaTh DD -ymnpapisieMyio alalTUBHYIO HEMPOCTUMYJISILIMIO B YCIIOBUSIX, HE TpeOy-
IOLIUX OCO3HAHHBIX YCUJIUI UCIIBITYEMBIX, UTO OCOOEHHO BaXKHO MPU MPOBEAECHUU Jie-
YeOHBIX CEaHCOB C NETbMU M C IallMeHTaMM, IJIsI KOTOPBIX XapaKTepHbl U3MEHEHHbIE
TMICUXWYECKUE COCTOSTHUS WM TTPOTUBOMOKAa3aHa MeAUKAMEHTO3HasI Teparusl.

IlepeuncieHHble JOCTOMHCTBA METOAOB adalTUBHOI HEHPOCTUMYJISILIMM C OOpaTHOM
CBSI3bIO0 OTKPBIBAIOT MEPCTIEKTUBBI 151 UX TIPUMEHEHUS B peaOUIMTALIMOHHBIX MEPOTIPU-
SITUSIX IIUPOKOTO Mpoduisi, B 00pa3oBaTeIbHBIX YUPEXKACHUSAX IJIsSI aKTUBU3ALIMU ITO3HA-
BaTeJIbHOM NEeSITEIbHOCTH YeJIOBEKa U MPOIIECCOB €ro 00y4yeHusI, B BOEHHOI U CITOPTUB-
HOII MeIUIIMHE, MEIUIIMHE KaTacTpod, HAYYHbBIX UCCIIETOBAHUSX.

NCTOYHUK OPMMHAHCHUPOBAHHWA

Pa6Gora BeImonHeHa rpu noanepxkke Poccuiickoro HayyHoro doHzaa, rpant PH® Ne 22-18-20075.
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Methods of Closed-Loop Adaptive Neurostimulation:
Features, Achievements and Prospects for Development

A. 1. Fedotchev*

Institute of Cell Biophysics of the Russian Academy of Sciences, Pushchino, Russia
*e-mail: fedotchev@mail.ru

An innovative approach to the organization of stimulation procedures is analyzed —
closed-loop adaptive neurostimulation, in which the parameters of sensory stimulation
are automatically controlled by feedback signals from the person’s own physiological
characteristics. The effects of using invasive and non-invasive magnetic and electrical
brain stimulation, as well as the effects of closed-loop acoustic and audiovisual stimula-
tion, controlled by human rhythmic processes are considered. Numerous examples
demonstrate the features and achievements of a new approach in the treatment of vari-
ous psychosomatic disorders and cognitive rehabilitation of a person. The prospects for
development of this research area are outlined. The results of the author’s own research
in this direction are presented.

Keywords: sensory stimulation, feedback, functional state correction, automatic modula-
tion, electroencephalogram (EEG), heart rate, respiratory rhythm
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