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[MpoBenen aHanmm3 GOPMHUPOBAHUS YCTOWYMBBIX 3PHUTEIBHBIX BBEI3BAHHBIX TOTCHI[MANIOB Ha OCHOBE
3pUTEIbHBIX BBI3BAHHBIX MOTEHIHAIOB. [IpU HCIOJIB30BAHUM PErPECCHOHHON MOJENU MOKa3aHO, YTO
JIOKaJu3anusa 110 BpeMCHI/I 3pI/ITeJ'[I)HI)IX BBI3BAHHBIX IMOTCHUIHWAJIOB HpI/I HAKOIIJICHUN yCTOfI‘-IPIBLIX
3pUTENBHBIX BBI3BAHHBIX IMOTCHIIMAJIOB HUIPAeT OMIPEACICHHYI POJIb, 3aKJIIYAIONIYIOCS B Pa3HBIX
3HAYEHHUSX PErpPECCHOHHBIX KO3(PPHUIMEHTOB, 3aaBaeMbIX AJIsS 3PUTEIbHBIX BHI3BAHHBIX MOTEHI[MATIOB
¢ pa3HbIM (a30BBIM CABHUTOM B OTHOINEHWU Apyr aApyra. JIuHeliHas perpeccHOHHas MOJENb s
4acToThl porocTumymsaiuu 14 T nydine onuchiBaeT 3HAYEHUS! YCTOWYMBBIX 3PUTENBHBIX BBI3BAHHBIX
MOTEHIMANIOB IMPH LHUKJIMYECKOM TOBTOPEHHH 3PHUTEIbHBIX BBI3BAHHBIX IMOTEHIHUAJIOB, 4YeM s
JaCTOThI 8 FL[. B IO JaBJIAOIICM 6OJ'II)IHI/IHCTBe cnyqaeB YUCJIO BBIABJICHHBIX Ha CHeKTan B dHac-
TOTHO-BPEMEHHON 00JACTH TPYyMN YaCTOTHBIX MUKOB (LEMOYEK JIOKAJTbHBIX MaKCHMyMOB), OOJbIIe
IJISE CUTHAJIOB ¢ 4dactoTod 8 I, duem mia curHaiaoB ¢ yactotod 14 I'm. JlaHHas 3aBHCHMOCTH
COXpaHsAETCs ISl YCTOWYHMBOTO 3PUTEIHHOIO BBI3BAHHOTO IMOTCHI[MAJA, MOJYYCHHOTO HEMOCPEACT-
BEHHO C TMOJIb30BATENsl, B OTIUYUE OT «HUCKYCCTBEHHO CHHTE3MPOBAHHOTO» W3 3PUTEIHHOTO BHI3BAH-
HOTO moTeHuuana. B cnyudae porocTumymnsiuu vacrotoit B 14 'l yacTOTHBIE KOMIOHEHTHI CHTHaja
KaK YBEIWYUBAION[ME, TaK W YMCHBINAIONME CBOW MEPUOJ BCTPEYAIOTCS OJWHAKOBO YacTo, a B
cinydae yactoThl 8 ['1[ HaOMIOAaeTcs yBeIUYECHHE YMCIA IIEMOYeK JIOKAIbHBIX MaKCHMyMOB, 4acTOTa
KOTOPBIX yMeHbInaercs. [IpoIeMOHCTpUPOBAaHO HATUYHE TPYIIIBI T0JIb30BATENEH, KOTOPBIE PEArHPYIOT
Ha BBICOKOYACTOTHYIO (DOTOCTHMYJISIIMIO B BHJIC CHIDKCHHS YHCIA BBIPaXKCHHBIX YACTOTHBIX KOMIIO-
HEHT, YY4aCTBYIONIMX B (OPMUPOBAHMM BBI3BAHHOTO MOTeHIMAaNa. [Ipu 3TOM MOIyNSAUsS 4aCTOTHBIX
KOMIIOHEHT B HATUBHOM YCTOWYMBOM 3PHUTEIHLHOM BBI3BAaHHOM IMOTEHIIMAJIE HOCHUT, IIPEUMYIIECTBEHHO,
XapaKTep CHUXXCHHS YaCTOTHI B CHTHAJIe, Yero HE HAOJNIOJAeTCs MPU MOJIEIHHOM BOCIPOH3BEICHUU
B BUJIC KOHCTPYUPOBAHHUS CHTHAJa W3 IMOCICAOBATEIBHOCTU 3PHUTEIbHBIX BBI3BAHHBIX MOTEHI[HATIOB
9TOTO K€ MOJL30BaTENs.

Kniouesvle cnosa: aﬂeKmpoaﬂueqbaﬂozpaMMa, eeﬁeﬂem-aHaﬂus’, JIOKAJIbHble CneKmpbol, 6bl36AHHbIE NOMEH-
yuaiol, yCI’)’IOIZ'-lM@bl@ 3pumelilbHble 6bl36AHHbIE NOMEHYUAIbL.
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SSVEP Bo3HMKaeT B 3aTHUIOYHBIX 00JaCTIX MO3Ta
MPHU NEPUOJAHYECKON HOTOCTUMYIISIINH, 3HAUYNTETb-
HO YyBEIWYHUBAasg aMIUIMTyAy IIpU KOHUEHTPALHUH

YcroiiuuBble 3pUTEIbHbIE BBbI3BaHHBIE IOTEH-
nuansl (SSVEP) sBasrorcs omHuM u3 (HEHOMEHOB
DJEKTPUIECKOM aKTHUBHOCTH MO3Ta, JISKANIUM B

OCHOBE CHHXPOHHBIX MHTEP(EHCOB «MO3T—KOMITb-
otep» [1-3], rme moa «CHHXPOHHOCTHIO» MOApa-
3yMeBaeTcs TO, YTO B XOJ€ PadOTHl TEMI U Xa-
pakTep B3aMMOJIECUCTBHS BO MHOTOM 3aJaeTcsl po-
rpaMMHO-aNmapaTHBIM KOMIIJIEKCOM HHTepdeiica.

Coxpamenns: SSVEP — steady state visually evoked potentials
(ycToiuuBBIe 3pUTENbHBIC BBI3BAaHHBIE MOTeHIUambl), 3BII —
3pUTENbHBIN BBI3BaHHBIA moTeHnuan, L[JIM — nemouku no-
KaJIbHBIX MaKCHMYMOB.

BHUMaHUS MOJIb30BaTeNs Ha MCTOYHHKE BO3JCHCT-
Bus. OgHako OoJiee M3BECTEH KJIACCHYECKUU 3pH-
TENBbHBIA BBI3BaHHBIM moTeHnman (3BII), HeomHo-
KpPaTHO ONMHCAHHBINA B JIUTEpAType U XOPOUIO H3Y-
YeHHBIA KaK JUISi HOPMBI, TaK M JUIS [EJIOTO psna
matonoruit [4]. Takum oOGpazoMm, B OTBET Ha Iie-
puoauveckyo (HOTOCTUMYISIIUIO  (HOPMUPYIOTCS
nBa ¢enomena: notenunanos 3BII (puc. la), Tpa-
MAIAOHHO PEruCTPUPYEMBIX MPU HU3KUX YACTOTaX
nopsaka 1-4 T'n, u SSVEP, TpagunuonHo peru-
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Puc. 1. HpI/IMepr 3PpUTEIBHOTO BBI3BAHHOTO MNOTCHOHUAJIa H yCTOﬁ‘IHBOFO 3PUTCIBHOTO BBI3BAHHOTO NOTEHOHAaIa C

Ppa3sHBIMU YacCTOTaMHU q)OTOCTI/IMyJ'ISH_[I/II/I.

CTPUPYEMBIX TIpU OoJiee BBICOKUX YacToTaxX (OoTO-
CTUMYIISIIUH, MPEUMYIIECTBEHHO B OHAMa30HE O-
u B-purmos. I[Ipeamonoxum, uto SSVEP umeer
IIBE COCTAaBJIAIONINX: TEPBas SBISETCSA CICIACTBUEM
TUHEHHOW WM HETWHEWHOW cyMMmamuu OoJiee HU3-
kouactoTHBIX 3BII, a BTOpas — oToOpakaer mpo-
mecchl, He cBsa3aHHble ¢ 3BII u sgBiasmoomumecs «dH-
norenaeiMuy st SSVEP B ToM cMbIcie, uTo mpea-
CTaBJISAIOT COOOM MPOIECCHl, XapaKTEPHBIE TOJBKO
mns SSVEP u He xapaktepubie ans 3BII.

Lenpto maHHOUW paboOTHI SBISETCA: MOJEIHUPO-
BaHHE (OPMHUPOBAHUS YCTOWYMBBIX 3PHUTEIBHBIX
BBI3BaHHBIX mnoTeHiuanoB (SSVEP) B ycrnoBusax
(GOTOCTUMYISALMHA Pa3IMYHON YaCTOTEHI.

MATEPUAJIBI U METOJbI

B uccnenoBanuu npunsnu yuactue 30 yemoBek
oboero mona (12 meBymiek u 18 roHOmIEH) B BO3-
pacte ot 18 mo 22 nmer. Bee mcnbiTyemble HMENH
HOpPMaJbHOE€ WU CKOPPEKTUPOBAHHOE 1O HOP-
MaJIbHOTO 3peHHe. B Xome skcnepuMeHTa HCIIbI-
TyeMbIi pacrmojarajics B Kpecie, 3aHsIB yI0O0HYIO
s ce0s mo3y mepen POTOCTUMYIATOPOM H3 de-
TBIpeX auonoB Oemoro mBera (MomiHOCcThIO 0,5 BT
Kaxaplil) Ha paccrosHuu ot 0,5 mo 0,75 m. Peru-
CTpaluIo 3eKTpodHnedantorpaguueckoi aKTHBHO-
CTH IPOBOJMIIH BO BTOPO MOJIOBUHE AHS, HAYMHAS
¢ 14.00, ¢ momouisio npudopa «Heilipon-Cnexrp-4
BII» mpousBoacrsa OO0 «Heiipocopt» (Poccus)
C BKJIIOYEHHBIM DPEXEKTOPHBIM (UIBTPOM M BHI-
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KJIIOUYEHHBIMHA (UIBTPAMU BHICOKMX W HH3KUX Yac-
TOT Ha 4yacTtoTe Auckperusanuu S5 xl'1. Perucrpa-
OHs  DJIEKTpodHIedarorpaguIeckoli aKTHBHOCTH
OCYIIECTBISIIACH JJIeKTponamMu B mosumusax Ol,
02, Oz, P3, P4, Pz, uanud pepeHTHBIM dIEKTPOIOM
CIIyXuJ 00beNWHEHHBIN YITHOW 3nekTpon. doto-
CTUMYJISIIUIO OCYIIECTBJSIM Ha OJHOM YacToTe
BceMu auonamu 0e3 casura mo ¢daze. HactoTsl
dborocrumynsiuu cocrarisau 1 [ qyis nomydeHus
stanonnoro 3BII, 8 u 14 I'u — ansga momyuyeHus
SSVEP. Yucno cyMMupoBaHUM AJIsI KaXKAOTO BUIA
BBI3BAHHOTO MOTeHIMalla paBHsock 100.

B kauecTBe MeTona cneKkTpalbHON 00pabOTKH
npuMeHsan npeobpa3zoBanue Oypbe U HepepbIB-
HOE BelBieT-nmpeoOpazoBaHue C AEHCTBUTEIbHOM
JacTeio BeiBiera Mopner (o, = 2n). Kaxaei u3
CHUTHAJOB Tepen JajbpHeimeld oOpaboTkol mon-
Beprajiu (uiIbTpallil B BHJAE NPAMOTO, a 3aTeM
oOpaTHOTO TpeoOpa3oBanus Dypbe ¢ COXpaHEHH-
eM ko3¢ ¢unueHToB B auamazoHe ot 3 mo 20 I'm.
PesynpTaToM HEmpepBIBHOTO BeHBIET-IpeoOpa3o-
BaHMS SBISIACh MaTpuIla Kodh(PUIIMEHTOB BEiB-
JeT-peoOpa30BaHusl, KaXIbIH DIEMEHT KOTOPOH
B JajbHelneM BO3BOAMIM B KBanpatr: W2(a, b).
[Tony4yennsie 3Hauenus W2(a, b) oTpax)aroT «3HEp-
TUI0» CHUTHaja B OKPECTHOCTH 3HaYeHHs macmTada
(wm 9acToTHl) @ B MOMEHT BpemeHu b [5]. Takum
00pa3oM, OBUIM TOJy4YeHBI JOKaJIbHBIE DHEPTETH-
YECKHE CIIEKTPHI CUTHANA, OTPaKaroIIue aMILUTUTY-
ny (GOopMHUPYIOIMHUX €ro Pa3HOYaCTOTHBIX dJIeMeH-
TOB. AHanu3 noBepxHocTd W2 B KOOpAMHATAaX d,
b IpoBOAMIN C UCTIOTB30BaHUEM JIOKAIHHBIX CIEK-
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(a)
DopMUpOBaHUE CUTHATA
MyTEeM 3aMOJTHEHUS HYJIIMU
1 9
2 6
3 9
4 6
5 9
6
9
6
9
6
9
Hcxonubiit Cron6uipl, popMupytolie  Pesymsrar
CUrHaJ pe3yabrar BIT)
(3BII)

TYPOBCKHUU u ap.

(©) DopMupoBaHUE CUTHAIA
MyTeM LIUKJINYeCKOTO
3aroJHEHUS

1 15

2 15

3 15

4 15

5 15

15

15

15

15

15

15

Hcxomubiii CronOupl, hopmupyroime  Pesynsrar

CUrHaJ pe3yasTar (Y3BID)
(3BIT)

Puc. 2. BapI/IaHTBI IMOCTPOCHUA yCTOfI‘IHBBIX 3PUTCIBbHBIX BBI3BAHHBIX INOTEHIHUAJIOB Ha OCHOBE 3PpUTEIBHBIX BbI3BAHHBIX

IIOTECHIIHAJIO0B.

TpOB, KOTAa CTPOHUTCA Habop ckeinmorpamm (Jo-
KaJIbHBIX CIEKTPOB), YTO IO3BOJISIET CHOPMUPO-
BaTh HM3MCHSIONIMECS BO BPEMEHHU ICTIOYKH JIO-
KaJnbHBIX MakcumMyMmoB (L[JIM). BeisBnstorcs nars
cnenuduueckux tunoB nauHamuku L[JIM [6]: cra-
OounbHO pacrymas no wacrore LJIM (tum 1);
crabmwibHO yObIBaromas no yacrore L{JIM (tum 2);
OJIM, nmpakTU4ecKu HE U3MEHSIOUIAsicsi B 4acTOT-
HOM mpoctpanctBe (tun 3); LJIM, nemoHcTpu-
pyromasi cHadajla poCT YacTOTHI JIOKaJTbHBIX MakK-
CHUMYMOB, a MOTOM ee yMmMeHbIeHue (tun 4); L[JIM,
B KOTOpPO¥ YacTOTa JIOKAITHLHBIX MAKCHMYyMOB TIEp-
BOHAYAJIbHO YMEHBIIAETCA IMPH TOCIEIYIOIIEM ee
pocre (tum 5).

B cratucruyeckoM aHanu3e MOJYYEHHBIX pe-
3yJAbTATOB MCHOJB30BAIM METOIBI TECKPUNTHBHON
CTATUCTHUKHU. YUUTHIBasI, YTO pacnpeneneHus 00ib-
OIMHCTBA TOKa3aTeled HeE SBJSIOTCS HOPMAalbHBI-
MH, TPUMEHSIH KPHUTEPUU HeMapaMeTpHUiIecKon
craTuctuku — kpurepuu Kpackena—Yonneca, Man-
Ha—-YuTHHu, ®puamana u BUIKOKCOHA I MapHBIX
ciaydaeB [7,8], mpu 3TOM mapaMmeTp O OPUHUMAIU
paBHBIM 5%. [{ns BBISIBICHUS WUHAUBUAYAJIbHBIX U
TPYNIOBBIX OCOOEHHOCTEW HCCIeAyeMbIX IMOoKa3a-
Tenel MPHUMEHSIN KIacTepHbIH aHamu3 (MeTojk
K-cpenanx). YauteiBanu 3pQpeKT MHOKECTBEHHBIX
CpaBHEHUU.

PE3VIJIBTATBI 1 OBCYXJEHUE

Ha mepBoM »sTame paccMOTpUM BO3MOXKHBEIE
BapuaHThl komMOunanuu 3BIl ans nomydyeHus u-
HEMHON perpeccCMOHHOW monenu. BapuaHThl nipen-
craBnensl Ha puc 1. Kak BuaHo wu3 pucCyHKa,
MEepBbId BapHaHT MOJpPa3yMEBaeT MOCTPOCHUE Ce-
pun 3BIl c 3anyneHumeM curHana 3a HpeaenaMu
sroxu Hakoruienus BII (puc. 2a). I[Ipm sTOM BO3-

MOKHO KaK HCIOJIb30BAHHUE MOJTYYEHHONU MAaTPHIbI
MrHOBeHHBIX amIuiutya 3BIl (me3aBucuMeble mepe-
MEHHbIE) IS TOMNBITKH TMpEeaCcKa3aTh 3HAYCHUS
SSVEP (3aBucumas nmepemMeHHas), Tak 1 IOJIy4eHUE
O0JTHOW He3aBUCHUMOH nepeMeHHoM kak cymMmsl 3BII,
9TO HEOOXOUMO I UCKITIOUCHUS BIUSHUS HYJEH,
koTopbiMu nomonHsnu 3BII, Ha perpeccnoHHbIe
ko3¢ dunmenTs. OAHAKO TPU 3TOM, OUYEBHIHO, BEC
kaxaoro u3 3BII mpuHuMaeTcs paBHBIM JJisl Bced
cepun. Bropoi BapmaHT (puc. 20) OCHOBaH Ha
UUKJIMYECKOM 3amojHeHuu s kaxzgoro 3BII ce-
puu. UHBIMU cI0BaMu, MOcCie 3aBEpIICHUs] OAHOTO
3BIl »sTOT X€ CUTHajd OPOJOJIKAICAd Aaiblie 0
koHna snoxu aHammza SSVEP. Ilpu stom, kak u
B TPENBIAYIIEM CcIydae, HCIOJB3YeTCs €Ile OJUH
BapHaHT C MOJy4YEeHHWEM OJHOTO OOIIero curHaia
(He3aBuCHMMasi TepeMeHHas) 3a CYeT CIIOXKEHHS
MraoBeHHbix ammautyn 3BII, nmpuxoagmuxcs Ha
OIUH MOMEHT BpE€MEHHU. Pe3ynbpTaThl B BUJE 3HA-
YEHUM TaK Ha3bIBAEMOT0 «CKOPPEKTUPOBAHHOTOY
R? npencrabnensl B Taba. 1. Kak u3BecTHO, HaH-
HBIM TIOKa3aTelb OTPa)aeT, HAaCKOJBKO YCIEITHO
HE3aBHUCHMBIC TEPEMEHHBIE MOTYT OIHCATh 3aBHU-
cuMmyto mnepemeHnyio [9]. U3 tabn. 1 BuaHO, 4YTO
BO BCEX CiIyyasiXx, KpOME€ LUKIUYECKOTO 3aIloJIHe-
HUS UCXOAHBIX 3HA4YEHUM 11 yactoTel B 8 I,
onuH chopmupoBanHbid u3 3BIl curuan nmokassi-
BaJ ropasno 6ojiee HHM3KHME 3Ha4YeHHsS R2, 4eM B
ciaydae, KOTJa 3HAYEeHHS MTHOBEHHBIX aMIUIHUTYT
kaxjoro u3 3BII ananuszupoBanuch oTAenbHO. 13
3TOr0 MOJKHO CHenaTh BBIBOJ, UYTO JIOKaJIU3aLHS
mo Bpemenu 3BIl mpum dopmupoBanum SSVEP
UrpaeT OMNPEAENICHHYI0 POJib, BBIpaXaroUIyIOCS B
Pa3HBIX 3HAUYECHUIX KOA(DPUIIMEHTOB perpeccu, 3a-
napaembix 3BIl ¢ pasHbIM (a30BBIM CIABHUTOM B
OTHOIIeHUM Apyr npyra. Cruemyer oOpaTuUTh BHH-
MaHHE, 9YTO BO BCEX CIyYasX IJIS KaXXIOTO TOJb-
30BaTeNsd HNPUMEHSJIM ero MHAuBHUAyasubHbId 3BII,
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Ta6mmua 1. 3Hauenus «yaydmenHoro» R% (M + m) npu perpeccuonnom ananuse 3BII, gopmupyromux SSVEP

(M £ m)
8 I'g 14 T'
dopMUpOBaHUE o 3anoiHeHuE I uknuueckoe 3anmoHeHnE Iuxmmyaeckoe
TBEACHUS . Hk sk
CHUT'HaJia HYJ'ISIMI/I 3aII0JIJHCHHUC Hy.l'ISIMI/I 3aII0JITHCHHUC
P3 0,28 + 0,04 0,28 + 0,04 0,25 + 0,04 0,25 + 0,04
Cymma 3BII 01 0,24 + 0,04 0,24 + 0,04 0,25 + 0,04 0.25 + 0,04
C paBHBIMU
BecaMIt P4 0,30 + 0,05 0,30 + 0,05 0,22 + 0,03 0,21 + 0,03
MI'HOBEHHBIX 02 0,25 + 0,04 0,25 + 0,04 0,19 + 0,04 0,19 + 0,04
AMILIETY P 0,30 + 0,05 0,30 + 0,05 0.21 + 0,04 021 + 0,04
(BapI/IaHT A) 4 s - Y 5 — Y s - Y s - Y
Oz 0,30 + 0,05 0,30 + 0,05 0,20 + 0,04 0,20 + 0,04
Cymma 3BII P3 0,36 + 0,04 0,28 + 0,040 ¢ 0,40 + 0,03 0,83 + 0,034
C pasbIMu ol 0,31 + 0,04 0,24 + 0,040 ¢ 0,44 + 0,04 0,76 + 0,04
Becamu P4 0,37 £+ 0,04 0,30 £ 0,050 0,38 + 0,03 0,87 £ 0,02¢
paBHLIMI/I
DETPECCHOHHBIM 02 0,34 + 0,04 0,25 + 0,040 ¢ 0,35 + 0,04 0,85 + 0,02
KodhdunneHTaM Pz 0,38 + 0,04 0,30 £ 0,050 ¢ 0,41 £ 0,04 0,82 + 0,034
(Bapuant b)
Oz 0,37 + 0,04 0,30 + 0,050 ¢ 0,39 + 0,04 0,82 + 0,034

IMpumevanne. ** p < 0,001 — cpaBHEHHE CHUTHAJIOB

B BapHaHTe A C CHTHajaMH B BapuaHte b; e p <

0,05 — cpaBHeHHe

Pa3IMYHBIX YaCTOT HNPH OJHOM M TOM XK€ YCIOBHUH 3aIIOJTHCHHS, ¢ p < 0,001 IIpHU pa3HbIX BapHaHTaX 3alOJIHCHHUSA AaHHBIX

B HC3aBUCHUMBIX IEPEMCHHBIX.

Tadamua 2. Makcumanbuble 3HadeHHs Kodddunuenta xoppemsnuu 3BII m SSVEP u nateHTtHOe Bpems uxX

BBIABICHUS (M =+ m)

MakcuMallbHble 3HaueHus Koddduumenta Koppensuuu JlaTeHTHOE BpeMms, C
OTBeacHus
8 I'mp 14 T 8 I'm 14 T
P3 0,26 £+ 0,01 0,23 £ 0,02 0,59 = 0,06 0,50 = 0,06
o1 0,23 £+ 0,01 0,25 £ 0,02 0,54 + 0,07 0,52 + 0,05
P4 0,25 £ 0,02 0,23 £ 0,02 0,63 £ 0,06 0,50 £ 0,06
02 0,24 + 0,02 0,25 £ 0,02 0,56 + 0,07 0,56 £ 0,06
Pz 0,26 £+ 0,02 0,22 + 0,02 0,62 £+ 0,06 0,55 £ 0,06
Oz 0,25 + 0,02 0,24 + 0,02 0,61 + 0,07 0,50 £ 0,06

CIeA0BATENbHO, AN Ka)XXAO0ro IOJIb30BaTENs IO-
JIy4eHbl WHJUBUAYaJIbHbIE 0COOCHHOCTH ONMHCAHUS
OJTHOTO BBI3BAHHOI'O MOTEHLHAJIA YE€pe3 MTHOBEH-
HBI€ aMILIATYABI Apyroro. [Ipu 3ToMm ycpenHeHHas
3aKOHOMEPHOCTh IO3BOJSAET OTMETHUTh, YTO IS
14 T'm perpeccmoHHass MOJENh TrOpasgo Jydlle
npeackaspiBaia 3HadyeHus SSVEP npu nuknude-
CKOM 3aIlOJIHCHUH, YeM IPHU TAKOM XKe Cirydae s
8 I'u. Tem He MeHee 3HaUYUTENbHAs 4acTh Bapua-
tuBHOCTH SSVEP He Moxer OBITH mpencka3aHa
W/UIIM OTIMCaHAa B paMKax JUHEHHOW perpeccuoH-
HOM Mojenu, IpU KOTOPOU HE3aBHUCHMBIE Iepe-
MeHHbIe siBhsgioTcss 3BII ¢ nuckpeTHbIM marom,
COOTBETCTBYIOIIUM YacTOTe (OTOCTHMYISAINH.

10 BUODOU3UKA Tom 64 BrIm. 2 2019

PaccMoTpuM BapuaHT JTUHEWHOW KOppENsLUU
NpU yCIOBUU HENPEPHIBHOM, MO aHAJOTHH C He-
MPEepPBIBHBIM BEUBJIET-Ipe00pa3oBaHNEM, CBEPTKH
SSVEP, mony4eHHBIM € 3TOrO € IMOJh30BaTENs
3BII. PesynbTaTel mpencraBieHsl B Tabmn. 2. U3
TaOIUIBI CIeAyeT, YTO MaKCHMaJbHbIE 3HAYEHUS
KodpdUIMeHTa KOPPEISUHUH I BCEX OTBEIACHUH
JMIOCTOBEpPHO HE pa3nuyaliuch W HaXOIWUJIUCh B
~0,5 ¢ or mawanma HakormeHHoro SSVEP. Koppe-
JMAMUOHHBIA aHAIN3 MOKa3all, 9TO BCE OTBEACHUSA
¢dbopmupyroT Koppensuu (r ~ 0,39-0,85; p < 0,05)
IUISL KaXKJIOW 4aCTOTHI M KaXXJOTO M3 HCCIEAYEeMBIX
mokasarenei: kodhPuiueHTa KOPpensIuu JTHOO0
e JIaTeHTHOTO BpeMeHH. Takum oOpa3oM, cBs3b
JOKaau3almud BO BpeMeHH (parmenta SSVEP,
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Puc. 3. KJ'[aCTepHLIﬁ aHaJ M3 MaKCHMaJIbHBIX 3HAa4YCHUU KO3(1)(1)I/IL[I/ICHTOB KOppeIAunu «CKOJIB3AWIEro» 3pUTEIIBHOTO
BBI3BBAHHOTO IIOTEHIHAlIa H yCTOﬁHHBOFO 3PUTEIBHOTO BBI3BAHHOI'O IOTEHIHAJA.

MMEIOIIETO0 MaKCUMaJIbHYIO KOoppensiuio ¢ (op-
mupytomuMm ero 3BII, He yctanoBieHo. Tem He
MeHee M B ITOM ciydyae Koddduument nerepmu-
HAallMM T0Ka3aJl HU3KHWE 3HAYEHHs, UYTO MOITBEp-
KaaeT runote3y o ¢opmupoBanuu SSVEP momon-
HUTENBbHBIMU CHUTHAJaMH, JIUOO HE CBSI3aHHBIMU C
3BII, mu60 ABIAIOMIAMUCSA PE3yJbTaTOM HX HEJH-
HeilHOTO B3aumojencTBus. IlpumMeHeHue kiacrep-
HOTO aHanu3a (MeTon K-CpemHuX) IpH pa3aeiicHIuN
Ha JBa KJacTepa BBISBWJIO TPYIIBI, pa3indaro-
muecs mo tumam peaknuu (puc. 3). Kmacrep 1
MpeacTaBlIeHHbI 19-10 ciayyasiMu, JE€MOHCTPUPO-
BaJl OTHOCUTEIBHO BBICOKHE KO3(PQPUIHMEHTHI KOP-
pensuuu 1y 4yactoTel 8 ['m, 3HAUMMoO s BCeX
oTrBeneHu! kpome P3, mpeBocxoas xkmactep 2
(11 cnyuae). [us gactotrel B 14 ['m curyaums
Obpna oOpatHoil. Takum 00pa3oM, MOKHO yTBeEp-
KJaTh, UTO B cllydyae JIMHEWHOW 3aBUCUMOCTH CY-
eCTBYET Iy JroJen, y koTopbix 3BII nmo-paznomy
¢dbopmupyroT pasHouactotasie SSVEP, nmes mpe-
HMYIIECTBO JJIsI TOW MM MHOW YacCTOTHI.

PaccMoTpuM 1EOYKH JOKAJTBHBIX MAaKCHUMY-
MOB, MOJIydeHHbIE Ha OCHOBE BEWBJIET-peoOpa3o-
BaHus (tabn. 4). M3 Tabmumsl cruemyer, 4To B
MOJaBJAONIeM OONBIIMHCTBE CIy4aeB  YHCIO
OJIM, T.e. 4yucino BBISBICHHBIX Ha CIEKTpax B
JaCTOTHO-BPEMEHHOMW 00JIaCTH YaCTOTHBHIX IHKOB,
Ooubllle s CHTHAJIOB ¢ yacToToi 8 I'm, ueM mis
curHanoB ¢ gacroroir 14 T'm. Ilpm sTomM naHHas
3aBUCHMOCTh COXPAHSETCAd W [JIsd «HAaTUBHOTOY
SSVEP, T.e. nia SSVEP, monydeHHOTO HEmocpen-
CTBEHHO C TOJb30BATENS, U IS «HUCKYCCTBEHHO
cuHTesupoBaHHoro» u3z 3BII. Takum o6pasom,
MOJXXHO YTBEpPXJIaTh, YTO JJIsi 0OJiee BBICOKOYAC-
ToTHEIX SSVEP 4uncno nokaabHBIX MaKCUMyMOB
Ha CIIEKTpOrpamMMe 3HAaYUMO HHIKE, 4eM IS I0-
TEHITHAJIOB, MOJYIESHHBIX MPH 00Jiee HU3KOYaCTOT-
HOM crumynsuuu. Clienyer ykazaTh, UTO XOTS pas-

peleHne BeHBIEeT-IpeoOpa3oBaHusI U Pa3aIUdaETCsA
B 3aBUCHMOCTH OT YaCTOTHI, HO TPH yKa3aHHOM
4acTOTE NUCKPETHU3AMUU M 0a3UCHOW (QYHKIHHU CO-
craBisier 0,04 I'u gus 14 I'm u 0,013 'y g 8 T'o.
Taxum o6pa3om, ¢ yderoM OcCOOEHHOCTel cria-
KUBAHUS CIEKTpa CHTHaja MpHW BeiBieT-mpeodpa-
30BaHUM MOJXKHO YTBEpXKIaTh, YTO pa3ludus B
yuciae I[JIM wu, ciegoBaTenbHO, JOKAJIbHBIX JKC-
TPEMYMOB CIIEKTPOB OMNPENEIAIOTCS B 3HAYHUTENb-
HOH CTElmeHu caMUMM CBOMCTBAMHM HCCIEAYEMBIX
CUTHAJIOB.

CpasHenue Onu3kux nap tunoB LJIM (tumsr 1
U 2 UMEIT MOXO0XYI IMHAMUKY B YacCTOTHOM
MpPOCTPAaHCTBE, NMPH 3TOM THUNB 3 U 4, MO CyTH,
SIBIISTIOTCSL  COCTaBHBIMH W3 IEPBOTO H BTOPOTO
TUIIOB) IMOKa3alio cieayoimue pe3ynbratel. [[JIM
BTOporo Tuna (yOBIBaromue Mo 9acToTe) BCTpeda-
nuch 3HauuMo darmie, dyem I[[JIM mnepBoro Tuma
I BCeX OTBemeHWM, HO Toibko mit SSVEP, mo-
JIydeHHOro st yactoThl 8 I'll, TeM BpeMeHeM Kak
1 4acToThl 14 'l TakoW 3aBUCHMOCTH BBISIBJIECHO
He Obo. TakuMm oOpasom, B ciydae GorocTumy-
JIAnuu 4acToTod B 14 'l wacTOoTHBIE KOMOOHEHTEHI
CHUTHAalla KaK yBEIMYHMBAIONINE, TAK M YMEHBINAIO-
IIue CBOW MepuoJ| BCTPEYATCS OJJUHAKOBO 4acTo,
To B ciydae yactoTel 8§ [’y Habmromaercs apeid
B CTOPOHY YBEIHUYEHHS MEpHOJa KOMIIOHEHTOB,
dbopMupyOIIUX CcHUTHall. B ciaydae ecnu cursan
01 ckoHcTpyupoBaH u3 3BII, 3aBucuMocth ObLIa
WHOW, pa3nuuus HaOJII0Jaluch TOJbKO B OTBEC-
Huu O1 mis gactotel 14 ['1p 1 11 OTpaHUYEHHOTO
yucina tunoB I[JIM. Ilpu 3ToM cpaBHEHHE 4ACTOT
BCTpEUYaeMOCTH pa3inuuHbix TUNoOB I[JIM gns
SSVEP u nnd cursajioB, CKOHCTPYUPOBaHHBIX Ha
ocHoBe 3BII »Tux e noibp30BaTelcH, BBISIBUIO
eNMHUYIHBIE Pa3IUUHs.
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U 4YacToT
Tunm maHHBIX OTBenenne Knacc JIM Hacrora
8 I'm 14 T'g

3 43,67 £ 13,6400 35,67 £ 9,2500%*

01 1 202,8 + 28,220 183,4 £+ 40,36*
2 215,8 + 26,81 177,0 £ 43,44%*e
4 60,10 + 10,49 41,87 £ 8,50*%*ee

3 43,77 £ 16,7300 35,77 £ 8,9200%

SSVEP 02 1 204,7 + 28,460 171,1 + 33,29**

2 218,3 £ 26,89 173,7 £ 37,54**

4 62,00 *+ 8,85 45,03 + 9,87**

3 38,67 = 12,0400 36,20 = 9,0500

Oz | 202,4 + 33,880 173,6 + 35,08**

2 217,8 £ 27,17 171,1 £ 40,11%%*

4 63,10 £ 10,07 43,87 + 9,37**
3 40,27 + 10,8900 30,07 £ 4,4600%*

o1 1 212,2 + 29,89 203,0 + 34,23

2 218,8 + 24,89 207,1 = 31,61

4 60,90 = 10,53 37,87 + 4,90%*
Ocratiu 3 39,77 + 13,0300 30,23 £ 4,7000%*
pe3yIabTaTOB 02 1 212,3 + 29,31 207,6 = 38,14
PCrpECCHORHOTO 2 216,1 + 25,69 213,0 + 39,07

aHaln3a

4 60,63 + 9,71 38,13 + 5,28%%*
3 41,57 £ 15,6700 30,83 £ 3,7900%*

02 1 211,9 + 29,81 215,0 + 40,82

2 218,5 + 34,25 220,1 = 34,25

4 61,60 £ 10,94 39,37 £ 6,18**

3 43,23 + 14,6700 37,70 £ 9,0600*
o1 1 214,3 + 28,98 173,0 + 33,390%**

2 2227 + 31,34 157,1 + 31,73**

4 64,97 = 10,43 46,63 + 8,20**

3 40,77 £ 12,2900 37,90 £ 8,9800

CKOHCT%?L‘;?;’aHHHﬁ 03 1 217,8 + 30,84 169,2 + 45,51%*
Ha ocHoBe 3BII 2 2299 + 32,68 166,9 + 38,31**
4 64,63 £ 11,84 48,93 + 6,78%*

3 40,13 + 12,6000 38,90 + 6,8100

0z 1 211,4 = 35,16 177,8 £ 50,52*

2 2221 + 26,22 169,4 + 38,48**

4 64,37 £ 12,21 45,80 £+ 9,09%*

[pumevanne. * p < 0,05, ** p < 0,01 — xpurepuii Bunkokxcona mpu cpaBHeHuH yactoT 8 u 14 T'm; ¢ p < 0,05, 00 p <
0,01 — kputepuil Bunkokcona nmpu cpaBHEHUH map kiaccoB 3 mw4 u 1 u 2; e p < 0,05, ee p < 0,01 — kpurepuil Bunkokcona
npu cpaBHeHus SSVEP u curmana, ckoHCTpyupoBaHHOro Ha ocHose 3BII.
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Puc. 4. KnacTepHbIii aHanu3 4ucia IEMOYEK JOKalbHBIX MaKCHMYyMOB MEPBOTO M BTOPOTO THIIOB B 3aBHCUMOCTH OT
Tuma o0pabaThIBAaEMOr0 CHTHAala, YaCTOTHl CTHUMYJSIMK W OTBeACHHUA. Pasnmuuus Mexay kiactepamu: * — p < 0,05,

0 —p <00l

PaccmoTpum pe3ynbTaThl KiacTepU3alluy YuC-
na I[JIM nepBoro u Broporo TumoB s SSVEP
U CUTHaJOB, CKOHCTPYHPOBaHHBIX Ha ocHOBe 3BII.
Pa3znenenne ocymecTBieHO Ha JBa KiacTepa, T.K.
MpPHU BBIJEICHUH OOJBIIEro YWcia TPYII, pe3yib-
TaThl ApoOJeHus BBHIOOPKHM 3aHUMAJN MPOMEXY-
TOYHBIE 3HAYEHUS 110 CPABHEHMIO C JBYMS Hayallb-
HbIMHU. [TosydeHHbIe pe3ynbTaThl IPEACTaBICHBl Ha
puc. 4. Kak BuaHo, pasznuuus no uuciay [[JIM
MEPBOTO U BTOPOTO THUIOB MPHU YACTOTE CTHUMYJIA-
uuu B 8 I'm He 3HAUYMMBI Kak JJsi HAaTHUBHOTO
SSVEP, Tak u s ero aHajaora, CHHTE3UpOBaHHOTO
n3 3BII. IIpu sTom ximactep Ne 2 (21 HCHBITYEMBIH)
JIEMOHCTPUPOBAJ CHIKEHHE TIPUA (POTOCTUMYISIIUA
¢ gacroroit 14 I'm uucma I[JIM o6oux THUIIOB,
Torna kak kak kyactep Ne 1 (9 wumcmeITyembIx)
JNaHHYI0 AMHAMHUKY HE AeMOHCTpupoBai. WHbIMHU
CIIOBaMH, UMeEeTCs Tpylma Mojb30BaTenei, KoTo-
pble pearupyloT Ha BBICOKOYACTOTHYIO (oTocTH-
MYJSALUIO B BUJAE CHUXEHUS YHUCIa BBIPA’KEHHBIX
YaCTOTHBIX KOMIIOHEHT, YYaCTBYKOIIUX B (HOPMH-
poBaHun curHaina. IIpum 3TOM, BEpOsTHO, peub
MOXET HIATH KaK O JAUHAMHUKE YHCIa aKTUBHO
(GYHKIIMOHUPYIOMHAX OCIHUJUIITOPOB HEPBHOM TKa-
HHA, TaK U O (OPMHUPOBAHWH WHOW KApPTHHBI MO-
IyIUPYIOMUX BO3AEHCTBHI Ha yxXe (QYHKIHOHH-
PYIOIIHE CHCTEMBI JJIEKTPOTEHe3a.

Amnanu3 crpyktypsl LIJIM ocraTkoB, nmonydeH-
HBIX B pE3yJNbTAaTE PErPEeCCHOHHOTO aHajlu3a, Ipo-
JNIEeMOHCTPUPOBAJ Ty XK€ NMHAMHUKY, YTO YyKa3aHa
BBIIIE: Ha 4YacTtoTe crumyimsauuu 8§ ['m pasznuuumit
MEXJy BBISIBJIEHHBIMH B paMKaXxX KJIaCTEpHOTO aHa-
JIU3a TPYNIIaMH BBIABJICHO He ObT0. Takke He
Oblla BBISBJIEHA 3aBHCHUMOCTh M OT KaHaja, IO0

KOTOPOMY OCYIIECTBIISIACH PETUCTPAIUS CHTHAJA.
I[Ipm sToM Ha vactotre 14 I'm BHOBHL OBLIM BBHIJE-
nmeHbl aBa 3Hauyumo (p < 0,01) pazamgarommxcs
kiacrepa: ¢ 6onpmum (9 HaOIIOIEHWIT) 1 MEHBIITUM
(21 mabmronenne) gucnom L[JIM. [Ipu aTtom mois-
30BaTeny, chopMUpPOBABIINE KIACTEPHl IPU CpaB-
Henun SSVEP, u nonb3oBarenu, chopMupoBaBIIne
KJIaCTepbl MPU aHAJIMU3C OCTATKOB, MOJYYCHHLIC B
pe3ylnbTaTe perpecCHOHHOTO aHaji u3a, ObLIH OJHU
U Te XKe.

Takum 00pa3zoM, MOKHO yTBEpPKIATbh, YTO CYy-
HIECTBYIOT THIOJOTHYECKHE pa3iIudyus B 4YHCIE U
JWHAMHKE NMHUKOB Ha crnekTtporpammax SSVEP B
3aBUCHUMOCTH OT 4YacTOTHl (oTtoctumynsiuu. [1pu
3TOM MOZIYJSIUS YACTOTHBIX KOMIIOHEHT B HATHUB-
HoM SSVEP HoCHUT XapakTep CHUXEHHUS 4YaCTOThI
B CHTHaJe, 9TO He HaOJIomaercs MPHU MOJEIbHOM
BOCIIPOM3BECHUN B BUJE KOHCTPYHPOBAHUS CHI-
Hasa u3 nocienoBarenbHoCTH 3BII aTOro0 Xe mosub-
30BaTens.

SAKJIIOYEHHUE

B paboTe mpoBeneH aHalIn3 BO3MOXKHOCTH Qop-
mupoBanua SSVEP nHa ocHoBe 3BII. Ilokazano,
yTo JoKanuzanus mo BpemeHu 3BIl mpu Hakom-
nennn SSVEP wurpaer ompeneneHnyio pojb, BHI-
paXkaromyocss B pa3HBIX 3HAYCHHUAX Ko uiueH-
TOB PErpeCCHOHHOMN Moenu, 3ajgaBaeMbix aiust 3BII
¢ pa3HbIM ()a30BBIM CABUIOM B OTHOIICHHH JPYT
npyra. B mopapnsiomeM OOJNBIIMHCTBE CIIy4acB
yucno L{JIM, T.e. yucno BBISIBICHHBIX Ha CHEKTpax
B YaCTOTHO-BPEMEHHOW OO0JaCTHM YaCTOTHBIX IIH-
KOB, 0OJbIIE I CUTHAJOB ¢ yacToToh 8 I'm, yeMm
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I curfaiaoB ¢ dacrorod 14 I'm. JlaHHas 3aBH-
cuMocTh coxpansiercs u misi SSVEP, monxyueHHOTO
HEMOCPEACTBEHHO C IMOJIL30BATEN, M I «HCKYC-
CTBEHHO cuHTe3upoBaHHOro» u3 3BII. B cmyuae
dbotocTumysiuu gactotoir B 14 I'mm gacTtoTHBEIE
KOMIIOHEHTHl CHTHAJIa KaK YBEIUYHBAIONINE, TakK
Y YMEHBIIAIIIKUE CBOUW MEpUOJ] BCTPEUAIOTCS OJU-
HAaKOBO 4YacTo, TO B ciydae dHacToTel B & It
HaOmronaercs Apeiid B CTOPOHY YBEIUYCHHUS TIie-
pHOJa KOMIIOHEHTOB, (OPMHUPYIOMIUX CHUTHAIL.
[IponeMoOHCTpUPOBAHO HAJIWYUE TPYINIBl MOJIb30-
BaTellel, KOTOPhIe pearupyrT Ha BHICOKOYACTOT-
HY!I0O (DOTOCTUMYISAIHUIO B BHIC CHWXKCHHS YHCIIA
BBIPQ)KCHHBIX YaCTOTHBIX KOMIIOHEHT, Y9aCTBYIO-
mux B QopMmupoBaHuMU curHama. llpu sTom Mmo-
IyISOus YaCTOTHBIX KOMIIOHEHT B HATHBHOM
SSVEP HocuT xapakTep yMEHBIIEHHUS YacCTOTHI B
CUTHAJIe, Yero He HaOJI0JaeTcs NMPU MOJACIBHOM
BOCIPOM3BEACHUU B BHUJIC KOHCTPYHUPOBAHUS CHUT-
Hana u3 nociaenoBateabHOCTH 3BII »TOTO0 %€ MOjbh-
30BaTeN.
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Modelling the Formation of Stable Visual Evoked Potentials
at Different Frequencies of Photostimulation

Ya.A. Turovsky* **, S.V. Borzunov*, A.S. Surovtsev®, S.A. Zaitsev*, and A.S. Konovskoy*
*Voronezh State University, Universitetskaya pl. 1, Voronezh, 394018 Russia

**Trapeznikov Institute of Control Sciences, Russian A cademy of Sciences,
Profsoyuznaya ul. 65, M oscow, 117997 Russia

We analyzed the formation of steady state visually evoked potentials on the basis of visual evoked
potentials. Using the regression model it has been shown that the time localisation of visual evoked
potentials in the accumulation of steady state visually evoked potentials should be taken into
account since different values of regression coefficients are set for visual evoked potentials with
different phase shift in relation to each other. With the linear regression model it is possible to
describe better the values of steady state visually evoked potentials in the cyclic repetition of visual
evoked potentials at the photostimulation frequency of 14 Hz than at the frequency of 8 Hz. In
the vast majority of cases, the number of groups of frequency peaks (chains of local maxima)
detected on the spectra in the frequency-time region is greater for signals with a frequency of 8
Hz than for signals with a frequency of 14 Hz. This relationship is maintained for stable visual
evoked potential obtained directly from the user, as opposed to “artificially synthesized” from
visual evoked potential. Using the photostimulation frequency at 14 Hz, the frequency components
of the signal, which increase and decrease their period, are equally common, and at 8 Hz the
number of chains of local maxima increases and their frequency decreases. The presence of a
group of users who react to the high-frequency photostimulation in the form of reducing the
number of expressed frequency components involved in the formation of the induced potential is
demonstrated. At the same time, modulation of frequency components in the native steady state
visually evoked potentials is predominantly characterized by reduction in the signal frequency, and
it is not observed in the model reproduction in the form of signal construction out of the sequence

of visual evoked potentials of the same user.

Keywords: electroencephalogram, wavelet analysis, local spectrum, event related potential, SSVEP
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