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HccnenoBanue BBITOMHEHO NpH nojiepkke rpanta PODOU Ne 18-013-00758.

H3syuenvl  cnekmpaivhvle — XAPAKMEPUCMUKU — MIO-DUMMA U KOPKOGble
83aUMOOeCTNBUA HA YACIOMe dIMO020 PUMMAy IOHOULell nPU HaOII0OeHUU, NPOUSHECEeHUU
U MBICIEHHOM — BOCHPOU3BEOCHUU — HEIMOYUOHANbHO20 — cnoga.  Obnapyicervl
CMamucmu4ecky 3HayuMvle NO CPAGHEHUI0 C (POHOM UBMEHEeHUs] CHeKMmpalbHOU
mowrocmu DII na wacmomax mo-pumma 8 YeHmpaibHuix 0o1acmsx Kopuvl. Xapakmep
IMUX UZMEHEHULL 3A8UCUN 0N YACTOMbL PUMMA. HA OOHUX YACMOMAx HabLoo0aemcs
pocm cnekmpanvHoti mowpocmu I3, Ha opyeux — cHudcenue. ObHApY*CEHO MaK#ce
yeuenue ypogHell KOPKOBbIX C8s3ell Ha Yacmonme Mio-pumma Mexicoy YeHmpaibHbiMu
U JNOGHLIMU, YEHMPALLHLIMU U BUCOYHLIMU, YEHMPATbHBIMU U  3AMbLLOYHLIMU
B0HAMU KOPbL HA IMANAX NOO20MOBKU U 6bINOIHEHUS KOMMYHUKAMUBHO20 OetCmBUSL.
Tonyuennvie Oannble CEUOEMENLCMBYION O MOM, YIMO MIO-PUMM 6KIIoYaenm pso
uacmom, KOmopwvle UMeIOm pAa3Hoe (QYHKYUOHAIbHOe 3HAYeHue U Ompaxicaiom
AKMUBHOCMb PAZHLIX HEUPOCEMEeBblX OCYWLISMOPOS. YCMAaHOBIeHO, YMO KOPKOGble
63AUMOO0CLICMBUsL U CNEKMPATbHbIE XAPAKMEPUCMUKU MIO-PUMMA OMIUYAIOMCS NPU
HaOMoOeHUl, NPOUSHECEHUU U MbICIEHHOM B0CNPOU3BEOCHUU HEIMOYUOHALLHO2O
cnoaa.

KitoueBble €J10Ba: KOMMYHUKAMUBHbIE 3EPKANbHbIE HEUPOHbl; NPOUHECEHUE
CIL08; MIO-PUMM, KOPKOGble 83AUMOOCCMEUSL.

BBenenune

W3yyeHnne ponu 3epKajabHbIX HEHPOHOB B KOTHUTUBHBIX IpOLIECCax SIBISAET-
Csl aKTyaJbHOM HayYHO-NPAKTUYECKON MpoOIeMOil, nMerolel BaXHOE 3HAUCHHE
JUI IOHMMAaHUsSl COLIMAIBHOIO MOBeeHHs denoBeka. CommacHo MoIysspHOi B
HacTosiIiee BpeMs runorese [1], 3epkanbHble HEHPOHBI MOTYT CIYXKHUTh HEHpO-
HaJBHON OCHOBOM JIJISI HHTEPIPETAINH JICHCTBHUH, TIOIPaKaTeILHOTO 00YUYCHHUS 1
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UMUTAIIH TOBEICHUS APYTUX JTrofeil. BayKHBIM acTiekToM yKa3aHHOH POOIEMBI
SIBIISICTCS IOUCK HAJISKHBIX MAPKEPOB aKTUBALIMU STUX HeHpoHOB. OcoObIi HHTE-
pPec B 3TOM TIIaHE TIPEICTABISIET TaK HA3BIBAEMBIN, MIO-PUTM dacToTo 8—13 ',
KOTOPBIN PErHCTPUPYETCS B EHTPAIBHBIX 00JacTAX KOPBI M HE MOJABIIACTCS MIPH
3pUTEIHHOW M CITyXOBOW CTUMYJSIIIMU [2]. YCTaHOBIEHO, YTO NEMPECCHUST STOTO
pUTMa, KaK M aKTHBAllUsl 3€PKAJIbHBIX HEHPOHOB, HAONIOAAETCS HE TOJNBKO IPHU
BBITTOJTHEHUH YEJIOBEKOM KaKOTO-JINOO IEHWCTBHSA, HO TAaKKe IPH HAONIONCHUN H
MBICIIEHHOM BOCIIPOM3BEJICHUU dTOro AeiicTBus [2, 3]. Bmecte ¢ Tem nmpoBeneH-
HBIC FCCIICJOBAHUS Al HEOAHO3HAYHBIC pE3yNbTaThl. B 4acTHOCTH, B OMBITaX
¢ mapamienbHoil peructpanueit 93" 1 ®MPT-ckannpoBaHreM Mo3ra npu Ha-
OJIOIEHUH XBaTaTEIBHBIX IBIKEHHUH TOATBEP>KACHA CBSI3b ICIPECCHN MIO-PUTMA
C aKTHBAIMel CHCTEMBbI 3epKaJIbHBIX HEHPOHOB y uenoBeka [4]. OgHako Apyrue
aBTOPHI [5] pH U3YUCHUH IEKTPUICCKON aKTHBHOCTH MO3Ta B IEHTPAIBHBIX U
3aTHIJIOYHBIX OTBEICHUSIX NPU HAONIOICHUH 32 «OMOIOTHYECKUMIY TBHKEHUSIMH
(pykamur) 1 HEOMOIOTHICCKUMH JBIDKCHUSMHE (KaJlCHIOCKOTMIECKH TBIDKYIIH-
MHCSI CTUMYJIaMHU) IPUXOST K BBIBOAY O TOM, YTO TIOIaBJICHUE MIO-PUTMA HE SIB-
TsieTcsl IUCTBEHHBIM CPEICTBOM M3yUCHHMSI aKTHBHOCTHU 3€PKaJIBHBIX HEHPOHOB.
Ha ocHoOBe moiryueHHBIX JaHHBIX ATH aBTOPHI [5] yTBEP)KAAIOT, YTO MOJaBIICHUE
MIO-pPHTMa MOKET OBITH HCIIOJIB30BAHO KaK MHAWKATOP aKTUBAINHU 3€pKAIBHBIX
HEHPOHOB uenoBeka, Ho ekt cnaldblif, HEHAJAECKHBINA U JIETKO CMEIIUBACTCS C
MTOAABICHUEM 3aTBUIOYHOTO alb(a-puT™a.

Kpome TOro, HexoTopble uccienoBareian [6] BBIACISIOT B MIO-PUTME JIBa
noyinana3ona: 8—10 u 10—12 I'm, koTopble, IO MX MHEHHUIO, (DyHKIIMOHAIEHO
paznuyatotcs. [lo gaHHBIM 3THUX aBTOPOB [6], HU3KOYACTOTHAS COCTABIIAIONIAS
Mro-put™Ma (8—10 I'r) mposiBiseT «Hecnenu(pUIecKyro» JeCUHXPOHU3AIUIO, pe-
TUCTPUPYEMYIO MIPH Pa3HBIX ABIKEHHSIX, B TO BPeMsl KaK BBICOKOYACTOTHAsS CO-
craBisromast (10—12 I'iy) mposiBisieT «crenupuaecKyroy JIeCHHXPOHU3AIUIO, KO-
TOpasi OTYETIMBO pa3jinyaeTcs MPH JIBUIKEHUAX MaJbIIeB PYKH U CTYNHU. B psae
nccienoBaHuid 00Hapy)keHa 3aBHCUMOCTh PEAKTHUBHOCTH MIO-PUTMA OT WHIUBH-
IyaJbHBIX ocoOeHHOcTell yenoBeka [7—10]. B wacTHOCTH, Tpu HAOIIONCHUH H
BBITTOJTHEHUH JIBIDKCHUN pyKaMy U3 22 3JT0pOBBIX HCIBITYEMBIX 3HAUUTEIHHEIC
M3MEHEHHSI MOIIHOCTH MIO-pUTMa OOHAapyXeHbl y 18 — BO BpeMs JBMXKEHUS Uy
11 — BO BpeMsl IPOCMOTpPa U300PKCHHUN JBIKCHHS. Y 8 HCIBITYEMbIX 3TH W3-
MEHEHHs HaOIIoauch B 000MX ciydasx. B OONbIIMHCTBE CllyyaeB U3MEHEHUs
MOITHOCTH MIO-PUTMa BO BPEeMsI IBIKCHHS CBSI3aHBI C YMEHBIIIEHUEM €TO aMILTH-
Tynbl. OJTHAKO Yy 2 UCTIBITYEMBIX OHHU CBSI3aHBI C YBEJIMYEHUEM U Y 9 — ¢ yMEHbIIIe-
HUEM aMIUTATYIbl MEO-PUTMa BO BpeMsl HaOmroneHust [9].

Nzyuenne mro-putMa npu noarotoBke [11] u Beimonnenuu [12, 13] peueBbix
JCUCTBHH MMOKA3aJI0, YTO «KOMMYHHUKATHBHBICY JBIKECHHS COTIPOBOKIAIOTCS Ta-
KHMH K€ U3MEHEHUSIMH €0 aMIUTUTY/AbI, KaK U Apyrue JnBumxkeHus. [loatomy He-
KOTOpbIE MCCIIEI0BATENN CUUTAIOT [14], 9TO MIO-pUTM MOKHO HCIIOJB30BAaTh KakK
MoKa3areslb CCHCOMOTOPHOIN MHTETPalliy PEYH, a H3MEPEHHUSI MIO-PUTMA LEJIeCO0-
Opa3Ho MPOBOJIUTH HE TOJBKO B ab(da-, HO U B OeTa- auana3onax yacrtort [15, 16].
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Bce aTH naHHBIE YKa3bIBAIOT HA HEOOXOJAMMOCTH JAIBHEHIINX HCCIIEeI0Ba-
HUH, HampaBJICHHbIX, B YaCTHOCTH, Ha M3y4YCHHE 3aBHCHMOCTH PEaKTHBHOCTH
MIO-PHTMA OT BHJIA BBIITOIHSIEMBIX JICHCTBUN U HHIUBUIYaILHBIX 0COOCHHOCTEH
YeloBeKa, Ha BbISICHEHUE (PYHKIIMOHAIBHON 3HAYMMOCTH PA3ITUYHBIX YaCTOTHBIX
COCTABJISIFOIINX ATOTO PUTMA.

Lenp uccienoBanus — M3y4eHHE KOPKOBBIX B3aMMOJICHCTBHIA HA YACTOTE MIO-
pYTMa ¥ CIIEKTPATbHBIX XapaKTEPUCTHK STOTO PUTMA Y YEJIOBEKa Ha Pa3HbIX ATa-
nax JeATeJIbHOCTH, CBA3aHHON ¢ HAONIOIEHUEM, IPOU3HECEHUEM U MBICJICHHBIM
BOCIIPOM3BEACHUEM HEIMOIIMOHAIHLHOTO CIIOBA.

Marepuajbl 1 METOAUKH UCCJIeT0BAHUS

B wmccnemoBaHHMAX ydYacTBOBAaNM JOOPOBOJNBIIGI, MPAKTHUECKH 3I0POBBIC
toHomH (32 uenoBeka) B Bo3pacte oT 18 mo 23 ner (cpenuuit Bospact 21 + 1,6
JIeT), yJamriecs TOMCKAX BY30B, IpaBIId. Bee nenpITyeMble panu HHOOPMHPO-
BaHHOE COIIACHE HA y4yacTHE B JAHHOM MCCIIEAOBAHUH, KOTOPOE OJOOPEHO KO-
MHCCHEH TI0 OMOATHKE bHOIOrnueckoro HHCTUTYTa TOMCKOTO TOCYIapCTBEHHOTO
yauBepcurera (. Tomck, Poccus). [ns pemenns NoCTaBICHHBIX 3a/1a4 IPOBe/ie-
HBI TPH CEpUH SKCIIEpUMEHTOB. B miepBoii cepun («HabmoneHue») UCIbITyeMbIi
HaOMIOan 3a ONepaTopoM, KOTOPBIH 0€33ByYHO OAHUMH IyOaMHU NPOU3HOCHII
cioBo «Pa3y, korga cTpenka ceKyHaoMepa Ha SKpaHe MOHUTOpA TepeceKaa Je-
nenwus 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50 u 55 c. Beero crpenka cekynaomepa
coBeprana 5 060poToB. B Xome sKcriepuMeHTa oneparop pacroyiaraics 3a CTo-
JIOM, Ha KOTOPOM Ha paccTostHud 40—50 ¢M OT UCHBITYEMOI0 HaXOAUIICS MOHUTOP
KOMIBIOTepa. VICTIBITYeMBIi TIPH 9TOM HaXOIUIICS CIICPEIN U CIpaBa Ha PaccTos-
Hun 70-80 cM OT HETo U cIequi TONbKO 3a ero rydoamu. Bo Bropoit cepun («IIpo-
W3HECCHUE CJIOBa») HCIBITYEMBIH CaM BBITIONHSUT YKa3aHHYIO JEATEIBHOCTD, a
B TpeTbelt cepun («MBICIEHHOE BOCIPOU3BEACHHUE CIIOBAY») — B YKa3aHHBIE MO-
MEHTHI BPEMEHH MBICIIEHHO MPOM3HOCHII TO K€ CJIOBO. IIpu mpon3HeceHnn win
MBICIIEHHOM BOCIIPOM3BEICHUH CI0BA UCIIBITYEMbII 3aHUMAaJ MECTO OIlepaTopa U
CIIC/TIIT 32 IBIKEHHUEM CTPEJKH CEKYHAOMEpa Ha IKpaHe MOHUTOPA.

Iepen BBIMONHEHNUEM ACATEIBHOCTH U B IPOIIECCE €€ BBITIOJIHEHUS PETUCTPU-
poBaiu D3I" MOHOIIOJISIPHO € TIOMOIIBIO 24-KaHaJIbHOTO JHIIEhanorpada-aHaim-
3atopa «DHuedanan-131-03» (pupma «Menukom», I. Taranpor, Poccus) B 106-
veix (F3, F4, Fz, F7, F8), uenrpanpubix (C3, C4, Cz), Bucounsix (T3, T4, TS5,
T6), remennsix (P3, P4, Pz) u 3arbuiounsix (O1, O2) oTBeneHUsIX MO cUCTEME
«10-20%». B xauecTBe pedepeHToB ucmonp3oBanyu oteaeHns Al m A2. C nensio
UCKITIOUCHUs apTe(aKTOB, CBA3aHHBIX C JBIXKCHUEM IVIa3 M MBIIICYHON aKTHB-
HOCTBIO, peructpupoBain DO u OMI" mprmn men u n6a. [Ipu BBOjIE aHao-
roBBIX curHanoB B OBM uactora auckperusanuu cocranisiia 250 I'n. C nensio
M3y4YeHUS KOPKOBBIX CBA3eH Ha yacToTe MIO-puT™Ma D3I mpeaBapuTeTbHO (PIIIh-
TpoBau. [ 3TOro NpUMeHsIN nonocoBoi GpuisTp barrepBopra 20-ro nopsaxa
¢ ko3 punmeHToM nopasieHus dactot Beime 13 I'm He mMenee 80 ab u yactor
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Hke 8 I'ip He menee 40 ab. [Ipu 06paboTKe MoTydeHHBIX TAaHHBIX ITOJICUUTHIBA-
JI1 MaKCUMaJIbHbIE 3HAYEHUs KPOCCKOPPEISILIMOHHBIX (PYHKIUH U OLEHKHU CIIEK-
TPaJbHOW MOIIHOCTH Ha KOPOTKHX (1,5 C), MUIICHHBIX apTe(aKToB, OTpe3Kax
3anucu D21 3a 3 ¢ (don) u 1,5 ¢ (3Tan MOATOTOBKH) 10 TIEpECEUEHUs CTPEIKOI
CEKYH/IOMEpa COOTBETCTBYIOIIETO JETCHUS U CPasy IOCHE YKa3aHHOTO COOBITHS
(oran BeimonHeHUA JeiictBus). [lonyueHHsle 3HaueHUs k0d3(duumeHToB Koppe-
JIAUUM U OLIEHKH CHEKTPaJbHOM MOLIHOCTH YCPEAHSUIM OTAENBbHO IS KaskKIOoro
JTarna AesATeNbHOCTH, JUIsl KaXKIOM CEpUH U 10 BceM HCIbITyeMbIM. [Ipu nmoacuete
KPOCCKOPPEILSIIIMOHHBIX (DYHKITHI ONMIPATHCH Ha CYIIECTBYIOIIIE PEKOMEHIAIIH
[17] o ToM, 4TO MaKCHUMaJIbHBII BPEMEHHOM CABUT JTOJIKEH ObITh HEe OoJiee OHON
JeCATON JUTHHBI peaNn3aliiy, KOTopasi BEIOHpanach OOJbIIe WIH paBHOM JeCATH
nepuonam mro-putma (1,5 ¢). Ins onucanus crekrpa MomHoctd D21 npume-
Hsu TipeoOpa3oBanue dypre. PacueT criekTpa BBIOIHEH C alllPOKCHMAITUEH
Ha nenble TapMoHuku (8, 9, 10, 11, 12, 13 '), 4TO MO3BOIMIIO CYHIECTBEHHO
YIPOCTHUTH TIOCIEIYIONIYI0 CTaTUCTHIECKYI0 00paboTKy M CpaBHHUTEIBHEIN aHa-
nu3 pe3ynsratoB. [lpu craructTuyeckoit 00pabOTKe TaHHBIX UCIIOIB30BAIH MAKET
«MatLab v6.5», HermapaMeTpruecKnii TMCIICPCUOHHBINA aHAIU3 ¥ KpuTepuit Buii-
KOKCOHA JIs CBSI3aHHBIX BHIOOPOK.

PesysabTarsl HccaeqoBaHus U 00CYKICHIE

B uccrnenoBaHMsxX Ha >KMBOTHBIX MPH U3YYEHHHM AKTHMBHOCTH 3€PKabHBIX
HEHPOHOB IIMPOKO HUCTIONB3YETCS METON PETHCTPAIIH UMITYJIBCHOW aKTHBHOCTH
9TUX HEHPOHOB C MOMOIIBIO MHTpalepeOpalbHBIX AEKTPoaoB. OHAKO TIO 3TH-
YECKUM COOOpaKEHISIM B HAOMIONEHHUAX Ha JIIOASX STOT METON HE TPUMEHSIETCS.
[ToaToMy B HACTOSIILIEM HMCCIEJOBAHUU IS ATHX LIeJIei UCTIONb3yeTCs AIEKTPO-
sHnedanorpaduIeckrii METo, a B KaueCTBE MAPKEPOB aKTHBHOCTH 3€PKAIBHBIX
HEHPOHOB UCCIIEAYIOTCS CIIEKTPaIbHBIE XapaKTEPUCTUKU MIO-PUTMA U KOPKOBBIE
B3aMMOJICHCTBHUS HA YaCTOTE 3TOTO PUTMA.

[IpoBeneHHbIe UCCIENOBAHUS TO3BOJIMIN OOHAPYKUTh CTAaTHCTUYECKH 3HA-
YUMBIC W3MEHEHHsSI CIIeKTpanbHONH MomHocTH DD Ha yacToTax MIO-pHTMa Ha
pa3HBIX 3Tamax BBIMOJIHAEMON AesaTeIbHOCTH. OKa3aloch, YTO XapakTep ITHX
M3MCEHEHMIA 3aBUCUT OT YacTOThI puTMa. B dacTHOcTH, B cepun «HaOmroneHney
Ha JTare BBIOTHEHHs JeicTBUsA B oTBeJeHUH C3 00HAPYKEHO CTaTHCTUYECKH
sHaunMoe (p<0,05) mo cpaBHEHHIO ¢ (HOHOM CHIKEHHE CIIEKTPAITBHON MOIITHOCTH
93T na yvactote 8 I'1, a Ha gactore 10 I'il B TOM ke OTBeAEHHH HAOII0MAETCS
crarucTrdecku 3HaunMoe (p<0,05) MoBbIMICHHE CIIEKTPaIbHOW MOIITHOCTH D3OI
(puc. 1).

B cepun «Ilponsnecenue cioBa» Ha stamne «llogroroBka» Ha wactore 9 'l
oOHapyKeHO craTucThdecky 3HaunmMoe (p<0,05) mo cpaBHEHHUIO ¢ (POHOM CHHKE-
HUe crekTpanbHoi MomHocTH D3OI B orBenennu C4, a Ha gacrore 12 I'm B Tom
JKe OTBEJICHHU OOHAPYKEHO CTAaTUCTUYECKH 3HAYMMOE 110 CPAaBHEHHIO C (DOHOM
(p<0,05) noBeIIIeHUE CHIEKTpaIbHON MorHOCTH DI (pHc. 2).
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u Qon [Background] = Brmomuenne [Execution]
Puc 1. 3aBucumocTs U3MEHEHHH ceKTpanbHOi MomHocT D3OI B oTBeIeHNN
C3 Ha pa3HbIX dTaNax AEATEIEHOCTH, CBSI3aHHON C HAOIIONEHHEM
3a ISHCTBUSAMHM OIEPaTopa, OT YaCTOTHI MIO-PUTMA
Tlpumeuarue: Ha OCH OPAMHAT OTIOKEHBI 3HAYCHHS CIIEKTPaibHON MotHocTH D3I B MKB?
[Fig 1. The dependence of changes in the spectral power of the EEG in the C3 lead at different stages

of activity associated with monitoring the operator’s actions on the frequency of the mu rhythm.
On the Y-axis - The EEG spectral power in pV2. *The correlation coefficient values in relative units]
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Puc. 2. 3aBucumocTb u3MeHeHUH criekTpaibHOi MomHocTH D31 B orBenennu C4
Ha pa3HbIX dTarnax JAesiTeIbHOCTH, CBSI3aHHOMN C IPOM3HECEHUEM CIIOBA, OT YAaCTOThl MIO-pUTMA
Ipumeuanue: Ha OCH OpPJMHAT OTIIOXKEHbI 3HAYEHHS CIIEKTPabHO# MotHOCTH DI B MKB?
[Fig. 2. The dependence of changes in the spectral power of the EEG in the C4 lead at different stages
of activity associated with monitoring the operator’s actions on the frequency of the mu rhythm.
On the Y-Axis - The EEG spectral power in pV2. *The correlation coefficient values in relative units]
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AHamM3 KOPKOBBIX B3aUMOJICHCTBUI TO3BONIII OOHAPYKHUThH IIPpHU HAOIIOIE-
HUH, IPOU3HECCHUH U MBICIIEHHOM BOCIIPOM3BEICHUH CJIOBA CTATUCTUYECKH 3Ha-
gumoe (p<0,05) o cpaBHeHHIO ¢ HOHOM yCHIICHHE YPOBHEH KOPKOBBIX CBSI3¢H Ha
YaCTOTE MIO-PUTMA MEX/Ty LIEHTPAIbHBIMH 1 JIOOHBIMH, LIEHTPAIbHBIMU U BHCOY-
HBIMH, IICHTPAJIGHBIMU W 3aTBUIOYHBIMH 30HaMH KOPHI Ha dTarax IOATOTOBKU H
BBINOJTHEHUS JEUCTBYS, a TAK)KE Ha 3Talle BHIOIHEHNS ACHCTBUS 110 CPABHEHUIO
C TIOATOTOBKOW. XapakTep M3MEHEHWU ypOBHEH KOPKOBBIX CBSI3€H OTIIMYACTCS
IpY HAaOIIOACHUY, IPOU3HECCHUN U MBICIIEHHOM BOCIPOHM3BEACHUU cloBa. Tak,
HarpuMep, B cepun «Habmonenney oOHapyKeHO YCHIEHHE KOPPEIAIUH MEXITy
otBeneHusamu F3 u C3 Ha 3Tane moAroToBKU M0 cpaBHEHHIO ¢ (poHOM (puc. 3, 4),
a TaKke ycuieHue Koppemsiunii Mmexxay orBeneHusimu F7 u C3 Ha stare BBITOIN-
HEHMs IEUCTBUA 10 cpaBHEHUIO ¢ (poHOM (puc. 3, B). YcuneHue koppemsiuuii Ha
4acTOTE MIO-pUTMAa HaOIIONAeTCsl Takke MeKAy orBeaeHusMu C3 u C4 Ha Jrtarne
BBINOJHEHUSI KOMMYHUKAaTUBHOIO JICHCTBUS 110 CPAaBHEHHUIO C €r0 MOATOTOBKOM

(puc. 3, C).
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Puc. 3. 3aBucUMOCTh KOPKOBBIX B3aUMOACHCTBUI HAa YaCTOTE MIO-PUTMA
OT 3Tarna BBIOIHAEMOH JIesTeNbHOCTH B cepun «Habmonenue»
Tpumeuanue: Ha OCH OPJMHAT OTIOKEHBI 3HAYCHHST KOIPPUIIHEHTA KOPPEISILUK B OTH.E/I.
[Fig. 3. The dependence of cortical interactions at a frequency of mu rhythm at the stage of the
activities performed in the “Observation” series. *The correlation coefficient values in relative units].

B cepun «llpousHeceHue cioBay OOHAPYKEHO CTATHCTHUYCCKH 3HAYUMOE
(p<0,05) o cpaBHEHHUIO ¢ (POHOM YCHIICHHE KOPPEISAIHMA MEXIy OTBEICHUSIMHU
F8 u C3 na sTane noAroToBku K aeiicTButo (puc. 4, A), a Takxke MEX/Jy OTBEACHU-
simu F8 m C4, C3 u TS5, C3 u Ol Ha Tare BIONHEHHS neicTBus (puc. 4, B). Ha
JTare BBINOJIHEHUs NEHCTBHs HaOmonaeTcs craTuctudecku 3Haunmoe (p<0,05)
10 CPaBHEHHUIO C ITATIOM ITOJTOTOBKH YCHIICHHE KOPPEILIIINN MEKITy OTBEACHUS-
mu Cz u C4 (puc. 4, C).

B cepun «MpICiieHHOE BOCIIPOHU3BEACHUE» OOHAPYKCHO CTaTHCTHYCCKH 3HA-
yumoe (p<0,05) mo cpaBHEHHUIO ¢ (OHOM YCHIIEHHE KOPpENALUH MEXIy OTBe-
nenusimu Fz u C3, F7 u C4, C3 u T6 Ha sTane noAroToBKM KOMMYHUKAaTHBHOTO
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neictBus (puc. 5, A), a Takxke Mexy orBefeHusMU F7 u C3 Ha 3Tare BbINOJ-
HeHUs aedcTBus (puc. 5, B). Ha srane BbIoTHEHUs JeicTBUs 0OHAPYKEHO CTa-
TAcTHYeCKH 3HaYnMoe (p<0,05) 1o cpaBHEHHIO C 3TANOM IOJTOTOBKH YCHIICHHE
koppesnsuii mexay orseaeHusiMu F7 u C4, Czu C4, C4 u TS (puc. 5, €).
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Puc. 4. 3aBucUMOCTb KOPKOBBIX B3aUMOCHUCTBUI Ha 4aCTOTE MIO-PUTMA

OT ATara BHIMOJIHAEMOMH JesiTeIbHOCTH B cepul «IIponsnecenue ciosay»
[Fig. 4. The dependence of cortical interactions at a frequency of mu rhythm at the stage of the activities
performed in the “Pronunciation of the word” series. *The correlation coefficient values in relative units]

JucniepcMoHHBIN aHanu3 BBIBUI BIUsSHUE (akTopa «Bua aesarenbHOCTH»
Ha CIIEKTpaJIbHbIE XapaKTEPUCTUKU MIO-PUTMa M KOPKOBbIE B3aUMOJECHCTBUSA Ha
4acToTe 3TOr0 pUTMA MPHU HAOIIONECHUH, IPOU3HECEHUH U MBICIEHHOM BOCIIPO-
W3BEICHIH HEAIMOIIMOHAIRHOTO cioBa. OKa3ajaock, UTO BIISIHHAC TOTO (pakTopa
3aBHCHUT OT 3Talla BBIIOIHAEMOH JeaTeNnbHOCTH. Tak, ecnu Ha sTane «llonroros-
Ka» B oTBeneHNH C3 BIMSHHE HCCIETYEeMOro (akTopa MPOSBHIOCH TOJIBKO Ha
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gacrorax 8 u 13 I'm (p = 0,0004 + 5,25-1077), To Ha dTane «BvInoNHeHUs I€H-
CTBHSD) B TOM e oTBeieHnH DDI' — Ha Bcex yactorax Mio-putMa ot 8 mo 13 't
(p=0,012+1,05-1077). Ecm Ha stane «I[loaroroBka» uccieayeMsiii pakTop oka-
3bIBaeT craructuiecku 3Haunmoe (p = 0,048+6,29-107) BiausHue Ha OONBIINH-
CTBO KOPKOBBIX CBsizel (20) MeXIy NEHTPAIBHBIME H JPYTUMH 30HAMHU KOPBI, TO
Ha dTarne «BpInoaHeHne AeHCTBUY KOIMYECTBO TAKUX CBI3CH CHIKACTCS BIBOE.
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Puc. 5. 3aBUCHMOCTH KOPKOBBIX B3aHMOJICHCTBHI Ha 9aCTOTE MIO-PUTMA
OT JTara BBIMOJIHAEMOH JesITeTbHOCTH B cepui « MBICIEHHOE BOCIIPOU3BEACHUE)
[Fig. 5. The dependence of cortical interactions at a frequency of mu rhythm at the stage of the activities
performed in the “Mental reproduction” series. *The correlation coefficient values in relative units]

Takum 00pazoM, MPOBEACHHBIE HCCIIEJOBAHUS TO3BOIMIN 00HAPYKUTH B LIEH-
TPaJBHBIX 30HAX KOPHI IPH HAOMIONECHNUH, TIPON3HECCHUH W MBICIIEHHOM BOCIIPO-
W3BEJICHUH HEAMOIIMOHAIBHOTO CJIOBA CTATUCTUYECKH 3HAYUMBIE [0 CPAaBHEHHIO
¢ (OHOM M3MEHEHHsI CIEeKTpallbHOW MomHOCTH DD Ha YacToTax MIO-puTMa
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Ha JTanax NOATOTOBKM Y BBIIOJHEHHUS KOMMYHHKAaTUBHOTrO JeiictBus. [Ipuuem
Ha OJJHMX YacTOTaX MIO-pUTMa HaOJFOaeTCs TOBBIIICHUE CIIEKTPaTbHONW MOII-
Hoctu DOl HAa APYTUX — CHUKECHHUE. JTH JJAHHBIE CBUACTEIHCTBYIOT O TOM, YTO
MIO-PUTM BKJIIOYAET B €05 psAJ YaCTOT, KOTOPbIe UMEIOT pazHoe (DYHKIIMOHAIb-
HO€ 3HAYeHHE U OTPa)katoT aKTUBHOCTb Pa3HbIX HEHPOCETEBBIX OCLWIIATOPOB.
[To-Bugumomy, oOHapyKeHHOE Ha HEKOTOPBIX 4aCTOTaX CHUKEHHE CIIEKTPalib-
HOW MOIIHOCTH MIO-PUTMa OTpa)kKaeT aKTUBAIMIO 3E€pPKaIbHBIX HEHpoHOB [18].
[TonmyuyeHHbIE Pe3yNbTaThl TOATBEPKAAIOTCA M HEKOTOPBIMH JIUTEPATYPHBIMH
TaHHBIMH. B wacTHOCTH, Hammune (YHKIHMOHAJIBHON pPa300IIEHHOCTH MEXKIY
HuzkoyacToTHEIM (8—10 ') 1 BricokouacToTHbIM (10—12 T'1y) moanuanaszoHamu
MIO-pUTMa [6], TO1aBIeHNE MIO-PUTMA MTPH ayJIHOBU3YaTEHOM MIPEIBSIBICHUH Pe-
4yeBbIX cUrHanoB [19], mpu nmoaroroBke [11] u BemonneHun [12, 13] peueBbix
JIEWCTBUI paHee OTMEYaIu U IPYyTHE UCCIIETOBATENH.

Hapsiny ¢ oTuM npoBeieHHbIe HCCIeJOBaHUS TO3BOIMIN OOHAPYKHUTH CTaTU-
CTUYECKU 3HAYUMOE YCUJIEHHE YPOBHEH KOPKOBBIX CBA3EH Ha 4acTOTE MIO-pUTMA
MEXly LEHTPAJIbHBIMUA U JIOOHBIMH, IIEHTPAJIbHBIMH U BUCOYHBIMH, IIEHTPAIb-
HbIMHU M 3aTbUIOYHBIMM 30HAMU KOpBl Ha 3Talax IOATOTOBKM U BBINOJIHEHUS
KOMMYHHMKAaTUBHOTO JEUCTBUS IO CPaBHEHHUIO ¢ ()OHOM, a TAaK)Ke Ha dTare BbI-
TOJTHEHUST JEHCTBUS IO CPABHEHHUIO C MOATOTOBKON. BeposTHO, 3TO ycuieHue
KOPKOBBIX CBsI3€il 00yCIIOBJIEHO Nepeaavyeld CUTHAIOB U3 3PUTENbHOM, CIIyXOBOH
¥ COMAaTOCEHCOPHOW 30H KOPBI B BEHTPAILHYIO 00JIACTh IPEMOTOPHON KOPHI [3]
1 OJNM3KO PacIoNOKEHHYIO K Hell 30Hy bpoka, B KOTOpPOH MpenoIoKUTENbHO Ha-
XOMISITCSl KOMMYHHUKAaTUBHBIE 3epKaiibHbie HelpoHbl [20]. [Tomydennsie naHHbIC
TaK)Ke CBUJETEIIHCTBYIOT O TOM, YTO OOHAPYKEHHBIE U3MEHEHUs CIEKTPaTbHOI
mormHOocTH DI Ha YacToTax MIO-pUTMa M KOPKOBBIX B3aWMOJICHCTBUU HA 4Ya-
CTOTE ITOTO PUTMA OTIIMYAIOTCA NIPU HAOMIOICHNUH, POU3HECEHUH W MBICTIEHHOM
BOCIIPOM3BEICHUH CIIOBA. DTU JaHHbIE CBUJIETEIILCTBYIOT O TOM, YTO yYKa3aHHbIE
BH/IbI KOTHUTUBHOM J€SITEIBHOCTH 00€CIIeUnBAIOTCS pa3HbIMU (DYHKIMOHATIHHBI-
MU CHCTEMaMH, KOTOpPBIE BKIFOYAIOT B KAY€CTBE 0013aTEILHOTO KOMITOHEHTA IO~
CUCTEMY KOMMYHHKATUBHBIX 3epKaJbHBIX HEHPOHOB.

BriBoabl

BrinosiHeHne KOTHUTUBHOW JIESITETbHOCTH, CBSI3aHHOM ¢ HAOJIOIGHUEM, TTPO-
W3HECCHNEM W MBICICHHBIM BOCIPOM3BEACHUEM HEIMOIIMOHAIBHOTO CIIOBA, CO-
MIPOBOXKIAETCSL:

1) m3MeHeHUeM CIeKTpaibHON MomHOCTH DD Ha YacToTaX MIO-pUTMA; Xa-
pakTep 3TUX U3MEHEHHH 3aBHCUT OT YacTOThI PUTMA, a TakKe OT BHUJA U dTara
BEITTOJTHSIEMO IS TETTLHOCTH;

2) ycuiileHueM KOPKOBBIX CBSI3€H Ha YaCTOTE MIO-PUTMa MEXKIy LIEHTPaIbHBI-
MU U JOOHBIMH, IEHTPATEHBIMA U BUCOUYHBIMH, IICHTPATGHBIMHU H 3aTHUIOYHBIMA
30HaMH KOPbI; XapaKkTep ATUX U3MEHEHUH 3aBUCUT OT BHJIA U ATala BHIOJTHIEMOM
JeSITEIFHOCTH.
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Cortical interactions and spectral characteristics
of the mu rhythm in humans during observation, pronunciation
and mental pronunciation of non-emotional words

The study of the role of mirror neurons in cognitive processes is an important
problem of modern psychophysiology. Therefore, an urgent task is to search for and
study EEG correlates of the activation of mirror neurons. The aim of the research was
to study the cortical interactions at the frequency of the mu rhythm and the spectral
characteristics of this rhythm in humans at different stages of activity related to
observation, pronunciation and mental pronunciation of a non-emotional word.

The studies involved volunteers, practically healthy young men (32 people)
aged 18 to 23 years old (average age 21 + 1.6 years), students of Tomsk universities,
right-handers. All subjects gave informed consent to participate in this study, which
was approved by the Commission on Bioethics of the Biological Institute of Tomsk
State University (Tomsk, Russian Federation). Three series of experiments were
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carried out for the task. In the first series (“Observation™), the subject observed the
operator, who uttered the word “Raz” silently with his lips, when the stopwatch on
the monitor crossed the divisions 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50 and 55 s.
Total stopwatch hand made 5 turns. During the experiment, the operator was located
at the table, on which at a distance of 40-50 cm from him was a computer monitor.
The subject, at the same time, was in front and to the right at a distance of 70-80 cm
from him and watched only his lips. In the second series (“Speaking the word”), the
subject himself performed the indicated activity, and in the third series (“The mental
pronunciation of the word”), at specified points in time he also mentally pronounced
the word. During the pronunciation or mental reproduction of the word, the subject
took the place of the operator and followed the movement of the stopwatch hand on
the monitor screen. Before and during the execution of the activity, the monopolar
EEG was recorded using the Encephalan-131-03 24-channel encephalograph-analyzer
(Medicom company, Taganrog, Russia) in the frontal areas (F3, F4, Fz, F7, F8 ) central
(C3, C4, Cz), temporal (T3, T4, TS5, T6), parietal (P3, P4, Pz) and occipital (O1, O2)
leads by the “10-20%” system. The leads A1 and A2 were used as referents. To exclude
artifacts associated with eye movement and muscle activity, EOG and EMG of the
neck and forehead muscles were recorded. The sampling rate of EEG recordings
was 250 Hz. To study the cortical connections at the frequency of the mu rhythm,
the EEG was pre-filtered: a 20-order Butterworth bandpass filter with a frequency
suppression factor above 13 Hz at least 80 dB and frequencies below 8 Hz at least 40
dB). When processing the obtained data, we calculated the maximum values of cross-
correlation functions and spectral power estimates for short (1.5 s), devoid of artifacts,
EEG recording periods before 3 s (background) and 1.5 s (preparation stage) with the
stopwatch of the corresponding division and immediately after the specified event
(stage of execution). The obtained values of the correlation coefficients and spectral
power estimates were averaged separately for each stage of activity, for each series and
over all subjects. When calculating the cross-correlation functions, we complied with
the existing recommendations (Bendat SJ and Piersol AG.) that the maximum time
shift should be no more than one-tenth of the length of the implementation, which was
chosen to be greater than or equal to ten periods of mu rhythm (1.5 s). To describe the
EEG power spectrum, a Fourier transform was used. The spectrum was calculated with
an approximation for integer harmonics (8, 9, 10, 11, 12, 13 Hz), which made it possible
to simplify the subsequent statistical processing and comparative analysis of the results.
In the statistical processing of data, the MatLab v6.5 package, nonparametric analysis
of variance, and the Wilcoxon criterion for related samples were used.

The conducted research allowed to detect in the central areas of the cortex when
observing, pronouncing and mentally pronouncing a non-emotional word, changes
in the spectral power of the EEG, which are statistically significant compared to the
background, at mu rhythm frequencies during the preparation and execution of the
communicative action. We found that the nature of these changes depends on the
frequency of the rhythm. In particular, in the “Observation” series, at the stage of
performing the action in lead C3 compared to the background, a decrease in the spectral
power of the EEG at a frequency of 8 Hz is statistically significant (p <0.05), and at a
frequency of 10 Hz in the same lead there is a statistically significant (p <0.05) increase
in the spectral power of the EEG (Fig. 7). In the series “Pronouncing the word” at the
“Preparing” stage at a frequency of 9 Hz compared to the background, the decrease
in the spectral power of the EEG in lead C4 is statistically significant (p <0.05), and
at a frequency of 12 Hz in the same lead it was found significant compared to the
background increase in the spectral power of the EEG (p <0.05) (Fig. 2). The obtained
data indicate that the mu wave includes a series of frequencies which have different
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functional importance and reflect the activity of different neural oscillators. Apparently,
the decrease in the spectral power of the mu rhythm observed at some frequencies
reflects the activation of mirror neurons. Analysis of cortical interactions allowed
to detect statistically significant (p <0.05), in a series of observations, pronouncing
and mental pronouncing of a word compared to the background, enhancement of
cortical connections at the mu rhythm frequency between central and frontal, central
and temporal areas of the cortex at the stages of preparing and executing an action,
as well as at the stage of executing an action in comparison with preparation. The
nature of changes at the levels of cortical communication is different in the series of
observation, pronunciation and mental pronunciation of the word. For example, in the
Observation series, there was an increase in correlations between leads F3 and C3 at
the preparation stage compared with the background (Fig. 34), as well as increased
correlations between leads F7 and C3 at the stage of performing the action compared
with the background (Fig. 3B). An increase in the level of correlations at the frequency
of the mu rhythm is also observed between leads C3 and C4 at the stage of executing
a communicative action compared to its preparation (Fig. 3C). In the “pronunciation
of the word” series, we observed statistically significant (p <0.05), compared with the
background, increased correlations between leads F8 and C3 at the stage of preparation
for action (Fig. 44), as well as between leads F8 and C4, C3 and T5, C3 and O1 at the
stage of performing the action (Fig. 4B). At the stage of performing the action, there
is a statistically significant (p <0.05), compared with the preparation stage, increase in
the correlation between the Cz and C4 leads (Fig. 4C). In the “Mental Pronunciation”
series, there was a statistically significant (p <0.05), compared with the background,
amplification of correlations between leads Fz and C3, F7 and C4, C3 and T6 at the
preparation stage of the communicative action (Fig. 5A), as well as between leads F7
and C3 at the stage of performing the action (Fig. 5B). At the stage of performing
the action compared to the stage of preparation, the increased correlations between
the leads F7 and C4, Cz and C4, C4 and T5 (Fig. 5C) were statistically significant
(p <0.05). Probably, the observed enhancements of cortical connections are due to the
transmission of signals from the visual, auditory and somatosensory zones of the cortex
to the ventral region of the premotor cortex and, close to it, the Broca zone, in which
there are apparently communicative mirror neurons. Dispersion analysis revealed
a statistically significant (p <0.05) influence of the “type of activity” factor on the
spectral characteristics of the mu rhythm and cortical interactions at the frequency of
this rhythm when observing, pronouncing and mentally pronouncing a non-emotional
word. We established that the influence of this factor depends on the stage of the activity
performed. So, if at the stage of “Preparation” in lead C3, the influence of the studied
factor manifested itself only at frequencies of 8 and 13 Hz (p = 0.0004 + 5.25 - 107),
then at the stage of “Execution” in the same lead, EEG at all mu rhythm frequencies
from 8 to 13 Hz (p = 0.012 = 1.05 - 107). If at the “Preparation” stage, the factor
under consideration has a statistically significant (p = 0.048 + 6.29 - 107) effect on the
majority of cortical connections (20) between the central and other areas of the cortex,
then at the “Execution” stage, the number of such connections decreases twice.

The results show that the spectral characteristics of the mu rhythm and cortical
interactions at the frequency of this rhythm depend on the type and stage of the performed
activity, and that the types of cognitive activity associated with observation, pronunciation
and mental pronunciation of the word are provided by different functional systems that, as
a mandatory component, include a subsystem of communicative mirror neurons.

The paper contains 5 Figures and 20 References.

Key words: communicative mirror neurons; pronunciation of words; mu rhythm;
cortical interactions.
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