OcobeHHOCTH IIOCTPOEHUH
G YyHKIIMOHAJIBHBIX KOHHEKTOMOB II0 JIaHHBIM

bMPT
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OyHKIMOHUPOBAHNE TOJIOBHOTO MO3Ta, OCHOBAHO HA MapaJiiebHOI
CHHXPOHHO# pabore GOPMUPYIOMIUX €ro HeiffpoceTeil, apXUTeKTypa Ko-
TOPBIX OIpEJIEsIsieT CBOMCTBA ITPOTEKAIOIINX KOTHUTUBHBIX IIPOIECCOB.
s moctpoennst byHKINOHAIBHBIX KOHHEKTOMOB I'OJIOBHOT'O MO3Ta e~
JIOBEKA, OOBITHO MCITOJIB3YIOTCS JTAHHBIE HEMHBA3WUBHBIX METOIOB: IJIE€K-
rposunedanorpabun (IOT'), marautHol sHIEdaTorpadbun (MIT) u
dyHKIMOHANIBHOM MarHUTHO-pe3oHaHCHON Tomorpaduun (GMPT), mo-
JIYIEHHBIX B CTUMYJIBHBIX KOTHUTHUBHBIX 33J[a9aX WM B COCTOSTHUM I10-
Kosi. JIjis KarK10if KOMOMHAINN U3 IPUBEIEHHBIX IKCIEPUMEHTAIHHBIX
METO/IOB W MCCJIEIYEMOT0 KOTHUTHUBHOTO MPOIECCa €CTh PsI 0COOEHHO-
creil B MeTOJ[aX NOCTPOoeHusT (DyHKIIMOHAIHHBIX KOHHEKTOMOB. OCOObIi
nHTepec npencrasiser GMPT ucciieroBanue HelipoceTeBOro B3amMo-
JIeiCTBUSI B COCTOSIHUU IIOKOsI TOJIOBHOI'O MO3Tra, KakK MOJe/n 6a30BO-
o ypoBHs pabOTHI IIPOIECCOB CO3HaHUs. 1Ipm moCpesCcTBeHHOM Besm-
YHUHE [IPOCTPAHCTBEHHOIO paspelnenus (Iopsika 2 MM) U BPEMEHHOI'O
paspemntenus (0,5 ') curnana,MPT sapisiercst elMHCTBEHHBIM U3 CO-
BPEMEHHBIX METOIOB OJIHOBPEMEHHON perucTparun HGu3noJornIecKux
CUTHAJIOB OT KOPBI U TJIyOMHHBIX CTPYKTYP T'OJIOBHOIO MO3ra. B maHHON
pabotre Ha mpumepe norydeHHbIX GMPT nasHBIX COCTOSTHUS TTOKOST T0-
JIOBHOT'O MO3Ta MMPUBOJIUTCS OMUCAHUE XaPAKTEPHBIX OCOOEHHOCTEH M0~
crpoennst PyHKIIMOHATHHBIX KOHHEKTOMOB.
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Kurouesbie cioBa: ueitpocetn, GMPT, dbyHKImoHAIBHBII KOH-
HEKTOM, IIOOAJIBHBIN CUTHAJ, (DYHKIIHOHAIBHO-OJHOPO/HBIE DETHOHBI,
CTAIlMOHAPHOCTH, ABTOKOPPEJISIusi, (PYHKIMOHAJIBHBIN aT/Iac, COCTOs-
HUE TIOKOSI

N3zy4aenne byHKIIMOHAIBHBIX HEHPOCETEBBIX aPXUTEKTYP IOJIOBHOTO MO3-
ra, 0DecIeuYnBaloIuX BBICOKYIO 3 MOEKTUBHOCTD B MOTPEOJICHUN SHEPTUA U
00paboTKe MHMOPMAINN, TPEACTABISIET BaXHOE HAIIPaBJICHHE IJIsT pa3pa-
OOTKM TEXHOJIOTUIl UCKYyCCTBEHHOro mHTesiekTa. Cpean mHMOOPMAIMOHHBIX
IIPOIECCOB MO3ra HanboJiee MHTEPEeCHa peain3alus QyHKINT CO3HATETLHOTO
KOHTPOJIsI, UMeIOIIeli 6a30BbIil YPOBEHb B COCTOSIHUM MOKOsi (resting state)
TOJIOBHOI'O MO3ra, Ha OCHOBE KOTOPOI'0O y2Ke CTPOSTCS IIPOIECCHL IleICHAIIPaB-
JIEHHOT'O DeIllleHHsl TeX WJIM UHbIX KOrHUTUBHBIX 3a7a4 ([1]). CoBpementble
Helipoucc/ieJoBaHus MO3BOJIAIOT YTBEPK/1aTh, YTO B KarKJIOM KOTHUTHUBHOM
mporiecce, TeM 0oJiee TAKUX CJIOYKHBIX, KaK IIPOIECCHI CO3HAHUSA, YIaCTBYET
HE OJIVH, 8 HECKOJIbKO IPOCTPAHCTBEHHO PACIPEIEICHHBIX (DYHKIIMOHAJBHBIX
PeruoHoB, OObEIUHEHHBIX B €AUHYIO JUHAMUIHYIO HEHPOCETEBYIO apXUTEK-
Typy. s u3ydenust Takux cereit HEOOXOINMO CO3/IAHNE KOMILJIEKCa METO/IOB
1 IOJIXOJIOB C IEJILIO BBISIBJICHUS:

1) ormenbHbIX (DYHKIMOHAIBHBIX 30H;

2) cBsazeit MexKy QYHKIMOHATHHBIME 30HAME U OMPE/ICJICHUST UX KOJTIIe-
CTBEHHOT'O BLIPAYKEHWUSI;

3) IPUYINHHO-CJICICTBEHHBIX 3aBUCHUMOCTEMR MeEXKJy CBA3aHHBIMU 30HAMU.

B nanHO#l paboTe IpesioyKeHbl HEKOTOPBIE U3 3asBJIECHHBIX IOIXO0I0B, IIPH-
MeHuTesibHO K GMPT faHHBIM COCTOSIHUS TTOKOsT TOJIOBHOTO MOBTA.

GMPT aBasercss oguuM U3 MEPCHEKTUBHLIX METOJIOB U3YyUeHUsl HEHpo-
ceTeil TOJIOBHOIO MO3Ta, MTO3BOJIAIONIUM OJITHOBPEMEHHO PETUCTPUPOBATDH (DU~
3UOJIOTUYECKIE CUTHAJIBI OT KOPbI U TJIYOMHHBIX CTPYKTYD TOJIOBHOTO MO3-
ra. Vcnosb3oBanue yabTpabbIcTphix nocaenosareabrocreii MPT (multiband
nocsieioBaTeibHOCTH paspaboransl B MRR-1ieHTpe jrenapraMenTa paIuosio-
run yHusepcurera MunHecoTsl, [2]) NO3BOJISIET yBEMIUTD YaCTOTY JUCKPe-
tusaruu curaaja g0 1-1,5 'y u cooTHOIeHne curuaj — IryMm, HO Tpedyer
CIIENUAIBHBIX, HECTAHIAPTHBIX PEXKUMOB TpenoOpaboTKy JaHHBIX. B pas-
Hbix nporpammubix makerax (FSL, AFNI u SPM) peanusyrorcst pasiundHbie
AJITOPUTMBI PACYETOB U HONpPaBOK apredakToB. OJHAKO peain30BaHHBIE B
HUX CTaHJAPTHBIE MPOIEILYPbl MOTYT JIaBaTh JIOXKHBIE OINEHKHU DU AHAJIH-
3e yabTpabbicTphix GMPT mocienoBarenbuocreit. B namem wucciienoBannu
([3]) mpemozken cobcTBEHHBIH aJTOPUTM PAOOTHI € YIBTPAOBICTPBIMU TOCJIE-
JIOBATEIbHOCTSIMU, BKJIFOUAIOINIUN B cebsl 1MOaB/IeHne KaK BPEMEHHBIX, TaK
U IPOCTPAHCTBEHHBIX apTedaKTOB: KOPPEKIs apTedaKTOB IBUKEHUS aJj-
TOPUTMOM <«OJIMKAHIINX coceieity, KOPPEKIWs JAHHBIX HA HEOJHOPOIHOCTH



MAarHUTHOTO TIOJIsI B ODJIACTH CKAHUPOBAHUsI, KOPPEKIINsT BPEMEHHOI'O CMe-
IIIEHUsT CUTHAJIA, CEIMEHTAIAsI CTPYKTYP T'OJIOBHOIO Mo3ra B aryacaom MNI-
IIPOCTPAHCTBE C IOCJEYIONIUM IOIABIeHNEM (PU3NOJOTUIECKOTO IIyMa Ha
OCHOBE MeETO/JJa He3aBUCHUMBIX KOMIIOHCHT.

st mocrpoenust Ha ocHoBe GMPT maHHBIX mepapXudecKoil MOIEIN B3aK-
MOJIEHCTBUST KPYITHOMACIITAOHBIX HeipoceTell HeobxoauMa BepuUITIPOBAH-
Hasi IPUBs3Ka PYHKIIMOHAJIBHBIX 30H K aHaToMun. K HacTosmeMy BpeMeHn
CYIIECTBYET Psi pabOT, MOCBAIIEHHBIX aATJIACHOMY Pa3sOUEeHUI0 KOPBI TOJIOBHO-
'O MO3Ta Ie/I0BeKa Ha (PyHKIIMOHAJIbHO-CTPYKTYPHBIE 30HbBI, HAIIPUMEp, pabo-
ta [4]). Crpykrypa co3naBaeMbIx (DYHKIMOHAJIBHBIX aTJIACOB IIPEJIIIOJIATAET,
9TO BCE BOKCEJIH, BXOJSAIINE B OJHY (DYHKIIMOHAIBHYIO 30HY, BBIIOJIHSIIOT CXO-
JKYI0 QYHKIIAIO U UMEIOT CXOXKYIO JTUHAMUKY. DTO HMPEIIIOJI0XKEHUE UCITOTb3Y-
€TCd BO MHOTUX HCCJIEIOBAHUAX, B KOTOPBIX JIJIgd YMEHLIIIECHUA PA3MEPHOCTHU
JIAHHBIX, BCE JIMHAMUKU BOKCEJIEH, BXOJSIINX B OMHY (DYHKIIMOHAJIBHYIO 30HY,
3aMeHSTFOT OJTHOI, ITOJIy9eHHO, HanpuMep, ux ycpegaaenneM. OHAKO, HAIN
HCCIETIOBaHUs MTOKA3A/IM, YTO B OJHY aTJIACHYIO 30HY 3a9aCTYIO IOIaIaioT
BOKCEJIN, IMHAMUKY KOTOPBIX HE JIEMOHCTPUPYET BBICOKON KOppessiun (Ha-
npumep, no [Tupcony win Kanneny). Tak, Bokcenn, hopMasbHO BXOJAIINE B
OJIMH PETUOH COIJIACHO aHaTOMHYeCKUM aryiacam (Hampumep, AAL), Ho pac-
[TOJIOZKEHHBIE Ha ITPOTUBOIOIOKHBIX TPAHUIAX, MOTYT MMETh KOPPEJISIIUIO
OJIM3KYI0 K HYJIIO U JlakKe orTpurare/ibay. O0bsicHeHne JTaHHOro (akta —
b0 pasbueHne Ha 30HBI HE BIIOJIHE KOPPEKTHO, JTNOO KOPPEIAIIs He MOXKET
BBICTYIIATH B KAYECTBE METPUKHU OJIM30CTU JTUHAMUKN BOKCEJIEH, BXOJSIIIX B
OJTHY 30HY, JTUOO NMeeT MeCTO 00a IIPeIIoIoKeHus . TeM He MeHee, eCjiu peru-
OHBI HE SIBJIAIOTCH (DYHKIIMOHAJIBHO-OTHOPOIHBIMEI, TO MIOCTPOCHHBIN HA HUX
KOHHEKTOM HE 6y,ILGT KOPPEKTHDBIM. HaMI/I IpeJIO2KEeHbI COBEPIIIEHHO HOBBLIC
JIBa aJIropuTMa pacuera (yHKIMOHATIBHO-0MHOPOAHBIX pernoHos (POP) ro-
noBHOro Mosra (|5]) mas mocrpoenus: dbyHKIMOHAIBHOTO KOHHEKTOMA. OiuH
Meros; — Meros KiaacrepHoii cermentaiun (MKC) — mosBossier BbLienThb
bYHKITNOHAIHLHO-OTHOPOIHBIE PETNOHBI, CTAOUIbHBIE BO BPEMEHU, BTOPOH —
meron dyukiponanphoii cermentanuu (MPC) — 1mo3BoJIsIeT BBIACIUTH pe-
THOHBI BOKCeJIell ¢ BBICOKMM ypoBHeM KoppeJisitiuu. [lojydennble B HaImmx
nuccaenopanussx OOP He coBIAIarOT HU ¢ OJHUM U3 paHee IPeIJIOsKeHHBIX
PYHKIIMOHAJIBHBIX ATJIACOB U MOL'YT BXOJUTH COCTABHON YACTHIO B ATJIACHBIE
paz3bueHus WM COMepXKaTh OTIEIbHBbIE YACTU ATIACHBIX pa3dueHuil, Haxo-
nsick Ha ux rpanune. Kaxmgas @OP xapakrepusyercs BPEMEHHOH JUHAMU-
KO, TIOJIy9aeMOoil yCpeHeHneM JUHAMUK WJIN BbIIEJIeHUeM OOIed JTuHaMU-
KI METOJIOM HPUHIMINAIBHBIX KOMIOHEHT (HAIM MCCJIe0BaHUs TOKA3AJIN,
uT0 Koppessdius [lupcona Mmexk 1y oOIuMu JTUHAMUAKAME, TIOJTYICHHBIMU JIBY-
Mst oTuMu Merogamu, pasha 0,99). Oznoil n3 Hambosee CHOPHBIX HPOIELYD
npu anaymse MPT naHHBIX B COCTOSHUU IIOKOsI SABJISIETCS VIAJICHUE AB-
TOKOPPEJIANMN U3 CUrHAJIa U TiobanbHast perpeccus curnana (GSR). Vma-



JieHre TJI00AIBHOTO CUTHAJIA C OIHONW CTOPOHBI HOBBIMAET AHATOMUIECKYIO
crenuUIHOCTD MATTEPHOB (DYHKIIMOHAIBLHON CBA3H 32 CUET yIAJEeHU apTe-
daKkTOB, CBA3aHHBIX C JIBUYKEHHEM, JIbIXAaHUEM, PEKUMOM PabOThI CKaHepa,
C IPYroit CTOPOHBI, TaKash MPOIEIYPa U3MEHSIET PACIPEICTICHNE PErHOHATb-
HBIX KOPPEJIANNN CUI'HAJIOB B TOJIOBHOM MO3T'€ U MOYKET MOJIU(DUITUPOBATH Pe-
aJIbHBIN HefipoHHbIN curnaj. B nareit pabore MbI IIpejijlaraeM UCIOJIH30BATD
HEMHOI'O MOJIUDUIIMPOBAHHBIH aIbTePHATUBHBIN MeTo 1 Aud dy3HOi KitacTep-
Hoit onernku u perpeccun (DICER — (D)(i)iffuse (C)luster (E)stimationand
(R)egression), KOTOPBIil BbLIE/ISIET CUTHAJIBI, CBA3AHHBIE C OOJIBITIMH KJIaCTe-
paMu KOrepeHTHBIX Bokcesieit ([6]).91o mo3Bosmito st Kazk10ro OT/1eIbHOTO
Goabioro kiacrepa (He menee 2000 BoKceseil B KaxXKJOM KJjacTepe) UTepa-
TUBHO yJIAJISITh U3 BCEX 00PA3YIONIUX €ro BOKCE el JIOKAIbHBIN 00N TOTHKO
JJIgd HUX CUTHAJI.

B zaade nmocrpoenusi pyHKINOHAIBHBIX KOHHEKTOMOB J0JI?KHA OBITH BbI-
Opana Mepa OIEHKHU CBSI3HOCTU PabOTHI HelpoceTel, HEOOXOMUMBIM YCIOBUEM
[PUMEHEHUs] KOTOPOW B OOJIBINIUHCTBE CJIyYaeB SBJISIETCS HAJUYIUE CTAIlHO-
HapHOCTH BpeMeHHbIX psioB @OP. Hammu ucceqoBanust moka3aim, ITo JJIst
NPUHATHS TUIOTE3bl O CTAIIMOHAPHOCTHU PsiJIOB HEOOXOIMMO YUUTHIBATD pe-
3YJILTATHI HE OJJHOrO KOHKPETHOT'O METOJIa €€ pPacdieTa, a IMEeJ0ro KOMILIEKCa
MeTo10B ([7]). Bompoc o BeIGOpe caMoii Mepbl OIEHKH CBS3HOCTH PabOTHI HEll-
pocereii KpaiiHe BasKeH U, KaK ObLIO y»Ke OTMedeHo B pabore [8], nmosepue kK
[IOJIy9aeMbIM Pe3yJIbTaTaM OIPDAHUYEHO, TOCKOJIBKY:

1) HUCIIOJIb30BAHUE PA3HBIX MEP OICHKU HEIIPOCETEBOI CBA3ZHOCTHU NaCT pas3-
HbIEe Pe3YJIbTATHI;

2) BBIOOP HAPAMETPOB PACIETOB MEPHI BIIUSIOT Ha KOHEYHBI PE3yJIbTAT.

B pa6ore [8] 6bu1a paspaborana nporpammiuast cucrema MULAN (MULtiple
method ANalysis), peasnsyrornass KOMIUIEKCHBIH MOIXOJ] MTOCTPOEHUsT Mep
CBSI3BHOCTH HA OCHOBE aHCaMOJisl, COUeTAroNero 42 MeTojia aHaInu3a, Olpee-
JIEHWE ONTUMAJILHBIX MapaMeTPOB Ha OCHOBE CUMYJMPOBAHHBIX JTAHHBIX, Me-
JKMETOUIECKOe CPABHEHHUE TOJIyIaeMbIX Pe3yJIbTaTOB W IIPUMEHEHNEe HedeT-
KOl JIOTWKU I m3BJjiedeHus rpadoB ¢ Hanbosiee BEpOATHON cTpyKTypoil.B
Halielr paboTe Mbl PACIIMPUIIN TPEIIAraeMbIil KOMILIEKC Mep OIEHKHU CBsI3-
HocTH, TOOABUB JBA METOJIA PacIeTa MPUINHHO-CIEICTBEHHBIX CBsI3ei B KOH-
HEKTOME — TPAHCHEPHYIO SHTPOIUIO W METOJI JUHAMUIECKOIO Kay3aJbHO-
TO MOJIETUPOBAHMUS, & TaKKe METOJ| Pacuera KO-aKTUBAIMOHHBIX MATTEPHOB
(CAP). Takum obpaszom, dyHKInOHAIBHAs CBsi3HOCTH Mexk iy POP Bepudu-
[UPOBaHA, €CJIM ee HAJIMYINE [TOKA3aHO MPU pas3HbIX MeTpuKax. Ha Texymumii
MOMEHT TPOBEJIEHHBIE IKCIepUMeHTaIbHbe uccaeaoBanus GMPT maumbIx
COCTOSIHUS ITOKOsI TPEX MCHBITyeMbIX rmokasasu, aro POP, BoiieneHnne me-
tosoM M®C, 1eMOHCTPUPYIOT GOJBIINYIO YyCTONIMBOCTD CBs3ell BO BPEMEHH,



YeM PEruoHbl, B3AThle HA OCHOBe ariaca. CpaBHEHHUE JIBYX IIPEJJIOKEHHBIX
HaMU T0JX0/10B K BbiAeaernio POP Takske mokasajo, 9To pe3y/abTaThl, I0-
sgyqenubie MeTogoM MKC, nator 6ojiee cTabUIBHBIE BO BPEMEHU YPOBEHBb
bYHKITMOHAJIBHBIX CBsI3eil Mexkay permoHamu. Ha nammom stame oba pas-
paboraHHbIX HaMmu 1o1xo/a Bblaeaerus POP ¢ mocseayomuM mocrpoeHneM
bYHKITMOHAIBHBIX KOHHEKTOMOB IIPOXOISAT anrpo0aInio Ha BeIOOpKe 13 25 uc-
IBITYEMBIX U B JIAJIBHEHIITIM PEJIIOJIATAeTCA €r0 UCIIOJIb30BAHNE B CTUMYJIb-
HBIX KOTHUTHUBHBIX 33/1a4ax. KoppeadainmoHHo-KIacTepHble METO/IbI BhIJIEIe-
Hust PyHKIIMOHATILHO-0IHOPOJIHBIX PETHOHOB I'OJIOBHOI'O MO3Ta IIPEICTABIIEHbBI
Ha github: https://github.com/KozlovStanislav/CCM-FOR
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GMPT, mosrygenHbIx B paMkax rpanTta MuHHCTEpCTBa HayKHU U BBICIIIETO 00-
pasosanusi PO (rpant Ne 075-015-2020-801).

Criucok aurepaTrypbl

[1] Ushakov V.L., Sharaev M.G., Kartashov S.I., Zavyalova V.V,
Verkhlyutov V.M., Velichkovsky B.M., “Dynamic causal modeling of
hippocampal links within the human default mode network: Lateralization
and computational stability of effective connections”, Frontiers in Human
Neuroscience, 10 (2016).

[2] Xu J., Moeller S., Auerbach E., Strupp J., Smith S.M., Feinberg D.A.,
Yacoub E., Ugurbil K., “Evaluation of slice accelerations using multiband echo
planar imaging at 3T”, NeuroImage, 83 (2013), 991-1001.

[3] Opuos B.A., ITocmpoenue Mmodesu KO2HUMUBHO20 NPOCTPAHCINGA UEAO-
6exa no  JaHHBIM  GYHKUUOHAAGHOT  MAZHUMMHO-PEZOHAHCHOT  Momozpadiuu
(MPT), Huccepranusi Ha COUCKAHUE YUEHOH CTEIlEHM KAHIUAATa (DU3UKO-
MaTeMaTHIeCcKnX Hayk, 2021.

[4] Glasser M.F., Coalson T.S., Robinson E.C., Hacker C.D., Harwell J.,
Yacoub E., Ugurbil K., Andersson J., Beckmann C.F., Jenkinson M.,
Smith S. M., Van Essen D.C. multi-modal parcellation of human cerebral
cortex, Nature, 536 (2016), 171-178.

[5] Kozlov S., Poyda A., Orlov V., Sharaev M., Ushakov V., “Selection of
functionally homogeneous human brain regions for functional connectomes
building based on fMRI data”’, Advances in Cognitive Research, Artificial
Intelligence, and Neuroinformatics. Postproceedings of the 9th International
Conference on Cognitive Studies (Intrercognsci-2020), Advances in Intelligent

Systems and Computing, 1358 (2021), 709-719.


https://github.com/KozlovStanislav/CCM-FOR

[6]

17l

Aquino K. M., Fulcher B.D., Parkes L., Sabaroedin K., Fornito A. dentifying
and removing widespread signal deflections from fMRI data: Rethinking the
global signal regression problem, Neurolmage, 212 (2020).

Hyndman R.J., Athanasopoulos G., Forecasting: principles and practice, 2nd
edition, OTexts, Melbourne, Australia, 2018.

Wang H. E., Friston K. J., Bénar C. G., Woodman M. M., Chauvel P., Jirsa V.,
Bernard C., “MULAN: Evaluation and ensemble statistical inference for
functional connectivity”, Neuroimage, 166 (2018), 166-184.

Features of the functional connectomes design according to fMRI

data
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The brain functioning is based on the parallel synchronous
work of the neural networks, the architecture of which determines
the properties of the cognitive processes. To construct functional
connectomes of the human brain, data from non-invasive methods
are usually wused: electroencephalography (EEG), magnetic
encephalography (MEG), and functional magnetic resonance imaging
(fIMRI), obtained in stimulus cognitive tasks or at resting state. For
each combination of the above experimental methods and the studied
cognitive process, there are features in the methods of constructing
functional connectomes. Of particular interest is the study of neural
network interaction at resting state, as a basic level of consciousness,
based on the use of data from the fMRI method. With a bad spatial
resolution (about 2 mm) and temporal signal resolution (0.5 Hz),
fMRI is the only modern method for the simultaneous registration of
physiological signals from the cortex and deep structures of the brain.
In this work, using the fMRI data of the brain resting state as an
example, we describe the characteristic features of the construction of
functional connectomes.

Keywords: neural networks, fMRI, functional connectome, global
signal, functionally homogeneous regions, stationarity, autocorrelation,
functional atlas, resting state
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