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AHHOTaAIUA

CoBpeMeHHbIe KCCIeOBAaHUsI B 00JIaCTH HelipoHayK TpeOyIOT ITy-
OGOKOr0 MOHUMAHUS (PYHKIIMOHATBHBIX CBS3EH MEXKIY perdoHaMu
MO3ra, 4TO BaXXHO JUis JAUATHOCTUKH U JIeYeHHs 3a00JeBAHUIA.
DyHKIMOHATbHAS MArHUTHO-PE30HAHCHAsT ToMOrpadhusi sBJISIETCS
OJIHUM U3 UHCTPYMEHTOB [UIsl aHAJIN3a STUX CBsA3el. B maHHO# pabo-
Te MPOBEJCHO MCCJIEJOBAHUE C UCIIOJIb30BAHIUEM METO/IOB MallIUH-
HOTO OOyYeHMs [Is] aHAJT3a CBSI3el MEKy pa3JIMUHBIMU PerioHa-
MHU.

BBenenne

Cy1iecTByOIIME MOAXO/bl UCCISJOBaHUIT B 00JIACTH HEWPOHAYK, TaKHME Kak
KOpPEeJALMOHHbIN aHaIn3 U Tpaktorpadus [1], odecrieurBaioT onpeieieHHbIe pe-
3yJbTAThl B MOHUMAHUM (DYHKIIMOHANBHBIX U CTPYKTYPHBIX CBSI3€f MEXIY peru-
OHAaMH{ MO3ra, OIHAKO OCTAIOTCS HepellIeHHble BOIPOCHl ONTUMU3ALIMU aHAJIU3a U
UHTEpIIpeTaINY JaHHHIX. B 1aHHOI paboTe paccMaTpuBaeTcs MocTpoeHue rpagda
MO3TOBBIX CBsI3€i HA OCHOBE (DYHKITMOHAJIBHON MAaTHITHO-PE30HAHCHOH TOMOTpa-
¢ (PMPT) ¢ ucrionp3oBanuem atiraca Mutli-Modal Brain Atlas (MSDL) [2].

OCHOBHOE HampaBJIeHUEe WCCIIeOBAHUS 3aKJI0YaeTCs B U3BJICUSHUN 3HAYM-
MbIX Npu3HakoB (PMPT, uro mo3BonauT Gojiee TOYHO OLIEHWTh B3aUMOJICHCTBUS
MEXIy pa3IMIHBIME perroHaMu mMosra [3]. B xome paGoTsl Oblia MpoBeieHa WH-
TErpaluy MeTOJJOB MAIIMHHOTO OOYYEHHU IS aHAJIM3a JAHHBIX, YTO MOXET YITy-
6uTh IOHMMaHKe (PYHKIIMOHATBHON apXUTEKTYphl Mo3ra [4].

3anmava coctout B npuMeHernnr GMPT 1151 aHaM3a CBsA3eil B MO3Te C UCTIOIb-
30BaHMEM aTJiaca, 00yYSHUU MO ISl KIacCU(hUKAIIMU JAHHBIX UCTIBITYEMBIX
Ha MpeMeT Pa3JInIuil MexX 1y 3J0POBBIMH U OOJNBHBIMU MareHTaMu. Llens pado-
THI 3aKJTI0YAETCS B IOCTPOCHUH Tpadha MO3TOBBIX CBSI3€l, UTO MO3BOJIUT OICHUTD
B3aUMOJICUCTBUS MEXK/1y Pa3IMYHBIMKU PETMOHAMU MO3Ta U BBISIBUTh KX OCOOEHHO-
CTH.


mailto:vasenkaneverov@mail.ru
mailto:lipkovich.michail@gmail.com

138 W3Gpannbie Tpyms BeceHHeil HayuHO-NpakTHYecKoil KoHbepertu «Mat-mex. Hayka 2025»

Xo/1 padoThI

B Xone JaHHOTO MCCIeIOBATENIbCKOTO MPOEKTa OblIa MpOBeieHa KOMIUICKC-
Hasi paboTa, HalpaBJIeHHAs Ha aHAJIM3 U 00pabOTKY (DYHKIIMOHAIBHBIX MATHUTHO-
pe3oHaHCHBIX ToMorpadudeckux (GMPT) naHHBIX ¢ TPUMEHEHHEM COBPEMEHHbIX
METOJI0B HEMPOBU3YaIM3allMi M MAIIMHHOTO 00y4eHus1. [ peanu3aiyu mpoek-
Ta UCIONB30BaNCs s3bIK Python, a Takxe psn 6mbimortek, BKioyas nilearn ams
padotel ¢ MPT pgansbME [6], numpy 1 pandas 11 MAHATYJISAINA C MACCUBAMU
JaHHBIX, networkx 117151 moctpoeHus rpadoB u scikit-learn ass 3aad MaIMHAOTO
00yYeHHsI.

Jnst aHanM3a Obula 3arpyeHa KapTa MO3TOBBIX PerMoHOB U3 ariaca MSDL
¢ nomoulblo ¢ynkuum fetch_atlas_msdl() [2]. ATiac cogepxuT MH(POPMALIUIO
O MECTOIOJIOKEHNH Pa3IMYHBIX (PYHKIMOHAJIBHBIX OONacTeil MO3ra, 4To Bak-
HO Ul mocieaymoniero aHanmi3a. Ha ocHoBe kapT ariaca Obula co3[JaHa Macka
NiftiMapsMasker, mo3Bossommas U3BJIeKaTb BpeMeHHbIE psgbl JaHHBIX (MPT
U3 33/1aHHBIX MO3TOBBIX 00JIACTEH, CTaHIAPTU3UPY S Pe3YJIbTaThl U OOecreunBast
HE0OXOIMMYI0 HOPMaJIM3ALHIO JaHHBIX.

OCHOBHBIM KOMITOHEHTOM pas3paboTku SIBJISLIAChH pysrIIA
extract_features_from_subject, oOecreunBaiomasi H3BJICUYCHUE XapaKTEPHBIX
npu3HaKoB U3 JaHHBIX (MPT mns kaxmgoro ucneiryemoro. Iponecc HaunHaeTCs
C 3arpy3Kd BpEMEHHBIX PsJOB, IOCJE Yero CTPOUTCS MAaTpUIla KOPPEJISLUH,
OITMCHIBAIONIAS B3aMMOAEHCTBIS MEK/ly Pa3jIMYHbBIMU perioHamMu Mo3ra. Mcrnosns-
3yeMasi METPHUKa KOPPEJISILNY MO3BOJIMJIA YUIUTHIBATh HOPMUPOBAHHBIE 3HAUCHUS
Y UCKJIIOYHTD BIIMSTHUE BHIOPOCOB.

s momyyeHnss nHGOPMANUK O KaXAO0M YYaCTHUKE MCCIIEA0BAHUS UCIIONb-
30BJIUCH JaHHBIE U3 (haiiia participants.tsv, KOTOpbIl HACUUTHIBAET 155 UCTIBITY-
eMbIX (89 340POBBIX MALIMEHTOB U 66 OOJIBHBIX ), 3aTPYKEHHOTO C TIOMOIIIBI0 OHO-
mmotekyu pandas [6]. Kaxaplii yqacTHUK ObUT KJ1acCU(UIIMPOBAH KaK 3/10pOBBIiA
VUM TIALIMEHT Ha OCHOBE NIOMETOK M3 Habopa JaHHBIX, YTO OBUIO BasKHO IS J1aJTb-
HEMIIETo aHaM3a.

Ha cnenyiomiem atare ObU1 OCYLIECTBIICH COOpP BCEX M3BJICUCHHBIX IPU3HAKOB
Y COOTBETCTBYIOIIMX METOK B MaccuBbl X U y. [Ipu3Haku, nosny4yeHHsie U3 rpago-
BOTO aHaJIN3a, ObIM OOBEJMHEHBI B OTHOM MaCCHBE, UTO MO3BOJISIET 3(PHEeKTHBHO
UCIIONB30BaTh UX JUIsl 00yueHust Moziesu. JlaHHble ObUIM COXPAHEHBI C TTIOMOIIBIO
6ubmorexu pickle 1is obecrieueHnst OBICTPOro JOCTyMA K cOOpaHHOU UH(pOpMa-
LHN.

ITpusHaku, coOpaHHbIe Ha 3Tare rpadoBOro aHaaM3a, MPeACTaBIAIT COOOi
KOJIMYECTBEHHbIE XaPaKTEPUCTHKU, KOTOPbIE ONMMCHIBAIOT B3aUMOJIEHCTBUS MEX-
Ny pa3JIMYHBIMU peruoHamu Mo3ra. B npouecce u3Bieyenus npuzHakoB uz GMPT
JaHHBIX [T KaKI0TO UCIIBITYEMOTrO ObIJIO PACCUMTAHO HECKOJIBKO KJTIOUEBBIX MET-
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PHK, OTPaXaILUX CTPYKTYpHBIE M (DYHKLMOHAJIbHBIE CBOWHCTBA KOTHUTHBHBIX
npoueccos. [loyueHHbIe TPU3HAKY BKITIOYAIIH:

* Crenenp nenrpajbHocTH (degree centrality): HOKa3pIBae€T KOJUYECTBO
CBs3€el, UMEIOIMXCSA Y KAKAOro y37a (peruoHa Mo3ra), YTo Mo3BOJISIET Bbl-
SIBUTh HanOoJiee aKTUBHbIE 00J1aCTH.

* IIpome:kyTouHasi meHTpaJbHOCTH (betweenness centrality): u3MepsieT
3HAYMMOCTb y3J1a B KAYeCTBE “‘MOCTa” MeX/y APYyTMMH y3JIaMH, UTO IIOMO-
raeT BBIABJIATH KJIIOUEBBIE PETMOHBI, BIMSIONINE Ha TIepeaavdy nH(pOpMaIun
MEK/y Pa3IMYHBIMU YacTsAMH MO3Ia.

* Co0cTBeHHAs1 IEHTPAJBHOCTH (eigenvector centrality): onpezaesnsier Bax-
HOCTb y37/1a B CETH, IPUHAMAs BO BHUMaHUE HE TOJbKO KOJIMIECTBO COEH-
HEHWi, HO ¥ 3HAYNMOCTb COCETHHX Y3JIOB.

* Koappunuent kaacrepuzanum (clustering coefficient): xapaktepusyet
CTeTeHb, C KOTOPOH Y3JIbI IPYIIHUPYIOTCS B ITIOTHBIE KJIACTEPHI, UTO MOXKET
yKa3bIBaTh HAa (DYHKIMOHAJIbHBIE aHCAMOJTH, pabOoTaIHe COBMECTHO.

ITH U3MEpPeHus MPeJOCTABIIAIT Iy0oKoe MoHUMaHue (DYHKIMOHUPOBAHUS
MO3Ta U MTO3BOJISIOT BBISIBUTH NATTEPHBI, XapaKTEPHBIE JIsI Pa3JIMUYHbIX KOTHUTHB-
HBIX COCTOSIHMIA.

PazneieHre qaHHBIX Ha 0OYYAKONIYI0 U TECTOBYIO BBIOOpKU: [{J1s1 pa3aeneHus
JAHHBIX MBI UCTIOJIb30BAI METO/I, KOTOPBIIA CITyJaifHBIM 00pa3oM JeJIUT BeCh Ha-
6Op JTaHHBIX Ha JIBE YacTH: 00YyJaloIyI0 BHIOOPKY U TECTOBYIO BHIOOPKY. B Hatiem
cilyyae pasmMep oOyuaroieii BHIOOPKU cocTaBui 124 UCTIBITYEMbIX, YTO COCTABJISI-
eT npuMepHo 80% ot o61ero oobeMa JIJaHHbBIX, B TO BpeMsl KaK TeCTOBast BHIOOP-
Ka BKJIIo4aeT 31 ucneityemMoro, 4ro cocranisiet okoyio 20%. Takoe COOTHOIIEHUE
MO3BOJISIET 0OECTIEUNTh JOCTATOYHOE KOJMIMUECTBO JAHHBIX ISl 00YUYESHUS MOJIEITH,
COXPpaHsIsI IPH STOM JOCTATOYHO JaHHHBIX JUIsSI IPOBEPKU €€ IPOU3BOAUTEILHOCTH.
BaxHO OTMETUTB, YTO MPU pa3[esieHUH JaHHBIX MBIl YUUTHIBAIM CIy4YaiiHOE pac-
npejesieHre, 4ToObl N30eKaTh CMEIIEHNS B BBIOOPKax. DTO 03HAYACT, YTO KakKaast
3anMch B HAOOpe JTaHHBIX MMeJia PaBHbIE IAHCHI TIONACTh KaK B 00YyYalolylo, Tak
U B TECTOBYIO BBIOOPKY.

s mpenckaszaTeqbHOTO aHaim3a ObUTa BhIOpaHa Momens Random Forest,
obecreunBaIlas XOpOIIyl0 MPOU3BOJUTELHOCTD AaXe MPU HATMYUM OOJIBIIO-
ro KOJMYecTBa Mpu3HakoB. Mbl ucrnionb3oBamu GridSearch uroObl HaiiTh OnTH-
MaJibHble TapameTpsl 1151 RandomForest (Hanpumep, CKOJIBbKO 1€PEBbEB UCIIONb30-
BaTh M KAKOIi MOPOT [T KJIAaCCU(DUKAIIUY JTydIlie). DTO IOMOTaeT CIeIaTh MOJIEITh
tToyHee. OOyUMIM MOJENIb Ha 0o0ydYamIeil BHOOPKE C MCIONIB30BAHUEM KPOCC-
Bampanuu(5 donnos). Pazouim obyuaromue gaHHble Ha 5 yacTeit (PongoB), mo-
ouepeHO 00y4Yaiu MOJIeNb Ha 4 4acTsIX U IPOBepsiId Ha 1, 4ToObl yOeAUThCS, YTO
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MOJIeNIb XOpOoIIO paboTaeT Ha HOBBIX JIaHHBIX U He mepeodydaeTcs. it Kaxao-
ro (posa Mbl epedrpay pa3Hble MOPOry KiacCU(pUKalMK, BEIYUCIISIIA METPUKU
(tounocts, F1-ckop, ROC-AUC) u BbIOMpau HOpor, Mpu KOTOPOM MOJENb JIy4-
I1Ie BCEro npejcKas3biBaeT JaHHble. PUHAIBHBIM 3TanoM paboThl CTAJIO MCIIOJb30-
BaHWe 00YUYEHHOU MOJEJH 1JIs POBEJCHUS MPeICKa3aHuii Ha TECTOBBIX JaHHBIX,
YTO TO3BOJIMJIO OLIEHUTh TOYHOCTh MOJEJIN W BBISIBUTH BOBMOXKHbIE 00JIaCTH 151
YJIy4IIeHUS.

Pe3yabTaThl padoThl

B pesymbrare anamuza ¢GMPT, Monenb NpoaeMOHCTpUpOBaja TOYHOCTh
83.12% Ha TecTOBOil BHIOOPKE, UTO MOATBEPKAAET €€ CHOCOOHOCTh pa3inyarh
KJIACCH yJaCTHUKOB. 3HAUCHHS METPUK yKa3aHbl Ha pucyHKe [l

Final evaluation on test set:
Best threshold: ©.30

precision recall fl-score support

0.88 0.78 0.82 18

1 a.73 8.85 e.79 13

accuracy 9.81 31
macro avg .86 8.81 0.80 31
weighted avg 0.82 0.81 0.81 31

ROC-AUC: ©.8312
Puc. 1: 3Hayenns MeTpHK KiiaccUpUKAIN

B xozie paGoThI Obila BHIIONHEHA BU3yamm3amus rpados (pucyHok P) u kop-
PETSAIMOHHBIX MATPHII.
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Puc. 2: Buzyanmzanus rpada, rae 1-38 — pernoHs! Mosra

I'pad crpouTtcst, 4TOOBI BU3YAIU3UPOBATh U AHAIM3UPOBATH CBSA3U MEXKY pe-
FMOHAMHU MO3ra KakK CeTh, TIe Y3JIbl — 3TO PErHOHbI, a pedpa — MX B3aUMOJei-
crBud [3].

3akJiroyeHne

B xome mpoBeaeHHOro uccienoBaHusi ¢ ucrnoib3oBanueM GMPT u atnaca
MSDL ynanochk JOCTHYb pe3y/IbTaTOB B aHAJIM3E CBA3EH MEXy Pa3InIHbIMU pe-
ruoHamu Mo3ra. [TocTpoeHne rpada MO3TOBBIX CBsI3eli, OCHOBAHHOTO Ha JTaHHHIX,
MO3BOJIMJIO BBISIBUTH KJIIOUEBbIE B3AUMOJEUCTBUS U OCOOCHHOCTH (DYHKIIMOHAb-
HOM apXHUTeKTypsl Mo3ra. [TomydyeHHast Mofess MoKas3ana To9HOCTh 83.12%. Jams-
HEUIMA aHaIM3 ¢ UCTIOJIb30BAaHUEM METOIOB MAIIMHHOIO OOyUYeHHsI HalleieH Ha
npejcKa3aHue Pa3HOOOPa3HBIX COCTOSHUIA MAIIMEHTOB M MOXKET CTaTh MHCTPYMEH-
TOM 7151 YJIy4IlIeHUs] JUarHOCTUKU U JieueHust [7].
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