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INPUMEHEHUE NCKYCCTBEHHOI'O MHTEJIJIEKTA
B AHAJIM3E JAHHBIX J3JIEKTPOKAPJINOI'PA®A
CBEPXBBICOKOI'O PA3PEHIEHUA

Lenbro JaHHOTO HCCIIEIOBAHUS SBIISIETCS JIEMOHCTPALMSI BO3MOXKHOCTH KJIACCU(UKALIMK JIJAHHBIX M3MEPEHUH Masio-
rabapuTHOrO OJIOKa IS CHSITHS, PETHCTPAIlUK U 3amucH djekTpokapauocuraaioB (OKC) mo Metoay 37aeKTpokap-
nmuorpadun  cBepxBbicokoro paspemenus (DK CBP), paspaborka kotoporo Bemercss B Jjaboparopuu 235
WucturyTta ananutraeckoro nmpudopocrpoerns Poccuniickoit akagemuu Hayk (MAIT PAH). {ns knmaccudukamnmm pe-
3yJIBTAaTOB AIEKTPOKAPAHOTpahUUECKIX U3MEPEHUH UCIIONIb30BaIach 4-cioiHas cBeproyHas HeliponHas cetb (HC),
oOydeHHas 1 IPOTECTHPOBaHHAs Ha 0a3e maHHBIX, cocTosmei n3 90 3amuceit DKC CBP, momy4eHHBIX B X0JIe KC-
MEPUMEHTOB [0 MOJECTUPOBAHUIO OCTPOM HIIEMHM MHOKapJa Ha MOJOMBITHBIX KpbicaX. Kaxkaplil omelT BKIrOuUan
B ce0s Tpu srana skcnepumenTa — ''crabuwinzanus’, "umemus” u "penepdysus’, XxapakTepusyOIMXCs pazHOi
MOpPQOJIOTHEN H CIIEKTPAILHBIMH XapaKTEePUCTUKAMHU PETUCTPUPYEMBIX CUTHaJOB. bblma mocraBieHa 3agada aBTO-
MaTU4ECKH OLICHUTh BEPOSTHOCTh NMPUHAMIEKHOCTH Kaxkaoro kapauonukia ogHou 3anucu 9KC CBP k ogHoMy 13
4 K1accoB, COOTBETCTBYIOIINX TPEM OCHOBHBIM 3TallaM KCIIEPHMEHTOB, a TAKXKe IIEPEXOAHOMY 3TaIly MEXKAY CTa-
JUSIMU CTAOMIIM3aIuy ¥ MIIeMUH. J{J1s1 OIEHKH KadecTBa Kiaccu(uKanuy Oblia HOCTPOSHA KpHUBask 00ydeHHs MoJie-
I, a TaKoKe BPEMEHHAsI 3aBUCUMOCTh OLIEHKH BEPOSTHOCTH NMPHHAIJICKHOCTU KaXI0TO KapAUOLMKIIA OTHOM 3aMucu

OKC CBP k onHOMY U3 4 KJ1accoB.

Kniouesvie cnosa: BHGKTI)OKap,HI/IOFpa(I)I/I}I, DJICKTPOKAPpAHNOCUTHAJ, CBEPXBBICOKOC pa3pCUICHHC, HeﬁpOHHa}I CCTh,

CHOI>'I, MOACJIb, NIIEMHUYCCKAA 0oJ1e3Hb cepanua, Mapkep

BBEJEHUE

CepeyHo-cOCyTUCThIE  3a00JIEeBaHUSl  SBJSIOTCS
OJTHOW W3 OCHOBHBIX MPHYMH CMEPTHOCTH BO BCEM
MUpPE, HauOOJIBIIYI) OMACHOCTh CPEIU KOTOPBIX MPEJI-
cTaBiseT umemudeckas 6onesnp cepama (UBC) [1].
N3-3a MOBBILLIEHUS] CMEPTHOCTU JIIOJEH OT JTaHHOU
KapJMONaToJIOrM HEOOXOAMMOCTh pa3paboTKu 3¢-
(DeKTUBHBIX WHCTPYMEHTOB JUIsl BBISBICHHS PaHHHUX
MPU3HAKOB €€ Pa3BUTHUS CTAaHOBUTCS Bce 0OJIee OCT-
poii. OCHOBHBIM PYTHHHBIM METOIOM BBISBICHHS
mapkepoB UBC sBisieTcst craHmapTHasl 3JI€KTpOKap-
muorpadus (KT C) [1]. JlanHBI MeTOI IpeICTaBIIs-
€T co0Ol YHHBEPCAIBHYI TEXHOJOTHIO JUIS PErHcT-
panuun  SJICKTPUYCCKHUX UMITYJIBCOB, BO3HUKAIOIIUX
TIPH KaXKJIOM COKPAIIEHUHU CEPJIECYHOIN MBIIIIIBI, B Yac-
totHOM nuana3zoHe oT 0.05 mo 100 ' (a;mekTpoxap-
muocuraanos, OKC) [2-3].

OKI' C moxer mokazate Hamumune WBC, koropas

MIPOSIBIISIETCS MOABEMOM 1581071 Jenpeccueit
cermenta ST u oTpunatensubiMu 3yoramu T. OHako
JTaHHBIE W3MEHEHHUS  3a4acTylo MIPOSIBIISIOTCS

yepe3 2—7 OHEH OT Havaja pa3BUTUS nartojoruu. Ju-
arHoctuueckas yyBcTBuTenbHOCTH DKI' C npumenu-
TEJIBHO K OCTPOMY KOPOHapHOMY CHHIPOMY COCTaB-
nset Bcero 56% [4]. i mpeononenust JaHHOTO He-
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noctatka OKI C xosutektuBoM maboparopun 235
"PagnosneKTpoOHHbIE W ONTORJIEKTPOHHBIE MPHUOOPHI
paHHEW JaUarHOCTUKM 3a0ojeBaHuii 4enmoBeka"' WH-
CTHTyTa aHaJMTH4YecKoro npubdopocrpoenus: Poccuii-
ckoit akagemun Hayk (ATl PAH) Benercst pa3zpabot-
Ka HOBOTO METOAAa HMHCTPYMEHTAIBHOW 3JeKTpodu-
3MOJIOTHUH CBEPXBBICOKOTO pa3peLIeHus], BKIIOYarole-
ro nonpaszaen — meroa IKI' cBepXBBICOKOTO paspe-
menns (OKI CBP), nHampaBieHHBII Ha W3y4YeHHE
ToHKOM cTpyKTypbl DKC cBEpXBBICOKOTO pa3pelieHus
(BKC CBP) ¢ 1enbio BbISBIICHUS U (UKCAI[MH MATO-
JIOTMYECKUX HM3MEHEHHH, CBS3aHHBIX C pa3BUTHEM
HBC He TONBKO B KIACCHUECKUX 00JIACTIX 00paboTKH
OKC, HO 1 B 001acTAX, KOTOPHIE CUUTAIOTCS TIOMEXa-
mu [4-7].

[lomyyaemple B  pe3yiabTare  3KCIEPUMEHTOB
o MojienupoBanuto octpoit UBC MHOrOoMepHbIe naH-
HbIE TPEOYIOT COBPEMEHHOW MaTeMaTH4eckoil obOpa-
6otku. C 3TOi 1epI0 B paMKax JaHHOTO MCCIIE0Ba-
HUS TIpUMeEHsieTcsl 4-cloiHascBepTOYHas HeMpoHHas
cetb (HC). C momomipio anropuTMOB ¢ MCKYCCTBEH-
HBIM MHTEJJIEKTOM MOXHO aHAIM3UPOBATh OOJBIIHUE
MaccuBbl JaHHBIX, BKItodass DKC, 1 BBISBIATH CIIOXK-
HBIE TATTEPHBI, KOTOPBIE MOTYT OBITh HEOYEBUIHBI
[8-10]. B kOHTEKCTe WHTEIUIEKTYaJIbHOTO KOHTPOJIS
32 COCTOSIHMEM CEepIECYHON MBILILBI )KHBOTO O0BEKTa
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skcnepuMenTa HC MO3BOMISAT aBTOMaTHYECKH KIIACCH-
¢durmmpoBate ¢parmentet JKC CBP Ha ocHoBe ux
MOp(i)OJ'IOI‘I/II/I U MOIINHOCTHBIX XapaKTCPUCTUK, YTO
yIpoLIaeT MOHUMAaHUE CTPYKTYPhl NAaHHBIX U IIPHUHS-
THE PEILICHUI HAa OCHOBE MOJIYYEHHBIX PE3yJIbTATOB.

Llenpto maHHOTO MCCIENOBAaHUS OBUIO MPOAEMOH-
cTpupoBath Bo3MokHOCTH HC B BBISBICHHM pPaHHHX
npusHakoB pa3sutugd MBC na 3amucax OKC CBP.
s 00y4eHust 1 TeCTUPOBaHMUA MOJENIU HCIOIb30Ba-
nachk 0asza JaHHBIX, cojepxainas 90 3amuceit, moiy-
YEHHBIX C ITOMOILIBI0 OJIOKAa PETrUCTPAaLUU CUTHAJIOB
o merony DKI' CBP, pa3paboTka KOTOpPOTro BeaeTcs
Ha 0aze mabopartopun 235 MAII PAH [6].

MATEPHAIJIBI U METO/1bI UCCJIEJJOBAHUA

B pa6ore uccnenosano 90 3anuceit 9KC CBP, mo-
JY4YEeHHBIX B XOJ€ 3KCIIEPUMEHTOB II0 MOEIMPOBa-
HUIO UCKYCCTBEHHO-BBI3BAHHOTO OCTPOT0 KOPOHApHO-
ro CHHJApPOMa Y TOJOMBITHBIX J>XUBOTHBIX (KpBIC)
B MHCTUTYTE  OKCHEPUMEHTAIBHOW  MEAMLIMHBI
uM. B.A. AnmazoBa. Ha HauanbHOM (IOATOTOBUTENB-
HOM) 3Tare KaXJIOro 3KCIIEPUMEHTA >KUBOTHOE NPH-
BOJIUTCS B COCTOSIHHE, XapaKTepHOEe Ul M3ydaeMOoH
[aTOJIOTUH, C MOMOIIBIO CIIELUAIBHON METOIUKH pa-
0OTBI C TIOJIONBITHRIMY )KUBOTHBIMH [7]. [TapamiensHo
OCYILECTBIISIETCS. MTOJKIIIOUEHUE OJ0OKa CHSITHS, PETH-
ctpanuu u 3amncu JOKC nmo meromy OKI' CBP. Crne-
JyIOIHi 3Tanm — 1-if 3Tanm SKCepuMeHTa, Ha3BaHHBIN
"crabmnmu3arus’, BKIIOYaeT MPOBEPKY MPaBHILHOCTH
MOJIKITIOYCHHST 000pyIoBaHMsI, (DUKCAIIUIO COCTOSIHUS
JKUBOTHOT'O  IIOCJIE  XUPYPIHUYECKOH MOATOTOBKH
Y BOCCTaHOBJICHHE €r0 FeéMOJIMHAMHUYECKUX MoKa3aTe-
jeid. 3areM NpH MOMOIIM XUPYPrU4ecKOro BMeIIa-
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TenabcTBa (hopmupyercs uckycctBeHHas MBC, dro
3amyckaeT 2-il 3Tam SKCIIepHMEHTa "umemust".
B 3aBepuieHne 3KcnepruMeHTa, Ha 3-M JTare moj Ha-
3BaHMEM 'periepy3ud’, yCTpaHsSeTCs MPUYMHA TaTo-
JIOTHYECKOTO COCTOSIHMS TKaHEeW M OpraHoB C MOMO-
LIbI0 XUPYPTrUUECKOr0 BO3AEHCTBHUS.

OtnnuntenbHoi ocodenHocThio MeTona DKI' CBP
SBIISIETCSl pa3/ieJICHHe BXOAHOTO CHTHaja Ha HH3KO-
gactoTtHBIH (HY) m BeIicOKOUacToTHEIN (BY) kKaHAmHI.
Hannbie n3 HU-kaHana gBis0TCS aHAJIOTOM CUTHAJIOB
o metoxy OKI C, T.e. perucTpupyroTcs B 4aCTOTHOM
nuanazone ot 0.05 mo 100 I'm. Ocoboe BHMMaHUE
yaensiercst BU-cocraBmsromum OKC  (MuKpomnoTeH-
nyagaMm), KOTOpbIE BBIACTSIOTCS W JIOTIOJHUTEIBHO
YCUJIMBAIOTCS B BBICOKOYACTOTHOM KaHaje
B nuanasone oT 100 o 2000 I'u. B xayecTBe npumepa
Ha puc. 1 mpenacrasiaensl ¢parmentel DKC CBP
n3 HU- u BY-kaHalioB perucTpalnuy CuUrsaia, moiy-
YEeHHBIE C OJIOKA.

MHUKpPONIOTEHIINANIBI, PETHUCTPUPYEMBIE C IIOMO-
mpto DKI' CBP, 00ycIioBIeHbI aKTUBHOCTHEO MOHHBIX
HarpueBbix (Na®) u kamueBsix (K*) kanamos. Hempe-
PBIBHOE [IBHKEHHE HOHOB 4epe3 MEMOpaHbl KJIETOK
CEepACYHOHN MBIIIIBI BBI3BIBAET JIOKAJIbHBIC H3MECHEHHUS
B JIEKTPUYECKOM II0JIE, YTO MOXKET (PUKCHPOBATHCS
B BHAe MuUKponoTeHnuaiaoB [11]. OxcrnepuMeHTH!
¢ ucnosbzoBareM meroaa JKI' CBP nokasanu Bo3-
MO>KHOCTh paHHEro BbIsBIeHUs mnpuzHakoB HBC.
VYpOBeHb CIEKTPaNbHOW MIOTHOCTH MOIIHOCTH CHT-
Haa u3 BU-kanana peructparmun OKC nemoHCTpHpPY-
eT OONBIIYI0 YyBCTBUTEIBHOCTH K HW3MEHECHUSIM,
CBA3aHHBIM C HAYaJbHOM CTaaue uccieayeMou ma-
TOJIOTHH, TIO CPAaBHEHHIO C TPAIUIIMOHHBIM MapKEPOM.
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CTpyKTypa cetn

Dense (4096)

(6250, 1) Dropout (0.5) (None, 4)

\
A\

Dense (4096)

Dropout (0.5)

Dense (4)

Puc. 2. CtpykTypa HCIIOIB3yeMOii B pabOTe CBEPTOU-
HOW HEHpPOHHOI! ceTu.

Jis oO0paboTkM W BHU3yaJHM3allMH TTOJTYYEHHBIX
JaHHBIX Obla MCIIONB30BaHA MHOTOCIIOWHAs CBeEp-
TOYHAsT HEHpPOHHASs CeTh C IMOJHOCBSI3HBIMH (dense)
CJIOSIMU ¥ MEXaHU3MOM dropout AJisi IpeIoTBpaILeHHUs
nepeooyuenns [12—-13]. CtpykTypa Mojenu npuBee-
Ha Ha puc. 2.

Dense (4096) mpencraBnser cob0i MOTHOCBIZHBINA
ciolt, BrImovaromuidi 4096 wetiponos. Dropout (0.5)
MPUMEHSIETCS U PETYJIsIpU3aluy, cly4aiiHbIM 00pa-
30M 00Hyms1s 50% BXOIHBIX NAHHBIX B XOJe oOyde-
HUS, YTO TOMOraeT yIy4IIUTh OOOOIIAIOIILYIO
ciocoOHOCcTh Mozenu. Jlajee clenyloT euie OOuH
MOJIHOCBSI3HBIM cnol n3 4096 HeilpoHOB, yBeIU4H-
BaOIIUI CIOXHOCTh MOJIEH, BTOpoil cioil dropout
JUIsL peryJisipu3aliy, KOTOPbIA Takke OOHYNSeT Mpo-
LIEHT HEUPOHOB. 3aKIIOUYUTEIHHBIA TOJTHOCBSI3HBIN
Cloil BBHIBOAWUT 4 3HAYEHWs s KiacCupUKAIUU
Ha 4 knacca. ['maBHas 1ens IpUMEHEHUS TaHHON MO-
nemn — knaccudumupoBats gamaele OKIT CBP
mo 4 xjaccaM, COOTBETCTBYIOIIMM TpPEM OCHOBHBIM
JTaraM 3KCIIEPHUMEHTOB, OIMCAHHBIM PaHEe, a TAKXKe
MEPEXOTHOMY 3TaNy MEXKIy CTaJUsIMU CTaOWITH3AINN

0.9 Obyuaowas sbibopka
— TectoBan 8bI6OPKa
0.8

0.71

0.6 |

To4HOCTH

051

0.4 |

Puc. 3. Kpusast o0ydeHHsI MOICITH.

n nmemuu. Mopdonorus OKC B 1aHHOM TpOMEKyT-
Ke BpEeMEHHU MMEET OTIUYMS OT HOPMAaJbHOTO PHTMA,
HO npu 3TOM HOJbEM ST-cermenra,
XapakTepHblii gy panHHedt cramuum UBC, eme
HE MPOSBIISIETCS.

PE3VJIbTATBI U OBCYXXAEHUE

B pesynbrare maHHOTO HCCieqOBaHHUS Obuia 00Y-
YeHa MOJEJb, ONpPeNelIoNias BEPOsITHOCTh NpUHA-
JISKHOCTH IOCTYMAaIOLIero Ha BX0X (parMeHTa
OKC CBP k kaxaomMy M3 KJIaccoB, COOTBETCTBYIOIIMX
dTamaM  CTa0WIW3alliu, UIIeMuHu, pernepdy3un
W TepexogHoMmy dTamy. Kpuas oOyueHWs Moaenu
nmokazaHa Ha puc. 3 [14]. Ilocie o6padorku 90 3amm-
ceil oOmiel AmuTENpHOCTHIO CcBhIIe 150 4 ObLIa Joc-
TUTHYTA TOYHOCTH Kiaccupukauu 85.7%.

B xauectBe mnpumepa paboOTHl KiaccupukaTopa
Ha puc.4 mpencTaBleHa BPEMEHHAS 3aBUCUMOCTD
OLIEHKM BEPOSTHOCTH MNPHHAJISKHOCTH KaxXIOro
kapauonukiaa oxHoi 3amucu OKC CBP x omHOoMy
u3 4 Kj1accos, rae Py — BEPOSITHOCTb TOTO, YTO ATOT
(parMeHT cUrHaia ObUT IMOJIyYeH Ha dTare CTa0WIv-
3anuM, P, — Ha cTaguy Iepexoja MEeXIy dTalamMu
crabunu3anuu U umeMuu, P; — wmemuu, P, —
penepdy3nun. BepTuKanbHOW CILIONIHOW JTUHHEH OT-
MEYEHO HayaJlo CJIEOYIOLIEro 3Tama JKCHepUMEHTa
B COOTBETCTBHHM C YyKa3aHUSAMH Bpada-KapAHOJIOra,
MPOBOJMBIIETO OMBIT. M3 mpumepa O4eBHUAHO, HYTO
Kinaccu(uKaTop  OmpeaessieT MOMEHT —Iepexoja
OT CTaJuu UIIEeMHH K cTaguu penepdysun. ITomumo
3TOr0, MOJENb  CHOCOOHAa  BBISIBUTH  PaHHUE
W3MEHEHUs1 MOP(OJIOTHH CUTHAJIa B MOMEHT MOJIEJIH-
POBaHUs MAaTOJOI'HHU, T.K. BEPOSTHOCTD IPUHAIJIEKHO-
ctru  ¢parmenta OKCCBP x  mepexomHomy
stany yBenuuuBaetcs 10 0.83.
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Puc. 4. 3aBHCHMOCTH OT MOCIIEIOBATEIBHBIX ITANOB YKCIICPUMEHTA OICHKH BEPOSATHOCTH MTPUHAICIKHOCTH
kaxzaoro kapauonukiaa 3anucu IKC CBP k ogHoMy 13 4 K1accoB.

BepTukanbHbie TUHUA — TPAHUIBI OCHOBHBIX 3TANOB; Py — BEPOATHOCTh MPUHAICKHOCTU (hparMEeHTa CUT-
Hanma knaccy 1 (crabmmmsanmst), P, — xmaccy 2 (mepexof cocTosiHuit), P;— kiaccy 3 (umemusi), P, — kiac-

cy 4 (penepdy3ust)

3AKJIFOYEHHME

B xone pa3ButHsa nporpaMMHO-aNapaTHOTO KOM-
TUIEKCa Ha OCHOBE MajorabapuTHOTo OJoKa NS Che-
Ma, peI‘I/ICTpaHI/II/I U 3alluMCu JaHHBIX 110 MeTOI[y
OKI' CBP, Oputa mpemnmoskeHa MojaeTh HEHPOHHOU
CeTH, TNpeaHa3HaueHHas Uil kinaccupukammu DK -
JAHHBIX C LEJIBKO aBTOMAaTHYCCKOI'O BBISIBJICHUA paH-
HUX MPHU3HAKOB wWIleMun Muokapaa. [lomydeHHbie
pe3yJIbTaThl MOTYT CTaTh OCHOBOW JUIsi pa3pabOTKu
HOBOTO TIOKOJIEHHS MEIUIIMHCKOTO MPOrPaMMHOTO
oOecrieueHusi, KOTOPOE IMO3BOJIUT MOJydYaTh JMATHO-
CTHYECKHE JaHHBIE O PAaHHHUX MpPHU3HAKAX Pa3BUTHUS
IIaTOJIOTHUH C HpI/IMCHCHI/ICM HWHHOBAIIUOHHOT'O METOJa
OKI" CBP. Buenpenue HC B ananmuz DKC CBP mo-
JKET TIOCITY’)KUTh OCHOBOW HOBBIX TE€XHOJIIOTHYHBIX pe-
IICHUH, CHOCOOCTBYIOIIUX paHHEW JUAarHOCTUKE
¥ MOHUTOPHUHTY OOJIe3HEH cepara.

Qunancuposanue

Qunancosasi noodepicka pabomvi ObLIA  OKA3AHA
Munucmepcmeom nayxu u gvicuteco obpasosanus Poccuii-
ckoti  Dedepayuu, HOMEp 20C. PpPeLUCMPAYUU  MEMbl
1023032800366-6.
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THE USE OF ARTIFICIAL INTELLIGENCE IN THE ANALYSIS
OF ULTRA-HIGH RESOLUTION ELECTROCARDIOGRAPH DATA

E. A. Denisova, A. A. Kordyukova, D. O. Shevyakov

Institute for Analytical Instrumentation of RAS ,Saint Petersburg, Russia

The purpose of this study is to demonstrate the possibility of classifying measurement data of a small-sized
block for logging, registration and recording electrocardiosignals (ECS) using the ultra-high resolution electro-
cardiography (UHR ECG) method, which is being developed in Laboratory 235 of the Institute for Analytical
Instrumentation of the Russian Academy of Sciences (IAI RAS). To classify the results of electrocardiographic
measurements, a 4-layer convolutional neural network (NN) was used, trained and tested on a database consist-
ing of 90 records of UHR ECS obtained during experiments modeling acute myocardial ischemia in experimen-
tal rats. Each experiment included three stages — "stabilization", "ischemia" and "reperfusion", characterized by
different morphology and spectral characteristics of the recorded signals. The task was to automatically estimate
the probability of each cardiac cycle belonging to one of the 4 classes corresponding to the three main stages of
the experiments, as well as the transitional stage between the stages of "stabilization" and "ischemia". To assess
the quality of the classification, a learning curve of the modeland a time dependence of the probability assess-
ment of each cardiac cycle belonging to one of the 4 classes of an UHR ECS recordwere plotted.

Keywords:electrocardiography, electrocardiosignal, ultra-high resolution, convolutional neural network, layer, model,
coronary heart disease, marker

processing for ultra-high resolution electrocardiography.
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INTRODUCTION

Cardiovascular diseases are one of the leading
causes of death worldwide, with coronary heart dis-
ease (CHD) posing the greatest threat [1]. Due to the
increasing mortality rate from this cardiac pathology,
the need to develop effective tools for detecting its
early signs is becoming increasingly urgent. The main
routine method for detecting CHD markers is standard
electrocardiography (ECGS) [1]. This method is
a universal technology for recording electrical im-
pulses generated with each contraction of the heart
muscle in a frequency range from 0.05 to 100 Hz
(electrocardiosignals, ECS) [2-3].

ECGScan reveal the presence of CHD, which is
manifested by elevation or depression of the ST seg-
ment and negative T waves. However, these changes
often appear 2—7 days after the onset of the pathology.
The diagnostic sensitivity of ECG for acute coronary
syndrome is only 56% [4]. To overcome this short-
coming of ECGS, the team at Laboratory 235 "Ra-
dioelectronic and Optoelectronic Devices for Early
Diagnosis of Human Diseases" of the Institute for
Analytical Instrumentation of the Russian Academy of
Sciences (IAI RAS) is developing a new method of
ultra-high-resolution instrumental electrophysiology.
This method includes a subsection called ultra-high-
resolution ECG (UHR ECG), aimed at studying the
fine structure of ultra-high-resolution ECS (UHR
ECS) in order to identify and record pathological
changes associated with the development of CHD not
only in the classic areas of ECG processing but also in
areas considered to be interference [4—7].

Multidimensional data obtained from experiments
on modeling acute CHD require modern mathematical
processing. For this purpose, a four-layer convolu-
tional neural network (NN) is used in this study. Ar-
tificial intelligence algorithms can analyze large data
sets, including ECS recordings, and identify complex
patterns that may not be obvious [8—10]. In the con-
text of intelligent monitoring of the cardiac muscle of
a living experimental subject, NNs will allow for the
automatic classification of fragments based on their
morphology and power characteristics, simplifying the
understanding of the data structure and decision-
making based on the obtained results.

The aim of this study was to demonstrate the capa-
bilities of NNs in identifying early signs of CHD in
UHR ECS recordings. To train and test the model [6]
we employed a database containing 90 recordings ob-
tained using a UHR ECG recording unit, which is be-
ing developed at Laboratory 235 of the Institute of
Analytical Instrumentation of the Russian Academy of
Sciences,

MATERIALS AND METHODS

This study examined 90 UHR ECS recordings ob-
tained during experiments simulating artificially in-
duced acute coronary syndrome in laboratory animals
(rats) at the V.A. Almazov Institute of Experimental
Medicine. At the initial (preparatory) stage of each
experiment, the animal is brought to a state characte-
ristic of the pathology being studied using a special
technique for working with experimental animals [7].
In parallel, a unit for logging, registration, and recor-
dingthe ECG using the UHR ECG method is con-
nected. The next stage — stage 1 of the experiment,
called "stabilization" — includes checking the cor-
rectness of the equipment connection, recording the
animal's condition after surgical preparation, and res-
toring its hemodynamic parameters. Then, artificial
CHD is created through surgical intervention, which
initiates the second stage of the experiment —
"ischemia". In the third final stage, called "reperfu-
sion,”" the cause of the pathological condition of the
tissues and organs is surgically eliminated.

A distinctive feature of the UHR ECG method is
the division of the input signal into low-frequency
(LF) and high-frequency (HF) channels. Data from the
LF channel is analogous to signals from the ECG S
method, i.e., it is recorded in a frequency range from
0.05 to 100 Hz. Particular attention is paid to the HF
components of the ECS (micropotentials), which are
isolated and further amplified in the high-frequency
channel in the range from 100 to 2000 Hz. As an ex-
ample, Fig. 1 shows fragments of the UHR ECSof the
low- and high-frequency signal recording channels
obtained from the unit.

Micropotentials recorded using the UHR ECG are
caused by the activity of sodium (Na*) and potassium
(K*) ion channels. The continuous movement of ions
through the membranes of cardiac muscle cells causes
local changes in the electric field, which can be rec-
orded as micropotentials [11]. Experimentsusing the
UHR ECGmethod have demonstrated the possibility
of early detection of signs of CHD. The spectral pow-
er density of the signal from the high-frequency ECS
recording channel demonstrates greater sensitivity to
changes associated with the initial stage of the pathol-
ogy under study, compared to traditional markers.

Fig. 1. Fragment of the UHR ECS recording.

a — from the low-frequency signal recording chan-
nel, 6 — from the high-frequency signal recording
channel




A multilayer convolutional neural network with
dense layers and a dropout mechanism to prevent
overfitting was used to process and visualize the ob-
tained data [12—13]. The model structure is shown in
Fig. 2.

Fig. 2.The structure of the convolutional neural net-
work used in the work.

Dense (4096) is a fully connected layer comprising
4096 neurons. Dropout (0.5) is used for regularization,
randomly setting 50% of the input data to zero during
training, which helps improve the generalization abili-
ty of the model. This is followed by another fully
connected layer of 4096 neurons, increasing the com-
plexity of the model, and the second dropout layer for
regularization, which also sets a percentage of neurons
to zero. The final dense layer outputs four values for
classificationinto four classes. The main goal of this
model is to classify UHR ECG data into four classes,
corresponding to the three main experimental stages
described earlier, as well as the transitional phase be-
tween the stabilization and ischemia stages. The ECS
morphology during this time interval differs from the
normal rhythm, but the ST-segment elevation charac-
teristic of early-stage CHD is not yet evident.

RESULTS AND DISCUSSION

This study resulted in training a model that deter-
mines the probability of an incoming UHR ECSfrag-
ment belonging to each of the classes corresponding
to the stabilization, ischemia, reperfusion, and transi-
tion stages. The model learning curve is shown in
Fig. 3 [14]. After processing 90 recordings with a total
duration of over 150 hours, a classification accuracy
of 85.7% was achieved.

Fig. 3. Model learning curve.

As an example of the classifier's operation, Fig. 4
shows the time dependence of the estimated probabili-
ty of each cardiac cycle of a single UHR ECS record-
ing belonging to one of the four classes, where P; is

the probability that this signal fragment was obtained
during the stabilization stage, P, is the probability that
this signal fragment was obtained during the transition
between the stabilization and ischemia stages, P; is the
probability that this signal fragment was obtained dur-
ing ischemia, and P, is the probability that this signal
fragment was obtained during reperfusion. The vertic-
al solid line marks the start of the next stage of the
experiment, in accordance with the instructions of the
cardiologist conducting the experiment. The example
clearly shows that the classifier determines the transi-
tion momentfrom the ischemia stage to the reperfu-
sion stage. Furthermore, the model is capable of iden-
tifying earlychanges in signal morphology during pa-
thology modeling, as the probability of a UHR ECS
fragment belonging to the transitionstage increases to
0.83.

Fig. 4. Dependence of the probability of belonging of
each cardiac cycle of the UHR ECS recording to one
of the 4 classes on the successive stages of the expe-
riment.

Vertical lines indicate the boundaries of the main
stages; P, is the probability of a signal fragment be-
longing to class 1 (stabilization), P, is the probability
of belonging to class 2 (state transition), P; is the
probability of belonging to class 3 (ischemia), and P,
is the probability of belonging to class 4 (reperfusion)

CONCLUSION

During the development of a hardware and soft-
ware system based on a compact unit for logging, reg-
istration, and recording data using the UHR ECG me-
thod, a neural network model was proposed for clas-
sifying ECG data to automatically detect early signs
of myocardial ischemia. The obtained results can form
the basis for the development of a new generation of
medical software that will enable the acquisition of
diagnostic data on the early signs of developing pa-
thology using the innovative UHR ECG method. The
implementation of neural networks in UHR ECS
analysis can serve as the basis for new technological
solutions facilitating the early diagnosis and monitor-
ing of heart disease.



