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Jucepraliisi IpUCBSYE€HA PO3pOOIll Ta TOCTIIKEHHIO METOJ/IB MOJIEIIOBaHHS Ta
0oOpOOKM CHUTHANIIB ENEeKTPUYHOI AKTUBHOCTI CEpLEBUX KIITHH Ta CIpsSMOBaHA Ha
BJIOCKOHAJICHHSI METOJIMYHOTO Ta aJTOPUTMIYHOTO 3a0€3MEeUEHHS MIKPOEIEKTPOIHUX

CHCTCM.

OCHOBHOIO 3a/la4yel0 JAUCEPTALIMHOTO JOCHIIKEHHS € pPOo3po0Ka METOdY
PEKOHCTPYKIIi MOTEHIIAMIB J1i 3 MO3aKIITHHHUX MOTEHIIaNIIB CEPLUEBUX KIITHH IS
OIIHIOBaHHS  KapJIIOTOKCUYHOCTI JIIKAPCHKUX TMpernapaTiB Ha OCHOBI  aHaJI3y
XapaKTepUCTHK CHUTHAIIB EICKTPUYHOI aKTUBHOCTI KapaiomionuTiB. JlocimiKeHHS
00yMOBJIEHE MOTPE0OI0 B OJHOYACHOMY 3aIlkCl Ta aHalli31 MO3aKIITUHHUX MOTEHIIIAJIB
Ta MOTEHIIIATIB /il CEepIEBUX KIITUH B MIKPOEJIEKTPOJHHX CHCTeMaxXx. MaTemMaTH4Ha
PEKOHCTPYKIliSI € aJbTEPHATHBOI 1HBA3WBHHUM PIIICHHSM, IO MOXYTh ITONIKOJAWTH
KIITAHHA, Ta [JO3BOJSE PO3IMIMPUTH 1H(MOPMALIHHO-ANTOPUTMIUYHE 3a0€3MeUeHHs

MIKPOEJIEKTPOIHUX CUCTEM JIJIsl OI[IHIOBAHHS KapA10TOKCHYHOCTI IIpemnaparis.

VY nepriomy po3aiii IPOBEICHO OTJISA HAYKOBUX JHKEPE CTOCOBHO JTOCIIKEHHS
eJeKTpo(di31010TiT Kap1IOMIOIUTIB Ta OI[IHIOBAHHS KapIIOTOKCUYHOCTI 3a JIONMIOMOTOIO
Cy4JacHUX TEXHOJIOTiH. Byllo BCTaHOBIIEHO, IO METOJ JOKaJIbHOI (hiKcallii moTeHIIaTy
KIITHHHOT MeMOpanu (patch-clamp) € 3070TUM cTaHIapTOM ISl JOCIHIIKEHHS! BIUIUBY
npenapariB Ha KIITHHU. [IpoTe, 1oro BUKOpUCTaHHS MOXKe OyTH HEONITUMAJILHUM Y pasi
TPUBAJIMX JOCHIKEHb Ta MOTPEOM Yy BHUCOKIM mpomyckHid 3maTtHOcTl. Cucrtemu 3
MIKPOEJIEKTPOIHUMHU PEIIITKaMH, X04a 1 MPOCTIlll Y BUKOPUCTAHHI Ta MAIOTh BUCOKY
MPOIMYCKHY 3/IaTHICTh, ajie TeX He mo30aBneHi oOmexeHb. [lo-mepiie, 3amucu

NO3aKJIITUHHUX TOTEHI[laliB B CHUCTEMax 3 MIKPOEJIEKTPOJHUMH pEUIITKAMH €



HU3BKOAMILTITYTHUMH (MKB) Ta 3MIIyroThes 3 yMOM BiJl pi3HHX pkepen. Lle poOuth
HEOOXITHUM TPOLIEC BUJIAJICHHS IIYMY, SIKM MOXE BKJIIOYAaTH B ce0€ BUKOPUCTAHHS
GiIbTpIB I BUAAIEHHS HEO0a)KaHWX YacTOT, a TAaKOX BUKOPHCTAHHS CTATUCTHUYHUX
METOMIB Il 1AeHTUdIKaIli Ta BHJAJCHHS aHOMAJIbHUX 3HadeHb. [lo-Apyre,
HE3JaTHICTh CHUCTEM 3 MIKPOEJIEKTPOJHUMHU PELIITKAMU 3alKCyBaTH TMOTEHINAIN il
KITUH 03 3HaYHUX MoAudiKaliil MpUCTPOI0 0OMEXYE MOKIMBOCTI JJI JOCTIIKEHb
KJIITHH cepiis, a MoAUGIKOBaHI CUCTEMH, 5Kl 3/1aTHI 3allMCyBaTH JIOKaJIbHI MOTEHIIIAIH
nii, MalTh CcBOi mpobnemu. Cucremu, mo o0OJagHAHI JA3€pOM JJIA OITOMOpAIlii,
MOXYTh  BHUKJIMKAaTH  (POTOTOKCHMYHICTb, a CHCTEMH, 110 BHUKOPUCTOBYIOTh
CJICKTPOTIOPAIlif0, MOXKYTh TMOIIKOJUTH KJIITUHY BHACIIJIOK IHTEHCUBHOI CTUMYJISIIS.
O6unBa MeTonM BUMAararTh JOJATKOBUX MOJUGIKALI CHUCTEMH, LI0 30LIBIIYE
TEXHOJIOTIYHY CKJIAJHICTh MpWiIaay Ta MIJBHILYE #oro BapTicTh. Takox Oyio
OOrpyHTOBaHO, LI0 MaTeMaTW4YHA PEKOHCTPYKIIs MOTEHLIATB il 3 MO3aKIITHHHHUX
MOTEHI[IATIB MOXe OyTH BHUKOpPHCTaHa SK Oe3leyHa ajbTepHATHBA, SKa JO3BOJISE
OTpUMYBaTH 1H(OpMAIIiI0 PO MOTEHIIaIN A1l 6e3 (I3UYHOTO BTPYyYaHHS B KIITHHHY
CTPYKTYpY, IIO MOKE CHPHUSATH OUIBII TOYHIN OIHII PHU3UKY Kapl1OTOKCUYHOCTI.
TakuM YUHOM, OCHOBHHMH HAINpPsSMKaM{ PO3BUTKY METOJMYHOTO Ta aJTOPUTMIYHOTO
3a0€3MEeUCHHS MIKPOCIICKTPOJHUX CHCTEM Il  OIIIHIOBAaHHS KapJiOTOKCHYHOCTI
JIKapChKUX TIPEMapaTiB € BIOCKOHAJEHHS CTaHIAPTHUX Ta CTBOPEHHS HOBUX METO/IIB

00pOOKH Ta MOJICIIOBAHHS CUTHAJIB €JIEKTPUYHOI aKTUBHOCTI CEPLIEBUX KIIITHH.

VY apyromy po3aiii MpOBEASHO OTJISAl MaTEeMAaTUYHUX MOJIEIE TOTEHIN B /i Ta
MIIXO/MIB JI0 OTPUMAHHS IMO3aKJIITUHHUX MoTeHIianiB. CydacHi BHCOKOJETali30BaHi
MOJIEIl KJIITUH HaMaralroThCsi BpaxOBYBaTH BCl 10HHI KaHajd, TPAaHCHOPTEpU Ta
JUHAMIKY 10HHMX KOHIIGHTpAIllM, 10 J03BOJSE€ OTPUMATH PEATICTUYHI CHUMYJISIII
NOTEHIIAIIB i Ta Ol0EJIEKTPUYHUX TPOIECiB. 3 METOK MOJICTHICHHS IMPOIECY
1meHTrdIKaIll MapaMeTpiB Ta CIPOIICHHS PO3PAXYHKIB JJII MOJIEIIOBAHHS €JICKTPUYHOT
AKTUBHOCTI BEJIMKOT MOMYJIAII KIITHH OYyJ0 MPOBEAECHO POOOTY HaJ BIOCKOHATICHHIM
MOJIeNIl mapajenbHuX mnpoBigHocTed 13 crpymamu K, Na 1 Ca. Crpymu
BHCOKOJICTATI30BAHOT MOJIENl E€JIEKTPUYHOI AaKTUBHOCTI CHHOATPIaIbHOTO BYy3Ja

moauHu - Oylno  00’€qHaHO y Tpynu TpboX 3araidbHUX cTpyMiB. Ilapamerpu



BIJIMOBIAJIM y3arajJlbHEHUM CTpyMaM BHUCOKOJE€Tai30BaHO1 Mojieni. B pesynbTaTti, Oyna
OTpUMaHa MOJIellb, IKa Ma€ 3HAYHO MEHIIE Nu(epeHIlialbHUX PIBHIHb Ta apaMeTpiB,
ajie 37aTHAa CHMYJIIOBaTH TOTeHIIaM fii 3 Mopdosoriero, HAOMMKEHOK 0
BUCOKO/IETaNi30BaHOi Mozeini. JIOMOBHEHHS MoJedl mapajelbHUX MPOBIIHOCTEH
PIBHSHHSIMU MMO3aKJIITUHHUX MOTEHLIAJIIB HA OCHOBI TEOPIi MOJIS 1aJI0 3MOTY OTpUMAaTH
0110MEHHY MOJENib, @ BUKOPUCTaHHS O1IOMEHHOTO MiIXO0ay J03BOJUJIO MOJCIIIOBATH

NO3aKJIITHHHI MOTEHIIaJI CHHOATPI1aJIbHUX CEPIIEBUX KIIITUH JIFOJIUHU.

VY TpeThoMy po3aili pO3pO0JICHO METOAUKY PEKOHCTPYKINT moTeHIiamB aii N
CeplEeBUX KIITUH 3 IXHIX TMO3aKJIITUHHUX TMOTEHIIAIIB [Js CUCTeM 3 Oararbma
enekTpogamu. lls metonuka Oyna ajganToBaHa MJisi PI3HUX BUMAAKIB, BKIIOYAIOYU
CHHXPOHHI Ta aCHHXPOHHI MOTEHIIIAJIX J1i, OHAKOBI Ta Pi3HI MOTEHIAIH JIii, a TAKOX
TpyNy KJIITUH 3 CUHXPOHHMMH Ta OJHAKOBHUMH moTeHIiamamu mii. Jms N xmitun 3
pPI3HMMH TIOTEHIIaIaMHu i1 OyJ0 pO3pOOJICHO TMiAXid, SIKAN JI03BOJISIE TMPOBOJUTH
pekoHCTpykIiro 3 N+1 mo3akmTUHHUX ToTeHIiamB. [led miaxin mependavae, 110
NOTEHLIaJIH A1l MOXKYTh OyTH CUHXPOHHUMHU a00 aCUHXPOHHUMH, a TAaK0X OJJHAKOBUMU
abo pizHuMu. [ns Bunmaaky 3 N KIITHHAMH 3 CHHXPOHHHUMH Ta OJIHAKOBHUMH
noTeHIlianaMu 1ii, 0yJI0 po3po0JIeHO TiAXiT PEKOHCTPYKIIT yCepeTHEHOTO TOTCHITIATY
nii 3 Oyap-skux 2-x 3 N+1 mo3akmiTUHHUX MOTEHIiamiB. TakoX OyJio pO3TISHYTO
CIIeHapii, KoM MOTCHITANIH dil € OJHAKOBUMH, aJie ACHHXPOHHUMHU. B 11bOMY BHUIIAJIKY,
PEKOHCTPYHOBAHMI YCEpPEAHEHU I MOTEHINAI JIIi MAaTUME TIOPYIIeHY MOP(OJIOTII0, TOMY
HEOOXITHO pPEeKOHCTpyoBaTH N MOTEHUIANIB [Aii OKPEMO, BUKOpPUCTOBYHOUM N+1
MO3aKIITUHHUX MOTEHIIaTB. AHAJOT14Ha NMpodsieMa IPUCYTHS 1 I CHHXPOHHUX, aJie
pi3aux norenmianib aii. [1lo0 BupimmT mpobiaemMy, KOJIM KUTbKICTh KIITHH MEPEBUIITYE
KUIBKICTh €JICKTPO/IIB, OyJI0 pO3pO0JICHO MIiJAXiJ 3 MOALIOM KIITHH Ha TPYIHU, B SKUX
NOTEHIIAMK Jii BBAKAIOTHCS CHHXPOHHUMHU Ta OJHAKOBUMHU. TakuM UYMHOM, IS
PEKOHCTPYKIIii moTeHmianiB aii N KIiTuH, 00’ efHaHuX B M IpyIl, 10cTaTHRO MaTu M+1
NO3aKJIITUHHUX ToOTeHmiamB. OnucaHo METOAMKY BHU3HAYEHHS CHUHXPOHHOCTI
MOTEHITiaIB A1 HA OCHOBI METOTy PEKOHCTPYKIIIT MOTEHIAIIB Jii Jy1si 0araTh0X KIIITHH.

Po3B’s13aH0 3anauy i1eHTU(IKALIT BIICTAHEW M1k KJIIITUHAMH Ta €JIEKTPOJaMU Ha OCHOBI



3aIPOIIOHOBAHOTO O1JOMEHHOI'0 MIiAXO0My Ta reoMeTpli MIKpOEIEKTPOIHUX PEIIITOK.
OTpuMaHO aHATITUYHUNA PO3B’SA30K JJIsI BU3HAUCHHS BIJCTAHEW BiJ €JIEKTPOIIB 0
KIITHUHU B 1-BUMIpHOMY Ta 2-BUMIPHOMY BHIQJKax s peamsalii MeToxy
PEKOHCTPYKIli TMOTEHIUaaiB MAii 3 TMO3aKJIITUHHUX TIOTEHI[laJliB B CHCTEMax 3

MIKpPOEJIEKTPOJHUMU PELIITKAMHU.

Y deTBepTOMYy pO3IUTI TPOBEACHO TOPIBHSUIBHUN aHami3 PIi3HUX METOIB
3HEITYMJICHHSI TIO3aKJIITHHHMX TIOTEHIIaiB, BKJIIOYAIOYM BEUBIIET TIEPETBOPCHHS,
METOJI BJIACHUX IMIIMPOCTOPIB Ta KOMIUIEKCHHI MeToH 3HemrymieHHs. JlocmimkeHHs
BUSBIJIO, IO TiAXiJ 3 KOMIUIGKCHUM METOJIOM IOKa3aB HAaWKpall pe3ynbTaTtd. byio
MpOaHaII30BaHO PU3HMK KapJIOTOKCUYHOCTI JIIKAPCHKUX IMpenapariB, BUKOPHCTOBYIOUH
PEKOHCTPYHOBaH1 MOTEHLIAMU Aii. 3alpONOHOBAHO MiJIX1A PO3MIMPEHHS HAOOPYy AaHUX
JIUIs. MAIIMHHOTO HaBYaHHS 1 MPOBEJICHO Kiacu(iKaIlilo MO3aKIITUHHUX MOTEHITIAIB 3a
rpynamM pu3uKy KapJIl0TOKCUYHOCTI Ta KOHIEHTPAIIIMU Mpenapary BUKOPUCTOBYIOUU
meton  k-HaitlOmmwkunx — cycigiB.  OuiHeHO  e€(eKTUBHICTh  MapaMeTpiB, IO
BUKOPHUCTOBYIOTHCS I Kiacuikailii, 1 BUSBJICHO, 1110 JOJAaTKOBI MapaMeTpH, OTpUMaHi

3 PEKOHCTPYHOBAaHUX MOTEHIIAIB 1T, MOXKYTb M1JBUIIYBAaTH TOYHICTh KIacu]ikarii.
HaykoBa HOBH3HA OTPUMAHMX pPe3yJIbTaTiB:

1. Ha ocHOBI Teopii MoJjis Ta CXeMOTEXHIYHOT MOJIEII KJIITHHHOI MEMOpaHu po3po0JIeHO
METOJI PEKOHCTPYKIIIT MOTEHITIaiB Aii CEpIIeBUX KIITHUH 3 TMO3aKIITUHHUX MOTEHITIATIB,
0 JIO3BOJIAE BHU3HAYATH JIOJAATKOBI XapaKTEPUCTUKH EJICKTPUYHOI aKTUBHOCTI
KapJIOMIOIMTIB i1 OIIHIOBAaHHS KapJIOTOKCUYHOCTI JIKAPCHKUX TMperapaTiB B

MIKPOEJIEKTPOJIHUX CHCTEMaX.

2. Po3po0isieHO METOAUKY BU3HAUYEHHS CHUHXPOHHUX Ta ACMHXPOHHHUX MOTEHLIANIB il
MOMYJSAIIA KITAH JUIsI CUCTEM 3 OaraTbMa eJIeKTpOoJaMHu, OCOOJHMBICTIO SKOi €
BUKOPUCTAHHS MO3aKJIITUHHUX TOTEHIIANIB 3 PpI3HUX EJIEKTPOAIB Il TEepEeBIPKU

CHHXPOHHOCTI €JIEKTPUYHOT aKTHBHOCTI Kap 110MiOIHTIB.

3. BpaockoHarieHO MOJENb  HapajieIbHUX — MPOBILAHOCTEM  CeplEeBUX  KIITHH
CHUHOATPIAILHOTO By3J1a JIOAMHY MUISIXOM Y3aralbHEHHSI OCHOBHHMX 10HHUX CTPYMIB, IO

CKOpOYy€ KIUIBKICTh NapaMeTpiB Mojeini, aje 30epirae CKIagHICT Mopdoorii



OCHOBHHUX (ha3 MOTEHITIATy /il Ta aBTOMaTu3M B renepairii I1/1.
IIpakTH4YHe 3HAYEHHS] OTPMMAHHUX pPe3yJbTaTiB:

1. Ha ocHOBI 3ampomnoHOBAaHOTO METOAY PEKOHCTPYKIIT pO3poOJIEHO MporpamHe
3a0€3MeUeHHs, 110 J03BOJIAE BIIHOBIIOBATH TMOTEHINANK [Aii KapJiOMIOLMTIB 3
MNO3aKIITUHHUX  MOTEHIIaNiB, 3alHMCAHUX  MIKPOEICKTPOAHUMH CUCTEMaMH Y

BIJIMTOBITHOCTI 3 TapaMeTpaMH MOJIEIHHOTO a00 J1ab0paTOPHOTO EKCIIEPUMEHTY.

2. 3anpoIroHOBaHUN METO]I aHaIi3y Ta 0OpOOKH MO3aKIITUHHUX MOTEHI[IAIB A€ 3MOTY
NIABUIIUTY BIIHOMICHHS aMIUIITYyd CUTHAIY JO IIyMy Ta MPOBOAMUTU OLIHKY PU3UKY

Kap/IIOTOKCUYHOCTI MPEMaparTiB B MIKPOEICKTPOJIHUX CUCTEMAX.

3. BnaockoHajseHa MOJAENh  MapajeNbHUX  MPOBIMHOCTEH  CEPIEBHX  KJIITHH
CHHOATPIAJIbHOTO By3JIa JIIOJAMHU Ha OCHOBI 3araibHux cTpyMiB K, Na ta Ca go3Boiisie
3a paxyHOK 3MEHIICHHS KIUIBKOCTI JIU(epeHIliaJbHUX PIBHAHB CIPOCTUTH IIPOIIEC
imeHTudikamii mapaMeTpiB Ta MOJICIIOBAHHS E€JIEKTPUYHOI AaKTHUBHOCTI MOMYJISAIiN
KIITAH I JOCHIKEHb 3 PEKOHCTPYKII TOTEHIaNiB dii B MIKPOCIEKTPOIHUX

CHCTEMaAX.

4. BAOCKOHAJIEHO aJrOpUTM Kiacu]ikaili MO3akJIITUHHUX MOTEHLIANIB 3a TpylnaMu
PU3HMKY KAapJIOTOKCMYHOCTI Ta KOHLEHTpalis MU Tpernapary, SKUH J03BOJISIE
PO3MIMPIOBATH HAOlp JAaHUX AJI MAIIMHHOTO HaBYaHHA 3a JOMOMOTOI0 BUKOPHCTAHHS

03HaK PEKOHCTPYMOBAHHUX MOTESHITIAMIB Jii.

5. Po3poOneHo koMiuiekc mporpaM OOpoOKM, aHami3y Ta Kiacudikaiii CUrHajiB
CJIEKTPUYHOT aKTUBHOCTI Kap IIOMIOIUTIB, 110 PO3MIMPIOE 1HHOPMAIIHHO-AITOPUTMIYHE
3a0€3neYeHHS MIKPOEICKTPOIHUX CHUCTEM JUISi aBTOMATHU30BAHOTO  OIlIHIOBAHHS

KapJ10TOKCUYHOCTI CEPIIEBUX MperapaTiB.

KitouoBi cioBa: MaTeMaTH4HE MOJICIIOBAHHS, MIKPOEIEKTPOJIHI CHUCTEMHU,
MOTEHIIAJIN 111, MO3aKJIITUHHI MMOTEHIIaIM, CEPIeBl KIITUHU, PEKOHCTPYKIIis, 00poOKka
CUTHAJIB,  3HEIIYMJICHHS,  MAaIlMHHE  HaBYaHHSA,  K-HaWOIMXKYMX  CYCIJIB,

KapJIIOTOKCUYHICTh MperapaTiB.



ABSTRACT

Shpotak M. O. Modelling and analysis of extracellular potentials of cardiac cells.

— Qualifying scientific work on manuscript rights.

Dissertation for the degree of Doctor of Philosophy in specialty 153 "Micro- and
nanosystem engineering". — National Technical University of Ukraine "Thor Sikorsky

Kyiv Polytechnic Institute", MES of Ukraine, Kyiv, 2024.

The dissertation is devoted to the development and research of methods for
modelling and processing of signals of heart cells’ electrical activity and aimed at

improvement of methodical and algorithmic support of microelectrode systems.

The main task of the dissertation research i1s to develop a method of
reconstructing the action potentials from extracellular potentials of cardiac cells for the
drug cardiotoxicity evaluation based on the analysis of the characteristics of the
electrical activity signals of cardiomyocytes. The study is due to the need for
simultaneous recording and analysis of extracellular potentials and action potentials of
heart cells in microelectrode systems. The mathematical reconstruction is proposed as
an alternative to invasive solutions that can damage cells, and allows expanding the
informational and algorithmic support of microelectrode systems for evaluating the

cardiotoxicity of drugs.

In the first chapter, a review of scientific sources was conducted regarding the
study of electrophysiology of cardiomyocytes and assessment of cardiotoxicity using
modern technologies. It has been established that the patch-clamp method is the gold
standard for studying the effects of drugs on cells. However, its use may not be optimal
for long experiments or when high throughput is required. Although systems with
microelectrode arrays are easier to use and have high throughput, they also have critical
limitations. First, the recordings of extracellular potentials in microelectrode array
systems have low amplitude and are often mixed with noise from various sources. This
necessitates a denoising process, which can include the use of filters to remove
unwanted frequencies, as well as the use of statistical methods to identify and remove

outliers. Second, the inability of microelectrode array systems to record cell action



potentials without significant device modifications limits the possibilities for cardiac
cell research. Modified microelectrode array systems that are capable of recording local
action potentials have their own challenges. Systems equipped with a laser for
optoporation can cause phototoxicity, and systems using electroporation can cause
damage the cell with stimulation. Both methods also require additional microelectrode
array system modifications, which increases the technological complexity of the device
and its cost. Mathematical reconstruction of action potentials from field potentials can
be used as a safe alternative that allows obtaining information about action potentials
without physically interfering with the cellular structure, which can contribute to a more
accurate assessment of the risk of drug cardiotoxicity. Thus, the main directions of the
development of methodical and algorithmic support of microelectrode systems for
evaluating the cardiotoxicity of drugs are the improvement and development of methods

for processing and modelling of signals of heart cells’ electrical activity.

The second chapter reviews the mathematical models of action potentials and
approaches to obtaining extracellular potentials. Modern cardiac cell models are highly
detailed and try to incorporate all discovered ion channels, transporters and dynamics of
ion concentrations. This approach allows to obtain realistic simulations of action
potentials and bioelectrical processes. To streamline the process of model parameter
identification and minimize the computational load of simulating the electrical activity
of a large population of cells, a modified model of parallel conductances with K, Na,
and Ca currents has been proposed. The currents of the highly detailed model of the
electrical activity of the human sinoatrial node cell were integrated into groups of three
general currents. The parameters of the modified model were finetuned in such a way
that the waveforms of its currents corresponded to the generalized currents of the highly
detailed model. As a result, the obtained model has significantly fewer differential
equations and parameters, but is able to simulate action potentials with a morphology
similar to that of a highly detailed model. Supplementing the model of parallel
conductions with the equations of extracellular potentials based on the field theory made
it possible to obtain a two-domain model. The use of a two-domain approach allowed to

model the extracellular potentials of human sinoatrial heart cells for further study and



analysis.

In the third chapter, a technique for reconstructing the action potentials of N
cardiac cells from their extracellular potentials for multielectrode systems was
developed. This technique has been adapted for different cases, including synchronous
and asynchronous action potentials, identical and different action potentials, and groups
of cells with synchronous and identical action potentials. For N cells with different
action potentials, an approach was developed, that allows reconstruction from N+1
extracellular potentials. This approach is general, so the action potentials can be
synchronous or asynchronous, as well as the identical or different. For the case of N
cells with synchronous and identical action potentials, an approach was developed to
reconstruct the averaged action potential from any 2 of N+1 extracellular potentials. A
case with identical but asynchronous action potentials has also been considered. If the
action potential is reconstructed with an averaged approach, it will have a distorted
morphology. In order to avoid this, it is necessary to reconstruct N action potentials
separately using N+1 extracellular potentials. The same issue is present for synchronous
but different action potentials. To solve the problem when the number of cells exceeds
the number of electrodes, an approach was developed to divide the cells into groups in
which the action potentials are assumed to be synchronous and identical. Thus, to
reconstruct the action potentials of N cells united in M groups, it is sufficient to have
M+1 extracellular potentials. The method of determining the synchronicity of action
potentials based on the proposed reconstruction approach is described. An analytical
solution was derived to calculate the distances from the electrodes to the cell in 1-
dimensional and 2-dimensional cases based on the proposed two-domain approach and
the geometry of the microelectrode array. This solution was designed to address the
problem of parameter identification for the implementation of the method of action
potential reconstruction from extracellular potentials in systems with microelectrode

arrays.

In the fourth chapter, a comparative analysis of field potential denoising methods

was carried out, including wavelet transform, the method of eigen subspaces and the
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complex denoising method. The study found that the complex method showed the best
results. The cardiotoxicity risk of drugs was analysed using reconstructed action
potentials. An approach to expanding the data set for machine learning was proposed
and the classification of extracellular potentials by cardiotoxicity risk groups and drug
concentrations using the k-nearest neighbours method was performed. An evaluation of
the parameters used for classification revealed that incorporating additional parameters,
derived from reconstructed action potentials, could enhance the accuracy of

classification.
Scientific novelty of the obtained results:

1. On the basis of the field theory and the schematic model of the cell membrane, a
method of reconstructing the action potentials of heart cells from extracellular potentials
has been developed, which allows determining additional characteristics of the electrical
activity of cardiomyocytes for evaluating the cardiotoxicity of drugs in microelectrode

systems.

2. A technique for determining synchronous and asynchronous action potentials of cell
populations for systems with many electrodes has been developed, the feature of which
is the use of extracellular potentials from different electrodes to check the synchrony of

the electrical activity of cardiomyocytes.

3. The model of parallel conduction of cardiac cells of the human sinoatrial node has
been improved by generalizing the main ion currents, which reduces the number of
model parameters and differential equations, but preserves the morphological

complexity of the action potential.
Practical significance of the obtained results:

1. On the basis of the proposed method of reconstruction, software was developed that
allows to restore the action potentials of cardiomyocytes from extracellular potentials
recorded by microelectrode systems in accordance with the parameters of a model or

laboratory experiment.

2. The proposed method of analysis and processing of extracellular potentials makes it
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possible to increase the ratio of the amplitude of the signal to the noise and assess of the

risk of cardiotoxicity of drugs in microelectrode systems.

3. The improved model of parallel conduction of cardiac cells of the human sinoatrial
node based on the total currents of K, Na and Ca allows to reduce the number of
differential equations and simplify the process of identifying model parameters to
simulate the electrical activity of cell populations for action potential reconstruction

research in microelectrode systems.

4. The proposed algorithm for the classification of extracellular potentials by
cardiotoxicity risk groups and drug concentrations allows to expand the dataset for

machine learning by using the features of the reconstructed action potentials.

5. A complex of programs for processing, analysing, and classifying of signals of
cardiomyocytes’ electrical activity has been developed, which expands the
informational and algorithm support of microelectrode systems for automated

assessment of drug cardiotoxicity.

Key words: mathematical modelling, microelectrode systems, action potentials,
extracellular potentials, cardiac cells, reconstruction, signal processing, denoising,

machine learning, k-nearest neighbours, drug cardiotoxicity.
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CEPEeIHbOKBAAPATUYHOT TOXUOKU
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THR — threshold

PP — peak potential

RPP — reconstructed (AP) peak potenial

MDP — maximum diastolic potential

RMDP — reconstructed (AP) maximum diastolic potential
FPA — field potential amplitude

APA — action potential amplitude

RAPA — reconstructed action potential amplitude
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FR — firing rate
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RPMD - reconstructed (AP) pacemaker duration
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BCTYII

AKTyaJbHicTb TeMHM. KapaiOTOKCHYHITH € TOMIMPEHUM HECHPHUSITINBUM
noOiYHUM  epeKTOM, SKUH MOXKE TMPOSBISITUCA TMiJ dYac IOLIYyKY, PO3pPOOKH,
JOCTIIKEHHST a00 BXKMBaHHA JIIKYBaJIbHHUX IMpernapaTiB. YpaKeHHS CEpleBO-CYIUHHOT
CUCTEMH, SIKE€ MOKE€ BUHMKATH BHACIIJOK KApJIOTOKCUYHHUX €(EeKTiB, € HalYacCTIIIO
NPUYUHOID CMEPTI NpPHU TSHKKUX TOCTPUX OTpyeHHAX [1]. 3a ocTaHHI MiBCTOMITTA
maiike 10% mikyBanbHHX MpernapariB Oyau BIAKIMKAHI 3 MIKHAPOJHUX PUHKIB depes
BUCOKHUI PU3HK JJIs CEPIIEBO-CyIMHHOI cucTeMu. He3Baxkaroum Ha Te, IO 3a Iel Jac
(dapMmakosoriyHa 1HIYCTPisl MOAOJaNa BEIUKANA NUISX Yy BIOCKOHAJICHHI TEXHOJIOTIH
JUTSL JOKJTIHIYHOTO TECTYBAaHHS JIIKIB, KapAiOTOKCUYHICTh 3aJMIIAETHCS OJHHUM 13

IIPOBITHUX PU3UKIB IT1/1 YaC BUKOPUCTAHHS (hapMaKoJIOTT1YHUX Mpenapartis [2].

[Tig yac MOKMIHIYHUX BUIPOOYBaHb MOCIHIIKEHHS JIIKyBaJIbHHX IpernapaTiB Ha
Kap/IIOTOKCUYHICTh MPOBOAATH 3a JIONMOMOTOI0 SIK 1HBAa3MBHUX, TaK 1 HEIHBA3MBHHX
eNeKTpo(Pi310NOTiYHNX  TEXHOJOTiH. [HBaswWBHUN  MeTOom  JOKambHOI  (hikcarrii
NOTEHLIay KITUHHOI MeMmOpanu (patch-clamp) € 3o010TUM  cTaHmapToM
(hapMaKoJIOT1yHO1 1HAYCTPii, OCKIIBKH BiH JO3BOJISIE TOCTIIKYBaTH BILIMB IMperapaTiB
Ha OKpeMi 10HHI kaHanmu abo Ha moteHian aii (ITJ1) xmiTuaM B ntomy [3]. Aune e
METOJT OOMEXKEHUU B3a€EMOJIEI0 3 OJHIEI0 KIITHHOIO Ta MOXE IMPU3BECTH JI0
pyMHYBaHHS KJIITHHHOT MeMOpaHu [4]. 3 1HIIOro 00Ky, MIKpOEIEKTPOAHI CUCTEMH, a
0cO0IMBO — cHUCTeMH 3 MikpoenekTpoauumu pemnitkamu (MEP), no3BossitoTh
3anucyBati mno3akmiTuHHI noteHuiany (I1I1) nmomynsuii KIITUH HEIHBa3WBHO Ta 3

OUIBIIOIO MPOITYCKHOIO 3JAaTHICTIO [5, 6].

[Tin BrummBoM npenapatiB 1/l 3MiHIOE CBOIO MOP(QOJIOTi0 BHACHIIIOK B3a€MOJIIT
JKIB 3 I0HHUMH KaHajaMu KITUHU. Pi3H1 103W mpenapaty MOXYTh BUKJIHUKATH HOTO
MOJIOBXKCHHSI, CKOpPOYEHHS a00 TAaTOJIOTIUHI Mi3HI Ta pPaHHI TMOCTIACMOJISIpU3AIlii.
[IpucyTHicTh martosorii abo kpuTuuyHa 3MiHa TpuBajocti IIJ] ciyrye mapkepom
KapaioTokcuyHocTi mnpenapary [7]. Ha Bigminy Bin IIJ[, TIII cknagnime
IHTEpIIPETYBaTH, TOMY IO BOHHM MPEJICTaBISAIOTH COOOI0 pe3ylbTaT CyMapHOI

€JIEKTPUYHOI aKTMBHOCTI CyCigHIX KITHH. L[ mpoOiema Moke BUpIIIyBaTHUCS 3a
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paxyHOK Moaudikarii MIKpOEIEeKTPOIHUX CHUCTEM 3 BHUKOPHCTAaHHSM ONTO- abo
eJIEKTpOoIoparlii, MmO J03BOJIAE€ 301IbIITYBAaTH MPOHUKHICTH MEMOpaHM KIITHUHH Ta
samucyBatu JiokanmbHi [IJ[ [8, 9]. Ane 11 migxoad MarOTh CBOI HEIOJIKH — BOHH
noTpeOyIOTh CKIAAHUX MOAU(]IKAI MIKPOEIECKTPOAHUX CHUCTEM, MOXYTh MaTH

OOMEXEeHHSI 3a TPUBATICTIO BUKOPUCTAHHS, a TAKOK MOXKYTh MOIIKOAUTH KiiTUHU [10].

ToMmy, akTyaabHUM € CTBOPEHHSI METOAY MaTeMaTHuHOi pekoHncTpykuii T1]] 3 TITT
CepleBUX KIITHUH JUIsI KOMIIEHCAIlli BIACYTHOCTI MOMJIMBOCTI 3amucy curHams [1]]
CEpIEBUX KIITUH B KIIACHYHUX MIKPOCICKTPOJHUX CHCTEMaxX Ta SK aJIbTCPHATHBY
1HBa3UBHUM MeTojiaM 3anucy [1JI, a Takok JjIs BIOCKOHAJIGHHS aJITOPUTMIYHOTO Ta
POTrpaMHOro 3a0e3MedeHHsT 3 METOK aBTOMAaTH3allli aHajidy Ta OI[IHIOBAaHHS

KapA10TOKCUYHOCTI Mpernaparis.

3B’5130K po00TH 3 HAYKOBHUMH NpPOrpaMamMu, IJjiaHamMu, Temamu. Hanpsmox
JOCTKEHb TOB'SI3aHUN 3 HAyKOBOIO TEMAaTHMKOIO 1 TEMaMH HABYaJbHOTO IPOLECY
Kadenpu eJeKTpPOHHOI 1HKeHepill (akynabTery enexTpoHiku HarionampHOTO
TEXHIYHOTO YHIBepcuTeTy YKpaiHu "KHiBCbKWN MOJITEXHIYHUM 1HCTUTYT IMeH1 [rops
Cixopcpkoro". JlocniakeHHs BUKOHYBAIHCS B paMKax Jep:k0ropkeTHol Temu 2216-p
Ne0119U100628 "biotenemeTpuuHa cUcTeMa LIEHTPai30BaHOI OararornapaMeTpuyHOl
€KCIIPeC-TIarHOCTUKM Ta TMEePCOHATBHOTO MOHITOPUHTY (DYHKILIOHAJIBHOTO CTaHy
moauan" 01.01.2019-31.12.2020, y sikiif aBTOp OpaB ydacTh Yy IOCTaHOBII 3ajaul
JOCITIIKeHb, PO3pOOKH METO/1IB 0OPOOKH CUTHAJIIB €JIEKTPUYHOT aKTUBHOCT1 CEPIIEBUX

KJIITHH.

BunpoBaxkennsi. Pesynbratu pobotu 3 pexonctpykiii [1]] 13 I1I1 BnpoBamkeHi B
HaBYaJIbHOMY Tiporieci Ha kadenpi enektponHoi imxeHepii ®EJI HTVYY «KIII im.
Irops Cikopcbkoro» Tta omyOJikoBaHI B HaB4ajJbHOMY MociOHMKY «[lpukianna
0iodizuka. bioenexktpuuni mnpouecu. JlabopaTopHuil NpakTUKym» ISl CTYJICHTIB
coemianbHOCTI 153 «Mikpo- Ta HaHOCHUCTEMHa TEXHIKa», OCBITHBOI MPOrpaMu

«EnexkTpoHH1 MIKpO- 1 HAHOCUCTEMH Ta TEXHOJOTIi», 2022.
O0’€eKT 0CTIIZKEHHS: €JIEKTPUYHA AKTUBHICTh CEPLEBHUX KIIITHH.

Ipeamer pocaigxennsi: B3aemo3s’s30k 111 Ta I1/] ceprieBux KIiTHH B CHCTEMax



19

3 MIKPOEJIEKTPOIHUMHU PeITiTKaMHU.

MeTta fgoc/aiKeHHs: BJIOCKOHAJCHHS METOJUYHOTO Ta aJrOPUTMIYHOTO
3a0e3MeyeHHs] MIKPOEJIEKTPOIHUX CUCTEM Ha OCHOBI pO3POOKH METOAY PEKOHCTPYKIIIi

IT/1 3 TIIT ceprieBuX KJIITHH.
3aBaaHHA XOCTiIKEeHH:

1. Po3pobutu meroxn pexorctpykiii I1]1 3 TIIT ceprieBux KIiTHH Ha OCHOBI TEOPIii MOJIS

Ta CXEMOTEXHIYHOT MOJIEI1 €JIEKTPUYHOT aKTUBHOCTI Kap 110MIOIIMTIB.

2. ApantyBaTtu po3po6nenuit meron pekonctpykuii [1/1 3 IIIT cepueBux KmiTHH Ui

BHUKOPHUCTAHHA 3 MiKpOCJ'ICKTpOI[HI/IMI/I CUCTCMAaMH.

3. Bnockonaiutu Mozenb IIJ] cepueBUxX KIITUH IJIs JOCHIKEHHS €JIEeKTPUYHO1

AKTUBHOCTI MOMYJISIIN KIITHH B MIKPOEJIEKTPOJAHUX CHCTEMAX.

4. Po3p’sa3atu 3amady ijeHTU(iKalil BiACTaHEH MDK KIITHHAMU Ta €JIEKTPOJaMHU B

CUCTEMaX 3 MIKPOEJIEKTPOIHUMHU PELIITKAMHU.

5. CtBoputHu mporpamue 3abe3nedeHHs aiss 00poOku Ta anamzy I[II1, 3anmucanmx 3a
JIOTIOMOTOI0  MIKPOENIEKTPOJHUX CHUCTeM, Ta pekoHctpyhoBanux IIJ] (PIIJI) nns

BHU3HAUEHHS OCHOBHUX MapaMeTpiB CUTHAJIIB Ta OLIHKH PU3UKY KapA10TOKCHYHOCTI.

6. Po3pobuTu miaxig Ha OCHOBI METOJIB MAIIMHHOTO HAaBYaHHS IS II1JBHUIICHHS

touHoCTi knacudikarii 111 3a pusnkom kap10TOKCUYIHOCTI, 3acTocoByroun PI1/I.

Metoau nocaigxennsi: nudppoBa oopoOka Ta MEPETBOPEHHSI CUTHAIIB; METOAU
CerMEeHTaIlli CHUTHaJIiB Ta 300pa)kKeHb, CTATUCTUYHUM aHami3; BeHBIIET-aHAI3;
3HEIIYMJIEHHS 3a JOMOMOTOI0 Teopli BIACHUX MIANPOCTOPIB; MaTeMaTU4HE

MOJICTFOBaHHS €JIEKTPUYHOI aKTUBHOCT1 KJIITHH cepllst; MeToa k HalOImKInX CyCi/iB.
HaykoBa HOBH3HA OTPMMAaHHUX pe3yJIbTATIB:

1. Ha ocHOBI Teopii moJist Ta CXeMOTEXHIYHOT MOJIeJTl KIIITUHHOT MEMOpaHu po3po0IeHO
meton pekoHcTpykii I1J] cepueux xmitun 3 I1I1, 110 103BOJIsSIE BU3HAYATH T0IATKOBI
XapaKTEPUCTHKN  EIEKTPUYHOI aKTHBHOCTI  KapJiOMIOIUTIB [T  OI[IHIOBAHHS

KapA10TOKCUYHOCTI JIIKAPCHKHUX MperapaTiB B MIKPOETIEKTPOIHUX CUCTEMAX.
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2. Po3po0iieH0 METOAMKY BU3HAYCHHS CHMHXPOHHHMX Ta acUHXpOHHUX I1J] momyssimii
KIITUH U1 MYJIBTUEICKTPOAHUX CHCTEM, OCOOJIMBICTIO SKOI € MOJKIIUBICTh
BukopucTtanHsa [l 3 pi3HUX eneKTpoiB Ui MEePEeBIPKU CHUHXPOHHOCTI €JIEKTPUYHOI

AKTHUBHOCTI Kap 110MiOIIMTIB.

3. BnockonameHo Mojenb mHapajelbHUX — MPOBIAHOCTEH  CEpUEBUX  KIITHH
CHUHOATPIaJIbHOTO BY3Ja JIIOJWHU IIJISXOM Yy3arajibHEHHs OCHOBHHUX 10HHUX CTPYMIB,

10 CKOPOYY€E KUIbKICTh MapaMeTpiB MOJIEN, ajie 30epirae ckiaaaHictb Mopdosorii T1/1.
IIpakTU4He 3HAYEHHS OTPMMAHUX Pe3yJIbTATIB:

1. Ha ocHOB1 3amponoHOBAHOTO METOJy PEKOHCTPYKIII PO3pOoOJEHO MporpamMHe
3abe3rneueHHs, 1o jao3Bossie BigHoBMoBaTU I1J] xapmiomioumtiB 3 I, 3anucanmx
MIKPOEJIEKTPOTHUMHA CHUCTEMaMH Yy BIJMOBITHOCTI 3 MapaMeTpaMu MOJIEIBLHOTO a0o

71a00paTOPHOTO EKCIIEPUMEHTY.

2. 3ampomnoHoBaHM MeTON aHanmizy Ta o0poOku IIIl mae 3mory migBUIUTH
BIJIHOIICHHS AaMIUNTYJUd CHUTHAJIYy JO IIIyMy Ta TMPOBOAUTH OIIHKY PHU3HUKY

KapJ10TOKCUYHOCTI MTPEnapariB B MIKPOEIEKTPOJHUX CHCTEMAX.

3. Bpnockonamena Mojenb mapajelbHUX — IMPOBLAHOCTEH  CepUEBUX  KIITHH
cuHoatpiansHoro Bysna (CAB) mogunu Ha ocHOBI 3aranbHux ctpymiB K, Na ta Ca
JI03BOJISIE 32 PAXYHOK 3MEHIICHHS KUIBKOCTI NU(EepeHIiaIbHUX PIBHSIHB CIPOCTUTH
mpoiiec ieHTUdikamii mapaMeTpiB Ta MOJICTIOBAHHS EJIEKTPUYHOI aKTHBHOCTI
NOMYJISAUIA KITHH JJs AOCHIDKEHb 3 peKOoHCTpyKuii IIJI B MIKpoenekTpoaHux

CHCTCMaXx.

4. BnockoHnaneno anroput™ knacudikamii [1I1 3a rpynamu pu3uky Kapai0TOKCUYHOCTI
Ta KOHLUEHTpaUlsIMU Mpenapary, KM JT03BOJISIE€ PO3IIMPIOBATH HAOIp TPEHYBAJIBHUX

JIAHUX 3a JOIIOMOTOK BUKOpPUCTaHHS 03HaK PII/] 1 MammmHHOrO HaBYaHHS.

5. Po3po0iieHO KOMILIEKC MporpaM oOpoOKM, aHamizy Ta Kiacudikaili CUTHaIIB
CJIEKTPUYHOI ~ aKTUBHOCTI  KapJlIOMIOIUTIB, 110 pPO3MHPIOE  iHDOpMaIliHO-
ANrOpUTMIYHE 3a0€3MEUYCHHS MIKPOCIEKTPOAHUX CHUCTEM I aBTOMATHU30BAHOIO

OLIIHIOBAHHS KapJA10TOKCUYHOCTI CEpLIEBUX MpEnaparis.
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OcoOucTnii BHecok 3100yBaua. JlucepramiiiHa poOoTa € Yy3araJibHEHHSIM
pe3yabTaTiB JOCHIKeHb onyOJiikoBaHuX y mpaix [11-16]. Y HaykoBuX mparsx, 1o
BUKOHAHO Yy CIIBaBTOPCTBI 3100yBaueBl HaiexkuTh: y [11] — marematuune
MojaemtoBanHsa pekoHcTpykmii IIJI 3 TIII, po3poOka KOMIIJIEKCHOTO METOIY
suemymieHHs [, nopiBasHHS edexTuBHOCTI 3HemymiueHHs T1I1 merogamu BracHuX
HiANPOCTOPIB Ta 3a JIOMOMOTOI0 BeWBIET-TiepeTBOpeHHs; y [12] — marematuuHe
MojaemtoBanHsa pekoHcTpykiii IIJI 3 [ ansg nomynsamiét KIiTHH, TPOBEACHHS
cratuctuanoro anamizy PIIJ[; y [13] — BoockoHasieHHS MoOJenl mapaieabHUX
npoBigHocteit CAB cepus moavHHM, MaTeMaTH4YHE MOJEIIOBAHHS, TOPIBHSIHHS
Mopdosnorii IIJ[ pizaux mogmeneit; y [14] — po3poOka METOIUKH PEKOHCTPYKIIIT
acunxpoHHux IIJI, marematuune wmojnemtoBaHHs; y [15] — po3poOka meTonuku
PEKOHCTPYKIT TPyl CUHXPOHHUX Ta acMHXpoHHUX [1/], MaTeMaTuyHe MOJIETIOBaHHS;
y [16] — po3poOka miaxony mo kiacudikamii Il 3a xkoHLEHTpamisIMH Ta TpyHamu
PU3HKY KapJIIOTOCUYHOCTI MpernapaTiB, MaTeMaTUYHE MOJCIIOBAHHS, 00poOKa MaHuX

Ta CTAaTUCTUYHUHN aHaJi3 pe3yJIbTaTiB KiIacuikaliii.

Anpobanis pe3yJbTaTiB qucepramii. Pe3ynbraté 10CHIKEeHD, 110 BKIIOYEHI B
auceprTanito, gonoBiganuca Ha [V MixuapoaHiii HayKOBO-IPAKTUYHIA KOH(epeHii
"ABTOMATH3ALIS, EJIEKTPOHIKA, IH®OPMALIIMTHO-BUMIPIOBAJIBHI
TEXHOJIOTII: OCBITA, HAYKA, ITIPAKTUKA" y 2022 p. y M. XapkoBi Ta Ha 41-ii
Mixunaponniii  HaykoBo-TexHiuHi koHpepenuii [EEE "ELECTRONICS AND
NANOTECHNOLOGY" ("Enextponika 1 HanorexHoisorii") (ELNANO-2022) y wm.

Kuesi.

Ily6aikamii. OcHOBHI pe3yibTaTH JWcepTallii OmyoOJikoBaHI B 4 CTaTTAX Yy
($axoBUX HayKOBUX >KypHajlax Ta y 2 30IpHMKaX HAyKOBHMX Ipalb MIKHAPOIHUX

KOH(epeHTIIii.

Crpykrypa i o0car podoru. [ucepramiiina poboTa CKIIagaeTbcs 31 BCTYIY,
YOTUPHOX PO3AUTIB, BUCHOBKIB Ta 31 CHOUCKY BHUKOPUCTAaHHUX Jkepen 3 102
HaiiMmeHyBaHb. Pobota mictuth 32 imoctpairii, 12 tabmuipb. O6csar poOOTH cKiiaae

102 CTOpiHKH TEKCTY.
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ABTOp BHCIIOBIIOE BEJIHKY MOISIKY 3a HAYKOBI KOHCYJbTAIil K.T.H., JOIIEHTY
[Banymkinii Harami I'eopriiBHi Ta 1. T. H., jgoueHty Ilpokomenky Opiro
BacunboBuuy, a Takoxxk 3a Hamani 3ammcu [II1 ceprieBux KITHH CHiBPOOITHUKAM

MinaHnchkoi nomiTexHiku npodecopy A. Penaenni ta qokropy dinocodii P. Bizone.
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PO31T 1
METOJIM JOCJAKEHHS EJEKTPO®I3I0JOTTYHUX
BJIACTUBOCTEW CEPHEBUX KJITHH

1.1 JocaigxeHHs BINTMBY JIKYBAJbHHUX NpeNapariB Ha cepue

BuBueHHs BIIMBY JIKyBaJbHUX IMpENapaTiB Ha CEpLe € OJHUM 3 KIIIOUOBUX
HaIpsIMKIB Y MEIUYHUX HOCTKeHHsX. L[s Tema € 0co0MMBO aKkTyanbHOIO, OCKUITBKH
3aXBOPIOBAHHS CEPIsl 3AJIMIIAIOTHCS OJHIEI0 3 TPOBIAHMX MPUYUH CMEPTHOCTI B
ycboMy CBITI. ExcriepMeHTanbH1 METOIU AO3BOJISIOTh JOCIIIUTH, SIK Pi3HI MpernapaTu
BIUIMBAIOTh Ha (DYHKI[IOHYBaHHS CEpIs, BKJIIOYAIOYM MOTO PUTM, CHIy CKOPOYEHb Ta

BIJINTOBIJIb HA CTpPEC.

Enexrpoxapniorpadisi € HEBiZl’€MHOIO YACTUHOIO Cy4aCHOI METUIIMHU Ta IIHUPOKO
BUKOPUCTOBYETHCS Ui JIIarHOCTHKH CepLEBO-CYJUHHUX  3aXBOPIOBaHb.
Enextpokapinorpama mpeacTaBisie cCOO0I0 3aIUC €IEKTPUYHOI aKTHBHOCTI CEPIIEBOTO
M’sI3y 3 TOBEpXHI TiNa, SKUA XapaKTepU3yeThCsl 3yOLSIMH Ta IHTEpBaJlaMH, IO
BIJIMOBIAAIOTh PI3HUM €TaraM CEepIeBOr0 CKOPOYCHHS. BHAUISIIOTH IIICTH OKPEMHUX
komrnonenTiB currany EKI': P 3y6ens, PQ inTepBan, QRS xommneke, ST inrepsan, T

3y6enb Ta U 3y0errs.

Pizni ¢asu EKI' xapaktepusyioTb CcO00I0 CyMapHy €JIEKTPUYHY aKTHUBHICTb
KIIITUH 3 PI3HUX AUISHOK ceplsl. Taka 37aTHICTh JOKaJli3yBaTH MPUYUHY MATOJIOTIYHOT
aKTUBHOCTI B  Ceplll pOOUTh  eJIEeKTpokapiaiorpadiro OJHMM 3  OCHOBHHUX
eJIEKTPO(i310JI0TTUHUX METOIB B KIIHIYHUX BHUIPOOYBaHHSIX, TOOTO Yy JOCIHIIKEHHI
BIUIMBY JIKYBAJIBHUX IMperapariB Ha jrojied. EnekTpokapaiorpadiro TakoX MOXKYTh
BUKOPUCTOBYBAaTH B JOKJIHIYHUX i1 VIVOo JOCHIDKEHHSX TiJ dYac TECTyBaHHSA
npemnapaTiB Ha TBapuHax. OJIHaK, 10 TOTO SIK JIIKyBaJbHI IpernapaT TOMYyCKalOTh J10 in
Vivo JOCHIDKeHb, BOHH MAalOTh TMPONTH HUBKY in Vitro BUIPOOYBaHb, TOOTO,
JOOCHKEHb «B TpoOipui». [In  vitro JNOCHIJKEHHS MPOBOAATh HaJ IMITYYHO
BUPOIIEHUMH a00 130JIbOBAHMMHU TKaHWHAMW/KJIITUHAMU; METa TaKUX JOCIIKEHb —
OLIIHUTH BIUIMB PI3HUX J103 Mpernapary Ta iXHio ¢apmakokiHeTUky. [licis peTenbHOro

BHUBYCHHS MPETAPATy B in Vitro TOCHIHKEHHIX Ta BUCHOBKIB MO0 HOTO e(heKTUBHOCTI,
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HOT0 MOXKYTbh JOMYCTUTH 110 in vivo BUNpoOyBanb [17, 18]. OnHa 3 BiAMIHHOCTEH MIXK
KIHIYHUMUA Ta JIOKJIHIYHUMH BUIPOOYBAaHHSAMHU TMOJIATa€ B METOJAX, IO
BUKOPUCTOBYIOTh IS JOCHIJDKEHb Ta, BIAMOBIHO, B JDKEpENiax CHUTHAJIB, SKi
peectpyroTbest. OTke, enekTpokapaiorpadis 103BOJII€ MPOBOAUTH JOCHIKCHHS 3
BUMIPIOBAHHSM CYMapHOiI €JEKTPUYHOI aKTHMBHOCTI CEPLIEBOrO M’s3y, a B in Vitro
JOCTIIKEHHSAX 3aMUCYIOTh €JIEKTPUUHY aKTHUBHICTh OKPEMHUX KIITHH, KyJbTYp KJIITHH

a6o TkanuH — ixHi 11 a6o III.

In vitro noCIiKEHHS TO3BOJISIIOTh PO3TIISIATH SICKTPUYHY aKTUBHICTh KIIITHH Ta
TKaHWUH OBl JEeTalbHO, ajie Mel Miaxi] oOMEXY€ETbCs HEOOXIIHICTIO BUOOPY THUITY
KJIITHH JJ1s1 JochikeHb. CeplieBl KJIITHHU MOIUISIOTH Ha JIBa TUIH: THUIIOB1 Ta aTUIIOBI.
TunoBuMU Ha3UBAIOTH CEPIIEBI KIITUHU, SKI CKJIAJAI0Th OUTBITY YaCTHHY MIOKapay Ta
BI/IMOBIZIAIOTH 32 CKOPOUEHHS CEPILIEBOTO M’s3y. ATHIIOBI KapaioMionuTH (GOpMYIOTh
npoBiHY cucTeMmy cepus. Ha BigMmiHy Big THUIIOBUX BOHHM 3JaTHI CaMOCTIHHO
remepyBatu [1J], ToMy iX TakoX Ha3MBaIOTh BOAISIMH pUTMY a00 mHeiicMelKkepHUMU
kiiTuHamu. Came MpoBIJHA CHCTEMa CEplsl PErylioe CepUeBUd PUTM. Y 30pOBOMY
Ceplil CeplEeBUIl PUTM BIAMNOBIIa€ CHHYCOBOMY PUTMY, SIKHIl CTBOPIOETHCS KIITHHAMU
CAB, mo 3Haxomutbcsi y mpaBomy nepencepai. Ilicns renepamii B8 CAB I1]]
MONIMPIOIOTECSA 3@ JIONMOMOTOI0 HABKOJIMINIHIX THUIIOBUX KapAiOMIOIUTIB Ta Jaii
IPOBITHOIO CHCTEMOIO cCeplis, IO BIAMNOBIJAE 3a MPaBUIbHY IMOCIIIOBHICTb
nomupenHs [1J] iHmmMmu ainstHkamu cepil. TakuM 4UHOM, CKOPOUYEHHS MiOKapy

BiJI0YBa€ThCS 3a paXyHOK reHepailii ta nomupenns [1/] neficmeiikepuux kiitus [19].

1.2 MexaHi3mu reHepauii noTeHuia i xii

Y IIJI tunmoBoro kapaiomiouurta (puc.l.la) BumastoTh I’ATh (a3: MIBUIKA
aenoispusaiis (daza 0), mouyarkoBa mBHAKA penosspuzauisa (daza 1), moBiIbHA
penonsipuzaiiist abo riato (daza 2), mBuaAKa KiHIeBa penosipu3aiis (daza 3) Ta daza
cnokoto (daza 4). YV I1J] atunoBux xmituH (puc. 1.16), takux sk ximitun CAB a6o
aTpioBeHTpUKYJsipHOTrO By3na (ABB) dasum 1, 2 BimcyTHi, a 3aMicTh (Da3u CIOKOIO

MPUCYTHS (pa3a MOBLIBHOT ACTOJSpU3aLlii.
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Puc. 1.1 ®a3u [1]] TumoBoro (a) Ta aTHMOBOTO KapaioMioIUTIB (0)

da3za mBUAKOI AETOSAPU3aIlii HACTYMAE, KOJIM HAIpyra Ha MeMOpaHi TIEPEBUIILYE
MIOPOTOBUM TOTEHIIIAJ, IO 3yYMOBIIOE BIIKPUTTS MOTEHIIAI-3aJICKHUX HATPIEBUX
KaHaiB. BigkpuTi HaTpieBi KaHauu 301IbIIYIOTh MPOHUKHICTH MEMOpaHU Ui 10HIB
HATPII0, a TPAIEHT KOHIICHTPAIlil 10HIB 3yMOBJIIOE iXHIO TU(DY3110 BCEPEUHY KIIITHHHU.
[TinBumeHHss MeMOpaHHOTO TMOTEHIIATy 32 PaxyHOK MAacOBOTO HAIXOKCHHS 10HIB
HATPiI0 B KJIITUHY CIPUYHMHSIE MOBUIbHE 3aKPUTTA MOTEHIIAN-3aJI€KHOTO HATPIEBOTO

KaHaJy Ta BU3HAYa€ 3aKiHYCHHS a3y MIBUJKOT ACTOJISIpU3AIlii.

3a (a3u mouaTKoOBOI IMIBUIKOI pernoJisipu3alii HaTpieBl KaHAIM IOYHUHAIOTH
MPOMYCKAaTU MEHIIIE 10HIB HATPilO, ajie OJHOYACHO BIAKPHUBAIOTHCS Ta 3aKPUBAIOTHCS
KaJIl€B1 KaHAJM, SIKI CIIPUYMHSIOTh KOPOTKOCTPOKOBHUI BUTIK KaTl€BUX 10HIB 3 KIITHHH,

o Hajae [1]] TumoBux cepreBux KIITHH XapaKTePHUH TIiK.

daza miIaTo XapaKTEePHU3YEThCA MOCTIMHUM MEMOpaHHUM MOTEHIAJIOM, SKUU €
pEe3yJIbTaTOM JOCATHEHHS OallaHCY MIK 10HaMH, 10 pyXaloThCs BCEPEIUHY Ta Ha30BHI
kiiTuHU. Lleit O6anaHc miATPUMYETHCS 31€0UIBIIOT0 BUXOAOM 10HIB Kallilo Ta BXOIOM

10H1B KaJbII1I0 B KIITHUHY.

ITix gac ¢da3u mBHAKOT KIHIIEBOI pernoispu3allii KaJbIieBl KaHAIN 3aYUHSIOTHCS,
a KajJi€Bl 3aJUIIAIOTHCSA BIIKPUTUMH, IO TPHU3BOAUTH 10 3HUKEHHS MEMOpPAHHOIO

MOTEHIIIAITY.

da3za CIOKOIW JO0CATAETHCSA, KOJIW MEMOpaHHUN TMOTEHIlAa] CATra€ HUKHBOTO
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MOpOry, M0 CYMPOBOKYETHCS YaCTKOBUM 3aKPUTTIM KajleBUX KaHamiB. B ik ¢asi
10HHI KaHaJIu Ta MOMIHU 3a0e3MeuyroTh CTaOUIbHUN MeMOpaHHUM IMOTEHINad, TMOKH
30BHIIIHS CTUMYJIALIS BIJI OTOUYIOUMX KJIITHH HE TpPHU3BEAE N0 PI3Koi 3MiHU

MEMOpPaHHOTO TOTEHITIATY Ta MIBUIKOI JETOsIpU3allii.

OTxe, 10HHI KaHaIW Ta TOMIIM BIAMOBIJAIOTH 3a MEMOpaHHI CTPyMH, IIIO
dbopmytors IIJ Ta itoro ¢dasu. Cxoxe 3 TuMm, sk EKI go3Bomsie omiHUTH
(yHKIIOHATBFHUN CTaH ceplls NalieHTa 3a JOMOMOI0l0 aHalli3y CETMEHTIB CUTHAJY, TakK
1 anamiz ¢a3 I1Jl no3Bossie 3po3yMmiTH, AKI CTpyMHU BIANOBiAaibHI 3a (popmMyBaHHS

Mopdosorii TT/1.

OpmHak i OLIIHKA aKTUBHOCTI CEPIEBMX KJIITHH Ta TKAHWH TaKOXX HEOOXI1JTHO
BpaxoBYBaTH MIKKIITUHHY B3aeMoAito. Cunxponizauis [1J] Mix cyciiHIMH KIITHHAMA
peryJioe 3arajbHy aKTUBHICTh OpTraHa Ta BIJIrpae KIOYOBY POJIb Y KOOPJIAUHOBAHOMY
CKOpOYEHHI Miokapjaa. MUKKIITHHHI INUTMHHI KOHTaKTH CTBOPIOIOTH HHU3BKOOMHI
HUIAXU JJI8 MPOTIKAHHA 10HIB Ta MajMX MOJIEKYJ MDK CyCIAHIMH KimiTuHamu. s
oprasizailisi cnpusie epeKTUBHOMY MOIIUPEHHIO ACTOISPU3YIOUUX CTPYMIB B MIOKap/i,
10, B CBOIO 4epry, 3abe3rnedye MIBUIKY Ta CUHXpOHHY aenojspusamito [1/] xmitun

CeplLEeBUX TKaHUH [19].

1.3 IlopylieHHsI eJIEKTPUYHOI AKTHBHOCTI cepLHeBUX KJIITHH

[TopymieHHs1 en1eKTpUYHOT aKTUBHOCTI CEPIIEBUX KJIITHH, 1110 B110Opa)karoThCs Ha
[1J1, MOXyThb TPOSBIATHCS y pi3HUX PopMax, TaKUX SK MOJOBKECHHsI Ta CKOPOYCHHS
[1/1, a Takox paHHi a0o0 Mi3HI MOCTAenosApu3alii. BoHM BUHUKAIOTH yepe3 3MiHHU B
poboti abo ekcmpecii 10HHHUX KaHaMiB, SKI MOXYTh OyTH HAacliJKaM{ BILTUBY

(hapMakoJIOriyHUX MpenapaTiB a00 reHeTHYHUX MyTamii [20].

[Tonoxennst I/l 31e611bIOr0 BUHUKA€E 4Yepe3 3MEHILIEHHS BHUTOKY Kallilo 3
KJIITUHA a00 30UIbLIEHHA NPUTOKY HATPIEBUX 10HIB B KIITHHY. [leski mpenaparu
MOXKXYTbh TI010BXKyBaTH [1]] 6110ka/m010 KambIli€eBUX KaHAJiB, TOOTO MaTH MPOAPUTMIYHI
epextu [21]. I HaBnaku, 30UIbIICHHS Kali€eBUX CTpYMiB [22] a00 HATpi€BUX CTPyMiB

[23] Moxe mpusBecTu a0 ckopodeHHs [1]] 3a paxyHok mBuAmoi a3y penossipusariii.
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Cxopouenns ta mnojoBxkeHHs IIJ[ mpsmo BimoOpaxaroTbes Ha IIII, mo poOuTh

tpuBamcTh 11 oHUM 13 OCHOBHUX MapKepiB KapII0TOKCUYHOCTI MpernapariB [24].

Panni mnoctaemonspu3zaiii 4acTO BHMKJIMKAIOTHCS JUCQPYHKIIEIO KaJbI[IEBUX
KaHaiB [25] a00 paHHBOIO PEaKTUBALIIEI0 HATPIEBUX KaHATIB [26], MPU3BOJASYU JI0
BTOPUHHOTO MKy mifg yac dha3u penonspusartii. Y I parni noctaenonspusariii AT Th
NOBUIBHMN MIK BIAMOBINAIBHUM 3a pernonsipusauito [1/] Ha aexinbka okpeMux MiKiB
[27]. Ili3Hi mnoctaenonsipu3alii BUHHKAIOTh IMICIsS TOBHOI penoJisipu3alii 1
BUKJIMKAIOTHCSI CHOHTAHHUM  BHUBUIBHEHHSM  KaJbLII0 3  CapKOIUIa3MaTUYHOTO

petuxkynymy [28].

Jlikapchki mpemapatu JJis ceplil BUTOTOBJISIOTHCS 3 METOK BIUIMBY Ha 10HHI
KaHaIH, 1100 MOCHMJINTH a00 MOCIAOMTH IXHIO aKTHBHICTH T4, BIINOBIJIHO, 3MIHUTH
napametpu [1JI, Taki sk aMIuIiTyJa, TpUBaiicTh Ta yactora. CydacHa Kiacudikariis
aHTHAPUTMIYHHUX IperapaTiB HapaxoBye 7 KIJACIB B 3aJIEKHOCTI BiJ iX MeXaHI3My Jii
[29]. Bona € moaudikoBaHOIO BepCi€lo OpHUriHaigbHOI Kiacudikaiii Borena-Binbsamca,

1o MaJjia 4 OCHOBHHUX KJIACH:

Knac I Bxirowae mpenapatw, siki OJOKYIOTh HATpPi€Bl KaHAIW, B OCHOBHOMY
BiuiBatoun Ha 0-By ¢azy IIJI. Ile mnpusBoauth 10 3HUIKEHHS IIBHIAKOCTI
JIENOJIAPU3AIlii, 10 3aTPUMY€E MPOBEACHHS IMITyJIbCYy uepe3 Miokapi. PizHi miarpymnu
nporo kiacy (Ia, Ib, Ic) MmoxxyTs MaTu momaTKOBU BITUB Ha 3-TiO Ta 4-Ty ¢asu, ajne ix

OCHOBHUI edekT cnpsimoBanuii Ha 0-By (a3y.

[Ipenaparu knacy II, abo Gera-aapeHobI0KaTOpy, B OCHOBHOMY, BITUBAIOTH Ha
4-ty ¢azy IIJI. IuriOyBaHHa OeTa-aip€HEPriYHUX PEUENTOPIB 3HUKYE AKTUBHICTb
KaTeXOoJaMiHiB, M0 MPHU3BOAWTH [0 3HIKEHHS YacTOTH CEpIEBUX CKOPOYCHb Ta

noTpeOr MiOKap/a B KUCHI.

Knac III anTHaputmiuHMX mOpenapariB OJOKye KallleBl KaHalIM, B OCHOBHOMY,
BiumBaroun Ha 3-Tio a3y IIJI. Ile 3abe3neuye momomxkeHHs TpuBaiocti IIJ] Ta

pedpakTepHOTO TIEePioay, 3HUKYIOUN WMOBIPHICTS BHUHUKHCHHS apUTMIii.

[Ipenapartu knacy IV, siki € 6y10kaToOpaMu KajibI[1€BUX KaHAIB, BIUIMBAIOTh Ha 2-
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ry ¢a3y [1/]. 3amxeHHs: NPOHUKHEHHS Kajblll0 B KIITUHU MIOKapia MPU3BOIUTH 10
3HIDKEHHSI CHJIM CKOPOYEHHSI MiOKapAa Ta 3aTpuMKH nomupeHHs [1J] B mpoBiaHii

CUCTEMI CepIIsl.

TakuM YMHOM, PI3HI KJIacM aHTHAPUTMIYHUX TMperapariB BIUIMBAIOTh Ha
KOHKpeTHI 10HH1 KaHanu Ta ¢a3u [IJ], mo [103BoJI€ pEryaioBaTU EIEKTPUUHY
aKTUBHICTh CEPIEBUX KJIITHH B 3aJICKHOCTI BiJl TUITY apUTMIi Ta (i310JI0T1YHOTO CTaHy
namiedta. OJHaK, peryJjJloBaHHS MPOHUKHOCTI 10HHUX KaHajiB 3a JOIMOMOTIOIO
npenapaTiB He Mo30aBieHe npobiaemM. BaximBo 3a3HauMTH, L0 AHTUAPUTMIYHI
npernapaTtd MOXYTh BIUIMBATH HE TUIBKK Ha cCeplle, ajie 1 Ha 1HIII OpraHH, OCKUIbKU

KaHaJIM, Ha SIK1 BOHU BIUIMBAIOTh, MOXKYTh 3yCTPI4atOThCA B pi3HUX TKaHuHax [30].

1.4 B3aemM03B’A30K MOTEHUIAXY Ail TAa MO3AKJIITHHHOIO MOTEHLiaTy

[TozakmitunaHi notenuianu (II1) — e enekTpudHi CUTrHAJM, 1110 PEECTPYIOTHCS 3a
MEXaMH KIITUHHOI MeMOpaHu 1 (OpMYIOThCS Tl BIUIMBOM TIOTCHINANIB OIS,
3r€HEepPOBAaHUX OTOUYIOUMMHU KiiTHHaMu. MexaHism (opmyBanus [1I1 kmituHu Moxe
OyTU PO3IIAHYTUH Ha PI3HUX PIBHSIX: MOJEKYJISIPHOMY, KJIITUHHOMY Ta TKAHUHHOMY.
Ha momnekynsipHOMY piBHI 10HHI KaHajdd Ta TMOMIHM 3a0€3MeUyloTh PyX 10HIB 4epes
KJIIITUHHY MEMOpaHy, CTBOPIOIOYM BHYTPIIIHIN Ta 30BHIIIHIN €JIEKTPUYHI MOTEHLIAIH.
Ha kmituHHOMY piBHI reHepyBaHHs Ta nomupeHHs [1J[ B3noBk mMeMOpaHH KIITHHH
Benie 0 ctBopeHHs sokanbHux [1I1. Ha TkaHMHHOMY piBHI CUHXpOHI3aIlisl KIITHHHUX

[1J] Mix CyCiIHIMM KIITHHAMU IPUBOJUTH A0 YTBOpEHHs ycepeaneHoro [1I1.

B3aemo3p’s30x Mk mapamerpamu [1/] ta I wrmitun (puc. 1.2) € ocobnmBo
BOXJIMBUM y JIOCHI/DKCHHI JIIKYBAJIBHMX TmpenapariB. HeiHBa3uBHI  MeTOAM
BUMIpIOBaHHS, Takl sik cuctemu 3 MEP, no3Bossitore BukopucroByBatu 3amucu [1I1

JUISL OIIIHIOBAHHSI BIUIMBY 30BHIITHIX YMHHIKIB Ha [1]] kmiTHH.
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Puc. 1.2 B3aemo3p’s30k I1I1 (3Bepxy) Ta 1] (3HU3Y) KIITUH ceplis

BaxxnuBum acnexrom anamizy curHanmiB I1I1 € Buznauenns Ha aux ¢as I1/]. Paza
nenonsgpuzaiii [1/], o xapakTepusyerbcs MBUAKAM HAJAXOKEHHSIM 10HIB HATPilO B
KJIITUHY, 3a3BHYail MoB'si3aHa 3 mo3uTHUBHUM BiaxwieHHsM IIII. [ naBmaku, ¢aza
penoJisipu3arii, mia yac sSKoi BiIOyBa€THCS BUTIK 10HIB Kajito, BiJIIIOBIIa€ HETAaTUBHIN
amrutityai I, dopma 1 tpuBamicts III1 MoxyTh Hamatu ysBieHHs npo 1], omnak
iXHIA B3a€MO3B'SI30K HE 3aBXKU € IPOCTUM Ta OJHO3HAYHUM UYE€Pe3 BIUIMB OTOUYIOUUX

KJIITHH 1 TKaHuH [31].

B TkanunHax abo kynbrypax KmiTUH 3 acuHxpoHHumu [IJ[, III1 maroTe MeHIn
BHU3HaUeHy MOpdoJiorito uepe3 cynepno3uilii acuaxpoHHux [1I1 pi3Hux kmituH, a Konu
IT1J] cuaxponizoBaHi, TO cyneprno3uilisi ckoopauHoBaHux III1 Mae O1IBIT «UITKY»

Mopdortoriro [32].

[HmMM BaxIMBUM acmieKToM € amiuiiTyna 3apeectpoanux IIII. ¥V Toit wac sk
amrutityna I1J 3HauHOIO MIpOIO 3aJIeKUTH Bij TUmy cepueBux kmitud [33], ms T
aMIUTITYy/Ia MOXE 3HaYHO BIAPIZHATUCA Yepe3 HU3KY 30BHIIIHIX (akTopiB. 30Kpema, Ha
3anucanuii enekTpogom III1 BrumMBae enexkTpuyHa aKTUBHICTH YCIX OTOYYHOUHMX HOTO
xiitud. Tomy I1IT He € mpoctum BimobpakenHsMm 11, 1o nexxarh B iXHIH OCHOBI, aJIkKe
ammutityaa ta mopdodorisa I[1I1 3anexars Bl mpocTOPOBOTO pO3TaIlyBaHHS KIITHH Ta

enexktponiB [34], cHUHXpOHHOCTI jAenojspu3aiii KITUH [35] Ta TPOBITHOCTI
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cepenoBuma. 1{i (hakToOpu MOXKYTh BHOCHUTH CKJIQJHOIII Y BU3HAYCHHS B3a€MO3B’SI3KY
Mk IIJ] 1 IIIl, mo poOuTh HEOOXITHUM BUKOPHUCTAHHS TEXHOJIOTIH OJHOYACHOTO

zanucy [1J] Ta III1 [9] auia Ginbin TOYHOT Ta 3p03yMLIOT IHTEpHpEeTAaIli.

1.5 Metoa 1okanbHOI Qikcanii moTeHwiagdy KJIiTHHHOI MeMOpaHH

Merton nokanbpHO1 (ikcallii TOTeHIlany KIITHHHOI MeMOpaHu (patch-clamp) 6yB
po3pobisienuit Ha mouatky 1980-x pokiB Epsinom Heepom Ta beprom 3akmanom Ta
J0C1 BBAXKAETHCS «30JIOTUM CTaHIAPTOM» JJIsl JOCITIIKEHHS €eKTPUYHOI aKTUBHOCTI
KJIITUH Ta BJIACTHBOCTEH KIITHMHHOI MemOpaH. Lleli MeTon 103BOJsiE MPHUKPINUTU
CKJISTHMIM MIKPOENEKTPOJ 3 MajuM JiaMeTpoOM OTBOpPY /[0 MJUISHKH KJIITHHHOI
MeMOpaHH, CTBOPIOIOYH BHCOKOOMHMM €JEKTPUYHHMM KOHTAKT. TakuM YMHOM MOXHa
KOHTPOJIIOBAaTH PI3HUIIO TMOTEHI[ialmiB 3 000X OOKIB MeMOpaHH Ta BHMIpPIOBATU
CJCKTPUYHUNA CTPYyM, IO MPOTIKAE Yepe3 OKpeMi 10HHI KaHamu Iii€i maiasHku. Llei
MIIX11 € He3aMIHHUM JIJTS IETaIbHOTO aHATI3y MEXaHI3MIB Jii pi3HUX aHTUAPUTMIYHUX

npernapariB, 1110 B3a€MOJIIIOTh 3 I0HHUMH KaHAJIaMHU.

Y dapmaneBtuiii Metron patch-clamp BHUKOPUCTOBYETBbCS ISl BHUBYCHHS
BJIACTUBOCTEH HOBUX MPEIApaTiB B MPOIIEC IXHBOT pO3POOKHU UM TeCTyBaHHS. 30KpeMa,
3a gomomorow patch-clamp MokHa JOCHIKYBAaTH, SK MpernapaTd B3aeEMOJIIIOTH 3
KOHKPETHUMH 10HHUMU KaHajaMu, Ta sSIKUM YMHOM BOHH BIUIMBAIOTh Ha OKpeMi 10HHI
ctpymu a6o I1J1 xmituan. Ie no3Bossie JOCHITHUKAM 3pO3YMITH, SIK Takl GakTopu, sK
3MiHa 130opM ab0 ekchpecii 10HHMX KaHaliB, BIUIMBATUMYTh Ha ()YHKIIIOHYBaHHS

cepiis 3arajioM [36].

Bomnouac, metron patch-clamp mae meBHi oOMexenHs. [lo-mepine, BiH TEXHIYHO
CKJIQJIHUM 1 BUMarae BHUCOKOI KBai(ikalli eKCepuMeHTaTopa, OCKUIBKH Tpoleaypa
3aMuCy € TPYAOMICTKOI 4Yepe3 HEOOXIMHICTh OOEPEeKHOI B3aEMOIi 3 KIITHHHOIO
MeMOpaHo0, 1100 He 3pyHHYBaTH ii Ta 3aXONMUTH HEeoOX1aH1 10HHI kaHanu. [lo-npyre,
cuctema patch-clamp Moxke B3aeMOMISTH JUIIE 3 OJHIEIO KIITUHOK, IO OOMEXKYE
napajnenbHicTh ekcriepuMeHTiB. [lo-Tperte, patch-clamp HenmpupaTHmii 11 TpuBaIMX

EKCIIEPUMEHTIB Yepe3 HeCTaOUIbHICTh KOHTAKTY MIXK €JIEKTPoA0oM 1 MeMOpaHoto [37].
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[[lo6 momomaTu neski 3 HMX HEAOJIKIB, OyJ0 po3po0JieHO aBTOMATHU30BaH1
cuctemu patch-clamp 13 mapanenbHUMHU TIABEICHHSAMU EJEKTPOIIB 10 Oararbox
KIITUH ofHouYacHO. Taki miaTdopMu J03BOJISAIOTH 3MEHIIUTH MOpIr KBaiidikamii
EKCIIEpUMEHTAaTOpa Ta 3a0€3MEeYUTH BHCOKY IMPOIYCKHY 3JaTHICTh JOCIHIKEHb Ha

10HHUX KaHanax KmTuH [37].

1.6 CuctemMu 3 MIKPOEJIEKTPOAHUMH PelliTKAMH

[Tepmii MEP Oynu po3pobieni 'y 1950 pokax, a mepmiuii eKCIepuMEHT 3
BUKOPUCTAHHAM DEILIITKU MJIAHApHUX eNeKTpoiB ais 3anucy III1 xkmituH cepus Oys
nposenenuii Yapaszom A. Tomacom-monoamuM Ta ioro xoneramu y 1972 poumi [38].
Cuctemu 3 MEP mmpoko 3acTOCOBYIOTBCS B PI3HHUX Taly3six OlOMEIUYHUX
JOCTIIKEHb, 30KpeMa B HEBPOJIOTii, Kap11oJorii Ta papmakosnorii. ¥ Hesposorii MEP
BUKOPUCTOBYIOTBCSI [IJII BUBYCHHS €JICKTPUYHOI AKTUBHOCTI HeWpoHiB [39], y
KapA10JI0Tii — JJIsl JOCTIIPKEHHS €IEKTPUYHUX BIACTUBOCTEH KYJIbTYp KIITUH 1 TKAHUH
cepus [40, 41], a y dapmakonorii — mjig IOCTIKEHHS BIUTHBY (hapMarieBTUIHUX

CIIOJTYK Ha €JIEKTPUYHY aKTUBHICTh KJIITHH [42].

B Ttoii wac, komum wmerom patch-clamp OyB po3poOneHuil isi BUBYEHHS
eneKTpoi31010T1i KIITHHU LIJISXOM 1Ba3WBHOI B3a€MOJII 3 KJIITHHHOIO MEMOpPaHOIo,
JTOCHIDKeHHST 3 BUKOpucTaHHSIM MEP no3Bosit0Th 3/1HCHIOBATH HEIHBa3UBHUUI
MOHITOPUHT TIO3aKJIITUHHOI €JIEKTPUYHOI aKTUBHOCT1 KIITHH. Xou cuctemu 3 MEP 1 He
HaJIal0Th TI€1 PO3JIUIBHOL 3JaTHOCTI Ta TOYHOCTI, 110 ¥ MeToa patch-clamp Ta He 37aTHI
npsmo 3anucyBatu [1J], ane BOHM MaroTh MEHIIHMM KBaliiKaliifHUA TOPIT, BUCOKY
MPOIYCKHY 3/JaTHICTh, Ta HAJAIOTh MOXJMBICTH BuUBYaTHU JokaibHI [II1 KymeTyp

KJIITUH Ta TJI00aJIbHI 3MIHU B €JIEKTPUYHIN aKTUBHOCTI TKAHUHH.

B knacuunux cucremax 3 MEP BUKOpHCTOBYIOTHCA IUTAHApHI €JIEKTPOJIH, SIKI
3aMKUCYIOTh JIOKaJbHI MOTEHIIANM, 10 MOLIMPIOIOTHCS B MO3AKIITUHHOMY MPOCTOPI
HAaWOMMKYMX 10 HHUX KITUH. Taka peecTparfisi €JIEKTPUYHUX CHUTHAJIB €
HEIHBA3WBHOIO, III0 € OCOOJIMBO KOPUCHUM B JIOBFOTPUBAIUX JOCIIKEHHSX, 1€

30epeKeHHs UIICHOCTI KIIITHHHOI MeMOpaHu Mae BUpillalibHe 3HaUeHHs [43, 44].
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4x4 8x8

Puc. 1.3 T'eomerpis enextpoaiB cucremu 3 MEP 1jis pi3HUX po3MipiB peniTok

Macus enektpoaiB B MEP posramoBanuii Ha miaKIaAIl y BUTJSII PEHIITKH 3
MIEBHUM 1HTEpBajoM Ta reomeTpieto (puc. 1.3). KiTbKiCTh €NeKTPOaIB B PENIITIII MOXKE
BapIIOBATUCS BIJl JECATKIB JI0 THCSAY €JIEKTPOMAiB; OUIbIIAa KUIBKICTh EJIEKTPOJIB
3a0e3mnedye BHUIY TPOCTOPOBY PO3AUIBHY 3AaTHICTh. ENeKTpuduHi Ta MeXaHivHi
BJIACTMBOCTI ~ MaTepialy  eJeKTpOAiB Oe3mocepeHbO  BIUIMBAIOTH HA  IXHIO
(YHKITIOHATIBHICTh. 30KpeMa, €JIEKTPONPOBIIHICT, MaTepially BUu3Ha4Yae €(h)eKTUBHICTh
CJIEKTPUYHOI CTUMYJISII] KIITHUH Ta peecTpalii CUrHalmy, TOAl SK MEXaHIuHl
BJIACTUBOCTI, TaKi sIK THYYKICTh Ta 3HOCOCTIMKICTh, € KPUTUUYHUMHU JIJIs1 3a0€3MCUCHHS

HajiiHocTi MEP mij yac MaHimyJ i Ta TpuBajaoi eKkcruryTarii [45].

MEP cknanaetscs 3 mMAKIAIKA Ha SKIA PO3TAIIOBYIOTh MAaCHB MiKPOEIEKTPO/IIB
Ta JopiKOK (puc. 1.4a). EnekTpoHika 1l 3a1IMCy CUTHAIIB MOXKe OyTH 1HTETPOBAHOIO
B yun [46] ab0 po3TamoByBaTHCS Ha OKPEMOMY MIpPUJIa/i, TAKOMY SIK TOJOBHMI OJIOK
[47] (puc. 1.406, 3miBa). 'onoBuwmit 6ok (headstage) micTuTh TiACHITIOBaYl, aHAIOTO-
uupponi mneperBoptoBaui (ALIIl) Ta MynbTHIUIEKCOpPH, $KI BUKOPHCTOBYIOTHCH,

BIJIOBIAHO, JIJIs1 TOCUJICHHS, OLIM(PpyBaHHS Ta KoMmyTarlii 3apeectpoBanux [T kimitun.

Cucremun 3 MEP MoxyTh BkiaroyaTH OJIOK 1HTepdelcy NEepeKToYaHHS MIXK
pizanmu MEP cuctremamu (puc. 1.40, cripaBa), a TakoXX JOMATKOBI KOMIOHEHTH, TaKi
K ENEKTPOHHI CXEMH CTUMYJIALII JUIsi KEPOBAHOTO EJIEKTPUYHOTO CTUMYJIIOBAHHS
kmituH [47], cucteMu onTHYHOI Mikpockomii [48], omTuyHOi crumyssimii [8] Ta
MIKpO(DITIOIIHI CUCTeMH [JIsi BBEJEHHS MpemnapariB B TO3aKIITHHHUNA MPOCTIp, IX

JIOKaJIbHY JJOCTaBKY a00 MIATPUMKY KJIITUHHOTO cepenoBuiia [49].
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a) 0)

Puc. 1.4 MEP 3 60 enektponamu (a), rojoBHHi 610K (0, 3711Ba)
Ta 610K 1HTepPeiicy cuctemu 3 MEP MEA2100-Systems (0, cripaBa)
komrtanii Multi Channel Systems MCS GmbH

[Toeqnanns mikpoduoinuux cucrem 3 MEP BUKOpHUCTOBY€ThCS Uil BUBYEHHS
HEUPOHHUX MEPEX Ta KIITUHHUX KyJdbTyp. OMHa 3 TOJIOBHUX IepeBar Ii€i KoMOiHaIii
CUCTEM — 1I€ MOXJIUBICTh KEPYBAaHHS KOHIEHTPALIIMU IpEnapariB y M03aKJIiTHHHOMY
CepeZIoBUIIl KIITUH. BrpoBajkeHHS TPUBUMIPHUX TPyO4aCTUX HAHOCTPYKTYPHHUX
CJIEKTPOMIB 3 OTBOpaMHU [0 MIKpOQIIOIIHUX KaHaliB, MOpAd 3 IUIAHAPHUMU
€JIEKTPOJIaMH, JT03BOJISIE JOCATTH BUCOKOT €(DEeKTUBHOCTI AJIs1 HEIHBA3UBHOI peecTparlii
AKTUBHOCTI KJIITUH Ta JJI1 TOYHOI JOCTaBKH (papmalieBTUUHUX IpenapartiB. [HTerparis
CUCTEM JIOCTAaBKH Ta peecTpallli Ha OAHOMY YHIi 3a0e3Meuye 3aTHICTh BIACTEXKYBATU
MOCTYIOBI 3MiHHU B €JIeKTPO(1310I0TIUHIA TOBEIIHIN KIITUHHUX KYJIBTYP 1]l BIUTUBOM
JiKyBaJdbHUX MpemnapatriB. [Ipy mpomy JokamdizoBaHa JOCTaBKa 4yepe3 MIKpoQuroigH1
KaHal B MO€IHaHHI 3 OaraTOKaHAJIBHOIO peecTpalielo aktuBHocTi Ha MEP nae
MO>XJIMBICTh IIJIECOPSIMOBAHO BIJIMBATH HAa OKpEeMi IPYNU KIITHH Ta aHaII3yBaTH

BIJITIOBI/JIb PEIITH KIITHHHOI Mepexi [49].

Oxpim MEP icHytoTs 6araro iHImMX KOHQIrypaiiil enekTpo/iB Jjisi BUMIPIOBaHHS
IIIT cTBOpenux mia cneuudiyai BUMOTH. OJIHMM 3 TPHUKIAIIB aTbTEPHATUBHOTO
MIIXOMy 10 MIKPOCIEKTPOAMHUX CHUCTEM TIONIATAE B TMOEAHAHHI MIKpOQIIOiTHUX
KaHaIIB 3 CHCTEMOIO peecTpallli eJeKTPUYHOI aKTUBHOCTI cepueBux KiiTuH [50].
Taxuit mpucTpiit 31aTHUN HIBUAKO 3aCTOCOBYBATH PI3HOMAHITHI CUTHAIH €JIEKTPUYHOI
CTUMYJISIIT JO KIITUHHUX KJacTepiB, IIO 3HAXOAATHCA B KaHali, OJHOYACHO

BuMiproroud ix I1I1. Knactepu kapaioMiolUTIB 3aXOIUTIOIOTHCS MOBEPXHEIO €EKTPO/IIB



34

JUIS CTUMYJIAILT, @ TIOTIM MEePEeMINTYIOThCS TMOTOKOM JUIsl TOCTIAOBHOTO aHamizy. Lle
3a0e3reuye BUCOKY MPOIYCKHY 3/IaTHICTh CHUCTEMH Yy TOPIBHAHHI 31 CTaHAApPTHUMU
MEP, ne ximiTMHM 3a3BUYail KyJIbTHBYIOTbCS O€3MOCEPETHBO Ha EJIEKTPOJaXx.
Po3po6nennii mpucTpiii 103BOJIsIE€ XapaKTepU3yBaTH €IEKTPUIHY aKTHBHICTh CEPIICBUX
KJIACTepIB PI3HOTO CKJIaay Ta MiJ BIJIUBOM pI3HUX MapaMeTpiB CTUMYJIii. Taki
MIKpOQUIIOiAHI TIATGOPMU MOXKYTh BHUKOPUCTOBYBATHCS Ui OLIHKM 3pUIOCTI Ta
(DYHKITIOHATIBLHOCTI KapJiOMIOIUTIB, OTPUMAHUX 3 I1HAYKOBAHUX TUTFOPUIIOTEHTHUX

ctoBOypoBux kmituH (1[ICK), Ta ontumizarii mpoTokodiB ix audepeHtiarii.

[HmuM  BapiaHTOM /10 peecTpallii  eleKTpuYHoi akTUBHOCTI 3D ceprieBux
MIKPOTKAaHUH € TEXHOJIOTISI MIKPOEJIEKTPOJIHOIO KaHaJIbHOrO Harpasisya (aHrJl.
microelectrode channel guide a6o UECG), onmucana B po6oti [51]. Ha Biaminy Bix
Tpaauiiitnux MEP, ne enexktpoau xxopctko ¢ikcoBani Ha noepxHi, LECG no3Bomsie
THYYKO TO3UIIIOHYBaTH APOTSIHI 30HAM B 3D mpocTopi MONiAMMETHICUIOKCAHOBUX
(ITIMC, anrn. PDMS) mnardopm ans texHosorii «opranu-Ha-yumi». Lle 3a0esneuye
0e3nocepeIHIi KOHTAKT €JIEKTPOAIB 3 MIKPOTKAaHWHAMH Ta MOXJIMBICTh HEIHBA3UBHOTO
samucy III1. Texwuonoriss ptECG moxxe OyTu iHTErpoBaHa 3 CHCTEMaMH MEXaHIYHOI
CTUMYJIALIT JJIS CTBOPEHHS O1OMIMETHMYHOIO MIKPOOTOYEHHSI Ta (YyHKLIOHAJIBHUX
MojeNel cepisd JUIsi  TECTYBaHHS  KapAIOTOKCHYHOCTI Ta PO3POOKH  JIKIB.
Buxopuctanas 11i€i TEXHOJIOTI] JUIsi BUPOINYBAaHHS KAapJIOMIOIMTIB JIIOJUHU 3
MEXaHIYHOK  CTUMYJISIIIEI0  JIO3BOJIMJIO  CIIOCTEpIraTH  CHUHXPOHHI  CIIOHTaHHI
CKOpPOYEHHS, SIKI PEECTPYBAINCH OJHOYACHO B 0ararbox TOYKAaX Ta Oe3mepepBHO

MPOTSTOM TPUBAJIOTO Yacy.

1.7 Metoau peectpauii noTeHiajaiB aii B CHCTEMAaX 3 MIKpPOeJeKTPOAHUMH
pemiTkaMu

Opniero 3 ronoBHux mpobiiem cuctem 3 MEP € inTepnperariis 3amucaHux
curHaimiB. Ockinbku III1 mpencTaBiasitioTh CyMapHy €IEKTpUYy AKTUBHICTH KIITHH,
CUTHAJIA MO€ OyTH Ba)KKO PO3JAUINTH, 1100 B1IOOPA3UTH MOBEIIHKY OKPEMUX KIITHH

[52]. Lle ocobnmBO akTyaldbHO MPH BUBYECHHI T'E€TEPOTCHHUX MOIMYJIAIINA KIITHH, J€
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aKTUBHICTh OJTHOTO THITY KJITHH MOYK€ MacKyBaTh ab0 CIIOTBOPIOBATH BHECOK 1HIIIOTO
[53]. Kpim Toro, ammuityna IIIl, 3anmucanux 3a momorow miaHapaux MEP (MxB),
3a3BUYall € HIDKYOKO 33 aMIUTITYQy BHYTPIIHbOKIITUHHUX 1], oTpuMannx meTtomom
patch-clamp (MB). Uepes nie, a1t MEP BuHHKae HEOOX1THICTh Y BUKOPUCTAHHI O1IBII
YYTJAUBUX EJIEMEHTIB peecTparlii CUTHaNIB (HANpPUKIAA, €JIEKTPOMdiB TpruOOMmoaioHOT
dbopMu NI Kpamoro KOHTAKTy MK KJIITHHOIO Ta elnekTpomoM [54]) abo po3pobku
e(eKTUBHOTO 1HPOPMAIIIHHO-AITOPUTMIYHOTO 3a0€3MeUeHHS JIsl 0OpOOKH CUTHAIIIB Ta

BUJIYYCHHS HEOOXITHUX JaHUX .

Opne 3 HalmpocTiuX pimeHb npodiaemu iHTepnpeTari [1J] ta T kmituH cepis
— 1€ OJHOYACHE BHUMIPIOBAaHHA 000X CHUTHaJIB. XO0Y KJIACHUYHI CHUCTEMHU IUIAaHAPHUX
MEDP 3natHi BumiproBaTu Tinbku [111, ane ix akTHBHO MOAM(IKYIOTH, 11100 peanizyBaTu

MO>KJIMBICTH 3anucyBaTu [1/] okpemMux KIIiTHH.

OaHuM 13 METONIB 3aluCy BHYTPIIHbOKIITUHHUX mnoTeHiiane B MEP €
BUKOPHUCTAaHHS ONTO- abo ejekTpornoparnii. Lli Meroau mMiABUIIYIOTH MPOHUKHICTDH
MeMOpaHH, 10 BUPIBHIOE E€JIEKTPUYHI MOTEHIIATM BCEPEAUHI KIITUHU Ta HABKOJO
€JIEKTPOAY, TOOTO J1a€ MOXJIMBICTH BBa)XaTW TNPOCTIp HABKOJO EJIEKTpoja

BHYTPIITHbOKIITHHHUM.

VY Bumaaky enekTporopailii, KJIITHHHA MeMOpaHa 301IbIIy€ MPOHHKHICTH ITiJT
JIEI0 eNEKTPUYHOTO TIOJISI BHACIIOK JIe30praHi3aiii MOJIEKYJl BOAU O 1i I THOTO
mapy. st eeKTUBHOTO 3aCTOCYBAHHS €JIEKTPONnopalii Heo0XiTHO OOMEXyBaTH CUITY
Ta TPUBATICTh Mii EIEKTPUYHOTO TMOJs, aJKe 3aHAATO CHJIbHUW BIUIMB TOJS Ha
MeMOpaHy MOK€ NPHU3BECTH A0 1i HE3BOPTHHOrO pyWHyBaHHs [55]. [ns Toro mob
JIOKaI3BaTH €JIEKTPUYHE TO0JI€ B MEXaX IIISHKU KIITUHU BUKOPUCTOBYIOTh P13HI TUIH
EIEeKTPOIIB, 5K (POPMYIOTh TICHUH 3B’S30K 3 MeMOpaHOIO: HaHOCTOBOypu [56],
rpudononioHi [57] Ta TpyOuacTi HaHOCTPYKTypu [49]. X0Y Takli CUCTEMH MOXKYTb
sanucyBatu 1 III1 1 I1/], ane GaraTto 3 HUX HE MOXYTh POOHUTH 1€ OJHOYACHO, AT[KE
€JIEKTPOJI SIKU paHimie OyB 30BHIMIHIM Ta 3anucyBaB 11, micis exexTpomnopartiii crae
«BHYTPIIIHBOKJIITUHHUMY 1 mourHae 3anucysaTtu [1/]. Taka 3MiHa TUIIIB peecTpOBaHUX

CUTHAJIIB TPHUBA€ TIEBHUN Yac, aje KOJIM MeMOpaHa TOYMHAE BIHOBIIOBATHUCS, TO
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enexkTpoa 3HOBY moumHae 3anucyBaTu IIII, ToO6TO 111 mocTidiHoro 3amucy I1]]

HEOOX1HO MEePi0IMYHO TOBTOPIOBATH MPOLIEC €ICKTPOIOpallii.

VY BUMNaJKy 3 ONTOMNOPALIEIO AJIS MiIBUIICHHS MPOHUKHOCTI BUKOPUCTOBYETHCA
Jaszep, SKUM 3aBIASKM (OTOTEpMIYHOMY €(EeKTy HarpiBae Ta pO3pIIKYeE JIMiAU Ha
OCBITJICHIM AUISHLI KIITUHHOI MEeMOpaHH, a €JIEKTPOIH, SIKI 3HAXOIATCA Ol Hef,
OTPUMYIOTh MOKJIUBICThH 3amucyBaTu BHYTpIIHbOKIITHHHI [1/]. Cuny Ta TpuBamictb
aii nazepy tpeba oOMeXKyBaTH, aJpKe SKIIO J1a3ep 3aHaATO MOTYKHHIA, TO HOTO BIUIMB
MO’K€ MPU3BECTH JI0 MOCTIHUX 3MIH Y MOPQOJIOTii KIITHHUA Ta MPUBECTH A0 ii CMEpTI
[58]. Jyist 3anucy CUTHAJIB MICIS ONTONOpaIlii BUKOPUCTOBYIOTh SIK TPUBUMIPHI, TaK 1
MIJIAaHAPHI €JIEKTPOJIH, a TAKOXK €JICKTPOAHM MOKPHUTI TUIA3MOHIYHUMHU MeTamaTepiajJaMHu.
Cucremu 3 IUIa3MOHIYHIYHUMHU €JIEKTPOJAMH JO3BOJISIIOTH (DOKyCyBaTH Jla3ep Ha

MTOKPUTTI €JICKTPO/IIB Ta IPOBOJUTH OINTOIOPAIliI0 HA MeMOpaHi OLbI HallJIeHo [44].

Cucremu 3 MEP, 110 BUKOpPHCTOBYIOTh ONTO- Ta €JIEKTPONOpALIii0, PO3pobIIeHi
TaKUM YUHOM, 100 B3a€MOJIiS 3 CTPYKTYPOIO KIITHHHOT MeMOpaHu Oyia 3BOPTHBOIO,
TOX BOHM MEHII 1HBa3WBHI HIK Takli METOJH K patch-clamp, ane Oiybll 1HBa3WBHI HIXK
kinacuuHi cucreMd 3 MEP 31 3BHuaiiHMMHM TUtaHapHUMH  enekTpoaaMu. [lomix
MoaudikoBanux MEP Takox 3HaX0JTh BUKOPUCTAHHS M 1HBa3WBHI BapiaHTH CUCTEM,
AK1 37aTHI 3amucyBaTd BHYTpimHbOKMITUHHI [IJ[ 3a 1momoMororo MexaHiduHOI
nepdopairii memOpanu. Tpuumipai enexktpoau Takux MEP MoxyTs BUTTIST yIbTpa-
rOCTPUX HAHOAPOTIB, 3JaTHUX MPOTUHATH MeMOpaHy, [59] abo MaTu ByJIKaHOMOIOHY
dbopMmy, sAKa  03BOJISIE  3aXOIUTIOBATH  KJITUHY  Ta i €IHYyBaTH» il
BHYTPIITHBOKJIITUHHE CEPEJOBUIIE 0 MIKPOCIECKTPOY BCEpEeIrHI «BYJIKaHy» [60].
TakuM YMHOM, METOJ 3 BYJKAHOMOMIOHUM €JIEKTPOJAOM JO3BOJIIE OJHOYACHO
samucyBatu 1 [1J] wmituam, 1 ii TII1, 3a momomororo miaaHApPHOTO EJIEKTPOIY 330BHI
«ByJIKaHy». KpiM Toro, He3Bakarouu Ha 1HBA3UBHICTh, BIH MOYK€ BUKOPUCTOBYBATHUCS
JUTSL TOBTOCTPOKOBHX 3amuciB [10], 1o poOUTH HOTO T1AHUM KOHKYPEHTOM CHUCTEMAaM 3

OTITO- Ta €JIEKTPOTIOPAITIEO.

Matematnuna pexoHcTpykuiss IIJI 3 IIIl € moTyXKHUM 1HCTPYMEHTOM Jis

HEIHBA3WBHOTO JIOCHI/DKCHHSI €JIEKTPUYHOI aKTHBHOCTI CEpIEeBUX KITHH. BoHa
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no3BoJisie po3pizHaTU curHanu I1/], 1o HagxonaTh BiA PI3HUX KJIITHH Y CUCTEMax 3
MEP 3 BHCOKOIO TIPOCTOPOBOIO PO3ALILHOI 3AaTHICTIO. [1J] pi3HUX KIIITUH MOXYTh
BIJIPI3HATHUCS 32 (DOPMOIO, TPUBAJICTIO, aMIUTITYAOI0 Ta IHIIMMH XapaKTePUCTHKAMHU.
Binokpemitoroun curHanu 1/l Ha OCHOBI IUX MPOCTOPOBHUX 1 YACOBUX OCOOJIUBOCTEM,
JIOCTIAHUKN MOXYTh 1I€HTU(IKYBaTH Ta aHaNI3yBaTH BHECKM KOHKPETHHUX THIIIB
KJIITUH a00 CerMEHTIB TKaHWH Yy 3alucaHy eJEeKTPUYHY aKTUBHICTh. Lle po3pizHeHHs
MOJIETIIYE€ BUBYEHHS KIIITUHHOI T'€TEPOreHHOCTI, BIUIUBY IpenapariB Ha €JIeKTPUYHI
CUTHAJM KJIITHH, (YHKIIOHAJIBHOTO 3B'S3Ky B CEpPLEBHX TKAHWHAX Ta MOIIUPEHHS
€JIEKTPUYHO1 aKTUBHOCTI, 110 BaXKJIMBO JJII PO3YMIHHS MEXaHI3MiB CEPIIEBUX apUTMIH.
Kpim Toro, wmarematnuna pekoHcTpykiis IIJI 3 IIII mgo3Bosse mnpoBOaUTH
JOBTOTPUBAJIl BUMIPIOBAaHHS Ta BHBYATH 3B'SI30K MK EJNEKTPHUYHOIO Ta MEXaHIYHOIO
aKTUBHICTIO cepiieBoi TkaHuHM. PIIJ] Takok Mo)kHa BUKOPUCTOBYBATH ISl Basijarlii
Ta BJIOCKOHAJICHHSI MAaTEMaTUYHUX MOJEJIEH CepleBUX KIITHH. 3arajiom, MaTeMaTuyHa
pexoHctpykuiss IIJI 3 TIII BizkpuBae MIMPOKI MOMIIMBOCTI ISl TMOTIUOJIECHOTO

JOCIIDKEHHS eJeKTpo(i310J10T1i ceplisl Ta pO3pOOKH HOBUX TEPANEBTUYHUX IT1IXO0/IIB.

1.8 IndopmaniiiHo-agaropurmiune 3a0e3MeYeHHs CUCTEM 3
MIKPOeJEeKTPOJHUMH pelliTKaMHu

Oco0nuBIiCTh MaTeMaTU4HOI pekoHcTpykuii IIJ] momsirae B ToMmy, 110 BOHA €
MPOTPAMHUM PIIIEHHSIM 1 YaCTUHOK 1H(OpMAIIHO-aITOPUTMIYHOTO 3a0e3nedYeHHs
cuctem 3 MEP. Ha BinMiHy BiJ TEXHOJOTIYHHMX pillIeHb, SKI YacTO BHMAaraloTh
Moau(ikallii armapaTHOi YacTHHH, MporpaMHe 3abe3rneueHHs sl pekoHCTpyKiii T1/]
Mae HU3Ky nepesar. [lo-mepiie, BOHO € THyYKHM 1 MOK€ OyTH JIETKO aJanTOBaHE 0
KOHKpETHHX noTped nociimkenns. [lo-gpyre, mporpaMHi pimeHHs 34aTHI €eKTUBHO
00pOoOJIATH BEIMKI OOCSTH JIaHMX, IO OCOOJMBO BaXKJIMBO MPHU POOOTI 3 CUCTEMaMHU,
Kl MarTh BHCOKY IPOCTOPOBY pO3AUIBHY 3/aTHICTh, JOBIOTPHUBAJI 3allUCU Ta
amapatHy mnapanenizamito. [lo-TpeTe, 3 €KOHOMIYHOI TOYKH 30py, pO3poOKa Ta
BIIPOBA/KEHHSI MPOTPAMHUX pIIIeHb 3a3BUYail € OUIbIl €(PEeKTUBHUMHU IMOPIBHSHO 3
anapataumu  Moaudikamisimu.  Kpim  Toro, mporpamHe 3abe3medyeHHS IS

pexkoHcTpykiii IIJI MokHa 1HTerpyBaTH 3 IHIIMMH I1HCTPyYMEHTaMU aHali3y Ta
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Bi3yauti3allii JaHuX, 1110 J03BOJISI€ CTBOPIOBATH KOMIUIEKCHI poOOUl MPOIIECH.

IndopmarniitHo-anroputmiune 3abe3nedyeHHs cucteM 3 MEP Bkimodae B cebe
nporpaMHi pimieHHa uisi 300py, aHamizy Ta Bi3yalmi3amii AaHUX, OTPUMAaHHUX 3
MIKPOEJIEKTPOJIHUX pPEIIITOK. Po3risHeMo aeTanbHIIE KIHOYOBI (YHKINT TaKoro
MPOrpaMHOTO 3a0e3neyeHHs Ha NMpuKiIaal npoaykrtiB komnaHii Multi Channel Systems

MCS GmbH.

OpHi€r0 3 OCHOBHUX 3aj1ay 1H()OpMaIiiHO-aJITOPUTMIYHOTO 3a0e31eueHHs € 301p
JaHuX y peambHoMy 4daci. Ilporpamui iHcTpymeHTH, Taki sk Multi Channel
Experimenter, 103BOJSIIOTH 3alKMCyBaTH MOTEHIIANXW Toyst 3 ycix ka"amB MEP,
KepyBaTH IIPOIECOM 3aluCy Ta JETEKTyBaHHS MiKiB 30y/KeHHs. Baximporo
NepeBarol0 € THYYKICTh HaJallITyBaHb EKCIIEPUMEHTY Ta MOKJIHMBICTH poOOTH 3
pI3HMMHU JDKepenaMu JaHWX, IO JO03BOJSE aNanTyBaTH CHUCTEMY 10 KOHKPETHHUX

noTped MOCIiHKESHHS.

He meHII BaxuBOIO (PYHKIIIEIO € aHATI3 JaHUX, KU MOKE€ BUKOHYBATHUCH SIK Y
peaqbHOMY Yaci, Tak 1 MICIs 3aBepIICHHS eKcliepuMeHTy. [Iporpamue 3a0e3neueHHs,
take gk Cardio2D ta Multi Channel Analyzer, Hagae 1HCTpYMEHTH ISl TOCIHIKEHHS
MaTepHiB 30Yy/KCHHS, TOPIBHSHHS PO3IMOBCIOJKEHHSI CHUTHAJIB MK KaHaJaMHu,
PO3paxyHKY IIBUIKOCTI Ta 3aTPMMOK INPOBEAEHHs IMIyibcy. Lle m03Bomsie aeTanbHO
BHUBYATH IPOCTOPOBO-YACOBl XapAKTEPUCTHUKU EJIEKTPUYHOI AKTUBHOCTI CEPIEBUX

KJIITUH Ta TKAaHWUH.

Jliis epeKTUBHOT 1HTEpIIpeTAallil Pe3yabTaTiB BAXKJIMBY POJb BIIIrpae Bizyamnizallis
nanux. IIporpamue 3abesneueHHs st cucteM 3 MEP mnoBuHHO 3a0e3meuyBartu
nobynoBy rpadiunux pucyHkiB Il B uwaci Ta Ha peunTii enexkTpodiB. DyHKIIT
MacmTaOyBaHHS Ta HaBirailii Mo JaHWM HAa OCHOBI MO/, peani3oBaHi, HAIPUKIIAI, B
Multi Channel Analyzer, 103BOJISIFOTh 3pYyYHO AOCHIDKYBATH SIK 3arajbHy KapTUHY

aKTUBHOCTI, TaK 1 ii OKpeMi JeTai.

3 ToukM 30py iHTErpaiii 3 ICHyIOYUMH MeTOoAamMH OOpOOKH JaHWX, BaXKIUBOIO
¢dbyHKIIE0  1HPOPMAIIHHO-aITOPUTMIYHOTO 3a0€3MEUCHHSI € eKCIOpT JaHuX Yy

nommmpeHi popmatu, taki sk HDFS, .nex, .ced Tomo. Inctpymentn, moaioni mo Multi
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Channel DataManager, 103BOJISIOTh KOHBEPTYBAaTH 3amucu y ¢dopmaTd, CYMICHI 3
MONYJSIPHUMU ~ CEPEIOBUIIIAMU  aHATI3y JaHuX, TakuMmMu sk Matlab, Python,

Neuroexplorer To1ro.

[lepeBaroro mporpaMHuX pimieHb it cucteM 3 MEP € iX rHydkicTh Ta
PO3IIMPIOBAHICTh; MpPH  HEOOXigHOCTI, 0a30oBe  iH(pOpPMAIIHHO-aITOPUTMIYHE
3a0e3neyeHHss Moxe OyTH aJanToBaHE Ta JIOMOBHEHE JOJATKOBUMH MOIYJSIMU YU
aNrOpUTMaMH, cHenupiYHUMU JJIi  KOHKpETHOTo jociikeHHs. Ile mo3Bolse
CTBOPIOBATH KOMIUIEKCHI po00OYl MpPOIECH, SIKI MOEAHYIOTh B €001 SIK CTaHJApTHI
METOJIY aHajli3y, TaK 1 IHHOBAIIHI MIIX0AU 10 0OpOOKU JaHUX. 30Kpema, 1HTerparis
ITOPUTMIB MAILIMHHOTO HAaBYaHHS Ta WTy4yHOro iHTenekTy (LLI) moxe 3abe3neunTu
aBTOMATU30BaHE pO3Mi3HaBaHHSA OOpa3iB 1 KiIACH(IKAIIIO EIeKTPUYHUX CHUTHAJIB
CepLEeBUX TKAHUH. Y MalOyTHIX po3poOKax MPOrpaMHOrO 3a0e3MEeUeHHS MOXKHA
BUKOPHCTOBYBAaTH METOJH IITYYHOTO IHTEIEKTY JJII OOpOOKM CUTHAIIB, TOKPAIICHHS
BUABIICHHS 3yOLlIB Ta mofid, aHami3y mnepioaiB IIII, miaBUIlEeHHS TOYHOCTI aHAMI3y
curHaity Ta knacudikarii III1 3a BnmmBoM Tumy Ta KOHIEHTpawii mpemnapary. Taki
METOJM aHaN3y JAaHUX MOXYTh 3HAYHO PO3LIUPHUTH MOXKIUBOCTI cuctem 3 MEP Ta

BIIKPUTH HOBI NMEPCIIEKTUBH B JOCIIKEHH1 eJ1eKTpo(i310J10Tii ceplisl.

Takum uwHOM, 1HGOpPMAIITHO-ANTOPUTMIYHE 3a0€3MEUeHHS € HEBIJI'€MHOIO
yacTUHOIO cyyacHuX cucteM 3 MEP. BoHo Hajmae nocnigHukaM MOTYXHI Ta THYYKI
IHCTpYMEHTH sl €()EeKTUBHOI poOOTH 3 JaHMMHM Ha BCIX €Tamax — BIJ 3alucy 0
aHajizy Ta IHTEpHpeTallii pe3ynbTaTiB. 3aBAsSKH CBOid  aJalnTUBHOCTI  Ta
PO3IIMPIOBAHOCTI, IPOTpaMHI PillIEHHS J03BOJIAIOTh afantyBatu cucremu 3 MEP no
IIUPOKOTO CIEKTPY 3a7a4 B 00JaCTl JOCIIIKEHHS €IeKTPodi310JI0TIi ceplis Ta 1HIINUX

O10JIOTTYHUX TKAHUH.

BucHoBku 10 po3ainy 1

Ha ocHOBI mpoBeIeHOT0 OTJIAy HAYKOBHUX JIKEPEI 3 eNeKTpodi310J10Tii ceplieBrxX

KJIITUH OYyJI0 BCTAHOBJICHO:

1. Meron patch-clamp € 30m0TUM cTaHgapTOM [Js JOCHIIXKEHHS BIUIUBY
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npenapaTiB Ha KJIITHHM 3aBISIKM CBOIM MOXJIMBOCTI O€3MOCEpeIHbOr0  aHaII3y
enektpodizionoriunux xapakrepuctuk IIJ[. Ileit meTton € o0co0IMBO ILIHHUM JJIs
netanpHOro BuBueHHs (a3 [1]] ta ionHux ctpymiB. OaHak, 3actocyBanHs patch-clamp
cTae TpoOJIEMATUYHUM TIPU TPUBAIUX EKCIIEpUMEHTax abo0 KOJIM MOTpiOHA BHCOKa

MPOITYCKHA 37aTiCTh CUCTEMH.

2. Cucremu 3 MEP, x04 1 mpocTilni y BUKOPUCTaHHI, ajie 3[aTHI peecTpyBaTu
aumie [II1. CywacHi TexHoJsorii, po3poOjieHi s KOMIIEHcallli MuX OOMEXeHb, He
no30aBJIeHI HEJOJIKIB: y pa3i ONTHYHUX METOJIB MOXKJIMBAa (POTOTOKCUYHICTH, a

€JIEKTPUYHI METOJIU IMiABUIIYIOTh PU3HUK MOITKOKEHHSI KJIITHHHOI MEMOpaHHU.

3. Bukopucranns wmatematuuHoi pekoHcTpykuii IIJI 3 IIII BigzHadaerbcs
BIJICYTHICTIO JECTPYKTUBHOTO BIUIMBY Ha KIITHUHH, SKUA € XapakTEepHUM IJis
TexHoJjorii patch-clamp Ta enexkrpomnux 1 ontuuHux moaudikaiiid cucteM 3 MEP.
Po3pobka Takoro miaxomay MOXKE CIYXUTH OE3MMEUHOI0 aTbTEPHATHUBOIO JIJISI CUCTEM 3
MEP, nospomstoun otpumyBatu iHdopmanito npo I/l 6e3 ¢izuyHOro BTpyudaHHS B
KIITUHHY CTPYKTYpy. Takui Miaxii MOXK€ CHPHUATH OUIbII TOYHIA OLIHII PHU3UKY
KapAIOTOKCUYHOCTI,  30KpeMa  4epe3  MOXJIMBICTb  JIETAIbHOTO  aHami3y

enekTpodizionoriunux xapakrepuctuk PIIJ[ kmiTun.
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PO3/11 2
MATEMATHYHI MOJIEJI TIOTEHIIAJIB JIi TA
MO3AKJITUHHNX NOTEHIIAJIB KJIITHH CEPIIS

2.1 MopeJii eJIeKTPUYHOI AKTUBHOCTI CepUeBUX KJIITHH

3B's130k Mixk [1]] Ta I1I1 € pe3ynaprarom cknagaux 010i3MIHUX B3a€MOJIN depes
10HHI KaHaJH, KJITHHHY MeMOpaHy Ta MO3aKIITHHHUNA HpocTip. MaTemMaTH4HI MOJEN,
Taki sSK PIBHSHHSA XOJKKiHA-Xakcial Ta ix Moaudikailii, BUKOPUCTOBYIOTHCS IS
cumymsanii guHamika 1] Ta ciyxarb OCHOBOIO Ui PO3YMIHHS TEPETBOPEHHS

BHYTPINTHbOKJIITUHHUX TIO/I1M Ha MO3aKIITUHHI sBUIA [61].

JletanbHe BUBYEHHS 010()I3MYHMX MPOIIECIB, perymorunx B3aemoaii Mix I1J] Ta
[1I1, BusiBNSiE€ poib 10HIB Y BU3HAUEHHI €JIEKTPUYHOI aKTUBHOCTI KJIITUH. [OHH1 KaHamy,
0 TPUCYTHI B KIITHHHIM MeMOpaHi, peryjroTh IepexiJ 10HIB uepe3 Hei,

3abe3neuyroun hopmysanus [111 [61].

VYV [OoCHiKeHHSIX KapJlIOTOKCUYHOCTI in Vitro JJid OIIIHKM BIUIMBY JIIKapChKHX
npenapariB Ta IHIIUX PEYOBMH Ha cepueBl (YHKIIT BHUKOPHUCTOBYIOTH Pi3HI THUIH
KITUH cepiis. Jlo HUX BITHOCATHCS KapAIOMIOIUTH LIUTYHOUKIB, E€percepib, KIITHHU
BoJIoKOH Ilypkinbe, kniTunu ABB ta CAB. KoeH 3 1IuX TUIIB KJIITHH Ma€ yHIKaIbHI
eJIeKTPO(i310JI0T14HI BIACTUBOCTI Ta (QYyHKLIT B cepili, 10 POOUTH X MPUIATHUMU IS

BUPIIICHHS! KOHKPETHUX JTOCTIAHUIILKUX 3aB/IaHb.

Jnst cumynsanii enekTpo@i310JI0rTYHUX MTPOLECIB PI3HUX THUITIB KIITHUH ceplis 0yJI0
po3pobsieHo Oarato MaTemMaTHuHuX Mozened. LI Monmeni BpaxoByIOTh YHIKaJIbHY
CTPYKTYpY 1OHHUX KaHajiB, MeMOpaHHMX TOTEHIIaJiB Ta IHIIUX KIITUHHUX
BJIACTUBOCTEH, XapaKTepHUX HJisi TIEBHOTO THUIy KIiTUH. Hanpuknax, wMopeni
KapJIOMIOIMTIB TUIYHOUKIB MalOTh OUIBIIY KITBKICTh 10HHUX KaHATIB, TaKUX SK
mwBuakui HatpieBuii (Na) xanan, xaneuiesuit (Ca®") kaman L-tumy Ta pisHi Kamiesi
(K") xanamum, taki sk K'-kaHanu BHYTPIIIHHOIO BUIPSMIICHHS Ta CIOBUIBHEHOTO
BUMPSMJICHHS. 3 1HIIOrO0 OOKYy, MOJeNl KJIITHH TMPeAcepb 4YacTO BKJIIOYAIOTh
JIO0JAaTKOBI 10HHI KaHaJIM, Taki K HaAmBUAKUN K -KaHa ClIOBIIEHEHOTO BULIPSIMIICHHS

(Ikw) 1 K'-kaHan, akTUBOBaHMU ameTUIXOMHOM ([x4cn), SIKI 3a3BUYail BIACYTHI B
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NUTYHOUYKOBHX KiiThHaX. Ili cmenudiyHi 10HHI KaHadd CTBOPIOIOTH YHIKaIbHI
Mopdosorii I1J[, mo cmocrepiraloTbess B KJIITHHAX TEpeaAcepib, 5K, SK IMPaBUIIO,

KOPOTIII 32 TPUBAIICTIO MOPIBHSAHO 3 TAKMMHU B KJIITUHAX [UTYHOUKIB [62].

Bukopucranns kinitun CAB Mae kijgbka mepeBar HaJ IHIIUMH TUIIAMH KJIITHH
cepus. [lo-nepme, kinitnan CAB cayryroTh TPUPOIHUM KapAIOCTUMYIISITOPOM CEPII,
iimiroroun  ceprueBuit  [1JI. Tomy BOHEM 0COOJMBO KOpPWUCHI JJIsi BUBYCHHS
APUTMOTCHHUX €(EKTIB PEUOBUH 3 METOIO OLIHKU TOTO, SIK JIIKKU MOXYTh BIUIMBAaTH Ha
put™ cepus. [lo-npyre, ckinan ionanx kaHamniB kiaiTuH CAB Bifpi3HSETHCS BiJ] CKIIaMy
10HHUX KaHaJIB IHIIMX KIITHH Cepllsd, TaKuX SK KapIIOMIOIUTH ILIyHOUKIB abo
nepencepan. Lle yHikanpHuM podiyib I0HHUX KaHAJIB JI03BOJISIE Kpallle 3p03YMITH, K
JIKH B3a€EMOJIIOTh 3 PI3HMMH 10HHUMH KaHajaMH, BIUIMBAlOYM TAaKAM YHWHOM Ha
enekTpoi31010T1UHI MpoliecH ceprieBux KimtuH. Moaenm kinitun CAB nipusHadeHi s
TOTO, 1100 BIZOOPA3UTH 3JATHICTh IIMX KJIITUH CIIOHTAHHO CKOPOYYBATHCh Ta OyTH
BomisiMu putmy. Lli Mozem 9acTo BKIIOYArOTh 10HHI KaHanmu, Taki sk HCN (anri.
Hyperpolarization-activated cyclic nucleotide-gated channels; kanamu, 1m0
AKTUBYIOTHCS TIMEPIIOSIPU3AIIEI0 Ta MOJYIIOIOTCS MUKITIYHUMHA HYKIIOTHAAMHM), SIKi
MarTh BUpIIIAJIbHE 3HAYEHHS ISl CepIeBOi AisuTbHOCTI. CKJIaJ 10HHMX KaHAJIB 1, SK
Haciigok, mopdororisa 1] B xmituaax CAB € yHIKanbHUMH, 1 MOJIEINI CTBOPIOIOTH 3

METOIO BIITBOPUTH 111 YHIKAJIbHI XapaKTepUCTUKH [62].

Jlesiki 1HIL KIITUHU cepls TeX 3/JaTHI OyTH BOJISIMU PUTMY, ajieé Ha BIAMIHY BiJl
CUHOATPIANIbHUX, KIITUHU BOJIOKOH [lypKiHbE OlbIle Cremiam3yrThCs Ha IIBUIKIN
MPOBIAHOCTI, a KIiTUHU ABB BiJirpatoTh JOCUTH OOMEXEHY pOJib B 1HIIIIOBaHHI
cepueBux [IJI, ame BaxMBI [ TPOBEJACHHS CHTHATYy MDK TMeEpencepasMud Ta
nutyHoukaMu. KITHHM TUTYHOUYKIB 1 TMepeicep/ib B OCHOBHOMY O€pyTh yd4acTh y

ckopoueHH1 Ta nomupenHi [T/1 [63].

Mopeni kmiTuH BoJIOKOH [lypkiHbE, SIK1 B1JIOMI CBOIMU BJIACTUBOCTSMHM IIIBUJIKOT
MPOBIAHOCTI, (OKYCYIOThCS Ha HATpPI€BUX 1 KajieBUX cTpymax, a mojeini ABB
sxmouarorh Ca?’ xanamu T-Turmy, sKi BiAIOBIZAIOTH 3a XapaKTEPHY MM KJIITHHAM

MOBITBHY JCTIONSPHU3AII0 Ta 3AAaTHICTH JO CIOHTAHHOTO CKOPOYECHHS 3a YMOB
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BIJICYTHOCTI PUTMY CHHOATPIaJIbHUX KIITHH [64].

Xoua KkiiTHHH BoJIOKOH Ilypkinbe, ABB, kapmioMionMTH MITyHOUYKIB Ta
nepecepib € IHHUMU JUIsl BUBUYEHHS! KOHKPETHUX aCIEKTIB cepleBoi PyHKIIIT, TaKuxX
K CKOPOTJIMBICTh 200 MPOBIHICTh CUTHALY, BOHU HE MOXKYTh 1aTH NOBHOTO YSIBJICHHS
npo Te, SK TMEBHUH IMpernapar BIUIMBAE Ha MEMCMEWKEepHY AaKTUBHICTh Cepls Ta
BUHUKHEHHA apuTMmiil. HaTomicTh, yHiKanbHi eneKTpo(di3ioforiyHi XapaKTEepUCTUKU
kaitiH CAB, sk mpupoaHOro BOAIS PUTMY, POOJATH iX OCOOJIMBO KOPUCHUMH IS
JOCIIKEHHSI BIUIMBY PI3HUX PEUOBMH HA aBTOMATHU3M CEPIIEBOi JISIIBHOCTI Ta

GyHKITIF0 I0HHUX KaHaJ1B, 110 JIS)KUTh B OCHOBI IIbOTO aBTOMAaTHU3MY.

2.2 Po3BUTOK MoJeJIeill cepueBUX KJIITHH

EBouroniist Mojieneil cepiieBUx KIITUH MOYMHAETHCS 3 poOOTH Anana XoIKKiHA
ta Exapro Xakcni, siki B 1952 porii po3pobunu HaOip HEMHIMHUX JudepeHIliabHUX
PIBHSIHB IS ONKMCY 10HHUX MEXaHi3MiB, 10 JIE)KaTh B OCHOBI FeHepallii Ta MOMUPEHHS
[11 B riraHTChKOMY akcoHi Kambmapa. Llsg momnens, Bimoma sik Mojaenb XOIKKiHa-
Xakcmi, mocimyKuna (yHIaMEHTATbHOIO OCHOBOIO Ui PO3YMIHHS EJIEKTPHUYHUX
XapaKTePUCTHK 30yIIMBUX KIIITHH, BKIIOYAIOUN HEHPOHH i M'A30B1 KIiTHHU. [i po6uso
HOBAaTOPCHKOIO Te€, 1[0 BOHA BKJIIOYANa MOTEHLIAI-KePOBaHi 10HHI KaHAJIW Ta KaHaJIH

BUTOKY, a TaKOX €JIEKTPOXIMIUHI T'PAJIEHTH JJIs MOSICHEHHs ckiaaHoi auHamiku [1]]

[65].

Cnuparouuch Ha e pynaament, [denic Hoon y 1962 poril npencraBuB nepiry
MaTeMaTHuHy Mojenb cepueBux [1J] Ta BoxiiB putmy, Bimomy sk monaens HoGma. Ls
Mojenb Oyja 3HAYHUM  JIOCSITHEHHSM, OCKITBKM  BOHa  OasyBajlaca  Ha
EeKCIICPUMEHTAJIbHUX 3alucax 10HHUX CTPYMIB 1 ajarnTyBajia PiBHSHHS XOJ/KKIHA-
Xakenmi s kmiTuH cepusd. Monens HoGna Oyna ocobauBO 1HHOBAIIMHOIO 3aBISKU
CBOiM 3/1aTHOCTI mepeadavyaTy HasSBHICTh JOJATKOBUX 10HHUX CTPYMIB, sIKi II3HIIIE
Oynu BUSIBIICHI €KCIIepUMEHTalbHO. BoHa Takox no3Bonmia 3po3yMitu, sik CAB,
OCHOBHUUM TEHEpAaTOp PUTMY CepIsl CCaBLiB, MOXKE€ TE€HEpPyBaTH PHUTM, HE MarO4u

SABHOTO ocluisATopa [66].
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[Ipotsirom Garatbox pokiB Mojenb HoOma ciiyryBama OCHOBOIO ISl pO3pPOOKHU
COTEHb IHIUX Mojeiel [64], 1Mo TpeACTaBIsIM KIITUHM CEpLEeBOro M'siza 3 yce
OUTBIIIOI0  JIeTami3alli€ero, TUM CaMHUM  CIOPUSIIOYM  KpaIloMy  PO3yMIHHIO
eneKkTpoi3100rii cepisl Ta TaKUX SBUII SK KapJAlOTOKCHYHICTh. 3 MOMIHOJEHHIM
HAyKOBOT'O PO3YyMIHHS CEpLEBUX KIITHH, CTaBajO BCE OULIbII O4eBHAHUM Te, o [1J]
CEepIsl PEryIOEThCA CKIIATHOI0 B3a€EMOJIEI0 10HHUX KaHATMB Ta Tpadcmoptepis. lle
YCBIJIOMJICHHSI TIPU3BEJIO J0 PO3POOKH OUIBIN CKJIATHUX MOJENCH, TaKUX SIK MOJEINb
binepa-Peiitepa B 1977 poui, sika BKIOuYajga JOJATKOBI 3MIHHI JUIsl BpaxyBaHHS

TUHAMIKHU Kajblio [67].

Ha mouarky 1990-x poki 3'sBunacs mozenb Jlyo-Pynmi, sika Bximodama 20
3MIHHHMX JUJIsl MojentoBaHHa He nuiue [1J[, ame i BHYTpIIIHBOKIITHHHUX MEXaHi3MiB
BUTOKY 10H1B KauibIito [68]. Ls Moaens o3HamMeHyBajia 3Ha4HUM TIporpec y ik ramysi,
MPOIMOHYIOYM OUIBII TMOBHE MPEICTaBICHHS €NeKTPodi3i0oNorii cepueBoi KIITHHH.
CkuagHiCTh MOZIETIEH cepleBUX KIITHH MPOJIOBXKYyBaja 3poctatu 1 B 21 cromiTti. Taki
BiZIoMi Mojeni, sk moxaenb Tena Tymepa-ITandinoBa y 2003 porii, BKIOUYamy I
OlplIe 3MIHHHX, 1100 BpaxyBaTH MPOCTOPOBY HEOIHOPITHICTh CEPLEBOi TKAHWHU
[69]. Octanua monenbs O'Xapu-Bipar-Bappo-Pyni 2011 poky nHamiuye monan 40
sminaux  [70],  3a0e3meduyrouu  HAA3BUYAWHO  J€TalbHE  IPEICTABIICHHS
eJIEKTPO(i310J10Til CepLEeBUX KIITHUH, BKIOYAIOYM €(PEKTH PI3HUX MYyTalliil 10HHHX

KaHaJIIB Ta B3a€MO/III0 3 JIIKAPCHKUMH MpernapaTamMu.

OnHak X04 3pOCTaHHA CKJIATHOCTI LUX MOJeJeH 1 301IbIIIye TOUHICTh CUMYJIALIIM,
BOHO TaKOX MPHU3BOAUTH 0 YCKJIAJHEHHS OOYHCIEHh 3a PaxyHOK 30iJbIICHHS
nudepeHIiaibHuX PiBHSAHb. BKIIIOYeHHS OUIBIIOI KUIBKOCTI 3MIHHMX BUMAarae
BUKOPUCTAHHS OUIBII CKJIAJIHUX YUCEIHHUX METOJIB 1 30UIBIICHHS OOYMCITIOBATILHUX
pecypciB. OcoOOJMBO 1I€ CTOCYETHCA CHUMYIIAIIN, SKI BpPaxoBYIOTh TPUBUMIPHY
apxiTeKTypy cepueBoi TkaHuHU. KpiM TOro, CKJIaiHICTh LHMX MOJENed BUMAarae
CyBOpoi Bamijaimii 3 eKCIepUMEHTAILHUMU JaHUMHU, 1100 3a0e3neuuTd  SK

00UYHCITIOBANIbHY HAJIIMHICTh, TaK 1 (1310JIOTTYHY BiAMOBIIHICTb.

Ha mnportuBary noMiHyrouili TEHACHINI J0 YCKJIAJHEHHS MOJENEH CepIeBUxX
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KIITHH, (eHoMeHojoriuHa mojaenb dentona-Kapmu, mnpencrasieHa B 1998 poii,
3acTOCyBasia 1HIIMM MiAX1JI, COPOCTUBIIN 10HHY Mojieib [71]. ¥V Toif yac sik O1IBIIICTh
MoOIeNield Hamarajiucs BKIIOUYWTHA BC€ OUIBIIY KIIBKICTh 3MIHHHX, 1100 BpaxyBaTH
CKJIaJH1 AeTani enekTpodizionorii cepis, ®enton 1 Kapma po3poOuiau Mojiens Juiie 3
TpbOMa MEMOPaHHHUMM CTPyMaMHU. IXHBOIO METOI0 OyI0 BiATBOPHTH BIACTUBOCTI
€JIEKTPUYHOI PECTUTYIII Ta MOBEAIHKY CHIpalbHUX XBHJIb, IIO CIOCTEPIraloThCs B
OIBIN CKJIAAHUX 10HHMX MoAesIX (Takux sK wmonaenb binepa-Peititepa) y cBoiit
cupoieHii moneni. denton 1 Kapma nmpoaeMoHCTpyBaim, M0 MOKHA 3MOJICITIOBATH
nuHaMmiky cepreBux I1J] 1 mommpeHHS XBUJIb, HE BJAIOYUCHh JI0 BHUCOKOTO PIBHS
CKJIaJIHOCTI Ta HE BTpAyalOuM KJIHOYOBUX (h1310JIOTTYHUX BIACTUBOCTEH. TakuM YMHOM
mozens denrona-Kapmu mnpencraBuia aqbTEpHATUBHUN LUIIX B €BOJIOLIT MoJenen

CepIEeBUX KJIITHH.

2.3 Chnpomena Mojaejlb MNapajejlbHUX TMPOBIIHOCTEH IS CHMYJISILIL
NMOTeHUIAJIB il KJIITHH CHHOATPIaJILHOT0 BY3J1a JIIOAUHH

2.3.1 O0rpyHTYBaHHS PO3PO0OKH MOJeTi

Jlnst  MomemtoBaHHS — BEJNMKUX — TOMYJSIIA  KITHH y  CHUCTeMax 3
MIKPOEJIEKTPOJHUMH pPEIITKAMA BapTO MIyKaTH OalaHC MK OOYMCIIOBAIBHOIO
e(EeKTUBHICTIO Ta 010JIOTTYHOIO TOYHICTIO. MIKpOENIeKTPOIH1 penrTKu peectpyroTs [111
3 KyJAbTypU KIITHH a00 TKAaHWHHU, 1 METOI0 YacTO € PO3YMIHHS HE JIMIIE MOBEIIHKH

OKpEMHUX KJIITHH, aJie i IXHhOI B3a€MO/IIi Ta KOJIEKTUBHOI TMHAMIKH.

dDeHOMEHOIOTIYHI MOJAEI, SIK1 € MEHII ACTAILbHUMH, ajie 00YMCIIFOBAILHO MEHII
BUMOTJIUBUMH, MOXYTh OyTH MPUAATHUMHU IJi BEITUKOMACIITAOHUX CUMYJSIINA 3a
yuacti Oaratbox KimiTuH. LI Momeni Bi1oOpa)kaloThb OCHOBHI PHUCH KJIITHHHOI
NOBEAIHKM, HE 3arjiMONIOIYKMCh y CKIAQHI JeTall JUHAMIKM 10HHMX KaHaliB.
Hanpuxmnan, y cucreMax 3 MiKpOEIEKTPOJIHUMHU PEIIiTKaMUA MOYKHA BUKOPHUCTOBYBATH
crpolieHi Mojaen, Taki sk moaenp ditn X'to-Harymo ab6o monens ®@enrona-Kapma,
JUTSI MOJICTIOBAHHSI 3aralibHOT TTOBEAIHKM KIITHH cepiisd. L1 Moaeni oco0amMBoO KOpUCHI

JUIsl BUBUCHHSI TAKUX SIBUII, SIK MOIIMPEHHS XBHWJIb 1 CHHXPOHI3ALs cepell MOMyJIsALii
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kmTuH [72, 73].

AJe ISl MOJENIOBaHHS KJIITHMH B CHCTEMaxX 3 MIKPOEJIEKTPOJHHUMHU DPEIIiTKaMu
BOXJIMBA HE TUIBKU TPOCTOTA MOAem, ane i1 Tum KimituH, [1J[ skux mMopemroeThcs.
Mogpeni I/l pi3HMX THUIIB KJIITUH BUKOPHUCTOBYIOTH JJIsI BUPIIMIEHHS KOHKPETHHX
3a1a4, TMOB'S3aHUX 3 JOCHIKEHHSM (YHKIIM KITHH y cepul. 3 TOYKH 30py
eJIEKTPO(I310JIOTTUHUX  BJIACTUBOCTEH, KIIITUHHU, SIKI MOXYyTh reHepyBatu [1J]
caMocTiifHO, Taki sik kmTuHu CAB, MaiTh mepeBary B TOMY, IO BOHHU IMITYIOTh
NPUPOJIHY KapAlOCTUMYJISIINHY aKTHBHICTH cepus. Lle ocoOmmBO KOpHCHO Uis
JOCTIKEeHb, SKI MalOTh Ha METi 3pO3YMITH BIUIMB PEUOBHMH Ha YaCTOTy CEPIICBUX
CKOpOYEeHh ab0 pUTM. 3 1HIIOTO OOKYy, 3BHYaiHI CKOPOTIWBI KIITHHU, TakKi SK
KapA1OMIOIMTH HUIYHOUYKIB a00 Tepeicepib, € OUIbIl aKTyaJbHUMHU JJIsi BUBYEHHS

BIUIMBY Ha CKOPOTIUBICTH Ta Mopdostorito T1]1.

Moneni ®entona-Kapmu 1 @ity X'to-Harymo B mepiry uepry mpu3HadeHi AJis
MOJIETIIOBaHHSI KJITUH LUTYHOUYKIB 1 HE BioOpaxaroTh croHTaHHOi renepamii [1]1,
xapaktepHoi g kmituH  CAB. Mogens ®entona-Kapmu 3ocepemxena Ha
MOJIETIIOBaHHI €JeKTPO(1310J0TYHOT MOBEAIHKM IITYHOYKOBOi TKaHWHHU, 30KpeMa
MIOIITMPEHHS XBUJIb 1 IMHAMIKH CHIpaJIbHUX XBWJIb. BOHA He BKIIIOYA€E Taki MEXaHI3MHU,
AK neficMelKkepHU abo «CMIMHU» cTpyM (/y), 110 CHPUSAIOTH aBTOMATHU3MY KIIITHUH
CAB. Awmnanoriuno, monens @itn X'to-Harymo € cropolieHo0 MOJeo, ska
BijjoOpakae OCHOBHI PHUCH 30yJIMBUX CHUCTEM, ajie¢ He BKJIOYae crenudiyHi 10HHI
KaHaJM Ta MEXaH13MH, SIKi IPU3BOASTH O aBTOMATU3MY MeHCMEKepHUX KIITUH. BoHa
4acTO BHUKOPHUCTOBYETbCA JJIi BUBYEHHS TaKHX SBHIL, SK IOMMUPEHHS XBWJb 1
30y/UIMBICTh, ajie HE MPUCTOCOBAaHA JJIi MOJICIIOBAHHS YHIKaJIbHUX BJIACTUBOCTEH

CUHOATPIAILHUX KIITUH [64].

Jlnst MOJenroBaHHS TMOMYJSIIT KITHH B MIKPOEIEKTPOJHUX pEIIiTKaX, sKa
BKJIFOYA€ KIITUHU 3 TIEHCMEKEpHUMH BJIACTHUBOCTSIMH, OLIBII JOpedHOr0 Oyma O
MOJIETIb, SIKa MOXKE BpaxyBaTH 3/IaTHICTh caM030y/KeHHs HUX kmiTuH. CTapl Mozeni
I/ xmiturn CAB € nocuth IpoCTUMHU, ajie BOHM HE BPaXOBYIOTh HOBUX JOCIIKEHb Ta

BIIKPUTTIB 3 enekTpodizionorii kiaituH. KoMmnpomicom B 11i#i po6iemi € 3aCTOCYBaHHS
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(heHOMEHOJIOTTYHOTO MIIX0y 3 MOJEIIOBaHHS J0 OUIbII HOBITHHOT MOJENI KIITHH

CAB sx monens ®adpi-Pantini-Banngepc-Cesepi (2017) [74].

2.3.2 BaockoHaJieHHsI MO/ eJIi mapaJjieJIbHUX MPOBigHOCTEM

3a ocHoBy mpejactaieHoi B [13] dhenomenonoriynoi moxaem I xmitun CAB
OyJi0 B35ATO MOJEb TMapajeabHUX TMpoBigHOCTEeH 3 [75]. Mogens mnapaneabHUuxX
MPOBIAHOCTEH CIYrye MaTeMaTHYHOI OCHOBOIO JUIsI MOJIEIIOBAHHS EIIEKTPUYHOI
MOBEMIIHKUA KJITHH cepisd. Y Ml Mojenl KIITHHHA MeMOpaHa pPO3IISIIAEThCS SIK
CICKTpUYHA CXeMa, IO CKIAJAEThCs 3 PI3HUX 10HHUX KaHaJiB, HACOCIB 1 OOMIHHUKIB,
KOXKEH 3 SKUX TMPEACTaBICHUN MEBHOK MPOBIMHICTIO Ta JkepernoM Hampyru. Lli
MPOBIAHOCTI BBAXKAIOTHCS MapaieIbHUMHU MIXK COOOI0 1 3 EMHICTIO MeMOpaHu. Mojenb
JI03BOJISIE  pO3paxyBaTH MEMOpPAHHHM TOTEHIA] MUIIXOM pPO3B'SI3aHHA CHCTEMH

nudepeHiaIbHUX PIBHIHB, SIKI OMUCYIOTh MOTIK 10HIB Yepe3 11l TPOBIAHOCTI.

MeMmOpanHuii moteHmian V,, BH3HAYAETHCS CTPyMaMu, IO MPOTIKAIOTH 4Yepe3
MeMOpany KITHHH. [IIBUAKICTS 3MiHM MEMOPAHHOTO MOTEHINIATY 3 YACOM OIMHUCYETHCS

piBHSIHHSM [61]:

av, 1
— A =—C(,, - 1),
dt Cm( ext Zl: 2
ne C, — eMHICTb MeMOpaHu, [, — OyIb-SIKMH 30BHIIIHIA CTpyM, a [, —

TpaHCMEMOpPAHHUI CTPYM.

30BHILIHINA CTPYM Ieyy BUKOPUCTOBYIOTH ISl €MEKTPUYHOT CTUMYJISILIT KIITHHH,
mo0, HampuKIaa, BUKIMKATU Aenossipuzanito I11. Y moxpem 3 cuHOATpiaIbHUMHU
KJIITUHAMH 30BHIMIHIN CTpyM JUIsl AeNOJspu3allii He MoTpiOeH, ajyke KIITUHU 3AaTHI
renepyBatu [1J] camocTtiitHo, ToMy Iy = 0, a pIBHSHHS MOXIAHOI MEMOpPAHHOTO

NOTEHI1aly TIEPETBOPIOETHCS B!

14 1
S S
dt C Z’

B Mopmeni mapanenpbHUX MPOBIIHOCTEW CTPYMHM KaHAIIB BIIITPAlOTh KIHOYOBY
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pOJIb Y BU3HAYCHHI 3arajibHOI €JIEKTPUYHOI IOBENIHKH KIITHHU. KOKeH 10HHMIN KaHa
B MOJIEJIl XapaKTepHU3yEThCS BJIACHOIO MPOBIJIHICTIO g; 1 moreHmian Hepucra E;, a

CTpyM /; I KOKHOTO KaHally pO3paxoByeThCs 3a 3akoHoM Owma sixk [; =g,(V, —E;).

3aranbHU MEMOpPaHHUNA CTPYM € PI3HUIICIO 1HANWBIIYAIbHUX CTPYMIB /; Ta 30BHILTHOTO
CTPyMY Ioy. IIpOBIAHICTE — 1€ Mipa TOTO, HACKUIBKHU JIETKO 10HH MOXXYTh MPOTIKATH
yepe3 IMEBHUM KaHall, ska 3a3Buyail BHpaxkaerbcsi y Cimencax (Cwm). Ilorenmian
Hepncra — 1e MeMOpaHHU MOTEHINal, IPH SIKOMY MOTIK 10HIB Yepe3 KaHall JOPIBHIOE

HYJIIO, 1 3a3BUYail BUMIPIOETHCS B M1JTiBOJIbTax (MB).

Pi3Hi TunM iOHHMX KaHajiB, Taki sk HaTpiesi (Na'), kamieBi (K') Ta kambIiiesi
(Ca*") xananu, poOJIATh CBili BHECOK Yy 3arajbHKi ioHHUI cTpyM. KOKeH 3 X KaHaliB
Mae cBii morteHmian Hepucra E Ta mnposiaHicTe g. IlpoBigHiCTh KaHaly HE €
CTAaTUYHOIO BEJIMYMHOIO; BOHA MOKE JMHAMIUHO 3MIHIOBATHCS Yy BIAMOBIAL HA PI3HI
ctuMmyiu. JlJis TMOTeHMian-KepOBaHUX KaHaJlIB MPOBIIHICTh OINUCYETbCA HAOOPOM
nudepeHIiaIbHUX PIBHIHB, K1 BpaXOBYIOTh BIAKPUTTS 1 3aKPUTTS KaHATY Y BIAMOBIIb
Ha 3MiHy wMeMmOpanHoro moreHmiany. Lli piBHSHHS 3a3BUYail BUBOAATHCS 3
eKCIEPUMEHTAJIbHUX JAHUX 1 MOXKYTh OyTH JOCUTH CKJIAJIHUMH, BKIIOUAIOYH JIEKIJIbKa
ctaniB kaHany. Hampuknan, monens XomkkiHa-Xakcill OMHUCYE HATPIEBY Ta Kali€BY
MPOBIJIHICTH TPbOMa 3MIHHUMU (m, K, n), sIKI NIAHOPSAAKOBYIOTHCS IU(epeHIIaIbHUM

PIBHSIHHSIM TIEPILIOTO MOPSJIKY.

Mopguens [13], mo Gyna po3pobieHa B 11iii pobOTi, ycnajKyBaia CBOi y3arajabHEeHI
dbyukiii 3 [75], ToMy cTamioHapHi (yHKIIi BHU3HAYAIOTHCS HE uepe3 KOHCTaHTH
IIBUJIKOCTI, SIK B OpHUTIHAJIBHIM MoJeni XO/KKiHa-Xakcii, a 0e3Mocepe/IHhO Yepes
y3arajpHeHy Gopmyiy:

X, = (1 +exp( Vi = ’”))_
VSX
ne Vi, — Hanpyra HamiBakTHBAIi; Vs, — KpyTU3HA KPUBOI.

Ha BimmiHy Bim IHIMUX MOJENEH, 1€ TOCTIHA Yacy T BU3HAYAETHCS Yepe3
KYCKOBO-HENiHIMHI (QyHKIII, B i poOOTI s 30€epeKeHHS MPOCTOTH MOJIEl

BUKOPUCTAHO y3araJibHeHY (YHKIIIIO:
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Tx = x max(exl +1/ €2 T €y /ex2)_1 ’
ne e GXp( erx — Vm ) e, =exp erx — Vm )
Vsrerrx P Vsthrt_xl ‘

[ls dyHKIIS 103BOJIIE TPEACTABUTH T, Y BUIJISAIAI J3BOHOIOIAIOHOT KPUBOI 3
MaKCHUMyMOM TpHU Hampy3i V. 1 cTopoHamu, 10 nepexoaars B 0, Ta 3 mapameTpoM
KpyTU3HH Vg 1 TMapaMeTpoM CIIBBIAHOIIEHHA CTOpIH Vi, SKUA BU3HA4ae

CITIBBIJIHOIIEHHS KPYTU3HU JI1BO1 1 MPaBO1 CTOPOHU J3BOHOMO110HOT KpHuBOi (puc. 2.1).

Vv o =25MB

mTx

-_— - ==V =50MB
mTx

EEEEEEEEEESR V =75MB
mTx

V¥ =1MB

STX

— - ==V =10MB
STX

vy =30MB

STX

Vo=1/5

rtx

_—— -V =1

rix

e

— T mm:2.50
O _Q-m- snssmmmmmns T =SC
X, max
0 50 100

v ,MB
m

Puc. 2.1 3Mmina cTanoi yacy tX QyHKIIi 3 pI3HUMHU apryMEeHTaMu
(mouaTkoBi apryMeHTd Vyy = S0 MB, Ve = 1, Ve = 1, Ty max = 1 ©):
a) Ve 3MINIyE MaKCUMYM (QYHKIIIT 32 BICCIO aOCITUC;

0) Vs 3MIHIOE KPYTH3HY J3BOHOIIOAIOHOT KPUBOT,

B) Vi« > 1 3MeHIITye KpYTHU3HY JIIBOT YACTUHU JI3BOHOMO/110HOT KPUBOI,
ayie 301JIbIITye KPYTU3HY MTPaBOi YaCTHHM, T4 HABITAKY;

T) Ty max MACIITAOYE PYHKITIFO

Ao ¢GyHKIS akTUBAIil T, HE Ma€ MKy, TO PYHKIIIO JIJIs T, MOXKHA 3aMIHUTH

JIOTICTUYHOIO (QDYHKIIIETO, sIKA BUKOPUCTOBYETHCA /I (PYHKIIIT CTAI[IOHAPHOTO CTaHY:
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T, = (1+exp( Vi = m))_

X x max
STX

ne Vi — Hampyra HarmiBaKTHBAITII.

2.3.3 Y3arajibHeHHs CTPYMiB MoaeJi

[1/1 cuHoaTpianbHOI KIITHHH MPOXOJUTH TPU OKpeMi ¢a3u, a caMe MOBUIbHY
Jenosapu3allito, IIBUIKY  Jenojspu3amiio Ta  penojspusaiito. [loBinbHa
AEeTOJSApU3aIlisl BUKIMKAETHCS BXITHUM 10HHUM CTPYMOM, TOZl SIK BUXIIHUN 10HHUN
CTpyM BHUKJIMKae pernoispuszanio. Lli cTpymu, BKIIOYalOYM CTPYM LIBUJAKOI

JENOJIApU3allii, CKIaIal0ThCS 3 OKPEMUX 3aJI€KHHUX B1Jl HAPYTU CTPYMIB.

B cyuacuux wmonensix CAB [74, 76] ctpymu 3a3Bu4ail KiIacuQiKylOTh SK
nos's3ani 3 iomamu kamsnito (Ca’"), kamiro (K*) a6o marpiro (Na'). Ile mossomse

PO3TISAATH 3aralbHUN CTPYM [y, U€pe3 MEMOpaHy SIK CYMYy TPhOX 3arajlbHUX CTPYMIB:

]tot :Itot,K +Iot ,Na +10t ,Ca»

1€ Liot.cas Lorx Ta Losna — 3araneri ctpymu Ca?*, K* ta Na®, Bignmosinno.

ABtopu [76] 3rpynmyBanu cymapHi ctpymu B cBoiii mozeni IIJ[ kmitun CAB

JIIOJIUHU SIK:

]tot,K I, +1, + 1, +1, +[Ks+]bK+]fK 2.k

ne I, — nmepexiguuii 30BHimHIA K ctpym; Ly, — cTifikuii 3oBHimHIN K™ ctpym; Ik, —
HaAMBUAKKMEA BUNpsmisttounit K crpym; Ix, — mBuakuit sunpsmisirounii K™ ctpym; Ik
— noBinbHU# Bunpsamisitounit K™ ctpym; Iy — donosuit K™ ctpym; Ix — K kommoneHT

neiicMekepHoOro cTpymy; I,k — Na'-K" HacocHHiA cTpyMm.

Itot,Na :[Na +3INaK +[NaCa +IbNa +]fNa

b

ne Iy, — mBuakuit Na” ctpyMm; Iy.c, — Na™-Ca" oOminuamid cTpyMm; Iy, — Na™ GpoHoBHIA

ctpyMm; Iv, — Na™ ckiiaioBa MeiCMEKEpHOTo CTPyMY.

Liotca =Lcar + Lcar T L pca + Ibca =2 Inaca

ne Ic, — Ca" crpym L-tuny; Ic,r — Ca'™ crpym T-tuny; I,c, — CTpyM capKoJeMallbHOT



51

Ca" momnu; Ipc, — Ca’ poHOBHMIA CTPYM.

Komu Tpu cymapHi cTpymH, MOB'sI3aH1 3 10HAMH KaJbIlil0, KaJilo 1 HATPit0, TOUHO
3MozenboBaHi, To orpumanuil I1/] mae mopdonorito, mo BiAmosigae peanbHomy [1]]
wiitnan CAB. VYV 1poMy J0CHiIKEHHI BUKOPUCTOBYEThCS Mojaenb [74] s
XapaKTePUCTHKU IIMX CyMapHUX CTPYMIB 1 iX CHUMYJALIi 3a JOMOMOTOI MOJENI
napanenbHux mpoigHocTe 3 [75]. g wmetomonoris 30epirae 0OYHMCIIOBAIBHY
e(EeKTUBHICTh 1 NPOCTOTY, MNpUTaMaHHy Mojenl XoJKKiHa-Xakciai, 1 BOJHOYAC
no3Bosisie momemoBaty [IJI wmitun CAB, skuil nemonctpye Mopdonoriusi

XapaKTePUCTHUKH, TTOAIO0H] JO THUX, 0 3yCTPIUYAIOTHCS B OUIBII CY4YaCHUX MOJIETIAX.

VY mopeni 3 [60] BiacyTH1 cTpyMU Iik, Ipna, Ibcas Lsus TA Ipca 3 [76]. TakuMm unHOM,

CyMapHi CTpyMH JiJist MoAiei 3 [74] hopMyITIOIOTECS TTO-THIIIOMY:

]tot,K = ]to +1Kur +[Kr +[Ks +]fK _2]NaK’

Itot,Na :]Na +3[NaK +3]NaCa +[fNa’

[tot,Ca = [CaL + [CaT - 2[NaCa'

VY kiiThHax cepus pyX 10HIB BiI0yBaeThCcs ab0 depe3 10HHI KaHaW, abo depes
10HHI TpaHcmopTepu. Y MOJEii, 3aIpONOHOBaHIA Yy IIbOMY JOCHIKEHHI, CTPYMHU,
NOB'I3aHl 3 10HHUMH TPAaHCIOPTEPAaMH, BIJIPI3HAIOTHCS BiJl CTPYMIB, MOB'I3aHUX 3
10HHUMHU KaHanaMmu. Lle po3MexyBaHHs IPU3BOAUTH 10 HAOOPY 3 M'ATU PIBHSIHB: OJIHE
3 HUX IPEICTABIISE 3araJbHUI CTPYM, a YOTHPH iHII BiAmoBigaroTh ctpymam K, Na®,

Ca*" Ta cTpyMy iOHHUX TPAHCIIOPTEPIB.
]tot,Na = INa + [jNa >

]tot,Ca = [CaL + ICaT?

Ilot,tsp = INaK + INaCa >

= Itot,K + Itot,Na + Itot,Ca +1

tot tot tsp *
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-----------------------

—
-

§
i
i I
O r _ ot, Na ‘
[fnt,Na 0.2 ' — - [I I . I
—0.1r == tot,Ca I o l
-0.73 I tot,tsp I
—0.2f |
I
-0.3 ' ‘ ‘ 0.4 ‘ . .
0 0.5 | L5 0 0.5 1 1.5
t,c t,c
a) 9)

Puc. 2.2 3aranbhi cTpyMuU ik, LiorNa TQ Lior,co 0€3 KOMIIOHEHTH CTPYMY TPaHCIIOPTEPIB

]tot,tsp (a) Ta BaFaHBHi CprMH ]tot,K, [tot,Na, ]tot,Ca Ta ]tot,tsp (6)

Pe3ynbTatu Mozea0OBaHHS, IPEACTABIEH] HA pUC. 2.2, MOKa3yI0Th, 1110 BBEICHHS
OKpeMOi KOMIIOHEHTH [UIi [OB'S3aHUX 3 CTPYMOM TPAaHCIOPTEPIB iy CYTTEBO

3MEHIILY€ BHECOK 1o N

2.3.4 Pe3yJIbTATH TA NOPIBHSAIHHA MO eI

Cumynsauis mozeni Oyna mpoBeaeHa B MATLAB 3 BukopuctanHsM (GyHKIIT
odel5s 3 BiJHOCHOIO MOXMOKOI0, BCTAHOBJICHOO Ha piBHI 107°. Heszanexni crpymu mo-
pI3HOMY BIUIMBAIOTh Ha 3arajbHUM CcTpyM (puc. 2.2), TOMy Ui anpoKcHMaIlii
3araJbHOTO CTPyMY OyJI0 BU3HAYEHO JOMiHYI0Ui CTpyMH Ik;, Icaz Ta Ipn,. IXHi mocTikini
yacy Ta (YHKIT cTalioHapHOro cTaHy 3 [74] OyiM BUKOpPUCTAaHI SIK TOYATKOBE
HAaOMMKEHHST JUIsi  MOJICNIIOBAaHHS TMOBHHX CTpyMmiB. Jlami mapamerpu  Oyno
MiJJIaITOBaHo, Mo0 cumynsoBaHuit [1/] BiAmoBimaB moTeHIIiany 3 €TaTIOHHOI MOJENi
cunoarpiansHoro IIJ[ [74] (puc. 2.3); B Tabu. 2.1 HaBejaeHO mapamMeTpyd TPUBAIOCTI
nukiy (CL), MmakcumanpHOTO miactosivyHoro moteHmiany (MDP) ta ammmityam T1]1
(APA) mix pospobsieHoro moaemto Ta iHmuMu. CL = 897 mc BiamoBijzae 4acToTi
nposeneHas 66 I1J] na xeununy (I1/]/xB). [TouaTkoBi mapameTpu AeTaNbHO OMKCAHI B
Tabi1. 2.2, ToAl sIK napaMeTpu (YyHKIIII akTUBaIli Ta IHAaKTUBALlli onucaHi B Ta0d. 2.3, a

peliTa napaMeTpiB MoJiell HaBeJieHO B Tad. 2.4.
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Puc. 2.3 TlopiBusuHs cumyinboBanux [1J] xmitun CAB mroauau 3 po3po0iieHoi Mojiei

Ta Mozeni [74]

Tabmuis 2.1 [HopiBHSHHS mapaMeTpiB JI€TaIi30BaHUX Ta PO3pOOJIeHOT MOeNi

[TapameTpu Bumipsne Pohl et al.,| Fabbri et al.,,| Po3poGnena
I1]1 3HaueHHs [77] 2016 [78] 2017 [74] MO/I€JTh

CL, ms 828 + 15 836 814 897

MDP, mV —62+4 —60 —58.9 —66

APA, mV 78 76 85.3 79

Tabmuis 2.2 [ToyaTkoBi mapamMeTpu po3po0IeHOi MoIei

V(), mB no mo h() d() f()

—64.61 0.7256 0.2107 0.1227 0.002136 0.02337

Ta6mung 2.3 [TapameTpu GyHKIM akTUBAIlIT Ta IHAKTUBALIIT pO3pOOJIEHOT MOIeI

DyHKIIIT akTUBAIlIl Ta IHAKTUBAITIL

[Tapamerp a0 m h q f
Vi, MB —59.36 0 —64 —9.285 —85.67
Vi, MB 18.65 25.33 -3 9 —20.42
Ve, MB —27.65 50 —57 52.44 —0.939
Vi, MB 15 820 9.4868 16.98 7.746
Ve 1 1 3.1623 24.72 7.746
Timax, C 0.6821 0.4188 0.0696 0.0023 2
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[Tapametp 3nauenHs | Ilapametp 3naueHHs | Ilapametp 3Ha4YeHHs
Ex, MB —97.7 Gk max, HCM 0.154
Cn, 1D >7 Ena, MB 70.53 Gamar, HCM | 23
B Ec,, MB 132.3 Geama, HCM | 0.5
Vaapr, MB 6565 Tp "\B 0 Gips HOM 0.012

Ha puc. 2.3 nmokazano mopdosorito monensHoro ta erajgonnoro I1J[. Pizuuns
MK CHUTHaJaMu MOKe OyTH MOB'si3aHa 31 CTPYMOM 10HHHMX TPaHCHOPTEPIB. 3HAYCHHS
HOro mpoBiAHOCTI OyJO BCTAHOBJICHO Ha MOPSAOK HIDKYE MOPIBHSHO 3 I1HIIMMU
MPOBITHOCTSMH, III0 MOXE TMOSICHUTH MeHITy aMIutiTyny [1/]. BaxknuBo 3a3HaunTw, 1o
napaMeTpu 3 Ta0l. 3 HE € eKCIePUMEHTAILHO BUMIPSHUMH CTpyMamH, BOHH Oyiu
nigiopani Tak, o0 BIAMOBIIATH 3arajibHUM cTpyMaM 3 [74]. [leski mocTiiiHi yacy T 3
[74] w™maroTh ckiamHi (QyHKII, SKI TOTaHO Y3TO/KYIOThCS 3 y3arajJbHCHUMU
dbopmynamMu T s 1€l MOAENi, IO MOXE TaKOX HETaTUBHO BIUIMBATH Ha

BIJITBOpIOBaHICTh Mopdodorii [1/] neranizoBanoi Mmoaeni.

2.4 MoaeroBaHHS NMO3aKJIITHHHOTO MOTEHIIAJIY HA OCHOBI MOTeHUIAXy Ail

BpaxoByroun, mo po3mip KIITHHW 3HAYHO MEHIIWN 3a BIJACTaHb 1O TOYKHU
CIIOCTEPEKEHHS, KIITHHY MOJKHAa BBaXaTH MOHOIIOJBHUM JDKEPEIOM CTPyMYy,
pPO3TAIlIOBAaHUM B CEPEJOBHUII 3 MPOBIIHICTIO G. 3aBIASKH OJHOPIAHOCTI I[HOTO
CepeloBHUIla, CTPYM JpKepena [ po3noaiseTsess y npoctopi piBHOMIpHO [11]. Takum

YUHOM, TYCTHHa cTpyMy J Ha cdepi 3 paaiycoM 7, LIEHTP SKOT 3HAXOIUTHCS B MICIIl

pO3TallyBaHHS MOHOIIOJIBHOTO JIXKEpeNa CTpyMy, Oy/ie JOPIBHIOBATH:

J=—=~. = é 2.1)

ne S — mioma cdepu, €, — BEKTOp HOpMaJli 10 MOBEpXHi chepu.

—

3a 3akoHoM Oma, rycTiHa cTpyMmy J MOB'si3aHA 3 HANPYKEHICTIO €JIEKTPUYHOTO

noJisi £ B TOYIN Ha MOBEpXHI cepu:
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j=ok,

7€ G — TPOBIIHICTh MO3AKIITUHHOTO cepenoBuina. Bpaxoytouu, mo £ =-Vo,

7€ (¢ — MOTEHI[ia)l eJIEKTPUYHOTO MOJIA y TOULll CIOCTEPEKEHHS, MAEMO:
j=—-e0—. (2.2)

BianoBigHo 10 Mojeni napajieIbHUX MPOBITHOCTEN, CTPYM, SIKUM MPOTIKAE KPi3b

KIITUHHY MeMOpaHy, Ma€e BUpas:

dv,
I1=-C —%, 2.3
ne I — cymapHuWii cTpyM, mo Tede depe3 mMemoOpany, C, — €MHICTh KIITHHHOI

MeMOpaHu, V,, — MeMOpaHHUN MOTEHLIIaJ.

OCKUIBKM TOTEHINa] 3aJeKUTh JIMIIE BiJl BIACTaHI TOYKU CIIOCTEPEKEHHS 10

KJIITUHH, TO MO€EIHABIIM piBHAHHA (2.1), (2.2) 1 (2.3), oTpuMaeMo:

L = 42622, 2:4)
dt dr

IaTerpyroun (2.4) BUAHO, 1110 HA HECKIHYEHHIN BiJICTaHI BiJ Jkepena ctpymy [T

HAOIMXKAETbCA IO HYJsA, TOX oTpuMmaeMo piBHAHHS [II1 HA OCHOBI MOHOMOJIBHOTO

IDKepena CTpymy:

[P2dg =S @ [radr

O} Cdom dt n 2

J'O Jo— c, dv, wﬂ
: ? domt dt rr?
c, dv, 1

1
O—@)=—mm_ 4y
0= =2 )

o o VL
' don dt K

C dv, 1
=——n __m_ 2.5
® domt dt r 23)

BukopucranHs piBHSHHS TOTEHIIATy MOHOIIOJIBHOTO JpKepena ctypmy (2.5)
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pa3oM 3 PIBHSHHSIM MOJIEN MapajebHUX MPOBIAHOCTEH (2.3) 103BOJISIE MOJICIIOBATH
I1IT Ha ocHoBi cumynboBaHoro IIJ[ kmitun CAB. Takuit niaxig € 6110MEHHUM, aJKe
BiH BHUKOPHUCTOBYE pPIBHSHHS MOHOIIOJIBHOTO JKEpesia Ha OCHOBI CXEMOTEXHIYHOI

MOJIe1 KJIIITUHHOT MEMOpaHH.

BucHoBKH 10 po3aity 2

BpaxoByroun ormsig Mmaremaruanux moxaeneit [1J] ta migxoxais no otpumanss 111

MOJXHa BUBHAYUTH HACTYIIHC!

1. B cyqacHUX MOJesX KIIITHH HAaMararoThCsl BpaXOBYBATH BC1 JTOCIIKEH] 10HH1
KaHAJIM, TPAHCTIOPTEpHU Ta AMHAMIKY 10HHUX KOHIeHTparii. Lle mo3Bossie oTpumatu
peamictuunil cumyisinii I1J[ Ta OloeneKTpUYHUX MPOLECIB 32 PaXYHOK BHUCOKOI
CKJIQJHOCTI MOJENl y BHIVISIAI BEJIMKOI KUIBKOCTI JIu(epeHIalbHUX pPIBHSHb Ta
MOJICTIBHUX TMapaMeTpiB. 3 1HIIOrO OOKy, CHOpOIIeHI Mojell (GOpPMYIIIOIOTh 3 METOIO

3MEHIIEHHS Tu(epeHIiaIbHUX PIBHSHb.

2. 3a AOMOMOIO0 y3arajdbHEHHsSI 10HHUX CTPYMiB OYJO BJIOCKOHAJIEHO MOJEIb
napanenbHux mpoBigHocTed s cumyssamii [IJI xmitun CAB mogunu. I1J] Ta
XapaKTePUCTUKHU 3alpOIOHOBAHOI MOJeNi OyJio 3BIPEHO 13 Cy4YaCHUMH MOJIEIISIMHU.
OcHoBHMM 1i mepeBaraMd € MEHIIA KUIbKICTh AudepeHIialbHuX pIBHSAHb Ta
MOJEJIbHUX TMapaMeTpiB, M0 CHPOLIye TMpouec ineHTudikauii mnapaMmeTpiB Ta

moaemntoBanHs [1/] B monmysiisix KITHH.

3. HonoBuennst monemi IIJ] piBusuusmu III1 no3Bossie orpumatu 0110MEHHY
MoJzelb. bimomenHa Mogmenb mo3Bojisse oOuucmoBatd IIJ[ Ta I xmTuH, 110

PO3IIMPIOE MOKIIMBOCTI BUBUEHHS €JEKTPO(1310J10Tii KITITHH.

4. BuxopucTaHHs 3alpOIIOHOBAHOI Mojell y O1JOMEHHOMY MiAXOJl J03BOJIsE
monemoBatu III1 cuHOaTpiambHMX ceprHeBUX KIiTHH JoauHu. Ilg xomOiHaris
BIJIKpUBAE HOBI MOKJIMBOCTI IS BHUBYCHHA B3a€MO3B'I3KIB MIDK

BHyTpimmHbOKTITHHHUMH 1 [1I1 ceprieBux kmiTHH.
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PO3/11 3
PEKOHCTPYKIIS MTOTEHIIAJIB JIIi CEPIEBUX KJIITHH HA
OCHOBI IXHIX MO3AKJITUHHUX IMTOTEHIIAJIIB

3.1 PekoHCTpYKUIisA NOTeHIiANy Ail OHI€T KIITUHA

[arerpyBanus ¢popmynu (2.4) no3Bosse oTpuMatu GOpMyIId sl TBOX BUIAIKIB.
VY mepuioMy BUMAIKY OJUH 3 €JIEKTPOMAIB BBAXKAETHCS CIIUIBHUM E€JIEKTPOAOM, SKUN
PO3MIIIIEHO HECKIHUEHHO JIaJIeKO BiJ JUKepelia CTpyMy Ta 1HIIOTo enekTpoaa. OCKUIbKU
¢ = 0 ipu r = oo, T0 (2.5) BU3HAYAE @ HA MPOMDKKY MIXK 7| = @, Ta 1, = 0. Y JIPyromy
BUTIAJKY 7| Ta 7, MAIOTh CKIHYCHHI 3HAYEHHS, 10 J1a€ MOXKIIMBICTh BUSHAYUTH (2 — ()

= A Ha TPOMDKKY MIX 7| Ta r; (puc.3.1):

c dr (1 1
A=, —@=—m""m) — | 3.1
O=0, =@ A di (’”1 7”2) (3.1)
OF
g
ry
I
I
0%

Puc. 3.1 [loTenmianu @; Ta (¢, y TOYKaxX Ha BIJICTAHAX 7| Ta 7, BT MOHOTIOJIEHOTO

JpKepea CTpyMy B MO3aKJIITUHHOMY CEpeIOBHILI 3 TPOBIIHICTIO G

Pi3Huist Mixk piBHSHHSIMH 3 ¢ Ta A mojsrae B iHTeprperarii: ¢opmyna 3 @
JI03BOJISi€ BU3HAYATH MOTEHIAT MOJIS BIAHOCHO CHIJIBHOIO €JIEKTPONYy, a AP 103BOJISIE
OIIIHUTU 3MIHY B TOTEHIIIAJ TOJS y MEBHOMY Jiamna3oHi BiAcTaHed. B MonenbHOMY
eKCIIEPUMEHT]I CHUTHAJIM TMOTEHIaTiB MoJiga OyayTh MaTH pI3HY aMIUTITYay, aje
OJIHAKOBY MOP(OJIOTiIO0, a pealbHi CUTHAIM MOXYTh MaTH SIK PI3HY aMIUNTYyAy, Tak 1
pi3Hy Mopdororito. Taka BIIMIHHICT ICHY€E Uepe3 MPUMYIICHHS, SIKi MPUUMAaIOTh JIJIs

CHPOIIECHHS MOJIETII:
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® TOMOTEHHICTh MO3aKIITHHHOTO CepeAoBHINa (G = const);
e i30Tpomis KIITHUH (KJIITHHU MalOTh OJJHAKOBI BJIACTUBOCTI B PI3HUX HAIMPSMKaX );

MIpHM KJIITHHA 3HAYHO MEHII, Hi BIJICTaHb [ JIEKTPO/IIB JIITUH
e po3Mi Kl 3HAYHO MeEHII, HDK BIACTA 0 eleKTpol KJIITHHA

PO3TIAAAETHCA SIK TOUKOBE JHKEPENO CTPyMY);
® BIIMIHHOCTI Y KOHIICHTpAIlISX 10HIB Ha PI3HUX BIJICTaHSIX HE BPAXOBYIOTHCS;
® B3a€EMOJIiS MIXK KJIIITHHAMHU HE BPAXOBYETHCS.

[lepeniueHi CHPOIIECHHS MOXYTh CTaTH MPUYUMHOIO TOTO, IO IMOTEHINaN IO
Oyze MaTH HeINiHIWHY 3aJeXHICTh BiJ BIJCTaHI 1O TOYKM BHUMipIoBaHHS. B Takomy

BUNAAKY A Oyae Matu Oubiie iHpopMaIlii, HiX .

Po3B’s3aBmiu (2.5) BiTHOCHO HAMIPYTH HA MEMOPaHi, OTPUMAEMO:

4dom ¢ 4onr ot
Vm(t):\/o‘l‘(TJO(Pdt:VO C J})(Pdf
— Cm m
r
A po3B’s3aBmiu (3.1) orpumaemo:
dom t
V,(t)=vo+ I (o, —y)dt
1 1)7
C,| ———
nn

3.2 PeKOHCTpPYKIisi CHHXPOHHMX MOTEHIIiaATIB il

OCKUTBKH Yy MIKPOENEKTPOIHUX MpUCTposx 3anucytoTh I1I1 Tkanun abo KympTyp
KJIITHH, TO HEOOX1THO PO3TJIIHYTH BHUIIAJI0OK, KOJU KIJIBKICTh JKEepea cTpymy Oiibiia 1
[12, 15]. SK110 KINBKICTH AKepen CTpyMy carae N, TOIl KUTbKICTh piBHAHB (3.1) Takox

Mae 30UIBIIUTHCH OO N:
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don dt \n, 1,
_C,dv,, L_L
P22 =P don dt \r, 1, ’
(3.2)
_ C% dp%i J;__l_
(%2 il 4T dt Gl 42 ”

B _C, AV, 1 B 1
Pn2 =P don di .

VY cuctemi piBHSHD (3.2) KIIBKICTh €JIEKTPOMAIB OOMEXEHA 70 2, TOMY CyMYIOUU

BCI 11 PIBHSHHS OTPUMAEMO:
N
av,, 1
-—— . 33
IZ:;(Plz (Pll Z(Plz z(Pll an i [r“ J (3-3)

i=1 Tin

Cymu noTeHI1ianiB OKpeMHUX JKEPES CTPYMY MOKHA MPEACTaBUTH SIK:

N
Oy = Z(Pil,

i=1
< M (3.4)

Py = Z(Piz.
i=1

3rigHo 3 (3.4) pi3HUIS CyMapHUX MOTeHiamB noys N kiaituH 3 (3.3) Oyne matu

BUI'JIAA:

N g
(Pzz—(Pm_f—z { 1 J (3.5)
-1

i T

k1o 3po0uTH TPUMYIIEHHS, [0 MeMOpaHH1 MOTEHITIAIM BCIX KIITHH OJHAKOBI

Ta CHHXpPOHHI1, TOA1 Vi = Viy, @ piBHSHHSA (3.5) MOXKHA CIIPOCTUTH JI0:
C,dv, &1 1
Ps2 — P51 :—GR—Z(———J- (3.6)

Po3B’s3aBmm piBHSHHS (3.6) BITHOCHO MEMOPAHHOTO MOTEHITIANY V), OTpUMAEMO:
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V (t):v0+

m

4om jt

N
1 1 )90
C =
mizﬂ:[”il ’”izj

(Psy — sy )dt . (3.7)

3.3 PekOHCTpPYKIist ACHHXPOHHUX MOTEHUiagiB Jil

Ha Bigminy Binx (3.6), piBasHHS (3.5) Mae N HEBIIOMUX, TOMY JAJisl HOTO PO3B’SI3KY
MiHIMQJIBHO HEOOX1HA KUIBKICTh eNeKTpoAiB csarae N+1 [15]. Takum unHOM, cucTema

piBHSHB (3.2) 115 Tapy €JIEKTPOAIB j Ta j+1 MEepeTBOPIOETHCS Y CUCTEMY PIBHSHbB:

c, dv.| 1 1
Qi1 =P, = - ,

domt dt

n,; N+
G v, 1
P2 T T aor dt \, mn ) (3.8)

— — Cm dV’”N ! - :
(PN,]+1 (pN,] 4o dt I’N’j rN,j-i-l .

Po3B’si3ytoun kokHe piBHAHHS 3 (3.8) BiIHOCHO MEMOPaHHOTO TMOTEHITIATY

OTPHMAEMO:
4om t
le(t):"m + jo((Pl,jH _(Pl,j)d ,
1 1
C,| ——
(I’L] rl,j+l)
4 t
Vinz (t)—voz + Sl _[0(@2,141 _(PZ,j)d’
1 1
C,| —-
(’”2,]' ’”2,j+1]
dom t
1 1

Vi (1) =voy + [ ]IO((PN,j+1@N,j)df-

'y TN, j+l

OTpI/IMaHy CUCTCEMY piBHHHB MOJKHA 3alliCaTu HAaCTYITHUM YHNHOM!
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1 1 4
L (le(t)_vm):ﬂr((PLjH_(Pl,j)dt,
. c_ do

nj  Nj+ .
—1 1 4o ¢t
(’”2,1‘ rz,j+1j( mZ(t) Voz) C, IO((P2,1+1 (pZ»J) 2 (3.9)

1 1 4
L (VmN (t)_VON):ﬂr((PN,jH _(PN,j)dt'
c_ Jo

'y, TN, j+ m

Jonasuu piBHSHHSA 3 (3.9) 17151 KOKHOT 3 ap eNeKTpoaiB j Ta j+1, oTpuMaemo:

mll

N1 _4
Z(___ (le( V()l GTCZJ‘ (Pl2 (pzl

11 _4
Z[———’ (le( VOl GTEZJ‘ (pz3 (pz2 (310)

mzl

mzl

1 1 4
Z(__ ](VWU( VOl GTEZ_“ (P1N+1 (plN d

I\ N TiNa

CyMy 1HTErpasliB pi3HUIb MOTEHIIAIB TOJS (@ B PI3HUX TOYKAX CHOTEPEKCHHS

MOJKHa TMPEACTABUTU K IHTErpai pi3HUIbL cyM. Toni, 3rinHo (3.4), cucteMy piBHSHb

(3.10) moxHa nepenucaTy sK:

(

Po3B’s130K

Z<———>( (1) 4"“] (95,0~ 03,

llrll 12

;<——l—>< (=)= [y (0sa=os2)ar s

)V, (2) = V()l)_ﬂj. (Qz, v — @z ) dl.

N
Z(L_

izt in  TiN+1

cuctemu piBHAHB (3.11) mo3Bosisie oTpuMaTH MEeMOpaHHI MOTEHIAIN

N KJIITUH BUKOPUCTOBYIOUH 3aMKcH 3 N+1 elneKTpoaiB.

Cucremy

piBHAHb (3.11) TakoX MOXHa afanTyBaTH IS PEKOHCTPYKLIT
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oaHaKoBUX cMHXpOoHHUX [1/] B yMoBax mymy. SIKio npuitHsaty, mio V,; = V,, 1o (3.11)

OyJie BUTJISIIATH SIK:

-

N
V)02 ) =2 sz =0 )
i=1 i i,2

i1

4
(m VO)ZZ;‘(Z__)_ an (Psg 3 — Psp)dt, (3.12)

1

7, m VO)Z( 1 4075"‘ (Ps y41 — Pxy)dl.

i=1 ”iN ‘,N+1

Taka cuctema pIiBHSHb € NEPEBU3HAUYCHOIO, a/pKe y cuctemMi 3 N pIBHSAHb
NpUCYTHS TUIbKU 1 HeBimoMa 3MiHHA V. Bci piBHsHHS 3 (3.12) MOBUHHI MaTH OJUH
pesynbraT, ane konu III1 3amymneni, To po3B’si3ku OynyThb BiapizHatucsa. OpaHaxk,
3aBASKUA TIEPEBU3HAYCHOCTI CUCTEMHU, MOKHA BHUKOPUCTATA METOJIM ONTUMI3AIlii, Taki
SK METOJ] HalMEHIIMX KBaJApaTiB, AJIS 3HAXOJKCHHS HAaWKpaIIoro HAOIMKEHHS [0
icTUHHOTO 3Ha4yeHHs V,. Lli MeTonu MIHIMI3YyIOTh CyMy KBaApaTiB BIIXWUJICHb MIXK
JiBOIO Ta MPaBOI0 YAaCTHMHAMHU KOXHOTO pIBHSHHS, 3BaKAl0UW HA BCl PIBHSHHS

OJIHOYACHO.

3.4 PeKOHCTPYKILisi Py 3 CAHXPOHHMMH MOTEeHIiaJIaMHu il

Hexaii B cepeqoBull npucyTHi N KITITHH, K1 JUIAThCS Ha M TpyIl (KOXKHA 3 SIKUX
Mae my, mp, ..., Mi,...,my KITaH). [lpunyctumo, mo MeMOpaHHI MOTEHITIAIH
BIJIPI3HAIOTBCA MK Fpylamu, ajieé OJIHaKOBI Ta CHHXPOHHI Bcepeauni rpyn [15]. OTxe,
KUTBKICTh HEBIJOMUX 3MIHHMX MOXHa 3MeHIUTU 3 N 10 M. B Takomy BUMajaKy i-Te

piBHsHHSA 3 cuctemH (3.11) nmpuitmae BUTIISI:
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i i1 1 4ot AL &
Z (Vmi(t)_VOi) [r. . = gnz J;((szz—(Pi,k,l)d’a
i=1 =1\ Tik1  Tik2 m i=1 k=1
M (1 1 dont &L &y ot
V.o(t)—v,. - = . dt,
iZ=1: ( mz( ) vm)ﬂ(”i,k,z e C ;kJO((PZ,H ®; k,2)
. w( 1 P (3.13)
d L ot
Z (Vmi(t)_VOZ) S I = gnz - jo((Pi,k,j+1_(Pi,k,j)df,
i=1 k=1\_"i,k,]j ik,j+1 m i=l k=1
A &1 1 4om L &
Z (Vmi(t) VOi)Z P = gnZZI;((Pi,k,N+1_(Pi,k,N)dt'
\z:l k=1\_"i,k,N i,k,N+1 m =1 k=1

Cuctema piBHsHb (3.13) mepeBu3HayeHa, ajKe KIIbKICTh HEBIJOMUX B Hii

MEHIIIa 32 KUIBKICTh PIBHAHB. /{7151 KOXKHOI HEBAOMOT 3MIHHOI iICHY€E 7; PIBHSIHb, a AJIs

PO3B’SI3Ky CHUCTEMH JIOCTaTHHO MaTH Oylb-sIKE 3 m; PiBHSIHB, OoTKe cucrtemy (3.13)

MOJKHa CIIPOCTUTHU O0:

% 1
i=1\ i
M

1
Z -
i=1 iM

1 1 4
T (le(t) vOz GRZJ (Pzz (le
g T2 Cn o
1 1 4
T T (le(t) GTCZJ. (Pl3 (p12 d
i T3 Cn o
(3.14)
1 4
= (le(t) vOz GEZJ ((pz j+l (Pl])d
ri,j+1 m i=1
1 4cm
(Vmi(t) Vol ZI Pivn1 — (le)d
i M+ Cn o

Cucrtema piBHsAHD (3.14) Mae KUIBKICTh PIBHSIHB, SIKA JIOPIBHIOE KUIBKOCTI TPyIl

KITHH M. SIKmo KimekicTh rpyn M Oyne piBHa KUIBKOCTI KIITUH N, TO cHCTeMa

piBasiHb  (3.14) Oynme exBiBasienTHOO A0 (3.11),

sJKa BIAMOBIZAE 3a METOJI

pekoHcTpykilii pi3HuX [IJ[ (0qHAKOBMX Ta ACHHXPOHHHX; PI3HUX Ta CHHXPOHHUX;

PI3HHUX Ta ACUHXPOHHUX). B mpoTHiIeXHOMY BUIIAJKY, SKIIO KUIBKICTh TPYH 3MEHILIUTH
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1o 1, To cucrema (3.14) Oyzae exBiBajeHTHO cucTeMi (3.12), ska € mepeBU3HAYEHOIO
CHUCTEMOIO JIJI1 METOIy PEKOHCTPYKIIi oJHaKOBUX Ta cUHXpoHHUX [1J[. Takum, ynHOM
METOJI PEKOHCTPYKIII 3 MOJUIOM Ha Tpynd KOMOIHY€ METOAU Ui PEKOHCTPYKLIi

PI3HMX Ta OJIHAKOBUX, CHHXPOHHUX Ta acUHHXpoHHUX [1/].

Ax 1 y Bumaaky 3 (3.12), cucrema piBHsHb (3.14) Tex wMoxe OytH
NEPEeBU3HAUCHOIO, ajieé BIJHOCHO I'PYyH, B AKUX KUIbKICTh piBHSAHB Ounbine 1. Lle mae
MOXJIMBICTh 3aCTOCYBAaTU METOJM ONTUMI3AIlli, TaKi K METOJl HAWMEHIIIMX KBaJpaTiB,

TUTSI 3HAXOJ[KEHHS HAaWKpalnuX 3HAYCHb HEBIJJOMHX 3MIHHUX Y KOXKHIN TPyTi.

3.5. InenTudikanis BiacTanei 1Js peKOHCTPYKUII MOTeHWIAIIB il

TouHne BU3HAYEHHS pO3TAllyBaHHS KIITHH € BaXJIUBUM (HAKTOPOM IS
pexoncTpykiii I1]] cepus 3a I, BumipsHUMHU 32 TOMOMOTOIO JEKITBKOX €JIEKTPOJIIB.
CydacHi METOAM BUKOPHCTOBYIOTH JIOJaTKOBE OOJIaTHAHHS, PEUYOBHMHH ab0 CKIaIHI
MaTeMaTH4Hl METOAM Ui Jokamizauii jkepena. Lli MeToam MOXyTh MOTEHIIHHO
BTpyYaTHcsi B TNPUPOJHUN CTaH KIITHH a00 HakIaJaTH 3HAYHE OOYHMCITIOBAIbHE
HaBaHTaXeHHA. [IpeacraBneHuii MeTOI IPYHTYEThCS Ha CHOPMYIbOBAHUX PiBHIHHIX
JUTSI OJTHOBUMIPHOTO Ta IBOBUMIPHOTO BUIIAJKIB PO3TAITyBaHHS KIITHH, TOOYJOBaHUX

JUTSI KOHKPETHOTO pO3TalllyBaHHS €JEKTPO/IIB.

Jlns Toro, o0 BU3HAYMTH BIACTaHI 7| 1 72, piBHSIHHA (3.1) MOXXHa mepenucaTa y

BUTJISII:

I 1 4nc

LI . - dr
X I((Pz ¢))

Jns Bumanky 3 1 KIIITUHOIO HaBeleHE PIBHSHHS MoOKe OyTH po3B'sizaHe 3
Bukopuctanuam [1I1, 3apeecTpoBanux 3 Oynb-sSKOi mapu eneKTpoaiB. ToMy OLTBIIICTD
napaMeTpiB 3aIMIIAETHCS HE3MIHHOIO, 32 BUHATKOM 1HTErpasia pi3HHIl MOTEHIlaIiB Ta

BIJIMTOBITHUX BIJICTAHEH MK €JICKTPOIaMHU:
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-

1 1 4o

—_1__ o dt,
e j((Pz ¢))

1 1 4nc

L L A dt.
PR C N j((P_?, ®,)

3HAXO/KEHHS CIIBBIIHOIICHHS MK ITMMU JBOMa PIBHSHHSIMHU MPU3BOIUTH 10
€IMHOTO PIBHSHHS 3 3 HEBIIOMUMH BIJCTaHSIMU Fi, 72, F3 1 3MIHHOIO Cj, SIKY MOKHA

BU3HAUUTH 3 BiJHOLIEHHS iHTerpaiiB pizuui [1I1:

() —y)dt

(’”2"”1)”2% _ (3.15)

(03—, )dt

—
NN
O ey O ey

Ockinbku enexktpoau B MEP po3ramoBaHi y BiIOMUX MOJOXKEHHSX, BIACTaHI B

PIBHSIHHI BHUIIE MOYKHA BBa)KaTH SIK:

2 2
i :\/(xs _xi) +(ys _yi) )
II€ Xs TA Yy — KOOPAUHATU X Ta y JUKEpena CTpyMy, a X; Ta ); — KOOPAUHATH X Ta )
€JIEKTPOoJa .

B ogHOBUMIpHOMY BUIAJKY Vs OyAe INOPIBHIOBATH );, TOMY 7; MOKHA CIIPOCTUTHU

J0:

rl.z\/(xs—xi)2+O=|xs—xi|.

f"3 »l

Puc. 3.2 Bunanok, Kkoiu KIiTHHA (4epBOHA TOYKA) PO3TAIIOBAHA 3J11Ba BiJl €JIEKTPO/IIB

Ha ogHoBUMIpHiH MEP

Posrasigatoun piBHSIHHS BUIE, MOXHA NepeTBOpUTH (3.15) B piBHSHHS 3 OJHUM

HEBIJOMHUM X'
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(x — X, | —|x, —x )x —X

2 1 3
sl =l oo

e e ) B

BpaxoBytoun, 0 K0>keH MOJyJIb MOXKE MaTH JIBa MOKJIMBHX PILICHHS, TO BChOTO
MoOske OyTu 8 KoMOiHaIi#l piBHSIHB. OCKUIBKH €EKTPOAN pPO3TAIIOBaH1 Ha MPsAMIN JiHiI,
JesiKi 3 UX KOMOIHaII HEMOXKITUBI (HAIIPUKIIA[, SKIIO JHKEPENIo po3TalloBaHe Mix 1-
M 1 2-M eJIeKTpoaaMu (X; > xi 1 X; < X2), TO IOBUHHA BUKOHYBATUCS YMOBA X < X3 1 T.]I.).
Tinekn 4 3 8 KoMmOiHAIIM BINMOBINAIOTh MOMKIWBHM PO3TAITyBAaHHSAM JDKEpeEna
BIJIHOCHO €JIEKTPO/IiB:
1) x,—x, <0, x,—-x,<0, x,—x3<0 = x,<x, Xx,<X, X <X3;
) x,—x;>0; x,—x,<0; x,—x3<0 = x;>x; x,<X5; X, <X3;
) x,—x>0; x,—x,>0; x,—x3<0 = x;>x5 X, >Xx; X, <X3;

4) x,—x;>0; x,—x,>0; x,—x3>0 = x,>x; X, >X; X, > X5

VY 1-My BUNaAKY JKEPENO pO3TalloOBaHEe 3J1iBa BiJl YCIX €JIEKTPO/IIB Ha BIACTaHI 7]
Bin 1-To enexktpoma, 7> 1 r3 Bim 2-To Ta 3-TO €NEKTPOAiB, BiamoBimHo (puc. 3.2).

BpaxoByroun 111 HEpiBHOCT1, aHATITUYHUHN PO3B'SI30K Ma€ BUTIIS:

Xg =

VY 2-My BHUMNAIKy JKEpesio po3TalloBaHE MpaBoOpyd Bia 1-ro enexkTpoja Ha
BIJICTaH1 7], @ TaKOX JIBOPYdY BiJl 2-r0 1 3-ro €JIEKTPOJIB Ha BIJICTAHIX 7y 1 73,

BiAmoBiHO (puc. 3.3). [[ns poro BUMagKy Moke OyTH /1Ba aHAIITUYHUX PO3B’SA3KH:

2
—(c]x3 —cx, +x, +x +2x3)+\/(x3(c] +2)—x,(c —1)+xl) +8(clx](x2 —x,) = x,(x +x2))

-4

2
- —(clx3 —cx, +x, +x +2x3)—\/(x3(c1 +2)-x,(c —l)+x1) +8(clx1(x2 -x,) = x(x +x2))

—4
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Puc. 3.3 Bunanok, KoM KIiTHHA (4€pBOHA TOYKA) PO3TAIlIOBaHA MK 1-M 1 2-M

eJIeKTpoiaMu Ha ogHOBUMipHi MEP

OCKIJIbKY ICHY€ J1Ba PO3B'S3KH, MPABWJIBHUNA MOKHA MIATBEPAUTH, 3HAWIIOBIIU

PO3B'SI30K ISl IHIIMX TPHOX €ICKTPO/IB, HAPUKIIA: IS 2-T0, 3-10 1 4-10 €IEKTPOIiB.

VY 3-Mmy BUNaJKy JKEpeso po3TalloBaHe MpaBopyd BiJ 1-ro 1 2-ro eneKkTpo/iB Ha
BIJICTaHSIX 7] 1 72, a TAKOX JIIBOpYY Bia 3-rO eleKkTpoja Ha BiacTaHl r3 (puc. 3.4).

AHaJIOTIYHO 2-My BHUIMAJIKY € TAKOX 2 aHAIITUYHI pO3B’SI3KU:

2
. —(clx3 +ex, +2cx +x —x, ) + \/(xl (2¢, + D+ x,(c, =D+ cle) +38¢, (—clxl (x, +x,)+x,(x, - xl))

>

—4c

1

2
—(clx3 +ex, +2¢x +x — xz) - \/(xl(ch +D+x,(c, - D+ clx3) + 8¢, (—clx1 (x, +x,)+x,(x, - xl))

—4c

1

1

F N

Puc. 3.4 Bunanok, Koy KIiTHHA (Y4€pBOHA TOYKA) pO3TAIIOBaHa MiX 2-M 1 3-M

eJIeKTpoaaMu Ha ogHoBUMIpHIiT MEP

Y 4-My BUMaAKy JKEPENI0 pO3TallloBaHE MPAaBOPYY BiJ YCiX EIEKTPOMIB Ha
BifcTaHi 7, r» 1 r3 Bim l-ro, 2-ro 1 3-ro enektpomiB BignmoBigHO (puc. 3.5).
AHamITHYHUHN PO3B'S30K IJISl I[LOTO BHUITAJKY CKBIBAJICHTHUH aHATITUYHOMY PO3B'S3KY

s 1-ro BUMaaKy:

N
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Puc. 3.5 Bunanok, konu ki1iTiHA (4epBOHA TOYKA) PO3TAIIOBaHA MPABOPYY

BiJT €JICKTPO/1iB Ha ogHOBUMIpHiT MEP

SAkiio pKkepeno He 00MEXYEThCS OJHOBUMIPHICTIO, TO piBHSAHHA (3.16) MaTuMe

BUI'JIA.

(\/(xs —x2)2 + (g _y2)2 _\/(xs _x1)2 + (g _)’1)2 )\/(xs —x3)2 +(y, _J’3)2
(\/(xs —x3)2 + (Y, _J’3)2 _\/(xs —x2)2 +(y, _J’2)2 )\/(xs _Xl)z + (g _y1)2

OCKUTBKH ICHYIOTH JBl HEBIIOMI BEJIMYUHH X; Ta )5, TO AJISL PO3B'A3KY HEOOX1AHO

MaTd JBa piBHSAHHA. [lpyre piBHSHHS MOXHa cQOpMyJtOBaTH, OOpaBIIK Ie 3

€JEKTPOAM, HAaNpUKIa, 2-id, 3-i1 Ta 4-ii:

Wor =5 + =90 o =0 + 0= N =0+ 0=
(Vo =2 + g 3% —Jm =)+ 0 =3P W )+ 0y -2
(o, =5 0,90 =5 =)+ 0y =00 N =0+ =90
(Ve =22+ 0y =3 =0 =) + 0 =) W — )+ (-0

BucHoBku 10 po3aiiy 3
VY nanoMy po3aiii BUKJIQJEHO HACTYITHI HalpallfoBaHHS:

1. Ha ocHoBi Teopii monst po3B’si3aHO 0OepHEHy 3amaudy pekoHcTpykmii 1 N
ceprieBux KaIiTUH 3 ixHiX N+1 IIII. Meroa aganToBaHO JJis BUIIAJIKIB, KOJIM KIITHHHU

MAaroTh:
a) CHHXpOHHI Ta ogHakoBi [1]];

0) cuHxpoHHi, ane pi3Hi [1/];
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B) aCUHXPOHHI, aje oaHakosi [1]];

') acCMHXpOHHI Ta pi3H1 [1/];

1) TPYTH 3 CAHXPOHHUMU Ta OJJTHAKOBUMH IMOTEHITIaJIaMu Mii;
€) TpyInu 3 CHHXPOHHUMHM, aJIe PI3HUMHU MOTEHIliaTaMu Jii.

2. Jlns KITHH 3 CHHXPOHHHMH Ta OJHAKOBMMHU TMOTEHIIATaMH [ii Po3pOoOICHO
METO/I, SIKU J03BOJIsIE peKOHCTpytoBaTu ycepeanenuit [1J1 N kiIiTHH BUKOPUCTOBYIOUH

OyIb-5IKi 2 €JeKTPO/IH.

3. Bumagok pi3zaux I1J] mpencrtaBnsie coboro clieHapiid, KOJIW Pi3HI KIITUHU
MaroTh pi3Hl Mopdoorii IT. V cunxponHomy Bumanky xou ui IIJ[ 1 maroTe pi3Hi
Mopdosorii, age iX ¢da3u CHMHXpPOHI30BaHI. Y ACMHXPOHHOMY BHUIIQJIKy BiJMiHHI HE
Tk Mopdosorii [11, ane 1 ixui ¢gasu. us N kIiTUH 3 pI3HUMU TMOTEHITIATaAMH il
(cuHXpoHHMMH a00 ACHHXPOHHHMMH) pPO3pPOOJEHO METOJ, SKUW Jlae 3MOry

pexoHcTpyroBatu ixHi [1]] 3 N+1 TII1.

to I1/] MOkHA PEKOHCTPYIOBAaTH BUKOpPUCTOBYIOUM (opmyny ais pizHux I1J1. Meton
pekoHcTpyKIi s pizaux [1J] BukopuctoBye cuctemy 3 N piBHAHb 3 N HEBIIOMUMH,
ajie BHACIIJOK CUHXPOHHOCTI Ta 0JIHaKOBOCTI [1/] KiNbKICTh HEBIIOMUX 3MEHIITYEThCS
no 1, 1 cuctema piBHSHb CTae mepeBU3HaueHoro. lle mae 3mory ontumizyBatu

pE3yNbTaT 3a JIOMIOMOTOI0 MiHIMI3aIlil TOXHOOK PO3B’SI3KiB CUCTEMU PIBHSHbD.

5. Hogin N kmituH Ha M rpyn, B sikux [/ KIITHH OHAKOBI Ta CUHXPOHHI MIXK
co0010, JT03BOJISIE CKOPOTUTH KUIBKICTh HeBiioMux 3 N 1o M. 3 ogHOro 00Ky, SKIIO
KUTBKICTh TPYH JOPIBHIOE KUIBKOCTI KJIITHH, TO 1€ METOJ| CTa€ 1JICHTUYHUM JI0
METOAY 3 PI3HUMU NOTEHLIAIaMHU Aii. 3 1HIIOT0 OOKY, SKIIO KUIBKICTh IPYI JOPIBHIOE
I, To meit MeToa MEPETBOPIOETHCS HA METOA 3 OJHAKOBUMH Ta CHUHXPOHHUMHU
noreHuiaiamu Aii. Konu kiapkicTh rpyn Outbina 1, ame MeHIa BiJl KUJIBKOCT1 KJIITHH,
TO YTBOpPEHa CHCTeMa pIBHSHb OyJe NEPEeBU3HAUCHOIO BIJHOCHO TPYI, B SKUX

KUIBKICTh PIBHSHB OLbINa 1.

6. Jus peamizamii metoxy pexoHctpykuii ITJ] 3 TIII BaxauBOo BUKOHATH
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imenTrudikarito BiicTaHEH MIXK KIITHHAMH Ta ejaekTpojamMu. L1 BijcTani 3anexaTh Bij
reoMeTpii CUCTEeMH Ta pO3TalllyBaHHS KIITHUH Yy CepenoBHINi. AJie, OCKIIbKH B
cuctemax 3 MEP BigoMme Micuie po3TallyBaHHsS €IEKTPOIIB, TO 1ACHTH(IKAIIIO
BlJICTAaHEH MOXHA IIPOBOJWTH BPaXOBYIOUH TE€OMETPIIO0 PENITOK Ta BiAMOBIIHI
BigHomeHHs: [III. B poGoTi oTpuMaHO aHaMITUYHUA PO3B’S30K JJIsi BU3HAYEHHS

BiJICTaHEH BiJ €JIEKTPOAIB 10 KIITHHU B 1-BUMIpHOMY Ta 2-BUMIPHOMY BUIIAJKaX.
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PO3/1T 4
AHAJII3 TA KJIACU®IKALIA NOZAKTITHHHUX .
MOTEHIIAJIB TA PEKOHCTPYHOBAHMX MOTEHIIAJIB JIi

4.1 O0poOKka Mo3aKJITHHHUX MOTEHIiATIB

Buxopuctanust MEP no3Bossie peectpyBaTH €NeKTpUYHY aKTUBHICTH Oaratbox
KJIITUH OJTHOYACHO, OJJHAK, y 3B'A3KY 3 MOXJIMBOIO MPUCYTHICTIO PI3HOMAaHITHIX IIyMiB
Ta apredakTiB, fAKI CYNPOBOKYIOTh pEECTpallilo, BHHUKAE moTpeda y o00poOiii

CUTHAJIB JJI1 OTPUMAHHS JTaHUX, K1 KOPEKTHO npeactapistorh [I1 kmiTuH.

4.1.1 diabTpanis MO3aKJIITHHHUX MOTEHIiAIB

Bukopucranas uudpoBux (UIBTPIB TO3BOJISE BUIUIATH YaCTOTHI KOMIIOHEHTH
CUTHaJy Ta MPHUTHIYYBAaTU IIyMH 1HIIUX 4acToT. KomOiHamii (inbTpiB HU3BKHUX Ta

BHUCOKHX YaCTOT MOKYTbH JOIIOMOI'TH Bi,ZIOerMI/ITI/I KOpI/ICHI/Iﬁ CHUI'HAJI Bi,II mymy.

BeiiBner-nepeTBopeHHss — 1€ MOTYKHUUA METOJ] NEPETBOPEHHSI CUTHAIIB, SKUN
MpEJICTaBJIsiE CUTHANI Y BUTJIAJII CyMHU BEUBIET-QYHKIIM pI3HUX YaCTOT Ta MaclITabiB.
Ile mo3Boisie aHaNi3yBaTU CUTHAJI Ha pPI3HUX PIBHAX JIEKOMIO3UIIIi, IO POOUTH
BEUBIIET-NIEPETBOPEHHS €(PEKTUBHUM B PO3KJIaJJaHHI CUTHAIIB Ha KOMIIOHEHTU PI3HUX

4acTOT Ta BUJIYYCHHI ITyMiB 1 1HIIKMX apTedakTiB [79].

MeTon BIacHUX MIANPOCTOPIB € M€ OJAHUM €(PEKTUBHUM I1HCTPYMEHTOM B
o0xacti 00poOku curHamiB. Lleir Mmeron 6a3yeTbcs Ha KOHIEMI BIACHUX 3HAYEHb Ta
BJIACHUX BEKTOPIB MAaTpHIlh, IO MPEICTABISIOTh CHUTHAIM Ta IXHIO CTAaTUCTHKY. B
IOMY METOJ1 CUTHaJIM MOXYTh OYTH MpeACTaBleHI y BUTJIAAI MATpHIl, A€ PAIKU
BIIMOBIAIOTh PI3HUM KaHajaMm (eJIeKTpojaM) abo TmepiojlaM OJHOTO OKPEMOTO
CUTHAIly, a CTOBIILI MPEACTABISIOTh BIIUIIKM y 4aci. BUKOpHUCTOBYIOUM alroOpuTMH
BJIACHUX TMIAMPOCTOPIB, ISl MATPHIISI PO3KIAAETHCS HA BJIACHI BEKTOPH Ta BIJIACHI
3HauYeHHs. BiacH1 BEKTOpH BKa3ylOTh Ha HANPSMKU MaKCUMalbHOI Bapiallli B CUTHaI,
B TOW Yac SIK BJIaCHI 3HAUEHHS BHU3HAUAIOTh BAaroMiCTh KO>KHOT'O BJIACHOTO BEKTODY.
3a3Buyai, BJIACHI BEKTOPH, IO BiANOBIJAIOTh BIACHUM 3HAYCHHSAM 13 HAHOIIBIIIOO

Baror, MpeJCTaBJISIIOTh TOJIOBHI KOMIIOHEHTH CHUTHAIY, TOJ1 SIK MEHII Ba)KJIUBI
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KOMITOHEHTH MOXYTh OyTH YCYHYTi, 1100 BUJIY4YUTH IIyMH Ta aptedakTu. Takuit
MiXiJ JJO03BOJSIE TMPOBOAUTH €(QEKTUBHE 3HENIYMJICHHS, a TaKOXX 3MEHIIYBaTU

PO3MIPHICTh CUTHAITY, 30€piralouu Npu bOMY BaXJIKMB1 iHPOPMAIIiiiHI KOMITOHEHTH.

Jlns mOpIiBHSHHS PI3HUX METOJIB OYJI0 MPOBEJACHO YUCIOBI €KCIIEPUMEHTH 31
3HEIIYMJICHHS cuMyJiboBaHUX curHaimiB [II1 nuTyHOUKOBHX —KapAiOMIOLMTIB 34
JIOTIOMOTOI0  BEMBJIET-TIEPETBOPEHHS, METOAY BIIACHUX MIANPOCTOPIB Ta iXHBOI

komOiHanii [11]. SkicTh 3HemIyMIeHHs olliHloBaizacs Ha ocHOBI MeTpuku RRMSE:

n—1
Z(Ei - Ei*)z
RRMSE = [0 -100%,

n—1 5
2E
i=0

~r * ~
ne E; — cumynpoBanuii curHan IIII, E; - sHemymiuleHMH CUrHAN, 7 — JOBXKHHA
(G pOBOro CUrHamy (KUTbKICTh BIJUTIKIB 7).

3"enrymieHHs 3 BeiBieT-nmeperBopeHHsM npu SNR = 40 nb moka3zano xopormri
pesynbrati 3 RRMSE (Relative Root Mean Squared Error) = 4,8%, onnak
BUKOPHCTAaHHA BEWBIIET-3HEIIYMJIEHHS 3 HIK4MM SNR mnpusBeno a0 3HaYyHOIro
30utbieHHss RRMSE. 3nemymiensss MeToay BIACHUX MiAMPOCTOPIB MOKA3AJI0 3HAUHO
Kpauie pe3yibTatu (B cepeaHhoMy B 3.8 pa3iB), HIXK BEUBIIET-3HEIIYMJICHHS, aje
RRMSE = 12.4% npu SNR = 20 ab. BukopuctanHsi KOMIUIEKCHOTO METOMY
3HEIIYMJICHHSI 3 BUKOPUCTAHHSM BEUBIET-3HEIIYMJICHHS Ta 3HEIIyMJICHHS 3
BUKOPUCTAHHAM BJIACHUX MIAIPOCTOPIB, BUSBUJIOCA OUTbIl €(GEKTUBHUMHU IS
smeHmendas RRMSE npu an3skomy SNR (Ta6mmms 4.1 ta Puc. 4.1): 3a SNR = 40 nb,
nokpamieHHss RRMSE komiuiekcHOro 3HemymieHHs cTtaHoBuio Bcboro 0.13%
MOPIBHSIHO 3 BUKOPUCTAHHSIM JIMIIIE METOAY BIACHMX MIAMPOCTOpiB, a mpu SNR = 20
b pizauis RRMSE mixk KOMIUIEKCHUM METOJ0OM Ta METOJIOM BJIACHUX IMiAMPOCTOPIB
cranoBuna Bxe 1.6%. [Jiamazon SNR 20 ab i1 Bume O0yB oOpanuii Ha ocHOBI SNR,
BumipsiHOTO 13 3amuciB I[1I1 cepreBux wmitun. I1]] Ta, Binmosimuo, I pi3Hux TwUIB
KJIITUH MOXYTh MAaTH Pi3Hy MOpPQOJIOrio, TOMy pe3yibTaTh HaBejeHl B Tabm. 4.1

aKTyaJbHI TMEpII 3a BCE ISl IUTYHOYKOBUX KapJIIOMIIUTIB Ta CUTHAJIB, SKI MaoTh
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cxoxi T1I1.

Ta6mug 4.1 Metoau 3HenymiieHHs Ta ix RRMSE npu pizaux SNR [11].

Merton 3HeIyMIIEHHS RRMSE (%)
SNR, 20 nb SNR, 30 nb SNR, 40 nb

BeliBner 3HeIyMIIEHHS

(Daubechies 4. level 4) 45.5 15.2 4.7
Meto/ BIacHUX MIANMPOCTOPIB 12.4 3.9 1.2

BeliBner 3Hen1yMiIeHHs

((Daubechies 4, level 4) 10.7 3.5 1.1
+ MeTOJ BJIACHHX MIIMTPOCTOPIB

O HMi

2
=
=

5 i i i 5 ; ;
0 100 200 300 0 100 200 300
1, MC 1, MC
a) 0)

Puc. 4.1 TloTtenmianu @; Ta @x:

a) moTeHIiai ¢, 3 6uuM raycoBum mymoM (SNR = 20 a1b) (cyminpHa YopHa JIiHIsA)

1 3HENTYMJICHHUM MOTEHIa @1 (YUepBOHA MYHKTUPHA JIiHIs);

0) moreHiian @, 3 6iauM raycoBuM mrymom (SNR = 20 nb) (cyuiibHa 4opHa JiH1s)

1 3HENTYMJICHHUM MOTEHIIIaN @, (YepBOHA MYHKTHPHA JIIHIA)

4.1.2 CerMeHTAILlIf MO3AKJTITHHHNX MOTEHUIAJIIB

O6po6ka I1IT moxe BKJIFOYATH KiJIbKa KJIFOYOBUX eTamiB. HacTymHUM MOXIJIMBUM
eTanoM micia (UIbTpalli € CerMeHTalis CUTHaldy, TOOTO HOoro mojia Ha OKpemi
nepiogn abo cermeHTH. i bOTO MOXYTh BHKOPUCTOBYBATHUCS METOJIU MOPOTOBOI

buTbTpalii, Kopessii ado 31CTaBICHHS 3Pa3KiB.
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[ToporoBa dinbTpariis nepeadayae BUOIp MOPOTrOBOro 3HAYEHHS a00 1HTEpBAITY
3Ha4YeHb, Kl MPUCYTHI HAa KOXXKHOMY CETMEHTI Ta BIJCTaHb MIX SKHMH JIOPIBHIOE
noxwuHi niepioxy. B T1]] Taki 3Ha4eHHS BiAMOBIIaI0Th MAKCUMAIBHIN aMITIITY 11 TICIIS
nenossapuzaiii abo MiHIMaIbHIA aMIUNTYIl Tichs penossipusainii, a B I Takum

TOYKAM — ITKHU 3yOIliB JenoJisspu3ariii. 3acToCyBaHHS I[LOTO METOIy TIependavac:

1. BwusHauenHs mnoporoBoro piBHA ammuityad. lLle wmoxe Oyt 37iiicHEHO

EKCTIIEPUMEHTAJIbHO a00 Ha MiJICTaB1 aHAII3y XapaKTePHUX BJIACTUBOCTEH CUTHAIIIB.

2. CermeHt (QOpPMYIOTHCS Ha OCHOBI NEPETUHY AaMIUTITyJTHOTO CHTHAlIy 3
BU3HAYeHUM T1oporoM. KokeH Takuii MepeTHH MOXKe CIYryBaTH BH3HAYHUKOM

OKPEMOTO TMEPIOy.

3. OtpumaHi CerMeHTH MOXYTh OYTH MiAJlaHl MOAaJbINii 00poOLl sl BHITyUYEHHS
HEMpaBUWJIbHUX NEpPEeTHHAaHb a00 aHali3y 3 BU3HAYEHHSM TPUBAJIOCTI, IHTEPBAJIIB MIX

AETOJApU3ALIisIMU Ta IHIINX apaMeTpiB.

Buxopuctanus ¢yHKIIT KOpesLii 103BOJIsS€ BUSBUTH CXOXKICTh MK I1a0JIOHOM
(HampukJiazm, 3pa3koM 3yOrs jenojisipusaiiii) Ta curHaimom. IligiOpanuit mopir
KOpEJISLii MOXKE CIyTyBaTH JJisi BU3HAUEHHS [MOYATKy CEIMEHTY. 3a3BHYail ajJrOpUTM

BUKOPHUCTaHHA (PYHKIIIT KOPEJIii nepeadadae HaCTyHI KPOKH:

1. TloyaTkoBUM eTarioM € BHU3HAYEHHS €TaJOHHOTO 3paska. lle moxke Oytm
3MIMCHEHO MUISIXOM BiI0OPY Ta YCEPEIHEHHS OKPEMHX CETMEHTIB 13 CHUTHalIy afo

CTBOPEHHSI CTAH/IapPTHOTO I1a0JIOHY.

2. KopensauiiiHa (yHKIIS BUKOPUCTOBYETHCS JUIsl BU3HAYEHHSI CTYNEHS JIHIAHOI

B32€MO3JICIKHOCT] MK €TaJJOHHUM 3pa3KOM 1 CUTHAJIOM Ha PI13HUX MPOMIKKaxX 4acy.

3. BcTaHOBIIOETHCS MOPOTOBUM pIBEHb KOPEJNALil, SKUH BH3HAYA€ MIHIMAJIbHUN

JOMYCTUMMIA CTYTMIHb CXO0KOCT1 MI>)K CUTHAJIOM Ta €TaJJOHHUM 3pPa3KOM.

4. B Tux BIKHaX, /i€ 3HAYEHHS KOpPEJSIii MEepeBUILy€e TMOpPIr, BiA3HAYAIOTHCS
MOMEHTH MaKCUMalIbHO1 Kopessiii. Lle Moxke BinOyBaTucs 3a JONOMOIOI0 BU3HAUYEHHS
MIKOBUX TOYOK abo ikcarii movyaTky Ta 3aBEpIICHHS IHTEPBAJiB MaKCUMaJIbHOI

KOpeJIsLii.



75

5. OtpumaHi MOMEHTH abo0 IHTEpBaJd MAaKCHMAJIbHOI KOPEJAIll BHU3HAYAIOTh
IpaHUI]l CEerMEHTIB. TakWM YWHOM, CHUTHaJI pO3JUIAETbCS Ha oOkpemi ¢as3u, abo

CCIMCHTH.

6. CerMeHTH MOXYThb OyTH JI0JJaTKOBO IpOaHaII30BaHi MICJsI OOUYMCICHHS TaKUX
napameTpiB K CEpeHE 3HAUCHHS, IHTEPBAJ MK JEMOJIIpU3AIlisiMUA, MaKCUMaIbHa Ta

MiHIMaJbHa aMILTITY 11, TOUIO.

Metoa MOpiBHSHHSA 3pa3KiB CKJIAIA€ThCS 13 31CTaBJICHHS €TAJIOHHMX 3pasKiB 13
CUTHAJIOM Ta MO’K€ BBaKATHCS OUIBII y3araJIbHEHUM IT1AX0J0M BUKOPHUCTAHHS (QyHKITIT
Kopessii. BiH ckiagaeTbcs 3 THX caMUX KpPOKIB, ajle TakoX Iepeadadae BUOIP
METPHUKH CXO0XOCTIi. B 3icTaBlieHHI 3pa3KiB BUKOPUCTOBYIOTHCS Pi13HI METPUKH, TaK1 K
BIJICTAHb MK CHTHajaMu a00 KOCHHYCHA CXOXICThb, B TOMW dYac SK JJISi KOPEJISIii

BUMIPIOETHCS CTYIIHb JIIHIMHOI B3a€MO3aJI€XKHOCTI.

4.2 KapaioToKCH4YHICTh Npenaparis

KapmioTokcuyHicTh — 1€ BIACTHUBICTH PEYOBHMH ab0 JKApChKUX 3aco0iB
BUKJIMKATH TOUIKOKEHHSI CepleBO-CYauHHOI cucteMu. lle cepilo3na mpoOnema B
MEUITMHI, OCKUIBKH CEpIIEBl 3aXBOPIOBAHHS CTAHOBIATH OJHY 3 OCHOBHUX IMPUYHH
CMEPTHOCTI y CBITI. baraTo mikapchKuxX MpenapariB HpOSBISAIOTh KapAlOTOKCHYHI
BJIACTMBOCTI, 1 BHUBUEHHS LHOTO SBUIIA € HAA3BUYANHO BAXKJIMBUM IS 370POB’s

namiedTiB [80].

KapaioTokcnuHicTh MOKe OyTH BUKJIMKaHa pI3HUMU MexaHi3MamMu. OIMH 3 HUX —
e TNpsSMUN BIUIMB HA KIITHHU Miokapaa. Jleski JikapchKi Mpenapatd MOXYTh
MPU3BOIUTH O MOIIKO/KEHHS M'SI30BUX KIIITUH CEPIls, 30KpeMa MUISIXOM 3MIHU iXHBOT
CTpykTypu a0o ¢yHkiii. [HIIMIA MexaHi3M TOB'SI3aHUM 3 BIUIMBOM Ha TIPOBIIHI
CUCTEMH CepIls, Takl K CHUCTeMa MPOBIIHOCTI CEplid Ta aBTOMATH3M. 3MIHU B ITUX
CHUCTEMaX MOXKYTh BUKJIMKATH apUTMIl Ta TMOPYIICHHS pUTMY cepid. Jleski pedoBHHH
MOXYTh TaKOXX BHUKIUKATH KapJIOTOKCUYHICTh 4Ye€pe3 B3aEMOJMII0 3 BAKIUBUMHU
MOJIEKYJIaMH, TAKUMU SIK €H3UMH a00 PEeLeNTOPH, [0 3MIHIOIOTh PETYJISIII0 CEPLIEBOTO

pUTMy Ta (PyHKIIII.
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barato nikapchKMX TpemapaTiB MOXYTh MaTH KapJiOTOKCHYHUN BIUIWB.
AHTHApUTMIYHI TIpenapaTd, SKi BHKOPHUCTOBYIOTh Jii OOpPOTHOM 3 apUTMIAMH 3a
MEBHUX YMOB MOXYTb MPU3BOJHUTH JIO MOPYIIEHL CEPIIEBOTO PUTMY. AHTHOIOTHKH,

TaKl SIK aHTPAIMKIIIHHU, B1IOMI CBOEIO 3/ITaTHICTIO BUKJIUKATH YPaKCHHS MIOKap/ia.

BuB4eHHST Kap10TOKCUYHOCTI BKJIIOYAE PIZHOMAHITHI METOIU Ta MiIXOJH, IO
JI03BOJISIIOTH OIIHUTH BIUIMB PEYOBHH Ha CEPIIEBO-CYIMHHY cucTtemy. HaiiBakiusinm

METOIN JOCHIIKEHD BKIIFOYAIOTh:
1. Kimituaai MmoaeJti:

Kynomypu xnimun cepys. BHUKOPUCTOBYIOTBCS 130JIbOBaHI KJITUHM CEpUs JJIS

BHUBYCHHSI BIUIMBY PEYOBUH Ha M's130B1 KiiTHHU [81].

Knimunni ninii. Jleski KIITUHHIL JiHIT MOXYTh CIyTYBAaTU MOJEISIMU JUISI TOCIIIKEHHS

KapJ1I0TOKCUYHOCTI [82].
2. TeapunHi moaeJi:

Muwayui ma wypaui modeni. JIOCTiTKEHHSI MPOBOAITh HAa TBapHHAX Jisi BUBUYCHHS

CHCTEMHOIO BILUIMBY PEYOBHUH Ha CEPLIEBO-CYAMHHY cucTeMy [81].

EKT-monimopune. 3anmucu  eIeKTPOKapAiorpaMu y TBapUH MOXKYTh JOTOMAaraTu

BUSBJISITH 3MIHU y CEPLIEBOMY PUTMI Ta MpoBigHOCTI [83].
3. Enexkrpoddisiosoriuni meroau:

Enexmpoxapoiocpaghis. BUKOPHUCTOBYETHCS Il OLIHKHA CJIEKTPUYHOT aKTHUBHOCTI

CeplLs Ta BUSIBJICHHS 3MiH Y PUTMI Ta MpOBITHOCTI [83, 84].

Enexmpodgizionociuni o0ocnioocenus in vitro. BKIIOYaIOTh TOCTIIKCHHS CEPLEBUX

KUITUH Ta BUSIBJIEHHS apuTmiil [80].
4. BioxiMi4HI Ta MOJIEKYJ/ISIPHI MeTOAU:

biomapxepu. BuszHaueHnHs piBHIB OloMapkepiB, TaKUX SK TPOIOHIHHU, SIKI MOXYTh

CBITYUTH MPO MOIIKOIKEHHS M'sI30BUX KIITUH [85].

T'enemuyni oocniodcenH. AHami3 TEHETUYHUX MEXaHI3MIB, SIKI MOXYTh BIUIUBAaTH Ha

peaxIIiro cepis Ha pi3Hi peuoBUHU [86] .
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5. KimiHiuHi JocTisKeHHA:

Kniniuni eunpobysanus. BUBYEHHS BIUIMBY JIIKApCHKUX IperapariB Ha IMAaIli€HTIB,
BKJIFOUAIOYU MOHITOPUHT CEPIIEBO-CYIMHHOTO CTaHy Ta BUSBJIECHHS MOOIYHUX €(EKTiB

[84].

Pempocnexmuenuii ananiz. Anani3 BUMAAKIB KapJIIOTOKCUYHOCTI B 1CTOPIi JIKyBaHHS

namiedTiB [87].

[{i MeToau BUKOPUCTOBYIOTHCS K OKpPEMO, TaK 1 B KoMOiHallii, 1100 OoTpuMaTu

KOMIUIEKCHY OIIIHKY KaplI0TOKCUYHOCTI PEUOBUHH a00 JIIKApCHKOT0 3ac00y.

JlocniKeHHsT KapIIOTOKCUYHOCT] € HEB1JI'€eMHOI0 YaCTUHOIO MPOLECY PO3POOKU
HOBHUX JIIKQPChKUX MpernapariB Ta BAOCKOHAJEHHs icHyrouuX. HaBiTh micis Toro, sik
JKapChKUH TpermapaT OTpUMaB CXBAJIGHHS BiJ PEryJISITOPHUX OpraHiB Takux sk Food
and Drug Administration (FDA) 1 BBeieHU# y KIIIHIYHY MPAKTHKY, ICHYE MOKJIUBICTb,
[0 BIH MOJK€ TPOSBUTH KaAPJIOTOKCHYHI BJIACTUBOCTI B MPOIIECI BUKOPUCTAHHSA Ha
pi3HUX TmamieHTax abo 3a SKUXOCh OCOOMMBUX yMOB. [IpUuMHU LBOrO MOXKYThH

BKJIFOUaTH [88]:

1. InauBigyaabHi BigMiHHOCTI mamieHTiB. Peaxilis Ha mikapchki mpemnapartisB
MO€E BapIIOBATH B 3aJICKHOCTI BiJ] TEHETUYHUX OCOOJMBOCTEM Ta 1HIIUX (aKTOPIB, 1110

BIIMBAIOTh HA 1HAMBIIyaJIbHY YyTIUBICTb 70 MIpemnapary.

2. Bzaemonisn 3 iHmMWMMH JikamMu. BUKOpUCTaHHA KITBKOX JIIKAPCHKHUX
npernapariB  OJJHOYaCHO MOXK€ MPU3BOJUTH 10 HemnependauyeHuX B3aEMOJIN, SKI

MOYTb BIUIMBAaTH HA CEPLEBO-CYJIMHHY CUCTEMY.

3. JoBrorpuBaja exkcno3unia. Jleski 1noOiuHi edexTH, BKIOYAOYH
KapJ10TOKCUYHICTb, MOXYTh CTAaTH MOMITHUMH JIMIIE NMPU TPUBAIOMY BHKOPHCTAHHI

npemnapary.

4. Hoi pani ta Bigkpurrs. Jleski KapAiOTOKCUYHI €PEKTH MOXKYTh CTaTh
BIJIOMUMHU JIMIIIE TICJSI TOTO, SIK TMperapaT BXKE€ BBEACHHM y KIIHIYHY MPAKTHKY,
OCKIJIbKM TIOJAJIbIIIE CIIOCTEPEKEHHS Ta JOJATKOBI JIOCTIPKEHHS MOXYTh BUSBUTH

HOBI acekTh ab0 MeXaHi3MH JIii mpenapary.
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5. Jlo3o3ajexHa TOKcHU4YHicTb. Hwu3bKi 103M Tpenapaty MOXYyTh OyTH
Oe3nmeyHrMu a00 MaTH MiHIMaIbHUM €(deKT Ha CepleBO-CYJIUMHHY CHCTEMY, ajie 31

301TIBIICHHSAM JIO3M MOX€ 301JIbLITYBATUCSA PU3UK KapAI0TOKCUYHOCTI.

IcHYI0Th AeKiJIbKa MEXaH13MIB, SIKi MOXKYTbh MOSICHUTU J0303aJIe)KHY TOKCUYHICTh

[88]:

1. HacuyeHHss peuenrTopiB. 3 JCIKMMHU JIKapCbKUMH  PEYOBUHAMU
CIIOCTEpIraeThCsl HACHYEHHS PELENTOpiB, IO O3Hayae, IO IMPH HU3BKHUX J103aX
npernapaTd MOXKYTh B3a€EMOJISATH JIUIIE 3 OOMEXKEHOI KIUIbKICTIO peuentopiB. [lpu
30UIBIICHH] JIO3M 1€ MEXaHI3M MOXK€ NPUBECTH J0 HECHPUSATIMBUX €(EeKTiB,

BKJTFOYAIOUM KapAI0TOKCUYHICTD.

2. Mera0oai3m. 30UTbIIEHHS 03W MOKE BIUIMBAaTH Ha 00OCAT MeTaloJi3My
npernapaty B opraHismi. llpu BemMkux m03ax MOX€ BUHUKHYTH HAKOMUYCHHS

TOKCUYHUX METAOO0ITIB, 10 TPU3BOIUTH 10 KaPIIOTOKCUYHHX €(EKTIB.

3. Cucremn BUBeJeHHsl. Benuki 103U mpenapariB MOXYTh ME€pPEBaHTaXyBaTU
CUCTEMHU BHUBEJICHHSI OPraHi3My, y pe3yJibTaTl 4Ooro MOK€ 3MEHILIUTUCA HIBUIKICTb

BUBEJICHHS Iperapary Ta Horo TOKCHYHOCTI.

4. lo303ajie:kHAa aKTHBallis LUIAXIB curHaJjizamii. Jleski nmpenapatu MOXYTb
AKTUBYBATH CUTHAJIbHI CUCTEMHU KJIITHH CEPIl, K1 MPU3BOIATH 0 KapA10TOKCUYHUX

e(EeKTIB TUIBKH MPHU ITEBHUX KOHIICHTPAIIISX.

TakuM 4YWHOM, B@XXJIIMBO BCTAHOBIIIOBAaTH OINTHMAJIbHI JIO3W  JIIKAPCHKHUX
npenapariB JjIsl JOCITHEHHS MaKCUMaIbHOI €(heKTUBHOCTI MPU MiHIMI3AIlT MOKIHUBUX

moO1YHUX €deKTiB, BKIIOUYAYHN KapA10TOKCUYHICTD.

4.3 Ilo3akgiTHHHI NOTEeHIiaJIXM TAa TMOTEeHHiaaum Aii B OWIHII
KApAiOTOKCHYHOCTI Npenaparis

JlocmipkeHHsT KapAlOTOKCHYHOCTI € HEBIJ'€MHOI YaCTHHOIO OIIIHKH OC3IeKH
(dhapmaxosioriynux npenapatiB. [1/], 1m0 reHepyrOThCS Ta MOMIUPIOIOTHCS B KIITHHAX

ceplsl BIJIMOBIJAIOTH 32 WOro pUTMIYHE cCKopoudeHHs. Pi3Hi mapametpu IIJ] MOXyTh
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BKa3yBaTH Ha eneKTpo(i31010T1UHI 3MiHH, CIIpUYMHEHI MOTEHIIMHO
KapAIOTOKCUYHUMH pedoBUHAMU. [1J] XapakTepu3yrOThcsl TaKMMH IMapaMeTpaMu SK
MEMOpaHHUN TOTEHIlaJl CIOKOK, TIOPOrOBHM TMOTEHLIad, MaKCYUMalbHa Ta
MiHIMaJIbHa aMIuTiTy1a, TpuBalicTh 1] Ta #ioro a3, 3a KOXXHY 3 SKUX BiJIOBIIAIOThH

pi3HI 10HHI KaHaMM a0o ix rpymnu (Tadm. 4.2 ta puc. 4.2) [89].

MemOpaHHu#l OTEHLIal CIOKOI0 — 1€ Halpyra Ha KJIITHHHIN MeMOpaHi B cTaH1
CIIOKOIO, TOJIi SIK MOPOTOBHMI TOTEHINAJl — II€ HAmpyTra, 3a SKOi MOYMHAETHCS (asa
nenonspusamii [1J[. 3HauHe BiAXWJeHHS WX TapaMeTpiB Big HOPMHU TiA JI€I0
mpenapary MOXe O3HayaTd 3MiHy B MpoIecax €ICKTPHYHOI aKTUBHOCTI KJIITHHH, IO

MOY€ CBIIYUTH MPO KAPII0TOKCUUHICTb.

Awmmunityna [1/], BumipsiHa BiJ MeMOpaHHOTO MOTEHIany crokoro a0 miky [T/, 1
TPUBAIICTh, 110 OXOIUIOE€ Bech mepioa IIJ[, BkiIOUar4M penossapu3alliio, TaKoX €
KIIOYOBUMH. 3MIHM B LIMX IapamMeTpax MOXYTh B1IoOpakaTh MOPYLICHHS (DyHKIIIi

10HHUX KaHaIIB Ta, BIIOBIIHO, CIPUYUHUTH KapA10TOKCUYHICTb.

Koxna ¢aza I/l xapakTepu3yeTbcsi aKTUBHICTIO 10HHUX KaHaNiB, MOPYIIEHHS
SKUX MOKE TIPU3BECTH JI0 apUTMIH Ta 1HIIUX aHOMAaJii. AHami3 MOBeMiHKY X (a3 3a

PI3HMX YMOB JI03BOJISI€ KpalIe 3p03yMITH MOKJIMBI KapIIOTOKCUYHI €(PEKTH.

Tabmuis 4.2 [epenik mapamertpis I1/] Ta III1.

AoOpeBiaTypa IToBHa Ha3Ba BusnaueHHs
noporose 3HadeHHs [1]] 3 Tkoro moYnHaeThCs
THR | threshold P . A
JIETOJIIPU3AIList
PP peak potential MKOBE 3Ha4YE€HHS, IKoro gocsirae [1]]

MiHIManbHe 3HadueHHs IIJI 3a  sxoro

. ) . 3aKkiHuyeThes haza penosspru3alii MUHYJIOTO
maximum diastolic Y b P prsan y

MDP, potential 1 [IT Ta mnounHaeTbcs (aza TMOTEHLIATY
CITIOKOIO/TIOBUIBHOI JIETIOJIApU3aIlli MOTOYHOTO
/1
MiHIMaapHe 3HadeHHs [IJ[ 3a  sxoro
maximum diastolic 3aKiHUy€eThCs (paza penosnspusanii MOTOYHOTO
MDP, [1]I Ta moumHaeThcsi (a3a MOTEHIIATY

potential 2 ) 3}
CIIOKOIO/TIOBUTHEHO1 JenoJIpr3aIlii

HacTyrnHoro [1]]

APA action  potential | moBHa ammumityaa I1J[, sxa BU3HA4Ya€ThCS SIK




amplitude pizauIg Mixk PP Ta MDP,
MUV maximum ' MaKCHMAJbHE 3HAYCHHS moxiguoi IIJ[ min
upstroke velocity gyac AenoJsIpr3alii
MRR maximum MiHIMaJIbHE 3HaueHHS noxigHoi ITJ] mig dac
repolarization rate | penoJspuzali
TpuBaIicTh 1HTepBay IIJ[ mixx MDP; Ta
CL cycle length MDP,
FR firing rate yacToTa re’eparii [1]]
pacemaker phase TpI/IBaJ'IiCTB. (1)331/1. MOBUIBHOT z[epqnﬂpn3auii
PMD duration H;[, sgKa BIAIOBIAA€ TPUBAJIOCTI IHTEPBAILY
Mk MDP; ta THR
TpuBamicte iHTepBanmy IIJI mixxk THR Ta
APD
MDP,
TpuBaiicTh 1HTepBany IIJI, mibx THR Ta
APDsg MOMEHTOM, KOJM aMIUTITyJa pernojspu3arii
nocsarae 50% Bixa 3HaueHus APA
action  potential | TpuBamicte iHTepBamy IIJI, mibxk THR Ta
APDy duration MOMEHTOM, KOJIM aMILTITyJa PenoJIIpu3ailii
nocsirae 70% Big 3naueHdst APA
tpuBanicte iHTepBany I[IJ[, mixxk THR Ta
APDyg MOMEHTOM, KOJIM aMILTITyJa PenoJIIpu3ailii
nocsirae 90% Big 3naueHHss APA
APDog-70 pi3uuLs Mik APDgy Ta APD7

MUV

Puc. 4.2 TTapametpu I1I1 (3Bepxy) Ta [1/] (3HU3Y)

80
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IMorenmiaja cnoxoro

[Torenuian cmnokoro € mo4yatkoBol azoro B renepamii [1JI. CrabinbHuii
MOTEHITIaJI CIIOKOI0 Ma€ BUPIIIaJIbHE 3HAaYEHHSI, OCKUIBKH BiH 3a0e3medye MOBEPHECHHS
MEMOpPaHHOTO MOTEHIIaTy A0 CTaHy CIOKOIO Micis KoxkHoro 11, roTyroun KiIiTHHY 10
HactynHoro II/[. 3miHM B moTeHMiani CIOKOI MOXYTh BIUIMBAaTH Ha IOPOTOBUMN
MOTEHINIa), THM CaMUM BIUIMBAIOYM Ha 30Y/UIMBICTH CepleBUX KIITHH. Hampukian,
rineproyiIpu30BaHUIl MOTEHIlIA CIIOKOI MOXE 30UIBIIUTH 4ac, SKUN MOoTpiOeH i
JOCSITHEHHS Topory iHimanii dasu aenonspusamii [1J], moTeHIiiHO BIUIMBaKOYM Ha

YacTOTY CEpPILIEBUX CKOPOUYEHB Ta CEPLEBUI PUTM.

IHoporoBuii moreHuiaJua

[Toporosuit morenuian (THR) nmo3Hauae MiHiManbHy Hampyry, HEOOXiIHY AJis
inimitoBanHa [1JI B kmituHax ceprsd. BiH o3Hayae Touky, B SKid MeMOpaHHHUI
MOTEHITIal  CEePIeBOi KIITUHH JCTOJSPU3YEThCS  JOCTaTHHO, MO0 TOMOJIATH
BHYTPIIIHBOKJIITUHHI Ta TMO3aKJIITUHHI 10HHI CHJIM, SIKI B 1HIIOMY BHUIAJKY
miarpumytoTh 11 y dasi cnokoro. [Himiarnis ta nommpenss [1]1 € BupimaaisHUMHU 17151
CKOOPJAMHOBAHOTO CKOPOYEHHS CEPLEBUX TKaHHH, 110 POOUTH MOPOTOBUN MOTEHITiA

OJIHUM 13 HABKJIMBIBIINX MapaMeTPiB €IEKTPUYHOI aKTUBHOCTI Kap I1OMIOIIUTIB.

VY KOHTEKCTI aHali3y KapJ10TOKCUYHOCTI 3MIHM MTOPOTOBOTO MOTEHLIaTy MOXYTh
BKa3yBaTH Ha 3MiHY 30YUJIMBOCTI KJITHUH cepus. Taki BIAXWICHHS MOXYTh BUHUKATU
BHACJIIJIOK BIUIMBY KapJA10TOKCUYHUX areHTIB HAa 10HHI KaHAJIM, 30Kpema Ti, 0 OepyTh
yuacth B iHimiamii [1/l, Taki sk HaTpieBl Ta KanblieBl kaHanu. Hipkuuil moporoBwuii
MOTEHIIaJI MOXkE BKa3yBaTU Ha MiJBUILIECHY 30YJIMBICTh, TO/AI SK BUIIWNA MOPOTOBUMN
MOTEHI[la]l MOXE O3HauaTh 3HWKEHy 30yumBicTh. OOHMIBa BHUMAAKUA MOXKYTh
MOPYIIUTH HOPMAJIBHUN CEPLEBUN PHUTM, MOTEHINHO MPU3BOASIYUA O apuUTMIA abo

THIIUX CEePIEBUX TUCPYHKITIM.

IlikoBuii moTeHIiax

[TikoBuii motenmian (PP) mpencrasisie makcumansny Hanpyry I1[1, mocsrayty

mig vac ¢asm genoispusarii. Y kmituHax CAB  JOCATHEHHIO MaKCHMalbHOTO



82

MOTEHITIAJIY B TMEPIITy Yepry CHpHs€ MPUTIK 10HIB KaJbIIIO B CEPEUHY KIITUHHU KPI13b
KaybIlieBl KaHanu L-tumy. B iHIIMX TUMax cepreBUX KIITUH MIKOBUN MOTEHITIA

3aJIeKUTh BiJl IPUTOKY 10HIB HATPIIO.

Kap1ioTokCHM4HI areHTH MOXYTh BHUKJIHUKATH 3MIHM B IIKOBOMY TOTEHIlIa1
HNUIAIXOM MonyJsitii ¢yHKIii abo ekcrpecii 10HHHX KaHaliB, 30KpeMa KaJbI[1€BUX
kaHamiB L-tuny B xmituHax CAB. Taka Moaynsiist Mo)ke MOPYIIUTH OanaHC 10HHUX
Ipai€HTIB, BIATOBIHO BIJIMBAIOYH HA BEJIMUUHY JIETIOJspU3allii MeMOpanu. 3MiHEHUH
MIKOBUI  TMOTEHIIaJl MOXE BKa3yBaTHM Ha BIAXWICHHS BiJl HOPMaJbHOTO
eJeKTpO(i310JI0TIUHOTO CTaHYy CEPIIEBUX KIITHH, 1110, Y CBOIO YEPry, MOXKE BIUTUHYTH
Ha PUTMIYHI CKOpoueHHs cepiis. Kpim Toro, 3MiHa MakCMMalabHOTO MOTEHIIATY MOXe
TaKOXX BIUIMBATH Ha HacTymnHi (azu [1/], 3miHIor0uM TpuBanocTi $a3u aenosspusaiii

Ta penoJisipu3allii, MOTEHIIHHO BILUIMBaOUX Ha Bech nepiof T1/1.

[Tpu omiHI KapAIOTOKCUYHOCTI aHali3 MaKCHMAJIBHOTO TMOTEHIIATy A€ 3MOTY
3pO3yMITH MOXJIMBI €JIeKTpodi310JI0TIUHI 3MiHU, BUKIWKaHI (PapMaKoJIOTTYHUMH
areHtTamMu a0o 1HIIMMHU pedyoBMHaMU. Hampukiaj, 3HUWKEHHS MIKOBOrO IMOTEHIIaTy
MOK€ BKa3yBaTH Ha MPUTHIYEHHS KaJbl[leBUX KaHamiB L-Tumy, mo Moxe OyTu
pe3yabTaToM OJIOKYHYOI J1i KapIIOTOKCUYHOTO areHTa. | HaBmaku, IiJIBUIICHHS
MKOBOTO MOTEHIIATy MOXKE O3HAa4YaTH 301IBIICHHS MPOHUKHOCTI KAJBIIIEBUX KaHATIB,

0 TaKOK MOKE€ MAaTH 3HAYHI HACIIJIKH JIJISl CEPIIEBOTO PUTMY.

MakcuMaJdbHAM TIacTOJIYHAN MOTEHIA

Makcumanbauii  giactomiunuid  noteHmian (MDP) mnpencrapnsie HanOuibLI
HEraTUBHUA MeMOpaHHUN MOTEHLIaJ, JOCATHYTUHA CEpPLEBUMH KIITHHAMU MPOTATOM
ckopoueHHs. Ha BiaMiHy BijJ iHIIMX ceprieBuX KmiTHH, KITTHHE CAB neMOHCTPYIOTH
MOCTYINOBY Jenossipusanito Big MDP no moporoBoro norenmiany, Tomy MDP wmae
BAXJIMBE 3HAYCHHS, OCKUIBKM BIH 3aKJIaJa€ OCHOBY /Ul MOJAJIBIIOI CIOHTaHHOI

JenoJIsipu3allii, 10 MpU3BOAUTH A0 renepartii 11]1.

3naduenHss MDP € BaxiMBUM JJIs1 OLIIHKU KapAiOTOKCHUYHOCTI, OCKUIBKH BOHO
MO€E JOTIOMOTTH 3PO3YMITH BIUTUB KapJIOTOKCHYHHMX MpernapariB Ha MEeMOpaHHHMA

noTeHIian cnokow kmTuH CAB. 3Minn B MDP M0OXyTh BUHUKATH BHACIIAOK 3MIH y
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¢dyHKIlT abo excrpecii 10HHUX KaHaJliB, HacaMIlepe]l KaI€BUX KaHAIIB, SIKI aKTUBHI
mig 4dac ¢azu penossipuzaiii. KapIioTOKCHMYHI pPEYOBMHU MOXKYTh MOAYJIOBATH
AaKTUBHICTh LIMX KaHaJiB, BIuMBaroun Ha MDP 1, oTxxe, Ha IIBHAKICT, CIIOHTAHHOL
nenonspu3zaiii. Hanpukinan, 36insmenas MDP Moke MOTeHIiHO TPUCKOPUTH MPOIIEC
CHOHTAHHOI JIenoJIApu3alii, IpU3BOAIYH A0 Taxikap/ii, To/l sk 3meHens MDP (a6o

Tinepnosspu3allis) MOXKe CIIOBUIBHHUTH 1€ MPOIIEC, MPU3BOASIYN JO OpaarKapmIii.

AMILTITY1a IOTEHIiAXy il

Ammmityna I (APA) po3paxoByeTbes K PI3HULSI MK MIKOBUM IOTEHIIATIOM
(PP) 1 makcumanpauM miactonigyauM notenmianioMm (MDP). V toii wac sik PP o3nagae
HAWBUIIY HAMNpyry, JOCATHYTY MiJ 4dac aenosspusaiii, a MDP o3nauae HaitOimbIn

HETaTUBHUU MOTEHIa micis penoispusaiiii, APA oxoruioe Bech Aiana3oH aMILTITY/]
I,

3minu B APA, Tak sk 1 3mMian B PP ta MDP, MoxyTh BKazyBaTu Ha 3MiHU Y
byHkuii abo excrpecii i0HHUX KaHaniB. Hanpuknan, 3umkenns APA Moxe BkasyBatu
Ha TOpYIICHHsS (PYHKIIIT KaJabI[I€BUX KaHATIB L-THiy, BaXJIMBUX JUIs JEMOJISIpU3AIlii,
a00 KaJieBMX KaHaliB, HEOOXIAHUX I penojspusaiii, ado oOuaBa creHapii
OJIHOYACHO, TPUYOMY BCl TMEpeNiyeHl MNPHUKIaAd MOXYTb OYTH pe3ynbTaToMm il

Kap/1IOTOKCUYHUX areHTIB.

MakcuMaJibHA IBUAKICTH A0 pu3anii

MakcumanbHa mBHAKICTE Aenossipuzanii  (MUV) e mnapamerpom, skuit
npeJcTaBisie MBUIKICTD Aenossgpu3anii memOpanu nia yac [1J]. Lle yacto moB’si3aHo 3
(GYHKIIIOHAIBHICTIO 10HHMX KaHaJIB, $KI CHOPUSIOTH IIBUJIKOMY HPUTOKY I10HIB Y
KJIITUHY, MiJBUIIYIOYd MeMOpaHHMM moTeHIian 1o mikoBoro. Y kiituHax CAB Ha
MUV 3HayHOIO MipOI0 BIUTMBAE AKTHBHICTH KaIBI[IEBUX KaHAJIB, Ha BIIMIHY BIJ
IHIIWX KJIITUHAX CEpIIs, B IKUX MEPEBaXKalOTh HATP1€B1 KaHAIU. TaKuM YHHOM, Bapiarlii
MUYV moxyTh BKa3yBaTu Ha 3MiHHM y QYHKIT a00 eKcrpecii 1I0HHUX KaJbIl€BUX a0o
HaTpieBUX KaHamiB. KapIiOTOKCHYHI areHTH MOXXYTh MOJYJIIOBAaTH aKTHUBHICTH ITUX

KaHaiiB, TUM caMuM BrumBaroyn Ha MUV. 3menmienns MUV moTeHIIHHO MOXKe
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O3HauaTU NPUTHIYEHHS QYHKIT KaJdbllIEBUX KaHAIIB, IO MOXE IPHU3BECTH JI0
YIOOBUIBHEHHSI IIBUAKOCTI jAenonspusamii. | HaBmaku, 30iabmeHHs MUV Moxke
BKa3yBaTH Ha 30UIbIIEHHS MPOHUKHOCTI KaJbII€EBUX KaHATIB, 10 MOXKE€ MAaTH 3HAuHI

HACJIAKU ISl CEPLIEBOTO PUTMY.

MakcuMaibHa IIBUAKICTH penojsipu3auii

MakcumanibHa MBUAKICTE penofisgpusaliii (MRR) Bu3Hauae MmMBUIKICTB, 3 KOO
KJIITUHH CEPIlS MOBEPTAIOTHCS 10 CBOTO MEMOPaHHOTO TIOTEHITATY CTIOKOTO TCHs (ha3u
nenonsgpuzaiii. Lled mapamerp € KIIOUOBHM JJIs HaylekHOro mpunuHeHHs 1] Ta
MOYaTKy MIATOTOBKHU KIITUH J0 HACTYMHHX ABHIN Aenofspu3aiii. Y kimituHax CAB Ha
MRR mnepeBakHO BIUIMBAIOTH KaJli€Bl KaHAIM, SIKI KEPYIOTh BHUTOKOM 10HIB Kalilo,
TaKUM YHMHOM CIpHUSIOUM penoJisipu3aiii memOpanu. KapaioTokcuuHi mnpernapaTu
MOXYTh MOJTYJIFOBATH aKTHUBHICTh KAJTIEBUX KaHAJIB, TUM caMuM BiuBaroun Ha MRR.
3menmendss MRR Moxe o3HayaTH NOBUIBHINTY PEMOISIPU3ALLITO, 1[0 MOXKE MOJOBKUTH
tpuBaiicts [1/], moTeHmiitno mpu3Boassun A0 aputmiii. | HaBmakw, 30inbmerast MRR
MO’K€ O3HA4YaTH HIBUAIILY PEIOJIAPU3allilo, Ka MOXE CKOpoTHTH TpuBamicth [1]] Ta

CIPUYUHUTU 3MIHU Y CEPLEBOMY PUTMI.

Tpusadicts nepioay (CL) i yacrora renepanii (FR)

Tpusanicts nepiony (CL) 1 wactota renepanii (FR) € ocHoBauMu napamerpamu,
110 Bi0OpaXaroTh YacOBl Ta YaCTOTHI aCMEKTH CEPIEBOTO PUTMY, CTBOPIOBAHOIO
kimituHaMu CAB. TpuBaiicTh Tepiofy IO3HAYae I1HTEpBad Yacy MDK MOYaTKaMu
nocmgoBHux [IJ[, Tomi sk wacTtora reHeparii, sika € OOCPHEHO MPOMOPIIIHHOIO

TPUBAJIOCTI MEPi0Ty, BiIoOpakae yacToTy renepaiii I1]1.

B omiHmi KapAioTOKCHYHOCTI BIIXWJICHHS B TPUBAJIOCTI MEPIOAy Ta YacTOTH
resepaiii MoXXyTb OyTu iHAuMKaropamu 3MiH y ¢yHkuii kiitua CAB mig BrmBoM
KapJIIOTOKCMYHUX TpernapaTiB. Taki BiIXWJIEHHS MOXYTh BHUHUKATH BHACIIJOK 3MIH
aKTUBHOCTI 10HHMX KaHaJiB, KOHILIEHTpalii 10HIB a00 1HIIMX KIITUHHUX MEXaHI3MIB.
CkopoueHa TpHUBAJIICTh Mepioay ado MiJABUINEHA YacTOTa IeHepallii MOXe CBIIYUTH

PO MPUCKOPEHY CTUMYIIALIIO PUTMY, 1110 MOTEHIIHHO MOXE MPU3BECTH /10 TaxiKap/ii.
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I HaBmaku, MoAOBKEHA TPUBAIICTh NIEPIOY a00 3HMIKEHHS YaCTOTH T'eHepallii 03Havyae

ynoBuUIbHEeHHs renepaitii [1]1, mo Moxke o3HauaTH OpaguKap/Iiio.

TpuBasicts noBiIbHOI Aenoasipusanii (PMD)

TpuBanicts noBinbHOI nenomsipu3aitii (PMD) sBise coboro "acoBmii iHTEpBaI,
IPOTITOM SIKOro MeMOpaHHU# moTeHian KIiTHH CAB MOBUIBHO AEMOSIPU3YETHCS Bl
MaKCUMAaJIbHOTO jiacToiiyHoro mnoteHmiany (MDP) no moporoBoro mnoreHmiary
(THR), iuimiroroun I1]1. 1ls dha3za € KpuTHIHOIO, OCKUTHKK BOHA BI/IMOBIIA€ 32 THTEPBAT

Mix aBoma I1/1.

KappioTokcuuni mpenapatd MOXYTh MOJIYJIIOBaTH (yHKIIIO abo eKCIpeciio
10HHMX KaHaJiB, BIUIMBAIOYM Ha MIBUIKICTh, 3 SKOI BiIOYBAETHCS IOBUIbHA
nenosspuzaiis. [IpenapaTu, o BIUIMBAaIOTh Ha HATPIH-KaJIbLI€BUM Hacoc ab0 KaHaIM
nericmeiikeproro crpymy (If), morentiiino MoxyTh mMomymoBaty PMD, tTum camum
3MIHIOIOUHM CTUMYJIOI0YY akTuBHICTH KiIITUH CAB. TpuBana PMD moxe o3nHayaTu
CHOBUIbHEHHSI HIBUAKOCTI CIIOHTAHHOI AENOJspu3allii, MOTEHIINHO MPU3BOASYU 10
3HIDKCHHSI 9acTOTH CEPIIEBUX CKOpouYeHb abo Opamukapzii. | HaBmaku, ckopodeHa
PMD moxe Bka3zyBaTH Ha MPUCKOPEHHS HIBUIKOCTI CIOHTAHHOI JENoJispu3arlii, 110

MO3K€E MPU3BECTH J0 30UTBIIEHHS YaCTOTU CEPIIEBUX CKOPOUYEHBb a00 Taxikap/ii.

TpuBagicts norenuianay aii (APD)

APD mnpencraisie npoMixKOK yacy BiJ o4yaTky 1o 3aBepuieHHs [1]], oxommoroun
(asu aenosApu3aliii, mwiaTo ta penojspusarii. 3 iHmoro 6oky, APDsy, APD7o 1 APDg
MPECTaBISAIOTh Yac, SIKUW MOTPIOHUN MEeMOpaHHOMY MOTEHIUANy U PeTospu3alii

10 50%, 70% 1 90% Bix cBoro moBHOro 3HaueHHs (APA).

B omiHmi KapaiOTOKCHMYHOCTI 1i MapamMeTpu JA03BOJISIOTH OTPUMATH JIeTalbHE
ySIBJICHHS Tpo JOuHaMiKy penossipu3anii kmituH CAB mig BIJIMBOM NOTEHLIMHUX
Kap10TOKCUYHUX TpenaparTiB. 3MiHeHud APD Moke BKka3zyBaTH Ha MOAYJIAIIIO
aKTUBHOCTI 10HHMX KaHaJiB, OCOOJIMBO THX KaHaJiB, sikKi O€pyTh y4acTh y MpoIieci
pernospu3aliii, Takux AK kamieBi kaHaiu. Kimrouosi BiaMmiHHOCTI Mixk APD, APDs,

APD7¢ 1 APDyy monsiratoTh y CTyIeHi penosisspu3allii, sky BOHH MPEICTaBIAI0Th. B ToM
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gac sk APD oxommoe Bcto TpuBanmicts [1], APDsyo, APD7y 1 APDyy 3a0e3neuyroTh
O1IBIII CETMEHTOBAHE YSBJICHHS MPO Mpoliec penossgpuzaitii. [{1 BapianTu TpuBagocTeit
J03BOJISIIOTh  JIETAIbHO — IpOaHai3yBaTH pPaHHIO, CEpPeAHI0 Ta Mi3HIO ¢asu

pernospu3alii.

KapmioTokcnuni mpemnapaT, fKi BIUTMBAIOTH Ha (PYHKINIO KaTi€BUX KaHAIIB,
MNOTEHUIHHO MOXYTh 3MIHUTU APD, THM camuM BITMBatOUYM Ha MPOILIEC penospu3arii.
OniHka WX mapamMeTpiB MOXe 3’sCyBaTH MOTEHIINHHI KapAlOTOKCUYHI e€(peKTH Ha
pi3HuX (hazax penosspusallii, AONOMaraloyl BHU3HAUYUTH KOHKPETHI €TamlH, Ha SKUX
Kap/IIOTOKCUYHI TIpenapaTy 3A1HMCHIOITh CBIM BIUIMB. PizHuis Mk APDgy 1 APDg,
nmo3HaueHa sk APDgg 7, 3abe3neuye crneuudiuyHuii MoOKa3HUK ¢da3u  Mi3HBOI

penospu3arii.

4.4 Amnaniz napaMerpiB mnoTeHUiajgiB il 3 PI3HUMH KOHUEHTPALIAMH
npenapaty DMSO Ha kapAiOTOKCHYHICTH

HaGip panux nns anamizy BriaouaB curHanm [III, saxi Oyno 3ammcanHo 3a
nornomoroto cucremu UECG, wmikpodumoinnoi 1margopmMu s MOHITOPUHTY
enexTpodizionorii cepueBux KiaiTuH [S1]. Byno 3anmucaHo BIUIMB pi3HUX KOHIIGHTpAIIii
npenaparie  aumetwicyibhokcunxy (DMSO) Tta Sotalol nwa IIII xapmiomionutu,
orpumani 3 iIIICK. Curnanu mist rpymnu, sika orpumysaia DMSO, Oynu 3apeectpoBani
3a OTIOMOTOI0 2 KaHalliB, B TOM Yac SK KOKCH KaHaJl peecTpyBaB 7 CHUTHAIIB: OIWH 3
KOHTPOJIbHOT Tpymu 1 6 3 pisHuME KoHIieHTparismu DMSO (Bix 0,1 mo 0,6%). Habip
nanux st Sotalol mictuB 1 cuUTHaT KOHTPOJBHOI TPy Ta 6 CUTHAIIB 3 PI3HUMH
KOHIeHTpauissMu npenapary (1, 3, 7,5, 15, 30 ta 60 M), ane koxeH 3amuc OyJo
oTpumMaHo 3 | enexkTpoay.

Jns apTomMaTH3ariii porecy ananizy napametpi I1J1 Ta I1I1 mig BrimmBoM pi3HHX
KOHIIEHTpallil npenapatiB Oyyio po3pobiieHo mporpamMHe 3a0e3NeyeHHs] B CepeOBHUII
MATLAB. OcHoBHa MeTa 1IbOT'O MIPOTPAMHOTO0 3a0e3neueHH — 00pooutu curnamu 111,
po3paxyBaTu KiarouoBi mapamerpu I[IJ[ Ta iX cTaTMCTUYHI TOKA3HUKH, 1 30epertu

PE3YNbTATH B 3pYYHOMY JIJISl TIOAJIBIIIOTO aHAi3y (opMmari.
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BXxinHuMu 1aHUMU TS IPOTPAMU €:

1. MacuB 3Hauenn IIIl, oTpumaHuX 3a JOMOMOTOI0 MIKPOEIEKTPOIHUX CHUCTEM.
Kooxen 3amuc BiAMOBIa€ MEBHIN KOHIICHTPAIII1 TOCTIKYBAHOTO TIpenapary.

2. TlapameTtpu cucTeMH, TakKi SIK 4acTOTa JNUCKpETHU3allli, KUTbKICTh KaHAIIB 3aIuCy
CUTHAJIIB Ta KOHLIEHTpALi JOCIIPKyBaHUX MIpenaparis.

3. IMapametrpu gt pexonctypkmii [IJI, Taki SK TPOBIAHICTH MO3aKJIITHHHOTO
CepeIoBHINA, BIJICTAHI MIXK €JIEKTpoJaMH Ta KIITHHAMH, €MHICTh MeMOpaHu
KJIITUHH, TOYaTKOBUN MEMOpaHHUH MOTEHITial.

Ha mnepmiomy etami poOOTH alropuTMy BHUKOHYEThCS TOmepeaHs oOpoOka
curHaniB. lle Bkirouae inpTparito s BUJIAJEHHS IIyMiB Ta apredaktiB. s
¢bimpTparlii 3aCTOCOBAHO KOMILUIECHUN METOJ] Ha OCHOBI KOMOIHAIN1 METOMY BIIACHUX
H1IPOCTOPIB Ta BEHBIIET-3HEUTYMIICHHS.

Jlani BUKOHYETBCSI CErMEHTallis curHaiiB Ha okpemi nepioau [III. [ng mporo
BUKOPHCTOBYIOTBCS METOJM BHUSBIICHHS IIKIB Ta TMOporoa QiiabTpailis. AJITOPUTM
aBTOMAaTUYHO BU3HAYa€ MOYATOK 1 KiHelb koxkHOoro I, a Takox TpuBaliCTh MEpioAy
Mmix cycigaimu T1I1.

[Ticns cermenTanii curHainiB Ha okpemi nepiogu IIII, HacTymHuM KpokoMm €
pexoHcTpykiliss [IJ[ Ha OCHOBI BCTAaHOBIEHWUX BXIJIHUX IMapaMeTpiB, TaKUX SIK
MPOBIIHICTH MO3AKIITUHHOTO CEPEIOBHUINA, BIJICTaHI MK €JIEKTPOJIaMU Ta KIITHHAMH,
€MHICTb MEMOpaHU KJIITUHU Ta MOYaTKOBUUA MeMOpaHHUHN MOTeHLial. PeKOHCTpyKIis
[1]1 mo3Bosisie oTpuMatH OIIBII JAETaNbHY 1HGOpPMAII0 PO eneKTpodi310J0TIuHI
IpoLIeCH B KapAIOMIOLMTAX Ta € BAXKIMBHUM €TAllOM B aHajli3l BIUIMBY MpenapariB Ha
CepleBl KIITUHH.

[Ticns pekonctpykuii [1/] mporpama BUkoHye 0OYMCIIEHHS KIFOUYOBHUX MapaMeTpiB
sk ast PIII, tak 1 nisa Buxigaux [1I1. Po3paxoByroThes Taki OKa3HUKH, K TPUBATICTh
norenuiany Aii (APD), tpuBamicte ¢dasu penonspusainii (APD), ammmityna (APA),
mBUAKICTh nenossapuzanii (MUV), mBuakicts penonspuzanii (MRR) Ta ixmi (taba.
4.2). Po3paxyHOK IapaMeTpiB BHUKOHYETbCS 3a BIJMOBIAHUMHU MaTEMaTUYHUMHU
dopmynamu. Hanpuknaz, TpuBanicte norenuiany Aii (APD) oOuucnioerbes sk:

APD = typp2 — for,
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J€ Hhipp2 — MOMEHT 4Yacy JOCSTHEHHS MaKCHUMAaJbHOTO 1aCTOJIYHOIO MOTEHIaly B
kiHui [1/1, a #rur — MOMEHT Yacy JOCSATHEHHs TOPOrOBOTO MOTeHITIay Ha movatky T1/1.

Baprto 3a3naunTn, mo mapametpu, po3paxoBani mis PIIJ[, mo3HauaroThbest sk
RAPD (reconstructed action potential duration), mo0 BiApi3HUTH iX BIJl MMapaMeTpiB,
oTpuMaHux 6e3nocepeanno 3 [1/1.

OxpiM aOCONIOTHUX 3HAY€Hb MapaMeTpiB, MporpaMa TaKOXK OOYMCIIOE iX
CTAaTUCTUYHI TOKA3HUKHU — CEPEJIHE 3HAUCHHS Ta CepeAHbOKBAIpaTUUHE BiaxuieHHs. Le
703BOJIsie OLIHUTU BapiaOenbHicTh mapametpiB III1 Ta PIIJ] mig BmimBOM pi3HHX
KOHIICHTpAIli{ TpenapariB.

PesynbpTaTt poOOTH airOpUTMY 30€piratoThbCsl y BUTJISIAI CTPYKTYpH JaHux cell
array B MATLAB. KoxeHn eneMeHT MacuBy BiamoBigae okpemomy 3amucy IIIT i
MICTUTh OOYHMCIICHI 3HAYEHHsI MapaMeTpiB Ta iX CTaTUCTUKY. Po3poOieHe mporpaMHe
3a0e3neueHHs: Oyno mporecroBaHe Ha curHaiax [III, 3apeecTpoBaHuX Tij BILUIMBOM

npenapaTiB DMSO 3 pi3sHUMH KOHLIEHTpALisIMH, K IOKa3aHo Ha puc. 4.3.
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> 04 S %
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% 04 < 0 2 50
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Puc. 4.3 3nauenns napametpiB I1]] Ta I1I1 3a pizuux konnenTpaiii DMSO
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3aBasgKM aBTOMAaTH3allli BCIX e€TamiB OOpOOKM CHUTHAIIB Ta OOYHMCIICHHS
napaMeTpiB, JTOCTITHUK MOXKE MpoaHaTi3yBaTH BEIMKI OOCSATH JaHUX 3a KOPOTKUMU dYac.
Ile o0co0MMBO BaXIMBO [JIsI BUCOKONPOAYKTUBHOTO CKPUHIHTY MOTEHLIHHOI
Kap/IIOTOKCMYHOCT1 HOBUX Mpenaparis.

B Ttoii xe gac, ciig 3a3HaUMTH JEsSKI 0OMEKEHHSI TOTOYHOI BEpCii MpOrpaMHOTO
3a0e3medeHHs. 30Kpema, BOHO po3paxoBaHe Ha pobotry 3 curHamamu [II1,
3apeecTpOBaHUMHU 3 BUKOPUCTAaHHSIM KOHKPETHOI amapatHoi miatgopmu (cucrema
LECG). na amanrartii 10 iHmMwMx ¢GOpMaTiB JaHUX MOXKE 3HAAOOUTHCS MOAMdIKaIlisa
koay. Kpim Ttoro, amroputm cermenramii IIII moxke moTpebyBaTu 104aTKOBOTO
HaJAIITyBaHHS MPU HASBHOCTI 3HAYHMX apTe(PaKTiB y CUTHAII.

[HIIMM HampsSMKOM PO3BUTKY MPOTPaAMHOrO 3a0e3Me4YeHHs € IHTerparis
QITOPUTMIB ABTOMATUYHOI Kiacudikalii CUTHaNIB 3a pIBHEM KapAlOTOKCHUYHOCTI.
BuxopuctoByroun pospaxoBani napamerpu [IJ] sk BXigHI O3HAKH, MOXHa HAaBUUTHU
MOJIeJIb MAIIMHHOTO HAaBYAaHHS TPOTHO3YBaTH PHU3UK KaAPAIOTOKCHYHOCTI PI3HHUX

KOHIICHTpAIlii TIpernapary.

4.5 Knacudikamis mo3akJiTHHHUX MOTEHUIaJ iB 3a J0NOMOIOI0 MeETOY
MAIIMHHOTO0 HABYAHHS

Anroput™m k-nanOommkunx cycimiB (k-NN) — 1e HemapameTpudHUil METO]
KEpOBAaHOI'O HABUaHHS, SIKUA BUKOPUCTOBYEThCS Uil Kiacudikamii ta perpecii. [ns
knacudikamii Mmeroa k-NN mpaitoe Ha OCHOBI TOIIOHOCTI — BiH KJIACH(IKy€E TOUKY

JTAHUX 32 CXOXKICTIO BITHOCHO THIITUX TOYKH 3 TPEHYBaJbHOT0 Habopy maHux [90].

VY pasi nocmimkens [T kmiTuH ceprid 3 pi3HUMU KOHIIEHTpAIISIMU TIpeTapariB,
anroput™ k-NN € aktyanbHUM 11 Kiiacudikaiii pu3uky KapaioTokcuuHocTi. Koxken
nepion curnany I1I1 npencraBineHo sik ToUKy B OaraTOBUMipHOMY MPOCTOP1 O3HAK, /€
KUIBKICTh BHUMIPIB BIJNOBIZA€ KITBKOCTI TapaMmeTpiB, TaKUX SK TPHUBATICTH a0o
aMILTITyJ]a TOTeHIIany. 3aBaaHHs Kiacudikallii mojsrae B ToOMy, 00 BU3HAYUTH, YU
notparuise I, mo xapakTepusyeTbest mapameTpoM abo rpymnoro mapaMeTpiB J0 KiiaciB

«HHU3bKOT0» YU «BUCOKOTO0» PU3UKY KapJIOTOKCUYHOCTI Ha OCHOBI HOTO OJIM3BKOCTI 710
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BU3HAYECHUX MPUKIIAAIB y MPOCTOPI O3HAK.

AnroputM k-NN mpamoe 3a mpocTuM, aje e(QEeKTUBHUM MPUHIUIIOM: BiH
kinacudikye maHi Ha OCHOBI iXHBOI Omm3bKocTi mo "k" HalOmmwkumx cycimiB. L
OJIM3bKICTh BU3HAYAETHCS 3a JOIMIOMOTOI0 METPUKH BiJICTaHi, BUOIP SKOT MOXeE CYTTEBO

BIUTMHYTH Ha k-NN Moze1b, 0cO0IMBO BPaxoBYIOUH XapaKTep 03HAK Yy HA0Op1 JaHUX.

HaiimommupeHrimow METPUKOIO BIJCTaHI € €BKIIJ0BA BIACTaHb, SKa MiTXOIUThH
IUTS. HETIEPEPBHUX 3MIHHUX 1 BUTIA/IKIB, KOJH BCl O3HAKH BHOCATH OJJTHAKOBUI BHECOK B
oOuncneHHs Biactani. OgHaK, B 3aJ€KHOCTI BiJl TUITy AAHMX I1HII METPHUKU MOXKYTh
Oytu Ounbmn mopeuynuMu. Hampuknaa, MaHXeTTeHChbKAa BiJCTaHb OUIBIIE MMIIXOAUTh
JUISL CITYACTHX CTPYKTYP JIaHUX, OCKIJIBKU OOYHCITIOE CyMy aOCOIOTHUX PI3HMITL 1XHIX
koopauHat. Jlns HaOOpiB JaHUX, A€ PO30LKHICT y MacmTabax O3HaK MOXe
CIIOTBOPUTH PO3PAaxXyHOK BIJICTaHl, BiJACTaHb MIHKOBCHKOTO 3a0e3meuye OiIbIIn
y3arajJbHEHUHN MiAXiJ, OXOIUIIOIYN SK €BKIIJOBY, TaK 1 MaHXETTeHChKY BiJICTaHb K

OKpeMIi BUTIAJIKH.

[HmMM  BakiuBUM  acriekToM anroputMy k-NN € KoHueniisi 3Ba)K€HOTo
rojiocyBaHHs. Y crangaptHoMy k-NN koxken 3 "k" cycimiB poouth piBHUN BHECOK y
kinacudikamio. OmHak, 1€ HE 3aBXAU MNPaBUIBHO, OCOOJUBO KOJU JEAKl CYCIIu
3HAXOAATHCS 3HAYHO OJMKYE 0 TOYKH, HDK 1HII. 3BaXKEHE TOJIOCYBAHHS BUPIIIYE IO
npo0sieMy HUIIXOM MPUCBOEHHS Pi3HOI Baru cycigam, SIK MpPaBUJIO, HA OCHOBI iXHBOI
BIJICTaH1 JI0 TOYKH, 1110 moTpelye kiacudikaiii. Takuil miaxig rapaHTye, Mo OJKYl
Cyciau MaloTh OUIBIIMI BIUIMB Ha pe3yibTaT kiacudikarmii. Lleit meron moxe Oytu
0co0JMBO e€(heKTUBHUM y HaOopax JAaHUX, J¢ OJMM3bKICTh CUJILHO HATSIKA€E Ha CXOXKICTh
— XapaKTepUCTHKa, Ka MOXe OyTH 0co0JHUBO BaknBow B koHTeKcTl 11 ceprieBux
KJIITHH, 7€ He3HAYHI 3MIHU B OJIM3BKOCTI MOKYTh BKa3yBaTH Ha 3HAYHI BIAMIHHOCTI B

rpynax pu3uKy Kapai0TOKCUYHOCTI.

EdexkTuBHICTE MOJIENIEH OIIHIOETHCS 32 JOTIOMOTOI0 PI3HUX METPUK TOYHOCTI —

Koe(ILiEHTY MOMHIIOK, MAaKpO BIYYHICTIO, MAKpPO OBHOTOIO Ta Makpo F1-mipu.

KoedinieHT moMHI0K pO3paxoBYeThCs SIK BIAHOLIEHHS KUIBKOCTI HEMPaBUIBHO

nepeadaueHuX CIOCTEPEKEHDb JI0 3arajibHOi KITBKOCTI CIIOCTEPEKEHDb Y BalliIalliiHIN
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BUOIpIII:

FP+FN

Error Rate= )
TP+TN+FP+FN

ne TP — ictmaHO mo3utmBHI, TN — icTMHHO HeraTuBHI, FP — XuOHO mO3WTHBHI,

FN — xu0HO HeraTuBHI CIOCTEPEIKCHHS.

Makpo BJIYYHiCTH PO3PAXOBYETHCS ULUISIXOM YCEpPEAHEHHS BIYYHOCTI st
KOXKHOTO Kjacy. BiydHicTh Afsi KOXXKHOTO KJacy — II€ BIJIHOIICHHS MPaBUIBHO
BU3HAYEHUX MO3UTUBHUX CHOCTEPEKEHb IO 3arajibHOi KIJIBKOCTI BCIX MO3UTHBHUX

pe3ynbTaTiB (SIK ICTUHHUX, TaK 1 XUOHUX) AJIS I[LOTO KJIACy:
. l o~ .
Macro Precision = WZH Precision; ,

TP,

l

ne N — KuIbKICTb KiaciB Ta Precision, = ————.
TP. + FP,

MaKpo INOBHOTA — IS CCpCAHA IMOBHOTA, pO3paxOBaHa OKPEMO AJId KOXHOIO
KJI1acy. IToBHOTA AJB1 KOKHOI'oO KJjacy — I¢ BiI[HOH_IeHHﬂ IMpaBUJIbHO BHU3HAYCHUX
ITOBUTHUBHUX CIIOCTCPCIKCHL [0 3arajlbHO1 KIJIBKOCTI BCIX q)aKTI/I‘IHO ITO3UTUBHUX

CIIOCTEPEKEHbD (K ICTUHHO TTO3UTUBHUX TaK 1 XUOHO HETaTUBHUX ) JIJIS ITLOTO KJIACy:
l «n
Macro Recall=— » ~ Recall,,
N i=1

TP,

1

ne Recall, = ————.
TP, + FN,

Makpo Fl-mipa — 1e cepenHe rapMoHiiiHe 3HAUY€HHS BIYYHOCTI Ta MOBHOTH,
BOHa OOYHCIIIOE, CKUIBKM pa3iB MOJeNb 3po0uiia TpaBUJIbHUM MPOTHO3 Ha BCii
BajiganiiHii BuOipui. Makpo Fl-mipa ycepennwoe Bci Fl-mipu i KOXKHOTO

OKpPEMOTI0 KJIacCy:

1
Macro Fl-score = NZZIFL ;
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Recall, x Precision;

ne Fl-score; =2 — .
Recall; + Precision;

Bucoki 3HaueHHsS TMOBHOTH BKa3ylOTh Ha 3JIaTHICTh MOJENEeH MpaBUIHLHO
1IeHTU(IKYBaTH CIPaBXKHI CHOCTEPEKEHHS MEBHOTO Kjacy, IO € KPUTHYHUM IS
OLIIHKUA KapJIOTOKCUYHOCTI, JIe HAasSBHICTh XMOHO HETaTUBHUX CIOCTEPEKEHb MOXKE
MaTH CEepHo3HI HACHIAKWA. 3 1HIIOTO OOKY, 3HA4YEHHS BIIYYHOCTI BiJOOpa)karoTh
e(eKTUBHICTh MOJIEJIEN Y TOYHOMY BIJTHECEHHI CIIOCTEPEKEHb /10 BIMOBIAHUX KIIACIB,

3a0€3Meuyoun HaIIHHICTh MPOTHO31B 1 MIHIMI3YIOUH PU3UK XUOHUX MTPOTHO3IB.

4.6 I'pynu pu3uky kapaiorokcuuHocti npenaparis DMSO Ta Sotalol

Koxen mapameTp, BUMIpSHUN B €NEeKTPOQI310J0TIUHUX JOCHIDKEHHIX Ceplid,
Ma€ 3HAYCHHS JISl OIIHKW CEPIIEBOI IISUIBHOCTI Ta MOTEHIINHOT KapA10TOKCUYHOCTI. Y
po6oti DMSO pocaimxyBanu 3 BukopuctanuaM napamerpiB sk I, tak 1 I1, Takux
SK MeMOpaHHUN moTteHIian crnokow, APA, APD rta ckopuroBanuii FPD (FPD.) 3a
dhopmyioro Openepiku:

FPD

FPD, :—1811/3 ,

ne ISI (anru. inter spike interval) — e yac mix nikamu nociigoBHux I1I1.

Hocmimkenns [91] nokazano, mo konneHtpamii DMSO nonan 1% npuszBoasitsh
70 3HAYHUX 3MIH I[UX eJeKTPo(]i3i0J0oTIYHUX HapaMeTpiB, a npu KoHmeHrtpaii 0,3%

DMSO sk B I1/1, Tak 1 B I1I1 peectpyBanucs aHoMaibH1 3MiHA MOPGOIIOTIH.

VY pobori [92] ominka kapaioTokcuyHocTi Sotalol Oyna 30cepenkeHa roJI0BHUM
yuHoM Ha FPD ta Mopdosnorii curnanis. JlocnimkeHHs moka3ajo, o 31 301IbIICHHSIM
KoHIeHTpali Sotalol MOMOBXKYyeThCA TMIK XBWJII pemnoJigpu3allii, Mo BiAMOBIIAE
nonoBxkenHto 3yous T na EKIT'. TlogosxkenHs xBui penosspuzanii (a00 MoJ0BKEeHHS
3yous T) cBiguuTh mnpo 3MiHM B mpolieci penosspusainii cepius. IlogorxkeHa
penoaspusalisi Moke IPU3BOAUTU A0 apUTMIiM 1 € KPUTUIHUM (PAKTOPOM MPHU OIIHII

MenukamMeHTo3Horo nonoBxkeHHs QT iHTepBany, skl € H00pe BIIOMHUM MapKepOM
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KapaioTokcuyHocTi. Takoxk Oyio Big3Ha4YeHo, 110 Touka 3mimieHHs FPD 3anumanacs
MoAiI0HOI0 TpH Pi3HUX KOHIeHTpallisx Sotalol. Ile crmocrepexxeHHs CBIAYUTH MPO TeE,
mo xoya Sotalol BmMBae Ha TpHUBaNICTh penoJsipu3allii, BIH HE 3MIHIOE CYTTEBO
3arajibHy TpUBaicTh UKy cepueBoro I11. Ili BucHoBKM Bka3ywoTh Ha Te, 1110 FPD €

BAYXJIMBUM MapaMETPOM JIJIsl OLIHKH Kapl0TOKCHYHOCTI Sotalol.

[Toxnin Ha rpynu "BHCOKOTO pu3MKY" Ta "HHU3BKOTO PU3UKY'" KapalOTOKCHUYHOCTI
DMSO 06yi10 10CATHYTO IUISIXOM BUKOPUCTAHHS MTOPOTrOBUX 3HAYECHB JJISl TPUBAJIOCTEN
FPDc, RAPD (anrn. RAP duration; tpuBanicts PITJ]) Ta ixuix Bapiabensnocteit STV
(anri. Short Term Variability), BcTaHOBIEHUX 3a KpUTEPISIMU KapIIOTOKCUYHOCTI IS

pI3HUX KOHIIEHTpalliil mpenapatis [93].
1 N
STVippy =——= ) |FPD.,, —FPD.|,
L YN ) §| i+l i

ne FPD; npencrabisie FPD i-ro 3 N+1 mociiioBHUX TEpiofiB, 3 SKMX CKJIAIa€ThCs
CUTHAJI.

3anucu, SKi JEeMOHCTPYBAJIU 3HAYHI BIIXWUJIECHHS Bl KOHTPOJIBHOT IPYIH, TaKi K
3Ha4YHe TOMOBXKeHHs abo ckopodyeHHss FPD. a6o RAPD (£10%), abo 3Hauny
BapiabeNpHICTh MK HACTYyOHUMH 3HaueHHSIMH (+£90%), Oyiau BiJHECEHI 10 TpyNu
"Bucokoro pusuky'. I HaBmaku, 3amWcu 3 MapamMeTpaMu B MeKaxX HOPMaJbHUX

Jiana3oHiB OyJd BiTHECEH] 10 TPYIU "HU3BKOTO PU3HKY".

I T . : : : ; : 25 i = : 8

= 5 = 5
o — e =
= o= 18 16 =
o E g'“ 2
Ay - B e P |y >
= = = _]_ =
2 oo W
3 L =z ]
£ g € 05k- 2 8
< a3t o 2
a5 = 5 .
- o = 0.2

cul 0.1% 03% 04% 05% 0.6% = ctrl 1 75 15 o

Konnenrpanis DMSO, % Koanem'paum Sotalol, HM
a) 0)

Puc. 4.4 3anexnicts FPD, Ta STVrpp. BiJ KOHLIEHTpaLi# mpenapaty DMSO (a) Ta

Sotalol (6); HopmanizoBane FPD, — HopMoBaHe BiTHOCHO KOHTPOJIbHOT'O 3HaueHHs ctrl
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Ha puc. 4.4a nokazano po3noain DMSO Ha rpynu pu3uKy KapAiOTOKCUYHOCTI Ha
OCHOBI HOpMaJli30BaHUX MoporoBux 3HaueHb FPD, Ta STVepp.. Xou DMSO mupoko
BIJIOMHI SIK HETOKCUYHA CHodyKa [94], ane oTpuMaHi pe3ynbTaTu MOKa3yloTh, 10 IpU
HaWBUIIIN HasBHIN KoHIeHTpalli 0,6%, komu FPD, ta ST Vgpp. NepeTHHAIOTh MOPOTOB1
3HaueHHs, Mopdonoris Il micTuTe 3MiHH, $KI MOXYTb OYTH MapKepoM
KapA10TOKCUYHOCTI. 3 iHImOro 6oky, Sotalol € BioMHUM aHTHAPUTMIYHUM 3acCO00M
[95], #ioTO 3aCTOCOBYIOTH JJISl JIIKYBAHHS PI3HUX TUIIIB CEPIIEBUX apUTMIN, TaKUX SK
b106punsLisa nepeacep b Ta NUTYHOUKOBA TaXiKap/is, aje HOro 34aTHICTb MOI0BKYBAaTH
iHTepBasl QT y BHCOKHMX J03aX MOXKE€ MIJBMINYBATH PU3UK IMOTEHIINHO HEOE3MeuHOl
JUTs KATTS aputMmii "torsades de pointes"; kpim Toro, sk 6eta-01okarop, Sotalol Mmoxe
MaTH ¥ 1HII HacHiaKH, Takl sk Opagukapaia. [lopiBusauusa ganux FPD. 1 STVeppe ais
Sotalol nHa puc. 4.46 nokasye, mo 1 FPD., 1 STVgpp, mepeTuHaOTh MOPIT PUUKY

KapA10TOKCUYHOCTI MpY HAUBUIIMX KOHIEHTpalisx npenapaty 30 1 60 HM.

(3]

T T T . T 10

418 * =

. (8] T
__1 '..
0.5- 19]. 2
0 0 2

CU'I 910/;1 03""/” Odl‘Hl DSU/L 06@:3
Konuenrpaniz DMSO, %

[ /ety

i

RAPD

Hopmanizosane RAPD, . 1/ctrl

Hopmamizosane STV

Puc. 4.5 3anexnicte RAPDyy 5o Ta STVRrappoo-s50 BiZl KOHIIEHTpaIii npemapaty DMSO

Pexoncrpykuis I1JI 13 3anuciB III1 mig BrmommBoM crionyku DMSO no3Bosmiia
BU3HAYUTH Taki mapametpu, ik RAPDsy, RAPD7y, RAPDyy Ta ixni pizauii RAPDgg s
ta RAPDg70, 110 nmamo 3Mory noAaTKoBO OIHUTH BIUIMB DMSO Ha eleKTpu4Hy
aKTUBHICTh KJIITHH cepud. Puc. 4.5 nonosHtoe puc. 4.4a iHpopMaliiero nmpo TpUBAIICTh

ni3ub0i ¢azu PI1/] Big 50 mo 90% penomnspusariii.
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4.7 Kaacudikanmiss mNO3aKIITHHHHX MOTEHHIAJIB 32 KOHUEHTpPaUiAMU
npenapartis DMSO Ta Sotalol

Jlna xknacudikaiii TO3aKIITUHHUX MOTEHIANIB 32 KOHIIEHTPAI[IsIMU MpenapariB

DMSO Tta Sotalol 3 pizHMMH KOMOiHaIIsIMH O3HaK OyJI0 TMPOBEACHO OIIHKY

edexTuBHOCTI Mojenen k-maibmmxumx cycimiB (k-NN) (puc. 4.6a ta 4.60) [16].

MeTpuKH OLIHKH BKIIOYATH KOE(IIIEHT MOMUIIOK, MAaKpO BIYYHICTh, MAKPO MOBHOTY 1

Makpo Fl-mipy. Pesynbratu kimacudikaiii 3a koHmeHTparismu DMSO Tta Sotalol 3

BUKOPUCTAHHAM pI3HUX KOMOiHAIiii o3HaK HaBeneHo B Tabn. 4.3 Ta Tabn. 4.4,

BI/IITIOBIIHO.

Tabmuis 4.3 TlokazHUKHU TOYHOCTI S-KpaTHOI nepexpecHoi Banigaii moaeni k-NN s

kiacugikamii konuentpauii DMSO 3 BUKOpUCTaHHSIM pi3HUX KOMOiHALIlH 03HAK

OsHAKH Koedimient MaKpo Makpo MaKpo
TOMHUJIOK BIIYYHICTh MIOBHOTA F1-mipa
FPD 0.4657 0.4213 0.5353 0.4713
ISI 0.5176 0.5316 0.4817 0.5053
RAPDyy 50 0.3265 0.7062 0.6742 0.6896
FPD, ISI 0.2029 0.7996 0.7952 0.7974
FPD, RAPDyy 50 0.1176 0.8834 0.8817 0.8825
ISI, RAPDgy 50 0.151 0.8595 0.8494 0.8544
FPD, ISI,
RAPDog. 50 0.0961 0.906 0.9045 0.9052

Ta6mung 4. 4. [loka3HUKM TOYHOCTI S-KpaTHOi mepexpecHoi Bamifaiii momeni kK-NN

i knacugikamii konueHnTpamii Sotalol 3 BUkopuctanHsAM pi3HUX KOMOIHAII 03HAK

O3HAKH Koedoimient MaKpo Makpo MaKpo
ITOMUJIOK BJIYYHICTh IIOBHOTA Fl-mipa

FPA 0.2945 0.6887 0.7084 0.6982
FPD 0.2233 0.7768 0.7496 0.7626
ISI 0.384 0.6236 0.6189 0.6212
FPA, FPD 0.0758 0.92 0.922 0.9208
FPA, ISI 0.1566 0.8626 0.8508 0.8566
FPD, ISI 0.1699 0.8343 0.8236 0.8289
FPA, FPD, ISI 0.0671 0.9475 0.9287 0.9379
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Hns xnacudikamii konueHntpanii DMSO xuibkicTh cycifiB & = 15, a nus
kiacudikaiii konteHntpaiii Sotalol £ = 8. 3nadenHs k Oyno o6paHO HA OCHOBI PO3MIPY

Habopy AaHux. J{ms po3paxyHKy

s kiacudikarnii kontentpaiii DMSO 6yno o6pano napametrp RAPDgy-so TomMy
IO BiH MOKa3aB HaWBHUIy TOYHICTh cepel 1HIMX Tpusanocted RAPD. Habip nanux
OyB 30ajaHcOBaHMU [Uis pIBHOTO NPEJCTaBICHHS BCiX KkiaciB. Mogens Oyno
MIEPEBIPEHO 3a JOMOMOTOI S5-KpaTHOI MepexpecHoi Ta MDKKaHajdbHOI Bamigamii. I1ix
yac MDKKaHAJIBHOI BaTiIaIii MOJENIb HaBYaIacsi Ha Ha0Opi JaHUX 3 MEPIIOro KaHaly 3
BUKOPHUCTAHHSAM S-KpaTHOI MEpeXpecHoi Bamifallli, a MOTIM KOXHa CKjlajoBa Oyia

repeBipeHa OKpeMo Ha Ha0Oopi JIaHUX 3 APYroro KaHaiy.

Jns xnacudikarii konmentparii Sotalol TIJI He pekoHcTpyroBaBcs uepes
BIICYTHICTh 3aIllUCIB 3 JIPYyroro KaHajly, TOMY s Kiacudikailii OyJ0 BUKOPHUCTAHO

nuie o3aku [111.

-Mipa MEKKAHATRHOT BT IALTT

Makpo F1

FPA FPD ISI FPA FPA FPD FPA

Magpo Fl-mipa nepexpecHoi nepesipkx

= a Foga i i 5 : : i
) £ : PR 48 A% adz FPD ISI ISI FPD
= =] = sl o] = W s IS1
[=H B By = B B = = =
- - - - -
S| o P pE| Kombinarii o3Hak
Kombinarnii o3Hak
a) 0)

Puc. 4.6 F1-mipa k-NN mozeneit 3 pisHUMH KOMOIHAIIIMU TTapaMeTpiB AJIs

knacuikarii konmnentpaniii DMSO (a) Ta Sotalol (0)

4.8 Kuacudikanmiss no3aKJIITHHHUX MNOTEHUIAJIB 32 TPyNaMH PHU3HKY
kapaiorokcnuHocti npenapartie DMSO Tta Sotalol

Jns  xnacudikarii pu3MKy KapAlOTOKCHYHOCTI Kjacu Oynu cdopmoBaHi 3

BUKOPHUCTAHHAM NOpOroBux 3HauyeHb napamerpiB FPD. ta RAPDqgy 5o 3 puc. 4.4a ta
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puc. 4.5. HaiiBuma xonuentpaiiss DMSO (0,6%) Oyna mo3HaueHa sk Taka, 10 Mae
BUCOKHU PU3HUK KapAIOTOKCUYHOCTI, TOJII SIK pelITa CUTHAIIB OyJIu MO3HauYeHl K TaKl,
10 MalOTh HU3BKUI pHU3UK KapaioTokcuuHocTi. Halip manux Oyno 30amaHcOBaHO 3a
JIOTIOMOTOI0  cTpaTU(iKOBaHOI TMepexpecHol Bamifaiii JyIsi MPEICTAaBICHHS BCIX
Bapialliil 03HaK CUrHamiB 3 pi3HOI KoHUeHTpauiero DMSO. Kinbkicts cycimiB £ = 11
Oys0 oOpaHO BIAMOBIAHO 10 po3Mipy Habopy manux. Mopaenb Oyio mepeBipeHO 3a
JIOTIOMOTOI0 CTpaTU(IKOBAHOI S-KpaTHOI MepexpecHoi Ta Mi>KKaHAJIbHOI Bajijarii. B
SKOCTI METPHUKHU BifCTaHl s kiacudikamii Oymo oOpaHo EBKIiOBY BifcTaHb, ajKe

BOHA MaJla HaMKpall MOKa3HUKHU TiJl 4ac 3aCTOCYBAaHHS y 1HIIUX JOCIIKEHHSX IO

T
i -
¥

-
S
—

Kiacudikaii eaekTpodizioNoriyHuX cCUrHama [96].

il

Kombiganii osHak

4

o

-Mipa MiKaHANLHOT BAI1AA10T

o
T

SiLiE

101 nepesipKH

[

F1-mipa nepexpect

ISI
0

ISI
0

a
(S
e

FPD

ISI

RAPD
FPD
RAPDw_m

RAPDg_
FPD
RAPDug_7

Puc. 4.6 F1-mipa k-NN mozeneit 3 pisHUMH KOMOIHAIIIMUA TTapaMeTpiB AJIs

kiacudikauii pu3uky kapaiotokcuunocti DMSO

4.9 Ouinka kiaacupikyrodux Moaesei

Mopneni k-NN 1eMOHCTPYIOTh BHCOKI NMOKa3HHKH TOYHOCTI MpU KiacuQikaiii
KOHIIGHTpaIlli TmpenapaTiB Ta PpU3UMKY KapaioToKcu4HocTi. [Jlns kmacudikamii
KOHIIEHTpaIlli mpemnapaTiB 301UIbIIEHHS KUTBKOCTI O3HAK MPU3BOAUTH JO IiIBUIICHHS
TouHOCTI Kiacudikarii. Jleski o3Haku, Taki sk RAPDgy 79 (puc. 4.6), oco6amuBo mo6pe
PO3PI3HAIOTh PiI3HI KOHIIGHTpaAIlli mpemnapariB, KoMOiHAIli 3 TaKUMH O3HaKaMu
MPU3BOJATH 10 MIABUINCHHS TOYHOCTI. [HIN o3Haku, Taki sk FPA, mMoxyTh 3Ha4HO

BijpizusaTucs B pizHux IIII, Tomy, xoua k-kpaTHa mepexpecHa Bamijamis 1 MOXe
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MOKa3aTH XOPOIIll MOKa3HUKU TOYHOCTI, TOKa3HUKU TOYHOCTI MIKKaHAJIbHOI Bautigarlii
MOKa3ylTh, IO TaKi 03HAKH MOXXYTh MaTH HETaTMBHUI BIUIMB Ha y3araJlbHIOBAHICThH

Mozeni (puc. 4.6).

Biaminnocti Mk 3HaueHHsSIMH RAPD, takumu sik RAPDgg 70, miakpecaoTh
cnenudiuni cermeHTn PIIJ, KokeH 3 SKHX KOpPENIIO€ 3 MEpPEeBaKAIOUMMHU 10HHUMU
ctpymamu. Hanpukmnan, iaTepBan RAPDgy 790 BHKOPHCTOBYETHCS ISl KITBKICHOT
OIIIHKM MOAYJALii cTpyMiB Ix, Ta Ik, Sxmio dapmaineBTHYHA [isl TpenapaTry He
cIpsiMOBaHa Ha 11l cTpymH, To Bapiailis RAPDg 79 Moxke OyTn miHiMansHOIO. OTXKE, B
Takux BUMaAkax BKIIOYeHHS RAPDgy 79 B Momenbs MaTuMe OOMEXKEHHI BIUTUB Ha

MIBUIIEHHS 11 TOYHOCTI.

Xoua BrimoueHHs napametpiB PIIJ] 3abe3nedye numie He3HayHe 301IbIICHHS
MOKA3HUKIB TOYHOCTI JiJIsl Kiacudikaiii pu3uky kapaioTokcuunocti DMSO, meTpuku
TOYHOCTI JuIst Kiacugikamii koHueHTpauii DMSO neMOoHCTpyIOTh Kpallli pe3yJbTaTH
MOPIBHSIHO 3 BUKOpHUCTaHHAM juiie xapakrepuctuk III1. Ile moxe OyTtu Haciiakom
toro, sk PI1/] interpye inpopmaiito mipo I1I1, siki Oyam BUKOpUCTaHI B PEKOHCTPYKIIIL:
ockinbku PIIJI BukopucroBye sk Il 3 xanamy 1, Tak 1 3 kaHaimy 2, MDKKaHaJIbHA

BaJIiIallisl MOKe OYTHU HE KpaIlliM METOJIOM OIL[IHKM TOYHOCTI rapametpiB PIT/I.

Tabmui 4. 4. MeTpuKu TOYHOCTI S-KpaTHOI repexpecHoi Bamiaamii moaem k-NN s
knacudikamii pusuky kapaiotrokcnayHocti DMSO 3 BUKOpUCTaHHSIM pi3HUX

KOMOI1HAI1f 03HAK

Koediuient Makpo Makpo Makpo
O3naku

IIOMMJIOK BITYYHICTh IIOBHOTA F1-mipa
FPA 0.328 0.6802 0.6737 0.6769
FPD. 0.12 0.8852 0.879 0.8821
RAPDg.79 0.238 0.7774 0.7626 0.7699
FPA, FPD, 0.12 0.8842 0.8807 0.8824
FPA, RAPDyy.79 0.186 0.8287 0.8139 0.8212
FPD., RAPDg.79 0.094 0.9141 0.9095 09118
FPA, FPD., RAPDy.79 0.064 0.9423 0.9356 0.9389
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BucHoBku 10 po3ainy 4
VY nanomy po3aiii 0ysi0 BUKOHAHO HACTYITHE:

1. ITopiBHsHO pi3HI MeToau 3HemyMieHHs [II1: BeWBieT 3HEUTyMIICHHS, METOJ
BJIACHUX IMIMPOCTOPIB Ta 3aMpONOHOBAHWI KOMIUIEKCHUN METOJ| 3HEIIYMJICHHS Ha
OCHOBI 1XHBOI KOMOIHAIl, SKUM T[IOKa3aB Kpalll pe3yJbTaTH BIiJ OKPEMOTO

3aCTOCYBaHHS IIMX METO/IIB.

2. I, pexonctpyitoBani 3 IIII, 103BONAIOTH MPOBOIWUTH AOAATKOBHM aHami3
PU3UKYy  KapAiOTOKCUYHOCTI,  BUKOPHUCTOBYIOUM  TIapaMeTpH, BH3HA4YCHI 3
pEKOHCTpyHoBaHUX cuTHaNiB. lle 103Bojisie OTpUMyBaTH JOIATKOBY iH(opmaliio B

cucremax 3 MEP, sxi MmoxyTb 3anucyBaTu BukiatogHo [1I1.

3. 3amporoHOBaHO MIAXiJ JJisg PO3MIMPEHHS HAOOpY JMaHUX ISl MaIlMHHOTO
HABYaHHS Ta MPOJEMOHCTPOBAHO MPUKIAJ Kiacu]ikaiii pU3UKy KapIiOTOKCUMHOCTI
Ta KOHIIEHTpAIlli mpenapary 3a JOIMOMOror MeToay k HaWOMMK4uX CyCiiiB Ha OCHOBI
napametpiB III1 ta PIIJ]. Ouinka edhekTUBHOCTI mapaMeTpiB Mokasaja, M0 TOYHICTb
knacudikamii merogom k-NN 3a KOHIIEHTpaIisiMU TIpenapaty ado 3a TpyrnamMu pU3UKy
KapJIIOTOKCMYHOCTI MOXXHa TMIJBUIIATA 33 PaxyHOK JOJATKOBHX IapameTpiB,
orpumManux 3 PII]], y BunajKy Kojau BOHU € KpaluMu MapKepaMu Kapai0TOKCUYHOCTI,

HDK napameTpu 3anucanux I1I1.
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3AT'AJIBHI BUCHOBKHA

VY nuceprtariii BUKOHAaHO TEOPETUYHE Yy3araJlbHEHHsS 1 PO3B'S3aHHS HAYKOBOI
3ajadi MaremaTu4yHoi pexoHcTpykiii I[IJ[ 3 TIIT kapmiomionuTiB SK OCHOBU st
BJIOCKOHAJICHHSI METOJUYHOIO 1 aJTOPUTMIYHOTO 3a0€3MeUYeHHS MIKPOEIEKTPOTHUX

CHUCTEM.
OcHOBHI pe3yJIbTaTH AUCEPTAIIHHOI pOOOTH:

1.  Pozpobneno meton pexonctpykuii 1/ xapaiomionuti 3 ixnix I1I1 Ha ocHOBI
Teopli TMOJs Ta CXEMOTEXHIYHOI MOJel KIITUHHOI MeMOpaHHu, IO J03BOJIHUJIO
BU3HAUUTH JOJATKOBI XapaKTEPUCTUKH E€JIEKTPUYHOI aKTUBHOCTI KapA1OMIOIUTIB AJIs
OLIIHIOBAHHS  KApAIOTOKCMYHOCTI  JIKIB B MIKPOEJEKTPOAHUX  CHCTEMaXx.
3anponoHOBaHUN METOJI IPYHTYEThCS Ha PO3B’si3aHHI 00EPHEHOT 3a/1aul B3a€EMO3B’ 13Ky

Mk III1 Ha emexktpomax Ta IIJ] cepueBuX KIITHH, SIKI PO3IIIANAIOTHCS SIK TOYKOBI
JDKepesia CTpyMmy.

2.  Po3pobneHo METOJIMKY BH3HAUEHHS CHUHXPOHHMX Ta acuHXpoHHUX [1]]
MOMYJISAIA KIITUH JUIsl CHUCTeM 3 OaraTbMma eJIeKTpOJaMH, OCOOJMBICTIO SKOi €
MOXJIMBICTh BUKOpUCTaHHs [II1 3 pi3HUX eNeKTpOJIB ISl MEepPeBIPKA CHUHXPOHHOCTI

CJIEKTPUYHOI aKTUBHOCT1 KapI1OMIiOIIUTIB.

3. BpaockonaneHo Mojenb MapajieabHUX HpoBigHocTed ans cumyssimii 1/ xmitun
CAB moaunu nuisxoM y3arajibHeHHs 1oHHUX cTpymiB K, Na Ta Ca ,imo m03Bojsie
3MEHIIUTH KUIBKICTh OU(EpeHIlaIbHUX PIBHSAHb, CIPOCTUTU MPOIEC 1IeHTUdIKALI]
rmapaMeTpiB Ta MOJICIIIOBAHHS €JIEKTPUYHOI AKTUBHOCTI MOMYJSALIN KIITHH Y

MOPIBHSIHHI 3 OUIBII Cy4YaCHUMH Ta BHUCOKOJIETAJII30BAHUMHU MOJEIISIMH, aje 30epertu
bopmy I1/1.

4. PosB’s3aHO0 3amady iaeHTUdIKAIi BIJICTAHEH MK KJIITHHAMH Ta €JIEKTPOJaMu
JUISE  OJHOBUMIPHOTO Ta JBOBHMIPHOTO BHUMAJKIB B TEOMETPii CHCTEM 3
MIKPOEJIEKTPOJIHUMH PEIIITKaMH, 10 JA03BOJISIE POOUTH MOYATKOBI MPUITYHIEHHS MPO

MICII€ PO3TallyBaHHS KJIITHH Ta BUKOPUCTOBYBATH 1110 1H(YOPMAIIIIO Il PEKOHCTPYKILii

T1/1 3 11
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5. 3anpomnoHoBaHMi KoMIUIeKCHMM Metoj 3HemymieHHs [IJ] ta IIII ma ocHOBI
KOMOiHaIlli BEHBIET-TIEPETBOPEHHS Ta METOJY BJIACHUX MIANPOCTOPIB JT03BOJISE
edekTuBHILIE 00pobATH curHany 3a Hu3bkux SNR. Mipa RRMSE mix opurinansHuM
curHajom Oe3 IIymy Ta 3HemyMjeHUM curHaioM 3a SNR = 20 nb ans BeliBier-
NEPETBOPEHHSI Ta METOJY BIJIACHUX MIIMPOCTOpiB JopiBHIOBana 45.59% ta 12.4%,

BIJINOBIJTHO, a JIJIs1 KOMIUIEKCHOTO Metoay — 10.77%.

6. Po3pobiieno minxig Ajig po3lIMpeHHs Ha0opy JaHuX Ha ocHOBI nmapametpis 111
ta PIIJ] nns xnacugikaiii pu3uky KapAlOTOKCHUYHOCTI Ta KOHIIEHTpalli mpenapary
DMSO 3a nonomororw MeTOAy MAaIIMHHOIO HaBYaHHsS K HaWOmmxumx cycimiB. s
kinacudikauii T1I1 3a koHIeHTpali€0 mpenapaTy, BUKOPUCTaHHS AOJATKOBUX JaHUX
JI03BOJISIE TIBUIMTH TOYHICTH Kiacudikamii (3rigHo mnokasHukam makpo F1-mipu) 3
79% (3a 2-ma o3znakamu I1IT) mo 90.5% (3a 2-ma o3nakamu III1 ta 1 o3nakoro PII[]), a
mutst kiacudikarii [ 3a HU3bKOI0 Ta BUCOKOIO TPYIIOI0 PU3UKY KapAi0TOKCUYHOCTI — 3

88% (3a 2-ma oznakamu I1IT) 1o 91% (3a 2-ma o3nakamu I1I11 1 o3nakoro PILJT).

7. Pesynmbratu pobotu 3a Temor pexkoHctpykuii IIJ] 3 IIII BmpoBamxeHi B
HaBuajgbHOMY Tporieci Ha kadenpi enextpoHHoi iHxkeHepii DEJI HTYY «KIII im.
Irops  Cikopcbkoro» B HaBuajnbHOMY T1ocCiOHUKY «IIpukmanHa  Olodizuka.
bioenextpuyni nporecu. JlabopatopHHil MPaKTUKyM» ISl CTYJEHTIB CHEIladbHOCTI
153 «Mikpo- Ta HAHOCHCTEMHA TEXHIKa», OCBITHBOI mporpamu «EJeKkTpoHHI MIKpO- 1

HAHOCHUCTEMHU Ta TEXHOJIOT11», 2022 p..
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