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Ilenv — o60ocHoBaHue 3¢ HEKTHBHOCTH OUIIOISAPHBIX HMITYJIHCOB Pa3IM4YHOil HopMsI U muTeabHOCTH. Memod. [lns uccneno-
BaHuUs ObUIA UCTIOJIb30BAHA MOJIEJb MEMOPaHbI KapAuOMuOIHUTa MOPCKOi cBunku Luo-Rudy Mammalian Ventricular Model
II (dynamic), 1994—2000 rr. BoaaeiicTBre 2JeKTpHYECKUX Pa3ps/10B Ha MeMOpPaHy KapAMOMHOLUTA IIPOBOIUIH METOIOM 3a-
MelIeHHs INIOTHOCTH TOKA H3Y4YaeMOro UMITYJIbca. 3aTeM PacCYHTHIBAIHN IOPOTOBbIii 9HepreTHyecKuii K0a(PHIHEHT UMITYJIb-
ca, KOTOPBIil pacCMaTPHBaJIH B KaYeCTBE HHTETPAJIbHOrO II0Ka3aTeJsi IOPOroBoro Bo3aeicTeus (kpurepuii 3¢pGeKTHBHOCTH)
UMITyJIbCca, u3MepsieMblil B MKA*Mc/cM". IIpoBoauiu cpaBHeHHe: KIACCHYECKOTO KBa3HCHHYCOMIAIbHOTO HMITYJIbCA, CTYNEH-
YaTOro KBa3UCHHYCOHAIBHOTO, IPSIMOJMHEHHOT0, KIACCHYECKOTO TPANelen/IabHOTO0, TPANeen/IaJIbHOTO MOy IHPOBAHHO-
ro (HaJlP[‘II/Ie BbBICOKOYAaCTOTHBIX, BBICOKOAMILIUTY/IHBIX OC]_[I/]JIJIﬂ]_[I/lﬁ TOKa) HUMITyJIbCAa U €r0 HEMOAYJIUPOBAHHOTO 9KBUBAJICH-
Ta, TPANEUeHIaIbHOrO HMIIYJIbCA C HOJOTUMH (PPOHTOM H CPE30M H UIMTEIbHOCTHIO, PABHON JUIMTEIBHOCTH KJIACCHYECKOTO
KBa3uCHHycouaabHoro. @opmMa MMITyJIbCOB COOTBETCTBOBAJIA CONPOTHBJIEHHIO TPYIHOIT KiIeTkH 0kos0 100 OM. Pe3ynvma-
mot. CambiMi 9¢pHEKTHBHBIMU UMITYJIbCAMH OKAa3aJICh: KBa3HCHHYCOMAIbHbINA crymenyatsiii (229,6 MmxA’mc/cM’), 3aTteM
KJIACCHYECKHi KBa3HCUHYCONaNbHbIi (249 MrA®Mc/cM’, +9% ) u Tpanenenganbublii ¢ nosorumMu GppoHTOM U cpesom (253,0
MKA’Mc/cM’, +10%). Camas nuskas 3¢ ¢peKTHBHOCTD (110 3HAYEHHUIO IOPOTOBOTO YHEpreTHYecKoro koagduimenra) okasa-
JIACh Y TPaneneu1ajbHOro MOy IMpOBaHHOro uMiyssca (397 mxA’mc/cM’, +73%). OcrajibHble HMILYJIbChI 3AHUMAIOT IPOMe-
JKYTOYHOE T0JIOJKeHHE MEK/y YKa3aHHBIMHU BbILIE HMITYJIbCAMH B CJIEAYIONIEM MOPS/IKe: SKBUBAJIEHT MOy IMPOBAHHOTO TPa-
nenenganbHoro ummyiabca (272,0 mxA’mc/cm’), 3arem npsimosiuHeinHbiii (273,35 MKA’Mc/cM') M KiIaccH4ecKwHii
Tpaneneuaanbubii uMiyabe (307,7 MkA’mc/em*). 3axatouenue. Ilo KpUTEPHIO TIOPOTOBOTO BO3GYKIEHUS MO/IEIH MEMOPaHbI
KapauoMuonura Mopckoil ceuikn Luo-Rudy campivu 3¢ eKTHBHBIME HMITYIbCAMH SIBISIOTCS: KBa3HCHHYCOMIAIbHBIN CTY-
TIeHYaThlil, 3aTeM — KJIaCCHYECKHil KBa3UCHHYCOU/IAIbHBIN U Tpanenen1aibHblii ¢ nosorumMu ¢pponrom u cpesom. Knrouesote

cn06a: Mojesib MeEMOPaHbI KAPANOMHUOIUTA, OUIIOISAPHDINA UMITYJIbC, NebUOPULIAIHS.

Hapyrienust put™Ma n mpoBOJMMOCTH SIBJISIIOTCST Yac-
TBIMU OCJIO}KHEHUSIMU KPUTHYECKUX coctostamii [1—2]. B
1972 ropy 8 CCCP 6b110 HauaTo IPOM3BOACTBO TIEPBOTO B
mupe g1euOPUILIATOPa ¢ OUIOJIPHOI KBa3UCHHYCOU/IATb-
HOH hopmoii mmmyabca — I M-03, MmakcmmanbHast 9HePTust
Kotoporo 6bita B ~1,5—2,1 pasza MeHblire, yeM y aehubpui-
JIITOPOB, TEHEPUPYIONTIX MOHOTIOMSIPHBIE paspsiast [3—5].
CpaBHUTEIbHYIO 3(D(HEKTUBHOCTh YKA3aHHBIX MMITYJIbCOB
HCCJIEIOBAJIN B 9KCIIEPUMEHTE Ha JKUBOTHBIX (110 KPUTEPU-
SIM TIOPOTOBBIX 3HAYEHUIl TOKA M HHEPTHUH, YCTPAHSIONINX
KPaTKOBPEMEHHY 0 (PHOPUILISIINIO JKEMTYI0UKOB) 1 3aTEM —
B YCJIOBUSX KJIUHUKU (110 KPUTEPUSIM: /1032 SHEPTUU — yC-
Hex U MaKCUMaJIbHBIN yenex nehubpussanun) [6—8]. Ta-
KIe€ IMIUPUYECKUIE METOBI MCCACTOBAHNS HEOOXOINMBI,
OJTHAKO OHU TPEOYIOT CYIIECTBEHHBIX (DPMHAHCOBBIX U BpeE-
MeHHbIX (He MeHee 1 Toj1a) 3aTpar.

B magame XXI Bexa B MUPOBYIO KapArOpeaHNMAIIHIO
ObLIIM BHEAPEHBI ellle 3 pasJinyuHbIX 110 (hopMe OUIOMSIPHBIX
UMITyJIbCa (TpanenenIaabHbIN, TPSMOJNHEHHBIN U Tparere-
WUIQJIBHBIN MO/LYTMPOBAHHEIN ). B €BA3M ¢ aTHM B TTocsieinme
TOJIbl OJTHOM M3 aKTyaJIbHBIX 33jlau SBJISETCS MOUCK ONTH-
MaJIbHOTO GUIIOJISIPHOTO MMITYJIbCA, BBUIEJISIONIEro Ha 00-
JIaCTh cepjiiia MUHIMaIbHYI0 addexTnBHyI0 anepruio. Cie-
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JIyeT OTMETHUTb, UTO B TIpoliecce Aehudpuiisaimu nepsas da-
3a OUIIOJSPHOTO HMIIYJIbCA UIPAET BEAYILYI0 poiib. [Ipu
9TOM OHa BBIIEIAET Ha 00/acTh cepana ue menee 70—80%
SHEPTHN UMITYJIbca, a Bropast — He bosree 20—30%. Bmecre ¢
TeM CPaBHUTEJILHYIO 3(h(HEKTUBHOCTD PA3IMYHbIX 110 (hopme
U JUIUTEIbHOCTH 1ePBbIX (ha3 OUIIOJSPHBIX UMILYJILCOB HE
uccnenosanu. B Hacrosiiiee Bpemst GJrarogapsi pasBUTHIO Me-
TO/Ia KOMITBIOTEPHOTO MOJICJIMPOBAHUST MTOSIBIJIACH BO3MOJK-
HOCTb U3y4YaTh IIOPOIOBbIE BO3/IEICTBUS UMITYJIbCOB JIHOOON
(bOPMBI U JTUTEILHOCTU Ha MOJIEIM MeMOPaHbI KapMOMKO-
1UTa ¥ TakuM 0OPasoM CpaBHUBATH UX 3(PQMEKTUBHOCTD 1O
KpPUTEPUIO T10pora Bo30ysKAeHusT MeMOpaHbl (T.H. JI€KTPO-
(usnonornueckuii noaxon). Haubosee usBectHOU Moje-
JIBIO, OTPAKAOIIEH 3JIEKTPO(DUZUOJIOTUI0 MEMOPAHBI KJIETKU
MUOKapa, siistercst mogesib Luo-Rudy [9]. IIpumenenue
JIAHHOTO TIO/IX0/Ia TI03BOJISIET JOCTATOYHO OBICTPO TIPOBECTU
TTOMCKOBOE MCCIIEI0OBAHNE, PE3YJIBTAThl KOTOPOTO MOYKHO 3a-
TEM MCIIOJIb30BATD /IJISl BBIJIBMKEHUS HAYYHOI THITOTESBI C ee
JATbHENIIelt TTPOBEPKOI B 9KCIIEPIMEHTE 1 KJIMHUKE.

[lenb ucceposanusi — obocHoBaHue 3G HeKTUBHOC-
TH OUTOJSIPHBIX WMITYJIbCOB PA3TUIHON (HOPMBI U -
TEJIbHOCTH.

MeTtoapbl

Jlist ucesenoBanust Gbla MCMOMBb30BAHA MOJIENb MeMOPaHb
KapAMOMHUOnuTa MOPCKOW cBuHkM Luo-Rudy Mammalian
Ventricular Model II (dynamic), 1994—2000 rr., BXojsMas B co-
craB ¢BoOOAHO pacrpocTpansieMoii cpebl Mogenuposanus Cell
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Electrophysiology Simulation Environment (CESE) OSS 1.4.7
[10]. BoszeiicTBie seKTPUYECKUX NMITYJIbCOB HA MOJIETh MeMOpa-
HBbI KapZINOMHOIINTA IPOBO/IMII METOJIOM 3aMelieHns (KJIaMIInpo-
Banus) mapaMerpa <stimulus amplitude» (st) — muorHocTH TOKa
BO3/IEHCTBYIOIIETO UMITYJIbCA, BEIPAXKEHHOI B MKA /cM”. B arnnom
HCCJIEIOBAHUN OIIPE/IE/ISJIN TIOPOTOBbIE 3HAYEHUS aAMILIATY/IBI
IIOTHOCTH TOKA (1,,), IPM KOTOPOM (HOPMUPOBAJICA HOTEHIIMAI
JeficTBIsT MeMOpaHbl KapAroMuolmTa (Bo30ysKaeHne KapnoMuo-
1UTa). 3aTeM BBIUNC/ISIN TOPOTOBBIN SHEPreTu4ecKuil Koaduim-
ent: Kg = Lio, by * Ky [MKA® s uc/cu’ ], tae &y, — MITENTBHOCTD
nmiyibea, Ky — xooddurment dopmbr uMiyisca (OTHOMEHHE
IHEPIUN JIAHHOTO UMITYJIbCA K SHEPIUU IPSIMOYTOJIBHOTO NMITYJIbCA
€ TaKOIf JKe aMIUIUTYION U aynTesabHocTbio). Hapsimy ¢ aTum pac-
CYMTBIBAJIM OTHOCUTEJIBHYIO TOPOTOBYIO 9HEPTHIO (OTHOIIEHHUE T10-
POrOBOTO BHEPreTUYECKOro Koa(duinenTa JaHHOTO MUMITYJIbca K
[IOPOTOBOMY 9HEPreTHYeCKOMY K0a(hPHIINeHTY NUMITYJIbCa C eT0 MU-
HUMaJIBHBIMI 3HAUEHHUSIMI ). B KadecTBe MHTErPaJbHOTO MOKa3aTe-
Jis1, oTpakaroniero a(MeKTUBHOCTD NMITYJIbCA, PACCMATPUBAIIN T10-
poroBbiii anepreTudecknii koahdumuent. Cienyer OTMETHTD, YTO
JUIITEJIBHOCTD TIPSIMOYTOJIBHOTO NMITYJIbCA TIPU MUHUMAJIBHOI 1O-
POrOBOIt 9HEPTUN BO30OYKICHUS MO MEMOPAHbI KAPANOMEOIH-
ta Luo-Rudy cocrasisier 11 mc [11], u okoso 4 Mmc — MeMOpaHbl
KapanMuoIuTa yesoBexa [12]. B ¢Bsa3u ¢ 9TuM AmMTENBHOCTD MC-
CJIe/lyeMbIX MMITYJIbCOB 110 OTHOIIEHUIO K PEabHbIM HMMITYJIbCaM
Obia yBesmuena B 2,75 pasa (puc. 1, a u 6). Hapssy ¢ noporosiMu
HAHOCHJIN TIPeNIoporosele Bozzelictsus (Ha 0,1% Menblie noporo-
BBIX 3HAYEHUI TOKA), KOTOPbIE BBI3BIBAIN JIOKAJIbHOE BO3OYIKIE-
Hite MeMOpaHbl. [Ipemoporosbie BO3eHCTBYS IPUMEHSLIH JIJIsT [Ie-
TAJIBHOTO M3YYECHHs] Peakiun MeMOpaHbl B TEYCHHE BPEMEHH,
GJIM3KOr0 K JIUTesbHOCTU uMItybca (puc. 2 u 3). TIposoawiu
CpaBHEHME: KJIACCHMYECKOTO KBAa3UCHHYCOM/IAIBHOTO HMMITYJIbCa,
CTYINEHYATOTO KBA3UCHHYCOMATIBLHOTO, IPSIMOJIMHEITHOTO, KJIACCH-
YeCKOro Tparielen/[ajlbHoro, Tpareen/[albHoro MoJIyJIMPOBaHHO-
ro (HaJaM4re BbICOKOYACTOTHBIX, BBICOKOAMIIIMTY/THBIX OCIIUJLIS-
U TOKa) MMITYyJIbCa 1 €T0 HeMOYJINPOBAHHOTO 9KBUBAJIEHTa,
Tparenen/[albHOro NMITYJIbca € II0JIOTMMHU (DPOHTOM M CPE30M U
JUIATEJIbHOCTDIO, PABHON JIIUTEIbHOCTH KJIACCHYECKOTO KBA3NCH-
HycouaaabHoro (puc. 1, a u 6). Mopma UMITYJILCOB COOTBETCTBOBA-
Jla COIIPOTUBJIEHUIO TPY/IHOIT KieTku okoso 100 Om [13].

Pe3yabraThl 1 00CYK/IEHHE

Ha puc. 1, a u 6 npeacrasiaena Gpopma mccaeyeMbIx
HMIIYJIbCOB MIPH TTOPOTOBBIX 3HAYCHUSIX aMILTUTY/IbI TLJIOT-
HOCTH TOKQ, ¥ B TabJIMIle — 3HAYEHMUST U3yYAeMbIX TapaMeT-
POB 9TUX UMITYJIbCOB.

Ha puc. 2 npeacrasiena peakis MOAe i MeMOPaHbl
KapZIMOMUOIIMTA Ha BO3/ICHCTBUE JIBYX UMITYJIbCOB (Tpare-
HEUIATBHOTO MOJLYJIMPOBAHHOTO ¥ €TI0 HEMOJLYJIMPOBAHHO-
TO 9KBUBAJIEHTA) TIPH TIPEATIOPOTOBBIX' 3HAYCHUSIX AMILIH-
TY b PHUCYHKA,
BO3/EHCTBIS YKA3aHHbBIX BbILIE UMITYJIbCOB Ha MeMOpaHy

IJIOTHOCTH ToKa. Kak BUAHO u3
KapAMOMHOIINTA TIPAKTHYECKU He Pa3IMgaioTcs, 32 NCKIIIO-
YeHMEM HE3HAUMTEbHON peakInl MeMOpaHbl Ha BBICOKO-
YaCTOTHYIO COCTABJISIONIYIO MOTYJTMPOBAHHOTO MMITYJIbCA.
CrrelyeT OTMETHTD, 4TO HATUYHE Y MOLYINPOBAHHOTO Tpa-
TMEIENIATbHOT0 NMITYJIbCA BHICOKOYACTOTHON COCTaBJISIO-
el TPUBOIUT, MO CPABHEHUIO C €T0 HEMOAYTUPOBAHHBIM
SKBUBAJICHTOM, K CYNIECTBEHHOMY YBEIMICHUIO TOPOTOBOi
SHEPrUK, HeOOXOAMMON U151 BO30Y KACHUS MeMOPaHbI Kap-
muomuonuTa (puc. 1, 6, Tabmuma).
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Puc. 1. @opma HccreyeMpIX HMITYJIbCOB MIPU IIOPOTOBOM 3HaYe-
HHM aMIUIATY/bI IUIOTHOCTH TOKA, BBI3bIBAIOIIETO BO30YIKIAEHHE
MeMOpaHbl.

a — KJIACCHYECKHIT KBa3UCUHYCOUIATIbHBII, KBA3MCHHYCOUIATBHBII
CTYTIEHYATBII 1 TPATIEIIEN/IAJIBHBIN € IOJTOTUME (hPOHTOM U CPE3OM;
0 — TparenenaIbHbIN MOYIMPOBAHHBIN UMITYJIbC 1 €0 HEMOJLY-
JIMPOBAHHBIN 9KBUBAIEHT, TIPSIMOJUHENHBIN 1 KJIACCUYECKHIT Tpa-
TeNEen/IaTbHBII UMITYJTbCHI.

Ha pucynke 3 mpe/craBiena peakimst Mojie/ i MeMo-
paHbl KapAMOMUOIIMTA HA UMITYJIbChI CO CTYIIEHUATBIM pe-
ryJrpoBanueM (hopMbl UMITYJIbCA (KBA3UCUHYCOUIATbHBIIN
CTYNEHYAThIN U IIPAMOJIMHEHBIH, puc. 1, a u 6). Peakius
MeMOpaHbl Ha YKa3aHHBIC UMITYJIbChI UMEET IIPAKTUUECKU
rIaikyio hopmy.

CoracHo 1oJly4eHHbBIM Pe3yJIbTaTaM, MUHIMAJIbHBIT
MMOPOTOBBII 9HEpreTUYecKuii Koa(hduineHT okasajics y
KBa3UCHHYCOU/IATTBHOTO CTYIIeHYaToro uMmysbca (229,6
MKrA’Mc/cM'). D10 (110 KPUTEPUIO TOPOTOBOTO BO3OYKIe-
HIIst MeMOPAHbI) CBUETEBCTBYET O €r0 HanboJiee BHICOKOI
ahdexkTuBHOCTH. Y KJIACCHUECKOTO KBA3WCHHYCOMAIBHO-
TO U TpalenenIaibHOrO ¢ MOJOTUMK (DPOHTOM U CPE30OM
HMITYJIbCOB 3HAYCHUS IIOPOTOBOTO 9HEPTETHIECKOTO K0a(h-
durmenTa 1 OTHOCUTETHHONW MMOPOTOBON HHEPTUU OKa3a-
JIUCh MIPAKTUYECKU PABHBIMK ¥ JOCTATOYHO OJUSKUME K
3HAUYEHUSIM KBA3UCUHYCOUAAIBHOTO CTYNEHYATOTO HM-

! HpI/I MPEeAITIOPOTOBLIX 3HAYECHUAX aMIIJINTY/IbI IIJIOTHOCTU TOKa HE (l)OpMI/IpyeTCH noTeHIman aeiicteus. [loteHman 1eicTBrus nMmeeT
GoJbinne JUINTEJIBHOCTD U aMILIUTY/LY, ITIO9TOMY MHKpOMOp(bOJIOI‘I/IH U3MeHeHu:A TpaHCMCM6paHHI)IX TIOTEHIUAJIOB, IIPE/ICTABJCHHBIX Ha

puc. 2 u 3 Obita ObI He pasiInunuMa.
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Pruc. 2. Peakuust Mozie i MeMOpaHb! KApIMOMUOIIUTA Ha Tparele-
H/IAJTbHBI MO/LYIMPOBAHHBI UMITYJIbC M €r0 HEMO/YIUPOBAHHbII
9KBHBAJIEHT NPH NPENOPOroBoii aMILIUTY/l€e IVIOTHOCTH TOKA.

myabca (Tabmuia). IIpemcTaBieHHbIe PE3yNLTAThl CBUJIE-
TEJBCTBYIOT O TOM, 4YTO Yy HUMIIYJIbCa TpamelenajbHOi
(opMbI TTaBHBIE HapacTaHUE U CHaJ TOKA IPUBOJIAT K
YMEHBIIEHUIO TOPOTOBOTO 9HEPreTHYeCKOT0 KoadduImeH-
Ta, T.e. K yBeJmdeHuIo ahexTuBHOCTH NMIyIbca. Cienyer
OTMETHUTD, UTO TIPU HAPYKHOM JebUOPUIISIINT BO BpEMsT
IIJIABHOTO HAPACTAHUsSI TOKA MPOMCXOAUT YMEHbIIIEHUE CO-
IIPOTUBJIEHUS] TPYIHON KJIETKH, YTO TaKKe MOXKET yBeJH-
quBath ahGekTUBHOCTh UMIyAbca [14]°. Y mpsmonnHeii-
HOTO WMIYJbCa TOPOTOBbIE 3HAUYEHUS U3ydyaeMbIX
[apaMeTPOB OKa3aJINCh GOJIBIIE MO CPABHEHHIO: CO CTYTICH-
YaThIM KBa3WCUHYCOUAATBHBIM MMIyabcoM Ha 19%, ¢
KJIACCUYECKUM KBAa3WCHHYCOMIATBHBIM — 9% 1 Tpareren-
TMAJIBHBIM € TIOTOTHMHU (hpoHTOM U cpe3om — 10%. ¥V kiac-
CHYECKOTO TpaIelew/IaIbHOTO MMITYJIbCa aHAJIOTYHBIE ITa-
12%

KBa3MCUHYCONIATBHOTO CTYNEHYATOTO M TIPSIMOJIMHEIHO-

pamerpsl Obm Ha 34 W Gosibiie, 4eM y
ro, cooTBeTCTBeHHO. OCHOBHOI NMPUYMHOIN MeHbIei agh-
(heKTMBHOCTH KJTACCUYECKOTO TPANEIENIaTbHOTO UMITYJIb-
ca (110 KPUTEPUIO MOPOrOBOr0 BO30YKACHUS MeMOPaHbI)
6bL1a ero GoJIbIIast JIUTEIbHOCTD, CYIIECTBEHHO OTINYA0-
mascst or ontuMasibHoil (puc 1. a u 6). Ilpu atom y Hemo-
TyTUPOBAHHOTO Tpamelen/[aTbHOTO UMITYJIbCa, MMEIOIero
JUTUTEIBHOCTD, OJIM3KYI0 K ONTUMAJbHOW, MOPOrOBBIN

IHepreTHUeCcKuil Koahdunment okasasucs na 11% mewmbiire.
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Puc. 3. Peakuus Mojie MeMGPaHbl KapIOMUOIUTA HA UMITY b~
Cbl CO CTyIeH4YaTbiM peryinpoBanueM (GopMbl (KBa3HCHHYCOH-
JTaJIbHbII CTYNMEHYaThIil ¥ MPSIMOJIUHENRHBINH) TPH NPEIIOPOroBOM
3HAYEHUH aMIUIMTY/IbI IVIOTHOCTH TOKA.

Camblii BBICOKHUIT TIOPOTOBBII aHEpreTuuecKkuii Koadduiu-
eHT ObIJI MOJTyYeH Y TPATelenalbHOr0 MOLYIMPOBAHHOTO
nmmnyibea (396,8 mxA*Mmc/cm?); ato Ha 46% Gosbliie, ueM y
HEMOIYJIMPOBAHHOTO MMITYJbca, Ha 57 1 59% — deMm y
KJIACCHYECKOTO KBAa3UCHHYCOUAATBHOTO M Tpalelen/aIb-
HOTO € MOJIOTUMH (DPOHTOM U CPE30M UMITYJIbCOB, COOTBET-
cTBeHHO (Tabin.).

Takum obpasoM, MOy AeHUOPUITISIIHOHHOTO
WMITYJIbCA TIPUBO/IUT K CYIIECTBEHHOMY YMEHBIIECHUIO ero
s dextuBHOCTH. BInskne pesy bratsl ObUIH TTOTYyYEHbl Ha
RC-monenn MemOpanbl Kapaunomuorura biapa [15] u B
9KCIIEPUMEHTE Ha *KUBOTHBIX [ 16].

3akiouyeHue

[To kpuTeprio MOPOroBOro BO30YKIACHUS MEMOPAHDI
kapauomuonuTa (Mozgeab Luo-Rudy) cambivu ahdexTus-
HBIMH UMIYJbCAMU SIBJSIOTCS: KBa3UCHUHYCOUIATbHBIN
CTYIEHYATBHIH, 3aTeM — KJIACCUIECKUI KBa3HCHHYCOM/IAIb-
HBII U TpaIeenabHbIN ¢ TTIOJOTUME (PPOHTOM U CPE3OM.
Camas HusKast 9(h(PEeKTUBHOCTD ObLJIa BBISIBJIEHA Y TpaTIelle-
WIAJIBHOTO MOJIYJIUPOBAHHOTO UMITYJIbca. OCTalbHbIE M-
IyJIbCBI 3aHUMAIOT IIPOMEKYTOYHOE MOJOKEHHE MEXKLY
VKa3aHHBIMH BBIIIE MMILYJIbCAMU B CJIEAYIOMIEM IOPSI/IKE:
SKBUBAJIEHT MOJYJUPOBAHHOTO TPAIEIEeH/IaJbHOTO UM-

HapaMeprl HU3y4Ya€MbIX UMITYJIbCOB U UX 3HAYECHUSA

HasBanue nmmyibca Koadpuuuent [liurens- Iloporosas IToporoBeiii  OTHOCHTEIBHAS
¢ opmbl HOCTh, MC  aMIUIUTY/Ia HEPreTHYECKUl MOporoBast
IJIOTHOCTH TOKa, Ko03hdunueHr, HEPrust
MKA/cMm* MKA’Mc/cM’
KBasucunyconmaapbupiii CTymenyaThblit 0,4772 13,9 5,884 229,6 1,00
KBasucunycongaapHbIi KJIaCCUIeCKHit 0,4757 12,3 6,515 249,2 1,09
TpanenenanbHblil ¢ MOJOrUMEI (DPOHTOM U CPE3OM 0,5512 12,3 6,098 253,0 1,10
[TpsimosuHeRHbII 0,8375 16,7 4,425 273,5 1,19
TparmenenaTbHbI KITaCCHIECKUIT 0,5164 23,1 5,082 307,7 1,34
Tparnenenja/ibHbIil MOLYJINPOBAHHBLI 0,3683 11,4 9,722 396,8 1,73
DKBUBAJIEHT TPAEIENATHHOTO MOJYTUPOBAHHOTO 0,5330 11,6 6,639 271,7 1,18

* IIpn HapyskHOI 1eUOPMILISIINN BO BPEMSI IEPBBIX IBYX MIIINCEKYH BO3/EHCTBIS KBa3UCHHYCOUIAIBHOTO NMITYJIbCA COMTPOTHBIIE-
HUe TPYAHOI KJIETKH 9KCIIePUMEHTAIbHBIX JKUBOTHBIX yMenbInaercs na 10..20% [ 14].
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yJIbCa, 3aTeM — MPSIMOJITHEHBIN 1 KJIACCMYeCKUIT Tparre-
HEU/IATbHBII UMITYJIbCHI.

PesybraTsl, moJiydeHHbIe Ha KOMITBIOTEPHON MOJIE/IN
MeMOpaHbl KapANOMHOLIUTA, a TAKKE 9KCIIEPUMEHTaIbHbIE
(Ha KMBOTHBIX) M KJIMHUYECKHe ucciepoBanus [7, 8, 13]
TTO3BOJISIIOT BBIABUHYTH CJEAYIONIee HAyYHOE TTOTOKEHIE:
UMITYJIbC KBa3MCUHYCOMIAIbHON OUIOJISPHbII (HOPMBI SAB-
JISIETCS «30JI0THIM CTaHAAPTOM» AeDUOPUILIAINN KETy-
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Computer Simulation of Cardiomyocyte Membrane Exposure
to First-Phase Bipolar Defibrillation Impulses
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Objective: to substantiate the efficacy of bipolar impulses of different shapes and duration. Method. The investiga-
tion used the dynamic model II of the mammalian ventricular cardiomyocyte membrane in the guinea-pig, proposed
by Luo and Rudy (1994—2000). The cardiomyocyte membrane was acted by substituting the current density of the
impulse under study. The threshold impulse energy ratio considered as an integral index of the threshold action (a
measure of efficiency) of an impulse measured in pA’ms/cm* was then calculated. A comparison was made between
a classical quasi-sinusoidal impulse, a stepwise quasi-sinusoidal, rectilinear, classical trapezoidal, trapezoidally mod-
ulated (the presence of high-frequency, high-amplitude oscillations of current) impulse and its unmodulated equiva-
lent, and a trapezoidal low-angle front tail impulse of the duration equal to that of the classical quasi-sinusoidal one.
The shape of the impulses corresponded to the 100-ohm resistance of the chest. Results. The most effective impuls-
es proved to be a quasi-sinusoidal stepwise impulse (229.6 uA’ms/cm’), next a classical quasi-sinusoidal impulse
(249 pA’ms/cm’, +9%) and a trapezoidal low-angle front tail one (253.0 pA’ms/cm*, +10%). The trapezoidally mod-
ulated impulse (397 pA’ms/cm’, +73%) turned out to be lowest effective (in the threshold impulse energy ratio). The
other impulses were intermediate between the above impulses in the following order: a modulated trapezoidal
impulse equivalent (272.0 pA’ms/cm*), next a rectilinear impulse (273.5 pA’ms/cm*), and a classical trapezoidal one
(307.0 nA’ms/cm*). Conclusion. In terms of the excitation threshold of the Luo-Rudy model of the guinea-pig car-
diomyocyte membrane, the most effective impulses are quasi-sinusoidal stepwise, next quasi-sinusoidal and trape-

zoidal low-angle front tail ones. Key words: cardiomyocyte membrane model; bipolar impulse, defibrillation.

Disturbancies of rythm and conductivity are com-
mon complications in critical illness [1—2]. In 1972, the
Soviet Union began the production of the world's first
defibrillator with biphasic quasi-sinusoidal pulse waveform
— DI-03, the maximum energy of which was ~ 1.5—2.1
times less than that of defibrillators generating monophasic
pulses [3—5]. Comparison of the efficiency of the above
pulses was investigated in experiments on animals (accord-
ing to the criteria of current and the energy threshold val-
ues, stopping short-term ventricular fibrillation), and then
in the clinic (criteria — energy dose and success and the
ultimate success of defibrillation) [6—8]. Such empirical
research methods are necessary, but they require much
finance and time (not less than 1 year).

At the beginning of the XXI century 3 more different
in shape bipolar pulses (truncated exponential, rectilinear
and truncated exponential modulated) were introduced
into the world cardiac resuscitation. In this connection, in
recent years one of the most urgent tasks has been search
for the optimal biphasic pulse, releasing minimum effective
energy on the heart. It should be noted that during defib-
rillation the first phase of the biphasic defibrillation pulse
plays the leading role. However, it releases not less than
70—80% of the pulse energy on the heart, and the second —
not more than 20—30%. But the comparative effecacy of
the first phase of the biphasic pulses of different shapes and
duration has not been investigated. At present, thanks to
the development of the computer simulation method it is
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possible to study the threshold effect of pulses of different
shape and duration on a model of the cardiomyocyte mem-
brane and thus to compare their efficacy by the criterion of
excitation threshold of the membrane (so-called electro-
physiological approach). The most well-known model
reflecting electrophysiology of myocardial cell membrane,
is the Luo-Rudy model [9].

Applying this approach allows conducting quickly
exploratory study, the results of which can then be used for
advancing scientific hypothesis and its further experimen-
tal and clinical test.

PURPOSE: To compare the threshold effect of the
first phase of biphasic pulses of different shapes and dura-
tions that cause cardiomyocyte membrane excitation using
the model Luo-Rudy.

Materials and methods

For the investigation we used the model of the cardiomyocyte
membrane of guinea pig Luo-Rudy Mammalian Ventricular Model
IT (dynamic), 1994—2000, part of the Cell Electrophysiology
Simulation Environment (CESE) OSS 1.4.7 — which is part of the
modeling environment [10]. The effect of the electrical pulses on
the cardiomyocyte membrane model was performed by clamping
parameter «stimulus amplitude» (st) — current density of the act-
ing pulse is expressed in uA/cm’ This study determined the
threshold value of the current density amplitude (I,;,), which
formed the action potential of the cardiomyocyte membrane (exci-
tation of cardiomyocyte). Then the threshold energy ratio was cal-
culated: K = Iz, *tyuise * Kopape [WA* *ms/cm’ [, where 1, — pulse
duration, Kg,,,, — pulse shape ratio (ratio of the pulse energy to
the energy of a rectangular pulse of the same amplitude and dura-
tion). Along with this, relative threshold energy (the ratio of the
threshold energy coefficient of the pulse to the threshold energy
coefficient with its minimum values was calculated. As an integral
index, reflecting the effectiveness of the pulse, the threshold ener-
gy ratio was considered. It should be noted that the duration of a
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rectangular pulse with a minimum threshold energy of the excita-
tion of the Luo-Rudy cardiomyocyte membrane model is 11 ms
[11], and about 4 ms (for) of the membrane of the cardiomyocyte
of a human being [12]. In this regard, the studied pulse duration in
relation to the actual pulses was increased 2.75 times (Fig. 1a and
1b). Along with the threshold, subthreshold pulses were adminis-
tered (0.1% less than the current threshold ), which caused local
excitation of the membrane. Subthreshold pulses were used for
detailed study of the reaction of the membrane for the time approx-
imate to the pulse duration (Fig. 2 and 3). A comparison was
drawn between pulses: classic quasi-sinusoidal, stepped quasi-sinu-
soidal, rectilinear, classic truncated exponential, truncated expo-
nential modulated (high-frequency, high-amplitude oscillations)
and its unmodulated equivalent, trapezoidal with sloped rising and
falling with duration equal to the duration of the classic quasi-
sinusoidal (Fig. 1a and 1b). Pulse shape corresponds to thoracic
impedance of approximately 100 Q [13].

Results and discussion

Fig. 1a and 1b show the shape of the investigated
pulses with threshold current density amplitude, and
Table — the values of the investigated parameters of
these pulses.

Fig. 2 shows the response of the cardiomyocyte mem-
brane model to the effect of two pulses (truncated expo-
nential modulated and its unmodulated equivalent) at the
subthreshold' current density amplitudes. As it can be seen
from the Fig. the effects of the above pulses on cardiomy-
ocyte membrane are virtually indistinguishable, except for
minor reactions of membrane to high-frequency component
of the modulated pulse. It should be noted that the pres-
ence the high-frequency component in truncated exponen-
tial modulated pulse (in comparison with its unmodulated
equivalent) leads to a substantial increase in the threshold
energy necessary for excitation of the cardiomyocyte mem-
brane (Fig. 15, Table).

Fig. 3 shows the response of the model of cardiomy-
ocyte membrane to pulses with step controlled waveform
(stepwise quasi-sinusoidal and rectilinear, Figure 1a and b.
As it is seen from the Fig. the response of membrane to the
indicated pulses has practically a smooth form.

According to these results, the stepped quasi-sinu-
soidal pulse (229.6 uA’ms/cm®) had the minimum thresh-
old energy ratio. This (by membrane excitation threshold)
indicates its highest efficacy. In classic quasi-sinusoidal and
trapezoidal with sloped rising and falling pulse the thresh-
old energy ratio and relative threshold energy were almost
equal and close enough to the values of stepwise quasi-sinu-
soidal pulse (Table). These results indicate that in case of
trapezoidal pulse smooth rise and fall of current leads to a
decrease in the threshold energy ratio, i. e. an increase in
the efficacy of the pulse. It should be noted that with exter-
nal defibrillation during smooth increase of pulse current
the chest resistance decreases, which can also increase the
efficacy of the pulse [14]% In rectilinear pulse the threshold

a
10+
g 8- Classic quasi-sinusoidal
2 / Stepwise quasi-sinusoidal
= Trapezoidal with
2 6+ sloped rising and falling
g
o 44
T
£
=1 .
3 2
0
T T T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24
Time, ms
b
10 Truncated exponential modulated
Unmodulated equivalent of
“E truncated exponential modulated
& 817
<
3
z 61 ||
% U HHHHFH Classic t;_ur;cated
S 4. HERL /exponen ial
T 7
£
=1 -
3 2
0

T T T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24
Time, ms

Fig. 1. The shape of the investigated pulse at the threshold cur-
rent density amplitude, with causes excitation of the membrane.
A — classic quasi-sinusoidal, stepwise quasi-sinusoidal and trape-
zoidal with sloped rising and falling; B — truncated exponential
modulated and its unmodulated equivalent, rectilinear and clas-
sic truncated exponential.

values of studied parameters were bigger in comparison
with stepwise quasi-sinusoidal pulse by 19%, with a classic
quasi-sinusoidal — 9% and trapezoidal with sloped rising
and falling — 10%. In classic truncated exponential pulse
the similar parameters were by 34% and 12% more than
stepwise quasi-sinusoidal and rectilinear, respectively.

The main reason for the lower efficiency of the classic
truncated exponential pulse (by membrane excitation
threshold), was its long duration, which differ significantly
from the optimum (Fig. 1a and 1b). At the same time with
unmodulated equivalent of truncated exponential modu-
lated pulse (having duration close to the optimal) the
threshold energy ratio was by 11% less. The highest thresh-
old energy ratio was obtained with truncated exponential
modulated pulse (396.8 u A’ms/cm*). This is 46% more than
that of its unmodulated equivalent, 57 and 59% — than in
classic quasi-sinusoidal and trapezoidal with sloped rising
and falling pulse, respectively (Table).

' At the subthreshold current density amplitude an action potential is not formed. Action potential has a large duration and amplitude,
so the micromorphology of the change of transmembrane potentials shown in Fig. 2 and 3 was distinguishable.
*With external defibrillation during the first two milliseconds exposure to quasi-sinusoidal pulse the chest resistance of experimental ani-

mals is reduced by 10...20% [14].
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Fig. 2. Response of model of cardiomyocyte membrane to trun-
cated exponential modulated pulse and its unmodulated equiva-
lent with subthreshold amplitude of the current density.
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Fig. 3. Response of model of cardiomyocyte membrane to puls-
es with stepped controlled waveform (stepwise quasi-sinu-
soidal and rectilinear) with subthreshold amplitude of the cur-
rent density.

Parameters of investigated pulses and their value

Pulse name Shape Duration,  Threshold Threshold Relative
ratio ms  current density energy threshold
amplitude, ratio, energy
HA/cm® KA’ ms/cm*
Stepwise quasi-sinusoidal 0.4772 13.9 5.884 229.6 1.00
Classic quasi-sinusoidal 0.4757 12.3 6.515 249.2 1.09
Trapezoidal with sloped rising and falling 0.5512 12.3 6.098 253.0 1.10
Rectilinear 0.8375 16.7 4.425 273.5 1.19
Classic truncated exponential 0.5164 231 5.082 307.7 1.34
Truncated exponential modulated 0.3683 11.4 9.722 396.8 1.73
Unmodulated equivalent of truncated 0.5330 11.6 6.639 271.7 1.18

exponential modulated

Thus, the modulation of defibrillation pulse results in
a significant decrease in its effectiveness. Similar results
were obtained with the Blair RC-model of cardiomyocyte
membrane [15] and in animal experiments [16].

Conclusion

According to the criterion of the cardiomyocyte
membrane excitation (model Luo-Rudy) most effective
pulses are stepwise quasi-sinusoidal followed by classic
quasi-sinusoidal and trapezoidal with sloped rising and
falling. The lowest efficiency was found with truncated
exponential modulated pulse. The rest of pulses are in
between the above indicated pulses and they go in the fol-
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ObIIAA PEAHUMATOJOI'UA

HayuHo-npakTiueckuii sxypaan «O011ast peaHuMaToJIOTHsI»,
Bxojsiuii B nepedenb BAK PO, nipennasnaden jiuisi Bpadeii aHeCTe3N0JI0TOB-PEAHMATOIOTOB
1 HAYIHBIX COTPYIHUKOB.

Tematuka JKYpHaJa: rmaroretes, KInHnuKa, IMarioCTUKa, Je4eHmne, HpO(iJI/I]IaKTI/IKa 1 I1aTOJIO'NYEeCKasA aHaTo-
MUA KPUTHYECKUX, TEPMUHAJBbHBIX U TTIOCTPEAHNMAITMOHHBIX COCTOSTHUI. BOHpOCbI OKa3aHusA ]IOFOCTII/ITB.JTBHOﬁ 110~
MOMOIN IIPU KPUTUYECKUX COCTOAHUAX. BOHpOCbI O6y‘{€HI/IH HaceJIeHUA 1 MEIUIIMHCKOIO IIepcoHaJjIa IIprueMaM OKa-
3aHUS HEOTJIOKHOM TIOMOIIH TIPpU KPUTUYECKUX COCTOAHUAX.

Aynutopus: sedeGHbIe YUPEXKIECHNS; BBICIIE yUeOHbIe 3aBeleHNs MEAUIIMHCKOTO TTPOMUIIST; MEAUTIHHCKITE
YUPEKIEHUS IOCIEUITIOMHOTO 0OpasoBanusi, DejepaiibHble U PErMOHAIBHBIE OPTaHbl YIIPABJIEHUS 3[PAaBOOXPa-
HEHUEM, MEJIUIMHCKIE HAYYHO-UCCIIE[0BATECKAE MHCTUTYThI; MEIAUIIMHCKITE OUOIMOTEK.

INIOAIINCKA

B 11060M IOYTOBOM OTZ€JIEHHH CBS3H [0 KaTajiory «Pocneyarss>

e uHjieKc 46338 — Uit UHAUBUYQJIbHBIX TIOITUCUYNKOB
e uHeKc 46339 — Ui npeAnpuATHIL U OpPraHU3aAIUi

JlaTa MCANIINHCKUX HaYK:

o O6was peanumamonozus.

e Anecmesuonoeus u peanumamoozust;

iccepranuu Ha COUCKaHHE YYEHON CTENEHH JOKTOPA HayK 6e3 oIy IMKOBaHUS
OCHOBHBIX HAyYHBIX Pe3yJbTaTOB B BeAyIIUX KypHaJIax U MU3JAAHUSIX, epeyeHb KOTO-
PBIX yTBep:KA€eH Bbicieii aTrecTannoHHoi KoMuccuei, 6y1yT OTKIOHEHbI B CBSI3H C Ha-
pyumenueM 1. 10 IToso:keHus o nopsaKe NPUCYSKIEHNUS yUYEHBIX CTeNeHeil.

[Tepeuens xxypuanoB BAK, nznaBaembix B Poccuiickoit Degepariuu 1o CrieragibHOC-
T 14.01.20 «AHECTe3MOMOTUsT M PEAHMMATOJIOTHSI», B KOTOPBIX PEKOMEH/IyeTCst Iy OnKa-
I[1s1 OCHOBHBIX PE3YJIbTaTOB JIMCCEPTAIMI Ha CONCKAHUe YYCHOH CTeleH! JOKTopa U KaH/1-
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