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BBegeHue

CnoxHas, 6onblad, multi-scale cucrtema

v OnncaHue moaenu v NoCTaHOBKA 3a4a4M

v BudypkaumMoHHbIN aHanNus3

v AHBapnaHTHOE CBOMUCTBO
MYNbETUCTAaOUNBHOCTU

v [punoxeHus

3aKknro4vyeHume



EO/IbLUAS, MULTI-SCALE , LARGE-SCALE CUCTEMA

“‘bonbLias cuctema, ynpaesngdemas cuctema -
COBOKYMHOCTb B3aMMOCBSI3aHHbIX yrpaBisieMbIX NOACUCTEM,
00beaNHEHHbIX 00LWWEeN Lenbio PyHKUMoHnpoBaHua.”(6C3)

XapaKkTepHble 0COOEeHHOCTMU:

* Hanuuune Bblgensembix YacTen (NnogcucTem s
o CBsa3n mexay noacmcTteMamu;

» (CB4d3b ¢ ApyrMmu cuctemamu (BHeLLige

CUCTEeMHbIN NOoAXoA - UCCMEeNoBaHNe Ha packpbiTe
LLeNMOCTHOCTU OObekTa 1 obecneumBaloLLNX €€ MEXaHNU3MOB,
Ha BbIABIEHNE MHOroobpasHbIX TUMOB CBSA3En CIOXHOIo
oObeKkTa U CBEAEHNE UX B €ANHYI0 TEOPETUYECKYIO KapTUHY.
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The rate of change of membrane potential IS given by

d 1 | 0

Stlm
where e _
= the total ionic current density,

| .. - a stimulus current,
stim

C - the membrane capacitance
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| o = 23 -E\.)
For all range of V
0.32(V +47.13)

a. =
" 1-exp[-0.1(V +47.13)
V
= 0.08 exp(——
B p(-17)
For V >-40mV
a,=a, =0
_ 0.3 exp(-2.535[10" V)
b 1+ exp[-0.1(V +32)]
1
Jin

" 0.13(1+ explV +10.66)/ -11.1])

For V <-40mV
a, =0.135exp[(80+V)/-6.8]

lca :JGCa [@[@[(V _@)’

E., =7.7-13.0287[Ln([Ca],)

_ 0.095[exp|-0.01(V -5)]
a, =
1+exp|-0.072(V -5)|
p =007 lexp|-0.017(V +44)|
| 1+ exp[0.05(v + 44)]

, = 0012 Lexp[-0.008(V + 28]
f 1+ exp[0.15(V + 28)]

_ 0.0065[exp|-0.02(V +30)]
B =
1+exp|-0.2(V +30)|

d(ca] )/ dt =-10* 0, +0.07(10™* -[ca],)

B, =3.56 exp(0.079V) + 3.1105 exp(0.35V)

- [-1.2714110° [exp(0.2444V)) - 3.474[10° [exp(-0.04391V )] (V +37.78)

‘ 1+exp[0.311(V
0.1212 [ exp(—0.01052 V)

I 14 exp(-0.1378 (V + 40.14))

+79.23)
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= | .= 0.0183[K [V -E,_}
G =0.60471,[K], /5.4 ol e - Epm( Kp)

1.02

K, =1/{1+exp|(7.488-V)/5.98]}

a ==
“* 1+exp[0.2385[{V - E,, —59.215)]

_ 0.491241exp|0.08032(V ~ E,, +5.476)| + exp|0.06175((V - E,, —594.31)]
1+exp|-0.5143[(V - E,, +4.753)|

| :G_ki [G\/_Ek)’

Gk =0.2820Q/[K ], /5.4

For  V>-100mv  x = 2837 {exp[0.04(v +77)] -1
" (v +77)lexp(0.04(v +35)

P

X, =1forV < -100mV
. 0.0005(exp[0.083(v +50)] 5 - 0.0013(exp[-0.06(v + 20)|

X

¥ 1+exp[0.057(V +50)] 1+exp[-0.04(V +20)]

tuo-Rudy model -




!ACTION PO"T'ENTIALg

(D)

(@)

= dV/dt ( Iion+|stim)/C

> .50 |
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g 72 ke >l > Threshold

|c_E -84 | | Rest
APD - action potential duration | ., - stimulus current

DI - diastolic interval 1. PCL ;I o
PCL - pacing cycle length —
Z-stim :
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Michael Rubart and Douglas P. Zipes, Mechanisms of sudden
cardiac death, J. Clin. Invest. 115,2305 (2005).
Y {L gt

“While the implantable cardioverter defibrillator
(ICD) improves survival in high-risk patients,
standard antiarrhythmic drug therapy has failed to
reduce, and in some instances has increased, the
incidence of SCD.

In fact, the greatest reduction in cardiovascular mortality
(including SCD) in patients with clinically manifest heart
disease has resulted from the use of beta blockers and non-

antiarrhythmic drugs”
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~bi-stability in cardio dynamics
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Hysteresis and bistability in the direct transition from 1:1 to 2:1
rhythm in periodically driven single ventricular cells
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FIG. 1. Eesterssiz m {1:1=2:1} ttansition (experiment). (&) {1 1—2:1}
tansition: Transmembrane potentizl plotted vs time. Amow imdicates begm-

mmgz of frst oyele vath BCL=370 mec. (B} [2:1—-1:1} tamotion Asroor
indicates beginming of first cyeles with BCL=445 ms. (C) Hysteresis loop.
Stamyelus artefaets due to imperfeet bridse balancs retouched 1 (A5 aud (B)
and all subsequent experimental tzces by erazing part of the deflection: thus
voltzze dmns tmwe of shmmbns pelse imjechon 15 only an eshmate made
bazed on recordings froan other cells with neglizible stimulus arfefact. Pulse
anaplitude=850 p4 pulse duration=3 ms.

The average stimuinz amplimds at which the it
11:1—2-1} tramsition was seen was —1.2 times the thresh
amplitude needed to obtain 1:1 thythm at BCL=1000
(n=12). In all cells in which the direct {1:1—2:1} transit -
was found, and in which an alternans or Wenclkeback-1 -
thythm (e.g.. 3:2 thythm) was also encopntered at a differ
pulse amplitude, alternans cceurred at a pulse amplitode
higher than that at which the {1:1—2:1} transition cccurred
(e.g.. alternans was seen in the cell of Fig. 1 at an amplitude
of 900 pA), while Wenckebach rhythm occuared at a lower
pulzec amplitnde,

B. Hysteresis between 1:1 and 2:1 rhythms

Following the direct transition from 1:1 to 2:1 rhythm,
further decrease in BCL resulted in 2:1 rhythm being main-
tained over a range of BCL. The BCL was then gradually
increased. In the experiment of Fig. 1, upon increasing BCL
from 440 to 445 ms. the cell converted back from 2-1 to 1:1
thythm [Fig. 1({B)]. Again, a transient was zeen after the
BCL was changed {(grrow), thus time consisting of several
2:1 cycles followed by several alternans cycles. As with the
11:1—2:1} transition. the tramsient was not the same from
cell o cell or even from wial 1o wial, with the number of
transient 2:1 cycles being between —2 and — 135, The fact
that the {2:1—1:1} transition occwrred at a longer BCL from
that at which the {1:1—2:1} transition had mnitially cccurred
demonstrates the existence of hysteresis. We shall refer to
this hysteresis between 1:1 and 2:1 shythms as
#1:1++2:1} hsteresis.”” Figure 1(C) shows the hvsteresis
loop, which was —~75 ms wide in thiz cell. In each of five
other cells in which the direct {1:1—2:1} transition was seen
and 1 which a search for hysteresis was made, hysteresis
was observed (hysteresis range=213—100 ms. n=0).

One possible explanation for hysteresis 1s that the elec-

15



+ 5 1 : - _ E
O SRy PCL:180 ........... 5, RRRLRRRICTIIES PCL_152 B A e
A * : E ; s : : : : APD :
ool AT T O SRS AN A ST 0, . s ST A O TR SE % N
£ 0 | ' | | Wbk : : | o
- : : : : : 3 : : S
()] 100 I L | | | I -
g I a0 1000 1500 2000 2600 3000 3500 A000 4500 A000 g
= 3|:||:|_.( ........... SRR SR ] ._)( ........ T R S ? =
S ¥ ~ PCL=180 ' PCL=152 S
q) EDD_ ............ .-..L ............. JI ......... .-..L ........ Al PD1 -g
B * 4 : : S A S . . S .
S 100 e b R R R R R ol - T
— : : . : ; : : . N  —
S Ll : e AT AT T T e =
JRNN) SNTESE)UEX VRO VR A FOOS PR T FEOR VAR NS WA Wi hormy NI RPN TN ST N Wi S 5
GEJ 100 | | | ' | | | o
7 a 500 1000 1500 2000 2600 3000 3500 4000 4500 00 &
C an & —_—— R T R > g .....
g * 5 i L 5 S
— 200 _PCL:18O .................. :_*_PCL:]_52 ................. APDL é.() .....
# : : Voo ; :
C qmob... e FE ko k ok Kk k@) T T T *%** _______
obor b bbb kL O T T W Wt W W W A
-100 ' ' '
0 1000 2000 a000 4000 5000

Multistability - the coexistence of different dynamical regimes of
cardiac cell-model at a fixed set of stimulation parameters 1



swl ON._” _U

sul om._u _U

100

@l_l m_l_ll_D_\/_ ........ ..... ...... ....... ..... 4

1201

1401

160

180

(PCL) ms

>.H3_____m

reo ...... w

VTs]
120"
e

g0 &0 40 20

Pacing cycle length

oo

1

120

140

50

1

i 1 1 1
o) —_ [ ]
[xm) w0 =+ (o]

1
o)
I
—

200

_
= i

i 1 1 1
= = ] =
] o -+ 2]

L
=
o}

i
=
o
o™ —_

sw (Qdy) ‘uoneinp fenuajod uonoe Jo sanjeA Apeals



400

18

.ozm
Time, ms

i
20

100 a0 BO 40

1120

140

180

1601
(PCL) ms

200

Pacing cycle length

20

40

100 50 =i}

120

i
|_
%)
»
=
1ti10

1

a0
30 pAl cm?®

na

B0
40
%

D D D D D
[x) [i=) =+ [

) co_ESG _m_EBoO_m oljoe u,o sanjen Apeals

) :
< 140



(7)) :
E 180 2|:||:| ............ -*— . .............................................................................................
- 160 100 +**'*’ ..................................................................................
C N
O ot :
= 5 i i i
E 1r 0 500 1000 1500 2000 2400 3000 3500 4000 4500
- 1m0 ;
o] _ 5 U
_ 0 : : .|-||'|\| ||"||
cs I q) it ‘lli|||||‘||llll||l I|||"|'.I|.II.
= 5 I c "I'|I|||I|||||||||||I||||'|I',|II\ .I'.I'._It"""
- al : : - @ |i'|'|||'\|II|||\|||||||||‘.'.' R7/AN
GJ \ : 5 i S |\||'|||'||||||"ll'u'u'.'l'.l‘ | ! )
.'6 gk : ...... 2:2 ................... : .......... N TP i A : -Q ||||'I |II||'|\I||II|I |II||I'5I'-"-I'I' I ,“ A\ :
a v i CI=120.ms £ IR\ QA 120 ™
c S0 0 w0 w0 1w w0 @ e 40 20 o ' C\’ S
S ! ! A%
=2 ! ! 8 \ \ ; Cc\
&) i \\ WL
@ a0 © 4\ y \\\\\\\\\\
160 — 0 \\\\
5 WK
140 + 100
) 1 //\ 100
200
g . e N\ e
C_U > @ 300 140 g\k\,
T = | % 160 & c\e \en
i 400 .
% B0 : 180? aC\ng
CU - 1 i 100 00 r T r T T T
r i . " . : - - .
.'CI_,') , : ; : : C|:§150 II’T'IS : S0k  APD,=151ms APD,=33ms 2:2 | =113ms
) %0 10 w0 w0 10 0 @ &1 40 20 0 \‘\ 1° \\ARD !\\
. 50| 450
Pacing cycle length, ms — N e\
ioh ¥ : : : ; ; : y 66 -1000 50 100 y 150 200 ' 250 300 3{:000 400 450 500 0 50 100 150 200 250 300
50 APD=179ms 50 APD, =183ms \APD2 =165ms 4:2 APD, =181ms APD, =118ms
0 0 1 0
-50) -50 {1 50 | 3
_10 L L n L L L L L L 100 L L L " L L L L L -100 L L e L L L L
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500 0 5 100 15 200 25 30 350 400 450 '4506
0 0 0 0



Ventricular Defibrillation

1 second
ECG with ventricular fibrillation -y

nnﬁrngqg VAVATAIRA'A'A'A A & g g =

entricular action potential

Fig. 11-10 Vulnerable period (phase 3)
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dKJ/1IDHEeHUNeE

* [ToxazaHa BO3MOXHOCTb MCITOJIb30BAHUS
61 PypKAIIMOHHOTO aHa/IM3a /IS TOUCKA MHBAPHUAHTOB
B CJIOXKHBIX CHCTEMaX.

* YcTaHOB/IEH MeXaHU3M MY/JIBTUCTAOUIBHOCTH B MOJIE/TU
3JIEKTPUYECKOU IMTPOBOIAMMOCTHU KJIIETKU MUOKAP/A.

* OO6Hapy)XeHbI 6aCcCeNMHBI MPUTHKEHUS YCTOMYNBBIX
PEXXUMOB Ha KPUBBIX IOTEHIIMAJIA JeMCTBUS MUOLIUTA,
KOTOpPbIe OO'BSICHSIOT CyIIeCTBOBAaHHE OMACHBIX OKOH
ysisBUMOCTH Ha JKI'-curnarne .

* [TokazaHo, YTO ME€XaHU3M MY/IbTHCTAOMILHOCTU
WHBAPHAHTEH KaK 10 OTHOILIEHUIO K TTPOLIeCCY
yIpaB/eHHs, TaK U IO OTHOIIIEHUIO K BApHabe/TbHOCTH
COCTOSIHUU KJI€TKHU.
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Stay in good health!
Listen To your heart....

Thank you!



