New Methods of Suppression of the Spiral Wave Activity in Cardiac Tissue
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Abstract— We present an approach to the probenergy impulses with amplitudes of the same order as
lem of the suppression of the fibrillating activity in thethe impulses from sinoatrial node.
heart by weak local external stimulations. Such alow- The dominating hypothesis in the current theory of
energy strategy has a great advantage in comparisagkcitable systems is that fatal cardiac arrhythmias, fib-
with other widespread methods because it, in particuillations, occur due to the creation of numerous au-
lar, does not require the knowledge of the frequency @wave sources, so-called re-entry, which are spiral
re-entrant waves. To overcome the dependence of th@aves or vortex structures (i.e., spatiotemporal chaos,
suppression success on the position of the local stirsee, e.g., [1, 2] and references therein), in cardiac tis-
ulation we propose to use moving external sources. sue. Therefore, to resolve the described problem we
may relay upon the modern theory of chaos. Theo-
retical studies suggest that low-energy defibrillation
protocols are also possible at exploiting the dynamical

Any abnormality in the cardiac rhythm is said toproperties of re-entrant waves under electrical forcing,
be arrhythmia. It can develop by several reasons, th@own as feedback-driven resonant drift [3]. How-
dominant of which consists of the change in the ingyer, in practice the major problem is the change of
trinsic properties of the excitable tissue. In this cas@e resonant frequency with the position of a rotating
the destruction of the excitation wave fronts is posyave, especially close to unexcitable boundaries.
sible such that the fibrillation phenomenon may ap- e qualitatively different approach to the low—
pear. Itis well known that the fibrillation is the Préva-amplitude suppression of spiral wave turbulence lies
lent mode of death among patients with cardiovascyy narametric perturbations (see [4] and refs cited
lar diseases. Thus, an immediate medical care is Iggrein). Although both parametric suppressing (non-
quired. In this case the application of high—energy,eqhack) and controlling (feedback) lead to the stabi-

electrical stimulation to the patient's heart (throughy ation of complex dynamics, they are not realizable

his chest or in extreme cases, to the open heart) s gefibrillation. The matter is that, such a way im-

commonly used to suppress the fibrillation and reStorﬁies variations of parametric values in every medium
the normal heartbeat. However, high—energy shockement.

can cause the necrosis of myocardium or give rise to The recent investigations offer new opportunities

functional damage manifested as disturbances in atfs, yefiprijjation: The amplitude of the external stim-

oventrlcglar conduction. o I ulation can be essentially decreased such that the tur-
Electrical pulses for the termination of f|br|IIat|onsbulent regime in excitable systems is suppressed by a
are also used in implantable cardioverter defibrillator\ﬁleak non-feedback periodic forcing applied globally
(ICDs) irlitiating low-power electrical pacing pulsgs[S, 6] or locally [7-11] (see also Refs. therein). By
automatically when they detect dangerous activityheqe manners, it is possible to stabilize the turbulent
However, the ICD action is very painful and OCCurSt}lﬁnamics and reestablish the initial cardiac rhythm,

even in the cgse_of_cor_nplex arrhythmias that_are NBecause such a strategy leads to the relaxation of the
associated with fibrillation. Therefore, a very impor4ium to the rest state

tant factor in the design of modern ICDs is reduction
of the stimulation amplitude in order to avoid painful
shocks and damage to the heart itself and surrounding
tissues. Thus, the main purpose is to develop a uni-As it is supposed, fibrillation of the cardiac tis-
versal technology of fibrillation suppression by lowsue corresponds to spatio—temporal chaos in excitable

I. INTRODUCTION

Il. THE MODEL
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medium. Our scheme consists of introduction of wea&f phase singularities (PS). These singularities can
local excitations into this medium (Fig.1). All the be found by a so-called Bray algorithm [13]. This
simulations were performed in two dimensions for anethod is based on the fact that the tip of the spiral
modified FitzHugh-Nagumo model. wave (as well as any point of discontinuity of the wave
front) is a singularity for the phase field(z, y,t) =
arctan2 (U ((x,y,t) —U*),V((z,y,t) — V*)). Then
N the quantity

1
pacemaker N —— % V(pdl
T

is the topological charge. It is not equal to zero only
if such a singularity is located within the integration
gontour. In this casey is an integer, whose sign de-

termines the chirality of the spiral wave.

Fig. 1. A weak local stimulation of the turbulent medium.

The FitzHugh-Nagumo-type system can be writte

as follows: ) - .

During the numerical analysis we have found that at
aﬁ = Au— f(u) — v, certain parameter values of the model (1), (2) an ini-
ot (1) tial spiral wave breaks into complex turbulent pattern.
?‘)]; = g(u,v)(ku —v). The numberV of phase singularities as a function of

' ' ' time is shown in Fig.2. The final regime appearing at
To get correlation with the heart tissue, usually > 1000 was used for the further analysis as the ini-
the following admissions are applied, and so-callelg| state of the system when we study the possibility

Panfilov-Hogeweg modification is used: of the suppression of turbulence dynamics.
Cl“’v u<ug, 160
f(u> = _CQU +a, ue [ulau2) ) 140
Cs(u—1), u>us, N .
@
Gla u < Uz, "
g(’LL,’U) = G27 UE’U,Q,
60
Gs,u <up,v <u.
40
Herew andv are activator and inhibitor variables, re- "
spectively. The parameter values &tge= 20; Cy = t
3: 03 =15 Uy = 0.0026: Uy = 0.837: v = 1.8; % 500 1000 1500 2000 2500 3000
k= 3; Gy = 1. Parameter§:, € [1/75,1/30] and Fig. 2. The number of PS as a function of time.

G3 € ]0.1,2.0] remain to be free.
One of the advantages of this model is the pres-
ence of two independent relaxation parameters. On&Y: NOVEL APPROACH TO THE DEFIBRILLATION
of them, G5, takes into account a relative relaxation PROBLEM
period for small values, andv. The other one(zq, In our previous works we have described that sup-
gives an absolute relaxation period for large values @ression of spiral wave chaos in the system (1), (2) is
v and intermediate values afthat corresponds to the possible [4, 8]. We found that the suppression effec-
leading and trailing fronts of the wave. In spite oftiveness strongly depends on the stimulation frequen-
its simplicity, this model describes real experimentaties (which should be the maximal possible) and the
data sufficiently well even for the myocardium tissueamplitude, it was found that if these values are chosen
of mammals [12]. by an appropriate way, the turbulent wave activity can
Numerical simulations were carried out in two-be quickly and easily eliminated. This is a very im-
dimensional (2D) grids of75 x 175 and350 x 350 portant qualitative result, which gives us the hope to
elements with periodic (torus) and zeroth boundarsesolve the defibrillation problem in the future.
conditions. However, unfortunately, there are some very essen-
tial limitations. For example, let us imagine a situ-
ation, when an external pacemaker is surrounded by
Our analysis of the turbulent and regular dynamseveral vortices such that the space around it is al-
ics is based on the consideration of the number ways occupied by wave fronts of surrounding spirals.

[1l. SPATIO-TEMPORAL CHAOS
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In this case the external source may be suppressed for

a sufficiently long time. 35 /
To solve this problem we propose two indepen- 30 y
dent directions of further investigations: to use several 251 /

pacemakers and moving pacemakers. The first way 201 \n / /«J\ f
consists of the increasing of the number of external \/ \/\\
pacemakers in the medium. However, after careful nu- i
merical experiments we have come to the conclusion b \
that stationary pacemakers (even a comparably large 05+

number) can not guarantee the chaos suppression in 00— : : : : :
the investigated systems. e o T R

Therefore, we concentrated on the case of
one/several moving pacemakers. The law of their mo-
tion used i = £sinw(Q,,t), wheref is parallel
to either vertical or horizontal axis. The pacemakef is the Heaviside step function.
described by this formula is moving along the agis
periodically with the frequenc{2,. However, in this V. DiIsScussION

case it Is necessary to_remember th'at we shouI(_JI US€Crirst of all, it should be emphasized that the inves-
not t_he maximum possible frequencies for the give ated model is a rough approximation of the cardiac
meg'“”.‘ ;:ﬁr?rr_]feters,hbut th(:hones C_IOS? 0 th%rr. fT gsue properties. That is the reason why, the spiral-
matter Isth a ,tlhwe cdgose _I:et;naxwpa E[)OCTS' 'tﬁ trhei/'vave turbulence may not adequately describe the real
quency, then the medium Wil be saturated wi fibrillation phenomenon. Also, the main difference of

wave fronts. In other words, the space between ﬂb%r approach from the real cardiac tissue is that in

xcitation regions will Iw. [ he ele- . .
excitation regions be always occupied by the e Sour analysis we used only a homogeneous excitable

ments in the refractory state such that elements in tl?r?edium This medium is characterized, in particu-
rest state can not exist here. In this case the moti by tHe property that the maximal freq[Jency is the

of external pacemakers leads to the creation of spirg me at every point. Therefore, a special considera-

waves. As a result, the recovery of the turbulent C}Iyt'ion should be given to the robustness of the proposed
namics takes place.

_ _ method in relation to heterogeneities.
Let us consider the system (1), (2) with two pace- |, the end, here we give some ideas concerning the

makers located on a vertical line with the distancga50ns of suppression of the spiral-wave turbulence
of 176 points between them. Let these pacemalb—y the described method.

ers move along a horizonal line with the amplitude
& = 10 and frequency?, = 2.5-10~%. Then, for the

medium withGy = 0.01, Gs = 0.5, we get the sup- s gigterently, we have studied the signal processing
pression phenomenon dy_n@gOO ms: If, however, by the excitable medium. The medium is more sen-
we take the same condition for horizontally locatedjy e at specified (characteristic) frequencies. This
p_acemakers which are v_er'qcally moving, the Supprefﬁhenomenon is connected with synchronization of the
sion of turbu_lent dyr_lamlcs is not observed. It can bﬁwedium dynamics and the pacemaker frequency. The
achieved by mcre4asmg the ff?q“e_”cy up to, for exan st peak corresponds to the frequency lockingl,
ple, 2. - 3_‘0'10_ - However, in this case the ChaOtIthen the medium has its response to each source
dynamics is extruded after 9500 ms. action. When the maximum possible frequency is
The dependence on the position of pacemakers agghieved, the medium cannot respond to every im-
the frequency of their motion remains to be carefull;pmse. With the further increase of the frequengy
explored [14]. Preliminary investigations show thabf the external pacemaker, the wave propagation is
this dependency is essentially nonlinear. possible when the medium in the neighborhood of
Finally, we present the effectiveness of the supprethe pacemaker is in the rest state. This is the case
sion phenomenon as a functionofFig.3). Here by when the synchronizatio? : 1 is attained. And so
efficiency we mean the fractior0 000/7%,,,. Here on. However, owing to the complexity of the system,
Tsupp is the suppression time anddefines the exter- the synchronization with higher source frequencies is
nal impulse shapel = A - (26(t — T't) — 1), where not possible, so that the graph,; = f(wi,) loses its

efficiency

Fig. 3. Dependence of the suppression efficiency.on

We have analyzed a response of the medium to ex-
ternal periodic pulses of peridtl = 27 /w;,. To put
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regular structure. with time, so that the spatio—temporal chaos appears.

Thus, if we choose the source frequencies far froff this case we have not found a fundamental differ-
maxima of the dependencg,; = f(w;») then, gen- €nce which boundary conditions (periodic or zeroth
era”y Speaking’ we do not get the Suppression ph@neS) we ConSidel’, in Spite of the fact that the medium
nomenon. In a certain sense the piece-wise pitith periodic conditions is quantitatively more com-
ture of the nonlinear response is said to be resonar@x. If there is a proper choice of the location of
(Arnol'd) tongues known in nonlinear dynamics [15].the external sources and plenty of time, the suppres-
This is due to the fact that each medium has its owglon of the spiral-wave turbulence (at the resonance
characteristic time of the signal processing, i.e. théequencies of the applied stimulation for the given
time of pulse propagation. medium parameters) can be obtained. However, usu-

Consider now atablemedium with a certain num- ally in applications these conditions turn out to be a
ber of spiral waves. Because this medium is Stabl@tractable'proble_m. Nevertheless, the preformed sim-
spirals will neither drift nor decay. As is known, for ulations W.IthmOV.Ing pacemakerlsave ‘??mons”ate‘_’
periodic boundary conditions the existence of a :sinIhat there is a quite simple way to stabilize the spatio—

gle spiral wave or their odd number is forbidden. Th&€MPoral chaos in some 2D excitable media.

birth of pairs of waves with the opposite chirality is_ 1 NUS: Our conjecture consists of the following. To

only possible. Then, in principle, due to the resofind domains Ofturpulence Inthg space of mod_el para-
nant drift, the suppression of the medium dynamicg‘et,ers corresp.ondlng t_o the spiral wave solution. Be-
in such a configuration is always possible except fgPd I Oneé of this domains, one has to perturb weakly
special cases when several waves turn out to be loc&SMall part of the medium in a predefined way by a

ized in different medium regions (say, when one spiremovmg source. Under such additional conditions this

wave is surrounded by three pacemakers and the sfgocedure may result in squeezing of spiral waves out

ond wave is also surrounded by another three pacfégm the car(_;ha_c t|§sue. Inthe app!|cat|ons this means,
defibrillation. Prolonged influence of stimu-

makers). This means that there is no way to suppre@gtua”y’

a single spiral wave. It is necessary the collision oftion of the proposed kind prevents return of fibril-
phase singularities of waves with different chirality. lation and provides conditions for regeneration of the

: . damaged cardiac tissue in the long—term period.
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