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Spiral breakup due to mechanical deformation in excitable media
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To address the problem of how cardiac muscle contraction affects the dynamics of rotating spiral waves,
spiral breakup induced by mechanical deformation in excitable media is studied in two partial-differential-
equation models. It is shown that spirals begin to break up=e2.50wy when we increase the amplitude of the
mechanical deformation gradually. Our numerical results point to a new mechanism of transition from spirals
to spatiotemporal chaos, in which the anisotropic time-dependent diffusion coefficient is essential.
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I. INTRODUCTION signed an elastic excitable medium by incorporating the BZ
, i . .. reaction into a polyacrylamide-silica gel to investigate the
Excitable media represent a wide class of nonequilibriumygtect of mechanical deformation on spiral waves. They re-
systems that play an important role in physical, chemicalyorteq that forequal frequencies of deformation and spiral
and biological applications. Spiral excitation waves in tWogtation, spirals will drift. Recently, we derived, directly
spatial dimensions are among the most paradigmatic eXyom the original reaction-diffusion equation and its spiral
amples of spatiotemporal self-organizing structures in excityaye solution, an approximate formula of the perturbation-
able media. They have been the subject of extensive researghy ced spiral wave drift velocity. And we are able to explain
in a large variety of systems, which include the catalyticihe main features appearing in the spiral constant drift in-
surface processes, the Belousov-Zhabotlr(W) reactlon,_ duced by periodic mechanical deformatig2s]. However, it
and the heart muscli—3|. The breakup of spiral waves in s more important to study whether spiral will break up under

excitable medium disorders the spatial pattern of excitationnechanical deformation because cardiac muscle is contract-
and results in turbulent or chaotic behavior. Understanding Ofng all the time and the transitions from spiral waves to

transitions from spiral waves to defect-mediated turbulenc@sfect-mediated turbulence are responsible for life-
has been of great interests in nonlinear physics. From a Pragyreatening situations.

tical point of view, understanding the mechanism of spiral |, this paper, we will study the effects of mechanical de-
instqbility coul_d have potential impacts ir_l cardiology. Recentismation on spiral waves in excitable media. It will be

studies on animal hearts show clear evidences that the tragpown that when the amplitude of mechanical deformation is
sitions from a state of ordered spiral waves to a state ofpoye a critical value and the frequency of mechanical de-
defect-mediated  turbulence are responsible ~for lifegomation is around 0.5 times of that of the spiral, the tran-
threatening situations such as tachycardia and fibrillationjtion from spiral waves to defect-mediated turbulence in-
[4-10. This t_ransition(spiral_ breakup _has been_ found in 4 ced by mechanical deformation will happen. The
experiments in pattern forming chemical reactiq@$-13  echanism of this kind of spiral breakup is intuitively un-

and numerical simulations in various mod¢lst—2Q. Re-  gerstood: the wave is broken when the front curvature ex-

cently, the transition from spiral waves to defect-mediatedieegs a certain critical curvatuf26,27 which is modulated
turbulence induced by gradient effects in a reactlon—dlffusmrby periodic mechanical deformation.

system was also studied in experiment and numerical simu-

lation [21]. On the other hand, spiral will also break up under

external perturbations: Belmoné al. [22] observed a tran-

sition from spiral to spatiotemporal chaos when a periodic

external forcing is added and the ratio of the spiral-rotation

period to that of the forcing is close to 3/2; Biktashetval. ~ A. The FitzHugh-Nagumo model with mechanical deformation

[23] studied the influence on spiral of linear shear flow and

found that it can induces spiral breakup. Let us begin with a model of two-dimensional cardiac
To investigate how cardiac muscle contraction affects thdissue with transmembrane current described using simplified

dynamics of rotating spiral waves, Mufiuzat al. [24] de-  excitable dynamics of the FitzHugh-Nagumo-ty[j28]

II. SPIRAL BREAKUP IN THE FITZHUGH-NAGUMO
MODEL
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l=seg) - g-kele-a-1), (1)
where &(e,g) =€+ u 9/ (e+u,). Here the variablee stands
for the transmembrane potential, and variaglstands for
the conductance of the slow inward current. The function
—-ke(e—a)(e—1) in the first part of Eq(1) determines the fast
processes, such as the initiation of the upstroke of the action
potential. The dynamics of the recovery phase of the action FIG. 1. Two typical states of spiral of E¢3) in the periodic
potential are determined by the time course of the varighle mechanical deformation witth=0.3, w=0.7w,, and ¢=m/2. ()
mainly by the functions(e,g). The particular parameters in Contracted spiral(b) Extended spiral. The spatial patterns are a
this model do not have a clear physiological meaning but argray scale plot o.
adjusted to reproduce key characteristics of cardiac tissue,
such as shape of action potential, refractoriness, and restittions to dimensionless units. A complex anisotropy, in
tion of action potential duration. contrast, cannot be removed by a simple scale transformation

The mechanical deformation of medium can be modelecind new pattern formation phenomena may appear. From the

by an operation where any fixed poixtof the medium is  point of mathematics, the mechanical deformation leads to a
changed to(t). Here, we consider a simple oscillati¢24] time-dependensimple anisotropy in diffusion constaifi,

X(t)=x[1+A codwt+¢)] and Eq.(1) is then modified to =[1+A codwt+¢)] 2, which has not been studied in detail
[29]. It will be shown that the time-dependent simple aniso-
&_e:ex7+ey ~ke(e-a)(e- 1) - eg tropy will induce appearance of new pattern formation

at y ' phenomena—spiral breakup.

B. Numerical results

(?_? =e(e,g(-g-kele-a-1)). 2 We study the effects of mechanical deformation on spiral
waves by numerical simulation of E¢3) for a large range
Using the relations for the parameterA andw. In this paper, we will not discuss
g (a9e\ oxd [Ixde the drift of spiral waves induced by mechanical deformation
ex= —4—_) = —_—(—_—> of excitable mediasee Ref.[25] for the resonant drift of
IX\IX/)  IXIX\IXIX spiralg, but concentrate on the breakup of spiral waves in-
and duced by mechanical deformation. The values of the param-
eters used in this investigation in E@) arek=8, a=0.15,
X 1 €=0.002, u,=0.2, u,=0.3. We shall refer to the space and
&_Yz M* time uni_ts of this eq_uation as s.u. and t.u., res_pect_ively. We
solve this system with explicit Euler scheme with time step
one can reduce the forced H®) to At=0.1 t.u. and space stefx=0.5 s.u. with no-flux bound-
Je 1 ary conditions.
— = 56+ &y~ kele-a)(e- 1) —eg, For the same |n!t|al condition, we s;udy the dyna}mlcs of
dt [1+Acodwt+ )] spiral waves for differentA and . Spiral waves will be

periodically extended or contracted alorglirection after
g we switch on a relative strong mechanical deformatieig.
T e(eg(-g-kee-a-1)), (3) 1), Generally, spiral will not break up at small deformation.
We find that spiral breakup occurred spontaneously when the
which is identical with Ref[24]: the stretching of the me- amplitude A=0.29 and the frequency is around &¢5[w,
dium can be modeled by changing the size of the grid in the-0.3762 is the angular frequency of the spiral of the
x-direction in the numerical simulation of Edl). FitzHugh-Nagumo mode(1)]. Numerical results show that
Comparing Egs(1) and(3), one can see that the diffusion when we further increase the amplitullethe range ofw for
constantD, [equal to 1 in Eq(1)] has been changed {d  spiral breakup will be extended. Figure 2 shows different
+A cogwt+ )] from the points of mathematics. Recently, stages of the transition from spiral waves to spiral turbulence
there has been considerable interest in pattern formation owith w=0.5w,, A=0.3. We initiate a well developed spiral
anisotropic reaction-diffusion systeni9], such as phase wave[Fig. 2a)] in a quiescent medium and then switch on
turbulence in the anisotropic complex Ginzburg-Landauthe mechanical deformation. After the system begins the me-
equation[30], reaction-diffusion waves with sharp corners chanical deformation, the spiral becomes contracted or ex-
[31-33, traveling wave fragments in anisotropic excitabletended in the direction of mechanical deformation periodi-
media [34], pattern formation processes in cardiac tissuecally [Fig. 2(b)]. After the spiral rotates several times, it
[35]. In reaction-diffusion systems, anisotropy usually entersstarts to break up in the regions not far from the spiral tip
via the diffusion constants. In two dimensions, one can dis{fFig. 2(c)]. The region of chaotic behavior continuously ex-
tinguish “simple” and “complex” anisotrop29]. Simple an-  tends to other region$igs. 2d) and Ze)] and eventually the
isotropy can usually be removed by simple scale transformasystem is full of spiral defectgFig. 2f)].
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FIG. 3. Development of spiral breakup. The parameters are the

FIG. 2. Time sequence illustrating the dynamics of spiralSame in Fig. 2.

breakup in a square lattice of side=35 with A=0.3 and w
=0.50. (a) t=0, (b) t=87 t.u.,(c) t=99 t.u.,(d) t=333 t.u,(e) t D,=[1+A codwt+ ¢)] % D,=1.
=792 t.u.,(f) t=999 t.u. Spirals begin to break up after some tran-
sient rotations. The resulting free ends created new spirals, which ifrom the simulations, we can see that the local curvature
turn break after some time, eventually giving rise to a noncoherenodf the wave is also changed when the mechanical deforma-
(turbuleny state. tion is applied(see Figs. 1-8 Now the mechanism of spiral
breakup due to mechanical deformation can be understood as
The process by which the spiral breaks up in our case ighe following discussions: When the periodic mechanical de-
shown in detail in Fig. 3. One wavefront of the spiral wavesformation is applied, the local curvatukeof spiral waves as
becomes unstable, and finally the wave breaks up. And afté¥ell as the critical curvatur&, will change with the time
the broken waves meet together, an excited spot is formed)_eriOdica”y. When the amplitude of mechanical deformation
This spot interacts with the following wave and creates twolS above a critical value and the frequency of mechanical
wave breaks, which develop into two spirals. deformation is chosen suitably, in some region the local cur-
vatureK of the spiral waves will exceed critical curvatufe
. and the breakup of spiral waves will thus happen.
C. The mechanism : . . - .
In Fig. 4, we give a section of the phase diagram in the

Previous theoretical studies of wave propagation based on

partial differential equations of excitable reaction-diffusion 0337 esssssssssvossssssssssesssassssssy
systems show that the propagation velocity of excitable wave °
depends on their local curvature and the curvature depen- 0.32
dence of propagation velocity is nonling@6]: 031
< &
— /]

C=C(K). 3 oao
And there is a critical curvaturé., such that no waves with g 0.29
higher curvature can propagate in a given medium: the wave
front that locally exceeds the critical curvatufg will break 0.28
up in this region and two free tips will appear. In RE27],

) . ; 0.27

the authors determined the critical curvatitganalytically 0.35 040 0.45 0.50 0.55 0.60 0.65
and show that the diffusion constabdtdependence oK. is frequency

K¢ ~ DL FIG. 4. Phase diagram revealing regions of deformed spiral and

spiral turbulence in the A-w plane (A€[0.27,0.33, o
Therefore, the critical curvatur€, will be modulated when  [0.33,0.68) of the forced FitzHugh-Nagumo modé8). Spiral

periodic mechanical deformation is applied, i.e., a time-will break up at the dots. The stepsAfandw are 0.0025 and 0.01,
dependent diffusion coefficient respectively.
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A-w plane(Ae[0.27,0.33, w €[0.33,0.68) of the force
FitzHugh-Nagumo model. In the numerical simulations, the
steps ofA and w are 0.0025 and 0.01, respectively. One can
see that spiral begin to break up @t0.50, when we in-
crease the amplitude gradually. The rangewofor spiral
breakup becomes wider whehis increased.

Ill. SPIRAL BREAKUP IN THE OREGONATOR MODEL

To check whether spiral breakup induced by mechanical
deformation is sensitively model dependent, we also study
the influence of mechanical deformation on spiral waves in
the Oregonator modgB6]:

d 1 u-
—u=—{u—u2—fv q} + V2,
at € u+q

FIG. 5. The sequence of pictures shows the evolution of a spa-
Jdv tial pattern in the numerical simulation of the forced Oregonator
S u-v (4 model(5) with €=0.05,f=2.0,=0.002, andA=0.38, w=0.52,
and ¢=m/2. The spatial patterns are a gray scale plot.of
Here variablesu and v represent the concentrations of the

autocatalytic species HBgOand the catalyst in the (g s not stable and begin to break up when the mechanical
Belousov-Zhabotinsky(BZ) reaction. With medium me-  geformation is strong. Although the mechanical deformation
chanical deformation, the Oregonator model will be modifiedis gne kind of time-dependent simple anisotrofj2g, it can
as induce appearance of new pattern formation phenomena: spi-
1 ral breakup. The mechanism of spiral breakup induced by
mechanical deformation is intuitively understood: the local
curvatureK of the wave and the critical curvatute, are
both modulated when the periodic mechanical deformation is
(5) applied, and the wave is broken when the local curvakure
exceeds the critical curvatuke.. Since the heart is contract-

ing all the time, the mechanical deformation maybe is one

Numerical simulations of above equations show that spirateason for spiral breakup in cardiac muscle, which is respon-
will break up when the amplitude of mechanical deformationgjp|e for life-threatening situations.

is larger than 0.37. Being the same as the results of the
FitzHugh-Nagumo model, spiral begin to break up almost at ACKNOWLEDGMENTS
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