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Control of turbulence in heterogeneous excitable media
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Control of turbulence in two kinds of typical heterogeneous excitable media by applying a combined method
is investigated. It is found that local-low-amplitude and high-frequency pacing (LHP) is effective to suppress
turbulence if the deviation of the heterogeneity is minor. However, LHP is invalid when the deviation is large.
Studies show that an additional radial electric field can greatly increase the efficiency of LHP. The underlying
mechanisms of successful control in the two kinds of cases are different and are discussed separately. Since the
developed strategy of combining LHP with a radial electric field can terminate turbulence in excitable media
with a high degree of inhomogeneity, it has the potential contribution to promote the practical low-amplitude

defibrillation approach.
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I. INTRODUCTION

The excitability is one of the main dynamical principles
behind a variety of biological functions. The most well known
example of excitable media in biology is the heart tissue.
Ventricular fibrillation continues to be the leading cause of
sudden cardiac death. Investigations over the past decade
have suggested that ventricular fibrillation is associated with
broken spiral turbulence [ 1-4]. Consequently, the requirement
for defibrillation has attracted much attention to developing
methods to terminate spiral turbulence.

The complex structure of cardiac tissue makes it heteroge-
neous, which results in a spatially inhomogeneous distribution
of the excitability [5-13] and gives rise to complicated
dynamic behavior. For example, some investigations have
claimed that cardiac fibrillation can be characterized by mul-
tiple stable spiral waves with different frequencies resulting
from an inhomogeneous excitability [12,13]. Documented
studies concentrated on two types of heterogeneities. The first
one results from ischemia, fibrosis, or sarcoidosis in cardiac
tissue and is treated as in non- or sub-excitable regions. The
existence of this type of heterogeneity may induce serious
consequences. It may break the excitable planar wave with
a simultaneous pinned reentry spiral [14—17] or turbulence
[7,18]. Therefore, from the view of actual practice, various
methods to suppress spiral and turbulence have been put
forward [19-21], such as exciting waves on heterogeneities
by a pulsed electric field [22], high frequency stimulation as
antitachycardia pacing [23-25], and so on. The second type
of heterogeneity contains a “hot” region where the excitability
is higher than that in the rest region [10,26-29]. Deleterious
results may also be induced by this type of heterogeneity
since it negatively affects the stability of propagating waves
[8]. However, less concerns are put on this case and the
corresponding control means.

In clinics, electric shocks with high intensity are applied
to body surface or directly to cardiac muscle for cardiac
defibrillation [30,31]. These large amplitude shocks have
drawbacks: they may damage the cardiac tissue and cause
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serious pains [32]. As a low field treatment, trains of low-
amplitude pulses are then widely used as an antitachycardia
pacing. A big challenge of antitachycardia pacing is that
it usually fails to terminate high-frequency arrhythmias and
developed chaos if the media are heterogeneous [25]. The
first type of heterogeneity will block (or break) the trains of
low-amplitude pulses and then protect the existing turbulence
behind it. The second kind of heterogeneity may act as another
source of pacemaker emitting irregular waves preventing the
attempt at antitachycardia pacing. For these drawbacks of
antitachycardia pacing, it is necessary and meaningful to
develop strategies to suppress turbulence in heterogeneous
media.

In this paper, a radial electric field, in addition to the method
of local-low-amplitude and high-frequency pacing (LHP), is
proposed as a combined strategy to terminate spiral turbulence
in both types of heterogeneous media. It will be found that the
radial electric field greatly improves the effectiveness of the
local pacing. The mechanisms of suppression of turbulence in
two types of heterogeneous media are different and discussed
separately.

II. MODEL

In our simulation, a modified FitzHugh-Nagumo model
introduced by M. Bar and Eiswirth is used to describe the
electrical activities of cardiac tissue [33]:

3u_

5, = S+ Vu, v _ g(u) — v, (1)
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where the functions f(u,v) and g(u) take the following forms:
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Here, u and v are the activator and the inhibitor variables,
respectively. Parameters a = 0.84 and b = 0.07 are fixed to
ensure the medium is excitable.

The parameter € can characterize the excitability of the
medium which exhibits various distinctive characteristics as
¢ is varied. The bigger the ¢, the smaller the excitability
is. When ¢ is in [0.02,0.07], the medium supports stable
or meandering spiral with suitable initial conditions. Due to
the Doppler effect for ¢ > 0.071, spiral waves will break up
and the system will quickly fall into a turbulent state. As ¢
crosses the threshold of backfiring at about 0.1, the system can
not support the propagation of regular waves. In our model,
e(x,y) characterizes the spatially distributed excitability of
the two-dimensional medium. To simulate a heterogeneous
excitable medium, the e(x,y) is presented as

g, 0<x<lL,
S(Xay) = EH, Ll < X g L2 (4)
gy, Lr<x< L.

The size of the square medium is L =100 (L; =46
and L, = 58). The stripe with ¢y acts as the heterogeneity.
Local pacing F(t) = t cos(wt) with fixed amplitude 7 = 2.0
is imposed on a small square region (3 x 3 grids) with a central
point at grid (xg,yo) = (31,47). The radial electric field with
the same center point is imposed. At point (x,y), the radial
electric field can be divided into two directions along the x
and y axes, that is, E, = Ecosf = E(x — x9)/d and E, =
Esinf = E(y — yo)/d, where d = \/(x —x0)* + (v — yo)>.
One can find the detailed information in the sketches
in Fig. 1.
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FIG. 1. (Color online) Schematic drawing illustrates the geome-
try of the system and the combined method with periodic local pacing
and the radial electric field. The shadow region (L, — L; width) with
ey denotes the heterogeneity. The arrows indicate the radial electric
field. 6 is the angle between the radial electric field at one fixed point
and the positive x axis. The small square indicated by the dotted
frame represents the region where LHP is injected.
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Considering the influences of LHP and the radial electric
field, the model is then modified as

d 3 d

L = fv) + Vit Ft) — By — B, o2

ot ax dy

3 ®)
e

or ¢ '

The simulation is performed on a system with 256 x 256
grids with no-flux boundary conditions. Discretizations with
Ax = Ay = 0.3906 and Ar = 0.02 have been used in the
Euler scheme.

The deviation Ae = |gg — ep| is set to evaluate the degree
of heterogeneity. The bigger the value of Ag, the higher the
degree of inhomogeneity of the spatial excitability is. When
Ae = 0, the medium recovers to a homogeneous system.

III. RESULTS AND DISCUSSION

1. Heterogeneity with a higher excitability

First, we study the control of turbulence in the second type
of heterogeneous media containing hot regions with a higher
excitability than that in the rest region, that is, &9 > ep. The
value ¢ is fixed to be 0.075, while ¢y is changed to alter the
degree of heterogeneity. Since we focus on the suppression of
turbulence, we give chaotic states as initial conditions.

As an alternative defibrillation technique, the strategy of
LHP has been explored in a number of previous experiments
[34]. It is found that target waves with a high frequency
generated by LHP are effective in terminating turbulence when
the medium is homogeneous (the value Ae = 0) [35]. We
present an example with a fixed g9 = 0.075 and gradually
decrease ¢y to increase the excitability of the heterogeneity.
With a small deviation of the excitability Ae < 0.015, the
target waves growing from LHP succeed in wiping away
turbulence in the system, which can be seen from the evolution
in the upper row of Fig. 2. In this process, the frequency of
LHP is always bigger than wr(eyg) and wr(ey) that are the
frequencies of turbulence in the &y region and heterogeneity,
respectively. However, the effort of suppression fails when
Acg crosses a critical value 0.015 (the corresponding critical
ey1 = 0.06). This is shown in the lower row of Fig. 2
where the excitability of the heterogeneity is just the same
as the critical value. Spiral waves spontaneously appear in

B "

FIG. 2. (Color online) Evolution of turbulence in an inhomoge-
neous medium controlled by LHP with wygp = 1.45. g9 = 0.075 is
fixed while e is 0.062 in the upper row and 0.06 in the lower row.
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FIG. 3. (Color online) Open squares denote the frequency of
existing turbulence wr(¢) at each e, which are obtained from the
power spectrum by the fast Fourier transform (FFT) method. Open
circles represent maximum frequencies wmyy(¢) for different values
of ¢ . The values wp,(g) are obtained in the following way: we
apply LHP in a homogeneous medium with an initial condition
u = v = 0.0 and measure the frequency of one fixed point when
the frequency of LHP is increased. When the measured frequency
suddenly becomes half of the LHP instead of the identical value, one
®max(€) is obtained. The dotted lines are auxiliary lines to show the
critical values €y, and €y,. The wﬁax(a) curves shows the maximum
frequency of target waves by LHP under the effect of the radial electric
field with £ = 0.5. Inset: the maximum frequency of the target wave
generated by LHP vs the intensity of the radial electric field. The
value of ¢, is 0.075.

the heterogeneity, which protect against the target waves
from LHP. The coexistence of target waves and spiral waves
indicates they have identical frequencies. A more obvious
example showing the failure of LHP is presented in the upper
row of Fig. 5 where the heterogeneity has a much higher
excitability (¢ = 0.04). The target wave can not grow since
it is suppressed by turbulence with a high frequency from the
heterogeneity.

The condition to ensure the validity of LHP depends on
its characteristic, namely, high frequency waves. However,
this condition may break down in a heterogeneous medium
containing hot regions where the frequency of turbulence is
higher than that of the target waves. To clarify this point and
put forward possible control strategy, we present the dispersion
relation in Fig. 3. To suppress turbulence surrounding the pac-
ing points (in the region with &), the frequency of target waves
wrgp from LHP should be higher than wr(gp). Terminating
turbulence in the heterogeneity requires wrpp > wr(ey). It
is easy to reach these two requirements if the medium is
homogeneous or the deviation is small. In the upper row of
Fig. 2, these two conditions are fulfilled: wryp > wr(ey) >
wr(gp), namely, 1.45 > 1.43 > 1.22. However, there is an
additional requirement for a heterogeneous medium, that is,
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wrpp should also be smaller than wp,x(gp). Otherwise, the
pacing is so fast that the next pacing stimulus S2 falls in
the refractory tail of the previous wave S1, which is called
S1S2 stimulation [36]. Then, the target wave can not be
generated until the third stimulus is applied. Consequently,
the frequency of target waves will be halved, which will
result in the failure of suppressing turbulence. In order to
make use of LHP to the most degree, we always select the
condition wy yp = Wmax(&p). Thus, the first condition is fulfilled
automatically. From Fig. 3, one can see that the frequency
of turbulence in the heterogeneity is increased when ey is
decreased. By continually increasing the deviation of the
excitability, which results from a decrease of ey (g is fixed),
the value wr(ep) will inevitably exceed wmax(€9) and wyp gp.
The condition wr(ey) = wrpp in the lower row of Fig. 2 and
wr(eg) > wLyp in the upper row of Fig. 5 results in the failure
of suppression. From the dispersion relation, one can get
the critical value of e (=0.06) (see the auxiliary lines). The
analysis is consistent with the simulation result in Fig. 2 where
we exactly find the critical value ey, is 0.06.

From the discussion mentioned above, one way to suppress
turbulence in heterogeneous media with a large deviation of
the excitability is to increase the wmax(€g) so that the value
wrLgp can be subsequently increased to make the condition
wryp > wr(ey) fulfilled. In our strategy, the radial electric
field with the center located on the LHP points is applied to
play the role of increasing wmax(&o). To show the influence of
the radial electric field, one loop of the target wave is plotted in
Fig. 4. In Fig. 4(a), it is evident that applying the radial electric
field results in expanding the refractory tail, which has the
same effect as decreasing &y [33]. Note that the decrease of g
will correspondingly decrease the deviation Ae = (g9 — €g).
It seems as if the deviation of the excitability is moderated
once the radial electric field is applied. On the other hand,
one can find that the recovery of excitation to the v = 0 state
becomes faster after the radial electric field is applied. This
point is distinctive in Figs. 4(b) and 4(c) where the evolutions
of u and v are plotted. Compared to the case without the radial
electric field, the duration of excitation with the radial electric
field is dramatically decreased (marked by the ATy and ATy).
We can take advantage of this effect to increase the wmax(€):
when trains of pulses are generated from LHP, the front of the
second wave will reach the refractory tail of the previous wave
if its frequency wpyp is bigger than wp,x(gg). Now, the radial
electric field decreases the duration of the waves, which makes
LHP generate trains of waves with higher frequencies possible.
In the inset of Fig. 3, it is found that the maximum frequency
of the target wave by LHP [identical with wflax(eo)] can be
greatly increased by the radial electric field monotonously.
The maximum frequency wZ, (eo) at different gy with the
same intensity as the radial electric field is also plotted in
Fig. 3. Comparing the curve a)flax(eo) with wmax(&g), One can
find the enhancement is obvious.

In terms of this mechanism, we can utilize the radial electric
field to suppress turbulence in heterogeneous media with a big
deviation. An example with a big Ae¢ is shown in Fig. 5.
Without the radial electric field in the upper row of Fig. 5, the
target waves can not grow since ¢y = 0.04 is much smaller
than the critical value (e = 0.06). Once the radial electric
field is applied in the lower row of Fig. 5, the target waves with
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FIG. 4. (Color online) (a) U vs V phase portrait of the target wave generated by LHP (gp = 0.075) with and without the radial electric
field. The data are plotted from a point in the &, region. The open-circle curve is generated by LHP with @ = 1.3, while the open-triangle curve
is also affected by the radial electric field with £ = 1.0. (b), (c) The corresponding evolution of u and v. The dashed auxiliary lines roughly
indicate the duration of excitation. The differences of duration are shown by ATy and ATy, respectively.

higher frequencies dramatically enter into the heterogeneity
and suppress turbulence in the medium. In the simulation, we
decrease the value of ¢y until the combined method loses its
effect when ey crosses a critical value which is labeled as eg5.
A surprising thing is that the value of ¢, from the simulation
is 0.025, which is smaller than that from the analysis of the
dispersion relation in Fig. 3 where the intersection marked by
one arrow € g, shows its value 0.037. To evaluate the efficiency
of the radial electric field, we plot the value A¢ as a function
of the intensity of the radial electric field. It is found that the
Aeg depends on the amplitude of the radial electric field, which
has been illustrated in Fig. 6 where a monotonically increasing
curve is obtained. Compared to the value Ag = 0.015 without
the radial electric field, the value Ag is increased to 0.065
under the radial electric field with £ = 1.0, which means the
deviation is greatly enhanced. Thus, we can conclude that the
combination of local pacing and the radial electric field can
suppress turbulence in an inhomogeneous medium with very
hot heterogeneity.

FIG. 5. (Color online) Contour patterns show the evolution of
turbulence with (upper row) LHP and with (lower row) the combined
method. Parameters: wypp = 1.82, &9 = 0.075, and e = 0.04.

2. Heterogeneity with a lower excitability

We divert our attention to the first type of heterogeneity with
the excitability lower than that in the rest region (g9 < €y,
go = 0.04 is fixed). Traditionally, this kind of heterogeneity
is called an “obstacle” since it blocks the propagation of
waves. Certainly, turbulence can be suppressed if the deviation
Ae = (eg — &p) is small. In the top row of Fig. 7, we show the
evolution of target waves by LHP with a suitable frequency
in a medium with Ae = 0.023 (e = 0.063). The growing
target waves propagate into the heterogeneity and eliminate
the initially existing turbulence. Now, the question is posed
again: can the LHP suppress turbulence if the excitability
of the heterogeneity is very low, namely, the deviation Ae
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FIG. 6. (Color online) Ae vs E. w yp is from wf (go) which is

max

illustrated in the inset of Fig. 3. Ae = €y — €y and gy = 0.075.
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FIG. 7. (Color online) Evolution of turbulence in an inhomoge-
neous medium under the control of LHP and the radial electric field.
The ¢ is fixed to be 0.04. Tow row: ¢y = 0.063, w yp = 1.76, and
E = 0; Middle row: ¢y = 0.08, w yp = 1.76, and E = 0; Bottom
row: ey = 0.08, oy yp = 1.73,and E = 0.5.

is very big? In middle row of Fig. 7, the A¢ is enhanced
from 0.023 to 0.04 (ey is increased from 0.063 to 0.08). One
can see that the target waves by LHP can not enter into the
heterogeneity any longer. The blocking of the heterogeneity
makes the effort fail although the frequency of LHP is
higher than that of the existing turbulence in any region
[wLup = 1.76, wr(g9) = 1.75, and wr(ey) = 1.18]. No matter
what frequencies of LHP are selected, the target waves can
not achieve suppressing turbulence in the heterogeneity. The
simulation gives the critical value e = 0.065.

Then we make use of the radial electric field again in
heterogeneous media with a high deviation of excitability. In
the bottom row of Fig. 7 where Ae = 0.04, we utilize the
radial electric field and decrease the frequency of LHP. Now,
the target waves successfully pass through the heterogeneity
and wipe away turbulence. Thus, it is interesting that the radial
electric field is also effective for this type of heterogeneity.

The radial electric field increases the critical value g5 so
far. We label the new critical value after the radial electric field
is imposed as g, and Ae(E) = egr(E) — &p. From Fig. 8§, it
is found that the Ae increases with the intensity of the radial
electric field. The deviation parameter Ae is greatly extended,
i.e., Ae = 0.12 when the amplitude of the radial electric field
is 1.0. Compared with the efficiency of LHP, A¢ is increased
almost five times by means of the combined method.

In order to have an insight into the underlying mechanism
of successful control in this type of heterogeneity, we plot
the dispersion relation in Fig. 9 again. It is clear that
suppressing turbulence requires the frequency of LHP wy gp to
be higher than wy(gy). [Since wr (gp) is bigger than wy (e ), the
condition w gp > wr(ey)is fulfilled automatically.] However,
the increase of the deviation Ae will simultaneously decrease
the wmax (€ ). Once the ey crosses the critical value €41, @ yp
will be bigger than wp,x(eg). This is not permitted since the
frequency of target waves will be halved in the heterogeneity,
which results in the failure of terminating turbulence in the
heterogeneity by LHP. Thus, €5 is the maximum value for
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FIG. 8. (Color online) Ae vs E. The values of wyyp are changed
according to w£(gy) which is illustrated in the inset of Fig. 9.
Ae = €y — €y and gy = 0.04.

the method of LHP. For example, ey, is about 0.065 when
g is fixed to be 0.04, which shows a maximum deviation
Ae = 0.025 (see the auxiliary lines). The simulation results
illustrated in the top and middle rows of Fig. 7 confirm
this point. In contrast to the increase of the frequency of
LHP in the second type of heterogeneity, in this case, the
alternative is to decrease wr (&) so that we can decrease wy gp
correspondingly to ensure the conditions wpax(€9) > @wLgp >
wr(g0) and wmax(ey) > wrgp > wr(ey) to be both fulfilled.
That is what we have done in the bottom row in Fig. 7 where
the wy yp is decreased from 1.76 to 1.73 [note wr(gg) is 1.75]
with the radial electric field and a)TE- (g9) is 1.48 with the radial
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FIG. 9. (Color online) The same dispersion relation as that in
Fig. 3 except for adding one curve showing w% (o) with E = 0.5.
Inset: dependence of the principal frequency of turbulence on the
intensity of the radial electric field. The value of ¢ is 0.04.
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electric field. Indeed, the radial electric field can decrease the
principal frequency of turbulence in the g region. The radial
electric field acts in the role of the radial gradient force, which
is indicated in Eq. (5). The essential influence of the gradient
force is to make defects and waves move along the gradient
direction [37]. It reduces the principal frequencies of turbulent
waves of the system due to the Doppler effect, which has been
illustrated in the Fig. 9 (see the curve w% and curve in the
inset). The principal frequency of turbulence decreases when
the intensity of the radial electric field is increased, which
is shown in the inset of Fig. 9. We simulate the principal
frequencies of turbulence a)f (g9) at different ¢ after the radial
electric field with £ = 0.5 is imposed and plot them in Fig. 9.
From the new dispersion relation, we can get the ey, = 0.08
if WLHP = 1.73 and EH2 = 0.092 if WLHP = C()YE~(8()), which are
also confirmed by the simulation results. If we add the curve
w%(gp) in Fig. 3 and consider the curve wf(gg) instead of
wr(&p) in the second type of heterogeneity, then the g, in
terms of the dispersion relation is 0.025, which is consistent
with the simulation.

3. Suppression of turbulence in media
with two types of heterogeneities

From the results and discussion, it is shown that the
utilizing of the radial electric field can greatly contribute to
suppressing turbulence in both types of heterogeneous media
with a large deviation of excitability. Therefore, even if the
excitability of the medium is distributed in a very wild range,
the combined method is also proved to be effective. For
the complexity of cardiac tissues, the spatial distribution of
different excitabilities is possible, which makes it interesting
to develop some efficient ways to suppress turbulence under
various conditions. In Fig. 10, we consider the coexistence
of both types of heterogeneities. The medium is divided into
three regions. The excitability is highest in the left region and
lowest in the right region. The LHP points are located in the
middle region. The simulation shows that the smallest value
of g in the left region is 0.025 and the largest value of ¢, in
the right region is 0.13. Note that the deviation of (e, — &)
in this case shows a very big value 0.095. Furthermore, it
should be pointed that the turbulence can not be terminated by
LHP in the backfiring regime (¢ > 0.1) without an auxiliary
means. However, the suppression of turbulence in the right
region demonstrates that the radial electric field can contribute
to avoid this drawback.

PHYSICAL REVIEW E 85, 026213 (2012)

FIG. 10. (Color online) The process of successful control by
combined LHP with w;yp = 1.6 and the radial electric field with
E = 1.0. The excitability is different in the three regions. Left region:
& = 0.025; middle region: ¢,, = 0.06; and right region: &, = 0.13.

IV. CONCLUSION

In conclusion, we have studied the suppression of turbu-
lence in inhomogeneous media containing two kinds typical
of heterogeneities in which the excitability is higher or lower
than that in the rest region. The LHP is a general method if
the deviation of excitability is small while it fails when the
deviation is large. Then, a combined strategy, including LHP
and the radial electric field, is put forward as a method with
a very high efficiency. Another advantage is that, compared
to high intensity electric shocks, the required energy of the
combined method to terminate ventricular fibrillation (VF)
is quite small. The underlying mechanism of successful
control is different in different heterogeneous media and
discussed in terms of dispersion relations. In the second type
of heterogeneity, the utilization of the radial electric field
increases the frequency of target waves from LHP. In the
first one, the radial electric field decreases the frequency of
turbulence. The simulation is consistent with the analysis.

We point out that it is not clear whether one can use this
combined method for cardiac defibrillation. How to design a
device to combine local pacing and the radial electric field in
experiments is a question. In addition, the model is too simple
for simulating actual cardiac systems although it catches the
general features of excitable media. We hope our studies can
offer some useful instructions for experiments and simulations
on practical cardiac defibrillation.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (Grants No. 10747120 and No.
11005026) and the Natural Science Foundation of Zhejiang
Province (Grant No. Y607525).

[1] J. N. Weiss, A. Garfinkel, H. S. Karagueuzian, Z. Qu, and P. S.
Chen, Circulation 99, 2819 (1999).

[2] M. L. Riccio, M. L. Koller, and R. F. Gilmour Jr., Circ. Res. 84,
995 (1999).

[3] L. Glass, Phys. Today 49(8), 40 (1996).

[4] A. V. Panfilov and P. Hogeweg, Science 270, 1223 (1995); Phys.
Rev. E 53, 1740 (1996).

[5] G. Bub, L. Glass, N. G. Publicover, and A. Shrier, Proc. Natl.
Acad. Sci. USA 95, 10283 (1998); G. Bub, A. Shrier, and
L. Glass, Phys. Rev. Lett. 88, 058101 (2002); B. B. E. Steinberg,

L. Glass, A. Shrier, and G. Bub, Phil. Trans. R. Soc. A 364, 1299
(2006).

[6] D. Paz6, L. Kramer, A. Pumir, S. Kanani, 1. Efimov,
and V. Krinsky, Phys. Rev. Lett. 93, 168303
(2004).

[7] E. Xie, Z. Qu, A. Garfinkel, and J. N. Weiss, Am. J. Physiol.
280, 535 (2001).

[8] I. Schebesch and H. Engel, Phys. Rev. E 57, 3905 (1998).

[9] A. M. Zhabotinsky, M. D. Eager, and I. R. Epstein, Phys. Rev.
Lett. 71, 1526 (1993).

026213-6


http://dx.doi.org/10.1063/1.881510
http://dx.doi.org/10.1103/PhysRevE.53.1740
http://dx.doi.org/10.1103/PhysRevE.53.1740
http://dx.doi.org/10.1073/pnas.95.17.10283
http://dx.doi.org/10.1073/pnas.95.17.10283
http://dx.doi.org/10.1103/PhysRevLett.88.058101
http://dx.doi.org/10.1098/rsta.2006.1771
http://dx.doi.org/10.1098/rsta.2006.1771
http://dx.doi.org/10.1103/PhysRevLett.93.168303
http://dx.doi.org/10.1103/PhysRevLett.93.168303
http://dx.doi.org/10.1103/PhysRevE.63.031905
http://dx.doi.org/10.1103/PhysRevE.63.031905
http://dx.doi.org/10.1103/PhysRevE.57.3905
http://dx.doi.org/10.1103/PhysRevLett.71.1526
http://dx.doi.org/10.1103/PhysRevLett.71.1526

CONTROL OF TURBULENCE IN HETEROGENEOUS ...

[10] N. A. Dimitrova and G. V. Dimitrov, Biol. Cybern. 66, 185
(1991).

[11] J. Davidsen, L. Glass, and R. Kapral, Phys. Rev. E 70, 056203
(2004).

[12] A. T. Winfree, Science 266, 1003 (1994).

[13] F. Xie, Z. Qu, J. N. Weiss, and A. Garfinkel, Phys. Rev. E 63,
031905 (2001); 59, 2203 (1999).

[14] T. Y. Kim, S. J. Woo, S. M. Hwang, J. H. Hong, and K. J. Lee,
Proc. Natl. Acad. Sci. USA 104, 11639 (2007).

[15] J. A. Abildskov and R. L. Lux, J. Electrocardiol. 28, 107
(1995).

[16] Y. Rudy, J. Cardiovasc. Electrophys. 6, 294 (1995).

[17] J. M. Davidenko, R. Salomonsz, A. M. Pertsov, W. T. Baxter,
and J. Jalife, Circ. Res. 77, 1166 (1995).

[18] J. Jalife, Annu. Rev. Physiol. 62, 25 (2000).

[19] S. Takagi, A. Pumir, D. Pazé6, 1. Efimov, V. Nikolski, and
V. Krinsky, Phys. Rev. Lett. 93, 058101 (2004).

[20] J. Schlesner, V. S. Zykov, H. Brandtstadter, 1. Gerdes, and
H. Engel, New J. Phys. 10, 015003 (2008).

[21] G. N. Tang, M. Y. Deng, B. Hu, and G. Hu, Phys. Rev. E 77,
046217 (2008).

[22] A. Pumir, V. Nikolski, M. Horning, A. Isomura, K. Agladze,
K. Yoshikawa, R. Gilmour, E. Bodenschatz, and V. Krinsky,
Phys. Rev. Lett. 99, 208101 (2007).

[23] E. G. Daoud, B. Pariseau, M. Niebauer, F. Bogun, R. Goyal,
M. Harvey, K. C. Man, S. A. Strickberger, and F. Morady,
Circulation 94, 1036 (1996).

[24] J. M. Kalman, J. E. Olgin, M. R. Karch, and M. D. Lesh, J.
Cardiovasc. Electrophysiol. 7, 867 (1996).

PHYSICAL REVIEW E 85, 026213 (2012)

[25] M. S. Wathen, P. J. DeGroot, M. O. Sweeney, A. J. Stark,
M. F. Otterness, W. O. Adkisson, R. C. Canby, K. Khalighi,
C. Machado, D. S. Rubenstein, and K. J. Volosin, Circulation
110, 2591 (2004).

[26] C. Antzelevitch, S. Sicouri, S. H. Litovsky, A. Lukas, S. C.
Krishnan, J. M. D. Diego, G. A. Gintant, and D. W. Liu, Circ.
Res. 69, 1427 (1991).

[27] J. Haverinen and M. Vornanen, J. Exp. Biol. 209, 549 (2006);
R. M. Shaw and Y. Rudy, Circ. Res. 81, 727 (1997).

[28] C. G. Nichols, E. N. Makhina, W. L. Pearson, Q. Sha, and A. N.
Lopatin, Circ. Res. 78, 1 (1996).

[29] R. Cassia-Moura, F. Xie, and H. A. Cerdeira, Int. J. Bifurcation
Chaos Appl. Sci. Eng. 14, 3363 (2004).

[30] M. S. Eisenberg, L. Bergner, A. P. Hallstrom, and R. O.
Cummins, Sci. Am. 254, 25 (1986).

[31] L. W. Piller, Electronic Instrumentation Theory of Cardiac
Technology (Staples Press, London, 1970).

[32] L. Tung, Proc. IEEE 84, 366 (1996).

[33] M. Bar and M. Eiswirth, Phys. Rev. E 48, R1635 (1993).

[34] For example, J. M. Kalman, J. E. Olgin, L. A. Saxon,W. G.
Fisher, R. J. Lee, and M. D. Lesh, J. Cardiovasc. Electrophysiol.
7,867 (1996); E. G. Daoud, B. Pariseau, M. Niebauer, F. Bogun,
R. Goyal, M. Harvey, K. C. Man, S. A. Strickberger, and F.
Morady, Circulation 94, 1036 (1996).

[35] H. Zhang, Z. J. Cao, N. J. Wu, H. P. Ying, and Gang Hu, Phys.
Rev. Lett. 94, 188301 (2005).

[36] A. Sambelashvili and I. Efimov, J. Theor. Biol. 214, 147 (2002).

[37] Z.]. Cao, H. Zhang, F. Xie, and G. Hu, Europhys. Lett. 75, 875
(2006).

026213-7


http://dx.doi.org/10.1007/BF00243294
http://dx.doi.org/10.1007/BF00243294
http://dx.doi.org/10.1103/PhysRevE.70.056203
http://dx.doi.org/10.1103/PhysRevE.70.056203
http://dx.doi.org/10.1126/science.7973648
http://dx.doi.org/10.1103/PhysRevE.63.031905
http://dx.doi.org/10.1103/PhysRevE.63.031905
http://dx.doi.org/10.1103/PhysRevE.59.2203
http://dx.doi.org/10.1073/pnas.0704204104
http://dx.doi.org/10.1016/S0022-0736(05)80281-X
http://dx.doi.org/10.1016/S0022-0736(05)80281-X
http://dx.doi.org/10.1111/j.1540-8167.1995.tb00402.x
http://dx.doi.org/10.1146/annurev.physiol.62.1.25
http://dx.doi.org/10.1103/PhysRevLett.93.058101
http://dx.doi.org/10.1088/1367-2630/10/1/015003
http://dx.doi.org/10.1103/PhysRevE.77.046217
http://dx.doi.org/10.1103/PhysRevE.77.046217
http://dx.doi.org/10.1103/PhysRevLett.99.208101
http://dx.doi.org/10.1016/S0002-9149(97)89389-7
http://dx.doi.org/10.1111/j.1540-8167.1996.tb00599.x
http://dx.doi.org/10.1111/j.1540-8167.1996.tb00599.x
http://dx.doi.org/10.1161/01.CIR.0000145610.64014.E4
http://dx.doi.org/10.1161/01.CIR.0000145610.64014.E4
http://dx.doi.org/10.1242/jeb.02044
http://dx.doi.org/10.1080/13602389700000039
http://dx.doi.org/10.1142/S0218127404011375
http://dx.doi.org/10.1142/S0218127404011375
http://dx.doi.org/10.1038/scientificamerican0586-37
http://dx.doi.org/10.1109/5.486740
http://dx.doi.org/10.1103/PhysRevE.48.R1635
http://dx.doi.org/10.1111/j.1540-8167.1996.tb00599.x
http://dx.doi.org/10.1111/j.1540-8167.1996.tb00599.x
http://dx.doi.org/10.1103/PhysRevLett.94.188301
http://dx.doi.org/10.1103/PhysRevLett.94.188301
http://dx.doi.org/10.1006/jtbi.2001.2456
http://dx.doi.org/10.1209/epl/i2006-10211-9
http://dx.doi.org/10.1209/epl/i2006-10211-9

