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Abstract

Project Code : TRG5680044

Project Title : Elimination of waves pinned to obstacles with different shapes and orientations in

excitable chemical media
Investigator : Assist. Prof. Dr. Chaiya Luengviriya, Kasetsart University

E-mail Address : fscicyl@ku.ac.th
Project Period : 2 years
Abstract:

Spiral waves, i.e., reentrant self-organizing structures of excitation, evolve in thin layers of
various excitable media and are governed by reaction-diffusion mechanisms. Due to the convenient
experimentation, a chemical medium namely the Belousov-Zhabotinsky (BZ) reaction is one of the
most popular prototypes to study the dynamics of spiral waves experimentally. Scroll waves, i.e.,
three-dimensional (3D) versions of spiral waves, occur in thick media and also have an important
impact on human health conditions. Scroll waves of electrical excitation in the heart are involved in
causing certain types of cardiac arrhythmia, such as ventricular tachycardia. The waves are often
pinned to local unexcitable obstacles, such as scars and blood vessels and tachycardia can last
longer. Furthermore, deformations of wave structures can cause electrical turbulences so-called
fibrillations which potentially lead to sudden cardiac death.

We observed synchronizations and self-organizations of the 3D wave structures. At the
beginning, the scroll waves had a simple straight form but the wave period of the pinned part was
longer than the freely moving part. In the course of time, the two parts had synchronized, i.e., the
entire 3D wave structure had one single wave period. The shape of the freely moving part
remained simply straight while the pinned part of scroll waves was sel-organized into helical
shapes. When a temperature gradient was applied to the medium to decrease the wave period of
the freely moving part, the whole structure was twisted so both freely moving and pinned parts
took a helical form. We are preparing a manuscript of the results for publication.

For fully pinning cases, we study unpinning of waves by electrical forcing. The pinned
waves were released from different shaped obstacles when the applied electrical current density
was higher than a threshold. We found that the forcing threshold increases with the obstacle
circumference, regardless the cross section area. The findings were published in Chemical Physics
Letters.

Keywords: spiral waves, scroll waves, pinning, self-organization, Belousov-Zhahotinsky reaction,
Oregonator model, reaction-diffusion mechanism
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Unpinning of spiral waves from circular and rectangular obstacles of various sizes under electrical forcing
was investigated in both the Belousov-Zhabotinsky reaction and numerical simulations with the
Oregonator model. The used rectangles had a similar area size but different circumferences by adjusting
width and height, while the area of the circles increased with the circumference. The results showed that

for both cases the necessary strength of forcing for unpinning increased with the circumference. This
implies that for such unpinning the circumference has a higher impact than the area, at least for circular

and rectangular obstacles.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Spiral waves can be observed in different excitable media such
as CO oxidation on platinum surfaces [1], cell aggregation in slime
mold colonies [2], electrical wave propagation in cardiac tissues
[3], and the Belousov-Zhabotinsky (BZ) reaction [4,5]. It is known
that electrical spiral waves on the heart are associated with cardiac
tachycardia and life-threatening fibrillations [6,7]. Spiral waves are
annihilated when their tips drift and hit the boundary of the med-
ium. However, their lifetime is enhanced, if they are pinned to
anatomical inhomogeneities or obstacles, e.g., veins or scars [3].

A high-voltage electrical shock can erase simultaneously all
propagating waves in the cardiac system but it potentially causes
tissue damages so that alternative treatments using a much lower
voltage have been being investigated. An application of low-
amplitude electric field from a pair of electrodes, known as the vir-
tual electrode method, can modulate the membrane potential near
obstacles and induce additional electrical waves [8-11]. The ampli-
tude of electric field for inducing the waves depends on the orien-
tation [9,10] and the curvature [11] of the obstacles.

Other low-voltage method uses a high-frequency train of local
stimuli to overcome spiral waves in cardiac tissue cultures

* Corresponding author.
E-mail address: fscicyl@ku.ac.th (C. Luengviriya).

http://dx.doi.org/10.1016/j.cplett.2016.08.052
0009-2614/© 2016 Elsevier B.V. All rights reserved.

[12-16]. In the BZ reaction, a high-frequency wave train can be
produced by a droplet of high concentrated H,SO,4 since the acid
increases the local excitability and ignite waves. The unpinning
of spiral waves from circular obstacles by the wave train has been
demonstrated [15,16] for different obstacle types, i.e., using oil
droplets and laser spots as hard and soft obstacles, respectively.
The necessary frequency of the wave train for unpinning increases
with the radius of circular obstacles [12-16]. The unpinning may
fail, if the spiral waves are pinned to very large obstacles. The suc-
cess of unpinning can be improved by decreasing the excitability of
the medium because the free spiral core is enlarged [14].
Electrically forced unpinning of spiral waves in the BZ reaction
has been investigated in different situations. Unlike the virtual
method in cardiology, the applied electric field does not induce
wave emissions from obstacles but it causes an advective motion
of ionic species. In the absence of obstacles, the electric field
induces a drift of freely rotating spiral waves [17-19] as well as
a reorientation of scroll rings (three-dimensional spiral waves with
ring-shaped filaments) [20,21]. Under the forcing, spiral waves are
detached from circular obstacles, when the density of the applied
electrical current reaches a critical value which increases with
the obstacle diameter [22]. For a given circular obstacle, this cur-
rent density increases with the concentration of H,SO,4 which
determines the medium excitability and the core size of free spiral
waves — the higher [H,SO4], the higher the excitability and the
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smaller the spiral core [23]. These facts imply that it is more diffi-
cult to release spiral waves from larger circular obstacles. For
three-dimensional BZ media, an applied electric field can release
scroll rings from spherical plastic beads [24].

Recently, we have reported the properties of spiral waves
pinned to circular and rectangular obstacles [25]. While they are
pinned to obstacles with different shapes, the spiral waves have
common features: their wave period, wavelength and wave veloc-
ity increase with the circumference of the obstacle, regardless of its
area. In this article, we present a further study on the electrically
forced release of spiral waves from circular and rectangular obsta-
cles, both in experiments with BZ media and in numerical simula-
tions using the Oregonator model [26,27].

2. Experiments

We prepared the Belousov-Zhabotinsky (BZ) solutions as
described in previous report [25]. The initial concentrations were
as follows: [H,SO4] = 160 mM, [MA] =50 mM, [NaBrOsz] =50 mM,
and [ferroin] = 0.625 mM. The BZ reaction was embedded in a
1.0% w/w agarose gel to prevent any hydrodynamic perturbation.
Unpinning of spiral waves by electrical forcing was investigated
in a flat reactor (volume 100 x 100 x 1.0 mm?) with left and right
boundaries attached to electrolytic compartments (size of each
25 x 100 x 2.0 mm?). Eight circles with different diameters of
1.5, 1.9, 2.5, 2.8, 3.1, 3.5, 3.9, and 4.5 mm (areas = 1.8-15.9 mm?
and circumferences = 4.7-14.1 mm) and four rectangles with a
similar size of area (6 mm?) and different dimensions of
23 %26, 46x13, 49x1.2, and 65 x 0.9 mm? (circumfer-
ences = 9.8-14.8 mm) were used as obstacles.

A spiral wave pinned to an obstacle was created by using a two-
layer method (cf. Fig. 1 in [22]). A volume of the BZ solution was
poured into the reactor as the first layer of about 2.5 cm height,
where the obstacle was prior set. A silver wire of 0.5 mm diameter
was immersed for a few seconds into the medium to reduce the
local concentration of the inhibitor Br~ so that a wave front was
ignited. When one open end of the wave front approached the
obstacle, another volume of the solution was added as the second
layer leading to the final height of 4.5-5.0 cm. Then the wave front
curled in and formed a spiral wave pinned to the obstacle.

After a transient interval of a few rotations, i.e., when the form
of the spiral wave was stable, an electrical current was applied
through electrodes in the electrolytic compartments which con-
nected series with the main volume. As a result of the electrical
current, gas bubbles were formed near the surface of the electrodes
and caused a temporal fluctuation of the resistance in the system.
Therefore, a power supply with a constant electrical current mode
was used and the electrical current density was reported in our
experiments instead of the electric field, usually used in
simulations.

Starting from a low density, the constant electrical current was
applied to the reaction for a few spiral rotations before it was
increased by a step of Aj=2 mA cm 2, until the spiral wave was
detached from the obstacle. The reactor was set vertically in a
transparent thermostated water bath to control the temperature
of the medium at 15 + 1 °C. The bath was put between a white light
source and a color CCD camera (Super-HAD, Sony) to record the
images of the medium every second with a resolution of
0.1 mm pixel .

Fig. 1 illustrates the unpinning of spiral waves from obstacles
having a similar area of about 6 mm?. In Fig. 1(a), the spiral wave
was released from the circular obstacle, when the density of the
electrical current reached a critical value Jynpin=57 mAcm~2.
When the obstacle was changed to a rectangle of 2.3 mm x 2.6 mm
in Fig. 1(b), the spiral wave was unpinned at a higher critical value

Junpin =67 mA cm~2. Even more, as shown in Fig. 1(c), the unpin-
ning for a longer rectangle of 6.5 mm x 0.9 mm occurred at a much
higher critical value Jynpin = 160 mA cm 2.

Fig. 2 shows the critical current density Junpin found in experi-
ments using circular and rectangular obstacles. As in Fig. 2(a), Junpin
increased with the area A of the circular obstacles. Even though
they have a very similar area size, the rectangular obstacles with
different width and height resulted also in different Junpin values.
The plot in Fig. 2(b) illustrates the relation between Jynpin and the
circumference I. For all obstacles, Junpin always increased with the
circumference I, while the area A was either increased (for circles)
or remained constant (for rectangles).

3. Simulations

In our numerical simulations, the two-variable Oregonator
model was used to describe the dynamics of the activator u and
the inhibitor », corresponding to the concentrations of HBrO, and
the catalyst in the BZ reaction, respectively. The advection terms
for both u and v account for the electric field E applied in x-
direction

ou 1 ) u—q 2 ou

575<u—u _fyu-s—q) +D,V u—MuEa,

ov 5 ov

E_ufv+DyV vfM,,Ea. (1)

The parameter values were chosen as ¢ = 0.01, g = 0.002, f=1.4,
the diffusion coefficients D, = 1.0 and D, = 0.6, and the ionic mobil-
ities M, =—-1.0 and M, = 2.0. We used an explicit Euler method
with a nine-point approximation of the two-dimensional Laplacian
operator and a centered-space approximation of the gradient term
with a uniform grid space Ax=0.1s.u. and a time step
At=3.0 x 1073 t.u,, as required for numerical stability (At < (3/8)
Ax? [28]).

We investigated five series of obstacles. The first two series are
circles and rectangles which follow the experiments: (I) nine cir-
cles with diameters of 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and
10.0 s.u. (areas = 3.1-78.6 s.u.? and circumferences = 6.3-31.4 s.u.)
and (1) six rectangles with a fixed size of area (1.70 s.u.?) and dif-
ferent dimensions of 1.3x1.3, 1.7 x 1.0, 3.4 x 0.5, 5.4 x 0.3,
8.5 x 0.2 and 17.0 x 0.1 s.u.? (circumferences = 5.2-34.2 s.u.). Sim-
ilar to the circles, the third series are squares whose area and cir-
cumference simultaneously increase with the side length: (III)
five squares with dimensions 3.0 x 3.0, 4.5 x 4.5, 6.0 x 6.0,
7.5 x 7.5, and 9.0 x 9.0 s.u.? (areas = 9.0-81.0 s.u.? and circumfer-
ences = 12.0-36.0 s.u.).

To elaborate more the effect of the obstacle area, the two last
series of rectangles and ellipses were utilized: (IV) six rectangles
with a fixed circumference (34 s.u.) and different dimensions of
17.0 x 0.1, 16.1 x 1.0, 15.1 x2.0, 13.1 x4.0, 11.1 x 6.0, and
8.6 x 8.5s.u.? (areas = 1.7-73.1 s.u.?), and (V) five ellipses with a
fixed circumference (34s.u.) and different dimensions of
8.5 x 0.56, 8.25 x 1.4, 8.0 x 1.98, 7.5 x 2.89, and 7.0 x 3.64 s.u.?
(areas = 15.0-80.1 s.u.2).

For each simulation, one unexcitable obstacle was defined in
the middle of the system and both boundaries of the obstacle
and the system had no-flux conditions described in detail in [23].
A pinned spiral wave was initiated by stimulating a planar wave
at an edge of the system. When the wave front reached the obsta-
cle, half of the system was reset to an excitable state (u=0 and
v=0) leading to a planar wave with one end traced the boundary
of the obstacle. Subsequently, the wave front curled to form a spi-
ral wave pinned to the obstacle. The spiral wave was allowed to
propagate until its structure was stable. Similar to the experi-
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Fig. 1. Unpinning of spiral waves in the BZ reaction. The obstacles are (a) a circle with diameter 2.8 mm, (b) a rectangle of 2.3 x 2.6 mm? and (c) a rectangle of 6.5 x 0.9 mm?.

The positive and negative electrodes are located on the left and the right hand sides, respectively. In (a)-(c), Junpin = 57, 67, and 160 mA cm™
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Fig. 2. The critical density Jnpin Of electrical current for unpinning spiral waves in
the BZ reaction as a function of (a) area A and (b) circumference [. Circles and
rectangles represent circular and rectangular obstacles, respectively.

ments, a constant electric field was applied with a fine step of
AE = 0.005.

Examples of spiral waves released from obstacles by a critical
electrical field Eynpin are shown in Fig. 3. The unpinning of
the spiral wave occurred at Eynpin=0.695 for the rectangle of
1.7 x 1.0 s.u.? [Fig. 3(a)]. Eynpin increased to 1.655 for a longer
rectangle of 8.5 x 0.2s.u.? [Fig. 3(b)], where both rectangles
had the same area of 1.7 s.u.?. A circular obstacle with diameter
5.0 s.u. [Fig. 3(c)] resulted in Eynpin = 1.700 similar to the case of
rectangle 8.5 x 0.2 s.u.?, but the circle had a much larger area of
19.64 s.u.? in comparison with both rectangles.

Fig. 4 summaries the values of the critical electric field Eynpin VS.
the area A [Fig. 4(a)] and the circumference [ [Fig. 4(b)] for all five
series of obstacles. For circular obstacles in series I (O in Fig. 4),

2, respectively.

Eunpin increased with the area as well as the circumference since
rising of the circle radius resulted in simultaneous increasing of
both area and circumference. Even though the rectangles in series
11 (O in Fig. 4) had a similar area size of 1.7 s.u.?, Eynpin ranged
between 0.680 and 2.160 for different rectangles. In fact, Eynpin
increased with the circumference. Thus, the simulations using
the obstacles series I. and II. agree well with the experiments (cf.
Fig. 2).

For squares in series III (¥ in Fig. 4), Eynpin increased with both
the area and the circumference. Therefore, unpining of spiral waves
from the squares was very similar to the case of circles in series I.
While the circumferences of rectangles in series IV (A in Fig. 4) as
well as ellipses in series V (V in Fig. 4) were fixed, Eunpin slightly
increased with the area.

To illustrate the influence of area on the unpinning and that of
circumference, we consider Eynpin for the smallest and the largest
rectangles in series Il and IV in which the circumference and the
area were individually varied. When the circumference of the rect-
angles in series Il was enlarged about 5.6 times (from 5.6 to 34.2),
Eunpin increased about 2.2 times (from 0.680 to 2.160). In contrast,
when the area of the rectangles in series IV was increased about
42.3 times (from 1.7 to 73.6), Eunpin increased only 0.14 times (from
2.160 to 2.470). Clearly, the circumference of the obstacles play a
much more important role in the unpinning of spiral waves by
the electrical forcing.

4. Discussion and conclusion

We have presented an experimental investigation of the
unpinning of spiral waves from unexcitable circular and rectan-
gular obstacles by an applied electrical forcing. The results from

( (b)

h /

( ™~

5s.u.

Fig. 3. Unpinning of spiral waves in the Oregonator model. The obstacles are (a) a rectangle of 1.7 x 1.0 s.u.2, (b) a rectangle of 8.5 x 0.2 s.u.? and (c) a circle with 5.0 s.u. in
diameter. The electric field points to the right. In (a)-(c), Eunpin = 0.695, 1.655 and 1.700, respectively.
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Fig. 4. Critical value Eynpin of electric field for unpinning spiral waves in the
Oregonator model as a function of (a) area A and (b) circumference . The symbols
represent the obstacles as follows. O: circles, O: fixed-area rectangles, v: squares,
A: fixed-circumference rectangles, and V: fixed-circumference ellipses.

experiments using the BZ reaction were reproduced in simulations
using the Oregonator model. For both circular and rectangular
obstacles, the critical values of electric forcing increases with the
circumference and they lie approximately on the same regression
curve. Therefore, our results indicate a common nature of the elec-
trically forced unpinning from the two different forms of obstacles.

Furthermore, the simulations showed that the critical value of
forcing for unpinning from square obstacles are related to the area
and circumference in a very similar manner to the case of circular
obstacles. For rectangular and elliptical obstacles with a given cir-
cumference, the area is only a very minor factor which influences
the critical value of forcing.

Due to their radial symmetry, circular obstacles were exten-
sively used in studies of the unpinning forced by an applied wave
train and it was revealed that the wave train period for unpinning
Tunpin decreased, when the obstacle radius increased [12-16].
Based on an analytical study, Tanaka et al. [16] showed that the cir-
cular obstacle enhanced the decrease of Tynpin because of an incre-
ment of the velocity of the pinned spiral wave, both in the case of
hard or soft obstacles (see Egs. (8) and (19), and Fig. 5 in [16]). Our

present study together with the previous report [25] indicated that
the different shaped obstacles have a similar effect on both the
pinned spiral waves and their unpinning by electrical forcing.
Therefore, we expect that the unpinning by a wave train might
be influenced mainly by the circumference of differently shaped
obstacles. For deeper understanding the unpinning phenomena,
we suggest further experiments along comparable lines: using
the BZ reaction and simulations on the unpinning of spiral waves
from variously shaped obstacles by applying wave trains and elec-
trical forcing.
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