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ABSTRACT

Cardiac arrythmias are a form of heart disease that contributes toward making heart disease a significant cause of death globally. Irregular
rhythms associated with cardiac arrythmias are thought to arise due to singularities in the heart tissue that generate reentrant waves in the
underlying excitable medium. A normal approach to removing such singularities is to apply a high voltage electric shock, which effectively
resets the phase of the cardiac cells. A concern with the use of this defibrillation technique is that the high-energy shock can cause lasting
damage to the heart tissue. Various theoretical works have investigated lower-energy alternatives to defibrillation. In this work, we demon-
strate the effectiveness of a low-energy defibrillation method in an experimental 2D Belousov-Zhabotinsky (BZ) system. When implemented
as a 2D spatial reaction, the BZ reaction serves as an effective analog of general excitable media and supports regular and reentrant wave
activity. The defibrillation technique employed involves targeted low-energy perturbations that can be used to “teleport” and/or annihilate

singularities present in the excitable BZ medium.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0216649

Cardiac arrythmias are associated with spatiotemporal irregular-
ities in the heart’s electrical activity."” They reduce the heart’s
ability to pump blood and can lead to sudden cardiac arrest.™
While their origin is complex, they are associated with reen-
trant waves generated by singularities in the activity of the heart
tissue.” A standard defibrillation approach is the application of a
high-energy electrical stimulus. This effectively resets the phase
of the electrical activity in the tissue and restores regular oscil-
latory behavior. A concern with this defibrillation method is
that it can lead to lasting damage to the heart tissue.” Recently,
a low-energy defibrillation technique was proposed.® The study
showed the possibility of instantaneously relocating the posi-
tion of a spiral wave tip (this is termed “teleportation”) to any
point in space using a precisely tailored stimulus derived from
phase space information. Of particular note is the ability of
the technique to instantaneously shift all spiral waves within a
domain to their counterparts, leading to their immediate elim-
ination with a minimal stimulus. In the current work, we use
experiments on spiral waves in the photosensitive BZ reaction to
demonstrate singularity teleportation and elimination using this

minimal stimulus.”'° This paves the way for its application in bio-
logical systems that support spiral waves such as the heart and the
brain.

INTRODUCTION

Heart disease, encompassing various conditions affecting the
heart, remains the leading cause of death globally."” Among the
numerous complications associated with heart disease, cardiac
arrhythmias stand out as a significant contributor to mortality."!
Cardiac arrhythmias are abnormal electrical activity in the heart
that can disrupt its regular beating pattern. These electrical dis-
turbances and alterations in the heart’s blood pumping ability can
have detrimental consequences, such as stroke and sudden cardiac
arrest.”’

The precise mechanisms underlying cardiac arrhythmias are
complex and not fully understood.” However, phase singularities
in electrical activity such as those seen at the cores of scroll and
spiral waves have emerged as key phenomena associated with the
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initiation and persistence of cardiac arrhythmias.'”""* These reen-
trant waves are characterized by rotating patterns of activity around
the core singularity. They lead to complex spatiotemporal patterns
of electrical activity which contribute to the characteristic fast heart
rate observed in tachycardia and irregular heart rate rhythm during
fibrillation.

It has long been known that termination of these fatal arrhyth-
mias is possible using high-energy electric shocks, known as defib-
rillation, which resets the electrochemical activity of the heart and
restores the normal heart rhythm.® Typical defibrillation shocks
used in clinical practice can range in strength from 200 to 360
joules.”” Although this type of defibrillation is required to ensure
effective removal of reentrant wave activity, it is painful and
can cause significant damage to the heart tissue.” For this rea-
son, there have been efforts to develop alternative methods of
defibrillation.'®"'® These approaches aim to achieve successful defib-
rillation while minimizing potential harmful effects associated with
high-energy shocks. In a recent work, DeTal et al. proposed a new
method for eliminating spiral waves in excitable media with mini-
mal stimulus.” They demonstrated a novel low-energy defibrillation
mechanism that can be applied to phase singularities in a theoretical
2D system.

Phase singularities are points in space and time where the
phase of a propagating wave becomes undefined or exhibits a sud-
den change.”” They are described as topological defects in wave
patterns, particularly, in excitable media like cardiac tissue. Win-
free and Strogatz used topological considerations to explain the
dynamics of phase singularities.”” They demonstrated that, under
certain conditions, specific stimuli can lead to the creation of sin-
gularities while Krinsky et al. and Keener explored the termination
of singularities.”>”” Krinsky et al. showed that contour perturba-
tions could initiate more spiral waves, and that in some cases,
these new spirals could collide with the existing ones, extinguish-
ing them all. They also showed that perturbations could bring spiral
waves together and annihilate them. Keener showed why these stim-
uli could terminate spiral waves by correlating the initiated waves’
fronts and backs with respect to the phase singularity in phase
space. In general, singularities can only be created or destroyed
in pairs of opposite chirality. This principle, often referred to as
the “topological conservation law,” implies that the total topologi-
cal charge remains conserved during their creation or annihilation
processes.””*»** This principle does not apply when a singularity
interacts with a system boundary.

DeTal et al. used this concept of singularities having oppo-
site pairs of chirality in establishing their low-energy defibrillation
mechanism.® By applying an excitable stimulus along the back of a
particular excitability contour of a reaction-diffusion wave, a pair
of singularities with opposite chirality can be connected. If the con-
tour is continuous between the pair of singularities, the singularities
rapidly terminate. If it is not, a spiral tip is teleported from one place
to another. Thus, effective defibrillation is obtained when all spirals
are teleported or annihilated by the merging of each singularity with
another of opposite chirality.

Phase singularities also occur in other excitable media, such as
the Belousov-Zhabotinsky (BZ) reaction.”” The BZ reaction is com-
monly used as a model for natural excitable systems due to its ability
to exhibit a wide range of equivalent spatiotemporal dynamics,
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including oscillations and spatiotemporal waves.”'" The reaction
involves the bromination of an acidified organic substrate in the
presence of a metal catalyst. If ruthenium (II)-bipyridal is used as
the metal catalyst, the reaction is then photosensitive and the phase
of a given chemical oscillation can be adjusted by an appropriate
perturbation in light intensity.”**’

In this work, we utilize the photosensitive BZ reaction to
explore the process of low-energy defibrillation in an excitable
medium. Experiments are conducted using a thin gel, which is
loaded with the photosensitive catalyst that is immersed in a
catalyst-free BZ solution. Following the initiation of spiral wave
activity in the gel, we demonstrate that spiral tips can be teleported
and/or annihilated by appropriate targeting of excitability contours
using activatory light perturbations.

EXPERIMENTAL METHODS

Experiments are carried out using the photosensitive BZ reac-
tion, which is monitored with a computer-interfaced camera and
illuminated with a computer-controlled video projector. The wave
behavior is studied in a thin layer of silica gel (15% w/w) in
which the photosensitive ruthenium (II)-bipyridal catalyst (5 mM)
is immobilized.”~*" The gel is cast onto a microscope slide and
submerged in a continuously refreshed shallow catalyst-free BZ
solution. The modified video projector and video camera (CCD)
are interfaced with a computer allowing real-time control for per-
turbing the light sensitive medium and monitoring the response.
The system is maintained in an excitable state with an illumination
intensity of approximately 6.0 x 107> W m~2.°"*? The reaction mix-
ture composition, [BrO;~]=0.760 M, [malonic acid] =0.012 M,
[bromomalonic acid] =0.112M, and [H,SO,] =0.600 M, is pre-
pared so that the system is excitable in the dark state. The border
of the region of interest of the gel is illuminated with a high light
intensity. This border region is then incapable of supporting wave
activity.

The response of the photosensitive BZ reaction to light per-
turbation is dependent on the composition of the catalyst-free
recipe.”” Under the conditions chosen for this experiment, the dom-
inant photochemical channel results in an increase in the produc-
tion of the reaction inhibitor, bromide, following an increase in
light intensity.”>** This photochemical channel can be understood
through the following reaction steps:

Ru(Il) + hv — Ru(ID)*, )]
Ru(Il)* 4+ BrMA — Ru(IIl) + Br~ + org.prod, 2)
Ru(IIl) + BrMA — Ru(II) 4+ Br~ + org.prod. 3)

An increase in light intensity leads to the excitation of Ru(II)
ions. The excited ion is then involved in a sequence of redox reac-
tions with bromomalonic acid (BrMA), one of the products of which
is the bromide ion. Conversely, reducing the light intensity results
in a decrease in the rate of this process and leads to a lowering of
inhibitor production. Hence, wave activity can be initiated in the
gel by reducing the projected light intensity in a region of interest,
i.e., by applying a targeted dark perturbation to the gel. In general,
the region of interest is the refractory back contour. This contour is
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identified manually prior to each targeting as the region parallel and
to the immediate rear of the region of the traveling wave of inter-
est. A perturbation is applied for 3s. Wave tips can be generated
in the medium by using high intensity light from a laser-pointer to
annihilate sections of a planar wave.

NUMERICAL ILLUSTRATION OF UNIDIRECTIONAL
WAVE INITIATION

Chemical dynamics that allow for teleportation of spiral waves
and defibrillation can be explained using ideas originally developed
by Winfree'*'"” and a 1D photosensitive model of the BZ reaction™*
(see the Appendix). Figure 1 shows the spatial profiles of the acti-
vator, HBrO,, inhibitor, Br~, and oxidized form of the ruthenium
catalyst for a BZ reaction-diffusion wave traveling from left to right.
The wave has three characteristic regions: the excited region with
high activator concentration, the refractory region where the activa-
tor is decreasing and the inhibitor is high, and the recovered region
where both inhibitor and activator are low. Wave initiation is not
possible in the refractory region due to high inhibitor concentra-
tion. This is demonstrated in Fig. 1(i) where a dark perturbation at

I Excited
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point A does not result in the initiation of a wave. If a dark per-
turbation is applied at point C, Fig. 1(iv), in the recovered region,
bidirectional wave propagation occurs with two new waves forming
that propagate in opposite directions. If, however, a perturbation is
applied at point B, Fig. 1(iii), on the boundary between the refractory
and recovered regions, a single wave propagates into the recovered
region, i.e., unidirectional wave propagation. The location of this
vulnerable region, where a unidirectional wave is initiated, is depen-
dent on both the magnitude and duration of the perturbation. It lies
closer to the original propagating wave for a larger perturbation size.

EXPERIMENTAL INITIATION OF UNIDIRECTIONAL
WAVES

A 2D BZ photosensitive system, constructed using a catalyst-
loaded silica gel submerged in a catalyst-free BZ solution, sup-
ports excitable reaction-diffusion waves. Appropriate choice of the
catalyst-free recipe allows wave initiation using targeted perturba-
tions in light intensity. Figure 2 (multimedia available online) shows
the initiation of a unidirectional wave segment in the experimen-
tal system behind a wave traveling from right to left, Fig. 2(i). To

(i) .
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FIG. 1. Wave initiation in 1D simulations. (i) Spatial profiles of the scaled model variables, X, Y, and Z. The wave is traveling from left to right. The approximate locations of the
excited, refractory, and recovered regions are also shown. The response of the system to a perturbation at points A, B, and C are shown in (ii)—(iv), respectively. Point B lies
on the border of these two regions. A dark perturbation applied at point A, in the refractory region, results in no wave being initiated. A dark perturbation applied at point C,
in the recovered region, results in a bidirectional wave being initiated. A dark perturbation applied at point B, at the boundary between the refractory and recovered regions,
results in a unidirectional wave being initiated, which then travels away from the preexisting wave (from right to left).
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FIG. 2. Initiation of a wave segment. (i) A reaction-diffusion wave extends along the entire length of the excitable medium, with each end of the wave attached to a boundary.
The wave travels from right to left. (ii) A dark perturbation is applied, targeting the refractory back contour. (iii) The original wave and the new wave segment initiated by the
dark perturbation. The new wave travels from left to right. (iv) and (v) The newly initiated wave segment develops into a counter-rotating spiral wave pair. Images (i)—(vi) are

taken at times 5, 7, 10, 15, 25, and 38 s, respectively. Multimedia available online.

achieve this, a perturbation of approximately 3 s is applied target-
ing a section of the refractory back contour behind the original
wave, Fig. 2(ii). This contour delineates the refractory and recovered
regions of the medium and is equivalent to point B, Fig. 1(i), in the
simulations described above. Figure 2(iii) shows the newly formed
wave segment. The free ends, or wave tips, of this wave segment are
associated with discontinuities in the phase of the chemical dynam-
ics and develop into cores of spiral wave activity, Figs. 2(iv)-2(vi).

This method of refractory back contour perturbation is simi-
lar to approaches developed by Winfree as a method of spiral wave
initiation.'"=* If, instead, a section of the refractory back contour is
targeted that is continuous, or close to continuous, with one or more
existing free ends (associated with either spiral cores or developing
spiral cores), singularities may be teleported and/or annihilated. Fol-
lowing such a perturbation along a section of the refractory back
contour, we observe that the new wave segment initiates in one of the
two ways in the vicinity of an existing singularity. First, in a discon-
tinuous initiation, the free end of the initiated wave segment forms
close to the original singularity, rotating counter to it, and the two
wave tips quickly collide and annihilate. This behavior is exhibited
in the experiments associated with spiral wave teleportation, Fig. 3.
Alternatively, a continuous initiation can occur. If the initiated wave
segment forms spatially continuous to the original singularity, then
the original wave tip is eliminated instantaneously. Examples are
shown in Figs. 4 and 5. In either the continuous or discontinuous
case, the initial singularity is effectively transported to the opposite
end of the perturbed section of the refractory back contour. The
resulting behavior is, therefore, dependent on the chosen location
of this opposite end of the perturbed section.

SPIRAL WAVE TELEPORTATION

Figure 3 (multimedia available online) shows a perturbation
targeted along the refractory back contour in the vicinity of a single
free end, Fig. 3(a-i), red dot. In this example, the perturbation
is terminated some distance away along the refractory back con-
tour, Fig. 3(a-ii). As seen in Fig. 3(a-iii), a new wave segment is
formed. One of the wave tips associated with this new segment
forms, with opposite chirality, very close to the existing wave tip and
the two wave tips quickly collide and annihilate to form a contin-
uous wave, Fig. 3(a-iv). The opposite end of the perturbed section
has a phase that is abruptly different to that of the surrounding
medium and a new singularity, wave tip, forms at this location,
Figs. 3(a-iv)-3(a-vi). The perturbation, therefore, results in the tele-
portation of the original free end from its initial location, Fig. 3(a-i),
red dot, to a new location, Fig. 3(a-vi), blue dot.

A spiral tip can be teleported multiple times. In Fig. 3(b), the
spiral tip that was transported in Figs. 3(a) and 3(b-i), blue dot, is
transported for a second time using a second perturbation targeted
along the new refractory back contour. Following this second per-
turbation, a new wave tip of opposite chirality forms very close to
the existing wave tip, Fig. 3(b-iii), and the two wave tips quickly col-
lide and annihilate. A new wave tip forms at the opposite end of the
perturbed section, Figs. 3(b-iv)-3(b-vi), with the same chirality as
the original wave tip.

SPIRAL WAVE BOUNDARY TERMINATION

If the perturbed section of the refractory back contour is termi-
nated at the boundary of the medium, the wave tip is teleported to
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FIG. 3. Spiral wave tip teleportation. (a) Spiral wave tip teleportation after one perturbation and (b) spiral wave tip teleportation after a second perturbation. For each row,
(i) the red and blue dots represent the locations of the original wave tip and teleported (after one perturbation) wave tip, respectively. (ii) A dark perturbation targets the
refractory back contour. (iii) The original wave and the newly initiated wave segment. (iv) and (v) The original wave tip and the wave tip at one end of the new segment collide
and annihilate (merge), leaving only one wave tip at the other end of the new wave segment. (vi) The spiral wave after the wave tip has been teleported. The locations of the
original wave tips are indicated by red and blue dots. Images (i)—(vi) in row (a) are taken at times 5, 8, 9, 12, 17, and 28 s, respectively. Images (i)~(vi) in row (b) are taken at
times 28, 31, 32, 33, 38, and 48 s, respectively. Multimedia available online.

the boundary and destroyed. This non-chirality preserving process
is illustrated in Fig. 4 (multimedia available online). The refractory
back contour associated with a single wave tip, Fig. 4(i), is perturbed,
Fig. 4(ii), so that the opposite end of the perturbed section termi-

nates at the boundary of the medium. In this case, since the initiated
region is continuous with the original wave tip, the tip is instanta-
neously eliminated. The opposite end of the initiated unidirectional
wave segment, Fig. 4(iii), is positioned at the high light intensity bor-
der. Since this part of the medium is not capable of supporting wave
activity, the teleported singularity is destroyed. The resultant plane
wave then tracks the upper edge of the medium, Figs. 4(iv) and 4(v),
before it is destroyed, when it runs into the right- and left-hand side
border region, Fig. 4(vi).

SPIRAL WAVE PAIR ANNIHILATION

If a perturbation is applied so that one end of the perturbed
section is in the vicinity of a wave tip and the other end is in the
vicinity of another wave tip, the pair of wave tips will be eliminated.
This is illustrated in Fig. 5 (multimedia available online). In Fig. 5(i),
a single wave segment is initially visible in the gel medium, its two
free ends having opposite chirality. A perturbation is then applied
targeting the refractory back contour that joins the two wave tips,
Fig. 5(ii). The initiated region forms, continuous with the original
wave tips, Fig. 5(iii). This results in the effective merging of the
original two wave tips and the annihilation of this spiral wave pair.
An alternative perspective is that each initial wave tip is eliminated
locally as the new region of wave forms. Each original wave tip is

FIG. 4. Boundary termination of a spiral wave. (i) A wave segment with one wave tip. (ii) A dark perturbation is applied to the wave, with one edge of the perturbation touching
the boundary of the excitable medium. (iii) The original wave and the newly initiated wave region. The wave tip of the newly initiated wave region forms a continuous loop with
the original wave tip, terminating the original singularity. (iv)—(vi) The resultant wave loop grows outward, spreading across the medium. Images (i)—(vi) are taken at times 5,

8, 10, 15, 30, and 59 s, respectively. Multimedia available online.
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FIG. 5. Annihilation of counter-rotating wave tips. (i) A wave segment with two wave tips. (ii) A dark perturbation is applied targeting the refractory back contour. (iii) The original
wave and the new wave region that was initiated after the perturbation. The wave tips of the newly initiated wave are continuous with the original wave, effectively annihilating
the original pair of wave tips. (iv)-(vi) The resultant single wave loop grows outward spreading across the medium. Images (i)-(vi) are taken at times 5, 8, 10, 15, 24, and

50 s, respectively. Multimedia available online.

transported along the newly initiated region, where they meet and
mutually annihilate. The medium now contains a single closed loop
of wave activity that propagates outward to the borders of the region,
Figs. 5(iii)-5(vi).

CONCLUSION

We have presented a low-energy defibrillation technique that
relies on connecting, via a common refractory back contour, oppo-
site chiral pairs of spiral tips. Once so connected, a pair of tips
effectively mutually annihilates. A single spiral tip can also be elim-
inated if it is connected via a dark perturbation to a boundary
incapable of supporting wave activity.

The connection is created through an applied excitable per-
turbation along a refractory back contour. As outlined above, we
have confirmed the two types of behavior theoretically predicted by
DeTal et al., using our experimental system following the applica-
tion and the removal of the perturbation.® In the first case, a wave
tip forms at the end of the new wave segment in the vicinity of the
initial spiral tip. These two singularities quickly merge. In the sec-
ond case, the perturbed section is observed to excite continuous to
an existing spiral tip, i.e., the initiated region and the original tip
merge.

While in principle these two cases are different,’ in our exper-
imental system, the second case may be an example of the first case
with the merging of the pair of tips occurring before the perturba-
tion is removed. It is not experimentally possible to visualize wave
activity in the perturbed region while the perturbation is active.
Regardless of this detail, the net result is the same: local elimina-
tion of the initial tip and its effective transportation along the newly
formed region of wave activity.

In general, our experiments were the most successful when the
perturbation was biased slightly ahead of the refractory back contour

(i.e., biased toward the excited and refractory regions, Fig. 1). This
is due to the finite time necessary for a new unidirectional wave to
initiate, combined with the continuous motion of the existing wave.
Without this bias, the recovered region of the wave back may instead
be perturbed, which results in the formation of new bidirectional
waves.

A second experimental consideration is that heterogeneities
within the gel medium can lead to broken initiation along the wave
back resulting in the formation of two or more new wave seg-
ments. This occurs more often when the length of the perturbed
section is larger and can lead to an increase in the number of wave
tips. Similar increases in the number of singularities, rather than
decreases, have been reported that are associated with other defibril-
lation techniques."”*' Using the presented technique, this issue can
be alleviated by using a series of shorter length perturbations. To
transport a single wave tip to a boundary, it is better to transport
the tip in a series of short steps (such as in Fig. 3), and then, trans-
port it into a border. Similar considerations should be given when
attempting to mutually eliminate a pair of counter-rotating spiral
tips.

After taking into account these experimental considerations,
the developed technique has proven remarkably robust, particularly
considering that all refractory back contour targeting was performed
manually. Further to this, provided the stimulus is applied within
the general vicinity of a spiral tip, the initiated tip quickly merges
with it, as described earlier. This will be of particular importance
if the spiral tips are meandering.”” The presented work deliberately
used gel media containing a low number of singularities. Future
experimental work can expand this study using gel media containing
more complex reentrant wave activity. Automated image analysis
can be used to identify and connect paired centers. Methods adapted
from the current study can then be used to algorithmically target
the refractory back contours and can be applied to other systems,
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in particular, to test as a low-energy anti-arrhythmic cardiac ther-
apy. Since fibrillation can be mostly a 3D effect, effective delivery
of this type of stimulation in 3D may first require studies in thin
preparations.”** For example, the current technique developed here
could be directly applied in the studies of defibrillation in cardiac
monolayers, especially, those created with human induced pluripo-
tent stem cells (hiPSC) as well as in thin preparations of cardiac
tissue, such as ex vivo atrial tissue and ex vivo right ventricular
preparations, using optical mapping.”
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APPENDIX: COMPUTATIONAL METHODS

Simulations of spatiotemporal behavior were carried out with
a three-variable Oregonator model for the photosensitive BZ
reaction,*™*

£dx/dt = D,V*x + x(1 — x) + y(q — ), (A1)
gdy/ot =D, V’y + fz — y(q+x) + o, (A2)
82/3t=DZV22+x—z+¢/2, (A3)

where x, y, and z represent the dimensionless concentrations of
bromous acid, bromide, and the oxidized form of the catalyst,
respectively. Dy, Dy, and D, are diffusion coefficients for the
activator (HBrO,), the inhibitor (Br~), and the oxidized catalyst
([Ru(bpy);]*>T), respectively. Because the Ru(IIl) complex is immo-
bilized in the silica gel, the corresponding diffusion coefficient
D, =0, while D, = Dy=1.0.¢, ¢’, f, and q are positive parameters
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that determine the recipe of the BZ reaction, V? is the Laplacian
operator, and the parameter ¢ represents the rate of photochem-
ical bromide production due to irradiation. The Euler method
was used for numerical simulations, with dx=0.15 and dt=0.001,
and the parameters were f=0.5, q=1x 107>, =4 x 1073, and
&'=4x107"
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