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Control of the chirality of spiral waves and recreation of spatial excitation
patterns through optogenetics
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Spiral waves lead to dangerous arrhythmias in the cardiac system. In 2015 Burton et al. demonstrated the
reversal of the spiral wave chirality through the rotating spiral-shaped illumination on the optogenetically
modified cardiac monolayers. We show that this process entails the recreation of a spiral wave. We show how this
methodology can be used to control and create the desired spatial excitation pattern. We found that the control
is sensitive to the area of illuminated region but independent of the phase difference of the existing spiral wave
and the applied spiral-shaped light. We also discovered that our methodology can temporarily resynchronize a
turbulent system. The results offer numerical evidence for the control of spatial pattern in biological excitable
systems with optogenetics.
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I. INTRODUCTION

Rotating spiral waves are one of the most studied nonlinear
patterns that have been observed in diverse systems [1] such
as the Belousov-Zhabotinsky (BZ) reaction [2], CO oxidation
on platinum [3], and Xenopus oocyte calcium waves [4]. Cur-
rently, spiral waves attract a great deal of interest due to their
association with cardiac arrhythmias [5,6], including atrial
fibrillation (AF) [7] and ventricular fibrillation (VF) [8].

Chirality is a fundamental property of a spiral wave that
affects the system’s dynamics [9–11]. Spiral chirality can be
identified by evaluating the value of the topological charge at
the tip location. The topological charge is defined as

nt = (1/2π )
∮

�

�∇φ · d�l, (1)

where φ(x, y) represents the local phase, and � is a closed
curve surrounding the tip. The elements adjacent to the tip
exhibit a continuous phase distribution that is equal to ±2π .
Consequently, the integral is equal to 1 or −1, which cor-
responds to a clockwise or counterclockwise rotating spiral
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wave. Several methods have been proposed to select the
chirality of spiral waves. Quail et al. discovered that in an
isotropic cardiac medium, the relative position between un-
excitable obstacles and the pacing site may determine the
chirality of a spiral wave [9]. Li et al. [12] found that an
external circularly polarized electric field breaks the chiral
symmetry of a turbulent system by selecting the spiral defects
with a specific chirality. Experimental evidence was presented
by Ji et al. [13].

The optical control of spiral waves has been studied nu-
merically and experimentally in both chemical and biological
systems. Steinbock et al. [14] demonstrated that in a light-
sensitive BZ reaction a meandering spiral wave could be
forced to rigid rotation by an argon laser beam creating an
unexcitable disk close to the tip. Recently optogenetics has
emerged as a potential tool which allows us to study and
operate the biological systems [15]. Controlling the spiral
waves in cardiac tissue through optogenetics is believed to
be a possible technique for heart defibrillation [16]. Ma-
jumder et al. [17] showed that with light-induced blocks, the
tip trajectories of the spiral wave can be positioned on the
predefined pathway. Bingen et al. [18] showed that spiral
waves in atrial cardiomyocyte monolayers can be terminated
effectively by a light-induced depolarizing current. Hussaini
et al. [19] demonstrated that the subthreshold illumination
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on cardiac tissue lowers the rotation frequency of the spiral
waves, and a suitable subthreshold illumination may cause
drift or termination of spiral waves.

A method for reversing the chirality of an ongoing spiral
wave through optogenetics was proposed by Burton et al. [20]
in 2015. Specifically, they transiently imposed a computer-
generated spiral-shaped light with an opposite chirality which
has a slightly higher frequency of rotation compared to the
native spiral. Within one or two rotation periods, the im-
posed wave effectively overwrites the existing spiral wave and
persists after the light removal. This reversal of spiral wave
chirality is independent of the phase of the ongoing spiral
and is repeatable. In this paper we numerically reproduce
Burton’s work and investigate the mechanisms behind the
reversal process. We find that the mechanism is recreation of a
spiral wave. Further, we change the characteristics of the light
pattern to investigate under which conditions the spiral pat-
terns can be recreated. Numerical experiments in three cases
are performed: spiral recreation using spatial offset, illumina-
tion with a spiral-pair-shaped light, and partial illumination.
Also, to show the robust of the mechanisms, we investigate
the effects of the illumination on different excitable systems,
including the meandering spiral wave system, multiple spiral
wave system, and turbulent system.

II. METHODS

A. A computational model for spiral system

We use a generic reaction-diffusion model for the excitable
system:

∂u

∂t
= D�u + ε−1u(1 − u)[u − (v + b)/a] + I (x, y, t ), (2)

∂v

∂t
= u − v, (3)

where in application to cardiac tissue, the non-linear function
u(1 − u)[u − (v + b)/a] describes an instantaneous depo-
larizing ionic current, and variable v(x, y, t ) accounts for
repolarization of the membrane and thus mimics a slow re-
polarizing ionic current. This model is also known as the
Barkley model [21]. The parameters D = 1, a = 1.1, b =
0.19, and ε = 0.02 are chosen. Using the Heaviside step func-
tion H (t − t0), the stimulation when the light is switched on
can be specified by the function

I (x, y, t ) = I0 · [�r ∈ �(x, y, t )] · H (t − t0)H (t0 + δ − t ), (4)

where I0 represents the light intensity, t0 is the time when the
stimulation begins, and δ is the duration of the pulse. The
rotating spiral-shaped illuminated region �(x, y, t ) is gener-
ated by copying from an auxiliary spiral wave under the same
model and parameters. We set the place where u > 0.5 in the
rotating auxiliary spiral wave as the illuminated region. The
angular frequency of the spiral-shaped light is controlled by
an external field, which is described in Ref. [22]. Specifically,
we choose a suitable ω in the expression of E in Eq. (1)
of Ref. [22] to tune the frequency of the auxiliary spiral
wave.

Numerical simulations are performed on a squared medium
of size 24×24 with zero-flux boundary conditions. We use the
explicit Euler stepping method with space step �x = �y =
0.2 and time step �t = 0.005. We take I0 = 0.2/�t . With
the above parameters, the spiral wave will rigidly rotate with
its natural angular frequency ω0 = 1.245 and rotation period
T0 = 5.045 in the medium.

To obtain the meandering spiral wave, we set the param-
eters D = 1, a = 1.1, b = 0.05, and ε = 0.02, with which
one can get its natural frequency ω1 = 1.387 and the rotation
period T1 = 4.530 by using the software DXSPIRAL [23,24].
The illumination region �(x, y, t ) for such case is generated
by copying from a spiral synchronized by an external field
[22,24] under the same model and parameters.

B. Computational models for turbulent systems

We use two models to create the turbulent state. The first
model is the variant of the Barkley model [25]:

∂u

∂t
= D�u + ε−1u(1 − u)[u − (v + b)/a] + I (x, y, t ), (5)

∂v

∂t
= u3 − v. (6)

For the excitable medium, the parameters D = 1, a = 0.6,
b = 0.06, and ε = 0.0875 are chosen, with which the resonant
frequency, that is, the dominate peak in the Fourier spectrum,
of the turbulence is ω2 = 1.020 and the corresponding period
is T2 = 6.160.

The second model is the Bär model [26]:

∂u

∂t
= D�u + ε−1u(1 − u)[u − (v + b)/a] + I (x, y, t ), (7)

∂v

∂t
= h(u) − v (8)

with h(u) = 0 if 0 � u < 1/3; h(u) = 1 − 6.75u(u − 1)2 if
1/3 � u < 1; and h(u) = 1 if 1 < u. Parameters are D = 1,

a = 0.84, b = 0.07, and ε = 0.072. The resonant frequency
of the turbulence is ω3 = 1.260, and the corresponding period
is T3 = 4.987.

For the illumination, we choose the same method and pa-
rameters used as in Sec. II A.

III. RESULTS

A. Reproduction of Burton’s experiments

Figure 1 shows our numerical simulation of Burton’s ex-
periments of reversing the spiral wave chirality. We start from
a clockwise rigidly rotating spiral wave whose tip locates
in the center of the medium as depicted in Fig. 1(a). The
counterclockwise rotating spiral-shaped light locates in the
center as well. Figure 1(b) shows that shortly after the illu-
mination begins, two spiral patterns exist in the medium. As
the illumination continues, the contour of the clockwise spiral
wave becomes illegible in Fig. 1(c). In Figs. 1(d) and 1(e) the
tip of the induced counterclockwise spiral wave can be ob-
served clearly. In the final state, only a counterclockwise spiral
wave exists in the medium. After the illumination has been
removed, the position of the induced spiral wave can shift in
space, and therefore its final position does not exactly coincide
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FIG. 1. The numerical simulation of Burton’s experiment. The
Barkley model of reaction-diffusion system is used. Parameters are
D = 1, a = 1.1, b = 0.19, and ε = 0.02. Color coding shows the
recovery variable v. Black solid lines represent the tip trajectory
of the spiral waves. (a) The initial state shows a clockwise spiral
wave. (b)–(e) A counterclockwise spiral-shaped light is applied to
the medium. The angular frequency ωL = 1.1ω0, the light intensity
I0 = 0.2/�t , and the illumination time duration δ = 1.5T0 are cho-
sen. (f) The final state, where a counterclockwise rigidly rotating
spiral wave remains in the medium.

with the position of the initial spiral wave or the light pattern.
Applying a counterclockwise spiral wave as the initial con-
dition and applying a clockwise rotating spiral-shaped light
to the medium yielded the same result since the simulation
medium was symmetric. We have repeated our simulations
by changing the phase difference between the initial spiral
wave and the light. Each trial resulted in successful reversal,
which verifies that the reversal is independent of the phase
difference. These results are consistent with the experiments
in Ref. [20].

However, what the experiments show is not the reversal of
the chirality of the original spiral wave, but the recreation of
a spiral wave. This spiral wave is induced into the system,
dominates the whole medium, and overwrites the previous
wave. In other words, we are able to control the chirality of
the system by recreating a spiral wave.

If we increase the illumination time duration δ with the
other parameters unchanged, the spiral wave will be synchro-
nized by the light and no more spiral waves will be recreated.
If δ is less than a critical value of 0.9T0, the chirality control
will fail.

Previously, methods for selecting the chirality of the spiral
waves by applying an external chiral field were investigated
[12,27]. Nevertheless, the selected spiral waves existed in the
medium before the external field was applied.

B. Spiral recreation using spatial offset

To support our view, we give more details based on our
model. First, we show that the spiral-shaped light with the
same chirality as the existing spiral wave can accomplish
the recreation. We put the center of the initial counterclock-
wise spiral wave on the diagonal of the medium, while the
counterclockwise spiral-shaped light was located at the center
of the medium. The process is shown in Fig. 2. Similar to

FIG. 2. Spiral recreation using spatial offset. Color coding shows
the recovery variable v. Other parameters are the same as in Fig. 1.

Fig. 1(b), there is a spiral wave induced into the medium
shortly after the illumination begins in Fig. 2(b). In Fig. 2(d)
the tip of the induced spiral wave can be observed clearly. The
original spiral wave disappears in Fig. 2(e). In the final state,
only one spiral wave remains at the center of the medium. It
seems that the initial spiral wave shifts to a different position
with optogenetics, but in fact, a spiral wave was created and
overwrites the initial spiral wave.

C. Illumination with a spiral-pair-shaped light

Figure 3 shows the simulation outcome when the illumina-
tion is in the shape of two rotating spirals of the same chirality.
In this case, two spiral waves are created in Figs. 3(b)–3(e),
and finally the system transforms into a double spiral system
as shown in Fig. 3(f), implying that we can recreate not only
the single spiral wave, but also other spatiotemporal patterns
sustained by the medium.

D. Partial illumination

The dynamics of a spiral wave is often associated with
the motion of the tip to some extent [28,29]. The phase of
the neighboring elements of the tip determines the chirality
of the spiral wave; see Ref. [30] and Eq. (1). We study if
the partial illumination around the tip can control the spiral

FIG. 3. Recreation of the spiral pair pattern. Color coding shows
the recovery variable v. Other parameters are the same as in Fig. 1.

014214-3



LI, ZHONG, AI, PANFILOV, AND DIERCKX PHYSICAL REVIEW E 105, 014214 (2022)

FIG. 4. A typical process showing the unsuccessful control of
the spiral wave chirality by partial illumination. Color coding shows
the recovery variable v. White box represents the illuminated region
16×16. Other parameters are the same as in Fig. 1.

wave chirality through recreation. Similarly to Fig. 1, we use
a clockwise spiral wave as the initial condition and the rotat-
ing spiral-shaped light is counterclockwise. We then define a
successful control if there is only one spiral wave with the
same chirality as the light pattern that survives in the final
state. An unsuccessful control by partial illumination is shown
in Fig. 4. Illumination is applied only to the central 16×16
region [white box in Fig. 4(b)] for 1.5T0. In Fig. 4(b) one
can observe a clockwise spiral wave together with a counter-
clockwise spiral wave in the medium. In Fig. 4(d), although
the counterclockwise spiral wave is successfully recreated, it
fails to dominate the whole medium compared with Fig. 1(d).
The wave segments outside the illuminated region are not
influenced and form another tip on the periphery, and thereby
a different spiral wave occurs. After the illumination is re-
moved, two spiral waves coexist in the medium as shown in
Fig. 4(f).

We vary the phase difference between the spiral wave and
the applied light from 0 to 2π , and we find that in some cases,
the control may succeed. We repeat our simulations with
random phase differences 100 times, and the chirality control
success rates with different illuminated regions are illustrated
in Fig. 5. It can be concluded that a larger illuminated area
corresponds to a higher success rate. No successful control is
observed if the area of the illuminated region is smaller than
10×10. The success rates maintain at 100% when the area
is beyond the threshold area 20×20. Therefore, we believe
that this kind of chirality control technique requires sufficient
illumination area, preferably a global one.

E. Illumination on meandering spiral wave and multiple
spiral wave systems

The tip motions of spiral waves found in natural systems
are often meandering [14,31]. The meandering or drifting of
spiral waves is mainly caused by the characteristics of the
medium itself. Previously in Sec. III B we have revealed that
the control of the spatiotemporal patterns is independent of
the relative position of the applied light and the existing spiral
wave. On this basis, we verify if our method is effective for
meandering spiral waves. As shown in Fig. 6(a), we start with

FIG. 5. Chirality control success rates with different illuminated
regions. The initial phase difference between the spiral and the
applied light is randomly generated in each trial. All illuminated
regions locate at the center of the medium. Other parameters are the
same as in Fig. 1.

the initial condition where a meandering spiral wave rotates
clockwise. In Figs. 6(b)–6(d) the global illumination succeeds
to recreate a spiral wave. In the final state, only one spiral
wave rotates counterclockwise in the medium.

So far, we have simulated the recreation and overwriting
of the single spiral system through illumination. While spiral
waves generated in living systems usually appear in pairs,
suggesting that we sometimes have to face a system with more
than one spiral wave. Next, let us consider the optogenetics in
a medium with multiple spiral waves. We expand the medium
area to 70×70 to accommodate more spiral waves. Figure 7
shows the effect of illumination on a multiple spiral wave
system. As is illustrated in Fig. 7(a), both clockwise and
counterclockwise spiral waves exist in the initial condition. A
global illumination with a single spiral-shaped light is applied
to the system during in Figs. 7(b)–7(e). As expected, the
clockwise spiral wave is recreated and successfully overwrites
the previous waves. Finally, only a clockwise spiral wave
survives.

FIG. 6. The recreation of a meandering spiral wave chirality by
the rotating spiral-shaped illumination. The angular frequency of the
spiral-shaped light ωL = 1.1ω1 and the illumination time duration
δ = 1.5T1. Color coding shows the recovery variable v. Black solid
lines represent the tip trajectory of the spiral wave. Parameters are
a = 0.58, b = 0.05, and ε = 0.02. Other parameters are the same as
in Fig. 1.
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FIG. 7. The effect of a global spiral-shaped illumination applied
to the multiple spiral wave system. Color coding shows the recov-
ery variable v. System size is 70×70. (a) The medium consists of
four spiral waves, including three counterclockwise spiral waves
and one clockwise spiral wave. (b)–(e) A clockwise spiral-shaped
illumination is applied to the medium. (f) The final state shows only
one clockwise rotating spiral wave remaining in the medium. Other
parameters are the same as in Fig. 1.

F. Resynchronization of turbulent systems

Inspired by the success of the overwriting of multiple spiral
wave system, we then try to find the effect of global illu-
mination with the rotating spiral-shaped light applied to the
turbulent system. The variant of the Barkley model is used
to create the turbulent state. An example is shown in Fig. 8.
One can observe from Fig. 8(b) that a spiral wave is created
in the medium which has no signs of breaking up. In Fig. 8(c)
the induced spiral wave occupies the entire medium during
illumination, and no spiral defects remain. Due to the param-
eters chosen in the system, the spiral wave begins to break up
after the illumination stops as shown in Fig. 8(d). Finally in
Fig. 8(f) the turbulent state is restored. Various simulations

FIG. 8. Short-term resynchronization of turbulent state during
rotating spiral-shaped illumination. The variant of the Barkley model
is used. Parameters are a = 0.6, b = 0.06, and ε = 0.0875. Color
coding shows the recovery variable v. System size is 70×70. The
angular frequency of the applied light ωL = 1.1ω2 and the duration
δ = 1.5T2 are chosen. (a) Initial state of spiral wave turbulence.
(b)–(c) A clockwise spiral-shaped illumination is applied to the
medium. (d)–(f) The evolution of the medium after the illumination
stops. Other parameters are the same as in Fig. 1.

FIG. 9. Optogenetics control of the turbulent state with the Bär
model. Parameters are D = 1, a = 0.84, b = 0.07, and ε = 0.072.
Color coding shows the recovery variable v. System size is 70×70.
The angular frequency of the applied light ωL = 1.1ω3 and the dura-
tion δ = 1.5T3 are chosen. (a) Initial state of spiral wave turbulence.
(b)–(c) A clockwise spiral-shaped illumination is applied to the
medium. (d)–(f) The evolution of the medium after the illumination
stops. Other parameters are the same as in Fig. 1.

with different initial conditions show the robustness of our
method.

To further check to which extent the optogenetics method
is model independent, we apply this method in the Bär model
[26]. Figure 9 shows an example of optical control of turbulent
state under the Bär model. It can be seen that the phenomenon
is similar to that in Fig. 8. These results support the idea that
the optogenetics control method is robust and model indepen-
dent.

IV. DISCUSSION

In our study we have used a simplified generic description
of the optogenetics current as an instantaneous inward current.
More detailed descriptions of optogenetics currents have been
formulated, e.g., via a Markov state model as in Ref. [19].
The Markov state model of a light-activated protein called
channelrhodopsin-2 (ChR2) used in Ref. [19] was constructed
on the basis of experimental data in Ref. [32]. The experi-
ments showed that the typical activation time of the ChR2
channels is on the order of 2–5 ms, which is substantially
shorter than a duration of action potential or period of spiral
wave in the heart. As in our case typical optical stimulation
was longer than the period of a spiral wave, we think that such
a delay in activation can be neglected in our generic study.
It would, however, be interesting to reproduce our studies
in a more detailed model for cardiac tissue with a detailed
description of the ChR2 channels to discover if additional
details result in alternative qualitative effects.

In the human heart, the accurate location of the spiral
wave during AF is hard to acquire due to the difficulty in ob-
taining spatiotemporally varying electrical activity. Although
a high-resolution mapping technique using optical dyes has
achieved in determining the complex wave organization of
the extracorporeal human heart [33], it is still infeasible in in
vivo heart because of the toxicity of the dyes [34]. Electrode
separation techniques are able to provide a spatial resolution
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of only approximately 1–5 mm, which allows one to roughly
identify the tip position of the spiral wave. In this sense, it is
still technically difficult to let the center of the spiral-shaped
illumination coincide exactly with that of the existing spiral
waves in vivo. The simulations described in Sec. III B show
that the recreation is not sensitive to the relative position of the
spiral-shaped light and the existing spiral wave. This property
will reduce the difficulty of controlling the spiral waves in the
heart with optogenetics.

In Sec. III E a single spiral wave was recreated in the
multiple spiral wave system through optogenetics. The num-
ber of the topological defects reduces from four to one after
the illumination. Generally, it is more difficult to control a
multiple spiral wave system than a single spiral wave system.
Transforming a multiple spiral wave system into a single
spiral wave system during AF in human heart can effectively
simplify the process of finding the sources which sustain AF,
thereby facilitating the treatment by ablation [35].

The instabilities of rotating spiral waves are known to un-
derlie spatiotemporally chaotic dynamics, or turbulence, via
spiral breakup [25]. During cardiac arrhythmias, the breakup
of spiral waves in the heart develops ventricular tachycardia
(VT) into life-threatening VF [36]. Currently, the most com-
monly used cardiac defibrillation method in clinical practice
is to apply massive electrical shocks to heart, which may lead
to irreversible damage to the heart muscle. Hence, a low-
energy method for cardiac defibrillation is urgently needed.
It has been demonstrated that controlling spiral turbulence
in heart can effectively terminate fibrillation [37]. Turbulence
suppression induced by an external field in the heart has been
studied [38]. To date, a series of feedback and nonfeedback
control methods have been proposed for suppressing turbu-
lence [27,39–41]. In Sec. III F we find that optogenetics may
temporarily resynchronize the turbulent system into a single
spiral wave system. This may de-escalate the life-threatening
VF to VT. Converting VF to VT around a self-chosen point is
already one important step in low-energy defibrillation. Thus,
our method of spatiotemporal control may provide a possibil-
ity for low-voltage heart defibrillation through optogenetics.
Note, however, that its practical application would require
expression of optogenetics channels in the heart of patients
and a means to project light directly on the heart, which is
highly nontrivial and a yet unsolved problem.

V. CONCLUSION

In summary, we have studied the recreation and chirality
control of spiral wave patterns using optogenetics by numer-
ical simulations. We used the classical Barkley model with
a function I (x, y, t ) to represent the illumination. We first
reproduced the experiments of the reversal of spiral chirality
in Ref. [20] through numerical simulations, and we revealed
that the mechanism of the experiments is the recreation of
a spiral wave. Using this principle, we are able to control
the spatiotemporal pattern of the medium through optoge-
netics. We showed the recreation of a spiral wave using
spatial offset as well as the recreation of a spiral pair. We
also demonstrated that the pattern control is independent of
relative position and phase difference of the spiral-shaped
light and the existing spiral wave, but sensitive to the area of
the illuminated region. Meandering spiral waves can also be
controlled. In addition, we found that a single spiral-shaped
illumination can transform a state with multiple spiral waves
into a single spiral wave system; it can also temporarily resyn-
chronize the turbulent state. Our methodology has distinctive
features. It achieves creating a desired spiral chirality which
is absent in the initial state. Meanwhile, it can reduce the
number of topological defects in a multiple spiral wave sys-
tem or turbulent system, which is interesting since a single
spiral wave is more easily controlled in biological systems.
In cardiac electrophysiology context, a single spiral wave is
more amenable to ablation therapy. The methodology pre-
sented is not model dependent, and thus it works for different
reaction-diffusion systems. We hope that our methodol-
ogy will be further tested and implemented in practical
applications.
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