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Electrical turbulence in the heart is considered the culprit of cardiac disease, including the fatal ventricular
fibrillation. Optogenetics is an emerging technology that has the capability to produce action potentials of
cardiomyocytes to affect the electric wave propagation in cardiac tissue, thereby possessing the potential to
control the turbulence, by shining a rotating spiral pattern onto the tissue. In this paper, we present a method
to reorder and synchronize electrical turbulence through optogenetics. A generic two-variable reaction-diffusion
model and a simplified three-variable ionic cardiac model are used. We discuss cases involving either global or

partial illumination.
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I. INTRODUCTION

Excitable media exist in physical, chemical, and biological
systems [1-5]. They possess a stationary rest state resistant to
small perturbations, but disturbances above a certain threshold
trigger wave propagation [6]. Spiral waves in two-dimensional
(2D) medium and scroll waves in three-dimensional (3D)
medium are self-sustained excitation waves that can form
in these systems. The characteristics of the excitable media
may cause spiral or scroll wave instability and breakup due
to different mechanisms [7-9]. After that, the interaction of
different wavefronts will produce new spiral or scroll waves,
making the system more disorganized and resulting in a tur-
bulent pattern [10,11].
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Spirals and turbulent patterns in excitable systems attract
extensive research due to their connection with cardiac
arrhythmia, a medical condition with increasing prevalence
worldwide [12]. A normal heartbeat is orchestrated by the
stable propagation of the electric wave originating from
the sinoatrial node. In the ventricles, the diseased cardiac
tissue may block the wave and trigger spiral wave, clinically
associated with ventricular tachycardia (VT) [13]. If the
excitation waves develop into turbulence, different regions of
the heart contract asynchronously and the pumping function
is terminated, clinically associated with ventricular fibrillation
(VF) [14-16]. It induces the cessation of blood circulation
which leads to death within minutes. The most effective
therapy for VF is to apply strong electric shocks that rapidly
depolarize the cardiac tissue, but this can lead to adverse
effects including severe pain and cardiac muscle damage
[17,18]. Consequently, low-energy defibrillation techniques
have been searched for and analyzed for decades to improve
therapies [19-21].
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Cardiac optogenetics has recently emerged as a tech-
nique for controlling the excitation waves in the heart,
which is considered as a way of achieving low-energy de-
fibrillation [22,23]. By using the light-sensitive ion channel
channelrhodopsin-2 (ChR2), encouraging advances have been
achieved in experimental research. Bruegmann er al. ter-
minated ventricular arrhythmias in ChR2 transgenic mouse
hearts using epicardial illumination [24]. Nyns et al. demon-
strated successful VT termination in the rat hearts both ex
vivo and in vivo by apical illumination [25]. Diaz-Maue et al.
studied whether the illumination of LED arrays can block
the spiral waves to terminate arrhythmia in murine hearts
in vitro [26]. Electric wave control through optogenetics is
also studied numerically. Majumder et al. used light-induced
blocks to drag the spiral wave along a predefined pathway
in the monolayers of rat atrial cardiomyocytes [27]. Hussaini
et al. found that the subthreshold illumination can induce
inhomogeneity within cardiac tissue which leads a spiral wave
to drift [28]. Xia et al. proposed a method to induce directional
linear drift of spiral waves under optical feedback through
optogenetics [29].

Burton et al. achieved reversing the chirality of the spiral
wave by a rotating spiral-shaped illumination in the car-
diomyocyte monolayers [30]. These results were numerically
reproduced and further discussed in our article [31]. Specifi-
cally, we found that a rotating spiral-shaped illumination can
create a spiral wave in the medium and overwrite the original
pattern within two rotation periods.

The ability to overwrite existing excitation patterns with
externally induced patterns provides an interesting method
for controlling and creating desired excitation patterns, and
eliminating unwanted ones in cardiac tissue. However, the
application of this methodology to cardiac tissue has sev-
eral important limitations. In many cases, the light cannot
be delivered globally to the entire cardiac tissue, and thus
the induced pattern can only be projected onto a part of the
heart. Additionally, in the ventricles of the heart, which are
essentially 3D, light can only be delivered to the surface of
the tissue. As such, it is not clear whether partial illumination
will be sufficient to reorder or synchronize the excitation pat-
tern. In this paper, we address these important questions by
considering the reordering and synchronization of electrical
turbulence in both 2D systems with partial illumination and in
3D excitable media. We perform such studies using a generic
two-variable reaction-diffusion model and an ionic model of
cardiac tissue and discuss the conditions under which such
reordering and synchronization can be achieved.

II. METHODS

A. The generic model
We first combined a generic excitation model with simpli-
fied optogenetic coupling.
For the excitable system we used the model of Bir
et al.[32]:
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with h(u) =0 if 0 < u < 1/3; h(u) = 1 — 6.75u(u — 1)* if
1/3 <u < 1;and h(u) = 1 if 1 < u. The nonlinear function
u(l — u)[u — (v + b)/a] describes an instantaneous depolar-
izing ionic current. The variable v(x,y,#) mimics a slow
repolarizing ionic current, and also accounts for repolarization
of the membrane. The function I(x, y, t) describes the ionic
current induced through optogenetics and will be explained in
detail below. We take D =1, a = 0.84, b = 0.07, ¢ = 0.075
and the medium exhibits spatiotemporal turbulence due to
the parameters chosen. For numerical simulations, we use a
time step At = 0.005 and a grid spacing Ax = Ay = 0.2. We
define dimensionless 1 spatial step to be 0.75 mm, such that
the wavelength of a spiral wave is 32.25 mm.

In this generic model, we take the electrical current I,, to
be instantaneous and proportional to the illumination intensity

Iapto = 4OIlighI(?s 1) 3)

and the illumination pattern to be defined below.

In this study, the illuminated region (7, t) is in the shape
of a rotating spiral wave which we copy from an auxiliary
spiral wave under the Bir model with parameters a = 0.84,
b =0.07, and & = 0.05. This method has been described in
detail in our previous work [31].

Here the optogenetics current is simply described as an
instantaneous inward current. Whereas our intention is to
simulate the action potentials of cardiomyocytes induced by
optogenetics and study the subsequent evolution of the wave
pattern in the medium, we think such simplification is reason-
able for qualitative research.

B. The detailed model

Tonic models that describe cardiac action potential under
optogenetics have a basic form of the following reaction-
diffusion type equation

dV Ii()n I
— —V.(DVV)— Lion + lenra

4

where V represents the transmembrane potential, [;,, rep-
resents the total current flowing through the membrane
excluding the ChR2 current, Icjg; is the ChR2 current due
to the illumination, C,, is the membrane capacitance, and D is
the diffusion coefficient for intercellular coupling. We use a
simplified three-current ionic model proposed by Fenton and
Karma [33]. The total current is written as

Lion = 15i(V30) + Lio(V) + Li (Vs w), (%)

where Iy; represents the fast inward current, Iy, represents
the slow outward current, and I;; represents the slow inward
current. v and w are two gate variables that prescribe the
dynamics of the currents. By defining a dimensionless vari-
able u = (V —Vy)/(Vyi — V) and the scaled currents J =
1/(C,, (Vi — Vo)), where V; is the resting membrane potential
and Vy; is the Nernst potential of the fast inward current, the
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TABLE 1. Parameter sets of the FK model [9,33]. For both 2D
and 3D simulations, we set C,, = l,uF/cmz, D= 0.00lcmz/ms, Vo =
—85mV, and V;; = +15mV.

Parameter 2D simulation 3D simulation
Tt 3.33 3.33
T 9 1000
T2 8 19.6
[ 250 667
T, 60 11
T4 0.3 0.416
Ty 9 8.3
T, 33.33 50
Tsi 29 45
k 15 10
uj" 0.5 0.85
U 0.13 0.13
u, 0.04 0.055

equations of the model can be written as

(3—? =V - (DVu) — Jsi(u;v) — Joo(u) — Ji(u; w),  (6)
8_1; = O —w)(1 —v)/t; () — O —uc /7, (1)

83—’f = O — u)(1 — w)/7; — O —uw/tl,  (8)
where
T, () = O — uy)t,; + O(uy — u)T,,. 9

The three currents are given by

Ty v) = —%@(u —u)(1 = wu—uy),  (10)

T = L O — u)+ ~ O —u), (11)
70 T

Jo(u; w) = _%(1 +tanh [k(u—u)]).  (12)

O(x) is the Heaviside step function. The Fenton-Karma (FK)
model is a simplified model that is sufficient to reproduce
quantitatively the cardiac electrical dynamics and has been ex-
tensively used in cardiac modeling research. The parameters
used in this paper are shown in Table I. The parameters set
in 2D simulations yield a turbulent system due to the Doppler
shift, while in 3D simulations, this set of parameters yields a
system in which scroll waves have a negative filament tension
[9].

The explicit Euler method is used for numerical simula-
tions, with a space step of 0.025 cm and a time step of 0.1
ms. The size of the 2D medium is 10 x 10 cm? and the size
of 3D medium is: 12.5 x 12.5 x 2 cm?. Zero-flux boundary
conditions are used for both the generic model and the FK
model.

The Fenton-Karma model is here combined with a more
detailed optogenetics model proposed by Williams et al. that
is based on comprehensive experimental data [34]. The opto-
genetics current is represented as

Ichr2 = Gerr2 G(V)(O1 + y O2)(V — Ecir2), (13)

with

G(V) = [(10.6408 — 14.6408 x exp(—V/42.7671))1/V,

(14)
dc,
? =G,C, + G101 — k1 Cy, (15)
do
d_tl =kiC, — (Gq1 + €12)0;1 + €2103, (16)
do,
T koG — (Ggz2 + €21)02 + e1201, )
dC,
P G20y — (ky + G,)C,. (18)
Gcrry 18 the maximal conductance which is set to

0.4 mS/cm?. E¢jg, is the reversal potential for ChR2, which
is set to 0. The conductance ratio y is setto 0.1. Oy, O, are the
open-state probabilities, and Cy, C, are the closed-state proba-
bilities. The model is modulated by seven kinetic parameters:
ki, k>, Gg1, Gaa, Gy, €12, and e5;. We set

ki = 0.8535F p, (19)
k» = 0.14F p, (20)
0.00006A1;
Fo= g Q1)
1.3

dp
Pl (So(8) — p)/1.3, (22)

t
So(6) = 0.5 x (1 + tanh(120(100L;grs — 0.1))),  (23)
Ga1 = 0.108, (24)
Gqp = 0.05, (25)
G, = 0.004, (26)
e12 = 0.011 +0.005 x log(1 + Ijjgn /0.024), (27)
e21 = 0.008 4 0.004 x log(1 + Lig /0.024). (28)

Liig; s the illumination irradiance. A=470nm is the wave-
length of the light. The illumination intensity is 8.0 mW /mm?
in 2D and 6.0 mW /mm? in 3D.

C. Illumination pattern

In 2D dimensions, the optical intensity is

I(x, y, 1) = Ipiral (x, y, O[F € QF, D] x O@ —19),  (29)

where g1 (x, y, 1) is a rotating spiral shape, as in Ref. [31].
In three spatial dimensions, the illumination exponentially
attenuates with the depth in the myocardium [35,36]

I(x, Y, 1) = Ispiral(xv Y, t)eXP( _Z/(s)[F € Q(?, )] x @([ —1p).
(30)

In the 3D graphs below, the z axis points downward from the
top side of the medium.
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FIG. 1. Reorder and synchronization of 2D spiral turbulence
through the rotating spiral-shaped illumination in a homogeneous
medium. (a) The initial state. (b)—(f) Evolution when the light is
switch on. (g)—(i) Termination of the synchronized spiral by pulling
its tip to the edge of the medium through the translation of the ro-
tating illumination. The angular frequency of the light is w;, = 1.51.
The area of the medium is 40 x 40. Color coding shows the recovery
variable v.

III. RESULTS

Below, we first discuss the synchronization in the generic
model, including partial illumination and the 3D case. Then
we report if these results still hold in the more detailed model.

A. Synchronization in the generic model

Synchronization and elimination of the spiral. We first
report on the optogenetic synchronization in 2D. The original
turbulence in Fig. 1(a) is evolved from the breakup of a spiral
wave. In Figs. 1(b)-1(f), the rotating spiral-shaped light is
continuously applied to the medium. It can be seen in Fig. 1(b)
that shortly after the illumination begins, a spiral-shaped re-
gion is excited. As the illumination continues, the tips of the
initial turbulence disappear [Fig. 1(c)], and the spiral wave is
gradually forming [Fig. 1(d)-1(e)]. At the end, the system is
dominated by a single spiral wave with the angular frequency
as the light. Under these conditions, the center of the rotating
light can be moved directly to the boundary along a predefined
trajectory. As a result, the tip of the synchronized spiral will
follow the moving light and can be easily pulled out of the
medium to achieve termination, as shown in Figs. 1(g)-1(i). In
this situation, the optogenetics illumination process involves
both rotation and translation. The drift speed of the synchro-
nized spiral is determined by the speed of light translation.

Synchronization with spatially varying medium parameters.
The elimination of chaos also works in heterogeneous media.

FIG. 2. Achieving reordering and synchronization of 2D spiral
turbulence using rotating spiral-shaped illumination in a heteroge-
neous medium. (a)-(i) A similar scenario shown as described in
Fig. 1. The parameter b in Eq. (1) ranging from 0.063 to 0.077 from
the left to the right boundary. Other parameters are the same as in
Fig. 1. Color coding shows the recovery variable v.

We performed simulations in which we induced a gradient in
the threshold of voltage excitation by changing the parameter
b in Eq. (1) by 20% from the left to the right boundary. The
results are shown in Fig. 2. We see that although heterogeneity
results in a different initial pattern of excitation, the control
and elimination procedure is identical to what we see in a
homogeneous case (see Fig. 1). We think that the success in
the inhomogeneous case is realized since the control and elim-
ination are achieved through an externally induced pattern,
which is the same in both cases.

Mechanism. Now we will discuss how the illumination
suppresses the turbulence and synchronizes the reaction-
diffusion system. After the spiral-shaped region has been
excited, a refractory tail is formed which hinders the propa-
gation of the original turbulent waves. Since the frequency of
the light is close to the dominant frequency of the turbulence,
the refractory period will be over before the next arrival of
the light, hence the medium will always be excited when
being illuminated. Also, when the illuminated region passes
through the tip of the original turbulence, the elements around
it will be excited and the phase distribution adjacent to the
tip is destroyed, resulting in the termination of spiral wave
turbulence. Within one or two rotation periods, the system will
be dominated by a single spiral wave induced by the illumi-
nation. Meanwhile, the wavefront of the spiral is continually
stimulated and exciting thereby preventing the spiral breakup
while making its angular frequency synchronized with the
illumination.
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FIG. 3. Power spectrum of the turbulence. The number of data
samples is 40000 and the data sampling frequency is 2. The black
lines illustrate the synchronous frequency range of global illumina-
tion. The blue lines illustrate the synchronous frequency range of
partial illumination.

We investigate the relationship between the angular fre-
quency of the rotating light and the dominant frequency of the
turbulence. Figure 3 shows a typical power spectrum obtained
by fast Fourier transformation of a point in the electrical
turbulence. We then perform a series of simulations using
spiral-shaped light with different angular frequencies, and
find that within a specific frequency range indicated by black
lines in Fig. 3, the illumination can achieve suppression of
the turbulence and synchronize the system. A higher angular
frequency will cause the light to catch up with the refrac-
tory period left by the previous stimulation. If the angular
frequency is too small, the excited wavefront will propagate
faster than the illuminated region, causing synchronization
failure.

Fartial illumination. In many practical situations, global
illumination of cardiac tissue is not possible due to techni-
cal issues. We therefore studied if partial illumination could
reorder the whole system and a successful example is il-
lustrated in Fig. 4. In the illuminated region, the medium
evolves into a spiral pattern shortly after the light is turned on.
The light-generated waves continue to propagate after passing
through the edge of the illuminated area, which is equiva-
lent to generating a periodic incident wave to the peripheral
medium. The angular frequency of the incident wave is equal
to that of the spiral-shaped light. It has been previously shown
that a suitable frequency of incident wave may drive away
the turbulence [37,38]. Our results are in good agreement
with them as shown in Figs. 4(c)-4(d) that the surround-
ing turbulence is synchronized by the partial illumination.
We find the angular frequency range that accomplishes this
synchronization, which is smaller than the range for global
illumination, see the blue lines in Fig. 3. One can notice that
the synchronization range is slightly above the dominated
frequency of the turbulence. The theoretical explanation has
been proposed by Pravdin et al. [38]. In short, the incident

(b) t=6.9

FIG. 4. Synchronization of turbulence through partial illumina-
tion. (a) The initial state. (b)—(d) Evolution when the light is switched
on. White box represents the illuminated region 30 x 30. The angular
frequency of the light is w;, = 1.46. The area of the medium is
70 x 70. Color coding shows the recovery variable v.

wavefront collides with the turbulent core at a suitable phase,
causing the tip to drift a small distance towards the medium
boundary. The tip will continue to curl and collide with the
next incident wavefront exactly at that suitable phase within
one rotation period. The repetition of this process leads to the
synchronization of the turbulence system. In cardiac tissues,
the application of partial illumination could be much easier
than global illumination. There is a critical minimal value for
the partial illumination region, denoted as 5 x 5 (18.75 mm x
18.75 mm), beyond which turbulence can be synchronized.
This value is significantly smaller than the spiral wave length
32.25 mm.

Synchronization in a 3D medium. Now we discuss the
results for the generic model in 3D. Simulations are performed
in a 40 x 40 x 21 box, with the same model parameters as in
2D.

We simulate the situations when the light intensity de-
cays rapidly and slowly by setting § to 3 (11.25 mm) and 5
(18.75 mm), respectively. Figure 5 shows the results when
light intensity decays slowly, where the intensity at the bottom
of the medium is still enough to synchronize the turbulence
as in 2D simulations. In the initial state in Fig. 5, one can
see that the filaments are curled and distributed over the box.
The filaments become dense shortly after the illumination
begins. Most of the filaments occur at the junction of the light-
induced wave and the original turbulence segments. By the
application of the light, conduction block regions form near
the illuminated side, which are seen as filaments. However,
since filaments can only end on the medium boundary, they
subsequently spread deeper into the medium, as shown in
Fig. 5(b). In Fig. 5(d), the upper part of the system, where the
light intensity is stronger, has been synchronized since there
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FIG. 5. Synchronization of 3D spiral turbulence through rotating
spiral-shaped illumination. The size of the medium is 40 x 40 x 21.
The angular frequency of the light is w, = 1.51. The attenuation
coefficient of light intensity is § =5 (18.75 mm). Color coding
shows the recovery variable v on the bottom, left, and back faces of
the box. The light is shone from above. The filaments are displayed
in black to illustrate the excitation waves inside the box. The light
intensity is enough to synchronize the turbulence at all depths in the
medium.

is only one filament located in the center. The bottom face
already shows a rough spiral wave pattern, although there are
still some disordered filaments remaining near the bottom. In
Fig. 5(f), the whole system has been synchronized to the state
of the scroll wave within four rotations of the light.

However, if we decrease the optical penetration depth § to
8 = 3 (11.25 mm) (Fig. 6), only partial synchronization could
be achieved, for about 3/5 of the total thickness. However,
we still see a substantial decrease in the complexity of the
excitation pattern.

One may wonder if our method of partial illumination is
still effective in 3D. We demonstrate that our method works
with a value of § = 5 (18.75 mm), as shown in Fig. 7 .

To investigate the effect of the penetration depth §, we
have tracked for the cases of incomplete synchronization the
depth Dy until where the filaments remained straight after 200
time units of optical synchronization, see Fig. 8. The relation
between D; and § turns out to be linear, which tells us that
the synchronization is effective up to a depth D, where the
illumination intensity is above Inin = Ipira €xp(—z/8). Under
these circumstances, if we use a value of § =1 mm, our
method could be feasible for synchronizing the thinner right
ventricle as well as the atria. When § =4 mm, it may be
sufficient to synchronize the left ventricle.

Synchronization under noisy conditions. Cardiac tissue
and gene expression in gene therapies are strongly hetero-
geneous. To demonstrate the robustness of our method with

t=0

FIG. 6. Evolution of 3D medium when light intensity de-
cays fast. The attenuation coefficient of light intensity is 6 =3
(11.25 mm). Other parameters are the same as in Fig. 5. The light
is shone from above. Color coding shows the recovery variable v.

respect to heterogeneities, we add strong spatiotemporal white
noise o (x, y, z,t) [39,40] to the right-hand side of Eq. (1), in
whicho(x,y,z,t) =0, (o(x,y,z,)o (X', y,Z, 1)) = nd(x —
xX)8(y —y')8(z — 7)8(t —t’), with a noise amplitude of n =
0.03, which is 10 times higher than that used in Ref. [40].
One can see that, despite the noise, a similar synchronization
scenario occurs: compare Fig. 9 and Fig. 5.

B. Synchronization in the detailed model

Synchronization and spiral elimination. The 2D result for
the more detailed excitation-optogenetics model is shown
in Fig. 10. We set the illumination irradiance gy = 8.0
mW /mm? in the optogenetics model. The light pattern is the
same as in Fig. 1 with its angular frequency w = 62.8 rad/s.
After the illumination begins, a spiral-shaped region is excited
[Fig. 10(b)] and its tip is generated [Fig. 10(c)]. The light-
induced wave leaves a refractory tail that blocks the original

(a) t=0

FIG. 7. Stereogram shows the synchronization of 3D turbulence
through partial illumination. Simulations are performed in a 30 x
30 x 10 box. Red box represents the illuminated region 10 x 10.
Other parameters are the same as in Fig. 5. The light is shone from
above. Color coding shows the recovery variable v.
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FIG. 8. Synchronization depth Dy as a function of the attenuation
coefficient of light intensity §. Other parameters are the same as in
Fig. 5.

turbulence to propagate and dominates the core region. As
the illumination progresses, the induced wave gradually dom-
inates the peripheral area. In the final state shown in Fig. 10(f),
the light-induced wave has dominated the whole medium and
the edges of the wave bands are smoothed. The spiral wave has
the same angular frequency as the light pattern, indicating that
the system is synchronized. As the light pattern is generated
by the generic model, we here demonstrate that a computer

(a) t=0

FIG. 9. Synchronization of 3D spiral turbulence achieved
through rotating spiral-shaped illumination with a white noise am-
plitude of n = 0.03. Other parameters are the same as in Fig. 5.
The light is shone from above. Color coding shows the recovery
variable v.

(b) t=12ms

[ ’

FIG. 10. Synchronization of 2D turbulence under Fenton-Karma
model through optogenetics. The size of the medium is 10 x 10 cm?.
The light pattern is the same as in Fig. 1. The angular frequency of
the spiral-shaped light is w; = 62.8 rad/s. Color coding shows the
transmembrane potential V.

generated spiral-shaped light pattern could be efficient when
applied to actual cardiac electrical turbulence.
Synchronization in a 3D medium with negative filament
tension. We also verify the results in a 3D medium that
exhibits negative filament tension. Figure 11 shows the stere-
ograms of the medium. We set the illumination irradiance
Liigh: (z) = 6.0 x exp(—z/9) mW /mm?. Here we show the re-
sults when § = 5 cm. The stereograms present a clearer view
on how the three-dimensional turbulence is synchronized. The

FIG. 11. Stereogram shows the synchronization of 3D turbulence
under Fenton-Karma model through optogenetics. The size of the
medium is 12.5 x 12.5 x 2 cm?. The light pattern is the same as in
Fig. 1. The angular frequency of the spiral-shaped light is 46.6 rad/s.
The light is shone from above. Color coding shows the transmem-
brane potential V.
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spiral-shaped light penetrates the medium, causing an excited
region perpendicular to the upper surface, and leaving a re-
fractory wall that suppresses the turbulence. After dominating
the medium in Fig. 11(d), the induced waves then evolve
into a stable scroll wave which has the same angular fre-
quency with the light as shown in Fig. 11(f). The simulations
in the ionic model are consistent with those in the generic
model.

IV. DISCUSSION

In this paper we present a method to synchronize the
electrical turbulence in cardiac tissue through global and
partial optogenetical illumination. We find that the electri-
cal turbulence can be synchronized by rotating spiral-shaped
illumination with certain frequencies in both 2D and 3D
cases. The synchronization will be continued as long as the
illumination does not stop. After synchronization, the spiral
or scroll waves can be pulled to the edge of the medium
to stop the arrhythmia by directly moving the center of the
rotating light. In the cases of 3D, the illumination can synchro-
nize the electric waves within the depth where the intensity
of the light is sufficient to synchronize the layer. In this
region, the 3D electrical turbulence will be synchronized to a
scroll wave.

We convert electrical turbulence into a single spiral or
scroll wave. Our rationale is that such spiral waves occur in
cardiac tissue and thus converting to such patterns should be
more natural. We also tried other excitation patterns, such
as single or multiple rotating lines. However, we found that
these patterns failed to synchronize turbulence. We did not
study in detail the possibility of inducing other excitation
patterns, such as concentric circles with various wavelengths.
It would be interesting to explore this possibility and also
determine whether discrete illumination of the tissue us-
ing microLED arrays [41] would be able to synchronize
turbulence.

We first used a generic reaction-diffusion model to study
the effects of our method, with the optogenetics current setas
an instantaneous inward current. We then reproduced these
studies in a more detailed model for cardiac tissue with a
detailed description of the ChR2 channels to verify the qual-
itative results. The consistency of the two numerical results
demonstrates the feasibility of the simplification.

In our paper, we studied the effect of surface illumination
in 3D over a wide range of parameters for the attenuation co-
efficient 6 of light intensity. At its upper limits, it exceeds the
attenuation coefficients for currently used optical channels.
However, such an extension of the values of the attenuation
coefficient is highly expected due to novel methodologies.
Recent developments in optogenetics have resulted in the
engineering of so-called ultrasensitive optical channels [42].
Those authors showed that such channels can activate neurons
located in deep regions of the mouse brain via transcranial op-
tical stimulation. Similar research was recently performed on
cardiac tissue, where it was shown that the rat heart can also
be excited by transthoracic illumination [43]. Thus, we expect
that our simulations, which also involve those with extended
light attenuation coefficients, will also describe processes that
occur in such systems.

The frequency of illumination should be within a certain
range around the dominant frequency of turbulence. Com-
pared to the results of Refs. [37,38], the range of the effective
synchronous frequency of our method is much wider. It shows
that our method may also be suitable for the system with slight
inhomogeneity. Therefore, it is more likely to be realized in
more complex real cardiac tissues.

It has been suggested by Winfree that electrical turbulence
in the heart muscle is a 3D phenomenon which is induced by
negative filament tension [44]. That case is considered in our
numerical studies using Fenton-Karma model. The parame-
ters chosen in Fig. 11 will cause the scroll wave breakup due
to negative filament tension in 3D, while in a 2D medium, this
set of parameters will yield a rigid rotating spiral wave. Our
results prove that this kind of 3D electrical turbulence can also
be synchronized and will not breakup after the synchroniza-
tion. It would be interesting to study our approach also for
the case of positive filament tension and also possibly develop
analytical approaches to this problem, for example, when the
drift laws of the filament are simple [45].

In our previous studies, the circularly polarized electric
field (CPEF) has been used to order the three-dimensional
excitation wave turbulence [46,47]. Furthermore, the results
shown in this work suggest that optogenetics methodol-
ogy could be more efficient to suppress the electrical
turbulence.

Recent studies on excitation wave control through optoge-
netics are mostly around spiral waves, while the more lethal
turbulence is rarely studied. Electrical turbulence in cardiac
system is fatal due to its disorder, which leads to impaired
heart function. Here we demonstrate that a rotating spiral-
shaped illumination may synchronize the electrical turbulence
in cardiac tissue. That means the cardiac tissue under illu-
mination will be excited orderly, which may terminate the
life-threatening VF and restore partial heart function. Noticing
that the rotation center of the spiral-shaped light can be chosen
arbitrarily, one can find the optimal illuminating position that
the heart function can be restored to the greatest extent after
the electric excitation wave in the cardiac tissue is synchro-
nized.

In this work, we present a method of global and partial
optogenetical illumination in the shape of a rotating spiral
wave. It would be interesting to test this in an anatomical
geometry of the atria or ventricles in cardiac experiments.
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