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Lethal cardiac arrhythmias often involve the occurrence of spiral waves, whose control is essential for
the treatment of the disease. While high-voltage shock-based control methods rely on ensuring an abrupt
electrical synchronization of the heart, low-energy techniques mostly cause drift-induced termination of
these waves. In particular, such a drift can be induced by a spatiotemporal modulation of domain excitabil-
ity in optogenetically modified cardiac tissue. Here we demonstrate a low-energy optogenetics-based

approach to suppress spiral waves via their transient chaotization and rapid drift.
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I. INTRODUCTION

Self-organization of microscopic components often
results in the emergence of fundamental universalities
in complex excitable systems. A demonstration of such
dynamic ordering, is the formation of spiral waves. These
waves are typically associated with an ongoing physical
process, e.g., morphogenesis in slime mold [1], spread-
ing depression in the chicken retina [2], chemical reactions
in the bulk or on surfaces [3—06], and fatal heart rhythm
disturbances, known as arrhythmias [7]. Fast arrhythmias
are generally associated with the occurrence of periodic,
quasiperiodic, or chaotically rotating spiral waves that tend
to override the normal pacemaker activity of the heart,
resulting in inefficient pump function and a predisposi-
tion to sudden cardiac death. Restoration of normal cardiac
activity requires the effective termination of these waves,
which can only be achieved by eliminating the phase sin-
gularities (PSs) located at the spiral tips. According to
nonlinear dynamics, this elimination is possible if and only
if a PS collides with (i) an inexcitable boundary of the
domain (where it is absorbed), or (ii) with another PS of
opposite topological charge. Thus, an effective spiral-wave
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termination strategy usually relies on a detailed knowledge
of the precise location of the spiral tip, which can then be
manipulated accordingly in favor of termination.

Manipulation of the spiral tip can be accomplished
by modulating the excitability of the supporting domain.
Studies show that such modulation can lead to drift [8—10],
deformation [11], block [11], meander [8,12], breakup [11,
13], and even suppression of spiral waves [14—16]. Thus,
this concept provides a framework for the development of
advanced spiral-wave control strategies.

Here we present a fully automated, low-energy-based
method for controlling spiral waves in simulated human
atrial tissue. Our method is an invaluable improvement
over previous approaches as it eliminates the need to know
the exact position and dynamics of the spiral tip.

Our approach is inspired by the findings of Zykov
et al. [9], who observed termination of spiral waves in
Belousov-Zhabotinsky reaction systems by applying low-
amplitude traveling-wave perturbations to the spiral wave.
These perturbations induced slow and uncontrolled drift
that eventually led to spiral-wave termination. To date,
technical limitations made it difficult to test this theory
in experiments. With the advent of cardiac optogenet-
ics, it became possible to incorporate photosensitivity into
otherwise light-insensitive cardiac tissue through genetic
modification. This enables the modulation of cardiac tissue
excitability by controlling the degree of membrane volt-
age depolarization using light of specific wavelengths and
intensities [15-24] at submillimeter spatial precision and
a temporal precision of a few milliseconds. Therefore, we
anticipate that the approach presented in Ref. [9] might be
possible to implement using cardiac optogenetics.

Published by the American Physical Society
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FIG. 1. (a) Spatiotemporal pattern of subthreshold illumina-
tion applied to the 2D domain containing the spiral wave. Blue
stripes indicate areas where the light is applied; white stripes
represent the nonilluminated regions. Pink arrows indicate the
direction of movement of the stripes. The wavelength (/) of the
stripes is associated with the wave number k as k = 27” (b) Spi-
ral wave drift when applying the light pattern shown in (a), at

Eomax = 0.08 mW/mm?, 0 = 13.19 ms™!, and / = 1.056 cm.

In our simulations, we observe not only the drift of spiral
waves as in Ref. [9] but also a process of rapid and effec-
tive termination of these waves by a mechanism that has
not been reported before. The termination of spiral waves
follows a transient fibrillatory state characterized by the
controlled formation of wave breaks at several points in
the spiral itself. Even in a tissue much larger than that of
the human heart, this transient state lasts for < 2 s, which
is an order of magnitude shorter than the typical duration
of a brief, nonfatal episode of atrial fibrillation (AF), i.e.,
1520 s [25]. Thus, we present a whole different approach
to controlling spiral waves in a fast, effective, and robust
manner.

II. METHODS

The electrical activity in human atrial tissue is modeled
based on ion transport across cell membranes of con-
nected cardiac cells, which are assumed to communicate

t=100 ms

t=180ms
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with their nearest neighbors via diffusive coupling. Conse-
quently, the transmembrane potential (V) that developed
across each cardiac cell membrane could be formulated
using the following reaction-diffusion type equation:

dv 2 Iion

= DVvy C (1)
Here C,, is the capacitance of the cell membrane, D is
the diffusion coefficient for intercellular coupling, and fj,
is the total ionic current produced by each individual
cell, formulated according to the Courtemanche-Ramirez-
Nattel (CRN) model [26]. The model parameters are first
adjusted to fit the action potential of the normal atrial
working myocardium [27], and then altered according to
Refs. [28-30] to obtain the diseased state of chronic AF
(CAF) remodeling.

Photosensitivity is incorporated into the resulting car-
diac cells by appending a four-state model for voltage- and
light-sensitive Channelrhodopsin-2 [31] to the CRN CAF
model. Thus Eq. (1) is updated as Eq. (2).

d_V . DVZV— ]ion +IChR2

dt Con @

Here Ichry 1s the photocurrent produced by the
Channelrhodopsin-2 ion channel. We use a maximum con-
ductance value of gcpro = 0.17 mS/ cm? [22] for the Icpr2
channel, and express the irradiance of the applied light as
E,. For a detailed list of parameter values, we refer the
reader to Ref. [31]. In order to impose spatiotemporal mod-
ulation of excitability, we apply moving zebralike patterns
over the spatial extent of the domain using Eq. (3):

E.(t,y) = Ee,maxH[COS(w[ — k)] 3)

Here k =27 /I, where [ is the wavelength of the propa-
gating pattern, w is the temporal frequency, and H|[z] is a
Heaviside function. We find that for human atrial tissue,
E¢max = 0.095 mW/mm2 marked the limit of subthresh-
old behavior. For simulations we use a time step of 0.02
ms and a grid spacing éx = §y = 0.022 cm.
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FIG. 2. Termination of spiral waves by transient breakup with spatiotemporal modulation of tissue excitability using the illumination
pattern of Fig. 1(a) with E, = 0.092 mW/mm?, / = 2.112 cm, and w = 12.56 ms~". (a) Initial state of the spiral. (b),(c) Formation
of wave breaks at the interface between illuminated and nonilluminated stripes. (d),(e) Wave break evolves into another spiral, which
anchors to an illuminated light stripe and is eventually eliminated after a few cycles (f),(g).
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III. RESULTS

At low subthreshold light intensities moving zebralike
patterns [see Fig. 1(a)] induce spiral-wave drift in a man-
ner similar to that observed by Zykov et al. [9] [see
Fig. 1(b) and Video 1]. To shift the spiral wave close to the
boundary, one needs to wait for more then ten rotational
periods of the spiral. However, at high subthreshold inten-
sity the same pattern causes rapid termination of the spiral
through transient breakup [Figs. 2(a)-2(g) and Video 2].
Such breakup occurs consistently for a wide range of w
and k at 0.085 mW/mm? < Eemax < 0.095 mW /mm? and
is initiated along the interface between the illuminated and
nonilluminated stripes [see, for example, Figs. 2(b) and
2(c)]. The other spiral tips, thus created, drift along the
interface towards one of the inexcitable domain boundaries
in favor of termination [Figs. 2(d)-2(g)].

To explain the mechanism of spiral-wave breakup in
Fig. 2, we analyse the wave dynamics under subthresh-
old illumination in greater detail. In Fig. 3 we illumi-
nate the top half of a square simulation domain (22.53 x
22.53 cm?) with light of various subthreshold intensities
(E. =0.08, 0.085, 0.09, and 0.092 mW/mmz, respec-
tively) and initiate a plane wave from the left edge of
the domain. We note that the illumination has opposite
effects on the wave front and wave back of the propa-
gating wave [see Figs. 3(al)~(a4) and 3(b1)~(b4)]. While
the wave-front velocity increases slightly above normal
(~ 9% at E, = 0.092 mW /mm?), the wave-back velocity
is drastically reduced (~ 40% at E, = 0.092 mW /mm?),
resulting in an effective extension of the spatial wave-
length within the illuminated region. The larger the value
of E., the longer the spatial wavelength. This changes the
curvature of the wave front and wave back at the inter-
face between the illuminated and nonilluminated regions.
Figure 3(c) shows that applied illumination has a stronger
impact on the conduction velocity (CV) restitution curve
for the wave back, in comparison to the wave front. Fur-
thermore, the strength of the impact correlates positively
with the intensity of the applied illumination.

Next, we investigate the impact of “movement” of the
light pattern on the wave front and the wave back of the
propagating plane wave. To this purpose, we first illumi-
nate the upper half of the 22.53 x 22.53 ¢cm? simulation
domain for 180 ms. Then we shift the area of illumina-
tion upward by 30 grid points (0.66 cm) and observe the
subsequent dynamics of the propagating wave. Our results
reveal an immediate change in the curvature of the wave
front and wave back at the interface between the illumi-
nated and nonilluminated regions [see Fig. 3(d1)~(d4) for
E, = 0.092 mW/mm?]. While the wave front experiences
a mild straightening upon removal of light (due to immedi-
ate restoration of the conduction velocity), the wave-back
curvature changes from convex to concave, with stronger
bending at higher light intensity. Simultaneously, at the
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FIG. 3. Impact of illumination on the wave front and wave
back of a propagating plane wave. (al),(bl),(d1) A line stimu-
lus is applied to the left boundary of the domain. (a2),(b2),(d2)
The morphology of the wave after 120 ms in the presence of
light. (a3)~(a4), (b3)+(b4) Difference in wave-front and wave-
back velocities induces a curvature at the interface between the
illuminated and nonilluminated regions (bold green arrow). (c)
Conduction velocity restitution curves for wave front (black)
and wave back (red) of the propagating wave. If the area of
illumination is shifted, an excitation window emerges (d3) for
E, = 0.092 mW/mm? (solid green area). (d4) Further propaga-
tion of the wave preserves the changed shape of the wave back.
In (a),(b),(d) the illuminated region is marked using an overlaid
transparent blue rectangle.

alternative location of the interface, we observe chang-
ing curvatures of the wave front and back as reported in
Fig. 3(b1)~«(b4). This leads to the emergence of an exci-
tation window at high subthreshold light intensities [see
Fig. 3 (d3)~«(d4)].

Finally, we reproduce the simulation in Fig. 3(d) on a
simulation domain containing a spiral wave. We observe
that at £, = 0.092 mW/mm?, the spiral develops wave
breaks. In Fig. 4, we demonstrate the process for one
such wave-break formation. Here, the break forms along
the interface between the illuminated and nonilluminated
regions. However, the alternative spiral wave establishes
away from the interface. If we now consider a simulation
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FIG. 4. Formation of a wave break on a spiral wave. Subfig-
ure (a) shows the original location of the phase singularity at
the spiral tip (white asterisk). (b) Application of light (overlaid
transparent blue rectangle in each subfigure), induces a growing
difference in the wave-front and wave-back velocities (bold white
arrows) across the illumination interface. Strong wave front to
wave back interactions result in a temporary conduction block
in the illuminated region. (c) Shifting of the illumination pat-
tern causes rapid repolarization of the region that previously
contained the wave back, thereby releasing a large area of tis-
sue (green) for re-excitation. (d) An excitation window emerges
and an alternative phase singularity is developed (white circle),
which establishes another spiral wave at the location of the wave
break (e),(f).

domain in which a nonilluminated region is “sandwiched”
between two illuminated regions (top and bottom), then as
the illuminated pattern continues to shift, the formed spi-
ral tip finds itself in the vicinity of the lower interface.
Subsequently, the spiral anchors to the interface and is
forced to move (along the interface) towards an inexcitable
boundary for termination.

Our studies show that light stripes with low wave num-
ber and width > 2 cm, moving at temporal frequencies
(~ 1,2, or 5 Hz) slower than the rotation frequency of
the spiral (i.e., ~ 8 Hz) promote rapid termination of
the spiral via the mechanism discussed. At frequencies
> 10 Hz, the same stripes lead to spiral-wave termination
via wave breaking and overdrive pacing, with the latter
taking predominance. Light stripes < 1.0 cm may induce
wave breaks and termination if they are moved sufficiently
slowly (=~ 1 Hz). However, at high temporal frequencies,
these stripes have negligible influence on the dynamics of
the spiral. These results are presented together in Video 3
for clear comparison.

Finally, we check if the observations presented in Fig. 2
still hold for large system sizes and heterogeneous sim-
ulation domains. We find that our protocol successfully
eliminates multiple spiral waves from a very large sim-
ulation domain (45.06 x 45.06 cm?) (see Video 4), as

well as a single spiral wave from a 11.26 x 11.26 cm?
domain with natural cellular heterogeneity and 20% diffuse
fibrosis (Video 5). These results prove the robustness and
efficacy of the method of spiral-wave termination via tran-
sient breakup in cardiac tissue systems using subthreshold
optogenetics.

In summary, we present a consistent and effective
approach to remove electrical spiral waves from excitable
cardiac tissue by structured spatiotemporal modulation of
tissue excitability. We use a series of traveling illumina-
tion stripes on optogenetically modified cardiac tissue at
high, subthreshold light intensities to create transient dis-
order that eventually serves to control spiral-wave activity.
The duration of this transient is much shorter than a very
brief, nonlethal burst of fibrillatory activity. Such a system
can be produced and studied in experiments. We find that
the occurrence of “controlled” wave breaks in this system
is crucial to the robustness of this method, because without
them one would have to rely on drift-induced termination,
which is a much slower and uncontrolled process.

IV. DISCUSSION

Despite the existence of extensive literature on cardiac
optogenetics at suprathreshold light intensities, very lit-
tle is known and understood about how the tool works
in the subthreshold regime [32-35]. In a recent study,
Majumder et al. [33] demonstrated the occurrence of con-
trolled wave breaks in a system with global periodic
subthreshold perturbations. Here we show formation of
controlled wave breaks in a system with traveling-wave
perturbations. Whereas the earlier study aimed to affect
the spiral wave at all points simultaneously, leading to
the onset and disruption of synchronization—a mecha-
nism that can be compared to an earlier study by Sridhar
and Sinha [36]—here about 50% of the domain remains

A

VIDEO 1. Drift of a spiral wave from the center of the 11.26 x
11.26 cm? simulation domain to an inexcitable boundary in favor
of termination, using blue light stripes of width 1 cm, intensity
E, = 0.08 mW/mm?, and temporal frequency 2.1 Hz
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VIDEO 2. Breakup and termination of a spiral wave in an
11.26 x 11.26 cm? simulation domain, using blue light stripes
of width 1 cm, intensity E, = 0.092 mW/mm2, and temporal
frequency 5.0 Hz

nonilluminated at any point in time. Therefore, global syn-
chronization can never occur. However, as in Ref. [33],
there is a correlation between the times at which the wave
breaks occur and the time at which the illumination under-
goes a state change (on-off or vice versa). This suggests
that the formation of controlled wave breaks is a local phe-
nomenon that is triggered by the change in the state of
illumination. In most complex excitable systems, modu-
lation of excitability results in drift of spiral waves. This
modulation can be spatial, temporal, or both [37], and
can be enforced by a variety of means (optical, electrical,
thermal, using ultrasound etc.), with or without feedback
[38—40]. On the other hand, spiral wave break up is usu-
ally associated with parameter regimes that either induce
some kind of memory effect in the dynamical system [41],
or rely on the steepness of the slope, and/or dispersion of
the action potential duration (APD) restitution curve prop-
erties within the domain [42,43]. Alternatively, one can
expect to see spiral-wave breakup in a domain that sup-
ports supernormal excitability, as we have in our system.
In the last case, as explained in Ref. [33], the occurrence
of wave breaks is not related to the steepness or dispersion

VIDEO 3. Comparison of the effect of traveling light stripes
of the same width, applied to the same spiral initial condition, at
varying temporal frequencies (1, 2, 5, 10, and 20 Hz), for two
different wave numbers.

VIDEO 4. Termination of multiple spiral waves in a 45.06 x
45.06 cm? simulation domain using light stripes (width = 1
cm, temporal frequency 5 Hz, and E, = 0.092 mW/mm?). The
initial condition is obtained by periodically pulsing a single spi-
ral wave in the domain, with global subthreshold illumination
(E. = 0.093 mW/mm?, temporal frequency = 1.2 Hz), for 3 s.
After 3 s, the system is allowed to evolve for another 1 s before
the traveling-wave protocol is initiated. Time ¢ = 0 marks the
beginning of the traveling-wave protocol.

of the APD or CV restitution curves. Rather, it is the dif-
ference in CV restitution behavior of the wave front and
wave back at different light intensities that plays a role.

V. OUTLOOK AND CONCLUSION

To conclude, we present a robust method to suppress
spiral-wave activity without prior information about the
location and dynamics of the spiral core. Our study demon-
strates the possibility to ensure spiral-wave termination
in a human atrial fibrillation model, using optogenetics at
subthreshold light intensities. The method is based on the
application of a spatiotemporal modulation of the medium
parameters in the form of a moving zebralike pattern that
introduces a transient chaotic state that lasts for approxi-
mately equal to 1-2 s. During this time, electrical inter-
actions between the existing activity within the domain
and light-induced inhomogeneity caused by the projected
light pattern results in co-ordinated suppression of the spi-
ral wave at time scales, which are much smaller than
those associated with conventional drift-induced termina-
tion. Here, note that (i) the duration of the chaotic transient
is shorter than that of a nonlethal fibrillatory burst; (ii)
the transient chaotic phase is marked by the occurrence of
wave breaks in a self-organized manner that improves the
efficiency of spiral-wave suppression; and (iii) the imple-
mentation of the method is also physically possible, for
example, for optogenetically modified hearts using arrays
of closely spaced micro-LEDs arranged on meshes sur-
rounding the heart, which are capable of illuminating the
heart from apex to base using stripes of illumination [44].
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VI. VIDEO CAPTIONS

VIDEO 5. Termination of a single spiral wave in an 11.26 x
11.26 cm? simulation domain containing natural cellular het-
erogeneity and 20% fibrosis, using traveling light stripes (E, =
0.092 mW/mm?, width = 1 cm, and temporal frequency 5 Hz.)
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