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We identify and demonstrate a universal mechanism for terminating spiral waves in
excitable media using an established topological framework. This mechanism dictates
whether high- or low-energy defibrillation shocks succeed or fail. Furthermore, this
mechanism allows for the design of a single minimal stimulus capable of defibrillating, at
any time, turbulent states driven by multiple spiral waves. We demonstrate this method
in a variety of computational models of cardiac tissue ranging from simple to detailed
human models. The theory described here shows how this mechanism underlies all
successful defibrillation and can be used to further develop existing and future low-
energy defibrillation strategies.
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Spiral waves have been shown to exist in many chemical (1) and biological (2) systems,
with many of these supporting spiral wave–mediated turbulence (3). Of particular
clinical significance are the spiral waves of electrical activity that underlie tachycardia
and fibrillation in the heart (4, 5). Even before spiral waves were recognized as drivers
of tachycardia and fibrillation in the 1990s (6), termination of these deadly arrhythmias
was shown to be possible by large electric shocks as early as 1899. However, it was not
until 1947 that defibrillation was shown to be successful in the clinic (7). Defibrillation
usually requires electric shocks on the order of 5 to 7 J for internal devices and 200 to 300
J for external devices (8). These high-energy shocks are very painful and can damage heart
tissue, but they are required to terminate all reentrant waves and prevent initiation of new
spiral waves (9).

While currently, there are no clinically viable low-energy defibrillation strategies, several
new methods have been developed and tested computationally and experimentally. One
consists of a multistage series of low-energy pulses intended to subsequently unpin and
remove reentrant spiral waves (10). Another example is the low-energy antifibrillation
pacing (LEAP) method (11), which uses a series of fast pulses at a frequency close to the
dominant frequency of the arrhythmia to eliminate spiral waves (8). Both of these methods
utilize the mechanism of virtual electrodes (VEs)—tissue activation driven by the heart’s
natural heterogeneities (8, 9). Other studies have used concepts from nonlinear dynamics
to determine optimal defibrillation stimulus timing and strength by calculating phase (12)
and isostable (13) resetting curves. However, neither of these methods directly address the
topological spatiotemporal coupling responsible for spiral waves, and both require detailed
spatial information of the system. In this article, we demonstrate how to design a single
minimal stimulus from topological considerations and phase space values to automatically
eliminate reentrant spiral wave singularities in any complex fibrillating state.

Defining Level Set Contours and Phase Singularities

To characterize the complex spatiotemporal dynamics of an excitable system, regions in
space are designated locally as excited, refractory, or recovered. For a multicomponent
system �u(�x , t), indicator functions f (�u) and g(�u) are typically defined such that regions
where f > 0 are excited and regions where g > 0 are refractory (14). The level sets f = 0
and g = 0 then define one-dimensional (1D) contours, marking the boundaries of excited
and refractory regions, respectively. Historical choices of f and g have included the system
variables (15), time derivatives (14, 15) or time-delayed values (16), local curvature (17),
and normal velocity (18). Each choice is topologically equivalent and gives comparable
results (14, 16). Gurevich and Grigoriev (19) and Gurevich et al. (20) have shown how
to construct valid combinations using only voltage data in both simulations and optical
mapping experiments of fibrillation with multiple waves, even when there is noise in the
data. In their implementations, f and g are determined by the extrema and inflection
points of the local voltage and do not require measurement of the underlying gating
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Table 1. Definitions and plotting conventions for the
four topological-level set contours
Region Values Identifier
Excited front f = 0, g < 0 Denoted by solid black lines
Refractory front g = 0, f > 0 Denoted by solid white lines
Excited back f = 0, g > 0 Denoted by dashed black lines
Refractory back g = 0, f < 0 Denoted by dashed white lines

currents. Excited or refractory fronts can also be differentiated
from backs on a given zero-level set by the sign of the opposite
indicator function (14, 15). This results in a set of four distinct
contours as defined in Table 1.

For two-variable reaction–diffusion systems, such as the
Fitzhugh–Nagumo (FHN) (21) and Karma (22) models, �u =
{u, v} and obeys

∂u

∂t
= h(u, v) +D∇2u

∂v

∂t
= w(u, v).

[1]

In this case, the indicator functions f and g can simply be taken
to be

f = u − uth, g = v − vth [2]

for some threshold values uth, vth. Fig. 1 shows the level set con-
tours using [2] for a rightward-traveling pulse in the FHN model
on a two-dimensional (2D) domain (SI Appendix, SI Text has
models and parameters). Such a pulse displays how local excitation
must pass through excited front, refractory front, excited back,
and refractory back in sequence before returning to rest.

An important use of level set contours is the direct identifica-
tion of spiral wave tips. These are isolated points at the center of
spiral waves where wave front and wave back intersect to form
a continuous source of reentrant excitation. Spiral tips are most
commonly described as phase singularities in a complex order
parameter given by

Z (�u) = reiθ = f (�u) + g(�u)i, [3]

in analogy with homotopy theories used in condensed matter
physics (23). The spatial line integral of the phase θ around a
phase singularity (known as the topological charge) is equal to
±1, with the sign determining the corresponding spiral’s chirality
(16). Equivalently, the amplitude r vanishes exactly at a phase
singularity: that is, when f = g = 0 and the level set contours of
Table 1 intersect. From Eq. 2, this implies that u = uth, v = vth

at the singularity. The chirality can be obtained from the level sets
by calculating the sign of ẑ · (∇f ×∇g) at the singularity.

The framed region in Fig. 2A shows the contours and phase
singularity for a single spiral wave in the FHN model. Fig. 2B
shows the same spiral but in the phase space of the f and
g indicator functions. The periodic behavior of spiral rotation
manifests as a dense collection of points forming a closed loop.
Because the origin is interior to this loop, the order parameter
acquires a singularity in the presence of a spiral wave.

The topological properties of phase singularities have long been
understood to play a major role in the initiation and persis-
tence of spiral wave–mediated turbulence responsible for cardiac
arrhythmias (4). Winfree (24) and Winfree and Strogatz (25)
used topological arguments about the phase of the complex order
parameter to show how singularities can be created or destroyed by
particular stimuli. A significant result is that (excluding boundary
interactions) singularities can only be created or destroyed in pairs
of opposite chirality. This principle is commonly referred to as
conservation of topological charge and follows simply from the
continuity of �u and the indicator functions f , g (14, 25–27). Ad-
ditionally, every singularity is uniquely connected to a singularity
of opposite chirality by each of the four contours. However, when
multiple spirals exist, pairing between singularities will change
over time as the spirals rotate.

Topological charge is not conserved on domains with zero-
flux (or reflective) boundary conditions, which are used in cardiac
simulations for conservation of charge (28). However, since the
domain is effectively mirrored by such boundary conditions, as
shown in Fig. 2A, the extended domain does conserve topological
charge. In this construction, spirals with contours terminating
at boundaries are connected to a mirrored spiral with opposite
chirality. It follows that in order to eliminate spiral wave turbu-
lence (or fibrillation), it is necessary to annihilate every singularity
by merging it with a singularity of opposite chirality inside the
domain or with its mirror image at a domain boundary. In the
next section, we show how this can be accomplished with an
excitatory stimulus using only the topological structure of the level
set contours.

Moving and Terminating Singularities with a
Single Designed Stimulus

While phase and level set descriptions are topologically equivalent
and are explicitly related through Eq. 3, each is suited to different
systems. In oscillatory media, phase has a natural definition in
terms of the underlying limit cycle and is thus the natural object

Fig. 1. (A) Rightward-traveling pulse in the two-variable FHN model on a 2D domain. Excited and refractory contours are superimposed following the
conventions in Table 1. (B) A 1D horizontal cross-section of A showing both the u (blue) and v (red) variables. Level set contours are overlaid at positions
from A indicating their corresponding values.
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Fig. 2. (A) Single spiral wave in the two-variable FHN model on a 2D domain with reflective boundary conditions (dark frame). The extended domain shows
how mirrored spiral waves allow for conservation of topological charge. Chirality is indicated with white (black) circles for counterclockwise (clockwise) spiral
tips. (B) Phase space representation of the spiral wave shown in A. Blue dots show the f − g phase space position at every point in the physical 2D domain. Level
sets are shown using the conventions in Table 1.

to study (29). The excitable–refractory paradigm of excitable
media, however, is better represented by the level set contours.
In particular, they can be used to understand how stimulus leads
to the creation or annihilation of spiral wave singularities.

A classic procedure for initiating a pair of spiral wave singu-
larities via excitatory stimulus is the S1–S2 protocol (30, 31), a
variation of Winfree’s pinwheel experiment. First, a stimulus S1 is
applied to generate a traveling pulse. A second localized stimulus
S2 is then applied behind the pulse. The excited wave front of S2
intersects with the refractory back of the S1 pulse and generates a
pair of singularities that develop into spiral waves as illustrated in
Fig. 3. Because the simulation uses zero-flux boundary conditions,
a stimulus S2’ localized near the boundary may produce a single
spiral singularity and violate conservation of topological charge.

Winfree (24) originally explained the S1–S2 generation of sin-
gularities in terms of the continuous gradient of phase produced
in the complex order parameter. For excitable media, however,
the contours tell a simpler story. By definition, the refractory
back contour separates regions that will respond to stimulus by
exciting from regions that will be unexcited. This provides a
mechanism for creating unidirectional propagation, as excitation
can only travel away from the refractory region—left in the case
of Fig. 3B. From Fig. 1, we know that the excited portion of
a traveling pulse contains an excited front, refractory front, and
excited back. Stimulating a refractory back contour thus replaces it
with this sequence of three contours. However, since the stimulus
is localized, only a finite segment of the refractory back contour
is replaced. At the boundary of the stimulus, the refractory back
contour must connect with this sequence and therefore, produce
a singularity. This is illustrated in Fig. 3 B, Inset.

The contour framework can also be used to design stimuli
capable of instantaneously moving spiral wave tips arbitrary dis-
tances across the domain. When the refractory back of an existing
singularity is uniformly stimulated, the singularity reforms at
the end of the stimulus where once again, the refractory back
intersects with the newly formed excited front. The result is that
the singularity is instantaneously moved or “teleported” along the
refractory contour. This is demonstrated in Fig. 4, where a single
spiral is teleported to two different locations, one near and one far,
corresponding to different designed stimuli. During the course
of a spiral’s rotation, the refractory back will pass through every
point in the domain, and so, spirals can be teleported to any
desired location by waiting an appropriate amount of time before
stimulating. The first example in Fig. 4 shows how a uniform
designed stimulus (the hatched yellow regions) starting near the
initial spiral wave tip moves the spiral wave instantaneously to
the opposite end of the stimulus. In the second example, the
stimulus is not continuous and also, terminates much farther
away. Due to the break in the stimulus, two new spiral waves
of opposite chirality are created—one close to the original spiral
wave tip and one at the far end of the stimulus. The original
singularity quickly annihilates with the newly created one of
opposite chirality, leaving only the distant spiral wave. This latter
example is similar to the destructive teleportation of science fiction
and three-dimensional (3D) remote printing (32), which function
by destroying the original object and creating an exact copy in a
new location.

While the S1–S2 protocol illustrates clearly how singularities
can be created, it is not immediately obvious how to reverse this
procedure in order to eliminate them. However, teleportation

Fig. 3. Creating spiral waves with the S1–S2 protocol. (A) A rightward-traveling pulse generated by exciting the left boundary with stimulus S1. (B) An opposite
pair and an isolated singularity are created by applying localized S2 and S2’ stimuli to the refractory back of the S1 pulse. As shown in Inset, the singularities are
generated at the convergence of all four level set contours. (C) The singularities persist and form stable spiral waves that act as continuous sources of excitation.
A complete video of this process is available in Movie S1.
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Fig. 4. Two examples of teleporting a spiral wave to a new location. Upper shows the application of a uniform stimulus (hatched yellow regions) along the
singularity’s refractory back and subsequent time lapse. The spiral wave tip instantaneously appears in the new position near the right boundary and begins to
rotate. After a few rotations, the spiral arm regenerates and fills the domain. Lower shows a discontinuous stimulus that starts close to the original spiral and
terminates at a distant position close to the left boundary. In this case, two new spiral waves with opposite chirality are created. The first appears close to the
original but has opposite chirality; thus, it annihilates with it. This leaves the second teleported spiral wave with the same chirality as the original. As in the other
case, after a few rotations all arms reappear. Time displayed corresponds to dimensionless integration time. Complete videos of both examples are available
in Movies S2 and S3.

provides an important clue. Consider the new stimuli shown in
Fig. 5A superimposed on the configuration from Fig. 3C. These
stimuli cover the clockwise singularities and a significant portion
of their refractory back contours. The result of the stimuli, shown
in Fig. 5B, is that the singularities are instantaneously teleported
along the contour to the end of the stimulus. This brings the paired
spiral very close to its partner and the isolated spiral very close to its
mirrored image at the boundary. The nearby pairs then mutually
annihilate due to their proximity. If the stimulus is allowed to
cover the entire refractory back, the existing singularities will be
teleported together and eliminated instantaneously as in Fig. 5C.
This whole process can be understood from the contour topology
in the same way as the S1–S2 protocol. Stimulating the refractory
back once again replaces it with the excited front, refractory front,
excited back contour sequence. This time, however, it causes the
contours to disconnect (Fig. 5C ), thereby removing the singular-
ities at either end of the contour.

Because every singularity is connected to a singularity of op-
posite chirality, a single stimulus targeting the refractory back
can always be designed to teleport and eliminate all internally
paired and boundary paired singularities. Moreover, excitation of
the full refractory back contour can be taken as the necessary
and sufficient condition for total defibrillation; the only way to
remove singularities is to modify their topology in this manner.
It should also be noted that the same topological arguments allow
defibrillation using instead deexciting stimuli to hyperpolarize the
refractory front (15).

Previous theoretical analyses have reported a defibrillation
threshold for domain-wide stimulation (33, 34). In that case,
even refractory regions of tissue must be excited such that
propagating fronts only contract and dissipate (35). In our
proposed method, only a small fraction of the domain needs
stimulation. Additionally, since only the recovered region (which
is readily excitable) of the refractory back needs to be excited, the
stimulation strength can be well below the defibrillation threshold.

In practice, the minimal defibrillating stimulus is constructed
by applying a current Istim to the voltage variable u wherever
f < 0 and |g |< gth. The zero threshold gth gives the stimulus
a finite thickness about the refractory back contour. If Istim or
gth is too small, the stimulus will fail to permanently remove
every singularity; although they may disappear initially, pairs of
singularities can spontaneously reform and persist. Because this
approach is based on the topology of the domain, it is only
necessary to activate with a single stimulus along the wave back
to annihilate all free and bound spiral waves. We believe that any
activation that meets this criterion and excites the entire refractory
back contour satisfies the idea of a minimum spatially extended
stimulus that guarantees termination.

Figs. 6 and 7 show how the designed stimuli successfully
teleport and remove all singularities in complex, multispiral states
regardless of whether singularities are internally paired or con-
nected to the domain boundary. In the Karma model, success is
obtained despite spiral waves in the fibrillating state continuing
to dynamically form and terminate (22). Some configurations

Fig. 5. Terminating spiral waves with a single stimulus. (A) Regions covering the refractory back contours are selected for stimulus (hatched yellow regions).
(B) Applying the stimulus “teleports” the existing clockwise singularities along the refractory contours toward their counterparts. (C) The opposite pairs of
singularities mutually annihilate, and the contours reform without intersection. A complete video of this process is available in Movie S1.
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Fig. 6. (A) A complex multispiral state in the FHN model. (B) Stimulus pattern (hatched yellow regions) designed to teleport all pairs of singularities along their
refractory contours. (C) Successful defibrillation immediately after stimulus. (D) The complex state from A evolved in time such that the two lower spirals are
connected. (E) Altered stimulus pattern for the configuration in D. (F) Successful defibrillation of D. A complete video of this process, including the subsequent
cessation of all activity, is available in Movie S4.

contain refractory backs not connected to singularities (e.g., the
upper left corner in Fig. 6A). Stimulation of these contours is
not required for defibrillation and is omitted in Fig. 7, further
decreasing the fraction of the domain required to be stimulated. As
mentioned previously, connections between pairs of singularities
can also switch over time. Fig. 6D shows an alternate configuration
obtained a quarter of rotation after Fig. 6A, in which the two lower
spirals have become connected. Defibrillation is successful in both
models (FHN and Karma), despite the stimuli covering less than
10% of the domain in the latter case.

The same stimulus design that we used for “teleportation” of
free spiral waves can also be used to unpin spiral waves bound to
an obstacle. Fig. 8 shows this process for a single spiral in the FHN
model. A stimulus along the refractory back instantaneously tele-
ports the singularity off the obstacle (Fig. 8 B and C ). However,
the stimulus along the obstacle generates a new pair of singularities
a short time later (Fig. 8D). These singularities rotate around the
obstacle until they meet and annihilate on the opposite side (Fig. 8
D and E). The spiral is then unpinned (Fig. 8F ) but will continue
to generate new spiral pairs at the obstacle whenever the spiral
arm meets it. If the teleporting stimulus extends along the entire
contour, the original spiral will be both unpinned and annihilated
as it is teleported to the boundary, terminating the reentry.

To demonstrate the generality of designing stimuli to
defibrillate by teleportation, we have successfully applied it using
more physiologically accurate cardiac cell models, including the
8-variable Beeler–Reuter model (36), the 19-variable ten
Tusscher-Noble-Noble-Panfilov (TNNP) model (37), and the
41-variable O’Hara-Virág-Varró-Rudy (OVVR) model (38),
considered by the Food and Drug Administration (FDA) to be
the most realistic human ventricular model to date. Although
the phase space of these models is complicated by their large
numbers of dimensions, suitable indicator functions can still be
constructed to properly characterize the level set contour topology
(14). We find both the f (calcium inactivation) and h (sodium
inactivation) gate variables to be functional substitutions for
the generic gate variable in Eq. 2, while suitable thresholds are
identified by inspecting the phase space portrait as in Fig. 2B. Real-
time interactive Web Graphics Library (WebGL) programs (39)
for generating defibrillating stimuli in these models are provided
in ref. 40.

In order to emulate an experimentally realistic setup, we im-
plemented an array of electrodes from which stimuli may be
applied (41). Fig. 9A shows an example designed stimulus pattern
for an isolated spiral wave in the FHN model. The domain was
divided into a 9× 9 array of electrodes. If f < 0 and |g |< gth

Fig. 7. (A) Fibrillating spiral breakup in the Karma model. (B) Stimulus pattern (hatched yellow regions) designed to teleport all pairs of singularities along their
refractory contours. (C) Successful defibrillation immediately after stimulus. A complete video of this process, including the subsequent cessation of all activity,
is available in Movie S5.
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Fig. 8. (A) A single spiral wave pinned to an obstacle in the FHN model. (B) Stimulus pattern (hatched yellow region) designed to teleport the spiral away
from the obstacle. (C) Immediate result of stimulation. The spiral singularity is instantaneously teleported to the edge of the stimulus. (D) Excitation at the
obstacles creates a new pair of singularities. (E) The new singularity pair meets and annihilates on the opposite side of the obstacle. (F) The original spiral wave
is completely unpinned. A complete video of this process is available in Movie S6.

were satisfied within an electrode, a stimulus was applied. Because
of the pulses’ discontinuity, many new pairs of singularities are
created via the S1–S2 mechanism as shown in Fig. 9B. However, as
they are very close, the pairs spontaneously annihilate, producing
a continuous excited back as shown in Fig. 9C. The original
singularity is then effectively teleported to the boundary, and
defibrillation is successful. If the electrodes are insufficiently dense,
however, newly created pairs may persist indefinitely and actually
increase the total number of singularities.

Teleportation as the Mechanism for
Defibrillation

Defibrillation in the heart is actually possible and is very similar
to what takes place in the electrodes example thanks to intramural
excitations produced by VEs, which arise due to interactions be-
tween tissue heterogeneities and an electric field (8, 9). The shock-
induced teleportation of spiral wave singularities serves as a mech-
anistic explanation for defibrillation in real tissue at both high (33,
42) and low energies (8, 10). During high-energy shocks, enough
VEs are activated to excite the entire heart and thus, stimulate
continuously along the refractory backs connecting reentrant
spiral waves. Pairs of spirals are instantly teleported together, while
isolated spirals are teleported to domain boundaries. Low-energy

shocks in general do not excite everywhere (8), but as enough
of the refractory back is stimulated with every shock, spirals are
teleported closer and closer together until they all annihilate.

Under the theory presented here, two effects can contribute to
the failure of high- and low-energy shocks to successfully defibril-
late. First, spirals can fail to be teleported close enough to anni-
hilate if their refractory backs are insufficiently stimulated by VE
excitations. This may occur during high-energy defibrillation if at
least one reentrant pair is not fully teleported together, resulting
in persistent rotors that then reinitiate fibrillation (42). Second,
VEs may discontinuously stimulate refractory backs, resulting in
the initiation of new spiral waves as in the S1–S2 mechanism
(8, 9). This explains cases where low-energy defibrillation fails
(42, 43). While a single low-energy shock may fail to completely
defibrillate, multishock therapies, such as LEAP, may succeed by
annihilating more pairs by teleportation in each shock than are
created via S1–S2 initiation (11).

Comparison with Other Methods

Spiral waves are commonly found in many excitable systems from
chemical systems, such as CO oxidation on platinum, premixed
gas flames, and the Belousov–Zhabotinsky (BZ) reaction, to bi-
ological ones, such as slime mold (Dictyostelium discoideum) and

Fig. 9. Defibrillation by teleportation using an equally spaced electrode array. (A) Stimulus pattern generated by electrodes (black) firing for f < 0 and |g| <
gth in each grid cell. (B) Immediate result of stimulation. Many transient singularities form via the S1–S2 mechanism. (C) Nearby singularities spontaneously
annihilate, and the original singularity is teleported to the boundary. A complete video is available in Movie S7.

6 of 8 https://doi.org/10.1073/pnas.2117568119 pnas.org

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117568119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117568119/-/DCSupplemental
https://doi.org/10.1073/pnas.2117568119


Xenopus laevis oocytes. In the human body, spiral waves can appear
not only in the heart but also, on the skin, the tongue, the
intestine, the retina, and the brain (44). Continuing interest in
these phenomena has led to the proposal and study of methods
for control (41, 45, 46) and termination (10, 47–51) of spiral
waves both theoretically and experimentally for many years. These
termination methods have been based on slowly moving spiral
waves to boundaries by perturbing the spiral wave tips with fast
pacing and most recently, by perturbing the cores of spiral waves
directly using optogenetics (52, 53). By using tissue that can
be excited or deexcited optically, a controlled stimulus can be
delivered by spots of light and directed at spiral wave cores to affect
their dynamics. For example, by using a deactivating (blocking)
light spot, Majumder et al. (52) were able to anchor and then
drag a spiral wave across tissue by moving the light spot until
annihilation was achieved at a boundary. Another approach is
to use a gradient of subthreshold illumination, which induces a
drift of the spiral wave that can bring it to a boundary to be
terminated (53). However, not only do all termination methods to
date require several periods for spiral waves to be moved across the
domain to boundaries or each other, but also, they only work for
stable spiral waves with circular cores. If spiral waves have complex
meander or are in an unstable breakup regime, these methods will
not succeed as they are too slow to account for the fast creation
and annihilation of new waves. In contrast, the methodology
presented here allows for the creation of a single stimulus that
can be delivered optogenetically or by an array of electrodes that
instantaneously will move and extinguish all existing spiral waves
in the domain independent of the number of spirals (anchored or
not) and their dynamics (stable, meandering, or unstable).

Conclusions and Open Questions

By considering the level set contours organizing excitable dy-
namics, we have demonstrated a minimal defibrillation strategy
capable of automatically eliminating any phase singularities re-
sponsible for spiral wave turbulence. Using a designed stimulus,
pairs of connected spiral wave tips are instantaneously moved
close together by a mechanism we term teleportation such that
the tips attract and mutually annihilate. The topological nature
of this method makes it model independent and applicable to
experiment. While our demonstrations do not take static tissue
heterogeneity, tissue curvature, or fiber rotation into account
(18), such additions would modify only the details of the tissue
response and not the overall topological mechanism (54), just
as in the case of the dynamically induced heterogeneity during
breakup by alternans shown in Fig. 7. Promising experimental
test beds include optogenetically modified cardiac monolayers
(55, 56) and the photosensitive BZ chemical reaction (57, 58).

Previous studies have shown how rotors in monolayers may be
perturbed and eventually eliminated using heuristically chosen
regions of activation (52, 53, 55). However, spatially resolved
optical control combined with established methods for dynam-
ically determining contours in actual experiment (19, 20) (see,
for example, the dynamic contours during Ventricular Fibrillation
(VF) from optical mapping of rabbit heart in Movie S8) allows
for exact replication of our computational examples and provides
a systematic method of eliminating rotors. Although time delays
between mapping and stimulus design are unavoidable, wave
velocities in cardiac monolayers are on the order of 20 cm/s and
much smaller in the BZ reaction. Modern Graphics processing
unit (GPU) calculations (39) combined with neural networks
(59) for finding spiral wave tips and analyzing the contours can
easily be performed in the 1- to 2-ms window required for optical
mapping, and thus, the proposed method is completely feasible in
2D. Additionally, the topological specifications are quite robust;
stimulation only needs to be applied in the general vicinity of the
refractory boundaries. Even if these regions drift slightly during
the computation time, the desired effect of the stimulus is still
established.

The mechanism of defibrillation by teleportation easily explains
the success and failure of existing defibrillation methods. High-
energy shocks automatically stimulate the necessary refractory
contours of every spiral pair, while low-energy shocks do not and
in general, may generate additional spiral pairs. While we have
only demonstrated this topological mechanism in 2D systems,
it is easy to generalize to 3D, where spiral waves become scroll
waves with associated 1D singular filaments. These filaments
are organized by refractory and excitable surfaces rather than
contours. Just like in 2D, complete stimulation of the refrac-
tory surfaces joining filaments will eliminate the associated scroll
waves, while partial stimulation results in the initiation of new
waves. While generalization of the methodology developed here
to 3D is straightforward in numerical simulations, experimental
implementations, even in the 3D excitable BZ reaction, may
not be currently technologically feasible. Nevertheless, with the
necessary topological requirements for defibrillation elucidated,
future low-energy defibrillation strategies may be developed that
directly address the teleportation mechanism responsible.

Data Availability. All movies and interactive programs can be found in
the supplemental material, and additional programs have been deposited
in GitHub at https://kaboudian.github.io/DefibrillationByTeleportation/ and at
https://github.com/kaboudian/DefibrillationByTeleportation. All other data are
included in the article and/or SI Appendix.
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