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Electric-field-controlled unpinning of scroll waves
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Three-dimensional excitation vortices exist in systems such as chemical reactions and the human heart. Their
one-dimensional rotation backbone can pin to unexcitable heterogeneities, which greatly affect the structure,
dynamics, and lifetime of the vortex. In experiments with the Belousov-Zhabotinsky reaction, we demonstrate
vortex unpinning from a pair of inert and impermeable spheres using externally applied electric fields. Unpinning
occurs abruptly but is preceded by a slow reorientation and deformation of the initially circular vortex loop.
Our experimental findings are reproduced by numerical simulations of an excitable reaction-diffusion-advection

model.
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I. INTRODUCTION

Living systems utilize excitable and oscillatory dynamics
to orchestrate a wealth of functions requiring clock-like
behavior, macroscopic patterns, and long-range communi-
cation [1]. Important examples include circadian rhythms
[2], morphogenesis-controlling concentrations fields [3], neu-
ronal communication [4], neural representations [5], and
cardiac dynamics [6]. Despite the robustness and versatil-
ity of the underlying nonlinear phenomena, they can also
become the source of dynamic diseases. Two well-known
examples are epileptic seizures [7], in which large numbers
of neurons synchronize their activity patterns, and cardiac
arrhythmias, such as tachycardia and fibrillation [6,8]. The
latter, life-threatening conditions are closely related to reen-
trant electrical waves that create rhythmic—or chaotic—
dynamics with frequencies much higher than the normal heart
beat [8,9].

It has long been recognized that tachycardia and fibrillation
are the result of vortex-like activation patterns that in the thick
ventricles of the human heart require a three-dimensional
description [10-13]. In the realm of nonlinear physics and
complexity research, such three-dimensional patterns are
known as scroll waves [13—15]. They rotate around one-
dimensional phase singularities and, if obtained in the normal
direction to these filaments, any two-dimensional cross-section
reveals locally rotating spiral waves [16]. In the limit of low
curvature and twist, the motion of an unperturbed, free filament
depends on its local curvature K and two system parameters, «
and g, which themselves depend in a very complicated fashion
on the underlying reaction-diffusion equations. The parameter
« is known as the filament tension and affects the velocity vy in
the normal direction to the filament according to vy = —«K.
For o > 0, filament loops shrink, converge to circles, and
eventually annihilate [17]; for o < 0, filament loops expand
and induce scroll wave turbulence [18]. The parameter S
affects the speed vp in the binormal direction according to
vp = BK. Both parameters can be readily measured from
the dynamics of scroll rings with circular filaments (see, e.g.,
Ref. [19]).

Scroll waves are also found in aggregating slime molds
[20] and in the autocatalytic Belousov-Zhabotinsky (BZ)
reaction [21]. The latter system continues to serve as a simple
experimental model for the study of vortex states in living
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matter as well as a motivational source for theoretical work
on excitable reaction-diffusion systems. Despite the numerous
similarities between the BZ reaction and biological systems,
there are also important differences; for instance, cardiac tissue
is, in contrast to the BZ reaction, anisotropic and spatially
heterogeneous. In addition, the heart responds to increased
action potentials with muscular contraction and vice versa
mechanical perturbations can alter the heart’s electric state
[22,23].

The heterogeneous nature of the heart is not limited to
presence of cells and subcellular structures but extends, in
the form of blood vessels and remodeled myocardium [24],
to macroscopic length scales. Remodeled myocardium forms
after traumatic events, such as myocardial infarction, and
contains large numbers of unexcitable myofibroblasts and
reduced concentrations of the gap junction protein Connexin43
[25,26]. This “scar tissue” shows contractile dysfunction and
slow conduction due to the resulting changes in intracellular
coupling that in a core region could block pulse propagation.
Remodeled myocardium also plays an important role in the
pathogenesis of ventricular tachycardia after infarction. Recent
studies suggest that it increases the inducibility of tachycardia
and acts in an arrhythmogenic fashion but decreases the
reentrance frequency during the arrhythmia [24-26]. At least
the latter observation can be interpreted as the consequence
of more expansive vortex rotation around regions of reduced
excitability.

These poorly understood and complex dependencies
prompted us to investigate the interaction of scroll waves
and unexcitable heterogeneities in isotropic model systems
[27,28]. Recent results revealed a variety of unexpected
phenomena, including the self-wrapping of filaments around
cylindrical wave obstacles [29] and the creation of stationary
gradients in rotation phase (twist) [30]. Furthermore, we
showed that the curvature-induced shrinking of filament loops
can be stopped by local pinning to two or more inert spheres
[31,32]. All of these studies demonstrate that heterogeneities
dramatically affect the structure and the lifetime of vortex
states. Furthermore, pinning is readily accomplished and
robust against a wide variety of changes in the filament
shape, the initial condition, and the size and shape of the
heterogeneity. Here, we show that—despite this robustness—
scroll waves can be unpinned by externally applied fields.
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II. EXPERIMENTAL

Our experiments use the ferroin-catalyzed BZ reaction,
which is an excitable reaction-diffusion medium. The system
is composed of two gel layers (0.8% w/v agar). Both
layers measure 4 mm in thickness and contain—within the
experimental error—a reaction medium of identical, initial
concentrations. Disregarding the bromination of malonic
acid, these concentrations are [NaBrOs;] = 0.04 mol/L,
[malonic acid] = 0.04 mol/L, [H,SO4] = 0.16 mol/L, and
[Fe(phen);SO,4] = 0.5 mmol /L. Notice that our earlier studies
[29-32] employed a liquid BZ layer on top of a BZ gel;
however, a liquid BZ layer is still used during the initiation
phase of the scroll wave as described below.

During the gelation process of the lower layer, we place two
glass beads (radius 1.0 mm) onto the forming gel surface and
gently press them halfway into the medium. After completion
of gelation, we add BZ solution (same concentration as
above) onto the gel and initiate a nonrotating, nearly spherical
chemical wave using the tip of a vertically oriented silver wire.
The mechanism behind the silver-mediated wave nucleation is
the formation of insoluble silver bromide, which decreases the
local concentration of dissolved, inhibitory bromide ion. The
wave is started at the point located halfway between the two
beads. The system is then manually swirled to create a homo-
geneous, upper layer. Notice that this motion does not affect the
expansion of the half-spherical wave in the gel. The main pur-
pose of the liquid layer is to minimize the inflow of inhibitory
molecular oxygen from the atmosphere as well as other
undesired mass transport between the reaction system and the
ambient air. Once the wave reaches the beads, we decant the
liquid into a waste container and replace it with a solution
containing the BZ reagents and agar. This solution is at a tem-
perature slightly above the gelling point (36—40 °C) and gels
within 1-2 min. Then we place a flat glass plate onto the system
to prevent the inflow of oxygen. After creation of the upper gel
layer, the rim of the half-spherical wave in the lower part now
curls upwards and nucleates the desired scroll ring. Moreover,
the filament of the scroll ring is pinned to both beads.

During the latter stages, we also connect the reaction system
to two plate-like electrodes that allow us to carry out the
unpinning experiments. The two electrodes consist of copper
plates (80 mm long, 20 mm wide, and 0.25 mm thick) and
are connected to a regulated DC power supply (TexPower,
HY3003D). They are inserted into the gel at a relative distance
of 10 cm from each other with the scroll ring and beads
nearly centered. Typical voltages applied in our experiments
range between 5 and 25 V. To compensate for Ohmic heating,
we thermally connect the system to a large, unstirred water
bath. For the highest field strengths of E = 2-2.5 V/cm,
the temperature during the experiments revealed a tolerable
increase of only 2°C over the course of 1-2 h. Various
unidentified reaction products form at the electrodes; however,
the maximal duration of our measurements (2 h) is too short
to allow for diffusive influx into the main area of interest.

The reaction system is illuminated by white light and
monitored using a charge-coupled-device camera (COHU,
2122-1000) equipped with a blue dichroic filter (Edmund
Optics, 90% transmission from 400 to 500 nm). The camera
signal is digitized using a PC-based frame grabber board (Data
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Translation DT-3155) and HL-Image-97++ software. Image
analysis is carried out using in-house MATLAB scripts.

As reported earlier [29], the given BZ system has a filament
tension of & = +(1.44+0.2) x 10~ cm?/s and accordingly
free filaments show curve-shrinking dynamics rather than
scroll wave turbulence. The drift coefficient § equals zero
within the experimental error. Free filament movement in the
binormal direction is hence negligible and planar filament
loops should not move out of their initial plane as long as
twist and other noncurvature effects are small.

III. RESULTS AND DISCUSSION

Figures 1(a)-1(f) show still images of scroll waves in
our three-dimensional BZ medium. The data are obtained
by a camera mounted above the reaction system and hence
local intensities correspond to the light transmitted along
8-mm-long vertical paths. Bright and dark areas indicate
overall high and low concentrations of the oxidized catalyst
(ferriin), respectively. Steep and smooth gradients in the gray
levels suggest wave fronts and wave backs, respectively.
The two brightest spots in each frame are the glass beads
that act as pinning sites of the reaction-diffusion vortices.
Figures 1(a), 1(c), and 1(e) are snapshots of the fully formed
scroll waves prior to electric-field perturbation. The filament
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FIG. 1. (a)—(f) Still frames of scroll rings prior to (a), (c), (e)
and after (b), (d), (f) electric-field controlled unpinning. The three
experiments differ only in the angle ¥ between the bead-to-bead axis
and the externally applied electric field: ¥ = 90° (a), (b), 0° (c),
(d), and 45° (e), (f). Notice that electric field (1.5 V/cm) points
downwards in all six still frames (a)—(f). Time between images: 45
min between (a) and (b); 8 min between (c¢) and (d); 47 min between
(e) and (f). Image area for (a)—(f): 20 x 20 mm?>. (g) Space-time
plot for the experiment shown in (a), (b) obtained along the vertical
line halfway between the spheres. (h) Time #,, needed to remove the
vortex from at least one bead as a function of the electric field strength.
Circles, triangles, and squares represent data from experiments with
¥ =90°,0°, and 45 °, respectively.

052918-2



ELECTRIC-FIELD-CONTROLLED UNPINNING OF SCROLL ...

loop of each vortex is pinned to the bead pair and traces a lens-
shaped curve. Without the pinning sites (and in the absence of
an applied field), circular scroll rings, with a filament diameter
equal to the interbead distance, would collapse and annihilate
during the course of 14 rotation periods [19,33]. The distance
between the beads, however, is large enough to establish the
stationary (or at least long-lived) state shown in Figs. 1(a), 1(c),
and 1(e). This state is an excellent structure for testing if and
how scroll waves can be unpinned by external perturbations.

We induce filament detachment by applying an external
electric field to the system. Comparable studies of quasi-2D,
obstacle-free BZ systems have shown that spiral waves—the
flat analog of scroll waves—drift toward the anode with a
superposed and chirality-dependent, perpendicular component
[34,35]. For three-dimensional media, Luengviriya et al.
[36,37] showed that homogeneous electric fields turn free
filament loops into a plane oriented normal to the electric field.
In addition, the filament moves toward the anode and tends to
increase in diameter. The primary molecular basis for these
effects lies in the electromigration of bromide ions, which are
an important inhibitory species in the BZ reaction.

Figures 1(b), 1(d), and 1(f) illustrate the behavior of pinned
scroll rings in static, homogeneous electric fields E. In all
three examples, the field vector is oriented parallel to the
vertical edge of the images pointing downwards. Notice that
the bead-to-bead axis is perpendicular to E in Figs. 1(a)
and 1(b), parallel in Figs. 1(c) and 1(d), and at a 45 degree angle
in Figs. 1(e) and 1(f). The images reveal that all three wave
patterns are strongly deformed by the applied field. In Fig. 1(b),
for instance, one of the emitted wave fronts has the shape of a
heart rather than an approximate circle. Within this “heart” is a
U-shaped, oxidized region that contains the filament. The data
strongly suggest that the filament has become detached from
both beads. For the different geometries in Figs. 1(d) and 1(f),
the filament has unpinned only from the upper bead.

For the experiment in Figs. 1(a) and 1(b), we show details
of the unpinning dynamics in Fig. 1(g). The time-space
consists of a stack of one-dimensional intensity profiles that
are collected along a vertical line positioned halfway between
the two beads (perpendicular to the bead-to-bead axis). The
filament loop intercepts this line twice. Because the projection
of the filament into our image plane emits waves in alternating
directions, the two interceptions are expected to generate two
distinct fishbone-shaped patterns. During the early phase of the
experiment, we indeed find two filament locations of which the
right one disappears after 20 min. We suggest that this filament
branch annihilated in a collision with the system boundary
but it is possible that our detection merely fails to resolve it.
The left filament branch is well resolved and moves in the
negative y direction [i.e., downwards in Fig. 1(b)]. Its speed
is high during the first 20 min, then lower, and again faster
after approximately 70 min. The latter time agrees with the
approximate time of detachment #,, from the pinning beads.

Figure 1(h) shows f,, as a function of the employed field
strength where #,, is defined as the time needed to remove
the vortex from at least one bead. The data suggest that
the unpinning time decreases with increasing field strength.
In addition, #,, depends on the angle ¢ between the field
vector and the interbead axis. The unpinning is fastest for
¥ = 0 and slowest for ¢ = 90°. Notice that we do not know
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FIG. 2. (Color online) Filaments dynamics of scroll rings
initially pinned to two spherical heterogeneities, in the presence
of an electric field of strength (a), (f), (k) 0.5, (b), (g), () 1.0, (c),
(h), (m) 1.5, (d), (), (n) 2.0, and (e), (§), (0) 2.5 V/cm. The electric
field vector is oriented (a)-(e) perpendicular, (f)—(j) parallel, and
(k)—(o) diagonal to the line connecting the heterogeneities. Different
curves correspond to different times elapsed from the start of electric
field perturbation: (a—e) 5 (black, solid thin-dark line), 22 (blue,
thick-dark line), 55 (red, circles), 89 (magenta, crosses), and 94
(cyan, solid thick-light line) min; (f)-(j) 5 (black, solid thin-dark
line), 22 (blue, thick-dark line), 35 (red, circles), 54 (magenta,
crosses), and 72 (cyan, solid thick-light line) min; (k)—(o) 5 (black,
solid thin-dark line), 22 (blue, thick-dark line), 38 (red, circles), 58
(magenta, crosses), and 64 (cyan, solid thick-light line) min. The
individual panels show an area of 15 x 15 mm?.

whether vortex unpinning can occur for field strengths much
lower than 1 V/cm. Accordingly, we currently cannot rule out
the existence of a possible critical field strength E; below
which vortices remain pinned. Future experiments aimed at
measuring E; might be hindered by the limited lifetime of
vortex states in the thermodynamically closed BZ system.
Figure 2 summarizes our results for 15 different experi-
mental conditions. Within this panel array, the electric field
strength increases from top to bottom while each column
corresponds to a specific angle between the bead-to-bead axis
and the field vector, which points in the negative y direction.
Each subfigure illustrates the evolution of the vortex filament
in terms of five color-coded curves. These data reveal that
synchronous detachment from both beads occurs only if the
field vector is oriented in the normal direction to the interbead
axis [Figs. 2(a)-2(e)]. The field strength does not only affect
the unpinning time but also the dynamics of the detached
filament, which in Fig. 2(a) collapses in close vicinity of the
bead pair but in Fig. 2(d) continues to move in the negative y
direction with only mild contraction. In the case of electric
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fields parallel to the interbead axis and |E| < 2.0 V/cm
[Figs. 2(f)-2(i)], the shrinking filament fails to detach from the
lower bead and annihilates in its close vicinity. Only for larger
fields [Fig. 2(j)], does the filament also free itself from the
lower bead. In the latter case, the rapidly downward moving,
left and right filament segments are most likely in contact with
one of the planar system boundaries.

To obtain more detailed insights into the unpinning process,
we have performed numerical simulations based on reaction-
diffusion-advection equations [38] that extend the dimen-
sionless Barkley model. The latter one is frequently used to
describe excitable reaction-diffusion systems [38]. It involves
two variables, u and v, which are loosely associated with the
concentrations of autocatalytic species (bromous acid) and the
control species of the BZ reaction (i.e., the oxidized form of
ferroin and/or bromide), respectively. Following earlier stud-
ies, we model the influence of the electric field on the transport
of ionic species by adding an advection term to the differential
equation for the variable v. The complete model is given by

d > 1 b
—Ezl%v%+~mﬂ—u(u—v+ ) (1)
at € a
v 9N o
E:DUVU+MEVv+u—v, 2)

where the system parameters €, a, and b are kept constant
at 0.02, 1.1, and 0.18, respectively. The diffusion constants
are D, = D, = 1. This set of parameters describes a system
in which spiral waves undergo rigid rotation. Scroll waves
have positive filament tension o and their binormal drift
coefficient B equals zero. The drift velocity |u E| equals 0.05
and is the product of an ion mobility (w) and the electric field
vector (E ). Equations (1) and (2) are integrated using explicit
Euler integration, a seven-point stencil for the Laplacian, a
three-dimensional lattice measuring either 300 x 300 x 300
(Figs. 3 and 4) or 300 x 300 x 200 grid points (Fig. 5), and
Neumann boundaries. The grid spacing and the integration
time step are kept constant at 0.2 and 0.006, respectively. The
pinning spheres are modeled as a region in which u# and v equal
zero, thus creating nearly spherical Dirichlet boundaries on the
three-dimensional Cartesian grid. Their diameter is 6.0 space
units and their center-to-center distance equals 26.8 space
units. The filament is computed from the intersection of
the waves’ u = 0.5 and v =a /2 — b surfaces using a marching-
cube algorithm [39]. Three-dimensional rendering is carried
out with MATLAB scripts. Notice that we also tested the
unpinning from spherical heterogeneities with (more realistic)
Neumann boundaries. These otherwise identical simulations
yielded qualitatively the same results as our simulations with
the sink-like Dirichlet boundary (u,v) = (0,0) [40].

The involved advection term affects directly only the
inhibitor species and models an electric field in the negative
x direction. Figure 3 summarizes our findings for the case of
¥ = 90° and should hence be compared to the experiments
in Figs. 1(a), 1(b), 1(g), and 2(a)-2(e). The solid, orange
areas in Figs. 3(a)-3(d) indicate regions of high activator
concentration. The pinning beads and the filament are plotted
in blue and black, respectively. Notice that we graph both
beads and the entire filament; however, only the posterior
half of the wave pattern is shown as the entire structure is
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FIG. 3. (Color online) Simulation of the unpinning of a scroll
wave in a three-dimensional reaction-diffusion-advection model. The
image sequence shows only the posterior half of the vortex field
(orange) u. The pinning spheres are rendered in cyan and the filament
is plotted as a black curve. The homogenous, constant electric field
is oriented in the negative x direction.

symmetric with respect to the plane given by y = 30. The
initially circular filament [Fig. 3(a)] remains pinned while the
loop turns perpendicular to the field vector [Fig. 3(b)] and
is pulled in the negative x direction. During this phase, the
filament has the strongest out-of-plane deformations, which
are mainly caused by the cusp-like segments that connect the
main loop plane to the beads. Around the time of snapshot of
Fig. 3(c), the filament detaches from the beads. The now free
cusps have a high curvature and hence move quickly in the
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FIG. 4. (Color online) Analysis of the unpinning dynamics for
the example shown in Fig. (3). (a) Trajectories of the leading and
trailing points of the filament. The coordinate pairs (stars) for the
times in Figs. 3(a)-3(d) are labeled as “i” to “iv,” respectively, and
are connected by blue lines to indicate the approximate tilt angle of
the filament loop. (b) Shortest distance between the filament loop and
the centers of the pinning bead as a function of time. The distance is
shown as multiples of the bead radius R, (dashed line at d/R,; = 1).

The times shown in Figs. 3(a)-3(d) are again labeled as “i” to “iv,”
respectively.
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FIG. 5. (Color online) Simulation of the unpinning of a scroll
wave in system for which the height in the z direction is one-third
smaller than in Fig. 3. (a)—(d) Image sequence illustrating the key
stages of the unpinning process. Only the posterior half of the vortex
field (orange) is shown. The pinning spheres are rendered in cyan and
the filament is plotted as a black curve. The homogenous, constant
electric field is oriented in the negative x direction.

direction of the main loop. The less deformed, free filament
in Fig. 3(d) then continues to move toward the left system
boundary where it eventually annihilates.

The tilting of the loop is also illustrated in Fig. 4(a), where
we trace the leading (smallest x value) and trailing points
(largest x) of the filament. The unpinning event (see the
connecting line labeled “iii” does not cause a discontinuous or
otherwise noteworthy change in the trajectories. However, the
temporal evolution of shortest distance d between the filament
and any of the two bead centers reveals that the unpinning of the
scroll wave is an abrupt and not a gradual process [Fig. 4(b)].
In this simulation unpinning occurs after 210 time units or the
equivalent of about 21 rotation cycles.

As mentioned earlier, our experimental results are not fully
conclusive as to the fate of the lower filament branch. It is
possible that the lower part of the filament loop collides with
the lower system boundary during the initial tilting process. We
have hence performed numerical simulations in a 33% thinner
system measuring 300 x 300 x 200 grid points. All other
parameters, constraints, and initial conditions are identical to
the simulation results shown in Fig. 3. Figure 5 illustrates the
results obtained from such computations. Our results indicate
that the filament-wall collision, which occurs around ¢t = 175,
does not affect the unpinning time significantly.
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IV. CONCLUSIONS

Our study demonstrates that pinned scroll waves can be
removed from their anchoring heterogeneities by external
fields that induce electromigration or similar advective pertur-
bations. Experiments and simulations show that the unpinning
process is not instantaneous but that it involves a large-scale
reorientation of the vortex loop. One can speculate that a larger
number of pinning sites or more extended anchor regions,
such as cylindrical objects, should further delay or possibly
prevent unpinning. The results also reveal that the detachment
of a filament pinned to several anchors occurs sequentially.
In highly heterogeneous systems such behavior should give
rise to alternating sequences of slow reorientation dynamics
and rather sudden unpinning events. Furthermore, it seems
possible that these processes could cause single filament loops
to split into two or more loops.

We also showed that the unpinned filaments have highly
curved, cusp-like features [Fig. 3(c)]. These cusps resulted
from two, initially separate filaments that locally can be consid-
ered independent (unconnected) curves. We suggest that such a
filament pair can unpin only if it fulfills the following necessary
conditions: (i) sufficiently small interfilament distance and (ii)
opposite chirality. The latter is necessary for ensuring a unique
direction of scroll rotation along the entire newly formed curve.

Condition (i) is reminiscent of recent results that revealed
the existence of filament repulsion for distances much shorter
than the vortex wavelength and filament attraction at even
shorter distances [32,41]. This attraction appears to be the
essential component of the observed unpinning processes.
Accordingly, a very short segment of the filament pair
might annihilate in close vicinity of the pinning sphere, thus
liberating the now continuous curve. We further suggest that
the details of this process are closely related to filament
reconnections in cross-over collisions [42,43].

While our experiments and simulations study intrinsically
isotropic systems, it seems likely that similar phenomena
must occur in cardiac tissue. If reentrant waves in the heart
have the potential to pin to heterogeneities such as remodeled
myocardium, papillary muscle insertion points, and blood
vessels, knowledge about the stability of these states against
intrinsic factors as well as external intervention strategies
[18,44] are of importance. Clearly much remains to be learned
regarding the physics of pinned vortex states in excitable media
and their relevance in living systems.
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