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Abstract
Vortices of excitation are generic to any complex excitable system. In the heart, they occur as rotors,
spirals (2D) and scroll waves (3D) of electrical activity that are associatedwith rhythmdisorders,
known as arrhythmias. Lethal cardiac arrhythmias often result in sudden death, which is one of the
leading causes ofmortality in the industrializedworld. Irrespective of the nature of the excitable
medium, the rotation of a rotor is driven by its dynamics at the (vortex) core. In a recent study,
Majumder et al (2018 eLife 7 e41076) demonstrated, using in silico and in vitro cardiac optogenetics,
that light-guidedmanipulation of the core of free rotors can be used to establish real-time
spatiotemporal control over the position, number and rotation of these rotors in cardiac tissue.
Strategic application of thismethod, called ‘Attract-Anchor-Drag’ (AAD) can also be used to eliminate
free rotors from the heart and stop cardiac arrhythmias. However, rotors in excitable systems, can pin
(anchor) around local heterogeneities as well, thereby limiting their dynamics and possibility for
spatial control. Here, we expand our results and numerically demonstrate, that AADmethod can also
detach anchored vortices from inhomogeneities and subsequently control their dynamics in excitable
systems. Thus, overall we demonstrate that AAD control is one of thefirst universalmethods that can
be applied to both free and pinned vortices, to ensure their spatial control and removal from the heart
and, possibly, other excitable systems.

1. Introduction

Vortices, in the formof self-organized rotors of spatial excitation, occur in various complex excitable systems
[1]. These include, e.g. active galaxies [2], oscillatory chemical reactions [3, 4], social amoebaeDictyostelium
discoideum [5], Carbonmonoxide oxidation on a Platinum surface [6], and cardiac tissue [7]. In the heart, such
vortices are considered to be detrimental, as they underlie lethal cardiac arrhythmias.

The important features of the vortex, such as, the rotation frequency, spatial organization of emittedwaves
are determined by a core of a vortex, which is characterized by a phase singularity point, or a closed loop of phase
singularities. It was shown that real-timemanipulation of the core, could result in direct spatiotemporal control
over these vortices in various excitable systems [8–10]. However, these studies focused on controlling vortices
that existed freely in themedium,without attaching to a physical inhomogeneity. The validity of such control
methods has not been tested in systemswith anchored vortices, i.e. where the vortex attaches itself to a large
physical inhomogeneity and starts circulating around it. Such pinned activity can occur in various excitable
systems, see e.g. [11, 12].

In the heart, both free and anchored vortices commonly occur. It is widely accepted that anchored vortices
organize so calledmonomorphic tachycardias, characterized by periodic electrocardiograms (ECG), whereas
free vortices, togetherwith their complex spatial organizations, underlie polymorphic tachycardias and
fibrillation, which are characterized by complex non-periodic ECGs. As these cardiac arrhythmias are serious
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medical conditions that, if left untreated, can lead to sudden death, it is very important to develop an
understanding of the dynamics of these associated vortices and use the acquired knowledge to designmethods
for arrhythmia control. From a general point of view, anchored vortices aremore difficult to control, as
compared to free ones, because of the extra stability imposed upon thesewaves by the inhomogeneity, as it serves
as the core organizing their dynamics. Therefore themethods developed to control free vortices [9, 13–24] can
be ineffective for pinned vortices [25]. For pinned vortices, unpinning is effectuated by the application of
external electrical field [26–33], or by a rotating electrical pulse [34]. Oneway to overcome this issue is to detach
(unpin) the vortex from the inhomogeneity and then possibly use one of thementionedmethods. It was shown
that a weak shock, with an amplitude of an order ofmagnitude less than the defibrillating shock,may unpin the
vortices rotating around the obstacle, [35]. Othermethods include regional cooling of the excitablemedium
[36], or application of periodicmechanical deformation [37]. However, in any of the afore-mentoned cases, the
unpinningmethdology by itself does not eliminates the vortex, while just unpinning that is not followed by
attempts to eliminate the vortices, and can have dangerous consequences leading tomore complex arrhythmia.

RecentlyMajumderet al [8] proposed a novelmethod to control spiral waves in cardiac tissue. They
demonstrated realtime spatiotemporal control over spiral wave dynamics by pinning-based relocation of
vortices in optogenetically-modifiedmonolayers of neonatal rat cardiac cells. Theirmethod (Attract-Anchor-
Drag-control)was shown to be extremely powerful for the elimination of single ormultiple spiral waves in two-
dimensional (2D), homogeneous cardiac tissue systems.Herewe apply thismethod to pinned vortices and show
that using ‘Attract-Anchor-Drag’ (AAD)-controlmethod, it is possible to detach pinned spiral and scroll waves
from conduction-type inhomogeneities over awide range of sizes, and then remove these vortices from the
tissue using the same approach.We investigate conditions necessary for the success of this phenomenon, study
the dependence of its success rate on the characteristics of the pinned vortex and propose amodofication of the
methodwhich further increases its efficiency. Overall we show that AADnot only allows unpinning, but also
removal of anchored vortices,making it one of thefirst universal controlmethods, that can be applied both for
pinned, as well as free vortices in the heart and other excitable systems.

2. Results

Webeginwith an in silico demonstration of the success of AAD-controlmethod in unpinning, and removing an
anchored vortex. To this end, we first produced a stationary rotating vortex, pinned to a circular conduction-
type inhomogeneity, in a simulatedmonolayer of neonatal rat cardiac atrial cells. Next, we created a circular
light-induced inhomogeneity, close to the location of the anchored vortex, by applying a light spot to the in silico
monolayer, as described inMajumder et al [8].We observed unpinning of the anchored vortex from the
conduction-type inhomogeneity, followed by its re-attachment to the light-induced inhomogeneity.
Subsequentmovement of the optical spot, away from the location of the obstacle, led to spatialmovement of the
light-induced inhomogeneity, alongwith the anchored vortex, as seen in case of free vortices withAAD-control.
Thesefindings are illustrated infigure 1.

In our attempts to use the AAD-controlmethod to relocate a pinned vortex, we observed that detachment by
the optical spot did not occur successfully, all the time and depended on timing and location of the light-induced
inhomogeneity. This inspired us to investigate the factors responsible for detachment of the anchored vortex,
and to use the acquired knowledge to improve upon the standardAAD controlmethod, in order tomaximize
the probability of successful dragging. Therefore, as afirst step, we studied the roles of sizes of the two types of
inhomogeneities (conduction-type and light-induced) in the process of vortex unpinning and its re-attachment

Figure 1.Termination of an anchored vortex by optical dragging (AADmethod). (A1)–(A5) Show the representative states of the
spiral wave at times 0 ms, 80 ms, 160 ms, 240 ms, and 320 ms, respectively. The vortex was initially anchored to a circular conduction-
type (filledwhite) inhomogeneity of radius rC=0.78 mm, and it was dragged using a circular light spot (translucent blue) of the same
size.
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to the light-induced inhomogeneity. To this purpose, we initiated a spiral wave in 50 different realizations of the
2D realistic simulation domain (seeMethods for details). In each case, we startedwith the spiral anchored to a
conduction-type inhomogeneity of radius rC and placed a circular light-induced inhomogeneity of radius rL at
some spatial separation from the conduction-type inhomogeneity, such that the distance between the centers of
the two inhomogeneities was d. Thenwe allowed the system to evolve in time for 4 s and recorded thefinal state
of the spiral.We calculated the relocation probability Prelocation for the different combinations of rC, rL, and d.
The results of our simulations are presented infigure 2.

Figure 2.Optical relocation of an anchored vortex. (A), (E) Show the initial states of the vortex, pinned to circular conduction-type
(filledwhite) inhomogeneities of radii rC=0.78 mm, and 1.35 mm, respectively. (B)–(D), And (F)–(H) showfinal states of the spiral
wave in (A) and (E), respectively, after 4 s of simulation, with circular light spots (translucent blue circles) of size rL=0.78 mm (B),
(F), 1.10 mm (C), (G), and 1.35 mm (D), (H), placed at a distance d=4 mm, from the center of the conduction-type inhomogeneity.
Clearly, relocation byAADmethod fails if > rC . Panel (I) shows the dependence of the probability of successful relocation
(Prelocation) on d, for different combinations of rC and rL.

3

New J. Phys. 22 (2020) 023034 RMajumder et al



Weobserved that at small rC (�1.10 mm),Prelocation was significantly large, even at d=4 mm,with small rL.
Themaximumvalue of Prelocation increasedwith increase in rL, for a given (rC, d), when therewas no physical
overlap between the inhomogeneities, i.e. +d r rC L( ). On the contrary, at rC>1.10 mm, detachment and
relocationwas possible onlywhen therewas physical overlap between the inhomogeneities, or the two
inhomogeneities were so close that the cells occupying the domain space between them constituted part of the
composite inhomogeneity (conduction+light-induced), due to the inexcitability zone created by depolarization
gradients of the light-induced inhomogeneity [38]. At rC>1.10 mmand > +d r rC L( ), relocation occurred
very rarely (e.g. 5/50 cases for rC=1.23 mm, rL=1.35 mm,when d=4 mm). Thus, large inhomogeneities
apparently exerted very strong pinning forces, whichmade it extremely difficult (almost impossible at
d>4 mm), for a spiral to hop fromone basin of attraction to the other.

AAD-controlmethod exploits the use of light-induced inhomogeneities to relocate spiral waves. Thus, in
order to ensure successful relocation of pinnedwaves from conduction-type inhomogeneities of all shapes and
sizes, it was important to determine the critical distance at which the probability of successful relocation
dropped to 1/e. In order to do so, we conducted a systematic exploration of the possible basins of attraction of
circular conduction-type and light-induced inhomogeneities of different sizes, that were located at different
distances from, and at different angular orientations relative to the tip of a spiral wave, located at the center of the
simulaton domain at time t=0. For this study, we used 3 different sizes of the inhomogeneity (radius 0.78, 1.23,
or 1.74 mm), 3 different distances (2, 4, or 6 mm) from the center of the domain, and 12 different orientational
angles (θ; q  0 360 in steps of 30°) relative to the instantaneous direction ofmovement of the tip of the
spiral wave.We let the spiral evolve in time and recorded, at the end of 4 s, whether pinning occurred or not.We
repeated these studies for 50 different realizations of the simulation domain and calculated the statistical
likelihood of pinning (Panchor) at each value of (ri, θj) (i=1, 2, 3, 1�j�12). The results of these studies are
presented infigure 3. Figures 3(A1)–(A3) showdistributions of the transmembrane potential in the presence of a
circular conduction-type inhomogeneity of radius rC=0.78 mm, located at 210° relative to the normal (y-axis),
at a distance 4 mm from the center of the simulation domain, at representative times 0 ms, 840 ms, and 1000 ms,
respectively. Similar pinning is demonstrated for rC=1.23 mm infigures 3(B1)–(B3), and for light-induced
inhomogeneities of size rL=0.78 mm, and rL=1.23 mm, respectively, infigures 3(C1)–(C3), and (D1)–(D3).
Note that pinning to light-induced inhomogeneities occurs faster (400 ms) than to conduction-type
inhomogeneities (1000 ms). Our results confirmed that the typical basin of attraction of a circular
inhomogeneity, for both conduction-type and light-induced cases, is circular, provided the spiral was exposed to
the inhomogeneity for a reasonably long time (>3 s) (see figure 3. At short timescales, while the basin of
attraction for a conduction-type inhomogeneity remained circular, with lower average probability of attraction
at shorter observation times, the basin of attraction of a light-induced inhomogeneity developped a bias, as in
figure 3 ofMajumder et al [8] indicating that brief light pulses could be used for directed attraction-based
movement, as is required for AAD.

At long exposure times (4 s), we determined the radii (RBoA) of the circular basins of attraction
corresponding to different physical sizes of the conduction-type (rC), and light-induced (rL) inhomogeneities. If
r be theminimumdistance from the tip of the spiral wave at time t=0 to the surface of the inhomogeneity, then
for small circular conduction-type inhomogeneities (rC�1.0 mm),Panchor was observed to vary linearly with r.
At rC�1.0 mm, Panchor was highest (Pmax)when the inhomogeneity shared the location of the spiral core. Even
then, the absolute value ofPmaxwas rather low (see figure).Pmax increasedwith increase in rC. Somewhere
between rC=0.95 and 1.10 mm, the dependence ofPanchor on r changed from linear to inverse-sigmoidal (see
figure 3(G)).We call this lengthscale, the critical radius () of the inhomogeneity.With a circular light-induced
inhomogeneity, Panchor showed inverse-sigmoidal dependence of r, over the entire range of rL, investigated (i.e.
from0.78 to 1.35 mm)(figure 3(J)). The data obtained fromour numerical experiments, wasfitted using the
following inverse-sigmoidal function:

= -
+ - -

f r
a be

1.0
1.0

. 1
c r r1 BoA

( ) ( )( ( )

Here, a controlled the offset along the vertical axis. This was varied from1.5 to 1.8 in order to obtain a perfect
fit of the data. Parameters b and cwere fixed at 1.8 and 1.9, respectively. Thesewere obtained by optimizing f1(r)
for the data corresponding to all 5 values of rL.We used the same function tofit the data for different rC.
However, for the codunction-type inhomogeneity, the slopes of the inverse-sigmoidal curves were shallower
than their light-induced counterparts. Hence b and cwere reduced to 1.25 and 1.7, respectively. At
rC=1.10 mm, the -P ranchor dependency curve underwent a transition from inverse-sigmoidal
(rC>1.10 mm) to linear (rC<1.10 mm). Thus, the parameters in f1(r)needed to be adjusted further.We used
b=1.15 mmand c=1.5 mm,with a normalization to 0.92, the value of Pmax, corresponding to rC=1.10 mm.
The -P ranchor dependency curves, corresponding to rC=0.78 mmand 0.95 mm, infigure 3(G), were fit using
the function = + ¢f r mr c2 ( ) , with ¢m c,( ) values of (0.69, 0.44), and (0.52, 0.56), respectively. The radii of the
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different basins of attraction of our inhomogeneities were given by rBoA). Figure 3(K) shows the dependence of
rBoA on the radius of the inhomogeneity for both conduction-type and light-induced cases. Clearly, the basin of
attraction of a light-induced inhomogeneity was almost -1.5 times larger than that of a conduction-type
inhomogeneity of the same size (for =r r r1.10mm, 1.22C BoA BoA,Light induced ,Conduction type‐ ‐ ).

We also found that one of the primary causes for relocation failure was the tendency of the spiral to re-
anchor to the conduction-type inhomogeneity, even if detachment could be forced at initial times, by the
presence of the light-induced inhomogeneity. Thus, successful relocation of a spiral wave initial detachment
should be followed by rapidmovement of the light-induced inhomogeneity that the core of the spiral wave, is
brought away from the basin of attraction of the conduction-type inhomogeneity, in order to avoid re-
anchoring.However, it is not trivial to determinewhen suchmoving of the light spot should occur. Oneway to
do it, could be via some feedback from spiral wave top position.

Infigure 4, we exploited another possibility of unpinning by introducing a third light-induced
inhomogeneity, in the formof a simple linear cut from the surface of the conduction-type inhomogeneity to the
surface of the light-induced inhomogeneity. This cut provided the reentrant activity, a pathway tomove from
the conduction-type inhomogeneity to the light-induced inhomogeneity, by forming a composite
inhomogeneity. Subsequent removal of the cut ensured successful relocation of the pinned spiral to the light-
induced inhomogeneity, which could then be dragged away from the conduction-type inhomogeneity, via the
AAD-controlmethod. These results are presented infigure 4, alongside the outcome of conventional RDP in the
same system,whereby, one applies a train of electrical pulses of the same frequency as the anchored spiral wave,

Figure 3.Basins of attraction of circular conduction-type (filledwhite) and light-induced (translucent blue) inhomogeneities.
Spatiotemporal evolution of a spiral wave in the presence of a conduction-type inhomogeneity of radius rC=(A1)–(A3) 0.78 mm,
and (B1)–(B3) 1.23 mm; and a light-induced inhomogeneity of radius rL=(C1)–(C3) 0.78 mm, and (D1)–(D3) 1.23 mm,
respectively. (E), (F)Probability distributionmaps for the basins of attraction of conduction-type inhomogeneities of radii
rC=0.78 mmand 1.23 mm, respectively. (G)Dependence of the probability of successful anchoring (Panchor), on the distance (r)
from the tip of the spiral wave at time t=0 to the center of the inhomogeneity, for different values of rC. A transition from linear-
dependence to inverse-sigmoidal-dependence occurs at rC�1.0 mm. (H)–(J)Analogs of (E)–(G), but for light-induced
inhomogeneities. (K): Dependence of the radius (rBoA) of the basin of attraction of an inhomogeneity, on the radius (rinhomogeneity) of
the inhomogeneity (conduction-type of light-induced).
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from a location close to the inhomogeneity.We found that AADwcmethod exhibited highest efficiency in
controlling spiral wave dynamics, at the shortest-duration (Tlight) light pulse, used for the generation of the light-
induced inhomogeneity (see figure 4(E)). Taking this into consideration, we found that the AADwcmethod
clearly demonstrated a higher success rate in spiral wave relocation, than the conventional RDPorAAD
methods (see figure 4(F)).

In the results presented so far, we had used idealized circular scars for the sake of simplicity. Next, we
performed simulationswith 3 different scar realizations that resemble anatomically accurate patterns offibrosis
[39].We employed theAAD-controlmethodwith linear cut (AADwc) to unpin and relocate the spiral waves in
each case. AtTlight=40 ms, we obtained successful relocation of the spiral from all 3 patterns, namely,
compact-, diffuse- and patchyfibrotic inhomogeneities. These results are illustrated infigure 5.

Finally, we performed representative simulations to unpin anchored scroll waves from3D slabs of neonatal
rat atrial cardiac tissue, with a totalfiber rotation of 60° across the thickness of the slab.We introduced a
cylindrical conduction-type inhomogeneity of base radius rC=1.35 mmandheight h=0.94 mm, 1.2 mm,
and 1.56 mm, respectively, in a tissue slab of thickness 1.56 mm,which is the approximate thickness of the atrial
wall in the neonatal rat heart.With a circular spot of light of rL=1.10 mm, applied to the surface of the slab
which shared an end of the conduction-type inhomogeneity, and a linear connector of length 3 mmwedetached
and dragged a scroll wave to termination(see figure 6).

3.Discussion

Spatiotemporal control of spiral (scroll)wave dynamics is an important problem in nonlinear sciences and
complex systems; in particular, the heart, where their existence is associatedwith lethal caridiac arrhythmias.
Dynamical control can include regulated initiation of new spiral (scroll)waves, suppression of pre-existing
waves, anchoring of spiral (scroll waves) and detachment or unpinning of thesewaves. For decades, researchers
haveworked at developing controlmechanisms for these reentrant waves in the heart. However, only recently,
after the advent of cardiac optogenetics, amethod to exert real-time spatiotemporal control over spiral wave
dynamics by targeting an area close to the core of the vortex, was proposed [8].

Figure 4.Comparison of efficiencies of different relocationmethods. (A)–(D)Relocation of a spiral wave, that is anchored to a circular
conduction-type (filledwhite) inhomogeneity, by (A1)–(A3), (B1)–(B3)AAD-controlmethodwith a linear cut (AADwc), or by (C1)–
(C3), (D1)–(D3) the conventionalmethod of resonant drift pacing (RDP). (A1)–(A3) and (C1)–(C3)use a conduction-type
inhomogeneity of radius rC=0.78 mm,whereas, (B1)–(B3) and (D1)–(D3) use rC=1.35 mm. (A1)–(A3)And (B1)–(B3), show
dragging via a light spot (translucent blue) of radius rL=0.78 mmwith a 4 mmcut. (C1)–(C3) Illustrates successful detachment of a
spiral wave via RDPmethod.However, (D1)–(D3) shows failure of the RDPmethod for a large conduction-type inhomogeneity. (E)
Dependence ofPrelocation by AADwcmethod, onTlight, i.e. the time duringwhich, light was applied continuously at a given location.
(F)Comparison between themaximumvalues ofPrelocation at rC=0.78 mm, 1.10 mm, and 1.35 mm, respectively, for 3 different
relocationmethods, namely, RPD, AAD, andAADwc. The red dot in panels (C) and (D) indicates the site of electrical pacing.
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Arrhythmias driven by pinned spiral (scroll)waves are extremely important in cardiology. They often occur
in patients aftermyocardial infarction, or as a result of structural remodeling of heart which occur inmany
forms of heart disease. In this article, we propose a gentlemethodwhich can be used tomanage such
arrhythmias, which is further improvement of the AAD-controlmethod, suggested byMajumder et al [8]. In
thismethodwefirst unpin and then relocate spiral (scroll)waves that are anchored to conduction-type
inhomogeneities. Important that our approach uses the samemethodology for both unpinning and relocation
processes, thus they can be realized on the same platform.

Although unpinningworks in non-modifiedAADmethod, we showed that its efficiency can be improved by
producing of temporary simple linear cut. Note, that this is only one possibility and efficiency of unpinning can

Figure 5. Successful relocation of a siral wave pinned to a realistic (A1)–(A5) compact, (B1)–(B5) patchy and (C1)–(C5) diffusefibrotic
inhomogeneity using AADwcmethodwith a circular light spot (rL=2.7 mm), 3 mm linear cut, andTlight=40 ms. The distribution
of thefibrotic tissue is shown inwhite, whereas, the position of the light spot is indicatedwith translucent blue circles. The direction of
movement of the spot ismarkedwith a small cyan arrow, connecting the previous position of the spot to its new location.

Figure 6. Successful detachment and relocation of a scroll wave pinned to a cylindrical conduction-type inhomogeneity of base radius
rC=1.35 mm, and height h, by AADwcmethod, using a circular light spot of radius rL=1.10 mm, and a cut of length 3 mm, applied
only to the upper surface of the slab. Panels (A)–(C) illustrate different stages of the relocation process at times as indicated in the panel
at the top. Thewhite lines in each sub-figure show thefilament of the scroll (or pinned reentrant activity) at different times. The blue
regions indicate the places where light was applied to generate the light-induced inhomogeneity.
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potentially be increased by other approaches. For example one can try to use scanning of the tissue, or changing
of radius of the illuminated spot or other dynamical protocols etc. This issue needs to be further investigated and
themethod should be further tuned for each possible particular application of themethod.

Our 2D studies predict the existence of a critical size () of the inhomogeneity, belowwhich, the
inhomogeneity fails to attract a spiral wave sufficiently in order to pin it. Above, the attraction profile of a
conduction-type inhomogeneity resembles that of a light-induced inhomogeneity, which is an established
attractor, and thereforemakes detachment of spiral waves by conventionalmethods, rarely possible. Our studies
demonstrate that with the suggested improvement, AAD-controlmethod has a close-to-100% likelihood for
success in relocating a pinned vortex, which is far better thanwhat can be achievedwith othermethods such as
unmodifiedAADorRDP.

In previous studies, a perturbation theory based on properties of response functions, was developed for
spiral wave dynamics. These functions are eigenmodes of the adjoint operator, linearized on the spiral wave
solution [40, 41]. Interestingly, for rigidly rotating, as well asmeandering, spirals the response functionswere
numerically found to be localized in the space around the spiral core. This localization areawas identified as the
key determinant of the regionwhere external perturbation could affect spiral wave dynamics [42–44]. It would
be interesting to apply response function theory to the problemof anchoring. One could, for example, estimate
the distance between the core of the spiral wave and the location of an obstacle, such that, themere presence of
the obstacle can affect the dynamical properties of the spiral wave and possibly predict the likelihood of its
anchoring. In addition, it is possible to study the rotation of a spiral wave close to an obstacle and observemore
complex dynamics, such as precession around a localized inhomogeneity [45]. However, in order to apply the
response function theory to the results obtained in our paper, few questions still need to be addressed. First, one
needs tofind effective tools for calculation of response functions for complex ionicmodels such as one used in
our study. Second, perturbation theory normally deals with small-amplitude, smooth perturbations, whereas,
processes such as unpinning change the topology of the system. These additional challenges need to be addressed
in order to reach a full quantitative understanding of the pinning and unpinning processes.

TheAADwcmethod can provide an efficient and optimal strategy in the design of control schemes for the
removal of any type of anchored reentry in the heart, as it clearly demonstrates that real-time spatiotemporal
control of scroll waves can be achieved, evenwith sub-transmural illumination of cardiac tissue. Although in
practice, the application of optogenetics to cardiology, is, in itself, a debatable topic, recent advances in cardiac
optogenetics [46–52] promise a brighter future. One of the biggest challenges faced by existing scroll wave
controlmethods is that the control pulses (electrical or optical), can only be applied to the surface of the heart.
Blue light does not have sufficient penetration depth into human cardac tissue. Currently, the optogenetic tools
used to study such controlmethods respond only to light of short wavelengths in the visible spectrum. Thus,
although it would be ideal to have a optogenetic tool, responding to red light, which has deepest penetration into
cardiac tissue, such a tool has not been realized so far [53]. This leaves us to consider improvements to our
currentmethods to achieve real-time control over spiral (scroll)wave dynamics, as the only option, aside from
drug interventions or ablation (in case of AF). The success of AADwcmethod in controlling scroll wave
dynamics in a 3D slab of cardiac tissue, has opened newdoors in cardiac optogenetics, to the design of
arrhythmia control schemes by sub-transmural illumination of the heart wall. Detailed investigations into the
influence offiber orientation, increased tissue thicknesses and realistic geometries remainwarranted for the
future.

4.Methods

In order to simulate the electrophysiological properties of neonatal rat atrial cardiomyocytes, we followed the
model proposed byMajumder et al [54], whereby, the temporal evolution of the single-cell transmembrane
potentialV is described as follows:

= -
+V

t

I I

C

d

d
. 2

m

ion stim ( )

Iion is composed of 10 ionic currents, namely, the fast Na+ current (INa), the L-type Ca
2+ current (ICaL), the

inward rectifier K+ current (IK1), the transient outwardK
+ current (Ito), the sustained outwardK

+ current
(IKsus), the backgroundK

+ (IKb), the backgroundNa
+ (INab) andCa

2+ (ICab) currents, the hyperpolarization-
activated funny current (If), and the acetylcholine-mediated K+ current (IK,ACh).

In extendedmedia, the cardiomyocytes were coupled such that the spatiotemporal evolution ofV obeyed the
following reaction-diffusion-type equation:
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Here,  is the diffusion tensor. In 2D, the system is isotropic. Thus,  reduced to a scalar
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Here, ^D D, 1 and D̂ 2 represent the coefficients of diffusion, parallel to thefiber direction, perpendicular to the
direction of the fibers (in plane), and perpendicular to the fiber direction (normal to the plane), respectively.We
used = - -D 0.000 12 cm m s2 1 1

 , and = =^ ^
- -D D 0.0003 cm m s1 2

2 1 1, respectively.
For our studies in 2D,we used 50 different realistic in silicomonolayers of neonatal rat atrial cardiomyocytes.

By realistic, wemean that (a) the simulation domainswere circular, with a physical diameter of 1.56 cm (same as
in a typical 24-well plate), (b) the cardiomyocytes composing the simulation domains expressed a natural
cellular heterogeneity as described inMajumder et al [54], and (c),≈17%of the cells constituting the simulation
domains, were cardiacmyofibroblasts [8, 54, 56]. The cardiacmyofibroblasts weremodeled as passive circuit
elements, according to theMacCannell formulation [57], whichwere electrically coupled to the cardiomyocytes.
These cells were distributed randomly throughout the domain. For our studies in 3D,we used homogeneous
slabs of neonatal rat atrial tissue (no cardiacmyofibroblasts.We used rectangular parallelepipedal domains of
physical size 1.6 cm×1.6 cm×0.156 cm, withfibers rotated through 60° from the base of the slab to the top.
We used amodel ofChlamydomonas reinhardtii channelrhodopsin-2mutantH134R, as the optogenetic tool,
following the studies of Boyle et al [58], with the exact same parameter values for the opto-channel, as in [8, 58].
In general, light has poor penetration inside cardiac tissue. Thus, a computationally efficient and appropriate
method tomodel light attenuation effects, is to solve the photon diffusion equationwith a zero source term
inside the tissue. In the simplest case, we assume homogeneous absorption and isotropic scattering of light
photons. Thus the irradiance can be approximated by an exponential function, as explained in detail in [59]. For
our 3D studies, irradiance Ee(r) inside the tissue wasmodeled using the simple distribution function [59]:

= d-E r E e . 9e e
r

,max( ) ( )( )

Here, = -E 3.0 mW mme,max
2 [8], and δ=0.588 mm, the penetration deption for blue light in cardiac

tissue [60].
In our studies, we used 2 kinds of inhomogeneity: conduction-type and light-induced. The conduction-type

inhomogeneties weremodeled as regions of zero diffusionwithin the simulation domain, with noflux exchange
across the boundaries. The light-induced inhomogeneities were produced by affecting the kinetics of the
simulated opto-channels in localized regions, thereby forcingmost of the opto-channel subunits tomove to the
open state, and ensuring depolarization of the cellmembrane.

For the simulations using realistic inhomogeneities in 2D,we adopted the different fibrosis patterns from
[39] to scale, and placed then in themiddle of large simulation domains of physical size 3.2 cm×3.2 cm.We
initiated spiral waves in these domains by the standard cross-field S1-S2 protocol. Scrollfilaments were tracked
in 3D, by themethod described byQu et al [55].

ORCID iDs

RupamanjariMajumder https://orcid.org/0000-0002-3851-9225

References

[1] CrossMC andHohenberg PC 1993 Pattern formation outside of equilibriumRev.Mod. Phys. 65 851–1112
[2] Schulman L S and Seiden PE 1986 Percolation and galaxies Science 233 425–31
[3] Belousov BP 1985APeriodic Reaction and ItsMechanism (NewYork:Wiley)
[4] ZhabotinskyAM1991Ahistory of chemical oscillations andwavesChaos 1 379–86

9

New J. Phys. 22 (2020) 023034 RMajumder et al

https://orcid.org/0000-0002-3851-9225
https://orcid.org/0000-0002-3851-9225
https://orcid.org/0000-0002-3851-9225
https://orcid.org/0000-0002-3851-9225
https://doi.org/10.1103/RevModPhys.65.851
https://doi.org/10.1103/RevModPhys.65.851
https://doi.org/10.1103/RevModPhys.65.851
https://doi.org/10.1126/science.233.4762.425
https://doi.org/10.1126/science.233.4762.425
https://doi.org/10.1126/science.233.4762.425
https://doi.org/10.1063/1.165848
https://doi.org/10.1063/1.165848
https://doi.org/10.1063/1.165848


[5] PálssonE andCox EC 1996Origin and evolution of circular waves and spirals in dictyosteliumdiscoideum territories Proc. Natl Acad.
Sci. USA 93 1151–5

[6] BärM,GottschalkN, EiswirthMandErtl G 1994 Spiral waves in a surface reaction:model calculations J. Chem. Phys. 100 1202–14
[7] Davidenko JM,Kent P, ChialvoDR,MichaelsDC and Jalife J 1990 Sustained vortex-like waves in normal isolated ventricularmuscle

Proc. Natl Acad. Sci. USA 87 8785–9
[8] Majumder R et al 2018Optogenetics enables real-time spatiotemporal control over spiral wave dynamics in an excitable cardiac system

eLife 7 e41076
[9] SteinbockO, ZykovV andMüller S 1993Control of spiral-wave dynamics in activemedia by periodicmodulation of excitabilityNature

366 322–4
[10] Schlesner J, ZykovV S, BrandtstädterH,Gerdes I and EngelH 2008 Efficient control of spiral wave location in an excitablemedium

with localized heterogeneitiesNew J. Phys. 10 015003
[11] Davidenko JM,Kent P and Jalife J 1991 Spiral waves in normal isolated ventricularmuscle PhysicaD 49 182–97
[12] Davidenko JM, Pertsov AM, Salomonsz R, BaxterW and Jalife J 1991 Stationary and drifting spiral waves of excitation in isolated

cardiacmuscleNature 355 349–51
[13] de la CasaMA, de la Rubia F J and Ivanov PC 2007 Patterns of spiral wave attenuation by low-frequency periodic planar frontsChaos

17 015109
[14] de la CasaMA, de la Rubia F J and Ivanov PC 2009 Spiral wave annihilation by low-frequency planar fronts in amodel of excitable

mediaEPL 86 18005
[15] de la CasaMA, de la Rubia F J and Ivanov PC 2007 Patterns of phase-dependent spiral wave attenuation in excitablemedia Phys. Rev.E

75 051923
[16] BurtonRAB et al 2015Optical control of excitationwaves in cardiac tissueNat Photon. 9 813–6
[17] RappelW-J, Fenton F andKarmaA 1999 Spatiotemporal control of wave instabilities in cardiac tissue Phys. Rev. Lett. 83 456–9
[18] LimZY,Maskara B, Aguel F, Emokpae R andTung L 2006 Spiral wave attachment tomillimeter-sized obstaclesCirculation 114

2113–21
[19] Garfinkel A et al 2000 Preventing ventricular fibrillation by flattening cardiac restitutionProc. Natl Acad. Sci. 97 6061–6
[20] ZhangH,HuB andHuG2003 Suppression of spiral waves and spatiotemporal chaos by generating target waves in excitablemedia

Phys. Rev.E 68 026134
[21] Alonso S, Sagués F andMikhailovA S 2003Tamingwinfree turbulence of scroll waves in excitablemedia Science 299 1722–5
[22] AllexandreD andOtaniNF 2004 Preventing alternans-induced spiral wave breakup in cardiac tissue: an ion-channel-based approach

Phys. Rev.E 70 061903
[23] Ma J,WangC-N, Tang J and Jia Y 2010 Eliminate spiral wave in excitablemedia by using a new feasible schemeCommun.Nonlinear Sci.

Numer. Simul. 15 1768–76
[24] ZhangH,CaoZ,WuN-J, YingH-P andHuG2005 Suppress winfree turbulence by local forcing excitable systems Phys. Rev. Lett. 94

188301
[25] Panfilov AV andKeener J P 1993 Effects of high frequency stimulation on cardiac tissuewith an inexcitable obstacle J. Theor. Biol. 163

439–48
[26] TanakaM et al 2009Unpinning of a spiral wave anchored around a circular obstacle by an external wave train: Common aspects of a

chemical reaction and cardiomyocyte tissueChaos 19 043114
[27] FengX,GaoX, PanD-B, Li B-WandZhangH2014Unpinning of rotating spiral waves in cardiac tissues by circularly polarized electric

fields Sci. Rep. 4 4831
[28] Porjai P et al 2016 Electrically forced unpinning of spiral waves from circular and rectangular obstaclesChem. Phys. Lett. 660 283–6
[29] PanD-B, GaoX, FengX, Pan J-T andZhangH2016Removal of pinned scroll waves in cardiac tissues by electric fields in a generic

model of three-dimensional excitablemedia Sci. Rep. 6 21876
[30] GaoX andZhangH2014Mechanism of unpinning spirals by a series of stimuliPhys. Rev.E 89 062928
[31] IsomuraA,HörningM, Agladze K andYoshikawaK 2008 Eliminating spiral waves pinned to an anatomical obstacle in cardiac

myocytes by high-frequency stimuliPhys. Rev.E 78 066216
[32] KitahataH andTanakaM2018Mathematical approach to unpinning of spiral waves anchored to an obstacle with high-frequency

pacingBiophys. Physicobiology 15 196–203
[33] Pumir A et al 2010Wave-train-induced termination of weakly anchored vortices in excitablemedia Phys. Rev.E 81 010901
[34] Chen J-X, Peng L,Ma J andYingH-P 2014 Liberation of a pinned spiral wave by a rotating electric pulse Europhys. Lett. 107 38001
[35] Pumir A andKrinskyV 1999Unpinning of a rotatingwave in cardiacmuscle by an electric field J. Theor. Biol. 199 311–9
[36] YamazakiM et al 2012Regional cooling facilitates termination of spiral-wave reentry through unpinning of rotors in rabbit hearts

Heart Rhythm 9 107–14
[37] Chen J-X, Peng L, ZhengQ, Zhao Y-H andYingH-P 2014 Influences of periodicmechanical deformation on pinned spiral waves

Chaos 24 033103
[38] WatanabeM et al 2017Optogeneticmanipulation of anatomical re-entry by light-guided generation of a reversible local conduction

blockCardiovasc. Res. 113 354–66
[39] de Jong S, vanVeenTAB, vanRijenHVMand de Bakker JMT 2011 J. Cardiovasc. Pharmacol. 57 630–8
[40] Keener J P 1988The dynamics of three-dimensional scroll waves in excitablemedia PhysicaD 31 269–76
[41] BiktashevV andHoldenA1995Resonant drift of autowave vortices in two dimensions and the effects of boundaries and

inhomogeneitiesChaos, Solitons Fractals 5 575–622Nonlinear Phenomena in Excitable Physiological Systems
[42] Biktasheva I V andBiktashevVN2003Wave-particle dualism of spiral waves dynamics Phys. Rev.E 67 026221
[43] Marcotte CD andGrigoriev RO2016Adjoint eigenfunctions of temporally recurrent single-spiral solutions in a simplemodel of atrial

fibrillationChaos 26 093107
[44] DierckxH,VerscheldeH and Panfilov AV2017Measurement and structure of spiral wave response functionsChaos 27 093912
[45] BiktashevVN, BarkleyD andBiktasheva I V 2010Orbitalmotion of spiral waves in excitablemediaPhys. Rev. Lett. 104 058302
[46] BruegmannT et al 2010Optogenetic control of heartmuscle in vitro and in vivoNat.Methods 7 897–900
[47] Jia Z et al 2011 Stimulating cardiacmuscle by light: cardiac optogenetics by cell deliveryCirc. Arrhythmia Electrophysiol. 4 753–60
[48] Bingen B et al 2014 Light-induced termination of spiral wave arrhythmias by optogenetic engineering of atrial cardiomyocytes

Cardiovasc. Res. 104 194–205
[49] NussinovitchU andGepstein L 2015Optogenetics for in vivo cardiac pacing and resynchronization therapiesNat. Biotechnol. 33 750–4
[50] Crocini C et al 2016Optogenetics design ofmechanistically-based stimulation patterns for cardiac defibrillation Sci. Rep. 6 35628

10

New J. Phys. 22 (2020) 023034 RMajumder et al

https://doi.org/10.1073/pnas.93.3.1151
https://doi.org/10.1073/pnas.93.3.1151
https://doi.org/10.1073/pnas.93.3.1151
https://doi.org/10.1063/1.466650
https://doi.org/10.1063/1.466650
https://doi.org/10.1063/1.466650
https://doi.org/10.1073/pnas.87.22.8785
https://doi.org/10.1073/pnas.87.22.8785
https://doi.org/10.1073/pnas.87.22.8785
https://doi.org/10.7554/eLife.41076
https://doi.org/10.1038/366322a0
https://doi.org/10.1038/366322a0
https://doi.org/10.1038/366322a0
https://doi.org/10.1088/1367-2630/10/1/015003
https://doi.org/10.1016/0167-2789(91)90207-P
https://doi.org/10.1016/0167-2789(91)90207-P
https://doi.org/10.1016/0167-2789(91)90207-P
https://doi.org/10.1038/355349a0
https://doi.org/10.1038/355349a0
https://doi.org/10.1038/355349a0
https://doi.org/10.1063/1.2404640
https://doi.org/10.1209/0295-5075/86/18005
https://doi.org/10.1103/PhysRevE.75.051923
https://doi.org/10.1038/nphoton.2015.196
https://doi.org/10.1038/nphoton.2015.196
https://doi.org/10.1038/nphoton.2015.196
https://doi.org/10.1103/PhysRevLett.83.456
https://doi.org/10.1103/PhysRevLett.83.456
https://doi.org/10.1103/PhysRevLett.83.456
https://doi.org/10.1161/CIRCULATIONAHA.105.598631
https://doi.org/10.1161/CIRCULATIONAHA.105.598631
https://doi.org/10.1161/CIRCULATIONAHA.105.598631
https://doi.org/10.1161/CIRCULATIONAHA.105.598631
https://doi.org/10.1073/pnas.090492697
https://doi.org/10.1073/pnas.090492697
https://doi.org/10.1073/pnas.090492697
https://doi.org/10.1103/PhysRevE.68.026134
https://doi.org/10.1126/science.1080207
https://doi.org/10.1126/science.1080207
https://doi.org/10.1126/science.1080207
https://doi.org/10.1103/PhysRevE.70.061903
https://doi.org/10.1016/j.cnsns.2009.07.013
https://doi.org/10.1016/j.cnsns.2009.07.013
https://doi.org/10.1016/j.cnsns.2009.07.013
https://doi.org/10.1103/PhysRevLett.94.188301
https://doi.org/10.1103/PhysRevLett.94.188301
https://doi.org/10.1006/jtbi.1993.1129
https://doi.org/10.1006/jtbi.1993.1129
https://doi.org/10.1006/jtbi.1993.1129
https://doi.org/10.1006/jtbi.1993.1129
https://doi.org/10.1063/1.3263167
https://doi.org/10.1038/srep04831
https://doi.org/10.1016/j.cplett.2016.08.052
https://doi.org/10.1016/j.cplett.2016.08.052
https://doi.org/10.1016/j.cplett.2016.08.052
https://doi.org/10.1038/srep21876
https://doi.org/10.1103/PhysRevE.89.062928
https://doi.org/10.1103/PhysRevE.78.066216
https://doi.org/10.2142/biophysico.15.0_196
https://doi.org/10.2142/biophysico.15.0_196
https://doi.org/10.2142/biophysico.15.0_196
https://doi.org/10.1103/PhysRevE.81.010901
https://doi.org/10.1209/0295-5075/107/38001
https://doi.org/10.1006/jtbi.1999.0957
https://doi.org/10.1006/jtbi.1999.0957
https://doi.org/10.1006/jtbi.1999.0957
https://doi.org/10.1016/j.hrthm.2011.08.013
https://doi.org/10.1016/j.hrthm.2011.08.013
https://doi.org/10.1016/j.hrthm.2011.08.013
https://doi.org/10.1063/1.4886356
https://doi.org/10.1093/cvr/cvx003
https://doi.org/10.1093/cvr/cvx003
https://doi.org/10.1093/cvr/cvx003
https://doi.org/10.1016/0167-2789(88)90080-2
https://doi.org/10.1016/0167-2789(88)90080-2
https://doi.org/10.1016/0167-2789(88)90080-2
https://doi.org/10.1016/0960-0779(93)E0044-C
https://doi.org/10.1016/0960-0779(93)E0044-C
https://doi.org/10.1016/0960-0779(93)E0044-C
https://doi.org/10.1103/PhysRevE.67.026221
https://doi.org/10.1063/1.4962644
https://doi.org/10.1063/1.4999606
https://doi.org/10.1103/PhysRevLett.104.058302
https://doi.org/10.1038/nmeth.1512
https://doi.org/10.1038/nmeth.1512
https://doi.org/10.1038/nmeth.1512
https://doi.org/10.1161/CIRCEP.111.964247
https://doi.org/10.1161/CIRCEP.111.964247
https://doi.org/10.1161/CIRCEP.111.964247
https://doi.org/10.1093/cvr/cvu179
https://doi.org/10.1093/cvr/cvu179
https://doi.org/10.1093/cvr/cvu179
https://doi.org/10.1038/nbt.3268
https://doi.org/10.1038/nbt.3268
https://doi.org/10.1038/nbt.3268
https://doi.org/10.1038/srep35628


[51] Nyns ECA et al 2017Optogenetic termination of ventricular arrhythmias in thewhole heart: towards biological cardiac rhythm
management Eur.Heart J. 38 2132–6

[52] BruegmannT, Beiert T, Vogt C, Schrickel J and Sasse P 2018Optogenetic termination of atrialfibrillation inmiceCardiovasc. Res. 114
713–23

[53] Karathanos TV, Boyle PMandTrayanovaNA2016 Light-based approaches to cardiac arrhythmia research: frombasic science to
translational applicationsClin.Med. Insights. Cardiol. 10 47–60

[54] Majumder R et al 2016Amathematicalmodel of neonatal rat atrialmonolayers with constitutively active acetylcholine-mediated +k
currentPLoSComput. Biol. 12 e1004946

[55] QuZ, Kil J, Xie F, Garfinkel A andWeiss JN 2000 Scroll wave dynamics in a three-dimensional cardiac tissuemodel: roles of restitution,
thickness, and fiber rotationBiophys. J. 78 2761–75

[56] Majumder R, EngelsMC, deVries AAF, Panfilov AV and Pijnappels DA 2016 Islands of spatially discordant apd alternans underlie
arrhythmogenesis by promoting electrotonic dyssynchrony inmodels offibrotic rat ventricularmyocardium Sci. Rep. 6 24334

[57] MacCannell KA et al 2007Amathematicalmodel of electrotonic interactions between ventricularmyocytes and fibroblastsBiophys J.
92 4121–32

[58] Boyle PM,Williams J C, Ambrosi CM, Entcheva E andTrayanovaNA2013A comprehensivemultiscale framework for simulating
optogenetics in the heartNat. Commun. 4 2370

[59] Boyle PM,Karathanos TV, Entcheva E andTrayanovaNA2015Computationalmodeling of cardiac optogenetics:methodology
overview& review of findings from simulationsComput. Biol.Med. 65 200–8

[60] BruegmannT et al 2016Optogenetic defibrillation terminates ventricular arrhythmia inmouse hearts and human simulations J. Clin.
Invest. 126 3894–904

11

New J. Phys. 22 (2020) 023034 RMajumder et al

https://doi.org/10.1093/cvr/cvx250
https://doi.org/10.1093/cvr/cvx250
https://doi.org/10.1093/cvr/cvx250
https://doi.org/10.1093/cvr/cvx250
https://doi.org/10.4137/CMC.S39711
https://doi.org/10.4137/CMC.S39711
https://doi.org/10.4137/CMC.S39711
https://doi.org/10.1371/journal.pcbi.1004946
https://doi.org/10.1016/S0006-3495(00)76821-4
https://doi.org/10.1016/S0006-3495(00)76821-4
https://doi.org/10.1016/S0006-3495(00)76821-4
https://doi.org/10.1038/srep24334
https://doi.org/10.1529/biophysj.106.101410
https://doi.org/10.1529/biophysj.106.101410
https://doi.org/10.1529/biophysj.106.101410
https://doi.org/10.1038/ncomms3370
https://doi.org/10.1172/JCI88950
https://doi.org/10.1172/JCI88950
https://doi.org/10.1172/JCI88950

	1. Introduction
	2. Results
	3. Discussion
	4. Methods
	References



