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Abstract
Ventricular fibrillation is an extremely dangerous cardiac arrhythmia that is linked to rotatingwaves
of electric activity and chaoticallymoving vortex lines. Thesefilaments can pin to insulating,
cylindrical heterogeneities which swiftly become the new rotation backbone of the local wavefield.
For thin cylinders, the stabilized rotation is sufficiently fast to repel the free segments of the turbulent
filament tangle and annihilate them at the systemboundaries. The resulting global wave pattern is
periodic and highly ordered.Our cardiac simulations show that also thicker cylinders can establish
analogous forms of tachycardia. This process occurs through the spontaneous formation of pinned
multi-armed vortices. The observed number of wave armsN depends on the cylinder radius and is
associated to stability windows that forN=2, 3 partially overlap. ForN=1, 2, we find a small gap in
which the turbulence is removed but the pinned rotor shows complex temporal dynamics. The
relevance of our findings to human cardiology are discussed in the context of vortex pinning tomore
complex-shaped anatomical features and remodeledmyocardium.

1. Introduction

Travelingwaves of excitation are nonlinear waves that occur in a diverse group of experimental systems ranging
from corrodingmetals and liquid phase reactions to neuronal and cardiac tissues [1–3]. The typical features of
thesewaves include a system-specific speed and pulse form aswell as a lack of interference and reflection
phenomena. To the contrary, excitation pulsesmutually annihilate in head-on collision as their directionality is
caused by a trailing refractory zone that is reminiscent of the burned land in thewake of a spreading forestfire.
The front speed depends not only on the local dynamics and the strength of spatial coupling but also on thewave
train frequency and the local front curvature. Convex features typically slow down the propagation and cause
disrupted fronts to curl up to pairs of rotating spiral waves [4, 5]. In living systems, such rotors can perform
useful tasks as exemplified by their organizing role during the aggregation of cellular slimemolds [6] but also
disrupt normal physiological patterns. The arguablymost important cases of impaired functions are certain
cardiac arrhythmias.

The healthy heart pumps blood by rhythmic contractions that are carefully orchestrated by traveling action
potentials [7–9]. The pacemaker of thesewaves is usually the sinoatrial (SA)node in the right atrium (upper
chamber). Each excitation pulse reaches the ventricles (lower chambers) via a specialized routing systems
(bundle ofHis and Purkinje fibers).Within the chambers, the spread of the action potential can be described by
reaction-diffusion-likemodels inwhich the spatial coupling is electrical in nature andmediated by the gap
junctions between neighboringmuscle cells (cardiomyocytes). The local dynamics are centered around the cells’
membrane potential. Above a particular threshold, stimulation by neighboring cells causes the opening of
voltage-gated ion channels and the depolarization by the influx of cations into the cell which also results in
(Ca2+-induced)muscle contraction. After some refractory period, the cell repolarizes by opening potassium
channels, thus reestablishing its original excitable state.
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If the traveling electrical signal is disrupted, rotating spiral waves result that in cardiology are referred to as
reentrant waves or circusmotion [10]. These rotors have a higher frequency than the oscillatory cells in the SA
node and hence quickly enslave the tissue. In the ventricles, this tachycardia (VT) can reach periods of over 200
beats perminute and deteriorate to uncoordinated, quiver-like contractions called ventricularfibrillation (VFor
V-fib) [11].Withinminutes VF causes sudden cardiac death and brain death due to the lack of oxygen unless a
normal heart rhythm is established by defibrillation. In 2015, the AmericanHeart Association estimated that in
theUS over 326 000 adults per year experience EMS-assisted out-of-hospital cardiac arrest, of which about one
quarter havemeasurable signs of VF orVT. The survival rate after bystander-witnessed VF for patients of any age
is about 31% [12].

In thin, quasi-two-dimensional systems such as the human atria, spiral rotation is organized around a zero-
dimensional phase singularity. The human ventricles, however, are sufficiently thick to require a description in
terms of three space dimensions [13]. In such three-dimensional systems, rotation occurs around curves called
filaments and the rotor is called a scroll wave [5]. For topological reasons, filamentsmust either end at the system
boundaries or form closed loops or knots [14]. Their local speed v depends on thefilament curvatureK (and
other factors) and can be approximated by the proportional dependence a=v K , whereα is the system-specific
filament tension. Inmany cases, higher order effects such asfilament rigidity [15, 16] and also changes due to
strong phase gradients along thefilament (twist) can be neglected. The sign of the filament tension, however, is
of great importance because a positiveα implies stable linear filaments and shrinking filament loops, whereas
negative values cause expansion and the onset of turbulence [17–19].

This scroll wave turbulence (SWT) induced by negative filament tension attracts considerable research
interest, not only due to its fascinating dynamics but also for its likely role inVF [9, 20]. Of foremost interest is
the question how the turbulent state can be reset to a healthy state by removal of all rotors. Today this reset
requires defibrillationwith sequential electric shocks of 120–200 J but lower-energy procedures are being
investigated [21]. Evenmore advancedmethods could be developed if the perturbation is applied inways that
exploit the intrinsic characteristics of SWT. In this context, numerical simulations based on three-dimensional
models can play an important role. In 2003, for instance, Alonso et al demonstrated the suppression of SWTby
temporally periodic and spatially homogeneous, low-amplitudemodulation of an excitable system [22].While
conceptually elegant, these global perturbations are difficult to realize experimentally raising the question
whether a local, stationary perturbation could also terminate the turbulence.

Such as an approachwas discussed by Spreckelsen et al in 2015 [23], who studied the effect of a thin
cylindrical heterogeneity on SWT. The authors showed that such an unexcitable domain induces the following
sequence of events: (i) spontaneous pinning of a segment of the chaoticfilament, (ii) self-wrapping of that
filament around the entire length of the cylinder, (iii) periodic rotation of the pinned scroll wave around the
cylinder at a comparably high frequency, and (iv) expulsion of all other filaments from the system. The latter step
occurs as the result of a vortex drift that has been studied systematically in two-dimensional systemswhere a
small spiral defect is (typically) pushed away from awave source of similar or higher frequency [24, 25]. This
effect is based on the periodicmodulation of the exposed spiral tip in thewavefield of the dominant pacemaker
and fails in the case of perturbations that have a lower frequency than the spiral wave.

Accordingly, one could conclude that this suppression of turbulence occurs only for very thin cylinders
because the frequency of spiral waves is typically near the upper frequency limit of the system and only very thin
cylinders would raise the rotation frequency. This seeming limitation is the focus of our article inwhichwe (i)
extent thework of Spreckelsen et al by investigating a cardiacmodel rather than the simple Barkley equations
and (ii) report that arbitrarily thick cylinders remove the chaotic state. This counter-intuitive finding is caused by
the spontaneous formation of pinnedmulti-armed scroll waves.

2.Model andmethods

Weperformnumerical simulations using the Fenton–Karmamodel [3]. Although incorporating only a small set
of variables, themodel can reproduce the key electrophysiological characteristics of othermore complexmodels
as well as experimental data [3, 26]. The spread of cardiac transmembrane potentialV is described by the cable
theory and its central equation

¶
¶

=   -~· ( ) ( )V

t
D V

I

C
1ion

m

where
~
D is an effective diffusion tensor involving resistances,Cm is themembrane capacitance, and Iion is the

totalmembrane ion current. In this way, the first termon the right side of equation (1) represents intracellular
coupling and the second term adds up all transmembrane currents. The Fenton–Karmamodel, rather than
including detailed dynamics of variousmembrane currents, calculates Iion in terms of three phenomenological
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currents: the fast inward currents Ifi, the slow outward currents Iso, and the slow inward currents Isi, which are
analogous to the sodium, the potassium, and the calcium currents, respectively. The complete equations of the
model are

¶
¶

=   - - -~· ( ) ( ) ( ) ( ) ( )u

t
D u J u v J u J u w, , , 2fi so si

t t
¶
¶
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t t
¶
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where the three variables are a dimensionlessmembrane potential u, a fast ionic gate v, and a slow ionic gatew.
The variable u is defined by = - -( ) ( )u V V V V0 fi 0 whereVfi is theNernst potential of the fast inward current
andV0 the resting potential. The gating variables v andw regulate the transmembrane currents. In equation (2),
J J,fi so, and Jsi are scaled currents and given by the equation = -( ( ))J I C V Vm fi 0 . The equations for the three
currents are
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The values of the parameters (all τ values inmilliseconds) are: t t= =+ -3.33, 19.6,v v1 t =- 1000,v1

t =+ 667,w t =- 11,w t = 0.416,d t = 8.3,0 t = 50,r t = 45,si = =k u10, 0.85,c
si =u 0.13c , and

uv=0.055. This set of parameters yields a system inwhich scroll waves have a negative filament tension [27]. In
this paper, we focus on the isotropic system and thus

~
D is a tensor of rank 0 andwe refer to this scalar

asD consideringD=1 cm2 s−1.
Wemodel the pinning defect as a cylindrical, non-conducting heterogeneity centered in the system. In our

figures, this cylinder extends in the vertical direction and is simulated according to the phase-fieldmethod
reported in [28, 29]. For thismethod, we select afieldf that is computed prior to themain simulation. Its initial
values equal 0 inside of the heterogeneity and 1 elsewhere. The interface between f = 1 and f = 0 is smoothed
by iterating the equation

f
x f

f
f

¶
¶ ¢

=  -
¶
¶

( ) ( )
t

G
, 82 2

for 1000 steps at a dimensionless time step ofD ¢t =0.01. The parameter ξ (0.05 cm in all simulations)
determines thewidth of the interface. The function f( )G constrains the value off to the interval [0, 1] and is
given by

f
f f

= -
-

+
-( ) ( ) ( ) ( )G

2 1

4

2 1

8
. 9

2 4

The original parameterD in equation (2) is then substituted by fD which therefore results inD=1 cm2 s−1 in
the exterior of the defect butD=0 in the interior. In the limit x  0, the heterogeneity is confined by an exact
no-flux boundary [28]. Notice that the precise shape of the phase-field profile at the border of the heterogeneity
is not critical to the algorithm [28, 29].

We integrate the equation (2) by the explicit forward Eulermethodwith a space step of 0.025 cm and a time
step of 0.1 ms. The equations (3) and (4) are integrated by themethod reported in [30]. A seven-point stencil is
applied to evaluate the Laplacian.Our simulations are implemented in a slab, surrounded by no-flux
boundaries, with the size 10 cm×10 cm×2 cmbut forfigure 6 a larger volume of 20 cm×20 cm×2 cm is
used. The initial scroll wave is always initiated using the cross-field protocol [31] and has a straightfilament
extending in the vertical direction. Thefilament is detected using the zero-normal-velocitymethod [3].

Our simulations are performed using theComputeUnifiedDevice Architecture on aNVIDIA (TESLA
M2050) graphics processor unit (GPU) at the high performance computing cluster of Florida StateUniversity.
GPU-based architectures can process thousands of calculations on threads simultaneously, which dramatically
increases the speed of the computation.However, the computing potential of GPUs is affected by the limited
memory bandwidth. To improve the efficiency of our simulations, we split the three-dimensional data into
several slices along the z-direction and load one slice into thememory of theGPU at a time based on the scheme
reported in [32].
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3. Results

Figure 1 shows a typical snapshot of SWT in the Fenton–Karmamodel. The solid areas in (a) correspond to
excited regions inwhich the variable u is high. This spatial pattern in the cross-membrane potential changes
rapidly but is temporarily organized by rotation around the red curves in (b). Thefilaments themselvesmove
and elongate in a complex fashion that is driven by the negative filament tension of this system and further
complicated byfilament-wall and filament–filament collisions. The latter events usually do not induce the
crossing or reconnection of the involved segments but are rather dominated by repulsive interaction.We re-
emphasize that this complex state selforganizes from a single scroll wavewith an initially linearfilament. If SWT
is present in the human ventricles, the heartmusclemerely quivers, the electrocardiogram of the patient is highly
anomalous, and sudden cardiac death is imminent.

Earlier FitzHugh–Nagumo simulations [33] and recent studies of chemical reaction-diffusion systems–
which share numerous dynamic features with cardiac tissue—have shown that scroll waves can pin to
unexcitable or impermeable domains [34, 35]. In this context, pinning refers to the rotation of the spiral or scroll
wave around the unexcitable heterogeneity which can have various shapes and topologies (sphere, cylinder,
torus, double-torus) [36, 37]. Furthermore, scroll waves have the tendency to self-wrap around heterogeneities
such as thin cylinders whichmeans that a local contact between the obstacle and the filament slowly evolves to a
contact line that extends along the entire object [38]. These pinned states are surprisingly stable and as
demonstrated for scroll rings pinned to thin tori, even strong perturbations induce detachment only after slow
reorientation processes [39]. To date, however, little is known about this pinning behavior for systemswith SWT
and specifically no examples demonstrate this phenomenon for cardiacmodels.

Figure 2 illustrates the system response of the cardiacmodel to a stationary, cylindrical heterogeneity
(vertical, orange rod).Within this thin heterogeneity (r=0.325 cm), the conductivity is reduced to zero, thus,
blocking all wave propagation. Thefigure shows a sequence of four snapshots for a simulation inwhich the
heterogeneity is introduced after the SWThas fully developed and occupies the entire system. This time is
defined as t=0. Frame (a) shows thewave pattern at t=1 s. During this early stage, we can discern a cusp-like
deformation of awave segment near the top end of the cylinder. This feature is caused by the collision of thewave
with the cylinder but does not affect thewave rotation in the system. A few seconds later (figure 2(b)), the
situation has changed and the top part of the cylinder has just pinned a clockwise rotating scroll wave.While the
global wave pattern in (b) remained highly disorganized, only 0.35 s later (figure 2(c)) the pinned scroll wave
nowoccupies about half of the system and turbulent, free vortices are only seen near the systemborder. Clearly
this expulsion of the turbulence is caused by the pinned rotor and indeedwefind that 7 s after introduction of
the cylinder (figure 2(d)), the turbulence is fully suppressed and the entire system is enslaved to the rhythmof the
pinned scroll wave.

The dynamics illustrated infigure 2 occur reliably for the given parameters and cylinder width; only the time
at which the pinned rotor forms shows small deviations dependent on the specific pattern of the turbulent wave
field at t=0 (these deviations are generated by delaying the cylinder introduction). Another noteworthy feature
concerns the lack of vertical phase variations of the pinned vortex (i.e. the absence of twist), which could not have
been predicted prior to our simulations. Our results suggest that vortex pinning in systemswith negative
filament tension does not only arrest the filament curve to the heterogeneity but also suppresses all phase

Figure 1. (a)A typical snapshot showing scroll wave turbulence (SWT). Solid regions are excited ( u 0.2) and interpolating colors on
the surface are determined by varying values of thewavefield u. (b)Wave rotation in (a) is organized by one-dimensional phase
singularities. Thesefilaments are plotted as red dotted lines. The pattern at the base of (b) is the projection of the three-dimensional
wave field onto the z=0 plane. The vertical axis of both images are stretched by a factor of two.
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differences in vortex rotation. Accordingly, the pinned vortex is untwisted and the surroundingwave field
(figure 2(d)) has a z-independent phase for all x and y coordinates.

Figure 3 provides amore detailed analysis of the actual pinning process. In (a)we plot the temporal evolution
of the shortest distance between the filament tangle (i.e. allfilament points) and the symmetry axis of the
cylinder. The trace varies between 0.325 cm and about 2.2 cm. Theminimal value equals the cylinder radius and
corresponds to collision between thefilament and the cylinder. In this particular example, we find about 30
distinct collisions of which only the last one induces a stable pinned state. As expected from the chaotic nature of
thefilamentmotion, the time between the collisions varies greatly. Also their durationfluctuates with some of
the longer (unsuccessful) ones lasting 100–200 ms. Thisfinding shows that amere contact between the filament
and the heterogeneity is an insufficient criterion for pinning, thus implying that other factorsmust be involved.
We suggest that this additional variable is the angle between the filament and the cylinder axis. Infigure 3(b), we
show thefilament tangle at t=0.95 s (left arrow in (a))which denotes an unsuccessful collision event. In this
(and other) instances, the angle is nearly 90°which appears to be an unfavored orientation for pinning to a
cylinder. Figure 3(c) shows thefilament structure during the early stage of the successful pinning event
(t=5.73 s, right arrow in (a)). Here the lower part of thefilament is oriented in the direction of the cylinder axis,
which appears to be the favorable condition for pinning.

The remainder of this article focuses on the important role of the radius of the insulating heterogeneity and
describes a simple interpretation of our three-dimensional results based on the period of pinned two-
dimensional spirals. Asmentioned earlier, the basic principle of the defect-mediated suppression of SWT relies
on the high frequency of the pinned vortex. This frequencymust be larger than the ‘dominant’ SWT frequency,
because only thenwill the pinned vortex enslave its surroundings and push unpinned filaments outwards where
they eventually annihilate at the systemboundaries. Since the turbulent wave pattern does not have a unique
rotation period, we investigated this threshold value by exposing the turbulence to periodic planar waves. These
numerical simulations show that for our systemparameters, SWT is expelled for forcing periods below 160 ms.
For comparison, the rotation period of the pinned rotor infigure 2(c) equals 134 ms and is hence 16% smaller.
However, this periodT depends closely on the radius r of the pinning cylinder according to p=( )T r r c2 ,
where c is thewave speed.Notice that this wave speed does also depend on the rotation period. It is constant for
large periods and typically decreases for smaller ones.

Figure 2.Three-dimensional snapshots showing suppression of the scroll wave turbulence by an anchored scroll wave. Image
sequence is taken at =t 1 s (a), 5.65 s (b), 6 s (c) and 7 s (d). The heterogeneity is rendered in orange and the radius of the cylinder is
0.325 cm. Field of view: 10 cm×10 cm×2 cm. The vertical directions of images are stretched by a factor of 2.
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Taken together these factors determine amonotonically increasing dependence forT(r) that approaches
µT r in the limit of large radii. Accordingly, we should expect that thicker cylinders fail to suppress the SWT;

however, our simulations reveal a surprisingly different outcome. Figure 4 shows snapshots from two
simulationswith thick cylinders of radius 0.75 cm (a) and (b) and 1.25 cm (c) and (d). The left ((a) and (c)) and
right frames ((b) and (d)) are early and late stages, respectively. The individual images are two-dimensional
projections of the three-dimensional cardiac systemonto the (x y, )-plane obtained by averaging in z-direction.
Clearly both heterogeneities succeed in expelling the SWT from the system and establish highly-order pinned
vortex states. These states, however, aremulti-armed rotors with two and threewave sheets rotating
simultaneously around the cylinder.We emphasize that these structures form spontaneously over time intervals
that are comparable to the ones discussed in the context of figures 2 and 3. Amovie of the formation of a two-
armed vortex can be found in the supplementary data.

Key to the suppression of SWTby spontaneously formingmulti-armed scroll waves is that thewave period
of an n-armed vortex is roughly n times smaller than that of a one-armed vortex. Consequently, the frequency of
these structures can rise above the SWT suppression threshold even for thick cylinders. Also their spontaneous
formationmechanism is easily explained. Collision of thefilamentwith the cylinder clearly occur for all cylinder
radii and are actuallymore likely for thicker ones. If several collisions occur simultaneously or in short sequence,
multi-armed rotors can develop spontaneously. If the frequency of the resulting structure is too low, then SWT
is not suppressed but an additional collision can increase the number of rotatingwave sheets and hence thewave
frequency.

Infigure 5, this dependence is analyzed in terms of thewave periodT and the cylinder radius r. The small
arrows at the top of the figure are the result of three-dimensional simulationswith insulating cylinders of radii
indicated by the placement of the arrows. Their colors (green, blue, orange) indicates the number of wave arms
of the spontaneously forming pinned scroll wave (1, 2, 3, respectively) that in all cases eliminated the turbulence.
The thick horizontal line is the threshold period belowwhich SWT is suppressed by planar wave trains. The three
upward sloping curves are (from left to right) the period of one-, two-, and three-armed vortices asmeasured for
spiral waves in two-dimensional systemswhere SWTdoes not exist. Notice that these structures haveminimal r
values belowwhich the refractory tail of the closely stackedwavesmakes rotation impossible. The portions of the
curves below the threshold period, define r-windows inwhich SWTcan be expected to be suppressed by the
respectivemulti-armed scroll wave. Thesewindows are color-coded and labeledwith Roman numerals
according to the number of vortex arms. Thewindows agreewell with the results from the independent three-
dimensional simulations as only the rightmost green arrow falls slightly outside of thewindow I. In addition, we

Figure 3. Filament dynamics for the example shown infigure 2. (a) Shortest distances between filaments and the center of the pinning
cylinder as a function of time. The insulating cylinder is introduced into the turbulent system at t=0. (b) and (c) are selected
snapshots of thefilament tangles at t=0.95 and 5.73 s, respectively (see also red arrows in (a)) complemented by the pinning cylinder
(orange).
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Figure 4.Multi-armed pinned scroll waves spontaneously form for thick heterogeneities. The images (a)–(d) show the projection of
the three-dimensional wavefield u onto the x y, plane. The pinning cylinder (white circle) has a radius r of 0.75 cm in (a) and (b) and
1.25 cm in (c) and (d). The left and right frames are early and late snapshots, respectively. Time elapsed between frames: 750 ms ((a)
and (b)) and 800 ms ((c) and (d)).

Figure 5.Rotation period of pinned spiral waves as a function of the anchor radius r. The green (diamond), blue (asterisk), and orange
(cross) curves correspond to one-, two-, and three-armed spirals, respectively. In three dimensions, turbulence is suppressed for
periods below the black, horizontal line. The intersection of the black linewith the colored curves and the smallest possible periods of
the pinned rotors define three coloredwindows (also labeled as I, II, and III). The small arrows indicate the cylinder radii of three-
dimensional simulations and the arrow colors denote the observed number of pinnedwave arms using the same color scheme. In
addition, the three red arrows correspond to amore complex vortex state (figure 6).
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find that thewindows II and III overlap. This overlap indicates that, for this range of r values, both two- and
three-armed scroll waves can suppress SWT.Clearly this sequence of windows continues for vortices with even
higher topological charges but is not further investigated here because four ormore arms require rather large
cylinder radii that are biologically irrelevant.

For the set of parameters investigated, we alsofind a small gap between thewindows I and II. For r values
within this gap, the characteristic filament tangles of SWT are eliminated but the suppressing vortex (red arrows
infigure 5) has unusual dynamics that differ from those discussed so far.More specifically, the pinned rotor has
two arms ofwhich one shows a conventional attachment to the cylinder and the other a nearby loop-like
motion. A representative example of the resulting trajectories is shown infigure 6 and the correspondingmovie
in the supplementary data. In the figure, the trajectories represent the tipmotion at the lower boundary (z=0)
which are representative for the entire systembecause thewave pattern varies only slightly in the z-direction.
Furthermore, the attached filament is nearly linear whereas the unattached filament shows small S- and
C-shaped deformations that are clearly caused by the negative filament tension.Notice that due to repeating
collisions between the twowave arms, we cannot uniquely distinguish the twofilaments over longer time
intervals. The red and blue color infigure 6 is therefore an arbitrary assignmentwithfilaments alternating
between a free and an attached phase.We also note that we observed this behavior alsowithin the low r region of
window II, where they should not exist based on our simple analysis of vortex periods. At this point, however, we
cannot rule out very slow transients that would eventually change the complexmotion to that of a fully pinned
two-armed scroll waves.

Although the systembehavior in the gap betweenwindows I and II is clearly simpler than the uncontrolled
turbulence in homogeneous (cylinder-free)media, the local dynamics do not show the simple periodicity that
wefind for thewave patterns of the fully pinned n-armed vortices. To further characterize these dynamics, we
investigate the temporal evolution of u about onewavelength away from filament trajectories (see figure S1 in the
supplementary data). The analyzed data span 57wave passages and exclude the initial turbulent phase as well as
thefirst ten rotation cycles of the stabilized rotor.WithinwindowI, the spectrum shows one peak and
accompanying harmonics.Within the gap between thewindows, the spectrum ismore complex but does not
suggest chaotic behavior as it is not very broad and still dominated by one frequency.We also generated return
maps both in terms of the amplitude and the time elapsed between subsequent umaxima. Thesemaps reveal
simple periodic behavior within thewindow and an irregular point cloudwithin the gap. For the latter range of
radii,much longer simulations appear to be necessary to fully rule out the presence of chaotic point dynamics.

Lastly, we investigate the response of the pinned rotors to slow variations of the cylinder thickness. Figure 7
summarizes this response by plotting the topological chargeN (i.e. the number of arms) as a function of the
cylinder radius r. In the initial state, the system is governed by a three-armed scroll wave rotating around a very
thick heterogeneity of radius 1.75 cm. For slowly decreasing r values, this vortex persists down to about 0.8 cm.
At this radius, the vortex transforms to a two-armed scroll wave. This change occurs via the initial detachment of
one of thewave sheets and the subsequent drift of itsfilament towards the systemboundarywhere it annihilates.
An analogous processmediates the transition fromN=2 to 1.Here, however, we observe the formation of
transitional states similar to the one shown infigure 6 that we arbitrarily assign a charge of 1.5. The end point of

Figure 6.Tip trajectories of the pinned two-armed vortex in the small gap betweenwindows I and II (compare figure 5). The plots
show themotion of the twofilaments at z=0. The arrowhead and tail indicate the rotation direction of the scroll wave. The cylinder
radius r equals 0.575 cm.
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this r-reduction is a pinned one-armed scroll wave. If the radius is decreased below about 0.325 cm, the vortex
detaches and eventually SWT is re-established.

Another peculiar feature is the response of the pinned one-armed scroll wave to increasing radii. As
represented by the dashed line infigure 7, the charge of the vortex does not follow the earlier (solid) curve but
rather remains constant atN=1 even for very large values of r. Furthermore, SWT is not reestablished although
SWT suppression by a one-armed vortex is effective only up to r≈0.5 cm (see window I infigure 5). This
observation is explained by the fact that a systemwith negative filament tension develops SWTonly if a free
filament segment is present. Since neither the pinned vortex nor its surroundingwavefield fulfills this condition,
the rotor can remain stable even for thick cylinders that result in very low rotation frequencies. This well-known
feature gives additional importance to the overall effect of heterogeneity-induced SWT suppression because
once eliminated, turbulence is less likely to reoccur.

4. Conclusions

In summary, our cardiac simulations establish that a small insulating heterogeneity can suppress SWT. The
underlyingmechanismdepends on the spontaneous pinning of a nearbyfilament segment and requires a
favorable parallel orientation to the cylinder. The average time elapsed during this initial stepmust obviously
decrease with the length of the cylinder but as shownhere, is of the order of a few seconds for transmural
obstacles in the human ventricles. Once pinned, the filament very quickly self-wraps around the heterogeneity
and establishes a stable wave source that is either sufficiently fast to expel all unpinned filaments from the system
or requires the spontaneous attachment of additional filament strands to yield amulti-armed scroll wave. This
fast, periodic pacemaker pushes all freemovingfilaments outwardswhere they eventually collide against the
systemboundaries and vanish. The resulting point dynamics are strictly periodic with the exception of a small
range of cylinder radii for which the turbulent filaments have been eliminated but the point dynamics are slightly
irregular due to complex filamentmotion in close vicinity of the heterogeneity.

Our study raises the perplexing questionwhether SWTcan actually exist in human ventricles. Heart tissue is
highly heterogeneous at length scales relevant to our study because it involves blood vessels, other anatomical
features and—in post-infarction patients—remodeledmyocardium (scar tissue) of greatly reduced
conductivity. Accordingly, filaments should pin to such structures and expel the turbulent filaments as
demonstrated in our study. This scenariowould lead to a necessary self-termination of SWT that should be
observable as a possible scenario of VF. The spontaneous transition fromVF to tachycardia is indeed being
discussed in thefield of human cardiology (see e.g. [40, 41]). In addition, Valderrábano et al [42] reported
experiments with swine ventricles and concluded that artificial obstacles are ‘a substrate for re-entry stabilization
duringVF’. However, inmost cases VF does not the stabilize to themore benign periodic tachycardia but rather
is one of the leading causes of death in the industrializedworld.

There are several factors thatmight resolve this seeming paradox. For instance, the pinning process can be
upset by the cardiac fiber rotation as reported byMajumder et al [43]who studied pinning in anisotropic system
with cylindrical inhomogeneities. These authors also noted that stronglymeandering scroll waves can detach

Figure 7.Response of a pinned scroll wave to a slowdecrease (red solid line) of the cylinder radius r followed by an increase of r (blue
dotted–dashed line). The topological chargeN denotes the number of wave armswhich equals three for the initial rotor. The value of
N=1.5 refers to the complexmotion of twowave arms shown in figure 6 and spans nearly the same r values as the gap between
windows I and II shown in figure 5. The rate of the change in radius is 2.5 mm s−1.
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from the pinning cylinder. It is alsowell known that—under certain circumstances—heterogeneities nucleate
spiral waves in collisions with non-rotating planar waves [44].While we did not observe this process in our
simulations, particular orientationsmight introduce such destabilizing eventsmore readily.We also note that
the specific shape or length of the pinning heterogeneity appears to be less relevant and is hence an unlikely
player against the observed transition fromVF to tachycardia. For example, some of our earlier studies
demonstrate scroll wave pinning to cones as well as short stationary and evenmoving cylinders [23, 35, 45].

Beyond these biomedically important question, our study strongly suggests thatmulti-armed vortices are a
relevant and potentially frequent wave pattern in three-dimensional heterogeneous systems. In our simulations
their creationwas driven by the collisions of the turbulent filament tangle with the insulating obstacle; however,
similar collisions can also occur in systemswith positive filament tension, in which vortex loops undergo curve-
shrinking dynamics. It will be interesting to study the nucleation processes of these structures in greater detail as
numerous questions remain unanswered. These include the competition or co-existence of vortices with
different topological charge pinned to the same object and the behavior ofmulti-armed vortices pinned to cones
and similar structures that extend across the pinningwindows (figure 5) reported in our study.
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