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A variety of chemical and biological nonlinear excitable media,
including heart tissue, can support stable, self-organized waves of
activity in a form of rotating single-arm spirals. In particular, heart
tissue can support stationary and meandering spirals of electrical
excitation, which have been shown to underlie different forms of
cardiac arrhythmias. In contrast to single-arm spirals, stable multiarm spirals (multiple spiral waves that rotate in the same direction around a common organizing center) have not been demonstrated and studied yet in living excitable tissues. Here, we show
that persistent multiarm spirals of electrical activity can be induced
in monolayer cultures of neonatal rat heart cells by a short, rapid
train of electrical point stimuli applied during single-arm-spiral
activity. Stable formation is accomplished only in monolayers that
show a relatively broad and steep dependence of impulse wavelength and propagation velocity on rate of excitation. The resulting
multiarm spirals emit waves of electrical activity at rates faster
than for single-arm spirals and exhibit two distinct behaviors,
namely ‘‘arm-switching’’ and ‘‘tip-switching.’’ The phenomenon of
rate acceleration due to an increase in the number of spiral arms
possibly may underlie the acceleration of functional reentrant
tachycardias paced by a clinician or an antitachycardia device.

R

otating single-arm spirals can exist in different chemical
(1–4) and biological systems (5–8). If a spiral is stationary or
weakly meandering, it represents a persistent source of highly
periodic activity with a period of rotation that is determined by
the properties of excitation, recovery, and diffusion in the
medium. In the heart, stable single-arm spirals can underlie
periodic activity such as monomorphic tachycardia, whereas
unstable spirals that continuously form and break up are shown
to underlie aperiodic and lethal heart activity, namely fibrillation
(9). So far, stable rotating structures with a higher degree of
organization, such as multiarmed spirals, have been demonstrated experimentally in chemically (2) or light-controlled (10)
Belousov–Zhabotinsky reactions, in starving social amoebae
Dictyostelium discoideum (11), and in FitzHugh–Nagumo-type
computer models of homogenous weakly excitable media (12–
14). The modes of induction of these multiarmed spirals [i.e., use
of an unexcitable central obstacle that is subsequently removed
(2, 10) and spontaneous formation from dense multiple wavebreaks (12) or from preset spatial distributions of excited and
recovered medium (13, 14)] are not applicable to cardiac tissue.
Moreover, healthy cardiac tissue exhibits normal excitability, in
contrast to two-variable FitzHugh–Nagumo models, which require weak excitability to support stable multiarm spirals (12–
15). In a normally excitable medium, the existence of a stable
multiarm spiral as an entity distinct from negligibly interacting
adjacent single spirals was questioned by Winfree (16, 17), who
considered that in this case distinct rates of rotation are necessary to regard multi- and single-arm spirals as two qualitatively
different phenomena.
Here, we show, by optical mapping of electrical activity, the
mechanisms of induction and maintenance of stable multiarm
spiral waves in normally excitable two-dimensional sheets of
heart cells. When compared with single spirals in the same
cardiac medium, the multiarm spirals emit slower, narrower, and
more frequent waves of activity. They exhibit complex wave
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dynamics (‘‘arm-switching’’ and ‘‘tip-switching’’) in the central
region, while maintaining stable angular separation between the
spiral arms in the periphery. Moreover, we show that accelerated
multiarm spirals are favored in a normally excitable heart
substrate that exhibits relatively steep steady-state restitution
relations.
Materials and Methods
Cell Culture. Confluent anisotropic monolayers made of neonatal

rat ventricular cells were cultured on 20-mm-diameter coverslips
by using microabrasion methods as described in ref. 18. Special
care was taken to ensure a high degree of structural and
functional uniformity through the use of visual inspection,
electrophysiological measurements during point pacing, or immunofluorescent staining of cardiac and noncardiac cells (18).
Average longitudinal and transverse velocities of impulse conduction during pacing at 2 Hz in cultures with multiarm spirals
were 26.9 ⫾ 3.1 and 13.3 ⫾ 1.6 cm兾s, respectively, yielding
average anisotropy ratios (ratio of longitudinal vs. transverse
velocity) of 2.1 ⫾ 0.5. Stable multiarm spirals also were induced
in three isotropic cultures with an average conduction velocity
(CV) of 19.2 ⫾ 1.6 cm兾s. These conduction velocities were
comparable to those previously found in native neonatal rat
ventricles (19).
Optical Mapping and Data Analysis. Transmembrane potentials

were recorded in 8- to 10-s episodes with the voltage-sensitive
dye RH-237 at 61 hexagonally arranged sites with 2-mm
spacing by using methods of contact f luorescence imaging as
described in refs. 18, 20, and 21. Wave CV, action potential
duration (APD), and wavelength (WL) were measured in the
longitudinal and transverse directions at the end of 1 min of
point pacing at different rates (2 Hz up to the break frequency,
in 0.5 Hz steps) to construct restitution curves (i.e., the
dependence of CV, APD, and WL on pacing rate). No
alternans (22) of APD or CV was observed. To compare
restitutions among different monolayers and computer models
(see below), the value at each pacing rate was expressed as a
percentage of the value at a basic rate of 2 Hz. These percent
restitutions were fitted (average R2 ⬎ 0.95) by a line of the
form %y ⫽ ⫺␣ ⫻ (rate ⫺ 2) ⫹ 100, such that the slope ␣
represented the average percentage drop of a measured
parameter (APD, CV, or WL) per unit excitation rate (units,
percent per Hz). Percentage restitutions in the longitudinal
and transverse directions did not differ significantly and were
pooled together.
This paper was submitted directly (Track II) to the PNAS office.
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Phase maps and phase singularity (PS) trajectories were
constructed by using a time lag of 15 ms (23) from filtered,
optically recorded voltage data interpolated to a rectangular
mesh with 0.20 ⫻ 0.17-mm elements. To evaluate the effect of
interpolation, a meandering spiral wave was computersimulated for 10 s on a finely discretized mesh (see below). PS
trajectories were generated from simulated voltage traces at
this high spatial resolution and from traces chosen at 61
hexagonally distributed sites by using the interpolation method
described above. The two PS trajectories differed on average
by only 0.12 ⫾ 0.08 mm. All data are presented as mean or
mean ⫾ SD. Comparisons are made by using two-tailed
Student’s t test.

Results and Discussion
We cultured conf luent, normally excitable sheets (monolayers) of neonatal rat heart cells (18, 21) and induced a singlearm spiral (functional reentry) by applying a rapid (5– 6 Hz)
burst of 10 –20 pulses at 1.2⫻ threshold from a point electrode
in the center of the monolayer. The average rate of rotation of
single-arm spirals was 4.6 ⫾ 1.2 Hz (n ⫽ 75 monolayers). The
center of rotation (referred to hereafter as ‘‘tip’’) of the spiral
wave can be described mathematically as a PS point where all
phases of the action potential converge together at one point
in space (23). The phase maps and space-time plots of PS
trajectories (Fig. 1A and see also Fig. 3C) reveal the dynamics
of spiral wave formation, annihilation, and tip motion. During
single-arm spiral activity, 3–15 cathodal point stimuli (1.2⫻
threshold, at a 10 – 40% higher rate than that of the single
spiral) were applied at an arbitrary position on the periphery
of the cell culture, 6.3 ⫾ 1.4 mm away from the center of the
rotating spiral, causing a transient formation of pairs of
short-lived wavelets (23) and an increase in the number of
phase singularities (multiplication) (Fig. 1 A). In the majority
of cases (64 of 75 monolayers), all of the multiplied waves were
annihilated in mutual collisions or against the boundary of the
monolayer, resulting in the termination of single-spiral activity. In 11 of 75 monolayers, two or three rotating waves with
the same chirality (direction of rotation) as that of the original
spiral survived after pacing (Fig. 1 A and see also Movie 1,
which is published as supporting information on the PNAS web
site, for the successful two-arm initiation) and within two
rotations became locked with ⬇180° circumferential separation to form a stable two-arm spiral (21 episodes in 9 monolayers) (Fig. 2A) or ⬇120° separation to form a three-arm
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Fig. 1. Initiation of a double-arm spiral in a cultured cardiac monolayer (see
Movie 1). (A) Transmembrane voltage (fluorescence) was measured optically
from a hexagonal area of monolayer with 8.5-mm edge and color-coded from
blue (rest) to red (fully depolarized). Planes I–IV show voltage snapshots at
four points in time. Motions of spiral wave tips (i.e., centers of wave rotation)
are represented by PS trajectories in x, y, and t space (23). PS with clockwise and
anticlockwise chirality are shown in yellow and purple, respectively. A clockwise single-arm spiral (labeled 1 on plane I) is paced by a pulse train (white bars
on the left) at a point on the monolayer periphery (labeled P on plane II).
During pacing (planes II and III), new waves of opposite chirality form in pairs
(F) and annihilate either by merging in pairs or colliding individually against
the monolayer boundary (*). After pacing terminates, two spirals having the
same chirality as the initial spiral survive and form a stable two-arm spiral
(plane IV, arms labeled 1 and 2). (x, y, and t bars are 2 mm, 2 mm, and 300 ms,
respectively.) (B) A 5.4-s voltage trace from a site labeled B in the bottom plane
in A. White frame denotes trace during A. Numbers I–IV denote the times of
voltage snapshots (planes) from A. Multiplication of arms (from 1 to 2)
accelerates the rate of cell firing from 3.7 to 4.9 Hz. (C) PS trajectories (white
lines) in the plane of monolayer during 2-s rotation, before (Left) and after the
formation (shown in A) of stable two-arm spiral (Right). Note that PS trajectories generally follow the longitudinal direction of anisotropy (indicated by
double-headed arrow).

spiral (5 episodes in 2 monolayers) (Fig. 2B and Movie 2, which
is published as supporting information on the PNAS web site),
respectively. The spiral arms steadily rotated at the same
frequency and excited heart cells periodically (with variation
⬍2%) at a rate faster than that of the original spiral (Fig. 1B).
The same rotational frequency is crucial for the coexistence
and stability of multiple spiral arms; otherwise, the spiral with
the highest frequency would dominate and override all other
spirals, at least in a homogeneous medium (26). Over time, the
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Computer Simulations. The monodomain equation for impulse
propagation, ƒ䡠GsiƒVm ⫽ ␤sv(CmdVm兾dt ⫹ Iion), was solved by
using a Galerkin finite element method and a linear triangular
discretization with internodal distance of 100 m (24). For
validation of the interpolation method, a meandering spiral
wave was simulated on a 20-mm circular substrate by using the
Karma action potential model (25). For plots of the APD and
CV restitutions, FitzHugh–Nagumo-type models (12, 13) were
simulated on a 0.5- ⫻ 20-mm tissue strip. The strip was
stimulated at one end at progressively higher rates (2 Hz up to
break frequency, in 1-Hz steps), APDs and CV were recorded
between two points at the other end of the strip, and normalized restitution curves were plotted and fitted as described
above. Parameters of the monodomain equation were dt ⫽ 0.01
ms, Gsi ⫽ 0.1 S兾m, ␤sv ⫽ 140,000 m⫺1; Cm ⫽ 1 F兾cm2;
parameters from ref. 25 were M ⫽ 4, Re ⫽ 0.5, and E ⫽ 20;
parameters from ref. 13 were C2 ⫽ 0.75; and parameters from
ref. 12 were a ⫽ 0.05 and k ⫽ 4.86. Equations and values of
other parameters are given in Computational Methods and
Table 1 (which are published as supporting information on the
PNAS web site) and were the same as in the respective
references.

Fig. 2. Stable two-arm (A) and three-arm (B) (see Movie 2) spirals in cardiac monolayers. Transmembrane voltage (fluorescence) is coded from blue to red.
Frames read columnwise, left to right, and span one full rotation of each arm. Time between frames is 50 ms in A and 45 ms in B. Each arm is labeled by number,
and wavefront direction is indicated by arrows. Spiral arms rotate at the same frequency, interact in a complex fashion in the central zone, and maintain a
separation of ⬇180° (two-arm) or ⬇120° (three-arm) in the periphery. Note that spiral arms are short in length due to the relatively small size of the cardiac
monolayer compared with the WL of propagated waves.

arms appeared to alternatively repel and collide in a complex
fashion in the central zone (between the arm tips), while
maintaining their circumferential relationship in the periphery

(Fig. 2). Cardiac cells in the central zone were excitable, often
exhibited action potentials with electrotonic humps, and fired
at rates equal to or lower than the cells in the periphery (Fig.

Fig. 3. Interactions between two corotating spiral arms in cardiac monolayers. Phase snapshots reveal two scenarios, AS (A) and TS (B). Initially (top frames),
each arm (A1, A2) and its tip (T1, T2) have the same index number (T1-A1 and T2-A2 pairs). During AS, arms collide in the center and switch to the other tip (forming
T1-A2 and T2-A1 pairs). During TS, tips (phase singularities) drift and switch position, while arms do not collide (T1-A1 and T2-A2 pairs remain intact). Time
between frames is 40 ms in A and 50 ms in B. (C) Tip (T1, T2) trajectories during 1.5 s of the same two-arm spiral. Repetitive alternations of TS and AS in this case
produce a helical pattern in a space–time plot. In the x-y plane (cell monolayer plane), the tips traverse virtually the same closed path (data not shown). (x, y,
and t bars are 2 mm, 2 mm, and 150 ms, respectively) (Color bars in A–C are ⫺ to .) D and E are voltage traces at sites far from tips (periphery) and between
tips (central zone), respectively, as marked by D and E in the bottom plane of C. White frames in C–E denote the same time intervals as during A and B. During
AS (A), cells fire in both the central zone and periphery, whereas during TS (B), conduction is blocked in the central zone. Alternating AS and TS in this case
corresponds to a 2:1 propagation block in the central zone (E).
15532 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0400984101
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Fig. 4. Steady-state rate dependences of percentage APD (A), CV (B), and WL
(C) in cardiac monolayers (filled symbols) and computer models (open symbols). Cultures of neonatal rat myocytes where only single-arm spirals and no
acceleration could be induced (n ⫽ 64) are denoted by ‘‘SA,’’ and those with
inducible multiarm spirals (n ⫽ 11) are labeled ‘‘MA.’’ A FitzHugh–Nagumotype computer model with inducible multiarm spirals by Vasiev (12) with k ⫽
4.86 is denoted by ‘‘V,’’ and a model by Ermakova et al. (13) with C2 ⫽ 0.75 is
denoted by ‘‘E.’’ (See Computational Methods for details). Data are linearly fit
by using the expression % y ⫽ ⫺␣ ⫻ (x ⫺ 2) ⫹ 100. For computer models, ␣ is
not significantly different from 0, and linear fit is not shown.

in excitability, yielding lower wavefront curvature, longer tip
trajectory, and slower rotation of the spiral arms compared
with those of a single-arm spiral in the same medium. In
general, steeper restitution relations favor the occurrence of
multiarm spirals in a bounded medium because at high activation rates, excitability of the medium is lower, which unwinds
the spirals and enables interaction between the tips, and WL
is shorter, which facilitates the coexistence of multiple waves
in the relatively small area such as in our cardiac cell cultures.
As shown in Fig. 4, FitzHugh–Nagumo-type computational
models that were used previously to study multiarm spirals (12,
13) exhibit virtually no dependence of APD, CV, and WL on the
rate of excitation and, thus, require a relatively large medium
with low excitability to support accelerated multiarm spirals. In
contrast, stable multiarm spirals can be sustained in normally
excitable and relatively small cardiac cultures by the significant
decrease of excitability and WL at increased excitation rates.
Therefore, models of cardiac tissue that incorporate appropriate
rate dependence of excitability and refractoriness [e.g., full-scale
cardiac ionic models (28) or possibly three- or four-variable
simplified models (29, 30)] are needed to study experimental
PNAS 兩 October 26, 2004 兩 vol. 101 兩 no. 43 兩 15533
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3 D and E). Once initiated, the multiarm spirals stably
persisted until their disruption by external pacing (usually
performed 10 –30 min after initiation).
Phase maps revealed two distinct types of interaction between spirals of the same chirality: ‘‘arm-switching’’ (AS), in
which the depolarization fronts of spiral arms interact and
arms switch between tips that stay relatively stationary (Figs.
3A and 1C Right), or ‘‘tip-switching’’ (TS), in which tips drift
in the direction of spiral rotation and switch positions without
any separation of, or interaction between, their respective
arms (Fig. 3B). Waves collided and cells fired in the central
zone during AS, whereas propagation was blocked and cells
were unexcited in the central zone during TS (Fig. 3 D and E).
An equivalent of persistent AS was demonstrated previously in
experimental studies in light-controlled chemical reactions
(10), and an equivalent of persistent TS was described in
computational studies by Vasiev et al. (12). In our study, 11
episodes (5 monolayers) of multiarm spirals involved persistent AS, 15 episodes (6 monolayers) involved both AS and TS,
and no episodes involved persistent TS. This result is in
agreement with the analytical and numerical studies of Hakim
and Karma (27), who showed that rotation of multiple spirals
around a common excitable, but unexcited, core (an equivalent
of persistent TS) is linearly unstable in weakly excitable media
(including ref. 12) and that spirals eventually invade the
excitable core, collapse, and yield AS. In cardiac cultures
where AS and TS occurred, each TS was followed by at least
one AS, such that the firing rate in the central zone was
between 50% and 100% of the rate in the periphery (Fig. 3C).
The tip trajectory (Fig. 1C) during a full rotation of one arm
in a multiarm spiral was longer than that for the single-arm spiral
in the same medium (15.4 ⫾ 4.4 mm vs. 10.3 ⫾ 2.4 mm, P ⬍
0.001), whereas the average tip velocities were comparable. This
phenomenon rendered the period of one arm in the multiarm
spiral (two-arm, 458 ⫾ 35 ms; three-arm, 565 ⫾ 40 ms) to be
longer (P ⬍ 0.005 for both comparisons) than that of the
single-arm spiral (319 ⫾ 42 ms). However, in spirals with
multiple arms, each site in the periphery was activated multiple
times during a single period, yielding an overall rate of activity
that was higher than in spirals with just a single arm. This rate
acceleration of 38.1 ⫾ 10.0% and 64.2 ⫾ 7.1% in two- and
three-arm spirals, respectively (P ⬍ 0.001 for both comparisons)
was accompanied by an average decrease of APD, wave CV, and
WL (WL ⫽ APD ⫻ CV) to between 84% and 76%, 75% and
63%, and 67% and 51% of the initial values, respectively (P ⬍
0.01 for all comparisons). Thus, at a site in a cardiac medium far
from the central zone, the multiarm spiral is viewed as a source
of more frequent but slower and narrower waves compared with
a single-arm spiral.
Before the initial induction of single-arm spirals, the steadystate dependences of APD, CV, and WL on rate of excitation
were measured in each monolayer (Fig. 4 A–C). The cardiac
monolayers with inducible multiarm spirals (11 of 75 monolayers) exhibited steeper restitutions (faster decay with rate
increase) vs. those spirals (64 of 75 monolayers) where only a
single-arm spiral and no acceleration could be induced (average ␣ ⫽ 12.0 vs. 6.8%, 9.2 vs. 2.9%, and 17.6 vs. 8.4% per Hz
for APD, CV, and WL restitutions, respectively; P ⬍ 0.001 for
all comparisons) (Fig. 4). Apparently, the largest difference
was in the rate dependence of CV restitution, which is an
indirect measure of recovery of medium excitability (17). In
our studies, normal excitability of the cardiac medium was
dynamically decreased during single-arm spiral activity by
wavefront propagation in the wake of refractory tissue. The
rapid point pacing at higher rates further decreased excitability
and favored the conditions for creating bound spiral waves
(12–14). The stable multiarmed spiral with accelerated rate
that eventually was formed maintained the additional decrease

around a functional block (34, 35) rather than an anatomical
obstacle. This acceleration, if sufficiently high, may result in
further wavebreaks due to the presence of structural or functional heterogeneities in the heart (9), and兾or dynamic instability
of APD (36), and yield unorganized, incompetent heart activity
(fibrillation).

phenomena with complex dynamics such as accelerated multiarm spirals.
It is important to note that multiarm spirals in the confluent
cardiac cultures, described in this study, are qualitatively a
different phenomenon from the pacing-induced ‘‘double-wave
reentry’’ shown in rings of cardiac tissue (31, 32), where two
waves rotate in the same direction around a common (relatively
large) anatomical obstacle. The multiplied spirals described in
this study may underlie pacing-induced acceleration (33) of
reentrant tachycardias, which are the result of a wave rotating
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