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Spiral Wave Formation in Three-Dimensional Excitable Media

Takashi Amemiya,* Sándor Kádár, Petteri Kettunen,† and Kenneth Showalter‡

Department of Chemistry, West Virginia University, Morgantown, West Virginia 26506-6045
(Received 16 July 1996)

A mechanism for the generation of spiral waves in three-dimensional excitable media is described.
Experiments using the photosensitive Belousov-Zhabotinsky reaction show that circular or spiral
waves appear in the wake of a propagating wave following a local perturbation in illumination
intensity. The induced waves arise from three-dimensional scroll waves striking the upper boundary
of the excitable medium. Spiral waves are formed over a range of illumination intensities and
perturbation times which place the induced wave in the vulnerable region of the refractory wave back.
[S0031-9007(96)01342-7]

PACS numbers: 82.20.Wt, 05.45.+b, 47.54.+r

Spiral waves are observed in a wide variety of living
and nonliving excitable media, e.g., heart tissue [1], ani-
mal retina [2],Xenopus laevisoocytes [3], and oscillatory
[4,5] and surface catalyzed [6] chemical reactions. Spiral
waves in heart tissue have been studied extensively, since
they are thought to be a precursor to life-threatening car-
diac arrhythmias [7], and studies of biological and chemi-
cal excitable media have led to a detailed understanding of
spiral wave dynamics [8,9]. Much less is known about the
origin of spiral waves, especially their spontaneous appear-
ance, although several mechanisms have been advanced
[10–12]. In this Letter we describe a novel mechanism for
spiral wave formation in three-dimensional excitable me-
dia. Studies of the photosensitive Belousov-Zhabotinsky
(BZ) reaction [13,14] demonstrate that spiral waves may
form in the refractory tail of a wave that is perturbed by
local changes in excitability in a process involving the for-
mation of three-dimensional scroll waves [15].

It is well known that isotropic perturbations cannot give
rise to spiral behavior in isotropic, homogeneous media.
Spirals can be generated by nonisotropic perturbations,
however, such as in cross field stimulation, where a wave
is initiated to propagate into the refractory wake of a sec-
ond, orthogonal wave [1,10]. Spirals similarly arise when
waves are initiated in the vulnerable region of the re-
fractory wave back of another wave [16–18]. Spiral be-
havior occurs spontaneously in inhomogeneous excitable
media, where nonuniform excitability and refractory prop-
erties give rise to initiations of irregular wave segments
[11,19,20]. Spirals also arise when high frequency waves
impinge on impenetrable obstacles [12,21].

The most common technique for producing spirals in
the laboratory (or in computer simulations) is to inhibit
activity in a wave by lowering the local excitability (or
by mechanically breaking the wave), thereby creating
free ends around which spiral waves develop. The
mechanism for spiral wave generation presented here
involves increasing the local excitability transverse to
a propagating wave in a three-dimensional medium.
Our experiments utilized a thin layer of silica gel [22]
with ruthenium(II)-tris-2,2′-bipyridyl catalyst distributed

uniformly throughout [23]. The gel was placed into a
petri dish and infused with catalyst-free BZ solution. The
medium was then exposed (from below) to a constant
flux of spatially homogeneous 350–500 nm light. When
illuminated with light of this wavelength, the ruthenium-
BZ reaction becomes less excitable because Br2, an
inhibitor in the reaction, is produced in a photochemical
cycle [14,23,24]. Since the light is absorbed as it passes
through the medium, the excitability is attenuated in the
transverse direction. The system was perturbed by using
an opaque mask to block the light, thereby changing the
local excitability.

The perturbation was applied by placing the mask per-
pendicular to the front of a propagating wave [Figs. 1(a)
and 1(b)]. After a brief period of time, a secondary wave
developed in the wake of the primary wave, evolving into
either a circular or spiral wave depending on the length of
the perturbation and the level of illumination [Figs. 1(c)
and 1(d)]. Multiple wave initiations were exhibited for
long perturbation times, typically with two circular waves
or a spiral wave within a circular wave [Fig. 1(e)]. In
all cases, each secondary wave appeared at nearly the
same place the primary wave was at the moment the mask
was applied. As described below, the secondary waves
arise from perturbation-induced, three-dimensional scroll
waves [15].

Numerical simulations provide insights into the un-
derlying three-dimensional mechanism of the secondary
wave generation. Calculations were carried out using the
Tyson-Fife scaling [25] of the Oregonator [26], modified
to describe the photosensitive BZ reaction [27]:

≠u
≠t

 =2u 1 s1yed sqw 2 uw 1 u 2 u2d , (1)

≠y

≠t
 u 2 y , (2)

≠w
≠t

 =2w 1 s1ye0d sf 2 qw 2 uw 1 fyd , (3)

whereu, y, andw are the dimensionless concentrations of
HBrO2, catalyst, and Br2, respectively,=2  ≠2y≠x2 1

3244 0031-9007y96y77(15)y3244(4)$10.00 © 1996 The American Physical Society



VOLUME 77, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 7 OCTOBER 1996

FIG. 1. Perturbation induced circular and spiral waves. White
corresponds to the wave front and black to the wave back
in the subtraction images (2 s delay). (a) Typical primary
wave and (b) primary wave perturbed with2 3 8 mm opaque
mask. (c) Circular wave formed with low illumination (out-
put voltage of 3.5 V from photomultiplier tube, PMT) and
short perturbation time (20 s). Images taken at 21, 35, and
65 s from the beginning of the perturbation. (d) Spiral wave
formed with high illumination (3.7 V) and short perturbation
time (20 s). Images taken at 21, 35, and 65 s. (e) Spiral wave
within a circular wave formed at high illumination (3.7 V) and
long perturbation time (40 s). Images taken at 41, 55, and
65 s. Image areas:9.4 mm 3 9.4 mm. Composition of the
BZ solution (before bromination of malonic acid):0.1M NaBr,
0.25M NaBrO3, 0.30M malonic acid, and0.49M H2SO4. So-
lutions were prepared with deoxygenated, doubly-distilled wa-
ter and stored under argon gas. The silica gel medium
s20 mm 3 20 mm 3 0.5 mmd was prepared by gelling a so-
lution of 10% (wyw) Na2SiO3 and 1.0 mM ruthenium(II)-tris-
2,2′-bipyridyl sulfate by acidifying with H2SO4. The primary
wave was initiated with a silver wire at the left boundary of the
gel. The covered petri dish was thermostated at25.0 6 0.1 ±C
and flushed with a slow flow of argon gas. The gel was illumi-
nated with light from a 1.0 kW tungsten-halogen lamp pass-
ing through an integrating sphere (with inhomogeneity less
than 0.1% over the field) and a 350–500 nm bandpass fil-
ter. The light transmitted through the medium was monitored
with a CCD video camera with a 460 nm narrow bandpass
filter.

≠2y≠y2 1 ≠2y≠z2 is the Laplacian operator, andf gives
the rate of bromide production from the irradiation. This
rate is proportional to the light intensity [27], which varies
in the z direction according to a modified Beer-Lambert
law:

fszd  f0e2az , (4)

where a includes the molar absorption coefficient and
concentration of the reduced catalyst,f0 includes the
quantum efficiency for the photochemical production of
Br2, andz is the dimensionless distance from the bottom
surface of the medium. The calculation was simplified by
treatinga as a constant parameter, with the photoinduced
bromide generation dependent only upon the value ofz.

Successive images of the simulated three-dimensional
behavior are shown in Fig. 2. Thesx, zd cross sections

corresponding to each of thesx, yd images show the
primary wave only slightly penetrating the gel because of
the inhibitory effect of the light [cf. Fig. 2(a)]. When the
mask is applied [Fig. 2(b)], the wave penetrates into the
medium to form a rotating scroll wave [Figs. 2(c), 2(d),
and 2(e)]. The wave curls to strike the upper surface
[Fig. 2(f)], giving rise to a wave that evolves into a
circular or spiral wave [Figs. 2(g) and 2(h)], depending
on the perturbation time and light intensity.

Experiments carried out to determine the effects of the
perturbation time and light intensity on the development
of the secondary waves are summarized in Fig. 3. The
phase diagram shows that no secondary waves appear
when the masking time is less than,15 s, which,
according to the behavior in the simulations, is about
one-half the scroll-wave period. With increasing masking
time, the secondary waves change from spiral to circular
and then to multiple waves.

The secondary wave formation is limited to a narrow
range of light intensity, as shown in Fig. 3. The up-
per limit of the range is determined by the complete
inhibition of wave propagation due to the light-induced
bromide production; the lower limit is defined by the
failure of secondary wave formation. At lower light
intensities, the primary wave penetrates deeper into the

FIG. 2. Three-dimensional simulations of perturbation-
induced spiral wave formation. Concentrations ofu are shown,
with white assigned to the highest value in the wave front
and black assigned to the steady-state value. Two images
are shown for each sampling time: The uppersx, yd image
shows the top view as in Fig. 1; the lowersx, zd image is the
middle cross section [dashed line insx, yd image] along the
direction of wave propagation. Thez direction is expanded
twofold relative to thex and y directions. The white-outlined
rectangle shows the mask, an area of40 3 60 grid points
with zero irradiation, which was imposed fromt  10.0 to
t  16.3. Parameters [28] of Eqs. (1)–(3):e  6.61 3 1022,
e0  3.67 3 1024, q  9.52 3 1025, f  2.05. Parameters
of Eq. (4): a  2.323 3 1021 and f0  2.00 3 1022. Sam-
pling times: (a) 7.8, (b) 10.3, (c) 12.8, (d) 15.0, (e) 16.3,
(f ) 19.1, (g) 20.6, (h) 23.1. The finite difference form of
Eqs. (1)–(3) was integrated in the three-dimensional rectangu-
lar grid sNx 3 Ny 3 Nz  200 3 150 3 32d by the explicit
Euler methodsDh  0.5, Dt  0.0125d with no-flux boundary
conditions [29]. The behavior was unchanged when the step
size was reduced by a factor of 2.

3245



VOLUME 77, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 7 OCTOBER 1996

FIG. 3. Phase diagram showing behavior of the secondary
waves as a function of the perturbation time and light intensity.
Reactant concentrations and experimental conditions same as
in Fig. 1. Dashed circles indicate internal reference points at
which the light intensity was adjusted to maintain constant
experimental conditions.

medium (in thez direction) and a perturbation-induced
scroll wave cannot rotate past the lower surface. Our
experiments also showed that the gel thickness must be
above a critical value (ca. 0.15 mm) for secondary wave
formation.

The subsequent evolution of the secondary waves into
spiral or circular waves can be understood by considering
the effects of the refractory wave back of the primary
wave. At low light intensities there is less photoinduced
bromide production [14,23,24], and the secondary wave
is able to propagate in all directions, even against the
increasing bromide gradient of the refractory wave back.
At high light intensities, the higher bromide concentration
adds to the refractory wave back sufficiently to partially
inhibit the secondary wave in this region [16–18]. The
result is a wave segment with two free ends, as shown
in Fig. 1(d), which gives rise to counterrotating spiral
waves.

The perturbation time plays a similar role in deter-
mining the features of the secondary waves. When the
mask is removed before the appearance of the secondary
wave, a spiral wave is formed in response to the photo-
induced bromide production. When the perturbation time
is longer, the extent of the local bromide production is
reduced and circular waves are exhibited. If the mask
is applied for more than 1.5 but less than 2 scroll-wave
periods, a spiral wave forms within a circular secondary
wave, where now the refractory tail of the initial sec-
ondary wave gives rise to the spiral behavior. For longer
masking times, two circular waves form.

The mechanism for spiral wave generation described
here relies on perturbations that locally change the char-
acter of the medium from effectively two dimensional to
effectively three dimensional, permitting a scroll wave to
develop. Perturbations of appropriate duration yield sec-
ondary wave formation in the vulnerable region of the
preceding wave, with the subsequent development of

counterrotating spiral waves. The process is not restricted
to secondary waves arising from a “conditioning wave”
but can occur with subsequent secondary waves. The
spontaneous formation of spiral waves in excitable me-
dia such as heart tissue could occur by this mechanism
if appropriate fluctuations of excitability take place in the
thickness of the medium.

We thank Dr. Tomohiko Yamaguchi of the National
Institute of Materials & Chemical Research, Tsukuba,
Japan, for discussions on photoinduced wave initiation.
This research was supported by the National Science
Foundation (CHE-9531515) and the Petroleum Research
Fund (29565-AC6).

Note added.—A recent report by Yoneyama [30]
describes a double-layered Belousov-Zhabotinsky system
in which perturbation-induced scroll waves are exhibited.
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