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Scroll Wave Filaments Terminate in the Back of Traveling Fronts
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Experiments with the 1,4-cyclohexanedione Beloustliabotinsky reaction demonstrate that three-dimensional
scroll waves can rotate around filaments that end in the wake of a traveling excitation pulse. The vortex
structures nucleate during the collision of three nonrotating excitation pulses. The nucleation process and the
wave-termination of filaments are direct consequences of the system’s anomalous dispersion relation. Vortex
filaments are found to expand with about twice the speed of their anchoring wave fronts. Filament expansion
is accompanied by the build-up of phase differences in spiral rotation creating strongly twisted wave structures.
Experiments employ optical tomography for the reconstruction of the three-dimensional wave patterns.

Introduction We use the 1,4-cyclohexanedione-Belous@habotinsky

Rotating spiral waves in excitable media are a striking (CHD-BZ) reaction as an experimental model of three-
example of self-organization far from thermodynamic equilib- dimensional excitable media.In this system, traveling waves
rium.! These patterns exist in a diverse spectrum of experimental ©P€y an anomalous dispersion relation that has been analyzed
systems such as the BelouseZhabotinsky (BZ) reaction, the  in earlier work by our group? The specific anomaly implies
Briggs—Rauscher reaction, and the oxidation of CO on Pt that t_he speed of wave trains increases with decreasing pulse
surfaceg. Moreover, many biological systems show spiral waves SPacing. Consequently, a trailing pulse can travel faster than
of excitation including the microorganisiictyostelium dis-  ItS predecessor, which induces a “front-to-back” collision. The
coideum Xenopusoocytes, and cardiac as well as neuronal coII|S|_on causes the ar?nlhlla_uon of the tra|I|_ng pulse, which
tissue34 Most experimental studies of rotating excitation patterns €xplains the, slightly misleading, term “merging” that usually
have focused on pseudo-two-dimensional systems such as thi,{gfers to this process. Detallgd measurements of the anomalous
layers of reaction solutions or catalytic surfaces. Under such dispersion relation of merging CHD-BZ waves have been
conditions the main pacemaker of excitation vortices is the spiral "ePorted in ref 13. We emphasize that this behavior is not simply
tip which, in the simplest case, describes a small circular N _|solated feature of th|s_pa_rt|cula_r c_hemlcal reaction medium.
trajectory around a stationary cenfem three-dimensional ~ Quitetothe contrary, qualltatlvely s[mllar behawor is alsq found
systems, excitation vortices are typically referred to as scroll for wave propagation in the catalytic reduction of NO with CO
waves. Their motion is more complex as rotation occurs around @1d Pt(100) surfaces, neuronal systems, and numerous reaction-
a space curve. The latter curve, known as the filament, can havefliffusion-type models including models of cardiac tisst&.
numerous shapes and spiral motion can vary in phase along N this Article, we present and analyze three-dimensional
the filament leading to twisted patterfs. reconstructions of merging wave patterns in the CHD-BZ

The dynamics and the topological constraints of filament 'éaction. These data are obtained by optical tomography, a
motion have attracted considerable interest. One importanttechnique that for the detection of chemical waves was first
feature is that filaments are believed to end only at the used by Arthur Winfree in the late 19885Specifically, we
boundaries of the systefAlternatively, the filaments can be ~ investigate a nucleation mechanism of excitation vortices that
closed curves such as simple circles, knots, or chain fifkee IS intimately related to the existence of merging waves and
spatio-temporal evolution of the filament depends on various demonstrate that the filaments of scroll waves can terminate in
system parameters. For example, it has been shown that dhe back of traveling pulses. This unexpected finding corrects
circular filament can either shrink or expand according to OUr current understanding that filaments end only at the system’s
system’s filament tensiohShrinkage eventually induces the Poundary or close in on themselves. Moreover, we show that
annihilation of the vortex, and expansion leads to strongly folded the anchoring of filaments to the back of waves causes rapid
filaments and turbulent behavior that is sometimes referred to filament growth and twisting of the scroll wave.
as Winfree chaos. Moreover three-dimensional excitation vor- ) )
tices are involved in cardiac arrhythmia and sudden cardiac EXperimental Section

deaths of humans. This important connection has been estab- |, this study, the classic organic substrate of the BZ reaction,

lished in numerous studies that reported excitation vortices in majonic acid, is replaced by 1,4-cyclohexanedione to create a

the heart? Despite these profound fundamental and biomedical aqgition, this substitution prevents the formation of carbon

motivations, many aspects of scroll waves remain unclear. In gioxide bubbles that could compromise the spatial homogeneity
particular, little is known regarding the nucleation of these of the reaction medium. As redox catalyst we employ an
structures and only sparse experimental data exist on theirgrganometallic complex of iron and 4,7-diphenyl-1,10-phenan-

dynamics. throlinedisulfonic acid ligands. The complex is referred to as
*To whom correspondence should be addressed. E-mail: [F€(0atho(S@2)3)]**~ and acts as a convenient redox indicator
steinbck@chem.fsu.edu. with a very large difference between the molar absorption
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coefficients of the reduced and the oxidized state. The UV/vis
absorption spectra of the red, reduced form and the blue,
oxidized form are published in ref 17. The stock solution of
the catalyst is prepared in 25 mmol/L sulfuric acid by first
dissolving 4,7-diphenyl-1,10-phenanthrolinedisulfonic acid (Acros)
under vigorous stirring. Then ferrous sulfate heptahydrate
(Fluka) is added in a stoichiometric ratio of 3:1 to yield 25
mmol/L of the complex.

The reaction solution is prepared in nanopure water (£3 M
cm) by mixing stock solutions of NaBreO(Fluka), 1,4-
cyclohexanedione (CHD, Aldrich), sulfuric acid (Riedel-de
Ha&, 5 M), [Fe(batho(S€)2)s]*~ (Acros, 25 mM), and poly-
acrylamide. Disregarding all reactions and accounting for the
added polyacrylamide volume, the initial concentrations are
[NaBrOs] = 0.18 mol/L, [CHD]= 0.19 mol/L, [H:SOy] = 0.60
mol/L, and [Fe[batho(S€),]3*"] = 0.475 mmol/L. The volume
ratio of aqueous BZ to polyacrylamide solution is 1.8. The
addition of polyacrylamide solution prevents hydrodynamic
perturbations of the reaction medium by increasing its viscosity
from about 1 to 150 mPa s. Notice that the resulting system is
nota gel. The polyacrylamide stock solution is prepared by first
dissolving 20 g of acrylamide (Fluka) in 220 mL of water. Then
we add a solution of (NE2S0s, which is prepared by
dissolving 0.5 g of (NH)>S;0g (Fluka) in 20 mL of water. In
the last step, 7L of tetramethylethylenediamine (TEMED,
Aldrich) is added to initiate polymerization. The very viscous,
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clear polymer solution forms in about 30 min. Figure 1. Image sequences illustrating the nucleation and subsequent

After mixing, 18 mL of the viscous BZ solution is transferred dynamics of a rotating scroll wave from the collision of three non-

to a cvlindrical alass container. The inner diameter and the rotating wave fronts. The two columns correspond to two different,
ylinari g Iner. ! : perpendicular views through the reaction medium. The pictures in each

height of the container are 3.7 and 7 cm, respectively. A rod- row are recorded nearly simultaneously. Image area of each individual
shaped, magnetic stir bar is fitted to the bottom of the container. frame: (25.9x 9.3) mn?.

The stir bar can be spun via an external magnetic field. It is
used to remix the BZ solution and, thus, remove undesired wavecarried out using in-house software that employs MATLAB (The
patterns that nucleate spontaneously. Two silver wires are MathWorks, Inc., Version 6.5.1) routines. Our tomographic
utilized to initiate oxidation waves at predetermined positions. procedure employs “filtered backprojection” and adheres in
One wire is attached to a microstage and can be lowered toprinciple to the descriptions given in refs 16 and 18. The
touch the uncovered BZ solution. The second wire is attached computational scheme relies on the slice-wise reconstruction
to the top of the magnetic stir bar abaut 1 mm away from of the full three-dimensional pattern. For this purpose, the image
the stir bar’s center so that a rotation of anglwill move the datal are broken into individual sinograngx',6) wherez, X',

silver wire by a distance of r2sin(@/2) ~ r¢. The reaction and 6 denote the space coordinate along the vertical rotation
container is mounted in a setup equipped with an electric motor axis of the sample, the horizontal space coordinate in each
and a belt drive that allows us to rotate the reaction container snapshot and the corresponding rotation angle, respectively. Our
steadily around its symmetry axis. This rotation is needed for software computes the desired imdge,y) via (i) backprojec-

the specific type of tomography used to reconstruct the three-tion of each sinogram along parallel beams of artgnd (ii)
dimensional wave patterns. The typical rotation frequency is summation over alp. Hence,

12.3 rpm. The sample is illuminated with white light from a
fiber optics light source (Dolan Jenner Fiber Lite PL-800)
through a large area backlight attachment (Dolan Jenner
QVABL). A charge-coupled-device camera (Sony XC-75),
mounted opposite of the light source, is used to record where A specifies the angular resolution of the projections
monochrome views through the rotating sample. Video frames andx andy are real space coordinates perpendicular ta-tods.

are captured with a PC-based digital frame grabber (Data The latter equation is refined by filtering the sinogram data in
Translation, DT 3155, 64& 480 pixels at 8 bit) at a rate of  the frequency domain prior to summation. Specifically, we use
12.5 frame/s. These parameters imply that 62 frames arethe Ram-Lak (ramp) filter multiplied by a Hann window, which
recorded during one full rotation of the sample. The spatial de-emphasizes high frequencies.

resolution is 24.5 pixel/mm and the typical speed of excitation
waves in this system is 44m/s. Accordingly, the waves move

about five pixels during one full rotation and, hence, can be  The image sequence in Figure 1 illustrates the nucleation of
considered near-stationary. a three-dimensional scroll wave in the CHD-BZ reaction. The
Optical tomography is used to obtain spatially resolved early snapshots in the first row of Figure 1 show that initially
information on the local absorption within the three-dimensional the vortex does not exist. However, already 60 s later a spiral-
reaction medium. The crucial step in this procedure is to shaped structure is clearly discernible (see right frame of second
compute the inverse Radon transform of the image data obtainedow). The primary goals of this Article are to explain this
during one complete rotation of the sample. This analysis is nucleation process, to describe the vortex structure, and to

L(x,y) ~ AGZIZ(X cosf + ysin6, )

Results
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(17.2 x 9.6 x 6.9) mn?. In (d) the volume is cut into two slices and opened to reveal details of the internal scroll wave structure. The data show
the posterior half of the pattern. The omitted anterior halves are essentially mirror images of the patterns shown. The times elapsed between
reconstructions (a)(d) are 60, 30, and 30 s, respectively.

analyze its dynamics. Before we proceed, it is important to back collision. However, the annihilation of the third pulse is
briefly discuss how we collect image data and control this not complete because a small disklike segment survives within
interesting nucleation scenario. the central hole of the hourglass-shaped envelope. In a recent
As described in the Experimental Section, we monitor the study, we showed that the rim of this disk begins to curl and,
cylindrical sample by rotating it at a steady rate around its thus, becomes a three-dimensional vortex structure that rotates
symmetry axis. This axis corresponds to the vertical centerline around a circular filament. Moreover, we have shown that
of the image frames. The two columns in Figure 1 present nearly twisted scroll rings can be induced by slightly shifting the
simultaneous snapshots of the wave structure acquired at twonucleation site of third wave because this asymmetry tilts the
different azimuthsq = 0°, 9C°). In this representative example, prevortical disk and causes time differences in the onset of
dark areas correspond to the chemically reduced, and dynami-rotation.
cally excitable, rest state of the system. The traveling oxidation  The experiment in Figure 1 is carried out in a similar fashion
pulses are bright bands and most pronounced if the pulse isbut involves a larger displacement of the stir-bar-mounted
viewed “tangentially”, ie., in a direction perpendicular to the  pacemaker. Notice that this asymmetry can be easily seen in
normal of the pulse front. In addition, local brightness also the first row in Figure 1 where the two nested, half-spherical
increases with the number of wave pulses traversed along thewave fronts at the bottom are clearly not concentric (see right
corresponding light beam. A good example for the latter, frame). In contrast to our earlier experiments that induced the
additive effect can be seen around the upper mid-section of theformation of a twisted scroll ring, the larger displacement causes
first frame @ = 0°,t=0s). the nucleation of a qualitatively different structure. The main
We induce the specific type of wave collision and vortex feature of this vortex can be suspected from the snapshots in
nucleation shown in Figure 1 by initiating half-spherical wave the fourth row of Figure 1. The latter frames seem to depict a
pulses from thin silver wires. The silver decreases the local pair of counter-rotating spirals at an azimuthéof= 0° and a
concentration of the inhibitory species bromide by formation single spiral if viewed from a perpendicular directigh= 90°).
of an insoluble silver bromide film. One of the two wires is Furthermore, the latter view indicates that the front of the single
mounted to the top of the stir bar at the bottom of the reaction vortex spirals outward to terminate at the outer hourglass-shaped
vessel (not shown) and initiates upward propagating wave pulseswave envelope.
at an approximate period of 30 s. The other wire is lowered Clearly, this description is unsatisfactory and does not reveal
briefly onto the upper BZ surface and induces only one the true three-dimensional structure of the vortex. Moreover,
downward traveling half-sphere. Crucial for this interesting the data in Figure 1 show that in the course of time the structure
nucleation scenario are exactly three waves, namely two upwardbecomes even more complex. We therefore generate tomo-
propagating and one downward moving pulses. These excitationgraphic reconstructions of three-dimensional wave pattern with
waves can be discerned easily in the first row of Figure 1. Later, each reconstruction employing not two but 62 different views
however, they are increasingly obscured by the presence ofof the sample. A typical example obtained by optical tomog-
additional wave patterns that primarily nucleate at the upper, raphy is given in Figure 2. The figure shows the wave pattern
air exposed, surface. These “nuisance” waves appear as whitet four different times. The earliest reconstruction (Figure 2a)
downward moving bands in Figure 1 and affect neither the shows three wave pulses and illustrates the structure during the
observed vortex nucleation nor the analyzed vortex dynamics. collision of the two outermost fronts. The trailing, third front
The early motion of the three crucial wave fronts induces a is clearly lower than its predecessor. Notice that in Figurea
collision between the downward moving and the first, upward only the posterior half of the system is shown to provide a more
propagating wave. Because excitation waves show no interfer-instructive view of the excitation pattern.
ence phenomena, this collision creates an hourglass-shaped The reconstruction in Figure 2b describes the pattern 60 s
envelope with an equatorial hole. Due to the anomalous later and shows the newly formed spiral rotor as a hook-like
dispersion in our particular system, the trailing, third wave structure in the foreground. For the given perspective, rotation
travels faster than its predecessor and vanishes in a front-to-occurs in counter-clockwise direction. The main surface of the
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ribbon representation of the filament. In this diagram, the

filament itself is plotted as a thick black curve and the rotation

phase is represented by the direction of the ribbon wall. In

addition, the curve is projected into tkgplane where the phase

is now encoded as different gray levels according to the scaling
bar below.

The data in Figure 3 show that the scroll wave twists and
detwists as one moves along the filament. Moreover, the
filament is not strictly planar. In the example shown, it extends
about 6.5 mm in thex and y directions and wiggles ap-
proximately 1 mm in thez direction. Figure 4a illustrates the
temporal evolution of the filament by presenting the filaments’
projections into thexy plane. Here, gray levels do not denote
local rotation phases but simply help distinguish the curves
obtained at different times. Over a period of 150 s, which
corresponds to approximately three and a half vortex rotations,
the filament’s apex is essentially stationary. The two (horizontal)
sides are clearly undulated due to a slightly helical shape in
> three dimensions. These “wiggles” are not stationary but move
as the overall filament expands in an ovesatirection.

The growth in filament length is closely related to the
anchoring of the filament to the back of a traveling wave pulse.
Figure 4b analyzes the total filament arclength as a function of

0 90° 180° 270° 360° time. The presented data are obtained from two representative
Figure 3. (a) Six equidistant slices obtained from a tomographically experiments. Within the analyzed time interval, the filament
reconstructed volume snapshot. The spacing between the slices is 1.3ength increases linearly with time yielding constant growth rates
mm. The perspectively deformed frames show an area of (15 D) of (0.11 + 0.01) mm/s (squares) and (0.G9 0.01) mm/s

mn?. (b) The filament of the wave pattem in (a) is plotted as the thick, i cjas) for the two data sets in Figure 4b. Both rates are very
black space curve. The accompanying ribbon structure represents the :

phase of spiral rotation along the filament. The filament itself is also SIMilar to the 2-fold propagation speed of the outer wave front,
projected into thexy plane where the local phase is encoded as gray Which we measured as (0.044 0.002) mm/s. This finding
levels according to the scaling bar. suggests that filament expansion occurs primarily from the
motion of the filament's two terminal points, which each move
spiral is the remainder of the trailing, third wave in Figure 2a. at a speed that equals the velocity of the anchoring wave back.
Apparently, its upper portion failed to detach and its lower part Furthermore, the result indicates the absence substantial filament
created a slightly curved filament that spans the interior of outer elongation at other positions.
wave envelope. This filament essentially traces the rim of the g three-dimensional reconstruction of the initial scroll in
spiral in (b). The third reconstruction (Figure 2c) shows the rigre 2 reveals only a very small phase differences, while
same vortex a_bout three-quarters of a rotation period later. The,q ribbon plot of the more mature pattern in Figure 3d shows
f"a”.‘e”t remains anchored at _the back of the outermost pulse, pronounced twisting. Hence, the underlying phase differences
b.Ut IS now more curved than in (b)..Parts of the filament are must increase during the course of vortex rotation and filament
h|dde.n behind a newly formgd sphgrmgl wave that nucleateq atexpansion. We note that this behavior is qualitatively different
the stir-bar-mounted silver wire. During its subsequent evoIL_mon from the dynamics of twisted scraihgs, which for very similar
t2h de ﬁéotlllgae\]fgrgecclﬁr?ﬁ; \%?S%an% n";\%rf;r?;\gmg:leﬂ' I?hFlg[ure conditions were shown to untwist rapidiy/Figure 4c quantifies
- . S P P e WO 0 twisting process by plotting the rotation phaszs a function
resulting volume slices. The interior wave pattern appears to f filament arclenatts for a tvpical scroll wave pattern. The
be twisted and its filament has become s-shaped. We re-° o eng t Lypif . P L
- - N - analysis is carried out for five different times during the first 4
emphasize that the reconstructions in Figure 2 depict the . . ) .
posterior half of the wave pattern. The hidden anterior half is min Ef vqrtex rotation. For a!l five data sets, the. rotation phase
essentially the mirror image of the displayed volume. ats o Olis set to zero. We f'n.d that the phase INCreases along
To obtain further insights into the shape and dynamics of the filament to re_ach a maximum at about half the filament
length. After passing the maximum, the values return to nearly

the wave structure, we extract the filament from the tomo- T . . . S
graphically reconstructed, three-dimensional wave patterns. For?€'° indicating that spiral rotation at the two terminal points is

this analysis, we typically cut the pattern into two-dimensional essentially in phase.

slices and record the positions and the phases of spiral tips. The earliest measurement in Figure 4c (circles) yields phase
The latter values are angles that represent the tip directions indata that vary between®@nd about 210along a still rather
planes perpendicular to the filament. Figure 3a shows six short, 14 mm long filament. The subsequent data sets document
equidistant slices across the scroll wave. Notice that these imagdhat the maximum phase difference increases continuously in
data are not raw images but true two-dimensional slices of the the course of time. The last measurement in Figure 4c (upward
three-dimensional absorption pattern. The first image frame on triangles) shows phase variations of about&d qualitative

the left corresponds to the turning point of the filament, and inspection of later image data (not shown) suggests that the
the sixth frame depicts a cut close to the terminal points of the scroll wave continues to twist in the course of its expansion.
filament. Closer inspection of the data in Figure 3a reveals that Another interesting feature of the results in Figure 4c concerns
the phase of spiral rotation is not constant across the differentthe values of @¢/ds. Despite some minor shoulder-like features,
slices. Figure 3b quantifies these observations by plotting a our results seem to suggest a characteristic valydggéls| =

z (mm)
o0 = M W
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a Discussion and Conclusions

The experiments described in this Article are characterizing
a novel nucleation mechanism of three-dimensional scroll waves.
The nucleation process involves neither stationary nor temporary
obstacles at which wave pulse could break to create spiral
rotationZ® Quite contrary, it occurs under spatially homogeneous
conditions and arises from simple wave collisions that are
copious in excitable systems. However, this novel type of vortex
nucleation is likely to be limited to systems with anomalous
dispersion relations, i.e., systems in which trailing excitation
pulses can propagate faster than their immediate predecessor.
We emphasize that this so-called anomaly has been reported
for many theoretical models as well as several experimental
y ' . : : systems?~15 1t is therefore likely that the nucleation mechanism

% 2 4 6 8 10 12 should be observable in variety of physical, chemical and
y (mm) biological media.
b Our studies show that the nucleation scenario’s quintessential
BT T T T 7 ingredients are three non-rotating waves of which one must be
fully enclosed by one of the others (&figure 2a). If this three-
wave constellation leads to a front-to-front and a subsequent
front-to-back collision, a variety of three-dimensional vortices
can nucleate. These structures include untwisted and twisted
scroll rings, as shown in an earlier papéms well as scroll
waves with noncircular filaments as shown here. Among those
three cases, pattern selection is intricately related to the location
of the nucleation center of the third, i.e., the trailing and vortex-
forming, wave front as well as the timing of its annihilation.
Although the details of the selection process are not fully
understood yet, one crucial parameter seems to be the distance
d between the nucleation site of the third wave and the line
connecting the two other nucleation centers. Untwisted scroll
90 120 150 180 210 240 rings form only for the case off = 0. Twisted scroll rings
t(s) nucleate for nonzero, but small valuesdodind the noncircular
c filaments, analyzed in this Article, occur only for sufficiently
large d. We believe that additional measurements and more
importantly theoretical analyses are needed to obtain a quantita-
tive understanding of the rules that govern the striking difference
between the nucleation of circular and noncircular vortex
filaments.

Perhaps the most important result of our study is that vortex
filaments do not terminate at system boundaries! Our results
unequivocally demonstrate that the filaments of three-dimen-
sional excitation vortices can end in the wake of moving wave
fronts. This observation is of fundamental importance because
] it extends our current understanding of the topological con-
straints that govern the basic characteristics of scroll wave
1 filaments. Moreover, a wave-terminated filament is dynamically
more interesting because its terminal points are nonstationary.
As we have shown here, one of the consequences of wave
termination is the steady growth of the phase differences along
Figure 4. (a) Projections of a scroll wave filament into thg plane. the expanding filament. To our knowledge this result is the first
Each projection is obtained at a different time as indicated by the values experimental report of increasing phase-differences in a homo-
in the diagram. The ends of the filament curves correspond to the geneous, gradient-free medium. The driving force behind this

filament's terminal points in the wake of the surrounding, non-rotating . . S
excitation pulse. (b) Total arclengthof a filament as a function of phenomenon is the particular refractory profile in the wake of

time as obtained from two typical experiments that differed mainly in  the filament-terminating wave pulse. As the system'’s dispersion
the curvature of the initial arch-shaped filament. The straight lines relation is anomalous, it is very likely that spiral rotation close
represent the best linear fits. (c) Phase of spiral rotagias a function to the filament's termini is faster than along the filament's
of fila_ment arclengths. The results are obtaine(_j from the_ same midsection. On the basis of this frequency difference, we
g;ﬁ%(‘;gei’: ("’(‘3 tcgerrg";‘:; values shown as ;O{il?;? P (;'r‘cele'g)d"i'gga'conclude that the twisting is driven from the end points only.
s (squares), 150 s (diamonds), 180 s (downward triangles), anél 240 sThe factors opposing the steady buildup of phase gradients are
(upward triangles). the fllar_nent expansion and the natural tendency Qf the pattern
to untwist. In addition, our measurements show helical deforma-
0.67 rad/mm within the flanks o(s). Unfortunately, it is tions of the filament that are likely to be the consequence of

unclear whether the asymptotic behaviow$) is truly linear. the steady twisting. It is reasonable to assume that at later stages

X (mm)

L (mm)

o/2n
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the filaments undergo additional coiling to form even more (5) (a) Winfree, A. T.Chaos1991, 1, 303-334. (b) Barkley, DPhys.

complex structured It is also conceivable that the resulting Re- Let. 1994 72 164-167. ~ =

superhelices could break into individual segments as they collide Acaﬁgs\éﬂ@_%ég%@nsfglfs;%afsé"fe' J.; Pertsov, A. Rroc. Natl

with their wave envelope. (7) Pertsov, A. M.; Wellner, M.; Vinson, M.; Jalife, Bhys. Re. Lett.
The finding of wave-terminated filaments generates a whole 2000 84, 2738-2741.

host of new questions. For example, we do not understand the  (8) Sutcliffe, P. M.; Winfree, A. TPhys. Re. E. 2003 68, 016218.

; . . . . . Keener, J. J.; Tyson, J. BIAM Re. 1992 34, 1—39.
long-term dynamics of the filament in response to its continuous (9) (a) Alonso, S.: Sagues, F.. Mikhailov, A. B Phys. Chem 2006

twisting and e_|0ngati0n_ by the expanding wave envelope. 110 12063-12071. (b) Zaritski, R. M.; Mironov, S. F.; Pertsov, A. M.
Another puzzling question concerns the response of wave- Phys. Re. Lett. 2004 92, 168302. (c) Alonso, S.; Sagues, F.; Mikhailov,

terminated filaments to the annihilation of their anchoring wave A S- Science2003 299, 1722-1725.

(10) (a) Fenton, F. H.; Cherry, E. M.; Karma, A.; Rappel, WChaos

pulse; a situation that can easily arise in a front-to-front collision ,5e"15"013502. (b) Jalife, Jann. Re. Physiol. 2000 62, 25-50. (c)
with another excitation pulse. Obviously, more work is needed winfree, A. T.Sciencel973 181 937—939. '
to answer these intriguing questions and evaluate their relevance (11) (a) Kurin-CSogei, K.; Szalai, I.; MolfiaPerl, |.; Karos, E.React.

to biological systems. We believe that future activities will

benefit from additional experiments on vortex dynamics in the

Kinet. Catal. Lett1994 53, 115-121. (b) Kurin-CSogei, K.; Zhabotinsky,

A. M.; Orban, M.; Epstein, |. RJ. Phys. Chem1996 100, 5393-5397.

(c) Szalai, |.; Kaos, E.; Gyagyi, L. J. Phys. Chem. AL999 103 243

CHD-BZ reaction because it is a very good model for this 249.

generic class of excitable media. Such experimental work,

however, will always be limited by the finite lifetime of the

closed reaction medium as the construction of continuously fed

(12) (a) Manz, N.; Steinbock, GChaos2006 16, 037112. (b) Manz,
N.; Steinbock, OJ. Phys. Chem. 2004 108 5295-5298. (c) Miller, S.
C.; Manz, N.; Steinbock, Q. Phys. Chem. £00Q 104, 5895-5897.

(13) Hamik, C. T.; Manz, N.; Steinbock, Q. Phys. Chem. 2001

three-dimensional reactors seems to be impossible. Hence, future o5 6144-6153.

studies of vortices in the CHD-BZ reaction will have to be
complemented by theoretical and numerical investigations.
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