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Influence of the distance on the interaction between an autonomous pacemaker and a reentry
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An experimental reentry was generated in a two-dimensional array of electronic cells to study the influence
of the distance on the interaction between that reentry and an external and autonomous pacemaker. For long
distances d=2/3\, where\ is the reentry wavelengththe pacemaker is only able to modify the rhythm of
the medium for periods faster than the reentry period. For shorter distathee®3\), the pacemaker is able
to modify the rhythm of the medium even for periods slower than the reentry period, giving rise to complex
sequences of multiperiod output waves when both pacemakers are close diS1§R-651X98)06001-3

PACS numbefs): 87.90+y, 07.50.Ek, 84.30-r, 05.45+b

[. INTRODUCTION analyzed. The results obtained show that for long distances
(d=2/3\, where \ is the reentry wavelengththe pace-

In some periodically active biological systerfis2], the  maker is only able to modify the rhythm of the medium for
rhythm of the medium is set by specialized cells called paceT,<T, and for shorter distances € 2/3\) the pacemaker is
makers that periodically discharge, starting a wave of exciable to modify the rhythm of the system even fy>T, .
tation that spreads throughout the medium. Under certaiffhe particular case of nearby sources, where complex mul-
conditions, it is possible to initiate a “reentrant path” of tifrequency output waves are obtained, is especially studied
excitation in which a wave travels in a closed path. In cardiadn Sec. V. In this case, a devil's staircase is calculated for
tissue, this is believed to be the origin of some pathologiegwo different output frequencies. All results are discussed in
known as tachycardigsS—6]. In such a case, the period of Sec. VI.
this reentrant excitation, if it persists, is usually faster than
the norma_l one and generates an ab.normal _pacemaker called Il. EXPERIMENTAL SETUP
an “ectopic pacemaker.” The behavior of this reentrant ex-
citation has been studied in two-dimensional excitable media The experimental setup, represented in Fig),Iconsists
[1,7-10 and in a ring[9,11,17. of two linear arrays of 45 nonlinear circuits. All cell82—

The existence and competition between different frequen34] are similar within the limits allowed by commercial tol-
cies have been analyzed from different points of view, inerances1%) and exhibit an excitable behavior for the fol-
both oscillatory and excitable media. Some authors havéowing values of its parameter€; =1 nF,L=10 mH, Ry
studied the response of a single ddiB—16 and of an ex- =270}, C,=12 nF,ry,=10 (.
tended mediunj15-19 to a periodic forcing both numeri- Each cell is longitudinally coupled with its neighbors by a
cally and experimentally. They have observed phase lockinggesistanceR, and transversally with the opposite cell in the
aperiodic rhythms with typical sequences corresponding t@ther array through a higher resistariRe An obstacle was
devil’s staircase and Farey tr¢20,21], and, even, low di- created in the middle of the arrays by uncoupling transver-
mensional chaos. Competition between two wave sourcesally some circuits. Longitudinal resistances on both sides of
has been widely analyzed experimentally in chemj@@—  the obstacle were considered to be different. Thus, in the first
26] and electronic medif27,28 and numericallyf29] and  array (the one on the leff some consecutive circuits were
theoretically in reaction-diffusion systenj80]. In cardiac longitudinally coupled by a high resistanc® =1 MQ)
tissue, Courtemanchet al.[31] have studied the interaction connected in parallel with a buffer and a resistafgeas
between a normal pacemaker and an ectopic one by circlehown in Fig. 1. This allows normal wave propagation up-
map techniques. In most of these references, the distanweard, but prevents it downward due to propagation failure
between sources was not explicitly considered; in fact, only35,36. This setup mimics some of the properties experi-
Refs.[23,24 considered the distance to play a key role inmentally observed in cardiac muscle as the presence of an
spiral interaction. obstacle of unexcitable tissue and directional properties of

The aim of this paper is to generate and characterize propagation around {t37,38. Finally, the first cells in both
reentrant path in a two-dimensional array of electronic cellsarrays were connected to a pulse generator, which was ex-
which plays the role of an ectopic pacemaker, and to analyzeernally controlled to deliver a pulse or a wave train of
the influence of distance on the interaction between an autpper-threshold amplitudé4.5 V). The measuring points
tonomous and external pacemaker and that reentry. In Sec.Were located at the end of both arrays.
the experimental setup is described. In Sec. lll a reentry is
_created and its properties are characterized. In_ Sec. I_V the IIl. REENTRY GENERATION AND DESCRIPTION
influence of distance on the reentry-pacemaker interaction is

To generate an experimental reentry, a single pulse was
delivered, giving rise to a wave propagating downward in
*Electronic address: uscfmmcr@cesga.es both arrays. When a wave arrives at the obstacle, it starts
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FIG. 2. (a) Two dimensional plot of an experimental reentdp
circuits—15 in each array—long and a period Tyf=180.0+ 0.5
©S) measured at three different timas =60 us, t,=90 us and
t3=120 us) after the passage of the wave through the first cell of
the obstacle. The black strips represent the peak of the wave, and
the central line the obstac{esgion without transversal connectjon

FIG. 1. Experimental setup consisting of two linear arrays of 45Tne clockwise movement of the reentry is marked by the arrows.
cells. Each cel(plotted on the rightis connected to the black spots \yaves outside the reentry were not plotted for the sake of clarity.

through the node/y, and coupled with its nearest neighbdlsn- () Linear increase of the reentry period with the size of the ob-
gitudinally by resistanceR, and transversally b, with R <R;). stacle.

An obstacle was generated in the middle of the arrays by uncou-

pling transversally some circuits. Longitudinal resistances on both

sides of the obstacle were considered to be different. In the array on IV. INFLUENCE OF THE DISTANCE
the left, circuits were longitudinally coupled with a high resistance ON REENTRY-PACEMAKER INTERACTION

(R0=1_ MQ) connected in parall_el with a buffer and a res_lstance A reentry with a period off, = 330+ 2.5 us is considered
R, . This allows normal propagation upward, but prevents it down-.

ward. The first cells in both arrays were connected to a pulse gen'p t(\jNO. Imear arr_ays WghR' =4.7 kQ a?d Rt.;_sf l‘.‘Q tod
erator. Circuit parametersS,=1 nF, L=10 mH, R,=270 Q, study its interaction with a wave train of peridg de lverec
by the pulse generator. One pulse produces the formation of

a reentry around the obstacl{the size of the obstacle is

propagating on both sides, but it is stopped in the first arragonsidered to be the reentry wavelengths 30). We have
due to propagation failure. So, when the wave propagatin§Pserved that the obstacle is big enough to support two
through the second array reaches the end of the obstacle,aves traveling around it in a stationary way. Thus, the rest
splits into two, one of them spreading downward and theof the pulses interact with this reentry, giving rise to different
other one transversally to the other array. There, the wavgequences of output waves measured far from the obstacle
splits once again into two waves moving downward and upfegion. These output waves can have one or several frequen-
ward. If the obstacle is big enough, each cell in the first arrayies depending on the relation betweEpand T, (we will
can recover itself after the spread of the last excitation angonsiderT e [Ty, 2T,]).
allow the propagation of the next wave. So, a reentry can be The distance between the reentry and the autonomous and
formed and remain stationary. In this way, it is possible toexternal pacemaker is an important factor that affects the
obtain an infinite number of respons@sutput wavesto a  interaction between them. When the distance between both
single stimulus(input wave. pacemakers is long enougte2/3\ (Fig. 3), for T,>T, the

To illustrate this process, a reentry was generated in twéeentry dominates and imposes its rhythm on the medium.
linear arrays withR,=2.3 k) andR,=4.7 K. With these For values of T,e[T,—T,,T,] the normal pacemaker
values there is some criticdl value (T,,=110.0+0.5 us)  dominates the rhythm of the medium. This behavior changes
below which the system is unable to sustain a wave for ever§or values of T, e (T,/2,T,—T), where output waves with
pulse delivered by the generator. This will be considered thévo different periods were obtained as a result of the inter-
refractory period of the medium. A two-dimensional plot of action between both source§,(=T,=110=2.5 us and
this reentry(30 circuits long—15 in each array—and a pe- T,=220+2.5 us, following the sequencd;T,, with T,
riod of T,=178.0+ 0.5 us, obstacle size is considered to be + T,=T,). Finally, for T,<T,/2 the pacemaker dominates
the reentry wavelengjtis shown in Fig. 29) at three differ- again.
ent times. The black strips represent the peak of the wave, For intermediate distancesge[1/3\,2/3\) (Fig. 4), there
and the central line the region without transversal connecexists an interaction between both pacemakers evef for
tions (obstaclé. Waves outside the reentry were not plotted>T,. A two period sequenceT(T, with T;=T,=110
for the sake of clarity. Figure(B) shows the linear increase *2.5 us andT,=220+2.5 us) is observed. Fol,e[T,
of the reentry period with the number of cells in the obstacle—T,,,T,] the pacemaker dominates and imposes its rhythm

Measuring Point

C,=12 nF,ry=10 Q correspond to an excitable behavior.
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FIG. 3. Output periods as a function of the pacemaker period for
long distanceg30 circuits,d=\). For T,>T,, the reentry domi-
nates the rhythm of the medium. Fope[T,— T, T,], the pace-
maker controls the rhythm of the medium. Faye (T./2,T,—Tp),
two output waves were observed = T,,=110=2.5 us andT,
=220+ 2.5 us following the sequencg&; T, with T;+T,=T,) as a
result of the interaction. Finally, fofF ,<T,/2, the pacemaker domi-
nates again.

FIG. 5. Output periods as a function of the pacemaker period for
short distancetb circuits,d=\/6). ForT,>T, multifrequency out-

put waves were observed as a result of the interaction. Tor
e[T,—Tn,T,] the pacemaker controls the rhythm of the medium.
For T,e(T,/2,T,—T,) a new region of multifrequency output
waves was obtained and, finally, fop<T,/2 the pacemaker domi-
nates again.

on the medium as observed for longer distances. Two differwhere N is the number of different output periods in each
ent output periods were obtained once again My  sequencen; is the number of times that the peridd ap-
e(T,/2T,—Ty) with the same values and following the pears in each sequence, amdan integer number verifying
same relation as foF,=T, . Finally, for T,<T,/2 the pace- sN n.>m, in such a way that the mean period belongs to
maker dominates the reentry rhythm as obtained for 10ng€fhg interval T,/2,T,]. This multifrequency behavior changes
distances. . . . drastically forT,e[T,—T,,,T,], where the pacemaker im-
For.shorter d|§tanced< L3 (Fig. 9), a more compli- poses its rhythrpn on the medium. Fope (T,/2T,—T,) a
fi?rtee(;juIer]rgi;agﬂ?gultsvxcl);\?:srvl%(ljl;)\I/:vb{gh>e 'I;ro,rrt:jaobtalned mul- new multifrequency region appears. In this region, the dif-
ferent periods obey the expressith) but with EiNzlni=m,
in such a way that the mean period coincides with Fi-
> nTi=mT,, (1) nally, for T,<T,/2, the pacemaker dominates again, as ob-
=t served for the rest of the distances.

=z

T, (1)

V. NEARBY SOURCES

T, F T, O In order to characterize the complex multifrequency inter-
= action between a reentry and a normal pacemaker in its prox-
o imity (d<<1/3\) the following parameters were considered:
TeTn - 00 m Do oDooaoaod R=2.3K), Ri=4.7 k),d=0.27\, T,=178.0=0.5 us, and
T,/T,>1. Note that for the obstacle considered, only a re-
entry can rotate in a stationary way around it. In this range, it
a is possible to obtain wave sequences in which fWa.
T, O oom nooooood 6(a)], three[Fig. 6(c)], and even more different frequencies
are involved as a result of the competition between the au-
tonomous pacemaker and the reentfy=178.0+-0.5 us).
T, (us) In Fig. 6&(b), for T,=322.2 us, two different output periods
(T1=178.0-2.5 us, andT,=143.0+ 2.5 us) following the

FIG. 4. Output periods as a function of the pacemaker period fOIsequenpél'sz_\/vere found. In Flg._(i:l), three different out-
intermediate distancé45 circuits,d=\/2). ForT,>T, two output put periodsT, =178.0- 2_'5 S, To=140.052.5 pus andTs
periods were observedT(=T,=110£2.5 us andT,=220+25 —167.0c2.5 us, following the sequence [3)T,T; were
us following the sequenc®, T, with T,+T,=Tr) as a result of OPserved fofl;=200 us. In general, for an{l,/T,>1, we
the interaction between pacemaker and reentry. Fge[T, have observed the appearance of experlmental. sequences
—T,,,T,] the pacemaker controls the rhythm of the medium. For(NT1) T2 - Ty11-n, Where, in every sequence, is the
T,e(T,/2T,—T,) two output waves were observed once againhumber of times that the periddy =T, appears anél+ 1 the
with the same values and the same sequence as observ@g for number of output waves. The response of the system to the
>T, . Finally, for T,=<T,/2 the pacemaker dominates again. periodic forcing obeys the formula

T2 T.Tn T,



952 deCASTRO, GMEZ-GESTEIRA, AND PEREZ-VILLAR 57
T, (us) (n+1)/n T T ¢
T Top Tt pnTop [ - T (a) O (b))
180 143434444 ey .
160 ] s 43 " |
(a) 140 ’{‘{ , f, i }J% },{ ‘{ (’b)_ iy ;:77:6
5 15 25 35 45 . ~
1.2 L4 L6 1.8 2.0 1.0 1.25 1.50 1.75 2.0
Time (ps) T T
ST, T, Ts T, (us)
-------- FIG. 7. Firing numbers andl,/T, in the interval T,/T,
180 rhbt-bify- 1l €[1,2) obtained for a two output period sequence(@n the firing
160 | {{{ number(defined ak+1:n+ 1, wherek+ 1 is the number of output
waves anch+1 the number of input pulsgss observed to follow
140 G S the devil's staircase. Ith), the normalized output period¢/T,) is
(c) LA G O (; g . - .
------- observed to decrease linearly along each step in the devil's stair-
5 };imez(sus)% 4 case. In both plots, lines represent the prediction given by(&q.

and rhombi the experimental points. The intervals between con-
secutive steps correspond to the regions where (Bgfails, in

FIG. 6. Sequt_ances o.f two and three different output perIOd%Nhich sequences with more than two periods were experimentally
generated by the interaction between a reenfyy=178.0+ 0.5 us) observed

and a pacemaker located in its proximity. Fiy=322.2 us, two
different output periodsT;=178.0£2.5 us, andT,=143.0+2.5
us) were found following the sequendgT, as shown in(@ and
(o) (voltage vs time plgt For T;=200.0us, three different output
periods {T;=178.0-2.5 us, T,=140.0£2.5 us, andT;=167.5
+2.0 us) were found following the sequenceT§T,T; as shown
in (b) and (d) (period vs time plot

again, a similar sequence can be observed forlgnpnger
thanT,. The other periodl',=T, was not plotted for the
sake of clarity.

Different authors have considered circle mépa—43 to
describe the interaction between two sourfes,44,49 (a
normal pacemaker and an ectopic one with slower pgriod

K+1—n The case we are considering has some particulary interesting
nT. + 2 T.= (k=1 T ) features, namely(1) the normal pacemakeithe external
Vs T in(T /T, P pulse generatdhas a period slower than the ectopic dtie

reentry; (2) the normal pacemaker is autonomous and can-

whose validity was experimentally checked for two and thregh0t be reset by the reentrg) the reentry can be reset by the
different output periods. In fact, Eq2) can be explicity ~Nnormal pacemaker in such a way that it annihilates the pre-

solved when only two different output periods are consid-vious reentry and generates a new one; e)dhe distance
ered: between sources plays a key role in describing their interac-

tion. A similar analysis can be carried out by means of the

T following iterative function.

T
int(T,/T,) Tf)’

T>=n )

B (®i+7) (mod1l,
17 7 (mod D),

if 0<(®;+7) mod 1<¥0
wheren can be calculated assuming thate[T,,,T,], and otherwise 4)
T is the refractory period of the medium as previously de-

fined. N _ where 7=T,/T, and §=T,./T,. The first equation corre-

In this case, the firing numbef&+1:n+1 wherek+11is  gponds to the pacing stimulus falling within the refractory
the number of output waves amdt1 the number of input  period of the reentry wave and causing no resetting. The
(delivered pulse§ were calculated in the interval,/T,  second equation corresponds to the pacing stimulus falling
€[1,2) [Fig. 7(a)] for different T, values, following a dev- gytside the refratory period of the reentry wave and causing
i's staircase. Lines represent the theoretical period given bYesetting of the reentry.

Eg. (3) and rhombi the measured experimental points. A Thijs linear analysis of the iteration between both sources
similar behavior can be found for arT){J /Tr>2, where each predicts the appearance of the two- period sequences de-
step in the devil's staircase is calculated following the ex-scribed in Fig. 7. Unfortunately, the characterization of a
pression intT,/T,)m+1:m with m=2. Note that there are nponlinear function to fit the existence of more than two fre-
regions between two consecutive steps where(8qcannot  quencies is beyond the scope of this experimental paper due

be applied. These intervals correspond to the narrow zongg the inaccuracy in some of the time series obtained.
where a two period sequence cannot be found and more com-

plex behaviors with three or more different periods can be
observed to follow the Farey tree sequence.

Values of T, as a function of the normal pacemaker pe- In summary, we have obtained different output wave se-
riod were representedFig. 7(b)] in the interval T,/T, quences depending on the distance between two wave
e[1,2). Lines represent the theoretical period given by Egsources(Fig. 8. Each sequence depends on the source that
(3) and rhombi the measured experimental points. Oncelominates the medium, whose rhythm can be imposed by a

VI. CONCLUSIONS
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premature wave, which prevents the next circulating pulse to
mﬁ—A\ h propagate. In a certain way, this provokes phase resetting.
When the stimulus arrives during the refractory period, it

e LT R S LA cannot propagate and only delays slightly the period of the
next circulating pulse. This behavior depends on the different
7 ﬂﬁ 7 ﬂh nature of botr? gacemakers, since thepnormal pacemaker is
T, T, T, T, considered to be autonomous and cannot be reset. In addi-
13 % S tion, the presence of this pacemaker in the proximity of the
N\W : W reentry allows the stimuli coming from the pulse generator to
: reach the obstacle and to reset the reentry, evenTfpr

>T,, as previously described.

This behavior changes fof,e[T,— Ty, T,], where the
pacemaker emits with a period faster than the one corre-
sponding to the reentry. A wave rotating around the obstacle
) ] ) cannot complete the turn due to the refractory tail of the next

FIG. 8. Diagram of output sequences due to the mt_eractlon bepacemaker pulse. So, the reentry is never formed and the
tween a reentry apd a pagemaker. A summary of the interaction Shserved output period i, .
plotted is a f“'.“’a‘_"’” on d'ZSTtance between sources &) and ForT,e[T,/2,T,—T], interaction between both sources
pacemaker period, [T, 2T ] is observed again. Now, the difference betw@ermandT, is

big enough to allow some of the waves rotating around the
single pacemakefthe ectopic or the normal oper by in-  obstacle to complete its turn. The dependence on the distance
teraction between them. is similar to the one observed fai,>T, .

For Tp>Tr1 the sequence of output periods becomes Finally, for TpﬁTr/Z (Tr/Z is the fastest effective period
more and more complicated when distance between botéround the obstacléhe pacemaker dominates once again as
sources decreases. For long distancks Z/3\), the stimuli ~ shown forT e[ T, =T, T,].
delivered by the pulse generaigacemakernever reach the The observed sequence of periods can be predicted by
obstacle(they collide and annihilate with the waves gener-means of the linear iterative function described in theprevi-
ated by the reentjy The observed output period is always 0Us sectiorfEq. (4)] at least for two period sequences. This
T,. linear function allows the autonomous pacemaker to either

For intermediate distances (M3 d<2/3\), some prop- eset the reentry or to be blocked by the previous reentry.
erly timed stimulus is able to reach the obstacle and provok&lowever, this external pacemaker cannot modify the refrac-
phase resetting, in such a way that two waves can Coexispriness of the medium and does not predict the multifre-
rotating around the obstacle in a stationary way. This give§luency sequences observed experimentally. To obtain this
rise to an effectivemean period (Tes=T,/2), which pre- effect it is necessary to modify the previous model by adding
vents any further stimulus from reaching the obstacle. ~ nonlinear term$43-45. . _

Finally, for short distancesd<1/3\), the pacemaker is ~ Throughout this paper we have characterized the influ-
able to reset the reentry from time to time, even when it€€nce of the distance on the interaction between a normal and
effective period isT,/2. As a result of this interaction, a an ectopic pacemaker. This is the first step in developing and
complex multiperiod output sequence is observed, with afmplementing new defibrilation methods, which are now in
effective periodTese[T,/2,T,]. A similar behavior, where ~Progresg46.
different frequencies are involved, has been described by

Multifrequency Multifrequency

Td2 Te- T T T,

other authors, but forc_ing the medium v_vith_a p_eriod shorter ACKNOWLEDGMENTS
than the refractory periofdl5—17 or considering interaction
between a normal pacemakér,j and an ectopic oner), We want to thank Carlos Rico for his help with the ex-
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