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Predicting the entrainment of reentrant cardiac waves using phase resetting curves
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Excitable media, such as the Belousov-Zhabotinsky medium or the heart, are capable of supporting excita-
tion waves that circulate in a closed repetitive path—a phenomenon known as reentrant excitation. A single
stimulus, depending on its magnitude, timing, and location, can cause a time shift of the reentrant excitation
called resetting. The present study examines the ability of resetting data to predict the effects of periodic
stimuli on reentrant excitation circulating on an annular domain. We compare the results of the theoretical
models with experiments carried out in an animal model of a dangerous reentrant cardiac rhythm. The current
work may lead to improved approaches to therapy through a better understanding of how typical clinical
stimuli interact with abnormal reentrant cardiac rhythms.
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[. INTRODUCTION tems[18,19 and oscillations in spatially dispersed systems
showing reentrant excitatigr20—24. A single stimulus, de-
The abnormal rhythms of the human heart are a focus opending on its magnitude, timing, and location, can cause a
research not only because of their relevance to human healtiine shift of the endogenous rhythm. The time shift is called
but also because of the significant mathematical and physicé@setting, and for stimuli delivered to a homogeneous system
Concepts raised by their dynamicsl The heart is an examp@r an excitation CirCUIating ina I’ing, the resetting data can be
of an excitable medium characterized by the following twoused to predict the effects of periodic stim{di8—20. An
properties|1-4]: (1) a small but finite perturbation away important exception to the predictive power of resetting data
from a steady state will lead to a large excursian excita- 0ccurs when a stimulus is too distant from a reentrant circuit
tion or anaction potential before the steady state is reestab-t0 cause resetting. However, periodic stimulation at such a
lished: (2) following the onset of the excitation, there is an Siteé can entrain the reentrant rhyttif25]. Our goal in what
interval during which a perturbation does not induce a nevJO”OWS is to Carefu”y examine the conditions under which
excitation. The interval is called thefractory period Acon- ~ resetting data fail to predict the effects of periodic stimuli

sequence of the refractory period is that C0|||d|ng waves andelivered to reentrant excitation CirCUlating around an annu-
nihilate each other. Since the Belousov-Zhabotinsky chemilus. We show that discrepancies between the predicted results

cal reaction is also an example of an excitable mediumand the observations may give additional information about
many phenomena similar to those in the heart can be ophe location of the stimulating and recording sites relative to
served in chemical medi®,6). the reentrant circuit. In Sec. Il we present the mathematical
The current work was motivated by the need to develogackground. We study the effects of single and periodic
an appropriate mathematical framework for procedures usegfimuli in a simple model of conduction in Sec. Il and in a
by physicians to diagnose and treat cardiac arrhythfiths  nonlinear partial differential equation model of excitable me-
During clinical cardiac electrophysiological procedures, cardia in Sec. IV. An experimental example is given in Sec. V.
diologists insert several catheters directly into the heart. Usu-
ally, the catheters are first plac_ed in veins., and then are Il. MATHEMATICAL EORMALISM
pushed through the veins to a suitable target in the heart. The
catheters are used to carry out three different proce- Earlier theoretical work showed that knowledge of the
dures: (i) to record electrical activity in the heartii) to resetting induced by a brief stimulus delivered at different
deliver electrical stimul{usually either a single stimulus or a phases of limit cycle in an ordinary differential equation can
periodic train of stimuli directly to the heart; andiii) to  be used to predict the effects of periodic stimulation, pro-
ablate localized regions of the heart by delivering radiofrevided the limit cycle is rapidly reestablished following the
guency radiation to burn and Kill cells in localized regions.stimulus, and the stimulus does not change the properties of
The anatomical basis for the ablation procedure derives frorthe nonlinear equatiofi8,19. Application of the theoretical
a conceptual model of reentrant arrhythmias that assumesethods to study the effects of periodic stimulation of spon-
there is a ringlike or annular domain that supports the circutaneously beating aggregates of heart cells gives good agree-
lating wave[8—17]. If the ablation succeeds in cutting the ment between theory and experiment. The same theory was
ring or annulus, then the substrate for the arrhythmia is deeapable of predicting the effects of periodic stimulation of a
stroyed and the patient is cured. pulse circulating on a one-dimensional ring based on the
Previous work has analyzed the dynamics induced by aesetting induced by a single stimulus located directly on the
single stimulus delivered to homogeneously oscillating sysfing [20]. We now extend the theory to the case in which the
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oscillation is associated with a wave circulating on an annu- <—aﬁT3°'»ﬂ
lus with stimulating and measuring probes in arbitrary loca- I
tions. [ T, T2
A. Global phase andW isochrons
Assume a dynamical system with a stable limit cygle 8-l
with period Ty. In the current case, we consider a stably .
Stimulus

circulating wave of excitation that is described by some ap-

propriate nonlinear partial differential equation. An arbitrary  FiG. 1. Definition of measurements to construct the resetting
point in function state spaggr,t) gives the values of all the  curve from a stimulation delivered at locatian with recording at
variables in physical spageat a given timet. The coordi-  |ocation. The intrinsic period of the reentrant waveTig. Sis the
nates of the wave front are defined by a locus of points in théme interval from the last complex before the stimulus to the stimu-
physical space satisfying(r,t) =0, whereé is an appropri- Ius.Tf"ﬁ is the time from the last complex before the stimulus to the
ate function to localize the wave front. We arbitrarily set thejth complex after the stimulus.

time coordinate so that the excitation wave front is in some

fiducial position whernt=0. We taker* to be an arbitrary 7(r)—7(r*)

point on the wave front whet=0, so thatr*  £(r,0). For )=t ——=——. ()
times t>0 the global phase of the system is given &y 0

=t/To (mod 1). Following a single perturbation of relatively short duration

The basin of attractionof y corresponds to all states in gelivered to the system, the oscillation may be reestablished

function state space that approaghin the limitt—o. Let  jth the same period as before, but with altered timing of
x(t=0) andx’(t=0) be the initial conditions of a state on supsequent oscillations. This shift in the timing of the oscil-
the cycle and a state not on the cycle, respectively, anghtion is calledphase resettingr simply resetting.
X(t),x'(t) be the coordinates of the trajectories at time | systems distributed in space, the effects of a stimulus
[26]. If lim d[x(t),x’(t)]=0, whered[ - ] represents an ap- depend not only on its magnitude and timing, but also on its
propriate metric defined on the solution space;-ase, then  |ocation. The effect of a stimulus is determined by measuring
the latent phase of’(0) is the same as the phasex§D).  the activation times since the activation prior to the stimulus
The union of all functions with the same latent phase constiga# T4#  T&# where the superscripk represents the

tutes theW isochron[27-29. position of the stimulus, the superscripindicates the posi-
tion at which the phase is being measured, and the subscript
B. Local phase and resetting k indicates the number of activations since the stimulus was

In the cardiological context, a probe is inserted into thedelivered(Fig. 1) [23,24. If there is no resetting, we have
heart. This probe measures activity at a given location in thd j ~ (P)=]To. If there is resetting, then Tj"#(®)
heart. Since the excitation wave is spreading in the heart, the T{~/4(®) should converge td, for sufficiently large;]
excitation wave front will reach different regions of the heartsince we assume that the reentrant rhythm is stable.
at different times. If measurements of resetting are carried out at two differ-

In this experimental context it is useful to define the localent locationsr; andr, due to a single stimulus at, then
phaseg(r,t) measured at positionand timet. ¢(r,t) is the  using Eq.(2) the measured resetting curves are related to
time duration since the previous activation normalized by theeach other by24]

period of the rhythml g, At
a,r _qar __12
t—1(r) TP, t)=T,] ( $(ra) =

. . @
o(r,t)= Ty (mod 1), (1)

for j large enough that transient effects of the stimulus have

i i . issi .
where 7(r) is the last time beforé that the pointr was dissipated

excited. The phase difference at locationsandr, is deter-

mined by the time delay between the activation of probes at C. Entrainment

the different locations: The effect of a perturbation delivered during the course of
the cycle is to shift the state offe y on oneW isochron
Aty, WS(_x) to aper';urbed statelf the perturbed state is in the
P(ri,t)—p(rp,t)=— T, (2) basin of attraction ofy, the effects of the perturbation can be

represented by a phase transition cuyye®), where® is the
global phase of the initial state at which the stimulus is
whereAt,,= 7(r;) — 7(r,) is the time difference between the presented, ang(®) is the asymptotic global phase at the

activation of probep,; andp,. termination of the stimulus. The phase transition cug(®)
The global phase and the local phase are related by this not defined for those stimuli that lead to shifting an oscil-
expression lation outside its basin of attraction.
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The phase transition curve can be determined from the

phase resetting curl8—20. First assume the measuring r el e b —pie—f —py Time
probe is placed at a locug that is excited when the global > \
phased=0. We find . ¢ ¢ ‘ ¢

e MU

T (D B .
g(d)=Pp— - @) (mod 1), (5) el piet piet paf oy Time

R I
To \\\.\4\4\
) £ AN A
wherej is selected to be sufficiently large that transients in R kA RECTRE SEPRTL TP

determining the phase resetting curve have dissipated.
Now consider the effects of periodi& function stimula-

tion with periodts. Suppose that stimulusis applied at

phased; . The stimulus shifts the phase g¢®;) at the end g, 6 a5 measured wtis given by Eq(7) with n=1. (b) When

of the stlmulus. After an addltllonal tlmeS.Q, .a SeCO”F’ St'ml,"' 2t >t.>t, the phase of the stimulus as measured,ds given by

lus is delivered. Then, provided the limit cycle is rapidly Eq. (7) with n=2.

reestablished following the stimulus, and the stimulus does

not change the properties of the nonlinear equdti@-20,

FIG. 2. Schematic diagram of the conduction of an impulse that
is delivered atr, and that propagates tg. The conduction time is
t. and the interstimulus time i5. (a) Whents>t, the phase of the

stimulation. The phases of the stimuli deliveredratare
measured relative to the time of activationrat During the
ts . : . o :
®,,,=9(®;)+= (mod1). (6)  tachycardia, following stimulus delivered atr; at timet;,
To call t; the conduction time for the stimulus to travel fram

) ) o ) tor,. Then the phase of the stimulus measured,ds
Starting from any given initial phasé,, we can iterate Eq.

(6). Stable fixed points and cycles correspond to entrainment ntg—t,
to the periodic forcing. b(ra,ti)=
Since resetting curves due to stimuli delivered at a single
location but measured at two different probes are related by wheren is a constant integer. The value mfdepends upon
horizontal shift equal to the phase lag of activation betweernhe conduction time between andr, and the stimulation
the two during the underlying rhythm, E@4), the phase periodt.. If the stimulation period ig;>t., thenn=1. If
transition curves measured at two different locations from g <t <2t,, thenn=2, and so forth. The further the record-
stimulus at a single source are identical under a change in thag siter, is from the stimulation site';, the greater the
coordinate system corresponding to an arbitrary choice ofalue ofn. The value of could be computed by determining
phase. Consequently, all fixed points and cycles in Bf. the rate of change of(r,,t) ast varies[30]. Figure 2
will be preserved under a transformation in the coordinatellustrates the results for two different valuestgf Even if
system.Therefore, when the phase transition curve is used tectivations atr, have the same period as the period of the
make predictions about the periodicity and stability of thestimulus atr;, this does not necessarily reflect entrainment
dynamics under periodic stimulation, the results will not de-of the reentrant wave by the stimulation. For example, the
pend on the location of the measuring probe stimulation atr; could completely fail to entrain the tachy-
Previous studies predicted the effects of periodic stimulacardia, but nevertheless there could be complete synchroni-
tion in a spatially homogeneous oscillating sys{e®] and a  zation with the probe at,. This could occur ifr, was lo-
circulating pulse in a ring of excitable mediui20] based on  cated physically close tor,, but both sites were

the phase transition curves. Here we show that, as the stimgomparatively remote from the location of the reentrant
lus probe is moved away from the circuit determining thegijrcuit.

period of the oscillation, the predictions of entrainment based
on the resetting data may no longer be accurate. IIl. A SIMPLE CONDUCTION MODEL

(mod 1), (7)

In this section we describe a highly simplified model to
illustrate resetting and entrainment of reentrant waves that

Periodic stimulation of reentrant waves circulating aroundcaptures some of the basic properties of more realistic
an anatomical barrier leads to an entrainment and capture @figdels.

the reentrant waves if the stimulation period is shorter than | the simple theoretical model we assume that a wave
the period of the rotation, but longer than the refractory pecjrculates on a one-dimensional ring to which a “tail” has

riod of the medium. The propagating waves collide with thepeen added, Fig. 3. The basic cycle lengthis given by
reentrant waves, so that eventually local points throughout

the medium oscillate with the same frequency as the imposed L
rhythm[5,25]. This earlier work did not explicitly consider TO:E
the phase of the stimulus.

Suppose that periodic stimuli with a period fare de-  wherelL is the circumference of the ring armds the velocity
livered at a locatiorr;. Assume that a probe at locatiop ~ of propagation. At any point on the ring, for a time interval
measures periodic activation with the same period as thef R after passage of the wave, the tissue is refractory. Oth-

D. Propagating waves
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same direction agrthodromig the original wave. The anti-
dromic wave will collide with the original wave and be an-
nihilated, whereas the orthodromic wave will continue to
propagate, leading to a resetting of the original rhythm. The
perturbed cycle lengti,2 2(d(t)) is

R
ro.r k—[1-d(1)], _
T | CHTPOL 1=e=5,

8
To R ®
K, —>®(t)>0.
To
FIG. 3. The simple conduction model. The excitation travels at dJsing Eq.(5) we obtain the phase transition curve
fixed velocity around the ring and along the tail.
erwise, the medium is excitable. A stimulus delivered during 0, 1>(D(t)>-|—_07
the refractory period has no effect, whereas a stimulus deliv- g(®(t))= (9)
ere_d dL_mng the exc_:ltable perl_od will generate waves propa- (1), —>d(t)>0.
gating into the excitable medium. The stimulus and the re- To
cording sites are not necessarily the same and either or both
could be on the tail. The time interval during which the stimulus resets the
First assume that the stimulus and recording site are iderrhythm is called theexcitable gap The excitable gap i&

tical and that both are directly on the ringrgtas shown in =Ty—R.

Fig. 3. We select this point as the fiducial point so that the Iteration of Eq.(6) is easily carried out. Provided the

circulating wave crosses the fiducial point at timge The  stimulation period falls in the rangB@<t,<T,, there is a

global phase isb(t)=(t—tg)/To (mod 1. The ring is pa- stable fixed point on the period-1 map associated with en-

rametrized by an angular coordinate We setd=0 at the trainment of the reentrant excitation to the periodic stimula-

fiducial point so that the angular position of the wave aroundion. The phase of the fixed point ig/T,. This result cor-

the ring at timet is (t)=®(t). This example has been set responds to the result obtained using E@) assuming

up so that the location of the wave on the ring is the same astimulation and recording in the same locus so that0.

the global phase. Now consider the effects of periodic stimulation from a
If the stimulus is delivered during the refractory period site on the ring, e.gr,, in Fig. 3, but carrying out the mea-

then it has no effect. If the stimulus is delivered outside thesurements of the phase from a distant site also on the ring,

refractory time then it will induce two waves, one traveling e.g.,r5 in Fig. 3, where the propagation time from the stimu-

in the opposite direction téantidromig and the other in the lus site to the measuring site tis. For this case we find

ek o
7. an T—O>¢(t)>,

gp(t)=1 " To'

o(t) otherwise.

R
1> ¢(t)>_|_—0+ 10

There is a stable period-1 fixed point &t = (t;—t.)/Tg ing which of the waves measuredratis associated with a
(mod 1) for t>R. However, if R<t. this result is not al- given stimulus. When there are multiple waves on the ring
ways correct. To illustrate, we assume th@ﬂ—():l/\?) and Simultaneously,_ the necessary operational definition of the
that R/To=1/8. These parameter values are chosen so thihase of the stimulus may lead to an erroneous result from
multiple waves can be present on the annulus simultaneousif€ Pasic theory. . . L

and they do not necessarily correspond to physiologically NQW consflfder: the_ Eﬁeﬁt ofllstlmulatmé;. the eé(]:cltatmnhfrom
realistic values. In Fig. 4, we show the predicted phase of th%dpOIntrl off the ring that lies at a distancefrom the

stimulus during the entrainment as a functiort gfT, using ucial pointr, on the ring and on the same radius assee
o : X
Egs. (6) and (10) (solid line) compared with the result ob- Fig. 3. Because the conduction from the reentrant pathway

ed usina Ea(7) (dashed line Th | | can collide with the excitation from the stimulating electrode
tained using Eq(7) (dashed ling The two results overlap phefore it resets the reentrant excitation, the range of phases

for ts>t.. Equation(7) gives the correct result fdi,>R.  oyer which resetting is observed is reduced. The perturbed
The failure of Eq.(6) arises from the difficulty of determin- cycle length is
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| 1 R
TE2AD(1) | k—1+4D()+ —, 1- —>D(1)>—+ —
- = cTo To

cTy cTy’ (11)
To :
k otherwise,
|
and the associated resetting curve becomes propagation of the wave, provided the stimulus is not very

distant from the reentrant circuit.

1 | 1 | d(t) R + |

- 1-—> >4 —,
g(@(1)= cTo cTo To cTo IV. FITZHUGH-NAGUMO EQUATION
D(t) otherwise.

We now consider the effects of single and periodic stimu-
(12 . . . . .
lation of the FitzHugh-Nagumo equation, a nonlinear partial

differential equation model that has been used as a prototypic

The range of values over which resetting occurs due t0 node| for excitable media. We implemented the following
single pulse decreases as the distance of the stimulus frojqgified version:

the ring increases. Specifically, the excitable gapTig{R

—2l/c). From this it follows that fol >c¢(T,—R)/2 there is

no resetting. If the phase transition curve is used to predict v | L3 )

the effects of periodic stimulation, then one theoretically pre- St~ 0730 = W)+ DV +lgitn(t) + Thoia,

dicts that there will be 1:1 entrainment for stimulation peri-

ods in the rangd y>t,>R+2l/c. However, this is not cor-

rect, and in this case the resetting curve can no longer be IW

used to predict the effects of periodic stimulation. The reason ra e(v+B—yW)R(v), (13
for this is that the collisions between the wave from the

stimulus and the reentrant wave lead to a reduced range of

values for the resetting. During periodic stimulation at a rate

ts in the rangel>t,>R, the collisions between the waves R(v)= '10( —
originating from the periodic stimulation and the reentrant 1.0+10e" ™
wave will occur successively closer to the reentrant circuit,

and the waves originating from the periodic forcing will
eventually penetrate the reentrant circuit and entrain the r
entrant wavg5,25]. Therefore, the theoretical prediction of
the entrainment zone based on the resetting curve will unde X ! - .
estimate the range of values leading to entrainment by Astim(t) IS @ spatiotemporal current injected into the
value of 4/c for I<c(Ty—R)/2. Thus, one can estimate the FltzHugh-Nagump equation. The s!gm0|dal funct@@v)
distance of a stimulus from the reentrant circuit by multiply- ONtrols the action potential duration. The equations are
ing the discrepancy between the predicted and observed higif!ved using the Euler integration scheme witht
frequency boundaries of the 1:1 locking by the velocity of —0-05 msec andir=0.025cm in a lattice of 109109 grid

points representing an area 2:73.73cnf. We generate a

5+0.2,

E}/_\/herev is associated with the membrane potential,is
associated with the recovery of the membrane potential, and
we assumef=0.7, y=0.8, €=0.3, and D=1 cnf/sec.

1 central region that is not excitable by assumipgs=—2.5
in a central circular area of diameter 20 grid points represent-
0.8} / ing a circle of 0.5 cm. No-flux boundary conditions are ap-
) plied at the edges of the square domain. The excitable region
0.6} is thus an annular region with an inner boundary composed
* of a central inexcitable region, and the outer boundary
0.4} formed by the edges of the square in which the simulations
/ are carried out. In runs in which stimuli are delivered, we set
02t ./ I sim=20.0 at a single grid point with a duration of 2.5 msec
/7 or 50 time steps.
0 L : : : Figure 5 illustrates a reentrant wave propagating in the
0 02 0'41:0‘6 08 1 annular domain found by integrating E@.3). After a tran-

sient, the intrinsic period of the reentrant wave Tg

FIG. 4. Predicted value of the fixed point during periodic stimu- = 8.3 msec. The conduction velocityand the refractory
lation from pointr, and recording at points in Fig. 3, where Period R of this model are estimated from a plane wave
t./To=1/3 andR/T,= 1/8. The solid line is obtained using E4§)  Propagating in a homogeneous sheet of the same dimension.
and (10) and the dashed line is obtained using Ef. The two  The conduction velocity i€=0.039 cm/ms and the refrac-
results overlap fotg>t.. 7=tJ/T,. tory period isR=12.1 msec.
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,.: f) - 50 C
a A a 40 )
- ] e
J
" 2 20t
3
FIG. 5. Numerically integrated reentrant wave in an annulus in *a' 10t
the modified FitzHugh-Nagumo equatidf3). To=58.3ms. The LE
conduction velocity and the refractory period are estimated from 0 L L L
propagation of a plane wave in a two-dimensional sheet. The con- 0 03 06 09 12
duction velocity isc=0.039 cm/ms and the refractory periodRs Distance (Cm)
=12.1ms. In this and subsequent figures, the frames are 7.25 ms
apart. FIG. 7. The excitable gap as a function of the distance from the

edge of the central inexcitable region numerically computed in the
modified FitzHugh-Nagumo equation. A stimulus delivered from a
site that is more than 1.35 cm away from the central inexcitable
In this section we determine the resetting curve obtaineqlegion does not reset the rhythm.
by stimulating at one location, and recording the resetting at
both the stimulation site and a different site. a “vulnerable period” for initiating spiral pairs in models of
Figure Ga) illustrates the effects of stimulation at sit¢  excitable media is well knowfi28]. Further, discontinuities
indicated by an asterisk that is 0.625 cm away from the in resetting curves of an oscillation imply that stimuli should
central inexcitable region. A second sitg indicated by a exist that lead to a different dynamics lying outside the basin
cross is a distance 0.2 cm away from the central inexcitablef attraction of the oscillatiofi23].
region. Figures @) and Gc) show the resetting curves mea-  As the distance from the stimulus to the central inexcit-
sured fromr, andr,, respectively. The time of activation at able region is increased, the stimulus resets the reentrant
r, precedes the time of activation gt by 15.7 msec. Thus wave over a smaller range of time intervals due to the colli-
the resetting curves measured at the two sites are related gjon between the wave generated by the stimulus and the
Eqg. (2) with a phase shift ofs(r) — ¢(r,) = —0.27. reentrant wave. Figure 7 illustrates the decrease of the excit-
If the discontinuity in Figs. @) and €c) is probed by able gap as the distance from the stimulation site to the in-
trying to deliver stimuli that are very close to the phase ofexcitable region increases. If the location of the stimulus is
the discontinuity, then stimuli are discovered that lead to théess than 0.1 cm away from the central region, the resetting is
initiation of a dynamics in which there are two counter- approximately the same as if the reentrant wave were circu-
rotating spiral waves in addition to the circulating spiral lating around a one-dimensional ring with diameter 0.5 cm.
wave. This result is expected based on earlier analyses. Firsh this case, all stimuli reset the wave except those falling in
the refractory period of the reentrant wave. If the stimulus is
located more thah=1.35 cm away from the inexcitable re-

A c Q‘ C (?g - gion, none of the stimuli reset the reentrant wave. The size of
* * )

the excitable gap decreases asl.@d/c for 1.35>I

A. Resetting curve

- . >0.2cm.
g o M
& (:} r: } = & B. Entrainment of reentrant waves
B s ] C s | In this section we investigate the entrainment of reentrant
nh ol — | oy waves by periodic stimulation and compare the results with
%: = %: ~ 1 iteration of the phase transition curve. Periodic stimulation is
0 1"‘/ 01— delivered atr; and the entrainment results are recorded from
0 0 r, andr,. For all trials, we apply the initial stimulus 27.4
o 05 1 o 05 1 msec after a reentrant wave passesFigure 8a) illustrates
o(ry) o(ry) the entrainment of the reentrant wave Bf with tg

FIG. 6. Resetting of reentrant wav@) The stimulus delivered =47.5 msec, Sﬁ thatS/TOEIO'SZ' .The_l_itlmu'u% froml
at r,,*, propagates to the annulus and generates two waves tthrOpagateS to the inexcitable region. e antidromic wave

propagate around the annulus. The antidromic wave coliides witRnihilates the original reentrant wave. The orthodromic
the original reentrant wave and drifts away from the sheet. ThéVave establishes a new reentrant wave propagating around

orthodromic wave becomes a new reentrant wave whose timing hd§€ annulus. Thus, the periodic stimulation entrains the reen-
been reset by the stimulugb) Perturbed cycle length arising from trant wave. When the stimulation is terminated after ten

stimulating atr, and recording at,. (c) Perturbed cycle length stimuli, the original reentrant wave is reestablished with the
arising from stimulating at, and recording at,, X. The perturbed ~Same amplitude and frequency as before the stimulation. The
cycle length curves are identical under a shift ¢fr;)—¢(r,)  time series recorded from; and r, during the periodic
=-0.27. stimulation are shown in Figs.(® and &c), respectively.
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FIG. 8. Entrainment of the reentrant wave in E&3). Periodic ] ] )
stimuli are delivered front, with to/T,=0.81,t.=47.5 msec(a) FIG._ 10. The entrainment phase as a functionefty/ T, using
The first stimulus is applied at 27.4 msec after the last reentrarﬂ""r.ee different methods of computation: iteration of the phase tran-
wave passes, . The reentrant wave is entrained after three stimuli.Sition curve Eq. (6), solid line; numerical integration of the
(b) and(c) are the time series trace records fropandr,, respec-  FitzHugh-Nagumo mode®; and Eq.(7), dashed line.
tively. The arrows inb) denote the stimuli applied a;. The hori- ) )
zontal bar in(c) corresponds to the time interval displayed(a. this leads to interference between the wave generated from

the stimulation and the reentrant wave. Further, the measur-

The arrows in Fig. ) indicate the times of the stimulation ing probe is located at a distance from the stimulation and
atr,. The time interval spanned by animation in Figa)ds  this leads to the simultaneous presence of several waves
indicated by the horizontal bar under FigcB from the stimulation in the medium, leading to discrepancies

In order to predict the effects of periodic stimulation con-in computing the phase of the stimul(see Fig. 2 and the
structed from data collected a3, the resetting curve from related discussion Figure 10 compares the predictions of
Fig. 6(c) is fitted by a piecewise linear function, and is usedthe location of the fixed poinp* as a function ofs/T, from

to construct a phase transition curve like [5), the phase transition functioitsolid line), from Eq. (7)
(dashed ling and from numerical simulation of the
0.41, O<¢(r,)<0.41, FitzHugh-Nagumo mode{points. In the current case, all

- r,), 0.41<d(r,)<0.96, 14 three methods agree fog/T,>0.6. However, only Eq(7)
9(4(r2)) b(r2) b(r2) a4 gives the correct answer f®R<ts<t..
0.41, 0.96=¢(ry)<1.

Figure 9a) shows the iteration of the phase transition V. EXPERIMENTAL EXAMPLE

curve W|thtS./T0jO.82. After two iterationsp, converges to To illustrate the application of these concepts to a con-

the fixed point¢* =0.23. Figure &) represents the entrain- cete system, we consider experimental data from a single

ment withts/To=0.64. The trajectory approaches the fixed gxperiment carried out in a mongrel dog. We hope to report

point ¢*=0.05 after two iterations. Figure(® shows the ore complete data elsewhere.

iteration of the phase transition curve Q¢ To=0.47. There

is a stable period-2 orbit. However, numerical integration of i

the FitzHugh-Nagumo model with,/T;=0.47 shows 1:1 A. Experimental procedures

entrainment with¢* =0.31. We used a surgical procedure in which a Y-shaped lesion
Thus, the phase transition curve is not able to predict thés made in the right atriunfone of the heart chambegrsf a

entrainment when the stimulation is comparatively fast. Thedog [31]. This experimental system supports a circulating

stimulation is at a distance from the inexcitable region andexcitation that models a human arrhythmia called atrial flut-

ter in which an excitation travels in a circuitous pathway in

A B C the right atrium.

= : =) ; = i Four sites were recorded from both sides of the lesion,
e I g ] Fig. 11. First the flutter was induced by rapid stimulation of
i < % ’ l the right atrium. Figure 11 shows a recording during flutter.
00 Y- . O Y- < V- . . .
S | = s | The sharp spikes reflect the activation of the local electrodes.
S8 as 2 2 %l Following induction of the flutter, two different protocols
> ¢ > ¢ > (I) were carried out. In one protocol, single stimuli were intro-
n n n

duced every eight cycles to study the resetting of the tachy-
FIG. 9. lteration of the phase transition curve determinerbat Cardia by single pulses. Stimuli were delivered over a range
with the initial condition of ¢,=0.47. (@ t./T,=0.81, t,  Of phases to scan the effects of the stimuli at the different
=47.5 msec.(b) t./To=0.64, ts=37.5 msec.(c) ts/To=0.47, t, phases of the flutter cycle. Resetting stimuli were delivered
=27.5 msec. Ir(c) the trajectory approaches a period-2 orbit evenfrom two different locations. In a second protocol, periodic
though the numerical simulation of the nonlinear equation gives &timuli were delivered from the same two locations. The pe-
stable 1:1 entrainment. riod of the stimuli was reduced from the intrinsic cycle
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4 Site 14t A L
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Site2 b et pi b (R (R
Site 3 bttt B 4 4 4441 l* 4 4 |
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440444040014
FIG. 11. Schematic diagram of of the experimental preparation C, (b b 'I i f hopop
carried out in an anesthetized dog. The right atrium of a dog heart is '}{»1‘-1*~]‘J‘*,“7 ‘]‘,‘w"—]u‘lu _jf‘jvj\}f‘;"w]ux]u;“»lg:“‘f—'*r‘-«'ur‘z']ur'n—fr
lesioned and sutured in a Y shape following the procedurf@if ~' U ba!
Recordings are carried out from four sites on the right atrium during U L N trare '
atrial flutter. The large complexes on each trace, shown in the right 150ms
hand side of the figure, correspond to the times of activation at each
of the sites. FIG. 13. Experimental studies of the entrainment of atrial flutter

with stimulation at site 4 and recording from site 2 in Fig. 11. Bold

. arrows represent the times of delivery of the stimuli. In each case
length of the flutter(around 150 msgcto 100 msec in 10 here is a 1:1 entrainmenta) t.=145 msec,t,/To=0.97; (b) t,

msec decrements. =130 msec./Ty=0.87; (c) t=115 msects/To=0.77.

B. Resetting curve from different stimulus sites C. Experimental entrainment of atrial flutter

Stimuli delivered at some of the phases of the flutter reset Figyre 13 shows time series traces from the entrainment
the flutter. Figure 1@) shows the effects of a resetting of atrial flutter induced by stimulating at site 4 at different
stimulus delivered at site 4, with recordings of the activity cycle lengths and recording at site 2. Each bold arrow repre-
from site 2(upper tracgand site 4(lower trace. sents the stimulation applied at site 4. Figure 14 shows the

Figures 120) and 12c) show resetting curves measured corresponding iterations of the resetting curves based on the
from stimuli delivered at site 4 and measured at sites 4 and Zesetting curves in Eqi15). Figures 183 and 14a) corre-
respectively. The phase shifts between the two sites argpond to stimulation witht=145 msec,ts/To=0.97, and
$(rs) — p(r2)=0.28. The resetting curve Fig. (2 is fitted  Figs. 13b) and 14b) correspond to stimulation with

with the piecewise linear function =130 msec,t;/T,=0.87. In both these cases there is 1:1
entrainment of atrial flutter. However, periodic stimulation
. <0. : . :
O 2.0, 0<(r2)<0.26, with ts=115 msec,ty/To=0.77 gives 1:1 entrainment ex-
T2 ] 187, 0.26< ¢(r,)<0.46, perimentally, Fig. 1&), but this does not correspond with

To - 0.57¢(r,)+1.6, 0.46<(r,)<0.7, 19 the results from the iteration of the phase transition curve
shown in Fig. 14c). Figure 15 summarizes the experiment

2, 0.7<¢(ry)<1. and the theory. The predicted phases of the fixed point during

the periodic stimulation from iteration of the phase transition
curve (solid line) are compared with the experimentally ob-

i ‘ ¥ | i .
A MI#% Mh\/’\}%\/ served phase§ointy. At one stimulation frequency, indi-
iy cated by the triangle in Fig. 15, a different arrhythmia, atrial

e it sy ; ittt | i fibrillation, associated with disorganized propagation in the
i S b . . . : :
’ atria, was induced. Since the maximum shortening of the
. oo cycle time by a single stimulus is approximately 20 msec, the
4 Stimulus 100ms y y g PP y
B 2s C 2s A B C
rr, Ilb"..'.‘."""'.. .1 2 et ] 1 3 1 -, 1
T 7" . S 11 / Q
=—15 L5 g g =
T0 T0 N’ ~ Kol
Tpoose o | Lace .. R S 05 & 05 K05
. :ol" ) $.\" = pac pac
0.5 0.5 T < T
0 0.5 1 0 0.5 1 S 0 S oz = o
o(ry) ¢o(ry) o ot gooost 1 F oo 05t o1
| | s n n
FIG. 12. Resetting curve constructed from the experimental data
by stimulating at site 4 in Fig. 11a) A stimulus is applied 60 msec FIG. 14. lteration of the phase transition curves Ej.for the

after the last excitation at site 4. The upper trace is from site 2 andtimulation parameters shown in Fig. 13) t;=145 msect,/T,

the lower trace is from site 4b) Plot of the perturbed cycle length =0.97; (b) t;=130 msec,t;/T(;=0.87; (c) ts=115 msec,ts/T,
measured from site 4c) Plot of the perturbed cycle length mea- =0.77. The iteration of the map predicts 1:1 entrainmerigjrand
sured from site 2. In both cases the excitable gap is approximatelfb), but not in(c). Thus, there is a discrepancy between the iteration
75 msec.A¢$=0.5, and the two resetting curves are related asof the map and experimental results for the stimulation parameters

d(rg) — ¢(r,)=0.28. in (c).
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0.7 X entire range of frequencies that lead to entrainment. In theo-
retical models, the discrepancy between the predicted range
0.6+ of frequencies that lead to 1:1 entrainment and the observed
range of frequencies is proportional to the distance of the
o* 0.5} stimulus from the circuit, provided the stimulus is not too
) ° distant from the pathway that defines the reentrant circuit.
. This observation could be useful in a clinical context to help
0.41 o€ localize the stimulus relative to a reentrant circuit. A second
° problem arises when stimulating at one locus and recording
0.3 . ' . at a second locus. If the distance between the stimulating site
0.6 07 08 09 1 and the recording site is small, but both these sites are distant
T from the circuit supporting the reentrant excitation, then en-
FIG. 15. The phase of the stimulus during stimulation from sitefr@inment at the recording site does not necessarily reflect the
4 and measured at site 2 as a functiorrefty/ T, from the experi- ~ €ntrainment of the underlying oscillation. If the distance
mental data points and the iteration of H6) (solid line. The  from the stimulating site to the recording is large, then pre-
iteration of the map agrees with the data fortl,/T,>0.87. How-  dictions of the phase of the stimulus in the cycle as measured
ever, forts/T,<0.87, the phase transition map does not predict theat the recording site may not be correct due to ambiguity of
1:1 entrainment that is observed experimentally. In one trial, a difthe phase of a given stimulus in measurements at the record-
ferent cardiac arrhythmia, atrial fibrillation, was induced, indicateding site.
by the triangle. Although the experimental procedures are in principle
straightforward, there are practical difficulties encountered
predicted minimum cycle length for 1:1 entrainment is 130When carrying out the experiments. One problem is that a
msec. Thus, although there is good agreement between prélimulus may sometimes fail to reset the tachycardia, even
dicted and observed dynamics fag>130 msec,t/T, though stimuli at shorter anq longer coupling intervals do
>0.85, for smaller values df,/ T, the iteration fails to pre- reset the tachycardia. The failure may reflect small changes

dict the entrainment. in the efficacy of a stimulus or the excitability of the heart
during the tachycardi@he heart is beating during these ex-
V1. DISCUSSION periment$. The intrinsic noise combined with noise intro-

duced during measurements makes it difficult to fit resetting

Biological and physical oscillations can usually be af-functions to the experimental data. Moreover, the stimulation
fected by suitable stimuli that reset and entrain the rhythmscan in some instances lead to a change in the rhythm, either
Previous work demonstrated that iteration of a one-by annihilating the rhythm or by inducing atrial fibrillation.
dimensional map based on the resetting induced by singl@hese difficulties in the experimental setting would likewise
stimuli can be used predict entrainment during periodiche found in clinical studies. Indeed, although resetting of
stimulation provided the stimuli do not affect the intrinsic clinical tachycardias is carried out in some instan@&44],
properties of the oscillator and the relaxation time to thethis is not a usual procedure in the clinic. On the other hand,
limit cycle following a stimulus is short compared to the interpretation of the dynamics during periodic pacing from
time interval between the periodic stim{li9,18. The initial  different sites is proving beneficial to map the anatomical
applications were to systems described by limit cycle oscilsubstrate of tachycardias relative to the site of the pacing
lations in ordinary differential equations. The current work electrode[13,15—-17. We are not aware of previous quanti-
extends these methods to stable oscillations in nonlinear patative analyses of the connections between resetting and en-
tial differential equations. trainment in the clinical literature.

Cardiologists often use resetting and entrainment proto- The current work was carried out with a circular obstacle
cols in the clinical study of patients who have serious ar-and a homogeneous medium. If the obstacle is elliptical, the
rhythmias associated with reentry in an anatomically baseedesetting curves are qualitatively similar to what we describe
pathway[9,11,15,13, often imagined as a one-dimensional here and once again the size of the excitable gap decreases as
ring. An earlier study considered resetting and entrainment othe distance away from the inner boundary of the annular
waves circulating on one-dimensional ringo. region increases. However, if there are heterogeneities that

The current work analyzes dynamics of waves circulatingocally increase the refractory period, then the location of the
in annular domains rather than on one-dimensional rings. Istimulus relative to the heterogeneities and the obdticle
addition we consider situations in which stimuli are deliv- may affect the details of the resetting cury8g].
ered at one location and the resetting and entrainment are It is not clear whether the current results will be useful in
measured at a second location. This work demonstrates tweelping physicians to target sites for ablation in patients with
ways in which the earlier theory breaks down. First, if thereentrant tachycardias. Consider atrial flutter, an arrhythmia
stimulus is a distance away from the circuit determining theassociated with a reentrant path similar to the ones consid-
period of the oscillation, there can be interference betweeered in the current papgt5,17). Ablation for atrial flutter is
the stimulus and the circulating wave so that the range ofisually successful. In treating atrial flutter, rather than carry-
phases that lead to resetting is reduced compared to a stimimg out detailed resetting and entrainment studies, the cardi-
lus directly in the circuit, and the theory fails to predict the ologist often targets a region of the heart that is believed to
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be an “isthmus” traversed by the flutter waves. By ablatingmain motivation arises from cardiology, where reentrant
this isthmus, the flutter pathway is usually eliminated. Fur-waves in excitable media are an important mechanism under-
ther, new clinical mapping techniques are making it possibléying serious abnormal cardiac rhythms. We hope that this
to visualize the spread of excitation over large regions of thevork provides a stimulus to investigate resetting and entrain-
cardiac muscle without carrying out resetting and entrainment of reentrant waves in other biological and physical sys-
ment[16]. Since carrying out resetting and entrainment prot+ems.
tocols is time consuming, this increases the cost of the pro-
cedure and also the discomfort to the patient. Finally, as the
current paper shows, interpretation of the results of these
types of procedures is difficult. In order to lead to practical
utility, ways must be developed to streamline the stimulation This research was partially supported by the MRC, CIHR,
protocols and to automatically analyze the data in real timeand FCAR. We thank C. Villemaire for carrying out the ex-
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