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We describe preliminary experiments on controllingin vivo atrial fibrillation using a closed-loop
feedback protocol that measures the dynamics of the right atrium at a single spatial location and
applies control perturbations at a single spatial location. This study allows investigation of control
of cardiac dynamics in a preparation that is physiologically close to anin vivo human heart. The
spatial-temporal response of the fibrillating sheep atrium is measured using a multi-channel
electronic recording system to assess the control effectiveness. In an attempt to suppress fibrillation,
we implement a scheme that paces occasionally the cardiac muscle with small shocks. When
successful, the inter-activation time interval is the same and electrical stimuli are only applied when
the controller senses that the dynamics are beginning to depart from the desired periodic rhythm.
The shock timing is adjusted in real time using a control algorithm that attempts to synchronize the
most recently measured inter-activation interval with the previous interval by inducing an activation
at a time projected by the algorithm. The scheme is ‘‘single-sided’’ in that it can only shorten the
inter-activation time but not lengthen it. Using probability distributions of the inter-activation time
intervals, we find that the feedback protocol is not effective in regularizing the dynamics. One
possible reason for the less-than-successful results is that the controller often attempts to stimulate
the tissue while it is still in the refractory state and hence it does not induce an activation. ©2002
American Institute of Physics.@DOI: 10.1063/1.1494155#
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In this article, we investigate a scheme for controlling the
dynamics of a sheep heart during atrial fibrillation. It is
desirable to devise such schemes because human atri
fibrillation can lead to a reduced quality of life and re-
peated hospitalizations. The experiments on sheep heart
serve as a model for human atrial fibrillation and hence
successful control ofin vivo sheep heart dynamics is the
first step toward the development of an internal defibril-
lator for humans. The method is based on techniques de
veloped by the nonlinear dynamics community for con-
trolling chaos. It uses real-time measurements of the time
interval between electrical depolarizations of the muscle
at a single location on the heart to determine the time at
which a small shock is applied to the tissue in an attempt
to regularize the electrical depolarizations. The experi-
ment is conducted with the chest open and a fine grid of
electrodes placed on the outer surface of the heart to
measure the electrical depolarizations as a function of
time at numerous spatial locations to determine the effec-
tiveness of control. We describe previous research on con
trolling cardiac dynamics using small shocks, our experi-
9521054-1500/2002/12(3)/952/10/$19.00
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mental methods, and our observations. We find that our
control protocol is not effective in controlling the sheep
heart dynamics in these preliminary experiments, and we
suggest possible ways to improve the technique. Hence
this article serves as a progress report to stimulate future
research.

I. INTRODUCTION

The heart is a complex nonlinear system designed
pump blood effectively. Its mechanical contractions are m
diated by waves of electrochemical excitation that propag
through the heart. These waves of excitation are followed
a refractory period when the tissue cannot respond to fur
stimulation, a fundamental characteristic of the generic, i
alized dynamical system classified as an ‘‘excitable medi

In a healthy heart, the waves of excitation cause a co
dinated contraction of the muscle starting near the top of
right atrium at the sino-atrial node, progressing to the v
tricles through the atrioventricular node and the Purkinje
© 2002 American Institute of Physics
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bers, and terminating near the base of the heart. This typ
behavior is known as normal sinus rhythm. In some sit
tions, even in a nominally healthy heart, this orderly proc
sion of waves can evolve into a complex dynamical st
known as fibrillation in which the heart rate is elevated a
the muscle contractions are uncoordinated.1,2 Fibrillation in
the atria is usually not life-threatening, but can lead to
increased risk of stroke and often leaves a person fee
tired or having a lack of energy. Ventricular fibrillation, how
ever, results in a rapid loss of blood pressure, leading
death within a few minutes if left untreated. The most co
mon strategy for terminating ventricular fibrillation is to a
ply a large electric shock designed to stop temporarily
cardiac activity, with the hope that a normal rhythm will sta
with the next heart beat.3–5 Such a strategy alters signifi
cantly the dynamical state of the heart, is not always succ
ful, and is painful to the patient.

Another possible approach to this problem is to adm
ister occasional, small electrical stimuli to the heart mus
where the strength and timing of the shocks are based
nonlinear dynamics closed-loop feedback control algorith
This approach is suggested by recent research on nonl
dynamical systems displaying temporal instabilities a
chaos, where it is now possible to control chaos, delay
onset of bifurcations and instabilities, and direct a traject
to a desired target state by applying only minute pertur
tions to the system. The control strategies are quite gen
and do not require a detailed mathematical model of
system. The key idea is to design perturbations that direc
system near to or stabilize it about one of the unstable p
odic orbits embedded in the system.6–8 Motivated by suc-
cesses in applying these methods to a variety of phys
systems, recent attention has focused on controlling biol
cal systems such as the heart.9–13 For example, Hall and
Gauthier14 have recently suppressed alternans~a period-2 re-
sponse pattern! in small pieces of paced cardiac muscle us
an approach similar to that described in this paper.

Several hurdles have to be overcome before this
proach can be applied successfully to a whole fibrillat
heart. One primary issue is that the heart displays comp
behavior as a function of timeand space,15,16 which may be
a manifestation of the deterministic behavior known
spatio-temporal chaos.17 It is not clear whether the chao
control algorithms, designed originally for suppressingtem-
poral instabilities, can be applied to fibrillation. Controllin
spatio-temporal complexity using small perturbations is
teresting from a fundamental nonlinear dynamics perspec
because it is not yet firmly established whether a gen
system can be characterized by unstable period orbits, an
general control algorithms have been established. One
gested approach is to place standard chaos controllers
signed to suppress temporal instabilities at a few or m
spatial locations.18 A recent study suggests that it may b
possible to stabilizein vivo human atrial fibrillation by ap-
plying control at a single spatial location.19

The primary purpose of this paper is to describe prelim
nary experiments on controllingin vivo fibrillating sheep
atria using a closed-loop feedback protocol in combinat
with a high-density mapping system to access the size of
Downloaded 18 Dec 2003 to 192.58.150.40. Redistribution subject to AIP
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spatial region of the heart that is captured by the sm
shocks. Our hypothesis is that control should be poss
over a finite spatial region around the control point. For o
specific protocol, we find that the shocks have little effect
the dynamics. This observation may be due to the possib
that the shocks are delivered when the tissue located in
vicinity of the stimulus electrode is in the refractory~unex-
citable! state. However, one experimental trial~out of a total
of 80 in 2 animals! showed that the protocol resulted in
noticeable decrease in local activation rate@see Fig. 8~E!#.
Future research is needed to determine whether the ra
successful control is limited by our choice of a control pr
tocol or because the spatio-temporal dynamics cannot be
fected by a controller placed at a single spatial location.

In the next section of the paper, we review related
search on controlling cardiac dynamics using small shoc
In Sec. III, we describe the experimental setup for measu
the spatio-temporal dynamics of the heart and give exam
of the observed behaviors in Sec. IV. We go on in Sec. V
desribed the nonlinear-dynamics-based feedback contro
describe our results in Sec. VI, and discuss our findings
Sec. VII.

II. CONTROLLING CARDIAC DYNAMICS USING
SMALL SHOCKS

The idea that small electrical stimuli can affect the d
namics of the heart is not new. It is well known that arryt
mias such as atrial flutter and ventricular tachycardia can
initiated and terminated by one or more properly tim
stimuli.20 Unfortunately, attempts to interrupt atrial or ven
tricular fibrillation have been less successful. Allessieet al.21

have successfully entrained the dynamics of a spatially lo
ized portion of the myocardium during atrial fibrillation us
ing rapid pacing. This procedure did not result in defibrill
tion, however: complex dynamics reappeared after
pacing was terminated. Similarly, KenKnightet al.22 cap-
tured the local dynamics during ventricular fibrillation an
also did not achieve defibrillation.

Approaching the problem from a different perspectiv
Garfinkelet al.9 have demonstrated that it is possible to s
bilize cardiac arrythmias in anin vitro heavily medicated
small piece of the intraventricular septum of a rabbit heart
administering small, occasional electrical stimuli. The pro
col is referred to as proportional perturbation feedba
~PPF!. In terms of the behavior of the heart, the scheme u
feedback to stabilize periodic beating~the unstable dynami-
cal state! and destabilize complex rhythms using small p
turbations. Crucial to this strategy is the concept that
heart can display two different dynamical behaviors un
essentially identical physiological conditions, such as norm
sinus rhythm and fibrillation or tachycardia and fibrillatio
for example. In the PPF method, the dynamics are contro
by placing the state of the system onto the stable manifold
the desired unstable periodic orbit~rather than moving the
location of the stable manifold as used in the original p
posal for controlling chaotic behavior6–8!. Note that varia-
tions of this method for controlling cardiac dynamics ha
been suggested,23 some of which are simpler and mor
robust.24,25 The PPF control strategy has also been used
 license or copyright, see http://ojps.aip.org/chaos/chocr.jsp
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Schiff et al.26 to stabilize the electrical behavior of the r
hippocampus, suggesting that it may be possible to dev
an intervention protocol for epilepsy.

While these results are intriguing, they are surround
by some controversy because of the claim that chaos e
in the heart and brain based on the detection of unst
period orbits in the system. In an attempt to clarify this si
ation, Pierson and Moss27 investigated the influence of nois
on the analysis procedure and find that it is indeed capab
detecting unstable periodic orbits even in the presence
large amounts of noise. On the other hand, Christini a
Collins28 have suggested that PPF can be used even in
ations where the dynamics are driven by stochastic, ra
than deterministic, influences.

In parallel to the research on controlling the dynamics
complex systems, some research has focused on cardia
rhythmias that are well-characterized by a low-dimens
mathematical description and hence should be amenab
control. Taking this approach, Hallet al.10 demonstrated tha
an adaptive controller can suppress atrio-ventricular no
conduction alternans in anin vitro rabbit heart model, and
Christini et al.12 successfully applied the same method in
in vivo human heart model. This arrhythmia occurs wh
electrical signals from the atria pass through the at
ventricular node~essentially a one-dimensional conducti
pathway! into the ventricles and back to the atria via
abnormal conduction pathway. The control protocol used
suppress alternans in their experiments is based on a c
parison of the most recently observed interbeat interval w
the previous interval. This method has been analyzed
Gauthier and Socolar29 and Hall and Christini,30 and is simi-
lar to the one used to control the dynamics of physi
systems.31 More recently, Hall and Gauthier have used
variation of this technique to suppress alternans in sm
pieces of bullfrog cardiac muscle where spatial-temporal
stabilities cannot occur.14

While these results suggest that nonlinear-dynam
based methods can be applied to the heart, they demons
only thattemporalcomplexity of a dynamical system can b
controlled. There is not yet a general approach to control
systems that displayspatio-temporalcomplexity such as tha
displayed by the heart during fibrillation.1,2,15,16Toward this
goal, Glass and Josephson32 established criteria for resettin
and annihilation of reentrant arrythmias; Biktashev a
Holden33 demonstrated that proportional feedback cont
can induce drift of spiral waves in a model of cardi
muscle; Aransonet al.34 showed that external stimuli ca
stabilize meandering spiral waves; Osipovet al.35 demon-
strated that the introduction of specific forms of tissue inh
mogeneity can lead to suppression of spiral waves; Osi
and Collins36 found that uniform excitation of the tissue o
excitation at the leading edge of a wave can lead to term
tion of the wave; Watanabe and Gilmour23 proposed a strat
egy that uses small stimuli to prevent cardiac rhythm dis
bances; Rappelet al.18 showed that the break up of spir
wave patterns can be suppressed by applying elect
stimuli at many spatial locations; and Sinhaet al.37 demon-
strated that spiral wave patterns can be terminated by pa
tissue using a two-dimensional grid of electrodes.
Downloaded 18 Dec 2003 to 192.58.150.40. Redistribution subject to AIP
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There are several issues that must be addressed b
these recent results can be put to practice. In the work
Biktashev and Holden, Osipov and Collins, Watanabe a
Gilmour, Rappelet al., and Sinhaet al., the use of spatially
uniform forcing function or application of perturbations
numerous spatial locations is assumed, a requirement th
not possible with current technology. Also, the results
Aransonet al. and Glass and Josephson were obtained us
a simplified model of cardiac dynamics whose properties a
in many aspects, different from the properties of card
muscle. Finally, it is not clear how tissue inhomogeneities
the form required by Osipovet al. can be introduced in an
intact heart.

On the other hand, preliminary research by Ditto a
collaborators19 suggests that it is possible to capture at leas
portion of a fibrillating human atrium using the PPF metho
where the heart dynamics are recorded and control stim
are delivered through a quadrupolar electrode catheter
serted into the right atrium. It was observed that the w
variation of the inter-beat intervals could be suppressed u
their control technique. However, due to the limited numb
of sensors, it could not be determined what fraction of
entire atrium was controlled. In addition, atrial fibrillatio
was terminated only rarely using this method. Experime
using many sensors at different spatial locations are nee
to determine whether the methods used in the prelimin
work of Ditto and collaborators can successfully capture
entire atrium.

The purpose of our study is to attempt to controlin vivo
sheep atrial fibrillation using a feedback controller that m
sures the dynamics of the atria and applies control pertu
tions at a single spatial location. This study allows investig
tion of control of cardiac dynamics in a preparation that
physiologically close to anin vivo human heart. Both the
temporal and spatial response of the fibrillating sheep a
are measured using a multi-channel electronic record
system.38 To suppress fibrillation, we implement a contr
scheme that does not requirea priori knowledge of the state
of the tissue to be stabilized similar to the technique used
Hall et al.,10 Christini et al.,12 and Hall and Gauthier.14 This
controller attempts to stabilize an unstable period-one beh
ior embedded in the fibrillation that may or may not be t
normal sinus rhythm.

III. EXPERIMENTAL METHODS AND PREPARATION

The experimental model is anin vivo sheep atria prepa
ration that allows the investigation of fibrillation in a prep
ration that is similar to a human heart. We use the atria
cause the animal can sustain atrial fibrillation for an exten
period of time, whereas ventricular fibrillation is fatal withi
few minutes and hence the animal must be rescued
quently using large defribillation shocks.

In our experiments, all methods are in accordance wit
protocol approved by the Duke University Institutional An
mal Care and Use Committee and conform to the Rese
Animal Use Guidelines of the American Heart Associatio
After recording the heart rate the sheep is anesthetized
ketamine hydrochloride~15–22 mg/kg IM!. Once anesthesia
 license or copyright, see http://ojps.aip.org/chaos/chocr.jsp
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is achieved, the animal is intubated with a cuffed endo
cheal tube and ventilated with a North American Drag
mode SAV ventilator. Isoflurane gas~1%–5%! is adminis-
tered continuously to maintain adequate anesthesia. An
gastric tube is passed into the stomach to prevent ru
aspiration. Femoral arterial blood pressure and the Lea
electrocardiogram~ECG! are continuously displayed an
monitored. Blood is withdrawn every 30–60 min to dete
mine pH, pO2, pCO2, total CO2, base excess and the co
centrations of Ca21, K1, Na1, and HCO3

2 . Normal physi-
ological levels of the above are maintained by adjusting
ventilator and by intravenous injection of electrolytes.
Ventritex defibrillator~Sunnyvale, CA, Model HV02000! is
used to terminate inadvertently induced ventricular fibril
tion by placing the defibrillator paddles directly on the su
face of the heart and applying a large shock.

The spatio-temporal dynamics of the atria are measu
using a multi-channel electronic mapping system develo
by Wolf et al.38 This system records simultaneously the e
tracellular voltage on the surface of the right atrium us
324 individual electrodes. The electrodes are 0.01 in. dia
eter silver wires embedded in a flexible substrate, called
electrode plaque, in a configuration shown in Fig. 1. T
electrodes are chloridized before each use to minimize
noise they generate. The plaque is affixed to the epicard
of the right atrial free wall with sutures to the pericardiu
and the fatty tissue in the atrioventricular~AV ! groove.

Extracellular electrograms are recorded from each e
trode in the plaque with respect to a return electrode pla
at the aortic root. The electrograms are band-pass filte
from 0.5 to 500 Hz, sampled at 2 kHz, and saved to d
They are analyzed by differentiating the waveform using
five-point, Lagrange-polynomial-based algorithm39 and dis-
playing the resulting waveform on a computer as an arra
elements corresponding to the geometry of the plaque
computer program determines activation times for e
plaque electrode using a level crossing routine. The act
tion detection process is illustrated in Fig. 2. Figure 2~A!
shows the unprocessed extracellular electrogram and
2~B! shows the differentiated signal, which is compared t
threshold value@the solid horizontal line in Fig. 2~B!#. An
activation is indicated by a threshold crossing only if t
time interval to the previously detected activation is long
than 10 ms. The detected activations for the electrogram

FIG. 1. Layout of the electrodes in the cardiac mapping plaque. The are
electrode is 0.06 cm2.
Downloaded 18 Dec 2003 to 192.58.150.40. Redistribution subject to AIP
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shown as pulses in Fig. 2~C!, where the inter-activation time
intervalsTn correspond to the times between pulses.

The nonlinear dynamics feedback controller monito
only the electrode marked ‘‘recording electrode’’ in the fi
ure. Feedback control is achieved by applying a catho
stimulus current of 4 ms duration and amplitude in the ran
of 0.1–3.5 mA~chosen by the procedure described below! to
the electrode marked ‘‘pacing electrode’’ in the figure. T
return electrode is attached to a chest retractor that rem
in place during the studies. The electrical stimulus is gen
ated by a constant–current source whose timing is dicta
by the control circuit described in Sec. V. We use differe
stimulus and recording electrodes because the const
current control pulse temporarily polarizes the stimulus el
trode, thereby saturating the amplifiers and making obse
tions of the temporal dynamics by this electrode impossib

Before beginning an experimental run we first determ
the amplitude of the stimulus current, which is accomplish
using two different pacing protocols. The first protocol ide
tifies the stimulus size needed to elicit a wave of activati
The second identifies the stimulus size that produces con
tent paced dynamics. The first procedure involves pacing
riodically ~400–500 ms period! the right atrium via the
stimulus electrode. The current of the pacing pulses is
creased slowly until the dynamics of the whole right atriu
are captured. This current amplitude is taken as the base
level for the second protocol.

The second protocol identifies the minimum pacing c
rent at which no further change in the window of bistabili
between 1:1 and 2:1 response patterns is detected, whic

er

FIG. 2. The temporal evolution of the voltage recorded from~A! a single
plaque electrode,~B! the five point derivative, and~C! detected activations.
 license or copyright, see http://ojps.aip.org/chaos/chocr.jsp
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956 Chaos, Vol. 12, No. 3, 2002 Gauthier et al.
believe is a convenient method for determining the curren
which the strength-interval curve40 begins to increase rap
idly. Details of the procedure are given in Ref. 41, and
current determined using this approach is at least twice
amplitude determined using the first protocol.

The next step of the experiment is to induce atrial fib
lation in the nominally healthy sheep heart using three p
sible methods. We find that no single method is successfu
inducing atrial fibrillation in a given animal and hence res
to a suite of techniques. We first attempt to induce fibrillati
using the pacing protocol described above for measuring
bistability window. In 20% of the trials, atrial fibrillation is
induced using this protocol.41 When unsuccessful, the tissu
is paced periodically with the period set to the shortest va
at which a 1:1 response pattern behavior is observed~typi-
cally 130 ms!. The periodic pacing is maintained for sever
minutes with the goal of increasing the excitability of th
atrial tissue and inducing spatial variations
refractoriness.42 Finally, if neither of these techniques esta
lish fibrillation, we periodically pace the tissue at a fast ra
~50 ms period! for several seconds~so-called ‘‘burst’’ pac-
ing!.

In experiments on five female 6365 kg sheep, one o
these pacing protocols successfully induced sustained a
fibrillation or a fast organized macro-reentrant rhythm in tw
of the five animals. In two other animals, the pacing pro
cols only induced the fast organized macro-reentrant rhyt
In one of the five animals, no sustained complex spat
temporal rhythm could be established using any of the p
ing protocols.

IV. ATRIAL FIBRILLATION IN SHEEP

In this section we give examples of the different beha
iors observed from a Lead II electrocardiogram and from
cardiac mapping system under conditions when no pac
stimuli are applied to the tissue while recording the dyna
ics. Figure 3~A! shows the ECG corresponding to norm
sinus rhythm obtained by measuring the voltage differen
between the left leg and right shoulder of the animal. It
important to note that this signal is a summation of the el
trical activity of the whole heart, so it is not possible
distinguish the spatial patterning on the surface of the he
The feature denoted by P is associated with excitation of
atria and the QRS feature corresponds to excitation in
ventricles. The feature labeled T is associated with the re
larization of the ventricle.

The spatio-temporal pattern of activation during norm
sinus rhythm is shown in the series of panels in Figs. 3~B!–
3~J!. Each panel corresponds to a 4.5 ms time interval
the symbols indicate the spatial location of the electrode
black dot indicates the detection of an activation during
4.5 time interval and progressive panels show the obse
activations in a sequence of equal time intervals. Arro
have been added to guide the eye through the time cours
the wave. The wave of excitation originates at the sinus n
~off the plaque in the upper left region! and propagates
across the atrium. The wave of excitation shown in this fi
ure corresponds to the ‘‘P-wave’’ part of cardiac cycle a
Downloaded 18 Dec 2003 to 192.58.150.40. Redistribution subject to AIP
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repeats approximately once per second. The total prop
tion time across the plaque~33 mm width! is about 31 ms.

To quantify the observed behavior, we calculate a pr
ability densityP(Tn), whereP(Tn)DTn represents approxi
mately the probability that a measured inter-activation int
val will fall betweenTn and Tn1DTn in the limit asDTn

becomes small. The densityP(Tn) is determined by con-

FIG. 3. Normal sinus rhythm.~A! A Lead II electro-cardiogram of norma
sinus rhythm. The deflection of the trace corresponds to the phases of a
beat. The P complex corresponds to the depolarization of the atria. The
complex part of the signal corresponds to ventricular depolarization, and
T-wave is the repolarization of the ventricles.~B!–~J! A temporal sequence
of normal sinus rhythm in a right sheep atrium measured with the car
mapping system. The wave originates in the sinus node~off plaque at the top
to the left of the middle of the diagram! and propagates across the atrium
Each of the panels represents a 4.5 ms time interval. The black dots s
the location of the leading edge of activation during that time interval
each panel. The plaque is approximately 7.0 cm33.2 cm and the wave of
excitation travels across it in 31 ms. This pattern repeats approximately
per second.~K! Experimental probability distribution of inter-activation
time intervals during normal sinus rhythm detected from 100 electro
from the center of the plaque attached to the right atrium during a recor
time of 2 s~encompassing two heart beats!. The bin sizes are 10 ms. Not
that all points fall in a single bin centered at 880 ms even though
distribution categorizes inter-activation intervals observed at many diffe
locations on the atrium.
 license or copyright, see http://ojps.aip.org/chaos/chocr.jsp
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structing a histogram of the inter-activation intervals, sca
to the total number of points and the bin width of the his
gram. The probability density is determined from data c
lected from the 100 electrodes closest to the center of
plaque during the entire 15 s recording period~encompassing
;1500 inter-activation intervals!. As seen in Fig. 3~K!,
P(Tn) corresponding to normal sinus rhythm during one e
perimental recording consists of a single 10-ms-wide
centered at 880 ms.

This coordinated behavior can give way to a compl
fast rhythm known as fibrillation. Figure 4~A! shows the
ECG during fibrillation where it is seen that there is no cle
P-wave and the QRS complex arrives at seemingly rand
intervals. In addition, there is no time when activity ceas
on the heart. The corresponding activation wave recorded
the mapping system is shown in Figs. 4~B!–4~J!. Since we

FIG. 4. Atrial fibrillation. ~A! A Lead II electro-cardiogram during atria
fibrillation. There is no longer a clear PQRST complex, the waveform
seemingly random, and the ventricle is firing at a more normal, slower r
~B!–~J! A series of panels showing the temporal evolution of atrial fibril
tion. ~K! Experimental probability distribution of inter-activation interva
observed during atrial fibrillation. The solid gray bars are the distribut
from the 100 middle electrodes. The diagonal-line bars are the distribu
from the ‘‘recording electrode.’’ Note the large width of the distribution
comparison to normal sinus rhythm.
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observe that the propagation speed is slower during a
fibrillation ~consistent with previous observations43!, each
panel corresponds to a 9.5 ms time interval rather than
4.5 ms interval used in Figs. 3~B!–3~J!. It is seen that the
waves of activation do not follow any clear pattern. At se
eral instances~panels B and I!, waves break into two, or
appear to emanate near the center of the plaque~panel H!,
likely originating from electrical activity propagating
through the subendocardial muscle network.44 At other times
~not shown!, two waves collide and annihilate each oth
Note that some portions of the muscle contract frequen
during fibrillation, which contrasts normal sinus rhyth
where a contraction occurs about once per second. Du
atrial fibrillation there is no single point of origin for th
excitation, the observed activity is self-sustaining, the sh
of the wavefront is uneven, and its speed varies widely fr
location to location. Figure 4~K! shows P(Tn) from the
single ‘‘recording electrode’’~stripes! and the 100 centra
electrodes~solid gray! during atrial fibrillation. It is seen tha
the average rate is much faster, there is a large varianc
Tn , and that the local dynamics are similar to the dynam
over the entire right atrium.

We also frequently observe a fast organized mac
reentrant rhythm that is reminiscent of a behavior known
atrial flutter. Figure 5~A! shows the ECG during this behav
ior and the spatial-temporal distribution is shown in Fig
5~B!–5~J!. It is seen that a well organized wave patte
crosses the surface of the atrium. This structure usually
curs in a similar form with a period of a few hundred mill
seconds and it does not originate from the sinus node
occasionally breaks up into fibrillation or shifts back-an
forth between the macro-rentrant rhythm and fibrillatio
Figure 5~K! shows the single and multipoint probability de
sity of the inter-activation intervals, where it is seen that bo
distributions cluster around 110 ms. In addition, the varian
of the intervals is approximately the same for both distrib
tions, indicating that similar dynamics occur everywhere
the atria. Notice that the average inter-activation interva
much shorter than that observed for normal sinus rhyt
~Fig. 3!.

V. CONTROL AND ACTUATION

The goal of our nonlinear-dynamics-based closed-lo
feedback protocol is to stabilize a periodic rhythm, char
terized by an inter-activation timeT* , that is embedded in
the dynamics characteristic of fibrillation for which the inte
activation time sequenceTn follows a complex pattern~see
Fig. 2!. It attempts to achieve this goal by pacing occasio
ally the cardiac muscle with small shocks at a single spa
location. When successful,Tn5T* for all n and paces are
only applied when the controller senses that the dynamics
beginning to depart from the desired periodic rhythm. T
shock timing is adjusted in real time using a control alg
rithm we call projective time delay autosynchronizatio
~PTDAS! because it attempts to synchronize the most
cently measured inter-activation intervalTn with the previ-
ous intervalTn21 by inducing an activation at a time pro
jected by the algorithm. The scheme is ‘‘single-sided’’ in th
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it can only shorten the inter-activation time but not length
it. In the situation where an activation does not occur with
the time calculated by the controller, it stimulates the tiss
at the projected time in an attempt to induce an activation
a naturally occurring activation is detected at or before
projected time, the controller does nothing. The strength
the stimulus is not adjusted during the experiment and is
the value determined using the method described in Sec
The feedback protocol is based on a scheme developed
controlling fast, potentially nonstationary, physic
systems.31

The PTDAS controller compares consecutive int
activation intervals to generate an error signal given by

FIG. 5. Fast organized macro-reentrant rhythm.~A! A Lead II electro-
cardiogram during an organized macro-reentrant rhythm that circulated
the right to the left atrial chambers and back to the right in a cyclic patt
It is seen that the atrial chambers are firing in a more periodic manne
comparison to atrial fibrillation but the atrial rhythm is fast.~B!–~J! A series
of panels showing an organized wave of excitation traveling across the
atrium and then to the left atrium in a large reentrant circuit.~K! Experi-
mental probability distribution of the inter-activation intervals observed d
ing the macro-rentrant rhythm. The solid gray bars are the distribution f
the 100 middle electrodes. The diagonal-line bars are the distribution f
the ‘‘recording electrode.’’ Notice that the spread in the distribution is sim
lar to that observed for atrial fibrillation shown in Fig. 4~K!.
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«n52g~Tn2Tn21!, ~1!

whereg is the controller gain. To guide the system to t
desired periodic pattern with inter-activation intervalT* , the
next activation should occur at a time

Tn118 5T* 1«n . ~2!

However, since we do not knowT* a priori, we estimateT*
by Tn and attempt to force an activation at a time

T̃n115Tn1«n . ~3!

If the next natural~not paced! activation interval is a time
longer thanT̃n,11 , the controller stimulates the tissue at tim
T̃n11 since the previously detected activation, as illustra
in Fig. 6~A!. If Tn11<T̃n,11 , no stimulus is applied and th
controller is reset, as illustrated in Fig. 6~B!. Since we do not
have a detailed model for predicting the proper value of
feedback gaing, we perform many experimental trials fo
different values ofg. Based on previous results,29,45 we ex-
pect it should be in the range 0,g,2. As discussed below
feedback gains in this range have little effect on the dyna
ics so we also explore the range22,g,0 for complete-
ness. Note that inherent to the controller design is the
sumption that the applied stimulus induces an activati
Adaptive estimation routines25 are now available for deter
mining g whose application requires that the dynamics
within a neighborhood of the desired unstable period or
Based on our observation described below, the dynamics
not appear to visit such a neighborhood for an extended
riod and hence these estimation schemes may not be a
cable. Additional experiments are needed to address
point.

We have found that the control algorithm can possib
lead to a condition of ‘‘latch-up’’ where it paces the tissue
rapidly as possible~at the limit of the speed of the controller!
if the sign of the controller is chosen incorrectly or if th
desired unstable periodic orbit is not of the flip-saddle ty

m
.

in

ht

-

m
-

FIG. 6. Illustration of the control sequence when~A! the next naturally
occurring activation happens after the control stimulus is applied, and~B!
when is arrives before the time the stimulus should be applied.
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One solution to this problem is to require the controller
turn off occasionally and let the system evolve naturally46

This requirement is met by preventing the controller fro
pacing the tissue two times in a row, so at least every o
activation the system evolves according its natural dynam
The added benefit of occasional application of perturbati
is that the dynamics can be observed in the absenc
control,25 thereby preventing the obscuration of an activat
by the stimulus artifact.

The PTDAS scheme is implemented using an analog
cuit to detect activations and a microcontroller to calcul
the timing of the control pulse. A schematic of the cont
circuit is shown in Fig. 7. The voltage from a single ele
trode is band-pass filtered to generate approximately the
rivative of the signal and to reduce noise in the signal.47 The
filtered signal is compared to a manually set threshold an
threshold crossing causes a pulse to be sent to the micro
troller. By a visual inspection, we verified that this circu
properly detected activations.

A PIC1677 microcontroller from MicroChip generate
the feedback stimulus that is applied to the tissue based
the algorithm described above. The time between activat
is calculated with a timer built into the microcontrolle
which is stored on a stack for use in calculating the timing
the output pulse. The gain for the control algorithm is su
plied by a personal computer. The microcontroller genera
a control pulse that is sent to the constant-current sou
which in turn delivers the stimulus to the ‘‘pacing electrode

VI. RESULTS

The possible outcomes of our experiments on contro
in vivo atrial fibrillation can be categorized in three group

FIG. 7. A schematic of the PIC1677-based PTDAS controller. The sig
from the ‘‘recording electrode’’ is filtered and a threshold detector is e
ployed to indicate activations. A threshold crossing causes a pulse to be
to the microcontroller, which implements the PTDAS algorithm. The mic
controller generates pulses that are sent to a constant current sour
stimulate the tissue via the pacing electrode, as well as generating diagn
data.
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The controller might suppress fibrillation everywhere with
the atrium and all inter-activation time intervals are equalT*
at every spatial location. Another scenario is successful c
trol near the control site with inter-activation intervals equ
to T* in this region but entrainment is lost at large distanc
To distinguish between these two situations, we comp
normalized inter-activation time-interval histograms for t
eight electrodes adjacent to the recording and pacing in
vals and compare them to the histogram for the closest
electrodes. The final scenario is that there is no effect of
control on the dynamics.

Our experimental results using PTDAS are inconclus
at this preliminary stage. In 40 trials with each of the tw
animals that showed fibrillation, we find that the controll
does not regularize the dynamics for any value ofg for the
range explored~g522 to 2 in increments of 0.1!. Experi-
mental trials with feedback control applied are intersper
with recordings when control is turned off to monitor th
underlying dynamics. While we do not observe a regulari
tion of the Tn’s, we observe a difference in the local an
global dynamics in one trial when control is actuated@see
Fig. 8~E!#, and we also observe a noticeable decrease in
mean value ofTn in another trial@see Fig. 8~F!#.

Since we do not observe significant regularization of
cardiac dynamics when control is actuated, we present
as inter-activation time-interval probability distribution
from only a few trials to illustrate the range of observ
behaviors, as shown in Figs. 8 and 9. Each figure conta
six panels showing a set of probability densities for a se
PTDAS experiments with several different feedback gai
The panels in a vertical column are collected in sequen
where the first panel~with no control! is collected first so
that differences between the presence and absence of co
can be discerned readily. The data cover both negative~Fig.
8! and positive~Fig. 9! values. The gray bars in each distr

l
-
ent
-

to
stic

FIG. 8. Experimental probability distributions for negative feedback ga
using the PTDAS scheme during atrial fibrillation. The solid gray bars
the distribution from the 100 middle electrodes. The diagonal-line bars
the distribution from the eight electrodes closest to the control site.
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bution are for 100 electrodes from the center of the plaq
The diagonal striped lines are from the controller’s ‘‘recor
ing electrode’’ and nearest-neighbor electrodes.

As can been seen in the figures, the distributions for
adjacent electrodes are similar to that seen in the spat
broader 100-point measure of the atrial activity, except
the single trial shown in Fig. 8~E!, implying that control of
even the local dynamics does not occur in most situatio
Sequence Figs. 8~D!–8~F! is also of interest because there
a substantial shift in the mean inter-activation time: from 1
ms with no control to 146 ms withg520.1. While a no-
ticeable decrease, it may be due to changes in the ti
properties rather than the effects of control, as discussed
low.

In many cases, it is observed that control actually
creases the variance inTn . An extreme situation shown in
Fig. 9~E! for g50.1 where the mean value ofTn drops to 88
ms and the variance increased to 44 ms in comparison to
preceding case of no control~mean 146 ms, variance 31 m!
shown in Fig. 9~D!. Surprisingly, we observe that the dynam
ics shift back to a narrow distribution~variance 23 ms! but
with a longer mean inter-activation time~128 ms! soon after
control is turned off, as shown in Fig. 9~F!. This rate slow-
down after control is switched off may be due to the fact t
restitution properties of the muscle change42 during the epi-
sode of rapid activations shown in Fig. 9~E! caused by the
effects of the controller. Note that the shift in the meanTn

from Figs. 9~D!–9~F! is comparable to that seen betwe
Figs. 8~D!–8~E!, putting into question the significance of th
result shown in Fig. 8~E!.

VII. DISCUSSION AND OUTLOOK

The results of our preliminary experiments are som
what surprising in light of the previous experiments of Dit

FIG. 9. Experimental probability distributions for positive feedback ga
using the PTDAS scheme during atrial fibrillation. The solid gray bars
the distribution from the 100 middle electrodes. The diagonal-line bars
the distribution from the eight electrodes closest to the control site.
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et al.19 where they observed that they could regularize
spatially localized inter-activation dynamics ofin vivo hu-
man atrial fibrillation using a similar closed-loop feedba
method. While the procedures are similar, there are m
differences in the two experiments: The PTDAS cont
scheme is different than the PPF method in that a compar
is made between the current and past interbeat inter
~PTDAS protocol! rather than the difference between th
current interbeat interval and a value that is determined d
ing a ‘‘learning phase’’ before control is initiated~PPF pro-
tocol!. Additional differences in the experiments are th
sheep atrial tissue is different from human, the sheep
nominally healthy whereas the human patients suffered fr
chronic atrial fibrillation~which is known to change cardia
tissue properties!, we performed the experiment on the ep
cardium whereas Dittoet al. used the endocardium, and w
explored only a finite number of feedback gains over a li
ited range whereas they chose the gain based on an ana
of the inter-activation intervals during a ‘‘learning phase’’
their experiment. Hence, we can only state that our con
scheme did not achieve results as noticeable as their t
nique.

Going one step further, we suggest one possible rea
for the ineffectiveness of the PTDAS controller. We obser
that every stimulus delivered to the tissue does not induce
activation, a key assumption of our control protocol. F
example, Fig. 10 shows a time series when control is a
ated and the applied stimulus does not induce an activat
as can be seen in Fig. 10~B! where an activation is not de
tected by our circuitry immediately following the applie
stimulus. A possible explanation for why some paces
ignored is that the stimulus occurs while the tissue is s
refractory from the previous action potential.

While our experiments are not as successful as ho
originally, they provide new insights into the fundamen

e
re

FIG. 10. The temporal evolution of the~A! voltage and~B! derivative of the
voltage obtained from the ‘‘recording electrode’’ during atrial fibrillatio
capturing the moment when a control stimulus is applied to the tissue.
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mechanisms that regulate the dynamics of cardiac mu
subjected to small, appropriately timed electrical stimuli. W
have attempted to explain carefully our experimental pro
dures so as to help guide the refinement of nonlinear dyn
ics control techniques for stabilizing cardiac arrythmias.
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