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CONTROL OF HUMAN ATRIAL FIBRILLATION
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Chaos control has been applied to control atrial fibrillation in humans. Results are presented
on the application and evaluation of chaos control for slowing and regularizing local electrical
activation of the right atrium of humans during induced atrial fibrillation.

1. Introduction

Atrial fibrillation is the most common arrhyth-
mia requiring treatment intervention. [Prystowsky
et al., 1996]. The prevalence of atrial fibrilla-
tion increases with age, occurring in more than
5% of the population over the age of 65 [Kannel
et al., 1982]. During atrial fibrillation the rapid and
irregular ventricular rate as well as the loss of atrial
mechanical function diminish overall cardiac perfor-
mance and may cause palpitation, breathlessness,
fatigue and lightheadedness. In addition to these
disabilities, atrial fibrillation dramatically increases
the risk of stroke and cardiovascular-related death
[Kannel et al., 1982].

Normally, electrical activation of the heart is
initiated by the sinus node and propagates through
the atrium as a single activation wavefront. Atrial
fibrillation occurs when this orderly wavefront frag-
ments into multiple components that spread in
an irregular, rapidly and continuously changing
pattern.

Evidence has suggested that biological activity,
including the beating of myocytes in vitro [Chialvo
et al., 1990; Chialvo, 1990], cardiac arrhythmias
[Garfinkel et al., 1992; Hall et al., 1997], human

atrial fibrillation [Garfinkel et al., 1997], and brain
hippocampal electrical bursting [Schiff et al., 1994]
exhibit deterministic dynamical behavior compara-
ble to the chaotic instabilities found in other non-
linear systems [So et al., 1996, 1997; Shinbrot et al.,
1993; Witkowski et al., 1995]. Chaos is the agglom-
eration of a large number of unstable periodic mo-
tions. Such unstable behavior with its associated
local dynamics forms the basis for various chaos
control techniques [Shinbrot et al., 1993; Ditto &
Pecora, 1993; Ott & Spano, 1995; Christini &
Collins, 1995, 1996; Pei & Moss, 1996]. Recent work
on the control of chaos in low-dimensional [Shinbrot
et al., 1993; Ditto & Pecora, 1993; Ott & Spano,
1995], high-dimensional [Ding et al., 1996], and spa-
tially extended chaos [Petrov et al., 1996; Petrov
& Showalter, 1996] in physical and biological sys-
tems has enabled the application of chaos control to
human atrial fibrillation.

2. Experimental Details

This chaos control study was performed on 25 pa-
tients undergoing clinically-indicated electrophys-
iological testing. The study was conducted un-
der a protocol approved by the Human Research
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Committee at Emory University and all patients
gave written, informed consent. A quadripolar elec-
trode catheter with 5 mm interelectrode spacing
was inserted via the femoral vein and advanced un-
der fluoroscopic guidance to the anterolateral as-
pect of the right atrium as shown in Fig. 1. The tip
of the catheter was positioned to achieve a bipolar
stimulation threshold of ≤ 2 mA at a 2 ms pulse
width. Atrial fibrillation was induced using rapid
pacing (50 Hz) for 1 to 2 seconds. Local atrial acti-
vation was recorded from the proximal pair of elec-
trodes (poles 3 and 4). The signal was amplified
(with no filtering) and sent to the active control
and passive recording computers where it was dig-
itized at 2 kHz and 5 kHz, respectively. For de-
tection of atrial activation we maintained a run-
ning background, which consisted of an average of
the previous 6000 points (3 seconds) of the signal
(minus a small region around each previously de-

tected activation). An activation was determined
to have occurred if the signal increased through a
threshold (a multiple of the standard deviation of
the width of the running background), passed over a
local maximum and then decreased through another
threshold (again a multiple of the standard devia-
tion of the running background) that was lower than
the first threshold. The activation time was then
calculated as the time at which the signal reached
half the height of the rising edge of the local max-
imum. The rising edge was chosen since it is pos-
sible to determine the time at which it occurs with
greater precision than one can determine the acti-
vation peak time, especially in the presence of ex-
perimental noise. This technique was accurate, in
concordance with the timing of automatic detection
and subsequent manual analysis in 90–97% of the
intervals, depending on the signal quality. Stimu-
lus artifact rejection was accomplished in software

Fig. 1. Summary of the experimental design. A quadripolar electrode catheter was inserted in the femoral vein (FV),
advanced through the inferior vena cava (IVC) and positioned in the lateral right atrium (RA). During atrial fibrillation,
electrograms (A) recorded from the proximal pair of electrodes were amplified, digitized and local activations automatically
detected. This timing information (B) was used to characterize the chaotic dynamics of the system with identification of the
unstable fixed point (UFP), as well as the stable and unstable manifolds. The control algorithm then generated pacing pulses
(C) at times predicted to move the system towards a stable (periodic) state.
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by blanking the signal for 5 to 10 ms after ap-
plying a stimulus. We then monitored the signal
for an activation in response to the stimulus for
the subsequent 50 ms. If no such activation was
observed, we assumed an activation had occurred
within the stimulus blanking period and took the
stimulus time as the activation time. Control stim-
uli were output from the computer and used to trig-
ger a stimulus isolation unit that was connected to
the distal poles (1 and 2) of the atrial electrode
catheter.

All activations from the control runs were re-
viewed and verified by both manual and computer
detection of events in endocardial electrograms dur-
ing each intervention using the recordings from the
backup recording computer.

3. Chaos Control

Chaos control consists of: (1) constructing a
Poincaré plot consisting of intervals, In, between
the current activation and the previous activation
plotted against the previous intervals, In−1; (2) a
learning phase where we identified and character-
ized unstable fixed points on the Poincaré plot; and
(3) an intervention phase consisting of precisely-
timed stimuli designed to place the next Poincaré
plot point onto the unstable manifold of the identi-
fied fixed point. Thus each control attempt con-
sisted of a learning phase and a control phase.
During the learning phase an unstable fixed point
(UFP) was identified [Garfinkel et al., 1992; Schiff
et al., 1994] and characterized in real time [Pierson

Fig. 2. Schematic of chaos control technique. In is the current interval between beats and In−1 is the previous interval
between beats. The central dot represents an unstable fixed point. The stable (inward arrows) and unstable (outward arrows)
manifolds are shown as calculated from a close return to the unstable fixed point from the learning phase of the algorithm.
With no intervention, the natural dynamics around the unstable fixed point carries the activation intervals from A to B to C
as stretched out along the unstable direction. Chaos control is implemented after a determination of the stable and unstable
directions around a located unstable fixed point. An interval landing at A is predicted to land at B from the local dynamics.
A stimulus is introduced into the human high right atrium to force a premature beat that will direct A to B′ instead of B.
Then the local contraction along the stable direction pulls the next interval closer (to C′) to the unstable fixed point. Thus
the sequence of ABC is modified to AB′C′. This process is repeated in a feedback loop to stabilize the unstable fixed point.
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& Moss, 1995]. A schematic of the process is
presented in Fig. 2. Further details of the pro-
cess may be found in [Garfinkel et al., 1993; Schiff
et al., 1995]. Note that this technique depends on
the presence of a single UPO and not necessarily
on the presence of full-blown chaos, although the
algorithm was initially developed for use in chaos
control. Whether one concludes that this system is
indeed “chaotic,” the presence of the UPO makes
chaos control techniques appropriate.

Additionally, to demonstrate that we were in-
deed attempting control around an unstable fixed
point rather than a noisy random point, we ap-
plied the algorithm of So et al. [1996, 1997]
(after the control runs since this method is too com-
putationally costly to implement in real time) to
determine whether it also detected the fixed point
around which we had attempted control. The So
algorithm transforms the data such that in a suit-
able phase space, points “near” an unstable fixed

Fig. 3. (a) Time series of a typical control run. The bars indicate times when chaos control was active. Times prior to beat
150 comprise the learning period. (b) The So transform of this data (red). The solid blue line indicates the average of 100
surrogates, with error bars denoting the standard deviation at each point. (Inset) So statistic (as described in the text).
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point are mapped onto the unstable fixed point po-
sition. Other points are mapped randomly over the
attractor. Thus, in a 1D histogram of the distri-
bution of the transformed points, UPO’s are ob-
servable as sharp peaks. In this case “near” refers
to a region around the UPO that can be approxi-
mated by a linear map. (Higher-order versions of
this method have also been formulated.) This linear
region is similar to the linear region used by Pierson
et al. [1995].

Typical results are presented in Fig. 3(a). For
this same data the So transform is shown in
Fig. 3(b). Note the strong peak in the transform
is just above an interval value of 0.2 s, which is
identical to the interval around which the control
was implemented.

After applying the So transform to our data, we
then applied it to 100 randomly shuffled surrogates
([Theiler et al., 1992], please note that Theiler in
this reference recommends first the use of randomly
shuffled surrogates as a null hypothesis. Other sur-
rogates should be used only if these surrogates are
inadequate. In this case the usual alternative surro-
gate, the Gaussian scaled, phase randomized surro-
gate, is not acceptable here since it preserves short
range correlations, the very item that we are try-
ing to detect in the data). We then computed the
So statistic, which is the transformed data minus
the average of the transforms of the surrogate data
sets, and divided by the standard deviation of the
transformed surrogate data sets on a point by point
basis. (This differs slightly from the procedure out-
lined in [So et al., 1996].) The inset of Fig. 3 shows
this statistic, which is over 40 standard deviations
above the surrogate background.

Thus we have strong corroborating statistical
evidence for the existence of the UFP’s about which
we were controlling. All successful control runs had
similar statistics.

After the identification and characterization of
the UFP the computer waited until a close approach
to the UFP was detected (|In − In−1| < ε where ε
defines the control region and is a fraction of the
total attractor size). The algorithm then initiated
a control stimulus that moved the next point on
the Poincaré plot (as predicted by the local dynam-
ics of the UFP) onto the stable manifold (i.e. the
contracting direction) of the UFP, thereby allowing
the natural dynamics of the system to subsequently
draw the system state onto the UFP itself. Stim-
uli were administered on subsequent points to keep
the system on the stable manifold. Thus the system

state was continually contracted towards the UFP.
If the current point on the Poincaré plot strayed
outside the control region, stimuli were then dis-
continued until the system state point re-entered
the control region. At this time control stimuli
were reinitiated using the same dynamical constants
measured in the earlier learning phase. No addi-
tional learning was used.

4. Human Chaos Control Results

The outcome of chaos control was categorized as
follows: (1) Excellent Chaos Control was defined
by successful capture (a capture is an activation
within 15 ms of the application of a control stim-
ulus) for at least 25 sequential intervals around
a UFP. The mean of the controlled intervals was
equal to or longer than the mean of the activation
intervals of the spontaneous atrial fibrillation and
the standard deviation from the mean was at least
two times less than the standard deviation from
the mean of the uncontrolled activation intervals
as shown in Fig. 4(a). However, since this algo-
rithm is implemented in a 2D Poincaré section, it
is necessary to consider the results on that section.
These are displayed in Figs. 4(b) and 4(c). Fig-
ure 4(b) shows the distribution of the data before
control was implemented for a typical case, while
Fig. 4(c) gives the distribution as a result of the
control algorithm. The symmetry is important be-
cause it indicates that the deviations around the
control point are truly random and not the result
of poor control technique or bad control parame-
ters. (2) Partial Chaos Control was defined as in (1)
except with more frequent losses of control (10–
50% of total intervals during chaos control were
escapes from the control region) about the UFP.
(3) Unsuccessful Chaos Control was defined as all
other cases, including those with infrequent cap-
ture, lack of suitable UFP’s, indiscernible dynamics
about the UFP, and all other results. Out of the
25 patients in the study, excellent chaos control was
achieved in 9 patients (36%), partial chaos control
was achieved in 10 patients (40%) and unsuccessful
chaos control was seen in the remaining 6 patients
(24%). More than 80% of the interventions that ex-
hibited partial control had evidence of incomplete
activation detection as the cause for the frequent
loss of control, rather than any failure of the chaos
control algorithm. Additional reasons for loss of
control included poor characterization of UFP’s and
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rapid changes in the (uncontrolled) dynamics. To
diagnose poor characterization of the UFP’s, con-
trol was turned off and then reinitiated with a new
learning phase. After the second learning phase was
completed, a dramatically different UFP was found,
thus calling into question the accuracy of the origi-
nal UFP characterization. In contrast, during excel-
lent chaos control we were able to discontinue chaos
control and subsequently reacquire the same UFP
as shown in Fig. 3(a). In these cases the UFP al-
ways had similar values for its position and its man-
ifolds to those that were found previously. More
significantly, the chaos control remained excellent.
In the six unsuccessful control attempts, we were
never able to both locate and control (for any sig-

nificant length of time) a UFP with a mean cycle
length at or above the uncontrolled mean.

It has been demonstrated [Allessie et al., 1991;
Kirchoff et al., 1993] that during atrial fibrilla-
tion conventional fixed-rate pacing (stimulation at a
constant cycle length) and demand pacing (a stimu-
lation rate at which the intrinsic activation interval
exceeds the programmed pacing interval) only en-
trains local activations in a narrow window of cycle
lengths around the mean activation interval. Both
techniques suffer from inconsistent capture when
pacing at shorter and longer cycle lengths [Allessie
et al., 1991; Kirchoff et al., 1993]. When pacing
at intervals much shorter than the mean interval,
either method only eliminates the long intervals,

(a)

Fig. 4. (a) Interval time series before and during control. The mean of the controlled intervals was equal to or longer than
the mean of the activation intervals of the spontaneous atrial fibrillation, and the standard deviation from the mean of the
controlled data was at least two times less than the standard deviation from the mean of the uncontrolled activation intervals
as shown in the inset. (b) Histogram of the data on a Poincaré plot before and (c) after implementation of chaos control.
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Fig. 4. (Continued )

leaving the shorter ones unchanged. In contrast,
the current results demonstrate the effectiveness of
chaos control for entraining the atrium at inter-
vals equal to and significantly longer than the mean
spontaneous interval with the ability to eliminate
both short and long fluctuations about the mean
interval. Thus it dramatically reduces the varia-

tion from the mean cycle length. Chaos control
functions differently from periodic or demand pac-
ing by locating, characterizing and exploiting the
natural dynamics around a UFP in the Poincaré
plot and initiating a stimulus only when the sys-
tem state comes near the UFP. The stimulus forces
a predicted interval onto the stable manifold (the
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contracting direction) and allows the natural con-
traction along the stable manifold to pull the state
point onto the UFP, thereby minimizing the num-
ber of control interventions needed. Chaos control
is a feedback control technique and uses real-time
monitoring of the Poincaré plot with constant ad-
justments of the control stimuli. This is important
in noisy systems like the heart. It is important to
note that chaos control uses control stimuli to ex-
ploit the natural contraction of the stable direction
of a UFP rather than enforcing a rigid target point.

5. Summary

In conclusion, we have shown that chaos control
can be used to stabilize an unstable fixed point
whose corresponding activation interval was equal
to or significantly longer than the mean of the un-
controlled activation intervals during human atrial
fibrillation. We note that these experiments have
no direct clinical implications. Indeed, our experi-
ments were conducted while the patients were in the
hospital preparing for other cardiac treatment such
as ablation. The application of these other treat-
ments immediately following our tests made long-
term studies moot. The work presented here was
by design limited to the study of phenomenology
involved in the control schemes, with the eventual
hope of designing a device that could intervene as
needed in the event of fibrillation.

Several unresolved questions remain. First we
are uncertain as to the spatial extent of the atrium
captured during chaos control. A previous study
on the regional entrainment of atrial fibrillation in
dogs [Allessie et al., 1991] has shown a capture re-
gion of 4 cm in diameter. We are currently work-
ing on determining the spatial extent of such chaos
control in animal experiments [Witkowski et al.,
1998]. Second, while sinus rhythm occasionally fol-
lows chaos, further studies will be required to deter-
mine a causal connection. Third, it is an open ques-
tion, in lieu of chaos control-induced cardioversion,
whether chaos control can lower the energy thresh-
old required for defibrillation of the atrium. The
atrial defibrillation threshold, even with newly de-
veloped endocardial leads, remains sufficiently high
to result in stimulation of skeletal muscles and pa-
tient discomfort [Wickelgren, 1996]. Despite these
uncertainties, chaos control in human atrial fib-
rillation offers a promising alternative for altering
the dynamics of the arrhythmia. This alternative
requires much less energy than the existing high

energy shock techniques, which are designed to
overpower the dynamics of the atrium. Thus a bet-
ter understanding of the dynamics of human atrial
fibrillation and its response to chaos control tech-
niques presents us with an intriguing new direction
for the study and treatment of human fibrillation.
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