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Methods from nonlinear dynamics were applied to test the hypothesis that the dynamics of sustained
atrial fibrillation (AF) is modified by the class Ic drug cibenzoline during pharmacological
conversion. The experiments were performed in conscious goats in which sustained AF was induced
by continuous maintenance of AF via programmed electrical stimulation. Data were collected from
electrophysiological experiments in five goats to terminate sustained AF by continuous infusion of
cibenzoline. Sets of five unipolar epicardial electrograms of one minute duration were recorded from
the left and right atrial free wall during sustained Adentrol), and at three episodes during infusion

of cibenzoline, when the mean AF interval had been prolonged to 25%, 50% and 85% with respect
to control. Ventricular far-field potentials were removed from atrial electrograms by a coherent
averaging procedure. Using the Grassberger-Procaccia method, the dynamics of the local atrial
electrograms was investigated by estimating {lcearse-grained correlation dimension and
correlation entropy from the correlation integral. The results were related to a recently proposed

classificationtypes I-1ll) of AF based on the degree of complexity of atrial activation patterns. The
coarse-grained correlation dimensidg, and entropyK .4 indicated that sustained AF corresponded

to type Il. During drug administration the coarse-grained parameters were not significantly different
from control. Scaling regions in the correlation integral were observed after infusion of cibenzoline
(3 out of 5 goats suggesting that the drug introduced low-dimensional feat(isgee I) in the
dynamics of AF(correlation dimensio ranging from 2.8 to 4.4 and correlation entroigyfrom

1.6 to 6.2 natsjs Sinus rhythm recorded shortly after cardioversion was very reglatZ and

K <3 nats/$. The hypothesis that the electrograms during AF and sinus rhythm were generated by
a static transformation of a linear Gaussian random process was rejected using a test for time
reversibility. The nonlinear analysis revealed that cibenzoline does not significantly alter the
dynamics of sustained AF during pharmacological conversion other than a slowing down of the
atrial activation and a somewhat increasing global organization of the atrial activation pattern. The
sudden change in the dynamical behavior at cardioversion suggests a mechanism that is reminiscent
of a bifurcation. ©1997 American Institute of Physid$§1054-15007)00703-9

Currently, pharmacological treatment is the main thera-
peutic strategy in the control of atrial fibrillation (AF).
However, the anti-arrhythmic mechanisms are still not
understood in detail and pro-arrhythmic side effects dur-
ing drug therapy have been observed. In this study, we
investigated the anti-fibrillatory properties of the class Ic
agent cibenzoline in instrumented conscious goats in
which sustained AF had been electrically induced. We
tested the hypothesis that this drug alters the dynamics of
sustained AF using methods from nonlinear time series
analysis. Nonlinear “complexity parameters” like the
coarse-grained correlation dimension and entropy were
estimated from epicardial atrial electrograms recorded
during electrophysiological experiments to terminate AF.
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The results were related to a recently proposed classifi-
cation (types I-Ill ) of AF based on the degree of com-
plexity of atrial activation patterns visualized from epi-
cardial mapping. The nonlinear parameters indicated
that sustained AF is of an intermediate level of complex-
ity (type II). During administration of cibenzoline the dy-
namical complexity remained close to control, although
in some goats scaling regions were identified in the cor-
relation integral, indicating increased global organization
(type I) in the atrial activation patterns. Although ciben-
zoline affects electrophysiological characteristics like ac-
tivation interval and conduction velocity, it is concluded
from the nonlinear analysis that this drug induced no
marked modifications in the dynamics of sustained AF
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other than a slowing down of the electrical activation and  mogenic dynamics may be converted by different types of
a somewhat increased global organization of atrial acti- drugs. Therefore, it is important to understand drug action
vation patterns. This suggests that, to a first approxima- not only in terms of the effects on electrophysiological pa-
tion, the dynamics of sustained AF and of the pharmaco- rameters like local activation interval, conduction velocity
logically modified substrate of AF are orbitally and refractory period, but also in terms of the induced
equivalent. Sinus rhythm recorded shortly after cardio- changes in the underlying “type” of dynamics of the ar-

version of AF was very regular and resembled a noisy rhythmia.

limit cycle. Our findings suggest that pharmacological The mathematical theory of dynamical systems has led
conversion of sustained AF to sinus rhythm by cibenzo- to new methods to characterize the underlying dynamics
line is mediated through a bifurcation of the dynamics. generating experimentally observed time series. A number of

books'*° and review articles''2 give an excellent introduc-
tion to this subject. These methods, collectively called non-
I. INTRODUCTION linear time series analysis, have only recently been intro-
duced in the field of cardiology and have been applied for
Atrial fibrillation (AF) is clinically the most common instance to cardiac time series of sinus rhythm, ventricular
cardiac arrhythmia, with an increasing prevalence up taqachycardia and fibrillatioh®~*°We have previously applied
2%-—4% in the population over 60 years of age. It is characnonlinear analysis to characterize and classify electrograms
terized by rapid, uncoordinated contractions of the atria, @f electrically induced acute atrial fibrillation in mah.
diminished ventricular ejection fraction and a fast, irregular  |n the present study atrial electrograms were character-
heart rate. Restoring and maintaining the normal sinuszed by nonlinear analysis to test the hypothesis that ciben-
rhythm via electrical direct current cardioversion is in manyzoline, which is known to exert strong effects on the electro-
cases effective in patients with a recent onset of atrial fibrilphysiological substrate of AE, alters the dynamics of
lation (paroxysmal AF. In patients with chronic atrial fibril-  sustained AF during pharmacological conversion. Epicardial
lation, however, sinus rhythm is often not maintained afteratrial electrograms were recorded in instrumented conscious
electrical defibrillation and active drug therapy is needed tqyoats in which sustained AF was induced by a fibrillation
prevent recurrent induction of AF. Nowadays, pharmacologipacemakef? Whereas the action of anti-arrhythmic agents is
cal intervention remains the major therapeutic strategy tasually tested during sinus rhythm or slow pacing, this re-
control AF! It is known that the success to terminate AF by cently developed goat model of sustained AF offers the pos-
anti-arrhythmic drugs strongly depends on the duration osibility to directly test the anti-fibrillatory effect of drugs in a
the arrhythmia. Due to the progressive nature of AF, it maysetting in which AF has become permanent in an otherwise
not be possible to restore and maintain sinus rhythm whenormal heart.
AF has persisted over a longer period of time despite pro-
phylactic drug therapy. In that case the control of the venq METHODS
tricular rate together with anticoagulation to prevent throm- o
boembolic events associated with this rhythm disturbancé" Data acquisition
may become the main therapeutic goal. Five goats were instrumented with a teflon felt st
Despite the success of pharmacological treatment, it hasm X 1.2 cm) containing 23 electrodeilver, diameter 1.5
become increasingly clear that anti-arrhythmic drugs alsenm), positioned along Bachmann's bundle and fixed to both
display potentially dangerous proarrhythmic effects. For in-atrial appendages. The distance between the electrodes was
stance, the results of the Cardiac Arrhythmia Suppressio6—10 mm. Two other felt plaqug8.5 cm X 2.5 cm), each
Trial? (CAST) have pointed out that the anti-arrhythmic ac- containing 30 electrodes, were sutured to the left and right
tion of so-called class Ic drugs is not without risk, especiallyatrial lateral wall (electrode distance 4.0-5.7 mmA felt
for patients with a history of heart disease. Observations liketrip containing four electrodes was sutured to the left ven-
these have recently raised a renewed interest to understatritular epicardium. All leads were tunneled subcutaneously
the mechanisms of drug action in detéslee, e.g., Refs. to the neck and exteriorized by three 30-pin connectbes
3-7. mosa®, outer diameter 10 mnThree silver plate&diameter
The recently introduced drug cibenzoline is, according ta25 mm) were left subcutaneously to serve as grounding and
the Vaughan Williams classificatidha class Ic drug whose indifferent electrodes. Figure 1 shows a schematic drawing
main action is a blockade of sodium channels during depoef the implanted atrial electrodes.
larization of the transmembrane potential resulting in de-  About 3 weeks after implantation, the goats were con-
pressed excitability and a decreased conduction velocity. Ihected to an external automatic fibrillator. This device repeti-
also shows additional class Ill and IV effects prolonging thetively induced AF by burst pacing as soon as sinus rhythm
repolarization phase of the action potential. However, it iswas detected in one of the atrial electrograms. In this way AF
not clear whether this classification helps to understand thesas maintained during 24 hours a day, 7 days a week. Con-
effectiveness of pharmacological conversion of cardiac artinuous maintenance of AF resulted in sustained atrial fibril-
rhythmias. It is conceivable that arrhythmias with differentlation (duration longer than 24 hoyri a time varying from
dynamical properties may be converted by the same type of few days to 3 weeks. The electrode configuration was used
drug, while on the other hand the same type of arrhythto measure electrophysiological parameters like local fibril-
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FIG. 1. Configuration of the implanted epicardial atrial electrodes. A teflon
felt strip containing 23 electrodes was positioned along Bachmann'’s bundle
(electrode distance 6—10 mmiTwo other felt strips, each containing 30
electrodes, were sutured to the left and right atrial lateral wellsctrode ~ FIG. 2. Progressive prolongation of atrial fibrillatiéAF) intervals during
distance 4.0-5.7 mm Electrodes indicated by asterisks were chosen forthe continuous infusion of cibenzoline. During the first 60 minutes cibenzo-
analysis. LA, left atrium; RA, right atrium; PV, pulmonary veins; SCV, line was infused at a rate of 0.1 rigg~*- min~*, followed by 30 minutes at
superior caval vein; ICV, inferior caval vein. 0.2 mg kng" min~ L. Cibenzoline gradually increased the mean AF interval

from 92 to 206 ms. After 119 minutes AF converted to sinus rhythoat

no. 4. Electrograms of AF were recorded during control and when the mean

L . . . . AF interval had been prolonged with 25%, 50% and 8&#dicated by

lation interval, intra atrial conduction velocity and the effec- dotted lines and filled symbolsintervals(mean= sd) were measured from

tive refractory period during the development of sustainech bipolar lead at the leftriangles and right(squaresatrial lateral walls.

AF in instrumented conscious goats. For a detailed descrip-

tion of the conscious goat model of sustained atrial fibrilla-

tion see Wijffelset al?? verted by cibenzoline had lasted 3646 days. In table | for

all goats the effects of cibenzoline on the AF cycle length are
given. In one experimenfgoat no. 2 AF did not convert.
After AF was terminated by cibenzoline, a segment of sinus

We selected 5 of the 30 electrograms recorded at théhythm was selected in three goats.
lateral wall of both the left and right atrium during electro-
physiological experiments to study the anti-fibrillatory action
of cibenzoline. Unipolar electrograms of 1 minute duration
were recordedgain 300 to 600 bandpass filteredl to 500 During AF far-field potentials originating from the elec-
Hz), multiplexed (sampling rate 1 kHzand AD converted trical activity of the ventricles are a confounding element in
(resolution 8 bity from electrode positions indicated by as- the analysis of local electrical activity of the atria. A coher-
terisks in figure 1. If electrograms contained artifacts orent averaging procedure was applied to remove the ventricu-
showed a low signal to noise ratio, a neighboring electrodéar deflections from the atrial fibrillation electrograms.
was chosen. A ventricular reference electrogram was re- Figure 3 illustrates this averaging procedure in a right
corded as well. atrial electrogram{RA). A left ventricular electrograniLV)

The class Ic drug cibenzolingCipralan®, Searle, Bel- was used as time reference for the ventricular far-field po-
gium) was administered by intravenous infusion at a rate otential. A template of the ventricular far-field potential was
0.1 mgkg 1 -min~L. In figure 2 an example of the effects of obtained by averaging all time windows of the RA electro-
cibenzoline on the mean AF interval is givégoat no. 4. gram around theR-wave detected in the LV electrogram.
Starting 30 minutes before the onset of infusion of cibenzoSince during AF theR-wave is completely dissociated from
line, mean AF intervals were determined every 5 minuteghe atrial activity, the atrial signals are averaged out, and the
both at the left(triangles and the right atrium(squares  resulting template solely represents the ventricular far-field
Cibenzoline caused a dose dependent increase in the mepatential picked up by the atrial electrode. By subtracting
AF interval. In two goatgnos. 2 and Aafter 60 minutes the this template from the corresponding time windows in the
infusion rate was increased to 0.2 thg™ - min~1. After 90  RA electrogram, the ventricular far-field potentials are re-
minutes infusion of cibenzoline was stopped. moved. Further details of the calculation of the template are

Figure 2 illustrates how AF episodes were selected fogiven in the Appendix.
nonlinear analysis: AF electrograms were selected both dur- The coherent averaging procedure used offers a simple
ing sustained ARcontrol), and when the AF interval had and relatively straightforward procedure to remove ventricu-
been prolonged to 25, 50 and 85 percent compared to comar far-field contributions in atrial electrograms. We did not
trol. We refer to these episodes as CIB25, CIB50 and CIB85construct bipolar leads to eliminate nonlocal deflections, be-
The mean total duration of atrial fibrillation was 50 50  cause the interelectrode distar{ded—5.7 mm was too large
days, whereas the episode of sustained AF that was coffler an appropriate local measurement of atrial activation.

B. Data selection

C. Coherent averaging of the ventricular response
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(CIB85) to 600 (sustained AF fibrillation intervals. Thus dimension was selected as a scaling region. In order not to be
after data reduction, electrograms contained about 50 to 10@jected, a selected scaling region had to extend over at least
samples per fibrillation interval. one binade. Furthermore, the estimated correlation dimen-

Although the original time series may appear erratic, asion had to be smaller than 5, otherwise it was not tabulated
hidden structure in the dynamics can be revealed by considind the scaling region was not accepted.

ering the time seriex(i) obtained by the process of recon- ~ When there is no clear indication of a scaling region, the
struction. In practice this is often done by visual inspectioncorrelation integral is still useful to characterize the dynam-
of a phase plot. In such a plot, the first two components of dCs. The correlation integral is then estimated at a fixed em-
delay vector are plotted against each other for consecutiveedding dimensiom and finite resolutiom in reconstructed
time indicesi, constituting a two-dimensional projection of phase space. In this way coarse-grained “complexity param-
the trajectory in the reconstructed phase space. eters” can be defined which quantify the underlying
dynamics®~* The coarse-grained correlation dimension
D (r) is defined as the local slope of the correlation integral
in a double logarithmic plot ofC,(r) versusr. In such a
The correlation integral was introduc8d®to character-  plot, the coarse-grained correlation entrdfy(r) is defined
ize complex dynamical behavior generated by simple nonlinby the decrement of the correlation integrals at distance
ear systems. Grassberger and ProcaR proposed a now Wwhen embedding dimensiom is increased. We evaluated
standard method to estimate the correlation integral from obthe coarse-grained correlation dimensid@§) and entropy
served time series. We used a modified version of the GPK.,) at embedding dimension 10 for AF and 20 for sinus
method?”?® the details of which are given in the Appendix. rhythm, at a distance., equal to the standard deviation of
To identify low-dimensional dynamics from a time se- the time series divided by its peak-to-peak value. We refer to
ries, one first looks for a linear part, the so-called “scalingthe Appendix for details of the implementation to estimate
region,” in a double logarithmic plot of the correlation inte- the correlation dimension and correlation entropy and the
gral C,(r) as a function of distancein reconstructed phase corresponding coarse-grained quantities.
space of embedding dimensiom The correlation dimension
D, is then estimated as the slope of the correlation integr
within the scaling region. The correlation entroidy, can be
estimated from the distance between the correlation integrals It is by now well recognized that the methods from non-
within the scaling region am is increased in a double loga- linear dynamics should be applied prudently and the results
rithmic plot of C,(r) versusr and is expressed in units should be interpreted with care. For instance, low-
nats/s using the natural logarithm. In cd3g andK,, satu- dimensional behavior may be readily identified from time
rate as a function af, these values are taken as estimates okeries generated by (inear stochastic process. To investi-
the correlation dimension and correlation entropy, respecgate whether the electrograms were generated by a linear
tively. The correlation dimension is considered as a measur@aussian random process, we applied a recently proposed
for the number of coupled modes which describe the obmethod® which tests for the property of time reversibility in
served behavior. The correlation entropy is associated witl time series.
the unpredictability of the dynamics. When the entropy in- A time series is calledtime) reversible if its statistical
creases, the future behavior of the system can be predictgmoperties are invariant under the reversal of time direction.
with less accuracy. This means that the time series “looks the same” read for-
It is known that the correlation dimension may slowly ward or backward in time. Otherwise the time series is said
converge to its asymptotic value due to a lack of data. to be(time) irreversible. If reversibility can be ruled out, the
Therefore, the embedding dimensions were taken large aruypothesis can be rejected that the time series is a realization
in electrograms of AFD,, andK,,, were averaged over em- of a static transformation of a linear Gaussian random pro-
bedding dimensions 14 to 18 to reduce the variability. Dur-cess.
ing sinus rhythm the results were averaged over embedding To be more specific, consider a “time reversed” delay
dimensions 18 to 22. For the range of embedding dimensiongector constructed by inverting the order of the vector com-
and delays used, the embedding winddw (m—1)IAt ponents in equatioril). If a time series is reversible, the
contained several characteristic cycles of the epicardial eledistribution of the time reversed delay vectors and the distri-
trograms: about 4 to 8 fibrillation intervals and 1 to 2 inter- bution of original delay vectors are identical. For instance, in
vals of sinus rhythm. It is our experience that, for the givena two-dimensional phase plat(,v; ), reversibility may be
type of data, the embedding window has to contain severaxamined by interchanging the two components of the delay
characteristic cycles to obtain convergence of the correlatiomectors. This is equal to mirroring the plot in the main diag-
entropy*® onal. If the plot is not symmetric with respect to this opera-
As there currently exist no objective criteria to identify a tion (i.e., with respect to time reversalt can be concluded
scaling region, curves of coarse-grained correlation dimenthat the time series is irreversible.
sion and entropy were also determined to guide the eye in the Reversibility can be rejected at a significance level 0.05
selection of a scaling region. The interval of distances wheravhen the test statisti§ gets larger than three. This criterion
these curves tended to level off with increasing embeddingvas used in the calculations to reject reversibility in the mea-

E. Correlation dimension and entropy

al'—'. Testing for time reversibility
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Arial tions are clearly visible in the local atrial recordings at an
Fibrillation: Goat no. 1 Goatno. 3 Goatno. 5 . . . .
v V OV vV vV ViV Y VoV oV Y increasing dose of cibenzoline. Apart from the effects on the
SAF WVWMYWW /VWWW/M /WYWWWMW AF cycle length and electrogram configuration, cibenzoline
y fodms o M02ms o T was also effective in converting sustained A4 out of 5
clB25 WWL W\/W MWV‘WWV goats, 80% Sinus rhythm after cardioversion of AF was
y 12ims y138ms v Jrzms very regular, the standard deviation of the beat-to-beat cycle
CiB50 W(W\WW length being less than 10 ms.
161 s , feems wsms We studied the effects of this powerful anti-arrhythmic
CIBES action on the dynamics of sustained AF by performing a
. v esms v oo, 1Tme . \ems npnlmear analygls of atrial ele_ctrograms durmg_ infusion of
F’{S:;:':mw cibenzoline. In figure 5, we give a representative example
611 ms 531 ms 452 ms and in the following we go through the various steps in-
500 ms volved. The ventricular far-field potentials were first re-

FIG. 4. Right atrial electrograms of sustained atrial fibrillati&AF) and of moved_from the_AF eleCtogramS by the methqd of Co.herent
atrial fibrillation during infusion of cibenzoline in three goats. Electrograms @Veraging. In this examplegoat no. 3, the AF interval in-

are shown when the mean fibrillation interval had been prolonged to 25%¢creased from 102 ms during control to 177 ms during the last

g?g;sa”d 85%,Wi[t; é?SPeCt to CO”ftrthicaLedhby CiB25, 0'553 le minute before conversion to sinus rhythm. First, phase plots
, respectively Electrograms of sinus rhythm were recorded shortly . . : :

after cardioversion. Numbers indicate mean intervals during atrial fibriIIa-Were C_cmStrUCt_ed to give an |mpre§S|on of the un_derlylng

tion and sinus rhythm. V, ventricular complex. dynamics. During AF these plots displayed cross-like pat-

terns, which reflect the presence of discrete activation com-

plexes. Note that the excursions into the upper part of the
sured electrograms. Furthermore, the effects of drug loadinghase plot are absent during administration of cibenzoline.
were monitored by estimating the quantiy, which is @  The trajectory of sinus rhythm resembled a limit cycle
measure for the distance between the delay vector distribyziosed loop, thus illustrating the periodicity in the recorded
tions of the original and time reversed electrograms. Thesjectrogram. Values of the embedding delays of the analyzed

largerQ, the more the observed time series deviates from itg|ectrograms during AF and sinus rhythm were in the range
time reversed copy. The test, its implementation and theyf 35 tg 65 ms.

choice of the parameters involved are described in more de-
tail in the Appendix.
B. Identifying low-dimensional features

G. Statistical analysis We next examined all electrograms for the existence of a

Two-way analysis of variance with a fixed model was scaling region in the correlation integrals to identify low-
applied(SAS software package, SAS Institute Inc., Y36  dimensional features in the dynamics. In figure 5, correlation
test for differences in coarse-grained correlation dimensionintegrals are shown for embedding dimensior(op curve
entropy and the reversibility statisti® during AF, with ~ to 20 (bottom curve, in increments of 2. In the correlation
goats and drug dose as factors. Each cell contained the mekiiiegrals of sustained AF no apparent scaling regions were
value resulting from the analysis of five electrograms refound. However, during infusion of cibenzoline scaling re-
corded at the left or right atrial lateral wafindicated by gions(indicated between dashed linegere identified in the
asterisks, figure )1 Bonferroni'st test was used to compare range[0.14;0.37 of distances in phase space. Correlation
the estimated values at different dose of cibenzoline. A probdimensionD was 3.3= 0.2(CIB25), 3.2+ 0.2(CIB50) and
ability value p<0.05 was considered to be statistically sig- 3.8 = 0.2 (CIB85), respectively. Correlation entrog¢ pro-

nificant. gressively decreased from 51 0.3 nats/{CIB25) to 3.8 =
0.1 nats/{CIB85). During sinus rhythm a scaling region was
IIl. RESULTS present at distanc¢6.07;0.16, and the dynamics were char-

acterized withD = 1.3 = 0.1 andK = 1.0 £ 0.2 nats/s. At
the bottom of figure 5 curves of correlation dimensibp,
Figure 4 shows right atrial electrograms recorded fromand correlation entropK,, are shown as a function of in-
three goats during infusion of cibenzoline. Most of the time,creasing embedding dimensiom. Note the oscillations
electrograms showed discrete complexes without a high dewhich are present in the curves Kf, as a function of em-
gree of fragmentation in the waveform morphology. At anbedding dimensiom during control and infusion of ciben-
increasing dose of cibenzoline the rate of AF gradually dezoline. These oscillations occurred using our choice for the
creased, and atrial activation complexes widened in theeconstruction parameters and were characteristic for the cor-
course of the experiment. The mean AF interval in the fiverelation entropy estimated from AF electrograms containing
goats before the start of infusion of cibenzoline was 306  a strong periodic component. The perjpadf the oscillations
ms (table )). In the last minute before conversion to sinusobserved in the curvek,, corresponds to a time interval
rhythm the mean AF interval had increased to #2988 ms. AT=plAt (wherel is the embedding delay andt the
In figure 4 the occurrence of ventricular activation is indi- sample interval which was about equal to the mean AF
cated in the atrial electrograms. Note that ventricular defleceycle length of the electrograms analyzed. In the cukKgs

A. Electrograms and phase plots
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FIG. 5. Right atrial electrogram®A) during sustained atrial fibrillatiofSAF) and during infusion of cibenzoling€C1B25, CIB50, CIB83. Most of the time

the electrograms during atrial fibrillatiofAF) showed discrete activation complex@woat no. 3. During infusion of cibenzoline the mean AF interval
increased from 102 ms to 177 ms. After 60 minutes AF converted into sinus rhythm with an interval of 531 ms. Phase plots are constructed using embedding
delays 36, 32, 34, 36 and 56 risft to right). During AF the trajectory generated a cross-like structure in reconstructed phase space. The phase plot of sinus
rhythm resembled a noisy limit cycle. Correlation integi@jg(r) are shown in a double logarithmic pl@iase 19 as a function of distancein reconstructed

phase space. Embedding dimensiomanged from Atop curve$ to 20 (bottom curvey in increments of 2. Curves d@,,(r) andK,(r) were derived from

the correlation integrals and coarse-grained correlation dimeisigand entropyK .4 were estimated at embedding dimensior(AB) and 20(sinus rhythm

at a distance equal to the standard deviation of the electrogram divided by its peak-to-peafindida¢ed by asterisks Scaling regions were identified
(between dashed lingn the AF correlation integrals at distances in the rap@é&4—0.37. During sinus rhythm a scaling region was found at distances
[0.07-0.18. Bottom: Correlation dimensioml ,, (lower curveg and correlation entropi{,,, (upper curves, units natg/are shown as a function of increasing
embedding dimensiom. D andK were estimated by averaging over embedding dimensions 14 ¢6A)Band 18 to 22sinus rhythn.
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of sinus rhythm such oscillations were not found. This isinfusion of cibenzoline scaling regions were observed at rela-
probably due to the fact that during AF the embedding win-tively large distances of aboli0.15;0.4Q in phase space.
dow T=(m—1)IAt contains 4 to 8 AF intervals while there Correlation dimensioD estimated from right atrial electro-
are only 1 to 2 in the case of sinus rhythm. grams ranged from 2.8 0.2 to 4.1+ 0.2. In the left atrium

In tables Il and Il the correlation dimensions and corre-D ranged from 3.0+ 0.2 to 4.4+ 0.3. Correlation entropy
lation entropies are given as derived from the electrogrameanged from 1.6+ 0.2 to 6.2+ 0.3 nats/qleft atrium), and
of the left and right atrium in five goats. No scaling regionsfrom 2.6 =+ 0.1 to 5.7 = 0.3 nats/s(right atrium). Sinus
were found in the correlation integrals during sustained ARhythm was characterized by a correlation dimendiohe-
(with exception of one RA electrogram in goat ng. After  tween 1.0+ 0.1 and 1.9+ 0.1, and a correlation entrog¢
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TABLE Il. Effects of cibenzoline on correlation dimension. SAF indicates sustained atrial fibrillation; CIB25, CIB50, CIB85, atrial fibrillation during infusion
of cibenzoline(see table); LA, left atrium; RA, right atrium. Results are shown for atrial unipolar electrograms in which a scaling region was identified.
Scaling regions were found at normalized distances of glol5;0.4Q (AF) and[0.10;0.2Q (sinus rhythnm. Estimated values were averaged over embedding
dimensions 14 to 18AF) and 18 to 22sinus rhythm, and are presented as mg&D). Coherent averaging of far-field ventricular potentials was applied in
episodes of AF.

Atrial fibrillation

SAF CIB25 CIB50 CIB85 Sinus
Goat rhythm
no. LA RA LA RA LA RA LA RA RA
1 - - - - 4.1(0.3 - - - 1.21(0.03
- - - - - - - - 1.17(0.03
- - - - - - - - 1.06 (0.0
- - - - - - - - 1.18(0.03
- - - - - - - - 1.15(0.06
2 - - - 3.4(0.2) 4.2(0.2) 3.8(0.3 - 4.0(0.3 -
- - - 3.8(0.2 3.0(0.2 4.1(0.3 - 4.0(0.3 -
- - - 3.1(0.2 - - - - -
- - - 3.1(0.2 - - - - -
3 - - 3.6(0.2) 3.3(0.2) 4.4(0.3 3.7(0.2) 4.2(0.3 4.1(0.2) 1.4(0.1)
- - 3.5(0.2 3.1(0.2 4.3(0.3 2.9(0.2 - 3.8(0.2 1.3(0.1)
- - - 3.6(0.3 - 3.3(0.2 - 3.5(0.2 1.5(0.)
- - - 3.3(0.2 - 3.2(0.2 - 3.8(0.2 1.3(0.1)
- - - 3.6(0.3 - 2.8(0.2) - 3.6(0.2 15(0.1)
4 - 3.0(0.2) 3.9(0.3 3.4(0.3 4.1(0.3 4.1(0.4 4.3(0.2 4.0(0.3 -
- - - 3.5(0.9 - 3.9(0.3 4.0(0.2 - -
- - - - - 3.8(0.9 3.6(0.2 - -
- - - - - - 4.40.3 - -
5 - - - - - - - - 1.90.2)
- - - - - - - - 1.50.1)
- - - - - - - - 1.40.1)
- - - - - - - - 1.90.1)
- - - - - - - - 1.60.1)

between 0.48*= 0.02 and 2.8+ 0.3 nats/s. The two- coarse-grained correlation dimension and entropy.at=
dimensional phase plot of sinus rhythm shortly after cardio0.15 and embedding dimension 20. The estimated values
version resembled noisy limit cycle behavior. However, low-wereD, = 1.4 andK.4 = 0.8 nats/gfigure 5.

dimensional chaotic dynamics can not be ruled out at Table IV gives the results of the coarse-grained analysis

present. averaged over five electrograms from the left and the right
atrium in five goats, respectively. Also, the average values of
C. Coarse-grained analysis the left and right atrial coarse-grained correlation dimension

Apart from the presence of low-dimensional features inPcg @nd entropyKq are given. In the right atriur.. de-
the dynamics revealed by scaling regions, different utypes,,creased from 4.9 0.9 during sustained AF to 38 1.3 at
of dynamics may be identified by characterizing the correlaC!B25(=22%), t0 4.1+ 1.4 at CIBSQ(—16%) and to 4.6+
tion integral at a single distangein phase space of embed- 1-4 at CIB85(—6%). In the left atrium the coarse-grained
ding dimensiorm. This leads to coarse-grained estimates ofcorrelation dimension showed a progressive decrease from
the correlation dimension and entropy, which are indicator®-2 * 1.0 (sustained AfFto 4.8+ 1.0 at CIB85(—13%).
of the complexity of the dynamics. In figure 5, correlation The coarse-graineq corrglation emeIWc_g progres-
integrals of AF were characterized at a distanggranging sively decreased both in the right and left atrium during in-
from 0.14 to 0.19 in phase space and at embedding dimerusion of cibenzoline from 9.3- 2.8 nats/s during sustained
sion 10(marked by an asterigkCoarse-grained dimension AF to 6.6 = 2.0 nats/g—29%) and from 10.2+ 1.7 (sus-
D4 during sustained AF was 3.6. With increasing dosages ofained AR to 6.8 = 1.2 nats/s(—33%), respectively. The
cibenzoline, D first decreased to 2.6CIB25), and then decrease irK.q indicates an increased regularity in the re-
increased again to 3.6CIB50) and 3.5(CIB85). Coarse- corded electrograms, partly due to a decreasing frequency of
grained correlation entropi.4 during sustained AF was 8.9 local atrial activation induced by cibenzoline. To account for
nats/s and gradually decreased during infusion of cibenzolinthe slowing of the rate of AF during infusion of cibenzoline,
to 5.9 nats/4CIB85). Sinus rhythm was characterized by the we also estimated the coarse-grained correlation entropy by
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TABLE lll. Effects of cibenzoline on correlation entropy. See table Il for an explanation. Correlation entropy is expressed in units of nats/s.

Atrial fibrillation

SAF CIB25 CIB50 cIB85 Sinus
Goat rhythm
no. LA RA LA RA LA RA LA RA RA
1 . - - - 4.40.2) - - - 0.48(0.02
- - - - - - - - 0.55(0.01)
- - - - - - - - 0.65(0.07)
- - - - - - - - 0.55(0.02
- - - - - - - - 0.93(0.16
2 - - . 3.7(0.1) 2.6(0.2 5.3(0.2) - 5.2(0.2) -
- - - 5.4(0.3 1.6(0.2 5.6(0.2 - 4.2(0.1) -
- - - 5.3(0.2) - - - - -
- - - 5.7(0.3 - - - - -
3 - - 4.4(0.3 4.2(0.) 4.7(0.2) 3.1(0.0) 3.8(0.2 3.3(0.) 1.3(0.0)
- - 3.3(0.0) 4.2(0.2 3.6(0.1) 3.4(0.0) - 3.4(0.1) 1.3(0.2)
. - - 4.1(0.0) - 3.3(0.0) - 2.6(0.1) 1.1(0.2
- - - 5.0(0.3 - 4.3(0.3 - 3.8(0.1) 1.0(0.2
- - - 4.5(0.0) - 4.6(0.3 - 4.4(0.2 1.6(0.2)
4 - 5.0(0.) 6.2(0.3 3.9(0.1) 5.4(0.2 3.0(0.0) 4.8(0.4) 2.6(0.1) -
- - - 5.0(0.1) - 4.4(0.0) 3.7(0.3 - -
- - - - - 4.000.0) 4.9(0.3 . -
- - - - - - 4.10.3 - -
5 - - - - - - - - 2.40.1)
- - - - - - - - 2.80.3
- - - - - - - - 2.40.2)
- - - - - - - - 2.40.1)
. - . - - - - . 2.70.2

multiplying K.q by the mean AF interval. This “scaled” electrograms both before and after infusion of cibenzoline as
entropy Kﬁg is expressed in units of nats/cycle. The scaledwell as the electrograms recorded during sinus rhythm were
entropyK§g at the right atrium was 0.9& 0.26 during sus- found to be irreversibldtest statisticS>3). Thus, the hy-
tained AF, 0.85+ 0.28 at CIB25(—6%), 0.98 = 0.35 at  pothesis that these electrograms were generated by a static
CIB50 (+9%) and 1.19+ 0.38 at CIB85(+32%). In the left  transformation of a linear Gaussian random process was re-
atrium average values Kfﬁg were, respectively, 1.03 0.21  jected.
(sustained A, 0.93 + 0.17(CIB25, —10%), 1.00 = 0.05 The dose dependent changes in the degree of reversibil-
(CIB50, +3%) and 1.25+ 0.19(CIB85, +21%). ity caused by cibenzoline were quantified by estimating the
Analysis of variance showed that the minimumDn,  distanceQ between the original and time reversed delay vec-
dgring CIB25 at the right atrium was significarjtly different o gistributions of the electrograms. Figure 6 sha@sv-
with respect to control. Although in the left atriuBig de-  eraged over the 5 electrograms selected at both the left and
creased from sustained AF to CIB8S, this was found not 1Qight atrium in five goats. At the right atriun@ increased
be statistically significant. Only in the left atrium the entropy ager the start of infusion of cibenzoline, reached a maximum
K¢g (nats/$ during infusion of cibenzoline was statistically and then relaxed towards the control value. In 4 out of 5

d|ff_erent fT°".‘.°°””°_'- However in both the left and right oats the maximum was reached soon after cibenzoline infu-
atria, no significant differences were found when the entrop ion had startedCIB25). Increased irreversibility by ciben-
was scaled to the mean intervalats/cycle. ' y by

zoline also occurred in the left atrium, although this effect
_ o was smaller than at the right atrium. Like in the right atrium,
D. Time reversibility at higher levels of cibenzoline the dynamics of AF became

Although the values found for the correlation dimensionmore reversible again. Statistical analysis revealed no sig-
and entropy point to the presence of low-dimensional feahificant differences with respect to contr@. values during
tures in the dynamics of AF induced by cibenzoline and ofCIB25 and CIB85 were found to be significantly different in
sinus rhythm shortly after cardioversion, these characteristicgoth the left and right atrium. Estimateg values during
may still correspond tdlinean stochastic dynamics which sinus rhythm recorded shortly after conversion were 23.9
mimics a low-dimensional process. Therefore, the electro2.8, 14.1+ 1.1 and 7.7+ 2.2 (mean= standard error of
grams were tested for the property of reversibility. All AF mean, in units 10%) in goat nos. 1, 3 and 5, respectively.
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TABLE 1V. Effects of cibenzoline on coarse-grained correlation dimension and entropy. SAF indicates sustained atrial fibrillation; CIB25, CIB50, CIB85, atrial fibrillation during infusion of ¢t ralilee
1); LA, left atrium; RA, right atrium;D 4, coarse-grained correlation dimensiéhy, , coarse-grained correlation entrofnats/s. Kﬁg, coarse-grained correlation entropy scaled to the mean AF interais/cyclé.
Results are presented as mé&l), averaged over five atrial unipolar electrograms. Coherent averaging of far-field ventricular potentials was applied in episodes of AF. Coarse-grained quantities were estimate

at a distance in phase space equal to the standard deviation of the electrogram divided by its peak-to-peak range and at embedding div@remh200sinus rhythm.

Atrial fibrillation

ot SAF CiB25 CIB50 CIB85 Sinus rhythm <
no. LA RA LA RA LA RA LA RA LA RA 3
1 5.8(0.6) 5.9(0.8) 5.6 (0.8) 4.9(0.5 5.3 (1.4) 5.3(0.7) 5.9(0.8) 6.4(0.4) 1.2(0.2) 1.1(0.2 s
2 6.4(2.1) 4.9(0.4) 5.5(2.5 2.9(0.3 6.2(2.1) 3.5(0.4) 5.7(2.2) 4.1(0.7 - - 2
Deg 3 46(2.3 4.3(0.6) 3.9(0.6 2.5(0.2 42(1.2) 2.7(0.7) 3.9(0.9 3.0(0.7) 1.2(0.3 1.2(0.0) 2
4 4.3(0.6) 3.8(0.9 3.4(0.8 3.3(0.6) 3.9(1.3 3.0(0.4) 3.6(0.6) 4.1(0.9 - - >
5 6.3(1.6) 5.7(0.7) 7.0(0.9 5.6 (0.9 5.5(0.9 10.6(2.1) 5.8(0.8) 9.3(1.7) 1.8(0.6) 2.3(0.3 2
Mean (SD) 5.5(1.0) 4.9(0.9 5.1(1.4) 3.8(1.3 2 5.0 (1.0 4.1(1.4 4.8(1.0 4.6(1.4) 1.4(0.4) 1.2(0.2 §
1 10.63.9 7.21.5 6.3(2.1) 6.1(1.6) 7.5(2.4 6.0(1.3 6.0(1.5 7.4(0.8 0.8(0.2) 0.5(0.1) g
2 10.13.9 13.72.6) 9.3(1.3 5.9(L.7) 7.8(3.9 6.8(2.3 8.7(1.2) 6.6 (1.0 - - 2
Keg 3 8.63.9 7.01.7) 6.6 (1.5 5.9(1.3 6.3(1.6) 5.0(1.2) 6.8(0.9 5.4 (1.0 0.9(0.2 1.1(0.2 a
4 8.82.4 8.02.9 7.1(2.0 5.4(1.1) 7.0(1.5 4.4(1.0 6.8(1.0 4.1(1.0 - - e
5 12.81.9) 10.54.4) 9.0(1.0) 12.1(2.1) 6.5(0.6) 10.6(2.1) 5.8 (0.9 9.3(1.7) 1.8(0.6) 2.3(0.3 =
Mean (SD) 10.21.7) 9.32.9 77(1.49° 7.1(2.9 7.0(0.6) 2 6.6 (2.4) 6.8(1.2 2 6.6 (2.0 1.2(0.6) 1.3(0.9 §=’
1 1.030.39 0.750.15 0.69(0.23 0.77(0.20 1.03(0.33 0.97(0.20 1.11(0.27) 1.44(0.15 0.49(0.14 0.31(0.09 %
2 0.970.37 1.31(0.29 1.06(0.15 0.69(0.20 1.11(0.49 0.98(0.33 1.59(0.22 1.18(0.19 - -
K, 3 0.920.42 0.710.17 0.92(0.21) 0.80(0.17) 0.99(0.24) 0.77(0.19 1.22(0.16 0.95(0.17) 0.45(0.10 0.57(0.12)
4 0.850.23 0.740.27) 0.86(0.24) 0.66(0.14) 1.01(0.22 0.63(0.14) 1.18(0.17) 0.70(0.17) - -
5 1.390.19 1.0000.43 1.11(0.12 1.35(0.24) 1.05(0.10 1.54(0.30 1.15(0.15 1.66(0.30 0.80(0.29 1.04(0.20
Mean (SD) 1.030.21) 0.900.26 0.93(0.17 0.85(0.29 1.00(0.05 0.98(0.39 1.25(0.19 1.19(0.39 0.58(0.19 0.64(0.37

8 <0.05 with respect to control.
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(A) Left Atrium (B) Right Atrium single AF electrograms selected from this group of
10+ 1o, patients?® A scaling region in the correlation integral was
only observed in type | of AF. The mapping area is then
8 ad I activated by broad depolarization waves which continuously
change their main course of direction. It is therefore likely
Q s Q el that scaling regions are a manifestation of discrete activation
(0% I (107 complexes in electrograms associated with single, uniformly
N I/\A ol conducting wavefronts passing the electrode without conduc-
tion delay.
2] I \I N — To compare the dynamics associated with types I-Ill of
=gV, LJ\' AF, the coarse-grained correlation dimensibg, and en-
o o \,/r tropy K.4 were estimated. It was found that bdihy and
SAF CIB25 CIBSO CIB85 SAF CIB25 CIBS0 CIB85 K¢g gradually increased from type | to type Ill of AF. The

_ o . characterization based on the coarse-grained nonlinear com-
FIG. 6. The distanc® between the delay vector distributions of the original lexit lated Il with the cl ificati b d
and time reversed electrograms at the lgft and right atrium(b) during plexity measures correlated well wi e classincation base

sustained atrial fibrillation(SAF) and during infusion of cibenzoline 0N the degree of complexity visualized from high-density
(CIB25, CIB50, CIB83. In the five goatsQ reached a maximum at a rela- mapping,

tively low dose of cibenzoline, and the degree of irreversibility of the dy-

namics was increased. At higher levels of cibenzoline the dynamics became L .

more reversible again. The figure shows that time reversibility was moreB. Characteristics of sustained AF

affected at the right atrium than at the left atrium. The results are averages In th t stud i . b d
over 5 electrograms and are presented as the meatandard error of the n the present study no scaling regions were observe

mean. Note that the curves of different goats are slightly shifted horizontallyduring sustained AF, so that the plaque electrodes probably
for the sake of a clear graphical presentation. Symihi/®,A,V, ¢ cor-  were seldom activated by uniformly propagating waftgpe
respond to the results of goat nos. 1 to 5, respectively. I) during the process of self-sustained, ongoing AF. Also,

coarse-grained correlation dimension and entropy were

smaller than estimated from electrograms of type Ill AF in
IV. DISCUSSION patients, for whichD4>6 andK.,>14 nats/$® This sug-
gests that sustained AF may be characterized as type Il fi-
“brillation. Thus sustained AF in electrically remodeled nor-
‘mal atria seems of an intermediate level of complexity, in
which during most of the time a single wave associated with
a considerable amount of conduction block and/or a region
of slow conduction, or two wavelets are present in the
(?napped area.

We start this discussion with a brief summary of charac
teristics of short-lasting, spontaneously terminating atrial fi
brillation (paroxysmal AR determined from a high-density
mapping study in humaf$and from a nonlinear analysis of
AF electrograms in the same group of patieftSome of the
findings of these studies will be related to the results of th
present study.

A. Characteristics of paroxysmal AF C. Effects of cibenzoline on the dynamics of

A recent intra-operative high-density mapping study insustamed AF

WPW patients® showed that electrically induced, spontane-  One of the features that distinguished AF during admin-
ously terminating AF is a heterogeneous arrhythmia. Activaistration of cibenzoline from sustained AF was the presence
tion patterns were associated with a spectrum of spatioef scaling regions in the correlation integrals during infusion
temporal complexity, in which the number and size of intra-of the drug. In three goats, scaling was observed in one or
atrial reentry circuits varies considerably. Local activationmore electrograms during administration of cibenzoline, in-
ranged from relatively simple atrial activation patterns, indicating that features of low-dimensional dynamics were
which the atrial myocardium acted passively, conductingpresent throughout the experiment. The correlation dimen-
wavelets arriving from active remote regions, to highly com-sion D and correlation entropiX were similar to those esti-
plex patterns during locally fully developed AF. A classifi- mated during type | of AF in humarf§.
cation into at least three types$, I, Ill) was proposeti Coarse-grained analysis also showed that cibenzoline al-
based on the degree of complexity observed in high-densityeady had effect on the complexity of AF on the time scale
maps of AF. Type | was characterized by broad, uniformlyof the shortest AF intervals. Notably, at the right atrig,
propagating wavefronts activating the mapping electrodevent through a minimum shortly after start of infusion
without a conduction delay. In type Il one wave which was(—22% at CIB23, followed by a slight relaxatiof—13% at
delayed considerably by an area of conduction block and/or €1B85). At the left atrium,D .4 remained close to the control
region of slow conduction, or two wavelets were observedvalue (—6% at CIB83.
Type Il of AF was characterized by a highly complex acti- The coarse-grained correlation entropy was calculated in
vation pattern, in which the mapped area was activated bywo different ways. The coarse-grained entrdfy, (nats/$
three or more wavelets in the presence of multiple lines ofs sensitive to the beat-to-beat changes in the rate of AF. The
conduction block. decrease oK .4 throughout the transition at least partly char-
In a separate study, nonlinear analysis was performed oacterizes the lengthening of the fibrillation interval and the
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decrease of the conduction velocity induced by cibenzolinerather inhomogeneous with respect to the duration of sus-
To account for the changing rate of AF, coarse-grained cortained AF. The effects of cibenzoline on the AF dynamics
relation entropy was scaled to the mean AF cycle length. Theeemed to be more pronounced when the episode of sus-
scaled entropKz, (nats/cycl¢ may be used as a measure of tained fibrillation had lasted longer. Considering for example
the interbeat morphological regularity of the electrogramthe effects in the right atrium, scaling regions were present
configuration. It was shown that at both the left and rightduring infusion of cibenzoline in all electrograms of goat no.
atrium a minimum in the scaled entropy occurred at CIB253 (sustained AF duration 115 dgyswhile no scaling was
(—5% to —10% followed by a steady increager21% to identified in electrograms of goat 1 and$ustained AF du-
+32% at CIB85. This indicates that the morphology of AF ration 4 and 8 days Similarly, time reversibility was af-
electrograms became more uniform shortly after the start ofected more clearly in the right atrium of goat no. 3 than in
infusion of cibenzoline. The reversibility test indicated thatgoat nos. 1 and 5, despite the fact that the total dose of
this was accompanied by an increased degree of irreversibitibenzoline in these goats was about the sétaigle |).
ity in the dynamics of AF. During the remainder of the ex-
periment, the degree of irregularity in the waveform of AF
electrograms increased again. This is in agreement with th
observed increase of reversibility in the AF dynamics at  According to the multiple wavelet hypothesfs the
higher levels of cibenzoline. mechanism of self-sustained AF is based on the presence of
The nonlinear analysis suggested that cibenzoline dih number of short-lived wavelets which travel randomly
not drastically change the topology of the reconstructed dythrough the atrial myocardium. This has been verified experi-
namics: the structure of the phase pléigure 5 was not  mentally by mapping studi€$;**in which it was shown that
substantially altered during the experiment and the dimenwavefronts continuously reenter and excite areas that were
sional complexity, characterized ly.4, remained close to previously excited either by themselves or by other wander-
control. However, cibenzoline doubled the mean fibrillationing wavelets, thus confirming that random reefitrig the
interval with respect to contraltable |). This affected the basic mechanism for AF.
flow of the dynamics during AF: the velocity of points along It was shown that sustained AF in a goat model of pac-
the trajectory in phase space was progressively decreasitigg induced fibrillation is not consistent with a state of fully
with an increasing dose of cibenzoline. As a result, thedeveloped ARtype Ill), but rather seems to be of a level of
coarse-grained correlation entrog¢., (nats/$ decreased moderate complexitytype Il) where the mapped area is con-
with about 30%(CIB85) in both the left and right atrium.  tinuously invaded by a single, nonuniformly conducting
The minimum in the coarse-grained paramefeggand  wavefront or two wavelets. Shortly after the start of infusion,
Kig (adjusted for the changing rate of Abserved at in 3 out of 5 goats scaling regions were present in the cor-
CIB25 shows that cibenzoline made the dynamics of susrelation integrals of one or more electrograms, probably re-
tained AF less complex, followed by a relaxation towards thesulting from single broad activation waves sweeping across
dynamical behavior during control. Also, scaling regions apthe mapped area. These type | characteristics point to an
peared in the correlation integrals of one or more electroincreased global organization of AF. This effect persisted
grams(3 out of 5 goats shortly after the start of infusion during the remainder of the experiment which may indicate a
(CIB25). These low-dimensional features in the dynamicsdecrease in the number and an increase in the size of intra-
persisted during the remainder of the experiments, correatrial circuits. It is therefore likely that perpetuation of AF in
sponding to an increased global organization in atrial activathese goats was maintained by a few macro-reentrant cir-
tion during sustained AF. Furthermore, the reversibility mea-cuits. However, in 2 out of 5 goats scaling regions were not
sure Q indicated that the dynamics was more irreversibleobserved, so that in these goats the mapping area probably
shortly after the infusion of cibenzoling€CIB25), followed  was still invaded by one wavefront associated with a conduc-
by a relaxation towards the control dynamics. These effection block and/or a region of slow conduction, or two wave-
seemed to be more pronounced at the right atrium than at tHets (AF type 1l) most of the time.
left atrium. However, analysis of variance revealed that of  The results of the temporal nonlinear analysis of single
the changes in the coarse-grained paramedggs Kﬁg and local electrograms of sustained AF in goats have been linked
the reversibility measur®, only D4 at CIB25 was signifi-  to a scale of spatial organizatigtypes I-11l) deduced from
cantly different from contro(sustained AFat the 0.05 level. high-density mapping of atrial activation patterns during par-
We conclude from the nonlinear analysis that cibenzo-oxysmal AF in humang® Thus aspects of temporal organi-
line did not induce appreciable alterations in the dynamics ofation are directly linked to spatial organization. This is a
sustained AF, other than a slowing down of the process ofeasonable assumption, since we have shown in a previous
electrical atrial activation. A minor effect was the occurrencestudy?® that a characterization of electrograms by nonlinear
of increased global organization of AF induced shortly aftertime series analysis is consistent with the classification of AF
the start of drug administration. The above findings suggesnto three typesgl—Ill) based on the degree of spatiotemporal
the idea that to a first approximation the dynamics of suseomplexity of atrial activation patterns. However, it is uncer-
tained atrial fibrillation and the dynamics up to CIB85 can betain to what extent the time series analysis of sustained AF in
considered “orbitally equivalent’{cf. Ref. 37. goats may be compared to spatial analysis of paroxysmal AF
The population of five goats as used in this study wasn humans. To this end, the results of the nonlinear analysis

Q. Relation to the mechanism of AF
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have to be supplemented with atrial activation maps in thectivation procegsand refractorinesggoverned by the time
goat model of sustained AF. constantr, of the recovery procegf atrial tissue. The
The effects of class Ic drugs on activation patterns durparametere appears in the equations of reaction-diffusion
ing vagally induced, acute atrial fibrillation in anesthetizedmodels of excitable media which are extensively used in the
open-chest dogs were studied by Nattel and cowoéets, study of cardiac excitatioisee Gray and Jalifé for a re-
who showed that shortly after the start of drug infusion atrialview). Although the relation of model parameters to observ-
activation was more homogeneous. In their experiments thable electrophysiological quantities is by no means trivial,
anti-arrhythmic agents always regularized AF by increasingnformation about the control parameter might be contained
the size and reducing the number of simultaneous reentrin experimental parameters like for instance the rate of the
circuits, until one or two large macro-reentrant circuits re-rise of the upstroke of the extracellular action poteritiata-
mained. Brugadat al?! performed intra-operative mapping sure of the fast activation variabland the effective refrac-
in a patient with chronic atrial fibrillation during administra- tory period (measure of the slow inhibitor variable in
tion of cibenzoline. It was shown that a single broad wave<eaction-diffusion modejs
front was circulating around the caval veins in the right
atrium shortly after infusion had ended. The left atrium acte
as a passive bystander, and was activated by the right atri
macro-circuit from different directions. Also, Kirchhof Since the early eighties the analysis of time series has
et al** reported that the class Ic drug ORG 7797 prolongedeceived a great impetus from the developments in the theory
the minimal path length that is covered by wavelets duringof nonlinear dynamical systems and a wealth of methods has
very high pacing rates in instrumented conscious dogs, rébeen described to characterize the time series generated by
sulting in an increase in size and decrease of the number &hown low-dimensional chaotic systems. However, time se-
reentrant circuits. ries from the natural world are always a mixture of determin-
These electrophysiological studies point out that class léstic and random features, and the main challenge of nonlin-
drugs seem to enhance the organization of atrial activatioear time series analysis is the disentangling of these features.
during AF, which occurs on the scale of the shortest AFIn this respect the limitations of the current methods based
intervals. The nonlinear analysis of electrograms in a goabn “chaos theory” for the analysis of experimental data are
model of chronic AF supports these observations: increasebly now well recognized and are mainly due to a lack of
global ordering during AF was indicated early in the experi-statistical foundation of estimation and inference methods.
ments(CIB25) by scaling regions in correlation integrals and Recently, statisticians have become interested in the
a minimum in the coarse-grained correlation dimension an@nalysis of time series using concepts from nonlinear dy-
scaled coarse-grained correlation entropy. namical systems theory and a statistical nonlinear time series
In the present study we have shown that no majomnalysis is currently being develop®din its present form
changes in the dynamics of sustained AF were detected aftéine nonlinear methods are nevertheless useful since the re-
drug loading, apart from a deceleration of the atrial activasults are directly related to properties of the dynamics gen-
tion process and a certain degree of global ordering of AFerating the observed time series. In particular, it might be
induced at a relatively low dose of cibenzoline. From thesaewarding to explore the connection of nonlinear measures in
observations it is not clear which factor triggers the conver+econstructed phase space with characteristics of the process
sion to sinus rhythm. We speculate that, via the depressewking place in physical spacé.
excitability of atrial tissue, the lowering of the safety factor It is often remarked that most if not all results from the
for conductio® induced by the administration of cibenzo- nonlinear time series analysis can be surmised from a graph
line results in a diminution of the curvature of circulating of the experimental data. However, the aim of any time se-
wavefronts. Consequently, wavelets are gradually forced toies analysis is to providguantitativemeasures characteriz-
travel along wider arcs through the myocardium. When ang the observed time series, and this cannot be achieved
critical value of curvatur® is reached, the ends of wave- with the naked eye. In this respect, nonlinear time series
fronts cannot curl anymore and wavefronts will effectively analysis can already make a meaningful contribution espe-
run like planar waves until the borders of the atria arecially in discriminating between time series, although a thor-
reached and get extinguished. When the number of waveletsugh exploration and critical evaluation of the methods at
gets smaller than necessary to support the perpetuation bfind are still needetf.
random reentry, AF terminates and sinus rhythm is restored. In this paper the application of nonlinear analysis to sca-
These critical events would occur in a short period of time lar epicardial atrial electrograms has suggested that the dy-
just before conversion to sinus rhythm takes place. Thisiamics during sustained AF and after modification by ciben-
mechanism of the transition is reminiscent of a bifurcationzoline up to CIB85 can be regarded as orbitally equivalent to
induced by cibenzoline. The hallmark of a bifurcation is aa first approximation. It is therefore expected that the spatio-
sudden qualitative change in the dynamical behavior as temporal complexity of atrial activation patterns as visual-
control parameter goes through a critical value. As suggesteided from epicardial mapping would roughly remain the
by the theory of excitable medf&;“the control parameter same, apart from a decreasing velocity of propagating acti-
might be e=1,/7,, which is the product of measures of vation fronts. Our findings suggest that it would be ex-
excitability (governed by the time constant, of the fast tremely interesting to study drugs which do not leave the

. Concluding remarks
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dynamics orbitally equivalent. Possible candidates are drugtplied by a taper function to force the edges of the template
with electrophysiological properties different from class |to the baseline. The taper function is given by
drugs, like for example the class Il agent sotalol.
o : . : : . 107rt;

The insights gained from nonlinear time series analysis 0.5-0.5co ,
and electrophysiological measurements by themselves are h(t;) = T
not sufficient to explain the anti-arrhythmic effects of drugs v if 0<t;<0.1T or 0.9T<{;<T,
in all dgtan. .However, the concerted r_esults from both e]ec- 1, if 0.1T<t;<0.9T,
trophysiological measurements and time series analysis to- _ _
gether with mathematical modelling of the pharmacologicawhereT is the length of the template segment. Finally, the
conversion of AF may lead to a better understanding of thée_mplate was subtracted from the atrial electrogram in time
dynamics of anti-fibrillatory drug action and the mechanismgwvindows of lengthT centered at the detectdtiwaves to

(A2)

leading to the termination of atrial fibrillation. remove the far-field ventricular potentials.
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APPENDIX: IMPLEMENTATION OF THE NUMERICAL 1 TR
PROCEDURES Cm(N,r)ZN—msig . 2 O (r—[x(i)=x(j)[),
: . . : - li-il=w
In this section we give a detailed description of the pro- . (A4)

cedure to calculate the atrial template containing the far-field, , .. n—| — (m—1)! is the number of delay vectofequa-

ventricular potential. Furthermore, the Grassberger-Procacci@on (1)] resulting from a time series of length in recon-
(GP) method is elucidated which is used to estimate the COrgiructed phase space of embedding dimensiofihe Heavi-
relation integral, the correlation dimension and correlationSide function® is 1 for positive arguments and 0 otherwise.
entropy from the recorded electrograms. Also, the test fo

ibility is described h The norm|-|| denotes the distance between two delay vec-
reversibility is described here. tors. The supremum norm,

1. Coherent averaging of the ventricular response N . .
_ , Ix(D)=x(}ll= max [x(i+k)=x(j +k)], (A5)

The R-wave was detected in a left ventricular electro- o<k<m
gram (LV). To this end the LV electrogram was first

. . . ; was used to calculate the distance between delay vectors.
smoothed using a moving average filter, viz.

The inner sum in equatiofA4) counts the number of
M delay vectors within a distance from a reference vector.
Y =571 k_EM v(tisi), (A1)  The outer sum adds the results over a{$gt} of reference
B vectors and the normalization fact; is the total number
wherev(t;) is taken from the LV electrogram, andt;) is  of distances involved in the summations. We used 10000
the filter output at a sample timg=iAt, whereAt is the  randomly chosen reference vectors, which is equal to one
sample interval. The width of the smoothing winddivwas  third of the number of samples in the time serisampled
set equal to 10. The time derivative of the filtered signal wasiown to 30000 sampléss suggested by Theilgt An opti-
calculated asy’(t;))=y(t;)—y(ti—1). The valuet; corre- mized algorithm was used to search for neighboring vectors
sponding to the largest negative valueyott;) was taken to  in reconstructed phase spaféefore calculating the corre-
represent the moment of occurrence of Bwvave. lation integral, the time series was rescaled such that the
In the smoothed LV electrogram, the signal was averdifference between the minimal and maximal value of the
aged in all time windows around the detectedvaves. We time series becomes one. The distances calculated were dis-
visually selected a time segment from this averaged signairetized at a resolution of 16 divisions per binade.
and the template of the far-field ventricular potential was A paramete=1 (the Theiler correctionwas included
obtained by averaging the deflections in the corresponding equation(A4) to prevent false contributions to the corre-
time segments in the atrial electrogram. lation integral resulting from the linear correlation between
This template was smoothed using a moving averaginguccessive delay vectors in reconstructed phase 3pace.
filter [equation(Al), M = 5]. The filtered template was mul- the calculation of correlation integrals, distances from vector
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pairs &(i),)?(j)) were excluded wheti —j|<W. The pa- ding dimensiorm was chosen 10 for electrograms of AF and
rameterW was set equa| to twice the |ag Corresponding t020 for electrograms of sinus rhythm The Coarse-grained cor-

the first minimum of the mutual information function. relation dimension and entropy for these valuesnadndr

are denoted by, andK4, respectively.

3. Estimating correlation dimension and entropy

The correlation integral is plotted on a double logarith- ) o
mic scale(base 10as a function of distance In such a plot, 4 Test for time reversibility

one then looks for a linear part, the so-called “scaling  consider delay vectors(i) [equation(1)] constructed
region,” at a given embedding dimensiom The correlation from a stationary time serie{%(i)}i:l of lengthL. The time

dimension D as estimated as the slope in the = . M s
! ! m W ! pe | eries is reversible if the probability distributigifx) of the

. . . . . . .S
scaling region using linear regression through points o . .

g Teg g g gh p delay vectors is invariant under time reversal formalandl,
(In'r, In C(r)). 6

The correlation entropi(,, was calculated fitting the GP
model[equation(A3)]. A nonlinear Levenberg-Marquardt fit p(PX)=p(X), (A8)
procedure was applied, estimatikg, simultaneously from ] ]

C,(r) within the scaling region at two consecutive values ofWhereP denotes the time reversal operator defined as
m. Assumin_g th_at the calculat_ed dist_ances are ir_ldepender]iz:(vi sty o Dieme D Vit (met)l s -« - Dis100)-
the correlation integral was fitted with a weighting factor (A9)

. — i H 55
V(N (1 .Cm(r_)) foIIpwmg Theiler. The squareQ of a distance measure between the time for-
Correlation dimension and entropy were averaged over : o . : .
ard and time reversed distributions is defined, viz.

five values in the range of convergence. In electrograms of'
AF, D, andK, were averaged over embedding dimensions 1 o - - a2
14 to 18. During sinus rhythm the results were averaged over Q= E(d\/;) j dx(p’(x)=p"(PX)]7, (A10)
embedding dimensions 18 to 22. .

A drawback of the nonlinear analysis is that in general awvhered denotes the bandwidth and(X) is
present the time series algorithms are data “hungry” and o \m2 L
computationally demanding. In this study, one minute re- P'()_()):(_z) fdf’p()“(’) exp(—z). (A11)
cordings sampled at 1 kHz were sampled dowh te 30000 md d
to somewhat reduce the computational effort to estimate th§, ihe calculations an unbiased estimaiQr of Q was used,
correlation dimension and entropy. According to a criteriumgi\,en by
proposed by Eckmann and Ruéfiealues of the correlation
dimension up to {2log N)/log r at a resolutiorr in recon- — 2

structed phase space are still reliable using the Grassberger- Q= N(N—-1) Wij» (A12)
Procaccia algorithm. This yields an upper limit for the cor- h
relation dimension of 9 for distances of about 0.1. The"/"€'®
dimensional values reported here were significantly smallerz Wi = exp( — Iii—ijlzldz)—exq— |)gi_ P§j|2/d2),
which suggests that the number of samples used was suffi- (A13)
cient. .
The coarse-grained correlation dimension is defined byandl.\l_z.L—(m—l)I. Under the n/uﬂ r_]ypothesm-(o) Of_ re-
versibility the expected value ofQ is equal to 0 with a
D (r)= dInCpy(r) (A6) standard deviation given by
m din(r) ’ 2 112
— 2
which is estimated by linear regression through three con- 7~ N(N—l)(;i Wii) : (A14)

secutive pointgIn(r), In C.(r)).
The coarse-grained correlation entropy is defined by thd he test statistiS is defined as
logarithm of the quotient of two correlation integrals at em- )
bedding dimensionsn andm+n, viz., S= . (A15)

Kn(r)= n/’AtIn(Ccm(r()r))’ (A7) Under theH,, S has expected value 0 and unit standard
: m+n deviation. In the derivation of these results, it was assumed

wheren is a fixed integer] the embedding delay andt that samples from the delay vector distributions are indepen-
the sample interval. To reduce statistical fluctuations, we sadent. In order to reduce the effect of dependences, we ex-
n=2 in equation(A7). cluded all pairs i(,j) from the calculation ofS which are

The coarse-grained correlation dimension and entropgloser in time than some lagy (cf. the calculation of corre-
were evaluated at a distancg, in phase space, which was lation integral$. Furthermore, higher order dependences be-
equal to the standard deviation of the electrogram divided byween delay vectors were suppressed by comparing nonover-
the largest absolute difference of its amplitude. The embedapping segments consisting &f consecutive delay vectors,
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