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Abstract—Ventricular fibrillation in humans and animals was quantitatively analyzed using the methods of
the chaos theory. To test the hypothesis that there are species-specific differences in the level of chaos dis-
played during ventricular fibrillation, various chaos-theory-derived indices were calculated from electrocar-
diograms recorded from 5 patients during 32 episodes of sudden ventricular fibrillation and from 17 labora-
tory animals (dogs, rats, and rabbits) during 235 episodes of experimentally induced ventricular fibrillation.
Comparative analysis of the data showed that the indices used to assess the regular and irregular (chaotic)
components of the electrocardiographic signal during ventricular fibrillation varied from species to species.
The chaotic component was greatest in dogs, smallest in humans, and intermediate in rabbits and rats. The
results are consistent with the suggestion of the fractal organization of myocardial structure and function.
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INTRODUCTION

The view of ventricular fibrillation as chaos in
the heart is not new. However, the term “chaotic” for-
merly used by experimenters and clinicians to qualita-
tively describe irregular oscillatory components of the
electrocardiogram (ECG) and uncoordinated contrac-
tions of a dying heart is now used in quantitative anal-
ysis of these phenomena in the framework of the non-
linear theory of dynamical systems [1-3]. In previous
studies, we assessed the level of chaos in ventricular
fibrillation (VF) episodes by calculating the entropy,
and showed that this parameter increased with time
into fibrillation. Its increase changed to a decrease
just before the fibrillation spontaneously ceased [4].
Yet another important characteristic of chaotic pro-
cesses is the attractor dimension. The degree of disor-
ganization of cardiac electric activity is often de-
scribed by this quantitative measure of chaos. As
shown in our animal studies (rats, rabbits, and dogs),
the correlation dimension is also informative in

Abbreviations: ECG, electrocardiogram; VF, ventricular fibrilla-
tion.

(5]

(o]

describing the structural and functional organization of
myocardium [5]. As assessed by calculating the corre-
lation dimension, the chaotic component is greatest in
dogs, intermediate in rabbits, and smallest in rats. In
this study, we further elaborated on the dynamic-
chaos-theory methods for quantitatively analyzing the
irregular components of cardiac activity during ven-
tricular fibrillation. The goal of the study was to cal-
culate various chaos-theory-derived indices for hu-
mans and compare them with those obtained for labo-
ratory animals (rats, rabbits, and dogs).

EXPERIMENTAL

Electrocardiograms used in analysis were re-
corded from 5 patients during 32 episodes of sudden
ventricular fibrillation (second standard lead; record-
ing time, 10-20s) and from 17 laboratory animals
(seven Wistar rats weighing 250-300 g, five Chin-
chilla rabbits weighing 2.1-2.5 kg, and five dogs
weighing 8-16 kg) during 235 episodes of experi-
mentally induced ventricular fibrillation (111 in rats,
56 in rabbits, and 48 in dogs). Ventricular fibrillation
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was induced in anesthetized animals during the vul-
nerable period of the cardiac cycle (ascending part of
the T wave) by applying a train of 5-ms electric
pulses through left ventricular electrodes. The pulse
amplitude was gradually increased until it attained the
ventricular fibrillation threshold. The electric activity
of the heart was recorded before stimulation (sinus
rhythm) and during fibrillation with a Lifepack 7
monitor in humans and dogs, and with a mingograph
82 (Siemens) in rats and rabbits.

Raising the stimulus amplitude to the threshold
value initiated ventricular fibrillation, which mani-
fested itself in tremendous electrocardiographic vari-
ability. Even on visual inspection, it was possible to
distinguish between more regular and less regular
segments of recording. The patterns ranged from a
tachycardia-like process to an erratic series of low-
amplitude excitations varying in duration. The elec-
trocardiograms were converted to graphic files with a
Turbo HT 800 scanner (Mustek) connected to a com-
puter. The scanner resolution was set to 800 dots per
inch. The graphic files were then imported into a ded-
icated computer program that we developed to digi-
tize the graphic data. The sampling rate was 1000 Hz,
which yielded 30 to 50 data points per one wave of fi-
brillation oscillations. To avoid the effect of the
nonstationarity of the process on the results, only
short time series (up to 1000 data points) were used in
analysis. The accuracy necessary in analysis of the
graphical information was achieved by mathemati-
cally processing the data using appropriate editing
software. Based on this graphics-processing software,
a database was established for ventricular fibrillation
studies called DBVF, which includes not only the re-
sults of current experiments, but also episodes of ven-
tricular fibrillation extracted from archival electrocar-
diograms stored in our laboratory since the 1960s.*

Segments of electrocardiograms recorded during
ventricular fibrillation were analyzed by calculating
the following quantitative measures of chaos: the
pointwise correlation dimension PD2i; the entropy;
and the period-splitting index W = T/t,.,,, where T is
the mean cycle length during normal sinus rhythm
(before the onset of ventricular fibrillation), and 7.,
is the mean interval between consecutive oscillations
during ventricular fibrillation. In addition, for each
segment of electrocardiograms recorded during ven-

* The DBVF is available from the authors upon request.
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tricular fibrillation, we determined the ventricular fi-
brillation (ectopic) rate.

The correlation dimension D2 proposed by
Grassberger and Procaccia [6] to characterize the cha-
otic behavior of a nonlinear dynamical system reads

C(l,n)=lexp(D2), (1)

where C([, n) is a cumulative function of differences
between all possible pairs of the vectors determining
the state of the system, n is the number of differences,
and [ is the phase space size (length of the observation
period). Modifications of this algorithm were later
proposed by Farmer er al. [7] (pointwise scaling di-
mension) and by Skinner et al. [8] (PD2i). By its con-
struction, the Skinner algorithm is well suited for ana-
lyzing nonstationary processes. To obtain the vectors
required for calculating C(/, n), a sequence of signal
values separated by equidistant intervals T has to be
determined for a given segment of the electrocardio-
gram. Thereafter, moving point by point along the en-
tire time series, one sequentially calculates the differ-
ences between the current vector i and vectors j (j # i),
taking the current vector as a fixed reference. Obvi-
ously, the dimension calculated in this way is a func-
tion of time and can be useful in tracking the chaotic
dynamics of the process. We assessed the level of
chaos in ventricular fibrillation by calculating PD2i
using the Skinner algorithm.

Analyzing how correlation sums depend on the
embedding dimension, we found that no nonline-
arity-related ambiguity remains in determining the
correlation dimension at n > 500. Figure 1 shows the
correlation integral C(/, n) plotted as a function of n.
For n < 100, the curve is clearly nonlinear (Fig. 1a).
Deviations from linearity are still evident for n < 200
(Fig. 1b) and for n <300 Fig. Ic). However, at
n = 1000, the plot is quite linear (Fig. 1d). If C(/, n)
varies linearly with n, the correlation dimension is a
valid tool for assessing the irregularity of the electro-
cardiographic signal. Therefore, only electrocardio-
gram segments for which n'= 1000 were used to cal-
culate the correlation dimension.

The degree of disorganization of cardiac electric
activity was also assessed by calculating the entropy S

§ ==k[ f(x,0)In f(x, 1)dx, )

where f(x, 1) is the probability of a given state of the
system at time 7, which can be estimated from the
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Fig. 1. Correlation integral C({, n) plotted vs. the embedding dimension n ranging from unity to (a) 100, (b) 200, (c) 300, and

(d) 400.

amplitude histogram; and k is the proportionality co-
efficient, which was set to unity in our calculations.

RESULTS

In humans and laboratory animals, the electric
activity of the heart during ventricular fibrillation ex-
hibited generally similar chaotic dynamics. However,
in quantitative terms, the degree of disorganization
was different in various species. In Fig. 2, fragments
of electrocardiograms of a rat (Fig.2a) and a dog
(Fig. 2b) recorded during experimentally induced ven-
tricular fibrillation are shown along with the corre-
sponding histograms of relative beat-to-beat change
in amplitude (Figs. 2e, 2f) and scattergrams (Figs. 2c,
2d), which are geometrical descriptors of the chaotic
dynamics of the fragments shown. The amplitude and
frequency characteristics of ventricular fibrillation
vary markedly among different species. Therefore, we
attempted to develop a unified technique for compar-
ing the parameters of ventricular fibrillation in

different species that would not depend on the electro-
cardiographic signal intensity. Thus, constructing his-
tograms, we chose to consider relative beat-to-beat
changes in amplitudes (A, y— A)/A e, rather than
their absolute values A;. As can be seen in Figs. 2c—f,
the chaotic component was greater in the dog (eight-
bin histogram) than in the rat (five-bin histogram).
Visual inspection of their scattergrams leads to the
same conclusion, which is further confirmed by calcu-
lating various chaos-theory-derived indices. For the
dog electrocardiogram shown in Fig. 2b, entropy S
was estimated at 1.73; the period-splitting index W,
at 3.7; and the pointwise correlation dimension PD2i,
at 3.1. For the rat electrocardiogram (Fig. 2a), all
these parameters were smaller: S=1.42, W= 2.4, and
PD2i=2.5. The results of other experiments were
similar (table). The table shows the quantitative indi-
ces of chaos calculated from electrocardiograms re-
corded from 17 laboratory animals (dogs, rats, and
rabbits) during 235 episodes of experimentally
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Fig. 2. Comparison of irregular components in electrocardiograms recorded from patients during sudden ventricular fibrillation
with those in electrocardiograms recorded from laboratory animals during experimentally induced ventricular fibrillation: (a, c, e)
rats and (b, d, f) dogs and humans. Examples of (a, b) raw recordings; (¢, d) corresponding scattergrams (arb. un.); and (e, )
probability-distribution histograms of relative beat-to-beat change in amplitude d/A, where d = A,y - A;; and A is the pulse am-

plitude averaged over the entire segment.

induced ventricular fibrillation and from 5 patients
during episodes of sudden ventricular fibrillation.

The entropy of the process, which is a measure
of its irregularity, sharply rises as one proceeds from
sinus rhythm to ventricular fibrillation, with the
higher degree of irregularity corresponding to the
greater fractal dimension of chaos. The latter was
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smaller in humans than in dogs. The differences be-
tween these two species in S, W, and PD2i were the
largest and statistically significant at p < 0.001. In rats
and rabbits, these indices were usually smaller than in
dogs, but greater than in humans. No statistically sig-
nificant differences were found between rats and
rabbits.
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45F O Pd2i lation rate was nearly 1.5-fold higher in dogs than in
a0t —_ humans. This analysis shows that ventricular fibrilla-
' tion is differently structured in humans and animals.
350 S The quantitative characteristics of the regular and ir-
3.0F I regular (chaotic) components of the electrocardio-
25k { graphic signal during ventricular fibrillation vary
from species to species.

2.01 [
15k \ I To understand the mechanism whereby these
\ differences arise, we took a closer look at the pe-
1.or \ riod-splitting index W. Previously [5], we found that,
0.5 \ \ during fibrillation, interbeat intervals are quantized to
0.0 ; \\ I \ discrete complexes via splitting of the period of the

F4

Fig. 3. Pointwise correlation dimension PD2i, entropy S,
and the period-splitting index W for (/) dogs and (2) hu-
mans (mean and standard deviation).

In general, ventricular fibrillation contains both
regular and irregular (chaotic) components. There-
fore, we used the parameters of two types to describe
the electrocardiographic signal; the regular compo-
nent was assessed by determining the ventricular fi-
brillation rate and the sinus rate in the period preced-
ing ventricular fibrillation (see table).

The fibrillation rate was highest (16.0 Hz) in rats
and lowest (6.9 Hz) in humans. During sinus rhythm,
the beat interval in rats was found to be nearly half
that in humans; likewise, during ventricular fibrilla-
tion, the heart rate in rats was roughly twice that in
humans. In contrast, although dogs and humans were
similar in the normal sinus rate, the ventricular fibril-

normal sinus thythm T. In general, ventricular fibrilla-
tion may be viewed as an erratic series of excitation
complexes with variously split periods: 1/2, 1/3, 1/4,
2/3, 3/5...MIN, where N is the number of fibrillation
interbeat intervals that fit to M interbeat intervals of
the normal sinus rhythm. The degree of irregularity in
ventricular fibrillation depends on the relative contri-
butions of various M/N components to the overall
structure of the process and on the stability of patterns
of their alternation. To quantitatively assess these
phenomena, we used the period-splitting index W,
which is defined as the mean number of interbeat in-
tervals during ventricular fibrillation fitting to one
interbeat interval of the normal sinus rhythm. The pe-
riod-splitting index W for humans and laboratory ani-
mals is shown in the table. As with entropy and PD2i,
we found that the largest period-splitting index was in
dogs and the smallest one in humans (Fig. 3). By way

Quantitative indices for assessing the regular and irregular (chaotic) components of the electrocardiographic signal during
ventricular fibrillation in humans and various animal species -

Irregular (chaotic) component Regular component
: _—— . Interbeat interval dur-
Species = -splitti
P Entropy P0.1nlw1.sc cor'rcla Perlold splitting ing sinus rhythm be- VF rate, Hz
tion dimension index
fore VF, ms
1.3-1.8 2.1-2.8 2.2-29 360440 6.2-7.6
Humans .
1.520.3 2603 27+03 393 £27 6.9+0.8
B 1.6-2.1 3.0-3.5 3.345 280-490 8.1-13.2
0gs
. 1.9+£0.3 32+£02 40+03 362132 10.6 £2.1
) 1.5-2.2 2.7-3.1 2.1-2.9 250-270 8.4-11.2
Rabbits
1.7£04 29+0.21 2.8+0.35 260+ 15 100+ 1.1
B 1.4-2.1 2.5-2.9 2.2-3.7 170-220 10.1-20.1
ats
1.6+04 27102 3.0£02 190 £20 160£1.8
Note: Upper line, range; lower line, mean and standard deviation.
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that had the same normal sinus rate (Fig. 4). Obvi-
ously, the longer the interbeat interval during normal
sinus rhythm, the greater the values of the pe-
riod-splitting index and the pointwise correlation di-
mension. Interestingly, if the dogs and humans devel-
oped ventricular fibrillation from the same normal si-
nus rate, whatever its value, the period-splitting index
and the pointwise correlation dimension were usually
higher in dogs than in humans.

DISCUSSION

Asking in the title “Is fibrillation chaos?”,
Kaplan and Cohen [5] answer that fibrillation seems
to be a nonchaotic random signal. They note, how-
ever, that such random-looking but nonchaotic behav-
ior can also be generated by a nonlinear deterministic
system. Our results lead us to believe that ventricular
fibrillation is not a random process. In other words,
ventricular fibrillation is more a regular process (per-
taining to a deterministic system) than it is a random
signal. The evolution from the norm (sinus rhythm) to
ventricular fibrillation proceeds via a large spectrum
of intermediate split rhythms and can be quantita-
tively characterized with the period-splitting index.
This index is as informative as other quantitative mea-
sures of chaos in ventricular fibrillation, such as en-
tropy or the correlation dimension. Our results are
consistent with the data of spectral analysis of ven-
tricular fibrillation reported by Goldberger et al. [9].
The spectrum obtained in that study contained a dom-
inant frequency component and small-amplitude har-
monics at frequencies forming a 1:2:4 or 1:2:3 ratio
with the dominant frequency. Presumably, the pe-
riod-splitting index might be a useful quantitative
measure of this behavior. Our results show that it is
this index that works best in assessing the degree of
disorganization of electric activity of the heart during
ventricular fibrillation in humans and various animal
species. The species-related differences in the indices
of chaos described in this study suggest that there is a
link between a nonlinear fractal structure of the con-
duction system of the heart and the nonlinear modes
of behavior of this structure. This hypothesis was put
forward by Goldberger et al. [9]. They explained the
frequency shifts in the power spectrum during ven-
tricular fibrillation by the fractal geometry of the con-
duction system of the heart. By fractal geometry is
meant the hierarchic structure of the His-Purkinje sys-
tem, with its numerous branching points of fiber

BIOPHYSICS Vol.47 No.2 2002
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frequency shifts in the power spectrum during ven-
tricular fibrillation by the fractal geometry of the con-
duction system of the heart. By fractal geometry is
meant the hierarchic structure of the His—Purkinje
system, with its numerous branching points of fiber
elements that differ in length and rate of electric im-
pulse conduction (Fig.5). An impulse arriving at a
branching point gives rise to new impulses that propa-
gate at lower hierarchic levels. At each next bifurca-
tion point, the impulse splitting process is repeated.
An electric impulse on the heart surface is a superpo-
sition of individual impulses v(z = 1(j))

N
V(t)=) v(r=1(j)). 3)

Jj=1

By Goldberger’s hypothesis, the normal hierar-
chic sequence of depolarization events turns to cha-
otic during ventricular fibrillation; and the parameters
of the chaotic dynamics are determined by the partic-
ular type of the fractal geometry of the conduction
system. The electrophysiological and morphological
heterogeneity of animal myocardium [1] is in line
with this hypothesis. Our data concerning the degree
of disorganization of electric activity of the heart dur-
ing ventricular fibrillation also indicate that there are
considerable differences between species (humans,
rats, rabbits, and dogs). Presumably, these differences
reflect the species differences in the amount of hetero-
geneity of myocardium and in the fractal geometry of
the conduction system. On the other hand, ventricular
fibrillation can be viewed as a series of bifurcations
bringing myocardium from the stable state with

MEZENTSEVA et al.

normal sinus rhythm to an unstable state (ventricular
fibrillation), which is a superposition of split-period
harmonics [10]. Metaphorically speaking, ventricular
fibrillation is a path to chaos going via harmonic os-
cillations.
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