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Using a recently formulated technique for vivo cardiac transmembrane current estimation, we
examined ventricular fibrillation for evidence of deterministic linear and nonlinear structure. Both
unstable fixed point analysis and a newly formulated measure of nonlinear determinism indicated that
ventricular fibrillationin vivo exhibits deterministic dynamics similar to those previously used in chaos
control.

PACS numbers: 87.22.—q, 05.45.+b, 87.45.Bp

Ventricular fibrillation (VF) is a frenzied and irregular in vivo [4,5], and by applying recently developed meth-
heart rhythm disturbance that renders the heart incapabtels for the identification of deterministic structure in
of sustaining life [1]. VF is always fatal within minutes time series [6], we have found evidence for deterministic
unless externally terminated by the passage of a largéynamicsin VF. The same sort of dynamics has been suc-
electrical current through the heart muscle. The use ofessfully exploited in the control of physical and biologi-
“chaos control” techniques to stabilize small patches otal chaotic systems [2,7—14]. The presence of observably
heart tissue has been reported [2], and recent theoreticdéterministic dynamics from excitable cardiac tissue has
work suggests that similar strategies may be applicable tbeen controversial [15—-20].
spatially extended systems such as ventricular fibrillation Our experimental preparations consisted of open-chest
(VF) in the whole heart [3]. anesthetized dogs, whose hearts were stuiiedvo af-

In prior analysis of experimental data VF has often beerter VF was electrically induced [5].7,, was measured
treated as a random and irregular process. This approaftom ventricular epicardium without cell disruption. Us-
precludes the development of feedback control strategigag this experimental technique, we have recently been
that would use small stimuli to terminate VF. For this rea-able to reliably differentiate propagated electrical activa-
son, it is important to uncover any deterministic dynamicgion from passive electrotonic alterations [5]. This ef-
that underlie VF. Here we report that by using a new techfectively identifies local electrophysiological events for
nique for measuring cardiac transmembrane cur(Eft  subsequent analysis. The ratio of the areas derived from
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FIG. 1. (a) Return plot of the time series generated by the ratio of negative to positiva(aremder the transmembrane current

for a typical 1 min interval ofin vivo ventricular fibrillation illustrating the local structure of the chaotic attractor. The range

of data displayed was narrowed to more clearly demonstrate the points contributing to the local structure. Note the flip saddle
structural appearance for points 23 through 29. Coordinates for the calculated unstable fixed point (FP), stable eigenealde
unstable eigenvalug\,) for this visitation of the unstable fixed point are provided above the plot. Diagonal dashed line is the line
of identity [A(i + 1) = A(i)]. (b) Another saddle structure [points 143—146] generated by a second representative VF time series

with abbreviations as in (a).
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the inwardly and outwardly directed,, A(i), as well center of the saddle, and stable and unstable manifolds that
as the deflection-to-deflection interval(i), was com- intersect at the fixed point. In a two-dimensional plot of
puted for each nonelectrotonic deflection [i.d() >  this kind, the slopes of the stable and unstable manifolds at

0] during VF, wherei = 1,2,..., indexes the deflec- the fixed point are numerically equal to the eigenvalues of
tion number. The 30 episodes of VF analyzed providedheir respective manifolds at the fixed point. If the state of
17 125 deflections for analysis. the system, as represented by a point if#(@), A(i + 1)]

Initial examination for evidence of determinism in theseplane, is quite close to the stable manifold but not close to
time series involved return plots @f(i + 1) versusA(i)  the fixed point, subsequent iterates will first move closer
and of similarly plotted interval data during the coursetoward the fixed point along the stable manifold and then
of VF (see Fig. 1). The shape of the cloud of points inmove away along the unstable manifold as indicated in
such a two-dimensional plot does not reveal any simplehe sequences shown in Fig. 1. In analyzing experimental
dependence ai(i + 1) on A(i). However, the sequence data, where the directions or even the existence of the
of points does suggest the existence of a deterministimanifolds are not knowra priori, we invert the above
mechanism involving an unstable fixed point [2,7—10]. Alogic and use the presence of such a sequence of points
fixed point may occur only wheA(i + 1) = A(i). as the initial evidence for the existence of a fixed point

A type of unstable fixed point often encountered inand related stable and unstable manifolds.
chaotic systems is a “saddle.” There is a fixed point at the
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FIG. 2. Time series for the Henon mafp(i + 1) = 1.4 + 0.3y(i) — x(i)%, (i + 1) = x(i)}, with seven visitations to the fixed

point automatically detected by scanning the time series (vertical lines). Return plots for the first four visitations presented below
with their respective stable and unstable manifolds. For the Henon map, the unstable fixed point is known to be characterized by
fixed point= 0.884, A, = —1.924. From scanning the time series FP0.882 * 0.0002 and A, = —1.973 * 0.007. The second

time series, labeled Surrogatés an example of one of the 10 surrogates formed from the Henon time series. When this surrogate
time series is scanned, four putative fixed points are obtained, which demonstrate a marked variation in both fixed point location
and architecture. Statistical significance between this Henon time series and the mean of 10 surrogates was found to have a sigma
value>50. When varying amounts of white noise were added to the Henon data, the ability to discern a difference between it and
its surrogates deteriorated; at 20% added noise the sigmal #alué, and at 25% added noise it was less than 3.
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A typical example of such a sequence from an episode This procedure yielded positive results Y30 VF
of VF is demonstrated by following state points 23—29 inepisodes when examining(i) and 9/30 episodes when
Fig. 1(a). From points 23 to 25, the state of the systenexaminingD(i). As an additional nhonparametric exami-
is drawn toward the unstable fixed point along the stableation for significance, the discriminating statistic for the
manifold. Points 26 through 29 demonstrate exponentiahine episodes oD (i) initially deemed significant were
divergence away from the fixed point along the unstablesimply plotted against the identically derived statistic for
manifold. A single visitation of an unstable fixed point 39 surrogates. If the value for the original time series was
from another run of VF is shown in Fig. 1(b) for greaterthan the values forall 39 surrogates, we judge that a
which we calculated (from 3 visitations) a fixed poit  statistically significant difference between the original and
0.971 = 0.007, A, = —1.70 = 0.53, andA, = —0.14 *= the surrogates has been found at the roughly 2.5% signifi-
0.10 (mean=* standard deviation Evidence for at least cance level. This final procedure yielded the results shown
three full sequences with the structure of Fig. 1 in eachn Fig. 3, where9/9 of the D(i) time series fulfilled this
1 min duration time series was observed 2#/30 VF  nonparametric criterion at the 0.05 significance level.
episodes when examining(i) and19/30 episodes when To further globally test for the existence of deterministic
examining D(i), with a maximum of six sequences nonlinear dynamics, we employed a quantitative method
observed in any time series. that has proven effective on short data sets from random

Sequences of points moving inward along a line andappearing but deterministic systems [6]. The analysis
outward along another line can be observed in randons based on the idea that in a deterministic system, the
data. Figure 2 shows data from the Henon map, which islynamical rule will be such that nearby states will have
known to have a fixed point at 0.884, consistent with thesimilar changes in state with time. The test evaluates
sequences observed in the data. Examining surrogate dasidence for this in the time series by calculating the
generated from the Henon map also reveals sequences tlifistancer between all pairs of reconstructed state space
resemble fixed points. The surrogate data is constructggbints and the distaneebetween the successive values [6].
by shuffling the original time series in a random mannerfor a perfectly deterministic system, the resulting curve of
that preserves the autocorrelation function of the originak vs r should slope toward = 0 atr = 0[6]. Again, we
data, and is equivalent to forcing a linear autoregressiveontrol for statistical fluctuations in the finite length time
model with white noise [21]. The fixed points identified series by using surrogate data [21].
in the surrogate data shown in Fig. 2 are dynamically When this analysis was applied to thA&i) and D(i)
spurious, and arise from occasional chance correlationtime series generated by the 30 VF episodes, evidence for
between successive data points. Note that the locatiomonlinear determinism was found Y30 when examin-
of the putative fixed point and the slope of the unstabléng A(i) and20/30 whenD(i) was examined. Evidence
manifold vary greatly from sequence to sequence in thef nonlinear determinism was deemed statistically signifi-
surrogate data, but are largely the same in the Henon dateant where(r = 0) for the data was lower thae(r = 0)

In order to establish whether the fixed-point sequencefor the surrogates by more than 3 standard deviations at
observed in the fibrillation data arise from chance, weembedding dimension 3 as shown in Fig. 4. We also
adopted the following procedure for each time series:

(1) The data was scanned for all sequences resemblin®  Normalized unstable fixed point ranking
fixed point dynamics.

(2) For each such sequence, the location of the putative

. . . og1_1_i AMHEE B+ + + O 0=6.3
fixed point and the unstable eigenvalue were calculated b .
least mean squares fit. dogl2i - em o O o=2t

(3) From all the fixed-point sequences in each time dog!-3-i —— O o=12
series, the three were selected that minimized the producdogt_6_i W £+ bt + o+ O o=54
of the variance of the location of the fixed point and dog1_s_i s b O o=16
the variance of the unstable eigenvalues. The inverse Ogog2 5. roms s e+ 4+ O 0=37
this minimized product of variances was then used as €40g3.1.i o 4 4 o + =33
discriminating statistic in a surrogate data test. T

(4) Ten different realizations of surrogate data were %°93-31 m———— © 0=50
constructed from the fibrillation time series, and stepsdog3 9. e 4+ b+ O * 0=25
(1)—(3) were carried out on each of the surrogate date T T
realizations. 0 1

(5) The 10 values of the discriminating statistic for ghen circle = VF interval data, + = surrogate values (39 surrogates)
the surrogate data were compared to the value of the

iceriminati iati i ; i IG. 3. Unstable fixed point discriminating statistic for the
discriminating statistic for the original time series and Wasr’jine ventricular fibrillationD (i) time series (with initialc > 3

deemed significant when the data was different than thﬁ)r 10 surrogates) and their corresponding 39 autocorrelation
mean value for the 10 surrogates by more than 3 standaffatched surrogates. Note that onl§ time series, when using
deviations(a > 3). 39 surrogates, had @ that fell below 3.
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A 200, B 200 paradigm that has dominated nonlinear dynamics data

] Data ¢ . analysis for the past decade. Instead, we present evidence
100 W & 4100 that VF contains episodes of simple dynamics interwoven

""" with a background of much more complicated dynamics.

g 2007 H 200 Although the work here suggests that the dynamics of

_\E_/ 100 Mw-sumimﬂm VF might be amenable to chaotic control techniques, the

=1 T " practical implementation of such control is still highly
2007 v

r200 speculative and will present significant challenges.
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