
PHYSICAL REVIEW E SEPTEMBER 1997VOLUME 56, NUMBER 3
Unstable periodic orbits in human epileptic activity
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We examine in detail subdural recordings from a patient with an epileptic focal seizure, highly unusual in
the ongoing nature of the discharges and in the lack of cognitive impairment. We applied a recent method for
detecting unstable periodic orbits to the series of time intervals between successive spike discharges, and report
that a few unstable fixed points exist within their apparent random fluctuations. The statistical significance of
this underlying deterministic dynamics is assessed using surrogate data. In particular, the approaches of tra-
jectories toward the unstable periodic patterns are observed in the sequences immediately following the per-
ceptual tasks. This suggests that the act of perception contributes in a highly specific manner to pulling the
epileptic activities towards particular unstable periodic orbits, which closely resemble the technique called
chaos control for stabilization of unstable periodic orbits.@S1063-651X~97!13208-1#

PACS number~s!: 87.10.1e, 05.45.1b
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I. INTRODUCTION

EEG recordings are complex signals that may prov
valuable information about the underlying neuronal acti
ties. Several investigators have applied the methods com
from the field of nonlinear dynamical analysis to EEG s
nals recorded during different behavioral states@1#. In the
case of the EEG recorded during epileptic seizures, nonlin
dynamical analysis provides a potential way to postul
some synthetic properties of the neuronal networks lead
to the generation of epileptic activity@2,3#. In these studies
one seeks a global measure, for example, dimension or
ric entropy, of the underlying processes with the aim of d
tinguishing whether the EEG signal may be generated b
noise source or by a nonlinear system with deterministic
namics. A basic limitation in these methods arises from
difficulties in characterizing local structures in the state sp
or rare events that are very localized in time, which are of
lost when such statistical averaging methods are applied
this work, we illustrate that detailed information about a ne
ral dynamics can be obtained if attention is focused on
ceptionally close returns of the trajectory to itself. This
motivated by the observation that chaotic systems typic
have embedded within them an infinity of unstable perio
orbits @4#. In particular, a type of local geometry around
unstable periodic orbit often encountered in chaotic syste
is a saddle dynamics@5# where the trajectories move towar
the periodic orbit along a stable manifold and move aw
along an unstable manifold. Moreover, many standard te
niques@6# exist to stabilize unstable periodic orbits by app
ing small parameter adjustments that nudge the system c
to the desired periodic state. Therefore, the ability of co
plex systems to access many different behaviors, comb
with its sensibility, offers great flexibility in manipulating th
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system’s dynamics to select a desired behavior@7#. In the
case of complex biological systems such as the brain,
evidence of unstable orbits and the opportunity to influen
their dynamics by tiny perturbations are of considerable n
robiological relevance.

Furthermore, in the context of epilepsy, if the neuroele
trical activities have a short-term predictability and this p
dictability can be detailed in the geometrical structure of
periodic orbits, not only does one gain an insight into t
nature of the neural basis of epileptic discharges, but n
therapeutic intervention can be envisaged from these
namical patterns. In fact, it has been suggested@8# that the
underlying existence of unstable periodic orbits may of
the opportunity to reduce the periodicity of a system by mo
ing its states away from them. This basic idea~also known as
‘‘anticontrol of chaos’’! was initially tested with prior results
in the hippocampal slices from a rat by direct current inje
tions at the site of the cellular discharges@8#. Nevertheless, a
more profound analysis of the epileptic dynamics is nee
before definite conclusions about the underlying models m
be drawn. One issue of our work is then to ask whet
human epileptic activity possesses deterministic structu
amenable to such anticontrol methods, which desynchro
the periodic behavior typical of epileptic seizures and p
haps suppress the seizure generation@9#.

We present here a detailed study of the temporal struc
of a rare case of sustained discharge from an epileptic fo
recorded with subdural electrodes placed in a refractory
leptic patient. Specifically, the macroscopic electrical acti
ties of the focus studied here display spontaneous and ne
periodic 2 Hz epileptiform discharges or spikes~Fig. 1!. The
generation of these focal epileptic discharges reflects
tained hypersynchronization of a localized neuronal agg
gate. If this epileptic focus itself has spatial limitations, t
temporal evolution of the epileptic discharges is ultimate
grounded on the strong connections of these neurons w
network of neurons distributed throughout the brain. The
tient under study represents then a rare occurrence to stu
3401 © 1997 The American Physical Society
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FIG. 1. 10 s of the local field recording~in mV! from the subdural electrode in the epileptogenic region. Highly stereotyped and n
periodic epileptic discharges are continuously observed. By using the spikes as natural time markers, we studied here the time
interspike intervalsTn .
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detail the dynamics underlying the spike time series. By
ing the spikes as natural time markers, we can examine
small time fluctuations between these events in a time-d
plot ~Sec. III!. In a companion paper@10#, we report signifi-
cant correlations in the first return map of interspike int
vals, and in particular the tendency of successive state po
to cluster around a few distinct short-term periodic activiti
Furthermore, the perceptual tasks the subject was reque
to perform are shown to pull the epileptic activities towar
specific periodicities. Our goal in the present work was
signed to test whether the emergence of the periodic ac
ties has some degree of determinism. This question is in
tigated here by the detection of unstable periodic orbits~Sec.
IV !. We test then the degree to which these patterns
related with the cognitive tasks~Sec. V!.

II. EXPERIMENTAL SETUP AND CLINICAL DATA

Recordings were obtained from subdural implants o
matrix of 36 electrodes over the occipito-parietal cortex o
23-year old male in view of surgical treatment. The sign
were amplified and filtered using a 0.08–100 Hz bandp
filter, digitized at 1 kHz, and down-sampled to 3 ms.
highly stereotyped and nearly periodic epileptic discharge
spikes was continuously recorded under a single poin
contact ~Fig. 1! throughout the four days of preoperativ
monitoring without spread to adjacent contacts, suggestin
very local focus under 1 cm2. Under axial magnetic reso
nance, this contact was determined to be at the junction
tween area 19 and the inferotemporal cortex. Respectin
protocol of informed consent, the subject was seated i
recording chamber under scotopic conditions, seated in f
of a stimulation screen, and fitted with an acoustic head
The recordings were taken in blocks comprising three c
secutive experimental conditions:~A! a rest period~500 s!,
~B!,~C! the performance of a visual and auditory discrimin
tion task implying a finger response. For the rest condit
~A! the subject was requested to remain steady while fixa
on a red light on the stimulation screen. The two discrimin
tion tasks followed an ‘‘odd-ball’’ protocol~the subject was
asked to press a button as soon as he detected a rare
stimulus!: For the auditory discrimination~B!, a high pitch at
1 kHz target sound was briefly presented biaurally 20%
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the time, randomly interleaved with a low pitch at 0.5 kH
nontarget sound presented 80% of time for a total of 4
presentations over a duration of 405 s. For visual odd-b
discrimination~C! 80 nontriangles~three ‘‘Pacman’’ shapes
presented equidistantly! were presented foveally 20% of th
time ~405 s!, interleaved with 160 nontarget stimuli of typ
N1 ~triangles drawn by lines! or 160 of typeN2 ~triangles
forming a line by edge completion!. As instructed, a finger
response was only given when the target stimulus was
sented. The patient performance for the two discriminat
tasks was excellent~100% correct responses for the two di
crimination tasks!. For further details see@10#.

III. RECONSTRUCTION OF THE DYNAMICS
FROM INTERSPIKE INTERVALS

The first step toward assessing the system’s dynamic
to estimate an acceptable minimum embedding dimensio
the raw EEG recordings. In order to test the reliability of
embedding, one examines the number of self-crossings o
trajectories in the reconstructed state space by the metho
false nearest neighbors@11#. The idea behind this test is t
check whether nearest neighbors in the reconstructed
space are neighbors due to the dynamics or rather due to
projection of the original state space into a space of inapp
priately low dimension. To this end, one looks for near
neigbors in ad-dimensional space and calculates the dista
of these points in a (d11!-dimensional space. If the distanc
in the higher-dimensional space is very large, we have fo
a false nearest neighbor~FNN! since the two points are clos
in d dimensions only due to the too low-dimensional proje
tion. The percentage of FNN over all pairs of neighbo
tested should go to zero when we have found a good em
ding. Using a time lag defined by reconstruction expans
@12#, we use all data sets to discover the percentage of F
shown in Fig. 2. For the three EEG signals, there is a sh
drop to zero at dimension 4 after which the percentage
FNN remains zero. This provides evidence that a low e
bedding dimension is able to capture the features of the
observed.

The decomposition of a given signal into several char
teristic events may bring valuable information@13#. In the
epileptic activities, peaks of the activity, or spikes, and int
spike periods are distinguable events with considerable n



ors
r

to
of

ed

y

56 3403UNSTABLE PERIODIC ORBITS IN HUMAN EPILEPTIC . . .
FIG. 2. Percentage of false nearest neighb
~FNN! as a function of embedding dimension fo
the EEG recordings in the resting~A!, auditory
~B!, and visual~C! discrimination conditions. For
the three EEG signals, there is a sharp drop
zero at dimension 4 after which the percentage
FNN remains zero. For the computation, we us
the threshold sizesRtol510 andAtol52 ~see Ref.
@11# for details!. The time lag is defined here b
the method of reconstruction expansion@12#.
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robiological and clinical significance. The succession in ti
of these events is very important for understanding the se
rate underlying physiological processes. In the study h
the ongoing and localized spikes produced by the epile
focus provide an opportunity to study the dynamics of s
cession of interspike intervals. To obtain the intervals
tween spikesTn from the continuous outputs~Fig. 1!, we
follow Sauer@14# and pass the voltages through a thresh
detector, which outputs a narrow pulse each time a posit
going threshold crossing occurs. We studied then the t
series of interspike intervals$Tn%n51

N @conditions ~A!
N51062, ~B! N5887, ~C! N5851#. These time series ex
hibit a considerable cycle-to-cycle variability around a me
as clearly seen when plotted in a cumulative histogram@Fig.
3~a!#. There are no significant differences in the mean@condi-
tions ~A! m50.470 s,~B! m50.475 s,~C! m50.456 s# and
dispersion values@conditions~A! s50.038 s,~B! s50.047 s,
e
a-
e,
ic
-
-

d
e-
e

,

~C! s50.056 s# among the three study conditions.
From the perspective of nonlinear dynamics, that de

embedding of the interevent intervals may also be used
reconstruct the dynamics of a system was recently dem
strated@14#. When a chaotic signal is fed into a thresho
crossing detector, the time-delay plot of time intervals b
tween crossings reconstructs a Poincare´ section of the under-
lying dynamics. We consider here a first return map of t
successive intervals,Tn11 versusTn @Fig. 3~b!#, and then the
sequence of state points (Tn ,Tn11) displayed in this map
can be interpreted as a projection of the original lo
dimensional state-space trajectory. We do not expect her
fully disentangle all trajectories of the dynamics with a tw
dimensional embedding, but, as in other previous w
@8,15,16#, we are ultimately interested in the geometric pro
erties of low-period orbits, which could be identified in th
first-return map.
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FIG. 3. ~a! The full data sets of interspike intervals$Tn%n51
N (N51062 spikes! and the interspike interval histogram for the resti

condition~A!. Notice thatTn exhibit a considerable cycle-to-cycle variability around the meanm50.47 s.~b! First return mapTn11 vs the
previousTn for the resting condition.~c! Density of points in the return map located within a small circle~of radius 8 ms! around a particular
value T of the diagonal. This density indicates the probability that successive intervals will remain around a chosen timeT. Three main
probability peaksT1 ,T2, T3 are marked with arrows and indicated with circles in the return map. The inhomogeneous clustering of the
is a significant indication that successive interspike intervals are correlated.
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IV. DETECTING UNSTABLE PERIODIC ORBITS

In the first return map, the diagonal line is the locus wh
two intervals are identicalTn5Tn11; an accumulation of
points are traces of 1-periodic activity. In contrast, if t
density is uniform along vertical lines, the probability of in
terval Tn11 is independent of the value of the previous i
terval Tn , and there is no trace of correlated activity.
visual examination of the first return plots for the vario
e

conditions shows accumulations of points into a few disti
groups that cluster around discrete positions along the d
onal @Fig. 3~b!#. More precisely, we estimate the density
points in the return map located within a small circle~radius
of 8 ms! around a particular valueT of the diagonal. This
density tells us the probability that pairs of successive in
vals will remain around a chosen valueT. As shown in Fig.
3~c! not all values ofT have similar probabilities, thus sig
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56 3405UNSTABLE PERIODIC ORBITS IN HUMAN EPILEPTIC . . .
nifying that successive spikes are correlated since recurr
times fall into three evenly spaced distinct peaksT1, T2, T3
~corresponding, respectively, to periodicities around 0.
0.465, and 0.48 s!. These three peaks can be also found in
experimental conditions, and are most clearly seen during
auditive and visual discrimination tasks@10#. These recur-
rence times may reflect the presence of unstable fixed po
Nevertheless, sequences that resemble fixed points can
be observed in stochastic correlated data@17#. In order to
establish whether the fixed point sequences observed in
data arise from occasional chance correlations between
cessive data points, we further consider the trajectories in
neighborhood of the recurrence points, and also examine
statistical significance of the detections in order to avoid s
jective selection. A simple method for detecting unstable
bits was recently introduced by Soet al. @18#. This method
utilizes a transformation of the experimental time seriesTn :

Tn̄ 5 @Tn112sn~k!Tn!/@12sn~k!#, ~1!

where

sn~k! 5 ~Tn122Tn11!/~Tn112Tn!1k~Tn112Tn!.
~2!

All points that lie in the linear region of a fixed pointT* will
be transformed to the vicinity nearT* . Thus if we plot a
histogramr( T̄n) of the transformed time seriesTn̄ there will
be a sharp peak atT̄5T* . Thus in contrast to typical ‘‘re-
currence’’ based methods@4,5#, the transformation in Eqs.
~1! and~2! utilizes by construction all the points in the line
region of a fixed point to form a peak. Since spurious pe
depend on the parameterk but not on the true peak at th
fixed point, the spurious peaks will be eliminated to ra
domly pick many differentk5kR with R chosen randomly
in @21,1# for each T̄ value, and form the average overk,

^r( T̄)&k , of the resulting distributions. The reliability of thi
detection of fixed points can be further assessed by tes
the statistical significance of the peaks against carefully c
structed controls. We want particularly to exclude detect
in our data that can be accounted for linear correlation
time. Thus, we have used the method of surrogate data@19#
for the generation of two types of control signals where l
ear properties of the data are preserved~i.e., autocorrelation,
power spectrum!, yet the data are randomized to destroy d
terministic structure that may be present. In the first ty
~type I of Ref.@19#!, a random phase is added to each co
plex coefficient of the Fourier transform and an inverse F
rier transform then generates a new random time series.
second type of surrogate~type II of Ref. @19#! assumes tha
the data came from a normally distributed random proc
that was filtered through a nonlinear filter. If our metho
cannot distinguish surrogate series from the observed se
then the result provides no evidence for underlying determ
ismic unstable periodic orbits. We denote by^rorig(T)& the
statistic calculated for each pointT of the original time se-
ries, and^rsur(T)& for the surrogates; the significance c
then be estimated by a one-tailed Monte Carlo test@20#:
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P5
„number of case$^rsur~T!&>^rorig~T!&%… 11

~number of surrogate!11
. ~3!

Here 39 different realizations of each type of surrogate d
set are produced. If̂rorig(T)& is greater than all surrogat
results for a particular value ofT, then we can reject at a
significant level ofP50.025 the null hypothesis that the de
tection of periodic orbits in the data can be explained b
simple linear stochastic process modeled by the surroga
and assume deterministic structures to be present. The re
of the detection of fixed points are shown in Fig. 4 for t
three experimental conditions~A!–~C!. The lower plots
show the histogramŝr( T̄)& of the transformed time serie
as a solid curve, and the surrogates’ mean histograms
plotted as dotted and dashed curves. The upper plots in
condition show the degree of statistical confidence of
detection@defined as 100~12P)% in the figure#. Arrows in-
dicate the values where the detection is positively confirm
by the rejection~at a level of 97.5%) of the two null hypoth
eses defined by the surrogates. During the resting cond
~A!, three distinct peaks atT1, T2, andT3 @corresponding to
the related recurrence times observed Fig. 3~c!# are discern-
ible, but only the peak located atT350.48 s was deemed to
be statistically significant for an unstable fixed point. Duri
the visual discrimination tasks~C!, the same three time in
tervals have strong peaks rising sharply above the surroga
means where the significance of unstable fixed points
clearly demonstrated. During the auditive discriminati
tasks~B!, only a sharp peak atT250.46 s gives a positive
result for the significance of fixed points.

The principal aspect of the significance of these dyna
cal patterns can be directly obtained by examining individ
short sequences of points around the diagonal. A typical
ample of recurrent observed trajectories is shown for po
T2 in Fig. 5, displaying the sequence of points numbe
717–721. From points 717–719, the state of the system
drawn toward the diagonal along a specific linear slope,
after point 719 it diverges away from the diagonal with
different slope. Other sequences of points moving toward
fixed pointsT2 and T3 along a line and outward along an
other line are shown in Fig. 5. This direct observations
vealed that the trajectories around the fixed points look v
much like motion near a fixed point of the saddle focus ty
with stable and unstable manifolds that intersect at the fi
point. More precisely, the bottom of Fig. 5 shows the cum
lative histograms of the steepness of the approach and de
ture related to the two pointsT2 andT3. These slopes were
calculated by least-squares line fits of three sequential po
with the condition that the intersection with the diagon
must lie within a circle of specified radius~here 8 ms! cen-
tered at the location of the fixed point. We can see that
steepness of the approach has in each time series a prom
peak. Further, these peaks were markedly similar across
different series in the resting~A!, auditive tasks~B!, and
visual tasks~C! for each fixed point examined. Similar re
sults were obtained for the steepness of departure, but
short sequences of divergence make it more difficult to
curately estimate their slope. In a two-dimensional plot,
slopes of approach and departure are numerically equa
the eigenvalues at the fixed point. For the all-fixed-point
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FIG. 4. Histogram plots of the transformed time series^r( T̄)&k ~arbitrary units! averaged over 500 values ofk, where k55R,
RP@21,1#, for the resting~A!, auditory ~B!, and visual~C! discrimination conditions. For each time series, we applied the detec
method of periodic orbits to the original data and to two groups of 39 truly stochastic data~surrogates of type I and type II! with similar
statistical properties. The lower plots show the histograms of the transformed time series as a solid curve, and the surroga
histograms are plotted as dotted curves~type I! and dashed curves~type II!. The upper panels determine the significance of unstable fi
point against each null hypotheses~squares, surrogate of type I; black triangles, surrogates of type II!. Arrows indicate the values where th
null-hypothesis~at a confidence level of 97.5%) can be rejected for the two types of surrogates.
in
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quences in the three time series, we estimated the follow
stable eigenvalues: forT1, ls520.4160.18; for T2, ls

520.4560.12; for T3, ls520.4760.11. We estimated the
following unstable eigenvalues: forT1, lu523.0360.56;
for T2, lu523.1160.74; forT3, lu523.0860.55.
g V. EFFECT OF SPECIFIC STIMULUS CONDITIONS

The epileptic focus is reciprocally connected to oth
more or less distant neural sources and is part of an exten
network of neural activities that exert their modulation. A
reported in a companion paper@10#, the small-scale change
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56 3407UNSTABLE PERIODIC ORBITS IN HUMAN EPILEPTIC . . .
FIG. 5. Top: first-return map showing visitations of two particular fixed points,T250.465 s andT350.48 s. For each sequence, th
starting points are indicated by arrows. Multiple trajectories~here symbol coded! that did not follow each other in time approach th
neighborhood along a stable direction and diverge away along a different unstable direction~see, for instance,T2, points 717–720, black
circles!. The stable and unstable manifolds are estimated by straight line fits to all the visitations, and are indicated by a heavy black
arrows pointing toward the unstable fixed points or by arrows pointing away from the fixed point. Bottom: histograms of the sl
approach~heavy! and departure~light! of T2 andT3 calculated with straight line fits to sequences of 3 points moving toward or moving a
from a small circle~radius 8 ms! around the fixed points. We can see that the steepnesses of the visitation direction have in each tim
two prominent peaks. Further, these peaks were markedly similar across the different series~A!, ~B!, and~C!.
ec
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in the internal structure of the epileptic spike pattern refl
the cognitive tasks. Accordingly, the previous section sho
also clear changes in the significance of the unstable fi
points@for example, between conditions~B! and~C!#. In this
section, we examine in the return map the segments
the trajectories directly related with the discrimination tas
The first step toward assessing task-related events in
t
s
d

of
.
he

interspike intervals is to separately analyze the target
non-target presentations for effects of condition. To do th
we consider the interspike intervalsTi corresponding to the
target~nontarget! presentation numberi ~80 target and 320
nontarget stimulations for a total of 400 presentations! and
observe in the intervals immediately followin
$Ti 1k%k50, . . . ,p21 the presence of an unstable fixed point
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FIG. 6. Histogram plotŝ r( T̄)&k ~solid curve! averaged over 500 values ofk, k55R, RP@21,1#, for interspike intervals directly
following the visual target, nontarget of typeN1, and nontarget of typeN2 presentations. Two types of surrogate are used: The typa
surrogates were obtained by scrambling the order of intervals in the sequences following a task. The typeb are obtained by randomly
choosing the times of target or nontarget presentations. The mean histogram of 39 surrogates is plotted as dotted curves for ta and
dashed curves for typeb. The upper panels show the significance of unstable fixed point against the null hypothesis~squares, surrogate o
type a; black triangles, surrogates of typeb). Arrows indicate the values where the null hypothesis~at confidence level of 97.5%) can b
rejected for the two types of surrogates.
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the same method as in the previous section. We set
p54. Because the time series considered are extrem
short, the surrogate algorithms previously used are not
ably applicable. Here statistical controls were obtained
scrambling the order of intervals in the sequences follow
a task~type a). The null hypothesis is then that there is n
re
ly

li-
y
g

dynamical correlation at all from one interval to another.
second form of surrogate data to investigate significant
fects following a stimulus presentation is further obtained
randomly choosing artificial times of target or nontarget p
sentations~type b). The null hypothesis is that there is n
correlation between the timings of stimulus presentation
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56 3409UNSTABLE PERIODIC ORBITS IN HUMAN EPILEPTIC . . .
the related interspike intervals. The results of the detectio
fixed points are shown in Fig. 6 for the visual tasks, and F
7 for the auditive tasks. The plots show the cumulative h
tograms~normalized over the number of stimulations! of all
the transformed time series for target and nontarget stim
tions, and also the degree of statistical confidence that

FIG. 7. Histogram plotŝr( T̄)&k for interspike intervals directly
following the auditive target and nontarget presentations, the s
parameter values and legends as in Fig. 6.
of
.
-

a-
he

original data can be distinguished from the statistical c
trols.

As shown in Fig. 6, when this analysis was applied to
visual target presentations using the typea surrogates, the
existence of statistically significant unstable fixed points w
particularly pronounced for the three peaks atT1, T2, andT3.
However, the typeb surrogate test shows that only one pe
at T2 is directly associated with the visual target presen
tions. In the case of the visual nontarget presentations of t
N1, one significant peak atT3 was common to both surro
gate tests. In the case of the nontarget presentations of
N2, a significant effect was also demonstrated for one p
at T1. Shown in Fig. 7, similar computations were perform
for the auditive stimulations. The trajectories associated w
target presentations exhibit one significant peak nearT2 for
both surrogates. In contrast, peaks were virtually absent
the nontarget presentations. In sum, these results reve
striking one-to-one association between a given sens
stimulus presentation and a specific unstable periodic orb
follows that in this patient a particular visual or auditiv
stimulus acted to drive the epileptic activity into various p
terns of specific short-time periodic activity.

VI. DISCUSSION

A. Dynamical patterns and epileptic mechanisms

The timing of discharges of the focal epilepsy analyz
here has provided consistent indications that the dynam
underlying spike generation is not a simple noise-perturba
limit cycle, but contains episodes of deterministic dynami
The identification of specific events that cannot be detec
with traditional linear models provides a synthetic charact
ization of the discharges generated by neuronal populat
in the site of focus, as well as long-range modulation fro
other connections in the brain. In spite of the fact that
simplicity of the first-return map used here cannot fully d
entangle all trajectories of state space, it does reveal lo
regions where it may be possible to make predictions a
cycles away. The validity of the first return plot is furthe
supported by the evidence of the low dimensionality of t
raw EEG recordings. Return maps of time intervals betwe
the occurrences of pulses are also explored by other re
works@8,16,21#. Furthermore, nonlinear predictions of futu
values have already been shown for neuronal discharge
the study of spinal cord reflexes and hippocampal slices@22#.
In addition, our results address the idea that the local tem
ral dynamics underlying the epileptic spikes are charac
ized by a tendency to fall into trajectories that approach
few periodic points along a specific slope, and remain nea
for a brief time before they diverge away. Although the s
nificance of the periodic points differs slightly among th
behavioral conditions studied, these local structures app
as invariant features of the dynamics for all our experimen
conditions, and thus reflect a consistent physiological ba
This picture from human subdural recordings during awa
behavior is quite comparable to the detection of an unsta
fixed point described in rats’ brain slices@8,15#. We also
assess the reliability of the detection of deterministic eve
by testing these statistical significances against surro
data that are random but preserve statistical properties o
original data.
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B. Unstable periodic orbits evoked by perceptual tasks

A particularity of the present work is that the EEG recor
ings of spike generation have been obtained under contro
circumstances during cognitive responses. A result of
study is that subtle changes in the dynamics of the epile
interspike intervals are associated with stimulus prese
tions. Consistent with our analysis of the periodic clusters
successive discharge intervals@10#, our case study show
here that a given sensory stimulus contributes to trigge
the trajectories in the state space towards specific unst
periodicities. In our epileptic patient, only one unstable pe
odic orbit is detected during the rest condition. In contra
during the visual discrimination task, 3–4 periodic orb
with their local deterministic structures emerge. Since
focal discharges were located in the visuotemporal regio
was to be expected that effects can be detected during
visual discrimination tasks. These increases in the dynam
complexity of the neuronal dynamics in relation to men
activity are in agreement with other recent studies@23#. Fur-
thermore, our findings of the dependence of dynamics
stimulus add support to the conjecture@24# that epileptic
activities are partially under the control of the brain’s ong
ing activity and suggest that the generation of a specific t
poral pattern in the epileptic discharges could be related
cognitive activity. This hypothesis is also indirectly su
ported by clinical obervations of seizures following audito
and visual stimulations, mental operation, or self-induc
suggestions@25#. In these cases, our work suggests tha
particular cognitive task may drive the neuronal activities
specific periodic behaviors, which can culminate in a patt
of synchronous activation of a more extensive population
neurons. From a more general point of view, other transiti
of brain activities into occasional coherent oscillatory sta
and induced by sensory stimulus can be also interprete
approaches of the neuronal dynamics toward low unsta
periodic orbits@26#. An example along this direction is pro
vided by the work of Freeman on the large-scale collect
behavior of the rabbit’s olfactory system@27#. Most of the
time, the EEGs at the surface of the olfactory bulb show
irregular spatiotemporal activities. However, when the a
mal inhaled a familiar odor, the electrical activities in ea
EEG recording became more regular for a brief period u
the animal exhaled. In fact, the ability of the brain to acc
many different unstable states and to alternate among t
offers a great flexibility in the control and selection of
t-
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desired behavior. Interestingly, these observations can be
derstood in the theoretical perspective of controlling cha
which exactly uses the unstable periodic orbits to convert
irregular dynamics of a system to a time-periodic one.
deed, models of neuronal networks show that different s
chronized oscillations could be switched on and off rapid
under the action of small perturbations by the techniques
chaos control@28#.

C. Therapeutic interventions

Several authors have advanced the view that, for so
physiological systems, a highly complex behavior is rela
to normality, while transitions to a lower complexity such
a nearly periodic behavior are viewed as a pathological l
of the range of adaptive possibilities~or ‘‘dynamical dis-
eases’’ @29#!. From this perspective, the epileptic seizu
with its massive rhythmic depolarization may be conside
as the expression of pathological corrective mechanis
Motivated by this, recent studies@30,31# investigate the pos-
sibility of using small control perturbation to preserve ch
otic motion or to redirect the system to a condition of high
complexity. Known as ‘‘anticontrol of chaos,’’ these tec
niques have successfully exploited specific locations in
state space for the maintenance of complexity in phys
systems. The method is based on perturbing a trajectory t
attractive periodic point with a small change in some syst
parameter so that it will fall away from its neighborhood, a
then offer the ability to break up periodic behavior. More
the point, delivering low-amplitude regularly timed electric
stimulations, Schiff@8# et al. were able to anticontrol the
seizurelike neuronal discharges in slices of rat hippocam
tissue, by perturbing a stable orbit, so that the next state p
falls close to the unstable direction, with a correspond
transition from periodic to complex behavior. Because
epileptic focus studied here displays comparable unstable
riodic orbits, we believe that similar strategies may even
ally be applied to such foci. In a clinical environment with
small array of electrodes already implanted in the patie
anticontrol techniques to maintain the trajectories of the e
leptogenic focus away from short-term periodic activities a
open as a realistic strategy@9# eventually combined with
modulation from selected cognitive tasks capable of relia
inducing trajectory changes. Our future work will further e
plore these pertinent issues.
,
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