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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 orHi&1063-651X97)13208-1

PACS numbd(s): 87.10+e, 05.45+b

[. INTRODUCTION system’s dynamics to select a desired beha{idr In the
case of complex biological systems such as the brain, the
EEG recordings are complex signals that may provideevidence of unstable orbits and the opportunity to influence
valuable information about the underlying neuronal activi-their dynamics by tiny perturbations are of considerable neu-
ties. Several investigators have applied the methods comingbiological relevance.
from the field of nonlinear dynamical analysis to EEG sig- Furthermore, in the context of epilepsy, if the neuroelec-
nals recorded during different behavioral stafgét In the trical activities have a short-term predictability and this pre-
case of the EEG recorded during epileptic seizures, nonlineatictability can be detailed in the geometrical structure of its
dynamical analysis provides a potential way to postulateeriodic orbits, not only does one gain an insight into the
some synthetic properties of the neuronal networks leadingature of the neural basis of epileptic discharges, but new
to the generation of epileptic activifi2,3]. In these studies therapeutic intervention can be envisaged from these dy-
one seeks a global measure, for example, dimension or metamical patterns. In fact, it has been sugge$&dhat the
ric entropy, of the underlying processes with the aim of dis-underlying existence of unstable periodic orbits may offer
tinguishing whether the EEG signal may be generated by &he opportunity to reduce the periodicity of a system by mov-
noise source or by a nonlinear system with deterministic dying its states away from them. This basic idakso known as
namics. A basic limitation in these methods arises from the‘anticontrol of chaos’) was initially tested with prior results
difficulties in characterizing local structures in the state spacén the hippocampal slices from a rat by direct current injec-
or rare events that are very localized in time, which are oftenions at the site of the cellular dischard&$. Nevertheless, a
lost when such statistical averaging methods are applied. Imore profound analysis of the epileptic dynamics is needed
this work, we illustrate that detailed information about a neu-before definite conclusions about the underlying models may
ral dynamics can be obtained if attention is focused on exbe drawn. One issue of our work is then to ask whether
ceptionally close returns of the trajectory to itself. This ishuman epileptic activity possesses deterministic structures
motivated by the observation that chaotic systems typicallyamenable to such anticontrol methods, which desynchronize
have embedded within them an infinity of unstable periodicthe periodic behavior typical of epileptic seizures and per-
orbits [4]. In particular, a type of local geometry around an haps suppress the seizure generafin
unstable periodic orbit often encountered in chaotic systems We present here a detailed study of the temporal structure
is a saddle dynamid$] where the trajectories move toward of a rare case of sustained discharge from an epileptic focus
the periodic orbit along a stable manifold and move awayrecorded with subdural electrodes placed in a refractory epi-
along an unstable manifold. Moreover, many standard techeptic patient. Specifically, the macroscopic electrical activi-
niques| 6] exist to stabilize unstable periodic orbits by apply- ties of the focus studied here display spontaneous and nearly
ing small parameter adjustments that nudge the system closperiodic 2 Hz epileptiform discharges or spikgsg. 1). The
to the desired periodic state. Therefore, the ability of com-generation of these focal epileptic discharges reflects sus-
plex systems to access many different behaviors, combine@ined hypersynchronization of a localized neuronal aggre-
with its sensibility, offers great flexibility in manipulating the gate. If this epileptic focus itself has spatial limitations, the
temporal evolution of the epileptic discharges is ultimately
grounded on the strong connections of these neurons with a
*FAX: (00.49 2461.612430. Electronic address: network of neurons distributed throughout the brain. The pa-
quyen@hlrz31.hlirz.kfa-juelich.de tient under study represents then a rare occurrence to study in
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FIG. 1. 10 s of the local field recordin@n «V) from the subdural electrode in the epileptogenic region. Highly stereotyped and nearly
periodic epileptic discharges are continuously observed. By using the spikes as natural time markers, we studied here the time series of
interspike intervaldr, .

detail the dynamics underlying the spike time series. By usthe time, randomly interleaved with a low pitch at 0.5 kHz
ing the spikes as natural time markers, we can examine theontarget sound presented 80% of time for a total of 400
small time fluctuations between these events in a time-delagresentations over a duration of 405 s. For visual odd-ball
plot (Sec. ll). In a companion papdt.0], we report signifi-  discrimination(C) 80 nontrianglesthree “Pacman” shapes,
cant correlations in the first return map of interspike inter-presented equidistanjlyvere presented foveally 20% of the
vals, and in particular the tendency of successive state pointi§ne (405 9, interleaved with 160 nontarget stimuli of type
to cluster around a few distinct short-term periodic activities.N1 (triangles drawn by lingsor 160 of typeN2 (triangles
Furthermore, the perceptual tasks the subject was requestéarming a line by edge completionAs instructed, a finger

to perform are shown to pull the epileptic activities towardsresponse was only given when the target stimulus was pre-
specific periodicities. Our goal in the present work was desented. The patient performance for the two discrimination
signed to test whether the emergence of the periodic activitasks was exceller{i00% correct responses for the two dis-
ties has some degree of determinism. This question is invesrimination tasks For further details sefgl0].

tigated here by the detection of unstable periodic ont8tx.

IV). We test then the degree to which these patterns are !l RECONSTRUCTION OF THE DYNAMICS
related with the cognitive taskSec. V). FROM INTERSPIKE INTERVALS
The first step toward assessing the system’s dynamics is
Il. EXPERIMENTAL SETUP AND CLINICAL DATA to estimate an acceptable minimum embedding dimension of

the raw EEG recordings. In order to test the reliability of an

Recordings were obtained from subdural implants of aembedding, one examines the number of self-crossings of the
matrix of 36 electrodes over the occipito-parietal cortex of atrajectories in the reconstructed state space by the method of
23-year old male in view of surgical treatment. The signalsfalse nearest neighbof41]. The idea behind this test is to
were amplified and filtered using a 0.08—100 Hz bandpassheck whether nearest neighbors in the reconstructed state
filter, digitized at 1 kHz, and down-sampled to 3 ms. A space are neighbors due to the dynamics or rather due to the
highly stereotyped and nearly periodic epileptic discharge oprojection of the original state space into a space of inappro-
spikes was continuously recorded under a single point opriately low dimension. To this end, one looks for nearest
contact (Fig. 1) throughout the four days of preoperative neigbors in al-dimensional space and calculates the distance
monitoring without spread to adjacent contacts, suggesting af these points in ad+1)-dimensional space. If the distance
very local focus under 1 cf Under axial magnetic reso- in the higher-dimensional space is very large, we have found
nance, this contact was determined to be at the junction bex false nearest neighbNN) since the two points are close
tween area 19 and the inferotemporal cortex. Respecting ia d dimensions only due to the too low-dimensional projec-
protocol of informed consent, the subject was seated in &on. The percentage of FNN over all pairs of neighbors
recording chamber under scotopic conditions, seated in frortested should go to zero when we have found a good embed-
of a stimulation screen, and fitted with an acoustic headsetling. Using a time lag defined by reconstruction expansion
The recordings were taken in blocks comprising three conf12], we use all data sets to discover the percentage of FNN
secutive experimental condition€A) a rest period500 9, shown in Fig. 2. For the three EEG signals, there is a sharp
(B),(C) the performance of a visual and auditory discrimina-drop to zero at dimension 4 after which the percentage of
tion task implying a finger response. For the rest conditiorFNN remains zero. This provides evidence that a low em-
(A) the subject was requested to remain steady while fixatingedding dimension is able to capture the features of the data
on a red light on the stimulation screen. The two discrimina-observed.
tion tasks followed an “odd-ball” protocolthe subject was The decomposition of a given signal into several charac-
asked to press a button as soon as he detected a rare targeistic events may bring valuable informati¢h3]. In the
stimulug: For the auditory discriminatio(B), a high pitch at  epileptic activities, peaks of the activity, or spikes, and inter-
1 kHz target sound was briefly presented biaurally 20% ofkpike periods are distinguable events with considerable neu-
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robiological and clinical significance. The succession in timeg(C) ¢=0.056 § among the three study conditions.

of these events is very important for understanding the sepa- From the perspective of nonlinear dynamics, that delay
rate underlying physiological processes. In the study hereembedding of the interevent intervals may also be used to
the ongoing and localized spikes produced by the epileptieeconstruct the dynamics of a system was recently demon-
focus provide an opportunity to study the dynamics of suc-strated[14]. When a chaotic signal is fed into a threshold
cession of interspike intervals. To obtain the intervals becrossing detector, the time-delay plot of time intervals be-
tween spikesT, from the continuous outputéFig. 1), we  tween crossings reconstructs a Poineaetion of the under-
follow Sauer[14] and pass the voltages through a thresholdying dynamics. We consider here a first return map of two
detector, which outputs a narrow pulse each time a positivesuccessive intervald,, ., versusT, [Fig. 3(b)], and then the
going threshold crossing occurs. We studied then the timgequence of state pointd (,T,.;) displayed in this map
series of interspike intervalgT,}h_, [conditions (A) can be interpreted as a projection of the original low-
N=1062, (B) N=887, (C) N=851]. These time series ex- dimensional state-space trajectory. We do not expect here to
hibit a considerable cycle-to-cycle variability around a meanfully disentangle all trajectories of the dynamics with a two-
as clearly seen when plotted in a cumulative histogreig.  dimensional embedding, but, as in other previous work
3(a)]. There are no significant differences in the mgaondi-  [8,15,14, we are ultimately interested in the geometric prop-
tions (A) m=0.470 s,(B) m=0.475 s,(C) m=0.456 § and erties of low-period orbits, which could be identified in the
dispersion valuefconditions(A) 0=0.038 s(B) 0=0.047 s, first-return map.
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FIG. 3. (@ The full data sets of interspike interval¥,\N_, (N=1062 spikes and the interspike interval histogram for the resting
condition(A). Notice thatT,, exhibit a considerable cycle-to-cycle variability around the mmar0.47 s.(b) First return mapr,,, ; vs the
previousT,, for the resting condition(c) Density of points in the return map located within a small cifderadius 8 mgaround a particular
value T of the diagonal. This density indicates the probability that successive intervals will remain around a chosEnTthmee main
probability peakd;,T,, T4 are marked with arrows and indicated with circles in the return map. The inhomogeneous clustering of the points
is a significant indication that successive interspike intervals are correlated.

IV. DETECTING UNSTABLE PERIODIC ORBITS conditions shows accumulations of points into a few distinct
Jgroups that cluster around discrete positions along the diag-
two intervals are identicall,=T,,; an accumulation of on_al [Fjg. 3(b)]. More precisely, we gstimate the_ dengity of
points are traces of 1-periodic activity. In contrast, if the points in the return map located within a smgll C|r(11&d|u§
density is uniform along vertical lines, the probability of in- ©f 8 M9 around a particular valug of the diagonal. This
terval T, ; is independent of the value of the previous in- densﬂy tells us the probability that pairs of successive inter-
terval T,, and there is no trace of correlated activity. A Vals will remain around a chosen vallie As shown in Fig.
visual examination of the first return plots for the various3(C) not all values ofT have similar probabilities, thus sig-

In the first return map, the diagonal line is the locus wher
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qifying tha}t successive spikes are corrglated since recurrence (number of cas psu(T))=(porig(T))}) +1
times fall into three evenly spaced distinct pedks T,, Ts =
(corresponding, respectively, to periodicities around 0.45,
0.465, and 0.48)sThese three peaks can be also found in alHere 39 different realizations of each type of surrogate data
experimental conditions, and are most clearly seen during theet are produced. Kp.io(T)) is greater than all surrogate
auditive and visual discrimination task$0]. These recur- results for a particular value of, then we can reject at a
rence times may reflect the presence of unstable fixed pointsignificant level ofP=0.025 the null hypothesis that the de-
Nevertheless, sequences that resemble fixed points can algstion of periodic orbits in the data can be explained by a
be observed in stochastic correlated dgit@. In order to ~ Simple linear stochastic process modeled by the surrogates,
establish whether the fixed point sequences observed in tiffld assume deterministic structures to be present. The results
data arise from occasional chance correlations between sugt the detection of fixed points are shown in Fig. 4 for the
cessive data points, we further consider the trajectories in thirée experimental conditiongA)—(C). The lower plots
neighborhood of the recurrence points, and also examine thghow the histogramép(T)) of the transformed time series
statistical significance of the detections in order to avoid subaS @ solid curve, and the surrogates’ mean histograms are
jective selection. A simple method for detecting unstable orplotted as dotted and dashed curves. The upper plots in each
bits was recently introduced by S al. [18]. This method condition show the degree of statistical confidence of the

utilizes a transformation of the experimental time sefigs ~ detectiondefined as 100—P)% in the figurd. Arrows in-
dicate the values where the detection is positively confirmed

by the rejection(at a level of 97.5%) of the two null hypoth-

()

(number of surrogaje- 1

Tn = [Tor1=Sn(KTo)/[1=sy(K) ], 1 eses defined by the surrogates. During the resting condition
(A), three distinct peaks at;, T,, and T3 [corresponding to
where the related recurrence times observed Fig)]3are discern-
ible, but only the peak located @=0.48 s was deemed to
Sn(K) = (Ths2= Tne D/ (Toe1 = Tp) +K(The1—Th). be statistically significant for an unstable fixed point. During

(2 the visual discrimination task&), the same three time in-
_ o _ _ _ _ _ tervals have strong peaks rising sharply above the surrogates’
All points that lie in the linear region of a fixed poifit will  means where the significance of unstable fixed points is
be transforr@d to the vicinity nedr*. Thuste plot a clearly demonstrated. During the auditive discrimination
histogramp(T,,) of the transformed time serids, there will ~ tasks(B), only a sharp peak af,=0.46 s gives a positive

be a sharp peak a&=T*. Thus in contrast to typical “re- 'eSult for the significance of fixed points. ‘ these d _
currence” based method4,5], the transformation in Egs. The principal aspect of the significance of these dynami-

- . N ; cal patterns can be directly obtained by examining individual
(1) _and(2) ut_lllzes bY construction all the points in ?he linear sho?t sequences of pointsyaround the)tldiagonal. Etypical ex-
:jigp'gg dOfoi ?ﬁgdpg(r);?:\é?kfr%rl;? r?o'ieoank'thsént?ﬁeszlégiu;ptfzk%mple of recurrent observed trajectories is shown for point
. . . . o in Fig. 5, di i equence of points numbered
fixed point, the spurious peaks will be eliminated to ran—T2 n Fig. 5, displaying the sequ po! u

. . a . 717-721. From points 717-719, the state of the system is
domly pick many differenk=«R with R chosen randomly drawn toward the diagonal along a specific linear slope, but

in [—1,1] for eachT value, and form the average ovier  after point 719 it diverges away from the diagonal with a
(p(T))y, of the resulting distributions. The reliability of this different slope. Other sequences of points moving toward the
detection of fixed points can be further assessed by testinfjxed pointsT, and T5 along a line and outward along an-
the statistical significance of the peaks against carefully conether line are shown in Fig. 5. This direct observations re-
structed controls. We want particularly to exclude detectiorvealed that the trajectories around the fixed points look very
in our data that can be accounted for linear correlation irmuch like motion near a fixed point of the saddle focus type
time. Thus, we have used the method of surrogate [d#fr  with stable and unstable manifolds that intersect at the fixed
for the generation of two types of control signals where lin-point. More precisely, the bottom of Fig. 5 shows the cumu-
ear properties of the data are preser(iesl, autocorrelation, lative histograms of the steepness of the approach and depar-
power spectrum yet the data are randomized to destroy de-ture related to the two poinfs, and T5. These slopes were
terministic structure that may be present. In the first typecalculated by least-squares line fits of three sequential points
(type | of Ref.[19]), a random phase is added to each com-with the condition that the intersection with the diagonal
plex coefficient of the Fourier transform and an inverse Foumust lie within a circle of specified radiubere 8 mg cen-

rier transform then generates a new random time series. Thered at the location of the fixed point. We can see that the
second type of surrogatéype Il of Ref.[19]) assumes that steepness of the approach has in each time series a prominent
the data came from a normally distributed random procespeak. Further, these peaks were markedly similar across the
that was filtered through a nonlinear filter. If our methodsdifferent series in the restingd), auditive tasks(B), and
cannot distinguish surrogate series from the observed seriegisual tasks(C) for each fixed point examined. Similar re-
then the result provides no evidence for underlying determinsults were obtained for the steepness of departure, but the
ismic unstable periodic orbits. We denote Qyi,(T)) the  short sequences of divergence make it more difficult to ac-
statistic calculated for each poiit of the original time se- curately estimate their slope. In a two-dimensional plot, the
ries, and(ps,(T)) for the surrogates; the significance canslopes of approach and departure are numerically equal to
then be estimated by a one-tailed Monte Carlo f26f: the eigenvalues at the fixed point. For the all-fixed-point se-
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FIG. 4. Histogram plots of the transformed time seriggT)), (arbitrary unit3 averaged over 500 values &f where k=5R,
Re[—1,1], for the resting(A), auditory (B), and visual(C) discrimination conditions. For each time series, we applied the detection
method of periodic orbits to the original data and to two groups of 39 truly stochasti¢siatagates of type | and type) lWwith similar
statistical properties. The lower plots show the histograms of the transformed time series as a solid curve, and the surrogates’ mean
histograms are plotted as dotted cur¢gpe |) and dashed curvdsype Il). The upper panels determine the significance of unstable fixed
point against each null hypothes@sjuares, surrogate of type [; black triangles, surrogates of typ&rhows indicate the values where the
null-hypothesigat a confidence level of 97.5%) can be rejected for the two types of surrogates.

quences in the three time series, we estimated the following V. EFFECT OF SPECIFIC STIMULUS CONDITIONS

stable eigenvalues: folfy, As=-0.41+0.18; for Ty, As The epileptic focus is reciprocally connected to other
=—0.45£0.12; for T3, As=—0.47£0.11. We estimated the more or less distant neural sources and is part of an extended
following unstable eigenvalues: fof,, \,=—3.03=0.56; network of neural activities that exert their modulation. As
for T,, \,=—3.11+0.74; for T3, A,=—3.08+0.55. reported in a companion papl0], the small-scale changes
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FIG. 5. Top: first-return map showing visitations of two particular fixed poiiitss 0.465 s andl;=0.48 s. For each sequence, the
starting points are indicated by arrows. Multiple trajectorieere symbol codedthat did not follow each other in time approach the
neighborhood along a stable direction and diverge away along a different unstable difseg&oifor instanceT,, 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 line with
arrows pointing toward the unstable fixed points or by arrows pointing away from the fixed point. Bottom: histograms of the slopes of
approachtheavy and departurdight) of T, and T3 calculated with straight line fits to sequences of 3 points moving toward or moving away
from a small circleradius 8 mgaround the fixed points. We can see that the steepnesses of the visitation direction have in each time series
two prominent peaks. Further, these peaks were markedly similar across the differen¢/sgrig3, and(C).

in the internal structure of the epileptic spike pattern reflecinterspike intervals is to separately analyze the target and
the cognitive tasks. Accordingly, the previous section showson-target presentations for effects of condition. To do this,
also clear changes in the significance of the unstable fixedie consider the interspike intervals corresponding to the
points[for example, between conditioriB) and(C)]. In this  target(nontargek presentation number (80 target and 320
section, we examine in the return map the segments afiontarget stimulations for a total of 400 presentaticensd

the trajectories directly related with the discrimination tasksobserve in the intervals immediately following
The first step toward assessing task-related events in thel;_}x—o . . p—1 the presence of an unstable fixed point by
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FIG. 6. Histogram plotgp(T)), (solid curvg averaged over 500 values &f k=5R, Re[—1,1], for interspike intervals directly
following the visual target, nontarget of typ¢l, and nontarget of typBl2 presentations. Two types of surrogate are used: Theadype
surrogates were obtained by scrambling the order of intervals in the sequences following a task. Tiheatypabtained by randomly
choosing the times of target or nontarget presentations. The mean histogram of 39 surrogates is plotted as dotted curvasafud type
dashed curves for type. The upper panels show the significance of unstable fixed point against the null hypéshesises, surrogate of
type a; black triangles, surrogates of typ@. Arrows indicate the values where the null hypothdsisconfidence level of 97.5%) can be
rejected for the two types of surrogates.

the same method as in the previous section. We set hedynamical correlation at all from one interval to another. A
p=4. Because the time series considered are extremelyecond form of surrogate data to investigate significant ef-
short, the surrogate algorithms previously used are not relifects following a stimulus presentation is further obtained by
ably applicable. Here statistical controls were obtained byandomly choosing artificial times of target or nontarget pre-
scrambling the order of intervals in the sequences followingsentationstype b). The null hypothesis is that there is no
a task(type a). The null hypothesis is then that there is no correlation between the timings of stimulus presentation and
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original data can be distinguished from the statistical con-
trols.

As shown in Fig. 6, when this analysis was applied to the
visual target presentations using the tygpesurrogates, the
existence of statistically significant unstable fixed points was
particularly pronounced for the three peak3 atT,, andTs.
However, the typd surrogate test shows that only one peak
at T, is directly associated with the visual target presenta-
tions. In the case of the visual nontarget presentations of type
N1, one significant peak &t; was common to both surro-
gate tests. In the case of the nontarget presentations of type
N2, a significant effect was also demonstrated for one peak
atT,. Shown in Fig. 7, similar computations were performed
for the auditive stimulations. The trajectories associated with
target presentations exhibit one significant peak fgafor
both surrogates. In contrast, peaks were virtually absent for
the nontarget presentations. In sum, these results reveal a
striking one-to-one association between a given sensory
stimulus presentation and a specific unstable periodic orbit. It
follows that in this patient a particular visual or auditive
stimulus acted to drive the epileptic activity into various pat-
terns of specific short-time periodic activity.

VI. DISCUSSION
A. Dynamical patterns and epileptic mechanisms

The timing of discharges of the focal epilepsy analyzed
here has provided consistent indications that the dynamics
underlying spike generation is not a simple noise-perturbated
limit cycle, but contains episodes of deterministic dynamics.
The identification of specific events that cannot be detected
with traditional linear models provides a synthetic character-
ization of the discharges generated by neuronal populations
in the site of focus, as well as long-range modulation from
other connections in the brain. In spite of the fact that the
simplicity of the first-return map used here cannot fully dis-
entangle all trajectories of state space, it does reveal local
regions where it may be possible to make predictions a few
cycles away. The validity of the first return plot is further
supported by the evidence of the low dimensionality of the
raw EEG recordings. Return maps of time intervals between
the occurrences of pulses are also explored by other recent
works[8,16,21. Furthermore, nonlinear predictions of future
values have already been shown for neuronal discharges in
the study of spinal cord reflexes and hippocampal sli2&%

In addition, our results address the idea that the local tempo-
ral dynamics underlying the epileptic spikes are character-
ized by a tendency to fall into trajectories that approach a
few periodic points along a specific slope, and remain nearby
for a brief time before they diverge away. Although the sig-
nificance of the periodic points differs slightly among the

FIG. 7. Histogram plotgp(T) ), for interspike intervals directly ~behavioral conditions studied, these local structures appear
following the auditive target and nontarget presentations, the samas invariant features of the dynamics for all our experimental
parameter values and legends as in Fig. 6.

conditions, and thus reflect a consistent physiological basis.
This picture from human subdural recordings during awake

the related interspike intervals. The results of the detection dbehavior is quite comparable to the detection of an unstable
fixed points are shown in Fig. 6 for the visual tasks, and Figfixed point described in rats’ brain slicé8,15. We also
7 for the auditive tasks. The plots show the cumulative hisassess the reliability of the detection of deterministic events

tograms(normalized over the number of stimulatioref all

by testing these statistical significances against surrogate

the transformed time series for target and nontarget stimuladata that are random but preserve statistical properties of the
tions, and also the degree of statistical confidence that theriginal data.
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B. Unstable periodic orbits evoked by perceptual tasks desired behavior. Interestingly, these observations can be un-

A particularity of the present work is that the EEG record_der.stood in the theoretical perspect.ive_ of cqntrolling chaos,
ings of spike generation have been obtained under controllefhich exactly uses the unstable periodic orbits to convert an
circumstances during cognitive responses. A result of ouffregular dynamics of a system to a time-periodic one. In-
study is that subtle changes in the dynamics of the epileptiéeed, models of neuronal networks show that different syn-
interspike intervals are associated with stimulus presentschronized oscillations could be switched on and off rapidly
tions. Consistent with our analysis of the periodic clusters irunder the action of small perturbations by the techniques of
successive discharge intervdls0], our case study shows chaos contro[28].
here that a given sensory stimulus contributes to triggering
the trajectories in the state space towards specific unstable C. Therapeutic interventions

periodicities. In our epileptic patient, only one unstable peri- .
odic orbit is detected during the rest condition. In contrast, S¢veral authors have advanced the view that, for some

during the visual discrimination task, 3—4 periodic orbits Physiological systems, a highly complex behavior is related
with their local deterministic structures emerge. Since thd® nNormality, while transitions to a lower complexity such as
focal discharges were located in the visuotemporal region, it nearly periodic behavior are viewed as a pathological loss
was to be expected that effects can be detected during t the range of adaptive possibilitigsr “dynamical dis-
visual discrimination tasks. These increases in the dynamic&ases” [29]). From this perspective, the epileptic seizure
complexity of the neuronal dynamics in relation to mentalwith its massive rhythmic depolarization may be considered
activity are in agreement with other recent stud2d]. Fur- as the expression of pathological corrective mechanisms.
thermore, our findings of the dependence of dynamics oMotivated by this, recent studi¢80,31] investigate the pos-
stimulus add support to the conjectur4] that epileptic  sibility of using small control perturbation to preserve cha-
activities are partially under the control of the brain’s ongo-otic motion or to redirect the system to a condition of higher
ing activity and suggest that the generation of a specific temeomplexity. Known as “anticontrol of chaos,” these tech-
poral pattern in the epileptic discharges could be related taiques have successfully exploited specific locations in the
cognitive activity. This hypothesis is also indirectly sup- state space for the maintenance of complexity in physical
ported by clinical obervations of seizures following auditory systems. The method is based on perturbing a trajectory to an
and visual stimulations, mental operation, or self-inducedattractive periodic point with a small change in some system
suggestiong25]. In these cases, our work suggests that gparameter so that it will fall away from its neighborhood, and
particular cognitive task may drive the neuronal activities tothen offer the ability to break up periodic behavior. More to
specific periodic behaviors, which can culminate in a patterrihe point, delivering low-amplitude regularly timed electrical
of synchronous activation of a more extensive population oftimulations, Schiff{8] et al. were able to anticontrol the
neurons. From a more general point of view, other transitionseizurelike neuronal discharges in slices of rat hippocampal
of brain activities into occasional coherent oscillatory stategissue, by perturbing a stable orbit, so that the next state point
and induced by sensory stimulus can be also interpreted dalls close to the unstable direction, with a corresponding
approaches of the neuronal dynamics toward low unstablgansition from periodic to complex behavior. Because the
periodic orbits[26]. An example along this direction is pro- epileptic focus studied here displays comparable unstable pe-
vided by the work of Freeman on the large-scale collectivaiodic orbits, we believe that similar strategies may eventu-
behavior of the rabbit’s olfactory systef@7]. Most of the ally be applied to such foci. In a clinical environment with a
time, the EEGs at the surface of the olfactory bulb showedmall array of electrodes already implanted in the patient,
irregular spatiotemporal activities. However, when the ani-anticontrol techniques to maintain the trajectories of the epi-
mal inhaled a familiar odor, the electrical activities in eachleptogenic focus away from short-term periodic activities are
EEG recording became more regular for a brief period untiopen as a realistic strated®] eventually combined with
the animal exhaled. In fact, the ability of the brain to accessnodulation from selected cognitive tasks capable of reliably
many different unstable states and to alternate among themducing trajectory changes. Our future work will further ex-
offers a great flexibility in the control and selection of a plore these pertinent issues.
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