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Can Epileptic Seizures be Predicted? Evidence from Nonlinear Time Series Analysis
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We evaluate the capability of nonlinear time series analysis to extract features from brain electrical
activity (EEG) predictive of epileptic seizures. Time-resolved analysis of the EEG recorded in
16 patients from within the seizure-generating area of the brain indicate marked changes in nonlinear
characteristics for up to several minutes prior to seizures as compared to other states or recording
sites. If interpreted as a loss of complexity in brain electrical activity these changes could reflect the
hypothesized continuous increase of synchronization between pathologically discharging neurons and
allow one to study seizure-generating mechanisms in humans. [S0031-9007(98)06221-8]

PACS numbers: 87.22.Jb, 05.45.+b, 87.22.As

The application of concepts from the theory of nonlin-or even hidden pathological synchronization phenomena
ear dynamics [1,2] to recordings of brain electrical activ-of the underlying neuronal networks.
ity (EEG) has provided a number of interesting insights Up to now there is only limited knowledge about
(see, e.g., Ref. [3] and references therein). In particularseizure-generating mechanisms in humans. Model simu-
estimates of an effective correlation dimensiofi’ [4,5] lations and animal experiments led to the hypothesis
have been shown to characterize different states of braithat seizure activity will be induced when a “critical
function (e.g., sleeping, awake and resting, nonverbal omass” of neurons is progressively involved in closely
verbal cognitive processing). In epileptology, the chartime-linked high-frequency discharging [18]. However,
acterization of pathological activity (i.e., spatiotemporalevident markers in the EEG representing the transition
dynamics of seizure activity) by different nonlinear mea-from asynchronous to synchronous states on longer time
sures led to a better understanding of basic mechanisnssales have not yet been described. Traditional linear
in animal experiments [6,7] as well as in humans [8—15]methods of time series analysis indicate that changes in
and promises to be important for clinical practice. the electroencephalographic activity that can be regarded

In a strict sense, well known problems in estimatingas characteristic precursors may, at the most, be detectable
D, (as well as other measures) from short (and noisyp few seconds before the actual seizure onset [19].
data segments or nonstationary data would exclude the In this Letter we demonstrate the capability of nonlinear
use of these measures for a characterization of EE®me series analysis methods to identify a preseizure state.
dynamics [16,17]. However, instead of usidef’’ as The early identification of such a transition state with
an absolute measure to differentiate between periodi@ sufficient duration is of special interest since it will
chaotic, or stochastic dynamics one can reghff as provide a key for the study of mechanisms generating
an operational definition and use the term “dimension”seizures in humans. Furthermore, it may be extremely
in an informal sense. Under these premises, it has bedreneficial for the treatment of patients suffering from
shown in Refs. [10] and [13] that even during seizure-freeepilepsy enabling specific pharmaco- or electrotherapeutic
intervals EEG dynamics of the primary epileptogenic aregossibilities to prevent seizure generation. In the present
(the part of the brain giving raise to seizure activity) isstudy we applied a time-resolveds" analysis to EEG
characterized by temporary transitions to system states sfgnals recorded during both intervals temporally far away
lower “complexity” defined by changes towards reducedirom any seizure as well as prior to and during seizures,
DS values obtained from successive data segmentsvhere the former recordings served as a control. Again
These transitions (a) allow one to reliably delineatewe want to emphasize that we determins™” as an
the primary epileptogenic area from brain regions notoperational measure of complexity of the EEG. Absolute
involved in the epileptogenic process and (b) reflectvalues of DS are not considered and presumably do
properties of factors influencing the latter (e.g., drugs)not agree with the trué, (if it exists). Instead, only
Furthermore, they can be observed even in intervals idifferences with respect to time and location of the
which EEG recordings fail to show steep, high-amplitudeEEG registration are assumed reliable and are used to
epileptiform potentials (so called spikes, the hallmarkcharacterize the complex spatiotemporal dynamics of the
of the epileptic brain) that are known to resemble theepileptogenic activity (cf. Ref. [10]).
simultaneous pathological discharging of neurons within We recorded brain electrical activity directly from
a volume of at least several Mm Thus, system states of the cortex and from within relevant structures of the
reduced complexity can be assumed to reflect more subtlerain, hence with a high signal-to-noise ratio. Up to
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128 implanted electrodes in 16 patients with pharmaco- 10

resistant epilepsy were used (see [10,20] and referencqg(r)

therein for details of the clinical evaluation and recording 8+ _

techniques). EEG signals were sampled at 173 Hz using e

a 12 bit analog-to-digital (AD) converter and filtered 61 - \ - m=25

within a frequency band of 0.53 to 40 Hz. We subjected 4. RS

68 data sets to nonlinear time series analysis. T
State-1—Intervals with a minimum distance to any 2 m=1 S

seizure of 24 h; 52 data sets; duration: 6—40 min; awake. i
State-2—Preceding seizure; seizure onset directly 0 ‘ ‘ T

following; 16 data sets; duration: 10—30 min; seizure - 4 -3 2

onset was defined as earliest sign typical for seizure /092 (r)

activity; awake. IG. 1. Local slopes of correlation surad(r) vs hypersphere

For the present investigation, analysis was restricte diusr of representative EEG recordings during state-1 (dash-

to recordings from electrode contacts within the primarygotted lines) and state 2 (thick lines). For comparison data

epileptogenic area (i.e., exhibiting earliest signs of seizurebtained during the seizure state are included (dotted lines).

activity) as well as from adjacent and remote brain areafonly C’(r) values of the latter and of state-2 exhibit a

Recordings from the last category served as controlsquasiscaling” resulting inD5" estimates of 3.7 and 5.3,

Adjacent areas were defined as those regions of the braffSPectively.

where a spreading of seizure activity was observed in the

course of the seizure. usingC’(r) of a high embedding dimensiom(= 25) and
In order to overcome some of the shortcomings assoe = 0.05C'(r,,m = 25). Finally,

ciated with the estimation abs'"" from EEG signals, we

employed manipulations that have been described in de- peft — {D*,

tail elsewhere [10]. Since we do not interp§" as an 2 D,,

estimate of the correlation dimension, our considerations

are aimed solely at maximizing its discriminative power.where Dy is @ maximum resolvable dimension de-

Briefly, following Ref. [21] EEG signals of each record- pendent on the number of data points as proposed by

ing site were segmented into half-overlapping consecuRef. [25]. D, is an arbitrary but fixed threshold value

tive normalized epochs of 30 sec duration representing af 10.

reasonable tradeoff between approximate stationarity and We stress that this determination D" —while be-

epoch length. For each epoch, correlation st [4] ing arbitrary—was done fully automatically and without

as well as the local derivative® (r) = %SY) were cal- human interference. Furthermore, it is important to note

culated from time-delay reconstructed phase space vectofidat we did not use a fixed value orr interval for each

[22] using a fixed time delay, an embedding dimensiorfnalyzed data segment but instead searched for an appro-
rangem = 1,...,30, and the maximum norm [23]. The Priater m_terval above the noise flqor. At Igrgerval_—
range of possible values for the hypersphere radiugs ues,C(r) is especially sensitive to h|gh_-ampI|tude spikes.
selected to match the resolution of thgMAconverter. To  Thus, relying on large values would simply represent a
limit autocorrelative effects we selected a cutdffto be ~ detection of spikes (cf. Ref. [14]). Because of the afore-
of the order of the first zero-crossing of the autocorrelamentioned restrictions we want to suppress the influence of
tion function as proposed by Ref. [16]. Using criteria de_!arge-amplltude spikes since itis not m}ended to character-
rived from analyses of state—1 data sets of another patieHt€ occasionally occurring sharp transients that are known

population we defin®* as an estimator aps' given by to be of only minor predictive relevance (cf. [26]).
(cf. [24)), In Figs. 2 and 3 we present typical examples

profiles (as functions of time) obtained from state-1 and

if D¥ = DpaxandN, = 5,
else

®3)

i} 1 & state-2 EEG recordings within the primary epileptogenic
D = N Z '(r), (1)  area, adjacent and remote areas of the brain. During state-
roren 1, temporary transitions to less complex system states
i , attributed to synchronization (cf. Refs. [10,13]) are less
where N, is the number ofr values in[r;,r,]. The  gequentwith increasing distance from the primary epilep-

upper boundr, of a “quasiscaling” (cf. Fig. 1), if it
exists, is attributed to thosevalues whereC/(r,m = 1)
is close to 1 (depending on the step size we here
used C'(r,,m = 1) > 0.975). The lower boundr; is
defined as

togenic area. When approaching the epileptic seizure
(state-2) these effects become more and more pronounced
in the primary epileptogenic area and at adjacent recording
sites. This holds true for both the strendth (the maxi-
mum deflection from an upper threshdlig which was de-
fined as the mean$" level obtained for the patient state-1

ri =A{rlIC'(ry) = C'(l = € A r < rulmin recordings of this site) and the durati®p[the longest time

(2)
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FIG. 2. Bottom to topDs™ profiles (solid lines) from within ~ FIG. 3. Same as Fig. 2 but for state-2 recordings. For
the primary epileptogenic area, adjacent and remote areasmpleteness, data obtained from the seizure and postseizure
obtained from state-1 (seizure-free) EEG recordings. Dottedtate were included. Dotted vertical lines denote beginning and
horizontal lines denote site specific upper threshold valties end of the seizure state.

Profiles are smoothed using a 3-point moving average.

interval WithDSff belowT, for state-1 profiles; for state-2 S, %
profiles, S, is defined to reach from seizure onset back to 257
the previous intersectiorT§ in Fig. 3) of theDS" profiles 204
with 7).

Maximum synchronization S, and S;) was always 151
found inside the primary epileptogenic area. During state- 10

2, maximum synchronization was always observed in
time windows immediately preceding seizures (preseizure
state). We therefore used these values as reference for 0-
comparison (cf. Fig. 4) with maximum synchronization

values achieved during control recordings (state-1). Here S +0

the mean values amounted 1, = 1.0 (range: 0.5— °

2.5) andS,; = 5.25 min (range 1.00—10.75 min). For the 3.0

preseizure state we observéd = 2.0 (range: 1.0-3.5)

andS, = 11.50 min (range: 4.25—25.00 min). In all but 2.0

one patient we found botfy, andS, to be enlarged during

the preseizure state. Thus, it is concluded that a reduced 1.0

dimensional complexity of brain activity, as soon as it is

of sufficient size and duration, can be regarded a specific 0.0 ] ] , , B

feature defining states which proceed to a seizure. abcdefghijklmnop
In addition to these temporal synchronization phenom- Patient Id.

eff . L . .
ena, §tate D; r()jrofggs from within tlhe prlrﬁjg_ryfepllep F#G. 4. Synchronization duratios,[min] (upper part) and
ter,n'C area and a Jacer!t areas also exni it eatqres QrengthS(, (lower part) for all investigated patients. Empty
spatially variant synchronization phenomena. In Fig. 3pars denote maximum values found during state-1 intervals.
T, denotes a time instant in the preseizure state that cdfilled bars denote values for the preseizure state.
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