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Can Epileptic Seizures be Predicted? Evidence from Nonlinear Time Series Analysis
of Brain Electrical Activity
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Clinic of Epileptology, University of Bonn, Sigmund Freud Strasse 25, 53105 Bonn, Germany

(Received 5 January 1998)

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
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The application of concepts from the theory of nonlin
ear dynamics [1,2] to recordings of brain electrical activ
ity (EEG) has provided a number of interesting insight
(see, e.g., Ref. [3] and references therein). In particula
estimates of an effective correlation dimensionDeff

2 [4,5]
have been shown to characterize different states of bra
function (e.g., sleeping, awake and resting, nonverbal
verbal cognitive processing). In epileptology, the cha
acterization of pathological activity (i.e., spatiotempora
dynamics of seizure activity) by different nonlinear mea
sures led to a better understanding of basic mechanis
in animal experiments [6,7] as well as in humans [8–15
and promises to be important for clinical practice.

In a strict sense, well known problems in estimatin
D2 (as well as other measures) from short (and nois
data segments or nonstationary data would exclude t
use of these measures for a characterization of EE
dynamics [16,17]. However, instead of usingDeff

2 as
an absolute measure to differentiate between period
chaotic, or stochastic dynamics one can regardDeff

2 as
an operational definition and use the term “dimension
in an informal sense. Under these premises, it has be
shown in Refs. [10] and [13] that even during seizure-fre
intervals EEG dynamics of the primary epileptogenic are
(the part of the brain giving raise to seizure activity) i
characterized by temporary transitions to system states
lower “complexity” defined by changes towards reduce
Deff

2 values obtained from successive data segmen
These transitions (a) allow one to reliably delineat
the primary epileptogenic area from brain regions no
involved in the epileptogenic process and (b) refle
properties of factors influencing the latter (e.g., drugs
Furthermore, they can be observed even in intervals
which EEG recordings fail to show steep, high-amplitud
epileptiform potentials (so called spikes, the hallmar
of the epileptic brain) that are known to resemble th
simultaneous pathological discharging of neurons with
a volume of at least several mm3. Thus, system states of
reduced complexity can be assumed to reflect more sub
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or even hidden pathological synchronization phenome
of the underlying neuronal networks.

Up to now there is only limited knowledge abou
seizure-generating mechanisms in humans. Model sim
lations and animal experiments led to the hypothes
that seizure activity will be induced when a “critica
mass” of neurons is progressively involved in close
time-linked high-frequency discharging [18]. Howeve
evident markers in the EEG representing the transiti
from asynchronous to synchronous states on longer ti
scales have not yet been described. Traditional line
methods of time series analysis indicate that changes
the electroencephalographic activity that can be regard
as characteristic precursors may, at the most, be detect
a few seconds before the actual seizure onset [19].

In this Letter we demonstrate the capability of nonline
time series analysis methods to identify a preseizure sta
The early identification of such a transition state wit
a sufficient duration is of special interest since it wi
provide a key for the study of mechanisms generati
seizures in humans. Furthermore, it may be extreme
beneficial for the treatment of patients suffering from
epilepsy enabling specific pharmaco- or electrotherapeu
possibilities to prevent seizure generation. In the pres
study we applied a time-resolvedDeff

2 analysis to EEG
signals recorded during both intervals temporally far aw
from any seizure as well as prior to and during seizure
where the former recordings served as a control. Aga
we want to emphasize that we determineDeff

2 as an
operational measure of complexity of the EEG. Absolu
values of Deff

2 are not considered and presumably d
not agree with the trueD2 (if it exists). Instead, only
differences with respect to time and location of th
EEG registration are assumed reliable and are used
characterize the complex spatiotemporal dynamics of t
epileptogenic activity (cf. Ref. [10]).

We recorded brain electrical activity directly from
the cortex and from within relevant structures of th
brain, hence with a high signal-to-noise ratio. Up t
© 1998 The American Physical Society 5019
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128 implanted electrodes in 16 patients with pharmac
resistant epilepsy were used (see [10,20] and referen
therein for details of the clinical evaluation and recordin
techniques). EEG signals were sampled at 173 Hz us
a 12 bit analog-to-digital (AyD) converter and filtered
within a frequency band of 0.53 to 40 Hz. We subjecte
68 data sets to nonlinear time series analysis.

State-1.—Intervals with a minimum distance to any
seizure of 24 h; 52 data sets; duration: 6–40 min; awak

State-2.—Preceding seizure; seizure onset direct
following; 16 data sets; duration: 10–30 min; seizur
onset was defined as earliest sign typical for seizu
activity; awake.

For the present investigation, analysis was restrict
to recordings from electrode contacts within the prima
epileptogenic area (i.e., exhibiting earliest signs of seizu
activity) as well as from adjacent and remote brain are
Recordings from the last category served as contro
Adjacent areas were defined as those regions of the br
where a spreading of seizure activity was observed in t
course of the seizure.

In order to overcome some of the shortcomings ass
ciated with the estimation ofDeff

2 from EEG signals, we
employed manipulations that have been described in
tail elsewhere [10]. Since we do not interpretDeff

2 as an
estimate of the correlation dimension, our consideratio
are aimed solely at maximizing its discriminative powe
Briefly, following Ref. [21] EEG signals of each record
ing site were segmented into half-overlapping consec
tive normalized epochs of 30 sec duration representing
reasonable tradeoff between approximate stationarity a
epoch length. For each epoch, correlation sumsCsrd [4]
as well as the local derivativesC0srd 

d logCsrd
d logr were cal-

culated from time-delay reconstructed phase space vec
[22] using a fixed time delay, an embedding dimensio
rangem  1, . . . , 30, and the maximum norm [23]. The
range of possible values for the hypersphere radiusr was
selected to match the resolution of the AyD converter. To
limit autocorrelative effects we selected a cutoffW to be
of the order of the first zero-crossing of the autocorrel
tion function as proposed by Ref. [16]. Using criteria de
rived from analyses of state–1 data sets of another pati
population we defineDp as an estimator ofDeff

2 given by
(cf. [24]),

Dp 
1

Nr

ruX
rrl

C0srd , (1)

where Nr is the number ofr values in frl , rug. The
upper boundru of a “quasiscaling” (cf. Fig. 1), if it
exists, is attributed to thoser values whereC0sr, m  1d
is close to 1 (depending on ther step size we here
used C0sru, m  1d . 0.975). The lower boundrl is
defined as

rl  hrjjC0srud 2 C0srdj # e ^ r , rujmin (2)
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FIG. 1. Local slopes of correlation sumsC0srd vs hypersphere
radiusr of representative EEG recordings during state-1 (dash
dotted lines) and state 2 (thick lines). For comparison dat
obtained during the seizure state are included (dotted lines
Only C0srd values of the latter and of state-2 exhibit a
“quasiscaling” resulting inDeff

2 estimates of 3.7 and 5.3,
respectively.

usingC0srd of a high embedding dimension (m  25) and
e  0.05C0sru, m  25d. Finally,

Deff
2 

Ω
Dp, if Dp # Dmax andNr $ 5 ,
Du, else, (3)

where Dmax is a maximum resolvable dimension de-
pendent on the number of data points as proposed
Ref. [25]. Du is an arbitrary but fixed threshold value
of 10.

We stress that this determination ofDeff
2 —while be-

ing arbitrary—was done fully automatically and without
human interference. Furthermore, it is important to not
that we did not use a fixedr value orr interval for each
analyzed data segment but instead searched for an app
priate r interval above the noise floor. At largerr val-
ues,Csrd is especially sensitive to high-amplitude spikes
Thus, relying on larger values would simply represent a
detection of spikes (cf. Ref. [14]). Because of the afore
mentioned restrictions we want to suppress the influence
large-amplitude spikes since it is not intended to characte
ize occasionally occurring sharp transients that are know
to be of only minor predictive relevance (cf. [26]).

In Figs. 2 and 3 we present typical examples ofDeff
2

profiles (as functions of time) obtained from state-1 an
state-2 EEG recordings within the primary epileptogeni
area, adjacent and remote areas of the brain. During sta
1, temporary transitions to less complex system stat
attributed to synchronization (cf. Refs. [10,13]) are les
frequent with increasing distance from the primary epilep
togenic area. When approaching the epileptic seizu
(state-2) these effects become more and more pronounc
in the primary epileptogenic area and at adjacent recordin
sites. This holds true for both the strengthSs (the maxi-
mum deflection from an upper thresholdTu which was de-
fined as the meanDeff

2 level obtained for the patient state-1
recordings of this site) and the durationSt [the longest time



VOLUME 80, NUMBER 22 P H Y S I C A L R E V I E W L E T T E R S 1 JUNE 1998

r
re
d

.

T [min.]

D2
eff

0
2
4
6
8

10

0
2
4
6
8

10

0
2
4
6
8

10

0 5 10 15 20 25

FIG. 2. Bottom to top:Deff
2 profiles (solid lines) from within

the primary epileptogenic area, adjacent and remote are
obtained from state-1 (seizure-free) EEG recordings. Dott
horizontal lines denote site specific upper threshold valuesTu.
Profiles are smoothed using a 3-point moving average.

interval withDeff
2 belowTu for state-1 profiles; for state-2

profiles,St is defined to reach from seizure onset back
the previous intersection (T0 in Fig. 3) of theDeff

2 profiles
with Tu].

Maximum synchronization (Ss and St) was always
found inside the primary epileptogenic area. During stat
2, maximum synchronization was always observed
time windows immediately preceding seizures (preseizu
state). We therefore used these values as reference
comparison (cf. Fig. 4) with maximum synchronization
values achieved during control recordings (state-1). He
the mean values amounted toSs  1.0 (range: 0.5–
2.5) andSt  5.25 min (range 1.00–10.75 min). For the
preseizure state we observedSs  2.0 (range: 1.0–3.5)
andSt  11.50 min (range: 4.25–25.00 min). In all but
one patient we found bothSs andSt to be enlarged during
the preseizure state. Thus, it is concluded that a reduc
dimensional complexity of brain activity, as soon as it i
of sufficient size and duration, can be regarded a spec
feature defining states which proceed to a seizure.

In addition to these temporal synchronization phenom
ena, state-2Deff

2 profiles from within the primary epilep-
togenic area and adjacent areas also exhibit features
spatially variant synchronization phenomena. In Fig.
T0 denotes a time instant in the preseizure state that c
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FIG. 3. Same as Fig. 2 but for state-2 recordings. Fo
completeness, data obtained from the seizure and postseizu
state were included. Dotted vertical lines denote beginning an
end of the seizure state.

FIG. 4. Synchronization durationSt [min] (upper part) and
strengthSs (lower part) for all investigated patients. Empty
bars denote maximum values found during state-1 intervals
Filled bars denote values for the preseizure state.
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be regarded characteristic for a coupling between differ
regions of the brain. WhileDeff

2 profiles seem to beout of
phasefor T , T0 (as they do in state-1; cf. Fig. 2) they
tend to becomein phasefor T . T0. This impression,
however, requires further investigations.

In summary, it can be concluded from the present fin
ings that nonlinear time series analysis bears potential
pability to extract features from ongoing brain electric
activity that can be regarded as precursors of an impe
ing seizure. It could be demonstrated that the synch
nization phenomena of the preseizure state differ clea
from the one found during seizure-free intervals und
various conditions [10,13]. Both synchronization dur
tion and strength are of sufficient size to open a tim
frame that provides possibilities for pharmacological
electrotherapeutic interventions in the preseizure peri
As concerns to basic research, it remains to be establis
whether different methods of nonlinear time series ana
sis (e.g., [27–33]) could furnish additional precurso
that allow one to extend the knowledge about seizu
generating mechanisms in humans.
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