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Quantitative analysis by renormalized entropy of invasive electroencephalograph
recordings in focal epilepsy

K. Kopitzki
Center for Data Analysis and Modelling, D-79 104 Freiburg, Germany

and Department of Stereotactic Neurosurgery, D-79 106 Freiburg, Germany

P. C. Warnke
Department of Stereotactic Neurosurgery, D-79 106 Freiburg, Germany

J. Timmer
Center for Data Analysis and Modelling, D-79 104 Freiburg, Germany

~Received 2 March 1998!

Invasive electroencephalograph~EEG! recordings of ten patients suffering from focal epilepsy were ana-
lyzed using the method of renormalized entropy. Introduced as a complexity measure for the different regimes
of a dynamical system, the feature was tested here for its spatiotemporal behavior in epileptic seizures. In all
patients a decrease of renormalized entropy within the ictal phase of seizure was found. Furthermore, the
strength of this decrease is monotonically related to the distance of the recording location to the focus. The
results suggest that the method of renormalized entropy is a useful procedure for clinical applications like
seizure detection and localization of epileptic foci.@S1063-651X~98!11710-5#

PACS number~s!: 87.90.1y
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I. INTRODUCTION

Focal epilepsies are characterized by seizures that o
nate from a distinct region of the brain. The identification
this so called epileptogenic focus is a prerequisite for su
cal treatment. Thus much attention is paid to the charac
ization of invasive electroencephalograph~EEG! recordings
of patients suffering from this disease. Competitive te
niques like high-resolution positron-emission tomography
MRI using specific ligands or metabolites are used as a
natives to localize the epileptogenic focus in order to av
invasive EEG recordings. For the time being no superio
of either method has been established yet@1–4#. Any method
will be preferred that has a better spatial and timewise re
lution than the other with acceptable validity. Within th
scenario an approach in EEG analysis is described in
paper.

Since there is only little doubt about the nonlinearity
the dynamical system underlying the observed time seri
broad range of nonlinear analysis techniques has been
plied to these data. As one of the first results of nonlin
EEG analysis indication of low-dimensional chaos was
ported by Babloyanz and Destexhe@5# who claimed a non-
integer correlation dimension in the EEG recording of a p
mal seizure. Furthermore, Franket al. @6# obtained positive
Lyapunov exponents by analyzing two seizure recordin
Similar effects, giving indication of chaotic behavior in EE
data, were also described by Freeman and Skarda@7#,
Dvorak and Siska@8#, Basar and Bullock@9#, and Pijnet al.
@10#. Windowed estimates of these measures for piecew
classification of EEG were used by Lehnertz and Elger@11#,
Tirsch et al. @12#, Pritchardet al. @13#, and Iasemidis and
Sackellares@14#. Lehnertzet al. @11# analyzed the EEG re
cordings of 20 patients suffering form unilateral tempo
lobe epilepsy. The variability of the correlation dimensio
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estimated for subsequent segments of the EEG, was foun
be a good indicator of the lateralization of the epileptic f
cus. In a case study Lerner@15# found the correlation integra
itself to be suitable to detect seizure activity in an EEG
cording.

By now it is well appreciated that results, obtained by u
of these measures, have to be interpreted with care. Se
investigators@16–18# have especially shown that the valu
of the correlation dimension is influenced by computatio
as well as recording parameters. Theileret al. @19# found no
evidence for low-dimensional chaos when re-examin
EEG data of 110 patients. The finite correlation dimensio
they obtained for the same data sets in an earlier study@20#,
were found to be caused by an artifact of the autocorrela
in the oversampled signals.

A methodologically different approach is based on t
examination of neural spike trains that might be observed
the EEG of epileptic patients. In a basic implementation
statistical properties like mean, variance, or skewness of
interspike interval distribution are used to characterize
EEG. Although this method neglects the sequence of th
intervals it is proven to be of practical use for some appli
tions @21#. However, for analysis of epileptic seizures a
vanced methods seemed to be necessary, i.e., sequ
sensitive methods@22–25#. Using a sequence-sensitiv
complexity measure Rappet al. found a decrease of nonran
dom structure of these sequences in focal epileptic seiz
induced in rats by application of penicillin@26#.

A qualitative characterization of epileptic seizures
given by van der Heydenet al. @27#. Their results, obtained
by analyzing EEG data of patients suffering from mes
temporal lobe epilepsy, indicate that the property of reve
ibility of a time series can be used to discriminate betwe
seizure and nonseizure activity. Casdagliet al. @28# report
recurrent activity to occur in spatiotemporal patterns rela
4859 © 1998 The American Physical Society
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FIG. 1. Invasive EGG recording of an epileptic seizure~a!: segments of the~b! interictal phase,~c! ictal phase, and~d! postictal phase.
The vertical lines in~a! denote the beginning and the end of the ictal phase. The measured local field potentials are shown in arbitra
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to the location of an epileptic focus.
In the present paper a procedure is described that seem

be appropriate to classify the EEG of epileptic patients in
uniform way. The method of renormalized entropy, propos
in @29# for classification of the different states of a dynamic
system, is applied to the EEG data of ten patients suffe
from temporal lobe epilepsy. The method is tested for
ability to assign a given segment of an EEG time series
the corresponding neurophysiological state of the epile
patient, i.e., interictal, ictal, or posictal phase, as well as
use for localization of an epileptic focus.

II. RENORMALIZED ENTROPY

Applying Klimontovich’sS theorem@30# to Fourier spec-
tra of scalar time series, Saparinet al. @29# introduced renor-
malized entropy as a complexity measure for the differ
regimes of a dynamical system. Here each regime is re
sented by the normalized Fourier spectrumSi(v) of one ob-
servablexi(t), which, in formal analogy to classical statist
cal physics, is viewed at as a distribution function of an op
system.

Given a reference distributionSr(v), representing the
system’s state of equilibrium, the relative degree of orde
the regime described bySi(v) is determined by comparing
the entropies of these two distributions under the additio
constraint of same mean energy in both states. To this en
effective Hamiltonian

Heff52 ln Sr~v! ~1!

is introduced and the reference spectrum is renormal
~‘‘heated up’’! into

S̃r~v!5C~Ti !e
2Heff~v!/Ti5C~Ti !Sr~v!1/Ti, ~2!

so that the following holds:
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E S̃r~v!Heff~v!dv5E Si~v!Heff~v!dv ~3!

and

E S̃r~v!dv51. ~4!

FIG. 2. EstimateĤ of spectral entropy vs widthB of the
smoothing window obtained for a segment of an EEG~a! and an
AR~2! process~b! of length N54096. The horizontal line in~b!
denotes the true value of spectral entropy.
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Here Eq.~3! ensures the equality of mean energies of the t
states, Eq.~4! the normalization of the renormalized spe
trum. C(Ti) is a normalization factor depending onTi .
Renormalized entropy now is given by

DH5E S̃r~v!ln S̃r~v!dv2E Si~v!ln Si~v!dv. ~5!

FIG. 3. Course of spectral entropyĤ and renormalized entropy

DĤ obtained for a recording location in the epileptogenic ar
Vertical lines denote the beginning and the end of the ictal pha
o

Applying this method to the different regimes of the logis
map, Saparinet al. @29# found renormalized entropy to
clearly detect all transitions between the different types
periodic behavior as well as the different types of cha
Kurthset al. @31# and Vosset al. @32# analyzed the heart rat
variability of patients after myocardial infarction. They re
port renormalized entropy to be a suitable method for
detection of high risk patients threatened by sudden car
death.

Because of Eq.~1! the method can only be applied t
processes that have a purely positive spectrum, i.e., cha
or stochastic processes. Because spectra of such proc
have to be estimated the spectrum chosen as reference s
be of lower energy than each other state of the system
avoid ‘‘temperatures’’Ti less than 1. ‘‘Cooling down’’ an
estimated spectrum increases the variance of the estimate
therefore the variance of the estimated entropy.

III. ANALYSIS OF THE EEG

The EEG data analyzed in this study were recorded us
chronically implanted subdural and intrahippocampal el
trodes measuring the local field potential. The obtained s
nals were passed to a multichannel amplifier system w

.
.

FIG. 4. Course of~b! estimated varianceŝ2, ~c! Euclidean distanceD̂, and~d! renormalized entropyDĤ obtained for the EEG shown
in ~a!. Vertical lines in~a! denote the beginning and the end of the ictal phase.
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band-pass filter settings of 0.53–85 Hz and were written
digital storage device with a sampling interval ofDt
55.76 ms per channel. Figure 1 displays representa
samples of the obtained time series for different phases o
epileptic seizure. For each recording the identification of
different phases was done by experienced clinicians by
sual inspection of the time series.

For analysis the data of each channel were divided
consecutive segmentsxi of length N54096 with a 50%
overlap. The length corresponds to a duration of 24 s
epoch and was chosen to achieve at least quasistationarit
each segment according to@33#.

To apply the method described above to these data
spectrum of each segment has to be estimated and for
channel a reference spectrum has to be found. To estim
the spectraSi the periodograms

Peri~vk!51/NU(
j 51

N

xi , je
ivkj DtU2

~6!

were smoothed:

Ŝi~vk!5(
u

wuPer~vk2u!. ~7!

As smoothing kernelwu the Bartlett-Priestley window wa
chosen@34#:

wu5H C @12~u/b!2#, uuu<b

0, uuu.b.
~8!

Variance and bias of the estimator depend on the widthB
52b11 of the smoothing window and the structure of t
true spectrum. To find an appropriate value for the wind
width the spectral entropy

Ĥ52(
k

Ŝ~vk!ln Ŝ~vk! ~9!

was calculated as a function ofB for different segments
Figure 2~a! shows the plot obtained for one segment of
EEG. The graph can be divided into two regions. For sm
values of B the fluctuations of the periodogram are su
pressed insufficiently: because each summand in Eq.~9! is a
convex function ofS(vk) the spectral entropy is underes
mated. In this region the estimated spectral entropy incre
fast with increasingB. For large values ofB there is an area
of small increase where the periodogram is oversmooth
Since information about the structure of the spectrum is l
in this region the spectral entropy is overestimated. Fig
2~b! shows the corresponding plot for one realization of
AR~2! process

X~ t !5a1X~ t21!1a2X~ t22!1e~ t ! ~10!

with

a151.3, a2520.75, and e~ t !PWN~0,1!

of length N54096. This process describes a damped lin
oscillator driven by white noise@35#. The functional relation-
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ship between the parametersa1 ,a2 and the frequencyv and
relaxation timet of the oscillator is given by

a152 cosve21/t, ~11!

a252e22/t. ~12!

Because this process is linear its spectral entropy can
calculated analytically:

H52(
k

S~vk!ln S~vk! ~13!

with

S~vk!5
C

u12a1eivk2a2ei2vku2
, ~14!

C a normalizing constant. As the plot shows the true value
spectral entropy, denoted by the horizontal line in Fig. 2~b!,
is reached in the area of transition from high to low increa
of spectral entropy. Therefore, a value ofB533 from this
region in Fig. 2~a! was chosen for the analysis of the EEG

To calculate the renormalized entropy of the EEG spec
for each channel a referenceSr(vk) has to be chosen. As
mentioned before this state should be of lower energy t
each other state of the system. Because

2(
k

Sj~vk!ln Sr~vk!>2(
k

Sr~vk!ln Sr~vk! ~15!

holds for everyj if

2(
k

Sj~vk!ln Sj~vk!>2(
k

Sr~vk!ln Sr~vk! ~16!

the spectrum of lowest spectral entropy@Eq. ~9!# was chosen
as reference. If the postictal phase of an epileptic seiz
differed from the interictal phase the corresponding segm
was found in the beginning of the postictal phase resulting
a course of renormalized entropy shown in Fig. 3. Otherw
the reference was found in the interictal phase. Figure 3 a
shows that the conventional spectral entropy as given by
~9! does not serve as a feature characterizing the ictal ph

To test and compare the behavior of the renormaliz
entropy in an epileptic seizure, EEG data of all patients w
analyzed using the method of renormalized entropy as w
as simple features like the variance

ŝ i
25

1

N21(j
S xi , j2

1

N(
l

xi ,l D 2

~17!

or the squared Euclidean distance

D̂ i5(
k

@Ŝi~vk!2Ŝr~vk!#
2 ~18!

of spectra. For determination of the Euclidean distance
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FIG. 5. EEG and course of renormalized entropy obtained for recording locations of different distance to the epileptic focus:~a! location
nearby the epileptic focus,~b! location of smallest distance to the epileptic focus,~c! location on the contralateral hemisphere. Vertical lin
denote the beginning and the end of the ictal phase.
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spectra were calculated in the same way as were done
calculation of renormalized entropy. Also the distance w
calculated with respect to the same reference spectrum
achieve results comparable to these obtained by use of re
malized entropy. A representative sample is given in Fig
In Fig. 4~a! the EEG recording, in Fig. 4~b! the course of the
estimated variance and in Fig. 4~c! the course of the square
Euclidean distance obtained for this recording are shown.
means of these simple characteristics a reliable identifica
of the different phases~interictal, ictal, and postictal phase!
of an epileptic seizure is not possible. The squared Euclid
distance, which was chosen as an alternative and more
ementary distance measure of spectra, fails to disting
between the different phases. The variance detects the
phase but misclassifies a later postictal segment of the E
By way of contrast, the course of renormalized entropy
veals a temporary strong decrease only within the ic
phase.

To investigate the spatial behavior of renormalized
tropy, for each patient up to eight channels, correspondin
recording locations of different distance to the epileptic
cus, were analyzed. In all patients the value of renormali
entropy within the ictal phase was found to decrease w
decreasing distance of the recording location to the epile
focus, as shown for a representative example in Fig. 5. T
a technical device for localizing epileptic foci, based on t
concept of renormalized entropy, is imaginable.
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IV. CONCLUSIONS

The method of renormalized entropy, formally introduc
to quantify the complexity of the different regimes of a d
namical system, has been applied to invasive EEG rec
ings of ten patients suffering from temporal lobe epilepsy

In all patients the course of renormalized entropy obtain
for recording locations nearby the epileptic focus show
strong decrease in the ictal phase of an epileptic seizure
respect to the interictal or postictal phase. Because
strength of this decrease depends on the distance of th
cording location to the focus not only a discrimination b
tween the different phases but also a localization of the fo
seems to be possible. The method makes exclusive use o
spectral properties of the time series under consideration
therefore human interaction is restricted to the choice of
spectral estimator to be used. Putting it all together the c
cept of renormalized entropy seems to be a promising c
didate for clinical applications like seizure detection or loc
ization of epileptic foci.
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