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Quantitative analysis by renormalized entropy of invasive electroencephalograph
recordings in focal epilepsy
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Invasive electroencephalograpBEG) 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 f{d81063-651X98)11710-5

PACS numbsdrs): 87.90+y

[. INTRODUCTION estimated for subsequent segments of the EEG, was found to
be a good indicator of the lateralization of the epileptic fo-
Focal epilepsies are characterized by seizures that origius. In a case study Lerngk5] found the correlation integral
nate from a distinct region of the brain. The identification of itself to be suitable to detect seizure activity in an EEG re-
this so called epileptogenic focus is a prerequisite for surgieording.
cal treatment. Thus much attention is paid to the character- By now it is well appreciated that results, obtained by use
ization of invasive electroencephalogra(ffEG) recordings  of these measures, have to be interpreted with care. Several
of patients suffering from this disease. Competitive techdinvestigatord16—1§ have especially shown that the value
nigues like high-resolution positron-emission tomography orf the correlation dimension is influenced by computational
MRI using specific ligands or metabolites are used as alteras well as recording parameters. Theeml. [19] found no
natives to localize the epileptogenic focus in order to avoidevidence for low-dimensional chaos when re-examining
invasive EEG recordings. For the time being no superiorityEEG data of 110 patients. The finite correlation dimensions,
of either method has been established[{et4]. Any method they obtained for the same data sets in an earlier stdly
will be preferred that has a better spatial and timewise resowere found to be caused by an artifact of the autocorrelation
lution than the other with acceptable validity. Within this in the oversampled signals.
scenario an approach in EEG analysis is described in this A methodologically different approach is based on the
paper. examination of neural spike trains that might be observed in
Since there is only little doubt about the nonlinearity of the EEG of epileptic patients. In a basic implementation the
the dynamical system underlying the observed time series statistical properties like mean, variance, or skewness of the
broad range of nonlinear analysis techniques has been ajmterspike interval distribution are used to characterize the
plied to these data. As one of the first results of nonlineaEEG. Although this method neglects the sequence of these
EEG analysis indication of low-dimensional chaos was redintervals it is proven to be of practical use for some applica-
ported by Babloyanz and Destexf&] who claimed a non- tions [21]. However, for analysis of epileptic seizures ad-
integer correlation dimension in the EEG recording of a petitvanced methods seemed to be necessary, i.e., sequence-
mal seizure. Furthermore, Fraek al. [6] obtained positive sensitive methods[22—25. Using a sequence-sensitive
Lyapunov exponents by analyzing two seizure recordingscomplexity measure Rapgt al. found a decrease of nonran-
Similar effects, giving indication of chaotic behavior in EEG dom structure of these sequences in focal epileptic seizures
data, were also described by Freeman and Sk4ma induced in rats by application of penicillir26].
Dvorak and Sisk#8], Basar and Bullock9], and Pijnet al. A qgualitative characterization of epileptic seizures is
[10]. Windowed estimates of these measures for piecewisgiven by van der Heydeat al. [27]. Their results, obtained
classification of EEG were used by Lehnertz and E[dd], by analyzing EEG data of patients suffering from mesial
Tirsch et al. [12], Pritchardet al. [13], and lasemidis and temporal lobe epilepsy, indicate that the property of revers-
Sackellareg14]|. Lehnertzet al. [11] analyzed the EEG re- ibility of a time series can be used to discriminate between
cordings of 20 patients suffering form unilateral temporalseizure and nonseizure activity. Casdagflial. [28] report
lobe epilepsy. The variability of the correlation dimension, recurrent activity to occur in spatiotemporal patterns related
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FIG. 1. Invasive EGG recording of an epileptic seiz(ae segments of thé€b) interictal phase(c) ictal phase, andd) postictal phase.
The vertical lines ina) denote the beginning and the end of the ictal phase. The measured local field potentials are shown in arbitrary units.

to the location of an epileptic focus. -
In the present paper a procedure is described that seems to f S{(0)Hef(w)dw= f Si(w)He(w)dw ()]

be appropriate to classify the EEG of epileptic patients in an

uniform way. The method of renormalized entropy, proposed, 4

in [29] for classification of the different states of a dynamical

system, is applied to the EEG data of ten patients suffering

from temporal lobe epilepsy. The method is tested for its f ~Sr(w)dw=1. (4)

ability to assign a given segment of an EEG time series to

the corresponding neurophysiological state of the epileptic

patient, i.e., interictal, ictal, or posictal phase, as well as its (a) . . . . .

use for localization of an epileptic focus. 6.4 - -
Il. RENORMALIZED ENTROPY 621 i
Applying Klimontovich’s S theorem[30] to Fourier spec- " .
tra of scalar time series, Sapaghal.[29] introduced renor-
malized entropy as a complexity measure for the different 58 1 g
regimes of a dynamical system. Here each regime is repre-
sented by the normalized Fourier spectr8ifw) of one ob- 5.6 : : : : :

. . . .. 0 100 200 300 400 500 600
servablex;(t), which, in formal analogy to classical statisti- B

cal physics, is viewed at as a distribution function of an open

system. (b) 7 T T T T T
Given a reference distributios; (w), representing the
system’s state of equilibrium, the relative degree of order of 6.8 - )
the regime described b$(w) is determined by comparing 6.6 L h
the entropies of these two distributions under the additional i
constraint of same mean energy in both states. To this end an 6.4 -
effective Hamiltonian
6.2 | _
He=—In Sy(w) (1) N
is introduced and the reference spectrum is renormalized 0 100 2000 3 400 500 600

(“heated up”) into A
_ FIG. 2. EstimateH of spectral entropy vs widtB of the
S/ (w)=C(T;)e He@/Ti=C(T,)S;(w)*M, (2)  smoothing window obtained for a segment of an E&Band an
AR(2) process(b) of length N=4096. The horizontal line ir{b)
so that the following holds: denotes the true value of spectral entropy.
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Applying this method to the different regimes of the logistic
map, Saparinet al. [29] found renormalized entropy to
clearly detect all transitions between the different types of
periodic behavior as well as the different types of chaos.
Kurthset al.[31] and Vosset al.[32] analyzed the heart rate
variability of patients after myocardial infarction. They re-
port renormalized entropy to be a suitable method for the
1r 1 detection of high risk patients threatened by sudden cardiac
death.
- - - Because of Eq(l) the method can only be applied to
0 100000 200000 300000 400000 500000 processes that have a purely positive spectrum, i.e., chaotic
t/At or stochastic processes. Because spectra of such processes
have to be estimated the spectrum chosen as reference should
FIG. 3. Course of spectral entropy and renormalized entropy pe of lower energy than each other state of the system to
AH obtained for a recording location in the epileptogenic area.avoid “temperatures’T; less than 1. “Cooling down” an
Vertical lines denote the beginning and the end of the ictal phaseestimated spectrum increases the variance of the estimate and
therefore the variance of the estimated entropy.
Here Eq.(3) ensures the equality of mean energies of the two
states, Eq(4) the normalization of the renormalized spec-
trum. C(T;) is a normalization factor depending OR. . ANALYSIS OF THE EEG
Renormalized entropy now is given by

The EEG data analyzed in this study were recorded using
chronically implanted subdural and intrahippocampal elec-
trodes measuring the local field potential. The obtained sig-
nals were passed to a multichannel amplifier system with

AHsza(w)lnS(w)dw—f S(w)InS(w)dw. (5)
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FIG. 4. Course ofb) estimated variance?, (c) Euclidean distanc®, and(d) renormalized entropxtxl:l 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 to ahip between the parametexs,a, and the frequencw and
digital storage device with a sampling interval dft relaxation timer of the oscillator is given by
=5.76 ms per channel. Figure 1 displays representative

samples of the obtained time series for different phases of an a;=2 coswe 17, (11
epileptic seizure. For each recording the identification of the
different phases was done by experienced clinicians by vi- a,=—e 2", (12)

sual inspection of the time series.

For analysis the data of each channel were divided int®ecause this process is linear its spectral entropy can be
consecutive segments of length N=4096 with a 50% calculated analytically:
overlap. The length corresponds to a duration of 24 s per
epoch and was chosen to achieve at least quasistationarity for
each segment according [83]. H=—2 S(wy)InS(wy) (13

To apply the method described above to these data the k
spectrum of each segment has to be estimated and for each
channel a reference spectrum has to be found. To estima\%’th
the spectrss; the periodograms

N . . 2 S(wk): 1_ iwk_ i2wk 2' (14)
Peri(a)k): 1/N E Xi'jelwk]At (6) | Q€ aze |
=1
C a normalizing constant. As the plot shows the true value of
were smoothed: spectral entropy, denoted by the horizontal line in Fig).2
is reached in the area of transition from high to low increase
2 _ of spectral entropy. Therefore, a value B& 33 from this
Si(@w) zu: WyPer(wi—). 0 region in Fig. 2a) was chosen for the analysis of the EEG.

To calculate the renormalized entropy of the EEG spectra
As smoothing kernelv, the Bartlett-Priestley window was for each channel a referen&(w,) has to be chosen. As
chosen 34]: mentioned before this state should be of lower energy than
each other state of the system. Because
C[1—-(u/b)?], |ul<b
Wu=lo lu|>b ®
! ' —2 S0 S (@)=~ S0 S(w) (19

Variance and bias of the estimator depend on the wiith

=2b+1 of the smoothing window and the structure of the ng|ds for everyj if
true spectrum. To find an appropriate value for the window

width the spectral entropy

—; S,-<wk>lns,-(wk>>—; S(wInS(w) (16)
H=—§ S(wy)In S(wy) (9)

the spectrum of lowest spectral entrdfg. (9)] was chosen
as reference. If the postictal phase of an epileptic seizure
differed from the interictal phase the corresponding segment
was found in the beginning of the postictal phase resulting in
a course of renormalized entropy shown in Fig. 3. Otherwise
the reference was found in the interictal phase. Figure 3 also
shows that the conventional spectral entropy as given by Eq.
ég) does not serve as a feature characterizing the ictal phase.
To test and compare the behavior of the renormalized

of small increase where the periodogram is oversmootheroPY in an epileptic seizure, EEG datg of all patients were
Since information about the structure of the spectrum is |Ostanalyzed using the method of renormalized entropy as well

in this region the spectral entropy is overestimated. FiguréS simple features like the variance
2(b) shows the corresponding plot for one realization of an

was calculated as a function & for different segments.
Figure Za) shows the plot obtained for one segment of an
EEG. The graph can be divided into two regions. For smal
values of B the fluctuations of the periodogram are sup-
pressed insufficiently: because each summand iN®qs a
convex function ofS(w,) the spectral entropy is underesti-
mated. In this region the estimated spectral entropy increas
fast with increasindd. For large values oB there is an area

1 1 2
AR(2 ~2_
(2) process Uiz_N—l : (Xi,j_ﬁzl Xi,I) (17)
X(t)=a; X(t—1) +aX(t—2)+ e(t) (10
_ or the squared Euclidean distance
with
a;=1.3, a,=-0.75, and e(t)eWN(0,]) D=2 [Si(wp)—S (w)]? (18
K

of lengthN=4096. This process describes a damped linear
oscillator driven by white noisg85]. The functional relation- of spectra. For determination of the Euclidean distance the
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FIG. 5. EEG and course of renormalized entropy obtained for recording locations of different distance to the epileptie)flomagion
nearby the epileptic focusb) location of smallest distance to the epileptic fooa,location on the contralateral hemisphere. Vertical lines
denote the beginning and the end of the ictal phase.

spectra were calculated in the same way as were done for IV. CONCLUSIONS
calculation of renormalized entropy. Also the distance was : .
calculated with respect to the same reference spectrum tto ngn?f?,tt[‘r?g 2:;rrT?qg;?:aléet?]eergi;?gyénff:;n?:ge'gtg?iuge?
achieve results comparable to these obtained by use of renop. 4 piexity 9 y

malized entropy. A representative sample is given in Fig. 4.nam|cal system, has been applied to invasive EEG record-

In Fig. 4(a) the EEG recording, in Fig.(#) the course of the ings of ten _patients suffering from temporal lobe epilepgy.
estimated variance and in Fig(c} the course of the squared In all patients the course of renorma!lzed_ entropy obtained
Euclidean distance obtained for this recording are shown. Bfor recgrdmg Ioc_atlohns_ ne?rl:;]y the feplleptl_:: chus _shows 'ah
means of these simple characteristics a reliable identificatio trong decrease In the ictal phase of an epileptic seizure wit
of the different phaseénterictal, ictal, and postictal phase respect to th.e interictal or postictal phasg. Because the
of an epileptic seizure is not possible. The squared Euclidea%trength of th|s decrease depends on the .d'S‘.ar!CG .Of the re-
distance, which was chosen as an alternative and more (f_ordlng '°°"?‘“°” to the focus not only a d.|scr|m|nat|on be-
ementarg/ distance measure of spectra, fails to distinguis ween the different phases but also a localization of the focus

between the different phases. The variance detects the icgren'S to be po§5|ble. The_methoq makes exclus_|ve use of the
phase but misclassifies a later postictal segment of the EE pectral properties of the time series under consideration and

By way of contrast, the course of renormalized entropy re- ierefore human interaction is restricted to the choice of the
veals a temporary, strong decrease only within the ictanectraI estlmatqr to be used. Puiting it all together t.he con-
phase cept of renormalized entropy seems to be a promising can-

To investigate the spatial behavior of renormalized en_qldate for clinical applications like seizure detection or local-

tropy, for each patient up to eight channels, corresponding tbzatlon of epileptic foci.
recording locations of different distance to the epileptic fo-
cus, were analyzed. In all patients the value of renormalized
entropy within the ictal phase was found to decrease with The data analyzed in this study were kindly made avail-
decreasing distance of the recording location to the epileptiable by C. E. Elger and K. Lehnertz from the University
focus, as shown for a representative example in Fig. 5. Thuglinic of Epileptology, Bonn. We would like to thank P.
a technical device for localizing epileptic foci, based on theDavid for initiating this study and P. Saparin for critically
concept of renormalized entropy, is imaginable. reading the manuscript.
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