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Abstract—The wavelet transform is a natural tool for char-
acterizing self-similar signals. In this work, the wavelet-based
representation for 1/f processes is applied to the intracranial
EEG signal of an epilepsy patient to investigate self-similarity
characteristics through the spectral exponent . The spectral
exponent characterizes the distribution of spectral content from
low to high frequencies. An increase in the spectral exponent
leads to sample signals with smoother temporal patterns. Our
computational results show that the spectral exponent of the
intracranial EEG signal during an epileptic seizure is significantly
higher than that associated with other states of the brain,
implying that the wavelet-based fractal analysis is potentially
a useful computational tool for epileptic seizure detection.

I. INTRODUCTION

Epilepsy is a common brain disorder in which clusters
of neurons signal abnormally [I]. More than 50 million
individuals worldwide, about 1% of the world’s population are
affected by epilepsy [2]. In epilepsy, the normal pattern of neu-
ronal activity becomes disturbed, causing strange sensations,
emotions, and behavior, or sometimes convulsions, muscle
spasms, and loss of consciousness [1]. There are many possible
causes of seizures ranging from illness to brain damage to
abnormal brain development [1], and epileptic seizures are
manifestations of epilepsy [3].

The electroencephalogram (EEG) is a signal that quantifies
the electrical activity of the brain, is used to assess and detect
brain abnormalities, and is crucial for the diagnosis of epilepsy
[1]. Even though the electrical activity of the brain and the
EEG patterns during epileptic seizure may differ significantly
from the electrical activity during non-seizure period, the
detection of epileptic seizures is challenging for a number of
reasons.

Several techniques, derived from linear and nonlinear anal-
ysis signal analysis, artificial neural networks, etc. have been
proposed and evaluated for the detection and classification
of epileptic seizures. Recently, concepts and computational
tools derived from the contemporary study of complex sys-
tems including chaos theory, nonlinear dynamics and fractals
have gained increasing interest for applications in biology
and medicine because physiological signals and systems can
exhibit an extraordinary range of patterns and behaviors [4].

The mathematical concept of a fractal is commonly associ-
ated with irregular objects that exhibit a property called self-
similarity [5], [4]. Fractal forms are composed of subunits
resembling the structure of the macroscopic object [4] which
in nature can emerge from statistical scaling behavior in the
underlying physical phenomena [6]. The 1/f processes are an
important class of statistical self-similar random processes [6].
In 7], [8], a wavelet-based representation for 1/f processes
was developed, and the spectral exponent, v, that specifies
the distribution of power from low to high frequencies can be
estimated from the slope of the log-variance of the wavelet
coefficients versus the scale.

In this work, the self-similarity characteristics of the in-
tracranial EEG signal of an epilepsy patient is examined using
the wavelet-based representation for 1/f processes [7], [8].
From the computational results, the spectral exponent ~ of the
intracranial EEG signal corresponding to various states of the
brain, e.g., seizure onset, interictal, pre-ictal, and post-ictal,
are distinguishable. Further, the spectral exponent of the EEG
signal during an epileptic seizure event is significantly higher
than that associated with other states of the brain. Therefore,
this suggests that the characteristics of the spectral exponent
obtained from wavelet-based fractal analysis may be useful in
the detection of epileptic seizure events.

II. BACKGROUND
A. Discrete Wavelet Transform
The discrete wavelet transform (DWT) is a representation of
a signal z(t) € Ly using a countably-infinite set of wavelets
that constitute an orthonormal basis [9]. The synthesis and
analysis representations of the discrete wavelet transform of
the signal () can be expressed as, respectively, [9]

() = D) dmntimalt) ()

and

dm,n = / I(t)wm,n(t)dt (2)

where v(t) is a given function, the mother wavelet, and
{dn.n} are the wavelet coefficients. A family of wavelets
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Fig. I. The intracranial EEG of the epilepsy patient.

{$mn(t)} is obtained as normalized dilations and translations
of the mother wavelet 1(t) [10], [11}:

l/'m,n(t) = 27m/2’l,/7 (2 My Il,) (3)

where m and n are the dilation and translation indices,
respectively. The mother wavelet ¢:(¢) is localized in both time
and frequency [12].

For large scale 2™, the wavelet v, ,, is a stretched version
of the mother wavelet corresponding to low frequency content,
while for small scale 2™, the wavelet v, , 1s a contracted
version of the mother wavelet corresponding to high frequency
content. From a signal processing point of view, the orthonor-
mal wavelet transform can be interpreted as a generalized
octave-band filter bank [8], [13] because the mother wavelet
¥(t) is typically an impulse response of a bandpass filter. The
orthonormal wavelet transform can also be interpreted in the
context of multiresolution analysis (MRA) [11].

B. 1/f Processes

In general, models of 1/ f processes are represented using
a frequency domain characterization. The dynamics of 1/f
processes exhibit power-law behavior [14] and can be charac-
terized in the form of (8]

2

0'13
ol “

S(w) ~

over several decades of frequency w, where S(w) is the Fourier
transform of the signal z(t) and ~ is a spectral exponent. An
increase in the spectral exponent 4 specifying a distribution of
spectral content from low to high frequencies leads to sample
functions with smoother temporal patterns [8], [6].

C. Wavelet-Based Representation for 1/ Processes

The wavelet-based representation for 1/ f processes devel-
oped in [7] is presented in the following theorem.

Theorem 1: (8] Consider any orthonormal wavelet basis
with Rth-order regularity for some R > 1. Then the random

process constructed via the expansion
I(t) = Z de,nwm,n(t)
m n

where the d,, ,, are a collection of mutually uncorrelated, zero-
mean random variables with variances

(%)

var (dy, ) = o220™

(6)

for some parameter 0 < 5 < 2R, has a time-averaged
spectrum

Sa(w) = 0%y 27 ¥ (27w)|? )
that is nearly 1/, ie.,
2 2
9L U
—= < 5 (w) € 8

for some 0 < 0% < o} < oo, and has octave-spaced ripple,
i.e., for any integer k

lw|"Sz(w) = [2Fw] S, (ka) . 9

Here, W(w) denotes the Fourier transform of the mother
wavelet 1/(t).

Accordingly, from Theorem 1, the spectral exponent y of a
1/ f process can be determined from the linear relationship be-
tween log, var (dp, ») and the level m. The spectral exponent
can then be given by

_ Alogy var (dm,n)
= Am '
III. ANALYTIC FRAMEWORK
A. Data and Subject

We analyze data from long-term intracranial EEG record-
ings of an epilepsy patient at University Hospitals of Cleve-
land, Case Medical Center in Cleveland, Ohio, USA before
surgery. With the consent of the patient, intracranial EEG
data were recorded for few days using a Nihon-Kohden EEG
system with a sampling rate of 1000 Hz and band-pass filter
with a passband of 0.10-300 Hz.

(10)
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(a) The first epileptic seizure
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Fig. 2. The segments of the intracranial EEG corresponding to the epileptic seizures.

In this work, only a single channel of a 2-hour record of the
intracranial EEG data acquired from within the focal region
of the seizures is examined. The intracranial EEG signal is
illustrated in Fig. 1. There are 2 seizure events occurring
at between 24’ 47" and 27’ 36", and between 93° 57” and
95 457, respectively. Note that the first seizure is several
hours after the preceeding seizure event. In addition, the
segments of the intracranial EEG signal corresponding to the
first and second epileptic seizures are illustrated in Fig. 2(a)
and Fig. 2(b), respectively.

B. The Wavelet-Based Fractal Analysis

In the computational experiment, the intracranial EEG sig-
nal is partitioned into epochs of 8000 samples (8 seconds).
In the wavelet decomposition, the the Sth order Coiflet or-
thonormal wavelet bases are used. The epochs of the in-
tracranial EEG signal are decomposed into 6 levels. Only
the wavelet coefficients of levels m = 1,2.3.4.5, ie.,
{z;,, 23,23, 23 23} are used in the estimation of the spectral
exponent . The spectral exponent, i.e., the linear relationship
between log, var (d,, ) and the level 1, is estimated using
linear least-squares regression estimation.

IV. RESULTS

The spectral exponent v of the intracranial EEG signal of the
epilepsy patient is illustrated in Fig. 3. The spectral exponent
of the intracranial EEG signal corresponding to various states
of the brain has distinguishable characteristics. In particular,
we observe that the spectral exponent « of the intracranial
EEG signal during an epileptic seizure is significantly higher
than that associated with other states of the brain. Further, the
spectral exponent v of the intracranial EEG signal dramatically
increases during seizure onset, suddenly decreases right after
the epileptic seizure, and then gradually increases returning to
baseline as the influence of the epileptic seizure becomes less
intense.

From the computational result shown in Fig. 3, it is ob-
viously that both Using the proposed technique, epileptic
seizures can be detected using a simple method such as
thresholding. Although the threshold value is likely patient
specific and would need to be adjusted based on recorded
data. For the current patient, if the spectral exponent y = 3 is
set as the threshold, the first and the second epileptic seizures
are then detected between 25° 9” and 27’ 38”, and between
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Fig. 3. The spectral exponent 4 of the intracranial EEG of the epilepsy patient.

94’ 1” and 95’ 37, respectively.

V. CONCLUSIONS

Self-similarity characteristics of the intracranial EEG signal
of an epilepsy patient are examined using the spectral exponent
7 obtained from wavelet-based fractal analysis. From the
computational results, it is observed that the intracranial EEG
signal during an epileptic seizure exhibits a significantly higher
spectral exponent + than that associated with other states of
the brain. Althogh the results are preliminary and conclusions
are limited because only data from a single patient recording
hss been analyzed, the results do suggest that intracranial
EEG signals during epileptic seizure have smoother temporal
pattens and less complex temporal characteristics. This is
consistent with other findings that suggest that the intracranial
EEG is less complex during seizure events.

We hypotesize that the characteristics of the spectral ex-
ponent v of the intracranial EEG signal corresponding to
various states of the brain can be used to identifying and
classify various states of the brain. Future work will further
investigate the application of wavelet-based fractal analysis as
a computational tool for epileptic seizure detection.
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