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Using Fractal Dimension for EEG Spike Detection
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Abstract: Spikes in electroencephalogram (EEG) are usually an indication of abnormal brain activity. Spike
detection 1s an mnportant tool for clinical diagnosis of epileptic disorders. In thus paper, a new spike detection
method is mtroduced. In the proposed approach, the EEG signal 1s imtially filtered using Savitzky-Golay filter
to attenuate its short-term variations. Then, fractal dimension of the filtered signal is calculated in a sliding
window. This technique is used to accentuate the signature of spikes. Spikes positions are detected by
mspecting fractal dimension variations. The performance of this method 1s compared with that of two other
existing methods using both synthetic signals and real newborn EEG. The results indicate that our proposed
technique has better accuracy compared to existing methods.
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INTRODUCTION

The electroencephalogram (EEG) is an invaluable
measurement tool for monitoring bramn activity [1-3]. Brain
functiomng affects the morphology of EEG. Within the
context of EEG, spikes can be considered as transient
signal which is different from the background activity.
They show a stereotypical pomted peak and duration of
20-70 ms [1-3]. Serzures, which are a result of synchronous
discharge of a large number of neurons, can be detected
using spikes and their firing pattern in EEG [1-3]. In this
application, performance of the EEG seizure detection
techmque can be improved by mcreasing the accuracy of
the spike detection method.

Traditionally, EEG signals are scanned for epileptic
spikes by physicians. This process becomes very tedious
and time-consuming in case of long EEG recordings.
Therefore, it is increasingly necessary to present an
efficient automatic method for spike detection.

This paper presents a new method for this task. In the
proposed method, the Savitzky-Golay filter 1s wmutially
applied to the signal under analysis to show the important
underlying unadulterated form of the data by attenuating
its  short-term variations. Then, fractal dimension
techmque 15 used to accentuate the spike signature.
Spikes positions can be detected through quantification
of fractal dimension variations.

This paper 1s organized as follows: the existing spike
detection methods are described in Section 2. Section 3
presents the theoretical foundation of Savitzky-Golay
filter and fractal dimension techmiques. The proposed
spike detection method 1s explained m Sections 4. The
performance evaluation of the proposed method and
comparison results are provided in Section 5. Section 6
summarizes our conelusions.

Existing Spike Detection Methods: There are a number of
spike detection methods m the literature. In [4], a spike
detection method based on relative amplitude of the
waveforms has been mtroduced. In this approach, only
waves whose amplitudes are at least six times bigger than
that of the background are considered as spike signals.
However, it fails to detect small amplitude spikes after
burst waves. In [5], the authors proposed a spike
detection method using a nonlinear energy operator
(NEQ). This method however has been proven sensitive
tonoise [6]. In [6], the authors improved the performance
of the NEO by using a smoothing window at its output.
This new method is called the smoothed nonlinear energy
operator (SNEOQ). But, the accuracy of this method
critically depends on the method by which the threshold
1s chosen [7]. In another method, a spike detection using
a Kalman filter has been proposed. Tn this method [8], the
EEG signal is first modeled as an output of time-varying
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autoregressive model (TVAR). The TVAR parameters are
estimated with a Kalman filter algorithm. Then, the output
values of the filter above the threshold are considered to
be the position of spikes.

Overview of Savitzky-golay Filter and Fractal Dimension:
Since this research 1s based on Savitzky-Golay filter and
fractal dimension, they are briefly reviewed here.

Savitzky-Golay Filter: Tn order to reduce the effect of
noise on the original signal we use the Savitzlky-Golay
filter. This low-pass filter is suitable for smoothing data in
time series as well as calculating the first up to the fifth
derivatives [9-11]. In the Savitzky-Golay approach, a
polynomial P of degree & 1s fitted to = i, + m, + 1 data
points, where » 18 frame or window size and 1t 1s acquired
from #; data points to the left and » data pomts to the
right of a current data point [9-11].

Fractal Dimension: Fractal dimension (FD) indicates non-
integer or fractional dimension of an object [12]. Along
with other nonlinear methods, the FD has been frequently
used in the analysis of biomedical signal processing,
including EEG analysis. [13-15]. Tt has been revealed that
non-stationary and transient characteristics of a signal
could be represented by FD. Several algorithms have been
proposed to estimate the FD of waveforms such as
Higuchi [16], Petrosian [17] and Katz [18] methods.
Selection of FD algorithm depends on the application [19].
Higuchi’s method presents the most accurate estumation
of the FD; however it 1s slower than Katz’s method.
Petrosian’s method has less accuracy in calculating FDD of
a signal compared to Katz’s approach. Katz’s method 1s
relatively insensitive to noise. In addition, FDs computed
using Katz method have better Results regarding
discrimination between states of brain function [19]. In
this paper, we have used Katz’s algorithm to calculate the
FD of a time series. In the Katz’s algorithm, the FD 1s
obtained directly from the time series and can be defined
as [18, 19]:

Do log(L/a) (1)
log(d/a)
where I, is the length of the time series, d is the distance
(Euclidean) between the first point in the time series and
the point that provides the furthest distance with respect
to the first point and a is the average distance between
the two successive data points.

Proposed Spike Detection Method: The proposed spike
detection method consists of following steps:
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¢ The Savitzky-Golay filter is initially applied to the
original signal to represent the important underlying
unadulterated form of the time series by attenuating
its short-term variations. The main advantage of the
Savitzky-Golay filter 1s that it tends to preserve the
features of the time series distribution such as its
relative maxima, mimma and width [9-11]. In addition,
this filter has no shifting effect on the patterns
existing on the time-series after filtering compared to
other FIR filters [9-11]. This property can be useful to
detect the true positions of spikes.

¢+ The fractal dimensions of the filtered signal are
calculated in a shding window. This technique has
been used to accentuate the signature of spikes. For
application of spike detection, FD variations are
considered as follows:

G, =|FDy — FD,| m=1,..M~1 (2)
where, M is the total number of analyzed windows.

¢ The local maxima of G function above the threshold
represent the position of spikes in the time series.

Performance Evaluation: Algorithms of the proposed
method and existing techmques were implemented using
MATLAB from Math Works, Inc. The performance of
these techniques was evaluated using both synthetic
signal and real newborn EEG.

Synthetic Signal: For the purpose of evaluating the
performance of the proposed method, the following
synthetic signal has been generated [7, 8]:

x(1) = hit)+ s(1) (3)

where A(t) and s(f) are the spike train set and the
background signal, respectively. The background signal
1s chosen according to equation (4).

(1) = sin(or) — sin(2et + ) + sin(ded) + n(h) (4

where W=271/75, ¢p=m/2 and n(?) is white Gaussian noise.
The spikes are distributed randomly over the background
signal. Spike signals are modeled as triangular symmetric
pulses whose amplitudes were uniformly distributed in the
interval of 2.5 and 5. The signal is sampled at a rate of 128
Hz (Fs=128 Hz). The signal in Figure 1.a represents &
spikes with a randomly varying duration of 3 to @ samples
since the duration of real spikes ranges from 20 to 70
msec. Figure 1.b shows 2 s of x(#) with SNR=0 dB.
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Fig. 1: (a) Spikes train. (b) Signal with spikes, x(#) with SNR=0 dB.
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Fig. 2: Spike detection in synthetic signal using proposed method. (a) Signal with spikes. (b) Filtered signal using
Savitzky-Golay filter, (¢) The computed fractal dimension, (d) Output of the G function. As can be seen, the
proposed method could successfully detect all spikes.

The signal in Figure 2.a is initially filtered using
Savitzky-Golay filter. In this paper, we have used an order
3 polynomial Savitzky-Golay smoothing filter to remove
noise from the time series. A frame size of 5 was chosen
for the filter. These parameters have been experimentally
chosen to have a better noise reduction results.

The filtered signal has been shown in Figure 2.b. FD
of the signal in Figure 2.b is calculated using a sliding
window with the length of 70 ms and 50 % overlapping is
chosen for successive windows. Figure 2.c demonstrates
the computed fractal dimension. Figure 2.d shows the
computed G function. The threshold value for the
proposed method is chosen as G ¢, , where G and o
represent mean and standard deviation of G function,
respectively. The local maxima of G function above the
threshold clearly reveal the position of all spikes.
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The existing methods [7, 8] are also applied
on the signal in Figure 2.a and the results are
shown in Figure 3. This figure indicates that the
existing methods have more false detection rate (marked
with the arrows in the plots) compared to the proposed
method.

In order to evaluate the performance of the proposed
method, the true positive (TP), miss or false negative (FN)
and false alarm or false positive (FP) ratios are used as
defined below [7]:

N
Tp:ﬂ, FN:ﬂ, FP=—L, (%)
N N N
where N, N,, N,and N represent the number of true,

missed, falsely detected and actual number of spikes,
respectively.
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Fig. 3: Spike detection in synthetic signal using existing methods. (a) Signal with spikes, (b) The output of SNEO
method, (¢) The output of Kalman filter based method. Both missed and falsely detected spikes are depicted by

arrows. As can be seen, the existing methods have more false detection rate compared to the proposed method
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Fig. 4: Spike detection in real signal using proposed method. (a) Signal with spikes. (b) Filtered signal using Savitzky-
Golay filter, (c) The computed fractal dimension, (d) Output of the G function. As can be seen, the proposed
method could successfully detect the position of spikes

Table 1 reports the TP, FN and FP ratios obtained by
applying the proposed method and the existing methods
to 100 simulated signals with 10 dB, 100 simulated signals
with 5 dB, 100 simulated signals with 0 dB and 100
simulated signals with-5dB SNR. As can be seen from the
results, the proposed method has a better accuracy
compared to the existing methods [7, 8]. The proposed
Method has the highest value for TP ratio and the lowest
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value for both FN and FP ratios in each selected SNR. But,
the method suggested in [8] offers a high TP ratio at the
expense of a high FP ratio.

Real EEG Signal: For the purpose of evaluating
the performance of the proposed method on real
signal, the EEG of a newborn baby has been used.
The signal have been sampled using Fs=256Hz.
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Fig. 5: Spike detection in real signal using existing methods. (a) Signal with spikes. (b) The output of SNEO method,
(c) The output of Kalman filter based method. Both missed and falsely detected spikes are depicted by arrows.
As can be seen, the existing methods have more false detection rate compared to the proposed method

Table 1: Results of applying proposed method and the existing methods on

a set of synthetic data

Proposed Method
SNR -5dB 0dB 5dB 10 dB
TP 0.75 0.79 0.86 0.96
FN 0.25 0.21 0.14 0.04
FP 0.26 0.13 0.08 0.04
SNEO Method
SNR -5dB 0dB 5dB 10 dB
TP 0.72 0.76 0.83 0.92
FN 0.28 0.24 0.17 0.08
FP 0.63 0.41 0.11 0.06
Kalman Based Method
SNR -5dB 0dB 5dB 10 dB
TP 0.71 0.74 0.83 0.92
FN 0.29 0.26 0.17 0.08
FP 0.73 0.59 0.34 0.25

The proposed method is applied to five seconds of EEG
signal and the result is shown in Figure 4. The position of
the spikes has been depicted by arrows in Figure 4.a. The
output of Savitzky-Golay filter and the calculated fractal
dimension are shown in Figure 4.b and Figure 4.c,
respectively. Figure 4.d indicates that all the spikes have
been successfully detected using the proposed method.

The existing methods are also applied on the signal
in Figure 4.a and the results are shown in Figure 5. This
Figure reveals that existing methods have more false
detection rate (marked with the arrows in the plots)
compared to the proposed method.
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CONCLUSIONS

In this paper a new spike detection method
using Savitzky-Golay filter and fractal Dimension
has been introduced. Savitzky-Golay filter attenuate
short-term variations of the signal and fractal
dimension is a powerful approach in transient
detection. The performance of the proposed method
was compared with two other exiting methods using
both synthetic signals and data collected from
human subjects. Simulation results indicated proposed
method outperforms the existing methods in spike
detection.
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