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ABSTRACT
Electroencephalogram
(EEG)
signals
are
significantly distorted in case of any external
interference which inevitably affects monitoring the
Depth of Anesthesia (DOA). During scoliosis
correction surgeries, the error sample rate and noise
level are remarkably increased because surgeons
use high power electronic equipment and several
kinds of electric hand tools. This research
investigates the main causes of EEG signal
distortion during this kind of operations and
discusses the denoising process during different
stages of anesthesia. This paper presents and tests a
novel EEG denoising technique for scoliosis
correction surgeries using a hybrid combination of
conventional filters, Wavelet noise removal and
smoothing filters. The Savitzky-Golay (SG)
smoothing filter removes the residual noise
overlapped with EEG signals and also smooth the
sharp points resulted from removing high power
noise, high speed sampling rate and sudden changes
in EEG signals. The parameters of these filters are
continuously changed according to the noise level
and DOA in order to preserve the signal
characteristics. The experimental outcomes present
that the resultant EEG data are significantly
corrected and fully denoised without any substantial
variation in their components.
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1 INTRODUCTION
Electroencephalogram signal (EEG) is a data
used to measure the activity of the brain using
many electrodes (channels) arranged in fixed
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places on the scalp. Normally, the brain signals
are a function of time and are describable in
terms of its amplitude, frequency, and phase.
These signals exploited to monitor the depth of
anesthesia (DOA) and diagnose some diseases
such as Alzheimer's, Parkinson's, Epilepsy, and
Stroke. Anesthesia is an indispensable section
of surgery where the anesthesiologists monitor
the DOA according to the variations of the
physiological parameters, such as blood
pressure, heartbeat, breathing rate, eye
movement, and their reaction to the physical
excitation due to the procedure of the surgery.
Variation the levels of anesthesia are strongly
affected to the features of the EEG signals; all
these variations are utilized to monitor the level
of awareness [1]. Unconsciousness is defined as
a non-responsiveness and lack of movement to
the painful stimuli, whereas the severity of
operative stimulation depends on the type and
duration of surgery [2]. There are two reasons
lead to inappropriate general anesthesia; the
first one caused by under dosage, which
conduce an intraoperative awareness while the
second reason caused by over dosage which
leads to prolonged anesthesia and increases the
risk of postoperative complications. Generally,
the common factor that specifies the
appropriate level of general anesthesia is the
ability to analyze the brain waves to observe the
DOA [3].
In the early eighties, the first stage of EEG
signals represented by digital filters, which are
exploited to suppress undesirable frequency
components from the observed EEG signal. A
train of low and high pass filters uses to remove
the noise coming from the electrical line [4].
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These chains of filters have opened the way for
a new technique in which is a discrete wavelet
transforming (DWT). This technique depends
on a set of weights to generate a cross
multiplication of each element of EEG signal
with its neighbors [5]. The DWT is an effective
technique to diagnose the recorded signals from
several forms of artifacts that overlapped with
EEG signals such as ocular artifacts, inherent
noise and motion artifacts [6]. Other
researchers combined the wavelet (WT) with
another technique such as Independent
Component Analysis (ICA) to produce a new
technique, Wavelet-Independent Component
Analysis (WICA). This formula showed the
best performance to separate the noise from
brain waves with minimal information loss [7].

The proposed system tests and processes the
signal components (removing the errors and
denoising) for each channel separately. This
system consists of four stages as shown in Fig.
1. The first stage is proceeded to correct the
error samples or delete the whole second (128
sample) from the recorded waves. The second
stage devoted to removing the effect of AC line
and unwanted frequencies. The third stage used
to remove a different kind of noise, whether it’s
an extrinsic noise or artifacts. The fourth stage
is an inconstant smoothing filter where the
parameter of this filter varies according to the
noise level. The stage one and two used to
prepare the EEG signals and pinpointing the
useful frequencies where stage three and four
used to denoise and smoothing the prepared
EEG signals.

The aim of this paper is to analyze and denoise
the acquired EEG signal during scoliosis
correction surgeries also investigates the causes
of distortions and noises during different stages
of anesthesia. This technique proceeded to four
stages to denoise the recorded EEG data. Initial
stage is an automatic error corrector or removal.
The second stage is a set of conventional filters
(Notch filter, IIR band pass filter) to remove the
unwanted power and frequencies. The third
stage is a wavelet denoising process to remove
the artifacts that overlapped with recorded EEG
signals. Finally, inconstant Savitzky-Golay
smoothing filter (SG filter) to denoise the
residual noise and smoothing the changing
points. The results exhibited that the acquired
signals corrected and denoised significantly
with maintaining the features characteristics of
the EEG signal.
2 METHODOLOGY
The EEG signals have been recorded for forty
hours from two channels that were acquired
from twenty patients who underwent Scoliosis
Correction Surgeries at the UKM Medical
Centre, Jalan Yaacob Latif, Bandar Tun Razak,
Cheras, 56000 Kuala Lumpur.
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Figure 1. The proposed system for error correction and
noise removing to the recorded EEG signals.

2.1 Error Correction or error cancellation
In this stage, the system checks the probability
of error occurrence during data recording
within each second (128 samples). Automatic
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loop can correct and removes the stream of
errors according to the number of error samples
per second. The system can correct the error
samples when the errors are sporadic and few;
this correction depending on the values of the
previous five samples. If the burst of errors
occurs as a result of the use of high-energy
devices, the system unable to correct the error
samples; because the recorded signal embedded
inside the train of errors and the original form
signal cannot be covered at all; consequently,
the system will remove the whole second (128
samples).
2.2 Notch (BandStop) and bandpass digital
filters
The undesirable frequencies that overlapped
with the recorded signal is being removed by
notch filter NF and bandpass filters BPF. The
effects of A.C. line removed by notch filter,
while the band pass filters keeping only the
useful frequencies (0.1Hz to 63 Hz). The term
digital filters refer to the mathematical
procedures that applied to numeric and discrete
representations of continuous signals to
attenuate or emphasize certain frequencies. The
time domain of discrete filtering of EEG signals
typically involves cross multiplying each noisy
data point and its neighbors with a group of
weights. In fact, the signal pattern is
represented by this set of weights. Recurrent
cross multiplication process for each point leads
to truncate the whole signal from some artifacts
and removes the D.C. level. The designs of
recursive IIR band stop (notch filter) and
bandpass digital filter takes into consideration
the current and past samples of the input and
output values. Finally, the algorithm of this
filter attempts to reduce the start-up and ending
transients by regulating the initial values to
match the DC component of the signal.
2.3 Discrete wavelet denoising process
The wavelet denoising process is assigned to
removing the components of the various types
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of artifacts, such as ocular artifacts, inherent
noise and motion artifacts. This technique
consists of three steps:
Step one (decomposition step): finding the
wavelet coefficients (approximation and
details) by decomposing the EEG signals. This
decomposition was achieved by a series of
lowpass (LPF) and highpass filters (HPF). To
pick up the approximation coefficients, the
EEG signal passes through LPF. At the same
time, the EEG signal is passed through an HPF
to obtain the detail coefficients with dawn
sample by two at each stage [8].
Step two (threshold step): pinpointing the
threshold value of the details and
approximation coefficients which already have
been founded in the previous step. The
denoising process has been achieved by
resetting the coefficients have an absolute value
lower than the threshold level.
Step three (reconstruction step): reconstructs
the new coefficients by inverse wavelet
(IDWT) with up sample by two at each stage
[9].

Figure 2. The similarity between the EEG signal and
Mother Wavelet (a) db4” (b) The variation of two
channels of EEG signals.

Based on the studies, Daubechies “db4”, has
been used to analyze the EEG signal taking into
account their optimality in the time-frequency
localization properties as shown in Fig. 2 (a).
Its waveforms are similar to the waveforms to
be detected in the EEG signal as Fig. 2 (b).
From these figures, we can observe distinctly
that the variance of the recorded EEG signal
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has the same variation of the mother wavelet
which leads to denoising and artifact removing
from the EEG signal accurately. According to
the sampling frequency, level four is chosen
based on the dominant frequency components
of the EEG signals.
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To design SG filter, we should define the order
of the polynomial “N” and the frame size “M”
which represents to the half width of the of the
approximation interval. The algorithm of this
method is in two stages; firstly, fitting a
polynomial to a set of input samples; secondly,
estimate a new polynomial at a single point
within the approximation interval is equivalent
to discrete convolution with a fixed impulse
response. There are several conditions that must
be taken into account when designing SG
smoothing filter specifically, the order of the
polynomial must be strictly less than the frame
size. Moreover, if the order of N is too large,
the approximation problem is badly conditioned
and the solution will be of no value. In this
research, automatic changes in the parameters
of the smoothing filter according to the noise
level can give the best results.
2.5 Evaluation criteria
To assess the performance of the proposed
system at this research; we used four different
criteria: Wavelet Coherence WC (1), Signal-toNoise Ratio SNR (2), Cross Correlation
Function CCF (3) and Mean Squared Error
MSE (4). The wavelet coherence used to test
the performance of the SG filter with the
normal and noisy EEG signals. The other three
criteria have been applied to test the
performance of denoising stage (wavelet
technique and SG smoothing filter).
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2.4 Savitzky- Golay smoothing filter
The researchers Abraham Savitzky and Marcel
J. E. Golay suggested a method for smoothing
the data based on local least squares polynomial
approximation [10].

S ( s 1W nxx ( s ))

 N  m 1
*
  xnm xn
( m )   n 0
CCF  (  m )
xx

1
N

(2)

n

m0
m0


 x ( n )  x ( n ) 
N

(3)

(4)

2

n 1

where x (n) is the origin EEG signal, x ̂(n) is the
denoised EEG signal, * sign is the complex
conjugate and S is a smoothing operator. The
best performance of the proposed system when
achieving the highest value of the SNR, lower
value of the MSE and finally, the highest value
of the points of intersection of CCF.
3 EXPERIMENTAL
DISCUSSION

RESULTS

AND

The Fast Fourier Transform FFT for each
second to follow changing in the EEG signal
components during denoising stages are
observed. For the FFT analysis, the phase
spectrum yields information about the phase of
components relative to the start of the
computation window. The results of SG filter
divided into two categories; the first one
verifies the coherence between the outputs of
stage three and four using only one second to
follow the changes in the EEG signal clearly,
these variations as a result of using different
values of the polynomial and the frame size
(smoothing the EEG signal). The second form
of results, verifies the SNR, MSE and CCF
between the outputs of stage three and four to
follow the performance of wavelet denoising
process and SG filter (denoising EEG signal).
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3.1 Error correction
The occurrence of the errors during data
acquisition directly affects in measuring the
depth of anesthesia. The sample is an error
when its value is negative or much lower than
the value of the overall average of samples per
second. If the number of errors is sporadic and
few as shown in Fig. 3 (a), the error samples
have been estimated by averaging the five
previous samples as shown in Fig. 3 (b). If the
error samples are consecutive and exceeding 32
samples (quarter of a second) as given in Fig. 3
(c), that mean it’s a burst of errors and the
system cannot estimate these sample values.
Thereby, the system automatically removes this
second (128 samples) and gives an error sign.

figure shows a high level of the cumulative
value of the signal due to the presence of DC
level.

Figure 4. Two channels of the EEG signal (a) unfiltered
signal; (b) filtered signal by BSF; (c) FFT of the filtered
signals.

The bandpass filter has been used to specify the
effective frequencies that represent an EEG
signal which varies according to the depth of
anesthesia, and are confined between 0.1 and
63 Hz. In the same context; the bandpass filter
removes some artifacts such as EMG and
ocular which has frequencies more than 60 Hz;
also remove the D.C. level that generated by the
rhythm of breathing or by some of electronic
equipment.

Figure 3. EEG signal with the different kind of errors (a)
sporadic error; (b) corrected form; and (c) burst of errors.

3.2 Conventional filters
The second stage included two types of filters:
bandstop filter BSF and bandpass filters BPF.
The bandstop filter is used in all EEG recording
devices to eliminate the effects of the AC line
and its harmonics (49-51) Hz. In fact, this filter
has been used to make sure that this type of
noise was completely removed from the
frequency of EEG signals, because this kind of
noise specifically overlaps with the Gamma
band which leading to increase the amplitude in
those frequencies. Fig. 4 (a, b) illustrates a 60
second of EEG signal and the filtered form
respectively. We note that the filtered signal did
not change significantly from the original signal
and the EEG signals still settled on a high DC
level (around 1470 µV). Fig. 4 (c) shows the
FFT for each second of the filtered signal. This
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Figure 5. (a) Two channels of the EEG signal filtered by
PSF and BPF; (b); FFT of the filtered signals.

Fig. 5 (a) shows the EEG signals after
removing the unwanted frequencies and D.C
power by BPF where we note that the brain
signal is oscillate around the zero level. Fig. 5
(b) illustrated the FFT of the signal where
remained only the useful frequencies and the
amplitude is decreased significantly [34].
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3.3 Wavelet denoising technique
In the third stage, the system removes the
artifacts that overlapped with recorded EEG
signal using wavelet technique. The wavelet
transform is particularly effective for
representing various aspects of signals such as
trends, discontinuities, and repeated patterns; it
is especially powerful for non-stationary signal
analysis where EEG signals contain these
events. Consequently, the wavelet transform is
a robust tool for analyzing transient signals
because the information of time and frequency
can be obtained. Furthermore, if the basis
wavelet function has a finite duration, then the
frequency information obtained from the
wavelet transform is localized in time.

Figure 6. (a) Two channels of the EEG signal filtered by
BSF, BPF and WT Technique; (b); FFT of the filtered
signals.

Fig. 6 (a, b) shows the EEG signals and its FFT
after passing through the WT denoising
technique. From this figure, the most of
artifacts and noise that overlapped with recoded
signal are removed without affecting to the
details of the EEG signals. The performance of
this stage has been measured by averaging the
SNR, CCF, and MSE between the output of
BPF filter and the output of wavelet denoising
technique in six patients only; with 60 seconds
of EEG signals for each patient during surgery
stage as shown in Table 1. Add to that, the EEG
signals have been chosen with normal noise for
the patients 1 and 6 while we chose EEG
signals with high level of noise for the patients
2, 3, 4 and 5.
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Table 1. The performance of wavelet denoising
technique

Patie
nts

1
2
3
4
5
6

SNR (dB)

CCF

Ch. 1
56.77
72
25.43
86
31.06
13
26.84
78
25.80
94
49.42
38

Ch.1
0.88
35
0.74
76
0.89
43

Ch.2
61.58
9
27.09
92
34.18
29
29.36
06
28.94
87
51.38
01

0.7
0.68
11
0.94
44

MSE
Ch.2
0.87
53
0.71
99
0.89
02
0.73
14
0.65
66
0.93
66

Ch. 1
0.369
6
13.63
36
7.136
4
11.59
17
13.06
38
0.861
7

Ch.2
0.212
4
11.26
11
4.981
9
8.679
8
9.101
3
0.687
9

From Table 1, we notice that the values of
SNR, CCF, and MSE varied from channel to
channel and from patient to another according
to the noise and artifacts strength. The SNR is
high when the EEG signals have a normal noise
while the wavelet technique gave a low SNR
for noisy signals. The MSE has the same
behavior, but it’s lowest when the EEG signals
have a normal noise and high from noisy
signals. The good things from this result that
the CCF gave a good value for all patients that
mean the filtered signal still correlate with the
previous stage. All these results showed that we
need another stage to remove the remaining
noise and its effects [35].
3.4 S-G filter
The SG filter is an additional filter used to
remove the residual noise that overlapped with
EEG signals also smoothing the sharp points
that resulted from the removing a high power
noise, high speed of sampling and finally; the
sudden change of the EEG signals (nature of
EEG signal).
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because this order is so enough for the EEG
signals and doesn’t spend a long processing
time while the frame size “M” was taken as a
variable odd number.

Figure 7. (a) Two channels of the EEG signal filtered by
SG filter; (b); FFT of the filtered signals.

Fig. 7 illustrates the filtered EEG signal and its
FFT by SG filter. At first glance, there is no
significant changes between the stages three
and four (Figs. 6 and 7) but in fact, there is a
significant change in the form of the signal.
These changes were not appearing clearly in
Fig. 6 because the signal is relatively long and
effect of this filter concentrated on the details of
the EEG signal. Therefore, we will explain the
effect of the SG filter in details in the next
sections. The value of M” and “N” is the main
parameters that identify the function of the SG
filter whether smoothing or denoising. To get a
good result for smoothing or denoising the EEG
signal by SG filter, we should adjust the
relation between these parameters accurately.

In this research; we chose “5, 9, 13, and 17” as
low values of the frame size and we chose “31,
35, 39, and 41” as high values of the frame size.
Fig. 8 (a) represents the EEG data before
filtering by SG filter (i.e. The data filtered by
BSF, BPF, and WT). Fig. 8 (b and c) showed
the filtered EEG signal with the low and high
group of the frame size values. This figure
shows the changes in the details of the EEG
wave with increasing the difference between
“M” and “N”.

3.5 Smoothing the EEG signals using SG
filter
To use the SG filter for smoothing the EEG
signal from the sharp points resulting from the
previous filters or high speed sampling rate,
there must be a significant difference between
the polynomial order value and the frame size
value. Increasing the difference between “M”
and “N” values leads to increase the smoothing
process. In this case, the SG filter dedicated to
smoothing the EEG signal without removing
the noise efficiently (high smoothing-low
denoising). To follow these changes in details,
we analyzed only one second for two channels
of EEG signal as shown in Fig. 8. The order of
the polynomial “N” has been identified by “3”
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Figure 8. One second-two channels of EEG signal (a)
before SG filter (b) after SG filter with low values of
“M” (c) after SG filter with high values of “M”.

Increasing the value of “M” makes the signal
more smooth where the sudden inflection points
begin to disappear as evident in Fig. 8 (b).
Increasing the value of “M” too much will
change the shape of the signal and may lose
valuable details which reflect the accuracy of
estimating the depth of anesthesia as shown in
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Fig. 8 (c). In this research; the frame size “9” or
“13” is a good value which gave acceptable
results and keeps the important features in safe.
The coherence between the output of stage
three and four has been used to assess the
performance of the SG filter after smoothing
the EEG signal under various parameters where
the coherence has been represented by a
colorimeter. Fig. 9 illustrates the coherence
(analyzed signal - wavelet coherence - modulus
and phase) for channel ‘1’ by testing one
second (128 samples) of noisy and normal EEG
signals with a different frame size. In this
research, we analyzed only one channel
because channels “1” and “2” mostly have
same variations but different power. The red
color represents the highest coherence, while
the blue color represents a lack of coherence
between the tested signals. The arrows in these
figures represent the relative phase between the
two signals as a function of scale and position.
The plot of the relative phases is superimposed
on the wavelet coherence. From Fig. 9 (a)
represents a noisy EEG signal; the lowest value
of “M” gave a high coherence between filtered
and unfiltered signals because this value
smoothed the whole signal lightly without
effective change in the filtered signal as
mentioned before. The highest value of “M”
lost the coherence as a result of changes in the
signal shape due to the strong smoothing
process to the signal. The direction of the
arrows shows that the signals are in phase
except some points, which means that the SG
filter doesn't change the direction of the signal
during the smoothing process. From this figure;
the frame size value 13 gives an acceptable
coherence which confirms the result that
obtained in Fig. 8. Sometimes the EEG signals
don’t contain a high artifact, noise and
inflection points.
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Figure 9. The analyzed signal-wavelet coherencemodulus and phase between the outputs of WT denoising
stage and SG filter stage for one second of noisy signal
with a different frame size (a) noisy signal (b) normal
signal.

Fig. 9 (b) shows the coherence of one second of
normal signals with a different frame size.
From this figure; increasing the value of “M”
dramatically doesn't change the results
affectingly. Therefore, the system can change
the parameters of the filter automatically by
choosing the appropriate value for the frame
size according to the form of the acquired EEG
signal to reduce the processing time, which
leads to estimate the depth of anesthesia
quickly and accurately. The proposed system
will automatically change the parameters of the
filter according to the values of the three
criteria SNR, CCF, and MSE. Fig. 9 illustrates
the criteria which used to assess the
performance of the SG filter.
From Fig. 10 (a), the SNR was decreased when
the difference between the parameters of SG
filter increased. This behavior means that the
denoising process going to decrease whenever
the difference between “M” and “N” have been
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increased, this case compatible with that
mentioned above (low denoise).

Figure. 10. The filter performance for 6 patients with
fixit polynomial “N=3” and different frame size “M” (a)
SNR in dB (b) CCF (c) MSE.

Fig. 10 (b and c) shows that the CCF decreased
while MSE increased with increasing the
difference between the SG parameters.
Decreasing CCF and increasing MSE was came
from increasing the smoothing percentage to
the sudden inflection points which leading to
retreating the congruence between the waves
that been tested (before and after SG filter). We
conclude from the foregoing, the parameters of
the SG filter must be set very carefully to
prevent any loss to the EEG features that are
very important to determine the depth of
anesthesia.
3.6 Denoising the EEG signals using SG
filter
When the difference between the values of the
filter parameters few (fixed at “2”); the SG
filter is working as a noise removal to the EEG
signal with little of smoothing (low smoothinghigh denoising). The same criteria have been
used to test the performance of the SG filter for
denoising a signal with different groups of
parameters. These groups of “N” and “M” have
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been chosen as follows: (3,5), (7,9), (11,13),
(15,17), (19,21), (23,25), (27,29), (31,33).

Figure. 11. The filter performance of SG filter with the
different polynomial “N” and frame size “M” (a) SNR in
dB (b) CCF (c) MSE.

Fig. 11 illustrates the performance of the SG
filter for channel “1” where channel “1” and
“2” has same variations but different in level of
the power. Increasing the parameters of SG
filter leads to increase the values of SNR and
CCF as shown in Fig. 11 (a, b). This increase
means that the SG filter removes the noise from
the EEG signal efficiently without changing in
the signal form (i.e. High correlations between
the filtered and unfiltered signals). If the
parameters of the filter increased too much; the
values of criteria SNR and CCF will decrease
sharply as shown in the last point in Fig. 11 (a,
b). This regression is a result of the excessive
filtering of the EEG signal it means we reached
to the saturation point. In the same context;
increasing the values of the parameters leads to
decreasing the MSE as shown in Fig. 11 (c).
This criterion indicates that the errors which
resulted from the denoising process have been
decreased with increasing the parameters. As
well as, increasing the parameters too much
leads to growing the errors as a result of
excessive filtering as shown in the last point in
Fig. 11 (c). Finally, increase the values of SNR
and CCF, and decrease the values of MSE are
confirming the effectiveness of the SG filter to

25

Proceedings of 2016 Universal Technology Management Conference (UTMC), Minnesota, United States of America, 2016

remove the noise from EEG signals with
avoidance the excessive increasing the values
of “N” and “M”.
4 CONCLUSIONS
The brain signals are often distorted due to the
noise and artifacts which have been raised from
many sources. During scoliosis correction
surgery, the surgeons, nurses, and physiologist
use a lot of hand tools and electronic equipment
that increase the rate of errors and noise level to
the events of EEG signals. This research
suggested filtering procedure to truncate the
noise and errors from the acquired wave.
Practically; this procedure made up of four
steps; Automatic Error Corrector, Conventional
Filters (notch filter and IIR band pass filter),
Wavelet denoising process, and SG filter. The
BSF rejects the effects of A.C line (49-51) Hz,
while the BPF passed only the useful
frequencies (0.1-63) Hz. The WT denoised the
most of the artifacts that overlapped with
recorded signals. The SG filters smooth the
signal as well as removing the residual artifacts
and noise but with the strict rules. The
performance of this filter depends on the order
of the polynomial “N” and the frame size “M”.
If the difference between these parameters is
high; the SG filter dedicated to smoothing the
EEG signal (high smoothing-low denoising).
When the difference between these parameters
are few; the SG filter works as a noise removal
to the EEG signal (low smoothing- high
denoising). To get a good smoothing and
denoising results using SG filter, we must
balance between the values of “M” and “N”.
The SNR, CCF, and MSE gave a good
indication when the SG filter used to denoise or
smooth the EEG signal during a very noisy
surgery such as scoliosis correction surgeries.
The suggested procedure changes the
parameters of the filter according to the
strength of the noise and the artifacts. This
group of filters fundamentally works as a local
polynomial regression by setting the smoothed
values for each data point (each second)
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individually. This procedure expressed the high
superiority for preserving the features of the
data, such as amplitude and frequencies, which
are usually 'washed out' by adjacent averaging.
Finally, this research provides an efficient
method to solve the filtering problems for the
EEG signal during noisy surgeries with long
duration of anesthesia.
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