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Bispectrum Estimation of Electroencephalogram Signals
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Objective: Electroencephalogram is a reliable reflection of many physiological factors modulating the brain.
The Bispectrum is very useful for analyzing non-Gaussian signals such as EEG, and detecting the quadratic
phase coupling between distinct frequency components in EEG signals.The main aim of this study was to test the
existence of nonlinear phase coupling within the EEG signals in a certain psycho-physiological state; meditation.

Methods: Eleven meditators and four non-meditators were asked to do meditation by listening to the
guidance of the master, and 10 subjects were asked to do meditation by themselves. Bispectrum estimation was
applied to analyze EEG signals, before and during meditation. EEG signals were recorded using 16-channel
PowerLab. ANOVA test was used to establish significant changes in Bispectrum parameters, during two
different states (before and during meditation).

Results: Mean Bispectrum magnitude of each channel increased during meditation. These increments of
phase coupling are more obvious in occipital region (Pz channel) than frontal and central regions (Fz and Cz
channels). Besides that phase coupled harmonics are shifted to the higher frequencies during meditation.

Conclusion:Bispectrum methods can be useful for distinction between two states (before and during

meditation).
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Introduction

editation, a technique that frees

the mind from distractions and

allows for communication with
the Master Within, can lead to numerous
physical, mental and spiritual benefits.
Meditation is a unique state of consciousness
with associated changes in the physiological
and psychological functions in the brain.
Physiological research has shown that
meditation  characterized by  marked
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reductions in metabolic activity, increased
orderliness and integration of brain
functioning, decreased peripheral vascular

resistance, and increased cerebral blood
flow(1).
Electroencephalogram  (EEG) is a

recording of spontaneous brain electrical
activity by means of electrodes located on the
scalp. It is playing a more and more important
part in analyzing brain activities and
diagnosing brain diseases now, so it is one of
the most important neurological signals and is
often used to detect brain’s neurological
dysfunction and neurophysiological disorders.

Currently, most existing schemes for
extracting EEG features are based on
autoregressive (AR) models or adaptive AR
models (AAR)@, 3) and power spectral
density (PSD)(4).In practice, meaningful EEG
features can be extracted from various
frequency bands of recorded EEG signals(5-7).
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However, conventional methods for feature
extraction based on AR models and PSD
assume linearity, Gaussianality and minimum-
phase within EEG signals, i.e., the amplitudes
of EEG signals are normally distributed, their
statistical properties do not vary over time, and
their frequency components are uncorrelated(s).
Under these assumptions, the EEG signal is
considered as a linear superimposition of
statistically independent sinusoidal or other
wave components, and only frequency and
power estimates are considered while phase
information is generally ignored. In reality,
EEG signals are generated by a typical
nonlinear system. Thus EEG signals would
have many sinusoidal components of distinct
frequencies, interacting nonlinearly to produce
one or more sinusoidal components at sum and
difference frequencies, which cannot be
completely characterized by auto-correlation
functions, as done by AR models or PSD
estimation methods.

To overcome this limitation, this paper
proposes a set of features for EEG, which
includes higher order analysis based on the
Bispectrum of EEG signals.

Bispectrumanalysis has several additional
characteristics that may be advantageous for
processing EEG signals: Gaussian sources of
noise are suppressed, thus enhancing the
signal-to noise ratio for the non-Gaussian
EEG, and Bispectrumanalysis can identify
nonlinearities, which may be important in the
signal generation process.

Since higher order spectrum methods do not
require the knowledge of thenon-Gaussian
distribution, they become more attractive in
practical application problems of signal
processing  because the  non-Gaussian
distribution of the data is usually unknown or
difficult to estimate.Several authors used the
Bispectral analysis for investigating the EEG.
Bullock et al.(9)used Bispectral analysis for the
detection of short-term non-stationarity and
nonlinearity. Muthuswamyet al.(10)detected
phase coupling between two frequency
components within the delta-theta frequency
band of EEG bursts. Gajrajet al. (11)applied the
EEG Bispectrum in order to distinguish the
transition from unconsciousness to
consciousness.  Shilset al. (12)studied the

interactions  between the electrocerebral
activities resulting from stimulation of the left
and right visual fields. They observed nonlinear
interactions between visual fields by means of
Bispectral analysis. Schack et al.Error! Reference
source not found. (13) examined the existence of
nonlinear phase coupling between theta and
gamma EEG activities within the frontalarea
during memory processing.

The aim of the present study was to evaluate
the nonlinearity of EEG signals. For this
purpose, we used the EEG signals (Fz, Cz and
Pz channels) of two states (before meditation
and during meditation). Bispectrum of each
channel was estimated via two techniques:
parametric and the direct (FFT) method.

Materials and Methods

Data Selection

This study involved the EEG signals of 25
healthy women.The number of meditators
was selected according to their level of
meditation training; all healthy advanced
individuals referred to the meditation clinic
were asked to participate in this study.
Accessibility, be healthy and the amount of
meditation training were the most significant
factors in our data collection.  Fifteen
subjects: 11 meditators (mean meditation
experience of 5 to 7 years) and 4 non-
meditators were asked to do meditation by
listening to the guidance of the master. The
other ten subjects were asked to do meditation
by themselves. They were considered to be at
an advanced level of meditation training
(mean meditation experience of 7 years).All
subjects were in good general health and did
not follow any specific heart diseases or
psychological disorders. Informed written
consent was obtained from each subject after
the experimental procedures were explained.

The experimental procedure was divided
into two different stages: Subjects were first
instructed to sit quietly for 5 minutes and kept
their eyes closed. After that, they performed
meditation. Meditation prescribes a certain
bodily posture. They sit on a cushion 5 to 10
centimeters thick that is placed on blanket.
They cross their legs so that one foot rests on
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the opposite thigh with the sole of their foot
turned up and with their knees touching the
blanket (lotus or half-lotus position). The torso
should be kept straight, but it should not be
strained. The head should be kept high with
eyes closed. During this session, the subjects
sat quietly and focusing on the breath.

The meditation EEG signals were recorded
in  meditation clinic using 16-channel
PowerLab (ADInstruments, Australia)
system. EEG activity was recorded using
three electrodes (Fz, Cz and Pz channels)
according to the International 10-20 System,
referenced to linked ear lobe electrodes. A
digital notch filter was applied to the data at
50Hz to remove any artifacts caused by
alternating current line noise. The sampling
rate was 400Hz.

Bispectrum estimation

The Bispectrum quantifies the relationship
among the underlying sinusoidal components
of the EEG. Specifically, Bispectrumanalysis
examines the relationship between the
sinusoids at two primary frequencies, f; and
f,, and a modulation component at the
frequency (fy + f2). This set of three frequency
components is known as a triplet (fi, f, and f;
+ f,). For each triplet, the Bispectrum, B (fi,
f,), a quantity incorporating both phase and
power information, can be calculated as
described below (14).Strong phase coupling
implies that the sinusoidal components at f;
and f, may have a common generator, or that
the neural circuitry they drive may, although
some nonlinear interaction, synthesize a
newdependent component at the modulation
frequency, f; + f,.

B(fy, fZ):‘x(fl)' X(f2)-X*(fy, sz 1)

Where B(fi,f;) is the Bispectrum at
frequencies f; and f,, X(f) and X(f) are
discrete Fourier transform coefficients at
frequencies f; and f, respectively. X" is the
complex conjugate of X. This multiplication
is the heart of the Bispectrum determination:
if at each frequency in the triplet, there is a
large spectral amplitude (i.e., a sinusoid exists
for that frequency) and if the phase angles for
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each are aligned, then the resulting product
will be large; if one of the component
sinusoids is small or absent or if the phase
angles are not aligned, the product will be
small. Finally, the complex Bispectrum is
converted to a real number by computing the
magnitude of the complex product.

To ensure statistical accuracy a long signal
length is divided into P epochs and the
Bispectrum of each epoch B,(f;,f,) is formed.
The Bispectrum of the total signal is then the
averaged value of these bispectra:

B(1, 1)-0/pIYB (1, 1,) @

x(t), t=t1£24+3,...is a real stationary
process that characterized with its' moment. We
define the expectation,E(.), by equation (3):

E(x(t)=tim, .. /2N +1> xt) ()

The first moment is defined by equation (4):
u=E(x(t)) (4)

The first moment of x, is called the mean.
It is convenient to define the higher order
cumulants under the assumption of zero
mean, u=0. The second moment of Xx is
defined by equation(5):

()= E(XOX(t + 1) ()

The third moment of x is defined
byequation (6):

7ty ty) = E(x(E)xX(t +t, x(t, +1,)) (6)

The second moment in t;=0 is called
variance and the third moment in t;= t,=0is
called skewness. The skewness is usually
defined by y(0,0)/c".

The Fourier transform of second moment
is called power spectrum P(f) and the Fourier
transform of third moment is called
Bispectrum B(f,f,).
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o2 ()= ™ P(f )of (7)

At ty)= [e2 it tp(1,, 1, )or, df,  (8)

for t;= t,=0:
o2(0)=02 =jP(f )df 9)
#0,0)=y0° = j B(f,, f, )df, df, (10)

o> is variance and o° is skewness.

Bispectrum can be estimated via several
techniques. In this paper we used parametric
and the direct (FFT) method.

In Bispectrum estimation using the direct
(FFT-based) method, the data are segmented
into possibly overlapping records; the mean is
removed from each record, and the FFT
computed; the Bispectrum of the kg, record is
computed as, Bk(m,n)=Xk(m).Xk(n).Xk (m+n),
where Xgdenotes the FFT of the ky, record. The
Bispectrum estimates are averaged across
records.

In Bispectrum estimation using parametric
method, AR  parameters should be
estimated(15).

3

Statistical analysis

In this study, the ANOVA test was used to
establish significant changes in Bispectrum
parameters, during two different states (before
and during meditation).A p value <0.05 was
considered significant.

Results

Bispectrum of each channel (Fz, Cz and
Pz channel) is estimated via two techniques:
parametric and the direct (FFT) method
using the MATLAB toolbox. In Bispectrum
estimation using the direct (FFT-based)
method, the FFT length is 512 and the
percentage overlap between segments is set
to zero. In parametric method, we used an
AR order of 10 and the percentage overlap
between segments is set to zero. The results
of Bispectrum analysis of EEG signals
during meditation were compared to before
meditation. The Bispectrum estimations of
Pz Channel (record 13) are shown in
Figure2 and Figure2.

Bispectrum estimated via the direct (FFT) method

0
1 (Hz)

(b)

Figurel: Bispectrum estimation of Pz channel
(record 13) via the direct method.
(a) Before meditation. (b) During meditation.

Power Spectrum x10° Singular values

35

Power Spectrum Singular values

10 20 80 40 50
fraquency

10 20 30

Estimated Parametric Bispectrum
T T T T T

(b)

Figure2. Power spectrum, singular values and
estimated parametric bispectrum of Pz channel (record
13). (a) Before meditation. (b) During meditation.
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The Bispectrum estimations of EEG
signals before and during meditation via the
direct method are shown in and the results of
parametric method are shown in Figure2. The
color represents the relative change in
amplitude of Bispectrum; red indicating the
greatest increase and blue indicating the
greatest decrease. According to the phase-
coupled harmonics are less than 2.5 Hz before
meditation and the phase-coupled harmonics
are below 6 Hz during meditation. The
Bispectrum shows sharp peaks at around
(1,1)Hz (and symmetric locations) before
meditation and it shows sharp peaks at around
(3,3)Hz , (3,1)Hz and (1,3)Hz (and symmetric
locations) during meditation.

Power spectrums of EEG signals (record
13) are shown in left top panel of Figure2.
Before meditation, the maximum value of the
power spectrum is about 10°=1but it is about
107 during meditation. Therefore, the
power spectrum of signal is decreased during
meditation.

Singular values of EEG signals (record 13)
are shown in right top panel of Figure2.
Before meditation, there are eight significant
singular values (Figure2a) and six significant
singular values are presented during
meditation (Figure2 b), corresponding to one
quadratically coupled triplet. In this study, we
used an AR order of 10. As shown in
Figure2a, the dominant peak is at (f1,f2)=(0,0),
and its magnitude is about 4.12x10%
According to Figure2b, the dominant peak is
at (f1,f,)=(2.5391,1.9531), and its magnitude
is aboutl.77x10°. The dominant peaks
indicating the presence of a second harmonic
are at 0 Hz before meditation and 4.49 Hz
during meditation. According to Figure2 the
phase-coupled harmonics are less than 3 Hz
before meditation and the phase-coupled
harmonics are below 4.5Hz  during
meditation.

Average value of maximum magnitude of
Bispectrum estimation via parametric method
is shown in Figure 3.

Mean Bispectrum magnitude seems to
increase from before meditation to during
meditation. These increments of phase
coupling are more obvious in occipital region
(Pz channel) than frontal and central region
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(Fz and Cz channels).Furthermore, thesmall
value of p (p<0.05) suggests that at least one
sample mean is significantly different than the
other sample means.

of Bispectrum (> 10%)
o
S
A ]
e
v |
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-
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% ﬁ during meditation
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before meditation
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Cz Channel !

Pz Channel
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ANOVA (p-varLUe<Q.05):. p=0
FzChannel Cz Channel Pz Channel

before meditation 0.292 293 9.6

£

during meditation 135 122 318

Figure 3. Average value of maximum
magnitudes of Bispectrum estimation via parametric
method before and during meditation.

Discussion

Some previous works showed that
meditation was accompanied by theta and
alpha synchronization(s). A recent study (7)
reported that slow alpha power (alphal) and
fast theta power (theta 2) on EEG increased
predominantly in the frontal area during
meditation.

There are situations in practice where
because of interaction between two harmonic
components of a process there is contribution to
the power at their sum and/or difference
frequencies. Such a phenomenon which could
be due to quadratic nonlinearities gives rise to
certain phase relations called quadratic phase
coupling. In certain applications it is necessary
to find out if peaks at harmonically related
positions in the power spectrum are, in fact,
coupled. Since the power spectrum suppresses
all phase relations, it cannot provide the answer.
The Bispectrum, however, is capable of
detecting and quantifying phase coupling.
Therefore, the Bispectrum is very useful for
analyzing non-Gaussian signal such as EEG,
and detecting the quadratic phase coupling
between distinct frequency components in EEG
signal.Thus, it reflects the interaction of
neuronal subcomponents exhibiting oscillations
at different frequencies. The main goal of this
study was to examine the phase coupling of

Iran J Psychiatry Behav Sci, Volume 6, Number2, Autumn / Winter 2012 52



Goshvarpour.A , Goshvarpour.A , Rahati.S , etal.

EEG signals in the specific psychophysiological
state. For this purpose we estimated the
Bispectrumof EEG signals (Fz, Cz and Pz
channels) of twenty fivehealthy women.

The results show that the maximum value
of the power spectrum is increased during
meditation (Figure 3). The mean Bispectrum
magnitude of each channel is increased during
meditation(p<0.05). These increments of
phase coupling are more obvious in occipital
region (Pz channel) than frontal and central
regions (Fz and Cz channels). Besides that
phase-coupled harmonics are shifted to the
higher frequencies during meditation.

It is known that EEG signals are generated
from human brain which is a system with
highly nonlinear dynamics, but there is no
evidence indicating that the activation of
human brain is Gaussian. We believe that more
of the information available in the EEG signals
must be exploited, such as the information of
nonlinearity and non-Gaussianality. The key
advantages of the proposed feature extraction
method lie in that: (1) the proposed feature set
contains high-order statistics information,
while the widely used conventional features
with only second-order measures (such as the
power spectrum and autocorrelation functions)
do not. As a consequence, non-minimum-
phase signals, such as EEG signals, cannot be
correctly characterized by the second-order
measures. Moreover, some types of phase
coupling in EEG signals which is associated
with  nonlinearities cannot be correctly
identified by the second-order measures. (2)
The proposed feature set is less affected by
Gaussian  background noise than the
conventional features with only second-order
measures due to the property of Bispectrum:
the Bispectrum of Gaussian signal is zero.

The results indicate that the Bispectral
analysis of the EEG can reveal extra
information non obtainable from the power
spectrum and may provide insights regarding
the formation of EEG signals within different
brain structures during two states (before and
during meditation).

There is plenty of room for research in this
area with several lines of investigation to be
pursued. For example, one could study the use
of trispectrum estimation and the estimatingof

fourth-order cumulants via AR and ARMA
models for phase estimation. This approach
will turn out to be very useful in the case of
non-Gaussian processes like EEG signals. One
could also investigate the use of nonlinear
features for EEG analyzing during psycho-
physiological states.Similar study on more
subjects is necessary to establish such trend.

Acknowledgements

We thank Dr. MinooMorvarid, the master
of Meditation Clinic in Mashhad, and Ms.
ShahlaKhoshkholgh for their assistance in
collecting the data that was used in the
investigations. The authors would also like to
thank all the subjects for their good
collaborations.

Author's contributions

The work presented here was carried out in
collaboration between all authors. The co-
authors provided some general ideas that
initialized the work. AG and AG conceived
and designed the evaluation, collected
experimental data, performed the analysis,
interpreted the results, and drafted the
manuscript.Valuable guidance and critical
revision of the article are credited toSR.VS
contributed to the design of the experimental
data protocol and re-evaluated the clinical
data.All authors read and approved the final
manuscript.

References

1. Rubia K. The neurobiology of Meditation
and its clinical effectiveness in psychiatric
disorders. BiolPsychol 2009; 82(1): 1-11.

2. EL-Gohary MI, Mohamed ASA, Dahab
MM, Ibrahim MA, EL-Saeid AA, Ayoub
HA. Diagnosis of epilepsy by artificial
neural network. J BiolSci 2008; 8(2):
451-5.

3. Subasi A, Kiymik MK, Alkan A,
Koklukaya E,. Neural network
classification of EEG signals by using AR
with  MLE preprocessing of epileptic
seizure detection. Math ComputAppl
(MCA) 2005; 10(1): 57-70.

53 Iran J Psychiatry Behav Sci, Volume 6, Number2, Autumn / Winter 2012



. Aftanas LI, Golocheikine SA. Non-linear
dynamic complexity of the human EEG
during meditation. NeuroscilLett 2002;
330(2): 143-6.

. Aftanas LI, Golocheikine SA. Human
anterior and frontal midline theta and
lower alpha reflect emotionally positive
state and internalized attention: high-
resolution EEG investigation of
meditation. NeurosciLett 2001; 310(1): 57-
60.

. Lehmann D, Faber PL, Achermann P,
Jeanmonod D, Gianotti LR, Pizzagalli D..
Brain sources of EEG gamma frequency
during volitionally meditation-induced,
altered states of consciousness, and
experience of the self. Psychiatry Res2001,
108(2): 111-21.

. Takahashi T, Murata T, Hamada T, Omori
M, Kosaka H, Kikuchi M,et al. Changes in
EEG and autonomic nervous activity
during meditation and their association
with personality traits. Int J Psychophysiol
2005; 55(2): 199-207.

. Zhou SM, Gan JQ, Sepulveda F.
Classifying mental tasks based on features
of higher-order statistics from EEG signals
in brain—computer interface. Info Sci 2008;
178(6): 1629-40.

. Bullock TH, Achimowicz JZ, Duckrow
RB, Spencer SS, Iragui-Madoz VJ.
Bicoherence of intracranial EEG in sleep,

EEG Bispectrum During Meditation

wakefulness and seizures.
Electroencephalogr  Clin  Neurophysiol
1997; 103(6): 661-78.

10. Muthuswamy J, Sherman DL, Thakor
NV. Higher order spectral analysis of burst
patterns in EEG. IEEE Trans Biomed Eng
1999; 46(1): 92-9.

11.  Gajraj RJ, Doi M, Mantzaridis H,
Kenny GNC. Analysis of the EEG
Bispectrum, auditory evoked potentials and
the EEG power spectrum during repeated
transitions  from  consciousness  to
unconsciousness. Br J Anaesth 1998;
80(1): 46-52.

12.  Shils JL, Litt M, Skolnick BE, Stecker
MM. Bispectral analysis of visual
interactions in humans.
ElectroencephalogrClinNeurophysiol
1996; 98:113-25.

13.  Schack B, Vath N, Petsche H, Geissler
HG, Moller E. Phase-coupling of
theta_gamma EEG rhythms during short-
term  memory  processing. Int ]
Psychophysiol 2002; 44(2): 143-63.

14, Nikias  CL, Raghuveer  MR.
Bispectrum estimation: a digital signal
processing framework. Proc IEEE 1987;
75(7): 869-91.

15. Ning T, Bronzino JD. Autoregressive
and Bispectral analysis techniques: EEG
applications. IEEE Eng Med Biol 1990;
9(1): 47-50.

Iran J Psychiatry Behav Sci, Volume 6, Number2, Autumn / Winter 2012 54


http://www.ncbi.nlm.nih.gov/pubmed?term=Lehmann%20D%5BAuthor%5D&cauthor=true&cauthor_uid=11738545
http://www.ncbi.nlm.nih.gov/pubmed?term=Faber%20PL%5BAuthor%5D&cauthor=true&cauthor_uid=11738545
http://www.ncbi.nlm.nih.gov/pubmed?term=Achermann%20P%5BAuthor%5D&cauthor=true&cauthor_uid=11738545
http://www.ncbi.nlm.nih.gov/pubmed?term=Jeanmonod%20D%5BAuthor%5D&cauthor=true&cauthor_uid=11738545
http://www.ncbi.nlm.nih.gov/pubmed?term=Gianotti%20LR%5BAuthor%5D&cauthor=true&cauthor_uid=11738545
http://www.ncbi.nlm.nih.gov/pubmed?term=Pizzagalli%20D%5BAuthor%5D&cauthor=true&cauthor_uid=11738545
http://www.ncbi.nlm.nih.gov/pubmed/11738545
http://www.ncbi.nlm.nih.gov/pubmed?term=Takahashi%20T%5BAuthor%5D&cauthor=true&cauthor_uid=15649551
http://www.ncbi.nlm.nih.gov/pubmed?term=Murata%20T%5BAuthor%5D&cauthor=true&cauthor_uid=15649551
http://www.ncbi.nlm.nih.gov/pubmed?term=Hamada%20T%5BAuthor%5D&cauthor=true&cauthor_uid=15649551
http://www.ncbi.nlm.nih.gov/pubmed?term=Omori%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15649551
http://www.ncbi.nlm.nih.gov/pubmed?term=Omori%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15649551
http://www.ncbi.nlm.nih.gov/pubmed?term=Kosaka%20H%5BAuthor%5D&cauthor=true&cauthor_uid=15649551
http://www.ncbi.nlm.nih.gov/pubmed?term=Kikuchi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15649551
http://www.ncbi.nlm.nih.gov/pubmed?term=Bullock%20TH%5BAuthor%5D&cauthor=true&cauthor_uid=9546494
http://www.ncbi.nlm.nih.gov/pubmed?term=Achimowicz%20JZ%5BAuthor%5D&cauthor=true&cauthor_uid=9546494
http://www.ncbi.nlm.nih.gov/pubmed?term=Duckrow%20RB%5BAuthor%5D&cauthor=true&cauthor_uid=9546494
http://www.ncbi.nlm.nih.gov/pubmed?term=Duckrow%20RB%5BAuthor%5D&cauthor=true&cauthor_uid=9546494
http://www.ncbi.nlm.nih.gov/pubmed?term=Spencer%20SS%5BAuthor%5D&cauthor=true&cauthor_uid=9546494
http://www.ncbi.nlm.nih.gov/pubmed?term=Iragui-Madoz%20VJ%5BAuthor%5D&cauthor=true&cauthor_uid=9546494
http://www.ncbi.nlm.nih.gov/pubmed?term=Muthuswamy%20J%5BAuthor%5D&cauthor=true&cauthor_uid=9919830
http://www.ncbi.nlm.nih.gov/pubmed?term=Sherman%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=9919830
http://www.ncbi.nlm.nih.gov/pubmed?term=Thakor%20NV%5BAuthor%5D&cauthor=true&cauthor_uid=9919830
http://www.ncbi.nlm.nih.gov/pubmed?term=Thakor%20NV%5BAuthor%5D&cauthor=true&cauthor_uid=9919830

