
PROCEEDINGS OF SPIE

SPIEDigitalLibrary.org/conference-proceedings-of-spie

Methods of assessing the degree of
synchronization of multichannel EEG
recordings

M. O. Zhuravlev, A. E. Runnova, A. E. Hramov

M. O. Zhuravlev, A. E. Runnova, A. E. Hramov, "Methods of assessing the
degree of synchronization of multichannel EEG recordings," Proc. SPIE
11067, Saratov Fall Meeting 2018: Computations and Data Analysis: from
Nanoscale Tools to Brain Functions, 1106705 (3 June 2019); doi:
10.1117/12.2527706

Event: International Symposium on Optics and Biophotonics VI: Saratov Fall
Meeting 2018, 2018, Saratov, Russian Federation

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 05 Jun 2019  Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Methods of assessing the degree of synchronization of
multichannel EEG recordings

M.O. Zhuravleva,b, A.E. Runnovaa,c, A.E. Hramova

aInnopolis University, Innopolis, Russia
bSaratov State University, Saratov, Russia

cYuri Gagarin State Technical University of Saratov, Saratov, Russia

ABSTRACT

In the present paper we describe methods of assessing the degree of synchronization of multichannel EEG
recordings of the human brain during the evaluation of mental tasks. We carry out the experiments involving
the alternating trials of mental tasks evaluation with simultaneous registration of electroencephalographic (EEG)
data.
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1. INTRODUCTION

The processes underlying cognitive functions are of a great interest of modern neuroscience.1,2 The close attention
of researchers to this topic is caused not only by urge to reveal the fundamental aspects of brain behaviour. Recent
studies show strong possibility of early diagnosis of mental disorders3 and mild cognitive impairments4–6 using
analysis of electrical brain activity during the evaluation of various mental tasks. At the same time, efficient
classification and scoring of mental activity can be used in variety of brain-computer interface (BCI) applications
with neurofeedback,7–9 which present themselves promising technology for research in many related fields of
cognitive science.10

The considerable progress in the investigation of cognitive activity has been made using electroencephalo-
graphic (EEG) frequency analysis. In particular, the importance of alpha (8–12Hz), beta (20–35Hz) and theta
(4–8Hz) bands is shown in several studies.11–13

In this work we describe methods to study the synchronization of multichannel EEG recordings in cognitive
load for brain.

2. EXPERIMENTAL SETUP

During all experiment, the multi-channel EEG data has been acquired using the BE Plus LTM amplifier, manu-
factured by EB Neuro S.P.A., Florence, Italy (www.ebneuro.com). It was recorded at 8 kHz sampling rate using
the standard bipolar method of registration with two reference and N = 19 electrodes (see Fig. 1 (a)). The
adhesive Ag/AgCl electrodes based in special prewired head caps were used to obtain the EEG signals. Two
reference electrodes A1 and A2 were located on mastoids, while the ground electrode N was located above the
forehead. The EEG signals were filtered by a band pass filter with cut-off points at 1 Hz (HP) and 300 Hz (LP)
and a 50-Hz Notch filter. To accurately split the recording into the active (Shulte table evaluation) and passive
(rest) phases we used the video recording during all stages of experiment.

The experiments were carried out during the first half of the day at a specially equipped laboratory where
the volunteer was sitting comfortably and effects of external stimuli, e.g. external noise and bright light, were
minimized. The S = 8 subjects performed a series of attentional tests using the Schulte table. The Schulte table
represents a square matrix with 5 columns and 5 rows, in which numbers from 1 to 25 are placed in random
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order (see Fig. 1 (b)). The participant’s task is to point all numbers in the table in the reverse order (from 25
to 1). The experiment for each subject contained M = 5 active stages (one of the five Schulte table evaluation),
which were alternating with the passive stages (rest).

Subjects participated in the experiment on a voluntary and gratuitous basis. All participants signed an
informed medical consent to participate in the experimental work and received all necessary explanations about
the process, including their agreement for further publication of the results. Acquired experimental data were
processed with respect the confidentiality and anonymity of research respondents. The experimental studies were
performed in accordance with the Declaration of Helsinki and approved by the local research Ethics Committee
of the Yuri Gagarin State Technical University of Saratov.

3. METHODS

We use the wavelet bicoherence to estimate the degree of synchronization between the brain regions. The wavelet
bicoherence?, 14, 15 has proved itself as very powerful instrument to quantify the interactions and correlations on
various scales of biological systems,16–18 including brain activity.19–23 Below the detailed description of the
calculation of wavelet bicoherence for the pairs of EEG signals is presented.

We calculate the complex-valued wavelet coefficients Wn(f, t) for each EEG channel xi(t) as

WI(f, t) =
√
f

t+4/f∫
t−4/f

xi(t)ψ
∗(f, t)dt, (1)

where i = 1, ..., N is the number of considered EEG channel, and N = 19 is the total number of EEG channels,
“*” denotes the complex conjugation, and ψ(f, t) is the mother wavelet function. We use the Morlet wavelet,
which is often utilized for processing of biological signals17

ψ(f, t) =
√
fπ1/4ejω0f(t−t0)ef(t−t0)

2/2, (2)

where ω0 is the wavelet scaling parameter. Previously we found that parameter ω0 = 2π in the continious wavelet
transform provides an optimal time-frequency resolution of EEG signal.24,25
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Figure 1. (a) The scheme “10 – 20” of EEG recording. (b) The depiction of an example of the Schulte table.
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To measure the degree of coherence between two EEG signals xi(t) and xj(t), we use the corresponding
complex-valued wavelet coefficients Wi(f, t) = ai + ibi and Wj(f, t) = aj + ibj .

Wavelet bicoherence, σij(f, t), is estimated based on the mutual wavelet spectrum Wi,j(f, t) of the signals
xi(t) and xj(t). Similarly to26 the coefficients Re [σij(f, t)] and Im [σij(f, t)] represented as real and imaginary
parts of mutual wavelet spectrum can be calculated via Eqs. (3) and (4), respectively:

Re [σij(f, t)] =

=
ai(f, t)aj(f, t) + bi(f, t)bj(f, t)√

a2i (f, t) + b2i (f, t)
√
a2j (f, t) + b2j (f, t)

(3)

and
Im [σij(f, t)] =

=
bi(f, t)aj(f, t)− ai(f, t)bj(f, t)√

a2i (f, t) + b2i (f, t)
√
a2j (f, t) + b2j (f, t)

.
(4)

Next, we evaluate the degree of coherence between the different EEG signals, recorded during each EEG trial
of rest or evaluation of cognitive task for each subject p. The values were averaged over time intervals, involved
in each trial of experiment. As the result, coefficients Re [σij(f, t)]Tmp,m,p and Im [σij(f, t)]Tmp,m,p were obtained
as

Re [σij(f)]Tmp,m,p =
1

MS

S∑
p=1

M∑
m=1

1

Tmp

∫
Tmp

Re [σij(f, t)] dt (5)

and

Im [σij(f)]Tmp,m,p =
1

MS

S∑
p=1

M∑
m=1

1

Tmp

∫
Tmp

Im [σij(f, t)] dt, (6)

where M = 5 is the number of stages of cognitive task evaluation or rest, S is the number of subjects, Tmp

is the duration of m–th stage of task evaluation by p–th subject determined by recorded video analysis or the
duration of rest interval which was fixed Tmp = 10 s. Based on coefficients (5) and (6) the degree of coherence,
σ(f), between the EEG signals was estimated as the amplitude of mutual wavelet spectrum

σij(f) =
√

(Re [σij(f)]Tmp,m,p)
2 + (Im [σij(f)]Tmp,m,p)

2. (7)

The σij(f) function takes the values from 0 to 1, containing the information about the degree of phase
coherence of the two signals xi(t) and xj(t) for the particular frequency. There σij(f) = 0 implies that there is
no phase coherence at the current frequency, while for σij(f) > 0 coherence takes place.

Obtained values (7) were then averaged over EEG frequency bands. As the result, coefficients σij(s), defined
the coherence between EEG signals in six typical EEG frequency bands (∆f = δ, θ, α, β1, β2, γ):

σij(∆f) =

∫
∆f

σ(f) df. (8)

4. RESULTS

Using the wavelet bicoherence technique, the degree of synchronization between different EEG channels is eval-
uated for two different stages of the experiment: the active phase and the rest phase between the tests. Fig. 2
illustrates the most typical connections between channels for two stages of an experiment for all six frequency
bands (∆f = δ, θ, α, β1, β2, γ). For the active phase of the experiment, the most typical situation is the presence
of the greatest synchronization between the channels in the right hemisphere of the subject’s brain in three
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frequency ranges: β1, β2, γ. For the passive phase, on the contrary, the most typical is synchronization between
the channels of the left hemisphere of the brain, and this synchronization is manifested in the following frequency
ranges: α, β1, β2, γ.

In order to assess the degree of synchronization between different channels in a certain area, the simplest and
most obvious way is to determine the average value of the coupling coefficient between the channels in a given
area. Figure 3 shows the average value of the coupling coefficient in the frequency range β2 in different areas of
the brain: the frontal part, the occipital part, the right hemisphere, the left hemisphere. This figure illustrates
well that during the active phase of the experiment, the right hemisphere channels demonstrate an increase in
the degree of synchronization between themselves, while during the passive phase the degree of synchronization
in this hemisphere falls, which suggests that this hemisphere during the solution task plays a decisive role. At
the same time, the left hemisphere of the subject’s brain demonstrates the opposite dynamics, that is, during
the passive phase, an increase in the degree of synchronization between the channels of this area is observed, and
during the active phase, the degree of synchronization decreases, this behavior indicates that this area of ??the
brain is responsible for the restoration individual in front of the next task. In addition, a slight increase in the
degree of synchronization between the channels of the occipital region is observed during the active phase of the
experiment, this effect is due to the fact that the subject actively perceives visual information (Schulte tables)
(see Fig. 3).
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Figure 2. The results of the evaluation of the connection between the channels in different frequency ranges (alpha,
beta-1, beta-2, theta, gamma, delta ranges) with the degree of synchronization σ ∈ [0.9; 1]. (a) - active the phase of the
experiment, the subject performs the test with Schulte’s tables, (b) - the rest phase

5. CONCLUSION

In this work, we describe method for estimation of the degree of synchronization between the EEG channel based
on wavelet bicoherence during the subjects passing of the attention function evaluation (Schulte table). During
work we found that the active phase of the experiment with Schulte tables most typical is the synchronization
between channels in the right hemisphere of three frequency bands (β1, β2, γ) and for the rest phase is typical
synchronization between the channels of the left hemisphere in other frequency ranges (α, β1, β2, γ). In addition,
in this work suggested to carry out the averaging coefficient synchronization between channels of EEG brain
areas. It is shown that such averaging allows you to quite simply and clearly identify areas of the brain in which
the degree of synchronization between the channel for each phase of the experiment increases or decreases.
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Figure 3. The dependence of the coefficient ϵ degree of synchronization between channels in different areas of the brain of
the test during the passage of the test with the Schulte tables and during the rest phase between tests
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[18] Sheppard, L. W., Vuksanović, V., McClintock, P., and Stefanovska, A., “Oscillatory dynamics of vaso-
constriction and vasodilation identified by time-localized phase coherence,” Physics in Medicine & Biol-
ogy 56(12), 3583 (2011).

[19] Le Van Quyen, M., Foucher, J., Lachaux, J.-P., Rodriguez, E., Lutz, A., Martinerie, J., and Varela, F. J.,
“Comparison of hilbert transform and wavelet methods for the analysis of neuronal synchrony,” Journal of
neuroscience methods 111(2), 83–98 (2001).

[20] Sakkalis, V., “Review of advanced techniques for the estimation of brain connectivity measured with
eeg/meg,” Computers in biology and medicine 41(12), 1110–1117 (2011).
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