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Phase synchronization as a mechanism to measure functional connectivity has been widely used in the
literature. However, these studies largely assume that functional connectivity remains constant across
a cognitive task and assesses the changes in connectivity across the whole block, hence losing the tem-
poral evolution of phase synchrony. We applied a wavelet-based phase analysis on EEG data during the
performance of two motor imagery tasks. This method showed the existence of a reduced number of
unique phase-synchronised states during the performance of motor imagery tasks using novel stimuli;

g;éwords" schematic faces showing different emotions (“emoticons”). For all participants, these states remained
Clustering stable for a few milliseconds before switching to the next state following a well-defined sequence. This

results demonstrate that the occurrence of these phase states and their temporal stability (switching pat-
terns) are task specific indicating existence of different processing dynamics for the two motor imagery
task when are lock to a stimulus. The novel proposed methodology of study the temporal dynamics of
brain connectivity can be seen as new method to characterise the dynamics of the underlying cognitive
process occurring specifically for each one of the motor tasks. Therefore, this method can be potentially

Motor imagery tasks
Schematic emotional faces
Functional brain connectivity
Synchrostates

used for brain computer interface purposes.

Crown Copyright © 2019 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Brain activation, integration of the different cerebral areas and
the temporal evolution of their synchronization are fundamental
tools for understanding how the human brain develops a cognitive
task under a specific stimulus. This can be assessed by means of
functional brain connectivity [1]. In order to calculate functional
brain connectivity among temporal signals, an increased number
of data samples, hence a higher temporal resolution, is needed to
achieve a meaningful result. Under this premise, the use of fMRI
signals is limited by their low temporal resolution (usually around
2 s)as neural activity produces fast changes in the order of millisec-
onds [2]. The high temporal resolution of the electroencephalogram
(EEG) and magnetoencephalogram (MEG) and their ability to record
rapid neural activity makes them more suitable for measuring brain
synchronization.
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In the 1960s brain connectivity began to be measured by using
cross correlation of pairs of EEG signals, introducing the concept of
coherence [3]. This methodology is used to measure spatial correla-
tions between signals over individual frequency bands (alpha, beta
and gamma bands) during the performance of different motor tasks
[4,5]. Coherence is sensitive to changes in power and in phase, mix-
ing both effects when the cross-correlation between a pair of EEG
channels is calculated [6,7]. There are several measures of phase
synchronization, such as mutual information, coherence or cross-
correlation, obtaining different performance levels but showing the
same tendency in the synchronization levels [8]. However, no one
of these techniques preserves information about the temporal evo-
lution of the phase synchronization. On the other hand, methods
based on the Wavelet transform allow estimation of phase synchro-
nization whilst maintaining information relative to both phase and
time evolution [9]. It is for these reasons this study performs an
analysis of the temporal dynamics for phase synchronization in a
Motor Imagery (MI) task.

Despite the growing use of functional brain connectivity as a
mechanism to understand brain function and cerebrally activated
areas, few studies exist that analyse the phase synchrony patterns
under an MI task execution [2,10,11]. However, these few studies
are focused on predefined states of a task, based on short frequency


https://doi.org/10.1016/j.bspc.2019.101630
http://www.sciencedirect.com/science/journal/17468094
http://www.elsevier.com/locate/bspc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bspc.2019.101630&domain=pdf
mailto:santamaria.L@warwick.ac.uk
mailto:santamariacovarrubiasL@cardiff.ac.uk
mailto:c.james@warwick.ac.uk
https://doi.org/10.1016/j.bspc.2019.101630

2 L. Santamaria and C. James / Biomedical Signal Processing and Control 54 (2019) 101630

ranges or a small number of EEG channels. To address properly
possible volume conduction effects and to exploit all the properties
of connectivity measures is important to not confine the analysis
to a subset of electrodes and consider different frequency bands.

Additionally, several studies related to resting state [12-15]
have mentioned the idea of microstates based on the observation
that the potential distribution maps remained stable during time
intervals of the order of milliseconds. In the same respect in [9],
they mention the concept of synchrostates after detecting stability
periods when they observed the cross-channel phase difference.

In this study, the combination of connectivity metrics and the
concept of microstates is used to pursue the identification of new
biomarkers for a MI tasks classification problem. The main aims of
this paper are: (1) validity of using “emoticons” as novel stimuli
for motor imagery based tasks, (2) explore the existence of syn-
chrostates in the two most typically used frequency bands for MI
studies (o, B bands), (3) systematically explore the use of con-
nectivity metrics from the phase-synchronized states as possible
biomarkers to feed brain computer interface systems (BCI). The
selection of schematic emotional faces has been done based on pre-
vious findings where had been demonstrated that emotional face
stimuli lead to a stronger response across participants [16].

Furthermore, connectivity metrics from these stable states
were calculated in order to quantitatively measure the differences
between them. The use of graph theory-based metrics to inves-
tigate the underlying mechanisms of the brain provides a new
dimension at different granularity levels and can be the key to
stablish more standardised and reliable motor-imagery based BCI
systems.

The rest of the paper is organized as follows. Section 2 describes
the methodology followed to record the EEG signals. Section 3
explains the theoretical fundamentals of the procedure adopted
to study brain connectivity patterns. Section 4 and 5 present the
results and discussions respectively. Section 6 presents a summary
of the achievements and future work followed by acknowledge-
ments and references.

2. Experimental protocol

The dataset is collected from 10 participants (8 males) recruited
by means of public announcements across the university campus.
No selection criteria were applied during the process, all partici-
pants reported not being under any medication that could affect
their performance. All the experiments were undertaken with the
consent of each participant in accordance with the University of
Warwick Ethical Committee, who approved the study (REGO-2014-
821).

Participants were asked to perform two different imagined
motor tasks accordingly to the emotions showed by the different
schematic faces (emoticons) appearing in the screen. Happy faces
are linked to the imagined movement of the right hand (Thinking
R condition) and sad faces with the imagined movement of the left
hand (Thinking L condition). A more detailed explanation of the
experimental protocol can be found in [17]. Fig. 1 shows the com-
plete block sequence of the experimental protocol. The tasks were
divided in 4 blocks of 78 trials each with equal number of happy
and sad faces.

Data were acquired at a 256 Hz sampling frequency using 64
channel cap with 62 active ring electrodes (sintered Ag/AgCl) cov-
ering the participant’s scalp, plus two reference placed on the
earlobes [18]. All of them are connected to a biosignal amplifier
g.Hlamp. Artefact free trials were divided into epochs for each con-
dition: happy and sad emotions. The epoch duration is 1, starting
at 100 ms before the target stimulus onset until 900 ms afterwards
(providing 256 samples per EEG trial). The length of the epoch was

Mask Target Motor Imagery Press key
(1250-1750ms) ( ) (1250 ) (1 )

ITriaI 1| Trial 2] Trial 3

BLOCK 4

Fig. 1. Experimental sequence. Top row is a typical trial timing scheme: (1) masked
faces lasting randomly between 1.25s t01.75s, (2) target stimuli illustrated by a
green emoticon showing happiness or sadness (50% of probability, counterbalance
across trials) lasting 0.5 s on the screen, (3) black background is presented from 1.25 s
to 3s to indicate to the participants the starting of the imagery task in accordance
with the target stimulus, (4) black cross appearing for 1 sindicates the end of the trial.
The complete experiment was divided into four blocks (last row) of 78 trials each
(middle row). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

selected as the one enhanced the maximum differences between
classes for this specific methodology and to reduce the computa-
tional cost.

3. Theoretical background

This section describes some of the concepts involved in the algo-
rithm for analysing the temporal evolution of the brain connectivity
during a Ml task. This algorithm was firstly developed by Jamal et al.
[19] during the study of autism spectrum disorder. In Section 3.1
the methodology used to determine the instantaneous difference
of phase across electrodes is explained. The clustering algorithm is
resented in Section 3.2. To conclude, the results of the clustering are
translated into complex brain networks explained in Section 3.3.

3.1. Instantaneous phase difference

In order to measure the synchronization between two signals,
x(t) and y (t), it is necessary to calculate the instantaneous phase
for each one of these signals. With this aim the continuous complex
wavelet transform (CWT) was applied to the dataset. The result
of conducting a wavelet transform on a given signal is a complex
matrix WTx (s, t) defined by a set of scales s and time t.

Afterwards, the instantaneous phase difference can be calcu-
lated as the difference of the complex arguments of the wavelet
transforms WTx (s, t) and WTy, (s, t) of the signals x(t) and y(t) as
indicated by (1) [8,15].

Abxy (s, t) = |®x (s, t) =Dy (s, t)| , where ¢ (s, t)

_ oot (M (WT) (s, t))
=t (et ey ) W
This procedure is repeated for each EEG channel, time sample,
trial and scale (i.e. frequency) leading to a set of square matrices
which are symmetrical and whose main diagonal is composed of
zeros as it represents the instantaneous phase difference of an elec-
trode with itself. Typically, EEG based Ml research is focused in two
frequency bands: « (8-13 Hz), 8 (13-30Hz) [20]. The difference of
phase for each pair of electrodes was averaged to obtain a frequency
band specific A@ﬁﬁy (t) for each one of these bands. In the same way
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Table 1
Pseudo code for the k-means clustering algorithm used to find the appropriated
number of synchrostates for each condition and frequency band.

k-means clustering algorithm

1. Select number of clusters range m
2. Repeat for each m;
e Repeat for each n;

- Random initialization of initial centroids
- Form clusters by assigning each point to its closest centroid (cost function

J6,U)
- Re-compute the centroids
e Repeat until convergence criterion is met

o Select and storage the minima of J(6,U)

3. Plot J(6,U) versus m
4. Select m; value showing the most significant “knee”

the resulting matrices, were averaged across trials for each one of
the time samples [19]. It is well known that phase is circular in
nature, consequently the difference of phase will be equally circu-
lar. To avoid this issue, firstly it is verified that the phase obtained
from the CWT always remains between [-Tr, 7r]. In addition, the
phase difference is normalized by using the maximum and mini-
mum values of the dataset so the transformed data matrix values lie
between [0,1] for each one of the time samples as described in [19].

3.2. Clustering

To discover significant patterns or features in the phase syn-
chronization data obtained using the algorithm described in the
previous section, an unsupervised learning algorithm is needed. In
this case, the k-means clustering algorithm [21] is used. This is one
of the most widely adopted approaches to unsupervised cluster-
ing. The methodology essentially involves the partitioning of the
data space into k prototypes. Assuming that the number of clusters
underlying X is known, and iteratively minimizes a cost function
based on the Euclidian distance as a dissimilarity measure as shown
in Eq. (2).

N m )

J(0.0) =3 > ullxi -6 )
i=1 j=1

where 6 = [617, or, ..., G,Tn] " are the prototypes or centroids, ||x||

expresses the Euclidean distance, 6; is the mean vector of the jth
cluster, and u;; = 1if X; lies closest to 6, otherwise u;; = 0 [22].

Initially, arbitrary positions of the k prototypes or centroids
are assigned beforehand. Afterwards, each member of the dataset
X = {X1, X2, ..., Xy}, thatin this case represent all pairs of EEG chan-
nel phase differences in a specific frequency band, is designated
to a class according to the nearest neighbourhood allocation. Each
group’s prototype is then updated by adjusting it to the mean of
the samples assigned to that particular group on the previous step.
This process is repeated iteratively until the data vectors from the
dataset X form compact clustering, meaning there is no signifi-
cant change in the prototypes within two successive iterations [23].
Table 1 shows a summary of the steps followed to determine the
right number of synchrostates.

An accurate estimation of the number of clusters is crucial to
obtain reliable results. To this end the algorithm is run within a pre-
defined range of clusters, ranging between 2 and 10 [24]. For each
one of these cluster numbers the minimum value of the cost func-
tionissaved(J = {]2,]3,]4, ....J10 })as indicated in Table 1. Plotting
the cost function values J against the number of clusters (ranging
from 2 to 10) the optimal number of clusters can be selected where

a significant local change, a minimum, is observed. The absence of
local changes indicates that there is no clustering structure under-
lying the dataset. Accordingly, due to the intrinsic nature of this
iterative method it is possible that there is more than one significant
change in the graph. In this case, the earliest one will be considered
as the optimal number of clusters [19,22].

In the same manner and due to its definition, the k-means algo-
rithm cannot guarantee the achievement of a global minimum of
the cost function (6, U); returning instead, clusters corresponding
to local minima of the cost function. To optimize the process, and
to avoid the local minima problem [19,22], a number of random
initializations are run for each one of the number of clusters pre-
viously chosen (ranging from 2 to 10 as a wide representation of
possible optimal number of clusters), selecting the minimum value
of ] for each case. In the present paper, the number of random ini-
tializations were set to 10, after trying with 50 and 100 random
initializations. The increment of the number of initializations led
to the same optimal number of clusters with a considerably higher
computational cost, therefore the number of initializations were
set at 10 which is consistent with previous literature [19].

Once the phase difference-based clusters have been identified
for each condition (Thinking R and Thinking L), their temporal stabil-
ity needs to be quantified. This is because the clustering algorithm
cannot provide information relative to a how long the stability of
each one of the unique clusters lasts. This can be done by means of
synchronization index yxy (b) which is an inverse circular statistical
analogue of variance [9,12] as explained in Eq. (3).

2 2
1 .
Yay (b) = N ZcosA@fy | + ZsmA@i’y (t) , (3)
t t

where N is the number of time points associated with a single state
and b the frequency band of interest. This synchronization index
lies in the interval [0,1]. When the distribution of the phase differ-
ences in widely distributed, the time average of both trigonometric
function of Eq. (3) are zero indicating a small value of synchroniza-
tion index. By contrast, higher values of yxy, (b) indicates that phase
differences between the two processes in this particular frequency
band b are in synchrony representing a low variation along time
[9].

3.3. Brain connectivity metrics

The matrix containing the synchrony indices, calculated for each
one of the clusters previously obtained, can be used as an adja-
cency matrix to determine a complex network. This network that
can lead to a more quantitative description of the information cou-
pling. Consistent with graph theory, functional brain networks can
be described as graphs that are composed of nodes (EEG electrodes)
which are linked by edges representing physical connections (in
this particular case the values of yxy (b)) [9,21]. In the present study,
the synchronization index is used to define a weighted network.
Afterwards, this network is thresholded, preserving the strongest
5% of the edges or links. Fixing the density of the network is a nec-
essary step to can compare the networks and their features across
different conditions [25].

Core measures of graph theory referring to the concepts of brain
integration and segregation have been employed to determine the
brain connectivity under different situations, especially in studies
regarding face perception in autistic populations [19]. Networks
can be characterized at different levels ranging from properties
explaining the whole network at the global scale to properties
of network components at a local scale. The networks measured
and used throughout this study can be divided into individual net-
work measures, measures of functional segregation (measuring the
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Fig. 2. Clustering results. Left graph shows the cost function to determine the optimal number of clusters k for an averaged population. Results are illustrated for the a band
(solid lines) and the 3 band (dotted lines) for the two MI tasks used in this study: ‘Thinking R’ (top and bottom lines) and ‘Thinking L’ (the two middle lines). It can be seen
that the optimal number of clusters for all cases in set 3 following the “first knee” criterion. The right-hand graph depicts the variation of the optimal number of clusters

across participants all the cases under study.

ability of specialized processing) and functional integration (abil-
ity to rapidly combine specialized information from distributed
brain regions) [26]. Further explanations of these complex brain
networks can be found in the tutorial about connectome analy-
sis develop by Kaiser [27]. Mathematical definitions for binary and
weighted network metrics can be found in reviews provided by
Rubinov and Bullmore [26,28].

The individual network metrics selected for this study were the
highest degree and the mean strength. We selected the highest
degree and not the mean degree as we have predefined the density
of the network with the thresholding step, so the highest degree
will give us more information. As measures of functional segrega-
tion, we selected transitivity (T), modularity (Q) and local efficiency
(LE). Finally, within the group of functional integration measures
we selected characteristic path length (CPL) and global efficiency
(GE). This will give us a wide scope of the different aspect of the
networks and which possible metrics are the most suitable to use
to differentiate between conditions.

4. Results

The EEG data was collected from ten participants as described
in Section 2. Recordings were referenced online with the average
of the left and right earlobe electrodes, filtered with a notch fil-
ter (50Hz) and a Butterworth band pass filter (0.5-100 Hz). The
complete dataset was visually inspected to eliminate those trials
with artifacts, baseline corrected and divided into epochs for the
two task conditions, Thinking R and Thinking L. The epoch dura-
tion was 1s, from 100 ms pre-stimulus to 900 ms post-stimulus.
The instantaneous phase difference between all pairs of electrodes
was computed following the algorithm described in Section 3. As
a result, a series of symmetric square matrices with main diagonal
elements set to zero were obtained for each particular time instant,
trial, frequency band, participant and condition.

4.1. Clustering results

In order to select the optimal number of states underlying the
dataset the incremental k-means algorithm was run for a number
of clusters ranging from 2 to 10 as explained in Section 3.2. The

result for each one of the frequency bands and task conditions is
illustrated in Figure Fig. 2.

The graph on the left of Fig. 2 illustrates the estimation of the
optimal k for each one of the frequency bands and task conditions.
As mentioned in Section 3.2, the selection of the optimal k will
be the first one achieving a minimum of the cost function, usu-
ally named “knee”. Following this selection criterion, the number
of optimal clusters for the @ and B bands is k=3. In the case of
the « band it can be argued that the algorithm achieved a stable
minimum at k =4. In cases were multiples “knees” are present, the
earliest and most prominent knee is the method conventionally
used in machine learning as it explains the dataset with a mini-
mum complexity [19]. Consequently, following this criterion, k=3
is the selected number for all frequency bands and conditions.

On theright side of Fig. 2 can be seen the variation of the number
of synchrostates across participants for both tasks and frequency
bands under consideration. The small variation of the number of
optimal clusters, between 3 and 6, indicates that it is highly depen-
dent for each individual person. It may be also indicative of other
background processes occurring simultaneously to the MI task that
can be reflected in the final results of the clustering step.

Once the optimal number of clusters have been decided for each
condition, we plotted the transitions between the selected number
of states for each time instant. Figs. 3 and 4 represent this switch-
ing pattern among states for the o and 8 bands respectively. The
two red vertical lines in each individual plot represent the time
instant when the stimulus is presented on the screen and when
it disappeared respectively. Interestingly, in both frequency bands
the patterns are completely different for both conditions. This may
reflect that the sequence and duration of each state is task-specific.
Indicating that the study of these quasi-stable states can be an effec-
tive tool for quantitative characterize the information processing
ability of the brain [29,30].

For both conditions in the « band (Fig. 3) there is only one state
during pre-stimulus period. Similarly, during the post-stimulus or
thinking time period there is also no transitions in either condi-
tions. On the other hand, the 500 ms corresponding to the presence
of the stimulus on the screen contains a considerable number of
transitions between the different states for both MI tasks. It can be
interpreted that the entrance of the schematic faces on the screen
triggers the nervous system to establish the necessary connections
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this article.)

across the brain to firstly identify the corresponding hand (left
or right) and posteriorly to start thinking on the linked imagery
movement.

The transitions across time between the different synchrostates
for the B band is shown in Fig. 4. At first glance it can be seen that
the number of transitions for both conditions is larger than in the
« band. These differences between frequency bands and between
conditions within a frequency band demonstrates the task-specific
nature of these synchrostates [19].

From Figs. 3 and 4 can be seen than some states occur more often
than others. In order to study the consistence of the synchrostates
for each condition and frequency band, the number of time instants
each one of states occurs is calculated. A summary of the results is

shown in Table 2. Additionally, the number of transitions between
states is also presented in the last column of the table for each case.
It is noticeable that the number of transitions between states is
larger for Thinking L condition than Thinking R. It can be thought that
Thinking L condition is a more complex task for the participants as
all of them, except one, are right handed but a study with a larger
number of participants should be done to can obtain conclusive
results.

Additionally, the centroid points from the selected number of
clusters k, are used to generate a head plot topography. This will
graphically illustrate how the electrodes having a similar difference
of phase are connected across different brain regions. The values are
normalized between 0 and 1 for visualization purposes. Where val-
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Table 2

Number of occurrences for each one the three synchrostates for the o band (left column) and the  band (right column) with two different conditions, Thinking R (top row)
and Thinking L (bottom row). The last column for each frequency band indicates the number of switches between the three synchrostates along the time duration of the

epoch.
o band {3 band
state 1 state 2 state 3 no. transitions state 1 state 2 state 3 no. transitions
Thinking R 103 107 46 6 89 68 99 29
Thinking L 30 129 97 12 103 70 83 44
computed using the grand average across all participants and indi-
Thinking L vidually. As explained in Section 3.3, 62 EEG electrodes are used

(sad face)

max synchostate min synchrostate

Thinking R
(happiness)

Fig. 5. Maximum (max) and minimum (min) number of occurrences synchrostates
topographies for the « band. The head-plots are illustrated for the two different
MiI-tasks: Thinking L (first row) and Thinking L (second row).

ues near to 1 (reddish colours) mean a higher phase difference of
this electrode with respect to the rest of the electrodes. By contrast,
lower values (closer to 0, oranges colours), indicate that the elec-
trode has smaller phase difference with the rest of the electrodes.
Fig. 5 shows the contour plots for the « band for the maximum (max)
and minimum (min) number of occurrences synchrostates for both
conditions (Thinking R and Thinking L) within the length of the con-
sidered epoch for the averaged population. The selection only of
max and min synchrostates is not arbitrary, due to the fact that the
optimal number of the states coming from the clustering process
varies among participants the criterion followed to further anal-
yse the data is considering only these two synchrostates for each
participant to can compare across them and between conditions
[29,30].

Furthermore, the min synchrostate for the Thinking R condi-
tion (bottom right corner) presents an almost constant distribution
across the whole set of electrodes, this is not related to a lack of
activity. It may be due to the type of information, more uniformly
distributed, occurring during these states across the brain regions.
Note that the head-plots from Fig. 5 are not the standard topogra-
phies representing the spectral power over the scalp, they concept
is completely different. They give an idea of the averaged phase
difference distribution over the scalp during each MI task.

4.2. Brain connectivity metrics results

The synchronization index measures can be used to translate
the information given by the synchrostates into complex measures
giving an idea of how well connected each pair of nodes are and
furthermore, about the temporal stability of the connection or syn-
chronization. The network measures and connectivity graphs are

as nodes and the synchronization index given by Eq. (3) as an
adjacency matrix (weighted edges). All the network graphics and
measures are computed using EEGNET and BCT toolboxes [26,32].
Table 3 shows a summary with all the network measures resulting
from the grand average analysis, after a 5% threshold is applied, for
the « and the 8 bands respectively.

These connectivity metrics were obtained for each participant
to can perform a more detailed statistical analysis, always having in
account the reduced number of participants for this study. To check
for this issue, different metrics for effect size are also calculated
within the statistical analysis. Hedges’g for paired t-test and m?2 for
two-ways Anova were selected to this end.

Due the small difference in the optimal number of synchrostates
only the max and min states are selected from each participant
in order to can perform a comparison. For each frequency band
a paired t-test was performed to compare max and min states for
each condition (Thinking R and Thinking L) and a 2-ways ANOVA
was also performed to compare the state (max/min) and condition
for each frequency band.

Results for the o band Thinking R condition only showed
significant differences for the highest degree (t=2.82,
p=0.01, Hedges’'g=1.20) and mean Strength (t=2.83, p=0.01,
Hedges’'g=1.21) when comparing the max and min states. The
rest of the metrics under consideration had p values over 0.5.
On the other hand, when comparing max and min states for the
Thinking L condition no significant differences were found for any
connectivity metrics. The lowest value corresponded to the LE with
t=0.86, p=0.39, Hedges'g=0.37. Finally, when comparing state
and condition, statistically significant differences were found for
Thinking R versus Thinking L for LE (F=5.29, p=0.04, > =0.02) and
a trend for highest degree (F=3.40, p=0.09, 12 =0.08) and strength
(F=3.40,p=0.09, n?> =0.07). Furthermore, a trend in the interaction
effect between state and condition was found for degree (F=3.71,
p=0.08, m?=0.05) and strength (F=3.70, p=0.08, 2 =0.05).

On the other hand, no significant effects were detected for
B band for max and min states within any of the conditions
(lowest p value for Thinking R condition was 0.23 and 0.52 for
Thinking L condition). Results for the two-ways analysis, including
state and condition, detected for transitivity a trend within state
(F=3.53,p=0.09, 2 =0.03), nothing for condition (F=0.44, p=0.52,
m2=0.01) but a significant interaction effect (F=7.60, p=0.08,
1?=0.08).

However, these results can only be understood as an indicative
of a possible effect but due to the small sample size no further con-
clusions can be obtained. Despite of the fact that the statistically
there is no many differences, the connectivity metrics obtained
from the synchrostates are able to classify between the two dif-
ferent tasks (left and right hand) when more complex mechanisms,
such as machine learning, are used as we had demonstrated in [30].

5. Discussion

The phenomenon of synchrostates, understood as a small num-
ber of unique identifiable patterns by means of phase synchrony,
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Table 3

Network metrics for each one of the synchrostates for both conditions, Thinking R and Thinking L in the a band (left, white background) and {3 band (right, greyish background)
from the grand averaged. The graph metrics used are characteristic path length (CPL), global efficiency (GE), local efficiency (LE), highest degree, mean strength, modularity

(Q) and transitivity (T).

a band B band

Metri
etre Thinking R Thinking L Thinking R Thinking L

State 1 State 2 State 3 State 1 State 2 State 3 State 1 State 2 State 3 State 1 State 2 State 3
CPL 4.45 3.39 4.35 4.01 3.26 3.36 4.40 4.33 4.35 4.41 4.21 3.80
GE 0.14 0.08 0.14 0.12 0.10 0.11 0.14 0.14 0.14 0.12 0.16 0.13
LE 0.10 0.19 0.18 0.29 0.23 0.27 0.27 0.31 0.29 0.34 0.27 0.33
Degree 9 7 11 7 11 9 12 9 9 8 7 9
Strength 11.9 9.99 13.9 109 129 7.99 9.98 10.9 109 9.99 109 10.9
Q 0.69 0.64 0.68 0.65 0.57 0.57 0.63 0.67 0.70 0.69 0.69 0.64
T 0.82 0.74 0.70 0.79 0.62 0.64 0.71 0.80 0.80 0.86 0.80 0.75

have been shown to exist in MI tasks using schematic faces as
stimuli. From the results it can be seen that these synchrostates
described differentiable transition models accordingly to the stim-
uli presented to the participant, modelling the brain activity
dynamics based on specific tasks.

In this study we demonstrated that these synchrostates are sta-
ble at a group level as individually with a minimum variation in the
number of selected clusters. Furthermore, the phenomena of syn-
chrostates has also been studied in a reduced of number of trials
(50 trials, 20 trials and 10 trials) in [9], showing that the number
of states obtained was independent of how the data was divided.
However, a more exhaustive study with a large cohort of partic-
ipants should be performed to determine the existence of these
states in single trials. This will allow the possibility of using this
protocol for online motor imagery based BCI applications.

The temporal dynamic of the phase synchronization is stud-
ied here by means of unsupervised pattern recognition techniques
to identify the synchrostates. This idea is similar to the well sta-
blish existence of microstates, were the clustering is done based
on power amplitude instead of phase synchrony [2]. Hence, the
representation of the topographies in this document are not the
widely used averaged power spectrum scalp plots. In this case,
large concentration of phase differences should not be confused
with possible artifacts. Synchrostates resolution is in the order of
milliseconds, in contrast artifacts appear in time in the order of
seconds [9]. In addition, muscle artifacts are demonstrated to be
more prominent at higher frequencies over 60 Hz and the results
obtained are reported for 8 and « band so are less likely to be
affected by muscle movements [31].

It can be argued that connectivity measures among EEG chan-
nels can be affected by volume conduction effect even if all brain
sources are independent [32]. To avoid this problem some connec-
tivity measures have been developed which are robust to volume
conduction interference, consequently their significant connectiv-
ity estimations are only indicators of the brain interactions [33].
Some of these connectivity measures are: phase lag index (PLI)
[34], the imaginary part of coherence (Imc) [35], weighted PLV or
weighted PLI [33,36]. The present work on phase synchrony can be
seen as an extension of this robust measures of EEG-based connec-
tivity, subsequently the same arguments can be used to validate
that the synchrostates phenomena are not under the effect of vol-
ume conduction.

6. Conclusion

The main finding of the proposed method is the identification
of unique and consistent synchrostates along different frequency
bands during motor imagery tasks. These synchrostates may be
interpreted as the different sub-tasks, if ever possible, that the
brain performs to develop an answer to a specific stimulus. Fur-

thermore, the temporal evolution of the switching pattern of these
synchrostates has also been studied. The results show that these
patterns are stimuli dependent and markedly different between the
two motor imagery tasks under consideration in this study. Hence,
this methodology is able to classify clearly between both condi-
tions and consequently can potentially be used in brain computer
interface applications among others.

Translating these findings into graph theory complex networks
to measure more quantitatively the differences between syn-
chrostates and conditions, additionally to their temporal stability,
has resulted in an efficient mechanism to understand better the
underlying mechanisms of the brain when a specific task is being
performed. Brain connectivity metrics form the synchrostates not
only can be used to obtain a deeper understanding of the brain
processing mechanism but also as features for classification using
machine learning as we demonstrated in [30]. Using typical clas-
sification algorithms as linear discriminant analysis and support
vector machine we obtained accuracies over 90% for left-right
discrimination task. However, this process was performed across
subjects. Further efforts will be addressed towards the study of
synchrostates in single trials to develop an online-MI BCI system.

This work is based on the use of emotional faces or emoticons
as stimuli, nevertheless more studies should be undertaken to be
assured that the synchrostates phenomena is also present using
other types of tasks or stimuli. Furthermore, a more standardized
classification method in BCI studies, for instance common spatial
patterns, should be used to determine the effectiveness of using
faces showing emotions as stimuli for MI based BCI applications.
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