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The use of transcranial direct current stimulation (tDCS) has been related to the improvement of motor
and learning tasks. The current research studies the effects of an asymmetric tDCS setup over brain
connectivity, when the subject is performing a motor imagery (MI) task during five consecutive days.
A brain–computer interface (BCI) based on electroencephalography is simulated in offline analysis to
study the effect that tDCS has over different electrode configurations for the BCI. This way, the BCI
performance is used as a validation index of the effect of the tDCS setup by the analysis of the classifier
accuracy of the experimental sessions. In addition, the relationship between the brain connectivity and the
BCI accuracy performance is analyzed. Results indicate that tDCS group, in comparison to the placebo
sham group, shows a higher significant number of connectivity interactions in the motor electrodes during
MI tasks and an increasing BCI accuracy over the days. However, the asymmetric tDCS setup does not
improve the BCI performance of the electrodes in the intended hemisphere.
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1. Introduction

A brain–computer interface (BCI) is a communi-
cation system that collects electroencephalographic
(EEG) signals from the brain, interpreting and
decoding them in order to create commands for con-
trolling an external device.1,2 When the external
device to be controlled is robotic, BCIs are usually
known as brain–machine interfaces (BMIs). Their
applications can allow a person to interact with a
computer by only using their brain activity,3–5 or
help impaired people during physical rehabilitation
and assistance.6–8

The first evidence of EEG patterns related to
movement was detected in 1965,9 showing a slow neg-
ative EEG activity preceeding self-initiated move-
ment by low potentials.10,11 In 1994,12 the relation-
ship with event synchronization over motor areas was
studied. On the other hand, the first applications of
a BCI/BMI date from 1970 to 1980s, and include
the real-time control of a cursor,3 the use of contin-
gent negative variation (CNV) potential to control a
buzzer,4 the control of a mobile robot using alpha
rhythm,13,14 and the writing of text using P300.5

A complete review of the 20th century BCI by Bozi-
novski and Bozinovska can be consulted.15

There are different paradigms for developing
BCI/BMIs related to motion control. For instance,
paradigms such as P300 or steady-state visual evoked
potentials (SSVEP) have been used in combination
with a BMI for the control of a wheelchair16,17 or
an exoskeleton.18 Nevertheless, the mental process
is not directly associated with the brain process of
imaging the lower-limb movement, usually gait. This
makes them less suitable for its application in reha-
bilitation, where the objective is to reinforce the
neuro-plasticity through the cognitive involvement of
the patient in the mental task of movement.

One of the most common paradigms used is
based on motor imagery (MI). This paradigm is
more suitable for rehabilitation therapies as the men-
tal task of imaging a movement produces similar
brain patterns to the actual motion.19–21 Brain activ-
ity during motor execution involves the supplemen-
tary motor area (SMA), the primary motor cor-
tex (M1), the primary somatosensory cortex (S1)
and the premotor area (PM). And as some func-
tional magnetic resonance imaging (fMRI) researches
have demonstrated, MI and motor execution activate

common neural networks in M1, SMA, PM and
cerebellum.22–24

One of the current challenges related to
BCI/BMIs based on MI is to improve their per-
formance accuracy, especially in the case of the
ones based on lower-limb MI. It is also important
to mitigate the contribution of motion artifacts to
improve the signal to noise ratio.25,26 Besides, the
subject must also avoid the influence that external
stimuli can have over the brain to assure that the
extracted activity is related to motion instead of
other mental processes. All of this makes it neces-
sary to improve the methods and protocols associ-
ated with a BCI/BMI.

The study of the functional brain connectivity
could help to understand the brain processes dur-
ing the use of a BCI/BMI27 or to quantify brain
network reorganisation.28 EEG coherence allows to
detect the degree of synchronized activity between
electrical activities in distinct brain regions at spe-
cific frequency bands. This could help to improve the
algorithms, thanks to a better selection of electrodes
and features for classification. The use of functional
brain connectivity has been applied to study the
attention deficit/hyperactivity disorder (ADHD),29

the diagnosis of alzheimer,30 autism,31 depressive
disorder,32 the effects of binaural beats33 and Parkin-
son.34 It has also been applied to BCI applica-
tions to select an optimal feature vector of reduced-
dimensionality.35

One of the state-of-the-art improvements is
the use of transcranial direct current stimulation
(tDCS), which has shown its capability to improve
motor performance and learning,36,37 previously to
the use of a BCI. tDCS is a brain stimulation tech-
nique applied with non-invasive surface electrodes,
which modulates brain excitability.38 It consists of
the application of low intensity direct current to cer-
tain parts of the brain, with a current flow from
anode to cathode. Cathodal stimulation produces an
inhibitory effect on the spontaneous neural activ-
ity, whereas anodal stimulation of the cortical region
has excitatory effects. Therefore, tDCS has a short-
term effect on neural excitability, and a posterior
long lasting plastic effect involving synaptic mod-
ification.39–41 Thus, EEG generation is externally
influenced due to the previous brain conditioning.
tDCS is a kind of direct memory access (DMA)
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procedure in comparison to SSVEP where the brain
is stimulated by visual events.

Currently, there is some research about the appli-
cation of tDCS for neuro-rehabilitation.40,42,43 Sev-
eral studies have investigated how tDCS can be
employed as an augmentative technique for the per-
formance of upper-limbs.44–46 However, there are
only a few studies about the effect of tDCS on lower-
limbs.47,48

In a previous research,49 the effect of tDCS in
lower-limb MI was studied using functional connec-
tivity. In that study, eight subjects were randomly
separated into two groups: sham and active tDCS.
Results showed that for the active tDCS group, the
central electrodes Cz, C3 and C4 had the high-
est volume of epochs with significant values of par-
tial directed coherence (PDC) for alpha (8–12Hz)
and beta (13–30Hz) frequency bands. The current
research expands that work to four new subjects,
detailing the nature of the inflow and outflow inter-
actions that show a different behavior for the rest
and imagine periods in a repetitive way for all the
subjects in a group. Furthermore, the relationship
between the brain connectivity and the offline BCI
results has been studied, and the influence that the
asymmetric tDCS montage and sham application has
over the PDC and the BCI. The study of these inter-
actions will help to the development of new rehabili-
tation therapies that involve the use of tDCS in com-
bination with a lower-limb exoskeleton commanded
by a BCI.

This paper is structured as follows. Section 2
shows the equipment used and the experimental
setup carried out for the research, and defines the
two different processing methods used for the data
analysis. Section 3 analyzes the results obtained by
the PDC and BCI modules; and finally in Sec. 4, the
conclusions are presented.

2. Material and Methods

This section explains the equipment used, and the
methods followed during the research. Figure 1 shows
a general scheme of the experimental and data anal-
ysis process. Each session day started with 15min of
brain conditioning (sham or tDCS) followed by the
experimental trials. Once data were collected, they
were processed offline using two different modules.
PDC analysis was used to look for the significant

Fig. 1. General scheme of the research. Data from the
five experimental sessions of each subject were processed
offline, using PDC analysis and a BCI in different elec-
trode configurations, in order to see the effect of tDCS
on brain connectivity and the effects of the tDCS setup
over the BCI performance. Additionally, the relationship
between BCI performance and brain connectivity was
studied.

connections between brain locations that showed a
different behavior for rest and MI classes, whereas a
MI BCI was simulated to check the different output
accuracies using different electrode configurations.
Thus, the effects of tDCS over brain connectivity and
the BCI performance, and the relationship between
PDC and the BCI performance depending on the
electrode configurations were studied.

2.1. Experimental setup

2.1.1. Subjects

Twelve healthy subjects took part in the experiment.
None of them reported neurological diseases or being
under medication. All the participants gave written
informed consent according to the Helsinki decla-
ration. The Ethics Committee of the Responsible
Research Office (Oficina de Investigaciòn Respons-
able, OIR) of Miguel Hernández University of Elche

2050038-3



Page Proof

May 19, 2020 16:48 2050038

M. Ortiz et al.

(Spain) approved the study on 8 October 2014 with
reference DIS.JAP.03.14 for a five years period.

In order to remove the placebo effect, a single-
blind study was designed, in which subjects were
randomly divided into two different groups: sham or
active tDCS.

2.1.2. Hardware

The equipment used for data collection and
the application of tDCS or Sham stimulation was the
StarStim R32 system (Neuroelectrics, Spain). The
system acquired the EEG signals from 30 scalp elec-
trodes following the 10–20 system: P7, P4, CZ, PZ,
P3, P8, O1, O2, C2, C4, F4, FP2, FZ, C3, F3, FP1,
C1, OZ, PO4, FC6, FC2, AF4, CP6, CP2, CP1, CP5,
FC1, FC5, AF3 and PO. Data were acquired at a
500Hz sampling frequency, amplified and transmit-
ted by wireless communication to the computer for
its recording and processing. Two additional elec-
trodes were used for common-mode sense (CMS)
and driven right leg (DRL) passive electrode, which
were placed on the right ear. Although all the elec-
trodes were used for pre-processing, for this research
only the nine electrodes covering M1, SMA and PM
regions were considered for extracting the EEG fea-
tures based on the literature22–24: Cz, CP1, CP2, C1,
C2, C3, C4, FC1 and FC2.

The electrodes for tDCS have the same encapsu-
lation size of the EEG acquisition electrodes and can
be interchanged easily. During the first step of brain
conditioning, three stimulation electrodes were used:
two anodes and one cathode (see Fig. 2). The whole
process was controlled by the software suite provided
by Neuroelectrics. Since the equipment employed was
the same, the process was so quick that the experi-
mental trials could start after the brain conditioning
session was over without further delay. For further
information, check Ref. 50

2.1.3. tDCS and sham stimulation

Both groups followed the protocol proposed in our
previous research.50 The process consisted of exciting
simultaneously the right cerebellum and the motor
cortex through the injection of current (anodal stim-
ulation). The first anode was placed over the right
side of the cerebellum (two centimeters right and
one below the inion) to improve the learning abil-
ities.51 However, as the anode over the cerebellum

Fig. 2. Montage used for the application of tDCS. The
encapsulation of the stimulation electrodes is exactly the
same than the EEG electrodes. The surface of the stim-
ulation electrodes is larger. After applying the tDCS or
Sham period, they are interchanged for the EEG acqui-
sition electrodes for the experimental session.

activates the Purkinje cells which cause the inhi-
bition of the dentate nucleus and disfacilitate the
motor cortex,52,53 a second anode was placed in Cz
with a slightly higher current to activate the motor
cortex (0.3mA versus 0.2mA of the first anode).54

The cathode was located on the FC2. This asymmet-
ric setup was created to assess the tDCS behavior for
its future application to patients with a right limb
disability caused by a left hemisphere cerebrovascu-
lar accident. The hypothesis to contrast is that the
cathode inhibits the right hemisphere favoring the
left hemisphere. The cathode current density was of
0.16mA/cm2 which is within the range of neurolog-
ical safety. Brain injury is predicted to appear at
brain densities of 0.63–1.3mA/cm2, so during the
whole process the current density was below the
limits.55

The group of tDCS was subjected to a 15min
of direct current application before the experimental
session started. The sham group was used as control
group and received a fake simulation of the applica-
tion of the tDCS to create a placebo effect on the
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Fig. 3. Comparison of the application of the anodes current to the protocols. Anode current was set to 0.3 mA for Cz
and 0.2 mA at the cerebellum anode. tDCS kept the current for the whole procedure, while sham applied the current just
at the beginning and ending of the procedure to create a placebo effect. tDCS requires a sustained current for several
minutes in order to have a considerable effect.

subjects. It consisted of applying the same anodal
currents with a ramp up and ramp down of 3 s each,
at the start and at the end of the 15min period of
the protocol. tDCS current is noted only in the ini-
tial ramp-up, so both groups perceive the initial cur-
rent in the same way. However, current is maintained
during 15min for the tDCS process, while during
sham stimulation only the ramp-up and down are
applied to make the subject think that tDCS has
been applied. As tDCS requires a sustained current
to have a substantial effect over the subject, the sham
stimulation does not provide any effect beyond the
placebo one. A comparative image of both proce-
dures can be seen in Fig. 3. Subjects were not aware
of which group they belonged to.

2.1.4. Protocol

After the previous 15min of sham or active tDCS,
the experimental procedure took place. The protocol
involved five consecutive session days. Each session
consisted of four different trials where the volunteers
stood up in front of a screen which supplied visual
feedback. The visual instructions displayed were the
following: ‘Relax’, ‘Imagine’ and ‘+’.

During ‘Relax’ events (see Fig. 4), subjects had to
relax themselves focusing on breathing and leaving

Fig. 4. Example of a relax event visual feedback. During
the event, the subject should focus on a relaxed mind
state.

their mental activity in a blanked mind state. ‘Imag-
ine’ periods were associated with a MI mental action,
where subjects had to imagine the lower-limb gait
activity (walking in first or third person view) with-
out doing any real movement. As the user tried to
avoid doing any blinking during the approximated 6–
7.5 s of each event, a transition period (‘+’) between
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Fig. 5. Experimental protocol for a session day.

active events was added to allow blinking, swallowing
or relieving movements.

The order of the events was randomized follow-
ing the rules: between active events a transition was
included, each active event could not be repeated
more than once, and a total of 10 imagine and 10
relax periods needed to be done. Figure 5 shows a
scheme of the protocol.

2.2. Processing

Two different modules analyzed the EEG acquired
during the experimental sessions. The first one stud-
ied the connectivity between the brain locations
through PDC, while the other one evaluated differ-
ent electrode configurations through the BCI accu-
racy performance. In both cases, the first two sec-
onds of each event were neglected to avoid visual cue
artifacts.

2.2.1. Connectivity analysis

• Partial Direct Coherence (PDC)

The study of the mutual channel influence was
carried out using PDC. It is a frequency domain mea-
sure of the directional relationships between a pair of
signals in a multivariate data set for application in
functional connectivity in neuroscience.56 Consider
the EEG measurements of a channel m = 1 : M as
xi(n), for n = 1 : N samples. The mutual relation
between each channel can be modeled by a multi-
variate auto-regressive (MVAR) model, where each
of the signal samples can be defined as a linear com-
bination of both its previous samples and the samples
of other channels as⎡
⎢⎢⎣

x1(n)
...

xM (n)

⎤
⎥⎥⎦ =

P∑
r=1

Ar

⎡
⎢⎢⎣

x1(n − r)
...

xM (n − r)

⎤
⎥⎥⎦+

⎡
⎢⎢⎣

e1(n)
...

eM (n)

⎤
⎥⎥⎦, (1)

where P is the order of the MVAR model, em(n) is
the noise related to channel m = 1 : M , and Ar, with
r = 1 : P , being the coefficient matrices (M×M size)
with components aij(r) which represent the linear
interaction effect of xj(n − r) onto xi(n). This way,
the transfer function for the M electrodes can be
computed in the frequency domain as

Ā(f) = I −
P∑

r=1

Are
−2πifr, (2)

where I is the identity matrix. Thus, the elements of
Ā(f) can be defined as

Āij =

{
1 −∑P

r=1 aij(r)e−2πifr , i = j,

−∑P
r=1 aij(r)e−2πifr , i �= j.

(3)

The measure of the direct casual relation of xj to xi

is measured by the PDC56

πi←j(f) =
Āij(f)√

āj(f)āT
j (f)

, (4)

where Āij(f) and āj(f) are, respectively, the i, j ele-
ment and the j column of Ā(f). The PDC values
(πi←j) are a measure of the total outflow of infor-
mation from xj to the rest of channels. For a given
frequency, it provides information about direction-
ality in the interaction between signals recorded at
different electrodes, measuring the outflow of infor-
mation from outflow electrode j to inflow electrode
i.56 Due to its definition as a ratio, the following nor-
malization properties hold for all 1 ≤ j ≤ M :

0 ≤ |πi←j |2 ≤ 1,

M∑
i=1

|πi←j |2 = 1.
(5)

In order to assure that the value of PDC is a mea-
surement of the connectivity between different brain
areas, its statistical significance must be assessed.
Under the null hypothesis H0, for w = 2πf

|Aij(w)|2 = 0 (6)

the asymptotic distribution for N samples

N

Cij(w)|Aij(w)|2 (7)

is a weighted average of two independent χ2 sta-
tistical distributions of one degree of freedom,57
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with

Cij(w) = Δii

(
P∑

r=1

P∑
m=1

Fjj(r, m)[cos(rw) cos(mw)

+ sin(rw) sin(mw)]

)
, (8)

where Δii is the ith diagonal element of the noise
covariance matrix and Fjj(r, m) is the jth diag-
onal element of the inverse covariance matrix of
measurements,

F = R−1 (9)

with

Rjj(r, m) = E[xj(n − r)xj(n − m)]. (10)

The critical value at which the magnitude of PDC
can be considered as significant (i.e. indicative of
functional brain connectivity) is given by

πi←j(w)α =

√√√√( Cij(w)χ2
1,1−α

N(āj(w)āT
j (w))

)
(11)

with 100(1 − α)% certainty, where α represents the
significance level.

An epoch is considered significant given a j to i

interconnection, when its PDC is over the significant
level shown in (11). Figure 6 shows a flow chart of
the PDC application. In order to give a global value
of significance the result is given as the ratio of sig-
nificant epochs.

• PDC implementation in the research

For PDC computation, the ARfit Matlab pack-
age was used.58 The nine channels considered were
processed in 2 s epochs for the “Imagine” and “rest”
events. Epochs were not overlapped for the PDC

analysis. As the initial 2 s of an event were not con-
sidered, 4 s per event (2 epochs) were used, resulting
in a total number of 80 epochs per day and class for
each subject.

Pre-processing consisted of a second order But-
terworth band-pass filter between 0.5–50Hz, a single
line Notch filter at 50Hz, in order to improve the
signal-to-noise ratio and reduce the electric power
noise, and a Laplacian spatial filter to better iso-
late the channel information.59 A description of the
Laplacian filter used can be seen in our former
research.60 In addition, a wavelet filter based on the
extraction of the reconstruction of a level 6 of detail
discrete Meyer mother wavelet61 was also applied.
The wavelet filter acts as a high pass filter for fre-
quencies over 3.9Hz, due to the sampling frequency
of 500Hz, improving also the signal to noise ratio.

The interconnections between the set of nine elec-
trodes were computed in a similar way to the one
followed in a previous research.62 The signals were
fitted with a MVAR, selecting the model order by
the Akaike information criterion.63 PDC were ana-
lyzed within the theta (4–7Hz), alpha (8–12Hz) and
beta (13–30Hz) bands obtaining 9 × 9 matrices per
each band, epoch and subject. A significance level
of α = 0.05 was considered for testing if the PDC
for a given interaction of an epoch was indicative of
functional connectivity, see (11).

The value of the PDC for the significant interac-
tions of each epoch at a determined frequency range
was then compared using a Wilcoxon rank sum test
for the “rest” and “imagine” events. This provided
for each day and subject the interactions with sig-
nificant differences for both classes (p < 0.05). After
that, per each day and group (sham versus tDCS)
only the interactions that were common for five of
the six subjects of each group were considered.

Fig. 6. Scheme of application of the PDC methodology. The module analyzes the acquired EEG and obtains the significant
interconnections at a determined frequency band.
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2.2.2. BCI assessment

The focus of this research was on analyzing the
effects of tDCS on brain regions (i.e. the electrodes)
and on estimating the correlation between the PDC
information and the BCI results, rather than in
obtaining a high accuracy decoding method. Thus,
the algorithms for pattern extraction were simple,
using fast processing methods to allow a high quan-
tity of simulations due to the large number of possi-
ble electrode combinations to study. Therefore, BCI
is used as a offline validation tool in the research.

Pre-processing was carried out in the same way
the PDC module.

For the feature extraction, the epochs considera-
tion was different than in the PDC analysis. Com-
putation epochs were reduced to one second win-
dows with a half second shifting in order to increase
the number of epochs for model creation and clas-
sification. Fast Fourier transform (FFT) was then
applied to the considered theta (4–7Hz), alpha (8–
12Hz) and beta (13–30Hz) bands to compute the
harmonic components of each band, providing one
feature per band and electrode. This made a total
of 127 vector data points per epoch, considering the
main nine electrodes indicated in Sec. 2.1.2. How-
ever, this number was reduced to vectors of eight
components as it will be explained in Sec. 3.2.

The model classifier was computed with the infor-
mation of three trials leaving the fourth one for
testing the results following a leave-one-out cross-
validation. The number of epochs considered for each
model was 210 per class and 70 for each trial test-
ing (seven epochs per each of the ten rest or MI
class events in a trial). A support vector machine
(SVM) classifier with cost parameter of 512 was used.
The kernel function was radial basis e(−γ·|u−v|2) with
γ = 0.002.64

Accuracy is obtained calculating the ratio of
epochs correctly predicted by the classifier and aver-
aged for the four trials carried out by a subject
per day.

3. Results and Discussion

3.1. PDC

Figure 7 shows the outflow (j) and inflow (i) elec-
trodes for the significant PDC interactions between
rest and imagine classes. The results are shown per
day for the interactions that are present at least for

five of the six subjects of each group in order to
assure that the interaction is present for almost all
the subjects. From now on, for the sake of simplicity,
these interactions are going to be called as significant
PDC interactions. Directionality flows from outflow
(j) to inflow (i) electrodes. However, as a figure full
of arrows for the interactions would be difficult to fol-
low, the significant PDC interactions are represented
based on the number of participations of an electrode
in an outflow (bluish) or inflow (reddish) interaction.

From the inspection of Fig. 7, there are several
trends to be noticed:

• Regarding frequency bands, theta band has almost
no significant PDC interactions for the sham group
and very few interactions for the tDCS group.
Alpha interactions are more common for the tDCS
group. And beta interactions are numerous for
both groups.

• Regarding the day evolution, there is no clear pat-
tern of evolution of the significant PDC interac-
tions.

• Regarding the interactions, although it looks like
that there is a pattern of outflow to inflow from left
hemisphere to right hemisphere for alpha band,
this pattern is not kept for the day 5. However,
the aggregation of the interactions for the five days
of the beta band (Fig. 8) shows a higher inflow
interaction towards the left hemisphere (C1 and
C3 electrodes). This is more notable for the tDCS
group. The inflow interactions are mainly related
to the C1, C2, C3 and C4 electrodes. This mean
that significant PDC interactions flow toward the
right (C1 and C3) or left (C2 and C4) hemispheres,
from central M1, SMA and PM zones (Cz, FC1,
FC2, CP1 and CP2). This pattern is not only
present for the tDCS group, but also for the sham
group.

3.2. BCI

As the PDC results indicate, theta band showed
almost not significant PDC interactions for theta
band for both groups. For this reason, the BCI anal-
ysis did not consider the theta band for the classifier
model. In addition, as one of the purposes of the
BCI analysis was to check the effect of tDCS over
the behavior of the different electrodes during the
MI task, the number of electrodes used for the model
classifier was also limited. Combinations of the nine

2050038-8
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Fig. 7. (Color online) Representation of the PDC interactions that the Wilcoxon rank sum test detects as significant
different (p < 0.05) for the rest and imagine classes epochs with enough PDC significance, see Eq. (11). Data are presented
per day for the common interactions for at least five of the six subjects of a group. Number of interactions are shown in
number per electrode and are size and color coded.

Fig. 8. Significant PDC interactions for the beta band during the five session days.
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Fig. 9. (Color online) Graphical representation of the BCI results shown in Table 1. The color code ranges from the
54.1% of the S9 subject to the 71.9% obtained by S4 for the BCI accuracy classification of MI events. The right hemisphere
electrodes and CP1 were common for three of the six subjects of tDCS, while Cz, FC1, FC2, CP1 and C4 were common
for sham subjects.

electrodes placed in M1, SMA and PM regions were
taken by groups of four elements, and were the ones
used for assessing the accuracy of the classification
during MI tasks. This reduced the vector data per
epoch from the possible 127 features to 8. Thus, a
total number of 126 combinations of electrodes were
tested in offline analysis for each trial and subject.
As there were four trials per session, and five sessions
for each of the twelve subjects, the total number of
models created and trials tested was 30,240.

Table 1 shows the results of the SVM classifier.
The accuracy shown in Table 1 indicates the aver-
aged accuracy for the four trials of each session day.
Relax events had similar accuracy results, but they
were not relevant for this study as it was focused
on analyzing the effects of tDCS during MI events.
This does not mean that the accuracy of a BCI clas-
sifier during relax periods is not important, as it
is to reduce the false positive ratio, but the infor-
mation provided would not be related to the tDCS
setup tested, which is one of the reasons of the BCI
analysis.

Results indicate that tDCS group showed a
higher accuracy in average for all the subjects than
the sham group. This was more relevant as the ses-
sion days passed by, with a difference between the
tDCS and sham groups for the fifth day of 70.7%
versus 57.9% (see Table 1 and Fig. 10).

Table 1 also shows the best configuration of elec-
trodes for each subject. The same results can be seen
color coded in Fig. 9 for a better visualization of the
selected configurations. As Fig. 11 shows, the most
relevant electrodes are CP1, FC2, C2, C4 and CP2.
They correspond to the asymmetrical setup applied
to the tDCS group, see the axial view of Fig. 6 in the
Rodŕıguez-Ugarte et al.50

On the other hand, the FC2 and surrounding elec-
trodes, where the cathode was placed, have a strong
presence in the better electrode configurations. This
goes against the initial hypothesis that was trying
to emphasize the left hemisphere for MI, as FC1, C1
and C3 have a low presence. However, it relates to
the zones where the current was circulating during
the tDCS as the SimNIBS simulation65 of the former
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Table 1. Averaged accuracy of the best electrode configurations obtained by the BCI classifier during MI periods. The
data shown indicates the percentage of epochs with correct predictions averaged for the four cross-validation trials of a
day (dX).

Subject Electrodes Accd1 Accd2 Accd3 Accd4 Accd5 Ācc

S1 CP1 CP2 C2 C4 61.3 ± 12.5 57.6 ± 12.1 58.4 ± 9.6 75.6 ± 14.7 65.1 ± 7.1 63.6 ± 7.3
S2 CP1 C2 C4 FC2 67.7 ± 6.7 60.3 ± 5.1 62.9 ± 10.7 67.9 ± 7.0 85.4 ± 5.3 68.8 ± 9.8
S3 Cz CP1 C1 FC2 59.3 ± 5.8 70.9 ± 3.1 74.9 ± 5.3 71 ± 4.1 69.3 ± 4.0 69.1 ± 5.8
S4 C2 C3 C4 FC2 60.9 ± 23.4 82.1 ± 6.9 76.3 ± 15.4 66.7 ± 10.4 73.6 ± 5.6 71.9 ± 8.3
S5 CP1 CP2 C1 FC1 67.0 ± 11.4 70.6 ± 3.2 76.3 ± 7.1 69.9 ± 4.9 71.3 ± 6.1 71.0 ± 3.4
S6 Cz CP1 CP2 C2 54.1 ± 5.3 61.9 ± 6.1 62.3 ± 7.9 58.7 ± 4.4 59.4 ± 2.8 59.3 ± 3.3

tDCS avg. 61.7 ± 5.1 67.2 ± 9.1 68.5 ± 8.2 68.3 ± 5.6 70.7 ± 8.8 67.3 ± 3.4
S7 Cz CP2 C4 FC2 65 ± 9.9 61.6 ± 17.2 64.1 ± 8 62.6 ± 6.9 57.6 ± 7.8 62.2 ± 2.9
S8 C1 C4 FC1 FC2 58.4 ± 5.4 62.4 ± 8.9 55.3 ± 4.3 57.1 ± 5.4 61.4 ± 3.2 58.9 ± 3.0
S9 Cz CP1 FC1 FC2 56.9 ± 3.4 46.6 ± 2.6 58.6 ± 11 52.7 ± 3.2 56 ± 3.7 54.1 ± 4.7
S10 Cz CP1 C2 FC1 57.3 ± 7.9 55 ± 7.8 55.6 ± 7.6 64.7 ± 5.9 51.4 ± 12.8 56.8 ± 4.9
S11 CP1 C1 C3 FC1 65.0 ± 6.8 60.1 ± 3.9 59.6 ± 3.3 51.6 ± 4.4 59.7 ± 4.5 59.2 ± 4.8
S12 CP1 CP2 C4 FC1 60.0 ± 6.7 60.3 ± 3.4 64.4 ± 13.4 64.7 ± 9.5 61.1 ± 6.2 62.1 ± 2.3

Sham avg. 60.4 ± 3.7 57.7 ± 6.0 59.6 ± 4.0 58.9 ± 5.9 57.9 ± 3.8 58.9 ± 1.2

research shows.50 As the experimental subjects had
no known neurological disabilities or mental diseases,
the obtained results could be different in the case of
an injured brain. This is the reason why the study
of the effects of tDCS configuration is analyzed for
brain healthy subjects in this research. And once a
correct tDCS setup is determined, it will be used
on stroke patients. The major difference between the
most relevant electrodes for sham and tDCS group
is the electrode FC1 that disappears for the tDCS
group when it was one of the most relevant electrodes
for four of the six sham subjects.

Regarding the accuracy of the classifier, the tDCS
group obtained better results than the sham one. In
the case of the subjects S7 and S11, they show similar
results to subjects S1 and even better than S5. It is
important to note that BCI performance is usually
very subject-dependent. This means that S7 and S11
are able to modulate their EEG signals better than
S1 and S5. However, the interesting information that
can be extracted from Table 1 is that, although the
global accuracy results are similar, the trend over the
days is improved for S1 (d4 and d5), but keeps stable
for S7 and S11. The only tDCS subject that does not
improve the results over the days is S5, which is the
subject with the lowest results. This trend can be
clearly seen in Fig. 10 in average from the global
comparison of both groups.

Fig. 10. Accuracy evolution (%) for both experimental
groups. tDCS showed an increase in accuracy as the days
passed by, which was not shown in the sham group.

The improvement of the BCI performance over
the days supports the idea that the use of the anode
over the cerebellum improves the brain’s learning
abilities.51,66,67 In addition, the improvement of the
results indicates that the use of the second anode
over Cz compensates the inhibition of the dentate
nucleus and disfacilitation of the motor cortex caused
by the anode on the cerebellum.52,53

In addition, results indicate that there is no clear
relationship between the electrodes with a significant
PDC interaction and the most relevant electrodes.
Although, it seems that the highest inflow electrodes
(C1 and C3) have a low relevance, and that the
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Fig. 11. Details of the electrodes more relevant per
group of subjects, see Table 1. The number indicates the
frequency of repetition of the electrode among the sub-
jects of each group.

lowest inflow electrodes (FC1 (only for sham), FC2,
CP1 and CP2) have a high relevance, there are also
high inflow electrodes (C2 and C4) with high rele-
vance. Therefore, it is hard to extract any conclu-
sion of the relationship between the PDC and the
BCI results.

4. Conclusions

The research has studied an asymmetric tDCS set up
with two anodes positioned over the right cerebellum
and Cz, and one cathode placed over the FC2. For
the study, a tDCS or sham session was applied previ-
ously to the use of a BCI based on gait. Specifically,
the effects on the connectivity between areas (i.e. the
electrodes) and the BCI performance (i.e. the BCI
accuracy of the classifier) have been analyzed.

tDCS subjects presented higher connectivity for
the three bands and a superior BCI accuracy with
respect to the sham control group. Furthermore, the
performance accuracy was more relevant as the ses-
sion days passed by, which indicates that the use of
the tDCS has a positive impact on the BCI perfor-
mance along the days.

Regarding the effects of the tDCS over the indi-
vidual electrodes (brain zones) for its use in the BCI
classifier, in general, there was no clear relationship
between the electrode configurations that achieved
the highest accuracy with the ones that obtained the
most significant PDC interactions.

In addition, the best electrode configurations
were related to the brain hemisphere that it was tried

to be inhibited (cathodal position) with the excep-
tion of the opposing electrode to the cathode, CP1.
However, the electrodes with a better BCI perfor-
mance were the ones associated with the current flow
during the tDCS. This indicates that although tDCS
improved the BCI results, the inhibition hypothesis
of the right hemisphere was not working as desired.

Future studies will assess the effects of tDCS for
impaired subjects with the purpose of validating the
results obtained by the able-bodied subjects of this
research, trying alternative tDCS configurations for
its evaluation.
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