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Transcranial direct current stimulation (tDCS) is a brain stimulation technique that

can enhance motor activity by stimulating the motor path. Thus, tDCS has the

potential of improving the performance of brain-computer interfaces during motor

neurorehabilitation. tDCS effects depend on several aspects, including the current

density, which usually varies between 0.02 and 0.08 mA/cm2, and the location of the

stimulation electrodes. Hence, testing tDCS montages at several current levels would

allow the selection of current parameters for improving stimulation outcomes and the

comparison of montages. In a previous study, we found that cortico-cerebellar tDCS

shows potential of enhancing right-hand motor imagery. In this paper, we aim to evaluate

the effects of the focal stimulation of the motor cortex over motor imagery. In particular,

the effect of supplying tDCS with a 4 × 1 ring montage, which consists in placing

an anode on the motor cortex and four cathodes around it, over motor imagery was

assessed with different current densities. Electroencephalographic (EEG) classification

into rest or right-hand/feet motor imagery was evaluated on five healthy subjects for two

stimulation schemes: applying tDCS for 10min on the (1) right-hand or (2) feet motor

cortex before EEG recording. Accuracy differences related to the tDCS intensity, as well

as µ and β band power changes, were tested for each subject and tDCS modality. In

addition, a simulation of the electric field induced by the montage was used to describe

its effect on the brain. Results show no improvement trends on classification for the

evaluated currents, which is in accordance with the observation of variable EEG band

power results despite the focused stimulation. The lack of effects is probably related

to the underestimation of the current intensity required to apply a particular current

density for small electrodes and the relatively short inter-electrode distance. Hence,

higher current intensities should be evaluated in the future for this montage.
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FIGURE 4 | Simulation of the norm of the electric field ‖E‖ (V/m) that is generated by tDCS supply on the right-hand (Top) and feet (Bottom) motor cortex.

FIGURE 5 | Accuracy of right-hand MI after the stimulation of the right-hand motor cortex. Each point represents the mean accuracy for a particular session, while the

error bars show the standard deviation.

four return electrodes: FC1, CP1, FC2, and CP2, which are
used in the spatial filtering process of C3, Cz, and C4. Hence,
the effect in this area can affect the EEG activity observed
at the three electrodes, though not necessarily in a significant
manner.

3.2. Accuracy Changes Related to tDCS
Supply
Accuracy results are presented on Figures 5–8 for each kind of
MI, subject and stimulation modality, while statistical analysis
are included in Tables 1, 2. In the tables, first and second

columns indicate the MI and number of subject that are
analyzed, respectively. The third and fourth columns show
the results of the statistical analysis, which consist of the p-
value from the ANOVA tests and the comparisons between
the different current densities that were found significant.
For example, in the Table 1 and for the right-hand MI of
Subject 1, it was observed that the sham stimulation (D0)
provided a significant lower accuracy than the current densities
of 0.02 (D1) and 0.04 (D2), and 0.06 (D3) mA/cm2, while
D3 showed also a significant lower accuracy compared to D1.
This is denoted as D0<D1, D2, D3; D3<D1. Global trends
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FIGURE 6 | Accuracy of feet MI after the stimulation of the right-hand motor cortex. Each point represents the mean accuracy for a particular session, while the error

bars show the standard deviation.

FIGURE 7 | Accuracy of right-hand MI after the stimulation of the feet motor cortex. Each point represents the mean accuracy for a particular session, while the error

bars show the standard deviation.

in the results of accuracy are described next for each tDCS
modality.

3.2.1. tDCS Applied on the Right-Hand Motor Cortex
Figures 5, 6, in addition to Table 1, present the results of this
stimulation scheme. In case of right-hand MI, D3 was the
current intensity that seemed to provide improvements for more
subjects (three out of five users: S1, S4, and S5) compared
to sham stimulation. However, this same current appeared to
worsen the classification for S3 respect to when no stimulation
was applied. Then, there is no beneficial trend for any of the
applied currents, considering that none of the evaluated current
values increased accuracy for most subjects without worsening
the classification for a subject. Likewise, no current intensity

was observed to have an incremental trend on accuracy for
feet MI.

3.2.2. tDCS Applied on the Feet Motor Cortex
Results of this tDCS modality are shown on Figures 7, 8, as well
as on Table 2. For right-hand MI, it can be seen that three out of
five users improved their accuracy with either D2 or D3 respect to
D0, so an optimal current within D2 or D3 might be considered
to possibly improve accuracy. Nevertheless, the variability in
the possible optimal current intensity does not reveal any clear
incremental trend in accuracy. In case of feet MI, none of the
evaluated current values was associated to a significant increase
of accuracy for most subjects compared to sham stimulation.
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FIGURE 8 | Accuracy of feet MI after the stimulation of the feet motor cortex. Each point represents the mean accuracy for a particular session, while the error bars

show the standard deviation.

TABLE 1 | Statistical tests of accuracy when tDCS is applied over the right-hand

motor cortex.

Motor S ANOVA Multiple comparisons

imagery (p-value) (p < 0.001)

Right hand 1 3.99× 10−15 D0<D1, D2, D3; D3<D1

2 2.02× 10−21 D1<D2<D0; D1<D3

3 3.50× 10−29 D1, D3<D0, D2

4 8.81× 10−57 D0<D1<D2<D3

5 7.25× 10−24 D0, D1, D2<D3

Feet 1 1.76× 10−14 D1, D2, D3<D0; D2<D1

2 3.42× 10−17 D1, D2, D3<D0

3 6.12× 10−40 D1, D3<D0, D2

4 9.42× 10−68 D0<D1, D2<D3

5 9.43× 10−27 D2<D0, D1<D3

Based on the accuracy results that were previously described,
it seems that no favorable trends in the detection of right-hand
or feet MI were obtained with any of the evaluated current
intensities, either when the tDCS was applied over the right-hand
motor cortex or when it was supplied over the feet motor cortex.

In order to provide an insight about the obtained results in
context with another montage, a comparison with the results
obtained with the montage in Angulo-Sherman et al. (2017) is
made. In that work, the effect of applying the same current
intensities as in this study, but with a montage that was
aimed to stimulate the cortico-cerebellar motor path, over the
classification of right-hand and feet MI was evaluated. That study
suggested that placing the anode over the cortical motor area
and the anode over the left cerebellum may enhance motor
imagery detection. In particular, D3 seemed to show potential
of improving the classification of right-hand MI when the
anode was used to target the right-hand motor area, considering

TABLE 2 | Statistical tests of accuracy when tDCS is applied over the feet motor

cortex.

Motor S ANOVA Multiple comparisons

imagery (p-value) (p < 0.001)

Right hand 1 1.78× 10−90 D0, D1<D2<D3

2 0.0191 –

3 5.30× 10−18 D0, D1, D3<D2

4 4.91× 10−31 D0, D1, D2<D3

5 0.2051 –

Feet 1 1.88× 10−8 D3<D0, D1, D2

2 7.30× 10−30 D1<D0, D2, D3

3 5.45× 10−14 D0, D2, D3<D1

4 7.73× 10−27 D0<D2; D1<D3<D2

5 3.48× 10−36 D0<D1<D2, D3

that four out of five volunteers improved about 10% their
accuracy for right-hand MI, while the remaining subject showed
no significant effects due to the stimulation. However, that
study was still exploratory and results were not conclusive yet.
It should be acknowledged that in case of the 4 × 1 ring
montage, the expected optimal currents would be probably
higher, considering that the inter-electrode distance is smaller,
which would lead to higher current dispersion in the external
regions of the head and lower current density at increasing
depth (Faria et al., 2011). Thus, a fairer comparison between
montages would include montage-specific currents in order
to provide more similar current densities at a specific point
of the motor cortex. However, this comparison still provides
information about the effects that are found at low tDCS currents
for both montages. It should be noted that, despite of the
small sample of five subjects that was used on both studies, the
results provide information about the possible existence of the
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improvement or worsening accuracy trends after the stimulation
at a particular current strength respect to the case when sham
tDCS is supplied.

3.3. ERS Changes Related to tDCS Supply
Statistical results of ERS are presented in Tables 3, 4 for the
tDCS modalities that target the motor cortex of the right-
hand and the feet, respectively. In these tables, the first column
indicates the number of subject whose results are tested, while
the second column shows the channel that is analyzed. The
third column includes the significant results from the t-tests

that compare ERS of right-hand MI from the sham stimulation
against other sessions where different intensities of tDCS were
applied. The column is divided in two subcolumns that provide
the results of the analysis for µ and β bands, using the same
notation that was used for reporting the results of accuracy.
Similarly, the fourth column presents the results of the ERS t-
tests for feet MI. It should be mentioned that ERS data have
a high variance that suggests ERS changes between sessions
are subtle. For example, Figure 9 shows the mean µ-band
power in C3, Cz, and C4 that is associated in each session
to the performance of right-hand MI after tDCS is supplied

TABLE 3 | ERS statistical results for the case when tDCS is applied over the right-hand motor cortex.

S Channel Right hand Feet

µ band β band µ band β band

1 C3 – – D1, D2, D3>D0 –

Cz D1, D2, D3<D0 D1, D2, D3<D0 D2>D0 D3>D0

C4 D1>D0 – D2, D3>D0 D2, D3>D0

2 C3 D2<D0 D1>D0; D2<D0 D1, D2, D3<D0 D2, D3<D0

Cz – D1, D2<D0 D2<D0 D1, D2, D3<D0

C4 D1, D2<D0 D1, D2<D0 D1, D2<D0 D1, D2<D0

3 C3 – D2>D0 D1, D2, D3>D0 –

Cz D2>D0 – D1, D3>D0 –

C4 D2, D3>D0 – – D2>D0

4 C3 – D2, D3<D0 D1<D0 D1, D2, D3>D0

Cz D1, D3<D0 – – D2, D3<D0

C4 D1, D3<D0 D3<D0 – D1<D0

5 C3 D1>D0 D1, D2, D3>D0 D1, D3>D0 D1, D2>D0

Cz D2>D0 D3>D0 – D3<D0

C4 D1>D0 D1, D3>D0 – D1<D0

TABLE 4 | ERS statistical results for the case when tDCS is applied over the feet motor cortex.

S Channel Right hand Feet

µ band β Xband µ band β band

1 C3 D2, D3<D0 D1, D2, D3<D0 – –

Cz D1, D3>D0 D1>D0 D1, D3>D0 –

C4 D1>D0; D2, D3<D0 D3<D0 D2<D0 D3>D0

2 C3 D1, D2>D0 D1, D2>D0; D3<D0 D1, D2>D0 D1, D2>D0

Cz D2>D0 D2>D0 D1, D2>D0 D1>D0; D3<D0

C4 D2>D0 D1, D3<D0; D2>D0 D2>D0 D1, D3<D0; D2>D0

3 C3 – – D2>D0; D3<D0 D2, D3<D0

Cz D3<D0 D3<D0 D3<D0 –

C4 – – D3<D0 –

4 C3 – – – –

Cz D1, D2<D0 D1<D0 D1>D0 D1>D0; D2<D0

C4 D1>D0 D3<D0 – D1<D0; D2>D0

5 C3 D1, D2>D0 D3>D0 D1<D0 D2<D0

Cz D2>D0 D1, D2<D0 D2>D0 D1>D0

C4 D1>D0 – D1, D3<D0 –
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over the right-hand motor cortex. There it can be seen that
the standard deviation is high. Hence, these results only serve
as a guide to describe subtle variations and no abrupt ERS
changes should be inferred. General trends of ERS when a
current is applied respect to the sham session are described
next.

When the significant differences that indicate if D0 has either
a higher or lower ERS respect to other currents are observed in
the tables, it can be observed that the results for the different
MI conditions vary among the subjects, so no clear trends can
be distinguished for all subjects at specific channels. Despite of
the focused stimulation, no attenuation trend in the ERS was
found directly on C3 when the stimulation was applied over
the right-hand motor cortex, or on Cz when the tDCS target
was the feet motor cortex. On the other hand, most cases that
present a significant difference between the ERS from the sham
session and other currents follow the same trend. For example,
in Table 3 it can be seen that the Subject 1 presents lower ERS
at Cz when either D1, D2, and D3 are applied compared to D0.
Also, it should be noted that some users can present in general the
same incremental or decremental trends in Cz, C3, and C4, such
as the Subjects 3 and 4 for the case of right-hand MI in Table 3,
which suggests the presence of ERS differences that are spatially
nonspecific.

4. DISCUSSION

In general terms, results from the accuracy analysis showed
that the supply of tDCS with a 4 × 1 ring montage over
either the right-hand or feet motor cortex showed no global
improvement trends on the detection of right-hand or feet motor
imagery for the evaluated current range (up to 188 µA). Note
that in Nitsche et al. (2007) a current as low as 100 µA was
reported to induce significant after-effects with another cephalic
montage. Moreover, results from the 4 × 1 ring montage were
compared against the results with the same current range from
this study, but with a montage that was aimed to affect the
motor cortex and the cerebellum in order to influence the
motor cortico-cerebellar path (Angulo-Sherman et al., 2017).
The stimulation with that montage seemed to show potential
of enhancing motor imagery detection in a small sample on a
exploratory study, but results were still not conclusive. In the case
of the ring montage, no improvements on motor imagery have
been observed, which could be related to the expected higher
dispersion of the electric field in the more external regions of
the head under the electrodes (Faria et al., 2011). Then, the
evaluated current range (estimated through the I/A ratio) is
probably of a lower intensity for small electrodes than the one
required to provide the desired current density values (Miranda
et al., 2009), since no trend is observed on the elicited effects
of tDCS. This would support the idea that higher currents
are needed to evaluate the ring montage, as it is performed
in Roy et al. (2014) and reviewed in Villamar et al. (2013).
The lack of observed effects in the results of this study appears
to indicate the possible superiority of other montages with
less focalization at lower current intensities, such as in Nitsche

et al. (2007) and Angulo-Sherman et al. (2017), but also that
a fairer comparison should be performed with the appropriate
parameters for each tDCS electrode array. Note that not only
the current intensity is relevant for obtaining optimal results. For
example, some studies report the delay of the tDCS effects when
using HD-tDCS arrays (Kuo et al., 2013; Baxter et al., 2014),
which shows that the optimal time for evaluating a task after
the supply of stimulation could be relevant for the evaluation
of each tDCS montage. Hence, a more extensive independent
evaluation of tDCS electrode configurations should be performed
for improving the comparison of tDCS montages. It should be
mentioned that, despite of the small sample size from this study,
it was possible to detect the high variability of accuracy changes
within subjects, which shows that the stimulation protocol
provides no general increment on the accuracy of classification
of motor imagery. Hence, it is not necessary to perform any
more experiments on a larger sample, but future research with
the ring montage should use higher current intensities in order to
possibly improve accuracy results and, once the optimal current
range is identified, use the best current parameters to compare
this montage against other tDCS electrode configurations in a fair
manner.

ERS analysis showed that the spectral EEG changes due to the
tDCS supply had a high variance, so the detected ERS differences
between the various current intensities were associated to subtle
EEG synchronization modulations. No trends were observed in
the ERS of the three channels, despite the expected effect over
the electrodes that are localized over the targeted motor cortex.
In addition, there were cases where some subjects showed either
the increase or decrease of ERS on the three analyzed channels
(Cz, C3 of C4) for the same tDCS modality. This probably
reflects that the detected significant ERS differences are related to
some underlying activity that is not spatially specific, despite the
focused stimulation shown on the simulation of the electric field
that is induced by the montage. These results are consistent with
the lack of observed effects of the stimulation over classification
accuracy.

In summary, the supply of currents up to approximately
0.2 mA provided no significant improvements in the detection
of either right-hand or feet MI. However, this study is useful
and necessary for the comparison among montages at very
low intensities, considering that other montages seem to
present some significant effects at those values. Anyway, further
evaluation at higher intensities and the estimation of more
accurate current densities at different regions of the motor cortex
would be required to allow comparison of electrode arrays for
enhancing motor activity. This is necessary for improving the
stimulation strategies before their possible implementation in
future motor neurorehabilitation systems.

5. CONCLUSION

The accuracy of the classification of feet and right-hand motor
imagery was evaluated in a small sample of subjects after applying
different values of current (up to 188 µA) with a 4 × 1
ring montage. Results show that no improvement trends of
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FIGURE 9 | ERS associated to right-hand MI in the µ-band after supplying tDCS over the right-hand motor cortex. Each point represents the mean ERS for a

particular session, while the error bars show the standard deviation.

classification were found. Considering that a montage of two
electrodes and greater inter-electrode distance, such as in Nitsche
et al. (2007) or Angulo-Sherman et al. (2017), seems to have
a significant effect at a current value of similar magnitude, it
appears that the current intensity required to elicit significant
effects was underestimated for the 4 × 1 montage by the use of
the ratio of the current intensity and the electrode size to estimate
the expected current density. Therefore, it appears that there
is higher dispersion of the electric field over the outer regions
of the head for this montage. Thus, a lower current density
was applied over the motor cortex, which was the target of the
stimulation. The lack of trends in ERS at particular electrodes
despite the focused stimulation, along with the similarity of the
significant ERS changes over different regions of themotor cortex
in some cases, suggests that there were no spatially-specific EEG
changes related to the administration of tDCS. This supports
the conclusion that the current intensity was not high enough
to elicit observable after-effects. The fact that the same current
intensity provides different results when targeting the motor
cortex with different montages, indicates that fairer comparisons
between montages should be performed with montage-specific
parameters. In the case of the 4 × 1 ring montage, higher
currents should be evaluated in order to obtain significant after-
effects. Nevertheless, the obtained results are valuable for making
comparisons between tDCS montages at low current intensities.
Despite the sample was small, the lack of any incremental

accuracy trend for the subjects at a specific current intensity
indicates that no more experiments should be performed with
this exact same protocol for the ring montage, but higher current
intensities must be evaluated.
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