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Abstract
Electroencephalographic (EEG) event-related desynchronization (ERD) induced by move-

ment imagery or by observing biological movements performed by someone else has

recently been used extensively for brain-computer interface-based applications, such as

applications used in stroke rehabilitation training and motor skill learning. However, the

ERD responses induced by the movement imagery and observation might not be as reliable

as the ERD responses induced by movement execution. Given that studies on the reliability

of the EEG ERD responses induced by these activities are still lacking, here we conducted

an EEG experiment with movement imagery, movement observation, and movement exe-

cution, performed multiple times each in a pseudorandomized order in the same experimen-

tal runs. Then, independent component analysis (ICA) was applied to the EEG data to find

the common motor-related EEG source activity shared by the three motor tasks. Finally,

conditional EEG ERD responses associated with the three movement conditions were com-

puted and compared. Among the three motor conditions, the EEG ERD responses induced

by motor execution revealed the alpha power suppression with highest strengths and lon-

gest durations. The ERD responses of the movement imagery and movement observation

only partially resembled the ERD pattern of the movement execution condition, with slightly

better detectability for the ERD responses associated with the movement imagery and

faster ERD responses for movement observation. This may indicate different levels of

involvement in the same motor-related brain circuits during different movement conditions.

In addition, because the resulting conditional EEG ERD responses from the ICA prepro-

cessing came with minimal contamination from the non-related and/or artifactual noisy com-

ponents, this result can play a role of the reference for devising a brain-computer interface

using the EEG ERD features of movement imagery or observation.
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Introduction
Movement imagery (MI), which is the mental simulation of a given motor action, elicits the
same responses in common neural substrates as does the actually executed action [1]. Ample
evidence has shown that kinesthetic MI activates the same neural networks as motor planning
and thus relies on the same motor structures as movement execution [2, 3]. As a result, mental
practice through MI has been widely applied in sports training and rehabilitation, especially
rehabilitation for stroke patients [4–8]. In neurorehabilitation, some neuroimaging-based
markers are used to detect the brain activity associated with the MI performance so as to facili-
tate the performance of stroke rehabilitation training protocols or devices, or simply to provide
feedback in visual or auditory forms.

Among the neuroimaging-based markers most applicable for use in the online monitoring
of MI task performance are electroencephalographic (EEG) event-related desynchronization
(ERD) patterns. In general, MI task performance induces an oscillatory EEG process of desyn-
chronization (also known as mu suppression or sensorimotor rhythm, SMR) in the EEG alpha
(8–12 Hz) and beta (16–30 Hz) frequency bands, time-locked to the event onset, similar to that
induced by the actual motor execution (ME) [9–11]. Such EEG ERD activity has also been
found in the process of observing biological movements performed by someone else, thus
movement observation (MO) [12–17]. In line with these findings, the detection of EEG ERD
responses induced by MI as well as by MO task performance have been incorporated into
brain-computer interface- (BCI-) controlled neurorehabilitation apparatuses or protocols for
stroke rehabilitation training [3, 7, 18, 19].

Although MI and MO have been used for stroke rehabilitation training based on the fact
that they induce EEG ERD responses in the alpha and beta frequency bands of motor-related
neural substrates similar to those elicited by true ME, how reliable the EEG ERD responses
induced by the MI and MO are in comparison to those elicited by ME has yet to be sufficiently
studied [19]. For example, how robust the ERD induced by different motor condition, how
long after the motor cue the ERD response may start, and how deep the power suppression can
be are all indispensable for devising a BCI application that utilizes these movement conditions.
Therefore, the goal of the present study was to use an EEG experiment to compare the EEG
ERD responses in motor-related brain areas induced by the different movement conditions.

In addition to conducting an EEG experiment with multiple movement conditions, we also
used independent component analysis (ICA) to identify the common neural substrates acti-
vated by the performance of the three movement conditions. In the past, ICA has been used to
determine the EEG activities that occur in a given neural substrates when different tasks are
performed. In principle, ICA can linearly separate independent neural activities from muscle
and eye artifacts, even when those activities and artifacts are acquired together in the form of
multi-channel EEG data [20]. Such ICA decomposition reveals both the temporal activity and
corresponding specific topography of the independent neural activity, indicating its spatial pat-
terns on the scalp and roughly reflecting where in the brain the activity is occurring in temporal
terms. Furthermore, if the temporal activity includes the brain EEG responses to more than
one condition, it is possible to compare the evoked potentials or other EEG derivatives associ-
ated with the different conditions in the same EEG topography or, roughly, the same neural cir-
cuits. For example, Chou and colleagues compared the EEG power changes, phase-locking
values, event-related coherences, and so forth evoked in the frontal midline, central parietal,
and occipital brain areas of single subjects associated with different phases of the working
memory process (i.e., visual processing, encoding, and retrieval) [21].

On the other hand, ICA can also be used to determine the brain activities of common brain
circuits across different subjects or subject groups. Onton and colleagues compared the event-
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related potentials (ERPs) associated with left and right motor-related activity in young and old
normal subjects [22]. They first decomposed single-subject EEG data using ICA to extract
independent neural activities. Next, they clustered the equivalent independent components
across different subjects based on the scalp map, ERP, and time-frequency features of each of
the independent EEG components. Finally, they were able to derive the group ERPs for com-
parison by averaging the ERPs of the clustered equivalent components across the subjects
within the same groups. Therefore, it is possible that ICA can identify not only the brain activi-
ties evoked in similar brain circuits within the same subjects but also those evoked across dif-
ferent conditions or tasks, or even across different subjects or subject groups for further
comparison.

In this study, the same motor-related brain areas were identified by applying ICA to the
EEG data collected during the three different movement conditions, which were performed
consecutively in a pseudorandomized order in the same task runs. In so doing, we expected (1)
to exclude contamination from other brain or non-brain activities that were irrelevant to the
sensorimotor rhythms induced by the performance of the three motor conditions, and (2) to
collect sufficient data to make a direct comparison between the EEG ERD responses in shared
motor-related cortices induced by the three different motor conditions. The results of this
study may thus make it possible to determine the best scenarios for eliciting a given EEG ERD
responses induced by MI and MO in comparison to those induced by ME with minimum arti-
fact contamination. The resultant EEG ERD patterns could also be informative for designating
the parameters, such as the onset time, duration, and depth of suppression of the ERDs, for
devising a BCI-controlled stroke rehabilitation device based on the MI or MO performance.

Methods

Subjects
Thirteen normal healthy right-handed subjects (five females, mean age 24 ± 3 years old) partic-
ipated in this study. The handedness was determined according to the Edinburgh inventory
(www.brainmapping.org/shared/Edinburgh.php). All the subjects were recruited from the
campus of National Chiao Tung University, Hsinchu, Taiwan. They all had no history of neu-
rological diseases or central or peripheral nervous system injury prior to the experiment and
were all naive to any form of BCI neurofeedback. All the subjects provided signed written con-
sent before the experiment, and they were all paid for their participation. The Institutional
Review Board (IRB) of China Medical University Hospital (http://www.cmuh.cmu.edu.tw) in
Taichung, Taiwan, approved the experimental protocol (IRB no. DMR100-IRB-221). The
experiment was conducted according to the principles expressed in the Declaration of
Helsinki.

Experimental paradigm
In order to compare the EEG ERD responses induced by different motor tasks, an EEG experi-
ment consisting of three different movement conditions, namely, movement execution (ME),
movement imagery (MI), and movement observation (MO), was conducted. Each EEG experi-
mental run consisted of 15 trials, with five trials for each of the three movement conditions.
The three conditions were presented in a pseudoransomized order. Each trial started with a
1-sec fixation window, during which a white cross was displayed at the center of a computer
screen for the given subject to fixate on. Next, a visual cue was displayed indicating which of
the three motor activities should be performed, and the subject was asked to perform the given
action accordingly (Fig 1). For the ME condition, a text message stating “Clench Left Hand”
was displayed and maintained on the computer screen for 3 sec, and the subject was requested
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to slowly make a fist once with his/her left (non-dominant) hand during the entire 3-sec win-
dow. For the MI condition, a text message stating “Imagine clenching left hand” was displayed,
and the subject was asked to kinesthetically imagine clenching his/her left hand once during
the entire 3-sec window. During the MO trials, a 3-sec video clip from a first-person perspec-
tive showing a real human left hand slowly clenching once was played to the subject, and the
subject was asked to watch the video carefully without making any physical movement to
reproduce the action. The video clip revealed only the left hand of the actor; no other body
parts were visible. Finally, a 3- to 5-sec (4-sec on average) resting period was appended to make
an average 8-sec time window for each single trial. As a result, each EEG run lasted for 120 sec-
onds. Each subject completed four EEG runs, resulting in 60 trials, with 20 trials for each
motor condition. In order to make sure that the subjects did not move their hands during the
MI and MO trials, the subjects were asked to practice not moving them when they were seated
for EEG capping, and their hands were visually observed by an experimenter to prevent any
movements during the MI and MO trials. The experiment was started only when the subjects
completely conformed to the requirements of the task.

EEG acquisition
The EEG data were acquired using a Neuroscan SymAmp2 (Computmedics Ltd., Victoria,
Australia) with 64 channels, including two EOG channels, via unipolar montage following the
International 10–20 system. All electrodes were referenced to the linked mastoids, and the
ground channel was placed at AFz. Electrode impedance was maintained below 5K Ohm and
checked before and after the recordings. The EEG was recorded with a band-pass filter of 0.1–
250 Hz and digitized at the sampling rate of 1000 Hz.

Fig 1. Experimental protocol of the multitask EEG experiment with three different motor conditions,
namelymotor execution (ME), motor imagery (MI), and movement observation (MO). Each trial of
experiment consisted of 1-sec fixation, 3-sec task performance and 3–5 sec (4-sec on average) resting
periods. During the 3-sec task performance, the participants were requested to either physically clench their
left hand once, imagine clenching their left hand once, or watch a video clip of a human left hand clenching
once, during the entire 3-sec duration.

doi:10.1371/journal.pone.0162546.g001
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Data preprocessing
The acquired EEG signals for each individual subject were first examined by visual inspection
to remove bad EEG channels as well as bad EEG portions with amplitudes greater than 100 uV.
Then, the EEG data were filtered using a band-pass filter of 1–50 Hz and downsampled to 250
Hz. After preprocessing, the EEG data of all four runs were concatenated for further analysis.

ICA decomposition
Before applying independent component analysis (ICA) to the data, the two EOG channels
were removed. The concatenated preprocessed data consisting of the EEG data of all 60 motor
trials mixed together were then subjected to ICA decomposition. This was done to determine
which independent motor-related EEG components were common to all three different motor
conditions. As a result, we were able to compare the EEG ERD responses in the same neural
substrates underlying the performance of the three different motor tasks. The ICA decomposi-
tion was conducted using an infomax ICA algorithm as implemented in EEGLAB (http://sccn.
ucsd.edu/EEGLAB) [23]. It was conducted in order to separate the independent brain EEG
processes from those of artifactual components, such as eye artifacts (blinking and lateral eye
movement), muscle activity, environmental noise, etc. In general, the number of components
can be decomposed using ICA is equal to or less than the EEG channel number. Thus, the EEG
data of 12 out of 13 subjects were decomposed into 62 independent components (full-rank
decomposition), and the remaining subject’s data were decomposed into 61 independent com-
ponents because one EEG channel had been removed before ICA decomposition due to exces-
sive contamination.

Clustering independent components
In order to find the motor-related independent components from all the subjects and compute
group ERDs associated with different motor conditions, all the independent components
obtained using ICA decomposition were further subjected to a source localization process
using the DIPFIT2 plug-in in the EEGLAB toolbox [24]. The independent components with
residual variance in the source localization process exceeding 15% were removed from the fur-
ther analysis. A total of 525 independent components out of the original 805 were removed via
this process. The removed components included those with single-channel activation topogra-
phy or an EEG topography that could not be accounted for by single dipoles [25].

The remaining 280 independent components from all 13 subjects were then analyzed using
the EEGLAB study analysis function for clustering the equivalent independent EEG compo-
nents from different individual subjects. The clustering process needed to first compute the fea-
ture variables of the (1) component topography, (2) event-related time-frequency plot (defined
as event-related spectral perturbation (ERSP) in EEGLAB), and (3) (x, y, z) coordinates of the
dipole location. The feature variables of the component topography and time-frequency plot
were then further summarized using the first 10 principal components. Finally, a K-mean clus-
tering algorithm was used to categorize the independent components into 15 clusters based on
the 23-dimension feature space, with one additional outlier cluster for those independent com-
ponents that failed to be clustered into any of the 15 resultant clusters. However, it was possible
that some subjects might contribute more than one component into the target component clus-
ter. When more than one component was found in a given subject, we further computed the
time-frequency plots of the components from this subject in the cluster and manually selected
the one most resembling the mu-rhythm ERD. The purpose of doing so was to ensure that
each subject only contributed one component to the target component cluster.
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Determining main frequency band of motor ERD
Within the 15 component clusters, the one with its topography mainly covering the right
motor areas, which are activated by movement of the left-hand, was selected. Then, the time-
domain signals of the selected components were segmented into 4-sec epochs extending from 1
sec before to 3 sec after the onset of the given visual cue. The mean component time-frequency
plot was computed using all epochs (including trials from all three motor conditions) from all
the selected components of the 13 subjects. The main purpose of computing this grand mean
time-frequency plot was to determine the main frequency band with the most pronounced
ERD in the EEG data.

Comparing conditional ERDs
After the target component cluster was determined and the one equivalent independent com-
ponent of right motor-related cortex from each subject was identified, the epochs were further
separated into three types according to the different motor conditions (ME, MI, and MO) in
order to compute the group mean ERD of each motor condition. The conditional ERD was
computed across all trials within the same condition and across all subjects. We further com-
puted the significance of power suppression across various time points for the selected fre-
quency band relative to the baseline for different motor conditions. In addition, the time-
point-by-time-point differences in EEG power suppression for the different motor conditions
were further compared using paired t-tests to further test if the EEG power suppression caused
by the MI and MO conditions was as reliable as the power suppression caused by real motor
execution.

Computing arrival time of motor ERD
In order to evaluate whether the EEG power suppression caused by the MI and MO conditions
happened at the same time as the power suppression caused by motor execution, the arrival
time of the EEG power suppression for each of the conditions was computed. The arrival time
was defined as the time at which the power reached the half maximum of the overall suppres-
sion level from the baseline. The arrival time was derived first at the single-subject level by
averaging across the trials for a given motor condition and then averaging across the entire
subject population. The means and standard deviations of the conditional arrival times were
obtained and compared across different motor conditions using a two-sample t-test.

Results

ICA decomposition and clustering
The preprocessed EEG data were decomposed into 62 independent components for all the sub-
jects except for one, whose EEG data were decomposed into only 61 components due to the
exclusion of one noisy channel prior to the ICA decomposition. After clustering analysis, one of
the independent EEG components showing the EEG activity in the right motor-related cortex
(i.e., the right mu component) was selected from each of the 13 subjects. Fig 2 shows the mean
topography from the selected 13 component topographies (upper left corner) and the compo-
nent topography of the selected component for each single subject (smaller plot in Fig 2).

Grand mean time-frequency plot
In order to select the frequency band with the most pronounced ERD responses, a grand mean
time-frequency plot was computed and plotted by averaging the time-frequency plots of all the
trials for all three motor conditions for all the subjects (Fig 3). As a result, the alpha frequency
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band from 8 to 13 Hz was found to yield the most significant ERD responses during the 500 to
1000 ms window after the onset of the task execution cue (time zero). Although the results also
showed another power suppression peak (the beta power suppression) at around 22 Hz, the
alpha frequency band still exhibited much more pronounced power suppression. This finding
was consistent with the findings of Neuper et al., in which consistent alpha peaks were reported
in the grand average frequency responses to the motor imagery process at the C3 and C4 chan-
nel locations [11]. In contrast, the average beta activity across subjects was more widespread,
indicating higher inter-subject variability. Therefore, we selected the alpha frequency band to
compute the conditional ERD patterns for further comparison.

Comparison of conditional ERDs
After the most pronounced frequency band of motor-related ERD response had been identi-
fied, the conditional ERD time courses were computed by averaging the ERD time courses
from 8 to 13 Hz and across all subjects for each of the motor conditions. Fig 4 shows the mean
conditional ERD derived from each of the three motor conditions: the resulting ERD time
course for the ME condition is plotted in red; the time course for the MI condition is plotted in
green; and the time course for the MO condition is plotted in blue. The error bars give the stan-
dard error of the mean ERD response across all trials for each motor condition. The dotted
lines at the bottom (red for the ME condition, green for the MI condition, and blue for the MO
condition) indicate the duration from the baseline for which the alpha power suppression was
significant (at the significance level of p< 0.05). As shown in the figure, the ME condition, on

Fig 2. Average topography of the selected components from all participants (one for each). The upper
left gives the average topography of all 13 selected components; others show the topography of right motor-
related EEG component for each participant.

doi:10.1371/journal.pone.0162546.g002
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average, resulted in reveals much longer alpha suppression as compared to other two motor
conditions, with a duration lasting longer than 2000 ms. The MI condition caused a 600–700
ms time window of significant alpha power suppression, while the MO condition yielded only
brief alpha suppression of less than 300 ms. In terms of the depth of alpha suppression, the
strength of the ERD induced by the ME condition was almost double that of the ERDs induced
by the MI and MO conditions. In the same time, the markers on top of the figure indicate the
significance levels of the differences between the conditional ERD values at each time point,
where x’s indicate p< 0.05, o’s p< 0.01, and �’s P< 0.001. The red markers refer to compari-
sons between the ME and MI conditions, the green markers refer to comparisons between the
ME and MO conditions, and the blue markers refer to comparisons between the MI and MO
conditions.

Comparison of mean arrival times
The arrival time indicated the time at which the power of the alpha suppression reached the
half maximum of the total alpha power suppression. Fig 5 shows the mean arrival times aver-
aged across all trials for a given motor condition. In the results for comparisons between the
different motor conditions, a significant difference can only be seen between the ME and MO
conditions. Specifically, the arrival time for the MO condition is significantly faster than the
arrival time for the ME condition (P<0.05).

Fig 3. Mean time-frequency plot, time-aligned to the onset of execution cue (time zero), for all selected motor-
related components. Amu-ERD pattern can be clearly seen in the plot, with the main suppression frequency band in the
alpha (8–13 Hz) range. The suppression starts, on average, at 500 ms after the onset of execution cue.

doi:10.1371/journal.pone.0162546.g003
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Discussion
To investigate how reliably EEG ERD responses can be induced by the performance of move-
ment imagery and movement observation as compared to movement execution, we conducted
a multitask EEG experiment involving all three different movement conditions with regard to
the same action, clenching the left (non-dominant) hand. In the study of Leocani et al. [26],
they revealed the contralateral dominance of ERD was more pronounced for the movement of
dominant hand. As a result, performing the three movement conditions with non-dominant
hand may create more confused ERD patterns to complicate the ERD detection in the EEG
data. The three movement conditions were randomly arranged in an experiment run, such that
the resulting EEG data contained the brain activities for the performance of all three different
movement conditions. Next, ICA was used to decompose the concatenated EEG data for each
individual subject to find the common independent EEG source activity associated with the
three motor conditions. As shown in the results, the ME condition facilitated the most reliable,
long-lasting EEG ERD activity in the alpha frequency band over the right motor-related cortex.
In contrast, the ERD processes associated with MI and MO performances consisted only of

Fig 4. The grandmean conditional alpha ERD time courses, time-aligned to the onset of execution cue (time zero),
across all subjects. The red line shows the mean alpha ERD time course of ME condition, the green shows the MI
condition, and the blue shows the MO condition. The error bars show the standard deviation of the time course at each time
point across all trials and subjects. The dotted lines at the bottom give the time windows with significant alpha suppression
from the base line (at the significance level of 0.05), red for ME, green for MI, and blue for MO condition. The markers at the
top of the plots indicate the significance level (x’s meaning p<0.05, o’s meaning p<0.01, and *’s meaning p<0.001) of the
comparisons between conditional alpha ERD time courses at each time point. Red indicates the comparison between the
conditions of ME and MI, green between ME and MO, and blue between MI and MO.

doi:10.1371/journal.pone.0162546.g004
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brief responses with much shorter latencies and smaller suppression amplitudes. This is in line
with a current study by Babiloni et al., showing that the electrocorticographic (ECoG) desyn-
chronization was lower during movement observation than movement execution [27]. None-
theless, the ERD responses for the MI task did show better detectability, with slightly longer
and deeper power suppression from the baseline, than the ERD responses for the MO task. In
the following discussion, we address the feasibility of comparing the ERD responses to different
motor conditions derived from the common independent EEG sources in the motor-related
cortex, as well as the possible causes for the different conditional ERD responses shown in our
results.

Common spatial distribution for different motor tasks
Determining the ERD responses for given brain regions facilitated by the performance of ME,
MI, and MO tasks can be contentious because the spatial distribution of the brain activation
maps associated with these three motor conditions remains controversial. For example, Wang
et al. combined the methods of ICA and hierarchical clustering analysis (HCA) to find specific
activated brain areas associated with visual processing, ME, and MI, as well as with the default
mode network [28]. In their study, MI task performance activated the precuneus, the rostral
part of dorsal lateral premotor area, and the rostral part of supplementary motor area (SMA),
whereas ME task performance activated the bilateral primary motor area, the caudal part of
dorsal lateral premotor area, the caudal part of SMA, the parietotemporal operculum, and the
anteromedial part of the cerebellum. Hanakawa et al. revealed that the primary motor cortex,
as well as the primary and secondary sensory cortices, was mainly activated during ME [29].
The premotor area, pre-SMA, and frontal eye field were found to be MI-dominant. In a most
recent study by Babiloni et al., they also showed that the locations of reactive electrodes in an

Fig 5. Mean arrival time of the alpha ERD time course of different motor conditions. The arrival time
indicates when the alpha power reaches half the maximum of suppression. The results show that the arrival
time of the MO condition is significantly faster than the arrival time of the ME condition (p<0.05).

doi:10.1371/journal.pone.0162546.g005
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electrocorticographic recording, responding maximally to the ME and MO conditions, were
highly overlapped [27].

However, most of the findings revealing spatial distinctions between the activation maps in
response to MI and ME task performance are derived from fMRI or PET neuroimaging modal-
ities with higher spatial resolution. Most EEG/MEG studies, in contrast, have found similar
activation maps at the scalp level [14, 30]. More importantly, Miller et al. showed direct evi-
dence of the involvement of the primary motor cortex in motor imagery task performance,
however, to a smaller extent [31]. In addition, Mukamel et al. also showed overlapping activity
in motor neurons and other cells of the medial frontal and temporal cortices in response to
both executing and observing hand grasping actions [32]. On the other hand, some fMRI stud-
ies also showed similar activation maps in response to the performance of MI and ME [19].
Gerardin et al. also showed the primary motor cortex activation during MI but to a lesser
extent (about 30% of the level observed during ME) [33]. Zich et al. also found similar group
fMRI activation maps associated with MI and ME performance using both the left and right
hands [34]. However, the group activation maps of the ME performance appeared to be more
connected and solid, and larger in area under the same statistical threshold.

The “simulation theory” proposed by Jeannerod asserts that the covert and overt stage of an
action should share similar neural circuits, specifically, those in which the action is simulated
and executed [1]. Given the limited spatial resolution of the EEG neuroimaging modality used
in this study and the aforementioned evidence, it is thus reasonable to explore the common
independent EEG components, at a more blurred spatial scale, for the purpose of differentiat-
ing the EEG ERD responses in the alpha frequency band induced by the MI, ME, and MO
motor tasks.

Early ERD onset for MO condition?
According to a comparison of the arrival times of the ERD responses for the three motor con-
ditions, the arrival time of the responses for the MO condition was significantly faster than that
of the responses for the ME condition (Fig 5). The performance of an MO task has been shown
to activate the mirror neurons in the human brain [35]. In addition, in a recent study, Mukamel
et al. used single-cell recording technology to not only provide critical and direct electrophysio-
logical evidence that humans have mirror neurons [32], but also to show that the human mir-
ror neuron system extends beyond the ventral premotor cortex and inferior parietal lobule.
Due to clinical considerations, they had to place electrodes in the brain areas of the cingulate
cortex, SMA, pre-SMA, amygdala, hippocampus, parahippocampus gyrus, and entorhinal cor-
tex, instead of monitoring the whole brain. Even with this limitation in placing electrodes,
Mukamel and colleagues still confirmed the existence of mirror neurons in the brain areas of
SMA, hippocampus, parahippocampal gyrus, and entorhinal cortex [32], as proposed in the
work of Keysers and Gazzola [36]. Therefore, the performance of an MO task might activate
the motor-related brain areas as well as the SMA because of the mirror neuron system. How-
ever, our results reproduced the findings of Gastaut and Bert [37] and Cochin et al. [13], in
which the ERD recorded from the scalp locations C3 and C4 by observation of experimental
hand grasp was reported to be reduced in amplitude and latency.

In a seminal work by Hanakawa et al. [29], the authors studied the fMRI time courses of the
blood oxygenation level dependent (BOLD) responses to motor planning, motor imagery, and
motor execution using a finger tapping task. According to the onsets of the peaks of fMRI time
courses, they divided the brain activations into instruction-related and execution-related activi-
ties. The latter form of activity was mainly located in the primary motor cortex for actual
movement, while the former form of activity was located in the SMA/pre-SMA, premotor
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cortex, anterior cingulate cortex, supramarginal gyrus, fusiform gyrus, etc., for motor planning
and generation. Hanakawa and colleagues also showed that the MI task mainly activated the
brain areas with their BOLD responses in line with the instruction-related activity and that the
ME task activated the brain areas due to the execution-related activity [29].

Given the above evidence, we hypothesize that performances of MO, MI, and ME tasks
facilitate, to different extents, different types of brain activity with instruction-related activity
and execution-related activity located on opposite ends of a one-dimensional axis, where MO
tasks cause activity located more toward the instruction-related side, ME tasks cause activity
located more toward the execution-related side, and MI tasks cause activity located somewhere
in between. Because MO tasks might more strongly activate the mirror neuron system and
instruction-related brain activity, such tasks may be most effective at facilitating motor prepa-
ration activity but least effective at facilitating motor execution brain activity. As a result,
among the three types of motor tasks in the present study, the ERD responses associated with
the MO task had the fastest average response time but only very brief alpha power suppression
because the common brain activation found in this study using ICA might better cover the exe-
cution-related side due mainly to the more pronounced brain electrophysiological activity
associated with the motor execution condition [31]. An ME task, on the other hand, mainly
activates brain activity in areas associated with motor execution, such as the primary motor
cortex, dorsal premotor cortex, anterior parietal cortex, etc., which, according to Hanakawa
et al. [29], had relatively late BOLD activity. Therefore, as shown in Fig 4, the ME task in this
study induced slightly slower but also the deepest and longest alpha power suppression. The
MI task performance is sort of in between and facilitates both the instruction-related and the
execution-related brain activity, as suggested in a study by Miller et al. [31], in which brain
areas involved in both kinds of brain activity were reported to be associated with MI task per-
formance. As a result, the average ERD response time was comparable to that for the ME task,
but had only half the amplitude and a much shorter duration in terms of the alpha power sup-
pression than that for the ME task.

However, one could argue that the difference in the arrival times for the MO and ME condi-
tions might simply be caused by that the ME condition has deeper alpha power suppression
than the MO condition. As a result, reaching the half-way point from the baseline to the maxi-
mum suppression might take longer in the ME condition as compared to the MO condition.
Given that the suppression level (depth) of the ERD response in the MI condition is similar to
that of the ERD response in the MO condition (Fig 5), if the arrival time difference is totally
caused by the deeper ERD process in the ME condition, we should be able to see a significant
difference in the arrival time between the MI and ME conditions as well.

Brief ERD windows for the MI and MO conditions
One of the purposes for this study was to show how reliable the ERDs induced by MI and MO
tasks are in order to determine their suitability for use as control mechanisms in BCI applica-
tions. Given the preprocessing step of ICA, it is possible to remove the contamination from
irrelevant brain or non-brain processes mixed into the channel EEG data during signal acquisi-
tion [38, 39]. The results of this study may thus make it possible to determine the best scenarios
(i.e., with minimum artifact contamination) for eliciting motor-induced ERD responses for ref-
erence in devising motor-imagery-based BCI applications. Given very brief and unstable ERD
responses to the MO task (duration of ~300 ms and amplitude around 2.5 dB), it might be very
difficult, if not impossible, to use the ERD responses induced by movement observation task
for a BCI-based application.
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On the other hand, although the ERD responses to the MI condition seemed to be slightly
more pronounced than those to the MO condition, the average duration of the ERD responses
and the amplitude of alpha power suppression might still be very difficult for online real-time
detection (Fig 4). Such a difficulty may explain at least in part why real-world applications
based on motor-imagery BCI-controlled systems are still very limited in the literature [40]. In
order to better detect MI-induced ERD features for online real-time BCI applications, it may
be essential to have better EEG signal quality as well as a higher sampling rate in the EEG
acquisition system to provide better and more extensive EEG data for more effective online fea-
ture detection of MI-induced ERD. At the same time, a sensitive method for finding MI-
induced ERD is also desirable for real-time control in a motor-imagery-based BCI system.
Finally, an online evaluation mechanism for assessing the success rate on a trial-by-trial basis
may also be needed if a MI-based BCI system is used for a BCI-controlled rehabilitation train-
ing system. By using such a mechanism, one could potentially determine if the limited effec-
tiveness of a given type of BCI-controlled rehabilitation training is really caused by the poor
performance in online MI feature detection or by the rehabilitation training protocol based on
the MI-based BCI.

Conclusion
By applying ICA to the combined EEG data derived from three types of motor tasks, this study
demonstrates that all three of those different types of motor tasks, namely, motor execution,
motor imagery, and movement observation tasks, can successfully induce alpha suppression in
shared motor-related brain circuits. However, the motor-related alpha suppression induced by
each type of task differs in terms of both depth and duration of suppression of the alpha EEG
power. Because ICA plays an important role here in cleaning the EEG data by separating the
motor-related independent EEG process from the artifactual components and other non-
motor-related brain processes, the results of this work could provide the most optimistic esti-
mation of how motor imagery- or motor observation-induced ERD can be used for BCI appli-
cations. Our results suggest that, at best, only 3–4 dB of suppression from the baseline, with
around 500 ms duration starting at 500 ms after an execution cue is delivered, can be used as
an EEGMI feature for a BCI application. If further taking into account the contamination in
the EEG channel data in a regular BCI setup, more efficient methods of feature extraction and
higher quality EEG data may be essential to success.
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