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A consistent ﬁnding in motor EEG research is a bilateral attenuation of oscillatory activity over sensorimotor
regions close to the onset of an upcoming unilateral hand movement. In contrast, little is known about how
movement initiation affects oscillatory activity, especially in the hemisphere ipsilateral to the moving hand. We
here investigated the neural mechanisms modulating oscillatory activity in the ipsilateral motor cortex prior to
movement onset under the control of two different initiating networks, namely, Self-initiated and Visually-cued
actions. During motor preparation, a contralateral preponderance of power over sensorimotor cortex (SM) was
observed in α and β bands during Visually-cued movements, whereas power changes were more bilateral during
Self-initiated movements. Coherence between ipsilateral SM (iSM) and contralateral SM (cSM) in the α-band was
signiﬁcantly increased compared to the respective baseline values, independent of the context of movement
initiation. However, this context-independent cSM-iSM coherence modulated the power changes in iSM in a
context-dependent manner, that is, a stronger cSM-iSM coherence correlated with a larger decrease in high-β
power over iSM in the Self-initiated condition, in contrast to a smaller decrease in α power in the Visually-cued
condition. In addition, the context-dependent coherence between SMA and iSM in the α-band and δ-θ-band for the
Self-initiated and Visually-cued condition, respectively, exhibited a similar context-dependent modulation for
power changes. Our ﬁndings suggest that the initiation of regional oscillations over iSM reﬂects changes in the
information ﬂow with the contralateral sensorimotor and premotor areas dependent upon the context of movement initiation. Importantly, the interaction between regional oscillations and network-like oscillatory couplings
indicates different frequency-speciﬁc inhibitory mechanisms that modulate the activity in the ipsilateral sensorimotor cortex dependent upon how the movement is initiated.

1. Introduction
During movement preparation and execution, oscillatory power over
the sensorimotor regions (measured by electroencephalography (EEG))
typically shows an attenuation both in the α-band (8–13 Hz) and the
β-band (13–30 Hz), a phenomenon known as event-related desynchronization (ERD) (Meirovitch et al., 2015; Notturno et al., 2014;
Pfurtscheller, 1989, 1981; Pfurtscheller et al., 2006). Prior to unilateral
hand movements, ERD is not only detected over the contralateral (cSM)
but also over the ipsilateral sensorimotor cortex (iSM) (Bai et al., 2005;
Pfurtscheller and Lopes Da Silva, 1999; Szurhaj et al., 2001). In the

current study, using EEG we investigated the network basis of ERD over
the iSM modulated by different movement initiation contexts.
The ERD ipsilateral to the moving hand has been shown to be
modulated by a number of different movement contexts. For example,
increasing movement complexity is associated with a concurrent increase
of ipsilateral activity in the α-band (Chen et al., 1997; Hummel et al.,
2003; Manganotti et al., 1998; Tinazzi and Zanette, 1998). Van Wijk et al.
(2012) reported that β-band ERD occurred during continuous dynamic
but not during static force production, suggesting that activity in ipsilateral primary motor cortex is relevant for the accurate timing of
movement sequences but not maintenance. Furthermore, Rossiter et al.
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(2014) found increased movement-related β-ERD in ipsilateral primary
motor cortex associated with higher age, implying a greater involvement
of the ipsilateral hemisphere in older participants in order to maintain
accurate motor performance (Boudrias et al., 2012; Ward et al., 2008;
Zimerman et al., 2014). In stroke patients, ipsilateral α-ERD was found to
be stronger than contralateral ERD when patients moved their paretic
hand, which might again indicate a supportive role of ipsilateral motor
cortex for recovered hand function (Steogonpie
n et al., 2011; Tangwiriyasakul et al., 2013; Verleger et al., 2003). Taken together, these ﬁndings are compatible with the idea that higher activity in ipsilateral motor
cortex may contribute to maintaining motor performance across different
contexts (Grefkes et al., 2008a; Zimerman et al., 2014). In contrast, much
less is known about how iSM activity is inﬂuenced by the type of
movement initiation.
As cortical motor areas operate in a network-like fashion, neural activity in iSM not only reﬂects local activity but also the inﬂuences that
other areas exert upon iSM. One potential mechanism that could
modulate iSM activity is inter-hemispheric ‘cross-talk’ with cSM (Hsieh
et al., 2002; Kobayashi et al., 2003; B. van Wijk et al., 2012). Apart from
contralateral SM, premotor areas (PM) known to be involved in many
aspects of movement initiation could also exert an effect on iSM
(Boenstrup et al., 2014; Cincotta et al., 2004; B. Van Wijk et al., 2012).
Furthermore, such inﬂuences may depend upon whether the movement
is stimulus-cued or self-initiated (Herwig et al., 2007; Krieghoff et al.,
2011; Waszak et al., 2005). Stimulus-cued actions have been demonstrated to be preferentially mediated by a fronto-lateral network
including the dorsal premotor cortex as well as the posterior parietal
cortex (Obhi and Haggard, 2004; Toni et al., 2001; Waszak et al., 2005).
In contrast, self-initiated actions have been shown to be predominantly
mediated by a fronto-medial motor network in which the supplementary
motor area (SMA) takes a prominent role (Desmurget and Sirigu, 2009;
Eagleman, 2004; Jahanshahi et al., 1995; Mueller et al., 2007). Given the
context-dependent roles of PM in the generation of self-initiated and
stimulus cued movements, it is reasonable to assume that the oscillatory
coupling between these regions and iSM also varies depending on how a
movement is initiated.
Integrating these considerations about a context-dependency of iSM
function and connectivity, we reasoned that the pre-movement ERD in
the α- and β-frequency bands over iSM in a particular movement initiation context could be related to the context-dependent conﬁguration of
oscillatory coupling of iSM to the PMs and cSM. In order to test this
possibility, we acquired EEG data (64-channel) while healthy participants generated button presses with their left or right index ﬁngers either
in a Self-initiated context or in a Visually-cued context.
To this end, we used phase coherence as a measure of connectivity as
it has been widely interpreted as an indicator of functional coupling
(Gerloff et al., 1998; Lachaux et al., 1999). Even though the focus of our
study is on the ERD in iSM in the α- and β-bands, a role of premotor areas
has been reported for several frequency bands. For example, when
comparing internally and externally paced ﬁnger extensions, Gerloff and
colleagues found that the internally paced movements exhibited a
stronger coupling between the contralateral primary sensorimotor cortex
and the medial premotor areas in a narrow β-band (20–22 Hz) (Gerloff
et al., 1998). However, executive functions like cognitive control and
monitoring of movements have been shown to be associated with
changes in θ power (4–8 Hz) in the lateral and medial frontal cortex and
phase synchronization between frontal electrodes in the θ band (Cavanagh and Frank, 2014; Cohen and Donner, 2013). Recently, we found
that phase locking in the δ–θ frequency band (2–8 Hz) is a ubiquitous
movement-related signal associated with movement execution across
different movement initiation contexts (Popovych et al., 2016). To
explore these alternatives, we considered the functional coupling of iSM
to the premotor and other task-relevant motor regions across multiple
frequency bands, namely, the δ–θ band, α-band, and the β-band.
We hypothesized that brain regions, which initiate iSM oscillatory
activity, should exhibit a high phase coupling of their EEG rhythm with

iSM during movement preparation, and, that such a coupling, if present,
could occur in different frequency bands dependent upon the movementinitiation context (Gerloff et al., 1998). Furthermore, we hypothesized
that such connectivity differences, if present, could be associated with
the modulation of α- and β-ERD in iSM.
2. Materials and Methods
2.1. Participants
Twenty-one right-handed healthy participants (10 females, 11 males;
age range: 22–35 years) participated in the experiment and were remunerated. All participants had normal vision, were right-handed (mean
handedness score ¼ 0.9) according to the Edinburgh Handedness Inventory (Oldﬁeld, 1971), and had no prior history of psychiatric or
neurological disease. Participants provided their written informed consent prior to the experiment. The study had been approved by the local
ethics committee of the Faculty of Medicine, University of Cologne. Three
of the 21 participants were excluded from data analysis due to data
quality considerations, as described below.
2.2. Experiment design
2.2.1. Paradigm
The paradigm consisted of three conditions, namely, (i) the Selfinitiated condition, (ii) the Visually-cued condition, and (iii) the Visiononly condition (see Fig. 1). The trials in each of the three conditions were
organized into blocks of about 65 s duration. Each block started with an
instruction (displayed for 2s) specifying the condition for the upcoming
trials, following a 2–4s jitter time and 60s duration of task. On completion of a block, a feedback screen was displayed for 3s. The different
blocks were marked by differential appearances of the ﬁxation dot in
order to remind the subject of the speciﬁc task that they had to perform
(see Fig. 1). After the offset of the feedback on the screen, the ﬁxation dot
returned to its basic, unadorned form and the next task block followed
after a baseline of 10s.
In the Self-initiated condition (Fig. 1A), participants were required to
voluntarily produce a sequence of single index-ﬁnger button presses over
the entire block. Apart from the ﬁxation point that was displayed on the
computer screen for the entire duration of the block, there were no
additional stimuli to indicate (i) when and (ii) with which hand these
button presses were to be produced. However, in order to prevent a
response bias that would distort the EEG results, participants were
instructed to approximately balance the number of left and right index
ﬁnger button presses, while avoiding a systematic response pattern (e.g.,
Left-Right-Left-Right) and counting mentally the responses. In addition,
participants were asked to produce button presses at intervals ranging
from 4 to 8 s. After each block of the Self-initiated condition, participants
were provided with performance feedback to help them better monitor
and, if necessary, adjust their behavior. The extent of unbalanced button
presses of one hand in a block was quantiﬁed as the absolute difference
between the proportion of right index ﬁnger button presses and the
proportion of left index ﬁnger button presses over the block, i.e., 100 x
jNright- Nleftj/(Nright þ Nleft), where Nright and Nleft are the number of right
and left index ﬁnger button presses. Performances with unbalanced responses in the range 0%–30% received the feedback message “Well
done”. If the proportion of unbalanced responses was greater than 30%
then the message “Unbalanced” was displayed as a warning. The 30%
threshold was chosen so that the demand on the participant was neither
too strict nor too lenient. Additionally, the participants received the
feedback message “Well done” if they produced 8 to 12 button presses in
one block, or a warning message if the number of button presses fell
outside this range. A warning message “Too fast” was displayed if more
than 12 button presses and the warning message “Too slow” when fewer
than 8 button presses were produced in a block. Apart from these constraints, participants were free when and with which hand to generate
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Fig. 1. The blocks representing the Self-initiated (A), the Visually-cued (B), and the Vision-only condition (C) in our study. The white ﬁxation dot was displayed on the screen for 2–4s
between the instruction and beginning of every block, which in total lasted 60s. The concentric blue disc, which was augmented by the white ﬁxation dot, was used as an indicator of the
Self-initiated condition. The hands represent the self-initiated button presses at a self-chosen time (A). The solid and broken blue square augmented by the ﬁxation dot indicated the Visuallycued (B) and the Vision-only (C) conditions, respectively. The red arrow pointing to the left or right triggered the subject to press the button with their left or right index ﬁnger, respectively,
in the Visually-cued condition (B). No button press was to be performed in the Vision-only condition (C). On completion of a block, a feedback was displayed on the screen. After the offset of
the feedback on the screen, the ﬁxation dot returned to its basic, unadorned form, and the next task block followed after a baseline period of 10s. Participants always performed the Selfinitiated condition ﬁrst (for details, see Methods), and the Visually-cued and Vision-only conditions followed in random order.

the block.
The whole experiment lasted about 70 min and consisted of 16 blocks
per condition. These 16 blocks were divided into 4 runs with each run
(approximately 17 min long) containing four blocks of each condition.
The blocks contained all three conditions, which were organized into
triplets where the Self-initiated condition block was always presented ﬁrst
followed by the Visually-cued and Vision-only conditions (the order of
these latter two blocks was randomized).

a movement.
In the Visually-cued condition (Fig. 1B), stimuli were displayed during
the block that deﬁned when and with which index ﬁnger the responses
were to be produced. The stimulus in each trial was a red arrow (width:
2 visual angle, height: 1.2 visual angle) that pointed either to the right
or to the left, and was displayed for 200 ms. Participants had to respond
to this stimulus by pressing a button with the index ﬁnger corresponding
to the arrow's direction. At the end of the block, the feedback screen
displayed the message “Well done” when the accuracy was greater than
90% and a warning message if the response accuracy was below 90%.
A Vision-only condition (Fig. 1C) was employed for control. The
condition was used to estimate EEG activity evoked by the visual stimuli
in the absence of response-related activity. All stimulus materials and
display parameters were identical to those employed in the Visually-cued
condition. However, in the Vision-only condition, participants were
instructed to attend only to the arrow stimuli without executing a corresponding motor response. Additionally, participants were instructed to
refrain from motor imagery. At the end of the block, the feedback screen
displayed the message “Well done” if no buttons had been pressed, and a
warning message if erroneous button presses had occurred during

2.2.2. Inter-trial intervals
As the responses in the Self-initiated condition were voluntarily
generated in the absence of external stimuli, (i) the total number of responses produced, (ii) the proportion of right and left hand responses,
and (iii) the time interval between consecutive responses could vary in an
idiosyncratic manner from block to block, which could limit the
comparability of the different conditions (for example, producing large
differences in the number of trials per condition). To address these
concerns, we matched the trial structure across conditions: the number of
trials and inter-stimulus intervals (ISI) in the Visually-cued and Vision-only
conditions were adaptively deﬁned based on the participant's behavior in
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2.4. EEG data acquisition and processing

the Self-initiated condition (Michely et al., 2015, 2012). This adaptive
procedure ensured that the total number of responses, the proportion of
left/right responses, and the timing between responses were closely
matched across conditions. If the response intervals in the Self-initiated
condition were shorter than 4s, these short intervals were replaced online
with randomly chosen intervals in the range of 4–8s. This adaptive
procedure limited the inﬂuence of poorly timed responses in the Selfinitiated condition on the other conditions. After the experiment, we
analyzed the behavioral data to assess that the participants had followed
the experimental instructions. Consistent with these instructions, the
mean inter-response interval (IRI) was 6618 ms ± 136 ms standard error
(SE). Furthermore, the proportion of right and left responses was well
balanced (50.7% right index ﬁnger, 49.3% left index ﬁnger). In the Selfinitiated condition, only 1.8% of the inter-response intervals were shorter
than 4s. Trials with such short intervals were removed from the Selfinitiated condition prior to further analyses. In the Visually-cued condition, the mean accuracy is 97.7 ± 0.5%.

2.4.1. EEG data acquisition
After EEG capping, participants were seated in a comfortable chair
with their head supported by a chin-rest in a sound proof room. Accelerometers were ﬁrmly attached to the dorsal tip of both index ﬁngers
with an adhesive tape. Participants were instructed to minimize eyeblinks and to maintain ﬁxation at all times during the task blocks.
Additionally, they were asked to minimize unnecessary movements of
the body and the index ﬁngers.
From the 64 electrodes, three electrodes (FT9, FT10 and TP10 in the
10–20 system) were removed from their position on the scalp and placed
at the bilateral outer canthi and under the left eye to record bilateral
horizontal and left vertical electro-oculograms (EOG). All electrodes
were originally referenced online to the left mastoid. At the beginning
and end of the recording, the impedance of the electrodes was assessed to
ensure that impedances of all electrodes were 15 kΩ. EEG signals were
ampliﬁed, band-pass ﬁltered from 0.1 to 250 Hz, and digitized at a
sampling rate of 2500 Hz.

2.2.3. Training procedure
Participants were familiarized with the experimental procedures
before the start of the actual experiment, and underwent instruction and
training while the EEG-cap was applied. Participants ﬁrst practiced the
Visually-cued condition. The arrows were presented every 4–8 s (i.e., the
desired timing for the Self-initiated condition). When participants were
familiar with this condition, training of the Self-initiated condition followed. Participants were instructed to freely choose the time to respond
and the ﬁnger to move, with the guideline to produce responses at
approximately the same frequency as the stimulus frequency in the
Visually-cued condition that they had just practiced. Additionally, participants were instructed to approximately balance the number of left and
right index ﬁnger button presses, while avoiding a systematic response
pattern (e.g., Left-Right-Left-Right) and mental counting of the responses
or the time-intervals. Training lasted until participants showed a stable
response rate and a clear understanding of the instructions. During the
experiment, if participants received warnings related to either balance or
timing on two successive blocks of the Self-initiated condition, the
experiment was interrupted and participants were re-trained until they
could meet the task demands of the Self-initiated condition before
resuming the session.

2.4.2. EEG data preprocessing
The preprocessing and analysis of the EEG data were implemented
using the EEGLAB toolbox (Delorme and Makeig, 2004) and in-house
scripts developed in Matlab R2015b (MathWorks Inc.)
The raw data were ﬁrst bandpass ﬁltered from 0.5 to 48 Hz to increase
the signal-to-noise ratio and to avoid a potential of 50 Hz as an electric
current artifact and then downsampled from 2500 Hz to 200 Hz. Next,
the continuous raw EEG data were visually inspected for paroxysmal and
muscular artifacts not related to eye blinks. Noisy portions of the signal
were excluded from further analysis. All trials in the Visually-cued condition with incorrect responses were excluded, as well as trials with
response times (RT) greater than 1s. In the Self-initiated condition, button
presses preceded by an inter-response interval of less than 4s were
excluded. Additionally, in all conditions the accelerometer recordings
were used to exclude trials with unnecessary ﬁnger movements prior to
the movement onset, as well as any trials with mirror movements.
The movement onset was deﬁned based on the accelerometer recordings as follows: the ﬁrst derivatives of the X, Y, and Z components of
the acceleration signal were computed and then combined to obtain the
scalar (Euclidean) magnitude of the instantaneous acceleration change at
each time point. This time-series was then smoothed, rescaled, and a
threshold was set to identify the earliest time point in a 125 ms window
prior to each button press that showed a continuous increase in acceleration rate. All trials where the movement onset could not be unambiguously detected were excluded from further analyses.
The continuous EEG data were then segmented for the three conditions. Epochs in the Self-initiated condition were deﬁned from 2.5s to
1.5s relative to movement onset. The epochs for the Visually-cued condition, were deﬁned from 2.0s to 1.5s relative to movement onset. The
context-speciﬁc differences of the Self-initiated and Visually-cued conditions prompted us to deﬁne the baseline period differently in the two
conditions leading to epochs of differing duration relative to movement
onset. In a self-initiated motor task, the preparatory brain activity related
to selection could begin at an undeﬁned period, even as early as 2s before
movement onset (Haggard, 2008). To limit confounds due to this preparatory activity we used a baseline as early as possible in the Self-initiated condition (from 2500 to 1500 ms). However, the epoch for
the Visually-cued condition could not be exactly matched with the one of
the Self-initiated condition even though the Visually-cued condition was
based on the inter-response intervals obtained in the Self-initiated condition. The reason for the latter is the variable reaction time in the Visually-cued condition. Therefore, the minimum interval between two
button-presses in the Visually-cued condition could be shorter than the
deﬁned inter-stimulus intervals of 4s. Accordingly, we selected a baseline
(from 2000 to 1000 ms) that fell in all trials prior to stimulus onset
because all trials with RT > 1000 ms were discarded, and eliminated any

2.3. Apparatus
Scalp EEG was recorded using a 64-channel active electrode system
(actiCAP, Brain Products GmbH, Munich, Germany) mounted to the head
according to the extended 10–20 international system in a spherical array.
All stimuli were generated and displayed using the software “Presentation” (version 11.0, Neurobehavioral Systems, Berkeley, CA) on a
47 cm  29 cm LCD monitor with a screen resolution of 1280  1024
pixels, and a refresh rate of 60 Hz. Index-ﬁnger responses were collected
in two different ways. Button-presses were registered by two LumiTouch
key-pads (Photon Control Inc., Burnaby, BC, Canada), one for each hand.
Movements of the index ﬁnger of each hand were measured with an
acceleration sensor (Brain Products GmbH, Munich, Germany) attached
to the dorsal-tip of the index ﬁnger. Each sensor was 22 mm  14 mm x
8 mm in size; weighed 8 g and had a sensitivity of 420 mV/g. The sensors
provided output voltages that were directly integrated into the EEG
recording as additional channels. Each sensor provided three voltage
signals corresponding to instantaneous acceleration of each ﬁnger along
three orthogonal axes (X, Y, Z) in a Cartesian coordinate system centered
at the ﬁngertip. We used accelerometers as our key measure of motoroutput as the acceleration signals are highly sensitive and are not
restricted to a muscle group and a speciﬁc movement direction like
surface EMG (Keil et al., 1999). Additionally, the use of accelerometers
allowed us to exclude trials with unnecessary movements or
mirror movements.
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because spectral changes typically involve more than one frequency or
frequency band (Makeig, 1993). To compute the ERSPs, the
Laplacian-transformed EEG signals of each channel were decomposed
into the time-frequency domain using complex Morlet wavelets with the
number of cycles linearly increasing from 3 to 9 as the frequency increases. The purpose of doing this was to adjust the ratio of time/frequency resolution along the frequency axis, and to get the best
trade-off between time and frequency resolution (Makeig, 1993). Then,
the ERSP in each frequency was normalized by subtracting the baseline
spectrum value averaged over the baseline period for each frequency.
The baseline excluded the period that contained edge artifacts resulting
from applying temporal ﬁlters in the Morlet wavelets convolution.
Considering the distinct topographies and functions of the different
movement-related frequency bands, we investigated the spectral power
in the α (8–13 Hz), low-β (13–21 Hz), high-β (21–30 Hz), and γ
(30–48 Hz) band, separately.
The processing and analysis steps described above were implemented
using the EEGLAB toolbox (Delorme and Makeig, 2004) and custom
scripts in MATLAB (MathWorks, USA).

overlap in the epochs of consecutive trials. Of note, the activities in the
Visually-cued and Vision-only condition were quite similar before the
onset of the stimuli, therefore we segmented the Visually-cued and
Vision-only conditions into 4s epochs from 1.5s to 2.5s relative to the
onset of stimuli, and the time period 1500 to 500 ms was used as
the baseline.
After segmenting the continuous EEG data, the obtained epochs were
corrected for artifacts. First, epochs were rejected if the amplitude over
the entire epoch was larger than 100 μV or showed an abnormal drift that
exceeded 75 μV. Next, a semi-automated procedure based on independent component analysis (ICA) was used to identify epochs contaminated
by artifacts such as blinks, eye movements, muscle activity, and infrequent single-channel noise. The independent component decomposition
was performed using the Infomax ICA algorithm implemented in
EEGLAB. The ADJUST algorithm (Mognon et al., 2011) was then used to
identify and reject components containing blink/oculomotor or other
artifacts that were distinguishable from the rest of the brain activity.
Noisy channels were detected automatically by EEGLAB and interpolated
using spherical spline interpolation. Finally, the artifact-free trials were
average-referenced and baseline-corrected.
The data of three participants had to be excluded from further analyses as there was an insufﬁcient number of trials that satisﬁed all the
quality criteria described above. The data of one participant had a large
number of artifact-contaminated epochs because of eye-movements; and
two participants showed a large number of task-irrelevant movements
during the baseline period as detected by the accelerometer. Thus, data
from 18 participants were included in the further analyses. After
removing trials that contained an artifact, or that had an IRI less than 4s
in the Self-initiated condition, or a RT of more than 1s in the Visually-cued
condition, a minimum of total 100 artifact-free trials (100–160 for Selfinitiated, 104–161 for Visually-cued condition) were obtained for each
subject. All further analyses are solely based on these trials.

2.4.5. Estimation of phase-based coherence
The phase-based coherence over trials between pairs of electrodes
was computed from the Laplacian-transformed EEG data as a measure of
functional connectivity over the whole frequency band (2–48 Hz). The
advantage of coherence over trials is that it provides not only stronger
evidence for task-related modulation in connectivity, but also more
temporal precision as it is computed at each time point in the time interval of interest (Cohen, 2014). Coherence has been widely used as a
normalized measure of temporal synchronization between pairs of EEG
channels in a given frequency band (Babiloni et al., 2006; Storti et al.,
2015). The coherence Cohx,y (t,f) between two given electrodes x and y at
time t in the frequency band f is calculated by:





N
 1 X iðφn;x ðt;f Þφn;y ðt;f ÞÞ 
Cohx;y ðt; f Þ ¼ N
e



n¼1

2.4.3. Spatial ﬁltering
A crucial part of our data processing, which we performed before the
time-frequency transformation and the coherence analysis, was the
spatial ﬁltering. We used the Laplacian transformation as it reduces
volume conduction from distal sites, thereby enhancing spatial resolution
and enabling analyses of electrodes close to the region of interest (Tenke
et al., 2012). Surface Laplacians were estimated from the individual
artifact-free EEG epochs using a spherical spline algorithm (Perrin et al.,
1989) provided by the current source density (CSD) toolbox implemented in Matlab (Kayser and Tenke, 2006). CSD waveforms were
computed for each original surface EEG potential (50 iterations, degree
of spline ¼ 4). As the surface Laplacian can attenuate low spatial frequencies that can be attributed to volume conduction, it is therefore
appropriate for the use of connectivity analyses (Cohen, 2014). Though
not a source localization analysis, Laplacian renders the electrodes
maximally sensitive to radial sources directly underlying each electrode
(Tenke et al., 2012). This means that after the Laplacian transform, the
neurophysiological signals collected from electrodes situated above
certain brain areas in speciﬁc time windows can be regarded as indices of
the activation of the underlying brain structure (Rigoni et al., 2013;
Steinmetz et al., 1989).

in which N refers to the total number of trials, and φn,x and φn,y are the
phase angles from electrodes x and y on trial n. Here, an increase in EEG
coherence (scale from 0 to 1) can be interpreted as an enhancement of
functional connectivity and information transfer (i.e., functional
coupling or binding). This measure is also often referred to as phaselocking value (Lachaux et al., 1999).
In order to reduce the effect of inter-subject and inter-trial variation in
these 'raw' coherence values, the relative coherence was calculated by
subtracting the frequency band-speciﬁc baseline averaged over the whole
baseline period from the raw coherence values. The baseline period was
identical to that used for the preprocessing and power analysis. Finally,
the obtained coherences in the δ-θ (2–8 Hz), α (8–13 Hz), low-β
(13–21 Hz), and high-β (21–30 Hz) band were averaged for further
analysis in order to ﬁnd signiﬁcant movement-related modulations of
frequency-band-speciﬁc coherences based on previous studies (Cavanagh
and Frank, 2014; Cohen and Donner, 2013; Popovych et al., 2016). This
coherence analysis can only characterize the coupling between two
distinct regions within one frequency band, and does not inform about
the directionality and the quality of information ﬂow, i.e., being it
inhibitory or excitatory.
Importantly, both the spectral power and coherence in each frequency band were computed from averaged pairs of electrodes above the
brain regions of interest in order to increase the signal to noise ratio
(Rigoni et al., 2013; Steinmetz et al., 1989). According to the 10–20
system, the EEG signals from the C1 and C3 electrodes, which are located
above the motor cortex of the left hemisphere, and the ones from C2 and
C4, located over the motor cortex of the right hemisphere, were averaged, reﬂecting the activity of the ipsilateral sensorimotor cortex (iSM)
for left and right hand movements, respectively. We used the iSM as seed

2.4.4. Estimation of spectral power
The spectral power is revealed by the event-related spectral perturbation
(ERSP) that was computed from the Laplacian-transformed EEG data.
The ERSP measures average dynamic changes in the EEG amplitude
spectrum induced by a set of experimental events in the broad band
frequency as a function of time. We calculated the ERSP to test our hypothesis that the pre-movement ERD in the α and β band is differentially
modulated by how a movement is initiated (Meirovitch et al., 2015;
Notturno et al., 2014; Pfurtscheller, 1989, 1981; Pfurtscheller et al.,
2006). The calculation of the full-spectrum ERSP yields more information
on brain dynamics than calculation of only the narrow-band ERD,
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particular movement initiation context could be related to the
context-dependent conﬁguration of oscillatory coupling of iSM to the
premotor regions and cSM. The mean power and mean phase coherence
over this period were the basis for our analysis. To link ERD to coherence,
we used a Spearman correlation between the mean phase-coherence and
the mean spectral power in SM over the pre-movement period in each
frequency band. This nonparametric correlation method was used
because both power and coherence data are non-normally distributed
and may contain outliers.

region and calculated its coherence with all other electrodes. The regions
of interest were as follows: the median electrodes FCz and Cz were used
to reﬂect the activity of the SMA, the lateral electrodes FC1 and FC3 (or
FC2 and FC4) were used to reﬂect the activity of the contralateral (or
ipsilateral) premotor areas (cPM/iPM). Although hand dominance may
modulate the results, the hand effect was not in the focus of our current
study. As we assume that the power changes for left- and right-hand
movements were symmetrical, left- and right-hand movement trials
were combined by considering the sensorimotor cortices as ipsilateral
and contralateral sides to the hand movement to gain maximal
sensitivity.

3. Results
3.1. Lateralization of ERD is modulated by movement-initiation context

2.5. Linking spectral power over iSM to network-based phase-coherence

Prior to the movement onset, the oscillatory power in the α, low-β,
and high-β frequency bands over the contralateral and ipsilateral SM
revealed a context-speciﬁc modulation (Fig. 2). In the Self-initiated condition, the decreases in power were found not only over cSM, but also
over iSM, starting around 500 ms prior to movement onset (Fig. 2A). In
the Visually-cued condition, bilateral decreases in power were also pronounced in the α, low-β, and high-β frequency bands but with the largest
changes occurring in the period immediately prior to movement
onset (Fig. 2B).

Prior studies have reported that in self-initiated unilateral actions the
ERD is initially greater over the contralateral sensorimotor cortex, but
becomes bilateral starting from around 500 ms (Bai et al., 2005;
Pfurtscheller and Lopes Da Silva, 1999). The corresponding ERD dynamics for stimulus-cued actions are not well characterized. To avoid
circular inferences in choosing a data-driven time period (Cohen, 2014),
here, we focused our analysis on a 500 ms period immediately preceding
movement onset (i.e., from 500ms to 0 ms) to evaluate the possibility
that pre-movement ERD in the α- and β-frequency bands over iSM in a

Fig. 2. Time-frequency spectra over contralateral (cSM) and ipsilateral sensorimotor cortex (iSM) time-locked to movement onset in the Self-initiated (A) and Visually-cued condition (B),
respectively. The EEG signals from the C1, C3 electrodes over the left hemisphere and C2, C4 electrodes over the right hemisphere were averaged, reﬂecting the activity of the left SM and
right SM, respectively. The left- and right-hand movement trials were combined by considering the sensorimotor cortices as iSM and cSM to the hand movement. The dashed boxes indicate
the time and frequency of interest that were averaged for the ANOVA (C). The black horizontal lines represent the baseline period in both conditions, and the grey lines in (B) represent the
period in which the visual stimuli were presented. (C) shows the result of the 3-way ANOVA analysis (conditions x frequencies x sides).
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(Fig. 3). In addition, we also plotted the time-frequency spectra for the
other regions of interest in the two conditions (i.e., SMA, iPM and cPM)
in the supplementary materials (Fig. S2 and Fig. S3). We found that the
pattern of ERD oscillations in α and β bands from these regions had a
systematic difference, which suggests that Laplacian transformation can
improve the activity localization and minimize the volume conduction effect.
In summary, we found that the lateralization of ERD in the sensorimotor cortex is modulated by different movement-initiation contexts.

To assess the frequency-speciﬁc modulation of spectral power over
cSM and iSM by the movement-initiation context, we submitted the mean
frequency-speciﬁc power of SM over the time period 500 to 0 ms to a 3factorial repeated-measures ANOVA with factors Condition {Self-initiated, Visually-cued}, Frequency {α, low-β, high-β}, and Side {contralateral, ipsilateral}. The 3-way interaction between these factors was not
signiﬁcant (F (1,17) ¼ 0.52, p ¼ 0.60). Only the 2-way interaction between condition and side was signiﬁcant (F (1,17) ¼ 5.014, p ¼ 0.038),
with a main effect of condition and side (condition: F (1,17) ¼ 17.96,
p ¼ 0.0006; side: F (1,17) ¼ 19.54, p ¼ 0.0004; Fig. 2C). A post-hoc t-test
to conﬁrm the relationship between condition and side revealed that the
power over cSM exhibited a signiﬁcantly greater decrease than the power
over the iSM in the Visually-cued condition (t (17) ¼ 2.19, p ¼ 0.028), but
not in the Self-initiated condition (t (17) ¼ 1.81, p ¼ 0.09). These results
indicate that the ERD prior to movement onset showed a greater
contralateral preponderance in the Visually-cued context but not in the
Self-initiated context, where the ERD was more bilaterally distributed.
Furthermore, the difference of spectral power within three frequency
bands was not modulated by the movement initiation context.
To investigate the effect of stimulus-related power changes over the
posterior electrodes on movement production, we analyzed the power
changes over the sensorimotor cortex in the Visually-cued and the Visiononly conditions time-locked to the onset of the visual stimulus (i.e., t ¼ 0
is the onset of the visual stimulus, see supplementary materials and
Fig. S1). These results conﬁrmed that the pre-movement power changes
in the Visually-cued condition over the sensorimotor regions in the α- and
β-band were indeed related to movement production and not evoked by
visual stimulus processing due to volume conduction effect.
Topographical maps showed that the power decreases in the α and β
frequency bands were localized in the sensorimotor cortex for both
conditions (Fig. 3). In addition, power changes were also observed in
areas over the midline (i.e., the SMA region) in the Self-initiated condition, and over parietal and occipital cortex in the Visually-cued condition

3.2. Coherence in different frequency bands in different movementinitiation contexts
We next investigated the temporal synchronization between pairs of
EEG channels in a given frequency band by using phase coherence.
The group-averaged phase-coherence of oscillations in iSM to all
other electrodes over the scalp showed a strong qualitative difference
between contexts, with a prominent role of the δ-θ-band in the Visuallycued context but not in the Self-initiated context for both hands (Fig. 4A).
However, the group-averaged phase-coherence was more similar between the two initiation contexts in the α-band between iSM and other
motor-related areas (Fig. 4B). In the subsequent analyses, left- and righthand movement trials were collapsed by considering the sensorimotor
cortices as ipsilateral and contralateral sides to the hand movement to
gain maximal sensitivity.
To evaluate the frequency-dependent effects in the functional
coupling of the iSM to other motor regions more closely (represented by
their respective closest EEG electrodes, see Materials and Methods), we
averaged the coherence over the period 500 to 0 ms for each coupling.
Oscillations in iSM in the Self-initiated condition showed a signiﬁcant
mean phase-coherence to cSM and to SMA in the α-frequency band, but
not to iPM or cPM (Fig. 5A, t (17) ¼ 4.30 for cSM-iSM; t (17) ¼ 4.20 for
SMA-iSM, p < 0.05/8, Bonferroni corrected). The iSM exhibited no other

Fig. 3. The topographic map of averaged spectral power in a time period prior to movement onset, i.e. [-500,0] ms in the (A) Self-initiated and (B) Visually-cued condition in three typical
ERD frequency bands. The frequency bands were deﬁned as α (8–13 Hz), low-β (13–21 Hz), high-β (21–30 Hz).
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Fig. 4. Topographical maps of iSM-seeded coherence averaged in the interval [-500,0] ms in the δ-θ (A) and α frequency band (B) for both conditions. The results are shown for the left and
right hand, separately. The red ellipses represent the seed regions; black dashed ellipses represent regions of interest in the motor system. In the seed-based coherence analysis, we did not
calculate the self-connected coherence of the seed regions. Therefore, the self-connected coherence value (in the red ellipse) is ‘0’.

signiﬁcant in the δ-θ-band (Fig. 5B, t (17) ¼ 3.40 for cSM-iSM, t
(17) ¼ 4.60 for SMA-iSM, t (17) ¼ 4.90 for iPM-iSM; p < 0.05/8, Bonferroni corrected, please see the supplementary table for detailed
statistics).
We next assessed the modulation of coherence magnitude during the
time period [-500,0] ms by the movement-initiation context in the frequency bands of interest, i.e., the ones that exhibited signiﬁcantly

statistically signiﬁcant coherence to any of these regions in the other
frequency bands (i.e., δ-θ-band, or the low- and high-β, see supplementary table for detailed statistics). However, over the same time period, in
the Visually-cued condition, the α-band oscillations in iSM were only
coherent to cSM but not to SMA or either PM areas (Fig. 5B, t (17) ¼ 3.90,
p < 0.05/8, Bonferroni corrected). With the exception of cPM-iSM, the
mean coherence of iSM with all the other regions were statistically

Fig. 5. Phase coherences of cSM-iSM, SMA-SM, cPM-iSM, and iPM-iSM in the Self-initiated (A) and Visually-cued condition (B). The phase coherence of left- and right-hand movement trials
were combined as ipsilateral and contralateral sides to the hand movement to gain maximal sensitivity. The red rectangles indicate the signiﬁcantly increased coherence in corresponding
frequency bands during the period [-500, 0] ms relative to the baseline. The black lines represent the baseline period. The cartoon brains above represent the couplings that are shown by
the plots below.
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different coherences compared to baseline in α- and δ-θ-bands. We
evaluated whether the mean phase-coherence between iSM and cSM was
modulated by movement-initiation context with a 2-factor repeatedmeasures ANOVA with factors Condition {Self-initiated, Visually-cued} x
frequency {δ-θ, α}. The interaction of these factors was signiﬁcant
[Condition x frequency: F (1,17) ¼ 6.27, p ¼ 0.02; Condition: F
(1,17) ¼ 0.54, p ¼ 0.47; Frequency: F (1,17) ¼ 3.06, p ¼ 0.10]. A posthoc t-test showed that the coherence between iSM and cSM in the δ-θ
band was greater in the Visually-cued condition than in the Self-initiated
condition (Fig. 6A, t (17) ¼ 2.15, p ¼ 0.04). Importantly, the conditions
did not differ statistically in α-band coherence (Fig. 6A, t
(17) ¼ 0.62, p ¼ 0.55).
We also evaluated the coherence of SM-SMA with a 3-way ANOVA
with factors Side {cSM-SMA, iSM-SMA} x Condition {Self-initiated,
Visually-cued} x frequency {δ-θ, α} (Fig. 6B). The 3-way interaction was
not signiﬁcant (F (1,17) ¼ 0.75, p ¼ 0.40), but, importantly, the 2-way
interaction of side and condition was signiﬁcant (F (1,17) ¼ 5.08,
p ¼ 0.03). The post-hoc t-test showed that contralateral preponderance of
coherence was mainly observed in Self-initiated movements (t
(17) ¼ 2.28, p ¼ 0.036), whereas coherence in Visually-cued movements
was similar between contralateral and ipsilateral sides (t (17) ¼ 0.93,
p ¼ 0.37). This modulatory role of condition on the coherence relationship between cSM-SMA and iSM-SMA shows that the SM-SMA coherence
cannot, at least entirely, be ascribed to a common source due to proximity
of electrodes.

coupling to iSM that showed a statistically signiﬁcant phase-coherence
(section 3.2), we tested whether that coupling's mean phase-coherence
was correlated with the power changes over iSM in each of the three
frequency bands (α, low-β, and high-β). In the Self-initiated condition, the
mean coherence of cSM-iSM in the α-band signiﬁcantly correlated with
ERD in iSM in the high-β frequency band (Fig. 7, r ¼ 0.79, p < 0.05/6,
Bonferroni corrected) but not in the α- and low-β bands. Furthermore,
this was a negative correlation (r ¼ 0.79), that is, a larger mean α-band
coherence in the oscillations of cSM and iSM was associated with a larger
decrease in high-β power relative to baseline over iSM. The mean α-band
coherence of cSM-iSM was similarly correlated with the ERD over cSM
(r ¼ 0.76, p < 0.05/6, Bonferroni corrected). The corresponding correlations in the Visually-cued condition exhibited a different relation to
ERD over iSM and cSM. The mean α-band coherence of cSM-iSM was
correlated with ERD in iSM in the α-band (Fig. 7, upper panel, r ¼ 0.72,
p < 0.05/6, Bonferroni corrected) but not in the low- or high-β bands.
Remarkably, this was a positive correlation (r ¼ þ0.72), with a larger
mean α-band coherence of cSM-iSM being associated with a smaller
decrease in α-band power over iSM. Furthermore, the α-band coherence
of cSM-iSM was not correlated with ERD over cSM in any frequency band
(p > 0.05/6, Bonferroni corrected). This difference between conditions is
especially notable since the mean α-band coherence of this cSM-iSM
coupling was not statistically different between conditions (Fig. 6A,
section 3.2), and the mean power over iSM was not different between
α-band and high-β bands in both conditions (Fig. 2C, section 3.1).
The correlation between the phase-coherence in SMA-iSM to the
power changes over iSM showed a similar difference between conditions.
In the Self-initiated condition, the mean α-band coherence of SMA-iSM
(Fig. 7, lower panel) was negatively correlated with power over bilateral SM only in the high-β frequency band (r ¼ 0.60 for iSM, r ¼ 0.61
for cSM, p < 0.05/3, Bonferroni corrected). In the Visually-cued condition,

3.3. Power changes over ipsilateral SM has a context- and frequencyspeciﬁc relation to coherence-based connectivity
We next tested the link between oscillatory power at iSM and its
connectivity by evaluating their correlation. For each inter-regional

Fig. 6. The ANOVA comparison of the coherences for cSM-iSM (A), and SMA-iSM (B). The mean phase-coherence between iSM and cSM was submitted to a 2-factor repeated-measures
ANOVA with factors Condition {Self-initiated, Visually-cued} x frequency {δ-θ, α}. The mean phase-coherence between iSM and SMA was submitted to a 3-factor repeated-measures ANOVA
with factors Condition {Self-initiated, Visually-cued} x frequency {δ-θ, α} x side {SMA-iSM, SMA-cSM}. The error bars represent the standard error of the mean (SEM). The red star indicates
the signiﬁcant difference in coherences (p < 0.05) revealed by post-hoc analysis. The cartoon brains in the ﬁgures represent the couplings that were tested by the ANOVA.
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Fig. 7. The Spearman correlation between the averaged coherences of cSM-iSM and SMA-iSM and the averaged powers in SM in the time period [-500, 0] ms in the Self-initiated condition
(left) and Visually-cued condition (right), respectively.

the mean δ-θ coherence of SMA-iSM was positively correlated with ERD
over iSM only in the α-band (r ¼ 0.64, p < 0.05/3, Bonferroni corrected).
These ﬁndings provide evidence that ERD over the ipsilateral sensorimotor cortex was sensitive to the movement-initiation context and had
a network basis associated with its oscillatory coupling to the contralateral sensorimotor cortex and neural populations in the medial premotor cortex.

Self-initiated movements power changes were more bilateral during
motor preparation. However, a reversed pattern was found for the
coherence between the medial premotor cortex and sensorimotor cortex.
Thus, our data suggest that parts of the motor system may work independently by not only changing the regional oscillatory activity of
sensorimotor areas, but also by changing the functional coupling of
oscillatory activity between premotor and sensorimotor areas of the two
hemispheres.
Moreover, the interaction between regional oscillations and networklike oscillatory couplings also plays an important role in the control of
activity-dependent changes in the motor system. For example, the phase
coupling of slow oscillations (i.e., θ or α-band) between distant brain
areas has been shown to modulate local high frequency powers (i.e., β- or
γ-band) (Canolty et al., 2009; Mormann et al., 2005; Osipova et al., 2008;
Vukelic et al., 2014). In the motor system, the relationship between
coherence and event-related changes in spectral power has been investigated in self-paced simple ﬁnger movements (Leocani et al., 1997;
Rappelsberger et al., 1994). These studies found that an increase in α
coherence between sensorimotor and frontal regions was accompanied
by decreases in β power before movement and a greater increase in
coherence between the bilateral sensorimotor areas after movement
compared to before movement (Leocani et al., 1997; Rappelsberger et al.,
1994). However, none of these studies focused on the ipsilateral power
changes over sensorimotor cortex and its modulation by different modes
of movement initiation.
A number of fMRI and EEG studies showed that ipsilateral motor
cortex activations during unilateral hand movements rely on an active
and discrete interaction between bilateral sensorimotor areas (Grefkes
and Fink, 2011; Kobayashi et al., 2003; B. Van Wijk et al., 2012),
although hand dominance may modulate these interactions (Ziemann
and Hallett, 2001). A study using transcranial magnetic stimulation
(TMS) showed that the amount of interhemispheric inhibition (IHI) from
contralateral to ipsilateral primary motor cortex was related to the activity of intracortical GABAergic inhibitory interneurons in ipsilateral
primary motor cortex during force generation (Perez and Cohen, 2008).

4. Discussion
4.1. Regional oscillations in iSM and phase coupling with related regions in
the motor system under different initiation contexts
EEG oscillations are characterized by their amplitude and phase.
While the former represents the strength of the oscillation (power), the
latter represents its timing with regard to a reference point in time. The
attenuation of regional power over sensorimotor regions within both the
α-band (8–13 Hz) and the β-band (13–30 Hz) during movement preparation and execution has been frequently reported (Meirovitch et al.,
2015; Notturno et al., 2014; Pfurtscheller, 1989, 1981; Pfurtscheller
et al., 2006), and is assumed to be an indicator of oscillatory aspects of
cortical activation. Previous studies have suggested that oscillations in
higher frequency bands (i.e., β and γ band) may reﬂect regional processing while oscillations in low frequencies (i.e., θ and α) may reﬂect
functional interactions between distant cortical regions (Von Stein and
Sarnthein, 2000). The functional interaction between different regions
has been widely estimated by phase-based coherence, which is an indicator of phase-shifted relations between two EEG signals. Previous
studies (Gerloff et al., 1998; Perez and Cohen, 2008) suggested that
important aspects of information processing in the human motor system
could be based on oscillatory activity of at least two levels, which to some
extent can operate independently from each other: (i) regional activation
(task-related power) and (ii) phase-based functional coupling in the
motor system. In our study, we found a contralateral preponderance of
the changes in power in Visually-cued movements, whereas in
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is consistent with our results.
Oscillations in the β-band are generally interpreted to reﬂect regional
processing that is related to the control of muscle activity and proprioceptive feedback (Baker, 2007; Jackson et al., 2002). The β desynchronization (ERD) constitutes a reliable indicator of movement preparation
in voluntary movements (Meirovitch et al., 2015; Notturno et al., 2014;
Pfurtscheller, 1989, 1981; Pfurtscheller et al., 2006). Brinkman et al.
(2014) further proposed that the reduction in power of the neural oscillations in the β-band over contralateral sensorimotor cortex is related
to the disinhibition of neuronal populations involved in the movement.
In our study, we found a dominant bilateral power decrease in the β
oscillations, which were modulated by interhemispheric interaction between the iSM and cSM prior to movement onset in the Self-initiated
condition. Although the functional role of β oscillations remains debated,
our results suggest that the decreases in power of the β oscillations are
related to the gradual release of inhibition in the motor cortex to initiate
an action. The functional relevance of the reduction of β band oscillations
for the disinhibition of neuronal populations in the motor system becomes particularly evident under the pathological conditions, e.g. in
Parkinson's disease, where high β band activity severely compromises
movement initiation and execution (Brown, 2007; Jenkinson and Brown,
2011). Additionally, a higher reduction of β-band activity caused by deep
brain stimulation (DBS) leads to an improvement of movement capabilities in patients (Wingeier et al., 2006; Kuhn et al., 2008; Bronte-Stewart
et al., 2009). We, therefore, propose that the decrease in β-band power
observed in our study is related to the disinhibition of neuronal populations preceding movement execution in order to enable the timely
initiation of the internally triggered action (Engel and Fries, 2010;
Brinkman et al., 2014). Such a disinhibitory role of β-band power might
also apply to the ipsilateral sensorimotor cortex as it has been proposed
that hyperactive ipsilateral activity reported in patients with lesions (due
to a brain tumor or after a stroke) is partially attributable to interhemispheric disinhibition (Shimizu et al., 2002; Murase et al., 2004; Oshino
et al., 2008). This mechanism is different from the ipsilateral inhibitory
mechanisms supported by oscillations in the α-band during the externally
triggered actions.
Different cortico-subcortical motor processes might be underlying the
distinct roles in cortical inhibition by α and β oscillations. Using simultaneous depth and scalp EEG recording, Klostermann et al. (2007) found
the decrease in β-band power to be uniform in motor cortical and
subcortical recordings (thalamic ventral intermediate nucleus (VIM) or
the subthalamic nucleus (STN)) of subjects performing a choice-reaction
task with pre-cued Go-signals. However, a comparable decrease in
α-band power was only seen at the scalp, whereas an increase in α power
was observed in the motor-inhibitory STN. In contrast, Paradiso et al.
(2004) found a decrease in thalamic α-band power preceding motor
execution in an internally triggered wrist extension task, which suggested
a possible differential processing of the preparation of cued vs. self-paced
movements with a thalamic role more active in internally than
externally-triggered actions. These dissociations of task-related α- and
β-band dynamics revealed a functional diversity in cortico-subcortical
networks dependent upon how the movement was initiated. This
conclusion might extend to our results, but this issue deserves further
investigation.

These data provide evidence that interhemispheric projections inﬂuence
local inhibitory activity in the primary motor cortex ipsilateral to the
moving hand, possibly preventing co-contractions of the “inactive” hand
during performance of an unimanual motor task by the other hand (Perez
and Cohen, 2008). Using dynamic causal modelling of fMRI activity
during simple visually-cued hand movements, we showed earlier that
ipsilateral SM activity is suppressed by inhibitory inﬂuences originating
from contralateral SM (Grefkes et al., 2008a, 2008b). Similarly, previous
studies (Obhi and Haggard, 2004; Toni et al., 2001; Waszak et al., 2005)
have shown that the medial premotor cortex (SMA) is particularly
engaged in self-initiated movements. Furthermore, an increasing number
of studies have concluded that the modulation of θ band activity over the
medial premotor cortex (represented by the FCz electrode) in externally
triggered movements reﬂects monitoring of actions and error adaption
(Cavanagh and Frank, 2014; Cohen and Donner, 2013). Using EEG and
Granger analysis, Boenstrup and colleagues also showed increased information ﬂow from the SMA to the ipsilateral motor cortex in the α
frequency band during complex ﬁnger movements (Boenstrup
et al., 2014).
Our results are consistent with these previous studies as they show
that the interaction between the ipsilateral sensorimotor cortex and the
contralateral sensorimotor cortex as well as the medial premotor cortex is
involved in the control of the modulation of ipsilateral oscillations for
both movement initiation modes. This might serve the purpose of suppressing output to the muscles of the non-moving hand. Although
coherence has been widely adopted in EEG studies as a marker of
communication between the signals from two EEG electrodes, it seems
possible that an increase in coherence between two neighboring EEG
signals may result from an increased input from a tertiary common neural
source due to volume conduction (Saltzbertg et al., 1986), particularly
for low frequencies. Our use of surface-Laplacian transformation (see
Section 2.4.3) reduces but does not entirely eliminate this possibility
(Lachaux et al., 1999). Therefore, our results of coherence between the
neighboring regions SMA and iSM should be treated with caution as
these may result from a common source. Our results on the coherence
between the more distant regions cSM and iSM, however, are robust. In
our study, we found that Self-initiated movements involved bilateral
oscillatory power changes over sensorimotor areas and that the participants with stronger coherences between cSM-iSM in the α-band exhibited
a larger decrease in high-β power over the sensorimotor cortex. In
contrast, a contralateral preponderance of power changes was mainly
observed during Visually-cued movements and participants with stronger
coherence between cSM-iSM in the α-band exhibited less decrease in α
power only over the ipsilateral sensorimotor cortex in the Visually-cued condition.
4.2. Distinct roles for α and β-band oscillations in different initiation
contexts for inhibition in iSM prior to movement
Increases in power of the oscillations in the α-band have been suggested to reﬂect inhibitory control and timing of cortical processing,
whereas decreases in power of α oscillations may reﬂect a gradual release
of inhibition and increased cellular excitability in thalamocortical systems (Klimesch et al., 2007). In externally-triggered actions, our data
showed that the changes in interhemispheric interaction between the
iSM and cSM were positively correlated with the changes of α power over
iSM, albeit not over cSM. Therefore, we suggest that the α power increase
over ipsilateral sensorimotor cortex plays a role in ipsilateral inhibition
to facilitate the contralateral processing of an upcoming movement.
Thus, interhemispheric interactions might subserve the purpose to
modulate the extent of this inhibition of the excitation of the ipsilateral
sensorimotor cortex. Recently, Brinkman et al. (2014) also demonstrated
distinct roles of α and β-band oscillations in a mental simulation of a
goal-directed action task. They proposed that an increase in the synchronization of neural oscillations in the α-band in the ipsilateral motor
cortex plays a role in disengaging task-irrelevant cortical regions, which

5. Conclusion
In summary, we used EEG to investigate the mechanisms by which the
motor system modulates ipsilateral oscillatory activity in the premovement period immediately preceding movement onset under the
control of two different movement initiating networks. Our ﬁndings
suggest that the ipsilateral sensorimotor cortex responds not only by
changing its state of activation, but also by changing information ﬂow
between premotor and contralateral sensorimotor areas. Importantly, the
interaction between regional oscillations and network-like oscillatory
couplings implies a differential, frequency-speciﬁc inhibitory mechanism
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in the ipsilateral sensorimotor cortex dependent upon how the movement
is initiated.
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