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Motor imagery (MI) is a form of practice in which an individual mentally performs a motor

task. Previous research suggests that skill acquisition via MI is facilitated by repetitive
Available online 22 September 2014

Keywords:

Magnetoencephalography

Motor imagery

Motor learning

Neuroimaging
.1016/j.brainres.2014.09.00
sevier B.V. All rights res

to: School of Physiothera
ax, Nova Scotia, Canada,
.boe@dal.ca (S. Boe).
a b s t r a c t

activation of brain regions in the sensorimotor network similar to that of motor execution,

however this evidence is conflicting. Further, many studies do not control for overt muscle

activity and thus the activation patterns reported for MI may be driven in part by actual

movement. The purpose of the current research is to further establish MI as a secondary

modality of skill acquisition by providing electrophysiological evidence of an overlap

between brain areas recruited for motor execution and imagery. Non-disabled participants

(N¼18; 24.773.8 years) performed both execution and imagery of a unilateral sequence

button-press task. Magnetoencephalography (MEG) was utilized to capture neural activity,

while electromyography used to rigorously monitor muscle activity. Event-related syn-

chronization/desynchronization (ERS/ERD) analysis was conducted in the beta frequency

band (15–30 Hz). Whole head dual-state beamformer analysis was applied to MEG data and

3D t-tests were conducted after Talairach normalization. Source-level analysis showed that

MI has similar patterns of spatial activity as ME, including activation of contralateral

primary motor and somatosensory cortices. However, this activation is significantly less

intense during MI (po0.05). As well, activation during ME was more lateralized (i.e., within

the contralateral hemisphere). These results confirm that ME and MI have similar spatial

activation patterns. Thus, the current research provides direct electrophysiological evi-

dence to further establish MI as a secondary form of skill acquisition.
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1. Introduction

Motor learning is the process of acquiring or strengthening a
skill through repetitive practice and the provision of feedback
(Newell, 1991). Motor learning occurs via plastic changes in
the brain that are driven by this repetitive practice. While
physical practice is recognized as the ideal vehicle to drive
brain plasticity and thus motor learning, other forms of
practice have been shown to facilitate skill acquisition. Motor
imagery (MI) is a form of practice in which an individual
mentally rehearses a motor task (Jeannerod, 1995, 2001).
Motor imagery can take two forms, including first person or
kinaesthetic imagery (i.e., imagining from “behind their own
eyes” Munzert and Zentgraf, 2009), or third person visual
imagery (i.e., imagining someone else performing the move-
ment). Secondary to physical practice, MI has been used as a
form of skill acquisition in numerous domains including
surgery, sport, and music (Wulf et al., 2010; Moran et al.,
2012). Motor imagery is suggested to facilitate skill acquisition
in a manner similar to physical practice; that is plastic changes
in the brain occur as a result of repetitive mental practice
(Grezes and Decety, 2001; Miller et al., 2010; Schuster et al.,
2011). The purported similarity in brain activity between MI and
physical practice has led to an increased interest in the use of
MI as an adjunct to physical practice in neurorehabilitation,
particularly with regard to the treatment of upper limb impair-
ment post-stroke (Sharma et al., 2009). If MI is to be used as an
adjunct to physical practice to facilitate skill acquisition as
outlined above, it is critical that similar brain regions are
activated in both mental and physical practice.

At present, it remains unclear whether the neural corre-
lates that underlie MI parallel those observed for physical
practice (Grezes and Decety, 2001; Hétu et al., 2013), which we
refer to throughout as motor execution (ME). In non-disabled
individuals, the majority of neuroimaging studies have
assessed task-related activation during MI using functional
magnetic resonance imaging (fMRI) (Grezes and Decety, 2001;
Hétu et al., 2013). Studies utilizing fMRI have largely deter-
mined that MI engages brain areas that overlap with ME,
including the premotor (PMC), cingulate, and parietal cortices
(Porro et al., 1996; Hanakawa et al., 2003; De Lange et al. 2008),
however, this activation may be influenced by the type
(kinaesthetic vs. visual) of MI employed (Guillot et al., 2009;
Hétu et al., 2013). The primary motor cortex (referred to
throughout as ‘motor cortex’) has also been proposed to play
a critical role in MI, especially when employing kinaesthetic
MI, though activation of the motor cortex during MI has not
been consistently reported and thus has yet to be verified
(De Lange et al., 2008; Hétu et al., 2013). In fact, a recent meta-
analysis by Hétu et al. (2013) examining the brain regions that
underlie MI concluded that while similar cortical areas were
recruited across the studies, only 22 of 75 studies reported
activation of the motor cortex. Furthermore, whether MI also
recruits ventral and dorsal PMC (vPMC and dPMC, respec-
tively), which are implicated in the preparation and guidance
of movement (Rizzolatti et al., 1996; Binkofski et al., 2000),
is conflicting in the literature (Lotze and Halsband, 2006;
Munzert et al., 2009). Thus, due to the potential differences
in areas recruited between ME and MI, MI is suggested to rely
on a more widespread neural network in comparison with ME
(Burianová et al., 2013).

Methodological approaches utilized in examining brain
activity during MI may also contribute to variability in the
results observed. In their meta-analysis, Hétu et al. (2013)
reported that only two of 75 studies used electromyography
(EMG) in addition to visual inspection to control for overt
muscle activity. Thus, the resemblance in activation between
MI and ME observed in many of these previous studies might be
driven by brain activity associated with actual execution (i.e.,
cortical output to lower motor neurons). As such, it remains
unclear whether ‘pure’ MI elicits the same spatial patterns as
ME. Furthermore, the majority of studies examining brain
activity underlying MI utilize either fMRI or positron emission
tomography (PET) (Hétu et al., 2013), both of which rely on
indirect measures of brain activity with low temporal resolution
(Sutton et al., 2009; Cumming, 2014). Accordingly, these mea-
sures provide rich spatial information, but are limited in their
ability to directly measure electrophysiological activity.

Unlike fMRI and PET, electroencephalography (EEG) provides
a direct measure of brain activity with high temporal resolution
(Niedermeyer, 1996). Analysis of EEG data during a sustained
task (such as MI) can reveal changes in brain activity by
assessing an increase or decrease in the magnitude of ongoing
cortical oscillations, known as event-related synchronization
and desynchronization (ERS/ERD) (Pfurtscheller and Lopes da
Silva, 1999; Schoffelen and Gross, 2009). For example, EEG
studies have shown that ERD occurs over contralateral sensor-
imotor areas in the beta frequency band (15–30 Hz) during MI
and motor preparation and execution (Pfurtscheller and
Neuper, 1997; Neuper et al., 2006; Formaggio et al., 2010). EEG
is limited however in its ability to localize the underlying
sources of beta ERD during MI and ME due mainly to spatial
smearing of the electric potentials (Niedermeyer, 1996).

Similar to EEG, magnetoencephalography (MEG) obtains a

direct measure of brain activity (Baillet et al., 2001). Unlike

EEG however, MEG features considerably better spatial reso-

lution (on the order of millimetres; Baillet et al., 2001) that

provides the ability to more precisely identify source-level

activity in the brain (Baillet et al., 2001; Schoffelen and Gross,

2009; Hari et al., 2010). For instance, Burianová et al. (2013)

sought to identify the neural correlates of actual and ima-

gined finger movements using both MEG and fMRI. In agree-

ment with previous research, there was considerable overlap

between the brain areas activated during MI and ME for both

the MEG and fMRI data. Differences between MI and ME were

noted however, with activity observed in brain areas crucial

for visuospatial processing (e.g. left inferior parietal lobule,

parahippocampus, right superior temporal gyrus and super-

ior frontal gyrus) but not in areas related to somatosensory

coordination during the MI condition. While this work capi-

talized on the ability of MEG to measure brain activity

associated with MI with high temporal and spatial resolution,

it is one of only a few studies to do so (Nakagawa et al., 2011;

Di Rienzo et al., 2014). Moreover, this prior work examined

brain activity associated with a simple motor task that was

limited to flexion and extension movements of the fingers

(Burianová et al., 2013). In light of the proposed use of MI to

facilitate skill acquisition, ideally our understanding of how
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brain activity underlying MI parallels that of ME would be
derived from a more complex, skilled movement.

The current study seeks to extend the literature examin-
ing the neural correlates of MI by measuring electrophysio-
logical activity at the source level during the performance of a
skilled motor task, and during imagery of the same task.
By monitoring muscle activity throughout, brain activity will
be isolated to MI only. We hypothesize that similar patterns
of activity in MI and ME will be observed, including activity in
contralateral motor cortex and posterior parietal areas. Estab-
lishing that spatial patterns of brain activation during rigor-
ously controlled MI overlap with those of ME will provide
further support for its use as an adjunct to physical practice
in facilitating skill acquisition.
Fig. 1 – Group averaged source-level ERS/ERD analysis of
motor execution overlaid on a template brain. Areas of
significant activation (po0.05) were determined from 3d
t-tests of motor vs. rest blocks and included contralateral
M1 and S1.
2. Results

2.1. Behavioural results

A significant difference (po0.05) was observed for the number
of correct sequences between block 1 and block 2 of ME
(37.3712.3 and 47.1713.4, respectively).

2.2. EMG results

Two participant's data was excluded from further analyses
because less than 33% of MI trials were free from muscle
activity. For the remaining 16 participants, a total of 144 trials
were discarded, which corresponded to 30.0% of the total
number of trials performed (480). Of note, at least 1 trial per
participant was excluded from analysis, with an average of
4.572.9 trials excluded during each block (Supplementary
information Table 1).

2.3. MEG results

Group-level beamformer maps of ME vs. rest (Fig. 1) showed
beta ERD within the contralateral hemisphere at the motor
cortex, primary somatosensory cortex (S1), inferior parietal
lobule (IPL), cingulate, and precuneus. Within the ipsilateral
hemisphere, beta ERD encompassed the inferior frontal gyrus
(IFG), cingulate, and precuneus. Maximum activation, defined as
the peak voxel within a spatially separate cluster, was localized
to four distinct areas (refer to Table 1 for peak maxima). Group-
level beamformer maps of MI vs. rest (Fig. 2) showed beta ERD
within the contralateral hemisphere at themotor cortex, S1, IPL,
cingulate, and cuneus (Fig. 2). Within the ipsilateral hemi-
sphere, beta ERD encompassed the premotor cortex (PMC;
including SMA), IPL, precuneus, cingulate, and cuneus (Fig. 2).
Maximum activation was localized to nine distinct areas (refer
to Table 1 for peak maxima). Beta ERS was also observed
bilaterally at the primary visual cortices during MI. Statistical
testing between blocks 1 and 2 were not significantly different
within either the ME or MI condition.

2.4. Motor imagery vs. execution

Statistical testing between conditions identified six regions
that significantly differed in activation between MI and ME
(Fig. 3). Contralateral motor cortex and S1 showed greater ERD
during ME than during MI, although these regions exhibited
ERD during both conditions (Fig. 3). Thus, activity during ME
was stronger in the contralateral hemisphere than during MI.
A significant difference in ERD was observed in the contral-
ateral precuneus due to the absence of activation during MI.
Similarly, a significant difference between conditions was
observed in bilateral ERD of the cuneus and bilateral ERS of
V1 due to the absence of activation during ME. Of note, no
significant difference in IPL or premotor activation (i.e., SMA
or Brodmann area 6) was observed between conditions. The
peaks of greatest difference between MI and ME were loca-
lized to five distinct areas within the motor cortex, IPL, and
V1 (Table 1).

2.5. Time–frequency response analysis

Time–frequency response plots were generated for the motor
cortex, S1, IPL, and premotor cortices to investigate the
temporal dynamics of beta ERS/ERD at regions of interest
(motor cortex and IPL are shown in Fig. 4). ERD was present in
contralateral motor cortex and S1 during both MI and ME
following the ‘Go’ cue, however ERD strength peaked later
during MI while remaining consistently activated during ME.
ERD was also observed in ipsilateral PMC and contralateral
IPL during both ME and MI, with beta ERD onset occurring
later during MI. In contrast with ME, a distinct beta rebound
was not observed during MI in the above regions. To inves-
tigate changes in ERD across the session, time–frequency



Table 1 – Talairach coordinates of peak maxima for brain regions activated during motor execution (ME) and motor imagery
(MI) vs. rest, and for brain regions with significantly different activation in ME vs. MI.

Condition Lateralization Talairach coordinates Brodmann Focus point

x y z

ME Contralateral 4 �40 38 4 Right middle cingulate
Contralateral 28 �28 46 4/3 Right post-central gyrus
Contralateral 32 �24 38 4/3 Right post-central gyrus
Ipsilateral �32 �36 �34 3 Left inferior parietal lobule

MI Contralateral 12 �84 6 17 Right calcarine gyrus
Contralateral 36 �8 30 3 Right pre-central
Contralateral 52 �20 50 1/6 Right post-central
Ipsilateral �12 �88 �2 17 Left calcarine gyrus
Ipsilateral �24 �48 34 47 Left inferior parietal lobule
Ipsilateral �24 �40 22 47 Left inferior frontal gyrus
Ipsilateral �24 �12 22 11 Left inferior frontal gyrus
Ipsilateral �28 �40 42 2 Left post-central
Ipsilateral �36 �32 34 2/3 Left inferior parietal lobule

ME vs. MI Contralateral 32 �28 46 4 Right post-central/pre-central
Midline 4 �88 18 17/18 Superior occipital gyrus
Ipsilateral �12 �32 54 4 Left paracentral/post-central
Ipsilateral �28 �36 34 47 Left inferior parietal lobule
Ipsilateral �32 �24 54 4/6 Left pre-central

Fig. 2 – Group averaged source-level ERS/ERD analysis of
motor imagery overlaid on a template brain. Areas of
significant activation (po0.05) were determined from 3d
t-tests of imagery vs. rest blocks and included contralateral
M1, S1 and IPL, as well as ipsilateral PMC.

Fig. 3 – Group averaged source-level ERS/ERD comparison of
motor execution and motor imagery overlaid on a template
brain. Significant differences in activation (po0.05) were
determined from 3d t-tests of execution vs. imagery blocks
and included differences in contralateral M1 and S1.
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response plots were generated for the above noted regions for
block 1 and block 2 of each condition. ERD was observed to
increase from block 1 to block 2 during both ME and MI (motor
cortex and PMC are shown in Fig. 5).
2.6. MI trial comparison

Statistical testing was conducted between whole head activa-
tion maps generated for ‘contaminated MI’ and ‘pure MI’
(Fig. 6). Notable differences in activation were observed
between the contaminated and pure MI, including stronger
ERD within contralateral motor cortex, weaker ERD within
contralateral S1 and bilateral cingulate, an absence of activity
within bilateral cuneus, contralateral IPL, ipsilateral precuneus



Fig. 4 – Group averaged time–frequency response plots depicting beta band source-level ERS/ERD of motor execution and
motor imagery averaged across all trials in contralateral M1 (A) and IPL (B). ERD is observed in both conditions following the
“Go” cue (0s), however, the strength of the ERD is greater during motor execution.
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and PMC, and the presence of ERD within the contralateral
superior parietal lobule.
3. Discussion

The purpose of this study was to establish an overlap in
patterns of brain activity between MI and ME to further
support the use of MI as an adjunct to physical practice in
facilitating skill acquisition. Direct electrophysiological evi-
dence was provided to show that similar brain regions are
active during MI and ME of the same task. The removal of MI
trials in which muscle activity was present ensured this
comparison targets brain activity resulting from MI only.

3.1. ERS/ERD findings

In agreement with previous studies that employed indirect
measures of brain activity (i.e. fMRI and PET), similar brain
regions were recruited during MI and ME (Grezes and Decety,
2001; Hanakawa et al., 2003; Hétu et al., 2013) including
contralateral motor cortex, S1 and IPL, ipsilateral precuneus,
and bilateral cingulate gyri. These regions have been shown
to be involved in action planning and preparation, action
guidance, visuospatial processing, and actual execution
(Rizzolatti et al., 1996; Rizzolatti et al., 1998; Tunik et al., 2007).

As indicated previously, ERD has been shown to occur
in contralateral sensorimotor areas in the beta band
(Pfurtscheller and Lopes da Silva, 1999; Schoffelen and
Gross, 2009) during both execution and imagination of move-
ment. As beta oscillatory activity is inhibitory, ERD in this
frequency band is generally thought to be representative of
brain activation (Pfurtscheller and Neuper, 1997; Pfurtscheller
and Lopes da Silva, 1999). Although our findings show that
brain regions recruited for MI overlap with those recruited for
ME, there were five notable differences in the functional
maps between MI and ME. First, ME activation was more
lateralized to the contralateral hemisphere. Specifically,
while consistent group-level activation of the motor cortex
and S1 were found during MI, the ERD signal displayed a later
onset and was smaller during MI in comparison with ME.
Taken with our rigorous control for overt muscle activity, this
result supports motor cortex activation in the absence of
actual movement. Secondly, in agreement with previous
research (Burianová et al., 2013), the pattern of activation
was more widespread during MI, suggesting a larger network
of brain regions underlies MI performance. In addition to the
overlapping areas recruited in both conditions, ipsilateral
PMC, IPL, and cuneus were additionally recruited during MI.
The activation of these areas during MI only is sensible as MI
relies on a more widespread network, including heavier
recruitment of ipsilateral areas, and their functions parallel
those required for MI. For instance, these areas are implicated
in motor planning and attention, integration of visuospatial
information and inhibitory control (Rushworth et al., 2003;
Hoshi and Tanji, 2007; Grafton, 2009). Previous research has
shown increased involvement of these ipsilateral areas,
specifically for novice imagers (Milton et al., 2007; Chang
et al., 2011). Lastly, an ERS signal was present only during the
MI condition in V1, which has been previously shown to
occur when the eyes are closed (Barry et al., 2007).

It should be noted that over the single session examined
in the current work we observed minimal changes in both the
pattern of brain activity and behavioural changes associated
with skill acquisition. Given the single session of data as well
as the nature of the task, it follows that limited changes



Fig. 5 – Group averaged time–frequency response plots depicting beta band source-level ERS/ERD during block 1 and block 2 of
motor execution (ME) and motor imagery (MI) in contralateral M1 (A) and ipsilateral PMC (B). ERD observed following the “Go”
cue (0s) is shown to increase from block 1 to block 2, however, the strength of the ERD is greater during ME.
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associated with skill acquisition would have occurred
(Lacourse et al., 2005). The overlap between brain regions
recruited for ME and MI, shown here via a direct electro-
physiological measure, suggests that repetitive performance
of this form of MI has the potential to drive plastic changes in
the brain similar to those that result from repetitive physical
practice (Miller et al., 2010; Schuster et al., 2011). Thus, the
current study provides additional support for the use of MI as
a secondary modality of skill acquisition. Although activation
patterns observed during MI were significantly less contral-
ateral dominant and smaller in magnitude than those of ME,
these findings may indicate that training is required to make
MI more effective in facilitating learning. A study by Ono et al.
(2013) showed that accuracy and reproducibility of the ERD
signal increased, for the purposes of brain-computer
interfaces, over five sessions of MI training. The ERS/ERD
patterns reported in the present study are likely reflective of a
novice level of MI proficiency. Thus, imagination of motor
tasks in our group may rely more on areas involved in
visuospatial processing and response inhibition, as our find-
ings show that the ERD signal during MI was more wide-
spread and this pattern is reflected in novice vs. expert
imagers (Milton et al., 2007; Chang et al., 2011). Secondly, as
the ERD signal was delayed and weaker during MI as com-
pared to ME, activation of the motor cortex may become more
robust following training. This claim requires further study
for confirmation. A study by Boe et al. (2014) demonstrated
that activation in the sensorimotor cortices lateralizes to the
hemisphere contralateral to the limb ‘performing’ the task
over the course of three practice sessions. This modulation of



Fig. 6 – Group averaged source-level ERS/ERD comparison of
whole head spatial maps generated for ‘contaminated MI’
(i.e., MI trials with EMG activity present), and ‘pure MI’
(i.e., MI trials with no EMG activity present) overlaid on a
template brain. Significant differences in activation (po0.05)
were determined from 3d t-tests of ‘contaminated MI’ vs.
‘pure MI’ trials and included differences in contralateral M1
and IPL, and ipsilateral PMC.
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brain activity was promoted using source-level neurofeed-
back during MI practice. Reviewing the current findings in
light of longitudinal MI training studies, it seems that pat-
terns of activation between MI and ME may change as one's
ability to perform MI improves. Future work then should
consider the longitudinal effect of repeated MI sessions.

3.2. EMG monitoring

An important methodological consideration of the present
study was control of overt muscle activity via EMG. In their
scoping review, Hétu et al. (2013) reported that the vast
majority of studies either did not control for muscle activity
or only controlled for motor-related activity via visual mon-
itoring. As the latter method is sensitive only to large overt
movements, weak isometric contractions and any small
movements that may occur during the performance of MI
may go unnoticed. The result of not monitoring muscle
activity via EMG is that patterns of activity thought to result
from MI may be in part driven by actual execution (i.e.,
muscle activity). To control for this confound, we rejected
any MI trials during which activity in the muscles relevant to
the task occurred. Indeed, a comparison of spatial maps
generated based on contaminated and pure MI resulted in
different patterns of activation. In contrast with previous
studies, activation during MI in the present study was not
found in the superior parietal lobule, supramarginal gyrus,
angular gyrus, fusiform gyrus, inferior frontal gyrus, cerebel-
lum, or putamen. The absence of activity in these regions in
the present study may be explained due to the more rigorous
control for muscle activity and thus, activation found in these
areas in previous studies may have been driven in part by
actual muscle activity. As the majority of these areas, namely
the superior parietal lobule, supramarginal gyrus and angular
gyrus, are involved in processing environmental cues and
external spatial orientation (Corbetta et al., 2002; Corbetta
and Shulman, 2002; Szczepanski and Kastner, 2009; Doricchi
et al., 2010; Taylor and Thut, 2012), the absence of activity in
these areas in the present study may suggest that MI relies
more heavily on motor planning and proprioception than
processing information regarding one's body in space (Rounis
et al., 2007). Secondly, the cerebellum and putamen are both
implicated in movement regulation and learning (Rizzolatti
et al., 1996; Heitger et al., 2012; Hardwick et al., 2013). Thus,
the lack of activation found in our study within these areas
may again reflect novice MI abilities.

A potential limitation of this study is related to the
provision of neurofeedback to half of the study participants.
The data included in this study was generated as part of a
larger study designed to assess the effectiveness of neuro-
feedback on modulating brain activity over multiple sessions
of MI (Boe et al., 2014). The lack of a between-group difference
(i.e., FB vs. control) in both activation pattern and behavioural
outcome in this prior study provided justification for collap-
sing the groups to address the purpose of the present study.
Secondly, there is the possibility of an order effect on the
brain activation observed, as the conditions were not coun-
terbalanced. The conditions were not counterbalanced in
order to minimize any influence of behavioural change
induced by physical practice on activity observed during MI,
as the objective of the study was to compare brain activity
during MI with that of ME.
4. Conclusions

The process of acquiring or strengthening a skill through
repetitive practice is driven by underlying changes in the
brain (Newell, 1991; Grezes and Decety, 2001); thus it is critical
that brain regions activated in mental practice overlap with
those activated in physical practice in order to use MI to
facilitate skill acquisition. The current study provides direct
electrophysiological evidence that extends upon previous
PET/fMRI findings in support of using MI as an adjunct to
physical practice to facilitate skill acquisition. Source-level
analysis of MEG data allowed us to capture this direct
electrophysiological evidence while preserving spatial resolu-
tion in order to isolate specific regions of interest (Baillet
et al., 2001; Schoffelen and Gross, 2009). Secondly, by mon-
itoring muscle activity, we were able to determine brain
regions activated by MI alone. In contrast with previous
studies, this study reports an absence of activity in areas
involved in spatial cognition that are often observed
during ME.

MI has clear implications for use in conjunction with
physical practice to facilitate skill acquisition in both the
clinical setting and for expert learning of fine motor skills
(Sanders et al., 2008; Sharma et al., 2009; Keller, 2012).
However, the current study suggests that imagination of
motor tasks may initially rely more on areas involved in
visuospatial processing and response inhibition, with less
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involvement of areas critical to spatial orientation. Thus, as
activation patterns between MI and ME may change with MI
training (Ono et al., 2013; Boe et al., 2014), a certain level of MI
proficiency may be necessary to drive effective skill acquisi-
tion. Future work should assess the effectiveness of MI in skill
acquisition using a longitudinal design, and further elucidate
the dose of MI training required for effective skill acquisition.
5. Experimental procedures

5.1. Participants

Eighteen right handed participants (8 male, 24.773.8 years)
agreed to partake in the study. All participants were free of
neurological disorders and each provided written, informed
consent. Prior to the onset of the study, participants were
screened for compatibility with MEG (e.g., magnetic artefacts)
according to institutional procedure. Participants were part of
a larger study examining the effect of neurofeedback on MI
performance (Boe et al., 2014). Thus participants were ran-
domly assigned to either a neurofeedback (FB) or control
group based on the order of recruitment using a table
generated prior to study onset. The study was conducted
with approval from the Research Ethics Board at the IWK
Health Centre.

5.2. Experimental task/paradigm

All participants began the experiment with a familiarization
session. During this familiarization session, participants
watched a gender-matched video describing the type of MI
to be performed (i.e., kinaesthetic) and the task to be per-
formed/imagined. Kinaesthetic MI was chosen as this type of
MI is proposed to better facilitate basic motor skill learning in
rehabilitation (Mulder, 2007). The task used was a sequential
button press paradigm performed with the non-dominant
(left) hand. Briefly, a seven-digit sequence (4-2-3-1-3-4-2) was
performed using a four-key response pad (Photon Control Inc.
Burnaby, BC, Canada), with the numbers 1–4 representing the
index, middle, ring and little finger. The script accompanying
the video emphasized the poly sensory aspects of MI, direct-
ing the participants to attend to sensory information related
to task performance (e.g., the feeling of the fingers moving up
and down, and the clicking of buttons as they are pressed,
etc.), which has been shown to facilitate MI performance
(Braun et al., 2008). Following the video, participants observed
the button sequence, completed the sequence with visual
cues, and finally completed the sequence with no visual cues
to establish equivalent task proficiency across participants.

The experimental session included two ten-minute ‘test’
blocks and two ten-minute ‘MI’ blocks. Test blocks involved
actual performance of the task, and MI blocks involved
imagined performance of the task via MI. In all blocks,
participants switched between rest and task/MI based on
auditory cues provided in 10 s intervals. Before the first MI
block, a standardized script was read to the participant to
reiterate instructions on how to perform MI. All participants
were instructed to close their eyes during MI, and open their
eyes following the rest cue. Additionally, participants in the
FB group received and were instructed to utilize the neuro-
feedback to assess their own performance during MI blocks.
This neurofeedback was based on activity in bilateral sensor-
imotor cortices, as reported previously (Boe et al., 2014).

5.3. Data acquisition

Neuroimaging data was collected using a 306 channel MEG
system (Elekta Neuromag, FL). Prior to MEG scanning, three
anatomical landmarks (nasion and left/right pre-auricular
points) and a 150–200 point head shape were digitized. EMG
electrodes were placed over the corresponding flexor and
extensor muscles of the digits (anterior and posterior aspects
of the left forearm, respectively) using a bipolar configuration
with a 1 cm inter-electrode distance. The EMG signals were
used to ensure the absence of muscle activity during MI.
The electrooculogram was also obtained using four electro-
des, with one superior and one inferior to the left eye, and
one just lateral to the left and right eye. An electrode attached
at the collarbone served as a ground. Additionally, four head
position indicator (HPI) coils were placed on the participant's
head, two on the forehead and one on each mastoid process.
During scanning, HPI coils were activated continuously to
generate alternating magnetic fields at frequencies between
293 and 321 Hz. Behavioural (i.e., response pad) data and
event markers indicating the timing of stimuli and responses
were also collected throughout. All data were acquired con-
tinuously at a sampling rate of 1500 Hz and a bandwidth of
0.1–500 Hz, and recorded to a file for analysis.

5.4. Data analysis

5.4.1. Behavioural analysis
The number of correct sequences was determined for each
individual and then averaged across the group for block 1 and
block 2 of ME. A paired t-test was used in order to assess
changes in behaviour that occurred throughout the session.
An alpha value of po0.05 denoted significance.

5.4.2. EMG analysis
Analysis of the EMG data obtained during MI was performed
to identify and reject data segments that contained muscle
activity. The absence of activity in the left flexor and extensor
muscles of the digits during MI for each trial was determined
by a comparison between the EMG envelope signal ampli-
tudes in the ten seconds following the “Go” cue with the four
seconds prior to the cue (rest). A Fourier transform deter-
mined the amplitude spectra of the EMG envelope for both
intervals. Across all participants, the strongest amplitudes in
the EMG envelope amplitude spectrum were observed
between 25 and 100 Hz. A paired t-test was used to determine
if there was a statistically significant difference in the
amplitude spectra between MI and baseline in this frequency
range in each trial (po0.05). Only participants that showed no
significant increase in muscle activity from rest to MI in at
least 33% of trials were included in further analyses. For the
remaining participants, trials for which one or both EMG
channels showed an increase in muscle activity from rest to
MI intervals were excluded from further analysis. The
remaining data was then carried forward to the MEG analysis.
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5.4.3. MEG data analysis
Dual-state beamforming (Vrba et al., 2010) was applied to
whole head MEG data to determine source level activation
during ME and MI (Diwakar et al., 2011). Head position
throughout the scan was then calculated and checked for
each participant to ensure that displacement did not exceed
5 mm or 31. Individual participant's functional MEG data was
then co-registered to a template brain (TT_avg152T1) based
on the digitized anatomical landmarks and head shape, using
software supplied by the MEG vendor (MRIlab). Prior to the
beamformer analysis, data were low-pass filtered and down-
sampled (at 70 and 250 Hz, respectively). Following this, a 15–
30 Hz band-pass filter was applied to the MEG data. For the
purposes of this analysis, ME/MI and rest intervals were
defined to be seven seconds of data: ME and MI beginning
three seconds following the cue and rest ending one second
before the cue. These intervals were chosen to avoid tran-
sient brain responses at MI onset, and anticipatory responses
prior to the cue. Whole head dual-state beamformer (Vrba
et al., 2010) was then applied, with the resultant source-level
maps representing the change in magnitude of the beta
rhythm (i.e., ERS/ERD) during MI or ME as compared to the
respective rest interval for each participant. Source level
maps for each participant were then transformed into the
Talairach-Tournoux coordinate space using Analysis of Func-
tional Neuroimaging (AFNI; Cox, 1996; Cox and Hyde, 1997)
software, for the purposes of group analysis.

5.4.4. Group analysis
Group-level testing for statistically significant differences
between conditions was conducted in AFNI using an alpha
value of po0.05. 3D paired t-tests were performed to inves-
tigate group-level patterns of activity during ME and MI.
Specifically, the source level maps of beta ERS/ERD during
ME for all subjects were tested for a significant difference
from zero for each block as well as a combination across both
blocks. The same test was also completed for the source level
maps of beta ERS/ERD during MI. Source level maps of beta
ERS/ERD during ME for all subjects were tested for a signifi-
cant difference from source level maps of beta ERS/ERD
during MI for the combined blocks. Finally, to investigate
changes in brain activation across the session, source level
maps of beta ERS/ERD generated for block 1 were tested for
significant difference from source level maps of beta ERS/ERD
for block 2 for both ME and MI.

5.4.5. Time–frequency analysis
Time–frequency response (TFR) plots were generated during
both MI and ME in the beta band for regions of interest (ROIs)
to show the time course of activity averaged across both
blocks, as well as for each separate block to investigate
changes of ERS/ERD throughout the session. ROIs were
selected based on previous literature and results from the
generated source-level maps (Burianová et al., 2013; Hétu
et al., 2013). The locations of the ROI were determined in each
participant's head coordinate frame using the inverse of the
Talariach-Tournoux spatial transform determined by AFNI.
Estimation of the time course of activity at these locations
was achieved using the so-called virtual electrode beamfor-
mer (Vrba et al., 2010) construct applied to the beta band
filtered MEG data. Morlet wavelet analysis was applied using
a wavelet size of 128 samples and 32 frequency bins to the
virtual electrode data in the beta band after parsing each trial,
with a time interval of 5 s prior to and 13 s after the onset cue.
The first and last second of data were cropped to remove edge
effects due to the wavelet transformation. Time–frequency
responses were averaged across trials and then normalized to
the baseline interval (four seconds prior to the ‘Go’ cue).
Finally, TFRs were averaged at a group level for each condi-
tion to allow for a comparison of beta rhythm ERS/ERD
between ME and MI.

5.4.6. MI trial comparison
To investigate the impact of muscle activity on spatial
patterns of activation, MI trials excluded due to the presence
of EMG activity was subjected to the data analysis outlined
above. 3D paired t-tests were then performed to investigate
differences in group-level patterns of activity for whole head
maps of ‘contaminated MI’ (i.e., trials with EMG activity) and
‘pure MI’ (i.e., trials without EMG activity).
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left parietal and premotor cortices: motor attention and

selection. NeuroImage 20, S89–S100, http://dx.doi.org/10.1016/

j.neuroimage.2003.09.011.
Sanders, C.W., Sadoski, M., van Walsum, K., Bramson, R., Wiprud,

R., Fossum, T.W., 2008. Learning basic surgical skills with

mental imagery: using the simulation centre in the mind.

Med. Edu. 42 (6), 607–612, http://dx.doi.org/10.1111/j.1365-

2923.2007.02964.x.
Schoffelen, J.M., Gross, J., 2009. Source connectivity analysis with
MEG and EEG. Hum. Brain Mapp. 30 (6), 1857–1865, http://dx.
doi.org/10.1002/hbm.20745.

Schuster, C., Hilfiker, R., Amft, O., Scheidhauer, A., Andrews, B.,
Butler, J., Ettlin, T., 2011. Best practice for motor imagery: a
systematic literature review on motor imagery training
elements in five different disciplines. BMC Med. 9, 75
http://dx.doi.org/10.1186/1741-7015-9-75.

Sharma, N., Baron, J.-C., Rowe, J.B., 2009. Motor imagery after
stroke: relating outcome to motor network connectivity. Ann.
Neurol. 66 (5), 604–616, http://dx.doi.org/10.1002/ana.21810.

Sutton, B.P., Ouyang, C., Karampinos, D.C., Miller, G.A., 2009.
Current trends and challenges in MRI acquisitions to
investigate brain function. Int. J. Psychophysiol. : Off. J. Int.
Organ. Psychophysiol. 73 (1), 33–42, http://dx.doi.org/10.1016/j.
ijpsycho.2008.12.020.

Szczepanski, S.M., Kastner, S., 2009. Transcranial magnetic
stimulation studies of visuospatial attentional control. F1000
Biol. Rep. 1, 81, http://dx.doi.org/10.3410/B1-81.

Taylor, P.C.J., Thut, G., 2012. Brain activity underlying visual
perception and attention as inferred from TMS-EEG: a review.
Brain Stimul. 5 (2), 124–129, http://dx.doi.org/10.1016/j.
brs.2012.03.003.

Tunik, E., Rice, N.J., Hamilton, a., Grafton, S.T., 2007. Beyond
grasping: representation of action in human anterior
intraparietal sulcus. NeuroImage 36 (Suppl. 2), ST77–ST86,
http://dx.doi.org/10.1016/j.neuroimage.2007.03.026.

Vrba, J., Taulu, S., Nenonen, J., Ahonen, A., 2010. Signal
space separation beamformer. Brain Topogr. 23 (2), 128–133,
http://dx.doi.org/10.1007/s10548-009-0120-7.

Wulf, G., Shea, C., Lewthwaite, R., 2010. Motor skill learning and
performance: a review of influential factors. Med. Edu. 44 (1),
75–84, http://dx.doi.org/10.1111/j.1365-2923.2009.03421.x.

http://refhub.elsevier.com/S0006-8993(14)01188-3/sbref39
http://refhub.elsevier.com/S0006-8993(14)01188-3/sbref39
http://refhub.elsevier.com/S0006-8993(14)01188-3/sbref39
http://refhub.elsevier.com/S0006-8993(14)01188-3/sbref39
http://refhub.elsevier.com/S0006-8993(14)01188-3/sbref40
http://refhub.elsevier.com/S0006-8993(14)01188-3/sbref40
http://refhub.elsevier.com/S0006-8993(14)01188-3/sbref41
http://refhub.elsevier.com/S0006-8993(14)01188-3/sbref41
http://refhub.elsevier.com/S0006-8993(14)01188-3/sbref41
http://refhub.elsevier.com/S0006-8993(14)01188-3/sbref41
http://refhub.elsevier.com/S0006-8993(14)01188-3/sbref41
http://refhub.elsevier.com/S0006-8993(14)01188-3/sbref42
http://refhub.elsevier.com/S0006-8993(14)01188-3/sbref42
http://refhub.elsevier.com/S0006-8993(14)01188-3/sbref42
http://refhub.elsevier.com/S0006-8993(14)01188-3/sbref43
http://refhub.elsevier.com/S0006-8993(14)01188-3/sbref43
http://refhub.elsevier.com/S0006-8993(14)01188-3/sbref43
http://refhub.elsevier.com/S0006-8993(14)01188-3/sbref43
http://dx.doi.org/10.1162/jocn.2007.19.3.513
http://dx.doi.org/10.1162/jocn.2007.19.3.513
http://dx.doi.org/10.1162/jocn.2007.19.3.513
http://dx.doi.org/10.1162/jocn.2007.19.3.513
http://dx.doi.org/10.1016/j.neuroimage.2003.09.011
http://dx.doi.org/10.1016/j.neuroimage.2003.09.011
http://dx.doi.org/10.1016/j.neuroimage.2003.09.011
http://dx.doi.org/10.1016/j.neuroimage.2003.09.011
http://dx.doi.org/10.1111/j.1365-2923.2007.02964.x
http://dx.doi.org/10.1111/j.1365-2923.2007.02964.x
http://dx.doi.org/10.1111/j.1365-2923.2007.02964.x
http://dx.doi.org/10.1111/j.1365-2923.2007.02964.x
http://dx.doi.org/10.1002/hbm.20745
http://dx.doi.org/10.1002/hbm.20745
http://dx.doi.org/10.1002/hbm.20745
http://dx.doi.org/10.1002/hbm.20745
http://dx.doi.org/10.1186/1741-7015-9-75
http://dx.doi.org/10.1186/1741-7015-9-75
http://dx.doi.org/10.1186/1741-7015-9-75
http://dx.doi.org/10.1002/ana.21810
http://dx.doi.org/10.1002/ana.21810
http://dx.doi.org/10.1002/ana.21810
http://dx.doi.org/10.1016/j.ijpsycho.2008.12.020
http://dx.doi.org/10.1016/j.ijpsycho.2008.12.020
http://dx.doi.org/10.1016/j.ijpsycho.2008.12.020
http://dx.doi.org/10.1016/j.ijpsycho.2008.12.020
http://dx.doi.org/10.3410/B1-81
http://dx.doi.org/10.3410/B1-81
http://dx.doi.org/10.3410/B1-81
http://dx.doi.org/10.1016/j.brs.2012.03.003
http://dx.doi.org/10.1016/j.brs.2012.03.003
http://dx.doi.org/10.1016/j.brs.2012.03.003
http://dx.doi.org/10.1016/j.brs.2012.03.003
http://dx.doi.org/10.1016/j.neuroimage.2007.03.026
http://dx.doi.org/10.1016/j.neuroimage.2007.03.026
http://dx.doi.org/10.1016/j.neuroimage.2007.03.026
http://dx.doi.org/10.1007/s10548-009-0120-7
http://dx.doi.org/10.1007/s10548-009-0120-7
http://dx.doi.org/10.1007/s10548-009-0120-7
http://dx.doi.org/10.1111/j.1365-2923.2009.03421.x
http://dx.doi.org/10.1111/j.1365-2923.2009.03421.x
http://dx.doi.org/10.1111/j.1365-2923.2009.03421.x

	Motor imagery-based brain activity parallels that of motor execution: Evidence from magnetic source imaging of cortical...
	Introduction
	Results
	Behavioural results
	EMG results
	MEG results
	Motor imagery vs. execution
	Time–frequency response analysis
	MI trial comparison

	Discussion
	ERS/ERD findings
	EMG monitoring

	Conclusions
	Experimental procedures
	Participants
	Experimental task/paradigm
	Data acquisition
	Data analysis
	Behavioural analysis
	EMG analysis
	MEG data analysis
	Group analysis
	Time–frequency analysis
	MI trial comparison


	Acknowledgments
	Supporting information
	References




