
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/50850919

Functional MRI-based identification of brain areas involved in motor imagery

for implantable brain-computer interfaces

Article  in  Journal of Neural Engineering · March 2011

DOI: 10.1088/1741-2560/8/2/025007 · Source: PubMed

CITATIONS

53
READS

476

8 authors, including:

Some of the authors of this publication are also working on these related projects:

NeuroCIMT View project

Project ASADO View project

Dora Hermes

University Medical Center Utrecht

83 PUBLICATIONS   2,655 CITATIONS   

SEE PROFILE

Mariska J Vansteensel

University Medical Center Utrecht

87 PUBLICATIONS   2,967 CITATIONS   

SEE PROFILE

Anke Marit Albers

Justus-Liebig-Universität Gießen

10 PUBLICATIONS   452 CITATIONS   

SEE PROFILE

Martin Georg Bleichner

Carl von Ossietzky Universität Oldenburg

87 PUBLICATIONS   2,202 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Anke Marit Albers on 10 February 2016.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/50850919_Functional_MRI-based_identification_of_brain_areas_involved_in_motor_imagery_for_implantable_brain-computer_interfaces?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/50850919_Functional_MRI-based_identification_of_brain_areas_involved_in_motor_imagery_for_implantable_brain-computer_interfaces?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/NeuroCIMT-3?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Project-ASADO?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dora-Hermes?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dora-Hermes?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_Medical_Center_Utrecht?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dora-Hermes?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mariska-Vansteensel?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mariska-Vansteensel?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_Medical_Center_Utrecht?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mariska-Vansteensel?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Anke-Marit-Albers-2?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Anke-Marit-Albers-2?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Justus-Liebig-Universitaet-Giessen?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Anke-Marit-Albers-2?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Martin-Bleichner?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Martin-Bleichner?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Carl_von_Ossietzky_Universitaet_Oldenburg?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Martin-Bleichner?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Anke-Marit-Albers-2?enrichId=rgreq-2984544e78fc1b48528836e3d13d1c2d-XXX&enrichSource=Y292ZXJQYWdlOzUwODUwOTE5O0FTOjMyNzU0MDMzNDk3MjkzNEAxNDU1MTAzMTA5Nzkx&el=1_x_10&_esc=publicationCoverPdf


This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 145.116.148.75

This content was downloaded on 10/02/2016 at 10:59

Please note that terms and conditions apply.

Functional MRI-based identification of brain areas involved in motor imagery for implantable

brain–computer interfaces

View the table of contents for this issue, or go to the journal homepage for more

2011 J. Neural Eng. 8 025007

(http://iopscience.iop.org/1741-2552/8/2/025007)

Home Search Collections Journals About Contact us My IOPscience

iopscience.iop.org/page/terms
http://iopscience.iop.org/1741-2552/8/2
http://iopscience.iop.org/1741-2552
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


IOP PUBLISHING JOURNAL OF NEURAL ENGINEERING

J. Neural Eng. 8 (2011) 025007 (6pp) doi:10.1088/1741-2560/8/2/025007

Functional MRI-based identification of
brain areas involved in motor imagery
for implantable brain–computer
interfaces
D Hermes1, M J Vansteensel1, A M Albers1, M G Bleichner1,
M R Benedictus1, C Mendez Orellana1,2, E J Aarnoutse1 and
N F Ramsey1,3

1 Rudolf Magnus Institute of Neuroscience, University Medical Center Utrecht, Department of
Neurology and Neurosurgery, Section Brain Function and Plasticity, Utrecht, The Netherlands
2 Department of Neurology, Erasmus MC, University Medical Center, Rotterdam, The Netherlands

E-mail: n.ramsey@umcutrecht.nl

Received 30 September 2010
Accepted for publication 27 October 2010
Published 24 March 2011
Online at stacks.iop.org/JNE/8/025007

Abstract
For the development of minimally invasive brain–computer interfaces (BCIs), it is important to
accurately localize the area of implantation. Using fMRI, we investigated which brain areas
are involved in motor imagery. Twelve healthy subjects performed a motor execution and
imagery task during separate fMRI and EEG measurements. fMRI results showed that during
imagery, premotor and parietal areas were most robustly activated in individual subjects, but
surprisingly, no activation was found in the primary motor cortex. EEG results showed that
spectral power decreases in contralateral sensorimotor rhythms (8–24 Hz) during both
movement and imagery. To further verify the involvement of the motor imagery areas found
with fMRI, one epilepsy patient performed the same task during both fMRI and ECoG
recordings. Significant ECoG low (8–24 Hz) and high (65–95 Hz) frequency power changes
were observed selectively on premotor cortex and these co-localized with fMRI. During a
subsequent BCI task, excellent performance (91%) was obtained based on ECoG power
changes from the localized premotor area. These results indicate that other areas than the
primary motor area may be more reliably activated during motor imagery. Specifically, the
premotor cortex may be a better area to implant an invasive BCI.

1. Introduction

Implantable brain–computer interfaces (BCIs) require a stable,
reliable signal from an area that can easily be localized before
implanting a device [1]. Motor imagery is one of the most
used strategies to control a non-invasive BCI, and this study
investigates whether we can localize a brain area that is
specifically and reliably activated during motor imagery.

BCI studies recording multiunits from several areas in the
macaque have shown that in addition to primary motor cortex

3 Address for correspondence: Department of Neurology and Neurosurgery,
Heidelberglaan 100, G03.124, 3584 CX Utrecht, The Netherlands.

(M1), premotor cortex (PMc) and supplementary motor areas
(SMA) have signals that would perform just as well to control
a BCI [2]. In humans, functional magnetic resonance imaging
(fMRI) allows us to measure the whole brain non-invasively
with high spatial resolution and to investigate which areas are
activated during motor imagery. Previous fMRI studies have
shown that group analyses reveal largely consistent PMc, SMA
and dorsal parietal cortex activation during motor imagery
[3–11]. In contrast, highly variable results in M1 activation
during motor imagery have been observed. For reviews, see
[9, 11]. Most of these studies have been performed on a group
level, but implanting a BCI in a patient requires localization in
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an individual subject. As the areas active during motor imagery
can differ between subjects with different motor imagery
ability [10] and activity patterns can change with practice
[12, 13], it is important to know which of these motor imagery
areas can be identified on a single subject basis. We have
previously shown that fMRI can accurately localize function-
specific regions in individuals [1, 14]. Here, we investigate
which brain areas are most robustly activated during motor
imagery as it is used in a BCI setup.

We recorded fMRI and EEG separately in 12 subjects and
found that in fMRI, premotor areas were robustly activated
during imagery in every individual subject. ECoG recordings
in one patient showed that on these premotor areas spectral
power changes co-localized with preoperative fMRI results
in the same subject. Furthermore, using the signal from this
premotor area during a BCI resulted in very good performance
(91%).

2. Methods

2.1. Subjects

Twelve healthy right-handed BCI naı̈ve participants (age range
19–25 years, 6 females) and one patient (age 17, female)
scheduled for the implantation of ECoG arrays (AdTech,
Racine, WI, USA) for epilepsy monitoring gave written
informed consent to participate in this study. This study was
approved by the ethical committee of the University Medical
Center Utrecht, in accordance with the Declaration of Helsinki
2008.

2.2. Task

All subjects performed a motor execution and imagery task.
The task consisted of an instruction (‘move’, ‘imagine’ or
‘rest’, presented for 1.3 s) followed by a block of 15.7 s during
which a square flashed every 600 ms interleaved by a fixation
cross. The subjects were instructed to respectively execute
or kinesthetically imagine tapping an alternating finger of the
right hand to the thumb at the rhythm of the square or think
of nothing in particular during the rest condition. The patient
performed the same task but with the left hand.

2.3. fMRI measurement

Scans were acquired on a Philips 3T Achieva. During the
motor imagery task, 871 fMRI PRESTO scans [15] were
acquired (FA = 10 degrees, FOV = 224 × 256 × 160 mm,
voxel size 4 × 4 × 4 mm, TE/TR = 33/23 ms, time per
whole-brain volume 0.6 s). Functional scans were realigned
and coregistered to an anatomical scan (FA = 8 degrees,
FOV = 288 × 288 × 175, voxel size 1 × 1 × 1 mm,
TE/TR = 3.8/8.4 ms). Data from the healthy subjects
were normalized to MNI space using a unified segmentation
procedure [16] and smoothed with an 8 mm full width half
max to allow group comparisons. EMG was measured over
the right hand extensor digitorum communis and abductor
pollicis brevis with four scanner compatible surface electrodes
(MR Physiology Logging, Philips Medical Systems Nederland

B.V., Eindhoven, The Netherlands). The EMG data were
analyzed similarly, as described in [17]. First, the EMG signal
was notch filtered at 45 and 90 Hz to remove fMRI artifacts,
and high pass filtered at 10 Hz to remove movement artifacts.
To regain low frequency components, the signal was rectified.
Data were then band-pass filtered between 2 and 130 Hz and
the power was calculated. Outliers larger than two times
the standard deviation were removed. The EMG power was
averaged between the two recorded channels and convolved
with a hemodynamic response function. This regressor was
standardized by dividing by the standard deviation and was
used as a regressor for the GLM in the fMRI analysis. The
GLM also contained a regressor for motor imagery blocks and
a separate regressor for the instruction. Parameter estimates
of movement (EMG) and imagery blocks were tested for
significance with a t-test. Group analysis for significance of
movement and imagery activity across subjects are reported
at p < 0.001 uncorrected, cluster size larger than ten
voxels.

2.4. EEG and ECoG measurement

EEG and ECoG data were acquired with a 128-channel
recording system (Micromed, Treviso, Italy) with a 512 Hz
sampling rate and 0.15–134.4 Hz band-pass filter. In the
patient, arrays of ECoG electrodes were implanted subdurally
for the localization of the epileptic seizure focus (for planning
of surgical removal). These platinum electrodes had an inter
electrode spacing of 0.5 or 1 cm and an exposed surface of
2.3 mm in diameter. Electrodes were localized from a CT
scan and were projected to the cortical surface [18]. The EMG
signal was measured from the right hand extensor digitorum
communis and abductor pollicis brevis to control for EMG
during motor imagery.

Signals were re-referenced to the common average of
all EEG/ECoG electrodes and 2 s epochs were extracted
from movement, imagery and rest blocks. Electrodes and
epochs that showed eye blink, muscle (EEG) or epileptic
(ECoG) artifacts were rejected. For each epoch, the power
spectral density was calculated in steps of 1 Hz by Welch’s
method [19] with 1 s windows and a Hamming window to
attenuate edge effects. Spectral power changes for movement
and imagery compared to rest periods were then calculated.
Power spectra of each epoch were normalized (by element-
wise division) with respect to the mean power over all
epochs at each frequency and were log-transformed. The
log normalized power was then averaged for 8–24 Hz (EEG
and ECoG) and for 65–95 Hz (ECoG). T-tests indicated
whether differences between rest and (imagined) movement
periods were significant, and results are reported at p <

0.05, Bonferroni corrected for the number of electrodes. For
visualization purposes and to quantify the difference in power
between movement and rest and motor imagery and rest, the
r2 was calculated [20]. The r2 indicates the percentage of
variance explained by different task conditions (movement
versus rest and motor imagery versus rest).
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2.5. BCI control

BCI2000 with the Sigfried module was used for the BCI task
[21] in the patient. The ECoG activity from 65–95 Hz from
the electrode closest to the area found in fMRI was used to
control a cursor in a standard 2-target one-dimensional BCI
task in which the cursor moves from left to right (in 2.3 s) to hit
a target on the upper or lower right part of the screen [1]. The
patient controlled the y-position of the cursor by imagining the
same finger tapping as in the motor imagery task or relaxing
during six sessions each of 4 min (174 trials).

3. Results

3.1. fMRI results

Healthy subjects group image analysis showed that during
executed movement there was significant activity in the left
M1, bilateral PMc, SMA, primary sensory areas, dorsal
parietal cortex, cerebellum and basal ganglia, left thalamus
and right inferior temporal cortex. A part of this network
was also activated during imagined movement: during motor
imagery there was significant activity in the left PMc, bilateral
SMA, dorsal parietal cortex, basal ganglia and cerebellum.
Surprisingly, no activity in M1 during motor imagery was
found.

As individual subject analyses are more relevant for BCIs
and group analyses could hide effects in individual subjects,
we also calculated the significantly activated voxels (t > 3.0,
p < 0.001 uncorrected) for each individual. We superimposed
these individual maps, as shown in figure 1(A). The number
of subjects in which a specific area was activated is shown
in color. This figure shows a clear absence of activity
during imagery in M1, an overlap for all 12 subjects in the
PMc and for almost all subjects in the dorsal parietal area
(max 10).

To more specifically test whether there was no significant
activity in M1 during motor imagery, we defined M1 from the
average anatomical scan by manual segmentation. Within the
segmented M1, shown in figure 1(B), the number of significant
voxels during imagery did not differ from zero (3 voxels on
average, t = 1.91, p = 0.08). During movement there was
significant activation in M1 across all subjects (49 voxels on
average, t = 29.11, p < 0.001). Also, the fMRI signal change
in M1 during imagery did not differ from zero (t = −1.35, p =
0.20), whereas during movement there was significant signal
increase in M1 (t = 11.47, p < 0.001).

3.2. EEG results

Figure 1(C) shows that in EEG, there were significant
decreases in power (8–24 Hz) during both movement and
imagery compared to rest on contralateral electrodes. In
10 of 12 individual subjects, this decrease was significant
(p < 0.05 Bonferroni corrected for multiple comparisons)
in contralateral electrodes around sensorimotor cortex (C3,
CP3, CCP3, CCP5). The other two subjects showed a power
decrease during imagery in these electrodes, but this did not
survive multiple comparison correction. These spectral power

decreases in contralateral sensorimotor rhythms are similar to
those classically seen in other EEG-based BCI studies and this
suggests that the motor imagery strategy used by the subjects
could be used similarly to control an EEG-based BCI.

3.3. ECoG results and BCI performance

The ECoG data showed significant changes in power at low
(8–24 Hz) and high frequencies (65–95 Hz) during motor
execution and imagery. Figure 1(D) shows that during
motor imagery high frequency power increases were localized
specifically on the premotor area that showed significant fMRI
activation. Electrical stimulation of these electrodes elicited no
hand movement. Spectral power decreases in low frequencies
were a bit more distributed around this area. Figure 1(D) shows
that neither low nor high frequency changes were observed in
M1.

The cursor in the BCI task was controlled by high
frequency power changes from 65 to 95 Hz from the electrode
on the premotor area that was found to be robustly activated
by fMRI (indicated in figure 1(D)). On average, the patient
performed the BCI task with 91% correctness (while 50% is
chance level).

4. Discussion

This study investigated which brain areas were robustly
activated during motor imagery and could be localized as a
target for an invasive BCI. The fMRI results showed that
during motor imagery there was robust activation of the
dorsal premotor cortex (PMc) across individual subjects. This
activity co-localized with a spectral power increase at high
frequencies and a decrease at low frequency sensorimotor
rhythms as measured with ECoG during the same task. The
signal from this premotor area was then used to control a BCI
and yielded very good performance (91%).

Previous BCI studies have generally focused on signals
from M1 [22–24]. However, signals from other regions may
be just as suitable to control a BCI [2]. While several fMRI
studies have indicated that M1 may be activated during motor
imagery, there is also a large amount of literature that suggests
the opposite (for reviews see [9, 11]). In our study, we found
no evidence for M1 activity during motor imagery. We did
find activity in the PMc and previous studies have shown that
the dorsal PMc is important for generating the motor plan,
before the signal for movement execution is generated in M1
[25, 26]. The fMRI changes in the PMc co-localized well with
the ECoG signal change in high frequencies, indicating that
the signal we measure with fMRI is related to high frequency
power change, as has also been shown in other studies [27–29].
Since the spectral power changes in high frequencies from this
area yielded very good BCI performance, the results strongly
suggest that fMRI localization of PMc for motor imagery is
reliable enough for subsequent electrode positioning for a BCI
implant.

In addition to the PMc, the dorsal parietal area was
activated across almost all subjects during fMRI. Previous
studies on motor imagery have suggested that this area

3
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(A) (B)

(C) (D)

Figure 1. fMRI, EEG and ECoG results. (A) Significant fMRI activity (t > 3.0) was calculated for each individual during movement (left
panel) and imagery (right panel) compared to rest. These maps are displayed superimposed, and the color scale indicates the number of
subjects that showed significant activation in a region. Results are displayed on the average normalized anatomical scan of all 12 subjects.
(B) The primary motor cortex was manually delineated on the average anatomical scan. Within this region, the number of significant voxels
during movement (red) and imagery (blue) were calculated (left bar graph). We also calculated the percentage signal change during
movement (red) and imagery (blue), displayed in the right bar graph. (C) The EEG data in the top panel show the grand average r2 across all
12 subjects during movement (left panel) and imagery (right panel); the color scale ranges from 0 to 1. In the lower panel, a representative
subject is shown; maximum r2 values are denoted in the top right. (D) The ECoG data overlaid on the fMRI BOLD increases during
movement (left panel) and imagery (right panel) compared to rest (orange, t > 4.5, pFWE corrected < 0.05) on the surface rendering of the
individual patient. ECoG spectral power increases during movement and imagery at high (65–95 Hz) frequencies are displayed in green in
the top panel; decreases in low (8–24 Hz) frequencies are shown in cyan in the bottom panel. For significant electrodes, the size indicates
the size of the r2, which is scaled to the maximum r2 denoted at the top right. An arrow in the top-right panel indicates the electrode used for
BCI control and a white line indicates the central sulcus.

is involved in sensorimotor mapping [26] or movement
simulation [30], and patients with lesions in this area have
impaired motor imagery capabilities [31]. Research in non-
human primates has shown that signals from this area can
be used to decode intended movement direction and are
suitable to control a BCI [32], but since ECoG electrodes
did not cover this area, we were unable to further explore the
suitability of this area for ECoG motor imagery-based BCI
control.

There are several possible explanations for the difference
between this study and other BCI studies that do find M1
activation during motor imagery. For one, not many studies
have corrected for (subtle) movements during imagery. In this
study, movement was eliminated from imagery fMRI maps
by including EMGs in the analysis directly. Secondly, M1
activity may be stronger when feedback is given as compared
to activity during a localizer task [24]. Previous studies have
indeed shown that attention can modulate the signal changes

4
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during movement in M1 [33]. Lastly, motor imagery may
differ from attempted movement: tetraplegic patients have
successfully generated activity in M1 by attempting movement
[34]. Whereas M1 may thus be suitable for BCI control,
our fMRI results suggest that other areas, such as the dorsal
premotor cortex, are more robust in their activation pattern and
easy to localize in an individual subject. While ECoG results
could only be collected in one patient, they confirmed that the
fMRI results and signals from PMd resulted in successful BCI
performance. Further ECoG studies are required to determine
the generalizability of our findings across patients.

While fMRI indicated no activity in M1 during motor
imagery, the EEG data showed spectral power decreases
in sensorimotor rhythms that peaked around contralateral
sensorimotor areas. Considering the ECoG data which showed
low frequency spectral power change in PMc co-localized on
the areas found by fMRI and also other studies that reported
good co-localization between fMRI and low frequency power
decrease [35, 36], it is unlikely that we measured signals from
different areas with EEG and fMRI. The fact that parietal
and premotor areas, specifically dorsal PMc, are adjacent
to the central sulcus, and that the EEG signals exhibit an
inherently lower spatial resolution than fMRI, may contribute
to the apparent focus over primary sensorimotor areas that
we saw on the scalp in this study. More complex EEG
analysis methods or a different reference strategy such as a
Laplacian, which is more sensitive to local changes [37], or
an infinite reference [38] may be able to test this notion by
teasing apart the signal from these different areas. We chose
here for a simple analysis and common average reference, to
show that our motor imagery task elicited EEG results that are
comparable to those of other BCI studies.

In conclusion, this study suggests that for implanting an
invasive BCI, the premotor cortex may be a more suitable
target than the primary motor cortex. Furthermore, the
match between the fMRI and ECoG data further confirms
the reliability of PRESTO fMRI for preoperative localization
of areas suitable for BCI implants [1].

Acknowledgments

The authors thank Geertjan Huiskamp, Herke Jan Noordmans,
Cyrille Ferrier and Frans Leijten for their help in collecting
the data, Peter Gosselaar and Peter van Rijen for implanting
the electrodes and the staff of the clinical neurophysiology
department for their time. This research is supported by
the Dutch Technology Foundation STW, applied science
division of NWO and the Technology Program of the Ministry
of Economic Affairs, and the University of Utrecht, grant
UGT7685, and by the Braingain Smartmix Consortium.

References

[1] Vansteensel M J, Hermes D, Aarnoutse E J, Bleichner M G,
Schalk G, van Rijen P C, Leijten F S and Ramsey N F 2010
Brain–computer interfacing based on cognitive control Ann.
Neurol. 67 809–16 doi:10.1002/ana.21985

[2] Carmena J M, Lebedev M A, Crist R E, O’Doherty J E,
Santucci D M, Dimitrov D F, Patil P G, Henriquez C S
and Nicolelis M A 2003 Learning to control a
brain–machine interface for reaching and grasping by
primates PLoS Biol. 1 E42

[3] Decety J, Perani D, Jeannerod M, Bettinardi V, Tadary B,
Woods R, Mazziotta J C and Fazio F 1994 Mapping motor
representations with positron emission tomography Nature
371 600–2

[4] Porro C A, Francescato M P, Cettolo V, Diamond M E,
Baraldi P, Zuiani C, Bazzocchi M and di Prampero P E
1996 Primary motor and sensory cortex activation during
motor performance and motor imagery: a functional
magnetic resonance imaging study J. Neurosci.
16 7688–98

[5] Deiber M P, Ibanez V, Honda M, Sadato N, Raman R
and Hallett M 1998 Cerebral processes related to
visuomotor imagery and generation of simple finger
movements studied with positron emission tomography
NeuroImage 7 73–85

[6] Gerardin E, Sirigu A, Lehericy S, Poline J B, Gaymard B,
Marsault C, Agid Y and Le Bihan D 2000 Partially
overlapping neural networks for real and imagined hand
movements Cereb. Cortex 10 1093–104

[7] Naito E, Kochiyama T, Kitada R, Nakamura S, Matsumura M,
Yonekura Y and Sadato N 2002 Internally simulated
movement sensations during motor imagery activate cortical
motor areas and the cerebellum J. Neurosci. 22 3683–91

[8] Ehrsson H H, Geyer S and Naito E 2003 Imagery of voluntary
movement of fingers, toes, and tongue activates
corresponding body-part-specific motor representations
J. Neurophysiol. 90 3304–16

[9] de Lange F P, Roelofs K and Toni I 2008 Motor imagery: a
window into the mechanisms and alterations of the motor
system Cortex 44 494–506

[10] Guillot A, Collet C, Nguyen V A, Malouin F, Richards C
and Doyon J 2008 Functional neuroanatomical networks
associated with expertise in motor imagery NeuroImage
41 1471–83

[11] Munzert J, Lorey B and Zentgraf K 2009 Cognitive motor
processes: the role of motor imagery in the study of motor
representations Brain Res. Rev. 60 306–26

[12] Lacourse M G, Orr E L, Cramer S C and Cohen M J 2005
Brain activation during execution and motor imagery of
novel and skilled sequential hand movements NeuroImage
27 505–19

[13] Lafleur M F, Jackson P L, Malouin F, Richards C L,
Evans A C and Doyon J 2002 Motor learning produces
parallel dynamic functional changes during the execution
and imagination of sequential foot movements NeuroImage
16 142–57

[14] Rutten G J, Ramsey N F, van Rijen P C, Noordmans H J
and van Veelen C W 2002 Development of a functional
magnetic resonance imaging protocol for intraoperative
localization of critical temporoparietal language areas Ann.
Neurol. 51 350–60

[15] Neggers S F, Hermans E J and Ramsey N F 2008 Enhanced
sensitivity with fast three-dimensional
blood-oxygen-level-dependent functional MRI: comparison
of SENSE-PRESTO and 2D-EPI at 3 T NMR Biomed.
21 663–76

[16] Ashburner J and Friston K J 2005 Unified segmentation
NeuroImage 26 839–51

[17] van Rootselaar A F, Maurits N M, Renken R, Koelman J H,
Hoogduin J M, Leenders K L and Tijssen M A 2008
Simultaneous EMG-functional MRI recordings can directly
relate hyperkinetic movements to brain activity Hum. Brain
Mapp. 29 1430–41

5

http://dx.doi.org/10.1002/ana.21985
http://dx.doi.org/10.1371/journal.pbio.0000042
http://dx.doi.org/10.1038/371600a0
http://dx.doi.org/10.1006/nimg.1997.0314
http://dx.doi.org/10.1093/cercor/10.11.1093
http://dx.doi.org/10.1152/jn.01113.2002
http://dx.doi.org/10.1016/j.neuroimage.2008.03.042
http://dx.doi.org/10.1016/j.brainresrev.2008.12.024
http://dx.doi.org/10.1016/j.neuroimage.2005.04.025
http://dx.doi.org/10.1006/nimg.2001.1048
http://dx.doi.org/10.1002/ana.10117
http://dx.doi.org/10.1002/nbm.1235
http://dx.doi.org/10.1016/j.neuroimage.2005.02.018
http://dx.doi.org/10.1002/hbm.20477


J. Neural Eng. 8 (2011) 025007 D Hermes et al

[18] Hermes D, Miller K J, Noordmans H J, Vansteensel M J
and Ramsey N F 2010 Automated electrocorticographic
electrode localization on individually rendered brain
surfaces J. Neurosci. Methods 185 293–8

[19] Welch P 1967 The use of fast Fourier transform for the
estimation of power spectra: A method based on time
averaging over short, modified periodograms IEEE Trans.
Audio Electroacoust. 15 70–3

[20] Sheikh H, McFarland D J, Sarnacki W A and Wolpaw J R
2003 Electroencephalographic(EEG)-based
communication: EEG control versus system performance in
humans Neurosci. Lett. 345 89–92

[21] Schalk G, Brunner P, Gerhardt L A, Bischof H and
Wolpaw J R 2008 Brain-computer interfaces (BCIs):
detection instead of classification J. Neurosci. Methods
167 51–62

[22] Hochberg L R, Serruya M D, Friehs G M, Mukand J A,
Saleh M, Caplan A H, Branner A, Chen D, Penn R D
and Donoghue J P 2006 Neuronal ensemble control of
prosthetic devices by a human with tetraplegia Nature
442 164–71

[23] Velliste M, Perel S, Spalding M C, Whitford A S and
Schwartz A B 2008 Cortical control of a prosthetic arm for
self-feeding Nature 453 1098–101

[24] Miller K J, Schalk G, Fetz E E, den Nijs M, Ojemann J G
and Rao R P 2010 Cortical activity during motor execution,
motor imagery, and imagery-based online feedback Proc.
Natl. Acad. Sci. USA 107 4430–5

[25] de Lange F P, Helmich R C and Toni I 2006 Posture influences
motor imagery: an fMRI study NeuroImage 33 609–17

[26] de Lange F P, Hagoort P and Toni I 2005 Neural topography
and content of movement representations J. Cogn. Neurosci.
17 97–112

[27] Logothetis N K, Pauls J, Augath M, Trinath T and
Oeltermann A 2001 Neurophysiological investigation of the
basis of the fMRI signal Nature 412 150–7

[28] Niessing J, Ebisch B, Schmidt K E, Niessing M, Singer W
and Galuske R A 2005 Hemodynamic signals correlate
tightly with synchronized gamma oscillations Science
309 948–51

[29] Lachaux J P, Fonlupt P, Kahane P, Minotti L, Hoffmann D,
Bertrand O and Baciu M 2007 Relationship between
task-related gamma oscillations and BOLD signal: new
insights from combined fMRI and intracranial EEG Hum.
Brain Mapp. 28 1368–75

[30] Johnson S H, Rotte M, Grafton S T, Hinrichs H,
Gazzaniga M S and Heinze H J 2002 Selective activation of
a parietofrontal circuit during implicitly imagined
prehension NeuroImage 17 1693–704

[31] Sirigu A, Duhamel J R, Cohen L, Pillon B, Dubois B and
Agid Y 1996 The mental representation of hand movements
after parietal cortex damage Science 273 1564–8

[32] Shenoy K V, Meeker D, Cao S, Kureshi S A, Pesaran B,
Buneo C A, Batista A P, Mitra P P, Burdick J W
and Andersen R A 2003 Neural prosthetic control signals
from plan activity Neuroreport 14 591–6

[33] Johansen-Berg H and Matthews P M 2002 Attention to
movement modulates activity in sensori-motor areas,
including primary motor cortex Exp. Brain Res. Exp.
Hirnforsch. 142 13–24

[34] Shoham S, Halgren E, Maynard E M and Normann R A 2001
Motor-cortical activity in tetraplegics Nature 413 793

[35] Ritter P, Moosmann M and Villringer A 2009 Rolandic alpha
and beta EEG rhythms’ strengths are inversely related to
fMRI-BOLD signal in primary somatosensory and motor
cortex Hum. Brain Mapp. 30 1168–87

[36] Brookes M J, Gibson A M, Hall S D, Furlong P L, Barnes G R,
Hillebrand A, Singh K D, Holliday I E, Francis S T
and Morris P G 2005 GLM-beamformer method
demonstrates stationary field, alpha ERD and gamma ERS
co-localisation with fMRI BOLD response in visual cortex
NeuroImage 26 302–8

[37] McFarland D J, McCane L M, David S V and Wolpaw J R
1997 Spatial filter selection for EEG-based communication
Electroencephalogr. Clin. Neurophysiol. 103 386–94

[38] Yao D, Wang L, Oostenveld R, Nielsen K D, Arendt-Nielsen L
and Chen A C 2005 A comparative study of different
references for EEG spectral mapping: the issue of the
neutral reference and the use of the infinity reference
Physiol. Meas. 26 173–84

6

View publication statsView publication stats

http://dx.doi.org/10.1016/j.jneumeth.2009.10.005
http://dx.doi.org/10.1109/TAU.1967.1161901
http://dx.doi.org/10.1016/S0304-3940(03)00470-1
http://dx.doi.org/10.1016/j.jneumeth.2007.08.010
http://dx.doi.org/10.1038/nature04970
http://dx.doi.org/10.1038/nature06996
http://dx.doi.org/10.1073/pnas.0913697107
http://dx.doi.org/10.1016/j.neuroimage.2006.07.017
http://dx.doi.org/10.1162/0898929052880039
http://dx.doi.org/10.1038/35084005
http://dx.doi.org/10.1126/science.1110948
http://dx.doi.org/10.1002/hbm.20352
http://dx.doi.org/10.1006/nimg.2002.1265
http://dx.doi.org/10.1126/science.273.5281.1564
http://dx.doi.org/10.1097/00001756-200303240-00013
http://dx.doi.org/10.1007/s00221-001-0905-8
http://dx.doi.org/10.1038/35101651
http://dx.doi.org/10.1002/hbm.20585
http://dx.doi.org/10.1016/j.neuroimage.2005.01.050
http://dx.doi.org/10.1016/S0013-4694(97)00022-2
http://dx.doi.org/10.1088/0967-3334/26/3/003
https://www.researchgate.net/publication/50850919

	1. Introduction
	2. Methods
	2.1. Subjects
	2.2. Task
	2.3. fMRI measurement
	2.4. EEG and ECoG measurement
	2.5. BCI control

	3. Results
	3.1. fMRI results
	3.2. EEG results
	3.3. ECoG results and BCI performance

	4. Discussion
	Acknowledgments

