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Abstract: We describe a novel spatial filtering approach to the localization of cortical activity accompa-
nying voluntary movements. The synthetic aperture magnetometry (SAM) minimum-variance beam-
former algorithm was used to compute spatial filters three-dimensionally over the entire brain from single
trial neuromagnetic recordings of subjects performing self-paced index finger movements. Images of
instantaneous source power (“event-related SAM”) computed at selected latencies revealed activation of
multiple cortical motor areas prior to and following left and right index finger movements in individual
subjects, even in the presence of low-frequency noise (e.g., eye movements). A slow premovement motor
field (MF) reaching maximal amplitude ~50 ms prior to movement onset was localized to the hand area
of contralateral precentral gyrus, followed by activity in the contralateral postcentral gyrus at 40 ms,
corresponding to the first movement-evoked field (MEFI). A novel finding was a second activation of the
precentral gyrus at a latency of ~150 ms, corresponding to the second movement-evoked field (MEFII).
Group averaging of spatially normalized images indicated additional premovement activity in the
ipsilateral precentral gyrus and the left inferior parietal cortex for both left and right finger movements.
Weaker activations were also observed in bilateral premotor areas and the supplementary motor area.
These results show that event-related beamforming provides a robust method for studying complex
patterns of time-locked cortical activity accompanying voluntary movements, and offers a new approach
for the localization of multiple cortical sources derived from neuromagnetic recordings in single subject
and group data. Hum Brain Mapp 27:213-229, 2006.  © 2005 Wiley-Liss, Inc.
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INTRODUCTION

Magnetoencephalographic (MEG) recordings of brain ac-
tivity accompanying the performance of voluntary, self-
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paced movements show a complex spatiotemporal pattern
of activity from multiple brain regions. Slowly changing
neuromagnetic fields preceding voluntary movement (readi-
ness or motor fields) are typically widely distributed over
the scalp even for isolated movements of individual digits,
and are presumed to arise from bilateral regions of the
sensorimotor cortex [Cheyne and Weinberg, 1989; Kristeva
et al., 1991]. Whole-head MEG recordings have confirmed
bilateral activation near or in the precentral gyrus [Babiloni
et al., 2001; Cheyne et al., 1995; Taniguchi et al.,, 1998],
although there is some debate as to how consistently ipsi-
lateral premovement fields can be observed, and whether
they represent activity within the primary motor area
[Huang et al., 2004; Nagamine et al., 1996; Volkmann et al.,
1998]. Dipole modeling studies based on EEG recordings
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[Bocker et al., 1994; Toma et al., 2002; Toro et al., 1993] have
also provided evidence of a bilateral activation of motor
areas during finger movements, although the precise ana-
tomical locations of these sources is unclear given the diffi-
culty of constructing accurate EEG forward solutions. More
recent EEG and MEG modeling studies employing distrib-
uted current solutions and realistic head models [Babiloni et
al., 2001; Ball et al., 1999] have shown activation of bilateral
primary motor cortex during voluntary finger movements,
although these methods require time-consuming cortical
segmentation techniques. Slow premovement fields are fol-
lowed by transient responses accompanying the onset of
electromyographic activity in the involved muscles, termed
movement-evoked fields [Cheyne and Weinberg, 1989; Kris-
teva et al.,, 1991]. The earliest and most consistent move-
ment-evoked field (MEFI) occurs 30—40 ms following move-
ment onset (about 100-120 ms following onset of EMG
activity) and has been proposed to reflect sensory feedback
to cortex from the periphery [Cheyne et al., 1997]. MEG
dipole modeling studies have provided evidence that the
METFI arises from locations in the postcentral gyrus consis-
tent with activation of area 3b in the posterior wall of the
central sulcus, an area that receives afferent input from
cutaneous and joint receptors [Kristeva-Feige et al., 1995;
Qishi et al., 2004], although removal of cutaneous input does
not abolish the MEFI response [Kristeva-Feige et al., 1996],
indicating that proprioceptive input to area 3a might also
contribute to its generation. Other MEG studies have failed
to find evidence for a postcentral gyrus source of the MEFI
[Ganslandt et al., 1999; Woldag et al., 2003]. Movement-
evoked fields at latencies greater than 100 ms (e.g., MEFII
and MEFIII) have rather complex topographies and their
generators have not yet been identified.

Although MEG and EEG studies have modeled sources of
time-locked movement-related brain activity primarily in
the sensorimotor cortex, neuroimaging studies of voluntary
movement tasks using functional magnetic resonance imag-
ing (fMRI) or positron emission tomography (PET) typically
show activation of multiple secondary motor areas, includ-
ing lateral and medial premotor areas of the frontal lobes
thought to be critical in the initiation of movements [Fink et
al., 1997; Joliot et al., 1999]. More recently, MEG studies
utilizing spatial filtering techniques have localized changes
in ongoing oscillatory brain activity to nonprimary motor
areas during motor tasks [Gross et al., 2005; Pollok et al.,
2005]. EEG studies have successfully modeled activation of
the supplementary motor area (SMA) during the premove-
ment period [Babiloni et al., 2001; Ball et al., 1999]. MEG
studies, on the other hand, typically detect only weak activ-
ity in the frontal midline [Erdler et al., 2000], presumably
due to cancellation of tangential currents in the opposing
hemispheres [Cheyne and Weinberg, 1989; Lang et al., 1991]
and, to date, only a few MEG studies of time-locked motor
responses have reported activation of anterior premotor ar-
eas [Huang et al., 2004; Pedersen et al., 1998].

Many of the inconsistencies in MEG and EEG source
modeling studies of voluntary movement stem from the

difficulty in localizing simultaneously active sources with
overlapping temporal patterns of activity, and in close prox-
imity to each other (e.g., sources in the hand representation
area of the precentral and postcentral gyrus). In addition,
these methods are extremely sensitive to slow magnetic field
artifacts present in the data and require extensive editing of
the data to remove artifacts (e.g., eye movements) even in
cooperative, well-trained subjects. This makes localization of
movement-related brain activity particularly problematic in
patient populations and children, and excessively time-con-
suming for use in clinical settings. MEG studies of motor
preparation offer superior temporal and spatial resolution to
other methods; however, current source reconstruction ap-
proaches still suffer from difficulties in modeling complex
configurations of sources. In order to model electrical brain
activity with minimal interference due to simultaneously
active sources, spatially filtering approaches have been pro-
posed based on a technique known as beamforming [Van
Veen et al., 1997] and various types of beamforming algo-
rithms have been recently adapted to neuromagnetic mea-
surements [Gross et al.,, 2001; Robinson and Vrba, 1999;
Sekihara et al., 2001]. Beamforming is an array processing
method that is able to take advantage of the high dimen-
sionality of signal space afforded by multichannel MEG
systems to achieve optimal suppression of other brain
sources, provided these sources are not highly correlated
(synchronous) with the target source during the time period
of analysis. Since this approach does not require specifying
the number of interference sources or their forward solu-
tions, it has the advantage of potentially attenuating all
sources of spatially correlated noise in the data (e.g., eye
movements) without having to specify their location or the
configuration of the underlying currents.

A number of recent studies have applied the synthetic
aperture magnetometry (SAM) beamformer algorithm de-
scribed by Robinson and Vrba [1999] to the localization of
brain activity. These studies used the SAM beamformer to
create differential images of source power changes over
discrete time intervals and frequency bands, relative to base-
line activity, to localize brain activity associated with self-
paced movements [Cheyne and Gaetz, 2003; Taniguchi et al.,
2000] or responses to sensory stimuli [Fawcett et al., 2004;
Gaetz and Cheyne, 2003; Herdman et al., 2004; Hirata et al.,
2002; Schulz et al., 2004]. However, this approach sacrifices
temporal resolution by integrating power over relatively
long (e.g., 200 ms) time windows. Hashimoto et al. [2001,
2003] used a different beamforming technique [Sekihara et
al., 2001] to image brain activity at single time points in the
somatosensory cortex and cerebellum from averaged MEG
responses to median nerve stimulation. Similar approaches
using the SAM beamformer algorithm have been recently
proposed [Bardouille et al., 2004; Robinson, 2004]. Here we
describe the application of the SAM beamformer algorithm
to the imaging of instantaneous, time-locked source activity,
which we term “event-related SAM” (ER-SAM), in order to
describe spatiotemporal patterns of brain activity accompa-
nying simple voluntary finger movements. Preliminary re-
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sults of this study have been presented in abstract form
[Bakhtazad et al., 2004].

SUBJECTS AND METHODS

Spatiotemporal Source Analysis Using
Minimum-Variance Beamforming

A beamformer is a spatial filter designed to detect a signal
corresponding to a specified location and attenuate signals
from all other locations. For localization of brain activity, the
signal of interest is defined by the forward solution for a
current dipole source at each location (target voxel). Adap-
tive or minimum-variance beamformers achieve optimal at-
tenuation of other sources in a least-squares sense based on
spatial correlations present in the measured data, and the
spatial resolution of the beamformer is dependent on the
signal-to-noise ratio (SNR) of the target source. In addition,
beamformer construction assumes that sources are uncorre-
lated and therefore detects only that portion of the target
signal that is uncorrelated with signals from other sources.
In the absence of anatomical constraints, the direction of
current flow (dipole orientation) at each target voxel is un-
known. One approach is to compute separate beamformer
weights for orthogonal dipole orientations resulting in mul-
tidimensional arrays of weights [Van Veen et al., 1997]. For
the current method, we used the synthetic aperture magne-
tometry (SAM) beamformer algorithm proposed by Robin-
son and Vrba [1999] that derives a single optimal dipole
orientation vector u at each target voxel that produces the
maximal ratio of power-to-noise output. This has the advan-
tage of realizing higher SNR than multidimensional beam-
formers [Sekihara et al., 2004; Vrba and Robinson, 2001]
while avoiding time-consuming calculations of anatomical
constraints that require highly accurate coregistration pro-
cedures [Hillebrand and Barnes, 2003]. The beamformer for
each location r consists of a unique set of sensor coefficients,
or weights, denoted w(r). These weights can be obtained by
solving for the minimization of total source power S*(r)
while retaining unit gain for the forward solution denoted
B(r,u):

min $%(r) = w (r)Cw(r)
{w(n))

subject to B,ww’(r) =1 (1)

where C is the covariance matrix based on the nonaveraged
measured signals for all data segments of interest, and T
denotes transpose. If the data covariance is well estimated
(sufficient number of time samples), then the inverse of C
can be obtained without regularization and the weight vec-
tor w(r) that provides maximum spatial resolution of the
filter (minimum source interaction) is given by [Van Veen et
al., 1997]:

C~'B(r,u)

w(r) = BY(r,u)C ~'B(r,u) @)

It should be noted that the beamformer weights are unable
to suppress uncorrelated noise, which will be amplified in a
spatially nonuniform manner due to rapidly decreasing sig-
nal strength with increasing distance from the sensors, dis-
torting beamformer images [Van Veen et al., 1997]. This
distortion can be removed by normalizing the beamformer
output by an estimated amount of uncorrelated noise pro-
jected through the weights. Noise normalized estimates of
source power derived from beamformer filters and have
been termed the “pseudo-Z” [Robinson and Vrba, 1999] or
the “neural-activity index” [Van Veen et al., 1997]. This
correction can also be applied to the beamformer weights
prior to computing source power:

wi(r)

3)

lw )] =

> (wi(r)n,,)?

i=0

where |[w(r)|| represents the noise normalized weight vector,
and the uncorrelated noise in the bandwidth of the measure-
ment, n,, is constant across M sensors. These normalized
weights can be applied to the measured signal vector,
m(t) = [my(t),my(t). . .my(t)] that represents the recorded
MEG signals from M sensors as a function of time ¢, to
produce a time series (virtual sensor) of the estimated source
power S(r,t) at the target location r without spatial smearing,

S(,t) = |[w'(x)[m(®) (4)

Event-Related SAM

Figure 1A illustrates the calculation of averaged virtual
sensor time series using the SAM beamformer algorithm.
Normalized beamformer weights for each voxel location in
the brain are derived from the covariance matrix of the
unaveraged single trial data for all trials and all time sam-
ples using Egs. 2 and 3. The forward solution was based on
a homogeneous conducting sphere [Sarvas, 1987] and uti-
lized the multiple sphere method based on the extracted
MRI head surface for each subject to reduce inaccuracies due
to nonspherical head shape [Huang et al., 1999]. The esti-
mate of uncorrelated noise level n,, was derived directly
from the data, based on the smallest singular value of a
singular value decomposition (SVD) of the time data across
all chosen time windows [Robinson and Vrba, 1999]. This
yielded a consistent noise constant across subjects of approx-
imately 3 T,/ \/E . It should be noted, however, that this
value acts as a constant scaling factor across all voxels and
can be derived by other means, with no significant change in
the spatial distribution of source activity. Optimal dipole
orientation u is then determined iteratively by adjusting the
dipole orientation (reducible to a single tangential angle for
MEG) and recalculating the beamformer weights to maxi-
mize virtual sensor total power over all epochs [Robinson
and Vrba, 1999]. The resulting normalized beamformer
weights are used to produce a virtual sensor time series for
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Figure 1.

A: Calculation of averaged virtual sensors using the SAM mini-
mume-variance beamformer algorithm for a single dipole location in
the head as indicated by the solid arrow. The beamformer weights
are derived from the covariance matrix based on the unaveraged
single trial data and normalized by the estimated uncorrelated
noise n,, (left). Dipole orientation u is then iteratively adjusted to
maximize total source power integrated over all trials (center).
The virtual sensors for the optimal source orientation are then
averaged across trials with respect to a stimulus event shown by

this location using Eq. 4. As shown in Figure 1A (right),
these time series are then averaged over trials, time-locked
to a stimulus event (note that since Eq. 4 represents a linear
transformation of the data, the weights can also be applied
directly to the averaged data). Similarly, the plus-minus
average can be calculated to provide an estimate of the
nonstimulus-locked source activity projected by the spatial
filter.

Figure 1B shows the procedure for calculation of a volu-
metric event-related SAM (ER-SAM) image for a selected
latency from the averaged virtual sensor waveforms. The
spatial distribution of source amplitude at time sample ¢ was
sampled over a 3D lattice of virtual sensors over a chosen
region of interest and resolution and the extracted source
amplitude saved as a single volumetric image in units of
noise normalized source power (pseudo-Z). Since dipole
orientation in the SAM algorithm is derived from source
power, absolute polarity of the dipole is unknown and may
be randomly assigned across neighboring voxels. As a re-
sult, beamformer amplitude must be rectified prior to com-
puting volumetric ER-SAM images. However, the true
source polarity for individual voxels identified in the ER-
SAM images can often be recovered (e.g., by inspection of
topographic maps). The image shown in Figure 1B (lower

the vertical line (right). The plus-minus average (= Average) is also
computed by multiplying odd numbered trials by —1.0. B: Virtual
sensors are computed for each node of a 2D or 3D lattice of n
voxels covering a region of interest (left). Virtual sensor amplitude
at selected latencies is rectified and mapped onto the subject’s
MRI scan. The amplitude map of the 20-ms response to electrical
median nerve stimulation of the right wrist is shown superimposed
on the axial slice through the primary somatosensory cortex in
one subject.

right) shows the event-related SAM image for the N20m
response to right median nerve stimulation in a single sub-
ject overlaid on the subject’s MR image.

Subjects

Nine healthy right-handed subjects (seven male, two fe-
male, ages 21-46) participated in this experiment. All sub-
jects were recruited from the Toronto area and provided
informed consent using protocols approved by the Hospital
for Sick Children Research Ethics Board. The data from one
participant was excluded due to large variability in the
timing of their movements.

MEG Recordings

Neuromagnetic activity was recorded using a whole-head
151 channel MEG system (Omega-151; VSM Medtech, Van-
couver, Canada) in a magnetically shielded room. Data were
collected at a sample rate of 625 samples/s and a bandpass
of 0-200 Hz. Subjects sat upright in an adjustable chair with
eyes open and looking at a fixation point. Prior to MEG data
acquisition, each subject was fitted with three fiducial local-
ization coils placed at the nasion and pre-auricular points in
order to localize the position of the subject’s head relative to
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the MEG sensors. Coil placements were carefully measured
and photographed for off-line coregistration of the recorded
MEG data to structural MR images obtained for each subject.

Subjects pressed a button on a nonmagnetic fiber optic
response pad (LUMItouch Response System, Lightwave
Medical Industries, Burnaby, Canada) placed on armrests on
either side of the subject with their right or left index finger
at their own pace, without counting. A barrier obstructed
the subject’s view of their lower arms and hands, and foam
earplugs were used to minimize acoustic artifacts from the
response pad. The timing of movements was monitored
throughout the recording and subjects were instructed to
increase or decrease their movement rate such that their
intermovement interval was ~8-10 s. The nonmoving hand
rested on the opposite armrest and care was taken to avoid
mechanical vibrations from the moving hand that might
elicit time-locked ipsilateral sensory responses [Cheyne et
al., 1997]. Eighty movements were recorded for both left and
right index fingers in separate recordings, counterbalanced
across subjects. Depressing the response pad button trig-
gered acquisition of 6-s trials with a 4-s pretrigger period. In
one subject the recordings were conducted with bipolar
surface electromyogram recorded from right and left fore-
arm flexors, and EOG recorded diagonally over the left eye.

Somatosensory Evoked Fields

After completing the movement tasks, responses to left
and right median nerve stimulation were recorded for each
subject using 0.2 ms duration constant current square wave
pulses delivered transcutaneously at the wrist above motor
threshold, at a rate of 3.1 stimuli per second; 600 epochs of
200 ms duration (50 ms prestimulus baseline) were collected
at a sample rate of 2,500 samples/s (DC to 800 Hz band-
pass). SEF responses were bandpass filtered (15-300 Hz) and
averaged. Structural (T;-weighted, 3D-SPGR) MRI scans
were obtained for each subject using a 1.5T Signa Advantage
System (GE Medical Systems, Milwaukee, WI). A spherical
model was manually fit to the inner skull surface based on
each subject’'s MRI. A single dipole model was fit to the
“N20m” peak, observed over the contralateral somatosen-
sory cortex, using a least-squares minimization algorithm
(CTF DipoleFit). Coregistration of the MEG head based co-
ordinate system with the MR images was achieved by iden-
tifying the locations of the head localization coils on orthog-
onal slices of each subject’'s MRI. Locations for the N20m
dipole fits were then superimposed on the MR image.

ER-SAM Imaging and Group Analysis

In the current study ER-SAM images with a spatial sam-
pling resolution of 3 mm were computed for the whole head,
or slightly higher resolution (2 mm) resolution images for
smaller regions of interest around the hand areas of senso-
rimotor cortex. The entire epoch duration of single-trial data
was used to estimate the data covariance after bandpass
filtering from DC to 30 Hz. ER-SAM images were created at
5-ms increments preceding and following movement onset
and individual images were scanned to find peak activa-

tions. For peak locations of activity in the ER-SAM images,
averaged time series (virtual sensor) waveforms were recon-
structed for the entire epoch in order to examine source
activity as a function of time.

Methods for group averaging of SAM functional images
based on spatial normalization techniques have been previ-
ously described [Chau et al., 2004; Singh et al., 2003]. Spatial
normalization to the MNI (T1) template brain was carried
out using SPM99 (Welcome Institute of Cognitive Neurol-
ogy, London, UK). Both linear and nonlinear warping pa-
rameters were obtained from each individual’s T;-weighted
MR scans, then applied to volumetric SAM images for se-
lected latencies, which were resampled to produce 3-mm
resolution images of source power in standardized stereo-
tactic space, then averaged across subjects. Group images
were superimposed on the MNI (CH) template brain [Col-
lins et al.,, 1994] using the mri3dX program (http://
www.aston.ac.uk/lhs/research/nri/groups/nrg/mriddx/
index.jsp) to view 2D or 3D (rendered) images of the ER-
SAM functional images in template space. Talairach coordi-
nates of peaks activations were determined from the nor-
malized images using the MNI to Talairach daemon
[Lancaster et al., 2000].

In order to view the entire time course of activity for a
voxel location of interest in the group averaged data,
deformation fields were created for each subject that pro-
vided the inverse transformation from Talairach coordi-
nates to locations in the individual subject’s head based
(MEG) coordinate system. These coordinates were then
used to generate average virtual sensor waveforms based
on each subject’s data, and these virtual sensors for peak
locations averaged across subjects to produce grand av-
erages of virtual sensors.

RESULTS

All subjects showed premovement slow shifts (readiness
and motor fields) followed by movement-evoked fields in
the averaged MEG waveforms at latencies consistent with
those described in the literature. A slow readiness field (RF)
was observed in all subjects, beginning as early as 2 s prior
to movement onset (time = 0 s) in some subjects. This was
followed by an increase in slope, termed the motor field
(MF), beginning ~500 ms prior to movement and reached
maximal amplitude 50-60 ms prior to movement. Figure 2A
shows a typical response for a right index finger movement
in one subject for a selected MEG sensor over the contralat-
eral motor cortex. Note that the topography of the MF was
usually bilaterally distributed over the head (Fig. 2A, right).
This was followed by a highly dipolar field pattern over the
contralateral hemisphere, characteristic of the first move-
ment-evoked field (MEFI) component at a latency of 40 ms
following movement onset. The MEFI was followed by a
second movement-evoked field (MEFII) at a latency ranging
from 130-160 ms that typically showed a more complex
topographic pattern over the scalp.
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Figure 2.

A: Time average of the movement-related magnetic fields (BW
= DC to 30 Hz) for right index finger flexions (button-press) in
one subject for a channel overlying the contralateral sensorimotor
area (MLC23). RF = readiness field, MF = motor field, MEFI and
MEFII = first and second movement-evoked fields. Averages were
time locked to the button press (t = 0 s) for 80 movements. The
topographic field patterns (nose upwards) of the MF, MEFI, and
MEFII are shown on the right with the location of channel MLC23
shown by the white circle (red = outgoing fields, blue = ingoing
fields, fT = femtoTesla). B: Effects of eye movement (blue traces)
compared to fixation (red traces) on the averaged MEG response

Low-Frequency Noise Reduction

In some subjects the averaged MEG waveforms and topo-
graphic maps were clearly distorted by low-frequency con-
tamination due to eye movements or environmental noise
(e.g., automobile traffic from a nearby road) even when
utilizing combined adaptive balancing and third-order syn-
thetic gradient noise reduction [Vrba and Robinson, 2001].
Since these artifacts have similar frequency characteristics to
the brain responses of interest, they would normally require

for the same subject and channel as shown above. Note the
presence of a slow drift in the baseline and distorted topographic
pattern of the MF that is not removed by additional high-pass
filtering (0.1 Hz) due to increased eye movement artifact as shown
in the electrooculogram (EOG) recorded diagonally over the left
eye. In contrast, the SAM virtual sensors for the MF source on the
right show no effect of eye movement artifacts on the virtual
sensor baseline or amplitude. Surface electromyogram recorded
from the forearm flexors (EMG) shows the onset of muscle
activity preceding the button press by ~80 ms.

excluding large numbers of trials, or even entire datasets. In
order to determine the ability of the beamformer algorithm
to separate brain activity from these sources of noise, an
additional experiment was conducted in a well-trained sub-
ject while they either carefully avoided eye movements
(“eyes fixated”) or purposefully made random eye move-
ments (“eyes moving”) while performing the button-press-
ing task. EOG recordings confirmed the stability of eye
position during the recordings. Figure 2B demonstrates the
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difference in the averaged waveform for the same MEG
sensor (MLC23), showing a large DC drift in the average for
eyes moving condition (red traces) in comparison to the
fixation condition (blue traces) and a corresponding distor-
tion of the topography of the MF as seen in the topographic
maps. This is presumably due to slow eye movement as seen
in the averaged EOG signal shown in Figure 2B. Virtual
sensors calculated for a location in the contralateral hand
area of the precentral gyrus for both conditions are com-
pared in Fig. 2B (right panel). Note that the virtual sensors
show no DC drift during the baseline or premovement pe-
riods and are identical across the two conditions. As a result,
trials containing eye movement or slow noise artifacts were
not excluded from further analysis.

Surface EMG from the forearm flexors was also recorded
in this subject. Figure 2B shows the averaged rectified EMG
signal time-locked to the optical button trigger with similar
onset of the EMG burst from the active muscles across
conditions. EMG onset was ~80 ms prior to physical dis-
placement of the finger as measured by the button press (t
= 0 s) ms. MEFI peak latency was ~40 ms in this subject,
consistent with previously reported MEFI latencies ranging
from 100-120 ms following EMG onset.

Spatiotemporal Analysis Using ER-SAM
Activation of the contralateral sensorimotor cortex

All subjects showed a very similar spatiotemporal se-
quence of source activity in the event-related SAM images
located in the region of the anatomically defined hand area
or “motor knob” [Yousry et al., 1997] in the hemisphere
contralateral to the side of movement. This began with a
slow increase in activity in the precentral gyrus that reached
maximal amplitude (“MF peak” ) just prior to movement
onset (mean latency = -55 = 18.7 ms for left and right hand
combined) with a significantly earlier peak latency (P
< 0.05) for right index finger movements (—60.6 = 10.6 ms)
vs. left index finger movements (—44.8 * 14.6 ms). This was
followed by a very strong and brief period of activity im-
mediately following movement onset located in the anterior
portion of the postcentral gyrus. This activity reached max-
imal amplitude around 40 ms after movement onset (left
index finger, 44.4 * 11.2 ms; right index finger, 42.6 * 14.8
ms) and corresponds in latency to the highly dipolar MEFI
observed in the time data. This “MEFI peak” was followed
by another strong burst of activity (“MEFII peak”) that
shifted in location back to the precentral gyrus, close in
location to the MF peak location reaching maximum ampli-
tude about 150 ms following movement onset (left index
finger, 146.6 = 8.6 ms; right index finger, 145.6 = 7.5 ms).
The MEFI and MEFII peaks were not statistically different in
latency between left and right finger movements and were
remarkably similar in latency for the MEFII. In some subjects
the MEFI activity in the postcentral gyrus continued during
the MEFII, or more rarely was weakly active prior to move-
ment onset. Figure 3A shows an example of a typical spa-
tiotemporal sequence in one subject. The averaged virtual

sensors for the peak locations of the MF, MEFI, and MEFII
(identical to the MF in this case) for right index finger
movements are shown below the ER-SAM images. Note that
the virtual sensor for the MEFI (middle trace) shows an
increase in activity during the period of the MEFI only, with
no slow premovement shift, whereas the MF and MEFII
source waveforms show slow premovement shifts and in-
creases corresponding to the latencies of the MF and MEFII,
but no activity during the MEFL

In order to further quantify the relative anatomical loca-
tion of the MF, MEFI, and MEFII, peak ER-SAM locations
were transformed to a common coordinate system based on
the location of the fitted N20m dipole location for median
nerve stimulation of the corresponding hand in each subject.
This allowed us to plot the mean location of each peak across
subjects, relative to their N20m location in the same hemi-
sphere. In all subjects the N20m dipole locations were lo-
cated in the postcentral gyrus, slightly lateral to the hand
motor knob. Figure 4 shows a 3D representation of the mean
location for MF, MEFI, and MEFII peaks in this normalized
coordinate system. The mean MF peak was found to be
anterior and medial, and the MEFI peak posterior and me-
dial, to the N20m dipole location for both left and right
finger movements. The MEFII peak location was found to be
also slightly anterior to the N20m dipole, but posterior to the
MF peak. Mean separation between the MF and MEFI was
0.91 cm and 1.01 cm, for left and right index finger move-
ments, respectively, with the largest difference observed in
the anterior—posterior direction (Table I) which was statisti-
cally significant across subjects (P < 0.001, corrected, t-test
for paired differences). The MF was also slightly anterior
and superior to the MEFII peak for both left and right index
finger movements; however, this difference was not statis-
tically significant at the P < 0.05 level.

Ipsilateral motor cortex activity

In almost all subjects significant activity was also mea-
sured in the hand area of the ipsilateral precentral gyrus for
both right and left finger movements. Figure 2B shows 3D
ER-SAM images of the MF peak activity in Subject 3 with a
cutaway in the axial plane at the level of both peaks, reveal-
ing bilateral activation in the hand region of the precentral
gyrus for both right and left index finger movements. The
virtual sensors for ipsilateral ER-SAM peaks (middle traces)
show that the ipsilateral activity consisted of a slow pre-
movement shift that continued during movement onset. In
contrast, the large MEFI response following movement on-
set was only present in the virtual sensors for the precentral
sources contralateral to the side of movement.

Group SAM analysis of movement-related activity

Activation of the contralateral sensorimotor area was suf-
ficiently robust in the ER-SAM images to be observable
within individual subjects. Peak amplitudes of these sources
were 3-4 times larger than background activity, as esti-
mated from the maximal pseudo-Z values observed in ER-
SAM images derived from the plus-minus data for ran-
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Figure 3.

A: Event-related SAM (ER-SAM) images of contralateral sensori-
motor cortex activity created at 2-mm resolution for left and right
index finger movements, superimposed on rendered MR images of
a single subject. The location of the central sulcus is shown by a
white arrow in the magnified views of contralateral sensorimotor
areas, showing a shift in peak location of the MF, MEFI, and MEFII
from precentral to postcentral locations. The averaged virtual
sensor for the peak location for MF/MEFIl and MEFI are shown

below. B: ER-SAM images for left and right index finger move-
ments in a single subject, superimposed on an axial MRI slice
through the contralateral and ipsilateral hand region of the pre-
central gyrus. Shown below are the non-noise normalized average
virtual sensor waveforms (in units of nanoAmpere-meters) for the
peak locations in the primary motor cortex. Images were created
using the mri3dX program.
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Mean locations of motor field (MF), movement-evoked field |
(MEFI), and movement-evoked field Il (MEFII) peak locations from
the ER-SAM images for right and left index finger movements for
all eight subjects, plotted relative to an origin (0, 0, 0) defined by
the location of the dipole fit to median nerve stimulation (N20m)

domly selected time samples. However, weaker peaks of
activity could also be observed in other brain areas that were
more variable in location and amplitude and occasionally
difficult to discern above noise in individual subjects. Group
averaging was performed on 3-mm resolution ER-SAM im-
ages for the entire brain (n = 8 subjects) at fixed latencies for
the MF (=50 ms) and MEFI (40 ms). Figure 5 shows the group
averaged ER-SAM images for the MF peak for right and left
index finger movements displayed as maximum intensity
projection images. A nonparametric permutation test [Ni-
chols and Holmes, 2002; Singh et al., 2003] of the whole-head
ER-SAM images produced a statistical threshold with usu-
ally only one or two significant clusters of activation in the
contralateral sensorimotor area. This was presumably due to

TABLE I. Distances between peak locations
of MF, MEFI, and MEFII

Mean distances between peaks

(cm)
Condition Peaks compared ~ Ax Ay Az Distance
Left index MF-MEFI 0.85* 028 0.20 0.92
ME-MEFII 0.08 0.30 048 0.57
Right index MF-MEFI 0.98* —0.20 0.20 1.02
ME-MEFIT 0.50 —-0.28 040 0.69
MF = motor field, MEFI = movement-evoked field I, MEFII

= movement-evoked field II. Spatial separations in x, y, and z
directions are in the MEG coordinate system and Euclidean distance
between peaks (Distance) = (Ax* + Ay + Az?)!/2 Significant dif-
ferences indicated by * (P < 0.001 corrected, df = 7, t-test for paired
differences).

of the same hand. The axes correspond to the MEG coordinate
system (x = posterior to anterior, y = right to left, z = inferior
to superior). Horizontal bars indicate | standard error of the
mean in the x and y directions. Mean distances between peak
locations are given in Table I.

bias of the permutation distribution by the relatively large
pseudo-Z values for the MF or MEFI peaks that had ampli-
tudes 2-3 times larger than other peaks visible in the images,
with correspondingly large spread functions around the
peak, as can be seen in Figure 5. In order to detect weaker
areas of activation, two additional thresholding techniques
were employed. First, event-related SAM images were com-
puted at the peak latencies on the basis of the plus-minus
averaged data and averaged across subjects. These images
showed only diffuse deep activity, with a maximum pseu-
do-Z value of ~0.6 for both left and right finger conditions.
Second, nonparametric permutation tests were applied to
the group data for randomly selected latencies during the
baseline period (-4 to -3 s), similar to the method described
by Chau et al. [2004] resulting in maximum pseudo-Z values
ranging from 0.4-0.5. Application of thresholds in these
ranges still showed relatively diffuse activity in the MF and
MEFI images due to the large activation in the contralateral
hemisphere and spurious peaks in deeper locations. Thus,
for the subsequent analysis we chose a more conservative
pseudo-Z threshold of 1.0. This resulted in 5-6 clear peaks of
activity in similar cortical locations for left and right index
finger movements. This included the bilateral hand areas of
the precentral gyrus (PreC(L) and PreC(R)), the bilateral
dorsal premotor areas (PMA(L) and PMA(R)), the ipsilateral
parietal lobe in the left hemisphere (IPL(L)) slightly lateral
and inferior to the hand area, and weaker, less consistent
peak in the left dorsal mesial cortex, near the region of the
supplementary motor area (SMA). Group ER-SAM images
computed for the MEFI latency showed peaks of activation
at similar locations reflecting continued activity at these
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locations throughout the movement, with the exception of
the contralateral hand area that showed a shift in location
toward the postcentral gyrus for both left and right finger
movements, similar to that observed in the individual sub-
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Figure 5.

Group ER-SAM images for right
(top panel) and left (bottom panel)
index finger movements (n = 8).
The maximum intensity projec-
tions (left) of the motor field (MF)
component (latency = —50 ms) av-
eraged across subjects are shown
with a pseudo-Z threshold value of
1.0. Six main peaks of activation
were detected in the volumetric
images in the right and left precen-
tral gyrus, PreC(R) and PreC(L),
the right and left lateral premotor
(i areas, PMA(R) and PMA(L), the left
inferior parietal cortex IPL(L) and
the left supplementary motor area
(SMA). The Talairach coordinates
of these peak locations are given in
Table Il. The group averaged vir-
tual sensors corresponding to the
peak locations are shown in the
plots below (blue traces). The red
g traces show the virtual sensors
based on the plus-minus averages
for the same locations.

5

o Ipseudo-ZI

ject data. Talairach coordinates for the peak locations shown
in Figure 5 are given in Table II

Group averaged virtual sensors were computed for the
peak locations identified in the group ER-SAM images, as
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TABLE Il. Talairach locations of peak activations in group averaged ER-SAM images

Right index Left index
finger finger

Brain area XY, z pseudo-Z XY, z pseudo-Z
MF (—50 ms)
Left precentral gyrus —33, —15,59 2.51 —30, =17, 60 1.27
Right precentral gyrus 39, —21, 56 1.57 36, —17, 60 3.72
Left inferior parietal cortex —45,-19,37 1.66 —45, -21,43 1.32
Supplementary motor area 0,12, 66 1.09
Left premotor area —33,17,49 1.46
Right premotor area 45,10, 35 1.22 39, 16, 24 1.05
MEFI (40 ms)**
Left postcentral gyrus —38, —22,56 6.21
Right postcentral gyrus 40, —23,59 4.41

Mean locations and amplitudes of the six largest peak activations in the group averaged event-related
SAM images preceding (MF) and following (MEFI) onset of left and right index finger movements.

Talairach coordinates are presented (mm).

** For MEFI only the location of the largest peak in the contralateral hemisphere is listed, showing a
posterior shift in peak location of the precentral gyrus sources. Peaks with pseudo-Z values < 1.0 were

excluded.

described in Subjects and Methods. These waveforms are
shown in Figure 5 (blue traces) overlaid on the virtual sen-
sors for the plus-minus averaged data (red traces), showing
the time course of activity in each of the identified peaks. It
was noted that the time course of activity for precentral sites
showed similar, but opposite patterns of activity for left and
right finger movements, with a slightly later onset of the MF
slow shift for left index finger movements. All locations
show premovement activity, including the left hemisphere
IPL that showed an early slow shift, similar to the premotor
areas that continued during movement onset. The IPL peak
was slightly obscured in the group image for right index
finger movements (Fig. 5, top panel), but could be clearly
discerned as a separate peak during weaker activation of the
left precentral gyrus for the left finger movement condition
(Fig. 5, lower panel). In addition, the time course for the left
IPL source differed substantially from that of the nearby left
precentral gyrus source, yet was similar for both left and
right index finger movements.

DISCUSSION

The results of the current study indicate that the event-
related beamforming method (ER-SAM) described here pro-
vides a more detailed description of the spatiotemporal
pattern of activity within the contralateral sensorimotor cor-
tex accompanying voluntary movements than has previ-
ously been shown. We observed robust activation of the
precentral gyrus contralateral to the side of movement, even
with a relatively small number of trials (80 movements).
Virtual sensor analysis shows that this activity preceded
movements by 0.5-1 s, reaching maximal amplitude at ~50
ms prior to movement onset as measured by a button press,
corresponding roughly to the onset of muscle contraction
[Kristeva et al., 1991]. This activity was followed by a brief
and strong burst of activity in the postcentral gyrus that

appears to reflect the main generator of the MEFI, consistent
with previous dipole modeling studies [Kristeva-Feige et al.,
1995; Oishi et al., 2004]. In a small number of subjects the
precentral activity (MF source) remained active during the
MEFI. A new finding in the current study, however, was a
clear activation of the precentral gyrus, slightly posterior
and deeper to the MF source location, at a latency of ~150
ms, corresponding in latency to the MEFII component iden-
tified in the surface MEG recordings. To our knowledge this
is the first demonstration of a generator of the MEFII, and
suggests that it arises, in part, from a second activation of the
primary motor cortex following movement onset.

The mean location for the MF peak across subjects was
found to be anterior and medial to the N20m dipole location
for median nerve stimulation located in the postcentral gy-
rus [Kakigi et al., 2000]. This would support previous sug-
gestions that the MF is generated in the primary motor
cortex (area 4) in the anterior bank of the central sulcus and
reflects activation of corticospinal neurons involved in de-
scending output to the muscles [Ball et al., 1999; Cheyne and
Weinberg, 1989; Kristeva et al., 1991]. However, fMRI and
EEG modeling studies have shown that more anterior por-
tions of the precentral gyrus, including area 6, are also active
prior to movement onset [Hanakawa et al., 2004; Toma et al.,
2002]. For example, Toma et al. [2002] presented a model in
which there is a shift from area 6 activation in the crown of
the precentral gyrus to area 4 in the sulcul wall prior to
movement onset, reflecting sequential activation of neuronal
populations involved in motor preparation to motor execu-
tion. These authors also speculated that, in comparison to
EEG measures, MEG might reflect primarily activity in the
sulcus due to insensitivity to radially oriented sources in the
gyral surface, accounting for later onset of premovement
magnetic field activity. Interestingly, we found that the ME-
FII source was slightly posterior and deeper to the MF
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central sulcus

anterior

Figure 6.

Proposed generators of the motor field (MF) and first and second
movement-evoked fields (MEFI and MEFII) relative to Brodmann
areas of the contralateral sensorimotor cortex. Hatched areas
indicate the regions of cortex activated during each of the three
peak latencies and solid arrows the approximate vector sum
direction of intracellular currents. The orientation of the x—y plane
of the MEG coordinate system (z = constant) is tilted in the
anterior—posterior direction as shown by the dotted line. See text
for further details.

source, but also anterior to the N20m dipole, suggesting
both MF and MEFII sources were located within different
portions of the precentral gyrus. In contrast, the MEFI source
lies posterior and medial to the N20m, ~1 ¢cm posterior to
the MF and MEFII sources, consistent with a location in the
hand representation area of the primary somatosensory cor-
tex in the postcentral gyrus.

Figure 6 shows a proposed model of the putative gener-
ators of the MF, MEFI, and MEFII within the contralateral
sensorimotor area that may account for our current findings.
These three sources were found to lie in a similar horizontal
plane within the MEG coordinate system that is slightly
tilted with respect to the cortical surface, with the MF source
slightly anterior and superior to the MEFI and MEFIL. In this
model the slow premovement MF shift reflects activation of
both superior and inferior portions of the precentral gyrus,
with net current direction in the tangential direction that
will vary across individuals. This would explain both a
somewhat anterior location of the MF source, depending on
the relative contribution of the crown of the precentral gyrus
and the observation of very weak premovement fields in

some subjects, as suggested in previous studies [Nagamine
et al., 1996]. The activation of the more anterior portion of
the precentral gyrus would also imply activation of neurons
in area 6 related to motor preparation, rather than the so-
matotopically organized corticospinal output from area 4, as
suggested in a recent fMRI study for ipsilateral hand move-
ments [Hanakawa et al., 2004]. This interpretation would
also be consistent with our recent observation of oscillatory
changes in the hand area of the precentral gyrus during
movements of the toe [Cheyne and Gaetz, 2003], suggesting
that there are neuronal populations in the hand region in the
precentral gyrus that may be related to general aspects of
motor preparation that are co-activated with more so-
matopically specific output neurons of area 4.

As shown in Figure 6 (middle), the MEFI source is pro-
posed to reflect activation of the posterior wall of the central
sulcus, reflecting activation of tactile and proprioceptive
afferent input to areas 3b and 3a, respectively. Since the
movement task in the current study involved physical con-
tact of the finger with a button, tactile input to more superior
aspects of the sulcul wall might account for the relatively
superior location of the MEFI source in some subjects, al-
though contributions proprioceptive input cannot be ruled
out. This result does not support suggestions of a precentral
source of the MEFI by Woldag et al. [2003], who showed a
preponderance of precentral locations of the MEFI across
subjects using an L1 minimum-norm localization technique.
However, the source locations in the latter study showed a
rather large variability across subjects, with locations both
anterior and posterior to the central sulcus. In contrast, we
found a relatively small (<2 cm) but statistically significant
shift in the mean location of the MEFI peak in relation to the
premovement MF peak in close vicinity to the central sulcus
in our group data, and MEFI activity in the ER-SAM images
could be clearly located in the postcentral gyrus in individ-
ual subjects, consistent with the results of a recent dipole
modeling study [Oishi et al., 2004].

The MEFII component is proposed to reflect a second
activation of the precentral gyrus in closer proximity to the
anterior wall of the central sulcus, slightly posterior and
inferior to the MF (Fig. 6, bottom). This would suggest a
more tangential orientation for the MEFII source, consistent
with our observation that the MEFII produced relatively
large pseudo-Z values in most subjects, even those showing
a relatively weak MF. A precentral gyrus source of the
MEFII also agrees with an increased excitability of the motor
cortex observed at approximately the same latency in a
transcranial magnetic stimulation (TMS) study of thumb
movements [Chen et al., 1998]. It is interesting to speculate
on the physiological mechanisms underlying the MEFIL
Since this component peaks shortly after movement onset, it
may reflect motor output related to ongoing motor control,
such as onset of the antagonist burst (i.e., braking function),
or it may reflect proprioceptive feedback from the periphery
(possibly via area 2) known to activate neurons in MI
[Lemon, 1979]. However, MEFII latency in the current study
involving rather small (~1 cm) displacements of the finger is
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similar to that reported in other studies utilizing much
larger movements [Kristeva et al., 1991] and MEFII re-
sponses have been observed independently of whether fin-
ger flexion was followed by return of the finger to its orig-
inal position [Holroyd et al., 1999]. This might suggest that
the MEFII reflects activation of neuronal populations in MI
as part of a centrally programmed motor pattern [Sanes and
Jennings, 1984] and is independent of the timing of propri-
oceptive feedback. A alternative interpretation is that the
anterior and posterior locations for the MF and MEFII
sources may be related to the recent identification of cyto-
architectonically distinct anterior and posterior regions of
the primary motor cortex in humans (areas 4a and 4p) that
appear to contain functionally independent somatotopic
representations of the digits [Geyer et al., 1996]. Interest-
ingly, the latter study reported activation of area 4p to be
strongly associated with tasks involving tactile discrimina-
tion, and both areas 4a and 4p were activated during a
button-pressing task.

Ipsilateral Motor Fields

The neural sources contributing to premovement mag-
netic fields have been debated in the literature, particularly
with respect to the role of the ipsilateral motor cortex.
Cheyne and colleagues [Cheyne and Weinberg, 1989; Kris-
teva et al., 1991] were the first to propose involvement of the
ipsilateral primary motor cortex in the generation of bilateral
motor fields as a possible reflection of the inhibition of
associated or mirror movements—a view supported by TMS
studies showing transcallosal inhibitory connections be-
tween cortical motor areas [Ferbert et al., 1992; Kobayashi et
al., 2003; Netz et al., 1995]. However, a recent MEG study
using a multiple dipole modeling approach suggested that
ipsilateral motor fields were generated by sources in more
anteriorly located premotor areas of the ipsilateral hemi-
sphere [Huang et al,, 2004]. Neuroimaging studies using
fMRI or PET have also provided somewhat conflicting re-
sults regarding the activation of the ipsilateral motor areas
during voluntary movements. Kim et al. [1993] were the first
to show activation of the both contralateral and ipsilateral
primary motor cortex during a finger- tapping task. How-
ever, other studies have reported only weak or inconsistent
activation of ipsilateral MI for simple movements [Alkadhi
et al., 2002], or dependence on complexity of the motor task
[Nirkko et al., 2001] or handedness [Kobayashi et al., 2003; Li
et al., 1996]. Other studies have shown ipsilateral activation
of outside of the primary motor cortex [Cramer et al., 1999],
decreased BOLD responses during movement relative to
rest, i.e., “deactivation” [Allison et al., 2000], or even a
combination of both [Nirkko et al., 2001]. The observation of
deactivation of MI during ipsilateral movements is of par-
ticular interest since it lends support to the hypothesis of
transcallosal inhibitory input to the ipsilateral motor cortex
during unilateral movements [Allison et al., 2000; Nirkko et
al., 2001].

Neuroimaging studies using fMRI or PET are difficult to
compare directly to our results, due to the use of blocked

designs and continuous motor tasks that may temporally
blur activation related to movement preparation and that
resulting from the sensory consequences of the movements.
Moreover, many fMRI studies may not clearly separate pre-
central and postcentral gyrus activation [Nirkko et al., 2001].
In the current study, robust activation of the ipsilateral
precentral gyrus could be clearly observed in individual
subjects, as shown in Figure 3B. In addition, locations of the
precentral gyrus sources for ipsilateral movements in the
group results were similar and even slightly posterior to
those for contralateral movements (Table II). These findings
are in disagreement with those by Huang et al. [2004], who
suggested that the ipsilateral MF originates from anterior
premotor areas (PMA). However, it is important to note that
we observed separate activity in the ipsilateral PMA, sepa-
rate from activation of the precentral gyrus, as shown in
Figure 5, for both left and right index finger movements.
This suggests that dipole models of premovement activity
may be biased by unaccounted for PMA activity within the
same hemisphere. This may also explain the reported spatial
variability of ipsilateral MF sources. This would be particu-
larly true for weaker activations in the ipsilateral hemi-
sphere, in comparison to the much larger amplitude con-
tralateral precentral source that would likely be more
successfully modeled as a single dipole. However, as noted
by Huang et al. [2004], the presence of additional PMA
activity in the contralateral hemisphere may also result in
bias of MF source localization to more anterior locations
when modeled as a single dipole.

Activation of Nonprimary Motor Areas

One of the more significant results of the ER-SAM method
was the identification of additional generators of premove-
ment magnetic fields in nonprimary motor areas. Somewhat
unexpectedly, the strongest of these was activation of a
region of left inferior parietal lobe (IPL), near the inferior
portion of the postcentral gyrus, which was independent of
the side of movement. This source showed a very similar
time course for both right and left index finger movements,
and was earlier in onset and longer in duration than ipsilat-
eral motor cortex sources. Interestingly, an activation of the
left inferior parietal cortex with a similar time course was
also reported in an EEG study using a minimum-norm
source reconstruction [Ball et al., 1999]. Additionally, a re-
cent fMRI study found increased activation of the left infe-
rior parietal lobe for self-paced movements in comparison to
externally triggered movements [Wiese et al., 2004]. How-
ever, both of these studies only examined right index finger
movements, whereas we observed early left IPL activity for
both left- and right-sided movements, consistent with spe-
cialization of the left hemisphere in motor control. This area
is more anterior to those regions of the parietal lobe (e.g.,
supramarginal gyrus) associated with movement selection
or visuomotor transformations [Rushworth et al., 1997] and
it has been suggested that this might represent attentional
aspects of motor preparation acting as a “motor intention”
area [Andersen et al., 1997; Ball et al., 1999]. Alternatively,
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since these simple motor tasks required pressing a button
without visual feedback, this area may be related to the
control of movements utilizing haptic, rather than visual
guidance [Grezes and Decety, 2001]. This would be consis-
tent with our observation of a ventral portion of the premo-
tor area of the left hemisphere that has been implicated in a
frontoparietal network controlling the manipulation of ob-
jects [Binkofski et al., 1999]. It is interesting to note that the
left PMA and left inferior parietal areas showed similar time
courses of activity in the current study. However, we ob-
served bilateral activation of premotor areas for both left and
right movement, with somewhat weaker activation of both
left and right PMA for left index finger movements. Since all
our subjects were right-handed, this might reflect differ-
ences in preparation or strategy for performing skilled
movements with the nondominant hand, and is consistent
with previous observations of the effects of handedness on
movement-related neuromagnetic fields [Taniguchi et al.,
1998].

The weakest and least consistent activation was found in
the SMA located in the left superior mesial cortex, most
likely corresponding to previously reported movement-re-
lated activation of the posterior SMA [Babiloni et al., 2001;
Ball et al., 1999]. Attempts to measure SMA activity with
neuromagnetic recordings have proven difficult and it has
been suggested that this is due to the attenuation of simul-
taneously active areas of cortex on the mesial surface of the
frontal lobes [Cheyne and Weinberg, 1989]. This hypothesis
was supported by the observation of SMA sources in a
patient with a unilateral lesion of the SMA [Lang et al,,
1991]. More recent studies have measured activity of the
SMA during the very early premovement period when these
weaker sources are presumably less obscured by stronger
activity in the neighboring sensorimotor cortex [Erdler et al.,
2000]. Our current results partially support these findings by
showing a relatively early onset of the SMA source for right
index finger movements that decreased in activity just prior
to movement onset, although this was not clearly replicated
for left finger movements. It should be noted here that
beamforming based spatial filters are relatively insensitive
to highly correlated signals as well as extended sources
[Vrba, 2002]. Thus, the SMA activity observed in the current
study might reflect only the uncorrelated portion of an ex-
tended area of bilateral activation of the mesial cortex. These
results need to be confirmed utilizing a greater numbers of
trials, and more complex motor tasks that may increase
activation of the SMA.

CONCLUSIONS

Localization of the underlying generators of movement-
related fields presents a challenge to conventional source
reconstruction methods used in MEG, due to the activation
of multiple brain areas, and the contamination of the slowly
changing premovement fields by interference from low-fre-
quency noise of environmental and biological origin. We
used a new analysis approach—event-related synthetic ap-
erture magnetometry (ER-SAM)—to create 3D images of

brain activity during voluntary movements with millisecond
resolution and without the need to specify the number of
neural sources. This method was found to be sufficiently
unaffected by slow frequency noise artifacts (e.g., eye move-
ments) to alleviate the need for extensive editing of individ-
ual subject data, and thus provides a robust localization
method for slow magnetic field changes accompanying vol-
untary movement or other behavioral tasks. This has the
potential of providing a practical method for neuromagnetic
source localization in populations such as patients or young
children where performance (e.g., ability to fixate) is often
inadequate for the purpose of conventional source localiza-
tion methods.

The ability of the current method to resolve multiple
sources within the sensorimotor cortex may result from the
use of the unaveraged MEG data to compute the beam-
former weights, since it is known that increasing SNR will
increase spatial resolution [Barnes and Hillebrand, 2003;
Cheyne et al., 2004]. However, the derivation of the beam-
former weights from the unaveraged data raises the ques-
tion of the contribution of nontime-locked activity, such as
induced or spontaneous oscillations, to both the selection of
source orientation and the resulting spatial selectivity of the
weights to other sources. This is of particular concern for the
current study since robust 10 and 20 Hz oscillations are often
observed in sensorimotor cortex during movement tasks
[Cheyne and Gaetz, 2003; Salenius et al., 1997]. However, we
observed slightly noisier but highly similar patterns of
source activity in individual subjects when applying a more
restrictive (8 Hz) low-pass filter, suggesting that higher fre-
quency oscillations in the mu and beta frequency bands that
may have been present in the single trial data did not play a
role in focusing of the beamformer weights in the regions of
source activity, and that the source activity localized in the
ER-SAM images represents relatively low-frequency, tran-
sient brain events. In comparison, Hashimoto et al. [2001]
described the time course of multiple postcentral gyrus
sources of the early median nerve response using a vector
beamformer derived from averaged MEG data. In the cur-
rent study, we found that the use of the covariance matrix
derived from the averaged measurements produced much
noisier source images with spurious source peaks. However,
the approach used by Hashimoto et al. differed in that they
applied the resulting beamformer weights to only the esti-
mated signal subspace of the measurement covariance ma-
trix [Sekihara et al., 2001], possibly resulting in higher signal
to noise of the resulting images, although this approach
requires a priori specification of the dimension of this sub-
space (number of sources). In addition, as SNR increases
(more averaging) or sample number decreases (shorter ep-
ochs) regularization may be required for the computation of
the covariance matrix inverse which will decrease spatial
resolution of the filter. The advantage of our current ap-
proach is that no user input is required other than selecting
the region of interest and desired spatial resolution. Never-
theless, further studies are needed to determine the relative
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merits of deriving beamforming weights from either spon-
taneous brain activity or averaged measurements.

Volumetric source imaging using ER-SAM lends itself
easily to the use of existing spatial normalization and group
averaging techniques [Singh et al., 2003], thereby increasing
the ability to detect weaker sources of activity and group
effects. Thus, we were able to demonstrate activity in non-
primary motor areas, including the premotor and parietal
cortex, not previously reported in MEG studies of voluntary
movements. One area for future work is the development of
statistical thresholding techniques that are not overly con-
servative [Chau et al., 2004] due to the large variability in
source amplitude in the ER-SAM images. We found that
computing images based on the plus-minus averaged data
provided a useful estimate of the amount of nonstimulus
locked activity projected by the spatial filters [see also Rob-
inson, 2004]. Finally, the ability to construct group averaged
time courses (virtual sensors) for areas of peak activation
allowed us to delineate the temporal patterns of activity of
adjacent but independently active brain regions throughout
the movement period.
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