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Abstract: The role of motor activity ipsilateral to movement remains a matter of debate, due in part to
discrepancies among studies in the localization of this activity, when observed, and uncertainty about its
time course. The present study used magnetoencephalography (MEG) to investigate the spatial localiza-
tion and temporal dynamics of contralateral and ipsilateral motor activity during the preparation of
unilateral finger movements. Eight right-handed normal subjects carried out self-paced finger-lifting
movements with either their dominant or nondominant hand during MEG recordings. The Multi-Start
Spatial Temporal multi-dipole method was used to analyze MEG responses recorded during the move-
ment preparation and early execution stage (—800 msec to +30 msec) of movement. Three sources were
localized consistently, including a source in the contralateral primary motor area (M1) and in the
supplementary motor area (SMA). A third source ipsilateral to movement was located significantly
anterior, inferior, and lateral to M1, in the premotor area (PMA) (Brodmann area [BA] 6). Peak latency of
the SMA and the ipsilateral PMA sources significantly preceded the peak latency of the contralateral M1
source by 60 msec and 52 msec, respectively. Peak dipole strengths of both the SMA and ipsilateral PMA
sources were significantly weaker than was the contralateral M1 source, but did not differ from each other.
Altogether, the results indicated that the ipsilateral motor activity was associated with premotor function,
rather than activity in M1. The time courses of activation in SMA and ipsilateral PMA were consistent with
their purported roles in planning movements. Hum. Brain Mapp. 23:26-39, 2004.  © 2004 Wiley-Liss, Inc.
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INTRODUCTION

Ipsilateral activation of motor areas during unilateral vol-
untary finger movement has been reported widely using
functional magnetic resonance imaging (fMRI) [Baraldi et
al., 1999; Cramer et al., 1999; Dassonville et al., 1997; Kim et
al., 1993; Rao et al., 1993; Solodkin et al., 2001; Wexler et al.,
1997], positron emission tomography (PET) [Catalan et al.,
1998; Kawashima et al., 1998; Sadato et al., 1996], and trans-
cranial magnetic stimulation (TMS) [Caramia et al., 2000;
Palmer et al.,, 1992; Wassermann et al.,, 1991]. One view
contends that ipsilateral activity is due to inhibition of ho-
mologous primary motor areas that control the unmoving
limb [Cheyne et al., 1995; Cheyne and Weinberg, 1989]. For
example, transcallosal inhibition by ipsilateral motor areas
has been suggested in a fMRI study reporting deactivation
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of ipsilateral primary motor area (M1) relative to a resting
baseline condition [Allison et al., 2000]. Activation of the
ipsilateral M1 during unilateral movements in humans,
however, has not been found consistently [Dassonville et al.,
1998; Harrington et al., 2000; Schluter et al., 2001]. Other
fMRI research suggests that the region of ipsilateral activa-
tion is spatially distinct from that identified in contralateral
M1 [Baraldi et al., 1999; Cramer et al., 1999]. Cramer et al.
[1999] reported that unilateral finger tapping produced ip-
silateral activation in the premotor area (PMA) rather than
M1, consistent with another study [Dassonville et al., 1998].
These findings suggest transcallosal inhibition by homolo-
gous motor areas may not be a fundamental mechanism
underlying the control of unilateral movements. Rather,
other mechanisms may mediate ipsilateral activity during
unilateral movement.

The PMA seems to regulate the preparation and selection
of movement [Rizzolatti et al., 1996; Wise et al., 1997], which
is consistent with its abundant pathways to M1 and the
parietal cortex [Boussaoud et al., 1996, Dum and Strick, 1991;
Petrides and Pandya, 1984], the latter of which seems crucial
for representing abstract action plans [Shadmehr and Hol-
comb, 1997]. Although possible functional differences be-
tween ipsilateral and contralateral PMA have not been stud-
ied, activation in both regions during fMRI correlates
positively with the time it takes to prepare unilateral finger
movements [Dassonville et al., 1998], suggesting both play a
role in response preparation. Similarly, fMRI studies have
reported that contralateral and ipsilateral PMA activation is
greater for sequential than for single movements [Dasson-
ville et al., 1997; Baraldi et al., 1999], which is also consistent
with a preparatory function for this region. Nevertheless,
these studies cannot directly test this hypothesis, because it
is not possible to distinguish planning and response execu-
tion processes in the blocked designs commonly used in
fMRI studies. Fundamental insights into this issue can be
gained, however, by studying the relative time course of
activation before movement onset in motor areas contralat-
eral and ipsilateral to movement. If the PMA is the focus of
ipsilateral motor activity and if it is involved in response
preparation, the peak latency of its time course should pre-
cede that of contralateral M1.

Traditionally, electroencephalography (EEG) has been
used to study contralateral and ipsilateral motor activity
[Kristeva et al., 1990; Lang et al., 1990; Tarkka and Hallet,
1990; Urbano et al., 1998]. It is more difficult to obtain highly
accurate source locations in EEG, however, due to the diffi-
culty of estimating and modeling the conductivity profile of
the head, especially the substructure of the skull [Leahy et
al., 1998]. The present study used magnetoencephalography
(MEG) to investigate temporal dynamics and spatial local-
ization of contralateral and ipsilateral motor activity during
the preparation of self-paced unilateral finger movement of
the dominant and non-dominant hands. MEG is a good
technique to study the functional role of ipsilateral cortical
activity due to its excellent temporal resolution and superior
spatial localization accuracy in comparison to event-related

potentials (ERPs) and EEG. Previous MEG studies of unilat-
eral hand movement [Cheyne et al., 1995; Hoshiyama et al.,
1997; Kristeva et al., 1991; Nagamine et al., 1996; Taniguchi
et al., 1998] have not used MRI co-registration, so the precise
anatomic sites underlying the MEG sources could not be
delineated. One MEG study, in which MRI co-registration
was used, failed to find a reliable ipsilateral motor source
[Volkmann et al., 1998]. Most studies have not compared
directly the temporal dynamics of ipsilateral and contralat-
eral sources. The findings from previous MEG studies are
also equivocal due to the use of a two-dipole model, one in
each hemisphere, to fit the entire premovement interval,
despite fMRI and PET reports of more than two sources of
activation (e.g., primary motor, bilateral premotor, supple-
mentary motor area [SMA], parietal region) in paced tap-
ping tasks [Larsson et al., 1996; Kawashima et al., 1999; Rao
et al., 1993, 1997]. If the data are under-modeled, as in the
previous MEG studies, both the source locations and their
temporal dynamics are likely to be contaminated by the
other unaccounted sources. The problem of contamination
becomes even more serious when an interval longer than
50-msec after movement onset is analyzed, due to the intru-
sion of strong signal from primary somatosensory cortex in
the contralateral [Salmelin et al., 1995] and ipsilateral hemi-
spheres [Babiloni et al., 1999; Hari and Imada, 1999], or from
bilateral secondary somatosensory areas [Salmelin et al.,
1995].

In the present study, these problems were avoided by
modeling the locations and temporal dynamics of multiple
(6 to 8) neuronal sources that were generated by unilateral
finger-lifting movements as healthy adults underwent MEG.
The Multi-Start Spatio-Temporal (MSST) localization tech-
nique [Huang et al., 1998] was used to identify and charac-
terize the time course of sources during the epoch encom-
passing the motor preparation and early execution stage of
finger lifting (—800 msec to +30 msec). Relative to tradi-
tional MEG analysis techniques [Berg and Scherg, 1994;
Neuromag, 1996], the MSST approach is more objective and
can improve source localization accuracy because the user
does not have to provide initial guesses for the dipole loca-
tions [Aine et al., 2000; Huang et al., 1998, 2000]. Because
localization accuracy depends on the validity of inversion
algorithms used to reconstruct spatial information from
magnetic signals recorded outside the scalp, 300 Monte-
Carlo analyses were carried out on the source locations
obtained from MSST to evaluate the likelihood that the
obtained solutions were reliable [Medvick et al., 1989].
Source locations were then superimposed on the MRI of
each subject to establish their anatomic foci, and the tempo-
ral dynamics (i.e., peak latency, source strength) of each
modeled source was analyzed. Peak latency is the main
measure of interest in the present study for two reasons.
First, it is the standard measurement of brain activity used in
EEG and MEG research (e.g.,, N20/M20 components in
EEG/MEG for the 20-msec median nerve response; P50/
M50 components in EEG/MEG for the 50-msec auditory
response). Second, peak latency provides information about
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when neuronal activity begins to decline. For example, the
time at which PMA and M1 activity begins to decline pro-
vides a good measurement of when motor preparation and
execution process start to terminate, respectively. We pre-
dicted that if ipsilateral motor activity is functionally distinct
from contralateral sensorimotor activity, its source location
should be shifted anterior to M1, in the PMA, and peak
latency should occur earlier than in contralateral M1, reflect-
ing its role in preparatory processes. Alternatively, if the
neuronal activity of ipsilateral finger movement is due to
inhibition of homologous primary motor areas, its location
should be the same as the location of the primary motor
activity, namely in M1.

We also investigated whether ipsilateral motor activity
was related to possible hemispheric asymmetries for con-
trolling movement. Although movement is influenced
strongly by contralateral M1 organization, deficits in carry-
ing out movements with the limb ipsilateral to a damaged
hemisphere is found more commonly in patients with left
than right hemisphere damage [Haaland and Harrington,
1994; Harrington and Haaland, 1991; Kimura, 1977; Kimura
and Archibald, 1974]. These findings suggest that the left
hemisphere is biased for controlling movement [Haaland
and Harrington, 1996]. PET and fMRI studies of hemispheric
asymmetry in motor areas remain controversial, with some
showing that left but not right M1 is activated by movement
ipsilateral to the hemisphere [Kim et al., 1993; Mattay et al.,
1996;], and others reporting no hemispheric asymmetry [Ka-
washima et al., 1998; Sabatini et al., 1993]. PET and fMRI
studies have not addressed the issue of whether potential
hemispheric asymmetries are associated with preparing
movements or activities evoked by the movements. Al-
though MEG studies have not shown a significant hemi-
spheric asymmetry in motor areas [Kristeva et al., 1991;
Taniguchi et al., 1998], this needs to be evaluated closely by
examining the precise location and time course of activation
between the hemispheres. In the present study, the strength
of sources in motor areas generated by movements ipsilat-
eral to a hemisphere was compared directly between the two
hemispheres. We predicted that the peak strength of ipsilat-
eral sources before movement should be greater in the left
than in the right hemisphere if the left hemisphere is biased
for controlling movements before their onset.

SUBJECTS AND METHODS
Task and Procedures

Eight right-handed normal subjects (four men, four wom-
en; mean age, 33.5 years, age range, 21-46 years) partici-
pated in the study. All subjects signed consent forms ap-
proved by the Human Research Review Committee at the
University of New Mexico. During the experimental task,
the subject was seated comfortably in a chair under the MEG
system and rested his/her hands and forearms on a table in
a pronated position. Each forearm was placed about 45°
inward with respect to the anterior direction, and the angle
between the forearm and shoulder was about 90°. The fol-

lowing instruction was given verbatim to each subject when
carrying out the finger-lifting MEG task: “lift your right (left)
index finger as quick and as high as you can, then allow the
gravity to pull your index finger back to the table without
any effort. You need to self-pace your finger movement and
lift the index finger approximately once in every 2 sec.
During the index finger-lifting, make sure your palm and
other fingers are always on the table. Do not move your
index finger if you blink your eyes.” The entire task lasted
about 15 min. A 5-min break was then given before testing
the opposite hand. The order of testing the dominant and
non-dominant hands was counterbalanced across subjects.

MEG Measurements

Magnetic responses were measured by the Neuromag
whole-head MEG system (Helsinki, Finland), with 122 pla-
nar gradiometers in a magnetically shielded room
(IMEDCO-AG, Switzerland). Electrooculogram (EOG) elec-
trodes were used to monitor eye blinks. A video camera
inside the shielded room and an intercom enabled the ex-
perimenter to monitor the subject and provide feedback to
insure that the task was carried out accurately. In the resting
state, the subject placed the index finger on a piece of wood
(attached to the table) with a shallow hole drilled through it.
The hole had a fiber optic cable on either side of it. One fiber
connected to a light-emitting laser diode and the other to a
light-sensing diode in an optical sensor unit. The subject’s
finger blocked the light in the resting state and unblocked it
when the finger was lifted. The electrical output of the
optical sensor unit was fed into a debouncer, which in turn
sent a trigger to the MEG system for signal averaging. Three
hundred trials free of eye blinks and other artifacts were
averaged with respect to the onset of the finger movement.
The prestimulus and poststimulus intervals of the recording
were 1,000 msec and 500 msec, respectively. The sampling
frequency used in the MEG data acquisition was 300 Hz, and
the data were run through a band-pass filter (0.1-100 Hz)
and a notch filter to remove 60-Hz power-line noise. The
interval beginning 800 msec before movement onset and
ending 30 msec after movement onset was analyzed to study
the sources involved in planning the movement, uncontam-
inated by potentially strong ipsilateral primary somatosen-
sory (S1) signals that have been reported about 60 msec after
movement onset [Hari and Imada, 1999]. A strong somato-
sensory contamination in the ipsilateral hemisphere would
have substantially reduced our ability to localize and depict
accurately the time course of the ipsilateral motor source
preceding movement, which was the focus of our study. No
S1 activation has been found in contralateral or ipsilateral S1
during the motor preparation and early execution stages
[Inase et al., 1989], which we demonstrated also in the
present study (see results).

MEG Analyses

To localize neuronal sources using MEG, assumptions are
made about the conductivity distribution for the head (head
model) and the sources (source model). Typical head models
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assume that the head contains several homogeneous layers
(e.g., scalp, skull, and brain). The geometry of different
layers can be described by best-fitting spheres, a spherical
head model [Ilmoniemi et al., 1985; Sarvas, 1987], or many
small triangular boundary elements, the Boundary Element
Method (BEM) [Ferguson et al., 1994; Himaéldinen and Sar-
vas, 1989; Mejis et al., 1987; Schlitt et al., 1995]. In a human
skull phantom study that we contributed to, it was shown
that for sensorimotor areas the spherical head model and
BEM yielded very similar results [Leahy et al., 1998], due to
the high spherical symmetry of the skull in this region. We
also reported that the main source of error for MEG source
localization was the MEG-computed tomography (CT) co-
registration error (2.26 mm), which was small. In this study,
therefore, the spherical head model was adopted. In this
approach, a sphere is fitted to the inner surface of the skull
(based on each subject’s MRI) overlying an area surrounding
the bilateral central sulci including the posterior frontal lobe,
the entire parietal lobe, and the superior temporal lobe.
Based on our previous results, the MEG-MRI co-registration
error in the present study was expected to be <3 mm.

A widely adopted source model for MEG is a set of
equivalent current dipoles (ECDs), which assumes that there
are multiple focal neuronal current sources that can be mod-
eled by multiple dipoles. This model was applied in the
present study because the physiologic validity of the dipole
model for sensorimotor responses has been well docu-
mented in animal studies [Okada et al., 1996]. The MSST
modeling technique [Huang et al., 1998] was used to obtain
the locations of neuronal sources and their temporal dynam-
ics (i.e., time course, source strength, area under the curve of
source-strength vs. time). This method has been tested in
computer simulations, phantom studies, and human studies
[Aine et al., 2000; Huang et al., 1998, 2000], and has been
shown to be a significant improvement over traditional in-
verse techniques in terms of source localization accuracy
and ability to model weak sources. Unlike the traditional
multi-dipole fitting approaches, MSST does not require us-
ers to provide initial guesses for dipole locations; hence, the
fitting procedure is more objective.

Cartesian coordinates were used to describe the dipole
locations. The y-axis was defined as the direction from right
preauricula (PA) to left PA, with positive y to the left direc-
tion. The x-axis was defined as a line through the nasion
(NA) intersecting and perpendicular to the left-right PA
line, with positive x in the anterior direction. The z-axis was
perpendicular to the x—y plane, with positive z in the supe-
rior direction. The locations of the sources provided by MEG
were then superimposed on 3-D-volumetric gradient refo-
cused echo T1-weighted anatomic MR images of the patients
collected on a 1.5 T MR scanner. To co-register the MEG with
MRI, the three anatomic landmarks (i.e., NA, left and right
PA) were measured for each subject using the Head Position
Identification system included with the Neuromag whole-
head MEG system. By identifying the same three points on
the subject’s MR images using Neuromag software, a trans-
formation matrix involving both rotation and translation

between the MEG and MRI coordinate systems was gener-
ated to provide proper co-registration of the functional lo-
calizations to the anatomic structure. Because it is now com-
mon to remove the skull from MRIs to protect the identity of
subjects, after the MEG-MRI transformation matrix was ob-
tained for each subject, the skull was removed from the
subject’s MR images and MEG sources were superimposed
on the brain-only surface.

Determining the adequate number of dipoles in the data
(model order) is an important procedure in any multiple-
dipole fitting method. Great cares had been taken in MSST to
ensure the data were not either under-modeled (the number
of dipole is less than adequate) or over-modeled (more than
adequate number of dipoles used). Singular value decom-
position (SVD) [Golub and Van Loan, 1984] was used to
obtain the number of asynchronous sources (the number of
signal-related singular values, also the “minimum model
order”) for a given interval of data. If the noise in the data is
white (uncorrelated), the SVD plot is L-shaped, with the
signal-related singular values in the part with the bigger
slope and the noise-related singular values in the part with
the smaller slope. In this case, picking up the signal-related
singular values from SVD is straightforward. If there is some
correlated noise in the data, however, the transition between
noise-related singular values and the signal-related singular
values is gradual. In this case, the data were pre-whitened
[Hansen, 1997; Knésche et al., 1998; Sekihara et al., 1997,
1999] before the number of asynchronous sources was de-
termined from the SVD. Next, to derive the adequate model
order, a search beyond the minimum model order was car-
ried out to account for synchronous or near-synchronous
sources that may exist in the data [Aine et al., 2000; Huang
et al., 1998, 2000]. For a given model order, the reduced-x*
(x* normalized by the number of degrees of freedom) is used
as the goodness-of-fit measurement. An adequate model
order is found when all the following criteria are satisfied:
(1) an increase in the model order will not significantly
lower the reduced-x? values, but a decrease in the model
order will significantly increase the reduced-x> values; (2)
the best-fitting MSST solutions with similar reduced-x* val-
ues (within 5% of each other) form clusters in a dipole
location plot; and (3) no signal remains in the fitted residual
(i.e., the difference between the empirical data and the mod-
eled data). Under-modeling the data can be detected by
violations of criteria 1 and 3. Namely, an increase of the
model order will lower significantly the reduced-x* values
and un-modeled signals will remain in the fitted residual.
On the other hand, over-modeling will result in violations of
criterion 1 and 2. Here, a decrease in the model order will
not significantly increase the reduced-x* values and random
scattering will be seen in the location plot for best-fitting
solutions (i.e., unneeded extra dipoles are fitting the noise).
Additionally, over-modeling may cause the real sources to
be localized less accurately in which the clusters associated
with the real sources show larger extent than in the adequate
modeling.

* 20 o



¢ Huang et al. ¢

RESULTS

The behavioral data showed that the mean inter-move-
ment interval for self-paced finger lifting of the dominant
and non-dominant hands was 2.46 sec (standard deviation
[SD] = 3.02 sec; range = 1.85-3.48 sec). MEG sources and
their temporal dynamics were derived separately for the left
and right hemispheres of each subject, resulting in 16 MEG
data sets. In each of the 16 data sets, the number of adequate
dipoles used by MSST was six to eight for the MEG signal in
the —800 to +30 msec interval. The exact number of ade-
quately modeled dipoles varied among subjects (7 dipoles in
12 data sets, 7 dipoles in 3 data sets, and 8 dipoles in 1 data
set).

Figure 1 demonstrates the general procedures for analyz-
ing MEG data using MSST. We first carried out a downhill
simplex search [Nelder and Mead, 1965] many times for a
given model order (i.e., the number of dipoles to fit). Each
time, the program selected a set of starting dipole locations
(i.e., starting points) by randomly sampling a user-selected
search volume [Huang et al., 1998]. Figure 1A shows that to
fit the MEG responses with six dipoles, 3,000 sets of starting
locations were selected by randomly sampling a searching
volume specified by a spherical shell: the ranges for p (ra-
dius), 6 (elevation angle), and ¢ (azimuth angle) were 2-9
cm, 0-140 degrees, and 0-360 degrees, respectively. Each set
contained 6 dipole locations indicated by 6 different colors
in the plot. Figure 1C shows the measured magnetic fields
from Subject 1’s right index finger-lifting response, in which
the MEG waveforms from 122 channels are superimposed.
After multiple searches were carried out, the sets of best-
fitting solutions with similar reduced-x* values (i.e., in this
case the 15 best-fitting sets) formed six clusters for a six-
dipole fit, as shown in Figure 1B (asterisks). The centroids of
these clusters are shown in Figure 1B as vertical lines. These
solutions were averaged to obtain the six-dipole locations,
which are indicated by the X, y, and z coordinates of the
vertical lines in Figure 1B. The predicted magnetic fields
based on the six dipole locations from Figure 1B are plotted
in Figure 1D and the residual (the difference between mea-
sured and predicted magnetic fields) is shown in Figure 1E.
Finally, a Monte-Carlo analysis [Medvick et al., 1989] was
used to provide the statistical uncertainty of the dipole
solutions from MSST. In this procedure, 300 sets of simu-
lated gaussian random noise were added to the modeled
MEG fields created by best-fitting MSST solution. The level
of each set of the random noise was set to be the same as for
the —1,000-msec to —800-msec prestimulus noise interval.
The noisy data were fitted back with the same model order
as the fit of the original data using downhill simplex direct
search algorithm and the perturbations to the MSST solution
due to noise in terms of dipole locations were obtained.

Figure 2 shows six clustered dipoles (yellow clusters)
localized from Subject 1's right finger-lifting MEG response
(shown in Fig. 1) and superimposed onto this subject’s MRIL.
The six clusters fell within two standard deviations of the
mean source locations derived from 300 Monte Carlo anal-
yses. The clusters were localized in the contralateral and

ipsilateral motor areas, supplementary motor area (SMA
proper), contralateral lateral prefrontal region, posterior cin-
gulate region, and contralateral superior parietal region.

The most consistent sources across all eight subjects were
the contralateral motor source (in all 16 hemispheres), the
ipsilateral motor source (in 15 of 16 cases), and the SMA (in
13 of 16 hemispheres), as shown in Figure 3. Blue clusters in
Figure 3 represent activations due to left index finger-lifting,
whereas yellow clusters are activations due to right index
finger-lifting. The results from 300 Monte-Carlo analyses are
plotted, all of which fell within two standard deviations of
the mean source location. The SMA was defined as the
medial portion of BA 6 in the medial surface of the superior
frontal gyrus, anterior to primary motor area of the lower
extremity and above the cingulate sulcus [Penfield and Ras-
mussen, 1950; Penfield and Welch, 1951]. All 16 contralateral
hemispheric motor sources were localized to the posterior
aspect of precentral gyrus (anterior bank of the central sul-
cus) in M1 (BA 4). Among the 15 cases that showed ipsilat-
eral hemispheric motor activations, and 12 were localized to
the anterior aspect of precentral gyrus (posterior bank of the
precentral sulcus) with localization uncertainty extending
anterior to the precentral sulcus. The remaining three cases
localized to the anterior bank of the precentral sulcus with
uncertainty extending posterior to the precentral sulcus. All
these ipsilateral hemispheric source locations were in the
PMA, which was defined as the lateral aspect of BA 6 lying
immediately in front of M1 [Carpenter, 1978]. At the hand
level, PMA contains the anterior aspect of the precentral
gyrus and extends to the gyrus anterior to the precentral
sulcus. Relative to the M1 source generated by the move-
ment of the contralateral hand, the location of the PMA
source from ipsilateral finger movements was shifted ante-
riorly in all 15 hemispheres (mean * SD, 9.2 = 3.0 mm; P
< 0.005), ventrally in 13 hemispheres (mean = SD, 7.8 + 3.1
mm; P < 0.01), and laterally in 11 hemispheres (mean * SD,
45 *= 3.3 mm; P < 0.05). In the five subjects who showed
SMA sources from both the left and right unilateral index
finger-lifting tasks, sources due to right index finger-lifting
were shifted to the left of the SMA due to left index finger-
lifting (mean * SD, 3.6 = 1.5 mm; P < 0.01).

To compare our source locations with those reported in
related studies that used fMRI and PET, we obtained the
Talairach coordinates [Talairach and Tournoux, 1988] of the
MEG sources using the brain normalization software in
SPM2, which uses a 12-parameter affine transformation and
a nonlinear deformation [Ashburner et al., 1997; Ashburner
and Friston, 1999; Friston et al., 1995]. In this approach, the
three fiducials (left PA, right PA, NA) of each individual
subject’s MRI were first identified using the MRI display
function in SPM2 to create a transformation matrix between
the MEG source coordinate system and the MRI coordinate
system. This step was the same as the co-registration proce-
dure mentioned previously with Neuromag software. SPM2
was then used to normalize the subject’s MRI into Talairach
space and obtain a second transformation matrix. By com-
bining these two transformation matrices, Talairach coordi-
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Figure I.

MSST analysis of the MEG recording during a right finger-lifting
response from Subject I. A: In a six-dipole fit, 3,000 sets of
starting locations were selected randomly within a search volume.
The MEG pick-up coils are also shown. Each set contains six
starting dipole locations indicated by six different colors. B: The
|15 best-fitting six-dipole MSST solutions (indicated by asterisks)
with similar reduced-x? values form six clusters in space (x, ante-

nates of the MEG sources for each individual subject were
obtained. Table I lists the mean and SD of the Talairach
coordinates for the MEG sources across the group.

Figure 4 shows the dipole time-courses for the eight sub-
jects. Figures 4A and 4B are the time-courses for the left and

rior [+] posterior [—] coordinate; y, left [+] right (—) coordinate;
z, superior [+] inferior [—] coordinate). Each vertical line repre-
sents the centroid of averaged dipole location for the cluster. C:
Measured magnetic field waveforms from 122 MEG channels are
superimposed. D: Predicted magnetic fields based on the dipole
locations modeled in B. E: Residual magnetic fields, namely the
difference between C and D.

right hemispheric motor sources due to finger lifting using
the non-dominant left hand. This figure compares the time
courses of two motor sources in different hemispheres for
the finger movement of the same hand. The peak latencies of
the ipsilateral premotor area sources (indicated by vertical
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L hemisphere

Figure 2.

Six dipolar sources (yellow clusters) from Subject I’s right index
finger-lifting MEG response, localized using MSST, and superim-
posed on the subject’s MRI. Three hundred Monte-Carlo analyses
were carried out to obtain the uncertainty of the dipole locations,
defined as two standard deviations from the mean of the clustered
locations. A: View from front-right, the right (ipsilateral) hemi-
sphere premotor area (PMA) source. B: View from front-left, the
left (contralateral) hemispheric primary motor area (M) source
and the left prefrontal source. C: View from top, the left M| and
right PMA sources, supplementary motor area (SMA), and left
superior parietal source. D: Sagittal view through the interhemi-
spheric fissure, SMA, and posterior cingulate sources.

R hemisphere

Figure 3.

Contralateral primary motor (M), ipsilateral premotor area
(PMA), and supplementary motor area (SMA) sources across all
eight subjects evoked by unilateral MEG index finger-lifting were
superimposed on individual subjects’ MRI. Neurologic convention

was adopted in the MR images. Blue clusters represent activations
due to left index finger-lifting, whereas the yellow clusters are
activations due to right index finger-lifting. The results from 300
Monte-Carlo analyses are plotted.
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TABLE l. Talairach coordinates of the MEG sources in
the finger-lifting task

Talairach coordinates, mm

(mean *= SD)

MEG sources X y z
L finger-lifting, L PMA

(n=28) —38.0 =45 -88+*68 51.7+67
L finger-lifting, R M1

(n=28) 33.5+43 —20.1 £68 557+%52
L finger-lifting, SMA

m=7 19+20 -193%61 623%69
R finger-lifting, R PMA

n=7) 39.5 +5.0 —-62+80 498*+79
R finger-lifting, L M1

(n =28) —343 £ 3.6 -203£62 585*67
R finger-lifting, SMA

(n = 6) -08=*31 —-203*54 608 *64

Number of responses (n) in which a specific source was localizable
is given for each MEG source.

MEG, magnetoencephalogram; SD, standard deviation; L, left; R,
right; PMA, premotor area; M1, primary motor area; SMA, supple-
mentary motor area.

A L finger-lifting, L premotor area

lines in Fig. 4) in the left hemisphere were markedly earlier
than those of the contralateral M1 sources in the right hemi-
sphere. The peak dipole strengths of the ipsilateral PMA
sources were also markedly weaker than were those of the
contralateral M1 sources. The time-courses of the SMA
sources are shown in Figure 4C. Their peak latencies are
considerably earlier than were those of the contralateral M1
sources. The peak amplitudes of the SMA sources are similar
to that of the ipsilateral PMC sources, but weaker than were
those of the contralateral M1 sources.

Similar results are shown in Figure 4D-F for finger lifting
using the dominant right hand for the eight subjects. Fur-
thermore, a weak peak was visible in 7 of 16 time courses of
the contralateral M1 sources (two of them were indicated by
arrows in Fig. 4B,E).

Figure 5A displays the peak latencies of the ipsilateral
PMA and contralateral M1 sources in all the 15 finger-lifting
responses (8 left and 7 right finger-lifting MEG responses) in
which unilateral finger lifting generated both contralateral
and ipsilateral motor sources among the 8 subjects. A paired
t-test showed that the peak latencies of the ipsilateral PMA
source significantly preceded the peak latencies of the con-
tralateral M1 ones by a mean value of 52.5 msec (t = 9.01, P
< 0.0001). The mean peak latency was —86.7 (SD = 29.0
msec) for the ipsilateral PMA activity and —34.2 (SD = 28.7

D: R finger-lifting, R premotor area
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. B: L finger-lifting, R primary motor area

The time courses and dipole strengths of the
ipsilateral premotor area (PMA), contralateral

-800  -600  -400
C: L finger-lifting, SMA

-200 0 -800  -600 -400 -200 0

F: R finger-iifting, SMA

primary motor area (MI), and SMA due to 50

finger lifting using the non-dominant left hand & 49
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eight subjects. Time courses are color-coded §
for each subject. Peak latencies of the sources 8 20
for each subject are indicated by the vertical 12. 10
lines. Time courses of the contralateral Ml E 0
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peak (arrow), which was earlier than were the
strongest peaks.
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Figure 5.
Peak latency (A) and peak dipole strength (B)
of the ipsilateral PMA and contralateral Ml
sources in eight left finger-lifting (circles) and

Ipsilaterail PMA  Contralateral Mi

msec) for the contralateral M1 activity. The mean peak la-
tency of the 13 SMA sources was —94.4 (SD = 20.2 msec),
which was significantly earlier than was the peak latency of
the contralateral hemispheric primary motor area sources (¢
= 8.47, P < 0.0001). There was only a nonsignificant trend
for SMA sources to appear earlier than did ipsilateral pre-
motor area sources (t = 1.91, P = 0.08).

Figure 5B displays the peak dipole strengths of the ipsi-
lateral PMA and contralateral M1 sources for each subject.
The ipsilateral PMA sources were significantly weaker than
were that of the contralateral M1 sources in 12 of 15 cases (¢
= 3.28, P < 0.01). The mean peak dipole amplitudes of the
ipsilateral PMA and contralateral M1 sources were 13.8 (SD
= 4.2 nAm) and 21.8 (SD = 10.6 nAm), respectively. The
mean peak amplitude of the SMA dipole (12.4 * 5.0) was
also significantly less than that of the contralateral M1
source (t = 4.07, P < 0.01), but no significant difference was
found between the peak amplitude of the SMA source and
the ipsilateral PMA source (t = 1.37, P = 0.20).

To evaluate whether motor activity was related to possible
hemispheric asymmetries for controlling movement, we
compared the strength and time course of contralateral and
ipsilateral motor sources generated by the non-dominant
and the dominant finger movements. Peak latency and peak
dipole amplitude were not significantly different between
the dominant and the non-dominant hands for the ipsilateral
hemispheric PMA source or for the contralateral hemi-
spheric M1 source. We also analyzed the area under the
dipole strength versus time curve for each motor source,
which reflects the strength of contralateral and ipsilateral
motor activity across the entire epoch (i.e., =800 to 30 msec
interval). The mean area under the curve did not differ
significantly between the non-dominant (5.8 = 1.1 nAm-sec)

Ipsilateral PMA  Contralateral M!

seven right finger-lifting (asterisks) studies for
all eight subjects.

and the dominant (5.9 = 1.0 nAm-sec) hand for the con-
tralateral M1 sources. There was, however, a nonsignificant
trend for the mean area under the curve to be greater for the
left (4.8 £ 1.0 nAm-sec) than the right (4.4 = 0.8 nAm-sec)
hemisphere for the ipsilateral PMA sources (t = 2.0, P
= 0.09).

DISCUSSION

Our results showed that before the onset of unilateral
finger movements, both the contralateral and ipsilateral
hemispheric motor areas were activated, consistent with
previous MEG results [Cheyne et al., 1995; Volkmann et al.,
1998]. We also demonstrated that within each hemisphere,
the source location of ipsilateral motor activity was signifi-
cantly anterior, inferior, and lateral to the source location of
M1 associated with contralateral finger movement. Ipsilat-
eral hemispheric motor activity was found in the PMA in BA
6 rather than M1 of BA 4. Such a difference in location agrees
with some previous fMRI findings [Baraldi et al., 1999; Cra-
mer et al., 1999], but not all [Dassonville et al., 1997; Kim et
al., 1993; Rao et al., 1993; Solodkin et al., 2001; Wexler et al.,
1997]. The discrepant results from fMRI may be due partly
to the use of different conditions across studies to control for
baseline activation, or a loss in spatial resolution due to
warping subjects’ brains to a standard atlas. It is noteworthy
that ipsilateral M1 activation seems substantially weaker in
subjects who show a strong hand preference [Dassonville et
al., 1997]. Although we did not measure the degree of right-
hand preference in our study, this could explain the absence
of ipsilateral M1 activity if most subjects had a strong hand
preference. Other MEG studies have not observed different
source locations for contralateral and ipsilateral motor areas
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[Cheyne et al., 1995; Hoshiyama et al., 1997; Kristeva et al.,
1991; Nagamine et al., 1996; Taniguchi et al., 1998; Volkmann
et al., 1998]. Our source localization results are in agreement
with a study showing that ipsilateral muscle activity was
generated by TMS stimulation 3 cm anterior and 3 cm lateral
to Cz [Caramia et al., 2000], a scalp site remote from the
ipsilateral M1, but quite close to the PMA. In addition, our
results show that the peak latency of the ipsilateral PMA
source is significantly earlier than was the peak latency of
the contralateral M1 source. Collectively, the findings from
the present study indicate that ipsilateral hemispheric acti-
vation generated from simple finger movements is associ-
ated with premotor function.

In our study, we noticed that the difference in the spatial
location (in anterior, inferior, and lateral directions) of the
motor sources during ipsilateral and contralateral finger
movements was smaller than that reported by Cramer et al.
[1999] using fMRI. Additionally, fMRI studies often report
PMA activation in the hemisphere contralateral to move-
ment [Catalan et al., 1998; Dassonville et al., 1998; Har-
rington et al., 2000; Rao et al., 1993; Wexler et al., 1997],
whereas we observed only one contralateral source in M1.
These discrepancies could result from modeling contralat-
eral hemispheric M1 and PMA activities with one source.
Specifically, due to the close proximity of source locations
and overlap in time courses, our signal-to-noise ratio and
MEG sensor density may not be able to resolve contralateral
M1 and PMA sources. The spatial resolution for our MEG
system is about 5 mm under favorable conditions (e.g., the
time courses of the two sources are highly asynchronous; the
primary neuronal currents are flowing in near-orthogonal
directions; and low noise level). The contralateral M1 and
PMA sources do not satisfy all of these conditions because:
(1) they are close in space and their temporal dynamics
overlap; (2) their current flow is in a similar direction (an-
terior-posterior direction); and (3) their separation in loca-
tion (largely in the anterior-posterior direction) happens to
be similar to their common current-flow orientation. It there-
fore may not be possible for us to distinguish contralateral
M1 and PMA sources in the present study. The location of
our contralateral M1 source may represent an average of the
contralateral M1 and PMA sources, weighted toward the
former due to its greater strength. This perhaps caused an
underestimation of actual location differences in each hemi-
sphere between the activation generated by contralateral
hand movement and activation by ipsilateral hand move-
ment, as mentioned above.

Interestingly, in 7 of 16 cases there was a visible weak
peak with an earlier latency than the main peak in the
time-course of the contralateral motor source (see arrows in
Fig. 4B and 4D). This finding can also be explained by the
co-existence of contralateral PMA and MI sources. The ear-
lier peak may represent the contralateral PMA, which is
weaker than the main contralateral M1 activation, and the
time-course of the modeled contralateral source may contain
the temporal information from both sources. If the contralat-
eral PMA source is too weak, it may not be visible in the

time-courses of the modeled contralateral M1 source. This
may explain the absence of an earlier peak in the other 9
cases. In addition, as pointed out by one reviewer, some of
the readiness activity shown in the time courses of contralat-
eral MI (Fig. 4) may be from contralateral PMA, which we
were unable to separate. In contrast, the ipsilateral PMA
source in our study was robustly localized, because there
was no confounding strong ipsilateral M1 source.

To our knowledge, this is the first study to report a sig-
nificant difference between both the location and the peak
latency of motor sources in the hemispheres ipsilateral and
contralateral to unilateral finger movement. Our finding that
the peak latency of the ipsilateral PMA source was signifi-
cantly earlier than was the peak latency of contralateral M1
is consistent with the role of the PMA in the motor prepa-
ration process. Others have speculated that ipsilateral motor
activation is due to inhibition of movements in homologous
M1 that controls the unmoving limb [Allison et al., 2000;
Cheyne et al., 1995; Cheyne and Weinberg, 1989; Kristeva et
al., 1991]. Single-cell recordings in monkeys, however, have
shown that only a small number of neurons in M1 ipsilateral
to hand movement were active [Aizawa et al., 1990; Matsu-
nami and Hamada, 1981; Tanji et al., 1988; Wannier et al,,
1986]. These findings cast doubt on the inhibition hypothesis
of ipsilateral M1 activation. In addition, this hypothesis did
not provide a compelling explanation of our results because
ipsilateral and contralateral motor activation were spatially
distinct, located in motor areas that regulate different func-
tions. The PMA exhibits a far more complex relationship
with movement characteristics than does M1. Unlike M1,
activation in PMA is more sensitive to movement-related
conditional cues [Kurata and Hoffman, 1994] and sequence-
specific properties of movement [Kettner et al., 1996; Kurata,
1991; Mushiake et al., 1991]. PMA activation also is associ-
ated with the complexity of planning movements [Catalan et
al., 1998; Dassonville et al., 1998; Harrington et al., 2000;
Sadato et al., 1996; Solodkin et al., 2001], whereas a similar
relationship with M1 activation can usually be attributed to
an increase in the number of active muscle groups [Gordon
et al., 1998; Rao et al., 1993; Shibasaki et al., 1993; Solodkin et
al., 2001; Wexler et al., 1997]. Although M1 showed prepa-
ratory activity in our study, others have demonstrated that
activation in PMA, but not M1, increases with the difficulty
of preparing movement sequences [Dassonville et al., 1998;
Schluter et al., 2001].

We also consistently modeled neuronal activation in the
SMA proper, which has dense corticocortical input into both
the PMA [Kurata, 1991] and M1 [Picard and Strick, 1996].
The peak latency of SMA activation preceded the peak la-
tency in M1, and there was a trend for it to occur slightly
earlier than in ipsilateral PMA. These results are consistent
with fMRI studies showing an earlier time-course in the
hemodynamic response for SMA than for M1 [Lee et al,,
1999; Richter et al., 1997; Weilke et al., 2001]; however, the
present study further demonstrates that the difference in the
time course is on the order of 60 msec for self-paced finger
movements. Although its specific role remains elusive, SMA
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activation has been associated broadly with planning move-
ments [Tanji, 1996]. Separating the functional roles of SMA
and PMA has been challenging, because activation in both
regions typically correlates with many of the same behav-
ioral functions, including the difficulty of preparing a re-
sponse [Deiber et al., 1996]. Taken together, the localization
and time course of SMA and ipsilateral PMA activation in
our study is consistent with the roles of these regions in
planning or preparation functions during voluntary move-
ment, and further supports the validity of the source loca-
tions modeled in this study for self-paced finger movements.

In the present study, we were unable to find significant
asymmetry in peak source strength between the left and
right hemispheres, similar to other MEG studies [Kristeva et
al., 1991; Taniguchi et al., 1998]. These results contrast with
fMRI reports of a left hemisphere bias in M1 and PMA for
controlling movement [Kim et al., 1993; Mattay et al., 1998;
Schluter et al.,, 2001; Solodkin et al., 2001; Ziemann and
Hallett, 2001] and focal lesion data showing a left hemi-
sphere bias in representing movement [Haaland and Har-
rington, 1996]. We believe that the discrepancy between our
results and others may be explained by differences between
MEG and fMRI or PET in the physiologic measures of brain
activity. First, hemispheric asymmetry in fMRI and PET is
exhibited typically by volume of activated tissue. In contrast,
in MEG certain assumptions about the sources are made.
Our source model assumed that activation was focal and
could be modeled by point sources; therefore, the source
volume is not available directly from model parameters.
When we analyzed the strength of activation across the
entire interval of —800 to 0 msec (i.e., area under the curve),
there was a trend for stronger left hemisphere activation in
ipsilateral PMA. This suggests that with a larger sample size
than that in the present study, a left hemispheric asymmetry
might emerge more clearly when activation strength is as-
sessed throughout the epoch rather than during a single
point in time (i.e., only peak dipole strength) as in previous
MEG studies [Kristeva et al., 1991; Taniguchi et al., 1998].
Second, most fMRI and PET studies use blocked designs, so
that it is not possible to distinguish hemispheric asymme-
tries due to preparation for movement from those associated
with executing movements. This contrasts with our study in
which we specifically analyzed neural activity during the
motor preparation and early execution phase of movement.
Accurately modeling the M1 and PMA activity after the
movement onset is difficult in MEG due to the strong so-
matosensory contamination after the movement onset [Inase
et al., 1989]. If the activation after movement onset contrib-
utes significantly to the hemispheric asymmetry, however,
this would not be detected in the present study. Studies
distinguishing the contribution of planning and motor exe-
cution processes to hemispheric biases are needed to directly
address this issue.

In conclusion, this is the first MEG study to demonstrate
the precise temporal dynamics of neural activation in SMA,
ipsilateral PMA, and contralateral M1 during self-paced fin-
ger movements. Although the role of ipsilateral PMA and

SMA activation remains a matter of debate, both seem to
play an important role in recovery from stroke. In stroke
patients carrying out movement using the affected hand,
enhanced activation has been observed in the SMA and
ipsilateral M1 and PMA [Cramer et al., 1997; Marshall et al.,
2000; Weiller, 1998]. During TMS, motor evoked potentials
(MEP) from PMA in the hemisphere ipsilateral to the stroke-
affected hand correlated with the recovery of the sensorimo-
tor function in stroke patients [Caramia et al., 2000]. These
findings suggest an increased role of ipsilateral PMA and the
SMA in controlling movement of the stroke-affected hand,
perhaps because formerly simple, highly skilled movements
become more dependent upon explicit planning processes.
Future studies examining the source location and temporal
dynamics of neuronal activity in these regions may provide
additional insight into the role of ipsilateral motor areas in
both normal movement and recovery of function after brain
damage.
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