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Abstract High density, whole head magnetoencephalography (MEG) was used to study ten healthy human
subjects (ﬁve females and ﬁve males) participating in a
continuous shape-copying task. The task was performed
with eyes open and ﬁxated. The three-part task began
with 45 s of ﬁxation on a blue dot, after which the dot
turned red, and a pentagon was presented around it.
Subjects continued to ﬁxate on the red dot for 45 s, after
which it turned green. The green dot instructed subjects
to begin copying the shape continuously for 45 s, without visual feedback, using a joystick mounted at arm’s
length. Data were collected at 1,017.25 Hz with a 248
sensor axial-gradiometer system. After cardiac artifact
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subtraction (Leuthold 2003), each corner was identiﬁed,
and 1 s epochs (centered on each corner) were averaged
and ﬁltered from 1 to 44 Hz. Grand average ﬂux maps
demonstrated dipolar distributions identifying the most
relevant sensors. With these sensors, which were located
over ﬂux extrema (Valaki et al. 2004), dipole models
were used for source localization within subjects. Consistent dipole locations included the left motor cortex,
bilateral parietal, frontal and temporal regions, and the
occipital cortex. These results indicate that MEG
source-localization may be derived from a limited
number of trials of continuous data, and that visual
cortex activity may be consistently present during continuous motor activity despite the absence of novel visual stimulation and eye-movements.
Keywords Magnetoencephalography Æ MEG Æ
Copying Æ Vision Æ Motor

Introduction
Traditional magnetoencephalography (MEG) sourcelocalization paradigms involve the averaging of multiple
short window stimulus response pairs. Because natural
movements evolve in time, this experimental design
could limit MEG studies of motor function. Therefore,
we sought to explore the feasibility of using a continuous
motor task for MEG source-localization. To that end,
we chose to use a shape-copying task that has been
extensively studied in our laboratory with single-unit
recordings in monkeys (Averbeck et al. 2002, 2003) and
fMRI in human subjects (Lewis et al. 2003). In this task,
subjects were provided with a visual template that they
copied using a joystick mounted outside their visual
ﬁeld. Subjects received no visual feedback of the joystick
trajectory.
In order to copy a ﬁgure, a subject must convert a
visual display into a closely approximated motor program. Unlike tracing, in which the motor output corresponds in space with the template, in copying subjects
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must transfer visual information about the object being
copied to a new space in which the copy is being created.
For this more complicated task, subjects must produce
and execute a motor plan with the same spatial characteristics as the object being copied, in a ‘‘motor ﬁeld.’’
Bernstein ﬁrst described this motor ﬁeld in comparison
to the visual ﬁeld, stating that the motor ﬁeld emphasizes
topology rather than metrics (Bernstein 1923). Georgopoulos (2002) reevaluated recently Bernstein’s incisive
insight within the context of modern studies of the
neural mechanisms of spatial aspects of movement. The
topological emphasis is demonstrated by the similarity
of an individual’s handwriting across letter sizes and
orientation of the writing surface, on horizontal paper
versus a vertical dry-erase board, for example. The
similarity in handwriting holds despite the large diﬀerences in muscle groups used to produce it. If specialized
cortical regions subserve the motor ﬁeld, damage to
those areas would interfere with speciﬁc forms of
movement.
Deﬁcits in motor planning or spatial transformation,
in the presence of normal vision and normal motor
control, may result in the inability to complete a visuoconstructional task such as shape copying. This
deﬁcit in assembling, building or drawing components of
a model or template into a whole is known as constructional apraxia (Kleist 1934). While Kleist did not
diﬀerentiate among forms of constructional apraxia, the
work of Benton suggested that deﬁcits in shape copying
may segregate from stick-construction and blockarranging deﬁcits in a clinical setting (Benton 1967).
Furthermore, deﬁcits in drawing from a template can be
separate from the ability to draw a similar object from
memory (Behrmann et al. 1992).
Shape copying without visual feedback requires
identiﬁcation of the object (or at least its component
parts and their relations to one another), motor planning, and an abstract spatial representation that functions to compare the observed ﬁgure to the movement
being made for copying it. Given these aspects, shape
copying is a routine component in neurological assessment (Folstein et al. 1975). As such, shape copying also
proves to be a useful task in the study of movement and
normal brain function (Averbeck et al. 2002, 2003; Lewis et al. 2003).

Materials and methods
Subjects
Ten right-handed subjects (ﬁve women and ﬁve men)
participated in these experiments as paid volunteers (age
range, 23–41 years; mean ± SD, 30±6 years). The
study protocol was approved by the appropriate institutional review boards. Informed consent was obtained
from all subjects according to the Declaration of Helsinki. All subjects denied any history of neurological or
psychiatric illness, including drug/alcohol abuse. In

addition, no subjects were found to have abnormal
neurological magnetic resonance imaging (MRI) studies.
The copy task
Stimuli were generated by a computer and presented to
the subjects using a LCD projector. Subjects performed
three 45 s tasks in consecutive order (Lewis et al. 2003).
In the ﬁrst task, they ﬁxated a blue spot of light in the
center of a black screen; in the second task, the light
changed to red and a single white shape of a pentagon
appeared around it; in the third task, the light changed
to green (a ‘‘go’’ signal) and the subjects drew the shape
continuously by moving an X–Y joystick with their right
hand. Subjects were instructed to ﬁxate during all tasks
and to draw in the third task. They were also instructed
to copy the shapes counterclockwise at their own speed,
beginning at top and center; no visual feedback was
provided. The ﬁxation point and pentagon were presented to the subjects using a periscopic mirror system
which placed the image on a screen approximately 62 cm
in front of the subject’s eyes. The pentagon subtended
approximately 10 of visual angle.
Data acquisition
Data were collected using a 248-channel axial gradiometer MEG system (Magnes 3600 WH, 4D-Neuroimaging, San Diego, CA, USA). The MEG sensor array
was located within an electromagnetically shielded room
to reduce environmental noise. To monitor unwanted
subject motion, ﬁve signal coils were digitized prior to
MEG acquisition and consecutively activated before and
after data acquisition, thereby locating the head in
relation to the sensors. The three ﬁducial locations of the
left and right peri-auricular points (center of external
acoustic meatus, bilaterally) as well as the nasion (the
skin over where the nasal bone joins the skull) were also
digitized. Subject motion was no greater than 8 mm, and
averaged 3.4 mm across all subjects and tasks. Scalp and
ﬁducial digitization was carried out with a 3-D digitizer
(Fastrak 3SF0002, Polhemus Navigator Sciences, Colchester, VT, USA). MEG data were acquired at
1,017.25 Hz and ﬁltered down to 0.1–400 Hz during
acquisition. The X–Y output of the joystick was sampled
at the same rate as the MEG data (at 1,017.25 Hz) and
was incorporated directly into the MEG data ﬁle to
ensure correct time alignment. Eye movements and eyeblinks were monitored using three electrodes placed
around the right eye of each subject; they were located:
(1) immediately lateral and superior to the supraorbital
notch, (2) at the lateral canthus, and (3) over the center
of the inferior orbital rim. The resulting Electrooculogram (EOG) was sampled at 1,017.25 Hz.
In addition to MEG data, anatomical MRI scans
were acquired for each subject. In order to insure high
quality studies for localization, surface rendering, and
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segmentation, these data were acquired at high resolution on a 1.5 T Signa Horizons LX system (GE, Milwaukee, WI, USA) using a neuro-vascular head coil.
The volume imaged extended from above the head to
below the cerebellum and included the external auditory
meatus of each ear. This full head acquisition was necessary for future coregistration, and was acquired as T1
weighted images using a 3-D SPGR sequence
(TR=20 ms, TE = minfull, Flip angle=30, FOV=
240·240 mm,
slice
thickness/gap=1.4/0,
matrix=256·256, NEX=1). The resulting voxel resolution
was 0.94·0.94·1.5 mm3. In order to maintain proper left
and right orientation for coregistration between MEG
and MRI data, MRI studies were performed with a
vitamin E tablet taped to the subject’s right cheek.
Pre-processing
The acquired MEG data were time series consisting of
45,000 values per task, subject, and sensor. The
magnetic signal from contracting cardiac muscle
(cardiac artifact) was removed from each series using
event-synchronous subtraction (Leuthold 2003). This
method identiﬁes each QRS complex of the cardiac
artifact waveform inﬁltrating the most susceptible
MEG sensors. Each Q through U heartbeat is then
averaged throughout the acquisition within every individual sensor channel. In turn, the averaged heartbeat
artifact, particular to a given sensor, is subtracted from
each appearance of the heartbeat artifact within the
respective sensor, eﬀectively removing the cardiac
artifact from the time series.
Fig. 1 Partial X and Y
trajectory tracings used to
identify corners and sides of
each iteration of a copied
pentagon. Red numbers indicate
corners beginning with one at
top center and continuing
counterclockwise. Blue lines
indicate the repeated side
connecting the ﬁfth and ﬁrst
corners. X-axis is time over a
15 s segment of data; Y-axis is
joystick excursion

Dipole analysis
After cardiac correction, MEG data, X and Y joystick
coordinates, EOG channel information, and head
localization ﬁles were converted and imported for use in
BESA (Brain Electrical Source Analysis software package, version 5.0.4, MEGIS Software GmbH, Gräfelﬁng,
Germany). Unlike the electrocardiogram, which has a
relatively uniform MEG tracing, eye-movement artifacts
in MEG are quite variable, and depend upon both
duration and direction of movement. Therefore, removal of saccade artifacts was not possible using a
similar approach as that applied to the cardiac artifact,
and eye-blinks and saccades identiﬁed in the EOG were
marked as artifacts for their duration, excluding those
data from averaging. Pentagon sides were identiﬁed as
illustrated in Fig. 1.
Each one of the ﬁve repeated and recognizable corners of the pentagon copies was identiﬁed in the X and Y
recordings of each subject (Fig. 1). This allowed for a
global average of all corners. The ﬁrst iteration of the
pentagon copy was left out of averaging. Epochs were
deﬁned from 500 to +500 ms from the time-point
identiﬁed as a corner. Whereas individual subjects tended to draw at diﬀerent speeds, the rate at which a single
subject drew repeated copies of the pentagon showed
little variation in speed or trajectory. This might have
been anticipated from the motor ﬁeld literature (Bernstein in Whiting 1984). Indeed, it was this limited variation across iterations within each individual that
allowed us to create our averaged data sets. However,
subjects occasionally did stray from their established
pentagon patterns. Interestingly, these variations were
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usually due to the fact that subjects temporarily rotated
the pentagon copy for one or two instances. These
rotations were apparent from diﬀerences in the X and Y
recordings for that pentagon copy. Mismatched sides
were excluded from the averages.
Filters were not applied during averaging. However,
individual sensors and epochs were screened for exclusion before contributing to the analysis. Inclusion
thresholds were determined using the BESA artifact
rejection tool. Since the eye-blinks had been identiﬁed
and excluded already, this step was used to reject
excessively noisy sensor channels, and/or epochs. All
epochs and sensors with amplitudes over 1.3 pT were
excluded from future analyses. Depending upon the
shape-copying pace of the subject and the quality of
their data, between 3 and 15 iterations of a corner were
averaged together for a single corner average, resulting
in 14–70 epochs being included in the grand average of
all corners.

After averaging, the XY data were graphed to
determine the quality of each averaged corner (Fig. 2 for
an example). Plotting the averaged data demonstrated
epochs, which overlapped with surrounding epochs, and
rarely included a surrounding corner. In one subject, one
corner was inconsistently located relative to the adjacent
corners, as identiﬁed by side averages, which did not
overlap. This corner was left out of all subsequent
averaging.
During the ﬂux and dipole mapping portions of the
protocol, ﬁlters were set to 1 Hz (6 db/oc slope) low
cutoﬀ, and 44 Hz (12 db/oc slope) high cutoﬀ. A standard head shape was ﬁt to the sensor positions for each
subject based on the ﬁducial information gathered during the study. This standard head shape is a feature of
the BESA software and was used only for ﬂux map
viewing and was not used for further computation of
dipole locations. Flux appeared as evolving positive and
negative topologies on this aligned surface (Fig. 3a).
Flux maps were examined for each data point from
500 to +500 ms, noting the evolution and peak of
dipolar distributions. Once potential dipoles were identiﬁed, the ﬂux image was used to identify relevant sensors by noting the channel numbers of those sensors
located over the dipolar distribution (Valaki et al. 2004)
(Fig. 3b).
In order to translate dipole coordinates from MEG to
the subject’s anatomical MRI, it was necessary to have
an MRI surface rendering with which to align the data.
Renderings were created using BrainVoyager 2000 MRI
software (Version 4.9, BrainInnovation, The Netherlands). Surface renderings were made after segmentation
and reorientation of each subject’s anatomical MRI.
Reorientation was performed (rather than spatial
warping) in order to place each subject’s anatomical
study roughly into the Talairach coordinate system
(Talairach and Tournoux 1993). The surface points and
relative location of the anatomical ﬁducials, created with
a digitizing pen drawn over the scalp before each MEG
session, were used to align the surface rendering with the
MEG.
Anatomical ﬁducials (the nasion and the bilateral
centers of the acoustic meatus) were identiﬁed by hand

Fig. 3 Dipolar ﬂux map distribution, overlying sensors and
respective time traces. a shows the ﬂux map distribution of current
extrapolated from all 248 sensors and displayed on the standard
BESA head shape. b shows the ﬂux map distribution of current

extrapolated from only those sensors circled in (a). c shows the
resulting waveforms for each sensor in (b). The X-axis is time,
measuring 30 ms, the Y-axis is amplitude, measuring approximately ±10 nAmps, with the dotted line=0

Fig. 2 Averaged side pentagon example. Each individual segment
(identiﬁed by color) consists of 500 ms preceding one of the ﬁve
corners, to 500 ms after the corner. This representation of each
averaged side demonstrates a signiﬁcant amount of overlap
between segments, indicative of accurate corner identiﬁcation prior
to averaging
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on the MRI. Once entered, the ﬁducial points of the
digitization were moved into position to align the scalp
digitization. For closer coordination, the surface points
were ﬁt to the scalp rendering using least squares
approximation. The mean distance errors were noted
after this step and ranged from 1.12 to 2.4 mm. Next,
the center of the head (deﬁned as the mid-point between
anterior and posterior commissures on the midsagittal
plane of the MRI) was submitted as the center sphere
location to BESA.
For each potential dipole source identiﬁed by the ﬂux
maps, only those sensors over the ﬂux map distribution
were used for localization (Valaki et al. 2004) (Fig. 3).
At least ten sensors were used for localization. On
average, 20 (SD±6) sensors were used for each of the
116 dipoles reported (also see Table 1). For each potential dipole, a ±20 ms portion of the time-series was
selected for analysis, centered on the time point of
maximum ﬂux amplitude. The shapes of the overlapping
sensor waveforms, which created the ﬂux map distribution were then displayed (Fig. 3c). The entire waveform
was included in the localization calculation.
An initial source location was placed by hand, and
the residual variance was calculated as the sum of the
squared diﬀerences between the measured and modeled
data over all channels and samples, divided by the total
variance of the measured data. Source locations were
incrementally relocated using the default settings of the
analysis software until the residual variance was minimized. To be considered a potential source, the resulting

dipole model had to localize beneath the selected sensors. For each dipole model, the amplitude of the
waveform was taken into consideration. If the waveform
was complete (included both the onset digression from
the mean signal amplitude as well as the return to
baseline), lasted longer than 10 ms, and the goodness-ofﬁt was greater than or equal to 90%, the dipole was
accepted. If the dipole showed less than 90% goodnessof-ﬁt, less of the waveform (but at least 10 ms) was used
for reﬁtting. If the waveform used for the ﬁt was
incomplete, but the partial waveform achieved a 90%
goodness-of-ﬁt, the time points that contained the
overall waveform were noted, and the best-ﬁt localization analysis was repeated using the expanded range of
time points. If the waveform was multi-peaked, individual peaks were analyzed. If there was a shift in
location of the dipole between the two peaks great enough to identify two dipoles separated by more than
10 mm, the peak, which included the time point from the
ﬂux map was used for dipole localization, and a separate
dipole was modeled for the second peak.
When an acceptable waveform was identiﬁed, a potential dipole was submitted to BrainVoyager. The ﬁnal
criterion for acceptance of a dipole model was based on
physiological plausibility. A dipole was considered
physiologically implausible if it was located outside of
gray matter or the calculated current was greater than
±25 nAmps. Dipole localization loses accuracy with
increasing distance from the sensors (Hillebrand and
Barnes 2002). Furthermore, the currents necessary to

Table 1 Grand average dipole results
Location

Number of Number of Number of |nAmp| X
dipoles
subjects
sensors

Y

Z

Number of Percentage Percentage Percentage
dipole
low ﬁt
<10 ms
phys imp
attempts

L Frontal
R Frontal
Frontal
L Motor
R Motor
Motor
L Parietal
R Parietal
Parietal
L STG
R STG
STG
Visual

7
6
13
27
7
34
8
8
16
14
10
24
29

19±15
27±19
na
18±8
13±15
na
47±13
52±9
na
19±10
19±11
na
78±11

30±19
16±21
na
40±11
34±11
na
28±8
20±19
na
2±13
6±12
na
19±13

22
16
38
76
22
98
39
22
61
34
44
78
63

4
3
6
8
3
8
6
5
8
6
7
9
9

19±5
15±2
17±4
21±5
18±5
20±5
18±4
19±4
19±4
15±4
16±3
15±3
26±6

5±2
8±3
7±3
8±4
7±4
7±4
5±3
9±5
7±4
11±6
6±4
9±6
10±6

35±13
31±7
na
37±8
42±12
na
43±9
39±16
na
39±27
47±12
na
3±14

32
31
32
32
36
33
31
27
30
21
32
27
29

0
0
0
7
5
6
10
0
7
3
7
5
2

36
31
34
26
27
27
38
36
38
35
39
37
24

This lists dipoles for a majority of subjects. STG refers to the superior temporal gyrus. L and R are left and right, respectively. Frontal,
motor, parietal, and STG without a preceding L or R refer to dipoles localized to either side. Number of dipoles refers to the total number
of valid dipoles across subjects localized in that region. Number of subjects refers to how many of the ten subjects showed a dipole, which
met our criteria within this region. Number of sensors refers to how many sensors were used per localization (mean ± SD). |nAmps|
refers to the absolute current of the dipole model in nano-amps (mean ± SD). X, Y, and Z refer to left/right, anterior/posterior, and
rostral/caudal dimensions, respectively (mean ± SD across dipoles within that category). Measurements (in mm) are from the origin as in
the Talairach system (Talairach and Tournoux 1993). +X is to the right, +Y is anterior, and +Z is rostral. Number of dipole attempts
refers to the total number of ﬂux map dipolar distributions used to ﬁt both valid and rejected dipoles. Percentage low-ﬁt refers to the
percentage of dipole attempts, which were rejected based on not meeting the criterion of having goodness-of-ﬁt greater than or equal to
90%. Percentage <10 ms refers to the percentage of dipole attempts which were rejected based on not meeting the criterion of at least
10 ms duration. Percentage phys imp refers to the percentage of dipole attempts which were rejected based on physiological implausibility;
this category included dipoles with calculated currents greater than 25 |nAmp| and/or those dipoles which localized outside of cortical gray
matter
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make deep sources detectable are likely to be supraphysiological or representative of one dipole model
accounting for data from multiple shallow sources. If the
dipole met all the acceptance criteria, the location, orientation, and amplitude were recorded. These steps were
repeated for all potential sources as identiﬁed by ﬂux
maps throughout the averaged data set.

Results
In dipole analyses of the grand averages (all pentagon
corners averaged together) within each subject, multiple
cortical sources were identiﬁed that were prevalent
across subjects. Most notably, dipole models meeting
our inclusion criteria were localized in the visual cortex,
left motor cortex, bilateral frontal cortices, bilateral
parietal cortices and bilateral superior temporal gyri
(STG) in a majority of subjects (Table 1 and Figs. 4, 5).
In addition to these results, data from a limited number
of subjects (<4) also localized dipoles to the left lateral
occipital cortex, supplementary motor area, bilateral
middle temporal gyri, right pre- and post-central sulci,
and bilateral insulae.
Fig. 4 Dipoles from eight
subjects in left motor cortex.
Dipoles are localized on a single
subject’s anatomical MR image
using Talairach coordinates.
Upper left panel is a parasagittal
view. Upper right view is a
coronal section. Lower right
panel is a transverse section
aligned to AC–PC line. Lower
left panel is a volumetric
rendering. Each subject is
represented by a diﬀerent color

With regard to the temporal progression of appearance of these dipoles, motor and frontal dipoles were
spread evenly across pre-corner and post-corner time
points. The majority of visual dipoles, however, were
found in the time points following the corners (21 of 29).
Conversely, most of the STG dipoles were found in the
time points preceding the corners (18 of 25). This trend
was more pronounced when looking only at the left
STG, in which all 15 appeared prior to the time point
used for corner averaging. The temporal extent of these
dipoles, in milliseconds, was variable (mean ± SD):
frontal (31±19), left motor (46±30), parietal (29±14),
STG (31±17), and visual (27±10).

Discussion
Traditional MEG studies using high numbers of repeated task periods, in which responses are averaged
together, demonstrate accurate localization of cortical
neural activity. Comparison of MEG-based localization
techniques to the gold standard of intraoperative localization is ongoing. A recent study of MEG localization
of functional neural tissue with regard to sensory, mo-
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tor, visual, and language related cortical areas, included
170, 95, 5, and 68 patients, respectively (Ganslandt et al.
2002). The authors stated that stereotaxic correspondence was high for each, with 97% successful MEG
based localization for sensory cortex, 90% for motor,
100% for visual, 90% for Broca’s area, and 95% for
Wernicke’s area. Another group has similarly used
MEG for pre-operative evaluation of eloquent cortex
with positive results (Hund et al. 1997). A recent study
found diﬀerences between dipole localization and subsequent intraoperative identiﬁcation of motor activity to
average only 5.9 mm (SD of 1.7 mm) in nine subjects
(Ganslandt et al. 1997). Another study used a sensorimotor task followed by electrocorticography to demonstrate the accuracy and replicability of MEG
localization in motor and sensory cortex (Castillo et al.
2004). These studies involved highly stereotyped movements, repeated multiple times for averaging.
Our work involved continuous motor activity with
averages aligned by changes within the joystick output.
We identiﬁed activity in the left motor cortex for eight of
ten subjects. While these equivalent current dipoles
probably do not represent all left motor cortical activity
involved in the task for each subject, the high level of
Fig. 5 Dipoles from nine
subjects in visual cortex.
Dipoles are localized on a single
subject’s anatomical image
using Talairach coordinates.
Upper left panel is a parasagittal
view. Upper right view is a
coronal section. Lower right
panel is a transverse section
aligned to AC–PC line. Lower
left panel is a volumetric
rendering. Each subject is
represented by a diﬀerent color

correspondence among subjects suggests that the region
may adequately represent cortex utilized in most subjects for performance of the copy task. The usefulness of
this approach is supported by the consistent localization
of cortical activity across a majority of the ten subjects
we studied (Table 1).
In addition to the expected left motor cortical activity, three of ten subjects demonstrated ipsilateral (right
hemisphere) motor cortical activity associated with the
task at no consistent temporal relationship to the averaged corner. Ipsilateral motor cortical activity has been
noted in multiple brain mapping studies including PET
(Sadato et al. 1996; Catalan et al. 1998), fMRI (Kim
et al. 1993; Rao et al. 1993), and MEG (Huang et al.
2004). It has been speculated that this ipsilateral
involvement could be due to anatomical evidence that
10–15% of lateral corticospinal tract ﬁbers remain uncrossed (Kim et al. 1993). It has also been suggested that
the ipsilateral activity is due to inhibition of homologous
activity in an unmoving limb (Cheyne and Weinberg
1989; Cheyne et al. 1995).
Visual cortical activity was found in nine of ten subjects. The tenth subject showed visual dipole trends,
which did not meet our criteria for acceptance. This
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ﬁnding in nine subjects is particularly interesting given
that no repeated visual stimulus was presented. A recent
study suggested that alpha rhythm is inversely related to
the importance of visual stimuli, and that attention may
reduce alpha by increasing the exchange of information
between parietal and occipital regions (Vanni et al. 1997).
These authors hypothesized that the dorsal region of the
parieto-occipital sulcus functions to direct parietal
activity to a visual object. In this manner, the visual
cortex may have been utilized within a network of cortical regions to continually update the motor template in
subjects during our copy task. This possibility is supported by the generally dorsal localization of visual
activity seen in our subjects (Table 1 and Fig. 5). Furthermore, by the nature of our averaging technique, this
visually guided interaction appears to have been regularly related to the corners of each copy segment. However, it must be emphasized that this possible visual
cortex referencing demonstrated limited temporal consistency across subjects, although the majority of visual
dipoles appeared in the time-span following the corner
used for averaging. This suggests that shortly after motor
plan execution (in the form of directional change), the
dorsal visual cortex was active, which may reﬂect that a
template was referenced for further motor planning.
Lesions of the parietal cortex have been implicated in
constructional apraxia. While early work appeared to
implicate the right hemisphere in constructional apraxia
(Piercy et al. 1960; Benton 1967; Mack and Levine
1981), later studies suggested that both hemispheres may
play a role (De Renzi 1982; Gainotti 1985). Our bilateral
dipole localizations in the parietal cortices support the
latter view. However, the varied locations of dipoles
within the parietal cortices provide little additional
information.
Numerous hypotheses may explain the activity we
identiﬁed in the temporal gyri and insulae. These include
movement related eﬀects, as well as potential involvement
in the comparison of the visual template and motor output. Interpretations of these results remain speculative.
The frontal lobes have been implicated in executive
function for many attended tasks (see Roberts et al.
1996; for a review). Working memory comprises one
area of extensive research regarding the role of the
frontal lobes (Smith and Jonides 1999). More speciﬁc to
copying shapes, Averbeck et al. (2002, 2003) identiﬁed
and characterized neural activity in the frontal lobes of
non-human primates during copying. These results,
along with the extensive working memory and executive
function literature, suggest roles for the frontal dipole
activity we identiﬁed in six of ten subjects during our
task.
From the literature, one might expect to ﬁnd dorsolateral prefrontal cortex (DLPFC) and anterior cingulate gyrus involvement in a demanding working memory
and motor planning task such as this (Averbeck et al.
2002, 2003; Brown et al. 2005). While DLPFC dipoles
and dipole trends were identiﬁed, the former were included in the general category of frontal dipoles due to

the wide distribution of hemisphere and location. This
lack of consistency across subjects may reﬂect individual
diﬀerences in task performance. The perceived paucity
of activity in these particular regions likely also reﬂects
our experimental design. DLPFC and anterior cingulate
gyrus would be expected to play a role in initial task
planning as well as error detection and correction. In
considering this experiment, initial planning likely took
place during the time-period preceding the start of
movement, or, at best, during the initial iterations of the
continuous pentagon copying. As many more iterations
were performed and used for averaging, it is possible
that any speciﬁc planning in which DLPFC was recruited was minimized through averaging. Likewise, one
would expect a stochastic distribution of performance
errors throughout the task. This would also result in
minimized (rather than enhanced) anterior cingulate and
DLPFC activity after averaging. Furthermore, inconsistent corners, eye-blinks, and saccades were all excluded from analysis; each of which may be related to
errors, perceived errors or error correction, thus further
reducing the likelihood of identifying activity within
error associated cortical regions.
Given earlier work in fMRI using this task (Lewis
et al. 2003) we anticipated identifying cerebellar activity.
While we identiﬁed potential dipole trends within the
cerebellum, no dipoles achieved our acceptance criteria
in this region. This may have been due to the distance of
the cerebellum from the MEG sensors and/or less focal
activity in the cerebellum that was more diﬃcult to
model successfully.
Our results indicate that cortical regions involved in
this task were consistently active with regard to the
motor output such that we could create averages and
localize physiologically plausible dipoles using a continuous behavioral measure. We did not ﬁnd precise
consistency across subjects in the relationship of dipoles
to their temporal location within the cornering trajectory (e.g. all visual dipoles 50 ms after the corner in most
subjects). This may be due to individual diﬀerences in
task performance. However, relative trends were observed in identiﬁcation of visual cortical dipoles following the corners, and insulae/STG activity preceding
the corners. Taken in the context of continuous copying,
STG/insulae activity before the upcoming corners preceded the change in trajectory, while visual cortical
activity tended to follow the change in trajectory. The
existence of consistent visual dipoles in nine of ten
subjects absent eye blinks, eye movements, or changes in
the visual environment, indicates that visual cortex was
consistently active within subjects with respect to the
motor output of a change in trajectory. This ﬁnding
suggests that the visual cortex may be in continued
interaction with other cortical regions in order to complete the copy task. This hypothesis is supported by the
temporal relationship between each corner and the visual dipoles generally located in the dorsal regions of the
parieto-occipital sulcus, which implies that the dorsal
stream components of later visual processing were con-
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sistently under load following directional changes in the
motor output.
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