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Effects of movement predictability on cortical motor activation
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Abstract

Humans have the ability to make motor responses to unpredictable visual stimuli, and do so as a matter of course on a daily
basis. We used functional magnetic resonance imaging (fMRI) to examine the neural substrate of this behavior in six cortical
motor areas. We found that five of these areas (premotor, cingulate, supplementary motor area, pre-supplementary motor area,
and superior parietal lobule) showed increased activation in association with an unpredictable behavior compared to a predictable
one; only the motor cortex remained unchanged. There was also a quantitative relation between the response time and functional
activation in the premotor and cingulate cortex. There was less activation across all the motor areas with repetition of the motor
tasks. With the exception of the pre-supplementary motor area, all areas were significantly lateralized, with a greater volume of
activation in the hemisphere contralateral to the performing hand. In addition, a left hemisphere dominance was found in the
activation of motor cortex and supplementary motor areas. Our results suggest that activation in motor areas is differentially and
quantitatively related to higher order aspects of motor behavior such as movement predictability. © 1998 Elsevier Science Ireland
Ltd. All rights reserved.
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1. Introduction

In our everyday activities we regularly perform mo-
tor tasks which are over-learned, such as tying shoe
laces or brushing teeth. Other motor behaviors are the
result of pure volition on our part, such as reaching for
a glass or picking an apple from a tree. However, in
many circumstances we act on the environment in
response to an unpredictable visual stimulus, for exam-
ple taking corrective action when driving or catching a
linedrive during a game of baseball. In the present
study, we examine the activation in cortical motor areas
associated with motor responses to unpredictable visual
stimuli.

There has been a great deal of interest in factors
thought to affect the functional activation associated
with movements of the hand and arm, such as the
spatial and temporal complexity (Roland et al., 1980b;
Colebatch et al., 1991; Grafton et al., 1992; Matelli et
al., 1993; Kawashima et al., 1994a,b; Shibasaki et al.,
1993; Sadato et al., 1996), whether movements were
stimulus triggered or internally generated (Roland et
al., 1980a; Fox et al., 1985; Deiber et al., 1991, 1996;
Rao et al., 1993, 1997; Boecker et al., 1994; Larsson et
al., 1996), and the learning and acquisition of motor
skills (Seitz et al., 1990, 1994; Seitz and Roland, 1992;
Jenkins et al., 1994; Schlaug et al., 1994; Grafton et al.,
1995; Deiber et al., 1997; Hazeltine et al., 1997; Juept-
ner et al., 1997a,b; Shadmehr and Holcomb, 1997).
However, to our knowledge there have not been any
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functional imaging studies which have specifically ad-
dressed the issue of the predictability of a motor re-
sponse. Deiber et al. (1996) have examined the
functional activation associated with the preparation of
movements under conditions of different amounts of
information about the upcoming movement; however,
the emphasis was on preparatory processes in contrast
to the current study which focuses on direct motor
responses to visual stimuli. Neural recordings in mon-
keys have been performed under conditions in which
the amount of information contained in the stimulus
was varied but in these cases the emphasis was on
different stimulus–response mapping rules, or move-
ment parameter specification, rather than on neural
relations to response predictability (Riehle and Requin,
1989, 1995; Zhang et al., 1997).

In the present study, we contrasted two different
sequences of finger movements, both of which were
visually instructed in reaction time tasks. One sequence
was entirely predictable while the other was randomly
generated. Human subjects show changes in motor
response time related to the predictability of a visual
stimulus in choice response time tasks (Hyman, 1953;
Hick, 1952), such as randomly generated sequences. In
the current experiment we hypothesized that the behav-
ioral changes related to predictability would correlate
with changes in functional activation in cortical motor
areas.

2. Methods

2.1. Beha6ioral task

Thirteen subjects [seven right-handed (RH; three
male, four female) and six left-handed (LH; four male,
two female), aged 19–34 years (mean 25.5)] took part
in the study. The Edinburgh inventory (Oldfield, 1971)
was used to determine the handedness of each subject
(laterality quotient for RH: range 33 to 100, mean 81.2;
for LH: range −25 to −100, mean −62.4). The
effects of handedness on the pattern of functional acti-
vation have been described elsewhere (Dassonville et
al., 1997). In the present investigation of the effects of
movement predictability, data from LH and RH sub-
jects have been combined, except as noted.

At the beginning of each task, the second through
fifth fingers of the subject’s prone semi-flexed hand
rested on four low-force push buttons mounted on a
small pad. The visual instruction was through the use
of four annuli arranged horizontally, one correspond-
ing to each finger, displayed on a computer screen and
visible through the use of a small mirror fixed in the
magnet directly above the head of the subject. Filling of
an annulus instructed an extension of the correspond-
ing digit. The annuli were filled, one at a time (0.75

Hz), in either a randomized sequence (unpredictable
task) or a regular left-to-right repeating sequence (pre-
dictable task). The subjects were informed in advance
about the nature of the repeating sequence. They were
instructed to move the appropriate finger as quickly as
possible after the visual stimulus and fixate the visual
display during both the task and the control periods.
The subjects were specifically instructed not to move
until the stimulus appeared.

2.2. Experimental design

The behavioral tasks were presented in 60 s blocks. The
presentation of the tasks was randomized for each hand,
and within each hand the order of tasks was randomized.
Each task period was bracketed by two 60 s visual control
periods (the whole comprising one 180 s experimental
period) during which appropriate control visual stimuli
(predictable or unpredictable) were shown and the sub-
jects were instructed to attend to the stimulus but not to
produce a motor response. Each 180-s experimental
period was followed by a rest interval of :120 s. There
was one experimental period for each condition (hand/
task) after which the sequence of conditions was re-
peated; thus, subjects performed a total of eight
experiments (two hand× two task× two repetitions).
Each subject performed one practice session of the
predictable task with the right and left hands.

2.3. Magnetic resonance imaging

Magnetic resonance (MR) images were obtained in a
4 Tesla whole body system equipped with an actively
shielded head gradient coil insert and a quadrature
head coil (SIS, Palo Alto, CA, and Siemens, Erlangen,
Germany). Anatomical T1-weighted images of the
whole brain (multislice turboFLASH, echo time
(TE)=3 ms, repetition time (TR)=7 ms, 128×128
pixels, field of view (FOV)=24×24 cm2, 5 mm slice
thickness) were first obtained in coronal, sagittal and
transverse planes to allow identification of the anterior
and posterior commissures, and to determine the ap-
propriate volume for the subsequent functional images.
This volume was subsequently imaged in the transverse
plane with T1-weighted echo planar imaging (EPI) (four
segment EPI, TE=8 ms, TR=42 ms/segment and 3
s/image, inversion time=1.2 s, 128×128 pixels,
FOV=24×24 cm2, 5 mm slice thickness) to provide
for accurate overlay of the functional images (Kim et
al., 1995). Blood oxygen level dependent (BOLD) based
functional MR images in the transverse plane (TE=25
ms, TR=50 ms, 64×64 pixels, FOV=24×24 cm2)
were obtained with blipped EPI, with the total imaged
volume extending from the superior pole of the cortex
to a depth of 50 mm in ten slices. Functional images
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had an in-plane resolution of 3.75×3.75 mm2 and a
thickness of 5 mm, and were collected every 3 s during
each 180 s experiment, with 20 images collected in each
of the control and task periods.

2.4. Functional image analysis

Functional images were first screened for movement
artifact by inspecting the images and examining head
motion data which were collected during image collec-
tion using a pressure sensor; those images with an
excessive amount of motion were not analyzed further.
The functional data were zero-filled to 128×128 pixels
and then Fourier-transformed to yield a resultant nom-
inal in-plane resolution of 1.875×1.875 mm2. The data
were then filtered using a Gaussian filter with FWHM
of 2 mm. Pixels with signal intensities having a coeffi-
cient of variation \2.5% during the task control peri-
ods were masked to eliminate large vessel contributions
(Kim et al., 1994). For each remaining voxel, two
separate Student’s t-tests were performed; one to test
for differences between the pre-task control and the
task, and the other between the post-task control and
the task periods. The independent t-test has been
shown to be both sensitive and specific for the detection
of functional activation in magnetic resonance images
(Xiong et al., 1996). Only those voxels that showed
significant differences in both t-tests, each at a signifi-
cance level of PB0.05, and were part of a group of
four contiguous activated voxels were included in the
analysis. The resultant significance for each voxel was
PB0.02, calculated using a Monte Carlo simulation.
Voxels activated using these criteria formed a func-
tional activation map, which was overlaid onto the EPI
anatomical images. The relatively liberal significance
level used to calculate the functional maps ensured that
small, but real, activations were not arbitrarily elimi-
nated by a significance level that was too restrictive.
Task effects were then determined with a repeated
measures analysis of variance (ANOVA, see below)
that compared these functional maps. The important
issue was not so much the number of activated pixels
during each condition (predictable and unpredictable)
but rather the difference between the conditions. Any
type I statistical errors that may have been included in
the creation of the functional maps would be randomly
distributed and equally likely to occur in all task condi-
tions, and would therefore not affect the results of the
ANOVA comparison between conditions.

2.5. Statistical data analysis

The primary datum was the number of activated
voxels calculated separately for each area of interest
contralateral and ipsilateral to the hand used to per-
form the task. Prior to statistical analysis, the number

of activated voxels was transformed using a square root
transformation to stabilize the variance and normalize
the distribution (Snedecor and Cochran, 1989). Main
effects and interactions were tested using a repeated
measures analysis of variance (ANOVA). For the pur-
poses of statistical analysis, the behavioral measures
were transformed: the response time was transformed
using an inverse transform, the number of errors using
a square root transformation.

2.6. Anatomical boundaries

Regions of interest were delineated in the EPI
anatomical images using anatomical landmarks in the
brains of the individual subjects (Fig. 1A). Primary
motor cortex was defined as the volume of cortex that
included the posterior half of the precentral gyrus (in-
cluding the anterior bank of the central sulcus). Premo-
tor cortex included the anterior half of the precentral
gyrus as well as the anterior bank of the precentral
sulcus. Supplementary motor area (SMA) was limited
to the cortex on the medial wall of the hemisphere,
extending from the top of the brain to the depth of the
cingulate sulcus, including the dorsal bank of the cingu-
late sulcus (Barbas and Pandya, 1987; Vogt and
Pandya, 1987); the posterior boundary was halfway
between the extension of the central and precentral
sulci onto the medial surface, and the anterior
boundary was defined by the vertical line drawn from
the anterior commissure ((VCA), Talairach and
Tournoux, 1988). Pre-supplementary motor area
(PreSMA) was the extension of the SMA rostral to the
VCA line to include sector D in Talairach space, from
the top of the brain to the cingulate sulcus (including
the dorsal bank). Cingulate motor area was contained
within the cingulate gyrus inferior to SMA. Superior
parietal lobule extended anteriorly to the postcentral
sulcus, laterally to the intraparietal sulcus, posteriorly
to the parieto-occipital sulcus, and medially to the
parieto-occipital and cingulate sulci.

3. Results

3.1. Beha6ior

There was a significant difference (ANOVA, PB
0.0001) in response time between tasks: unpredictable
(482.399.0 ms, mean9SEM), predictable (35997.5
ms). There was also a significant difference (PB0.05)
in response time between repetitions: repetition 1
(431.6911.6 ms), repetition 2 (412.4912.8 ms). All
response times were calculated after eliminating what
were regarded as anticipatory responses (B100 ms).
Anticipatory responses occurred in B2% of all trials,
with no significant difference between the percentages
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in the predictable and unpredictable tasks. The error
rate was significantly different (PB0.0005) between
tasks: unpredictable (0.85490.157 errors/block, or
2.1490.36% of total responses), predictable (0.3269
0.093, or 0.890.38%). There was no main effect of
repetition on the error rate.

3.2. Task

There was a main effect of task across all areas in the
13 subjects (PB0.0001). Performance of the unpre-
dictable task was associated with a greater volume of
activation (Fig. 1(B) and Fig. 2). The total number of
voxels activated in all the cortical motor areas was
709.7956.9 (mean9S.E.M.) in the unpredictable task,
and 558.5948.6 in the predictable task. Although there
was no significant task×area interaction, there are a
priori reasons to expect differences in relation to task
among these cortical motor areas. For this reason, we
tested for task effects in the individual areas, finding
significant effects (PB0.05) in each area with the ex-
ception of the motor cortex (Fig. 2). The direction of
the change in activation was always the same, with
more activation during the unpredictable task. There
was no interaction between task and hemisphere,
whether hemisphere was coded as (right/left) or as
(contralateral/ipsilateral).

There was a significant relation between the response
time and functional activation both across all areas
(Fig. 3A), and in the premotor and cingulate cortex
(Fig. 3B). The focus of activation in the premotor
cortex was generally within an area recognized as dor-
sal premotor area (Fink et al., 1997).

3.3. Repetition

There was a main effect of repetition across all motor
areas in all subjects (PB0.05) with less functional
activation during the second repetition. This trend was

Fig. 3. (A) Functional activation across all motor areas related to the
response time for each of the eight conditions [(hand (2)× task
(2)×repetition (2)] in all subjects. The linear regression was signifi-
cant (PB0.05) with an R2 of 0.53. (B) Functional activation in the
premotor cortex and cingulate cortex related to the response time for
the eight conditions in all subjects. The linear regression was signifi-
cant in the premotor cortex (PB0.02) with R2 of 0.64, and in the
cingulate cortex (P=0.005) with R2 of 0.75.

seen in the individual cortical motor areas although it
did not reach statistical significance. There was no
interaction between the effects of repetition and task.

3.4. Hemisphere (right/left)

There was a significant main effect (PB0.0005) of
hemisphere in the SMA across all the subjects, with
consistently greater functional activation in the left
SMA than in the right. This was also true when the RH
(PB0.0001) and LH (PB0.0001) subjects were treated
as independent groups. These functional differences
could not be attributed to differences in the anatomic
volume of the SMA, as defined by the anatomical
landmarks outlined in Methods: anatomic volumes did
not differ significantly (paired t-test) between hemi-
spheres across subjects (right SMA, 5389179 voxels;

Fig. 2. Total activated volume (voxels) across all cortical motor areas
(left panel) and in individual motor areas (right panel) during perfor-
mance of the unpredictable (gray) and predictable (white) tasks.
* Significant differences (PB0.05) between tasks. Abbreviations are
as in Fig. 1.
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Fig. 4. Total activated volume (voxels) across all cortical motor areas
(left panel) and in individual motor areas (right panel) contralateral
(gray) and ipsilateral (white) to the performing hand. Functional
lateralization was defined as a significant difference (PB0.05) be-
tween the volume of ipsilateral and contralateral activation and is
indicated with an asterisk. Abbreviations are as in Fig. 1.

interaction between task and lateralization of
activation.

4. Discussion

The principal finding in the study was that unpre-
dictable visually guided motor behavior was associated
with an increase in activation in many cortical motor
areas with the exception of the motor cortex. In the
premotor and cingulate cortex this activation was quan-
titatively related to the behavior of the subjects as
reflected by the response time to the visual stimulus. We
also found that repetition of a motor behavior leads to
an overall decrease in activation, which has obvious
implications for the interpretation of results in imaging
experiments which involve multiple repetitions of the
same behavior.

4.1. Specificity of acti6ation in cortical motor areas

Functional specificity within cortical motor areas,
and indeed within cortical areas in general, is quite an
old idea (Leyton and Sherrington, 1917). For example,
Roland et al. (1980a), on the basis of one of the earlier
functional imaging studies, suggested that the SMA was
activated specifically during internally generated move-
ments and particularly during movement sequences. It
has since been shown that the SMA may be activated
under many other different conditions, such as during
instructed shoulder movements (Colebatch et al., 1991),
and during simple finger movements (Fox et al., 1985).
In the current study SMA was activated during both
tasks, although both were externally triggered and one
of the sequences was relatively simple and predictable.
Data from neural studies in nonhuman primates sug-
gest that even the most simple movements are sub-
served by parallel activation in many different motor
areas and that it is the relative rather than the absolute
activation that is important (Alexander and Crutcher,
1990a,b; Mushiake et al., 1991; Matsuzaka et al., 1992;
Ashe and Georgopoulos, 1994; Halsband et al., 1994;
Chen and Wise, 1995; Kalaska and Crammond, 1995;
Johnson et al., 1996). The differences among motor
areas therefore are more likely to be quantitative than
qualitative, although subregions within areas may be
functionally specific. The results of the current study, in
which activation was seen in all motor areas of interest
during both tasks, is consistent with a distributed net-
work of cortical areas being responsible for motor
output.

4.2. The effect of predictability

The unpredictability of the visual stimulus, and thus
of the motor response, led to a clear increase in activa-

left SMA, 5649134) nor within RH (right SMA,
5049216; left SMA, 4929124) or LH (right SMA,
5769133; left SMA, 648995) subjects when analyzed
separately. In RH subjects there was a larger volume of
functional activation in the left compared to the right
motor cortex (PB0.03). The anatomic volume of the
motor cortex in each hemisphere of the RH subjects
was not significantly different (paired t-test: right motor
cortex, 13579345; left motor cortex, 14309147).

3.5. Hemisphere (contralateral/ipsilateral)

There was a significant lateralization of activation
(PB0.0005) across all the motor areas, with more
activation contralateral to the performing hand in all
subjects (Fig. 4) and in the RH and LH subjects treated
separately. There was also a significant hemisphere×
area interaction (PB0.0001), indicating that the pat-
tern of lateralization differed between cortical areas.
Whereas preSMA showed no significant lateralization,
all other areas showed a significantly greater activation
in the contralateral hemisphere (PB0.05, Fig. 4). The
motor cortex had the greatest degree of lateralization,
as measured by a ratio of contralateral to contralateral
plus ipsilateral activation (see Table 1). There was no

Table 1
Lateralization index [C/(C+I)] for each of the motor areas across
conditionsa

C/(C+I)

Pre-supplementary motor area 0.50
Supplementary motor area 0.54
Premotor 0.56
Superior parietal lobule 0.57
Cingulate 0.63

0.71Motor cortex

a C=number of contralateral voxels activated and I=number of
ipsilateral voxels.
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tion in all of the motor areas examined with the excep-
tion of the motor cortex. The behavior in the pre-
dictable and unpredictable conditions was controlled to
the extent that there were no differences in the fre-
quency of the visual stimuli, the total number of motor
responses, or in the number of movements of individual
fingers. The unpredictable task was associated with
changes in behavior such as an increase in response
time and errors in performance. Of course, predictabil-
ity was not the only factor that differed between the
tasks. The attentional requirements of the subjects were
also different. The differences in attention between
tasks relate to the significance of, or information con-
veyed by, the visual stimulus. In the unpredictable task
the subject relied on the visual stimulus for information
about both the spatial location and the timing of the
upcoming finger movement, in that the stimulus served
as both a spatial instruction and a GO signal. In the
predictable task the subject did not need to attend to
the spatial location of the stimulus and could have used
the visual stimulus merely as a GO stimulus. In fact,
because the movements were paced at a constant fre-
quency, the GO was predictable in both tasks. Different
levels of attention have been shown to affect the activ-
ity of cells in motor and nonmotor areas of the frontal
cortex during visuomotor tasks (Boussaoud and Wise,
1993; di Pelligrino and Wise, 1993). There were no
controls for attention in the behavioral tasks since it is
virtually impossible to adequately control for this fac-
tor when the tasks themselves involve different levels of
predictability. By definition, the unpredictable behavior
requires more attention. It is possible that during the
control period the subjects mentally rehearsed the
movements and it has been shown that mental rehearsal
is associated with activation in many of the cortical
motor areas we examined (Decety et al., 1994; Stephan
et al., 1995; Roth et al., 1996). However, any activation
associated with rehearsal of the movements would have
been subtracted from the final images.

In addition to finding a greater volume of activation
during the unpredictable task in five of the six areas
examined, we also documented a quantitative relation
between activation and performance. The change in
activation was related to the response time in cingulate
and premotor cortex. There are ample data indicating
that response time increases with greater stimulus un-
certainty and our data suggest that this uncertainty is
an important determinant of activation in these two
cortical motor areas. Although the activation was re-
lated to the response time it could also reflect other
processes which may influence the response time such
as motor preparation: both the premotor cortex and the
cingulate motor area have been shown to be involved in
preparatory processes (Picard and Strick, 1997; Wise et
al., 1997). The finding that the strongest relation be-

tween task and activation was seen in the premotor
cortex is consistent with its prominent role in visually
guided movement (see Wise et al., 1997 for review) and
is also in keeping with the modulation of neural activity
in this area by a whole variety of factors connecting
visual stimuli to motor responses, such as angle of gaze,
spatial and nonspatial visual signals and commands for
motor output.

The activation in the cingulate cortex was located
primarily in the caudal cingulate (CCZ in the terminol-
ogy of Picard and Strick, 1996). This area has generally
been shown to change activity in relation to relatively
simple movements; its functional relation to motor
output mirrors that of SMA (Picard and Strick, 1996).
It is somewhat surprising, therefore, that we found a
relation to a complex behavior (movement predictabil-
ity). However, because our designation of cingulate did
not include the dorsal bank of the cingulate sulcus, the
activation we observed was concentrated in the ventral
portion. Our results raise the possibility that caudal
cingulate may actually comprise two distinct areas (dor-
sal and ventral) which have different relations to motor
output.

4.3. Repetition

In the current study both the predictable and unpre-
dictable tasks were performed once with each hand,
after which the whole behavior was repeated. This gave
us the opportunity to examine the effect of repetition of
the same behavior over time. Repetition of the motor
behavior led to a decrease in functional activation
across all the motor areas. This effect was associated
with a reduction in response time between repetitions,
although the error rate of performance did not change.
The improvement in behavioral performance, which
was evident in both tasks, may have been related to a
learning effect on the part of the subjects despite the
fact that they had been trained in the task before the
functional imaging component of the experiment.
Learning in this context would be at the most general
level and relate in both tasks to issues such as the
appropriate pace at which to expect the stimulus pre-
sentation, the geometric arrangement of the pushbut-
tons, or other such task parameters unrelated to
movement predictability.

The issue of the stability of functional activation
associated with a particular behavior over time is an
important one in functional imaging. The behaviors
which are studied tend to be repeated several times
both to increase the signal to noise level in the com-
bined images, and to facilitate analysis of the activated
voxels using cross correlation (Bandettini et al., 1993)
or statistical parametric mapping techniques. There are
few if any data on this topic in the literature, although
a number of studies have suggested that the strength of
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the fMRI response in visual areas to prolonged visual
stimulation may decrease over time (Frahm et al., 1996;
Chen et al., 1998), at least within a subset of voxels
(Chen et al., 1998). Practice in a motor task may result
in a changed pattern of functional activation (Karni et
al., 1995; Petersen et al., 1998). It is well known that the
responses in the sensory systems may habituate over
time, and may consequently be associated with a reduc-
tion in functional activation. It is possible that the
effect we observed in relation to repetition would be
eliminated once performance had reached a plateau.
Nevertheless, it is important to remember that the time
frame of our experiment was similar to that of many
other experiments that use functional imaging to study
motor and other systems. Therefore, we suggest that
investigators should consider this issue in the design of
experiments.

4.4. Lateralization

The control of movement is one of the clearest
hemispherically-lateralized functions in the brain. Un-
like other process which show functional lateralization,
such as language or visual spatial function, the func-
tional lateralization of motor control has a strong and
unequivocal underlying anatomic basis (Kuypers,
1981). Approximately 90% of corticospinal fibers from
each hemisphere are distributed to the contralateral
spinal cord, making the control of movement predomi-
nantly a function of the contralateral hemisphere. The
role of the ipsilateral corticospinal projections, particu-
larly those emanating from the motor cortex to distal
muscles, is somewhat controversial (Roland and Zilles,
1996). Neural recordings in the motor cortex of nonhu-
man primates (Evarts, 1966; Tanji et al., 1988) and
human subjects (Goldring and Racheson, 1971) have
shown that about 10% of cells relate to movements on
the ipsilateral side of the body. A number of investiga-
tors have suggested that activation in ipsilateral motor
cortex occurs only during movements of high spatial
and temporal complexity (Kawashima et al., 1994a,b;
Roland and Zilles, 1996), although this group (Kim et
al., 1993a,b) and others (Kawashima et al., 1993; Chen
et al., 1997) have documented the existence of ipsilat-
eral control during more simple movement sequences.
It is possible that the ipsilateral motor cortex shows
more activation during complex motor tasks, yet there
was no interaction between task and lateralization in
the current study. Our results do not allow us to arrive
at any specific conclusion as to the role of ipsilateral
motor cortex activation save that it may occur during
simple tasks and does not always increase with task
complexity. There are data which suggest that ipsilat-
eral activation in the motor cortex may be related to
the extent of handedness (Dassonville et al., 1997).

Nonprimary motor areas are thought to be less func-
tionally lateralized than the motor cortex, and there is
evidence from recordings in nonhuman primates to
support this view (Tanji and Kurata, 1981; Tanji et al.,
1988). Data from the current work and other studies on
human subjects also support this point (Weiller et al.,
1992; Kawashima et al., 1993; Kim et al., 1993a,b). The
reason for the less obvious lateralization in nonprimary
motor areas is presumably related to the fact that these
areas are less directly involved in motor output, have
no monosynaptic motoneuronal connections, and are
involved with more general aspects of motor function
such as visual guidance (premotor cortex), timing and
internal generation (SMA), and higher somatosensory
function (superior parietal lobule).

4.5. Hemisphere dominance for mo6ement

Only one previous study in human subjects has spe-
cifically addressed the issue of hemisphere dominance in
the control of movement (Kim et al., 1993b). The
authors concluded that the left motor cortex was the
dominant one as it was activated during movements of
both the contralateral and ipsilateral hand. This finding
is consistent with data from human subjects who may
exhibit bilateral symptoms after stroke involving the
left hemisphere (Haaland et al., 1987). In the current
study we found that there was a larger volume of
activation in the left motor cortex compared to the
right, despite the fact that the anatomic volume of
motor cortex did not differ between hemispheres across
subjects. We should point out that we compared the
total anatomic volume of the motor cortex in each
hemisphere rather then the portion presumably related
to arm movement as has been done in other studies
(Amunts et al., 1996; White et al., 1997). The increased
activation in the left motor cortex reached significance
only in RH subjects; again this is consistent with previ-
ous work in which the dominance of the left motor
cortex was most evident in RH subjects (Kim et al.,
1993b).

We also found that the left SMA was dominant
during the performance of the tasks across subjects. It
is not clear whether this is: (i) the result of a general
relation between SMA activation and motor output, as
is the case for the motor cortex, (ii) related to the fact
that the left SMA is more active during movement
sequences predictable or unpredictable, or (iii) indeed
further evidence that the left hemisphere is the domi-
nant one for the control of movement. The issue of
hemispheric dominance of human SMA during move-
ment has not been addressed specifically in the litera-
ture; in part, this may be due to technical factors as it
has been difficult to reliably assign SMA activity to one
or the other hemisphere because of inadequate spatial
resolution.
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