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ABSTRACT Handedness is the clearest example of be-
havioral lateralization in humans. It is not known whether the
obvious asymmetry manifested by hand preference is associ-
ated with similar asymmetry in brain activation during move-
ment. We examined the functional activation in cortical motor
areas during movement of the dominant and nondominant
hand in groups of right-handed and left-handed subjects and
found that use of the dominant hand was associated with a
greater volume of activation in the contralateral motor cortex.
Furthermore, there was a separate relation between the degree
of handedness and the extent of functional lateralization in the
motor cortex. The patterns of functional activation associated
with the direction and degree of handedness suggest that these
aspects are independent and are coded separately in the brain.

Nine of every 10 humans prefer to use the right hand; this
proportion has been consistent across cultures and over time
(1, 2). Hand preference is the most striking example of
behavioral asymmetry or lateralization in humans; in fact, this
lateralization defines handedness. Studies on handedness have
concentrated on its relation to language (3, 4) and on its
environmental and genetic determinants (5). However, it is not
known whether the behavioral lateralization manifested in
handedness is associated with an asymmetry in the activation
of motor areas of the brain during movement. There are
examples in humans and in other species whereby superior
behavioral performance is associated with an increase in the
volume of neural tissue devoted to that behavior. These
include, in the human, the volume of motor and somatosensory
cortex related to the hand compared with the foot or trunk!! (6)
and, in rodents, the volume of cortex devoted to the vibrissae
(8). Studies using quantitative anatomical methods to examine
changes in the volume of the contralateral human motor cortex
related to use of the dominant hand reached inconsistent
conclusions (9, 10). Only one previous functional imaging
study has addressed explicitly the issue of handedness (11);
however, in that study, all comparisons were within hemi-
sphere, and asymmetric activation associated with the use of a
particular hand was not examined for methodological reasons.
Preliminary results using magnetoencephalography suggest
that there may be an increase in the size of the hand area
related to use of the dominant hand (12). In the current study,
we used functional MRI in right-handed (RH) and left-handed
(LH) subjects to test the hypothesis that use of the dominant
hand, compared with the nondominant hand, is associated with
a greater volume of functional activation in contralateral
cortical motor areas.
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METHODS

Behavioral Task. Thirteen subjects [seven RH (three male,
four female) and six LH (four male, two female), aged 19-34
years (mean 25.5 years)] took part in the study. There were two
behavioral tasks. 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 corresponding to each finger, dis-
played 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
corresponding 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 (predictable task).
The reaction time and error rate were recorded during each
motor response. The data during the performance of each task
were pooled for the current analysis (see Statistical Data
Analysis below); task-related changes in functional activation
will be reported separately. Both the direction and the degree
of handedness for each subject were determined on the basis
of the Edinburgh inventory (13), which enabled us to assign a
laterality quotient in the range of —100 to +100 for which
—100 indicated extreme left handedness, 0 indicated ambidex-
terity, and +100 indicated extreme right handedness. The
absolute value of the laterality quotient was used to determine
degree of handedness in both RH and LH subjects.

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 (pre-
dictable or unpredictable) were shown and the subjects 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 con-
ditions was repeated.

MRI. Magnetic resonance images were obtained in a 4 Tesla
whole body system equipped with an actively shielded head
gradient insert and a quadrature head coil (SIS, Palo Alto, CA,
and Siemens, Erlangen, Germany). Anatomical T;-weighted
images of the whole brain [multislice turboFLASH, echo time
(TE) = 3 ms, repetition time (TR) = 7 ms, 128 X 128 voxels,
field of view (FOV) = 24 X 24 cm?, 5-mm slice thickness] were
first obtained in coronal, sagittal, and transverse planes to
allow identification of the anterior and posterior commissures
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However, some neurophysiological studies indicate that the volume of
cortex devoted to hand may not be proportionately larger than that
devoted to proximal muscles in monkeys (7).
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and to determine the appropriate volume for the subsequent
functional images. This volume subsequently was imaged in the
transverse plane with T-weighted echo planar imaging (EPI)
[4-segment EPI, TE = 8 ms, TR = 42 ms/segment and 3
s/image, inversion time = 1.2 s, 128 X 128 voxels, FOV = 24 X
24 cm?, 5-mm slice thickness] to provide for accurate overlay
of the functional images (14). Blood oxygen level-dependent
(BOLD)-based functional MR images in the transverse plane
(TE = 25 ms, TR = 50 ms, 64 X 64 voxels, FOV = 24 X 24
cm?) 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 10 slices. Functional images had an in-plane
resolution of 3.75 X 3.75 mm? 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.

Functional Image Analysis. Functional images were first
screened for movement artifact by inspecting the images and
examining head motion data that simultaneously were moni-
tored by using a pressure sensor; contaminated images were
not analyzed further. The functional data were zero-filled to
128 X 128 pixels and then Fourier-transformed to yield a
resultant nominal in-plane resolution of 1.875 X 1.875 mm?.
Voxels with signal intensities having a coefficient of variation
>2.5% during the task control periods were masked to elim-
inate large vessel contributions (15). For each remaining voxel,
two separate Student’s ¢ tests were performed for each of the
two repetitions of the hand/task condition: one to test for
differences between the pretask control and the task and the
other to test for differences between the posttask control and
the task periods. The independent ¢ test has been shown to be
both sensitive and specific for the detection of functional
activation in MRIs (16). Only those voxels that showed sig-
nificant differences in all four ¢ tests, each at a significance level
of P < 0.05 (comparison-wise), were included in the analysis.
For each individual voxel, the experiment-wise error rate was
P = 0.000144, calculated using a Monte Carlo simulation.
Voxels activated using these criteria formed a functional
activation map, which was overlaid onto the EPI anatomical
images.

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
perform the task. Before statistical analysis, the volume of
activated voxels was transformed using a square root trans-
formation for counts to stabilize the variance and normalize
the distribution (17). There were no significant interactions
between task (unpredictable/predictable) and hand (domi-
nant/nondominant), task and handedness (RH/LH), or task,
hand, and handedness. Therefore, the results for both behav-
ioral tasks were pooled in this analysis; main effects of task will
be reported separately. Main effects and interactions were
tested using a repeated measures ANOVA.

Anatomical Boundaries. Regions of interest were delineated
in the EPI anatomical images by using anatomical landmarks
in the brains of the individual subjects. “Primary motor cortex”
was defined as the volume of cortex that included the posterior
half of the precentral gyrus (including the anterior bank of the
central sulcus). “Premotor 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 superior pole to the depth of the cingulate
sulcus, including the dorsal bank of the cingulate sulcus (18,
19); 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
through the anterior commissure (VCA) line at the level of the
anterior commissure. “Presupplementary motor area” was the
extension of the SMA rostral to the vertical line drawn through
the anterior commissure (VCA) line to include sector D in
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Talairach space (20), from the superior pole to the cingulate
sulcus (including the dorsal bank). “Cingulate motor area” was
contained within the cingulate gyrus inferior to SMA. “Supe-
rior 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.

RESULTS

Functional images of the brain were taken in 13 subjects during
visually instructed sequences of finger movements performed
with the right and left hands separately. We calculated the
number of activated voxels in six cortical motor areas (motor
cortex, premotor cortex, SMA, pre-SMA, cingulate motor
area, superior parietal lobule) contralateral and ipsilateral to
the hand movement. We tested the relation between hand
dominance and the volume of functional activation using a
repeated measures ANOVA, examining the effect of handed-
ness (RH/LH) and the hand (dominant/nondominant) used in
the task on the volume of contralateral functional activation.
There was a significant main effect of hand on activation in the
contralateral motor cortex (P = 0.027) but not in the other
contralateral motor areas either individually or on the average.
There was no main effect of handedness nor was there an
interaction effect (Fig. 1). These results suggest that use of the
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FiG. 1. Effects of hand (a), handedness (b), and their interaction
(¢) on the volume of contralateral functional activation in the motor
cortex during movement of the hand. Only the effect of hand reached
statistical significance (P = 0.027, indicated by the *).
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dominant hand is associated with greater activation (compared
with the nondominant hand) in the contralateral motor cortex
and that this increase is similar in RH and LH subjects. These
findings cannot be attributed to differences in the performance
of the two hands because neither response time (dominant =
414.8 = 11.7 ms, nondominant = 430.4 = 12.9 ms) nor error
rate (dominant = 1.8 * 0.4%, nondominant = 1.2 = 0.3%)
differed.

It occurred to us that the level of functional activation
contralateral to the dominant hand also may reflect the degree
of handedness in individual subjects. We examined this issue
by relating the contralateral activation to a quantitative mea-
sure of handedness. The degree of handedness was determined
on the basis of the Edinburgh inventory questionnaire (ref. 13
and see Methods). We found no significant correlation between
the degree of handedness and contralateral activation. How-
ever, there was a negative correlation (Figs. 2 and 3) between
the degree of handedness and activation ipsilateral to the
dominant hand, which only reached significance in the motor
cortex (r = —0.601, P = 0.03). This finding suggested that those
subjects who had the strongest hand preference had the least
amount of activation ipsilateral to the preferred hand during
movement. Nevertheless, the highest correlation (r = 0.694,
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FiG.2. (a)Ranked correlation between ipsilateral activation in the
motor cortex and absolute laterality quotient (Abs. LQ) during use of
the dominant hand in RH and LH subjects (r = —0.601, P = 0.03). (b)
Ranked correlation between the lateralization index (LI) in the motor
cortex and absolute laterality quotient (Abs. LQ) during use of the
dominant hand in RH and LH subjects (r = 0.694, P = 0.008). In a and
b, the absolute value of the laterality quotient scores was taken, and
the subjects were ranked according to the strength of handedness
(irrespective of hand preference). The ranking on both axes is from
lowest to highest.
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F1G6.3. Functional activation in the motor cortex during movement
of the left hand in two LH subjects with different LQ. Subject with LQ
of —47 has LI of 0.69, and subject with LQ of —100 has LI of 0.94. The
lateralization index is greater with the larger LQ. In these images, the
anterior portion of the brain is on the top, and the right hemisphere
is on the right.

P = 0.008) between the activation of the motor cortex and the
degree of hand preference was seen when we took both the
contralateral and ipsilateral activations into account in a
lateralization index [defined as the volume of contralateral
activation expressed as a percentage of the total activation, i.e.,
contra/(contra + ipsi)]. In general, a high degree of handed-
ness was associated with greater lateralization of functional
activation during use of the dominant hand in both the RH and
LH subjects. Therefore, although ipsilateral activation seems
to be relatively more important than contralateral activation in
its contribution to the correlation, its relation to the degree of
handedness is not as strong as that of the lateralization index
that takes both ipsilateral and contralateral activations into
account. Although the correlation between extent of handed-
ness and lateralization was not significant in any of the other
five cortical motor areas individually, the correlation did reach
significance on the average across all five areas (r = 0.584, P =
0.036), suggesting a weaker but similar trend in these nonpri-
mary motor areas as that seen in the motor cortex.

DISCUSSION

In summary, we found a clear association between the behav-
ioral lateralization manifested by handedness and functional
activation. The volume of activation in the contralateral motor
cortex of the RH and LH subjects was consistently greater
during movements of the dominant compared with those of the
nondominant hand. The activation therefore indicated the
direction of handedness in these subjects. We also documented
a correlation between the degree of handedness and the
lateralization of cortical activation during use of the dominant
hand. Activation in the motor cortex was more lateralized with
increasing degrees of handedness in both RH and LH subjects.
To our knowledge, these relations among functional brain
activation, direction of handedness, and degree of handedness
have not been demonstrated previously using functional brain
imaging.

Our results suggest that there is a high degree of association
between functional activation of the brain and motor behavior.
They are in general agreement with the results of a study in
nonhuman primates that showed that hand preference in the
squirrel monkey was correlated with the size of the area from
which responses to microstimulation could be elicited in the
contralateral hemisphere (21). The issue of whether such
functional asymmetry is related to concomitant structural
changes in the motor cortex has not been resolved. A recent
study using in vivo magnetic resonance morphometry has
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shown an increase in the volume of motor cortex contralateral
to the dominant hand (9). However this finding is at variance
with the results of a study of autopsy brains that failed to show
any consistent relation between the volume of motor cortex
(area 4) and hand preference (10). In addition, in the latter
study, the authors found no asymmetry at other levels of the
sensorimotor system such as the medulla or spinal cord
although such asymmetries have been reported by others
(22-24). In an effort to account for the lack of structural
asymmetry at the level of the motor cortex, White et al. (10)
have suggested that structural changes in the primary motor
cortex contralateral to the dominant hand may be balanced by
structural changes associated with “less obvious capabilities”
than handedness in the motor cortex contralateral to the
nondominant hand. The issue of structural asymmetry in the
sensorimotor systems of humans remains an open question.
This does not, however, detract from our findings, which are
quite clear with respect to functional asymmetry. The concor-
dance between structure and function may indeed be elusive,
as evidenced by the passage of over 1 hundred years between
the localization of language to the left hemisphere (25) and the
demonstration of an asymmetry in the planum temporale (26)
between hemispheres.

It has been suggested that other motor structures, particu-
larly the premotor cortex and the SMA, are more strongly
related to hand preference than the motor cortex (27). Our
results do not support this suggestion; among the six motor
areas we studied, only the motor cortex showed a significant
relation to either the direction or degree of handedness. This
is consistent with the primary role of the motor cortex in motor
output: It has the highest concentration of corticospinal pro-
jection neurons (28) and is the only cortical area with mono-
synaptic connections to spinal motoneurons (29). The motor
cortex also has been shown to reflect changes in hand use such
as may occur during the acquisition of a motor skill (30, 31) and
thus might be expected to reflect the behavioral asymmetry
manifested by handedness.

The relation between lateralization in the motor cortex and
the degree of handedness raises a number of interesting issues.
The first concerns the nature of handedness itself, whether it
is a categorical variable with RH and LH and perhaps includ-
ing another category for ambidextrous subjects or, alterna-
tively, whether handedness is a continuous variable as sug-
gested by Woo and Pearson (32) on the basis of data compiled
by Galton and as used in different handedness rating scales
(13). We have documented a continuous relation between the
degree of handedness and functional activation (see Fig. 2),
which suggests that handedness is not categorical as far as brain
activation is concerned. The second issue concerns the validity
and significance of ipsilateral activation of the motor cortex
during hand movement, which has been a point of controversy
in the literature (33). Although the most significant relation
between degree of handedness and functional activation is
found for lateralization (which includes both contralateral and
ipsilateral activity) in the motor cortex, the essence of this
relation is encapsulated in the ipsilateral activation alone. We
found an inverse relation between the degree of handedness
and the extent of ipsilateral activation in the motor cortex. The
corollary of this is that a high degree of handedness is
subserved by activation of the motor cortex, which is almost
exclusively contralateral to the movement. Our findings in
relation to the degree of handedness may be relevant in
predicting the outcome of motor rehabilitation in human
subjects with stroke. We would predict that patients with a high
degree of handedness would be more incapacitated in the use
of the dominant hand after damage to the contralateral motor
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areas than those with a low degree of handedness because the
latter are likely to have greater residual input from the
ipsilateral motor areas. Although studies have examined the
extent of motor impairment related to damage to a particular
hemisphere (34, 35), none has addressed impairment related
to the degree of handedness.
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