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Previous psychophysical and neuroimaging studies suggest
that perceiving the handedness of a visually presented hand
depends on sensorimotor processes that are specific to the
limb of the stimulus and that may be controlled by the cerebral
hemisphere contralateral to the limb. Therefore, it was hypoth-
esized that disconnection between cerebral hemispheres
would disrupt mental simulation of a hand presented to the
ipsilateral, but not the contralateral, hemisphere. This hypoth-
esis was examined by the present study in which two calloso-
tomy patients and eight healthy controls judged the handed-
ness of drawings of left and right hands in various positions,
without moving or inspecting their own hands. Stimuli were
presented for 150 msec in the right or left visual hemifield. As
predicted, for each hemisphere, patients’ accuracy was high
when the hand was contralateral to the perceiving hemisphere,
but it was not above chance when it was ipsilateral to the

perceiving hemisphere. Controls’ accuracy was high in both
conditions. Response time analyses indicate patients, like con-
trols, mentally simulated reaching into stimulus postures. When
the stimulus laterality was ipsilateral to the perceiving hemi-
sphere, patients imagined the hand contralateral to the perceiv-
ing hemisphere reaching into the stimulus posture but did not
detect the mismatch, guessing with a response bias or re-
sponding on the basis of shape similarity. We conclude that
each hemisphere could represent the shape and movement of
the contralateral hand but could not for the ipsilateral hand.
Mentally simulating one’s action and discriminating body part
handedness both depend on lateralized sensorimotor and so-
matosensory representations.

Key words: motor imagery; shape recognition; cerebral
lateralization; split brain; mental imagery; visual object
discrimination

Humans can recognize or discriminate the shapes of objects from
different viewpoints in many instances (Rock, 1973; Biederman,
1987; Tarr, 1995; Ullman, 1996). If the shapes to be discriminated
are sufficiently similar, such as an object and its mirror image, we
reorient the objects or ourselves by mental or physical means to
compare the shapes at the same viewpoint (Shepard and Cooper,
1982; Hinton and Parsons, 1988). When deciding whether a hand
is a left or right hand, psychophysical studies (Parsons, 1987b,
1994) indicate that observers imagine their own hand moving
from its orientation during the task into the stimulus orientation
for comparison. Typically, subjects imagine their left hand in the
orientation of left stimuli and their right hand in the orientation
of right stimuli. A rapid initial perceptual analysis of hand shape
allows subjects to imagine moving first what often turns out to be
the correct hand. The trajectory imagined for the left hand is
strongly influenced by the biomechanical constraints on actual
left-hand movements; likewise, the trajectories imagined for their
right hand reflect its constraints.

Some of the principal data supporting this account are as
follows. The time for the left-right hand judgments (without
moving or seeing one’s own hands) is identical or proportional to
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time for actual movement from one’s position during that task
into the stimulus orientation (without making a left-right judg-
ment). Likewise, the time for imagining movement (without
making a left-right judgment) is proportional to that for making
the left-right judgment. The time for three tasks is specific to the
body part involved, reflecting different joint constraints, i.e., re-
sponse time (RT)-orientation functions for the left hand, right
hand, left foot, and right foot are different from one another.
Studies have documented such correspondences between the
time to imagine other movements and the time required to
perform them (Decety et al., 1989; Decety and Lindgren, 1991,
Decety and Jeannerod, 1998). Moreover, in a positron emission
tomography (PET) study of the hand judgment task, virtually all
brain regions known to participate in the planning and execution
of bodily movements were active (Parsons et al., 1995). Indeed,
PET, functional MRI, and magnetoencephalogram studies of
various tasks indicate that motor imagery can activate brain areas
at least partially overlapping many or all of the brain areas
activated by overt motor behavior (for review, see Jeannerod and
Decety, 1995; Crammond, 1997).

Overall, these findings, among others, imply that judging
whether a presented hand is a right or left hand depends on
limb-specific sensorimotor mental simulation that uses limb-
specific sensorimotor programs that would be expected to be in
the sensorimotor cortex that controls the contralateral hand (Pen-
field and Jasper, 1954; Brinkman and Kuypers, 1972). If so, then
a callosotomy individual with complete disconnection between
hemispheres should be capable of the mental simulation neces-
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Each left-hand stimulus shown at lateral orientations in the top elliptical series, at medial postures in the bottom elliptical series, and at the

endpoint postures of 0 and 180° orientations, which are neither medial nor lateral. Right-hand stimuli (data not shown) were exact mirror reflections of

the left-hand stimuli.

sary for a left-right judgment of a hand visually presented selec-
tively to the contralateral hemisphere but not of a hand presented
to the ipsilateral hemisphere. We tested this prediction with two
callosotomy patients and eight healthy control subjects.

MATERIALS AND METHODS

Subjects. V.P., a 42-year-old female, has been in good health since 1979
when she underwent a two-stage callosotomy sparing the anterior com-
missure. The operation was treatment for pharmacologically intractable
epilepsy caused by febrile illness at the age of 6 years. She regularly
performs at chance on a number of tests of visual interhemispheric
interaction, despite having a few spared fibers at the splenial and rostral
tips (Sidtis et al., 1981; Gazzaniga, 1989). J.W., a 41-year-old male, also
underwent in 1979 a two-stage callosal surgery with sparing of the
anterior commissure. The surgery was treatment for pharmacologically
intractable epilepsy brought on by concussive head trauma at the age of
13 years. Each subject’s right hemisphere has been shown to be capable
of understanding simple verbal instructions (Sidtis et al., 1981), and so
both hemispheres could be tested in this experiment. Both participants
are right-handed. [More information on these two patients, including
magnetic resonance scans, is available (Sidtis et al., 1981; Holtzman,
1984; Gazzaniga et al., 1985; Fendrich and Gazzaniga, 1989; Gazzaniga,
1989; Jha et al., 1997)]. In addition, four males and four females partic-
ipated as control subjects. The eight control subjects were right-handed,
were between the ages of 28 and 49 years (mean age, 37 years), and were
not known to have any neurological disorders.

Stimuli. A left hand and right hand (Fig. 1) were portrayed in 72
postures each (Parsons, 1987b, 1994). Left and right hands were mirror
images of one another but were otherwise identical. A left or right hand
shown from one of five views was oriented either upright, upside-down,
clockwise 30, 60, 90, 120, or 150°, or counterclockwise 30, 60, 90, 120, or
150° (about the line-of-sight axis) from the pictures. All 120 stimuli (5
views X 12 orientations X 2 handed forms) were presented in each visual

hemifield in random order in each half of the experiment. Thus, there
were 480 trials, with each hemisphere judging each stimulus twice. Each
stimulus was presented for 150 msec with its closest edge at 1.5° of visual
angle to the left or right of a central fixation point. Digitized versions of
hand-drawn stimuli were presented on an Apple Macintosh Ilci com-
puter, each subtending ~5° of visual angle.

Stimulus orientation effects on RT. Previous studies show that RT for the
left-right judgment of a hand (without moving or seeing one’s own hand)
is strongly influenced by the length of the trajectory to move the hand
from its orientation during the task to the orientation of the stimulus
(Parsons, 1987b, 1994). The length of this trajectory and the judgment
RT are shorter when the hand faces the body’s midsaggital plane (termed
a medial orientation) than when the hand is facing away from the body’s
midsaggital plane (termed a lateral orientation). In Figure 1, the lateral
orientations are shown in the top elliptical series of hands, and the medial
orientations are shown in the bottom elliptical series. These different
trajectory lengths are consequences of intrinsic joint constraints in the
arm and hand. The left-right judgment RTs here are analyzed in terms
of medial, lateral, and 0 and 180° orientations (which are neither medial
nor lateral orientations). RT to stimuli are analyzed as RT orientation
functions in which the mean RT across subject group and/or trial (as
indicated in Results) is plotted for each lateral orientation, medial
orientation, 0° orientation, and 180° orientation.

Experimental procedure. After studying left and right forms of each
stimulus, each subject practiced on trials in which 48 stimuli (an equal
number of right and left hands) were presented randomly to either
hemifield until a response was made. Then, each participant performed
the experiment in two sessions. In each trial, a stimulus was presented
randomly in one or the other visual hemifield. Each patient understood
that either hand could appear in either hemifield.

J.W. performed all trials by pressing a left key with his left index finger
to indicate a left-hand stimulus and a right key with his right index finger
to indicate a right-hand stimulus. In the first and last quarters of V.P.’s
trials, she used the left middle finger to press the leftmost key for a
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Figure 2. The accuracy of patients J.W. and V.P. and of healthy control
subjects for the left-right judgment, plotted with respect to the cerebral
hemisphere receiving the visual stimulus and the relationship between
that stimulated hemisphere and the handedness of the stimulus. Error
bars indicate SE.

stimulus showing a left-hand stimulus and the left index finger to press
the rightmost key for a stimulus showing a right-hand stimulus. In the
middle two quarters of her trials, V.P. used the right index finger to press
the leftmost button for a left-hand stimulus and right middle finger to
press the rightmost button for a right-hand stimulus.

Control subjects performed tasks by pressing a left key with their left
index fingers to indicate a left-hand stimulus and a right key with their
right index fingers to indicate a right-hand stimulus.

The computer recorded the time (*=1 msec) from stimulus onset to
button-press response and the accuracy of each response. Each subject
was instructed to fixate the crosshair fixation point during a trial, to not
to tilt his or her head, to keep his or her body still while performing a
trial, and to respond as quickly and accurately as possible. An experi-
menter was seated behind the subject during the experiment.

RESULTS

Patients judged stimulus handedness accurately when the hand-
edness of the stimulus was contralateral to the hemisphere per-
ceiving it (contralateral trials) and judged it inaccurately when the
handedness of the stimulus was ipsilateral to the hemisphere
perceiving it (ipsilateral trials). As shown in Figure 2, the perfor-
mance of J.W. and V.P. on the ipsilateral trials was about one-
third as accurate as that on contralateral trials (x*,, = 64.94;p <
0.001) and fell below the chance level of 50%. This pattern of
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effects was true for both the left and right cerebral hemispheres.
There was lower accuracy for the right hemisphere than for the
left one on ipsilateral trials (Xz(z) = 12.30; p < 0.001) and a trend
(p < 0.20) toward the same effect on contralateral trials. There
was no significant difference in the patients’ accuracy across the
five stimuli (p > 0.20) or the seven orientations (p > 0.15).

Overall, the patients were more accurate and faster when the
handedness of the stimulus was contralateral to the hemisphere
perceiving it (82%, 683 msec for correct trials only) and less
accurate and slower when the handedness of the stimulus was
ipsilateral to the hemisphere perceiving it (30%, 979 msec).
Statistical analysis of the experimental factor of response hand
for V.P. revealed no significant interaction with any other exper-
imental factors, so this factor was ignored in all subsequent
analyses. In terms of overall accuracy and RT, the performances
of V.P. and J.W. were highly correlated (» = +0.98 for a single
test of the eight means in Figs. 1, 5), relative to which cerebral
hemisphere was stimulated and to whether the presented hand
was contralateral or ipsilateral to the stimulated hemisphere
(Fi6y = 154.40; p < 0.00001).

The healthy control subjects, unlike the patients, performed
quite accurately (Fig. 2) on both contralateral and ipsilateral
trials. There was no significant difference (p > 0.05) between
control subjects’ accuracy on contralateral and ipsilateral trials for
either the left or right hemisphere. Nonetheless, there was a trend
in controls’ data across those conditions such that accuracy was
greatest for left hemisphere contralateral, less for right hemi-
sphere contralateral, less still for left ipsilateral, and least for right
ipsilateral. Patients showed this same pattern of accuracy (r =
+0.91; Fio = 9.59; p < 0.09). Thus, in terms of accuracy,
patients’ single hemisphere performance may be a systematic
distortion of trends in controls’ dual hemisphere performance.
This observation suggests that both single and dual hemisphere
performance is affected by the brief presentation of the stimulus
to a single hemisphere. The tendency toward greater accuracy of
the left hemisphere compared with right in both the controls and
patients suggests some degree of hemispheric specialization for
the task. The tendency toward greater error by control subjects on
ipsilateral trials is likely attributable to the degradation of briefly
glimpsed visual information as it is transferred from stimulated
hemisphere to the other hemisphere (Hellige, 1993). The greater
error by patients on ipsilateral trials, discussed in detail below,
very likely has other causes.

The patients performed the task using the same kind of strat-
egy as healthy subjects. There was no significant difference be-
tween the accuracy of patients on the contralateral trials and that
of healthy controls on either contralateral or ipsilateral trials (p >
0.20). Both controls and patients showed the effects of the stim-
ulus posture (see Materials and Methods, Stimulus orientation
effects on RT) such that medial orientations were longer than
lateral ones (#(; 10y = 3.66; p < 0.0001; 7, 19, = 4.43; p < 0.0001)
and such that among the 0 and 180° orientations, the more
awkward orientations requiring longer trajectory paths to physi-
cally adopt required greater RT (¢, 4y = 3.66; p < 0.0001; ¢, 4y =
2.38; p < 0.05). Moreover, the RT orientation function for correct
contralateral trials, averaged across the patients, was well corre-
lated with that of healthy controls; across all stimuli, except that
of the side of the hand viewed from the little finger, the correla-
tion was r = +0.63 (F(; 46, = 30.67; p < 0.000001), and across all
five stimuli, it was 7 = +0.37 (F, s5, = 9.06; p < 0.003). Figure 3
shows the RT orientation function for each stimulus on contralat-
eral trials for patients and controls as groups. Note that the
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Figure 3. RT-orientation functions for patients and for healthy control subjects on contralateral trials for each stimulus.
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previous studies of motor imagery and real movement that used
these five stimuli observed more variability in RTs with the side
of the hand viewed from the little finger than with the other four
stimulus views (Parsons, 1987b, 1994). This is attributable to the
fact that there is a greater variety of hand and arm movements
available to move from the orientation of the hand in the task into
the stimulus posture (in particular, to those orientations in which
the fingers point within 60° of downward).

Patient J.W.’s RT orientation function on contralateral trials
was well correlated with that of V.P.: individual stimuli, » = +0.66
(Fa,10) = 790, p < 0.01); 7 = +0.62 (F(q 10y = 6.28; p < 0.03); 7 =
+0.41 (Fq 10y = 201 p < 0.18); 7 = +0.40 (F(y 10y = 1.93;p <
0.19); and r = +0.38 (F(; 109, = 1.38; p < 0.26).

The RT orientation function for patients’ left hemisphere
contralateral trials was well correlated with that for their right
hemisphere trials (r = +0.48; F(; 45 = 14.07; p < 0.0004).
Likewise, the control subjects” RT-orientation functions for left
and right visual hemifields were correlated to the same extent
(r = +0.48; F(; 55y = 16.28; p < 0.0001). This good correspon-
dence between patients’ left and right hemisphere RT orientation
function is further evidence that the two hemisphere are per-
forming the task in a similar manner on contralateral trials.

This variation in RT for the left-right hand judgment task is
very likely primarily a function of variation in the time required
to mentally simulate movements of the arm of different trajectory
lengths to different stimulus hand postures (Parsons, 1987b,
1994). Although there is variation in the time for perceptual
analysis (i.e., unfamiliar postures take longer than familiar ones),
psychophysical studies with healthy subjects (Parsons, 1994) indi-
cate that it is much smaller than the variation in time for move-
ment and simulated movement. Patients’ RT orientation function
on contralateral trials was well correlated with the real-movement
time by orientation function when the time to perceive the
stimulus was separated from the time to actually move (Parsons,
1994); across all stimuli, except that of the side of the hand viewed
from the little finger, the correlation was r = +0.49 (F(; 46y =
14.81; p < 0.0003), and across all five stimuli, the correlation was
r= 4030 (F(ss = 5.87; p < 0.01).

Patients’ accuracy was below chance (Xz(]) =4.8; p <0.05) on
trials in which the handedness of the stimulus was ipsilateral to
the hemisphere perceiving it. Close analysis of the RTs suggests
that often on ipsilateral trials, subjects used the hemisphere
receiving the stimulus to mentally simulate moving the hand
contralateral to it into the stimulus orientation and then to either
guess with a bias for the contralateral hand or respond on the
basis of the similarity between the stimulus and the contralateral
hand. Before discussing that analysis, we note that the observed
data contradict three alternative models of performance.

First, the patients’ ipsilateral trial data are inconsistent with the
possibility that they responded trivially on basis of hemifield of
stimulation (e.g., pushing the left button for stimuli in left visual
field). This model predicts a constant rapid RT, because one
needs only to detect the hemifield of stimulation; imagining
actions that possess trajectories of varying length is unnecessary.
This prediction is clearly contradicted, because subjects’ RT-
orientation functions are quite variable (Figs. 3, 4), in accordance
with the model that mental simulation of reaching is used with the
simulated path limited by actual joint constraints, a model to
which both these callosotomy subjects (on contralateral trials) and
healthy subjects conformed quite well. This model also predicts
that all stimuli presented in a hemifield elicit the same response,
a prediction contradicted by the patients’ error rate on ipsilateral
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trials (70%). Second, the below-chance accuracy and strong sys-
tematic variation in RT with stimulus orientation (Fig. 4, top left
plot) contradict the model that states that instead of imagining
reaching into the stimulus posture, the patients were just ran-
domly guessing stimulus handedness (perhaps because they were
at a loss without a representation of an ipsilateral stimulus).
Third, patients’ poor accuracy is also inconsistent with the pos-
sibility that their comparison between ipsilateral and contralat-
eral hands led them to disconfirm the stimulus handedness and
then allowed them to infer the accurate alternative.

The best model of performance on ipsilateral trials assumes
that patients imagined moving the hand contralateral to the
hemisphere receiving the visual stimulus so that its palm and
fingers were oriented like those of the stimulus, but that they did
not detect the mismatch in shape and either (1) guessed with a
response bias for the contralateral hand or (2) responded on the
basis of shape similarity (irrespective of laterality). To test the
model on RTs, a special “contralateral hand-based” function was
composed for all responses on ipsilateral trials (regardless of
accuracy). If patients imagined their contralateral hand so that its
fingers and palm were aligned with the fingers and palm of the
ipsilateral stimulus, then RTs for ipsilateral stimuli should be
strongly influenced by the joint constraints on motion of the
contralateral hand rather than the ipsilateral one (Parsons, 1987b,
1994). Therefore, in the case of this contralateral hand-based
function, because the left and right hands have joint constraints
180° out of phase in movement space (American Academy of
Orthopedic Surgeons, 1965; Parsons, 1987b), trials in which stim-
uli showed lateral orientations of a hand were treated as medial
trials and vice versa. The model is confirmed if this contralateral
hand-based RT orientation function for ipsilateral trials is similar
to the untransformed RT orientation function for corresponding
contralateral trials (for correct responses only). This similarity is
predicted because RTs on both kinds of trial are produced by
mental simulations of a hand with the same joint constraints on
movement.

This contralateral hand-based function composed of the two
patients’ RT data on ipsilateral trials is well correlated over all
stimuli with the RT orientation function for the controls. For the
individual stimuli (Fig. 4), the correlation between the patient
group’s contralateral hand-based RT-orientation function and
the control group’s data was r = +0.79 (F(; 19y = 17.52; p <
0.001); r = +0.74 (F(y 19y = 11.98; p < 0.006); r = +0.74 (F(; 10,
= 12.26; p < 0.005); r = +0.73 (F(4 109, = 11.68; p < 0.006); and
r = +0.50 (Fq 9 = 3.45 p < 0.09). Over all stimuli, this
correlation was r = +0.48 (F;sgy = 17.50; p < 0.0001). The
correlation between the patients’ contralateral hand-based func-
tion for ipsilateral trials and their untransformed function for
contralateral trials across all stimuli was r = +0.56 (F(;sg) =
27.35; p < 0.00001). This statistical comparison is not guaranteed
to yield a correlation; if RTs for medial and lateral stimulus
orientations are switched in the healthy controls’ group data on
ipsilateral trials to compose such a contralateral hand-based func-
tion, it is poorly correlated with the untransformed function on
the controls’ contralateral trials (r = +0.007; F(; 55, = 0.003; p <
0.95). This contralateral hand-based RT orientation function is
also well correlated with the real-movement time by orientation
function when the time to perceive the stimulus is separated from
the time to actually move (Parsons, 1994); across all stimuli,
except that of the side of the hand viewed from the little finger,
the correlation was r = +0.48 (F(; 46, = 14.20; p < 0.0004), and
across all five stimuli, the correlation was r = +0.40 (F(; 55y =
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Figure 4. A test of the model that on ipsilateral trials patients used the hemisphere receiving the stimulus to mentally simulate moving the hand
contralateral to it into the stimulus orientation, even when it was the inappropriate (ipsilateral) hand (see Results). Shown for each stimulus are the

contralateral hand-based RT-orientation functions for patients on ipsilateral trials and the RT-orientation functions for healthy control subjects on
ipsilateral trials.
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11.58; p < 0.001). This indicates that the contralateral hand-based
RT orientation function is strongly influenced by the imagined
trajectory length from the patients’ task-specific hand position
into the stimulus orientation. In addition, patient J.W.’s contralat-
eral hand-based RT orientation function on ipsilateral trials was
fairly well correlated with that of V.P.; across four of the stimuli,
the correlation was 7 = +0.33 (F(; 46, = 5.61; p < 0.02); individual
stimuli, 7 = +0.51 (F(; 19y = 3.51; p < 0.09); 7 = +0.45 (F(y 10y =
252 p < 0.14);r = +0.37 (F(y 10y = 1.61; p < 0.23); r = +0.37
(Fa10) = 1.57;p <0.23); and r = +0.31 (F(y 10y = 1.07; p < 0.32).
In combination, these analyses provide reasonably strong support
for the model.

This contralateral hand-based RT orientation function for the
patients’ ipsilateral trials can be averaged with their RT orienta-
tion function for contralateral trials to compose an overall RT
orientation function for each stimulus. The resulting functions
allow a comparison of the RT orientation function of patients and
controls with a considerably larger sample size. These functions
for patients are well correlated with controls’ RT orientation
averaged over ipsilateral and contralateral trials; over all stimuli,
except that showing the side of the hand from the little finger, the
correlation was r = +0.69 (F(; 45, = 41.59; p < 0.0000001), and
over all stimuli it was r = +0.50 (F(; 55, = 19.13; p < 0.00005).
These close fits are further evidence that patients perform the
task according to the process models described above.

The patients’ right hemisphere was faster overall to respond
correctly (Fig. 5) than the left hemisphere (f,9,, = 3.43; p <
0.001). There was no overall difference between left and right
hemisphere trials for the controls in which the two cerebral
hemispheres cooperatively perform the tasks; in addition, the
controls showed no strong trend toward a speed—accuracy
tradeoff. The patients’ right hemisphere advantage in RT is
comparable to that of another commissurotomized subject (L.B.)
in the related task of judging whether a misoriented letter is in its
normal or mirror-reversed form (Corballis and Sergent, 1988).
The right hemisphere speed advantage was present primarily on
ipsilateral trials for which there was a nonsignificant trend for the
left hemisphere to be more accurate; thus, although there were
relatively few correct ipsilateral trials, there was a trend toward a
speed-accuracy tradeoff in this regard.

The patients and controls show fairly similar patterns of overall
RT across hemisphere and kind of trial, such that both show a
tendency for much greater RT for ipsilateral than contralateral
trials when the left hemisphere is stimulated and much less
difference in RT for ipsilateral and contralateral trials when the
right hemisphere is stimulated. This difference between RT in
ipsilateral and contralateral trials was significant for controls only
on left hemisphere trials (¢(gp0, = 4.54; p < 0.001). There was no
significant differences (p > 0.10) in either patient among RT
means on contralateral trials for either hemisphere or on ipsilat-
eral trials for either hemisphere.

There was trend in the patients” RTs on the correct contralat-
eral trials, suggesting that the right hemisphere performed the
imagined movements more rapidly than the left hemisphere,
although there was insufficient sample size to test statistically.
This trend is found in RTs from a subset of the trials used to
compose the RT means in Figure 5. On contralateral trials with
stimuli in which there was likely to be the shortest length of
imagined movement, there was no difference in the patients’
mean RT for trials involving the left and right hemisphere;
however, on contralateral trials with stimuli in which there was
likely to be the longest length of imagined movement, the right
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Figure 5. Mean RT on correct left-right judgments for patients J.W. and
V.P. and for healthy control subjects plotted with respect to the cerebral
hemisphere receiving the visual stimulus and the relationship between
that stimulated hemisphere and the handedness of the stimulus. Error
bars indicate SE.

hemisphere in the patient group was 210 msec faster than the
left hemisphere. Thus, although our data above indicate that each
hemisphere can mentally simulate action of their respective con-
tralateral hands with the same biomechanical verisimilitude, the
right hemisphere, apparently specialized for visual—spatial tasks
(Ratcliff, 1979; DeRenzi, 1982; Deutsch et al., 1988), performed
such simulations at an overall faster rate (although with somewhat
less accuracy). It is worth noting that despite similarities in
patients’ left and right hemisphere performance, various pro-
cesses (e.g., attention, spatial analysis, and pragmatic knowledge
of movements) may be involved in different ways or to different
extents in the task performance by each hemisphere.

Finally, we note that the patients were faster in general than the
control subjects. This difference in overall RT very likely reflects
individual differences (i.e., V.P. was within the typical RT range
indicated by our control subject group, whereas J.W. was more of
an outlier), as well as much greater general familiarity and prac-
tice of the patients who have participated in many studies involv-
ing tachistoscopic hemifield presentation and speeded reaction
time experiments, compared with the control subjects for whom
this study was a novel experience.
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DISCUSSION

The striking double dissociation in the callosotomy patients’
accuracy as a function of the lateralities of the stimulus and of the
cerebral hemisphere receiving the stimulus confirms the hypoth-
esis that mentally simulating one’s action and discriminating body
part handedness both depend on lateralized motor and somato-
sensory representations. Our data suggest that within each cere-
bral hemisphere there are representations of the contralateral
hand and its movement that are effective for spatial cognition and
motor imagery, but such representations of the ipsilateral hand
are absent altogether in the right hemisphere and are exceedingly
ineffective in the left (dominant) hemisphere. Apparently, the left
hemisphere is sufficient and necessary for the right-hand motor
imagery, and the right hemisphere is sufficient and necessary for
the left-hand motor imagery. Furthermore, our results imply that
each hemisphere alone can support the mental simulation of an
action with RT properties such as those in which the hemispheres
can interact, which in turn closely correspond to real-movement
time (Parsons, 1994). These data may be among the strongest
evidence that the left hemisphere alone is capable of performing
imagined spatial transformations and does them at least as accu-
rately as the right hemisphere (for weaker evidence, see Corballis
and Sergent, 1988).

The apparent presence of a very weak representation of the
ipsilateral hand in the left hemisphere, but none in the right one,
is consistent with earlier studies of motor behavior consequent to
callosotomy in human and monkey (Gazzaniga, 1964; Gazzaniga
et al., 1967; Volpe et al., 1982) and with the specialization of the
left hemisphere for organizing bilateral motor activity (Kimura,
1977; Bradshaw and Nettleton, 1981; Bryden, 1982; MacNeilage
et al., 1987; Fisk and Goodale, 1988; Harrington and Haaland,
1991). The right (nondominant) hemisphere apparently lacks a
representation of the shape and movement of the right hand (and
perhaps other right body parts), despite its possibly enhanced
capacity for object recognition (Yin, 1970; Warrington and Tay-
lor, 1973; Hecaen and Albert, 1978; Levy, 1983; Hamilton and
Vermeire, 1988; Hellige, 1993; Ivry and Robertson, 1997). Thus,
the right hemisphere may have representations of a hand (not
coded explicitly for handedness) and definitely has representa-
tions of a left hand, but it is does not have one of a right hand; this
is compatible with the view that humans do not in general
represent object shape so as to discriminate a shape from its mir-
ror image (Corballis and Beale, 1976; Hinton and Parsons, 1988).

The close link observed in callosotomy patients between the
laterality of the imagined hand and of cerebral hemisphere is
consistent with recent data from neuroimaging and neuropsycho-
logical studies. A PET study of this task in healthy subjects
(Parsons and Fox, 1998) observed limb-contralateral neural struc-
tures activated by limb-specific motor imagery, including pre-
supplementary motor area (pre-SMA), inferior premotor cortex
[Brodmann area (BA) 44/46], and superior frontal sulcal premo-
tor cortex (BA 4). These areas are implicated in higher-order
aspects of motor control, movement preparation and selection,
action recognition and copying, spatial working memory, and
guidance and execution of self-paced movements. These brain
areas would presumably be unable to support our callosotomy
patients’ single hemisphere performance on ipsilateral trials, and
their absence would in part account for the poor performance on
those trials. The Parsons and Fox (1998) study also observed
neural structures active in the dominant left hemisphere regard-
less of the limb involved in the motor imagery, including SMA
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proper, superior premotor (BA 6), and inferior parietal (BA 40).
These areas are implicated in planning, guidance, and attention
to motor performance, and their presumed absence during our
patients’ right hemisphere performance would in part account for
its diminished performance. In addition, there were also neural
structures active in the nondominant right hemisphere regardless
of the limb involved in motor imagery, including dorsal superior
premotor (BA 6), insula, superior parietal (BA 7), and inferior
occipitotemporal (BA 37) cortices. These areas have been impli-
cated in motor planning, high-level somatic representation, the
evaluation of visuospatial information, and the representation of
the identity of objects and actions. These areas would presumably
be unable to support the patients’ left hemisphere performance.

Furthermore, in patients with damage to motor cortex, men-
tally simulated movements reflect the decreased motor efficiency
of the affected limb; executed and imagined hand movements are
slowed to the same extent (Sirigu et al., 1995). There are similar
laterality effects in the impairments of imagined and executed
movements in patients with basal ganglia dysfunction attributable
to Parkinson’s disease (Dominey et al., 1995). In addition, dam-
age to parietal lobe disrupts the correlation in performance time
between imagined movement and real movement (patients are
either too fast or too slow in imagery or are inconsistent) (Sirigu
et al., 1996). Patients with right parietal damage have impaired
left-hand motor imagery (unimpaired left limb movement); pa-
tients with left parietal damage have impaired right- and left-hand
motor imagery. The latter results suggest that motor imagery of
the left hand may be weakly dependent on left (dominant) hemi-
sphere support, perhaps consistent with the trend toward less
accurate right hemisphere performance by patients and controls
on contralateral trials in the present study. Indeed, the latter
suggestions are consistent with the earlier studies of motor be-
havior in callosotomy subjects (Gazzaniga, 1964; Gazzaniga et
al., 1967; Volpe et al., 1982) showing poorer ipsilateral hand
control by the right hemisphere than the left one.

That common brain areas support both mentally simulated and
actual movement is consistent with the fact that the physiological
correlates of mental simulation of body movement are often
similar to, although weaker than, those for executed body move-
ment (Jeannerod, 1995).

The double dissociation of hand representation and cerebral
hemisphere and the effect of actual joint constraints on the
mental simulation of one’s action emphasize the domain speci-
ficity of imagined spatial transformation processes. This handed-
ness task elicits operations on sensorimotor information rather
than on visual representations alone, probably because the so-
matomotor system represents and operates on body part repre-
sentations that specify handedness (unlike other representations
of object shape).

It is also notable that each hemisphere of the callosotomy
subjects could detect a match in shape to make the correct
judgment but that neither hemisphere alone was able to detect a
mismatch in shape between the left and right hand and infer it
was the other hand. Thus, for this judgment to be performed
accurately, the hemispheres must interact (Gazzaniga, 1989;
Hellige, 1993; Ivry and Robertson, 1997). The inability of a
hemisphere to disconfirm that an imagined hand is different from
the stimulus is striking and worthy of some discussion. The
avoidance of disconfirmation is consistent with the very strong
bias against disconfirmation shown in the dual hemisphere per-
formance of healthy individuals, in favor of exact match confir-
mation (Parsons, 1987a,b, 1994). People may prefer to use exact
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match confirmation when they are equally familiar with both
mirror forms of a shape and to use disconfirmation when they are
much more familiar with one of the two mirror forms. The former
condition is consistent with the finding that in many judgment
domains people prefer to use confirmation (Nisbett and Ross,
1980; Fischhoff and Beyth-Marom, 1983). This preference is
attributed to the fact that in natural settings we often have
independent evidence that the hypothesis we are attempting to
confirm is more likely to be correct than incorrect (Klayman and
Ha, 1987). Correspondingly, healthy subjects use disconfirmatory
match comparisons and inferences in tasks when they have to
judge whether a letter is presented in its normal (i.e., very famil-
iar) or mirror-reversed (unfamiliar) form. Likewise, in calloso-
tomy patients, the right hemisphere can disconfirm that a misori-
ented letter stimulus is a normal letter by first comparing it (as it
appears when imagined to be upright) to the memorized normal
form and then inferring that the stimulus is mirror-reversed
(Corballis and Sergent, 1988). However, the right hemisphere
cannot, as the present data indicate, perform the corresponding
disconfirmation of shape and inference for a hand (both forms of
which are equally familiar).

Of course, a preference for using exact match confirmation
rather than disconfirmation is quite different from the inability to
use disconfirmation whatsoever: that is, the inability to detect a
mismatch between imagined and stimulus hands in the face of
very frequent error. Healthy subjects do not appear to show such
disability; although their introspections and RTs indicate a strong
tendency to use exact match confirmation, they report using
disconfirmation ~6% of the time overall (Parsons, 1987b). The
callosotomy patients’ inability to use disconfirmation on ipsilat-
eral trials is unlikely to directly follow from their condition;
disconnection of the cerebral hemispheres does not disrupt visual
areas within each hemisphere, and the patients demonstrate their
ability to detect matches between their imagined contralateral
hand and a stimulus showing the contralateral hand. It is unclear
at present why the patients avoided disconfirmation. It is conceiv-
able that with training (e.g., feedback) or with a modified task
they could begin to rely on disconfirmation on the ipsilateral
trials. Further study of this surprising feature of their perfor-
mance is necessary to understand its implications for callosotomy
patients and for models of this task.
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