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Abstract

Twelve right-handed men participated in two mental rotation tasks as their regional cerebral blood flow (rCBF) was
monitored using positron emission tomography. In one task, participants mentally rotated and compared figures com-

posed of angular branching forms; in the other task, participants mentally rotated and

drawings of human

hands. In both cases, rCBF was compared with a baseline condition that used identical stimuli and required the same
comparison, but in which rotation was not required. Mental rotation of branching objects engendered activation in the
parietal lobe and Area 19. In contrast, mental rotation of hands engendered activation in the precentral gyrus (M1),
superior and inferior parietal lobes, primary visual cortex, insula, and frontal Areas 6 and 9. The results suggest that at
least two different mechanisms can be used in mental rotation, one mechanism that recruits processes that prepare motor

movements and another mechanism that does not.
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Objects in visual mental images can be manipulated much like
actual objects, which can help one to reason about the conse-
quences of the corresponding physical manipulation (see Shep-
ard & Cooper, 1982). Indeed, Shepard and Metzler (1971) found
that when people compared two similar objects at different ori-
entations, an increment of time is required for cach degree of
angular disparity between the objects. These and similar findings
(for reviews, see Kosslyn, 1980, 1994; Shepard & Cooper, 1982)
indicate that people perform such tasks by “mentally rotating”
an object as if it were moving through the intermediate positions
along a trajectory, as would occur if the object were physically
rotated. But there is a mystery here: objects are constrained by
the laws of physics to move along trajectories, whereas internal
representations are not. The laws of physics do not prevent a
mental image from undergoing instantancous translation from
one position to the next. The present study was designed to test
one possible account for the fact that people visualize objects
rotating through trajectories.

One type of account we considered was inspired in part by two
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very different sets of findings. First, Parsons (1987, 1994) found
that people can rotate images of body parts more easily if the parts
move in natural ways; for example, it is easier to visualize a hand
rotating if the rotation corresponds to a comfortable movement
than if it does not (see also Cooper & Shepard, 1975; Sekiyama,
1983). Second, Georgopoulos, Lurito, Petrides, Schwartz and Mas-
sey (1989) found that neurons in the motor strip discharge before
a monkey begins to shift a lever in a specific arc and that there is
an orderly sequence of activity over time: Neurons that are tuned
for orientations near the starting point of the lever fire first, neu-
rons that are tuned for slightly displaced orientations fire next, and
S0 on.

Both sets of results suggest that motor processes play a role in
mental rotation. Kosslyn (1994) offered a theory of how such a
mechanism might operate: He suggested that visual mental images
arise via the same mechanisms that “prime” the representations of
expected objects during perception, but during imagery an indi-
vidual anticipates seeing an object so strongly that its visual rep-
resentation is activated from memory and a spatial pattern is
reconstructed in topographically mapped visual cortex (cf. Neisser,
1976). According to this theory, an imaged object rotates through
a trajectory because the person is anticipating what he or she
would see if the object were physically manipulated, and objects
are physically constrained to move along trajectones.

A recent positron emission tomography (PET) result appears to
be consistent with this view, Alivisatos and Petrides (1997) asked
participants to decide whether alphanumeric characters faced nor-
mally or were mirror-reversed in two conditions: in one, the letters
were upright; in the other, the letters were tilted various amounts
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from the upright position. Cooper and Shepard (1973) showed that
participants require increasing amounts of time to make this judg-
ment for characters that are rotated increasing amounts from the
upright position. When Alivisatos and Petrides compared these two
conditions, they found more activation during rotation in parietal
arcas (Areas 7 and 40, both in the left hemisphere), in two regions
of the right frontal lobe (Areas 45 and 8), and in the right head of
the caudate nucleus. It is possible that the two parietal regions were
both involved in motor processing, Andersen (1989) concluded
that neurons in the posterior parietal lobe of nonhuman primates
“generally have both sensory and movement-related responses.
Cells responding to reaching behavior also have somatosensory
inputs, and cells responding to smooth pursuit, saccades, or fixa-
tions also respond to visual stimuli” (pp. 397-398). In addition, it
is particularly intriguing that the striatum was activated—this struc-
ture clearly plays a key role in motor control in receiving inputs
from the neocortex and sending outputs through the basal ganglia
to frontal areas involved in motor planning and execution (see,
Graybiel, Aosaki, Flaherty & Kimura, 1994),

Similarly, Deutsch, Bourbon, Papanicolaou, and Eisenberg (1988)
asked participants to view pairs of the angular, multiarmed stimuli
used by Shepard and Metzler (1971) and to decide whether the
shapes in cach pair were the same or mirror-reversed. One shape
was rotated relative to the other, and thus mental rotation was
required in this task. Deutsch et al. assessed brain activity during
this task with the Xe-133 technique and found increased blood
flow in the right hemisphere. The activated region extended from
the frontal to the posterior panietal lobes and included many motor
areas. Peronnet and Farah (1989) used event-related potentials to
measure brain activity in a letter mental rotation task (similar to
the study by Alivisatos & Petrides, 1997). They found a late
electrical negativity over the posterior scalp that varied system-
atically with the amount of necessary rotation; it is possible that
at least some of this activity reflects motor processes in the
posterior parietal lobes.

Finally, Parsons et al. (1995) used PET to study a task that
appears 10 involve mental rotation of hands. On each trial, a picture
of a hand appeared in one of several orientations for 150 ms in
cither the left or right visual field (with separate conditions for
each visual field). Predominately left hands were presented in the
right visual field in one condition, and predominately right hands
were presented in the left visual field in the other condition. Par-
ticipants decided whether each stimulus was a left or right hand.
Parsons et al. hypothesized that participants would use an implicit
movement to identify the hands, mentally rotating a representation
of their own hand into congruence with the stimulus. Activation
engendered by the hand-identification task was compared with that
associated with a fixation condition.

In both visual field conditions, frontal, parictal, basal ganglia,
and cerebellar arcas were active, as was Area 17. Supplementary
motor cortex was strongly activated in the left hemisphere in both
conditions. Although prefrontal and insular premotor areas were
solely active in the hemisphere contralateral to the stimulus hand-
edness, the anterior cingulate and the superior premotor area were
activated bilaterally in both conditions (although both were more
strongly activated in the left hemisphere). Notably, primary motor
and somatosensory cortices were not activated in any condition.
Parsons et al. interpreted the left hemisphere activations present in
both conditions as evidence of generic motor programming in the
dominant hemisphere, whereas the contralateral activations were
taken to reflect programming of specific movements. The authors
concluded that this sort of mental rotation relies on intermediate or
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high-order cortical systems that involve motor processes but does
not require primary cortices,

The findings of Parsons et al. (1995) suggest that motor imag-
ery is involved in implicit transformations of the viewer rather than
of the object. These results make sense given that the stimuli were
hands but do not rule out the possibility that object-based motor
imagery underlies all forms of mental rotation (cf. Decety, 1996).
In this case, one would visualize what one would see if one ma-
nipulated an object in a specific way. Indeed, Cohen et al. (1996)
used functional magnetic resonance imaging (fMRI) to study the
original Shepard-Metzler task and found activation of motor areas.
Specifically, in this study, the participants viewed identical pairs of
stimuli in the test and baseline conditions, and in both conditions
decided whether they were the same or mirror-imaged shapes. The
only difference in conditions was that the stimuli were presented
in different orientations in the test condition and in the same
orientations in the baseline condition. Thus, by comparing the
two conditions, it was possible to examine activation due to mental
rotation per se. Of particular interest here, the results revealed
activity in premotor Area 6 (in half the participants), and more than
half of the participants displayed clear evidence of activation in
hand somatosensory cortex (Areas 3, 2, and 1). In addition, all
participants had activation in Areas 7a and 7b (which sometimes
spread to Area 40), and 88% of the participants had evidence of
activation in the middle frontal gyrus (Area 8). The supplementary
motor area was also active bilaterally for some participants, which
could reflect planned (but unexecuted) motor movements
(ef. Deiber et al., 1991), or this bilateral activation could reflect
greater attentional processing needed during the rotation condition
(see Posner & DiGirolamo, 1998). The method of analyzing these
data may not have been as powerful as group-based methods,
however, and thus it is possible that activation in other motor areas
was not detected.

In the present study, we directly compared, in the same partici-
pants, mental rotation of hands and mental rotation of the three-
dimensional multiarmed figures used by Shepard and Metzler (1971).
If image rotation occurs when one anticipates what one would see
if one manipulated an object, then motor areas should be active
during all mental rotation. Indeed, if priming underlies mental
rotation, then we not only expect activation in higher-level motor
control areas, such as the supplementary motor area, premotor
area, and posterior parietal lobe, but we also expect activation in
low-level motor areas, such as M1 (the arca from which Georgop-
oulos et al., 1989, recorded in the monkey). Furthermore, if objects
in general are rotated by imagining that one is twisting them, then
we should find similar results in the two tasks.

However, the notion that objects in images rotate through tra-
jectories because of the constraints imposed by the motor system
does not imply that the observer's own motor system must be
manipulating the object. It is possible that objects can be rotated by
imagining that someone else 1s manipulating them. Moreover, one
could imagine that objects are shifted by inanimate forces, in which
case motor processes would not be involved at all. Thus, we have
three classes of theories, only one of which implies that motor
areas in the brain should be activated when one performs mental
rotation. We need not assume that only one process is used to
mentally rotate objects. Indeed, it is possible that the method used
is tailored to the specific task or to the specific stimuli. If so, then
we may find evidence of motor processing when hands are rotated
but not when Shepard-Metzler objects are rotated. Thus, in the
present study, we investigated whether there is more than one way
in which objects in images can be rotated.

































