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Abstract

This study used functional magnetic resonance imaging (fMRI) to investigate the neural mechanisms underlying two types of spatial
transformations: imagined object rotations and imagined rotations of the self about an object. Participants viewed depictions of single three-
dimensional Shepard–Metzler objects situated within a sphere. A T-shaped prompt appeared outside of the sphere at different locations across
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rials. In the object rotation task, participants imagined rotating the object so that one of its ends was aligned with the prompt. They t
hether a textured portion of the object would be visible in its new orientation. In the self rotation task, they imagined rotating them

he location of the T-prompt, and then judged whether a textured portion of the object would be visible from the new viewpoint. Act
oth tasks was compared to respective control conditions in which identical judgments were made without rotation. A direct com
elf and object rotation tasks revealed activation spreading from left premotor to left primary motor (M1) cortex (areas 6/4) for imagin
otations, but not imagined self rotations. In contrast, the self rotation task activated left supplementary motor area (SMA; area
ransformations, activation also occurred in other regions. These findings provide evidence for multiple spatial-transformation m
ithin the human cognitive system.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

If a person wants to know what an object looks like from
different viewpoint without actually moving, there are at

east two mental transformations she can try. She can imag-
ne rotating the object until the desired viewpoint is aligned
ith her current perspective, or she can imagine moving her-
elf around the object to the new viewpoint. Both of these
ental transformations are important in everyday tasks of

patial reasoning. Each requires the representation of a differ-
nt spatial reference frame. Imagined object rotations involve

ransformation of the object-relative reference frame, which
pecifies the location of an object’s parts with respect to each
ther (Easton & Sholl, 1995). Imagined self rotations involve

∗ Corresponding author. Tel.: +1 413 585 3988; fax: +1 413 585 3786.
E-mail address:mwraga@smith.edu (M. Wraga).

transformation of the egocentric reference frame, which s
ifies an object’s location and orientation with respect to
intrinsic axes of the observer’s body (Howard, 1982). The
egocentric frame also can be specified at smaller sca
relate objects to specific parts of the body, such as the
or hand.

An important question is whether the mental transfor
tions associated with object-relative and egocentric refer
frames are subserved by different neural mechanisms.
ferent neural systems are activated during the two typ
transformation, this is solid evidence that different me
nisms are in play. In recent years, researchers have use
roimaging techniques to explore this issue. Most studies
examined imagined object rotations (e.g.,Barnes et al., 2000;
Carpenter, Just, Keller, Eddy, & Thulborn, 1999; Cohen e
al., 1996; Kosslyn, DiGirolamo, Thompson, & Alpert, 199;
Lamm, Windischberger, Leodolter, Moser, & Bauer, 20;
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Richter et al., 2000; Tagaris et al., 1997; Vingerhoets et al.,
2001). Some have examined imagined rotations of bodies
(e.g.,Creem et al., 2001a). The few studies directly compar-
ing both classes of mental rotation have yielded ambiguous
evidence for distinct mechanisms (Zacks, Ollinger, Sheridan,
& Tversky, 2002; Zacks, Rypma, Gabrieli, Tversky, &
Glover, 1999; Zacks, Vettel, & Michelon, 2003). In the
present study, we used functional magnetic resonance imag-
ing (fMRI) to identify the neural substrates underlying imag-
ined self and object rotations, using novel rotation tasks.

The first hints that different spatial transformations may
be subserved by different mechanisms were evident in behav-
ioral studies that compared how easily participants can imag-
ine rotating an array versus how easily they can imagine ro-
tating themselves around the array (e.g.,Amorim & Stucchi,
1997; Creem, Wraga, & Proffitt, 2001b; Huttenlocher & Pres-
son, 1997; Presson, 1982; Wraga, Creem, & Proffitt 2000;
Wraga, Creem-Regehr, & Proffitt, 2004). In these experi-
ments, participants typically perform one or the other type
of imagined rotation and then update the location of a given
object in an array. Researchers consistently have found faster
and more accurate performance during imagined self ro-
tations than during imagined rotations of the array. More-
over, the response time (RT) functions corresponding to each
type of imagined rotation show unique characteristics. RTs
for imagined array and object rotations tend to increase lin-
e hich
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by mapping transformations of the object-relative reference
frame.

Some neuroimaging studies also have provided evidence
that low-level motor areas (specifically, premotor and pri-
mary motor [M1] areas) are activated during mental rotation.
Investigators initially reported motor activation for mental
transformations of body-related stimuli such as hands and
feet. They interpreted these findings as evidence that partici-
pants had imagined rotating their own body parts to solve the
tasks (e.g.,Bonda, Petrides, Frey, & Evans, 1995; Kosslyn
et al., 1998; Parsons et al., 1995). However, a growing num-
ber of studies have reported motor activation during men-
tal rotation of nonbody objects (e.g.,Bonda et al., 1995;
Carpenter et al., 1999; Cohen et al., 1996; Kosslyn, Thomp-
son, Wraga, & Alpert, 2001; Richter et al., 2000; Tagaris
et al., 1997; Vingerhoets et al., 2001). For example,Cohen
et al. (1996)examined mental rotation of theShepard and
Metzler (1971)figures with fMRI and found premotor acti-
vation in half of their participants. Using positron emission
tomography (PET),Kosslyn et al. (2001)examined whether
participants could voluntarily adopt motor strategies during
mental rotation. Kosslyn et al. found that the primary motor
area M1 was activated when participants were instructed to
solve a mental rotation task by imagining objects being turned
by their hands; in contrast, no such activation occurred when
participants imagined the objects being rotated by an exter-
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arly when greater amounts of rotation are required, w
uggests that observers mentally transform objects sim
o the way objects are physically transformed (Shepard &
etzler, 1971). In contrast, RTs for imagined self rotatio
sually are independent of rotation magnitude beyond◦,
ith the exception of angles that are oblique to the intri
xes of the body (Wraga, 2003; Wraga et al., 2000, 200).
erformance also is unaffected by physically impossible
tions, such as imagining rotating one’s body around an

hat is parallel to a wall (Creem et al., 2001b). Thus, althoug
hey conform to some physical laws constraining the b
magined self rotations generally exhibit more flexibility th
heir physical counterparts.

Neuroimaging studies have begun to elucidate the n
orrelates of imagined self and object rotations. For me
otation of objects, it is well established that the poste
arietal lobules play a major role. Many studies have fo
ilateral posterior parietal activation, with the greatest
entration in the left superior parietal lobule (area 7) (
osslyn et al., 1998; Richter et al., 2000; Tagaris et al., 1
ingerhoets et al., 2001). Recent studies have begun to

imit the precise function of the superior parietal lobule
ental rotation (e.g.,Harris & Miniussi, 2003; Podzebenko
gan, & Watson, 2002). For example,Podzebenko et a

2002)used fMRI to demonstrate that changes in cere
lood flow within the superior parietal lobule are positiv
orrelated with the magnitude of rotation of a mentally
ated object. This finding suggests that the superior
tal lobule is intimately involved in the process of alter

he representation of an object’s orientation per se, pe
al source, such as an electric motor. Such activation o
or areas also has been shown to transfer implicitly from
magined hand rotation task to an object rotation task (Wraga
hompson, Alpert, & Kosslyn, 2003). Richter et al. (2000
rovided evidence that motor activation is not epiphenom

o the mental rotation process, but rather plays an integra
hey found that peak activation in motor areas correlated

tively with participants’ RTs in a mental rotation task. Th
ndings suggest that low-level motor activation plays a ro
he process of mentally rotating nonbody objects, perha
ransforming spatial signals from the posterior parietal
le into movement signals (see alsoGanis, Keenan, Kossly
Pascual-Leone, 2000; Harris & Miniussi, 2003; Snyder

atista, & Andersen, 2000; Wexler, Kosslyn, & Berthoz
998).

The mechanisms underlying imagined self rotations
ess well understood.Creem et al. (2001a)used fMRI to ex
mine performance in an imagined self rotation task.

icipants memorized the locations of four objects in an
ay, and then updated the objects’ locations after perfor
magined “log-roll” transformations of their bodies about
rray’s center. Similar to mental rotation of objects, Cree
l. found bilateral superior parietal activation with stron
ctivation in the left cerebral hemisphere. They also repo

eft premotor area (PMA; area 6) and supplementary m
rea (SMA; area 6) activation, but no M1 activation.Zacks
t al. (2002)attempted to directly compare imagined ob
nd self rotations using fMRI. In their study, participa
iewed stimuli of human bodies and performed two m
al rotation tasks. In one, participants made same-diffe
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judgments of a pair of bodies misoriented with respect to each
other, essentially treating the bodies as objects to be rotated
into congruence. In the other, participants judged whether
one of two bodies had a right or left arm extended, a task
requiring an egocentric transformation. Both tasks elicited
typical areas of activation found in mental rotation tasks, in-
cluding bilateral activation in superior parietal lobules and
in premotor areas. However, a direct comparison yielded no
distinctive cortical regions across the two tasks, only dif-
ferent relative amounts of activity. In general,Zacks et al.
(2002)found greater cortical activation in the same-different
task versus the right-left task within the right posterior
cortex.

One explanation forZacks et al.’s (2002)failure to identify
distinct brain areas that underlie the different classes of rota-
tion is that their tasks were ambiguous. It is possible that par-
ticipants construed the left-right task as an imagined hand ro-
tation task rather than an imagined self rotation task. That is,
participants may have performed the task by simply imagin-
ing rotating their hands into the stimuli, rather than imagining
the perspective change required of imagined self rotations. In
the present study, we designed tasks that require explicit ro-
tations in order to identify the neural activation underlying
imagined self and object rotations. Participants viewed de-
pictions of a single object situated within a sphere and made
judgments about its appearance after either imagining rotat-
i the
o stud-
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o pos-
t ks,
b ted
t

2. Method

2.1. Participants

We recruited 11 right-handed individuals (4 females, 7
males; mean age: 25 years; range: 20–38 years) from the
Dartmouth College community. The data from one additional
participant were excluded because of anatomical anomalies.
Handedness was determined with the Edinburgh handedness
scale (Oldfield, 1971). Prior to the study, all participants gave
written consent to the protocol as approved by Harvard Uni-
versity and Dartmouth College. Participants were paid US$
20 for their participation.

2.2. Materials

The stimuli were depictions of the three-dimensional,
multi-armed cube figures originally used byShepard and
Metzler (1971), rendered with Bryce 3D software (Metacre-
ations Corp., New York, NY). Each object was depicted
within a sphere. One of the inner cubes of each object was
textured. For the object-rotation task, a three-dimensional T-
shaped prompt appeared on the end of one arm of the ob-
ject; a second T-prompt appeared somewhere outside of the
sphere (seeFig. 1a). For the self rotation task, the T-prompt
appeared only on the outside of the sphere (seeFig. 1b). For
e ere
r
( 12
s we
c the
c ut no
T

F k, part id
b udged orienta
T articip
T that ne
ng the object or imagining rotating themselves around
bject. Based on the results of previous mental rotation

es, we expected to find distinctive mechanisms for imag
bject and self rotations. Specifically, we predicted that

erior parietal activation would occur in both rotation tas
ut that low-level motor area activation would be restric
o imagined object rotations.

ig. 1. The stimuli used in the experiment. (a) In the object rotation tas
ecame aligned with the T-prompt outside of the sphere. They then j
he correct answer for this trial is “yes.” (b) In the self rotation task, p
hey then judged whether the object’s textured cube was visible from
ach rotation task, we used two different objects, which w
otated in increments of 65◦, 100◦, and 135◦ in either theX
frontal) orY (transverse) planes of rotation for a total of
timuli. From the 12 self stimuli and 12 object stimuli,
reated two orders of trials for each rotation task. For
ontrol task, similar objects appeared within spheres, b
-prompts were present.

icipants were asked to imagine rotating the object until the white T onts near en
whether the object’s textured cube was visible given the object’s newtion.
ants were asked to imagine rotating themselves to the location of theT-prompt.
w perspective. The correct answer for this trial is “no”.
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Stimuli were displayed on a Macintosh PowerBook G3
computer using PsyScope software (Cohen, MacWhinney,
Flatt, & Provost, 1993), which also recorded responses and
RTs. During fMRI scanning, the stimuli were back-projected
onto a screen positioned 1.6 m from the participant. The pro-
jected objects (including the spheres and T-prompts) were
40 cm in diameter. As viewed by the participant in the scan-
ner, this corresponded to approximately 2.5◦ of horizontal
visual angle. During the pre-scan training session, stimuli
were displayed on the computer monitor.

2.3. Tasks

2.3.1. Self rotation
Participants were asked to imagine rotating their bodies

about the sphere until their eyes lined up behind the horizontal
line of the T-prompt, as if they were looking at the object
through the T. They then made a “yes” or “no” decision as to
whether the interior textured cube would be visible from that
new perspective.

2.3.2. Object rotation
Participants were asked to imagine rotating the object so

that the T-prompt attached to it lined up with the T-prompt
outside the sphere. They then made a “yes” or “no” decision
as to whether the interior textured cube would be visible (from
t tion.

2
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distinguish them by touch, and were connected to the Macin-
tosh computer via the PsyScope button box. After participants
completed the first rotation task, they paused to review the
instructions for the next rotation task, and scanning began
again after the investigator was satisfied that they understood
the task.

The order of rotation task (self versus object) was counter-
balanced across participants. Trials in each set were presented
in a pseudo-random order with the following restrictions: The
same response could not occur three times in succession, and
the same rotation magnitude could not be repeated until all
variations had appeared once. Order of trials within each set
of rotations (e.g., Self 1, Self 2) was kept constant across
participants.

2.5. fMRI acquisition

Imaging was performed on a 1.5 T GE Signa CV/NVi
LX8.3 MRI scanner (GE Medical Systems, Wakesha, WI).
We obtained four functional sets of trials (134 scans each) in
a single session for each participant. Four additional scans at
the beginning of each set were discarded to ensure steady-
state conditions. A standard head coil with foam padding for
head stabilization was used. Functional images were acquired
with a single-shot gradient echo EPI sequence, with parame-
ters TR = 2000 ms, TE = 35 ms, flip angle = 90◦, 27 contigu-
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.3.3. Self-control and object control
Participants viewed the objects and made a “yes” or

ecision as to whether the interior textured cube was vis
o rotation was necessary to make this judgment.

.4. Procedure and design

Participants first were trained on the tasks outside the
er, in the same order they performed them in the sca
fter reading the instructions for each task, participants

ormed six practice trials with feedback, one trial at e
otation and axis of rotation, using stimuli that did not app
n the test trials.

Each set of test trials began with a fixation point tha
ained on the screen for 30 s, followed by four alterna
locks of the control and rotation tasks, for a total dura
f 268 s. Control stimuli were presented for 2800 ms, w
00 ms inter-stimulus interval, in blocks of nine trials. R

ation stimuli were presented for 9500 ms, with a 500
nter-stimulus interval, in blocks of three trials. All stim
emained on the computer screen for the durations s
rrespective of the amount of time the participant requ
o respond. Self and object rotation trials were present
eparate sets of trials.

Participants performed two sets of trials for each rota
ask. They responded in the scanner by pressing one o
uttons on a button box with their dominant hands. The
ons were covered with different textures to help particip
us 5 mm thick axial slices with an in-plane resolution
4× 64 in a FOV of 240 mm. T1-weighted structural ima
ere acquired at the same slice locations to aid in reg

ion (TR = 650 ms, TE = 6.6 ms). Immediately following
unctional scans, high-resolution, 3D T1-weighted struc
mages were acquired.

.6. Imaging analysis

The data were analyzed using Statistical Parametric
ing (SPM99) (Friston et al., 1995). Motion artifacts wer
orrected to the first functional scan for each particip
he 27-slice structural image was then co-registered t
igh-resolution structural image, and the parameters o
esulting transformation were applied to the mean of
otion-corrected images as well as to all motion-corre

unctional images. The functional images were then
ectly co-registered to the high-resolution structural im
ia mutual-information co-registration. The images were
ially normalized to the Montŕeal Neurological Institute tem
late (which averages over 152 brains) and then smo
ith a Gaussian filter of 6 mm full-width half maximu

FWHM) to compensate for anatomical differences am
articipants.

We analyzed images using a two-stage, random e
nalysis. First, we conducted within-subject, whole-b
nalyses using a fixed-effects model under assumptio

he General Linear Model. The three tasks were model
ox-car functions, convolved with a standard hemodyna
esponse function (Friston et al., 1995). We then performed
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second, group-level analysis for each contrast, in which sub-
ject was treated as a random effect. The group-level analysis
was based on one-samplet-tests thresholded atp< .005 (un-
corrected for multiple comparisons) with an extent threshold
of five contiguous voxels. This corresponds to a 0.0013 false
positive rate for each statistical parametric map (Forman et
al., 1995). The resulting clusters of activation were converted
from MNI to Talairach–Tournoux space (Brett, 2002).

3. Results

3.1. Behavioral results

3.1.1. Response times
Fig. 2a shows mean RTs and standard errors for both ro-

tation tasks as a function of rotation magnitude. The prin-
cipal finding was that participants were faster at updat-
ing in the self task (M= 3.737 s) than in the object task
(M= 4.641 s). A 2 (task order)× 2 (rotation task)× 3 (rota-
tion magnitude) mixed design analysis of variance (ANOVA)
performed on mean scores yielded a main effect of task
F(1, 9) = 10.19,p< .011. Although the effect of rotation
magnitude was not significant (p= .229), we found a sig-
nificant Condition× Rotation Magnitude interaction,F(2,
1 ro-
t ask,
R
i
o ,
p
(

ct
a s (se
F ster
i

3.1.2. Accuracy
Fig. 2b shows mean proportion error and standard er-

rors for each rotation task as a function of angular dispar-
ity. Participants’ responses were slightly but significantly
more accurate in the self task (M= 10% error) than in the
object task (M= 13% error). A 2 (task order)× 2 (rota-
tion task)× 3 (rotation magnitude) mixed design ANOVA
performed on mean error scores produced main effects of
task,F(1, 9) = 5.69,p< .041, and rotation magnitude,F(2,
18) = 6.00,p< .01, and a significant Task× Rotation Mag-
nitude interaction,F(2, 18) = 11.65,p< .001. Linear con-
trasts performed for each rotation task yielded the fol-
lowing patterns. For the self task, errors decreased from
65◦ to 100◦ (t(10) = 6.71,p< .0001), and increased from
100◦ to 135◦ (t(10) =−2.81, p< .018). For the object
task, errors remained constant between both comparisons
(65◦–100◦: t(10) = 0.42,p= .683; 100◦–135◦: t(10) = 1.70,
p= .120).

For the 0◦ control condition, we again collapsed the data
across tasks (seeFig. 2b). Participants were highly accu-
rate in responding to these control trials (M= 1% error;
S.E. =±0.003).

3.2. fMRI results

sub-
s s. To
a tions
f ask.
W self
a om-
p wed
u n we
f ons
w ithin
r und

F ls in th ata
0

8) = 11.19,p< .001. Linear contrasts performed for each
ation task yielded the following patterns. For the self t
Ts decreased from 65◦ to 100◦ (t(10) =−2.89,p< .016), and

ncreased from 100◦ to 135◦ (t(10) = 2.84,p< .017). For the
bject task, RTs increased from 65◦ to 100◦ (t(10) = 3.77
= .004), and remained constant between 100◦ and 135◦
t(10) = 0.31,p< .765).

For the 0◦control condition, which was identical in obje
nd self rotation tasks, we collapsed the data across task
ig. 2a). As would be expected, participants were much fa

n these control trials (M= 1.259 s; S.E. =±126.13).

ig. 2. (a) Mean response times and (b) mean proportion error for tria
◦ condition are collapsed over object and self rotation tasks.
e

The purpose of this study was to examine the neural
trates underlying imagined self versus object rotation
chieve this, we first analyzed activations and deactiva

or the two rotation tasks with respect to the control t
e then directly compared patterns of activation in the

nd object rotation tasks. In addition to providing basic c
arisons, the analyses relative to the control task allo
s to assess whether the different patterns of activatio

ound when directly comparing object and self conditi
ere the result of decreases, rather than increases, w

egions. Thus, for each significant area of activation fo

e object and self rotation tasks, as a function of rotation magnitude. Dfrom the
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within the object–self and self–object contrasts, we computed
t-statistics with respect to the object-control and self-control
contrasts.

Tables 1 and 2present the results of the comparisons be-
tween rotation tasks and control task. In general, the results
for the imagined object rotation task are similar to those re-
ported by previous researchers investigating mental rotation
of objects (e.g.,Cohen et al., 1996; Kosslyn et al., 1998). The
comparison of the object task to the control task revealed left
premotor area (area 6) extending to M1. We also found bilat-
eral activation in the superior parietal lobule (area 7), a region
typically associated with spatial transformations of objects,
as well as primary visual cortex (area 17). Regarding deacti-
vations, the object-control contrast revealed several clusters,
including the left paracentral lobule (area 5), left superior
frontal gyrus (area 8), right lateral sulcus (areas 22/39), and
right DLPFC (area 9). These results are consistent with those
of previous studies designed to assess decreases in activation
across a range of visual cognition tasks (e.g.,Shulman et al.,
1997).

In contrast, the comparison of the self task to the con-
trol task revealed no activation in low-level motor areas. We
found left activation in pre-SMA (area 6) and right activation
in the superior parietal lobule (area 7). The findings generally
are in line withCreem et al.’s (2001a)study of imagined self
rotations. Additional areas of activation included the anterior
c tem-
p 20).
F s in-
c oral
g left
s

As shown inTable 3andFigs. 3 and 4, when we directly
compared the results from the two rotation tasks, we found
several different areas of activation between them. For the
object–self contrast, we again found activation in the left
PMA, extending into M1 (seeFig. 3). We found activation
in the left superior parietal lobule (area 7) and also in infe-
rior parietal lobule (area 40) bilaterally. Activation also was
evident in the portion of the dorsolateral prefrontal cortex
(DLPFC) involved in spatial working memory (area 9), as
well as in associative visual areas (areas 18/19), although the
t-contrast performed for the latter region indicated that acti-
vation there was only marginally greater than that in the con-
trol task. In contrast, the reverse comparison of self–object
revealed no PMA or M1 activation (seeFig. 4). We found acti-
vation in the left SMA (area 6), although this again was only
marginally greater than in the control task. We also found
activation in the left middle occipital gyrus at the junction
with the fusiform gyrus (areas 19/37) and the right middle
temporal gyrus (area 21), although the latter again was only
marginally different from what occurred in the control task.
Activation in the left insula and the right superior frontal
gyrus (area 8) was found to be the result of relatively greater
deactivation in the object task than in the self task.

4. Discussion

s to
i rsus
o cor-
t for-
m reas

T
A pect to

O

A

D

T ximat-valu
ingulate (area 32), the DLPFC (areas 9/10), the inferior
oral gyrus (area 37), and bilateral fusiform gyrus (area
or self-control deactivations, we found several region
luding left occipital areas (area 18), right superior temp
yrus (area 22), left inferior frontal gyrus (area 45), and
uperior frontal gyrus (area 8).

able 1
reas of activation and deactivation in the object rotation task with res

bject task Brodmann area(s) X

ctivations
Superior parietal lobule 7 −12

Superior parietal lobule 7 −4
Superior parietal lobule 7 24

PMA/M1 6/4 −36
Inferior temporal gyrus 37 −55
Cuneus 17 8
Lingual gyrus 17 −4

eactivations
Paracentral lobule 5 −8
Transverse temporal gyrus 41 −40

Insula −48
Cuneus 19 −20

Cuneus 18 −20
DLPFC 9 12
Superior frontal gyrus 8 −16

Superior frontal gyrus 8 −20
Rectal gyrus 11 4

Rectal gyrus 11 −8
Superior temporal gyrus 39 55

Lateral sulcus 22/39 60
Lingual gyrus 18 24

alairach and Tournoux (1988)coordinates for activation peaks and ma
In this study, we used two novel mental rotation task
nvestigate the neural underpinnings of imagined self ve
bject rotations. Although we found that some common

ical regions were activated during the two types of trans
ations, for the most part they evoked several distinct a

the control

Y Z t-Value Cluster size (mm3)

−60 51 14.35 2789
−59 55 13.89
−63 51 12.73

2 48 13.94 2384
−47 −14 5.95 38
−69 11 5.47 12
−93 1 3.53 5

−25 49 12.63 1351
−19 5 12.03 487
−7 11 7.40

−92 27 7.39 140
−97 12 7.11

56 34 7.81 114
45 38 7.45 27
37 39 6.54

34 −22 7.40 146
38 −12 6.15

−61 29 5.65 81
−53 25 5.08
−94 −5 5.20 9

es are provided.
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Table 2
Areas of activation and deactivation in the self rotation task with respect to the control

Self task Brodmann area(s) X Y Z t-Value Cluster size (mm3)

Activations
Pre-SMA 6 −32 10 44 14.40 448

DLPFC 9 −48 13 29 11.06
Superior parietal lobule 7 24 −59 58 12.26 2490
Anterior cingulate 32 4 32 28 10.24 159

Medial frontal gyrus 8 −4 29 35 9.42
Junction of mid./ant. cingulate 24/32 −8 36 17 6.33

Inferior frontal gyrus 11/47 32 23 −15 8.56 40
Inferior temporal gyrus 37 −52 −51 −11 5.95 10
DLPFC 10 20 62 −6 4.83 6
Fusiform gyrus 20 40 −32 −22 4.15 9
Fusiform gyrus 20 −52 −32 −19 3.88 5

Deactivations
Inferior occipital gyrus 18 −28 −93 −2 8.54 167

Cuneus 18 −12 −97 12 6.31
Superior temporal gyrus 22 52 4 0 8.50 250

Postcentral gyrus 3 −55 −13 45 4.71 91
SMA 6 −8 −9 59 5.06 205
Parahippocampal gyrus 34 −16 −13 −16 6.85 104

Parahippocampal gyrus 34 −32 −21 −26 5.58
Medial frontal gyrus 10 −4 50 3 6.49 230
Inferior frontal gyrus 45 −55 −30 16 6.60 104

Superior temporal gyrus 41 −44 −31 9 6.57
Postcentral gyrus 3 36 −21 42 6.44 265

Postcentral gyrus 3 44 −17 52 6.42
Postcentral gyrus 3 36 −17 49 6.40

Middle temporal gyrus 39 55 −65 29 5.71 46
Superior temporal gyrus 39 −55 −61 25 5.11 11
Superior temporal gyrus 22 −59 −50 10 4.41 9
Parahippocampal gyrus 36 24 −17 −26 3.75 18
Middle temporal gyrus 21 59 −9 −16 4.01 6
Middle temporal gyrus 21 −59 −4 4 3.81 9

Middle temporal gyrus 21 −55 0 −7 3.53

Talairach and Tournoux (1988)coordinates for activation peaks and maximat-values are provided.

Table 3
Areas of activation in the object rotation task compared to the self rotation task (top) and vice versa (bottom)

Brodmann
area(s)

X Y Z t-Value Cluster size
(mm3)

t-Value
(object-control)

t-Value
(self-control)

Object–self
PMA/M1 6/4 −32 −6 43 7.16 165 13.62 9.09
Inferior frontal gyrus 44/47 −52 8 7 5.93 18 3.27 −0.33
Inferior parietal lobule 40 55 −37 46 5.86 19 4.74 3.97
DLPFC 9 40 44 31 5.78 45 3.89 0.27
Inferior parietal lobule 40 −44 −33 39 5.08 38 7.94 7.33

Inferior frontal gyrus 47 32 23 −11 5.05 45
Cuneus 18/19 8 −88 27 4.67 5 0.80 −0.38
Inferior parietal lobule 40 40 −33 42 3.67 16 8.49 5.22
Superior parietal lobule 7 −28 −48 54 3.60 9 5.25 4.92

Self–object
SMA 6 0 −24 56 7.15 62 −1.69 0.78
Superior frontal gyrus 8 20 30 46 5.01 23 −3.26 −0.36
Middle occipital gyrus/fusiform

gyrus
19/37 −55 −73 4 4.36 13 1.42 3.04

Insula −44 −8 8 4.16 5 −6.27 −2.43
Medial temporal gyrus 21 60 −35 −5 4.13 15 −2.50 0.47

Talairach and Tournoux (1988)coordinates for activation peaks and maximat-values are provided, as well ast-values for each major area of activation with
respect to object-control and self-control contrasts.
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Fig. 3. Coronal images (y=−40 to +40) depicting activation resulting from the object–self contrast. Areas depicted include PMA/M1/inferior frontal gyrus,
and inferior and superior parietal lobules. Activation is superimposed onto a brain image created from the average of all participants.

of activation. As predicted, one clear-cut difference involved
low-level motor activation, which we found in the object task
but not the self task. Our analysis of deactivations indicated
that this result could not be attributed to corresponding re-
gions of deactivation in the individual object and self tasks.
This dissociation between imagined self and object rotations
is in line with a growing body of empirical evidence indi-
cating that imagined spatial transformations are subserved
by multiple neural mechanisms (e.g.,Kosslyn et al., 2001;
Wraga et al., 2003; Zacks et al., 1999).

We found evidence for distinct neural mechanisms when
we compared each rotation task with the control task (see
Tables 1 and 2). The object-control contrast revealed left ac-
tivation in PMA extending to M1. We also found bilateral
activation in the posterior parietal lobule (area 7). These find-
ings are similar to those of other studies on mental rotation of
objects (e.g.,Cohen et al., 1996; Kosslyn et al., 1998; Richter
et al., 2000; Tagaris et al., 1997; Vingerhoets et al., 2001).
The self-control contrast revealed activation of the region of

SMA thought to underlie complex spatial judgments (Picard
& Strick, 1996) but no low-level motor activation. This con-
trast also yielded right activation in a spatial processing area
(area 7). These findings are again in line withCreem et al.’s
(2001a)study of imagined self rotations. However, one find-
ing that conflicts with Creem et al. and other neuroimaging
studies of mental rotation is the absence of activation in vi-
sual areas (areas 17, 18, 19). Instead, we found significant de-
activations in area 18, which previously has been associated
with the execution of eye movements (Paus, Marrett, Worsley,
& Evans, 1995). In general, however, analyses of individual
conditions support the notion of two distinct mechanisms for
imagined object and self rotations.

We also found support for distinct neural mechanisms
for the two kinds of transformation in the direct compari-
son of imagined object and self rotation tasks (seeTable 3).
The analysis for the object–self contrast revealed activation
in left premotor area (area 6) extending to area M1. These
areas previously have been implicated in preparatory hand
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Fig. 4. Coronal images (y=−40 to +40) depicting activation resulting from the self–object contrast. Areas depicted include SMA, middle occipital gyrus, and
medial temporal gyrus. Activation is superimposed onto a brain image created from the average of all participants.

movements (e.g.,He, Dumm, & Strick, 1995; Rizzolati et
al., 1998). Moreover, several mental rotation studies have
reported similar regions of activation in tasks in which par-
ticipants imagined rotating objects with their hands, either
explicitly or implicitly (Kosslyn et al., 2001; Tagaris et al.,
1997). It is likely that participants in the current study used a
similar motor strategy for the imagined object rotation task.
This possibility is bolstered by the fact that the M1 activation
we found was limited to the left cerebral hemisphere, which
controls the right hand (all of our participants were strongly
right-handed).

In contrast, the reverse comparison of self–object revealed
no PMA or M1 activation, but activation in the SMA, which
lies very high in the “motor hierarchy” and has been found to
be activated in many cognitive tasks (e.g.,Crozier et al., 1999;
Raichle, 1998). Although the magnitude of the SMA activa-
tion was not significantly greater than in the control condition,
this may have been a consequence of the relatively high-level
control task we used (cf.Zacks et al., 2003). In performing

the control task, participants initially may have encoded each
stimulus with respect to egocentric coordinates, which has
been shown to be the default reference system for encoding
spatial information (e.g.,Shelton & MacNamara, 2001). Such
a strategy could account for the similar magnitude of activa-
tion for self and control tasks. This issue notwithstanding, the
absence of motor activation for imagined self rotations is con-
sistent with the findings ofCreem et al. (2001a). Apparently,
imagining oneself moving around an object does not involve
imagining oneself walking or otherwise moving muscles.

The self–object comparison also revealed activation in left
middle occipital gyrus at the junction of the fusiform gyrus,
a result that is broadly consistent with other studies of ego-
centric tasks involving imagined movement (e.g.,Zacks et
al., 1999, 2003). For example,Zacks et al. (2003)found left
activation in the PTO junction when directly comparing brain
activation involved in imagined viewer–object rotations. Ac-
tivation in the present study was located in a region associ-
ated with visual motion perception (e.g.,Dupont, Orban, De
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Bruyn, Verbruggen, & Mortelmans, 1994), which suggests a
role for imagined movement as well.

In line with previous behavioral studies, participants were
faster and more accurate at performing imagined self rota-
tions than imagined object rotations (e.g.,Wraga et al., 2000,
2004). It might be argued that the different patterns of brain
activation we found across tasks were due to differences in
difficulty, rather than differences between the two mental
transformations per se. However, this interpretation seems
unlikely for two reasons. First, the activation we found for
imagined self and object rotations generally is consistent with
fMRI studies that examined each class of rotation in isolation
(e.g.,Cohen et al., 1996; Creem et al., 2001a; Kosslyn et al.,
1998; Richter et al., 2000; Vingerhoets et al., 2001). Second,
there is no correspondence between our findings and those
of studies examining brain activation as a function of task
difficulty (e.g.,Barch et al., 1997; D’Esposito et al., 1995).
For example, an fMRI study byBarch et al. (1997)found that
increasing the difficulty of a working memory task resulted
in transient increases in activation of the anterior cingulate,
basal ganglia, and regions of the right inferior frontal cortex
(areas 44/45/47). In contrast, they found sustained increases
in activation of left DLPFC and left inferior frontal cortex
under conditions in which retention interval was increased
independently of task difficulty. Barch et al. interpreted these
findings as evidence for distinct brain areas associated with
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mediate points may reflect the absence of low-level motor
activation. However, the reason why aspects of mental trans-
formations are constrained by other physical laws cannot be
understood on the basis of the current findings and warrants
further empirical investigation.

In summary, we have demonstrated that different classes
of mental rotation are subserved by distinct neural mecha-
nisms. Our imagined object rotation task activated low-level
motor areas, whereas our imagined self rotation task did not.
These findings emphasize the flexibility of spatial processing
mechanisms within the human brain.
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