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An fMRI study of imagined self-rotation
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In the present study, functional magnetic resonance imaging was used to examine the neural mech-
anisms involved in the imagined spatial transformation of one’s body. The task required subjects to up-
date the position of one of four external objects from memory after they had performed an imagined
self-rotation to a new position. Activation in the rotation condition was compared with that in a con-
trol condition in which subjects located the positions of objects without imagining a change in self-
position. The resultsindicated similar networks of activationto other egocentric transformation tasks
involving decisions about body parts. The most significant area of activation was in the left posterior
parietal cortex. Other regions of activation common among several of the subjects were secondary vi-
sual, premotor, and frontal lobe regions. These results are discussed relative to motor and visual im-
agery processes as well as to the distinctions between the present task and other imagined egocentric

transformation tasks.

The ability to imagine what a scene looks like from an-
other perspective develops in human beings quite early in
life (Piaget & Inhelder, 1948/1967). Many everyday tasks
require this skill. For example, when giving a lecture, one
might describe the layout of a slide from the audience’s
point of view. Such a task requires an imagined transfor-
mation of the egocentric reference frame, which specifies
the up/down, front/back, and left/right axes of one’s body.
The ability to localize the objects on the slide from the au-
dience’s perspective requires the alignment of one’s phys-
ical reference frame with the reference frame corresponding
to the other view. In recent studies, researchers have in-
vestigated the neural mechanisms involved in egocentric
imagery tasks requiring imagined actions directed toward
objects (Decety et al., 1994; Grafton, Arbib, Fadiga, &
Rizzolatti, 1996) as well as implicit mental transforma-
tions of whole bodies and body parts to match pictures
(Kosslyn, Digirolamo, Thompson, & Alpert, 1998; Par-
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sons et al., 1995; Zacks, Rypma, Gabrieli, Tversky, &
Glover, 1999). However, no neuroimaging studies have ex-
amined imagined whole-body movement within the con-
text of updating the positions of several external objects
relative to oneself. In the present study, functional mag-
netic resonance imaging (fMRI) was used to identify the
neural substrates involved in explicit imagined movement
of the body to a new perspective. Specifically, we exam-
ined whether the evidence would support both visual-spatial
and motor imagery processes that are seen in other ego-
centric imagery tasks.

Behavioral (e.g., Amorim & Stucchi, 1997; Presson,
1982; Wraga, Creem, & Proffitt,2000) and neuroimaging
(Bonda, Petrides, Frey, & Evans, 1995; Kosslynetal., 1998;
Zacks et al., 1999) studies have suggested that egocentric
transformation tasks are distinct from tasks that require
the mental transformation of objects in several ways. In a
cognitive task involving updating the positions of objects
in space after imagined rotation, Wraga et al. (2000) found
an advantage in both response latency and accuracy for
viewer rotation compared with rotation of the objects
themselves. Some neuroimaging studies suggest that motor
areas are involved in egocentric but not object-relative
transformations. In a PET study, Kosslyn et al. (1998) found
evidence that motor processes play a role in the mental ro-
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tation of drawings of hands but not of cube figures. Sev-
eral other neuroimaging studies have used hand judgment
tasks to study the nature of egocentric transformations
using PET (Bonda et al., 1995; Parsons et al., 1995). In
general, these studies have characterized egocentric trans-
formations with activity in the superior parietal lobule and
both cortical and subcortical motor structures. Using
fMRI, Zacks et al. (1999) suggested that there might be
more left lateralization for egocentric transformations
than for object-relative transformations.

In addition to their implications for motor imagery,
imagined rotation tasks also introduce information about the
mechanisms involvedin visual imagery. There is evidence
that visual processing mechanisms are active when visual
imagery is performed (Cohen et al., 1996; Kosslyn et al.,
1993: Kosslyn, Thompson, Kim, & Alpert, 1995). Al-
though primary visual cortex has been shown to be active
in some visual imagery tasks (Kosslyn et al., 1999; Koss-
lyn et al., 1995), studies of mental rotation have indicated
activity only in secondary visual areas (Cohenet al., 1996;
Kosslyn et al., 1998).

In the present study, we examined the neural mecha-
nisms involved in egocentric transformation, addressing
several unique components. First, unlike most neuroimag-
ing studies of mental rotation, our task did not have a vi-
sual stimulus present during scanning. In this way, we were
able to assess the visual nature of imagined egocentric ro-
tation without having a visual component to the stimulus.
Second, our task involved explicit body movement to a
new perspective and did not require the updating of body-
part positions. Instead, the imagined rotation was embed-
ded within a task that explicitly required the updating of
the positions of four external objects in the environment
relative to oneself. This task allowed for an examination of
“extrinsic” egocentric encoding of object locationrelative
to the self (Buxbaum & Coslett, 2000), as opposed to “in-
trinsic” spatial coding, which specifies the dynamic posi-
tions of body parts with respect to each other. Previous be-
havioral studies have shown that the spatial updating
paradigm used in the present study yields extremely con-
sistent performance. Compared with imagined rotation of
objects, updating after imagined self-rotations is per-
formed quickly and accurately, even when the rotation in-
volves imagined movements against gravity (Creem,
Wraga & Proffitt, 2001; Wraga et al., 2000). Wraga et al.
have suggested that people have a unique ability to imag-
ine moving their bodies holistically, but that they cannot
do the same with objects. Creem et al. also suggested that
imagined self-movements may not follow the same con-
straints as imagined rotations of objects or of body parts,
which have been suggested to require transformations
through continuous points in space, analogousto those in
the real world. Our goal was to assess the visual and motor
mechanisms involved in imagined self-movement with the
use of a well-established behavioral paradigm in fMRI.
Our results indicated activation of a network including su-
perior parietal, premotor, and secondary visual areas,
mostly consistent with the findings of previous implicit
body-part rotation tasks.

METHOD

Subjects

Twelve healthy right-handed volunteers (6 male, 6 female) aged
20-33 years (average age, 24 years) participated in the study. Hand-
edness was assessed with a modified version of the Edinburgh hand-
edness scale (Oldfield, 1971). All subjects gave written informed
consent to the protocol as approved by the University of Virginia’s
human subjects committee.

Procedure and Design

Before beginning the task, the subjects learned that each of their
four fingers represented a specific object. They learned to respond
by pressing the button corresponding to the object that they were to
name. None of the buttons corresponded spatially to the positions of
the objects in the array. The subjects were given a practice session
outside of the magnet on the day of testing in which they were taught
the finger mapping of objects to buttons and performed an entire run
of the task. The positions of the objects in the array were different in
the practice session from those in the actual scanning session.

In the behavioral task, the subjects viewed a picture of a diamond-
shaped array of four objects (bed, hammer, teapot, car, as is shown
in Figure 1A) presented in the viewer’s frontal plane, and they mem-
orized the positions of the objects. They were told to think of them-
selves as lying down in the middle of the array so that the objects
were perceived as being in front, in back, to the left, and to the right
of their bodies (see Figure 1B). After the subjects memorized the
objects to a criterion of 100% correct, the visual display was re-
moved and the rotation task was performed from memory. To assess
memory, we required the subjects to close their eyes and to name the
objects, given a position, randomly. If the subjects did not name the
object correctly within 1 sec, they were instructed to study the ob-
jects again and were tested again in the same manner. On each trial,
the subjects were told the degree to which they were to imagine ro-
tating and a position in the array (i.e., “90°, what is on the right?”).
They imagined rotating clockwise (like a “log-roll”’) to the given
amount and then responded with the name of the object that corre-
sponded to the given position after the rotation. Reaction time (RT)
and accuracy were recorded. The subjects were instructed to imag-
ine themselves as being in their original positions at the beginning
of each trial.

The rotation task consisted of three degrees of rotation (90°, 180°,
270°), and the control task included only 0° rotations. In effect, both
tasks involved a spatial orientation decision (e.g., what is on the right?),
but only the rotation condition required an imagined transformation.

In the scanner, a picture of the array (created with three dimen-
sional [3-D] graphics software, ALICE) was initially presented
through MR-compatible goggles (Resonance Technology, 30° FOV).
These goggles projected the image from an IBM laptop. The audi-
tory stimulus was presented through MR-compatible stereo head-
phones that included approximately 30 dB of gradient noise cancel-
lation. Auditory stimulus presentation was controlled by the
experimental software (SuperLab, Cedrus, San Pedro, CA). In test-
ing, the visual stimulus was removed, and the subjects were in-
structed to keep their eyes closed.

The subjects performed 12 epochs of trials, beginning with the
control and alternating between the rotation and control tasks. There
were 6 trials in each epoch for a total of 36 control (0°) trials and 36
rotation (12 each of 90°, 180°, and 270°) trials. The subjects initiated
each subsequent trial with their response in the previous trial. Be-
cause the trials were self-initiated, epochs of trials varied in length,
averaging about 20-30 sec each. Since the 0° trials were performed
more quickly than the rotation trials, a 1-sec delay was added before
the initiation of the auditory question in the control task trials. This
allowed for equality in the number of volumes in each epoch. The
average number of volumes for the control and rotation epochs was
7.53 (SD 1.0) and 7.68 (SD 1.36), respectively. RTs and errors were
recorded using SuperLab.
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Figure 1. (A) Array of objects presented to the subject. (B) Schematic drawing of the imagined position of the subject
relative to the array of objects.

MRI Acquisition three-axis scout series was acquired for the positioning of the slices

Each subject was fitted with a custom-made thermoplastic mask  used for functional imaging. While positioning these slices, a 3-D high-
that minimized motion to less than 1 mm. Once the subject was in  resolution T1-weighted image (MPRAGE, Mugler & Brookeman,
the MRI scanner (1.5 Tesla Siemens Vision, Erlangen, Germany), a  1990) was acquired for anatomical localization of functional activa-
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Table 1
Clusters of Activation > 50 mm?3 for Averaged Thresholded Data in the Rotation Versus Control Task

Brodmann Percentage of Cluster
Area Area X Y Z Maximum Intensity Size (mm?3)
Left precuneus 7 —20 —74 50 .69 5,440
Right superior parietal lobule 7 17 —64 61 5 917
Left superior parietal lobule 7 —18 56 66 .66 421
Left precentral gyrus 6 —43 -3 38 43 285
Left postcentral gyrus 7 =5 =53 65 .39 229
Left superior frontal gyrus 9 =25 55 27 45 225
Left culmen Cerebellum -39 —47 —24 45 198
Left precentral gyrus 6 =25 —13 67 32 186
Right declive Cerebellum 5 —69 —21 .39 170
Left precuneus 7 -8 —64 43 33 134
Right middle frontal gyrus 11 30 42 —14 27 116
Left cuneus 19 -3 -93 26 27 102
Left inferior frontal gyrus 9 —54 7 33 33 90
Left middle frontal gyrus 9 —=33 10 29 32 81
Left inferior frontal gyrus 10 —44 54 1 .29 60

Note—Intensity is the parameter « in the least-squares fit of each voxel time series x(f) = a # r(f) + a + b = t + noise where r(f) is the known refer-
ence waveform representing the expected time course, « is the amplitude of the activation, a is the mean signal level, and b is the linear time drift.

tion sites and was partitioned into 100 contiguous 1.5-mm sagittal
slices 1 X 1 mm in plane resolution (256 X 256 matrix). Next, each
functional condition was imaged with the use of a maximum of 114
volumes! of 25-27 contiguous (4-mm) axial slices (the number of
slices was varied in order to avoid artifacts in the frontal sinus). The
functional acquisition was continuous across epochs. The sequence
used for functional images was a gradient echo—planar sequence
(TR =3.05 sec, TE =48 msec, FOV = 335 mm, flip angle = 90°, read-
out bandwidth = 2080 Hz/pixel)? and the resulting images were re-
constructed into a 128 X 128 voxel matrix with an in-plane voxel size
of 2.62 X 2.62 mm. Total imaging time was approximately 25 min.

Imaging Analysis

Image analysis was performed off line using the AFNI software
(Cox, 1996). All functional images were motion corrected with the
3-D algorithm (Cox & Jesmanowicz, 1999) within AFNI. The
anatomical images were realigned and normalized to the standard
anatomical space defined by Talairach and Tournoux (1988). In
order to examine individual data, significantly activated functional
areas for each subject were determined by using the correlation

method that was first described by Bandettini (1993), and the re-
sulting correlation coefficient images were thresholded to a signifi-
cance level of p <.0005. (The program AlphaSim, part of the AFNI
package, was used to estimate the necessary cluster size to achieve
a significance level of .05 with an individual voxel threshold of p <
.0005.) Correlation coefficient images were then transformed to the
standard Talairach space by using the transform derived from the
anatomical data. These images were then blurred with the use of a
Gaussian filter with a full-width half maximum (FWHM) of 6 mm
to compensate for residual anatomical differences after normaliza-
tion. For an initial group analysis of trends, functional intensities of
the voxels that passed the individual threshold for each of the 12 sub-
jects were averaged.3 Talairach coordinates and probable locations
were then determined for all of the averaged significantly activated
points by using the Talairach Daemon (Lancaster, Summerln,
Rainey, Freitas, & Fox, 1997). The clusters are presented in Table 1.
In a second group analysis,* each individual statistical map (no
threshold) was transformed to Talairach space and smoothed with a
6-mm FWHM Gaussian filter. Group averages of activations and de-
activations were created by calculating the mean of the correlation

Table 2
Clusters of Activation and Deactivation in the Average Correlation Map
Brodmann Cluster
Area Area X Y Z t score Size (mm?3)
Activations
Left precuneus 7 —-12 —=74 52 4.63 894
Right precuneus 7 16 —64 47 4.58 337
Deactivations
Right anterior cingulate 24 5 30 1 4.14 26,254
Right superior frontal gyrus 8 7 43 47 4.03 3,273
Left cingulate gyrus 31 -3 —40 31 3.99 1,774
Left inferior frontal gyrus 47 —=32 25 —13 4.01 1,335
Left superior frontal gyrus 8 —14 37 50 3.90 889
Right middle frontal gyrus 6 44 11 46 4.45 860
Right inferior frontal gyrus 45 52 20 11 4.36 782
Right supramarginal gyrus 40 55 =37 34 4.47 490
Left inferior parietal lobule 40 —56 -29 25 431 451
Right superior frontal gyrus 9 17 57 38 3.98 337
Right precuneus 7 23 —45 52 3.95 330

Note—Threshold at z = 3.5, p < .005, cluster >300mm?3.



values for each voxel and the corresponding ¢ statistic of the mean.
A functional map was created by applying a threshold of p < .005
and a cluster size > 300 mm?3.

Results

Behavioralresults. Figure 2A presents the RT data for
the fMRI viewer task in which the subjects imagined ro-
tations of 0°, 90°, 180°, and 270° and spatially updated the
positions of objects. The results were similar to the be-
havioral results for the viewer task reported in Wraga et al.
(2000) in which subjects stood inside (Experiment 2) an
array of four objects and imagined rotating themselves in
a manner similar to that in the present experiment. A
repeated-measures analysis of variance (ANOVA) was
performed on the data from 6 subjects in the present study
with degree of rotation as the within-subjects variable.
The analysis indicated a significant effect of degree of ro-
tation [F(3,15)=4.17, p < .05]. Planned repeated contrasts
revealed that response latency at 90° was greater than that
at 0° [F(1,5) =10.94, p < .021], but there were no differ-
ences between the greater degrees of rotation (90° vs.
180°, p =.26; 180°vs. 270° p = .24). Wraga et al. (2000)
distinguishedbetween updating after imagined viewer and
object rotations, finding notably different RT and accu-
racy functions. Their results indicated a large RT advan-
tage in the viewer task compared with that in the array
task. Furthermore, RT increased up to the 270° rotation in
the array task, but peaked at either 90° or 180° in the
viewer task. The consistency of the present results with
those in the viewer task in Wraga et al. leads us to conclude
that the subjects were imagining the movement of their
own bodies and not of the objects. The fast RT at 270° in
the viewer task is noteworthy and consistent with previous
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results. It may be that subjects imagine rotating in the op-
posite direction or that they are able to instantly transport
themselves to a new viewpointrather than rotating through
all the points in space, as has been suggested by object-
rotation studies (e.g., Shepard & Metzler, 1971).

Figure 2B presents the accuracy data for the same 6
subjects. In all, percent of correct responses was high. A
repeated-measures ANOVA with degree of rotation as the
within-subjects variable revealed an effect of degree of ro-
tation [F(3,15) =5.57, p < .01]. Planned simple contrasts
indicated that the accuracy for the 180° rotation was lower
than that for 0° [F(1,5) = 33.35, p < .01], but no other de-
grees of rotation differed from 0° (90°, p = .52;270° p =
.18). Post hoc tests indicated that accuracy at 180° differed
from that at 90° [F(1,5) = 11.95, p < .02] but did not differ
from 270° [F(1,5) = 2.29, p < .19]. The high level of ac-
curacy is consistent with the findings for the viewer task
in Wraga et al. (2000).

Because the number of subjects was smaller than those
we have tested in previous behavioral studies, and because
we were unable to analyze the data from 6 subjects in the
present study, we conducted an additional behavioral
study using a cot outside of the magnet, with exactly the
same paradigm. The subjects performed alternatingblocked
trials of the control and rotation tasks. The RT and accu-
racy performance of 15 subjects (7 female, 8 male) was
analyzed.® Figure 3 illustrates that the RT and accuracy
data for the follow-up study closely resembled the data ob-
tained from the 6 subjects in the scanner. A repeated-
measures ANOVA with degree of rotation as the within-
subjects variable indicated a significant effect of degree
[F(3,42)=17.70,p <.001]. Planned repeated contrasts in-
dicated that RT was significantly greater at 90° than at 0°
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Figure 2. (A) Mean reaction time (= 1 SE) as a function of degree of rotation for the viewer task performed in the scanner.
(B) Mean percent of correct responses (= 1 SE) as a function of degree of rotation for the viewer task performed in the scanner.
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Figure 3. (A) Mean reaction time (=1 SE) as a function of degree of rotation for the follow-up behavioral study of viewer rotation.
(B) Mean percent of correct responses (*1 SE) as a function of degree of rotation for the follow-up behavioral study of viewer rotation.

[F(1,14)=25.0,p < .001] but that there was no difference
between greater degrees of rotation (90° vs. 180°, p = .17;
180°vs. 270°, p =.50). For the accuracy measurement, the
subjects demonstrated as high a level of performance as in
the scanner, showing a slightdrop in performance at 180°%
however, the ANOVA revealed no differences as a func-
tion of rotation [F(3,42) = 2.17, p < .11] (see Figures 3A
and 3B). The results of this follow-up behavioral study
largely support the findings of the initial study during
scanning.

Imaging results. The individual and group average
analyses indicated a network of secondary visual, parietal,
and frontal areas (see Table 1). The second group ¢ test in-
dicated the predominance of significant posterior parietal
activity, with strong lateralization to the left hemisphere
(see Table 2).7 Table 2 also presents statistically signifi-
cant decreases of activation in the rotation task, as com-
pared with the control task. The differences between the
significant group correlation map (activationsin Table 2)
and the average map based on individual thresholded data
(Table 1) may be attributed to the variability seen between
some subjects. We present the group average based on the
individual thresholded data to illustrate the multiple trends
of stronger activationin the rotation task, as compared with
the control task. However, the fact that not all the subjects
showed activation in all of these areas is indicated in the
results and will be discussed.

The principal question in the present study was whether
an imagined self-rotation task involving the entire body
would recruit brain activity similar to other egocentric
body-partdecision tasks. An area strongly associated with
egocentric mental rotation tasks has been the superior

parietal lobule. Figure 4 illustrates significant activity in
the left precuneus (BA 7), the most robust area of activa-
tion in the present study (10/12 subjects). Statistically sig-
nificant right superior parietal lobule/precuneus activity
was found as well (8/12 subjects). For visual areas, we
found trends of activation in the left cuneus (BA 19, 5/12
subjects). The subjects also showed activation in Brod-
mann Area 6, premotor area, both ventral (5/12 subjects)
and dorsal (6/12 subjects) regions of the left precentral
gyrus. In addition to these areas, several other regions as-
sociated with motor processing were apparent in some
subjects (see Table 1). Subcortically, we found activation
in bilateral regions of the cerebellum. This activation is
consistent with the notion that the subjects may have imag-
ined movement of their own bodies to solve the task. Fur-
thermore, several frontal lobe regions showed increased
activation for some subjects—namely, the left superior,
middle, and inferior frontal gyri (BAs 9/10). These pre-
frontal areas have been associated with other imagined rota-
tion tasks (Cohenetal., 1996; Kosslyn et al., 1998) as well
as with other tasks involving the maintenance and manipu-
lation of information in memory (Fletcher & Henson,2001).

Recent efforts have been made to systematically de-
scribe and interpret deactivations present in neuroimag-
ing tasks (Raichle et al., 2001; Shulman et al., 1997). In
the present study, we found several large clusters of de-
creased activation when we compared the rotation task
with the control task (see Table 2). Notably, these activa-
tions in medial frontal regions (anterior cingulate, supe-
rior frontal gyrus, cingulate), dorsolateral frontal cortex,
and inferior parietal cortex are similar to those reported
by Shulman et al. in a comprehensive analysis of active
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Figure 4. (A) Left and right precuneus/superior parietal lobule, BA 7 (z = 48-51). Images are presented in radiolog-

ical conventions (left = right, right = left).

versus passive states in nine visual processing PET stud-
ies. There are several possible interepretations for the
large clusters of decreased activation. Drevets and Raichle
(1998) have suggested that ventromedial frontal cortex
may be inhibited during difficult cognitive tasks. Shulman
etal. (1997) also suggested that the deactivationsfound in
their meta-analysis may have been a result of uncon-
strained verbal thought, or the monitoring of one’s exter-
nal environment, one’s body image, or one’s emotional
state. These possible interpretations are based on a low-

level passive viewing task. Unlike these tasks, our control
task involved an egocentric memory task in which sub-
jects were required to recall the object in a specific loca-
tion. An alternative explanationis increased activity caused
by the passive task memory processes themselves.

GENERAL DISCUSSION

We investigated whether a task of imagined self-rotation
relative to an external array of objects would recruit neural
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areas subserving visuospatial and motor processing simi-
lar to those found in other egocentric imagery tasks (i.e.,
right-left hand decision). The results indicate that our imag-
ined self-rotation task recruited areas similar to those
found in implicit hand-rotation tasks (e.g., Kosslyn et al.,
1998; Parsons et al., 1995), with the exception that those
studies found primary motor cortex involvement (Ganis,
Keenan, Kosslyn, & Pascual-Leone, 2000; Kosslyn et al.,
1998). We found that secondary visual, parietal, and pre-
motor areas showed more significant activationin the ro-
tation task, as compared with the control task. Our design
allowed us to specifically test egocentric perspective trans-
formations. Both the rotation and the control tasks re-
quired an egocentric decision about the spatial positions
of objects, but in addition, the rotation task required an
imagined transformation of the egocentricreference frame.
The results are discussed in the framework of the involve-
ment of both visual-spatial and motor imagery processes
in imagined self-rotation.

Imagined Rotation and Visual Processing

Within cognitive research, it is well established that
imagining the rotation of an objectrecruits visual percep-
tual mechanisms (see Shepard & Cooper, 1982; Shepard
& Metzler, 1971). Recent neuroimaging studies of mental
rotation as well support the notion of shared neural sys-
tems for visual perception and visual imagery using pic-
tures of both objects and hands (Alivisatos & Petrides,
1997; Bonda et al., 1995; Cohen et al., 1996; Kosslyn et
al., 1998). Compared with various visual baseline condi-
tions, the rotation tasks consistently activated secondary
visual areas (BAs 18 and 19). For example, Kosslyn et al.
(1998) asked subjects to discriminate whether drawings
of two cube figures (or hands) were the same or different.
They found that the cube-rotation task led to bilateral ac-
tivation of BA 19. For hands, they found activationin BA
19 in the left hemisphere and in primary visual cortex (BA
17) at the midline. Cohen et al. (1996) did not find primary
visual cortex activationin a cube-rotation task, but did find
activation in cortical area V5, which is known to respond
to motion of stimuli (Tootell et al., 1995).

Our results extend these findings to mental transfor-
mations that are performed without the presence of any
visual stimulus. Imagining one’s own transformation of per-
spective from memory led to increased activity in secondary
visual areas. We found the secondary visual areas activein
9 out of 12 subjects. We did not find activationin primary
visual cortex. It could be that our high-level imagery con-
trol factored out the primary visual cortex activity that has
been seen in image-generation tasks (Kosslyn et al., 1995).

Imagined Rotation and Spatial Processing
Visual-spatial processing is associated with neural ac-
tivity in several distinct areas. The finding of bilateral poste-
rior parietal activation, with extensive activation lateralized
to the left cerebral hemisphere, is consistent with numer-
ous studies of mental rotation (Alivisatos & Petrides, 1997,
Kosslynetal., 1998; Richteret al., 2000; Tagaris et al., 1996,

1997) and is consistent with the results of other visuospa-
tial tasks involving the egocentric reference frame and the
encoding of spatial relations (e.g., Aguirre & D’Esposito,
1997). To assess the similarity of the posterior parietal ac-
tivationin the present study with that of previous findings,
aregion of interest analysis was performed. We identified
a region encompassing the border between the left pre-
cuneus and superior parietal lobule found in Kosslyn et al.
(1998), Parsons et al. (1995),8 and Alivisatos and Petrides
(1997) (x =0, =21,y = —67, —84,z=42,52). We found
an activation® cluster of 445 mm?3 in that region.

Research with neuropsychological patients also sup-
ports the role of the superior parietal lobe in egocentric spa-
tial tasks. Patients with posterior parietal lesions exhibit
disturbances of spatial body knowledge (De Renzi, 1982),
egocentric visually guided actions (Jeannerod, Decety, &
Michel, 1994), and spatial attention (Heilman, Watson, &
Valenstein, 1993). The superior parietal lobe is defined as
the endpoint of the dorsal visual processing stream, which
transforms visual information using an egocentric coordi-
nate system (Milner & Goodale, 1995). Our findings are
consistent with this role in egocentric encoding of space.
The posterior parietal area, with direct projections to pre-
motor areas, has been consistently associated with egocen-
tric spatial processing for planning and executing actions.

Laterality is also important to consider. The presence
of left hemisphere lateralization supports Zacks et al.
(1999), who found activity in the left parietal-temporal—
occipital junctionin a task that required a left-right judg-
ment about a human figure from the figure’s perspective.
Kosslyn et al. (1998) also found left hemisphere activity
for their hand-rotation task, but bilateral activation for the
cube-rotation task. Other implicithand-rotationtasks have
consistently found bilateral superior parietal activation
(Bondaetal., 1995; Parsons et al., 1995). In contrast, other
egocentric and allocentric spatial-judgment tasks, not in-
volving a spatial transformation, have indicated primarily
right hemisphere parietal activation (Galati et al., 2000;
Vallar et al., 1999). Together, the present and past rotation
studies support the notion that the left superior parietal re-
gion is necessary for egocentric transformation tasks and
that some tasks recruit the right hemisphere as well.

Imagined Rotation and Motor Processing

Evidence for motor processing was also found. The re-
sults indicated left hemisphere activationin BA 6, the pre-
motor cortex (dorsal, found in 6/12 subjects; ventral,
found in 5/12 subjects). BA 6 is known to be involved in
preparation for movement and motor planning. Further-
more, it has direct connections with regions of the poste-
rior parietal lobe (He, Dumm, & Strick, 1995). In addi-
tion, we found some activation in Prefrontal Areas 9, 10,
and 11, and in bilateral regions of the cerebellum. These
areas have been associated with spatial working memory.
Specifically, areas within the dorsolateral prefrontal cor-
tex in the monkey receive input from the posterior parietal
cortex and have been shown to be essential for guiding
choices in spatial memory tasks (Passingham, 1993). Re-



cently, several lines of evidence have indicated that motor
mechanisms play an important role in mental rotation.
There are two relevant questions about the nature and ex-
tent of motor representations involved in mental rotation:
(1) the extent to which motor processing is involved in all
imagined rotations and (2) whether primary motor cortex
isinvolvedin motor imagery. With regard to the first ques-
tion, it has not been clear in the literature whether motor
processing is associated with all imagined rotations, or
only with the rotation of body parts. Kosslyn et al. (1998)
found motor activity (M1 and premotor cortex) in a hand-
rotation task, but did not find any frontal motor areas as-
sociated with a cube-rotation task. Most other studies in-
volving the implicitrotation of hands have found premotor
activity (Bondaet al., 1995; Parsons et al., 1995). In Cohen
et al.’s (1996) cube-rotation task using fMRI, one half of
the subjects also showed premotor activation.Richter et al.
(2000) found bilateral premotor and supplementary motor
area activationin a cube-rotation task. Research from be-
havioral studies, as well, indicates the involvement of
motor processing in classic mental rotation tasks using
Shepard cube figures (Wexler, Kosslyn, & Berthoz, 1998;
Wohlschliger & Wohlschlidger, 1998). One interpretation
of the findings of motor involvementin mental rotation of
objectsis that observers use a motor strategy of imagining
a hand rotating the object. Using PET, Kosslyn, Thomp-
son, Wraga, and Alpert (2001) compared activation for
mental rotation of cubes given an internal hand-rotation
strategy or an external motor-rotation strategy. They found
that the internal strategy, to imagine rotating objects with
the dominant hand, showed premotor and primary motor
activation that was not as apparent with the external strat-
egy (imagined rotation of the object as if it were driven by
an external motor). Our present study extends the evidence
for the recruitment of motor areas to whole-body per-
spective transformations in some, but not all, subjects. In-
dividual differences may be a result of differences in the
strategies used to solve the viewer rotation task. Some
might have imagined “rolling” through space; others might
have been able to change their perspective without actu-
ally performing the rotation.

Some debate exists over whether primary motor cortex
(M1) is associated with imagined movement. Although sev-
eral studies have not found this activationin imagined motor
tasks (Decety et al., 1994; Parsons et al., 1995;Rao et al.,
1995; Stephan et al., 1995), other recent studies present
evidence for the involvement of M1 during motor imagery
(e.g., Ganis et al., 2000; Porro et al., 1996; Kosslyn et al.,
1998; Wraga et al., 2000). Recently, Ganis et al. (2000)
tested the hypothesis that primary motor cortex is needed for
the mental rotation of hands and feet by delivering single-
pulse transcranial magnetic stimulation (TMS) to the hand
area of the primary motor cortex. They concluded that the
left primary motor cortex is involved in the mental rota-
tion of hands and feet, but that it is stimulus specific, since
stimulation applied to the hand area produced more of a
decrement in performance for hands than for feet. In all,
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there are mixed results about the involvement of primary
motor cortex in imagined motor tasks, which could be a
result of differing stimuli, paradigms, or strategies.

Whole-Body Perspective Versus
Body-Part Transformation

The present task can be distinguished from previous
egocentric rotation tasks by the fact that it requires rota-
tion of one’s whole-body perspective rather than requiring
rotation of a specific body part. This distinction may be
one between extrinsic egocentric encoding of object loca-
tion relative to the self (Buxbaum & Coslett, 2000) and
intrinsic spatial coding, specifying the dynamic positions
of body parts with respect to each other (Vindras & Vi-
viani, 1998). Parsons (1987, 1994) illustrated that imag-
ined rotation of body parts adheres to physical constraints
of body movement. Latency to make a handedness judg-
ment about a rotated body part is a function of the awk-
wardness of the implicit physical movement of the body
part. In contrast, by using a task of imagined whole body
rotations, Creem et al. (2001) found that rotations about
axes that defied the law of gravity could be performed as
easily as physically possible ones.

Taken together, the hand-rotation and body-rotation
tasks may suggest a fundamental difference concerning
adherence to physical motor constraints for intrinsic ver-
sus extrinsic egocentric decision tasks. Although the sub-
jectsin our study were instructed to rotate to a new position,
they were able to imagine a perspective transformation,
seemingly unlimited by physical constraints. As indicated
by the relatively flat slope that we found for response la-
tencies above 0°, the subjects seemed to be able to imag-
ine themselves transported to a new perspective without
their passing through all of the points in space (see also
Wraga et al., 2000). In contrast, in hand- and foot-rotation
tasks (Parsons, 1987, 1994; Parsons et al., 1995), it has
been shown that observers solve the task by imagining
their own body part fitting into the picture, a decision that
apparently is constrained by biomechanical properties of
the body. In these studies, the time it took to determine the
handedness of a figure was a function of the degree of ro-
tation from the figure’s canonical orientation. Neurally,
the present study found that body perspective transforma-
tions recruited some frontal lobe motor processing areas,
but not in all subjects, and did not involve primary motor
cortex. Thus, we might expect M1 and extensive premo-
tor activity to be involved in motor imagery associated
with body-part rotation (as seen in Ganis et al., 2000;
Kosslyn et al., 1998) but not whole-body perspective ro-
tation, because of the nature of the physical constraints of
the former imagined task. Updating from a new perspec-
tive may be performed in multiple ways. If subjects were
to use a spatial strategy that does not involve processes
physically analogous to movingin space, we might expect
to see a predominance of superior parietal activity tied to
the egocentric perspective-taking task and to a lesser ex-
tent, neural structures tied to motor activity.
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CONCLUSIONS

In the present experiment, we examined the neural
mechanisms involved in the mental transformation of the
egocentric reference frame relative to an external array of
objects. Our task was unique because it involved an ex-
trinsic egocentric decision (relative to external objects)
and required performance without vision. We found that
activatedregions of secondary visual areas, posterior pari-
etal lobe, and areas of the frontal lobe were similar to
those found in other egocentric handedness decision tasks.
Most significantly, we found robust posterior parietal ac-
tivity in the left hemisphere that may be attributed to ego-
centric transformations. This study provides a basis for
understanding the neural processes involved in spatial
transformations of one’s own body. It suggests that ex-
trinsic egocentric tasks share similar neural mechanisms
to intrinsic egocentric tasks, but it is possible that the na-
ture of the physical constraints of the transformation may
differ. Future neuroimaging research should aim to di-
rectly compare intrinsic and extrinsic egocentric decision
tasks as well as the differences in the strategies used to
solve the task.
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NOTES

1. Volumes varied as a function of how quickly subjects performed
the task.

2. TR corresponds to volume of 26 slices.

3. Voxels that did not exceed the threshold were averaged in as zeros.

4. A similar analysis compared the fMRI data of the 6 subjects for
whom behavioral data were analyzed with that of the 6 subjects lacking
behavioral data (see Note 5).

5. Data from the first 6 subjects were not included in the analysis be-
cause of an error in the program recording the reaction time data.

6. Two subjects were removed for extremely long RTs (>10 sec on
50% of the trials), and 2 subjects were removed for being less than 50%
accurate.

7. Mean correlation values (p < .005) for 6 subjects with and without
behavioral data also indicated similar significant superior parietal activity.

8. Parsons et al. (1995) also found another more lateral and anterior
parietal region bilaterally in their hand-judgment task that was not found
in the present data (x, y, z: —30, —60, 50; 34, —54, 48).

9. The program AlphaSim estimated that a cluster size > 140 mm3 was
statistically significant (e = .05) for a threshold of p < .005.

(Manuscript received January 4, 2001;
revision accepted for publication June 14, 2001.)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


