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We conducted a series of psychophysical experiments to investigate the nature and specificity of behavioral
interference between mental and manual rotation. Participants were asked to mentally rotate five different types
of visual stimuli—hands, faces, tools, cubes, and natural objects—either clockwise or counterclockwise while
they simultaneously manually rotated a wheel in the concordant or discordant direction. Our study clearly re-
vealed object-specific interference between manual and mental rotation. In comparison with a neutral baseline
condition without any manual rotation, both manual rotation directions generally impaired the mental rotation
of cubes. In contrast, the mental rotation of hands was impaired only by discordant manual rotation. This object-
and direction-specific interference between manual and mental rotation proved to be independent of task dif-
ficulty. We furthermore found an angular distance effect across different stimulus types.

The processes of visual imagery—generating, exam-
ining, and manipulating visual mental images (Palmer,
1999; Richardson, 1999)—are in many ways parallel to
those of visual perception. Striking similarities have been
reported not only in subjective accounts, but also in per-
formance measures and brain activation patterns (Kosslyn
& Thompson, 2003). The understanding of visual imagery
has important implications for theories of conscious ex-
perience. For the cognitive psychologist, visual imagery
is of interest mainly because it plays a crucial role in sev-
eral core cognitive abilities, such as memory (Goldstein,
2002), high-level vision (Kosslyn, 1994; Tarr, 1999), and
object recognition (Riesenhuber & Poggio, 2000). Visual
imagery also supports the identification of the shortest
route between two locations in spatial orientation (Gold-
stein, 2002) and is instrumental in abstract reasoning, skill
learning, and language comprehension (Kosslyn, Behr-
mann, & Jeannerod, 1995).

The quality of visual imagery has been debated since
the very beginnings of scientific psychology; at issue
specifically is whether visual imagery is based on an ab-
stract code that can also be found in language (Anderson
& Bower, 1973; Pylyshyn, 1973) or on a picture-like rep-
resentation (James, 1890; Kosslyn, 1980, 1994; Paivio,
1971). An important contribution to this debate has come
from the investigation of spatial manipulations of imag-
ined objects. Objects in mental imagery can be manipu-

lated much like actual objects, and potential interactions
between physical and mental manipulations (Kosslyn, Di-
girolamo, Thompson, & Alpert, 1998) might help resolve
these theoretical issues. According to Kosslyn (1994),
image transformations are not accomplished by a single
process, but rather by two types of image transformations.
The so-called motion-encoded transformations occur
when one activates a representation of an object that was
encoded during movement, producing a moving image,
whereas motion-added transformations occur when an
imagined stationary object is caused to move by the imag-
ery process in a novel way.

Image transformation processes have most widely been
investigated using mental rotation paradigms. Mental ro-
tation refers to the ability to imagine objects’ changing
their orientations in 3-D space. The classical task of visual
mental rotation was described by Shepard and Metzler in
1971. In their task, pairs of geometrical figures (3-D ob-
jects made out of cubes) were presented to the subjects. In
these pairs, one object either was identical to the second
or was its mirror image but was rotated at a certain angle.
When subjects had to compare these two geometrical fig-
ures and judge whether the second object was identical to
or the mirror image of the first, their reaction times (RTs)
increased linearly as the degree of rotation increased. Sub-
jects reported that they imagined mentally rotating the fig-
ure and maintaining in-between positions of the rotated
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object while comparing it with the target sample. Thus,
the larger the angular distance between the two samples,
the more intermediate positions of the rotated object had
to be imagined and maintained. This paradigm shows
that behavioral performance in visual mental imagery is
a function of the demand of the task, which can be analo-
gous to that of a corresponding physical task.

Similar effects have been observed when body parts are
mentally transformed, albeit with some important differ-
ences. RTs for mental rotations of line drawings of hands
increase with increases in the rotation angle (Sekiyama,
Miyauchi, Imaruoka, Egusa, & Tashiro, 2000), but, un-
like RTs for mental rotations of cubes, they do not always
peak at 180° (Sekiyama, 1982). This can be explained by
the specific anatomical constraints of the joints involved
in hand movements that make certain orientations par-
ticularly awkward. Studies involving spatial judgments of
photographs of rotated human bodies confirmed that RTs
do not simply align with rotation angle but are influenced
by familiarity with particular orientations of human bodies
in the physical world (Parsons, 1987). The link between
motion imagery and actual movement is also supported
by the observation that the pure mental imagination of a
limb moving produces an increase in specific limb reflexes
similar to the actual movement of that limb (Kosslyn et al.,
1995). These results raise questions about potential com-
mon neuronal bases for mental and physical rotation and
about the differences between transformations of body
parts and transformations of other types of visual stimuli.

Wohlschldger and Wohlschlager (1998) showed that
concurrent manual rotation interferes with mental rotation
of cubes. This behavioral interference between manual
and mental rotation was found when the axes of mental
rotation and a simultaneous hand movement coincided in
space. The authors concluded that concordant rotational
directions facilitate mental rotation but discordant direc-
tions have an inhibitory effect. This interference effect
was found for both hands, although it was less pronounced
for the nondominant hand. This interference between rota-
tional hand movement and mental rotation provided strong
evidence that mental and object rotations relied on a com-
mon process. In a second study, Wohlschlager (2001)
demonstrated that the mere planning of a manual rotation
that was discordant with the presumed mental rotation re-
sulted in longer RTs, indicating behavioral interference
between the planned manual rotation and mental rotation.
Several researchers (Wexler, Kosslyn, & Berthoz, 1998;
Wohlschlager, 2001) have suggested that mental rotation
should be described as an imagined covert action, rather
than as pure visuospatial imagery, and that the observed
interference between manual and mental rotation is the re-
sult of both types of rotation’s relying on the same system
for action planning.

The common neural basis of imagined and physical
rotation has been investigated with functional magnetic
resonance imaging (fMRI). Carpenter, Just, Keller, Eddy,
and Thulborn (1999) correlated the increments of RTs
during mental rotation of cubes with changes in regional
cerebral activation. With higher angular disparity, activa-
tion increased bilaterally in the parietal lobes but not in the

temporal lobe. This discrepancy indicates that the parietal
cortex plays a central role in the visuospatial transforma-
tions of mental rotation (Formisano et al., 2002; Goebel,
Linden, Lanfermann, Zanella, & Singer, 1998; Sack et al.,
2002), whereas the ventral (temporal) pathway, which is
essential for identifying a figure, does not specifically
support this operation. Activity in the motor areas of the
frontal lobe was significantly higher during the mental
rotation paradigm than it was in a control condition in-
volving a high number of saccadic eye movements. This
difference suggests that “the so-called motor areas are not
simply involved in motor planning and execution” (Car-
penter et al., 1999, p. 18) but play a crucial role in the
computation of imagined motion of objects as well. These
findings indicate that Shepard-and-Metzler-like tasks are
indeed performed 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 (Kosslyn et al., 1998).

fMRI has also been applied to the study of the neu-
ral basis of mental transformation of body parts. Several
imaging studies revealed the involvement of premotor
areas during the mental rotation of hand stimuli (Bonda,
Petrides, Frey, & Evans, 1995; Parsons et al., 1995) and
geometric objects (Cohen et al., 1996; Lamm, Windisch-
berger, Leodolter, Moser, & Bauer, 2001; Richter et al.,
2000). In addition to activity in the premotor cortex and
the supplementary motor area, Kosslyn et al. (1998) even
found activation in the primary motor cortex (PMC) when
subjects imagined rotating hands, the functional relevance
of which was confirmed by the transcranial magnetic
stimulation study of Ganis, Keenan, Kosslyn, and Pascual-
Leone (2000). PMC activity has also been reported occa-
sionally for mental rotation of geometric objects, but this
might have been confounded by the buttonpress response
required for the task (Richter et al., 2000). Activation of
the hand and foot areas of the PMC was also found when
participants imagined moving those body parts (Ehrs-
son, Geyer, & Naito, 2003). Georgopoulos and Pellizzer
(1995) provided evidence from single-cell recordings in
the motor cortex of monkeys that direction-specific cells
were active along an imaginary motion trace.

The results of Kosslyn et al. (1995), in particular, pro-
vide the functional imaging background to the present
study. Kosslyn et al. (1995) used positron emission to-
mography (PET) to monitor regional cerebral blood flow
while participants mentally rotated hand or cube stimuli.
Substantial activation in motor areas, including PMC, was
found for the hands task. In contrast, when Kosslyn et al.
(1995) examined the areas that were activated in the cube
conditions, they found activation in parietal regions but
not in frontal motor regions. The results suggest at least
two different ways to perform mental rotation, only one of
which involves the cortical motor system (Kosslyn et al.,
1998). These imaging results are far from trivial, because
the notion that mentally rotating objects involves hav-
ing them travel through trajectories does not imply that
the observer’s own motor system must be manipulating
the objects. One could imagine that objects are rotated by
someone else or are shifted by physical forces. Indeed, it
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is possible that the imagined method used is tailored to the
specific task or to the specific stimuli. If so, we may find
differences in demands on motor processing when hands
versus Shepard—Metzler objects are rotated. Although the
imaging literature thus points to an interesting dissociation
between mental rotations of hands (and potentially other
body parts) and other objects, no previous behavioral study
has directly compared the potential facilitating and inhibi-
tory effects of hand rotation on the mental transformation
of body and nonbody stimuli.

The goal of the present study was to systematically in-
vestigate the stimulus-dependent influence of direction-
specific manual rotation on performance in a mental rota-
tion task. Participants had to perform a mental rotation task
in which images of geometric objects (Shepard—Metzler
figures), natural objects (bundles of carrots), tools, or body
parts (pictures of hands or faces) had to be mentally rotated
in clockwise and counterclockwise directions. While per-
forming this mental rotation, participants were asked to
manually rotate a custom-made device. This manual rota-
tion condition required counterclockwise, clockwise, or no
manual rotation. Because the imaging literature indicates
that the motor system is involved in at least some types of
mental rotation, an interaction of the motor activity evoked
by manual rotation with mental rotation was expected.

EXPERIMENT 1
Stimulus-Specific Interference Between
Manual and Mental Rotation

We investigated the hypothesis that stimulus- and
direction-specific interference between manual and men-
tal rotation exists by performing a series of behavioral
experiments that successively ruled out a number of pos-
sible alternative explanations for our findings. In the first
experiment, we investigated whether manual rotation with
the left hand had a stimulus-specific behavioral effect on a
mental rotation task when manual and mental rotation had
to be performed simultaneously in either a concordant or a
discordant direction. We explicitly distinguished between
different stimulus categories, which we expected to be dif-
ferentially vulnerable to such an interference effect.

Method

Participants. The 40 right-handed participants (20 females and
20 males; mean age = 29.73 years, SD = 9.02, range = 19-59) were
psychology students from Frankfurt University who received course
credit for their participation. None of the participants reported any
health problems, and all had normal or corrected-to-normal vision.
Participants were unaware of the purposes and predictions of the
experiment until after test completion.

Stimuli. All stimuli were created using Adobe Photoshop with a
96-dpi resolution. Three different stimulus types were used: abstract
figures, non-body-part figures, and hand figures. The abstract fig-
ures (cube figures) were constructed by juxtaposing 12 cubes in all
three dimensions, similar to Shepard and Metzler’s (1971) design.
For the non-body-part figures, computer-painted bundles of carrots
were used; 12 different carrots and two different configurations of
leaves were painted and randomly combined to create 24 different
bundles, each containing 5 carrots. The hand figures consisted of 24
digitized photographs of a female’s left hand. For each hand figure,
the arrangement of the fingers was altered by having the fingers and

thumb bent in different ways. To create stimulus pairs, two identical
figures were placed on a white background (800 X 500 pixels). The
figure on the right was either a copy or a mirror image of the figure
on the left and was rotated by 40°, 80°, or 120° (clockwise or coun-
terclockwise in the screen plane). See Figure 1 for examples of the
stimuli used. Stimuli were designed in such a way that the rotational
angles worked for only one direction of mental rotation; that is, in
the clockwise condition, a 40° rotational angle was defined by 40°
rotation of the right stimulus in the clockwise direction, whereas
in the counterclockwise condition, a 40° rotational angle was de-
fined by 40° rotation of the right stimulus in the counterclockwise
direction. In this way, 48 different stimulus pairs were created for
each stimulus type (2 stimulus rotation directions X 3 stimulus rota-
tion angles X 2 identical/mirror images X 4 repetitions). The basic
figures were distributed to the manual rotation condition, stimulus
rotation angle, and identical/mirror image conditions in a random-
ized way.

Apparatus and Procedure. Participants were seated in front of a
14-in. LCD screen (1,024 X 768 pixels) on a height-adjustable stand.
Each participant’s head was mounted on a chin—forehead rest, ensur-
ing that the eyes were centered in vertical and horizontal directions at
a 35-cm distance from the screen. An AMD Athlon 2000+ Notebook
controlled the experiment; stimuli were displayed using Presentation
(Neurobehavioral Systems, Version 0.71, www.neurobs.com).

On each trial, two stimuli were presented at a visual angle of about
9.25°left and right of the screen’s center. Half of the participants were
asked to mentally rotate the left stimulus figure clockwise, and the
other half were instructed to mentally rotate the left stimulus figure
counterclockwise, until they identified the stimulus as either identi-
cal to (left buttonpress) or the mirror image of (right buttonpress) the
right stimulus. Prior to each block, participants were always told in
which direction to mentally rotate the stimuli (counterclockwise or
clockwise). Stimuli were designed in such a way that the rotational
angles always corresponded to the instructions given to the partici-
pants, so that following the instructions led to the shortest rotation
path. The stimuli were presented until the participant responded or
for a maximum of 10 sec (interstimulus interval = 4 sec).

While mentally rotating the stimuli, participants also had to manu-
ally rotate a custom-made manual rotation device (MRD). The MRD
consisted of a wooden box (21 cm high X 30 cm wide X 21 cm
deep) with a turnable wooden wheel (10 cm in diameter) that did not
provide resistance. The MRD was placed on a table in front of the
participant in such a way that the turnable wheel faced the partici-
pant’s hand when it rested on the table. Depending on the experimen-
tal condition, participants were asked to manually turn the rotation
device with either their left or their right hand as instructed—to the
left, to the right, or not at all. The participants performed this manual
rotation during the presentation of the visual stimuli and stopped
rotating when the stimulus disappeared—that is, after they had made
their response. After responding, participants unclasped the wheel
and rotated their wrist back into the neutral start position in order to
be ready for the next trial. The experimenter ascertained by observa-
tion that participants rotated continuously in the given direction dur-
ing stimulus presentation without any interruptions or adjustments.
This procedure was practiced before the actual experiment.

The experiment followed a 2 X 3 X 3 X 3 mixed four-factor de-
sign, with mental rotation direction (clockwise or counterclockwise)
as a between-participants factor with two levels and manual rotation
direction (concordant, none, or discordant), stimulus rotation angle
(40°, 80°, or 120°) and stimulus type (cube, carrots, or hand figures)
as within-participants factors with three levels each.

Each participant took part in three experimental blocks, one for
each stimulus type. The order of the blocks was counterbalanced
across participants. The blocks were subdivided into three sessions
corresponding to the three hand movement conditions. Each session
contained 24 trials and was preceded by an instruction for the rota-
tion direction of the left hand. Throughout the experiment, the exper-
imenter sat behind the participant to control whether the participant
turned the wheel in the correct direction and at the correct speed.
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Figure 1. Illustrations of the identical and mirror image conditions in the cube fig-
ures (top), carrots (middle), and hands (bottom) in the clockwise and counterclockwise
(images on the left and right sides, respectively) conditions.

Before the experiment, all participants took part in a training session
consisting of three runs, which contained all three hand movement
conditions and stimulus types. They were instructed and trained to
rotate the MRD at a speed of approximately 90° per second.

Data analysis. Prior to the inference statistical testing, participants
with an error rate of 20% or higher were identified and their data were
excluded from further analyses. This resulted in the elimination of 4
participants. For the RT data, statistical outliers, defined as partici-
pants whose RTs were more than two standard deviations from the
mean, were identified and removed. Only trials with correct responses
were considered and averaged for the different experimental condi-
tions. The RT data of the correct responses were further tested for
normal distribution and variance homogeneity. These tests revealed
that the RT data were skewed to the right. In order to obtain a normal
distribution, the entire data set underwent a logarithmic transforma-
tion. This ensured the suitability of the RT data for parametric statisti-
cal testing. Before entering the data into the full-factorial ANOVA, we
confirmed that there was no significant difference between identical
and mirror image trials. Tests of significance were performed using a
four-factor repeated measures ANOVA with (1) rotational angle (three
levels), (2) stimulus type (three levels), and (3) manual rotation direc-
tion (three levels) as the three repeated measures factors and mental
rotation direction (two levels) as the one between-participants factor.
On the basis of the results of this full-factorial ANOVA, several simple
post hoc contrast analyses were performed for each condition.

Results

Stimulus type. The average RT required to perform
the mental rotation differed significantly among the three
stimulus types (cubes, carrots, and hand stimuli). Stimu-
lus type showed a significant main effect within the four-
factor ANOVA [F(2,35) = 72.64, p < .001]. Post hoc
simple contrast analyses revealed that the RTs for the

cube figures (M = 3,665 msec, SD = 845) were signifi-
cantly higher [F(1,35) = 32.33, p < .001] than those for
the carrot figures (M = 3,027 msec, SD = 896), which
in turn were significantly higher [F(1,35) = 44.63, p <
.001] than the RTs for the hand figures (M = 2,202 msec,
SD = 725).

Stimulus rotation angle. As Figure 2 shows, RTs sys-
tematically increased with increasing angular disparities,
from 2,696 msec (40° angle) to 2,961 msec (80° angle) to
3,238 msec (120° angle). The rotation angle of the stimu-
lus showed a significant main effect within the four-factor
ANOVA [F(2,35) = 76.82, p < .001]. Post hoc simple
contrast analyses revealed that the RTs for the 120°-angle
condition were significantly higher [F(1,35) = 64.74,p <
.001] than those for the 80°-angle condition, which in turn
were significantly higher [F(1,35) = 72.59, p < .001]
than the RTs for the 40°-angle condition. Moreover, this
angle distance effect was also found when analyzing sepa-
rately for the two mental rotation directions [clockwise,
F(2,17) = 61.15, p < .001; counterclockwise, F(2,17) =
52.26, p < .001] and for the three different manual rota-
tion conditions [concordant, F(2,35) = 52.06, p < .001;
discordant, F(2,35) = 59.24, p < .001; none, F(2,35) =
68.50, p < .001]. This clearly reveals a systematic rela-
tionship between the required angle of mental rotation and
the respective RT required to perform the mental rotation,
and it provides empirical support for the theory that par-
ticipants did mentally rotate the respective object in the
instructed direction. Moreover, the fact that the angular
distance effect was not modulated by the direction of man-
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Figure 2. Reaction times for the three rotation angles (40°, 80°,
and 120°) across all stimulus types.

ual rotation [no interaction between angular disparity and
manual rotation condition; F(4,35) = 1.33, p = .27] indi-
cates that the interference effect of manual on mental rota-
tion, described in the following section, is brought about
by a general shift in baseline performance, rather than by
a systematic change in the rate of mental rotation.
Manual rotation effect. The four-factor ANOVA not
only showed a significant main effect of the manual rota-
tion direction [F(2,35) = 121.40, p < .001], but moreover
revealed a significant interaction between manual rotation
direction and stimulus type [F(4,35) = 3.67, p = .007].
Hence, the RTs for the three hand movement conditions in
relation to the mental rotation direction (concordant direc-
tion, no hand movement [neutral], and discordant direc-
tion) were compared for each stimulus type separately.
For the cube figures, the fastest RTs were found in the
no hand movement condition (M = 3,530 msec, SD =
917; see Figure 3A). In contrast, both of the manual rota-
tion conditions—concordant direction (M = 3,667 msec,
SD = 991) and discordant direction (M = 3,799 msec,

SD = 891)—resulted in an increase in RTs, and the
discordant manual rotation showed the slowest RTs in
comparison with the RTs of the other two conditions. A
post hoc simple contrast analysis revealed that only the
difference between the no hand movement and the discor-
dant manual rotation direction was statistically significant
[F(1,35) = 7.92, p = .01], whereas no significant differ-
ence was found between no hand movement and the con-
cordant manual rotation direction [F(1,35) = 1.22, p =
.28] or between the concordant and discordant manual
rotation directions [F(1,35) = 1.12, p = .30].

As Figure 3B shows, the RTs for the carrot figures
showed a descriptive improvement of RTs for the concor-
dant manual rotation direction (M = 2,900 msec, SD =
859), as compared with the no hand movement condition
(M = 3,092 msec, SD = 1,093) and the discordant manual
rotation condition (M = 3,089 msec, SD = 972), but the
main effect of manual rotation direction was not signifi-
cant [F(2,35) = 1.08, p = .34].

For the hand figures, the RTs were descriptively fast-
est for the concordant manual rotation direction (M =
2,117 msec, SD = 686), followed by the no hand move-
ment condition (M = 2,121 msec, SD = 851) and the
discordant manual rotation direction (M = 2,356 msec,
SD = 817; see Figure 3C). A post hoc simple contrast
analysis revealed that only the discordant manual rota-
tion direction differed significantly, as compared with no
hand movement [F(1,35) = 5.96, p = .02] and concor-
dant manual rotation direction [F(1,35) = 6.07, p = .02].
The contrast between concordant manual rotation direc-
tion and no hand movement failed to reach significance
[F(1,35) = 0.01, p = .94].

Summary

Experiment 1 demonstrated that performing manual
rotation during a mental rotation task has an effect on
performance that can be measured by the RT required
for mental rotation. Importantly, we found a statistical
interaction between manual rotation and stimulus type
that suggests clear differences among the three stimulus
types in terms of the degree of interference between man-
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Figure 3. Mean reaction times (RTs) for the manual rotation direction in relation to the mental rotation direction (concordant direc-
tion, no hand movement, and discordant direction) for the three stimulus types: cube, carrot, and hand figures. Error bars represent

standard errors of the means.



1440 SACK, LINDNER, AND LINDEN

ual and mental rotation that they cause. Although mental
rotation for the cube figures was significantly impaired
during discordant manual rotation as compared with no
manual rotation, there was no significant difference be-
tween the concordant and the discordant manual rotations.
In contrast, the hand stimuli were affected by the manual
rotation direction in a more specific way. These stimuli
were unique in revealing both impaired performance for
the discordant manual rotation as compared with no man-
ual rotation and a significant difference in performance
between the concordant and discordant manual rotation
directions. In the context of this stimulus-type specific-
ity, the mental rotation of hand stimuli showed a clear
direction-specific vulnerability to the interfering effect
of the manual rotation in comparison with the carrots and
cube stimuli. However, this experiment did not reveal a
significant improvement during concordant manual rota-
tion in comparison with a mere mental rotation condition
without any hand movement.

EXPERIMENT 2
Manual Rotation With Left Versus Right Hand

In order to investigate whether the hand used for rota-
tion affects these effects, we conducted a second experi-
ment in which participants used either their right or their
left hand for the rotation.

Method

Participants. The 20 right-handed participants (10 females and
10 males; mean age = 25.50 years, SD = 3.30, range = 21-33) were
psychology students at Frankfurt University who received course
credit for their participation. None of the participants reported any
health problems, and all had normal or corrected-to-normal vision.
The participants were unaware of the purposes and predictions of the
experiment until after test completion.

Stimuli. The 12 basic cube and hand figures from the first experi-
ment were copied and mirrored along the vertical axis. Together with
the 12 original cube and hand figures, these mirror copies formed
the 24 new basic cube and hand figures for the new stimuli. As a
result, we obtained 48 new pairs of cube figures and 48 new pairs
of hand figures, which had the same qualities as the pairs of stimuli
used in Experiment 1 (see Figure 1).

Apparatus and Procedure. The apparatus and procedure were
similar to those used in Experiment 1. On half of the trials, par-
ticipants had to perform the manual rotation with their right hands,
and on the other half, they used use their left hands. To reduce the
number of trials, some factor levels were dropped. Participants were
presented with only two stimulus types (hand and cube figures); they
were instructed to manually rotate to either the left or the right, and
the mental rotation was performed in the clockwise direction only.

These modifications resulted ina 2 X 2 X 3 X 2 repeated mea-
sures factorial design with hand (left vs. right), manual rotation di-
rection (concordant vs. discordant), stimulus rotation angle (40° vs.
80° vs. 120°), and stimulus type (cube vs. hand figures) as within-
participants factors.

Data analysis. Prior to the inference statistical testing, participants
with an error rate of 20% or higher were identified and excluded from
further analyses. This resulted in the elimination of 1 participant. For
the RT data, statistical outliers, defined as participants whose results
differed more than two standard deviations from the mean, were iden-
tified and removed. Only trials with correct responses were consid-
ered and averaged for the different experimental conditions. The entire
data set underwent a logarithmic transformation and was tested for

normal distribution and variance homogeneity. These tests revealed
the suitability of the RT data for parametric statistical testing. Tests of
significance were performed using a four-factor repeated measures
ANOVA with (1) rotational angle (three levels), (2) stimulus type
(two levels), (3) manual rotation direction (two levels), and (4) hand
(two levels) as the four repeated measures factors. On the basis of the
results of this full-factorial ANOVA, several simple post hoc contrast
analyses were performed for each condition.

Results

Stimulus type. The average RT required to perform the
mental rotation differed significantly between the two stim-
ulus types. The RTs for the cube figures (M = 3,334 msec,
SD = 941) were significantly higher [F(1,18) = 41.03,
p <.001] than those for the hand figures (M = 2,181 msec,
SD = 512).

Stimulus rotation angle. The angular distance effect
as described in Experiment 1 was replicated in this experi-
ment. RTs increased from the 40° angle (M = 2,474 msec,
SD = 562.11) to 80° (M = 2,798 msec, SD = 620.74) to
120° (M = 3,001 msec, SD = 783.86). The rotation angle
of the stimulus showed a significant main effect within
the four-factor ANOVA [F(2,18) = 48.14, p < .001], and
post hoc simple contrast analyses revealed that RTs for
the 120°-angle condition were significantly higher than
those for the 80°-angle condition [F(1,18) = 12.98, p =
.002], which in turn were significantly higher than the RTs
for the 40°-angle condition [F(1,18) = 66.64, p < .001].
Moreover, this angular distance effect was also found
when analyzing separately for the two stimulus types
[cube figures, F(2,18) = 24.86, p < .001; hand figures,
F(2,18) = 45.04, p < .001] and the hand used to perform
the manual rotation [left hand, F(2,18) = 37.56, p < .001;
right hand, F(2,18) = 29.08, p < .001].

Manual rotation effect. Although the main effect of
the manual rotation factor failed to reach significance
[F(1,18) = 3.61, p = .07], the four-factor ANOVA re-
vealed a significant interaction between manual rotation
and stimulus type [F(2,18) = 4.55, p = .04]. Although
the RTs for the cube stimuli during concordant manual
rotation (M = 3,345 msec, SD = 934) were almost identi-
cal to the RTs during discordant manual rotation (M =
3,324 msec, SD = 982; see Figure 4A), the RTs for the
hand stimuli increased during the discordant manual rota-
tion (M = 2,349 msec, SD = 597), as compared with RTs
during the concordant manual rotation (M = 2,013 msec,
SD = 604; see Figure 4B). A post hoc simple contrast
analysis revealed that the two manual rotation directions
(concordant and discordant with the mental rotation di-
rection) showed a significant difference in RT only for
the hand stimuli [F(1,18) = 4.48, p = .048], whereas for
the cube stimuli, no manual rotation effect was revealed
[F(1,18) = 0.22, p = .64].

The stimulus specificity of the interference between
manual and mental rotation is thus statistically supported
by a significant interaction between manual rotation and
stimulus type [F(2,18) = 4.55, p = .04] within the four-
factor ANOVA for repeated measures and by the signifi-
cant post hoc contrast between concordant and discordant
rotation for hand but not cube figures.
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Figure 4. Reaction times (RTs) for the cube and hand figures for the two hand movement condi-
tions (concordant and discordant) averaged across the left and right hands. Error bars represent

standard errors of the means.

Hand effect. In accordance with the assumption that
the hand with which the manual rotation is performed has
a significant impact on the manual rotation interference
effect, we found a significant second-order interaction
effect among manual rotation direction, stimulus type,
and hand condition [F(1,18) = 4.72, p = .04]. Hence,
the interference effect of manual rotation seems not only
to be direction and stimulus specific, but also to depend
on the hand with which the manual rotation is performed.
During the mental rotation of hand stimuli, manual rota-
tion in the discordant direction with the right hand had a
stronger impairing effect than did manual rotation in the
discordant direction with the left hand (see Figure 5A).
For the cube stimuli, however, no such influence of the
hand with which the manual rotation had to be performed
was observed (see Figure 5B).

Summary

This second experiment clearly replicated the main
finding of Experiment 1. Again we showed that the qual-
ity and quantity of the interference between manual and
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mental rotation depend on the type of stimulus. Although
for the cube figures no significant difference between
concordant and discordant manual rotation during mental
rotation was found, the hand stimuli showed a significant
difference between both manual rotation directions, re-
vealing a direction-specific interference between manual
and mental rotation. Within this interference effect, a dis-
cordant manual rotation, as compared with a concordant
manual rotation, led to significantly higher RTs in the
mental rotation of hand stimuli. Interestingly, this effect
also depended on which hand was used for the manual
rotation. As the interaction between manual rotation,
stimulus type, and hand revealed, manually rotating with
the right hand affected the mental rotation of hand stimuli
more strongly.

EXPERIMENT 3
Stimulus Difficulty and Speed of Rotation

Both Experiments 1 and 2 showed a significant differ-
ence in stimulus difficulty across stimulus types. Hence,
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Figure 5. Interaction of the manual rotation direction and the hand (left or right) that was
used for the rotation (dotted line = left hand; solid line = right hand), shown separately for

the cube figures and the hand figures.
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it cannot be ruled out that the described stimulus-specific
interference effect between manual and mental rotation
was caused by the differences in task difficulty among
the stimuli. In a third experiment, we tried to replicate our
main finding with reversed difficulty levels.

Method

Participants. The 16 right-handed participants (8 females and 8
males; mean age = 31.75 years, SD = 12.19, range = 22—-62) were
psychology students at Frankfurt University who received course
credit for their participation. None of the participants reported any
health problems, and all had normal or corrected-to-normal vision.
Participants were unaware of the purposes and predictions of the
experiment until after test completion.

Stimuli. The stimuli were comparable to the cube and hand stim-
uli used in Experiment 1 but were designed to produce reversed dif-
ficulties. The new cube figures were created by juxtaposing 6 cubes
instead of 12. For the new hand figures, we tried to use nearly sym-
metrical forms of hands to make their mental rotation more difficult.
(For examples of the stimuli used, see Figure 6.)

Apparatus and Procedure. The apparatus and procedure were
identical to those used in Experiment 1. However, unlike in Exper-
iment 1, only cube and hand figures had to be mentally rotated,
and the speed of manual rotation with the left hand was now 45°
per second.

The overall structure of the third experiment wasa 3 X 3 X 2 X 2
factorial design, with manual rotation direction (concordant vs. none
vs. discordant), rotation of the stimuli (40° vs. 80° vs. 120°), stimulus
type (cube vs. hand figures), and mental rotation direction (clock-
wise vs. counterclockwise) as within-participants factors.

Data analysis. Prior to the inference statistical testing, partici-
pants with an error rate of 20% or higher were identified and their
data were excluded from further analyses. This resulted in the elimi-
nation of 1 participant. For the RT data, statistical outliers, defined
as participants whose results differed more than two standard devia-
tions from the mean, were identified and removed. Only trials with
correct responses were considered and averaged for the different
experimental conditions. The entire data set underwent a logarithmic
transformation and was tested for normal distribution and variance
homogeneity. These tests revealed the suitability of the RT data for
parametric statistical testing. Tests of significance were performed
using a four-factor repeated measures ANOVA with (1) rotational
angle (three levels), (2) manual rotation direction (three levels),
(3) stimulus type (two levels), and (4) mental rotation direction

(two levels) as the four repeated measures factors. On the basis of
this full-factorial ANOVA, several simple post hoc contrast analyses
were performed for each condition.

Results

The four-factor ANOVA revealed significant main ef-
fects for stimulus type [F(1,14) = 5.70, p = .03], stimulus
rotation angle [F(2,14) = 28.87, p < .001, and manual
rotation direction [F(2,14) = 6.14, p = .01]. Furthermore,
we found significant first-order interactions between
manual rotation direction and stimulus type [F(2,14) =
6.17, p = .01] and manual and mental rotation [F(2,14) =
4.74, p = .02] and a significant second-order interaction
between manual rotation direction, stimulus type, and
mental rotation direction [F(2,14) = 4.99, p = .02]. All
other possible main, first-order, or second-order interac-
tion effects were nonsignificant.

Stimulus difficulty. As in Experiment 1, the stimulus
types differed significantly in their difficulty as measured
by the RT required for mental rotation. However, as was
intended during the creation of the new stimuli, and in
contrast to Experiment 1, the cube figures had the faster
RTs (M = 1,758 msec, SD = 714) in comparison with
the hand figures (M = 2,197 msec, SD = 913). Statisti-
cally, this difference in RT between both stimulus types
was also significant [F(1,14) = 5.70, p = .03]. Hence,
the difficulty difference between both stimulus types was
reversed, as compared with Experiment 1.

Angular distance effect. Also in this third experiment,
an increase in RTs was found as a function of the degree
of the rotation angle. The RTs systematically increased
from the 40°-angle condition (M = 1,993 msec, SD =
473) to the 80°-angle condition (M = 2,217 msec, SD =
641) to the 120°-angle condition (M = 2,329 msec, SD =
635). A highly significant angle distance effect was found
[F(2,14) = 28.87, p < .001], and post hoc simple contrast
analyses revealed that the RTs for the 120°-angle condition
were significantly higher than those for the 80°-angle con-
dition [F(1,14) = 16.67, p = .001], which in turn were sig-

4 »

Figure 6. Illustrations of the identical and mirror image conditions (on the left and
right, respectively) in the new cube figures (top) and the new hand figures (bottom) in

the clockwise condition.
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Figure 7. Mean reaction times (RTs) for the manual rotation direction in relation to the mental
rotation direction (concordant direction, no hand movement, and discordant direction) for the two
stimulus types: cube and hand figures. Error bars represent standard errors of the means.

nificantly higher than the RTs for the 40°-angle condition
[F(1,14) = 17.82, p = .001]. Moreover, this angle distance
effect was also found when analyzing the two stimulus
types separately [cube figures, F(2,14) = 28.60, p < .001;
hand figures, F(2,14) = 15.18, p < .001] and the two men-
tal rotation directions [clockwise, F(2,14) = 27.06, p <
.001; counterclockwise, F(2,14) = 17.31, p < .001].

Manual rotation effect. The four-factor ANOVA not
only showed a significant main effect of the manual rota-
tion direction [F(2,14) = 6.14, p = .01], but moreover
revealed a significant interaction between manual rotation
direction and stimulus type [F(2,14) = 6.17, p = .01].
Hence, as in Experiment 1, the interference effect of man-
ual rotation in relation to the mental rotation direction was
analyzed separately for the two stimulus types.

As Figure 7A illustrates, for the cube figures, the RTs
were again fastest in the no hand movement condition
(M = 1,758 msec, SD = 714), whereas both manual rota-
tion directions (concordant, M = 2,226 msec, SD = 572;
discordant, M = 2,257 msec, SD = 572) showed a clear
manual interference effect. A post hoc simple contrast
analysis revealed that the no hand movement condition
significantly differed from the concordant manual rota-
tion direction [F(1,14) = 8.46, p = .01] and the discor-
dant manual rotation direction [F(1,14) = 11.25,p = .01].
However, the contrast between concordant and discordant
manual rotation direction failed to reach significance
[F(1,14) = 0.18, p = .68].

As Figure 7B illustrates, for the hand stimuli, the fast-
est RTs were found in the concordant manual rotation di-
rection (M = 1,992 msec, SD = 901), followed by those
for the no hand movement condition (M = 2,197 msec,
SD = 913) and finally, by those for the discordant man-
ual rotation direction (M = 2,649 msec, SD = 735). The
post hoc contrast analyses revealed that there was a sig-
nificant difference between the two manual rotation di-
rections [F(1,14) = 6.82, p = .02]. However, although
the hand stimuli also revealed a significant difference
between discordant manual rotation and no hand move-
ment [F(1,14) = 6.45, p = .02], the difference between

no hand movement and concordant manual rotation was
not significant [F(1,14) = 1.50, p = .24].

Like the analyses derived from Experiment 1, these
analyses suggest that the interference effect between
manual and mental rotation differed between the two
stimulus types. This is again statistically supported by the
significant interaction between manual rotation and stim-
ulus type [F(2,14) = 6.17, p = .01] within the four-factor
ANOVA for repeated measures (see Figures 8A and &B).

Summary

In this experiment, the difficulty level of the cube and
hand stimuli was reversed, as compared with the preced-
ing experiments. We still replicated our main finding, with
a significant difference between concordant and discor-
dant manual rotation during mental rotation only for the
hand stimuli and no such direction-specific difference
for the cube stimuli. The significant interaction between
manual rotation direction and stimulus type supports this
conclusion and reveals that this result is independent of
the general difficulty level of the stimuli.

In a fourth experiment, we aimed to test directly whether
the robust direction-specific interference effect was in fact
specific for hand stimuli. Therefore, we directly compared
the effects for hand stimuli with effects for other body and
nonbody stimulus categories.

EXPERIMENT 4
Stimulus Specificity of the Interference Effect

Method

In the fourth experiment, the stimulus-specific interference effect
found in the previous experiments was compared with the effects of
further classes of stimuli in order to investigate the category speci-
ficity of our results.

Participants. The 22 right-handed participants (10 females and
12 males; mean age = 25.2 years, SD = 3.5, range = 21-29) were
psychology students at Frankfurt University who received course
credit for their participation. None of the participants reported any
health problems, and all had normal or corrected-to-normal vision.
Participants were unaware of the purposes and predictions of the
experiment until after test completion.
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Figure 8. Interaction of the manual rotation effect with the two stimulus types (solid lines =
cube figures; dotted lines = hand figures), shown separately for clockwise mental rotation

and counterclockwise mental rotation.

Stimuli. The stimuli consisted of grayscaled photographs showing
hands, faces, or tools, as well as grayscaled figures of abstract cube
stimuli. Two stimuli were either identical or mirror images across the
vertical axis, and they were rotated two dimensionally at an angle of
40°, 80°, or 120° to the right. (For examples of the stimuli used, see
Figure 9.) The order of the stimuli was randomized over the trials.

Apparatus and Procedure. The apparatus and procedure were
identical to those used in the previous experiments. However, in this
experiment, four different types of stimuli had to be mentally ro-
tated: faces, hands, tools, and geometric figures.

The overall structure of the fourth experiment was a 3 X 3 X 4
factorial design, with manual rotation direction (concordant vs. none
vs. discordant), rotation of the stimuli (40° vs. 80° vs. 120°), and the
four different stimulus types (faces vs. hands vs. tools vs. abstract
figures) as within-participants factors.

The participants were asked to mentally rotate the stimuli in a
clockwise direction while manually rotating the custom-made ro-
tation device with the right hand. The manual rotation was either
clockwise or counterclockwise at a speed of about 90° per second,
or the participants were instructed not to rotate. Participants had to
decide whether the two presented objects were identical or mirror
images and then had to register their decision by clicking the mouse
as quickly and accurately as possible, using their left hand. The right
mouse button (used by the left index finger) indicated that the object
was a mirror image, and the left mouse button (operated by the left
middle finger) indicated identical objects. Manual rotation speed
and continuity were constantly monitored by the experimenter.

Data analysis. Prior to the inference statistical testing, we con-
firmed that no participant showed an error rate of 20% or higher.
For the RT data, statistical outliers, defined as participants whose
results differed more than two standard deviations from the mean,
were identified and removed. Only trials with correct responses were
considered and averaged for the different experimental conditions.
The entire data set underwent a logarithmic transformation and was
tested for normal distribution and variance homogeneity. These
tests revealed the suitability of the RT data for parametric statistical
testing. Tests of significance were performed using a three-factor
repeated measures ANOVA with (1) rotational angle (three levels),
(2) manual rotation direction (three levels), and (3) stimulus type
(four levels) as the three repeated measures factors. On the basis
of the results of this full-factorial ANOVA, several simple post hoc
contrast analyses were performed for each condition.

Results
Stimulus type and angular distance effect. The
three-factor ANOVA revealed significant main effects for

stimulus type [F(3,21) = 28.13, p < .001] and angular
rotation distance [F(2,21) = 28.90, p < .001]. RTs were
lowest for hand stimuli (M = 1,480 msec, SD = 444) and
highest for face stimuli (M = 2,166 msec, SD = 642).
Again, we found a clear angular distance effect with RTs
increasing linearly from 40° (M = 2,217 msec, SD = 466),
to 80° (M = 2,509 msec, SD = 552) to 120° (M = 2,660,
SD = 594) of mental rotation.

Manual rotation effect. In order to determine whether
the interfering effect of manual rotation on mental rota-
tion performance differed significantly among the four
different stimulus categories, we tested for a significant
interaction between the manual rotation direction factor
(three levels) and the stimulus type factor (four levels).
The full-factorial ANOVA model failed to reveal a signifi-
cant interaction effect among all four levels of stimulus
type and manual rotation direction [F(6,21) = 1.456,p =
.209]. However, post hoc contrast analyses revealed that
the interaction between stimulus type and manual rota-
tion was significant when comparing only hand stimuli
with cube figures [F(2,21) = 5.34, p = .022], whereas all
other possible stimulus type X manual rotation direction
comparisons revealed no significant interaction effects
(see Figures 10C and 10D). For the abstract cubes, the
RT was lowest without manual rotation (M =2,322 msec,
SD = 535) and significantly increased during both con-
cordant (M = 2,677 msec, SD = 151) and discordant (M =
2,589 msec, SD = 131) manual rotation, with no signifi-
cant difference between rotation directions [F(1,21) =
0.07, p = .80; see Figure 10A].

The hand stimuli showed a different pattern of results in
which the concordant manual rotation direction provided
the lowest RT (M = 1,806 msec, SD = 58), followed by
the no hand movement condition (M = 1,935 msec, SD =
95), with the discordant manual rotation yielding the slow-
est RT (M = 2,179 msec, SD = 139; see Figure 10B). A
post hoc simple contrast analysis revealed that only the
RTs for the discordant manual rotation direction differed
significantly, as compared with the no hand movement
condition [F(1,21) = 4.81, p = .04] and the concordant
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Figure 9. Illustrations of the mirror image condition of the face and hand stimuli
(top) and the identical condition of the tools and abstract cube stimuli (bottom).

manual rotation direction condition [F(1,21) = 5.81,
p = .03], whereas the contrast between the RTs for the
concordant manual rotation and the no hand movement
conditions failed to reach significance [F(1,21) = 0.79,
p = .39]. These results exactly replicate our findings of
an object- and direction-specific interference between
manual and mental rotation in Experiments 1-3.

Summary

This fourth experiment again clearly replicated the main
findings of Experiments 1-3, which showed that the direc-
tion and the amount of interference between manual and
mental rotation depended largely on the type of stimulus
that had to be mentally rotated. Again, hand, but not cube,
stimuli showed a direction-specific interference between
manual and mental rotation. The mental rotation of tool
or face stimuli, however, was not significantly affected by
either concordant or discordant manual rotation.

GENERAL DISCUSSION

The four experiments presented in this study revealed
three main results: First, interference between manual and
mental rotation is influenced by the category of visual
stimuli, with the main difference being between hands and
geometric objects; second, the interference effect is inde-
pendent of task difficulty; and third, the angular distance
effect is present across all conditions and all different
stimulus types. The absence of a significant interaction
between the degree of rotational angle and the direction of
manual rotation indicates that the interference is brought
about by a shift in baseline performance, rather than by a
systematic change in the rate of mental rotation.

Object-specific interference was found in all four ex-
periments. The general pattern was that both concordant
and discordant manual rotation disrupted mental rotation
of cubes but only discordant manual rotation disrupted

mental rotation of hands. We thus did not replicate the
benefit for concordant versus discordant physical rota-
tion on mental rotation of 3-D or 2-D geometric ob-
jects reported in previous studies (Wexler et al., 1998;
Wohlschldger & Wohlschldger, 1998). In the Wohlschliger
and Wohlschlédger study, both concordant and discordant
rotation appeared to slow down mental rotation RTs, as
compared with the RTs for the no-movement condition, at
least for some rotational angles. However, Wohlschldger
and Wohlschldger did not report a direct statistical com-
parison between the concordant or discordant rotation
condition and the no-movement condition, and the Wex-
ler et al. study did not have a no-movement condition at
all. The point we are making, therefore, is that our find-
ing that both concordant and discordant manual rotation
slowed down the mental rotation of cubes does not seem
to contradict previous findings. However, our failure to
replicate the main finding of the previous studies, of a
significant difference between the effects of concordant
and discordant manual rotation on mental rotation of geo-
metric objects, urges caution against the generalizability
of this aspect of our findings.

One main difference between our paradigm and those
of the studies mentioned is that we had both the target and
the probe stimulus on the screen from the beginning of the
trial, as in the classical Shepard and Metzler (1971) task,
which meant that participants had to respond right away.
In the Wohlschldger and Wohlschlager (1998) study, par-
ticipants rotated their hands for 400 msec before the probe
stimulus appeared. They thus had 400 msec to familiar-
ize themselves with the target stimulus and become used
to the manual rotation. In the Wexler et al. (1998) study,
the participants had 5 sec to familiarize themselves with
the stimuli and prepare the rotation. Furthermore, Wex-
ler et al. used the same 2-D object in each trial. We can
thus assume that their participants were better prepared
for their perceptual decisions than were the participants
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Figure 10. Mean reaction times (RTs) for the manual rotation direction in relation to the mental
rotation direction (concordant direction, no hand movement, and discordant direction) for the four
stimulus types: abstract cube, hand, face, and tool figures. Error bars represent standard errors of

the means.

in our experiments, in which manual and mental rotation
started concurrently. This may have protected the visual
transformation system of Wexler et al.’s participants from
some of the interference observed in the present study—
specifically, in the concordant condition. Another differ-
ence between the present and the two previous studies is
that we required participants to rotate their wrists during
the manual rotation condition, whereas the previous stud-
ies did not. Specificity of the interference for specific
muscle groups seems unlikely at first, considering that
most current explanations assume that the interference is
due to conflicting representations at a higher level (Hom-
mel, Miisseler, Aschersleben, & Prinz, 2001). However,
the motor or premotor representations of some muscle
groups may be more susceptible to interaction with men-
tal rotation or more densely connected with higher visual
areas than are those of others. These concerns about the
role of delay between target and probe and about the po-
tential importance of specific muscle groups limit gen-

eralizations from both our and previous findings. Future
experiments that systematically vary these parameters
should unravel the factors that determine the extent to
which manual rotation inhibits or facilitates mental rota-
tion of geometric objects.

However, the main finding of the present study is that
the degree and pattern of disruption of mental rotation by
manual rotation depends on the visual category, which we
replicated across four experiments. Such a comparison of
interference effects across categories had never been con-
ducted before. The 3-D geometric objects (cubes) were
affected by both directions of manual rotation, hands and
hand-like objects (bundles of five carrots) were more af-
fected by discordant rotation, and faces and tools were
not affected at all. A number of theories might aid in the
interpretation of the category-specific interference effect.
Differences in mental rotation between body parts and
other visual objects might be explained on the basis of two
classes of task-specific transformation: object-based spa-
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tial transformation and egocentric perspective transfor-
mation (Zacks, Mires, Tversky, & Hazeltine, 2000). With
regard to this model, the cube figures could be assigned to
an object-based spatial transformation, whereas the hand
figures might be rotated on the basis of an egocentric
perspective transformation. However, Zacks, Vettel, and
Michelon (2003) also pointed out that object-based and
perspective transformations are not mutually exclusive
and that imagined movements of body parts have been
shown to be relevant for a wide range of spatial transfor-
mation tasks.

Another model that might be adduced to interpret the
present results derives from neuroimaging studies of the
differential involvement of the motor cortex in mental ro-
tation. These studies converge to suggest that the primary
motor cortex is recruited only for mental rotation of hands,
not for Shepard—Metzler-type objects (Kosslyn et al.,
1998; Wraga, Thompson, Alpert, & Kosslyn, 2003). This
allows us to speculate that different activation in motor and
premotor areas could account for our object-specific in-
terference effect. The interference of both manual rotation
directions during the mental rotation of the cube figures
could result from the fact that both processes, the mental
and the manual rotation, compete with each other for the
same limited neuronal resources in premotor areas. The
lack of interference of concordant manual rotation with
hand stimuli, however, might be explained by involvement
of the neurons of the primary motor cortex in both the
actual rotation of the participant’s hand and the mental
rotation of the hand figures. In the case of the concordant
rotation, these two processes would not compete. In the
mental rotation task, the participants started to rotate the
MRD immediately after stimulus presentation. They then
identified the two hands, rotated one of them mentally,
and then decided whether the hands were identical or mir-
rored. Thus, neurons of the primary motor cortex coding
for the correct rotation direction were firing to support the
manual rotation, which may have facilitated mental rota-
tion in the same direction, offsetting any disruptive effect
from competition at the premotor level.

The absence of interference of manual rotation with
mental rotation of faces and tools, which seems striking
at first in light of the strong and replicable interference ef-
fects for hands and cubes, may be explained by the special
status of these visual categories. Unlike cubes or hands,
faces and tools have their own specialized representations
in the higher visual cortex, which also seem to support
viewpoint-invariant perception (Jiang, Blanz, & O’Toole,
2006; Weisberg, van Turennout, & Martin, 2007). Mental
rotation of these particular categories may therefore not
interfere so much with the premotor network activated for
both motor control and spatial transformation of cubes
and hands.

The interference effect of the hand stimuli was stronger
when participants rotated with their dominant right hand.
This is in accordance with the results of Wohlschldger and
Wohlschldger (1998), who also reported a stronger gen-
eral interference effect when manually rotating with the
dominant right hand. Furthermore, the imaging studies

that reveal a specific involvement of the primary motor
cortex during the mental rotation of hand stimuli often
show a preponderance of this motor activity in the left
hemisphere (Kosslyn et al., 1998; Wraga et al., 2003).
Ganis et al. (2000) showed that the activation of the left
primary motor cortex played a causal role in the mental
rotation of pictures of hands as revealed by transcranial
magnetic stimulation. On the basis of this left-hemispheric
dominance of primary motor cortex activity during men-
tal rotation tasks, one could expect the interference ef-
fect to be greater when the manual rotation is performed
with the right hand than with the left. This assumption fits
our data. However, the latter notion represents a post hoc
interpretation of our empirical findings, and further re-
search systematically investigating the hand dependence
of this effect is needed.

Our finding that RTs increased linearly with increas-
ing angles of rotation for all stimulus types conforms to
the results of Shepard and Metzler (1971). This angular
distance effect traditionally has been interpreted as strong
evidence for the actual use of mental imagery by the par-
ticipants (Kosslyn et al., 1998; Palmer, 1999; Vingerhoets,
de Lange, Vandemacle, Deblaere, & Achten, 2002). If an
increment of time is required for each degree of angular
disparity, participants can be assumed to 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. More-
over, this linear effect of rotational angle on mental rota-
tion time supports the view that mental images are picture-
like representations. The analogue view of mental imagery
(Kosslyn, 1994; Palmer, 1999) claims that if images are
picture-like, their transformation should be continuous.
Our results support this view, in that the linear effect of
increasing time needed for the task with increasing angle
appeared for all five stimulus types (cubes, carrots, faces,
tools, and hand stimuli). This effect was also independent
of the hand used for the manual rotation movement.

Recent neurophysiological and functional neuroimag-
ing data, however, call into question the notion that an-
gular distance effects are direct evidence for the use of
mental imagery. Perrett, Oram, and Ashbridge (1998)
proposed that object recognition is mediated by the accu-
mulation of evidence in populations of viewpoint-specific
neurons tuned to specific object features. Furthermore,
Gauthier et al. (2002) dissociated the brain areas involved
in viewpoint-dependent object recognition and mental ro-
tation in an fMRI experiment using Shepard-and-Metzler-
like figures. Increasing viewpoint disparity in the mental
rotation task led to higher activity in parietal areas that
have also been implicated in motor planning (Georgo-
poulos, Lurito, Petrides, Schwartz, & Massey, 1989). Con-
versely, higher activation in areas in the ventral temporal
pathway (right inferior and middle temporal gyrus) was
found for object recognition. Gauthier et al. concluded
that the similar behavioral effects of viewpoint obtained in
these two tasks were based on different neural substrates.

The interpretation of our results does not hinge on the
analogue model of mental imagery, although our results
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are compatible with it. Likewise, the view that mental ro-
tation is used to compensate for changes in viewpoint dur-
ing object recognition, which is challenged by Gauthier
etal. (2002), is not crucial to the interpretation of the pres-
ent experiments. The only claim that we make on the basis
of the present data is that the interference between manual
and mental rotation, where present, is based on activation
of shared neural resources for both types of rotation, a
claim that is in fact supported by both Gauthier et al.’s and
Georgopoulos et al.’s (1989) findings.

CONCLUSION

The divergent effects of concordant manual rotation on
mental rotation of hand versus cube stimuli as revealed in
this study seem to be plausible in light of the functional
imaging and neurophysiology literature. This further sup-
ports the view, suggested by Wexler et al. (1998), that the
motor system, instead of being a mere output device, may
contribute to cognitive computations.
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