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Abstract

The current study assessed the lateralization of function hypothesis (Rilea, S. L., Roskos-Ewoldsen, B., & Boles, D. (2004). Sex dif-
ferences in spatial ability: A lateralization of function approach. Brain and Cognition, 56, 332–343) which suggested that it was the inter-
action of brain organization and the type of spatial task that led to sex differences in spatial ability. A second purpose was to evaluate
explanations for their unexpected findings on the mental rotation task. In Experiment 1, participants completed the Water Level, Paper
Folding, and mental rotation tasks (using an object-based or self-based perspective), presented bilaterally. Sex differences were only
observed on the Water Level Task; a right hemisphere advantage was observed on Water Level and mental rotation tasks. In Experiment
2, a human stick figure or a polygon was mentally rotated. Men outperformed women when rotating polygons, but not when rotating
stick figures. Men demonstrated a right hemisphere advantage when rotating polygons; women showed no hemisphere differences for
either stimulus. Thus, hemisphere processing, task complexity, and stimulus type may influence performance for men and women across
different spatial measures.
� 2008 Elsevier Inc. All rights reserved.
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1. Introduction

It is held that men and women perform differently in
visuo-spatial tasks, and sex differences depend on (a) the
type of spatial task used (Linn & Peterson, 1985; Voyer,
Voyer, & Bryden, 1995), or (b) hemispheric processing
(Hugdahl, Thomsen, & Erlsand, 2006; McGlone, 1980; Sei-
gel-Hinson & McKeever, 2002; Thomsen et al., 2000).
However, Rilea et al. (2004) suggested that existing theories
of hemispheric organization assume that spatial ability is a
unitary construct, which cannot account for the different
pattern of performance for men and women across the dif-
ferent types of spatial tasks. They suggested that it was the
interaction between the type of task and hemisphere that
led to sex differences; tasks requiring greater dependency
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on right hemisphere processing would lead to larger sex dif-
ferences favoring men.

1.1. Sex differences across different types of spatial tasks

A meta-analysis conducted by Voyer et al. (1995) found
that performance for men and women varied across three
types of spatial tasks: Mental rotation, spatial perception,
and spatial visualization. On mental rotation tasks (i.e.,
the ability to transform the orientation of the mental repre-
sentation of an object), large sex differences have been
observed with men typically outperforming women. On
measures of spatial perception (i.e., the ability to accurately
perceive spatial information when distracting information
is present), moderate sex differences have been observed,
again with men outperforming women. Finally, on mea-
sures of spatial visualization (i.e., the ability to manipulate
complex spatial information mentally and generally requir-
ing multiple spatial steps), small or no sex differences have
been observed.
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1.1.1. Mental rotation

Shepard and Metzler (1970) observed a linear increase in
reaction time as the degree of rotation increased from
upright, indicating that individuals were imagining the
object rotating to the upright position. These findings have
been replicated with a wide range of stimuli, including
human bodies or body parts (Overney, Michel, Harris, &
Pegna, 2005; Petit, Pegna, Mayer, & Hauert, 2003; Zacks,
Rypma, Gabrieli, Tversky, & Glover, 1999), two-dimen-
sional (2D) objects (Koriat & Norman, 1985; Smith &
Dror, 2001), and three-dimensional (3D) objects (Kauf-
man, 2007; Voyer & Hou, 2006). Birenbaum, Kelly, and
Levi-Keren (1994) suggested that complexity of the stimu-
lus being rotated may also influence sex differences in per-
formance. In particular, more complex stimuli may lead to
larger sex differences, with the largest differences occurring
when rotating objects along three planes (Roberts & Bell,
2003).

However, sex differences have also been observed when
mentally rotating 2D objects (Birenbaum et al., 1994; Col-
lins & Kimura, 1997; Voyer & Bryden, 1990), although
with less consistency relative to 3D objects. Collins and
Kimura suggested the number of dimensions of a stimulus
does not lead to sex differences, it is the difficulty of the
task. To test this, they developed a difficult mental rotation
task that used 2D stimuli by increasing spatial processing
demands, and compared that to performance on a 3D men-
tal rotation task. They observed that the magnitude of the
sex difference on the 3D and 2D mental rotation task was
similar, supporting their prediction that the extent of the
sex difference was related to the difficulty level of the task,
not the number of dimensions.

1.1.2. Spatial perception

Two common measures of spatial perception include the
Rod and Frame Task and the Water Level Task. Gener-
ally, men outperform women on these measures (Beatty
& Duncan, 1990; Rilea et al., 2004; Robert & Longpre,
2005; Signorella, Jamison, & Krupa, 1989; Tremblay, Elli-
ott., & Starkes, 2004; Voyer & Bryden, 1993), although the
sex differences are generally not as robust or consistent rel-
ative to those observed on mental rotation. As an example,
Voyer and Bryden observed sex differences on the Rod and
Frame task, but only on the difficult problems. However,
some researchers have not observed sex differences on these
measures (Desmond, Glenwick, Stern, & Tatmichi, 1994;
Robert & Tanguay, 1990). In general, significant sex differ-
ences in spatial perception are more consistently observed
than not.

1.1.3. Spatial visualization

The spatial visualization category consists of a wide
range of spatial measures which was made up of a hetero-
geneous set of experimental tasks (e.g., Embedded Figures
Test, Block Design Test, and the Mental Paper Folding
Test). One commonality between these measures is that
they generally require multiple steps to complete (Just &
Carpenter, 1985). As previously mentioned, spatial visual-
ization measures tend to produce small and inconsistent
sex differences (see Voyer et al., 1995). For example, Rilea
et al. (2004) administered the Paper Folding task using
bilateral presentation and did not observe any difference
in performance between men and women.

1.2. Sex differences as a result of hemispheric lateralization

The second explanation for sex differences in spatial
ability suggests that it is the result of differences in brain
organization (Hugdahl et al., 2006; McGlone, 1980; Sei-
gel-Hinson & McKeever, 2002; Thomsen et al., 2000;
Vogel, Bowers, & Vogel, 2003). McGlone (1980) suggested
that men process information more asymmetrically,
whereas women rely on both hemispheres when processing
verbal and spatial information. Thus, men may process
spatial information more efficiently because the two hemi-
spheres do not need to communicate. Similarly, Vogel et al.
conducted a meta-analysis examining hemispheric differ-
ences in spatial processes. They found that, overall, males
showed a significant right hemisphere advantage, whereas
women showed greater bilateral processing.

There is empirical evidence using spatial measures to
support this hypothesis (Seigel-Hinson & McKeever,
2002; Thomsen et al., 2000; Voyer & Bryden, 1990). Thom-
son et al. compared data from behavioral measures (reac-
tion time and accuracy) and brain imaging techniques
(fMRI) on a mental rotation task, and observed that
behavioral measures correlated with activation in the right
superior parietal lobe, which was more active in men rela-
tive to women. Hugdahl et al. (2006) suggested that while
Brodmann area 7 plays an important role in mental rota-
tion for both men and women, differential activation in
the frontal lobes may be the result of men and women
using different strategies to complete the task.

Much of the research assessing hemispheric processing
of the mental rotation task has observed a right hemisphere
advantage. However, there is some evidence to suggest that
the hemispheric processing may be influenced by the strat-
egy that participants use. For example, Zacks et al. (1999)
used human stick figures on a mental rotation task and
observed a left hemisphere advantage when participants
rotated themselves, or used a self-based approach. When
participants rotated the object, or used an object-based
approach, a right hemisphere advantage was observed.
Additionally, Zacks, Mires, Tversky, and Hazeltine
(2000) suggested that self-based and object-based transfor-
mations relied on two separate neural systems located in
opposite hemispheres. Tomasino, Vorano, Skrap, Gigli,
and Rumiati (2004) observed that individuals with damage
to their right parietal and/or premotor areas demonstrated
a deficit when mentally rotating an object using a visual
strategy, as expected. However, when using a motor strat-
egy, individuals with damage to the left parietal and/or pre-
motor areas demonstrated a deficit, suggesting that manual
rotations require left hemisphere processing.
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While most research examining hemispheric processing
of spatial tasks has relied on the mental rotation task,
research has also examined hemispheric processes related
to other measures of spatial ability. Voyer and Bryden
(1993) presented the Rod and Frame task bilaterally on a
computer screen and observed a right hemisphere advan-
tage for both men and women. Rilea et al. (2004) observed
a similar pattern of performance using the Water Level
Task.

1.3. Sex differences and the lateralization of function

approach

As previously mentioned, Rilea et al. (2004) suggested
that it was the interaction of brain organization and the
type of spatial task that led to sex differences in spatial abil-
ity. They predicted that greater hemispheric lateralization
(generally observed in men) would lead to better perfor-
mance on measures of mental rotation and spatial percep-
tion, because the two tasks relied on right hemisphere
processing. However, for spatial visualization tasks, perfor-
mance would not be dependent upon greater hemispheric
lateralization, because these tasks relied on both hemi-
spheres. Given that women tend to process information
in both hemispheres, their performance should be equiva-
lent to men’s performance on measures of spatial
visualization.

Rilea et al. (2004) used bilateral presentation to admin-
ister one task from each of the three types of spatial abil-
ity to assess the lateralization of function approach.
Findings from their study provided mixed results. For
the mental rotation task, a right hemisphere advantage
was observed for men and no hemispheric differences were
observed for women, as expected. However, no overall sex
or hemisphere differences were observed. Rilea et al. sug-
gested that one possible explanation for the lack of sex
differences was that the stimulus used (a human stick fig-
ure) was too simplistic, thus women were able to perform
equivalent to men. They also suggested that the type of
stimulus may have led to the lack of hemisphere differ-
ences as well. More specifically, participants may have
used two different strategies to complete the task. They
may have used an object-based perspective leading to a
right hemisphere advantage, or they could have used a
self-based perspective leading to a left hemisphere advan-
tage (see Zacks et al., 1999). On the spatial perception
task (the Water Level Task), Rilea et al. observed that
men performed better than women, however both men
and women exhibited a right hemisphere advantage.
Finally, on the spatial visualization task (the Paper Fold-
ing Task) no sex or hemispheric differences were observed,
as expected. Rilea et al. suggested that the findings pro-
vided partial support for the lateralization of function
approach to explain sex differences on measures of spatial
ability. However, the lack of sex differences on the mental
rotation task limited their ability to fully interpret the
findings of the other tasks.
1.4. Rationale for Experiment 1 and Experiment 2

The purpose of Experiment 1 was to further examine the
influence of hemispheric processing and the type of spatial
task on men and women’s spatial performance. Addition-
ally, strategy use to complete the mental rotation task
was manipulated to determine if it contributed to the lack
of hemisphere differences observed in Rilea et al.’s (2004)
study. The purpose of Experiment 2 was to examine
whether the stimulus type on the mental rotation task
could explain the lack of sex differences for both Rilea
et al.’s research, and the findings from Experiment 1 in
the current paper.

2. Experiment 1

There were several potential shortcomings in the design
and implementation in Rilea et al.’s (2004) study. First,
there were some methodological issues with the design of
the study. For example, participants responded using a
computer keyboard, with worse than 20 ms resolution rel-
ative to a response pad, which could have resulted in extra
variability in reaction time data. This increased variability
may possibly explain why there were differences in the reac-
tion time data in Rilea et al.’s study (e.g., 117 ms male
advantage on the mental rotation task), yet the difference
was not statistically significant. A second shortcoming
was that no overall sex or hemisphere differences were
observed on the mental rotation task. This limited the abil-
ity of Rilea et al. to interpret the findings of the Water
Level and Paper Folding measures with respect to the lat-
eralization of function hypothesis.

2.1. Hypotheses

Based on the findings from Zacks et al. (1999), it was
hypothesized that a left hemisphere advantage would be
observed in men when using a self-based approach and a
right hemisphere advantage would be observed in men
when using an object-based approach. However, no hemi-
sphere differences were expected on either mental rotation
task for women. Given that neither Zacks et al. or Rilea
et al. (2004) observed sex differences in performance, it
was expected that men and women would perform equiva-
lently when rotating the human stick figures. Consistent
with Rilea et al.’s (2004) findings, a right hemisphere
advantage was expected in both men and women on the
spatial perception task (the Water Level Task), and men
were expected to outperform women. Additionally, no
sex or hemispheric differences were expected on the mea-
sure of spatial visualization (the Paper Folding Task). It
is important to note that although the hypotheses suggest
causality, the current study was not intended to test causal-
ity. Specifically, the quasi-experimental design limits the
author from drawing causal conclusions about the relation-
ship between sex and hemispheric processing across the dif-
ferent spatial tasks.



Fig. 1. Presentation order and time course of the stimuli on the human
stick figures mental rotation task.
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2.2. Methods

2.2.1. Participants

Ninety-four right-handed undergraduate students (47
men and 47 women) were recruited from psychology
courses at Christopher Newport University. Participants
received extra credit in their psychology course for their
participation.

2.2.2. Materials and procedure

All participants first completed the Edinburgh Handed-
ness Inventory (Oldfield, 1971). All participants were
required to score a laterality coefficient of +30 or higher,
indicating that they were predominately right-handed.
Additionally, none of the participants who met this
requirement wrote with their left hand. These participants
then completed the mental rotation, Water Level, and
Paper Folding tasks; the order of the tasks was counterbal-
anced. For all of the spatial tasks, a Dell Inspiron 2500 lap-
top computer with a color monitor and Superlab Pro
(Cedrus Corp., 2000) was used to present the stimuli, and
manual responses were made on a Cedrus 610 response
pad. McKeever (1986) suggested that bilateral presentation
was superior to unilateral presentation when assessing
hemispheric specialization; thus, stimuli were presented
bilaterally. Half of the participants responded with their
left hand and half of the participants responded with their
right hand. The dependent variables for all three spatial
tasks were reaction time and accuracy. Participants were
seated approximately 2000 in front of the computer moni-
tors with their index and middle finger placed on the appro-
priate keys. Prior to each task, participants were instructed
that while it was important to respond both quickly and
accurately, it was more important to respond accurately.
Additionally, the experimenter emphasized that partici-
pants should not move their head or eyes during the task,
and that they should maintain their focus on the center of
the computer screen. All stimuli were presented within
macular vision, about 10� of visual angle, and the stimuli
were presented approximately 4� to the left and right of
the center.

2.2.3. Mental rotation task

This task required participants to determine whether a
human stick figure that had been rotated from upright
was the same as, or a mirror image of, a model stick figure
previously observed. Participants were instructed to com-
plete the task in one of two ways. One strategy was to men-
tally rotate the object, or use an object-based perspective.
In this instance, the word ‘‘object” appeared on the screen
prior to the test trial, and the participant was instructed to
mentally rotate the stick figure in order to decide whether it
was the same or a mirror image. The second strategy was
for participants to mentally rotate themselves, or use a
self-based perspective. In this instance, the word ‘‘self”
would appear on the screen prior to the test trial, and the
participant was instructed to mentally rotate themselves
in order to decide if the rotated stick figure was the same
or different. The presentation of the two instruction types
was presented in random order within a block of trials.

Participants first completed 20 practice trials to allow
them the opportunity to become comfortable with the task,
as well as ensure that the participants had learned the
model stimulus. Half of the practice trials presented the
stimulus to the left visual field (right hemisphere), and half
presented the stimulus to the right visual field (left hemi-
sphere). Within each hemisphere, half of the practice trials
presented self-based instructions, and half presented
object-based instructions. The angle of rotation was ran-
domly presented with the requirement that each angle of
rotation was presented at least once in each hemisphere.
The model stick figure was presented for 500 ms in the cen-
ter of the computer screen, and was always upright and
holding the ball in the left hand (see Fig. 1). The partici-
pants were instructed to learn the model stick figure during
the practice trials, because it was not presented during the
test trials. All other aspects of the practice trials were iden-
tical to the test trials.

For the test trials, the word ‘‘self” or ‘‘object” appeared
in the center of the computer screen, where it remained
until the participant pressed the space bar, indicating that
they were ready for the trial to begin. A small fixation cross
appeared in the center of the computer screen for 500 ms,
indicating where the participants should focus their atten-
tion. Immediately following the fixation cross, an arrow
pointing to the left or right side of the screen appeared,
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with rotated stick figures on each side. The arrow indicated
which stick figure was the target figure. The two stick fig-
ures were presented simultaneously on either side of the fix-
ation cross, to increase the likelihood that the stick figure
was processed in only one hemisphere. This display was
presented for 100 ms.

For the 256 test trials, the test figures were rotated away
from upright 0 to 315� in increments of 45�. There were 32
trials at each orientation, 16 of which were preceded by the
‘‘object” instruction, 16 were preceded by the ‘‘self”
instruction. Within each group of 16, an equal number
were presented to the left visual field (right hemisphere)
and right visual field (left hemisphere). In half of the trials,
the stimuli were the same and half of the trials the stimuli
were mirror images. The order of presentation was ran-
domized for each participant.
2.2.4. Water Level Task

Participants saw a depiction of a tilted container of
water resting on a table and decided if the Water Level in
the container was portrayed correctly (yes or no). The pur-
pose of the task was to determine if distracting information
(i.e., the tilt of the container) would interfere with partici-
pant’s ability to correctly determine the position of the
water. Participants were to assume that the water had been
sitting for several minutes, coming to a rest. Each trial
began with a small fixation cross appearing in the center
of the screen for 500 ms indicating where the participant
should focus their attention (see Fig. 2). The fixation cross
was replaced by an arrow in the center of the screen that
pointed to either the left or right and two containers, one
on each side of the arrow. The purpose of the arrow was
to indicate to the participant which container of water
was the target container. This display remained on the
screen for 100 ms. The containers were tilted either 0, 30,
or 60� from upright. In addition, the water line in each con-
tainer was angled either 0, 10, 30, or 60� from horizontal.

Participants completed 16 practice trials and 216 test tri-
als. On half of the trials, the target was presented to the left
visual field (right hemisphere), and on half of the trials the
target was presented to the right visual field (left hemi-
sphere). There were 108 ‘‘yes” trials (the tilt of the water
Fig. 2. Presentation order and time course of the stimuli on the Water
Level Task.
line was 0, sitting correctly). Of these 108, there were 36
each for the 3 container tilts. There were also 108 ‘‘no” tri-
als (the tilt of the water line was either 10, 30, or 60� from
horizontal, sitting incorrectly). Of these trials, there were 36
trials at each of the water line angles. Each of these 36 tri-
als, there were 12 trials with each of the container tilts (0,
30, 60).

2.2.5. Paper folding task

This task required participants to mentally unfold a
piece of paper that had they observed being folded with
one to 3-folds, followed by a hole punched through the
folds. Participants compared their mental representation
of the unfolded piece of paper, with respect to where the
holes were located on the paper, with another unfolded
piece of paper to determine if the pattern of the hole
punches corresponded (yes or no).

Each trial began with a fixation cross presented in the
center of the computer screen for 500 ms (see Fig. 3). Next,
a square representing a piece of paper appeared in the cen-
ter of the computer screen. This display was followed by a
series of folds in the paper, each fold remained on the com-
puter screen for 550 ms. The final display of the folded
piece of paper contained a small circle representing a hole
being punched through the paper. After the final display,
Fig. 3. Presentation order and time course of stimuli on the Paper Folding
task.
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depictions of two unfolded pieces of paper with several
holes punched through them were presented for 100 ms
on either side of the centrally located arrow which indi-
cated the target paper to the participant. The participant
was required to decide if the unfolded piece of paper cor-
rectly depicted the location of the holes, based on the pre-
viously observed folds and hole punch.

Participants completed 18 practice trials and 144 test tri-
als. In 72 trials, the holes were correctly located on the
unfolded piece of paper. Of these, 36 were presented to
the left visual field (right hemisphere) and 36 were pre-
sented to the right visual field (left hemisphere). Twelve
of the trials in each hemisphere had 1-fold, 12 had 2-folds,
and 12 had 3-folds. In the remaining 72 trials, the holes
were incorrectly located on the unfolded piece of paper.
The distribution of hemisphere presentation and number
of folds was identical to the trials where the holes were cor-
rectly located.

2.3. Results

In each of the conditions, each participant’s median
reaction time in milliseconds, for correct trials only, was
calculated across all trials in that condition. Then the mean
and standard error of the median reaction times were then
calculated for each condition. An overall 4 (task) � 2
(hemisphere) � 2 (sex) mixed analysis of variance was con-
ducted on the reaction times and accuracy, followed by
analyses of variance for each spatial task individually. In
the overall analysis, task and hemisphere were within sub-
ject variables and sex was a between subject variable. Par-
ticipants whose mean error rate was greater than .35, or
whose average reaction time was more than three standard
deviations from the mean, were removed from all analyses,
which resulted in data for 37 women and 41 men.

2.3.1. Overall analysis of variance: Reaction time data

The results of the ANOVA for reaction time revealed a
main effect of task, F(3, 76) = 25.59, p < .001, partial
g2 = .25, with participants completing the Water Level
Task the fastest (M = 977, SE = 28), followed by the Paper
Folding task (M = 1286, SE = 48), mental rotation of
objects (M = 1342, SE = 53), and mental rotation of self
(M = 1398, SE = 57). There was also a main effect of hemi-
sphere, F(1,76) = 32.44, p < .001, partial g2 = .30, with
reaction time being faster when the target was presented
to the right hemisphere (M = 1211, SE = 34) relative to
the left hemisphere (M = 1291, SE = 38).

A task by hemisphere interaction was also observed,
F(3, 76) = 2.65, p = .05, partial g2 = .04. Post-hoc analyses
revealed that when mentally rotating objects, faster reaction
times were observed when the target was presented to the
right hemisphere (M = 1316, SE = 52) relative to the left
hemisphere (M = 1369, SE = 55), t(77) = 3.45, p = .001.
When the participant mentally rotated themselves, faster
reaction times were also observed when the target was pre-
sented to the right hemisphere (M = 1349, SE = 58) relative
to the left hemisphere (M = 1448, SE = 59), t(77) = 3.73,
p < .001. On the Water Level Task, a right hemisphere
advantage was also observed (M = 911, SE = 26), relative
to the left hemisphere (M = 1044, SE = 33), t(77) = 8.54,
p < .001. On the Paper Folding task, no hemispheric differ-
ences were observed, t(77) = 0.83, p = .41, with response
times in the right hemisphere (M = 1268, SE = 50) not dif-
fering from response times in the left hemisphere
(M = 1305, SE = 56). Finally, the hypotheses predicted a
significant task by hemisphere by sex interaction, which
was not observed, F(3, 76) = 0.43, p = .73, partial g2 = .006.

2.3.2. Overall analysis of variance: Accuracy data

The results of the ANOVA for accuracy revealed a man
effect of task, F(3, 76) = 93.09, p < .001, partial g2 = .55,
with participants having the highest error rates on the
Water Level Task (M = .31, SE = .010) and the Paper
Folding task (M = .31, SE = .014), followed by mentally
rotating objects (M = .11, SE = .013) and mentally rotating
themselves (M = .11, SE = .014). There was also a main
effect of sex, F(1, 76) = 4.15, p < .05, partial g2 = .05, with
men making fewer errors (M = .19, SE = .011) than women
(M = .23, SE = .012). Additionally, a sex by task interac-
tion was observed, F(3, 76) = 3.38, p < .05, partial
g2 = .04. Post-hoc analyses compared performance of men
and women on each of the tasks independently. No sex dif-
ferences were observed when completing the mental rota-
tion of objects task (t[76] = 0.15, p = .88), with men
(M = .11, SE = .018) and women (M = .12, SE = .019)
performing equivalently. There were also no sex differences
on the mental rotation of self task (t[76] = 0.16, p = .88),
with men (M = .12, SE = .019) and women (M = .11,
SE = .020) performing equivalently. Men (M = .29,
SE = .020) and women (M = .33, SE = .021) also per-
formed equivalently on the Paper Folding task,
(t[76] = 1.56, p = .12). However, sex differences were
observed on the Water Level Task, t(76) = 4.36, p < .001,
with men making fewer errors (M = .27, SE = .014) relative
to women (M = .36, SE = .015). As with the reaction time
data, the predicted three-way interaction was not observed,
F(1, 76) = 0.38, p = .77, partial g2 = .005. None of the other
main effects or interactions was significant.

2.3.3. Overall analysis of covariance: Speed accuracy

tradeoff

The overall analyses of reaction time and error rate data
suggest the possibility of a speed accuracy tradeoff across
all tasks. To evaluate this possibility, an overall 4 (task) � 2
(hemisphere) � 2 (sex) analysis of covariance was con-
ducted on the reaction time data with accuracy as a covar-
iate. A main effect of task was present, F(3,75) = 45.54,
p < .001, partial g2 = .32, with participants completing
the Water Level Task the fastest (M = 977, SE = 27), fol-
lowed by the Paper Folding task (M = 1285, SE = 47),
mental rotation of objects (M = 1339, SE = 00), and the
mental rotation of self, (M = 1395, SE = 20). However,
the main effect of hemisphere was no longer significant,
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F(1, 75) = 0.30, p = .86, partial g2 = .00. The task by hemi-
sphere interaction was statistically significant, F(3, 75) =
3.50, p < .05, partial g2 = .05.

2.3.4. Mental rotation of object and self analysis of variance:

Reaction time data
The results of the 5 (degree) � 2(task) � 2(hemi-

sphere) � 2 (sex) mixed analysis of variance for reaction
time revealed a main effect of degree, F(4,76) = 55.46,
p < .001, partial g2 = .41, which was dominated by a linear
trend [F(1,76) = 85.58, p < .001, partial g2 = .53], however
the cubic trend was also significant [F(1,76) = 4.72,
p < .05, partial g2 = .06] (see Fig. 4). There was also a main
effect of task, F(1, 76) = 11.37, p = .05, partial g2 = .13,
with mental rotation of objects requiring less time to com-
plete (M = 1338, SE = 52), relative to the mental rotation
of self (M = 1398, SE = 57). Additionally, a main effect of
hemisphere was observed, F(1, 76) = 18.40, p < .001, partial
g2 = .20; with faster reaction times when the target was pre-
sented to the right hemisphere (M = 1332, SE = 52) relative
to the left hemisphere (M = 1405, SE = 55). Finally, the
hypothesis predicted a significant task by hemisphere by
sex interaction, which was not observed, F(1,76) = 2.07,
p = .15, partial g2 = .03. None of the other main effects or
interactions was significant.

2.3.5. Mental rotation of object and self analysis of variance:

Accuracy data

Results of the 5 (degree) � 2(task) � 2(hemisphere) � 2
(sex) mixed analysis of variance for accuracy revealed a
main effect of degree, F(4,76) = 14.35, p < .001, partial
g2 = .16, with only a linear trend being observed,
F(1, 76) = 37.90, p < .001, partial g2 = .33. The hypothesis
predicted a significant task by hemisphere by sex interac-
tion, which was not observed in the current data,
F(1, 76) = 2.66, p = .11, partial g2 = .03. None of the other
main effects or interactions was significant.
Fig. 4. Reaction time data for angle of rotation and instruction type.
2.3.6. Mental rotation of object and self analysis of

covariance: Speed accuracy tradeoff

Given the potential of a speed accuracy tradeoff, an
analysis of covariance was conducted on the reaction time
data with accuracy as the covariate to evaluate this possi-
bility across the two mental rotation tasks. The main effect
of degree was still observable, F(4,75) = 48.19, p < .001,
partial g2 = .39, which consisted of only a linear trend,
F(1,75) = 81.21, p < .001, partial g2 = .52. The main effect
of hemisphere was also significant, F(1,75) = 9.68, p < .05,
partial g2 = .11, however, the main effect of task,
F(1,75) = 1.24, p = .27, was no longer significant.

2.3.7. Water Level analysis of variance: Reaction time data

Results of the 2 (hemisphere) � 2 (sex) mixed ANOVA
for reaction time data revealed a main effect of hemisphere,
F (1, 76) = 72.18, p < .001, partial g2 = .49, with faster
reaction times when the targets were presented to the right
hemisphere (M = 911, SE = 26) relative to the left hemi-
sphere (M = 1044, SE = 33). There was also a main effect
of sex, F(1,76) = 20.25, p < .001, partial g2 = .21, with
men responding more quickly (M = 850, SE = 39) than
women (M = 1044, SE = 41). The sex by hemisphere inter-
action was not significant, F(1,76) = 0.14, p = .71, partial
g2 = .002.

2.3.8. Water Level analysis of variance: Accuracy data

Results of the 2 (hemisphere) � 2 (sex) mixed ANOVA
for accuracy data revealed main effect of sex,
F(1,76) = 19.01, p < .001, partial g2 = .20, with men mak-
ing fewer errors (M = .27, SE = .014) than women
(M = .36, SE = .015). There was no main effect of hemi-
sphere, F(1, 76) = 0.68, p = .41, with accuracy rates being
comparable when the target was presented to the right
hemisphere (M = .31, SE = .013) relative to the left hemi-
sphere (M = .32, SE = .011). The sex by hemisphere inter-
action was also nonsignificant, F(1, 76) = 0.35, p = .56.

2.3.9. Water Level analysis of covariance: Speed tradeoff
An evaluation of the potential speed accuracy tradeoff

on the Water Level Task suggested that this was not a sig-
nificant factor. Specifically, there was a main effect of hemi-
sphere, F(1, 75) = 5.76, p < .05, partial g2 = .07, with
reaction times faster when stimuli were presented to the
right hemisphere (M = 909, SE = 25) relative to the left
hemisphere (M = 1042, SE = 31). Additionally, there was
a main effect of sex, F(1, 75) = 9.29, p < .01, partial
g2 = .11, with men (M = 882, SE = 40) responding faster
than women (M = 1069, SE = 42).

2.3.10. Paper folding analysis of variance: Reaction time

data

Results of the 2 (hemisphere) � 2 (sex) mixed ANOVA
for reaction time data revealed no main effects or interac-
tions, as predicted. Specifically, there was no main effect
of sex, F(1,76) = 0.14, p = .71, with men (M = 1268,
SE = 67) and women (M = 1304, SE = 70) performing
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comparably. There also was no difference in hemisphere,
F(1, 76) = 0.73, p = .40, with comparable response times
in the left (M = 1305, SE = 56) and right (M = 1268,
SE = 50) hemisphere. Finally, there was no significant
interaction between sex and hemisphere, F(1,76) = .35,
p = .56.

2.3.11. Paper folding analysis of variance: Accuracy data

Results of the 2 (hemisphere) � 2 (sex) mixed ANOVA
for accuracy data was consistent with the reaction time
data. There were no significant main effects or interactions,
as predicted. Specifically, there was no main effect of sex,
F(1, 76) = 2.44, p = .12, with men (M = .29, SE = .020)
and women (M = .33, SE = .021) demonstrating compara-
ble accuracy rates. There also was no difference in hemi-
sphere, F(1, 76) = 2.19, p = .14, with comparable accuracy
rates when the target was presented to the left (M = .32,
SE = .018) and right (M = .30, SE = .013) hemisphere.
Finally, there was no significant interaction between sex
and hemisphere, F(1,76) = .63, p = .43.

2.3.12. Paper folding analysis of covariance: Speed accuracy

tradeoff
Results of the analysis of covariance, with accuracy as

the covariate, suggested that the speed accuracy tradeoff
did not affect the outcome of the analyses. Specifically,
there was no main effect of hemisphere [F(1,75) = 0.84,
p = .36] or sex, [F(1,75) = 0.14, p = .71]. Additionally,
the sex by hemisphere interaction was not significant,
F(1, 75) = 0.01, p = .94).

2.4. Experiment 1 discussion

The hypotheses predicted a sex by task by hemisphere
interaction, which was not observed in either the reaction
time or accuracy data. However, when reaction time was
the dependent variable, task and hemisphere interacted;
specifically, a right hemisphere advantage was observed
on both of the mental rotation tasks and the Water Level
Task, but no hemisphere differences were observed on the
Paper Folding task. However, when accuracy was con-
trolled for, this effect was minimized, suggesting that these
findings, in part, may have been the result of a speed accu-
racy tradeoff. When accuracy was the dependent variable,
sex and task interacted. Specifically, men outperformed
women on the Water Level Task, but not on any of the
other three tasks.

Additional analyses were also conducted on each of the
tasks independently. On the two mental rotation tasks,
both reaction time and accuracy data revealed a linear pat-
tern as the angle of rotation increased, suggesting that par-
ticipants were mentally rotating the objects. Rilea et al.
(2004) did not observe a male advantage on the mental
rotation task, which was consistent with the current find-
ings. They also did not observe a right hemisphere advan-
tage. In the current study, a right hemisphere advantage
was observed, however when the accuracy rates were con-
trolled for, this difference was eliminated, suggesting that
the difference in hemisphere processing may have been
the result of a speed accuracy tradeoff. The pattern of data
for both the Water Level and Paper Folding tasks that
Rilea et al. observed was consistent with the pattern of per-
formance observed in the current study, and a speed accu-
racy tradeoff did not appear to be a factor in the outcome.
Specifically, participants responded more quickly on the
Water Level Task when the target was presented to the
right hemisphere relative to the left hemisphere. Addition-
ally, men outperformed women on the Water Level Task.
On the Paper Folding task, no sex or hemisphere differ-
ences were observed.

While the ability to interpret the mental rotation data is
minimized by the presence of a speed accuracy tradeoff, the
findings from Experiment 1 still suggest that the strategy
that participants used can not explain the lack of a right
hemisphere advantage in Rilea’s et al. (2004) study. Specif-
ically, these findings suggest that participants would not
spontaneously use a self-based perspective. Given that sex
differences were not observed in the current study, this
appears to be a relatively stable finding when presenting
human stick figures bilaterally on a mental rotation task.
Thus, a possible explanation is that the simplicity of the
stick figures may have not been sensitive enough to detect
sex differences.

3. Experiment 2

In Experiment 1, no sex differences were observed on the
mental rotation task, which was consistent with the results
from Rilea et al. (2004) who suggested that the simplicity of
the stick figures on the mental rotation task may account
for the lack of sex differences. The purpose of Experiment
2 was to examine the issue of stimulus complexity by hav-
ing participants complete two mental rotation tasks, one
task required participants to mentally rotate the human
stick figures used in Experiment 1; the second task required
participants to mentally rotate a meaningless polygon (see
Fig. 5).

3.1. Hypotheses

It was predicted that greater sex differences would be
observed with the more complex, polygon relative to the
human stick figure. Additionally, a right hemisphere
advantage would be observed for men with the polygon,
whereas no hemisphere differences would be observed for
women. Consistent with Rilea et al. (2004), it was predicted
that no sex and hemisphere differences would be observed
with the human stick figure.

3.2. Method

3.2.1. Participants
A total of 100 right-handed undergraduate students (50

men and 50 women) were recruited from psychology



Fig. 5. Presentation order and time course of the polygon mental rotation
task.
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courses at Christopher Newport University and received
extra credit for their participation. The data for two men
and four women were replaced because they performed at
chance level across the two tasks.

3.2.2. Materials and procedures

The materials and procedures were similar to Experi-
ment 1. Specifically, all participants were required to obtain
a laterality coefficient of +30 or higher on the Edinburgh
Handedness Inventory (Oldfield, 1971), indicating that
they were predominately right-handed, and none of the
participants wrote with their left hand. The procedure for
the human stick figure mental rotation task was identical
to Experiment 1, except that participants were not pro-
vided with specific instructions regarding how to rotate
the object.

For the polygon mental rotation task, participants com-
pleted 20 practice trials where they were asked to learn the
model stimulus (see Fig. 5), which was presented for
500 ms, followed by the fixation point for 500 ms. Finally,
the test figure was presented bilaterally for 100 ms. After
completing the practice trials, participants were required
to draw the stimulus from memory to ensure that they
had learned the shape of the polygon. If their depiction
of the polygon was incorrect, they repeated the practice tri-
als until they were able to correctly draw the object. As
with the human stick figures mental rotation, participants
were instructed to decide whether the stimulus was the
same as, or different than, the model stimulus. The experi-
menter emphasized that participants should not move their
head or eyes during the task, and that they should maintain
their focus on the center of the computer screen.
For the test trials, human stick figures, participants
completed 140 test trials with human stick figures as stim-
uli, with 28 trials at either 0, 45, 90, 135, or 180� from
upright. Participants also completed 120 test trials with
the polygons, with 24 trials at either 0, 45, 90, 135, or
180� from upright. As with Experiment 1, half of the trials
required ‘same’ responses and half of the trials required
‘different’ responses. Half of the target stimuli were pre-
sented to the left visual field (right hemisphere) and half
of the target figures were presented to the right visual field
(left hemisphere). Finally, half of the trials at 45, 90, and
135� were tilted to the left of upright and half were tilted
to the right of upright.

3.3. Results

In each of the conditions, each participant’s median
reaction time in milliseconds, for correct trials only, was
calculated across all trials. Then the mean and standard
error of the median reaction times were then calculated
for each condition. A 5 (degree) � 2 (stimulus) � 2 (hemi-
sphere) � 2 (sex) mixed analysis of variance was con-
ducted for reaction times of correct trials only, with
degree, stimulus, and hemisphere as within subject vari-
ables and sex as a between subject variable. Each of the
stimuli was also analyzed separately. In these analyses, a
5 (degree) � 2 (hemisphere) � 2 (sex) mixed analysis of
variance was also conducted, with degree and hemisphere
as within subject variables, and sex and a between subject
variable. Participants whose mean error rate was greater
than .35, or whose average reaction time was more than
three standard deviations from the mean, was removed
from all analyses; this resulted in data for 48 women
and 41 men.

3.3.1. Overall analysis of variance for reaction time data

There was a reliable difference between hemispheres,
F(1,87) = 4.41, p < .05, partial g2 = .05, with reaction times
being faster when the target was presented to the right hemi-
sphere (M = 1376, SE = 47) relative to the left hemisphere
(M = 1414, SE = 47). There was also a main effect of
degree, F(4, 87) = 37.31, p < .001, partial g2 = .30. This
effect was dominated by a linear trend [F(1, 87) = 63.95,
p < .001, partial g2 = .42], however the quadratic [F(1, 87) =
10.59, p < .01, partial g2 = .11] and cubic trends
[F(1,87) = 5.63, p < .05, partial g2 = .06] were also signifi-
cant. The main effect of degree was qualified by a degree
by stimulus interaction, F(4,87) = 5.06, p < .01, partial
g2 = .06 (see Fig. 6). This interaction consisted of a qua-
dratic [F(1,87) = 7.44, p < .01], partial g2 = .08 and linear
trend [F(1,87) = 6.53, p < .05, partial g2 = .07). Post-hoc
analyses revealed that participants took longer to respond
to the stick figure at 180� (M = 1703, SE = 79) relative to
the polygon (M = 1514, SE = 65). There were no other dif-
ferences in reaction time at any of the other degrees of rota-
tion. None of the other main effects or interactions was
significant.



Fig. 6. Reaction time data for angle of rotation by stimulus.
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3.3.2. Overall analysis of variance for accuracy data

A reliable sex difference in accuracy was observed,
F(1, 87) = 6.71, p < .05, partial g2 = .07, with men making
fewer errors (M = .12, SE = .015) relative to women
(M = .18, SE = .014). A reliable difference for stimulus
type was also observed, F(1, 87) = 73.23, p < .001, partial
g2 = .46, with more errors being committed when rotating
the polygons (M = .23, SE = .018) relative to the stick fig-
ure (M = .07, SE = .008). There was also a main effect of
degree, F(4, 87) = 6.45, p < .001, partial g2 = .07, which
consisted of a linear [F(1,87) = 10.08, p < .01, partial
g2 = .10] and cubic trend [F(1, 87) = 6.78, p < .05, partial
g2 = .07]. Additionally, there was a significant interaction
between task and sex, F(1, 87) = 4.75, p < .05, partial
g2 = .05. Post-hoc analyses revealed that when mentally
rotating the stick figures, there were no differences in accu-
racy rates between men (M = .06, SE = .012) and women
(M = .07, SE = .009), t(87) = 0.76, p = .45. However,
when mentally rotating the polygon, men (M = .18,
SE = .023) committed fewer errors relative to women
(M = .28, SE = .024), t(87) = 2.59, p < .05. None of the
other main effects or interactions was significant.

3.3.3. Overall analysis of covariance: Speed accuracy

tradeoff

To evaluate the possibility of a speed accuracy tradeoff,
an analysis of covariance was conducted, with reaction
time as the dependent variable and accuracy as the covar-
iate. A main effect of degree was still observable, F(4, 86) =
9.68, p < .001, partial g2 = .10, which was dominated by a

linear trend [F(1, 86) = 29.99, p < .001, partial g2 = .26],
but the quadratic trend was also significant [F(1, 86) =
6.41, p < .05, partial g2 = .07]. However, the main effect

of hemisphere was no longer present, F(1,86) = 0.57,
p = .45, partial g2 = .01. In addition, the stimulus by
degree interaction was no longer significant, F(4, 86) =
1.42, p = .23, partial g2 = .02.
3.3.4. Analysis of variance for reaction time data of mental

rotation of stick figures

There was a main effect of degree, F(1,87) = 21.54,
p < .001, partial g2 = .20, which consisted of a significant lin-
ear [F(1,87) = 36.04, p < .001, partial g2 = .29] and qua-
dratic trend [F(1,87) = 10.40, p < .01, partial g2 = .11].
None of the other main effects or interactions was significant.

3.3.5. Analysis of variance for accuracy data of mental

rotation of stick figures

The pattern of data for accuracy was consistent with the
reaction time data when mentally rotating stick figures. Spe-
cifically, there was a main effect of degree, F(1,87) = 8.94,
p < .001, partial g2 = .09, which was made up of a linear
[F(1,87) = 15.29, p < .001, partial g2 = .15] and cubic trend
[F(1,87) = 6.35, p < .05, partial g2 = .07]. None of the other
main effects or interactions was significant.

3.3.6. Analysis of covariance for mental rotation of stick

figures: Speed accuracy tradeoff

When error rate was identified as a covariate, the pattern
of performance on the stick figures did not change. Specif-
ically, a main effect of degree was still present, F(4, 86) =
5.91, p < .001, partial g2 = .06, which consisted of a linear
[F(1,86) = 14.13, p < .001, partial g2 = .14) and quadratic
trend [F(1, 86) = 5.35, p < .05, partial g2 = .06].

3.3.7. Analysis of variance for reaction time data of mental

rotation of polygons

There was a main effect of degree, F(4,87) = 20.43,
p < .001, partial g2 = .19, which was made up of a linear
trend [F(1, 87) = 44.88, p < .001, partial g2 = .34). There
was also a sex by hemisphere interaction, F(1,87) = 4.53,
p < .05, partial g2 = .05. Post-hoc tests revealed no differ-
ence in reaction times between the left hemisphere
(M = 1467, SE = 82) and right hemisphere (M = 1476,
SE = 91) in for women, t(47) = 0.33, p < .74. However,
reaction times were faster for men when the target was pre-
sented to the right hemisphere (M = 1261, SE = 62) rela-
tive to the left hemisphere (M = 1329, SE = 70), t(40) =
2.93, p < .01. None of the other main effects or interactions
was significant.

3.3.8. Analysis of variance for accuracy data of mental

rotation of polygons

A 5 (degree) � 2 (hemisphere) � 2 (sex) mixed analysis
of variance was also conducted on mean accuracy rates.
There was a main effect of sex, F(1,87) = 6.72, p < .05, par-
tial g2 = .07, with men making fewer errors (M = .18,
SE = .026) relative to women (M = .28, SE = .026). There
was also a significant degree by hemisphere interaction,
F(1, 87) = 3.52, p < .01, partial g2 = .04, which consisted
of a cubic trend [F(1, 87) = 10.36, p < .01, partial
g2 = .11]. Post-hoc analyses revealed a significant difference
at 135�, t(88) = 3.53, p < .01, with error rates lower when
the target was presented to the left hemisphere (M = .21,
SE = .023) relative to the right hemisphere (M = .29,



178 S.L. Rilea / Brain and Cognition 67 (2008) 168–182
SE = .024). No hemispheric differences were observed at
any of the other rotations. None of the other main effects
or interactions was significant.

3.3.9. Analysis of covariance of mental rotation of polygons:

Speed accuracy tradeoff
An analysis of covariance, with accuracy as the covariate,

was conducted on reaction time data for the mental rotation
of polygons. There was a main effect of degree,
F(4, 86) = 4.23, p < .01, partial g2 = .05, which consisted of
a linear trend [F(1,86) = 56.64, p < .001, partial g2 = .39].
In addition, the sex by hemisphere interaction remained,
F(4, 86) = 4.14, p < .05, partial g2 = .05.

3.4. Discussion of Experiment 2

The hypotheses for Experiment 2 predicted a three-way
interaction between sex, hemisphere, and task; this was not
observed in the current study. However, when looking at
accuracy data, task and sex did interact, with no sex differ-
ences when mentally rotating human stick figures, and a
male advantage when rotating the polygon.

Each of the stimuli was also analyzed independently.
Consistent with the predictions, no sex or hemisphere dif-
ferences were observed when participants mentally rotated
the stick figure. Additionally, there was no sex by hemi-
sphere interaction with the stick figures. However, it is
not clear why a right hemisphere advantage was observed
in Experiment 1 when rotating human stick figures, but
not in Experiment 2. Rilea et al. (2004) also did not observe
a right hemisphere advantage. Thus, it is unclear at this
time whether the right hemisphere advantage observed in
Experiment 1 is an anomaly, or if the addition of strategy
instructions may have somehow influenced hemispheric
processing.

Evaluation of the data when the polygons were men-
tally rotated, the hypotheses were also supported. Specif-
ically, when evaluating the reaction time data, the sex by
hemisphere interaction was significant, with men showing
a right hemisphere advantage and women showing no dif-
ferences in hemisphere processing. Although no sex differ-
ences were observed in the reaction time data, when
evaluating accuracy, men did make fewer errors when
mentally rotating polygons relative to women. This pat-
tern of data remained when accuracy rates were con-
trolled for, suggesting that speed accuracy tradeoff was
not a factor.

These findings were consistent with the hypothesis pro-
posed by Rilea et al. (2004), suggesting that the lack of
sex differences in their study was the result of the simplicity
of the human stick figure. Additionally, the findings from
Experiment 2 further demonstrate the stability of the lack
of sex differences when using stick figures as stimuli on a
mental rotation task. Had Rilea et al. used a more complex
stimulus relative to the human stick figure, it may have
increased the likelihood of detecting sex difference on the
mental rotation task.
4. General discussion

The purpose of the current study was to evaluate Rilea
et al.’s (2004) lateralization of function approach. While
their findings partially supported the hypotheses, they iden-
tified several methodological concerns. They also identified
the lack of overall hemisphere and sex differences on the
mental rotation task as being significant limitations in their
ability to draw strong conclusions about the lateralization
of function hypothesis. Thus, Experiment 1 in the current
study was a replication which addressed some of the meth-
odological issues, and evaluated whether the lack of hemi-
sphere differences on the mental rotation task was the
result of participants using an object-based or self-based
perspective to complete the task. Experiment 2 evaluated
whether the lack of sex differences on the mental rotation
task was the result of the simplicity of the stimulus.

4.1. Hemisphere processing and strategy use

In order to ascertain whether strategy use could explain
the lack of hemisphere differences on the mental rotation
task, as proposed by Rilea et al. (2004), participants from
Experiment 1 were instructed to use either an object-based
or self-based perspective to complete the task. Inconsistent
with the predictions, a right hemisphere advantage was
observed, regardless of the strategy instructions. One possi-
ble explanation may be the increase in the number of test
trials on the mental rotation task. Rilea et al. (2004) had
participants complete 40 test trials, relative to Experiment
1, where participants completed 256 test trials. This increase
may have led to a reduction in variability, making it easier
to detect hemisphere differences. However, this explanation
may not be able to account for the lack of hemisphere dif-
ference when rotating human stick figures in Experiment
2, where participants completed 140 test trials. These find-
ings make it less plausible that the increase in trials led to
a different pattern of performance for hemisphere.

A second possible explanation for this unexpected result
may be that participants did not follow instructions. There
is some evidence to indicate that this may have occurred.
First, Zacks and his colleagues (1999, 2000) suggested that
self-based and object-based rotations relied on separate
neural systems, leading to a left hemisphere advantage
when completing self-based rotations and a right hemi-
sphere advantage when completing object-based rotations.
Given that participants in Experiment 1 showed a right
hemisphere advantage when using a self-based perspective,
it is possible that they were using the object-based perspec-
tive, even when instructed otherwise. Second, reaction time
data for self-based rotations were longer than object-based
rotations suggesting that participants may have found the
self-based rotations more difficult. Thus, some individuals
may have reverted to the easier object-based rotations.
Additional evidence suggesting that participants did not
use a self-based perspective was the lack of a task by degree
interaction. Participants mentally rotated the object



Fig. 7. Reaction time data for angle of rotation by sex.

Fig. 8. Reaction time data for angle of rotation by sex.

S.L. Rilea / Brain and Cognition 67 (2008) 168–182 179
regardless of instructions. However, a linear increase in
reaction time as the angle of rotation increases when using
the self-based perspective is not consistent with previous
research (Zacks et al., 2000), where no linear increase was
observed.

It is unknown at this point, why a right hemisphere
advantage was observed when rotating the stick figures in
Experiment 1. This was not observed in Experiment 2 or
by Rilea et al., and may simply represent an anomaly.
The only significant difference between Experiment 1 and
the other two studies was the inclusion of strategy instruc-
tions, although it is unclear how this may have led to a
right hemisphere advantage.

However, the simple addition of instructions may have
led to changes in reaction time, regardless of the instruc-
tions or actual strategy used. Specifically, the reaction time
data observed by Rilea et al. (2004) suggested that the
Paper Folding task was the most difficult, with the longest
reaction times. In the current study, reaction times were
longer on the mental rotation task, relative to the Paper
Folding task. The increase in reaction time may have
resulted from participants requiring additional time to pro-
cess the instructions prior to rotating the object. In general,
while the manipulations of instructions may not have been
successful in assessing hemispheric processing of these two
strategies, these findings do suggest that participants in
Rilea’s study et al. (2004) were unlikely to have spontane-
ously used a self-based perspective when instructions were
not provided. Given this, it is doubtful that strategy use
could account for the lack of hemisphere differences
observed by Rilea et al. on the mental rotation task.

4.2. Sex Differences and stimulus complexity

Rilea et al. (2004) suggested that the lack of sex differ-
ences on the mental rotation task occurred because the
human stick figures were too simplistic to discriminate dif-
ferences in performance between men and women. Experi-
ment 2 tested this idea by manipulating the stimulus type:
A human stick figure or a meaningless polygon. The cur-
rent findings indicated that complexity of the stimulus
may have been a factor in the lack of observed sex differ-
ences by Rilea et al. In the current study, when human stick
figures were used, no sex differences were observed. How-
ever, when participants rotated the polygon, sex differences
were observed in accuracy, with men outperforming
women. Given this, the findings of the current study sug-
gest, as proposed by Rilea et al., that the simplicity of
the stimulus may have contributed to the lack of observed
sex differences on the mental rotation task. However, one
limitation to this interpretation is that, while there is face
validity to support the idea that the polygon is more com-
plex relative to the stick figure, there is only post-hoc evi-
dence from the accuracy data to support this claim; more
errors were made when rotating the polygon relative to
the human stick figures. In addition, the higher error rates
when rotating the polygon may be the result of a speed
accuracy tradeoff, with reaction times for polygons being
faster than reaction times for human stick figures.

Another possible explanation is that sex differences
occurred during the initial stage of encoding and not dur-
ing the rotation process. Specifically, angle of rotation
did not interact with sex, limiting the conclusions that sex
differences occur during the rotation process. Just and Car-
penter (1985) suggested there were three steps to complete
the mental rotation task: Search (or encoding), rotation,
and confirmation. When they separated participants based
on spatial ability, they found that individuals with low spa-
tial ability had a higher y-intercept on reaction time data
relative to the high spatial ability group. Just and Carpen-
ter suggested that participants with low spatial ability used
a piecemeal approach, which required them to search for
matching characteristics of the figure during the initial
encoding stage; a step that was not necessary when using
a holistic approach. A similar pattern emerged in the cur-
rent data in both Experiment 1 (see Fig. 7) and Experiment
2 (see Fig. 8). Specifically, women had a higher intercept
relative to men. If women were more likely to use a piece-
meal approach, they may have spent more time searching
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for matching characteristics relative to men who rotated
the object holistically.

Along a similar vein, Smith and Dror (2001) found that
participants were more likely to use a piecemeal approach
when rotating meaningful stimuli and a holistic approach
when rotating meaningless stimuli. They suggested that it
was more difficult to use a piecemeal approach with mean-
ingless stimuli because the individual pieces did not make
up any meaningful object, making it more difficult to put
back together. This explanation is supported by the faster
reaction times at the y-intercept for the polygons relative
to human stick figures. This, combined with research sug-
gesting that women were more likely to use a piecemeal
approach when completing mental rotation tasks and
men were more likely to use a holistic approach, suggests
that women may have taken longer because they used the
less efficient piecemeal approach. A second possible expla-
nation may be that women were presented with a meaning-
less stimulus which required them to use a holistic strategy,
a strategy that they have less experience using, requiring
greater mental effort.

Hegarty and Waller (2004, see also Kozhevnikov &
Hegarty, 2001) suggested that participants complete spatial
tasks using either a mental rotation strategy or a perspec-
tive-taking strategy (e.g., imagining how an environment
looks from a different angle). This difference in strategy
may also explain why rotation rates were faster for the
polygon relative to the human stick figures in Experiment
2 (see Fig. 6). Participants may have been relying on a men-
tal rotation strategy for the polygons and a perspective-
taking strategy when rotating human stick figures. Addi-
tional evidence to support this explanation is observed in
reaction time differences at the y-intercept, or during the
encoding stage. Initial encoding may require a different
amount of time to generate a strategy based on the stimu-
lus presented. Conversely, the findings from Experiment 1
suggested that it was unlikely that participants would spon-
taneously use a self-based or perspective-taking strategy
when mentally rotating human stick figures.

4.3. Lateralization of function approach

The findings from the current suggest that if Rilea et al.
(2004) had used a more complex stimulus on the mental
rotation task, it may have increased the likelihood that
sex differences would have been observed, providing stron-
ger support for their lateralization of function hypothesis.
Specifically, when the more complex polygon was rotated,
men were more accurate relative to women. Although a
main effect of hemisphere was not observed, the sex by
hemisphere interaction was significant, showing greater
right hemisphere processing in men and greater bilateral
processing in women, as predicted. This interaction pro-
vides support for the lateralization of function hypothesis.
This hypothesis also predicts that no sex differences would
be observed on the Paper Folding task, because it is pro-
cessed bilaterally. The findings from the current study
and Rilea et al.’s research, support this prediction. There-
fore, the findings from these two tasks provide additional
support for the lateralization of function hypothesis.

However, there are some findings that the lateralization
of function hypothesis cannot explain. In particular, the lat-
eralization of function hypothesis would predict a task by
sex by hemisphere interaction, which was not observed in
the current study. Additionally, the pattern of performance
observed in Experiment 1 of the current study and by Rilea
et al. on the Water Level Task, does not fit the pattern pre-
dicted by this hypothesis. Specifically, in spite of the fact
that women processed the task more efficiently in the right
hemisphere, a male advantage was still observed. If greater
right hemisphere lateralization for spatial tasks did lead to
better performance, women should have performed equiva-
lently to men, yet this was not observed.

4.4. Summary

The findings from the current research suggest that
hemisphere organization may be a factor in explaining
the different pattern of performance for men and women
across the different types of spatial tasks, yet there are
likely other contributing factors. Additionally, the laterali-
zation of function hypothesis may explain sex differences
on some measures of spatial ability, but not others. For
example, while the lateralization of function hypothesis
may be supported by the findings in Experiment 2 of the
current study, it cannot account for sex differences on the
Water Level Task. These findings also support the notion
that spatial ability is indeed a multi-dimensional construct.

Milivojevic, Johnson, Hamm, and Corballis (2003) sug-
gested that as the complexity of the spatial task increased,
the need to recruit additional resources from the left hemi-
sphere also increased. This hypothesis may explain the dif-
ferent pattern of hemispheric processing for men and
women across different types of spatial tasks. Specifically,
women may find many spatial tasks more difficult, thus they
may need to recruit additional resources from the left hemi-
sphere more frequently, relative to men, leading to more
bilateral processing of spatial tasks. However, this hypothe-
sis cannot account for why women need to recruit additional
resources to complete the spatial task in the first place.

There are some considerations that are important to bear
in mind when interpreting the findings from the current
research. First, overall sex differences are not as frequently
observed in divided field studies (Fischer & Pellegrino, 1988;
Voyer & Bryden, 1990), relative to whole field studies
(Voyer et al., 1995). Additionally, the current study only
utilized a small number of the available spatial tasks; one
task from each type of spatial process was selected. Thus,
these findings are limited to these specific tasks. Finally,
there is evidence to suggest that sex differences on the men-
tal rotation task may be the result of encoding differences
relative to differences in rotation processes. Future research
needs to examine the role of hemispheric processing on sex
differences across other spatial measures. Additionally,
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future research should examine hemispheric processing in
men and women across the different types of spatial tasks
using different methodologies, such as imaging studies.

Rilea et al. (2004) attempted to explain why a different
pattern of performance for men and women emerged
across the different types of spatial ability. The findings
from the current study continued to examine spatial ability
as a multi-dimensional construct with the understanding
that there are several factors that likely contribute to the
pattern of sex differences. These findings support the idea
that hemispheric processing of the task and the extent to
which a person is right-hemisphere lateralized for process-
ing spatial information are factors that contribute to sex
differences. Additionally, strategy selection on the mental
rotation task may also be a factor. It is likely that the strat-
egy selected is, in part, determined by specific aspects of the
stimulus type, including complexity and meaningfulness.
Finally, these findings suggest that task complexity and
the necessity recruiting resources from the left hemisphere
to complete the task, may also play a role. Specifically,
women may need to recruit additional resources from the
left hemisphere more frequently than men when completing
spatial tasks. Further research is needed to assess the inter-
action of strategy use and hemispheric processing on per-
formance of spatial tasks in men as women.
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