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Abstract

Several tests of mental rotation ability have been used to investigate its development and the origins of sex differences. One
of the most used tests is the mental rotation test (MRT) by Vandenberg and Kuse. A limitation of the MRT is that it is a
pen-and-paper test with 2D images of 3D objects. This is a challenge to the ecological validity of the MRT because mental
rotation typically involves physical 3D objects that are also physically manipulated. The purpose of the present study was
to compare mental rotation ability as evaluated by the MRT to three new tasks with physical objects (toy bricks) that were
physically manipulated. The different tasks allowed us to vary the processing demands on mental rotation while standard-
izing other aspects of the tasks. Fifty-nine females and twenty-eight males completed the LMR and HMR conditions (low-
and high-mental rotation demands, respectively) of the brick building task (BBT), a visual search task, and the MRT. As
demands on mental rotation for the BBT increased, performance decreased and a sex difference, with males outperforming
females, increased. There were correlations between all tasks, but they were larger between the versions of the BBT with the
MRT. The results suggest that spatial skill is an assembly of interrelated subskills and that the sex difference is sensitive to
the demands on mental rotation and dimensionality crossing. The benefits of the BBT are that it is ecologically valid, avoids
dimensionality crossing, and the demands on mental rotation can be manipulated.

Keywords Spatial skills - Mental rotation ability - Spatial tasks - Sex difference

Introduction of a car or a suitcase; by analyzing the object’s properties
(i.e. size and shape), we can determine whether the object

Spatial ability “refers to the skill in representing, transform-  will fit in a particular space. Spatial perception is described

ing, generating, and recalling symbolic, nonlinguistic infor-
mation” (Linn and Petersen 1985, p. 1482). Spatial skill is
not a solitary function but rather an assemblage of specific
skills (Voyer, Voyer and Bryden 1995). These skills have
been classified across the literature into three main con-
structs: spatial visualization, spatial perception, and men-
tal rotation. Spatial visualization is defined as the ability
to mentally manipulate spatial information that requires a
multistep, analytical process (Linn and Petersen 1985). This
ability, for example, allows us to meticulously pack the trunk
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as the ability to navigate our environment and orient our
bodies accordingly, regardless of the variety of distractors
situated around us (Linn and Petersen 1985; Voyer et al.
1995). This ability is important when reaching for objects
in the visual field and to adjust our gaze accordingly (Kolb
and Wishaw 1985). When picking up a glass of wine, for
example, spatial perception helps us locate the glass and
stay on target regardless of other objects around it. Lastly,
mental rotation is the ability to imagine what a two- or three-
dimensional figure would look like when rotated (Kolb and
Wishaw 2000). This ability is used when seeing vehicles in
a rear-view mirror to understand where they are with respect
to the driver. Mental rotation has been extensively assessed
by the Shepard and Metzler test (Shepard and Metzler 1971;
Peters and Battista 2008). This paper-based test (which by
nature is two dimensional) uses perspective views of two
three-dimensional figures and measures the time to deter-
mine whether the two simultaneously presented figures with
different orientations are of the same three-dimensional
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shape (Shepard and Metzler 1988). Figure 1 shows the men-
tal rotation task (MRT) by Vandenberg and Kuse (1978)
(Peters, Laeng, Latham, Jackson, Zaiyouna and Richardson
1995), a variant of the Shepard and Metzler test. The MRT
is the most widely used test to assess mental rotation skill.

A challenge with the MRT is its ecological validity; it is a
pen-and-paper task, whereas most mental rotation activities
of daily living are combined with physical interactions of
three-dimensional (3D) objects. Thus, it may be beneficial
to evaluate mental rotation skill using familiar 3D objects,
and even more beneficial if these objects are manipulated.

Some researchers have adapted the images from the
paper-based mental rotation task to look more like 3D
objects using virtual reality (Parsons, Larson, Kratz, Thie-
baux, Bluestein, Buckwalter et al. 2004) or augmented real-
ity (Neubauer, Bergner and Schatz 2010; Arendasy, Som-
mer, Hergovich, Feldhammer 2011). Moreover, a few studies
have compared paper-based mental rotation tasks to their 3D
analogs (e.g., McWilliams et al. 1997; Robert and Chevrier
2003, Felix et al. 2011; Hawes, LeFevre, Xu and Bruce
2015). For the MRT, the paper-based task was compared to
a version of the task where all the stimuli were transformed
into 3D by gluing wood cubes together. The common find-
ing from the virtual/augmented reality and 3D object stud-
ies is that performance improves when the stimuli are 3D.
The mechanism behind this improvement with 3D requires
further exploration. The dimensionality-crossing hypothesis
(Horan and Rosser 1984) is one explanation for the improve-
ment when using 3D objects instead of paper-based tests.

The dimensionality-crossing hypothesis (Horan and
Rosser 1984) assumes that the representation of an object
with a depth component must be formed as a 3D mental
image before it can be mentally rotated. In the MRT, this
implies that the paper-based representation of the figures
must be transformed from a 2D representation to a 3D men-
tal image. In other words, additional perceptual processing is
required to cross dimensions. Performance is improved when
3D objects with real depth cues are used because the addi-
tional processing to cross dimensions is obviated (McWil-
liams et al. 1997; Parsons et al. 2004; Neubauer et al. 2010;
Felix et al. 2011). This may also be the case with the more
salient depth cues with virtual or augmented reality (Parsons
et al. 2004; Neubauer et al. 2010).

The aforementioned studies showed improved mental
rotation performance when the ecological validity of the
task was increased with 3D objects. In the current study,
we hypothesized that assessment of mental rotation ability
would improve by further increasing the ecological validity
by introducing 3D objects that require manipulation (see
Figs. 2 and 3). To our knowledge, our lab has developed the
only mental rotation task that involves manipulation of 3D
objects (de Bruin et al. 2016); specifically, Lego® bricks. We
refer to this task as the Brick Building Task (BBT). This task
required the participant to duplicate a brick model from an
assortment of bricks. Spatial visualization is used to identify
the matching bricks (i.e., shape and size), spatial percep-
tion is used when searching and reaching for the correct
brick among a multitude of distractors, and mental rotation
is used to determine how each brick should be placed. All
these skills work simultaneously to accurately duplicate the
model. The models from the test vary in spatial complex-
ity, with a low-mental rotation demand condition (LMR;
their configuration allows for an understanding of the model
from a front view) and a high-mental rotation demand con-
dition (HMR; their configuration can only be understood

(@)

(b)

Fig.2 a LMR condition of the brick building task models (low-men-
tal rotation requirements). b HMR conditions of the brick building
task models (high-mental rotation requirements). Note that both sets
of models contained the same number of identical bricks
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Fig. 1 The mental rotation task (MRT; Vandenberg and Kuse 1978). A target figure on the left is compared to four figures on the right. The par-
ticipant attempts to identify the two figures that match the target. The second and third figures match the target figure in this example
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Fig.3 Set-up of the bricks at the start of the first trial. Sixty unique
bricks were pseudo-randomly placed on the table with thirty to the
left of the participant and thirty to the right. A model is placed in
front of the participant and they are asked to replicate it (LMR or
HMR model), or to find the bricks in the model (visual search task) as
quickly and accurately as possible. One of the LMR models is shown
in front of the participant. Consent was obtained from the participant
for use of this image for publication

when viewed from different angles). All participants from
that study took longer to replicate the HMR models, even
though the models were built with exactly the same num-
ber and type of bricks as the LMR models (de Bruin et al.
2016). This finding indicates that the increase in time when
building the HMR models was related to the higher level
of spatial complexity (higher demands on mental rotation)
featured in those models. Another finding of de Bruin et al.
(2016) was the presence of sex differences with males out-
performing females, although this was in a small sample of
participants (n =24 young adults).

The finding of sex differences by de Bruin et al. was not
surprising given that the largest sex difference in cogni-
tive function has been found in visuospatial abilities (Linn
and Petersen 1985), with mental rotation skill showing the
largest sex effect. Using the MRT, researchers have con-
sistently found sex differences in humans (Vandenberg and
Kuse 1978; Peters 2005). A meta-analysis supported that
males are better than females at mental rotation tests (mean
weighted Cohen’s d=0.56; Voyer et al. 1995). Although,
various theories have emerged to explain the origin and
development of sex differences, one well-investigated
hypothesis is related to the differential exposure to sex hor-
mones by males and females.

It has been shown that sex hormones affect brain cell
structure and function (Kolb and Whishaw 2003; Kolb
and Gibb 2011; Wierenga et al. 2018), including cells in
regions that support visuospatial cognition (e.g., Kolb and
Whishaw 2003; Becker et al. 2008; Gurvich, Hoy, Thomas
and Kulkarni 2018). Natural occurring hormonal disorders
(e.g. Congenital Adrenal Hyperplasia-CAH [Puts, McDan-
iel, Jordan and Breedlove 2008] and Hypogonadotropic
Hypogonadism- IHH [Hier and Crowley 1982]), natural
hormonal changes (e.g., puberty [Waber 1976; Beltz and
Berenbaum 2013], menstrual cycle [Hausmann, Slabbe-
koorn, Van Goozen, Cohen-Kettenis and Gunturkun 2000;

Hampson, Levy-Cooperman and Korman 2014], older adult-
hood [Janowsky 2006]) and induced hormonal changes (i.e.,
hormonal medications [Beltz, Hampson and Berenbaum
2015]) show strong evidence to support this hypothesis.
High levels of testosterone often lead to better performance
on spatial tasks and vice versa; high levels of estrogen often
lead to worse performance on spatial tasks and vice versa.

Sex differences in spatial abilities, however, have been
widely assessed using paper-based tasks. The results of the
few studies that have used 3D tests to investigate sex differ-
ences in mental rotation are mixed. Some have found that
males are better than females (de Bruin et al. 2016 young
adults; Felix et al. 2011; Hawes et al. 2015), whereas others
have not found sex differences (Robert and Chevrier 2003;
Mc.Williams et al. 1997). Although both males and females
have shown improvements in performance in 3D tasks com-
pared to paper-based tasks (McWilliams et al. 1997; Robert
and Chevrier 2003; Felix et al. 2011), the disappearance of
sex differences in some studies using 3D tasks could sug-
gest that females may benefit the most from being assessed
with 3D tasks. Likewise, females may also benefit the most
from assessment with 3D objects that require manipulation.

The purpose of the present study was to investigate spatial
abilities using 3D tasks in female and male participants. For
this, participants completed the two versions of the brick
building task (LMR and HMR) and a visual search task.
Performance in these 3D visuospatial tasks was compared
to that of the commonly used paper-based MRT. This is
important as it is yet not clear to what extent 3D mental
rotation tasks are measuring similar cognitive processes as
paper-based mental rotation tests. The comparison would be
relevant to researchers, as the 3D tasks would offer unique
advantages over the paper-based tests. The 3D tasks used in
this study, require real-world manipulation of objects, mak-
ing it more comparable to our everyday environment where
we are not only mentally rotating objects but also physi-
cally manipulating them to position them appropriately in
our environment.

Materials and methods
Participants

Eighty-seven university students participated in the study
(28 males and 59 females). Female participants were further
divided into two groups, those using hormonal medication
(females-ON, n=29) and those without it (females-OFF,
n=230). This was done because previous literature has argued
that sex differences are driven by hormonal levels (Haus-
mann et al. 2000; Hampson et al. 2014; Hampson 2018).
Participants were healthy students from the University of
Lethbridge, who received course credits for participating.
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They were recruited through the Psychology Department,
using participant management software (Sona Systems). The
experiment was approved by the University of Lethbridge
Human Subject Research Committee and participants were
asked to read and sign an informed consent form.

Tasks

Participants completed four tasks: the LMR and HMR condi-
tions (low- and high-mental rotation demands, respectively;
Fig. 2a, b) of the brick building task, a visuospatial search
task, and the MRT (Fig. 1). The LMR and HMR conditions
consisted of three trials each. Each trial involved duplicating
a 12-brick model. At the beginning of the task, sixty unique
bricks were pseudo-randomly placed in front of the partici-
pant with thirty bricks on the left side and thirty bricks on
the right side of the participant (Fig. 3). The LMR and HMR
models consisted of identical number and type of bricks,
the only difference was in the configuration of the model
(Fig. 2a, b). The configuration of the models in the LMR
condition allowed for an understanding of the entire model
from a front view (i.e., a “flat” configuration), removing the
need to physically manipulate them. Conversely, the configu-
ration of the models on the HMR condition could only be
understood when viewed from different angles, necessitat-
ing physical manipulation of the models. The visual search
task used the same set up and models as those used for the
LMR. The difference was that participants looked on the
table for the 12 bricks that composed the model and placed
those pieces into a bowl [without duplicating (i.e., building)
the model]. The MRT consisted of two sets of 12 problems
each. Each problem had five stimuli (Fig. 1). Within each
problem, there was a target stimulus and the participant’s
job was to find the fwo of the four stimuli that matched the
target. The order of the four tasks was counterbalanced for
each participant, and the order of the trials within each task
was randomized.

Procedure

For the brick building task, participants were seated in front
of a table facing the middle of the brick display (Fig. 3). The
participants were instructed to build an exact replica of the
model (LMR or HMR) located in front of them using the
bricks placed on the table; they were told the time to com-
plete each model was going to be recorded, so to build the
models as quickly and also as accurately as possible. They
were told they could move or rotate the model as needed
to investigate it. Additionally, they were told to start at the
“g0” signal and to say “done” when they were finished. For
the visual search task, the participants were instructed to
look for the bricks that made up the LMR model and place
them in the container located in front of them as quickly and
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accurately as possible. For the paper-based MRT, partici-
pants were instructed to choose (by circling or crossing) the
two out of the four options that matched the target stimuli.
They were given a three-minute time limit for each set (each
set had 12 problems, Fig. 1 shows an example of one of the
problems) with a three-minute rest in between the two sets.
At the end of the tasks, participants were asked to fill out two
questionnaires. The first questionnaire asked participants
about their experience with Lego: Q1) first age at which they
had begun playing with Lego (“To the best of your memory,
what is the earliest age you remember playing with Lego?”),
Q2) frequency using bricks for building (e.g., “how many
times do you manipulate Lego (or similar) in a week”) on
a scale from 1-10 (1 being no manipulation, and 10 being
daily manipulation), Q3) comfort using bricks for building
(e.g., “how comfortable are you at manipulating Lego (or
similar)” on a scale of 1-10 (1 being not comfortable and
10 being completely comfortable). The second questionnaire
asked the participants’ handedness, a modified version of
the Waterloo and Edinburgh was used (Stone, Bryant and
Gonzalez 2013). In addition, the consent form included a
question regarding the participant’s use of hormonal medica-
tion: “Are you on any medication that affects your sex hor-
mones (estrogen, progesterone, testosterone); for example,
oral or injection birth control, hormonal intrauterine device
(hormonal IUD), hormonal replacement therapy”?

Data analysis

For the LMR-, HMR models, and visual search task, the
total amount of time taken to build or collect the bricks for
each trial was registered from the “go” signal of the experi-
menter to the “done” signal of the participant. The mean
time for the three trials was calculated for each task (LMR,
HMR, visual search). Additionally, we explored the relative
increase in difficulty from the LMR to the HMR condition
across groups (HMR/LMR X 100). To do this, the percent
increase in the mean time to build the models in the HMR
condition compared to the LMR condition was calculated.
Specifically, mean time in the HMR condition was divided
by the mean time of the LMR condition and then multi-
plied by 100 (to be expressed in percentage). Exploring this
is useful when discriminating between demand for mental
rotation from that of motor speed or visual search. The num-
ber of correct responses for the MR score was calculated as
a percent: the sum of only the problems in which the two
answers were correct across the two sets of 12 problems
were divided by the maximum score of 24 points (Vander-
berg and Kuse 1978; Peters et al. 1995) and then multiplied
by 100. The relationship among all tasks was examined with
correlations (Pearson’s r); specifically, the participants’ per-
formance (time and/or score) on each task were correlated
with all the other tasks. Sex differences were investigated
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with a one-way ANOVA for each task. Significant main
effects were analyzed with post-hoc comparisons, and the
familywise error rate was controlled with the Bonferroni
correction. The alpha level for all comparisons was 0.05.

Results

As the intake of hormonal medication is known to affect
sex hormone levels and spatial ability, we initially divided
females into two groups (females-ON and females-OFF).
There were no significant differences between the two
groups in any of the tasks. Therefore, all females were
collapsed into a single group (n=359) for the rest of the
analyses.

Correlation analysis

Significant correlations were found between all depend-
ent variables (Table 1). The largest correlation, unsur-
prisingly, was between the LMR times and HMR times
(r=0.64). The smallest correlation had a medium effect size
and was between the visual search times and MRT scores
(r=— 0.26). Noteworthy, the correlation between HMR
times and MRT scores (r=— 0.48) was higher than between
LMR times and MRT scores (r=— 0.37).

Sex differences

The grand mean scores and group mean scores are shown
in Table 2. There was a significant main effect of sex for
LMR times (F(; 46y=7.4, p<0.001, 7*=0.08), HMR
times (F(]’86)= 14.9, p<0.001, 172=0.15), and MRT score
(F86=14.7,p<0.001, n*=0.15). Males had shorter LMR
and HMR times than females, they also scored significantly
higher on the MRT. There was no main effect of sex in the
ratio (HMR/LMR X 100) measurement (F(; g5,=2.3, p>0.1,
7*=0.03), and no main effect of sex in visual search time
(F186=2.7.p>0.1,7*=0.03).

Table 1 Correlation table for all the dependent variables

Visual Search LMR time HMR time MRT

Visual Search  1.00 0.547%* 0.527%* —0.26*
R? 0.29 0.27 0.07
LMR time 1.00 0.64%* —0.37%*
R? 0.41 0.14
HMR time 1.00 — 0.48%*
R? 0.23
MRT 1.00

#p<0.05, *¥p <0.01

Table 2 Means and standard errors for the dependent variables

Dependent variable Grand mean  Males Females

Visual search time (s) 24.8+0.6 234413 25.5+0.7
LMR time (s) 39.5+1.1 355+1.8 413+1.2
HMR time (s) 69.3+1.9 59.3+£29 74.0+22
Ratio (%) 178.3+3.8 170.0+6.0  182.2+4.8
MRT (%) 41.1+23 53.2+4.1 354+25

Differences in spatial demand between tasks

A 2 Sex by 3 Task repeated-measures ANOVA was con-
ducted to explore the difference in demands between the 3D
tasks (visual search, LMR, HMR). A main effect was found
(F(1.86)=458.65, p<0.001, n*=0.9): participants took less
time when completing the visual search task, followed by the
LMR, and then followed by the HMR (all comparisons were
significantly different from each other p <0.001; see Table 2
for means and SEs). There was a significant Sex by Task
(Visual Search, LMR, HMR) interaction (F; g6, =13.19,
p <0.001, 772 =0.9). This interaction (see Fig. 4) was
because there was no significant difference between males
and females in the visual search task (p>0.1) but there were
significant sex differences in the LMR (p <0.01) and HMR
tasks (p <0.001). Closer inspection of the data revealed that
the interaction between Sex and Task was also significant
(»<0.001) when task had two levels: LRM and HRM. This
interaction was likely caused by a larger male advantage in
the HMR task than the LMR task.

Questionnaires

For the questionnaire documenting Lego experience, there
was not a significant correlation between the age at which
the participant begun playing with Lego and their time on
any of the 3D tasks (p > 0.05). The frequency of manipulat-
ing bricks (Lego or similar) showed that males and females

M Females O Males ol

80 [ |

60 . T
) ( 1
g 40
£

) J

0

VSearch LMR HMR

Fig.4 Performance on the timed tasks (visual search, low mental
rotation [LMR], and high mental rotation [HMR]) for female and
male participants. *p <0.05
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had low continuous manipulations (1.4 +0.1) that were not
significantly different, (F(1,86) =2.7,p>0.1, 172 =0.03). How-
ever, there was a main effect of sex regarding the level of
comfort using bricks (F(; g5,= 8.6, p<0.05, n*=0.09). Males
(8.4+0.19) reported that they were more comfortable using
bricks than females (7.2 +0.25). Given this result, additional
correlations between comfort using bricks and the spatial
tasks were conducted. There was a significant correlation
with comfort and performance on the HMR task (r=— 0.24,
p <0.05), the visual search task (r=— 0.23, p <0.05), and
the MRT (p <0.05), but there was not a significant corre-
lation between comfort playing with bricks and the LMR
task (p>0.05). Interestingly, the significant correlations
between comfort and the other tasks were only present when
all participants were analyzed together; no significant cor-
relations were found when participants were split into male
and female groups.

The Waterloo—Edinburgh handedness questionnaire was
used to determine whether participants were right-handed
(n=175), left-handed (n=8), or ambidextrous (n=4). All
results remained similar with or without the left-handed or
ambidextrous participants, so everyone was included in the
analyses.

Discussion

This study used 3D tasks to assess spatial skills in female
and male participants. The tasks required participants to use
the three main spatial skills; specifically, spatial visualiza-
tion, spatial perception, and mental rotation. Importantly,
the processing demands on mental rotation ability differed in
the visual search, LMR, and HMR tasks. In the visual search
task, participants were simply required to search for, locate,
pick up a brick, and place it into a container. The same ele-
ments were necessary to complete the LMR, but participants
assembled the bricks to replicate a model. The models were
relatively easy to replicate as all the pieces were visible from
a front view (see Fig. 2a), which placed low demands on
physical and mental rotation abilities. The HMR built upon
those previous elements by using models with challenging
configurations (see Fig. 2b). This placed high demands on
physical and mental rotation abilities. The different demands
of the three tasks were captured by the results in that even
though the same number and type of bricks were used in
all three tasks, participants were fastest in the visual search
task, slower in the LMR task, and slowest in the HMR task.

To investigate if there was a relationship between 3D and
paper-based mental rotation tasks, participants were also
asked to complete a version of the Vandenberg and Kuse
mental rotation task (MRT). All 3D tasks were significantly
correlated with the paper-based MRT. Participants who
completed the visual search task quickly were also quick at
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solving the LMR and HMR tasks and scored higher on the
MRT. Thus, participants who had good performance on one
of the tasks also showed good performance on the others.
These relationships between all the different tasks demon-
strate the interdependence among the various spatial skills.
One conclusion from this interdependence could be that spa-
tial skill is one function. However, the correlations between
the 3D tasks and the MRT explained only 7—41% of the vari-
ability (r=— 0.26, R*=0.07; r=0.64, R>=0.41). Further-
more, some of the correlations were higher than others. Of
note was the low correlation between the visual search task
and the MRT score (r=— 0.26), which suggest these tasks
require somewhat different spatial skills. Stronger correla-
tions were found between the time to complete the LMR task
and the MRT scores (r=— 0.37), which suggests more com-
monalties between these two tasks. Finally, the HMR task
showed the most overlap with the MRT (r=— 0.48), likely
because both tasks feature high-mental rotation demands.
Together, these results suggest that spatial skill is not a mon-
olithic construct, but rather it is an association of interrelated
subskills that contribute to its proper functioning.

Another finding of the present study relates to sex differ-
ences. Previous studies have used paper-based tasks to study
spatial skill, particularly mental rotation (Linn and Petersen
1985; Voyer et al. 1995; Peters 2005). These studies have
shown sex differences, with males tending to outperform
females. The present study supports these findings using 3D
tasks, but importantly, emphasizes that this sex difference is
linked to the mental rotation demand of the task. The signifi-
cant interaction between sex and task demonstrated that the
higher the demand for mental rotation, the greater the sex
difference. The demands on mental rotation increased from
visual search, to the LMR task, and then to the HMR task.
Likewise, the gap between males and females increased from
no sex differences in visual search, to males outperform-
ing females in the LMR task (7*>=0.08) and in the HMR
task (n?=0.15), with this last task having the largest sex
difference.

There were two unexpected results from the current study.
First, that performance of females taking hormonal medica-
tion was similar to those without medication. Previous stud-
ies have shown that performance in visuospatial tasks varies
according to the levels of circulating hormones (Hausmann
et al. 2000; Hampson et al. 2014; Hampson 2018). Further-
more, it has been shown that female users of oral birth con-
trol outperform non-users in mental rotation tasks, including
the paper-based MRT used in our study (Beltz et al. 2015).
The absence of differences in performance between female
groups could be because we did not control for the type of
contraceptive, pill/device constituents, or the phase of the
menstrual cycle. Studies have shown, for example, that dur-
ing the luteal phase (high estrogen and progesterone levels),
women are worse at mental rotation when compared to when
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they are in the ovulatory phase (low levels of estrogen and
high levels of testosterone; Hampson 1995; Hausmann et al.
2000; Hampson et al. 2014). However, some studies have
challenged this notion, and, just as we did, have not found
a difference between naturally cycling women and those on
birth control (Rosenberg and Park 2002; Gogos 2013; Whar-
ton et al. 2008). Gogos (2013) did not find sex differences
in a paper-based visuospatial/constructional ability test (this
included figure copying and line orientation tasks), and other
researchers have not found sex differences when using the
paper-based MRT (Griksiene and Ruksenas 2011; Wharton
et al. 2008). It has been argued that the active ingredients
of the different contraceptive oral medications differentially
influence mental rotation skill and, thus, the mixed find-
ings in the literature (Griksiene and Ruksenas 2011; Whar-
ton et al. 2008; Beltz et al. 2015). Future research should
account for these factors when focusing their investigation
on sex differences in visuospatial abilities. It is important
to note that this is the first study to investigate the effects
of hormonal medication on 3D mental rotation tasks. 3D
mental rotation tasks place greater demands on mental rota-
tion ability and they have higher ecological validity than
paper-based tasks. Future research on sex differences that
wish to use 3D tasks should also account for the type of oral
contraceptive, active ingredients, and menstrual cycle phase.

The second unexpected result was the absence of a sex
difference when the ratio between the HMR and LMR tasks
was calculated. The relative increase in difficulty from the
LMR to the HMR condition was examined by expressing
the time that it took participants to complete the HMR as
a percentage of the LMR. We reasoned that investigating
this relative increase would be useful when discriminat-
ing between demand for mental rotation from that of motor
speed or visual search efficient. This is an interesting find-
ing that deserves attention and further exploration. de Bruin
et al. (2016) also found no sex difference when looking at
the relative increase in difficulty from LMR to HMR in a
small sample of young (12 males and 12 females) and older
(10 males and 10 females) adults. In the present study, the
relative increase in time was comparable across sexes; both
groups took about 1.8 times longer to complete the HMR
with respect to the LMR. One possibility for the absence of
sex differences when looking at the ration, is that sex differ-
ences in mental rotation using 3D tasks are less pronounced
than those found when using paper-based tasks. For exam-
ple, some studies have found that females perform similarly
to males when a 3D version of the paper-based MRT is used
(Robert and Chevrier 2003; Hawes et al. 2015) or when the
test is presented through virtual or augmented reality (Lar-
son et al. 1999; Parsons et al. 2004; Neubauer et al. 2010). It
is important to note that females use a more effective strat-
egy when solving augmented reality tasks (Arendasy et al.
2011) and are more sensitive to differences in the mode of

presentation of the stimuli (Neubauer et al. 2010). In gen-
eral, these researchers have suggested that the sex differ-
ences found in paper-based tasks may be caused by a greater
difficulty for females to transform a 2D flat figure into a 3D
mental representation. For example, females have shown
greater difficulty at solving paper-based tasks in which the
stimuli have part of their configuration occluded (Voyer and
Doyle 2010) as is the case with the MRT. The dimension-
ality-crossing hypothesis suggest that it may be easier for
males compared to females to cross from 2D to 3D. This
second unexpected result from the present experience sup-
ports the dimensionality-crossing hypothesis. The disappear-
ance of the sex differences in 3D tasks could be because
females benefit the most from real depth cues to properly
understand the configuration of the stimuli, even when parts
of it are occluded. It is possible that the manipulation of real
objects and the haptic feedback facilitated the understand-
ing of the model configuration in the current study. Future
research should investigate if females have difficulty with 3D
objects if some of their features are occluded; for example,
by not allowing participants to physically manipulate the 3D
objects particularly during the HMR condition.

Evidence has shown that performance in 3D tasks is
better than in paper-based tasks. The MRT variant of the
Shepard and Metzler [based on Vandenberg and Kuse 1978;
Peters et al. 1995)] used in this study is considered too dif-
ficult for young children (Hoyek, Collet, Fargier and Guillot
2012; Jansen, Schmelter, Quaiser-Pohl, Neuburger and Heil
2013), for seniors [as mental rotation performance decreases
with age (Jansen and Heil 2009), and for people with brain
disorders [i.e., dyslexic children (Winner et al. 2001)].
Therefore, we believe the 3D tasks offer several advantages
over other spatial tests. The 3D tasks have real depth com-
ponents, which in turn, decrease the processing load needed
for dimensionality crossing in paper-based tasks. Lastly,
manipulating the object might improve its mental represen-
tation and, thus, the ability to mentally rotate it. Importantly,
the 3D tasks used in this study, unlike in other studies using
3D objects, required real-world manipulation and involved
a “game” structure. These exclusive attributes may make
these tasks more inclusive, appealing, and suitable for more
populations (e.g., children, teens, and seniors).

We have started using the brick building test in a group
of 5- to 8-year-old children, not only as an evaluating tool,
but as well as a tool to enhance visuospatial abilities. There
is evidence suggesting that having good visuospatial skills
can strongly influence achievement in science, technology,
engineering, and mathematics (i.e., STEM programs; Wai,
Lubinski and Benbow 2009; Lubinski 2010; Uttal et al.
2012). Additionally, studies have shown that children’s early
performance on visuospatial tasks is related to later aptitude
on spatial and mathematical concepts along with a stronger
arithmetical development (Lauer and Lourenco 2016; Zhang
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et al. 2014). Certainly, the development of visuospatial skills
has proven to be important for an individual’s general intelli-
gence (Wai et al. 2009). As a consequence, we consider it of
great importance to enhance, detect and, if difficulties exist,
remediate the progress of spatial skills at an early stage, as
this will affect the overall development of the person. Imple-
mentation of 3D tasks (like the ones used here) at home or
in school settings would be an easy and engaging means to
enrich visuospatial function in children.

Acknowledgements The Natural Sciences and Engineering Research
Council of Canada (Grant no. 14367) supported this research with
a Tier II Canada Research Chair and a Discovery Grant awarded to
Claudia Gonzalez.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All procedures performed in studies involving human
participants were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical standards.

Informed consent Informed consent was obtained from all individual
participants included in the study.

References

Arendasy M, Sommer M, Hergovich A, Feldhammer M (2011)
Evaluating the impact of depth cue salience in working three-
dimensional mental rotation tasks by means of psychometric
experiments. Learn Individ Differ 21(4):403-408. https://doi.
org/10.1016/j.1indif.2011.04.002

Becker J, Berkley K, Geary N, Hampson E, Herman J, Young E (2008)
Sex differences in the brain: from genes to behavior. Oxford Uni-
versity Press, Oxford

Beltz AM, Berenbaum SA (2013) Cognitive effects of variations in
pubertal timing: Is puberty a period of brain organization for
human sex-typed cognition? Horm Behav 63(5):823-828. https
://doi.org/10.1016/j.yhbeh.2013.04.002

Beltz AM, Hampson E, Berenbaum SA (2015) Oral contraceptives and
cognition: a role for ethinyl estradiol. Horm Behav 74(Supplement
C):209-217. https://doi.org/10.1016/j.yhbeh.2015.06.012

de Bruin N, Bryant DC, MacLean JN, Gonzalez CLR (2016) Assess-
ing visuospatial abilities in healthy aging: a novel visuomotor
task. Front Aging Neurosci 8:7. https://doi.org/10.3389/fnagi
.2016.00007

Felix MC, Parker JD, Lee C, Gabriel KI (2011) Real three-dimensional
objects: effects on mental rotation. Percept Mot Skills 113(1):38-
50. https://doi.org/10.2466/03.22.PMS.113.4.38-50

Gogos A (2013) Natural and synthetic sex hormones: Effects on higher-
order cognitive function and prepulse inhibition. Biol Psychol
93(1):17-23. https://doi.org/10.1016/j.biopsycho.2013.02.001

Griksiene R, Ruksenas O (2011) Effects of hormonal contraceptives
on mental rotation and verbal fluency. Psychoneuroendocrinology
36(8):1239-1248. https://doi.org/10.1016/j.psyneuen.2011.03.001

Gurvich C, Hoy K, Thomas N, Kulkarni J (2018) Sex differences and
the influence of sex hormones on cognition through adulthood

@ Springer

and the aging process. Brain Sci 8(9):163. https://doi.org/10.3390/
brainsci8090163

Hampson E (1995) Spatial cognition in humans: possible modulation
by androgens and estrogens. J Psychiatry Neurosci 20:397-404

Hampson E, Levy-Cooperman N, Korman JM (2014) Estradiol and
mental rotation: relation to dimensionality, difficulty, or angular
disparity? Horm Behav 65(3):238-248. https://doi.org/10.1016/j.
yhbeh.2013.12.016

Hampson E (2018) Regulation of cognitive function by androgens
and estrogens. Curr Opin Behav Sci 23:49-57. https://doi.
org/10.1016/j.cobeha.2018.03.002

Hausmann M, Slabbekoorn D, Van Goozen SH, Cohen-Kettenis PT,
Gunturkun O (2000) Sex hormones affect spatial abilities during
the menstrual cycle. Behav Neurosci 114:1245-1250. https://doi.
org/10.1037/0735-7044.114.6.1245

Hawes Z, LeFevre J-A, Xu C, Bruce CD (2015) Mental rotation with
tangible three-dimensional objects: a new measure sensitive to
developmental differences in 4- to 8-year-old children. Mind Brain
Edu 9(1):10-18. https://doi.org/10.1111/mbe.12051

Hier DB, Crowley WF (1982) Spatial ability in androgen-deficient
men. N Engl J Med 306(20):1202-1205. https://doi.org/10.1056/
NEJM198205203062003

Horan PF, Rosser RA (1984) A multivariable analysis of spatial abili-
ties by sex. Dev Rev 4(4):387-411. https://doi.org/10.1016/0273-
2297(84)90023-6

Hoyek N, Collet C, Fargier P, Guillot A (2012) The use of the vanden-
berg and kuse mental rotation test in children. J Individ Differ
33:62-67. https://doi.org/10.1027/1614-0001/a000063

Janowsky JS (2006) Thinking with your gonads: testosterone and cog-
nition. Trends Cogn Sci 10(2):77-82. https://doi.org/10.1016/j.
tics.2005.12.010

Jansen P, Heil M (2009) Gender differences in mental rotation
across adulthood. Exp Aging Res 36(1):94-104. https://doi.
org/10.1080/03610730903422762

Jansen P, Schmelter A, Quaiser-Pohl C, Neuburger S, Heil M (2013)
Mental rotation performance in primary school age children:
are there gender differences in chronometric tests? Cogn Dev
28(1):51-62. https://doi.org/10.1016/j.cogdev.2012.08.005

Kolb B, Whishaw I (1985) Fundamentals of human neuropsychology,
2nd edn. W.H. Freeman & Co., New York

Kolb B, Whishaw IQ (2000) An introduction to brain and behavior.
Worth, New York

Kolb B, Whishaw IQ (2003) Fundamentals of human neuropsychology,
5th edn. Worth Publishers, New York

Kolb B, Gibb R (2011) Brain plasticity and behaviour in the devel-
oping brain. J Canad Acad Child Adolesc Psychiatry Journal
de L’Academie Canadienne de Psychiatrie de L’enfant et de
L’adolescent 20(4):265-276

Lauer JE, Lourenco SF (2016) Spatial processing in infancy predicts
both spatial and mathematical aptitude in childhood. Psychol Sci
27(10):1291-1298. https://doi.org/10.1177/0956797616655977

Larson P, Rizzo A, Buckwalter J, Van Rooyen A, Kratz K, Neumann
U, Van der zaag C (1999) Gender issues in the use of virtual
environments. CyberPsychol Behav 2(2):113-123. https://doi.
org/10.1089/cpb.1999.2.113

Linn M, Petersen A (1985) Emergence and characterization of sex
differences in spatial ability: a meta-analysis. Child Dev 56:1479—
1498. https://doi.org/10.2307/113046

Lubinski D (2010) Spatial ability and stem: a sleeping giant for tal-
ent identification and development. Personal Individ Differ
49(4):344-351. https://doi.org/10.1016/j.paid.2010.03.022

McWilliams W, Hamilton CJ, Muncer SJ (1997) On mental rotation in
three dimensions. Percept Mot Skills 85(1):297-298. https://doi.
org/10.2466/pms.1997.85.1.297

Neubauer AC, Bergner S, Schatz M (2010) Two- vs. three-dimensional
presentation of mental rotation tasks: sex differences and effects


https://doi.org/10.1016/j.lindif.2011.04.002
https://doi.org/10.1016/j.lindif.2011.04.002
https://doi.org/10.1016/j.yhbeh.2013.04.002
https://doi.org/10.1016/j.yhbeh.2013.04.002
https://doi.org/10.1016/j.yhbeh.2015.06.012
https://doi.org/10.3389/fnagi.2016.00007
https://doi.org/10.3389/fnagi.2016.00007
https://doi.org/10.2466/03.22.PMS.113.4.38-50
https://doi.org/10.1016/j.biopsycho.2013.02.001
https://doi.org/10.1016/j.psyneuen.2011.03.001
https://doi.org/10.3390/brainsci8090163
https://doi.org/10.3390/brainsci8090163
https://doi.org/10.1016/j.yhbeh.2013.12.016
https://doi.org/10.1016/j.yhbeh.2013.12.016
https://doi.org/10.1016/j.cobeha.2018.03.002
https://doi.org/10.1016/j.cobeha.2018.03.002
https://doi.org/10.1037/0735-7044.114.6.1245
https://doi.org/10.1037/0735-7044.114.6.1245
https://doi.org/10.1111/mbe.12051
https://doi.org/10.1056/NEJM198205203062003
https://doi.org/10.1056/NEJM198205203062003
https://doi.org/10.1016/0273-2297(84)90023-6
https://doi.org/10.1016/0273-2297(84)90023-6
https://doi.org/10.1027/1614-0001/a000063
https://doi.org/10.1016/j.tics.2005.12.010
https://doi.org/10.1016/j.tics.2005.12.010
https://doi.org/10.1080/03610730903422762
https://doi.org/10.1080/03610730903422762
https://doi.org/10.1016/j.cogdev.2012.08.005
https://doi.org/10.1177/0956797616655977
https://doi.org/10.1089/cpb.1999.2.113
https://doi.org/10.1089/cpb.1999.2.113
https://doi.org/10.2307/113046
https://doi.org/10.1016/j.paid.2010.03.022
https://doi.org/10.2466/pms.1997.85.1.297
https://doi.org/10.2466/pms.1997.85.1.297

Experimental Brain Research

of training on performance and brain activation. Intelligence
38(5):529-539. https://doi.org/10.1016/j.intell.2010.06.001

Parsons TD, Larson P, Kratz K, Thiebaux M, Bluestein B, Buckwalter
J, Rizzo AA (2004) Sex differences in mental rotation and spatial
rotation in a virtual environment. Neuropsychologia 42(4):555—
562. https://doi.org/10.1016/j.neuropsychologia.2003.08.014

Peters M (2005) Sex differences and the factor of time in solving
vandenberg and kuse mental rotation problems. Brain Cogn
57(2):176-184. https://doi.org/10.1016/j.bandc.2004.08.052

Peters M, Battista C (2008) Applications of mental rotation figures of
the shepard and metzler type and description of a mental rota-
tion stimulus library. Brain Cogn 66(3):260-264. https://doi.
org/10.1016/j.bandc.2007.09.003

Peters M, Laeng M, Latham K, Jackson M, Zaiyouna R, Richardson C
(1995) A redrawn vanderberg and kuse mental rotations test: dif-
ference versions and factors that affect performance. Brain Cogn
28(1):39-58. https://doi.org/10.1006/brcg.1995.1032

Puts DA, McDaniel MA, Jordan CL, Breedlove SM (2007) Spatial
ability and prenatal androgens: meta-analyses of congenital adre-
nal hyperplasia and digit ratio (2D:4D) studies. Arch Sex Behav
37(1):100. https://doi.org/10.1007/s10508-007-9271-3

Robert M, Chevrier E (2003) Does men’s advantage in mental rota-
tion persist when real three-dimensional objects are either felt
or seen? Mem Cognit 31(7):1136-1145. https://doi.org/10.3758/
BF03196134

Rosenberg L, Park S (2002) Verbal and spatial functions across the
menstrual cycle in healthy young women. Psychoneuroen-
docrinology 27(7):835-841. https://doi.org/10.1016/S0306
-4530(01)00083-X

Shepard RN, Metzler J (1971) Mental rotation of three-dimensional
objects. Science 171(3972):701-703. https://doi.org/10.1126/
science.171.3972.701

Shepard S, Metzler D (1988) Mental rotation: effects of dimensionality
of objects and type of task. J Exp Psychol 14:3—11. https://doi.
org/10.1037//0096-1523.14.1

Stone KD, Bryant DC, Gonzalez CLR (2013) Hand use for grasping
in a bimanual task: evidence for different roles? Exp Brain Res
224(3):455-467. https://doi.org/10.1007/s00221-012-3325-z

Uttal DH, Cohen CA (2012) Spatial thinking and STEM education.
When, why, and how? Psychol Learn Motiv Adv Res Theory
57:147-181. https://doi.org/10.1016/B978-0-12-394293-7.00004
2

Vandenberg SG, Kuse AR (1978) Mental rotations, a group test of
three-dimensional spatial visualization. Percept Mot Skills
47(2):599-604. https://doi.org/10.2466/pms.1978.47.2.599

Voyer D, Voyer S, Bryden MP (1995) Magnitude of sex differ-
ences in spatial abilities: a meta-analysis and consideration
of critical variables. Psychol Bull 117:250-270. https://doi.
org/10.1037/0033-2909.117.2.250

Voyer D, Doyle RA (2010) Item type and gender differences on the
mental rotations test. Learn Individ Differ 20(5):469-472. https
://doi.org/10.1016/.1indif.2010.04.010

Waber D (1976) Sex differences in cognition: a function of maturation
rate? Science 192(4239):572-574. https://doi.org/10.1126/scien
ce. 1257795

Wai J, Lubinski D, Benbow CP (2009) Spatial ability for STEM
domains: aligning over fifty years of cumulative psychological
knowledge solidifies its importance. J Educ Psychol 101:817-835.
https://doi.org/10.1037/a0016127

Wharton W, Hirshman E, Merritt P, Doyle L, Paris S, Gleason C (2008)
Oral contraceptives and androgenicity: Influences on visuospatial
task performance in younger individuals. Exp Clin Psychopharma-
col 16(2):156-164. https://doi.org/10.1037/1064-1297.16.2.156

Wierenga LM, Bos MG, Schreuders E, van Kamp F, Peper JS, Tamnes
CK, Crone EA (2018) Unraveling age, puberty and testosterone
effects on subcortical brain development across adolescence. Psy-
choneuroendocrinology 91:105-114. https://doi.org/10.1016/].
psyneuen.2018.02.034

Winner E, von Karolyi C, Malinsky D, French L, Seliger C, Ross E,
Weber C (2001) Dyslexia and visual-spatial talents: compen-
sation vs deficit model. Brain Lang 76(2):81-110. https://doi.
org/10.1006/brln.2000.2392

Zhang X, Koponen T, Risdnen P, Aunola K, Lerkkanen M-K, Nurmi
J-E (2014) Linguistic and spatial skills predict early arithme-
tic development via counting sequence knowledge. Child Dev
85(3):1091-1107. https://doi.org/10.1111/cdev.12173

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.intell.2010.06.001
https://doi.org/10.1016/j.neuropsychologia.2003.08.014
https://doi.org/10.1016/j.bandc.2004.08.052
https://doi.org/10.1016/j.bandc.2007.09.003
https://doi.org/10.1016/j.bandc.2007.09.003
https://doi.org/10.1006/brcg.1995.1032
https://doi.org/10.1007/s10508-007-9271-3
https://doi.org/10.3758/BF03196134
https://doi.org/10.3758/BF03196134
https://doi.org/10.1016/S0306-4530(01)00083-X
https://doi.org/10.1016/S0306-4530(01)00083-X
https://doi.org/10.1126/science.171.3972.701
https://doi.org/10.1126/science.171.3972.701
https://doi.org/10.1037//0096-1523.14.1
https://doi.org/10.1037//0096-1523.14.1
https://doi.org/10.1007/s00221-012-3325-z
https://doi.org/10.1016/B978-0-12-394293-7.00004-2
https://doi.org/10.1016/B978-0-12-394293-7.00004-2
https://doi.org/10.2466/pms.1978.47.2.599
https://doi.org/10.1037/0033-2909.117.2.250
https://doi.org/10.1037/0033-2909.117.2.250
https://doi.org/10.1016/j.lindif.2010.04.010
https://doi.org/10.1016/j.lindif.2010.04.010
https://doi.org/10.1126/science.1257795
https://doi.org/10.1126/science.1257795
https://doi.org/10.1037/a0016127
https://doi.org/10.1037/1064-1297.16.2.156
https://doi.org/10.1016/j.psyneuen.2018.02.034
https://doi.org/10.1016/j.psyneuen.2018.02.034
https://doi.org/10.1006/brln.2000.2392
https://doi.org/10.1006/brln.2000.2392
https://doi.org/10.1111/cdev.12173

	An evaluation of visuospatial skills using hands-on tasks
	Abstract
	Introduction
	Materials and methods
	Participants
	Tasks
	Procedure
	Data analysis

	Results
	Correlation analysis
	Sex differences
	Differences in spatial demand between tasks
	Questionnaires

	Discussion
	Acknowledgements 
	References




