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The existence of a sex difference in spatial thinking, notably on tasks involving
mental rotation, has been a topic of considerable research and debate. We review
this literature, with a particular focus on the development of this sex difference,
and consider four key questions: (1) When does the sex difference emerge devel-
opmentally and does the magnitude of this difference change across develop-
ment? (2) What are the biological and environmental factors that contribute to
sex differences in spatial skill and how might they interact? (3) How malleable
are spatial skills, and is the sex difference reduced as a result of training?
and (4) Does ‘spatializing’ the curriculum raise the level of spatial thinking
in all students and hold promise for increasing and diversifying the STEM pipe-
line? Throughout the review, we consider promising avenues for future research.
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INTRODUCTION

The question of whether males and females differ
in their cognitive abilities, and if so, what factors

contribute to these differences, has received substan-
tial attention in the research literature as well as the
popular press, especially since the publication of
Maccoby and Jacklin’s seminal book, The Psychol-
ogy of Sex Differences.1 For example, Larry Sum-
mers, then the President of Harvard University,
delivered a speech to the U.S. National Bureau of
Economic Research in which he offered some reasons
for the underrepresentation of women in science and
engineering professions. In his speech, Summers said:
‘… in the special case of science and engineering,
there are issues of intrinsic aptitude, and particularly
of the variability of aptitude, and that those consid-
erations are reinforced by what are in fact lesser fac-
tors involving socialization and continuing

discrimination.’2 The debates and publications that
followed Summers’ speech clearly show that the
question of whether there are male–female cognitive
differences is a hot-button issue.3,4 Not only does this
issue raise questions about gender equality and
equity, but it also highlights the importance of sys-
tematic scientific research in order to fully under-
stand sex differences in what Summers referred to as
‘intrinsic aptitude.’

In this review, we focus on a sex difference on
a particular cognitive task—mental rotation.
Although sex differences favoring males have been
reported on many spatial tasks (mental rotation;5–7

navigation;7 discrimination of line orientation;8 and
Piaget’s water level task9), the largest sex difference
has been found for mental rotation.5–7 We address
mental rotation in this review because of the robust-
ness of this sex difference and the large body of
research that has accumulated about it. Mental rota-
tion is also of interest because of evidence that it is
related to STEM (science, technology, engineering,
and math) achievement,10–16 and evidence that it is
malleable.17,18 However, many of the issues we dis-
cuss with respect to mental rotation are relevant to
spatial skills more generally.
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We organize the review into four sections that
examine major research questions and in each, con-
sider ways to ‘advance the conversation’ concerning
the sex difference in mental rotation. In each section,
we also apply a developmental lens to the issues sur-
rounding sex differences in mental rotation. In the
first section, we review evidence that a sex difference
in mental rotation exists in adults, ask when during
development it first emerges, and whether the magni-
tude of this differences changes over the course of
development. In the second section, we review expla-
nations for the sex difference, which broadly include
biological and experiential factors, with attention to
the ways that that these factors may interact in influ-
encing the development of spatial cognition. Third,
we consider the issue of malleability—namely
whether spatial thinking can be improved through
training, whether training results in a maintenance,
widening, or narrowing of the sex difference, and
whether the answer to this question depends on the
intensity of the training and the age of the partici-
pants. Last, we consider educational implications of
existing findings concerning sex-related variations in
spatial skill in view of findings that spatial thinking is
malleable. In particular, we ask whether ‘spatializing’
the curriculum might raise the level of spatial think-
ing of all students, whether it is important to start
supporting and educating spatial thinking early in the
school years, and whether such efforts might increase
the size and diversity of the pipeline into STEM.

SEX DIFFERENCES IN
MENTAL ROTATION

Evidence for a Sex Difference in Mental
Rotation in Adults
Mental rotation skill is typically measured by asking
for judgments of whether rotational variants of
objects, typically shown pictorially, represent the
same object or are mirror images of each other.19,20

The original way of measuring mental rotation is
reported in the seminal Shepard and Metzler19 study,
where the mental rotation task involved judging
whether perspective pictures of 3D block structures
were the same figure or mirror images of each other.
The larger the angle of rotation between the figures,
the longer the response time, leading to the conclu-
sion that people are engaging in an analog process of
mentally rotating the figures.19,21 Later, a paper and
pencil task was devised to measure mental rotation
skill—the widely used Vandenberg and Kuse, Mental
Rotation Test (MRT).22 The MRT involves selecting

two perspective pictures of 3D block structures from
among four that are the same as a target picture. Dis-
tractor pictures are either mirror images of the target
picture or structurally different block structures. The
MRT is a widely used measure of sex differences in
mental rotation, and studies typically report a male
advantage on this task, with meta-analyses reporting
Cohen’s d for this difference ranging from .50 to
1.28.6,23

Meta-analytic reviews, which have largely
focused on adults and older children, provide con-
vincing evidence that there is a substantial male
advantage on mental rotation tasks, and that this sex
difference is larger than that for other aspects of spa-
tial cognition6,23 as well as for other aspects of cogni-
tion more broadly.24 Linn and Petersen’s meta-
analysis found evidence for three spatial factors, two
of which showed sex differences. One of these was
Mental Rotation, which involved mentally rotating
figures in the picture plane or in depth, and this fac-
tor showed a large sex difference in favor of males,
Cohen’s d = 0.73 (P < .05). A second factor, Spatial
Perception, involved the ability to determine spatial
relations despite distracting information, exemplified
by the Water Level Test and the Rod-and-Frame
Test, and showed a medium size gender difference in
favor of males, Cohen’s d = 0.44, P < .05). Finally,
another factor, Spatial Visualization, involved manip-
ulating spatial information when several stages are
needed to produce the correct answer and is exempli-
fied by tasks such as Paper Folding, Embedded Fig-
ures, and Block Design. In contrast to Mental
Rotation and Spatial Visualization, this factor did
not show a significant sex difference, Cohen’s d =
0.13 (P > .05). These findings have been corrobo-
rated by a subsequent meta-analytic review.6

Linn and Petersen’s meta-analysis also uncov-
ered an interesting pattern within the category of
mental rotation tasks. In particular, there was a
much larger sex difference on the MRT,19,22 which
involves rotating complex block structures in three
dimensions (Cohen’s d = 0.94), compared to the Pri-
mary Mental Abilities Space Test,25 which involves
rotating simpler shapes in the picture plane (Cohen’s
d = 0.26). This effect size difference may indicate that
females have particular difficulty mentally rotating
objects in depth compared to males.

Other studies show a larger sex difference in
favor of males when the objects being rotated
are more complex, a finding that may reflect the dif-
ferent strategies that males and females apply to men-
tal rotation tasks. For example, in one study, the
mental rotation speed of males was unaffected by
complexity (operationalized as the number of vertices
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the shape had) whereas that of females was slower
for more complex shapes, resulting in a larger sex
difference for the complex shapes.26 The authors sug-
gested that the absence of a complexity effect for
males reflects their use of a holistic rotation strategy
whereas the presence of a complexity effect for
women reflects their use of a piecemeal, analytic
strategy. The piecemeal strategy might cause diffi-
culty on complex shapes because it involves encod-
ing, rotating, and comparing more individual
features.26–28 Consistent with this idea, on the MRT,
females’ error patterns are more likely than those of
males to reflect the use of a verbal analytic strategy.27

A caveat, however, comes from a recent study sug-
gesting that objects are not rotated holistically by
anyone, but rather by focusing on a particular fea-
ture of the object and rotating that feature, suggest-
ing that that the piecemeal versus holistic
characterization of female–male differences may not
be accurate.29 Additionally, complexity effects are not
always found, and appear to depend on whether parti-
cipants need to rotate the comparison stimulus in
order to determine whether it is the same or different
from the target or whether they can make this judg-
ment without engaging in mental rotation.30,31

It is important to note that both males and
females show the signature increase in reaction time
with angular disparity on Shepard–Metzler type men-
tal rotation tasks, suggesting that both groups are
engaging in mental rotation (e.g., Refs 32,33; Hoo-
ven, Chabris, Ellison, Kievit, & Kosslyn, unpublished
data). Moreover, these studies show that the sex dif-
ference on the Shepard–Metzler task is not in the
slope of reaction times as a function of angular
disparity—thought to reflect mental rotation—but
rather in the intercept, which is thought to reflect
encoding of the shapes, preparation for rotation,
decision making, and/or response rather than mental
rotation per se.33 In fact, there is evidence to suggest
that females have difficulty with forming 3D repre-
sentations based on 2D images.34 Thus, it is possible
that sex differences on mental rotation tasks may not
actually be attributable to a sex difference in mental
rotation, but rather to the surrounding processes
involved in this task such as encoding the stimulus to
be rotated or in decision processes.

We turn next to the question of when during
development the sex difference on mental rotation
tasks first emerges, and whether the magnitude of
the sex difference increases with age. In considering
these questions, we keep in mind findings that the
type of mental rotation task (picture plane vs in
depth; simple vs complex shape) may influence the
size of the sex difference. In addition, we consider

whether other task demands or procedural variations
may influence the presence or magnitude of the sex
difference.

Development of the Sex Difference in
Mental Rotation

Infant Studies
It was once believed that sex differences on spatial
tasks such as mental rotation emerge relatively late,
around the time of puberty.1 Recent studies, how-
ever, report a sex difference in favor of males much
earlier, as early as infancy.35–38 Quinn and Liben37

administered a task in which 3- to 4-month-old
infants were familiarized with an identical pair of
static stimuli—the numeral ‘1’—either both in the
canonical orientation or both in the mirror image ori-
entation. Each infant was shown seven familiariza-
tion trials consisting of identical pairs of the numeral
(see Figure 1), presented at seven of eight randomly
selected angles (equally spaced from 0� to 315�), with
the eighth angle reserved for the test trials. Following

Familiarization Trials (15 s each)

Test Trials (10 s each)

Time

FIGURE 1 | Stimuli shown to infants in the study by Quinn and
Liben.37 The series of figures at the top depict the familiarization
stimuli and the figures at the bottom depict the test trials.
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familiarization, infants were presented with two test
trials in which the two images of the numeral ‘1’
were mirror images of each other rather than identi-
cal as was the case during familiarization trials. The
researchers measured the amount of time infants
looked at the version of the numeral 1 shown during
the familiarization trials versus the amount of time
they looked at the novel, mirror image of the
numeral. Findings showed that boys looked at the
novel image 62.6% of the time, which differed signif-
icantly from chance, compared to 50.2% of the time
for girls, which did not differ from chance. Moreo-
ver, boys’ novelty preference was significantly greater
than that of girls (Cohen’s d = 1.38).

In another infant study, Moore and Johnson36

habituated 5-month olds to a simplified Shepard and
Metzler cube figure dynamically rotating in depth
through 240� of arc around the vertical axis
(Figure 2). Once infants habituated (or were shown
12 habituation trials) they were presented, in alter-
nating order, with the same object or its mirror
image rotating through the previously unseen 120� of
arc. Boys looked significantly longer at the novel
(mirror image) stimulus than at the familiar (habitu-
ated) stimulus (6.16 s vs 4.16 s, respectively), but
girls did not show a significant difference in looking
times at the novel and familiar stimulus (6.87 s vs
7.19 s, respectively). As in the Quinn and Liben37

study, boys’ novelty preference was significantly
greater than that of the girls (Cohen’s d = 0.67).

In a follow-up study,38 Moore and Johnson
used the same stimuli with even younger infants—3-
month olds. In this study, boys showed the opposite
preference, looking significantly longer at the familiar
(habituated) stimulus rather than at the novel (mirror
image) stimulus (17.50 s vs 13.73 s, respectively,

Cohen’s d = 0.46), whereas girls again showed no
difference in looking times (11.66 s vs 10.84 s,
respectively, Cohen’s d = 0.13). Boys’ longer looking
at the familiar stimulus at 3 months of age and the
novel stimulus at 5 months of age may reflect the fact
that the younger infants are still gleaning information
from the familiar stimulus at the time of the test trials
due to their slower processing speed, and hence are
still interested in it (e.g., Refs 39–41). Moreover, a
comparison of Moore and Johnson’s findings to
those of Quinn and Liben37 suggests that the prefer-
ence seen in 3-month-old boys may vary as a func-
tion of stimulus complexity: whereas the 3-month-
old male infants in Moore and Johnson’s study
showed a familiarity preference for depicted 3D
block structures rotating in depth, male infants of
about the same age in Quinn and Liben’s study
showed a novelty preference for simpler 2D numeral
stimuli rotating in the picture plane. The hypothesis
that looking time patterns vary with stimulus com-
plexity could be easily tested in a study that com-
pares 3-month-old infants’ looking time patterns for
3D block structures rotating in depth to that of 2D
stimuli rotating in the picture plane.

A third infant study used a different paradigm
to assess the sensitivity of 6- to 13-month-old infants
to mirror images.35 Infants’ were simultaneously
shown two streams of a two-dimensional Tetris-
shaped figure. One stream consisted of the identical
shape shown in various orientations. In the other
stream, every third shape was a mirror image of the
previous two. Longer looking at the second stream
was interpreted as an index of sensitivity to mirror
images. In this study, both male and female infants
looked longer at the stream containing mirror
images, suggesting that they both detected the mirror
images. However, in line with the previous results,
the preference for the mirror image was significantly
stronger for the male than the female infants
(Cohen’s d = 0.57).

In summary, three different laboratories using
different methods report that boys discriminate
mirror-imaged stimuli some time during the first year
of life,35–38 whereas girls either do not show evidence
of making this discrimination36–38 or show less
robust discrimination than boys.35 Although it is
tempting to conclude from these studies that infant
boys show a mental rotation advantage compared to
infant girls, the lack of a looking time difference for
infant girls in some of the studies36–38 does not pro-
vide definitive evidence that infant girls are not able
to discriminate mirror images from nonmirror
images. There are many reasons why infants may not
look longer at the novel mirror image stimulus (or at

FIGURE 2 | Shepard–Metzler objects shown to infants in study by
Moore and Johnson.36
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the familiar stimulus at younger ages). For example,
they may find both test stimuli interesting—after all,
both are presented at an angle that was not seen dur-
ing the habituation trials: in the Quinn and Liben
study,37 during test trials, both the mirror image and
familiarized version of the numeral were presented at
an angle that had not been seen previously, and in
both of the Moore and Johnson studies,36,38 infants
were shown familiar (habituated) and unfamiliar
(mirror image) test stimuli rotating back and forth
through a previously unseen 120� of arc. The possi-
bility that female infants regard the previously pre-
sented and the mirror imaged stimuli as novel
because both appeared in new locations would be
supported if girls’ looking times during test trials
were longer than their looking times at the end of
habituation or familiarization trials for both novel
and familiar stimuli. This pattern would be consistent
with evidence that female adults show an advantage
over male adults in location coding.42,43 A compari-
son of looking times between familiarization trials
and test trials could address this possibility, but these
data were not reported, i.e., infant girls, more than
infant boys, might show increased looking time to
both the mirror image and nonmirror imaged stimu-
lus because of the location change.

Quinn and Liben44 recently tried to rule out
this possibility in a study where they showed that
both male and female infants are sensitive to the
novel location of the originally shown numeral. In
particular, they showed that both sexes looked
longer when the familiarized stimulus was presented
in a novel location (previously unused 120� of arc)
versus in a previously seen location (previously used
240� of arc). However, this finding does not rule out
the possibility that females find the change in loca-
tion more novel than the change in rotation. That is,
for female infants, location novelty may trump the
novelty response to the mirror image, even though
they can mentally rotate and discriminate the familiar
stimulus from its mirror image. In contrast, for male
infants, the novelty of the mirror image may trump
location novelty, even though they can discriminate
new from old locations. This possibility would be
consistent with a sex difference, but not one that
reflects an ability of male but not female infants to
mentally rotate figures.

Relatedly, more evidence is needed that male
infants are actually engaging in mental rotation to
discriminate these stimuli rather than noticing more
local relations between the parts of the stimulus. For
example, it has been suggested that presenting stimuli
in various orientations may lead infants to develop
‘orientation independent’ representations of the

familiarized stimulus that would enable them to view
the mirror image as novel but that would not entail
the ability to mentally rotate the stimulus.35 Para-
digms that vary the angle of rotation would be help-
ful in addressing the question of whether infants are
engaging in mental rotation by providing informa-
tion as to whether they show the classic signature
pattern of mental rotation—more difficulty on sti-
muli with greater angular disparities. Such studies
also could reveal whether there is a sex difference in
the slope of this function, which would provide con-
vincing evidence for a sex difference in mental
rotation.

It is worth noting that not all infant studies
report a sex difference in mental rotation, even
though null findings are difficult to interpret.38,45–50

Möhring and Frick51 suggest that the mixed findings
could be due to methodological differences. One such
difference is that infant studies that do not find a sex
difference generally employ mental rotation tasks
with rich information about 3D forms (e.g., videos of
objects moving on a puppet stage or live presenta-
tions of 3D physical objects) which, in some cases,
infants could touch prior to testing, whereas those
that do report a sex difference generally use stimuli
that provide less information about 3D forms (e.g.,
2D computer graphic representations of 3D sti-
muli36). Under this hypothesis, the sex difference
reported in some infant studies may be attributable
to differential difficulty females have in forming 3D
representations from 2D representations, a pattern
that is consistent with the intercept difference seen in
studies of male and female adults’ performance on
mental rotation tasks (e.g., Refs 33,34).

In sum, although the idea that a sex difference
on mental rotation tasks is present during infancy is
intriguing and is supported by some studies, further
investigation is needed in order to gain a full under-
standing of the nature of this difference. The existing
literature provides some hints that a sex difference in
ability to form 3D representations from 2D represen-
tations may play a role in the infant sex difference in
mental rotation, and this possibility is in need of sys-
tematic investigation.

Preschool Children
Studies of preschool children also provide somewhat
mixed evidence with respect to a sex difference in
mental rotation skill. On the Children’s Mental
Transformation Task (CMTT),52 which involves
mental transformation of 2D shapes in the picture
plane—both translation and rotation—a male advan-
tage was found as early as 4.5 years of age.52,53

Levine et al.52 showed children pictures of two halves
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of a shape and asked them which of four shapes the
pieces would make if they were moved together (see
Figure 3, e.g., of stimuli). Children ranging in age
from 4.5 to 7 years showed a male advantage
(Cohen’s d = 0.25). Importantly, the level of perfor-
mance of boys and girls overlapped considerably,
and the highest performing girls scored at the level of
the highest performing boys (see Figure 4). Although
the CMTT was designed to engage mental transla-
tion and rotation skills, it is possible to solve the pro-
blems using feature matching. In fact, in a related
study that used the same mental transformation task,
Ehrlich and colleagues found that boys gestured
about moving the pieces more than girls when asked
to explain how they carried out the task (a behavior
that was associated with better performance), sug-
gesting that there may also be a sex difference in how
children approach this task.

More recently, Frick and colleagues assessed
whether there is a sex difference in a ‘classic’ mental
rotation skills in 3- to 5-year-old children, building
on older studies of this type that did not examine sex
differences (e.g., Refs 54 and 55).56,57 In one such
study, Frick et al.56 used a novel puzzle task in which
children were asked to select which of two mirror
image ghost pieces fit into a puzzle by mentally rotat-
ing the pieces. Results showed no sex difference in 3-
to 5-year olds, but considerable development across
this period, with only 10% of 3-year olds responding
at above chance levels compared to 95% of 5-year
olds (mean percent correct was 54% for 3-year olds
versus 83% for 5-year olds, where 50% correct was
chance level). In a related study,57 4- and 5-year olds
had to indicate which hole a piece would fit into to
complete a road on a touch screen. Five-year olds,
but not 4-year olds, showed increasing reaction times
and error rates with increasing angular disparity
between the puzzle piece and its placement hole, a
hallmark of mental rotation skill. Furthermore, on

this mental rotation task, 5-year-old boys outper-
formed 5-year-old girls but there was no sex differ-
ence for 4-year olds, likely because the younger
group’s performance was near chance.

School-Aged Children
Other studies have examined sex differences in men-
tal rotation skill in school-aged children using tasks
that involve mentally rotating stimuli in the picture
plane or in depth, and discriminating mirror-imaged
stimuli from each other. For example, Neuburger
et al.58 assessed second and fourth graders on an
MRT that involved deciding whether various stimu-
lus types (animals, letters, and Shepard–Metzler
block figures), rotated in the picture plane, were the
same or mirror images (Figure 5). They found a sex
by grade interaction, such that boys outperformed
girls in the fourth grade (Cohen’s d = .21) but not in
the second grade (Figure 6). There were no interac-
tions involving stimulus type but children performed
best for the rotating animals’ task, followed by let-
ters, and then Shepard–Metzler block figures. Titze
et al.59 examined sex differences in fourth graders’
(ages 9–10) mental rotation skill using a task similar
to the MRT that involved rotating Shepard-Metzler
block figures in depth. They found a significant male
advantage in 10-year-old 4th graders (Cohen’s d =
1.47; Mage = 10.3 years), but a smaller, nonsignifi-
cant sex difference in 9-year-old 4th graders
(Cohen’s d = 0.45, Mage = 9.3 years). They suggest
that the lack of a significant sex difference in the
younger children might be related to hormonal
changes associated with puberty, although they did
not measure pubertal stages.

(a) (b)

FIGURE 3 | Depiction of the Children’s Mental Transformation
Task, a 2D mental rotation task used by Levine et al.52 The child is
asked to select the figure from among four choices (b) that can be
made from the two pieces shown on the target card (a).
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Age-Related Changes in the Size of
Sex Differences
A meta-analysis carried out by Voyer and colleagues6

showed a male advantage on mental rotation tasks
that increased in size over development. In this meta-
analysis, the effect size (Cohen’s d) of the male
advantage in mental rotation for children younger
than 13 was 0.33, whereas for 13- to 18-year-olds, it
was 0.45, and for adults, it was 0.66. However, as
suggested earlier, apparent age-related increases in
the magnitude of the sex difference in mental rota-
tion may be attributable to differences in the nature
of the mental rotation tasks given to different age

groups. Recall the findings, reviewed above, that
adults show smaller sex differences for less complex
mental rotation problems, just the kind of problems
that researchers tend to present to young children.
That is, even in adults, sex differences in mental rota-
tion are larger when the rotation is in depth rather
than in the picture plane and when the rotation
involves more complex and/or less familiar sti-
muli.6,23 Linn and Petersen23 note that the MRT is
rarely given to children under 13 years of age, and
that when task differences are taken into account,
there is no evidence that the magnitude of the sex dif-
ference in mental rotation increases with age. In chil-
dren, an interesting pattern emerges from comparing
the effect sizes of the sex differences on the
mental rotation tasks used by Neuburger et al.58 and
Titze et al.59. The tasks used were similar except that
Neuburger et al.’s task involved rotating Shepard–
Metzler block figures in the picture plane and Titze
et al.’s task involved rotating these figures in depth.
The effect size of the male advantage for fourth gra-
ders (mean age = 9.9 years) reported in the Neubur-
ger et al.’s study was d = 0.21 whereas the effect size
reported in the Titze et al.’s study was d = 1.47 for
the older fourth graders (mean age = 10.3 years).
Although further study is needed, these findings raise
the possibility that the larger sex difference for the
older fourth graders in Titze et al.’s study is due to
the differential difficulty females have with rotating
objects in depth.

Answering the question of when the sex differ-
ence in mental rotation emerges and whether the

FIGURE 5 | Animal pictures, letters, and block figures used as mental rotation stimuli in the study by Neuburger et al.58 For each type of
stimulus, two of the four choices can be rotated to match the target image shown on the left.
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magnitude of the sex difference in mental rotation
changes over the course of development is challeng-
ing for a number of reasons. First, as discussed, the
mental rotation tasks given to young children tend to
be easier than those given to older children, often
consisting of familiar forms rotated in the 2D plane
compared to complex forms rotated in 3D (e.g., Refs
52 and 58), and this factor has been shown to relate
to the effect size of sex differences in mental rotation
in adults (e.g., Ref 23). Second, even when younger
and older groups are given the same kinds of mental
rotation problems, the processes they apply may dif-
fer, and this may account for changes in the magni-
tude of the sex difference that are observed in
different age groups. For example, a study that
paired a mental rotation task with a simultaneous
motor rotation task that was congruent or incongru-
ent in its movement to the required mental rotation,
indicated that motor processes may play a larger role
in mental rotation in younger than older children.60

Consistent with the importance of manual experience
and motor processes in mental rotation at early ages,
Möhring and Frick45 found that 6-month olds given
manual experience with an asymmetrical object (e.g.,
shaped like the letter P) were able to discriminate this
object from its mirror image whereas those infants
who were not given the opportunity to manually
explore the object showed no evidence of discrimi-
nating it from its mirror image. Thus, we do not
know whether the size of the sex difference in mental
rotation would vary with age if the tasks used were
the same, or if different age groups recruited the
same processes to solve the task, e.g., all age groups
recruiting motor processes to the same extent.

Although there is some evidence that the sex
difference in mental rotation is larger in older chil-
dren and adults than in younger children,6 this find-
ing is not consistent with the large sex difference
reported on mental rotation tasks in some infant
studies.36,44 Moreover, the finding of infant compe-
tence on mental rotation tasks when older children
perform at chance on mental rotation tasks that
require explicit selection of correct answers raises
fundamental questions. Frick et al.61 suggest that
measures of mental rotation in infants capture spon-
taneous and immediate responses that may reflect
implicit knowledge based on mental simulations, a
kind of knowledge that may be too fragile or short-
lived to inform the overt verbal or action-based
responses required on mental rotation tasks given to
children and adults. However, a new longitudinal
study62 reports that infants’ performance on the
Lauer et al. task, described above, predicts perfor-
mance on the CMTT52 at age 4 (Figure 7). Thus, it is

possible that infant mental rotation processes lay the
foundation for later mental transformation. Longitu-
dinal studies that include a variety of different kinds
of mental rotation tasks (e.g., implicit vs explicit; 2D
vs 3D, etc.) can provide important information as to
whether performance on different kinds of mental
rotation tasks are related, either contemporaneously
or predictively, and hold promise for advancing our
understanding of the developmental trajectory of sex
differences in mental rotation.

FACTORS CONTRIBUTING TO SEX
DIFFERENCES IN SPATIAL SKILL

We next consider various factors that have been pro-
posed as explanations for the sex difference in mental
rotation and spatial skill more generally. These fac-
tors fall into two broad categories: biological (e.g.,
differences in prenatal hormones) and environmental
(e.g., differences in play experiences). However, these
categories do not capture the complex interactions
between biology and experience. Therefore, we con-
sider how these factors, which are frequently studied
separately, might interact to produce different levels
of spatial skill in girls and boys, as well as among
individuals within these groups. Based on the evi-
dence, we argue that not only do biological factors
influence experiences but also that experiences influ-
ence biology, and that there are multiple routes to
developing strong spatial thinking—no one factor is

1.0

1.5

r = 0.47

0
0.5

Infant spatial preference score

M
e
n
ta

l 
tr

a
n
s
fo

rm
a
ti
o
n

a
c
c
u
ra

c
y
 a

t 
4
 y

e
a
rs

0.6 0.7 0.80.4
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determinative. Individuals who have multiple factors
favoring strong spatial skills—a biological advantage,
experiences that include frequent and rich play that
involves spatial problem solving (e.g., play with
blocks and puzzles, certain videogames), membership
in a group that is not negatively stereotyped in terms
of spatial ability—are likely to develop strong spatial
abilities. However, individuals with a biological
advantage may not develop strong spatial abilities if
they lack experiences that promote spatial thinking.
And importantly, individuals may develop strong
spatial abilities if they have rich spatial experiences,
despite being in a group that is not biologically
advantaged. As we will see, spatial thinking is
malleable and can be improved in both males and
females, a finding that has important educational
implications.

Biological Factors
Evidence that sex differences in mental rotation can
be explained, at least in part, by biological factors
comes from a variety of sources. One is the presence
of sex differences in toy preferences that are reported
in human neonates as well as in nonhuman primates.
A second is the influence that prenatal hormone
differences—in particular, androgen levels—have on
activity preferences and spatial thinking. Finally, a
third kind of biological evidence involves findings of
functional and structural sex differences in brain
areas thought to be involved in mental rotation.
However, it is possible that these neural differences
arise from differences in spatially relevant experience,
a question that has not been addressed in existing
studies.

Are Early Emerging Toy Preferences
Evidence for a Biologically Based
Sex Difference?
A number of studies report that infant boys prefer
inanimate over animate objects and that the reverse
is true of infant girls. In an eye-tracking study, Alex-
ander and colleagues63 found a sex difference in the
toy preferences of 3- to 8-month old infants. Whereas
infant boys looked longer at a truck than a doll,
infant girls showed the reverse preference. The
authors argue that the young age of these infants lim-
its the possibility that the observed preferences are
products of gender socialization.

Consistent with this position, Baron-Cohen
posits that early gender-related toy preferences reflect
an innate difference in males’ and females’ psycho-
logical processing, such that males show a preference
for ‘systematizing’ and females for ‘empathizing,’

which offers an explanation for the sex difference in
spatial skills, including mental rotation.64 In opposi-
tion to this position, Spelke4 argues that the empiri-
cal basis for this claim is limited, citing the absence
of sex differences in much of the infant literature.
Furthermore, she critiques the Connellan et al.65

study which, because it involved newborns, arguably
offers the strongest support for a biological basis of
the systematizer–empathizer dichotomy. Although
Connellan et al. find that male newborns spent more
time looking at an inanimate object than an expres-
sive person whereas the reverse was true for female
newborns, Spelke points out that this study did not
control for experimenter bias and did not show that
the results generalize to other stimuli from the two
categories (i.e., other inanimate objects and expres-
sive people). Another issue Spelke raised was the lack
of replication of Connellan et al.’s findings. However,
since the time of her critique, the Connellan findings
have been replicated, albeit with older infants who
have greater potential to be influenced by differential
experiences.35,63

An additional problem with the systematizer–
empathizer view is that it is not clear whether this
difference translates to a sex difference in mental
rotation. Very recently, however, a research group
found that toy preference is correlated with mental
rotation skill in 6- to 12-month old boys, but not
girls.35 Although environmental factors could play a
role in toy preferences by 6 months of age, the
authors argue for a biological explanation based on
related findings in nonhuman primates66 and in new-
born infants.65 Furthermore, Lauer et al.35 propose a
possible mechanism for the toy preference that is
linked to differential prenatal exposure to androgens
in males—specifically, that higher levels of prenatal
androgen exposure in males may modulate the devel-
opment of magnocellular and parvocellular layers of
the thalamus.67 Evidence from animal models sug-
gests that prenatal androgens might accelerate the
development of the magnocellular layer (which pro-
vides input to the dorsal, object location and motion
stream) and delay the development of the parvocellu-
lar layer (which provides input to the ventral, object
recognition stream).68,69 If true, this would favor the
earlier development of the dorsal stream in male
infants and perhaps lead to the male preference for
objects with moving parts such as trucks. This inter-
est, in turn, is hypothesized to lead to enhanced men-
tal rotation ability, although details are lacking
about how this would unfold. In typically developing
females, in contrast, prenatal androgen exposure
may be too small to affect the relative timing of
development of these neural systems, and thus
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females may not have the preference for moving
parts and thus may have less developed mental rota-
tion ability. Although providing a possible mechan-
ism for the gender difference in toy preference and
mental rotation, this hypothesis is in need of further
empirical support.

Below, we discuss literature that has more
directly implicated gonadal hormones in the sex dif-
ference in mental rotation. Of note, although most of
the research on biological factors affecting spatial
cognition has focused on hormonal differences, more
recent approaches to studying sex differences has
shown that it is important to consider differences in
phenotypes caused by sex chromosome complements
(XX vs XY) as well as hormonal differences.70,71

Gonadal Hormones
Levels of gonadal hormones such as testosterone
have been implicated in sex differences on a variety
of spatial tasks in both humans72,73 and nonhuman
animals.74 Sex hormones may exert their influence
prenatally, through shaping the organization of brain
regions associated with spatial cognition, and/or
postnatally, through activation of these brain regions.
Here, we focus on investigations of prenatal influ-
ences on postnatal spatial cognition in humans as
this pathway has the most evidence. We include stud-
ies examining whether androgen exposure levels
relate to later spatial skills by reviewing studies of
individuals with atypical hormonal profiles and stud-
ies of typically developing individuals whose hormo-
nal levels vary.

Atypical Hormone Profiles
One group that exhibits an atypical hormone profile is
males with androgen deficiency early in development.
This group performs lower on a variety of visuo-
spatial tasks than their typically developing peers.72 In
contrast, males who acquire androgen deficiency after
puberty do not appear to exhibit spatial impairments,
perhaps reflecting differences between organizational
and activational effects of hormones.75

Another group that has been widely studied is
females with congenital adrenal hyperplasia (CAH),
a condition that results in above normal levels of
androgens during prenatal and early postnatal devel-
opment. Although some studies report that females
with CAH have enhanced spatial skills compared to
unaffected females73, others report no such advan-
tage.76 Studies examining play preferences more con-
sistently show differences between females with CAH
and unaffected females. Young girls with CAH play
more with stereotypical male-type toys (e.g., cars and
trucks) and prefer male playmates compared to

unaffected girls, even though parents strongly
encourage CAH girls to play with stereotypical
female toys, such as dolls.77 Moreover, such prefer-
ences persist into adolescence and adulthood.78 It
could be that CAH leads affected girls to engage
more in male stereotyped play activities, and that
these play activities, rather than the CAH per se, pre-
dict the sex difference in spatial skill that is some-
times reported. Thus, it is important to examine
whether play activities might mediate the relation of
CAH to enhanced spatial thinking, which could
potentially resolve inconsistencies in the literature.
Such a finding would be consistent with widely held
view that biological and experiential factors interact
to explain gender differences in play and spatial
abilities.79

Hormonal Variations in Typically
Developing Children
Other studies have examined whether variations in
prenatal androgen levels in typically developing chil-
dren are related to variations in mental rotation. For
example, Grimshaw et al.80 found a positive relation
between prenatal testosterone level (measured during
amniocentesis in the second trimester of pregnancy)
and mental rotation at age 7 in girls but not in boys.
A recent study81 assessed the mental rotation skills of
young adult twins whose co-twin was either the same
or different sex. The findings showed that females
with an opposite sex twin performed better on a 3D
mental rotation task than females with a same sex
twin among dizygotic twins. These findings are con-
sistent with the role of in utero testosterone levels on
variations in spatial skill. However, they could also
be explained by females with an opposite sex twin
playing with more male stereotyped toys than
females with a same sex twin, because of the greater
opportunity to do so. Thus, findings that are some-
times interpreted as supporting a biological difference
for the gender difference in mental rotation could
also be affected by increased spatial experiences.

Differences in Brain Structure and Function
Brain imaging studies have implicated various brain
areas in mental rotation, illustrating the complex net-
work of processes underlying this skill. For example,
both men and women show activation in brain areas
associated with the motor system, such as the globus
pallidus and the premotor cortex, as well as areas
involved in mental imagery and self-awareness, such
as the precuneus.82–85 As detailed below, studies of
brain structure and function have also revealed sex
differences in relevant brain areas—which may be
rooted in differences in gonadal hormones,86–88 as
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well as in differential experiences, both of which have
been implicated in the sex difference in mental
rotation.

In terms of sex differences in brain structure,
differences in the parietal lobe—a brain region impli-
cated in spatial processing and mental
rotation89–91—have been identified. Goldstein and
colleagues92 found that volume of the inferior parie-
tal lobe is 20% greater in men than women, even
after accounting for overall brain volume. Further-
more, women have smaller parietal lobe surface area,
and, importantly, this structural brain difference is
related to mental rotation task performance.93 In
terms of brain functioning during mental rotation,
differences in activation patterns have been reported
for males versus females. Although the specific brain
regions implicated differ across studies, likely due to
differences in the stimuli used and the nature of the
control task, there is some agreement that activation
patterns in women reflect more effortful, top–down
processing—reflective of verbal-analytic strategies—
whereas activation patterns for men reflect more
automatic, bottom–up processing—reflecting more
visuomotor strategies.26,28,82 For example, one study
examining activation during a mental rotation task
of Shepard–Metzler figures found that women
showed greater activation than men in the dorsal
medial prefrontal cortex and the left temporal–
occipital association cortex, thought to be involved
in effortful control.82 In contrast, men showed
greater activation than women in areas implicated in
automatic, effortless task performance, including the
basal ganglia as well as in Broadmann area 7, impli-
cated in memory-related visual imagery.94

Only a few studies have examined whether
there are sex differences in the brain areas involved
in mental rotation in children, and whether these
areas differ from those found to be important in
adults. One developmental fMRI study compared
brain activation patterns in third graders, sixth gra-
ders, and adults.95 Although similar regions were
involved across ages, there was a shift from stronger
right parietal activation in children to more bilateral
parietal activation in adults, perhaps related to
greater left hemisphere involvement in more prac-
ticed cognitive tasks and greater right hemisphere
involvement in more novel tasks, with the mental
rotation task being more novel for children than
adults.96 Of note, the investigators used a 2D mental
rotation task involving mental rotation of animals
rather than the kinds of 3D mental rotation tasks
that are typically used in the adult studies, and these
task differences need to be taken into account in the
interpretation of developmental differences. There

was no significant difference in activation patterns
between boys and girls, although a difference was
detected between adult men and women such that
women showed greater activation of the right middle
temporal gyrus, the right inferior frontal gyrus, and
the left primary motor cortex compared to men.

Other developmental studies have used electro-
physiological measures to assess sex differences in
brain activation during mental rotation.97,98 One
study showed bilateral parietal activity in preschool
boys and left parietal activity in preschool girls on a
mental rotation task that involved judging whether
two letters were the same or mirror images of each
other.97 Despite the sex difference in patterns of
event related potential (ERP) activity, boys and girls
showed no difference in their speed or accuracy on
the task, which is consistent with previous data
showing that there is not typically a sex difference
when mentally rotating letters, at least in adults.23

The investigators speculated that the right hemi-
spheric activation pattern in males may reflect a
holistic rotation strategy, whereas the bilateral acti-
vation pattern in females might reflect a more ana-
lytic, piecemeal approach (but see Ref 29).26,97,99

Findings are somewhat inconsistent from study
to study, even within the same lab. Some studies
report similar patterns across age and gender
whereas others find gender and/or age differences.
These differing results may be associated with the
nature of the mental rotation task, and perhaps to
the nature of the baseline task used as a control for
the mental rotation task. To sort out the complex set
of findings that have been reported, we need more
systematic, theory driven research to establish a clear
picture of the nature of sex differences in brain acti-
vation on mental rotation tasks and whether these
vary over the course of development. As is the case
for behavioral studies, longitudinal studies examining
a variety of different kinds of mental rotation tasks,
and that consider not only the child’s gender but also
their spatial experiences, would help create a more
coherent picture of developmental consistency and
change. As it stands, a variety of different sex-related
patterns of activation are interpreted as supporting a
more holistic pattern of mental rotation in males and
a more piecemeal pattern of mental rotation in
females, which may not adequately capture proces-
sing differences in view of recent findings.29

Environmental Factors

Play Experiences
Engaging in masculine-stereotyped activities is associ-
ated with higher performance on spatial tasks,
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including mental rotation.100,101 These include activ-
ities such as playing with blocks and other construc-
tion toys as well as playing certain videogames.17,102

Studies of children in their home and school environ-
ments show that boys are more likely than girls to
play with construction toys (e.g., block building and
Legos), a type of play that involves spatial manipula-
tions and transformations as well as part-whole
thinking.103–105 Furthermore, this kind of play is
related to better performance on spatial visualization
tasks, such as the recognition of geometric figures
embedded within more complex pictures.106 What is
less clear is the extent to which this differential spa-
tial play by boys and girls is driven by intrinsic inter-
ests, by parent/teacher encouragement and/or by
societal stereotypes. Furthermore, it is unclear
whether encouraging girls to play with blocks, for
example, would result in improvement in their men-
tal rotation skills.

Many reports of sex differences in toy prefer-
ence are based on parental questionnaires rather than
direct observations. However, a recent longitudinal
study videotaped the naturalistic interactions of chil-
dren and their primary caregivers, at 4-month inter-
vals, beginning when children were 14 months of
age. Pruden et al.107 showed that children who heard
more spatial language from their parents during nine
observation sessions between 14 and 46 months of
age performed better on spatial tasks, including a
mental transformation task at 54 months, controlling
for the overall talk children heard. A mediation anal-
ysis showed that parent spatial language predicted
children’s spatial language, and that this in turn pre-
dicted performance on the mental rotation task.107

Although these findings are correlational, they raise
the possibility that that spatial language helps chil-
dren on mental transformation tasks by giving them
ways to describe the stimuli, thereby decreasing the
cognitive load of mentally transforming the stimuli.
Rich spatial language knowledge also may enhance
spatial skill by habitually increasing attention to spa-
tial information in the world. In another investiga-
tion based on this longitudinal study, Levine et al.108

coded children’s puzzle play during six observation
sessions between 26 and 46 months of age, and
found that children who played with puzzles at least
once during these sessions scored higher on a mental
transformation test that was given at 54 months of
age52 than children who never played with puzzles.
Moreover, the frequency of observed puzzle play was
correlated with scores on the mental transformation
test, supporting a dose–response relationship.108

Although boys and girls were as likely to engage in
puzzle play during the observation sessions, boys

played with more difficult puzzles than girls. Further-
more, the parents of boys were more engaged in the
puzzle play than the parents of girls and provided
them with more spatial language, perhaps because of
the greater difficulty of the puzzles the boys were
playing with and the greater need to scaffold this
play. However, a follow-up study in the laboratory
presented parent–child dyads with the exact same
puzzles, one a 24 piece puzzle and the other a
48 piece puzzle. Analyses showed that parents pro-
vided children with more spatial language on the
more difficult puzzle, but that parents of boys pro-
vided more spatial language than parents of girls for
both the easy and more difficult puzzle.109 Although
the explanation for the greater spatial language input
to boys remains an open question, it is possible that
this input is helpful to the development of boys’ spa-
tial thinking, for the reasons noted above—it may
reduce cognitive load while carrying out spatial tasks
and may guide children’s attention to spatial infor-
mation on a regular basis.107

Studies of college students also reveal a relation
between engaging in masculine-stereotyped spatial
activities such as carpentry, model-building (based on
retrospective reports), and spatial skills (based on
performance on tasks such as the MRT).101 Sex dif-
ferences in videogame experience have specifically
been associated with a sex difference in mental rota-
tion. In a large sample of undergraduates (N =
1278), males reported significantly more experience
with videogames than females. Among a subsample
of participants (n = 180), males performed signifi-
cantly higher on the MRT than females, and this sex
difference was partially mediated by videogame expe-
rience. Moreover, females with greater videogame
experience showed higher MRT scores than females
with less videogame experience.102

The correlations between spatial experiences
and spatial abilities do not show that these experi-
ences cause higher levels of spatial skill. Instead, it
could be that individuals with higher spatial skill,
perhaps related to biological factors such as prenatal
hormone exposure, engage more in spatially related
activities. However, it is also possible that factors
such as parental encouragement and societal stereo-
types affect the amount and quality of spatial play,
spatial interests, and spatial thinking. If this is the
case, we might expect sex differences in spatial think-
ing to vary depending on cultural context.

Gender Stereotypes
There is also evidence that sex differences in chil-
dren’s toy preferences are influenced by societal gen-
der stereotypes. For example, caregivers in Western
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cultures have been shown to encourage boys more
than girls to participate in spatial activities.100 Addi-
tionally, the societal stereotype that females are
worse than males at spatial thinking has been found
to affect females’ performance on spatial tasks, at
least in adults. This may be because of stereotype
threat—the threat that females, as members of the
stereotyped group, may feel when confronted with a
spatial task, which in turn can lead to anxiety about
their ability to perform the task, deplete their work-
ing memory resources, and compromise their task
performance.110 For example, McGlone and Aron-
son111 found that female undergraduates performed
worse on a MRT when their gender was primed than
when their identity as a student at a selective private
college was primed prior to taking the test. The
reverse was true of male college students, where
priming gender led to stereotype lift. Other studies
have explicitly manipulated beliefs about sex differ-
ences in spatial performance. For example, Campbell
and Collaer112 found a male advantage on a line ori-
entation discrimination task in the explicit stereotype
(i.e., ‘men do better’) and control (no information)
conditions, but no sex difference in the stereotype-
nullified condition (i.e., ‘women and men perform
equally’). Importantly, females performed signifi-
cantly better in the stereotype-nullified condition
than in either of the other conditions, particularly on
challenging items, whereas male performance did not
differ across conditions (see Figure 8). In addition, a
study of college students showed that positive same-
sex role models had a positive impact on STEM out-
comes for female students but not for male students
(but see Ref 113). Female students with female math
and science professors were more likely to take

STEM courses and to graduate with a STEM major
than female students with male professors.114 It is
possible that female college professors in the STEM
disciplines serve to nullify the stereotype that males
are better than females at mathematical and spatial
tasks, which results in more females pursuing and
succeeding in the STEM disciplines.

Because research on the effects of spatial stereo-
types has focused on adults, we do not have informa-
tion about when children first become aware of this
stereotype and when the stereotype starts to affect
their spatial skills and interests. This is an important
question, as it can inform efforts to stem deleterious
effects of these stereotypes.

Spatial Anxiety
There is little research on the relation of spatial anxi-
ety to spatial learning and performance. In a study
examining whether there is a link between spatial
anxiety and the sex difference in mental rotation
skill, some first and second grade students reported
anxiety about engaging in spatial activities, as
assessed by a newly developed questionnaire, the
Child Spatial Anxiety Scale (CSAQ).115 Items from
this questionnaire include questions such as:
(1) ‘How do you feel when your teacher asks you
whether these shapes are rectangles and why?’
(2) ‘How would you feel if your teacher asked you to
build this house out of these blocks in 5 min?’
Results showed that young children with higher
levels of spatial anxiety performed more poorly on
the Thurstone Spatial Relations Test,25 a test invol-
ving mental rotation, than those with lower levels of
spatial anxiety. Moreover, consistent with findings
on math anxiety, the negative relation of spatial anxi-
ety and spatial skill was only found for students who
were higher in working memory.115,116, However,
unlike findings for math anxiety, where the anxiety
by working memory interaction holds for both males
and females,117 the spatial anxiety by working mem-
ory interaction was only significant for girls (see
Figure 9). This may be because spatial anxiety leads
to verbal ruminations that may differentially interfere
with the more verbal analytic strategies that girls
may employ on mental rotation tasks.118

Spatial anxiety may have negative implications
beyond impeding performance on mental rotation
tasks. In a series of studies conducted on adults, Fer-
guson and colleagues119 found that individuals
reporting high levels of spatial anxiety also tended to
report high levels of mathematics anxiety, which has
been widely reported to be associated with lower
levels of math performance.117,120,121 Critically, the
relation between spatial anxiety and math anxiety
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held even after accounting for sex, general anxiety,
and both small- and large-scale spatial skill (sense of
direction and mental rotation, respectively). Results
also suggested that mental rotation partially accounts
for the relation between math and spatial anxiety
whereas navigation does not. It could be that spatial
anxiety impairs one’s mental rotation ability, which
might be important to mathematical thinking (e.g.,
see Refs 15, 122, and 123), thus resulting in greater
mathematics anxiety. Although Ferguson et al. did
not investigate whether spatial anxiety might account
for females’ higher levels of math anxiety, they did
find that females reported significantly higher levels
of spatial anxiety than males in three different sam-
ples of participants.

Another important approach to examining the
detrimental effects of spatial anxiety on spatial ability
involves examining inter-generational effects that can
result when spatially anxious adults interact with
children. These adults may not provide children with
the kinds of input that support the development of
spatial thinking. Supporting this possibility, in a
study of first and second graders, teachers’ level of
anxiety about spatial tasks negatively predicted chil-
dren’s growth on the Thurstone Spatial Relations
Test25 across the school year. It is possible that tea-
chers who are high in spatial anxiety are less likely to
engage children in their class in spatial activities or
that they engage them in lower quality spatial activ-
ities, which impedes children’s spatial learning.122

Role of Cultural Context
Consistent with the role of experience in sex differ-
ences in spatial skill, it appears that the sex difference

is modulated by a variety of contextual factors that
vary both within and across cultures.

Within-Culture Variations
Do sex differences in spatial skill vary as a function
of socioeconomic status (SES)? Levine and collea-
gues124 reported that sex differences on two different
spatial tasks, the Thurstone Spatial Relations Test125

and a task that involves mapping locations on aerial
photographs to locations on maps, varied as a func-
tion of SES. In high- and middle-SES groups, boys
performed better than girls on both of these spatial
tasks. In contrast, there was not a sex difference in a
lower SES group (see Figure 10). Moreover, it does
not appear that the absence of a sex difference in the
lower SES group is attributable to a floor effect
because unlike higher SES second graders who show
a sex difference on the spatial tasks administered,
lower SES third-grade children do not, even though
they performed as well as the higher SES second gra-
ders on the spatial tasks.

How might such a sex by SES interaction be
explained? One possibility is that the male advantage
on spatial tasks emerges earlier in high- and middle-
SES groups, because in these groups, boys engage in
more spatially relevant activities than girls (e.g., play-
ing with Legos, exploring their neighborhood). In
contrast, children from lower-SES groups may have
less access than their higher-SES counterparts to the
kinds of activities that promote spatial thinking, and
this may be true for both boys and girls. It is also
possible that the experiences of children from lower
SES backgrounds with spatial activities such as block
play may be qualitatively different than those of their
higher SES peers. Thus, we may not see an early sex
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difference on spatial tasks in this group because nei-
ther low SES boys nor girls are likely to engage in the
kinds of early activities that promote spatial thinking.
Over time, lower SES boys may accrue more spatially
relevant experience than lower SES girls, and chil-
dren in this demographic group may also show a
male advantage on spatial tasks. Clearly, a longitudi-
nal study is needed to determine the time course over
which male advantage on tasks such as mental rota-
tion unfolds in children from different SES groups.
Preliminary data from such a study indicate that
when low SES girls and boys who do not differ on
pretest mental rotation skill are given training on a
computer game similar to Tetris, a sex difference in
favor of males emerges over time (Lourenco and
Levine, in preparation).

In apparent contradiction to the Levine et al.124

findings, Wai et al.11 analyzed data from Project
TALENT—a study conducted with a large represen-
tative sample of 9th- to 12th-grade U.S. students
(approximately 400,000 in all)—and did not find
any evidence of a sex by SES interaction. However,
the lack of an interaction with SES in this study
could be attributed to a number of study differences.
With respect to the spatial skills assessed, children in
the Levine et al. study were administered a spatial
relations task and an aerial maps task. In contrast,
spatial skills in Project TALENT were assessed via a
spatial composite score that included mechanical and
abstract reasoning. In addition, the Levine
et al. study was conducted with second and third gra-
ders, whereas the Project TALENT data are from
high-school students. Thus, the different findings
yielded by these two studies may reflect age-related

changes in the interaction between sex and SES–as
discussed, males from lower-SES backgrounds may
eventually have more spatially relevant experiences
than females but these differences may be less
marked or even negligible at earlier ages.

Across-Culture Variations
Cross-cultural comparisons have revealed that the
gender difference in spatial thinking is robust, and
also that certain factors may lead to variations in its
size. In adults, a male advantage on spatial tasks has
been found across different races, ethnicities, and cul-
tures, such as Japan,126 Great Britain,127 and West
Africa,128 as well as India, South Africa, and
Australia.129 An analysis of a large internet survey
(including 250,000 respondents) by the British
Broadcasting Corporation found that men outper-
formed women on a 3D mental rotation task and a
line orientation judgment task that involved selecting
the line from among 15 choices that matched the ori-
entation of a target line. This was true in more than
40 different countries and 7 ethnic groups.127,130

Lippa and colleagues127 found that the sex difference
in spatial skill increased as gender equity and eco-
nomic development of countries increased—a finding
that is reminiscent of the Sex × SES interaction
reported by Levine et al., which found a larger sex
difference in more privileged socioeconomic groups.

However, the Lippa et al. finding conflicts with
the Gender Stratification Hypothesis,131–133 which
posits that sex differences will be smaller when
opportunities for men and women are more equita-
ble. In an attempt to explain their surprising finding,
Lippa et al. suggest that women in more egalitarian

Boys

Middle

Socioeconomic status

P
e

rc
e

n
t 

c
o

rr
e

c
t

High

Chance

Low

100

90

80

70

60

50

40

30

20

10

0

Girls

FIGURE 10 | Performance levels of low, middle, and high SES second graders on the Thurstone Spatial Relations Test.124

WIREs Cognitive Science Sex differences in spatial cognition

© 2016 Wiley Per iodica ls , Inc.



societies may have more exposure to gender stereo-
types about spatial skills, which may negatively
impact their performance, as described above. Of
note, the larger sex difference in spatial skill in coun-
tries with more gender equity contrasts with a study
reporting that the sex difference in math performance
on the 2003 PISA is smaller in countries with greater
gender equity,132,134 (but see Stoet and Geary135 for
analyses showing inconsistent findings and outlier
effects on the math findings, leading them to argue
that there is not a relation between math ability and
gender equity of countries). One possible reason for
the opposite relation of societal gender equity to sex
differences in spatial versus math skill is that mathe-
matics is formally taught in school whereas spatial
thinking is not. Thus, in societies with greater gender
equity, both males and females have more similar
access to mathematics courses, and as a result, sex
differences in math may diminish. In contrast,
because schools do not typically focus on spatial
learning, stereotypes and sex-related differences in
interests may continue to prevail in countries with
more gender equity. Furthermore, as argued by Lippa
et al.,127 the toll that stereotypes take on females’
spatial skill may be greater in more gender equitable
societies because awareness of gender stereotypes
about spatial thinking may be more evident in these
countries.

Other studies find that cultural practices that
are highly spatially demanding are related to the sex
differences in spatial skill and level of spatial skill.
For example, in societies where both sexes rely on a
high level of visuo-spatial skills for survival, such as
the Canadian Eskimo Inuit, men and women do not
differ in their performance on spatial tasks.128 Fur-
thermore, experience with character-based languages
(e.g., Mandarin), which incorporate a Euclidean
frame for students learning to write, is related to
higher mental rotation skill. Men and women who
can write in Mandarin scored significantly higher on
the MRT compared to men and women who could
not write in Chinese, controlling for being
multilingual.136–138

An innovative study compared sex differences
in spatial skill in two distinct, but genetically related
tribes in Northeast India that differ in that one is pat-
rilineal and the other matrilineal.139 One of these
tribes, the Karbi, is patrilineal (e.g., it is socially
unacceptable for women to own land, and land is
inherited by the eldest son), showed a male advan-
tage in time to complete a puzzle assembly task. The
other tribe, the Khasi, which is matrilineal (e.g., it is
socially unacceptable for men to own land, and land
is inherited by the youngest daughter), showed

no sex difference on the puzzle assembly task. A
remaining question is the mechanism that explains
these different male–female differences in puzzle
assembly, and whether this pattern of male and
female advantage is specific to spatial tasks or is true
of performance in other domains as well.

An Integrative Approach
Contemporary researchers are no longer arguing
about whether biological or experiential factors
impact differences in spatial skill. Rather, they
acknowledge that multiple factors affect levels of spa-
tial skill, as is the case for other cognitive functions.
A question that needs to be answered is how these
factors together contribute to the sex difference in
spatial thinking as well as to the wide range of differ-
ences in spatial thinking that exist within gender.
One such study examined genetic and environmental
contributions to spatial ability, measured by the Jig-
saws and Hidden Shapes tests,140 in a sample of over
4000 pairs of identical and fraternal 12-year-old
twins.141 Findings showed that spatial ability was
only moderately heritable, with 27% of the variance
in spatial scores being explained by genetics and
73% being explained by environmental factors.
Although sex differences, favoring boys, were
observed in spatial scores, results suggested that the
underlying genetic and environmental contributions
were the same for both girls and boys.

There also have been attempts to study how
genes and environment interact to influence spatial
cognition. An early attempt to do this led to the
‘bent-twig’ hypothesis.118 According to this hypothe-
sis, an early biologically based spatial advantage for
males would lead to a ‘bending of the twig’ such that
males would be more interested in and engage more
in spatial activities, which in turn could lead to a
greater spatial advantage. An alternative version of
this hypothesis is that societal stereotypes rather
than, or in addition to, biological factors could bend
the twig toward greater male engagement in spatial
skills, or more likely, both kinds of influence are
important in bending the twig. Working within the
‘bent twig’ framework, Pezaris and Casey118 used
family handedness—in particular, the presence of a
left-handed first-degree family member—as a marker
of biological advantage among females,142 and exam-
ined the strategies that right-handed adolescent males
and right-handed adolescent females with or without
left-handed family members used on a mental rota-
tion task. They found that only females who were
considered biologically advantaged (i.e., right-handed
with left-handed relatives) and who had high
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amounts of relevant experience (as indexed by high
achievement in math and science) performed the
mental rotation task using the visuo-spatial strategies
typically favored by the males.83

Currently, neuroconstructivist theories143,144,

hold promise for providing a framework that inte-
grates the multiple factors that affect brain and
behavioral development. In addition to the many fac-
tors that can affect phenotypes, neuroconstructivist
theories highlight the fact that the timing of various
events, both biological and experiential, can have
important influences on developmental outcomes.
These theories are beginning to be applied to
research on cognitive development,145,146 although
there are still relatively few empirical investigations
of spatial development that have taken such an
approach.

Some recent work investigating mathematical
development through a neuroconstructivist lens (e.g.,
Ref 147) serves as a useful example of how a more
integrative approach could inform our understanding
of spatial development and sex differences in spatial
thinking. Hart and colleagues used a latent class
analysis in a large twin study to explore familial
transmission—representing shared genes and
environments—of different profiles of cognitive and
affective correlates of math achievement in 12-year
olds. Students who had the highest math achievement
tended to have high numerical skills and low math
anxiety, and showed strong evidence of familial
transmission. Conversely, students who showed
lower math achievement and higher math anxiety,
despite having high numerical skills showed little evi-
dence of familial transmission. Children in this group
were more likely to have acquired math anxiety
through experiences that were not shared with their
co-twins (perhaps from teachers148)—hence the evi-
dence of low familial transmission—and the deleteri-
ous effects of math anxiety may have outweighed
any benefit of having strong numerical skills.
Although this study does not provide evidence of
causal relations, it illustrates that multiple, interact-
ing factors contribute to mathematical development.
In particular, cognitive and affective factors relate to
math achievement differentially depending on child-
specific (i.e., nonfamilial) experiences, which may
alter the impact of familial experiences and biological
factors. Similar studies exploring levels of familial
transmission of spatial skills could help us better
understand the contribution of various biological,
experiential and attitudinal factors to spatial thinking
and sex differences in spatial thinking. For example,
is spatial anxiety, like math anxiety, acquired at
least in part through nonshared experiences?

Additionally, longitudinal twin studies would have
the potential to capture the intricacies of biological
and environmental influences on sex differences
by examining changes in familial transmission over
developmental time.

Evolutionary Theories
Several investigators have argued that the male
advantage in spatial cognition is an evolutionary con-
sequence of sexual selection, a theory that integrates
experiential and biological factors over a long-time
frame. The common core of these arguments is that
over evolutionary time, males traveled farther from
their home bases and engaged in more spatially
demanding survival practices than females, which in
turn created greater selective pressure for the evolu-
tion of dynamic spatial skills (e.g., navigation) in
males than females (e.g., Ref 149). Newcombe150

summarizes various evolutionary accounts of sex dif-
ferences in spatial skill, placing them into one of two
categories: the ‘Man as Hunter, Woman as Gatherer’
theories, and the ‘Man Who Gets Around’ theories.
In the former category, the central argument is based
on the division of labor in traditional hunter–
gatherer societies: women gathered edible plants,
whereas men hunted animals, which was contingent
on spatial skills including making tools and tracking
and aiming at moving animals. The latter category of
theories centers on the idea that men who mated with
multiple females had a reproductive advantage and
had to rely on spatial–navigational ability in order to
find more females than their competitors. As New-
combe points out, both sets of theories have only lim-
ited empirical support (but see Ref 151 for related
findings on voles). Moreover, existing evolutionary
theories are not directly relevant to the sex difference
in mental rotation, which is only modestly related to
navigation ability,152–154 and may even be negatively
related to a Euclidean navigation strategy155 (see Ref
156 for a contrasting view).

Studies of nonhuman animals also provide a
lens onto epigenetic mechanisms that may contribute
to sex differences in spatial skills. A comprehensive
review of the relevant animal literature is beyond the
scope of this paper, but we highlight one illustrative
study (also see Ref 157 for review). Deer moles
expand their home range in order to seek out poten-
tial mates when they reach sexual maturity, which
also co-occurs with improved spatial navigation abil-
ity. However, if the moles were exposed to
endocrine-disrupting compounds, such as bisphenol
A (BPA), earlier in their development—often trans-
mitted through feeding due to contamination of the
mother’s diet—they do not show these enhanced
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spatial navigational abilities at the time of sexual
maturity. Conversely, female deer moles exposed to
endocrine-disrupting compounds showed enhanced
spatial navigational abilities.158 This study illustrates
how biological and environmental factors can inter-
act to affect spatial abilities.

The research that has taken an integrative
approach to studying development underscores the
fact that there are multiple interacting factors at
work, and biological precursors for developing
strong or weak spatial skills are not always realized
in terms of phenotypic spatial ability levels, as inter-
vening environmental factors can alter the course of
this development, and even modulate preexisting bio-
logical factors. Thus, it is clear that we need more
research at multiple levels of analysis, ranging from
the molecular to behavioral to societal, to gain a dee-
per understanding of how the development of spatial
skills unfold in males and females.

MALLEABILITY

As mentioned above in discussing biological and
experiential factors, real-world experiences such as
playing with blocks, puzzles, and videogames are
related to individual differences in spatial skill.17,102

However, these studies leave the question of causa-
tion open—i.e., does engaging in these activities build
spatial thinking, or do males, because they are on
average more interested and better at spatial think-
ing, differentially engage in these activities, or is there
a bidirectional relationship between engaging in spa-
tial activities and spatial ability? Training studies that
experimentally manipulate spatial experiences can
assess whether particular experiences are causally
related to spatial skill development, and whether
enriched spatial experiences lead to a maintenance,
narrowing, or widening of the male advantage on
spatial tasks such as mental rotation. Training
studies—as well as meta-analyses of these studies—
provide the strongest causal evidence that spatial skill
is malleable.

Training Studies
There is ample evidence that a wide range of experi-
ences lead to better performance on spatial tasks such
as mental rotation. These experiences often include
training that involves the motor system, e.g., through
gesturing the movement of objects or through acting
on objects, in line with imaging and behavioral stud-
ies that implicate the motor system in mental
rotation.82–85 One study found that 5-year-old boys

and girls who were instructed to gesture about the
movement of target pieces showed greater improve-
ment on a two-dimensional mental transformation
task52 than children who were instructed to produce
a pointing gesture or to observe an experimenter pro-
duce a movement or pointing gesture (see
Figure 11).159 A follow-up study showed that train-
ing that involved actually moving the objects also
resulted in improvement, and this improvement was
significantly greater than in the gesture training at
immediate posttest. However, because children in the
gesture condition continued to show improvement
between the immediate and delayed posttests whereas
those in the object movement condition did not, there
was no significant difference between the two condi-
tions 1 week after training (Levine, Goldin-Meadow,
Carlson, & Hemani-Lopez, unpublished data). In yet
another study, 5-year-old boys and girls improved
similarly when given training that involved practice
with mental transformation problems or observing
the experimenter move the pieces together. However,
girls improved more than boys when instructed to
imagine the movement of objects on a mental trans-
formation task, possibly because boys but not girls
are already doing this.53

There is also evidence that computer-game
training improves performance on mental rotation
tasks, reducing the sex difference in adults.160 For
example, experience with rotating objects (e.g., using
a joystick to move objects) has been shown to play
an important role in increasing performance on men-
tal rotation tasks, even eliminating the male
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advantage.161 Such training appears to be particu-
larly effective for children with lower levels of spatial
skill.162 Some researchers have argued that improve-
ments in mental rotation elicited by video game train-
ing may be due, in part, to improvements in visual
selective attention.163 In one study, college students
played an action video game 1 h every day for
10 days and showed improved visual attention fol-
lowing training, compared to control participants
who played the video game Tetris.164 Although
Tetris contains a visuo-motor component, the
authors argue that the game only requires focus on
one object at a time, which would not be expected to
alter visual attention to the same degree as an action
video game that involves more dynamic visualization
components, such as tracking enemies, detecting new
enemies, and avoiding harm. Computer program-
ming that involves designing linear graphics (e.g.,
Logo) has also been shown to improve mental rota-
tion skill. Fifth and sixth grade students who partici-
pated in this type of programming in 30-min sessions
every other day for one school year showed signifi-
cant gains in performance on the Thurstone, regard-
less of sex and grade level.165

Practice alone also benefits mental rotation
skill.18,160,166 Furthermore, as with other kinds of
training, practice effects have been shown to transfer
to different spatial tasks but less to verbal tasks, sug-
gesting that improvements are domain specific.166

Wright et al. found that long-term practice (daily
practice sessions over 21 days) on a computerized
version of either the classic Shepard and Metzler
mental rotation task (MRT) or a computerized adap-
tation of the mental paper-folding task (MPFT)19,167

resulted in improved performance not only on the
task used in training but also on the untrained spatial
task (either the MRT or the MPFT). Critically, this
transfer effect was domain specific, as spatial practice
did not improve performance on a computerized ver-
bal analogies test.168 Of note, the improvement on
the unpracticed mental rotation task occurred at the
level of encoding, suggesting that generalized spatial
training effect may impact the quality of the encoding
of spatial stimuli, rather than mental rotation
per se.169 In yet another training study, participants
were given a pretest, posttest, and delayed posttest
on a computerized version of the MRT.22 Half of the
participants were given the pretest, training and
posttest in the morning and half in the evening, with
the delayed posttest given 12 h later to both groups.
While males performed better than females on the
pretest, posttest, and delayed posttest, the difference
was only significant at pretest. In addition, although
both the evening and the morning training groups

showed comparable improvement on the immediate
posttest, the two groups differed on the delayed
posttest—the evening-trained group, showed further
improvement following a night of sleep whereas the
morning-trained group showed some decrement fol-
lowing a day of normal activities. These findings
implicate the role of sleep in consolidating spatial
learning on a mental rotation task.170

There is also evidence that training spatial
thinking may have consequences for STEM success.
For example, Sorby developed a spatial workbook
for engineering students that emphasized 3D visuali-
zation skills.16 Students who used the workbook not
only improved their spatial visualization skills but
also were more likely to successfully complete an
engineering course. In a related study that employed
a regression discontinuity design, Sorby and collea-
gues171 assigned engineering students who scored
below a cutoff score on a pretest measure of spatial
visualization skills to a spatial skills remediation
course—involving the same exercises used in the spa-
tial workbook. Students in the intervention course
(45% female) showed improved spatial visualization
skills following the course, as well as better calculus
grades a semester later, compared to their peers who
had scored above the cutoff score (16% female) on
the pretest spatial visualization measure.

A common thread that emerges from training
studies is that the effectiveness of the training
depends on the duration of the specific training or
practice. In general, longer training results in more
improvement,17 but one study reports that males typ-
ically increase mental rotation performance at a fas-
ter pace before reaching asymptote, whereas females
increase performance more gradually over time (see
Figure 12).166 Thus, studies that occur over a short
duration may favor males and may even widen the
sex difference in task performance, whereas those
that extend over several weeks are more likely to
maintain or reduce the sex difference that was pres-
ent at pretest. This difference in timing may explain
some of the inconsistencies in the literature about
whether training leads to parallel gains in males and
females or whether it closes the gap.18,160,163,172

Because most training studies are short in duration,
sex differences may be maintained or even enlarged
after training. The question of why the rate of
improvement differs for males and females is an
important one. This could be attributable to a male
biological advantage and/or to their higher levels of
prior experience with spatial tasks. What is clear is
that the spatial thinking of both males and females
improves with training, with most studies reporting
parallel gains.18
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Meta-Analyses of Training Studies
The training studies reviewed above provide evidence
of malleability. However, the most compelling evi-
dence of training effects on spatial skill is provided
by meta-analyses. Two meta-analyses have focused
specifically on the question of the malleability of spa-
tial thinking and whether training impacts males and
females to the same extent or differentially. The first
of these, Baenninger and Newcombe,17 found that
spatial abilities are malleable, and that training had
similar benefits for males and females. Thus, the sig-
nificant male advantage that was present at pretest,
remained at posttest, although both males and
females improved significantly from pre- to posttest.
This meta-analysis also identified the attributes of
training that were most beneficial. In particular,
short-term training (e.g., single training sessions, or
multiple brief training sessions that occurred over a
period of less than three weeks) did not produce
effects that differed significantly from practice. In
contrast, training interventions that were medium in
duration (e.g., more than one training session over
more than three weeks or training that is part of cur-
riculum that lasts less than a semester) were more
beneficial than either practice or short-term training.
Furthermore, training that was specific, focusing on
the spatial task assessed at pre- and posttest, benefits
performance on that task the most, followed by more
general spatial training (using a variety of spatial
tasks), followed by indirect training that involves
coursework related to spatial ability (e.g., engineering
coursework). However, this meta-analysis does not
tell us the degree to which these different kinds of
spatial training generalize to other spatial tasks or to

tasks that are not typically classified as spatial tasks
but that may be impacted by spatial skills (e.g., spa-
tial representations of number such as representing
numbers as units on a number line).122,173, That is, it
is possible that general and indirect training gener-
alizes more to untrained spatial tasks than specific
training. Furthermore, because there was only one
training study involving children at the time Baennin-
ger and Newcombe conducted their meta-analysis,104

it could not shed light on whether spatial training is
more impactful at certain developmental time points,
i.e., the question of whether there is any evidence
that there is a sensitive period for spatial learning.

In broad agreement with Baenninger and New-
combe’s17 findings, a recent meta-analysis18 of spatial
training studies found that spatial skills are malleable
with a weighted effect size relative to available con-
trols of g = .47 (Hedges g rather than Cohen’s d was
used). This study found a sex difference in favor of
males at pretest and that training did not eliminate
this difference because males and females responded
very similarly to training (g = .54 for males and g =
.53 for females). Again, it is important to investigate
whether the sex difference is more likely to narrow
or close with long-term training given Terlecki and
Newcombe’s finding that males respond more
quickly to training than females. This meta-analysis18

also addressed the question of whether there is any
evidence of a sensitive period for the training of spa-
tial skills. Unfortunately, only a few training studies
examined multiple age groups, increasing between-
study heterogeneity, and decreasing the opportunity
to detect significant differences if they exist. Findings
showed a larger effect size of training for children
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under age 13 than for 13- to 18-year olds or adults,
but this difference was not statistically significant.
Thus, although this meta-analysis does not provide
evidence for a sensitive period for spatial learning, it
leaves this possibility open.

EDUCATIONAL IMPLICATIONS

Finding ways to improve females’ mental rotation
skill is important given accumulating evidence that
mental rotation skill matters for educational out-
comes and career paths. For example, mental rota-
tion skill has been found to mediate the sex
difference in middle school students’ science perfor-
mance174 and high-school students’ math perfor-
mance.14 However, it is also important to consider
what role mental rotation actually plays in the class-
room and in STEM occupations. Is mental rotation
directly required for performing various problem-
solving tasks involved in STEM disciplines? In some
cases, the answer is yes. A salient example is that
chemistry students use mental rotation to decide
whether two symmetrical chemical structures are the
same molecule or stereoisomers, although reliance on
mental rotation decreases with expertise.175 How-
ever, as discussed below, it could also be the case
that mental rotation ability might be a proxy for spa-
tial thinking more generally, and it is this general
capacity for spatial thinking—rather than mental
rotation per se—that facilitates learning and perfor-
mance in STEM.176–178

Spatial thinking can play a role in even some of
the most fundamental aspects of mathematical learn-
ing, such as the ability to mentally represent numeri-
cal symbols and number words in terms of their
relative magnitudes. There is accumulating evidence
these representations are built on a highly spatial
framework, analogous to a mental number
line.179–181 Moreover, the quality of the spatial
organization of children’s numerical representations
is predictive of their mathematics achieve-
ment.122,123,182 Therefore, it is particularly worri-
some that 7- to 9-year-old boys demonstrate more
accurate number line representations than their
female peers.183 The sex difference in spatial repre-
sentations of number is also seen in adults: the asso-
ciation of space and number (SNARC effect) appears
to be stronger and the acuity of spatial number repre-
sentations appears to be finer in males than in
females.173 However, it is possible that the accuracy
of females’ mental number line can be improved by
bolstering their spatial thinking. Indeed, there is evi-
dence that performance on the CMTT52 at age

5 predicts children’s accuracy on a mental number
line at age 6, which in turn, predicts their approxi-
mate calculation skills at age 8.122 Additionally,
board games that emphasize spatial representations
of number magnitudes have been found to elicit more
accurate number line representations in young
children.184,185

Spatial thinking may also serve as a learning or
problem-solving tool. For example, one study reports
that training children’s spatial skills—in particular
mental transformation skills—led to improvement on
math tasks such as missing term problems such as
2 + ___ = 7,123 (see Ref 186 for contrasting results).
The authors hypothesize that the spatial learning
may have primed children’s ability to transform the
missing term problems into the more familiar, con-
ventional format (e.g., 7 − 2 = ___). Additionally,
children who were trained to memorize solutions to
complex addition problems with a spatial tool—spe-
cifically, a graphic display of addend magnitudes on
a number line—demonstrated greater learning than
those who were asked to learn the solutions by rote
memorization.182

Strong spatial thinking is also related to STEM
interests, course taking, and to STEM careers, even
when controlling for math and verbal skills.130,187 In
their analysis of Project TALENT, which consisted of
a large stratified random sample drawn from U.-
S. high schools in 1960, an important result was that
spatial skills of both males and females assessed dur-
ing high school predicted earning advanced degrees
in the STEM disciplines 11 years later, even control-
ling for verbal and mathematics skills (see
Figure 13).11–13 Apart from the issue of the sex dif-
ference in spatial skill, these findings are enough to

Education

Law

Social science

Humanities

Dentistry

Business

Performing arts

Visual arts

–0.5 0 0.5 1

Medicine

Biological science

Physical science

Math/computer science

Engineering

FIGURE 13 | The distribution of mean spatial scores (in standard
deviations) by occupations entered 11 years after spatial performance
was assessed (adapted from Wai et al.11). STEM occupations (bolded)
all have positive spatial performance scores.

WIREs Cognitive Science Sex differences in spatial cognition

© 2016 Wiley Per iodica ls , Inc.



motivate greater educational efforts to improve spa-
tial thinking.

Despite this evidence, educating spatial thinking
has received little attention in education policy
and curricula. One possible reason for this blind
spot is that, although spatial thinking is malleable,
promising research literature on how to actually
promote this kind of thinking in the classroom
and in home environments is just beginning to
emerge.107,108,188–190 It is also possible that curricu-
lum developers, teachers, and students tacitly endorse
essentialist views about spatial ability. For example,
anecdotally, people often say that they cannot read
maps or follow directions to assemble furniture. In
STEM courses, students complain that they have dif-
ficulty with 3D visualization and mental rotation, a
problem that negatively impacts their success in
courses such as organic chemistry and engineering.

Although the existence of sex differences on
certain spatial tasks can be viewed as an unfortunate
situation, the glass is actually half full. By developing
lessons that help children and adults learn to think
spatially and incorporating these lessons into the
existing curriculum, we are likely to both improve
spatial thinking for all learners and to increase STEM
achievement and the pipeline of students entering the
STEM disciplines.11,18,177,191 Such instructional
efforts need to cover a broad range of spatial skills
that are relevant to success in STEM, including men-
tal rotation, but extending to other STEM-related
spatial skills such as encoding spatial relationships,
cross-sectioning, and scaling. Fluency with using spa-
tial language and symbolic spatial representations
such as maps, models, graphs, and diagrams also
needs greater attention in the curriculum. In addition,
the use of spatial learning tools that highlight spatial
information and support spatial thinking (e.g., ges-
ture, spatial language, and spatial alignment) can be
used to support STEM learning.191 In addition to
supporting spatial learning, instructional efforts need
to focus on reducing spatial anxiety and susceptibility
to societal stereotypes about sex differences in spatial
abilities. With respect to sex differences, we hypothe-
size that once schools focus on spatial learning, the
greater gender equity of societies is likely to translate
into a reduction of the sex difference in spatial skill,
as has been the case for mathematics achievement, at
least according to some studies.132,134

Developing and investigating supports for spa-
tial learning is an increasingly productive direction
for research and is an important way to advance the
conversation about sex differences in spatial cogni-
tion. However, this is not to say that improving spa-
tial thinking through educational efforts is the only

route to increasing females’ path into the STEM pipe-
line. Notably, there is a large sex difference (Cohen’s
d ranges from 0.36 to 1.11) in interests and attitudes
toward STEM,192 and there is also evidence that
female interest in STEM can be increased by empha-
sizing communal goals in STEM193 and by making
the physical environment in which STEM learning
occurs more appealing.194 Clearly, there are many
complex and interacting factors that influence STEM
achievement, interest, and career choice. By taking a
multipronged approach that includes ‘spatializing’
the curriculum as well as nurturing interests and atti-
tudes about STEM learning and careers, we have
the best chance of preparing students for the chal-
lenges of STEM, and of increasing and diversifying
the STEM pipeline, a highly important 21st
century goal.

SUMMARY

This review reveals that significant progress has been
made in understanding the sex difference in mental
rotation skill and the development of this difference.
The sex difference in mental rotation skill, in favor of
males, is firmly established. Furthermore, this sex dif-
ference appears to emerge early in life, at least when
measured with certain, implicit measures. We also
know that spatial thinking predicts STEM success,
both in normative and highly selected talented
samples.11–13 However, there are many remaining
questions and new research directions that are
needed, which we have flagged as ways to ‘advance
the conversation.’ Among these is a lack of clear
understanding of the developmental trajectory of sex
differences in spatial thinking partly due to the pau-
city of longitudinal studies. Additionally, although a
variety of biological and environmental explanatory
factors of the sex difference have been identified,
what is less firmly established is how biological pro-
pensities interact with experiences to create different
levels of spatial thinking and different attitudes about
spatial thinking, as few research studies have
attempted an integrative approach. In terms of malle-
ability, we now have strong evidence that spatial
thinking improves with training for both males and
females, but know little about the effects of long-term
spatial training and instruction, and the extent to
which the effectiveness of long term training may dif-
fer over the course of development, both in terms of
durability and generalizability. Relatedly, we lack
information about the kinds of curricular changes
that would most effectively support high levels of
spatial thinking and whether these educational efforts
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to increase spatial thinking would lead to increased
STEM achievement, STEM majors, and STEM career
paths, particularly for underrepresented groups such

as women. These issues are not only ripe for scientific
advances but are of great importance in view of our
society’s need for a larger STEM workforce.195
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