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Minding the gap: a sex difference
in young infants’ mental rotation
through thirty degrees of arc
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Mental rotation (MR) is an important feature of spatial cognition invoking mental
imagery of an object’s appearance when viewed from a new orientation. Prior
studies have revealed evidence of MR in infants, including a sex difference
similar to that detected in older populations. Some of these studies used visual
habituation methods whereby infants were familiarized with an object rotating
through a 240° angle, followed by test trials showing either the habituation
object or a mirror image object rotating through the previously unseen 120°
angle. Significantly longer looking at either of these objects was taken to reflect
infants’ ability to recognize the habituation object even when seen from a novel
viewpoint, suggesting the capacity for MR. However, these infants’ responses
could, in theory, be explained with reference to perceptual discrimination rather
than MR, because the views of the habituation and test objects were very similar
in some video frames. In the current study, we observed a diverse population
of 5-month-olds (24 females, 24 males) for evidence of MR through 30° of arc.
In this more challenging test, our stimuli left a 30° gap angle between critical
video frames representing the habituation and test objects. Consistent with
earlier reports, we found that relative to female infants, male infants looked
significantly longer at the mirror image test stimulus immediately following
habituation. These results add to an emerging consensus that some young
infants are capable of MR, and that male and female infants on average behave
differently in this type of MR task.

KEYWORDS

mental rotation, spatial cognition, infant development, sex differences, infant
cognitive development

Introduction

Mental rotation (MR) is an aspect of spatial cognition that involves imagining how an
object would look if it were rotated in space into a new orientation. This is a useful ability with
applications in domains as diverse as reading (Rusiak et al., 2007; Riisseler et al., 2005), surgery
(Conrad et al., 2006), navigation (Kerkman et al., 2000; Levine et al., 1999), architecture,
dentistry, engineering, chemistry, cartography (Shea et al., 2001; Wai et al., 2009), and various
branches of biology and mathematics (Frick, 2019; Lauer and Lourenco, 2016; Newcombe
etal, 2019; van Tetering et al., 2019; Verdine et al., 2017; Young et al., 2018). Importantly, this
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kind of spatial skill early in life strongly predicts subsequent
mathematical reasoning (Casey et al., 2015; Geer et al., 2019).

MR has been a subject of research since the early 1970s, when
Shepard published now-classic results of chronometric studies that
showed a direct relationship between the amount of time required to
mentally rotate an object and the angle through which the object was
to be mentally rotated (Shepard, 1978; Shepard and Metzler, 1971).
Thus, after seeing an object from a particular perspective, an adult can
recognize that object again faster after it has been rotated through a
small angle than after it has been rotated through a large angle. These
findings were considered consequential, as they were consistent with
the claim that human cognition sometimes entails the use of analog
representations of objects.

Subsequent studies revealed that, on average, men accurately
complete MR tasks faster than women do (Linn and Petersen, 1985;
Schoning etal., 2007). In fact, these tasks are associated with larger sex
differences than any other spatial cognition tasks (Voyer et al., 1995).
Effect sizes documenting sex differences in tasks requiring MR of
3-dimensional (3D) objects in 3D space are usually larger than effect
sizes documenting sex differences in studies of aggressive behavior or
rough-and-tumble play in childhood (Collaer and Hines, 1995),
which are typically quite large. In the domain of cognition, these are
the largest and most robust sex differences yet discovered (Linn and
Petersen, 1985; Voyer et al., 1995).

The development of MR competence

Studies on the development of MR early in life have repeatedly
detected MR in populations between the ages of 5 and 12 years (e.g.,
Tachini et al., 2019; Kail, 1991; Kail et al., 1980; Marmor, 1975; Titze
etal, 2010). However, some early studies of preschoolers did not find
evidence of MR (Kriiger et al., 2014; see, for example, Estes, 1998),
suggesting that children less than 5 years of age lack this ability (Frick
et al,, 2013a; Quaiser-Pohl et al., 2010). Nonetheless, when simpler,
developmentally appropriate tests of MR are used, it now appears that
even some 3-and 4-year-old children can provide evidence of MR
(Frick et al., 2013b; Kriiger, 2018; Levine et al., 1999).

The study of MR in infancy began in earnest about 15years ago.
Unlike older participants, babies cannot respond appropriately to
verbal instructions, so researchers have developed innovative
techniques that permit inferences about this cognitive competence in
pre-verbal populations. These techniques have built on older methods,
including habituation or familiarization (e.g., Moore and Johnson,
2008; Quinn and Liben, 2008; Schwarzer et al., 2013a), change
detection (e.g., Beckner et al., 2023b; Lauer et al., 2015), violation-of-
expectation (e.g., Frick and Mohring, 2013; Hespos and Rochat, 1997;
Mohring and Frick, 2013; Rochat and Hespos, 1996) and eye-tracking
procedures (e.g., Pedrett et al., 2020). The first reports of MR in infants
under 6months of age used violation-of-expectation (VoE),
habituation, or familiarization methods; these procedures have been
used in the majority of later studies examining MR in infancy (see
Moore and Johnson, 2020, for a review of work conducted in this area
prior to 2021).

Moore and Johnson (2008) habituated 5-month-olds to video
images of 3D objects rotating in 3D space around a vertical axis.
Following the decline in visual fixation that characterizes habituation,
infants typically look longer when subsequently presented with a
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novel stimulus; thus, more looking at a novel versus a familiar test
stimulus is taken to reflect discrimination and recognition (Fantz,
1964). To test MR in infants using stimuli like those in Shepard’s
seminal studies of adults (Shepard and Cooper, 1982), Moore and
Johnson habituated infants to simplified Shepard-Metzler objects and
tested them with those same objects as well as with novel objects that
were the mirror images of the habituation objects.

In studies like this (e.g., Christodoulou et al., 2016; Constantinescu
et al., 2018; Gerhard and Schwarzer, 2018; Gerhard-Samunda et al.,
2021; Moore and Johnson, 2011; Schwarzer et al., 2013a, 2013b; Slone
et al,, 2018), infants repeatedly see a video clip of an unfamiliar,
asymmetrical 3D object rotating back and forth through a limited arc
around an axis. Once an infant’s looking times at this object have
fallen below a pre-established habituation criterion, they are tested
with video clips of the now-familiar object rotating through a
previously unseen angle (i.e., the “back” side of the habituation object)
or the mirror image of that object (also seen rotating through the
novel angle). Thus, both of the test displays are novel—the infants have
never seen either object from the perspective seen in the test trials—
but one of the test stimuli represents the original habituation object,
whereas the other test stimulus represents a mirror image version of
that object. If infants spend significantly more time looking at the
mirror image object, this is taken to mean that despite the similar
appearance of the test objects, the infants can tell them apart. And if
they prefer looking at the mirror image object, they must recognize the
other object (i.e., the more familiar one, as it was the object seen
during habituation), even though it is now being seen from a new
perspective. As Moore, Johnson, and others have argued, this behavior
plausibly indicates that the infants have been able to rotate a mental
representation of at least one of the objects.

Numerous studies using this methodology have now been
published. Replications of the phenomenon in 5-to 6-month-olds have
been reported in Germany (Erdmann et al, 2018) and England
(Constantinescu et al., 2018), and evidence has emerged that even
some 3-month-olds behave as if they are capable of MR (Moore and
Johnson, 2011). Other studies using similar habituation methods
(Schwarzer et al., 2013a, 2013b; Slone et al., 2018) have revealed that
MR performances are significantly influenced by gross motor
development (i.e., crawling) and prior fine motor experience (i.e.,
manual exploration of objects). Likewise, VOE (Mohring and Frick,
20135 Frick and Mohring, 2013) and change detection (Lauer et al,
2015) methodologies have provided convergent evidence consistent
with the conclusion that infants are capable of MR under at least
some circumstances.

Nonetheless, some research teams have failed to find MR
competence in infants. For example, Beckner et al. (2023b) failed in
two experiments to replicate the effects that Lauer et al. (2015)
observed using a change detection task. Similarly, although Erdmann
etal. (2018) detected evidence of MR in 5-to 6-month-olds using a
habituation task, they did not find evidence of MR in 9-to 10-month-
olds. And in a study utilizing real stimulus objects, Mohring and Frick
(2013) saw evidence of MR only in 6-month-olds who had been given
hands-on experience with the objects; infants without such experience
provided no evidence of MR.

When a collection of studies has yielded disparate results like
these, meta-analysis offers a robust way to establish the direction and
magnitude of an effect across those studies (Rosenthal and Rosnow,
1991). A recent meta-analysis examining the effect sizes obtained in
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62 experiments on over 1,700 infants between the ages of 3 and
16 months found significant (p=0.004) support for the claim that
infants are capable of MR (Enge et al., 2023). Taken together, therefore,
available evidence suggests that MR emerges in some infants before
their first birthday.

MR in male and female infants

A separate question is whether the sex difference observed in
studies of MR in adults also characterizes infant populations. Several
early studies suggested that male infants, on average, might be capable
of MR, but these studies found no evidence that female infants, on
average, are capable of MR (Constantinescu et al., 2018; Moore and
Johnson, 2008, 2011; Quinn and Liben, 2008, 2014). That is, only male
infants in these studies behaved as if they recognized a habituation
object when it was being seen from a novel perspective. However,
subsequent studies have yielded inconsistent results in this regard,
with several yielding no sex differences (Christodoulou et al., 20165
Erdmann et al, 2018; Frick and Mohring, 2013; Gerhard and
Schwarzer, 2018; Mohring and Frick, 2013; Schwarzer et al., 2013a,
2013b; Slone et al., 2018).

Given these uneven results, a meta-analysis can once again
be informative. Although Enge et al’s (2023) examination of sex
differences in infants’ MR competence was not as conclusive as their
examination of the existence in infancy of MR competence per se, this
team found “that male infants recognized rotated objects slightly more
reliably than female infants, [and that] this difference survives
correction for small degrees of publication bias” (p. 1). Enge et al.
concluded that although male infants provide more reliable evidence
of MR than female infants, “this difference is small and only partially
robust to publication bias” (p. 11). However, it is important to note
that this team’s data indicated that there was only a small publication
bias detectable in their sample of studies, and that a leave-one-out
“analysis confirmed that the current results are robust to the effects of
individual outlier experiments” (p. 8). Taken together, the results of
this meta-analysis support the conclusion that there is a sex difference
in infants’ performances on MR tasks, albeit a small one.

The role of angle-of-rotation in studies of
MR

We have argued that when infants are faced with a never-before-
seen view of a familiar object and a never-before-seen view of a novel,
mirror image of that object, if they prefer to look at the mirror image
object, this should be considered evidence of MR competence.
Nonetheless, other theorists have argued that this phenomenon might
not qualify as bona fide evidence of MR (Levine et al., 2016), because
the gold-standard signal of MR in adults has always required
chronometric data showing people taking longer to mentally rotate
objects through larger as opposed to smaller angles. Unfortunately,
chronometric data like these have not yet proven possible to collect in
studies of infants, because there is currently no way to measure the
speed at which infants assess the congruence of an object with a
rotated mirror-image-version of that object. Unlike older individuals
who can simply tell us when they have decided if two objects are
congruent, infants, by definition, are unable to provide verbal
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responses to our queries. After pointing out the need for chronometric
data, Kriiger et al. (2014) described a chronometric test that can
be used in children as young as 3years, but to date, no one to our
knowledge has devised such a test for use with infants.

Thus, conclusive evidence that infants engage in MR may
be difficult to obtain using current methods. Even so, as Hawkins et al.
(2022) noted, infants are likely engaging “in some type of spatial
transformation [in these kinds of tasks because it would be] difficult
for infants to simply map the shape of the object seen in familiarization
trials onto the shape of the objects seen in the test trials, since the
familiarization and test objects were seen from different perspectives
on the rotation axis” (p. 15). It follows that a task that requires
recognizing a rotated habituation object in a test trial (and
distinguishing it from its mirror image) will be more difficult as the
object is moved through greater angles of rotation. So, mentally
rotating an object through 5° of angle, for example, is easier than
mentally rotating it through 30° of angle. Similarly, even if infants are
not performing MR per se but instead are simply mapping the shape
of a habituation object onto the shape of a test object using a kind of
“piecemeal processing”—that is, “attending to spatially distinct
components of the object and transforming parts (piece-by-piece)
separately” (Hawkins et al., 2022, p. 4)—the task would likely be more
difficult when the habituation and test objects are separated by larger
rather than by smaller angles of rotation.'

Studies of infants’ MR through larger angles of rotation are
important, because in the absence of data from such studies, infants’
behaviors in some tasks might best be explained with reference to
perceptual discrimination failures rather than MR. For example, if an
infant is familiarized with an object rotating from an initial position
through 180° and is subsequently shown the same object rotating
between 181° and 360°, recognizing the object as it rotates through
the novel angle might not require MR at all if the infant is merely
unable to discriminate the image seen at the 180° mark from the image
seen at the 181° mark. Consequently, studies that require larger angles
of MR are critical for evaluating if infants might be capable of MR (for
additional discussion, see Moore and Johnson, 2020).

Given the recognized importance of angles of rotation, it is no
surprise that some researchers studying young children have
manipulated the angle through which MR is required, even if these
studies have not yielded chronometric data. Although the number of
such studies remains limited at this point, that number has grown in
the last 10 years. Currently, there are several studies on toddlers in the
3-year-old range (Frick et al., 2013b; Kriiger, 2018; Kriiger et al., 2014;
Pedrett et al., 2023), but we will focus here on studies that included
infants up to 1year of age.

1 Hawkins et al. (2022) presented data that suggested that the infants tested
in their paradigm were not “engaged in analog spatial transformation of the
test objects that preserved the spatial relation between object parts” (p. 15).
That is, Hawkins et al. argued that rather than engaging in genuine MR, the
infants they tested were engaging in another kind of spatial transformation
requiring “piecemeal processing of object parts” (p. 15). However, we think it
is highly unlikely that the infants in our study could have been relying on a
piecemeal processing strategy, because such a strategy would require a working
memory capacity that does not characterize infants younger than 6 months

of age (Reynolds and Romano, 2016; Ross-Sheehy et al., 2003)
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Studies exploring angle of rotation in
infants” MR

To the best of our knowledge, there has been only one study to
date that attempted to bridge MR research with toddlers and MR
research with infants. Beckner et al. (2023a) studied MR in children
1, 2, and 3 years of age using a single methodology. Their task involved
showing children two-dimensional (2D) cartoon pictures of a giraffe
on a computer screen that, when upright, would face either left or
right; as such, these were mirror images of one another. After a strict
training protocol that taught the children that a left-facing giraffe
would approach a house on the left whereas a right-facing giraffe
would approach a house on the right, images of these giraffes were
presented in 12 different angles of rotation—in 15° increments from
0° to 180°—and eye-tracking was used to determine which house the
children thought that giraffe would approach. Knowing which house
was the correct one would require MR.

After eliminating from analysis any children unable to provide
evidence that they understood the task, the median rotation angle at
which 1-year-olds were successful in this task was 22.5 degrees, but
eight of the sixteen 1-year-olds who were tested were successful at 30
degrees or more. Thus, using a rather complex task that required not
just MR, but also associating an object (a giraffe) with a target location
(a house), Beckner et al. were able to obtain evidence of MR in some
12-month-olds. Crucially, this team reported that children “were less
likely to succeed as the angle of rotation increased, and the older
children succeeded at higher angles of rotation than the younger
children, replicating previous findings with other procedures” (p. 1).

In an early study of MR in infants, Quinn and Liben (2008)
familiarized 3-to 4-month-olds with pictures of the numeral “1” (or
its mirror image) rotated into seven different orientations, each of
which was 45° of rotational angle away from their nearest neighbors.
After presenting these pictures in a random order, the infants were
shown a pair of numerals in a novel orientation; one member of the
pair was the original numeral, now shown in the novel orientation,
whereas the other member of the pair was the mirror image of the
original numeral (also in the novel orientation). Although female
infants treated the mirror image and the original numeral similarly,
male infants exhibited a novelty preference, suggesting that they
recognized the original numeral, even though it was being seen in a
novel orientation. Quinn and Liben argued that the male infants’
novelty preferences constituted evidence of MR. To have succeeded at
this task, the infants were thought to have mentally rotated the stimuli
through 45° of angle.

Contrary to this finding, Mdohring and Frick (2013) did not find
evidence of MR in 6-month-olds who lacked prior manual experience
with the stimulus objects, and Frick and Mohring (2013) did not find
evidence of MR in infants who were twice as old as those tested by
Quinn and Liben (2008). Relying on a VoE method, Frick and
Mohring (2013) presented 8-and 10-month-olds with an asymmetrical
object that was lowered behind an occluder. After the occluder was
removed, either the original object or a mirror image version of that
object was revealed in one of 5 different orientations (0°, 45°, 90°,
135°, or 180°). Frick and Mohring reported that the 10-month-olds,
but not the 8-month-olds, looked longer at the impossible outcome
(i.e., the mirror image version of original object). Furthermore, the
different orientations of the objects seen in the test trials had no effect
on the behavior of these infants. The discrepancy between Quinn and
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Liben’s results and Frick and Mohring’s results can potentially
be explained by any of a large number of methodological or
participant-sample differences between the two studies. For example,
Quinn and Liben presented infants with static images of a 2D figure,
whereas Frick and Mohring presented infants with video clips of a live
experimenter moving a real object in 3D space.

To the best of our knowledge, the only other study of infants that
examined specific angles of rotation was conducted by Gerhard and
Schwarzer (2018), who tested 9-month-olds in a paradigm similar to
that of Moore and Johnson (2008). These infants were shown a video
of a simplified Shepard-Metzler object rotating in one direction
through a 180° angle. After they habituated to that video, the infants
saw two test videos in sequence, counterbalanced. One of the test
videos showed the original habituation object whereas the other test
video showed the mirror image of the habituation object; in both
cases, the objects were seen rotating in the same direction as the object
in the habituation video, but through a new 90° angle. Infants in one
condition saw the test object in both videos rotating through the 90
degrees between 181° and 271°, so correctly recognizing the test
object as the habituation object would have required only 1° of MR
(because the habituation object stopped its rotation at the 180° mark
and the test object began its rotation at the 181° mark).> In contrast,
infants in a second condition saw both test objects rotating between
234° and 324° so correctly recognizing the test object as the
habituation object would have required 54° of MR (because successful
infants needed to rotate a mental representation of the object through
the gap between 180° and 234°).

Gerhard and Schwarzer (2018) reported that the size of the gap
between the final frame of the habituation video and the initial frame
of the test video did influence the infants’ looking time behaviors as
predicted, but only for infants who were experienced crawlers. Unlike
the crawling infants, infants with less crawling experience spent nearly
equal amounts of time looking at the mirror image and habituation
test objects when they were being seen from the novel perspective.
This finding is consistent with other work from the Schwarzer group,
which has consistently found that experience with crawling affects MR
performance in infancy (Gerhard-Samunda et al., 2021; Kelch et al,
20215 Schwarzer et al., 2013a; Schwarzer et al., 2013b). Gerhard and
Schwarzer reported that when the angular difference between the
habituation and test objects was larger, infants’ preferences for the
mirror image object were diminished. Hence, these researchers
concluded that object recognition in the 54° condition was more
demanding than in the 1° condition because the former condition
required MR across a larger gap angle.

The current study

Of the approximately 15 studies that have been conducted on MR
in infancy, only those just described have presented infants with
stimuli representing discretely varied angles of rotation. As Gerhard
and Schwarzer (2018) noted, “research involving systematically testing

2 Alternatively, as discussed previously, successful infants could have treated
the familiar object seen from the "novel” perspective as familiar because of a

failure to perceptually discriminate between the views at 180° and 181°.
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a possible effect of angular disparity on mental rotation performance
in infants as it has been done in adults is extremely rare” (p. 47). The
results reported in these studies raise several questions addressed by
the current study.

First, the failure of the infants studied by

coupled with the success of the crawling infants of nearly the
same age that were studied by suggest
that the VoE method might be less sensitive than the habituation
method, motivating further tests with the latter method. Second,
found that infants without much
crawling experience failed in their habituation study, whereas
found that similarly aged male infants —almost
certainly including both crawlers and non-crawlers—succeeded in
their habituation study. Finally, , and
used flat stimuli that were rotated around
the Z axis (i.e., in a 2D plane like a clockface) whereas
used a dynamic 3D stimulus rotating in depth; thus
a new study including infants as young as Quinn and Liben’s but with
stimuli more like Gerhard and Schwarzer’s would likely help generate
a more complete portrait of MR in infancy.

The current study examined MR in 5-month-old infants using a
habituation paradigm and video representations of simplified 3D
Shepard-Metzler objects (and their mirror images) rotating in depth
around their vertical axes. Because
found evidence of MR through a 54° angle in some 9-month-olds, and
because we planned to study younger infants, we constructed our
stimuli so as to require MR through a smaller angle of rotation: 30°.
Finally, because found novelty preferences
when 45° rotations were required but only in their population of male
infants, we chose a narrower angle of rotation that we thought might
make the task somewhat easier, on the chance that female infants
might also recognize the habituation object from a never-before-seen
perspective and therefore prefer to look at the novel, mirror image
object, too.

Participants

Participants included 48 healthy, full-term 5-month-old infants
[M=153.65days, SD=7.32; males (n=24): M=153.25days, SD=7.39;
females (n=24): M=154.04days, SD=7.39], recruited from a diverse
population of new parents in the San Gabriel Valley of Southern
California. This sample size was deemed appropriate because earlier
studies of MR in infancy using similar stimuli and procedures proved
to have enough power to reveal significant effects with samples of 40
( , ) and 48 ( )
participants, respectively. Twenty-one additional infants were
observed but excluded from analysis due to fussiness (n=15; coded by
a trained observer as crying, irritable, or apparently uncomfortable),
insufficient attention to the experimental stimuli (= 3; infant rarely
looked at the stimuli, looking instead at the ceiling, its parent, or its
toes), sick on the test day (n=2; infant vomited during the study), or
a strong side bias (n=1; infant only looked at the monitor on the left
during the test trial). The observer was always blind to the infant’s
assigned condition, and the decision to exclude the data was
determined prior to seeing the data. Not counting two additional
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infants who were excluded due to technical malfunctions during their
visit, our attrition rate was 21 out of 69, or 30%, which is not unusual
in studies of young infants’ cognitive or perceptual processes (e.g.,

> > >

Stimuli

The stimuli consisted of four videos representing 3D, simplified
Shepard-Metzler geometric block-shaped objects developed by

. The stimuli were displayed on a black background

, but through

different angles. The objects were arbitrarily referred to as the

“L-object” and the “R-object” (see

constructed of seven cubes attached rigidly with 90° bends at its top

and rotated as described in
). Each object was

and bottom; a two-cube bar (x-axis) was attached at the bottom of a
straight central bar formed of four cubes (y-axis), and a one-cube bar
(z-axis) was attached to the top of this central bar. If viewed from
above, all visible faces of the objects were yellow; if viewed from below,
all visible faces were red. Viewed from the front, right, back, and left,
the faces were purple, blue, white, and green, respectively. The L-and
R-objects were mirror images of one another (as shown in ).
Stimuli like these have been commonly used in studies of infants’ MR
(e.gs ; ;

s ; ), having been originally chosen
because of their similarity to those used in Shepard’s seminal studies
of MR in adults ( ).

Each habituation video comprised 140 sequential perspective
projections. Each of these projections represented the same object
rotated an additional 1.5° around the vertical (Y) axis. When these
videos were presented at 30 frames per second, this sequence of
images appeared as an object rotating at 45° per second through a
210° arc, from 30° to 240° (see the top row of images in )
Once the object reached the maximum extent of its rotation, it
reversed course and began rotating back to its starting position.

FIGURE 1

Habituation objects. Habituation objects were 2D video depictions of
simplified 3D Shepard-Metzler objects ( ),
arbitrarily referred to as the L-object (pictured on the left in a 0°/360°
orientation), and its mirror image, the R-object (pictured on the right
in a 0°/360° orientation).
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Habituation video: L-object
30° 82.5° 135° 187.5° 240°
Test video:
habituation
object
(L-object)
270° 315° 360°
Test video:
mirror
object
(R-object)
270° 315° 360°
FIGURE 2
Frames sampled from habituation and test videos. The objects represented in the habituation videos rotated back and forth through a 210° angle (30°
to 240°). Half of the infants saw the habituation object pictured in the top row of images here (i.e., the L-object); the other half of the infants saw a
habituation video displaying the rotating R-object (not shown). The objects represented in the test videos (pictured in the bottom two rows of images
here) rotated back and forth through a previously unseen 90° angle (270° to 360°/0°)

Unlike the videos used by
videos left two 30° gaps between the terminal points in the habituation

, the stimulus

videos and the terminal points in the test videos. Consequently, the
L-and R-objects in the fest videos rotated through a 90° arc that
commenced at 270° and terminated at 360°/0° (see
). The 30° gaps meant that
the objects were never seen rotating between 0° and 30° or between
240° and 270° in either the habituation or test trials. As in the
habituation videos, the objects in the test videos rotated back and

as well as
the bottom two rows of images in

forth continuously between their starting position (at 270°) and the
maximum extent of rotation (at 360°/0°). Aside from being mirror
image objects, the L-and R-test stimuli were otherwise identical in
all aspects.

Apparatus and procedure

Upon arrival, parents and infants were greeted by a research
assistant who guided them to the lab’s waiting room and provided
them with informed consent documents and a questionnaire seeking
information about the mother’s pregnancy, the infant’s birth, and the
overall health of the infant, as well as the current state of the infant on
the testing day (e.g., had the infant slept well the night before, was the
infant fed and changed, etc.). Once the necessary paperwork was
completed, the parent and infant were led to the testing room where
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FIGURE 3

Representation of the rotational angles covered by the habituation
and test stimuli. A schematic of a bird’s-eye view of the rotational
angles covered by the habituation and test stimuli. Also shown are
the 30-degree gaps in which the stimulus objects are never seen by
the infant. To recognize the habituation object when it is presented
from a novel perspective during the test trials, infants must mentally
rotate a representation of the object through one of these gaps

a trained observer described the study procedure to the parent. To
ensure optimal comfort of the infant, all infants were tested while
sitting on their parent’s lap in a darkened testing room. Parents were
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seated 1 m away from two 53cm monitor screens which were
separated by 39 cm (from one monitor edge to the other).

As detailed in Christodoulou et al. (2016), a two-monitor
experimental apparatus can be of value in some studies of infant
cognition, because designs in which stimuli are presented in pairs
might reduce demand on visual short-term memory relative to that
required in single-monitor studies (Oakes and Ribar, 2005). In
addition, this approach enables assessment of visual preferences
directly, which permits inferences even when infants do not fully
recover looking following habituation. Finally, although habituation
studies often end with test trials that alternate between familiar and
novel stimuli, a two-monitor setup allows for the simultaneous testing
of interest in the two kinds of stimuli, rendering alternating test
trials unnecessary.

Parents were asked to keep their eyes closed throughout the
procedure. All parents complied with this instruction, meaning
parents were not able to systematically influence their infants’ visual
preferences. An IBM PC clone running custom software was used to
present the stimuli on the monitors, time trials, calculate when the
pre-established habituation criterion was met, and store data.

One of two trained observers, who was not visible to the infant
and who was blind to the infant’s group assignment and to the stimuli
shown, observed and coded a given infant’s behavior in both
habituation and test trials using a joystick. The joystick was used both
to initiate trials and to record the duration of the infant’s looks at each
of the two monitors (i.e., the joystick was held to one side as long as
the infant looked to that side, and the joystick was held to the other
side as long as the infant looked to the other side). Given the distance
between the display monitors and the infant participants’ location 1 m
away from the screens, infants needed to move their eyes (and/or their
heads) quite a distance when observing stimuli in the 2-monitor
testing room. Accordingly, it was readily apparent when they fixated
one screen instead of the other screen, as evidenced by the fact that
the labs two trained observers’ reliability scores were consistently
greater than r=0.90. Reliability scores were computed by comparing
looking time data that were recorded simultaneously by a trained
observer and a trainee observer while pilot infants were tested in
the task.

The sequence of the trials was similar to the sequence used by
Christodoulou et al. (2016). The study began with infants randomly
assigned to one of two habituation groups (i.e., habituation to the
L-object or to the R-object). Once assigned to a group, infants
observed the same habituation video on both monitors over the
course of several habituation trials (i.e., either a rotating L-object or a
rotating R-object appeared on both monitors simultaneously, showing
identical images throughout the habituation trials). Using these two
habituation groups, we were able to effectively control for any
spontaneous preferences the infants might have had for these stimuli.
To ensure the infants’ attention was drawn back to the video display
screens before the start of each trial, an attention-getter stimulus was
used on both monitors.

Every trial (including both habituation and test trials) was
initiated by the observer, who pressed a button on the joystick to
signify that the attention-getter stimulus had effectively drawn the
infant’s attention to one of the display screens; pressing this button
caused a pre-selected stimulus video to begin running on the screens.
Then, using the joystick, the observer recorded infant fixations to the
left and right displays in real time. Each habituation trial ended either
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25 after the observer released the joystick to indicate that the infant
was no longer looking at either of the monitors, or after 60s (whichever
occurred first). If the infant’s attention to one of the displays resumed
in the 2-s interval, the habituation trial continued. An infant was
deemed habituated when their average time fixating the habituation
stimulus (across both monitors) decreased in a four-trial block to 50%
of their average fixation time in the first four habituation trials. Given
this habituation criterion, each infant viewed a minimum of five
habituation trials. Infants who did not habituate saw a maximum of
12 habituation trials.

Once the infant either habituated or experienced 12 habituation
trials (whichever came first), they viewed a series of two test trials.
Infants were randomly assigned to counterbalanced test trial groups.
Infants who had been exposed to the L-habituation object (n=24;
males =12, females = 12) were equally and randomly assigned to the
L-object test stimulus appearing either (a) on the left screen during
the first test trial (males=6, females=6) or (b) on the right screen
during the first test trial (males =6, females=6). A similar random-
assignment procedure was used for infants who had viewed the
R-habituation object (n=24; males=12, females=12), with the
L-object test stimulus appearing either (a) on the left display during
test trial one (males =6, females=6) or (b) on the right display during
test trial one (males=6, females=6).

In contrast to the habituation trials during which infants viewed
an identical object on both monitors, the test trials presented the
habituation object (now seen from a previously unseen perspective)
on one monitor, and a novel object (the mirror image of the
habituation stimulus) on the other monitor. Both test stimuli were
seen rotating through 90° angles, meaning that all views of the object
were novel with respect to the views provided of the original
habituation objects. Left-right positions of these stimuli were
subsequently reversed for the second test trial. During each of the two
test trials, the stimuli remained on both monitors—rotating in sync,
so that at every moment, the images on the left and right monitors
were mirror-images of one another—until infants accrued a total of
20s of looking time across the two monitors.

Statistical approach

The data were analyzed using IBM SPSS Statistics (Version 27).
The preliminary statistical approach included a series of t-tests using
infants’ habituation times and number of trials-to-habituation,
consistent with previously published studies (see Christodoulou et al.,
20165 Moore and Johnson, 2008, 2011). Mixed analyses of variance
(ANOVAs) were subsequently conducted on the test trial data to
determine if any sex differences or novelty/familiarity preferences
existed in fixation of the test stimuli. In addition to including sex
(female vs. male) and stimulus type (novel vs. familiar) as factors in
our initial ANOVA, we included test trial (test trial 1 vs. test trial 2) as
a factor, because the test stimuli were obviously more novel when seen
in the first test trial than when seen again in the second test trial; as a
result, infants might have behaved differently in these two test trials.
Although we had no theoretically motivated hypotheses concerning
this factor, we considered it important to inquire about any of its
effects on the data. Finally, post-hoc t-tests were conducted to further
examine the test trial data, exploring differences in looking at the
novel and familiar test objects.
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Results
Preliminary analyses

The primary dependent measure for the preliminary analyses was
looking time during the habituation trials. Three ¢-tests were used to
assess if time-to-habituation was affected by (a) the sex of the infant,
(b) habituation with the L-versus the R-object, or (c¢) which monitor
displayed the novel stimulus object in the first test trial. No statistically
significant differences were found between male (M=127.32s,
SD=47.40) and female (M =148.04s, SD=104.53) infants in terms of
time-to-habituation, #(32.08) =—0.89, p =0.383. Further, the difference
between time-to-habituation for infants habituated with the L-object
(M=141.95s, SD=8291) versus the R-object (M=133.41s,
SD=80.53) was not statistically significant, #(46)=0.36, p=0.719.
Similarly, no statistically significant differences in times-to-habituation
were found between infants who saw the novel stimulus located on the
left monitor in test trial one (M =147.46s, SD=94.99) and infants who
saw the novel stimulus located on the right monitor in test trial one
(M=127.89s, SD=64.60), 1(46) =0.84, p=0.408.

Three additional ¢-tests were used to assess if number-of-trials-to-
habituation was affected by (a) the sex of the infant, (b) habituation
with the L-versus the R-object, or (c) which monitor displayed the
novel stimulus object in the first test trial. No statistically significant
differences were found between male (M =9.13 trials, SD=2.66) and
female (M =9.04 trials, SD=2.49) infants in terms of number-of-trials-
to-habituation, #(46)=0.11, p=0.911. Similarly, the difference between
the number-of-trials-to-habituation for infants habituated with the
L-object (M=9.17 trials, SD=2.53) versus the R-object (M=9.00
trials, SD=2.62) was not statistically significant, #(46) =0.22, p=0.824.
Further, no statistically significant differences in number-of-trials-to-
habituation were found between infants who saw the novel stimulus
located on the left monitor in test trial one (M =8.96 trials, SD=2.79)
and infants who saw the novel stimulus located on the right monitor
in test trial one (M=9.21 trials, SD=2.34), #(44.65) =—0.34, p=0.738.

Finally, although 48 infants were included in the final sample, only
33 infants habituated in fewer than 12 trials; the remaining 15 infants
did not successfully habituate to the habituation stimuli. A chi-square
test was conducted to examine differences between male and female
infants in successful habituation. This test revealed that approximately
equal numbers of male (n=16) and female (1 =17) infants successfully
habituated in fewer than 12 habituation trials, »*(1)=0.10, p=0.755.

Main analyses

The primary dependent measure in the main analyses was
looking time during test trials at the habituated (i.e., familiar) object
and the mirror image (i.e., novel) object, both seen from a new
perspective. A 2 (sex: female versus male) by 2 (test stimulus fixated:
novel versus familiar) by 2 (test trial: 1 versus 2) mixed ANOVA was
conducted to examine these looking times. Sex was a between-
subjects variable and both test stimulus and test trial were repeated-
measures variables. This analysis revealed a marginally significant
effect of test trial, F(1, 44) =3.75, p=0.059, reflecting slightly more
looking, on average, in test trial 1 (M =19.44s, SD=1.95) than in test
trial 2 (M =18.44s, SD=3.43). This effect was qualified by a 3-way
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interaction between sex, test stimulus fixated, and test trial, F(1,
44)=3.91, p=0.054.

Consequently, we next examined the data from test trial 1 and test
trial 2 in separate 2 (sex: female versus male) by 2 (test stimulus
fixated: novel versus familiar) mixed ANOVAs. The analysis of the test
trial 1 data revealed a main effect of sex, F(1, 46) =4.13, p=0.048, with
a medium effect size of ,”=0.08. The males’ average looking time at
the test stimuli in test trial 1 (M=10.00s, SD=4.11) was significantly
greater than that of the females’ (M =9.46s, SD=4.02).

The main effect of sex in the test trial 1 data was qualified by a
significant interaction between sex and test stimulus, F(1, 46) =4.50,
p=0.039, with a medium effect size of 1,>=0.09. Specifically, in test
trial 1, male infants preferred the novel (Myoy=11.66s, SD=4.11)
over the familiar (Mpy=8.34s, SD=4.11) stimulus, whereas the
female infants preferred the familiar (Mg =10.23s, SD=4.03) over
the novel (Myoy=8.70s, SD=4.01) stimulus (see Figure 4).

In contrast, the analysis of the looking times in test trial 2 revealed
no significant main effects or interactions. In test trial 2, the male
infants looked, on average, at the novel stimulus for 7.96 s (SD=4.03)
and at the familiar stimulus for 10.50s (SD=4.01). The female infants
looked, on average, at the novel stimulus for 9.52s (SD=4.61) and at
the familiar stimulus for 8.90s (SD=4.21) (see Figure 4). A similar
analysis of data averaged across test trials 1 and 2 revealed no
significant main effects or interactions, as the insignificant effects in
test trial 2 eroded the differences that were otherwise detectable in the
data from test trial 1.

Looking times at the novel and familiar stimuli in
test trial 1

Post-hoc comparisons of the male infants’ looking at the novel
and familiar test stimuli in test trial 1 were conducted using a
dependent samples t-test. This test revealed a marginally significant
preference for the novel (M=11.66s, SD=4.11) over the familiar test
object (M=8.34s, SD=4.11), #(23) =—1.98, p=0.060. In contrast, the
same test of the female infants’ looking in this test trial revealed more
similar looking times at the novel (M =8.70s, SD=4.01) and familiar
(M=10.23s, SD=4.03) test stimuli, #(23) =0.984, p=0.335. Finally, an
independent samples ¢-test revealed that male infants (M=11.66s,
SD=4.11) looked significantly longer at the novel object in this test
trial than did female infants (M=8.70s, SD=4.01), t(46)=2.53,
p=0.015.

Preference scores in test trial 1

Novelty preference scores in test trial 1 were calculated using the
following formula: [looking time at the novel object/(looking time at the
novel object + looking time at the familiar object)]. This formula yielded
a percentage of total looking that was devoted to looking at the novel
object in test trial 1. An independent samples #-test comparing the males’
and females’ novelty preference scores revealed that in this test trial, the
male infants’ novelty preference scores (M=0.58 novelty preference,
SD=0.21) were significantly great than the female infants’ novelty
preference scores (M=0.46 novelty preference, SD=0.20), #(46)=2.15,
p=0.037. Even so, the male infants’ novelty preference scores were only
marginally greater than chance (i.e., a test value of 0.50, that is, no novelty
or familiarity preference), #23)=1.98, p=0.060. In contrast, female
infants’ novelty preference scores were not different from chance,
#(23)=—1.05, p=0.306.
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Test Trial 1
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Average Looking Time in Test Trial 1
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FIGURE 4

Average looking times for test trials 1 and 2. Mean looking times in test trials 1 and 2, by sex and test stimulus type. Average looking times are in
seconds. The data from test trial 1 reflect a significant interaction between sex and test stimulus type. There were no significant effects in test trial 2,
and no significant effects in a combined analysis of the data averaged across both test trials. Error bars indicate standard errors of the mean.
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Discussion

The current study was designed to explore the hypothesis that
young infants tested in a habituation study would be able to mentally
rotate a 3D representation of an object in depth through a 30° angle.
Although reaction-time data are considered to provide the best
evidence of MR, such data have not yet proven possible to collect from
infants, so studies that explore infants’ MR of an object through one
or more specific angles represent the state of the art. To date, a small
number of studies like this have been conducted, but most of them
have examined the behavior of older infants. Beckner et al. (2023a),
for example, found that half of the 1-year-olds they tested were able to
succeed in their MR task and Frick and Mohring (2013) also reported
evidence of MR, but not in infants less than 10 months old. Quinn and
Liben (2008) found evidence of MR through a 45° angle in male 3-to
4-month-olds, but only using exceptionally simple 2D stimuli that did
not rotate in depth. The published study most similar to the current
study was conducted by Gerhard and Schwarzer (2018), who found
that 9-month-olds’ MR performance was influenced by angles-of-
rotation, but only for experienced crawlers. Thus, the current study
was the first test of younger infants’ ability to succeed in a test
requiring MR of a relatively complex 3D object through a 30° angle in
3D space.

It is common in studies using a habituation design to provide
infants with two test trials, because the final trial before an infant
reaches a habituation criterion yields a low level of looking by design,
and as a result, the first test trial is likely to yield increased looking, not
because the infant is more interested in the stimulus presented in that
trial, but because of regression to the mean (Oakes, 2010). For this
reason, our labs provide infants with at least two test trials in all of our
habituation studies. However, in the current study;, test trial 2 was not
essential, because the use of two monitors displaying two different test
stimuli meant that recovery of looking after habituation was not the
response of interest; instead, what mattered was which of the two
stimulus objects the infants spent more time fixating. Thus, the fact
that significant results emerged only in test trial 1 was not particularly
surprising; by the time the infants saw test trial 2, the test stimuli they
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saw were no longer as compelling as they were in test trial 1. Therefore,
the following discussion refers only to the data collected in test trial 1.

The main analyses of these data revealed a significant interaction
between sex and test stimulus, such that male infants had a nominal
preference for the novel over the familiar test stimulus, whereas female
infants had a nominal preference for the familiar over the novel test
stimulus. The effect size of this interaction was not small. Post-hoc
t-tests indicated that male infants looked significantly longer at the
novel object than female infants did, and that their novelty preference
scores were significantly greater than female infants’ novelty
preference scores.

Despite these significant results, post-hoc tests revealed that when
the male infants’ data were considered alone, their novelty preference
scores did not quite reach the p<0.05 level of significance; male
infants had a marginal preference for the novel over the familiar test
stimuli. In part, these marginal results reflect our decision to conduct
two-tailed t-tests; although the one-tailed tests we would have
conducted if we were confident of finding novelty rather than
familiarity preferences would have been significant at the p <0.03 level,
two-tailed tests were required because studies of MR in infants
sometimes find familiarity preferences (Christodoulou et al., 20165
Erdmann et al., 2018; Gerhard and Schwarzer, 2018; Moore and
Johnson, 2011; Schwarzer et al., 2013b). In addition, because male
infants constituted only half of our participant population (n=24), it
is possible that tests of effects in this group were underpowered.

Thus, although this study does not offer conclusive evidence that
young male infants can mentally rotate a 3D representation of an
object in depth through a 30° angle, the results are consistent with
published data indicating that male 5-month-olds, on average, are
capable of MR (e.g., Constantinescu et al., 2018; Moore and Johnson,
2008, 2011; Quinn and Liben, 2008, 2014). In contrast, the female
5-month-olds we tested looked at the two test stimuli for similar
amounts of time, suggesting that they might not have recognized the
object seen during the habituation trials when it was presented in a
novel orientation during the test trials.

As Levine et al. (2016) and Moore and Johnson (2020) have noted,
the lack of evidence that female 5-month-olds are capable of MR
cannot be taken as evidence that these infants are not capable of
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MR. Levine et al. correctly pointed out that “there are many reasons
why infants may not look longer at the novel mirror image stimulus
... they may find both test stimuli interesting—after all, both are
presented [from a perspective] that was not seen during the
habituation trials. ... 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” (pp. 5-6). Thus, although our
current findings are consistent with Enge et al’s (2023) meta-analytic
conclusion that male infants are more likely than female infants to
provide evidence of MR competence, these findings should not
be considered evidence of MR inability on the part of female infants.

One outstanding question is why studies of MR in infants only
sometimes find sex differences. A separate question is why a sex
difference might exist, if in fact it does. Regarding the first question,
discrepant results in this research area are perhaps to be expected
given the large number of differences in the participant populations
studied and the methodologies deployed by researchers working in
this area. Actually, any of the differences that could account for
significant versus null results in general in infant MR studies could
also potentially explain why some studies do and some studies do not
find sex differences. For example, Mohring and Frick (2013) suggested
that differential performances across studies could reflect the amount
of rotation that participants see the stimuli undergoing prior to their
test. Beckner et al. (2023b) considered the possibility that their failure
to replicate Lauer et al. (2015) might have resulted from the slight
differences in viewing distances that characterized these two studies.
In addition, Beckner et al. tested their infants during the COVID-19
pandemic, so infants were tested online using a web-based system,
whereas Lauer et al. tested their participants live, in a physical
laboratory. Although Erdmann et al. (2018) detected MR in their
young infants, they failed to find such evidence in older infants, a
difference that could perhaps be because the stimuli were too boring
for 9-to 10-month-old infants. These ideas (and others) might explain
why some studies find evidence of MR in infants whereas others do
not, and similar kinds of differences across studies could be invoked
to explain why sex differences sometimes are and sometimes are not
detected, too. However, all of these ideas remain mere speculation at
this point.

Likewise, it is not yet clear why sex differences on the current MR
task might exist. Constantinescu et al. (2018) reported that early
postnatal testosterone exposure and parental attitudes about gender
were both related to infants’ MR performances, suggesting two
possible answers to this question. However, testosterone and parental
attitudes have a very large number of knock-on effects—testosterone,
for example, induces axonal and dendritic growth, influences cell
numbers in certain brain structures, regulates cell death, supports
synaptogenesis, and affects neural connectivity (Hines, 2011; Moore,
2012)—so it is neither surprising nor especially enlightening to
identify them as factors in early behavioral sex differences. These
kinds of factors likely play roles in the development of many (if not
all) of the early sex differences that have been observed, including, for
example, the findings that male and female infants differ in their
activity levels (Campbell and Eaton, 1999; Oller et al., 2023), their
visual preferences for groups of children versus individual children
(Benenson et al., 2007), their fine and gross motor activity (Pick et al.,
2002), and their sensitivity to painful stimuli (Guinsburg et al., 2000).
Other established sex differences that might intuitively be thought to
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influence behavior in the current MR task include infant boys’ greater
visual contrast sensitivity (Dobkins et al., 2009), earlier-maturing
visual accommodative responses (Horwood and Riddell, 2008), and
better performances on event-mapping tasks (Alexander and Wilcox,
2012) relative to infant girls. The large array of sex differences in brain
development, sensation, perception, and cognition makes it
impossible at present to offer a precise explanation as to why male
and female infants responded differently in our MR task. Just as
we can only speculate about why sex differences sometimes are and
sometimes are not detected in infant MR tasks, we can currently only
speculate about why sex differences might exist in infants’
MR competence.

Conclusion

Given that our stimuli were significantly more complex than those
used by Quinn and Liben (2008, 2014) and that Gerhard and
Schwarzer (2018) found evidence of MR through a 54° angle only in
crawling 9-month-olds, it was not clear prior to our study that
5-month-olds would be able to provide evidence of MR in the current
task. After all, none of the infants we tested would have had experience
crawling, and they were all quite a bit younger than the infants tested
by Gerhard and Schwarzer (2018). This could be why the male infants’
novelty preferences in the current study were only marginally
significant. Regardless, our male infants’ nominal preferences for the
mirror image test stimuli suggest that they might have been
performing MR through a 30° angle. Otherwise, it would be difficult
to explain why they would have had such a marked preference for the
mirror image test stimulus, since it looked very much like the never-
before-seen view of the other test stimulus. Both test stimuli were
novel, so the only driver of a preference could have been a recognition
that the “back side” view of the habituation object was still a view of
that familiar object, whereas the very similar view of the mirror image
object was a view of a genuinely novel object. Such recognition would
likely signal mental rotation of an object, in this case through a
challenging 30° angle. The relatively large size of this angle
considerably reduces concern that the male infants’ behaviors reflected
a mere inability to discriminate the images seen in the frames at the
extreme ends of the habituation and test videos, and instead adds to
the existing body of research suggesting that many of these infants
might be capable of genuine MR.

Because the reaction-time data that offer the strongest evidence
of MR cannot (yet) be collected from infants, conclusive proof of
MR in young infants remains elusive. Consequently, some
researchers have argued that the methods used in the current study
are not suitable for confirming that infants can engage in analog MR
processes (e.g., Hawkins et al., 2022). We agree. Nevertheless,
studies that vary angles of rotation have the potential to improve
our confidence that infants are capable of MR, as such studies at
least have the potential to reveal “the classic signature pattern of
mental rotation—more difficulty on stimuli with greater angular
disparities” (Levine et al., 2016, p. 5). Thus, innovative methods that
vary angles of rotation, like the method pioneered by Beckner et al.
(2023a) with older infants, appear to be promising avenues for
additional research, particularly if they prove implementable with
infants younger than 1 year of age.

frontiersin.org


https://doi.org/10.3389/fpsyg.2024.1415651
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Moore et al.

The emerging consensus that some infants become capable of
MR—or at very least, some type of spatial-cognitive transformation—
before they turn 6 months of age has some important implications.
Because this sort of spatial cognition is of practical utility in a wide
variety of tasks, it would be useful to understand how it develops. In
addition, because MR competence has proven amenable to training in
older populations (Bacnninger and Newcombe, 1989; Cherney et al,
2003; Fernandez-Méndez et al., 2018; de Acedo Lizarraga and Garcia
Ganuza, 2003), it is possible that some kinds of early interventions
might be of value in the case of individuals who have not yet mastered
this kind of skill. Although a sex difference in MR performance in
young infants is more controversial than the presence of the
competence per se, the current study provided additional evidence
that female and male infants behave differently, on average, in this
kind of MR task. To date, few studies have examined how MR
competence comes to emerge during the first 5 months of postnatal
development, although Constantinescu et al’s (2018) data suggest that
both hormonal and parental-attitudinal factors might play important
roles. Moreover, research on developmental changes in the frontal
cortex and the development of attentional control in infancy could
provide more insight into the mechanisms underlying MR skills (Ellis
et al., 2021; Reynolds and Romano, 2016; Yang et al., 2020). Future
research in this area should work to illuminate the mechanisms that
lead to the emergence of this competence early in development.
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