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Abstract: Mental rotation (MR) and perspective taking (PT) are important spatial abilities and

predictive of performance in other cognitive domains. Yet, age-appropriate measures to assess these

spatial abilities in children are still rare. This study examined psychometric properties of four MR

tasks in 6- to 9-year-olds (N = 96). Two were developed specifically for children and two were based

on established assessments for adults; one of each was a computerized and one was a paper–pencil

task. Furthermore, spatial perspective taking (PT)—a different but closely related ability—was

assessed to determine discriminant validity. Factor analyses showed that all MR tasks loaded on one

single factor, with PT only loading weakly on the same factor, suggesting high construct validity. The

computerized task for adults showed moderate factor loadings, constituted its own (but correlated)

factor when a two-factor solution was forced, and showed the lowest reliabilities, suggesting that

it was very difficult for children. On average, the new MR tasks had good to excellent reliabilities,

differentiated well between age groups, and proved to be well-suited to assess MR in this age range.

The PT task also showed good reliability and a steep developmental progression. Relations to verbal

skills, gaming experience, and TV consumption are discussed.

Keywords: children; spatial cognition; assessment; perspective taking; mental rotation

1. Introduction

1.1. Individual Differences in Spatial Abilities

Over the past century, research on cognitive processing and intelligence has high-
lighted the importance of spatial reasoning (cf. Atit et al. 2020), and spatial intelligence or
‘visualization’ has been proposed as a major component in many theories of intelligence
(e.g., Gardner 1983; Carroll 1993). In the current spatial literature, the prevailing view is
that “spatial ability” does not refer to a homogeneous construct but should be understood
as a collective term for a wide variety of abilities (Newcombe and Shipley 2015; Uttal et al.
2013; Linn and Petersen 1985; McGee 1979) that typically vary greatly across individuals.
Individual differences in spatial abilities have been shown to be predictive of successful
careers in science and technical disciplines (Shea et al. 2001; Wai et al. 2009) and associ-
ated with specific academically relevant skills, such as mathematical thinking (e.g., Frick
2019; Kyttälä and Lehto 2008; Laski et al. 2013; Reuhkala 2001; for a review see Mix and
Cheng 2012). Although some possible mechanisms have been proposed that could explain
these connections (e.g., Hawes and Ansari 2020), further research is needed to test these
accounts. Yet, it remains difficult to find validated measures for many specific types of
spatial abilities (cf. Brucato et al. 2022; Newcombe et al. 2023), especially if they need to be
suitable for young children or group testing. Many of the existing measures that closely
model tests originally developed for adults are difficult to understand for young children
or preschoolers. Yet, for tests that have been adapted to be more child-friendly, it is still
unclear whether they measure the same ability, because direct cross-validations with estab-
lished measures that are typically used in research with adults are largely missing. Thus,
study designs in developmental research are often limited by the fact that no validated
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age-appropriate assessment tools exist. To advance research on the development of spatial
abilities and how individual and age-specific variations in spatial skills predict proficiency
in other domains, we need age-appropriate assessment tools with acceptable psychometric
properties (cf. Newcombe et al. 2023).

Therefore, in the present study, five spatial tasks were presented to children between
6 and 10 years of age. Two of these were developed to measure mental rotation (MR) in
children, one in the format of a computerized chronometric tasks and one in a paper–pencil
format that is suitable for group assessment. To establish convergent validity, these two
tasks were compared to two established MR assessments for adults in computerized and
paper–pencil format, respectively. The MR tasks were also compared to a task measuring
perspective taking (PT), in order to determine discriminant validity. In addition, children’s
verbal skills, socioeconomic background, and video game use were assessed by means of
a parent questionnaire, as previous research had suggested that these variables may be
relevant for MR or PT performance. For example, Levine et al. (2005) found that boys from
middle and high socioeconomic backgrounds outperformed girls on a MR task, whereas
boys and girls from low socioeconomic backgrounds did not differ in their performance.
Frick (2019) found that PT (but not MR) performance was positively related to children’s
socioeconomic status and verbal IQ. Moreover, Quaiser-Pohl et al. (2006) found lower MR
scores for boys who did not play video games as compared to action-and-simulation game
players. To obtain a more complete picture of children’s media use, television consumption
was also assessed in the present study.

1.2. Mental Rotation (MR)

Among the varieties of spatial skills, MR—the ability to imagine an object in an
orientation different from the one perceived—has been of particular importance and highly
indicative of performance in the mathematical domain. For example, a cross-sectional
study with diverse samples revealed that MR predicted math aptitude, especially for female
undergraduates and even when verbal skills were taken into account (Casey et al. 1995).
Longitudinal data (Frick 2019) further showed that children’s MR skills in kindergarten and
first grade were predictive for math performance (arithmetic operations) in second grade.
Moreover, Cheng and Mix (2014) found that training MR improved math performance in 6-
to 8-year-olds.

In order to plot a continuous developmental trajectory of MR ability, it is necessary to
have assessment tools that measure the same ability at different ages (cf. Frick et al. 2014a).
However, a closer look at the MR tests employed in developmental research shows that
measures vary considerably between studies and age groups (cf. Levine et al. 2016). Thus,
the question arises of whether these tests measure the same ability and whether this is
commensurate to MR ability assessed in research with adults. In a classic MR task (Shepard
and Metzler 1971), adults were presented with two drawings of cube-shaped objects in
different orientations (similar to those depicted in Figure 3). Their task was to decide
whether the two objects were mirror images that could not be rotated into congruence
(“different”) or identical objects that could be rotated into congruence (“same”), by pressing
one of two buttons. This task inspired many MR tasks that were adapted for the use
in children by presenting more child-friendly stimuli (e.g., Estes 1998; Jansen et al. 2013;
Marmor 1975). However, these kinds of tasks have proven rather difficult for many children
below the age of about 5 years (for an overview, see Pedrett et al. 2023). Presenting mirror
images has the advantage that the two stimuli have the same features by design and, thus,
cannot be differentiated using feature strategies. Yet, the concept of mirror images—or what
constitutes same or different objects in an MR task—is difficult to explain to young children
or preschoolers.

Therefore, many MR tests used in developmental research have deviated from this
principle. For instance, in a paradigm that has been adopted for developmental research
(e.g., Gunderson et al. 2012; Ramirez et al. 2012) due to its ease of instruction, participants
are asked to select the figure (out of four) that, when combined with a reference figure,
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will make a certain shape (e.g., a square in the MR subtest of the Primary Mental Abilities
Test, Thurstone 1938; Thurstone and Thurstone 1949). Inversely, the Children’s Mental
Transformation Task (Levine et al. 1999) requires children to choose which of four shapes
would result from combining two figures. This task has later been used to assess MR in
developmental research (e.g., Ehrlich et al. 2006). However, the choice alternatives can
be differentiated based on spatial features (cf. Levine et al. 2016), allowing participants
to solve the task without MR. Even some paper–pencil tasks that are widely used in MR
research with adults do not (or not only) present mirror images (e.g., Vandenberg and Kuse
1978), opening the door for feature-based strategies (Hegarty 2018). Thus, results from
non-mirror-image tests should be interpreted with caution.

Other paradigms used in developmental research (Frick et al. 2013a, 2013b) presented
mirror images as stimuli but used a puzzle-like paradigm, to avoid having to explain the
concept of mirror images and to make the task easier to understand for younger children.
Instead, children were shown two two-dimensional mirror images and were asked to
choose the one that would fit into a hole that was presented in a different orientation. Even
though these paradigms cannot be solved via feature-based strategies, the question remains
whether they measure the same ability as the original MR task.

Therefore, the first purpose of the present study was to directly compare the Ghost
Rotation Task (Frick et al. 2013b), which uses a puzzle-like paradigm, to a classic MR task.
Establishing the validity of puzzle-like MR paradigms that use mirror images provides
new avenues for developmental research, as such tasks can be solved above chance level by
children as young as 3.5 to 4 years of age (cf. Pedrett et al. 2023). A second purpose was to
develop and validate a paper–pencil version of the Ghost Rotation Task that is appropriate
for a broad age range and suitable for group testing. Many developmental studies are
conducted in school settings where one-on-one testing of individual children is typically
very limited or often not possible. Having a child-friendly paper–pencil task that can be
efficiently administered in groups could be very useful for school-based research.

To cross-validate these newer tasks, two established assessments were used, that had
been previously employed in similar form in research with adults. One was a computerized
chronometric task based on the original task paradigm introduced by Shepard and Metzler
(1971). We expected this task to correlate positively with a computerized chronometric
version of the Ghost Rotation Task.

The Figure Rotation task was used as a second benchmark task for cross-validation in
the present study. It is a timed paper–pencil task from a task battery that was famously
used to assess cognitive development in older adults in the Seattle Longitudinal Study (Schaie-
Thurstone Adult Mental Abilities Test, Schaie 1985). This task was deemed appropriate for
children at this age, as it was developed for older adults, hence featuring larger stimuli
with more space in between, rendering it less visually confusing as compared to other
paper–pencil tasks (e.g., Card Rotations Test; Ekstrome et al. 1976). The Figure Rotation task
has been used successfully with 8-year-olds in previous research (Frick 2019). Unlike other
paper–pencil MR tasks (e.g., Vandenberg and Kuse 1978; Thurstone and Thurstone 1949)
this task only presents mirror images and, thus, alternative feature-based strategies can be
ruled out more easily. We expected the Figure Rotation task to correlate positively with the
paper–pencil version of the Ghost Rotation Tasks.

1.3. Perspective Taking (PT)

Visual PT—the ability to mentally adopt a viewpoint different from one’s own— has
been investigated extensively in developmental research, originating with Piaget and
Inhelder’s (1956) foundational work on The Child’s Conception of Space. Conceptually,
MR and PT are highly similar, in that they are both dynamic spatial skills that require a
mental transformation resulting in an altered view of an object or configuration. Yet, the
two abilities are thought to require slightly different kinds of transformations that rely
on distinct cognitive processes. MR relies on object-based transformation and typically
involves a mental change in the orientation (and sometimes position) of an object or array
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in the environment, while maintaining one’s spatial relation to this environment. PT on the
other hand relies on viewer-based transformation and involves imagining a change of one’s
own position (and often orientation) in the environment, while maintaining the spatial
relations among everything else within this environment (cf. Hegarty and Waller 2004;
Lohman 1979). The two processes have been found to be associated with distinct neural
activation patterns (e.g., Committeri et al. 2004; Lambrey et al. 2012; Zacks and Michelon
2005), and behavioral research has shown that, even though MR and PT are correlated,
they are still clearly dissociable skills (e.g., Hegarty and Waller 2004; Kozhevnikov and
Hegarty 2001). Moreover, PT develops much more slowly in childhood (Frick et al. 2014b)
and continues to improve in adolescence (Dumontheil et al. 2010). PT can therefore be
considered a hard touchstone for establishing the discriminant validity of MR tasks, as it is
a clearly dissociable yet very similar construct. We thus expected performance on the MR
tasks to correlate to performance on a PT task, but these correlations were expected to be
less strong than the ones among the different MR tasks.

2. Materials and Methods

2.1. Participants

In total, 108 children were tested. Data of 12 children were excluded from analysis
because they had missing data on one or more of the spatial tasks due to language (7) or
technical (1) problems, two children did not follow instructions, and two children were
ill on the day of group testing. The remaining sample (N= 96) consisted of 21 6-year-olds
(Mage = 6.6 years, SD = 0.2, range: 73–83 months, 9 males), 24 7-year-olds (Mage = 7.5 years,
SD = 0.3, range: 86–95 months, 12 males), 24 8-year-olds (Mage = 8.4 years, SD = 0.3, range:
96–107 months, 11 males), and 27 children between 9 and 10 years of age (Mage = 9.5 years,
SD = 0.4, range: 108–123 months, 12 males). That is, 4 children were already 10 years old
but grouped together with the 9-year-olds; for simplicity, this combined group will be
referred to as 9-year-olds in the following.

Children were recruited through elementary schools in or near a large city in Switzer-
land. They were tested in Swiss–German. Parents or legal guardians were informed
about the study in a letter and provided written consent; children provided verbal as-
sent. Children received a small gift or snack for their participation. The study followed
ethical guidelines and was approved by the Institutional Review Board of the University
of Fribourg.

2.2. General Procedure

The children were tested at school. In a first session that lasted about 45 min, the
children were tested individually in a separate room. The experimenter was present
during the whole session, seated orthogonally to the child, and provided standardized
verbal instructions. Tasks were introduced as “games”. Children were praised for their
performance after each game regardless of how well they did.

The computerized tasks were performed on a tablet computer (HP Pavilion x360
Convertible) with a touch-sensitive 15.6” display (39.6 cm, full HD, multitouch). The tablet
computer was placed flat on a table in front of the child at a viewing distance of about
30–40 cm. Task were presented using the Octave software (GNU Octave 4.0.0; Eaton et al.
2015) with Psychtoolbox (Brainard 1997) on an Ubuntu (LINUX) operating system.

Task order was held constant across participants and sessions, which is common for
individual-differences approaches (cf. Wilhelm et al. 2013). The individual tasks, which
will be described in detail blow, were presented in the following order: Ghost Rotation
Task (5–8 min), Multitasking (7–8 min), AID-3 Synonyms subtest (approx. 4 min), classic
Shepard–Metzler MR task (5–8 min), Perspective-Taking Task for Children (6–10 min),
and AID-3 Antonyms subtest (approx. 4 min). Children completed an additional task for
piloting purposes, which will not be further detailed here.

Within one week after the individual session, a group assessment was conducted, in
which the children solved two MR tasks: the Figure Rotation task followed by the paper-
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pencil version of the Ghost Rotation Task. During the group testing, the experimenter
was constantly present and provided verbal instructions. Group sizes varied from 2 to
14 children due to practical reasons.

2.3. Administered Tasks

2.3.1. Ghost Rotation Tasks: Computer Version (GhostRotPC)

MR was assessed using a computerized version of the Ghost Rotation Task (Frick 2019;
Frick et al. 2013b), which allowed for assessing response accuracy as well as response times
per trial. First, two instruction trials were presented on an A4-sized sheet of paper. On
the first instruction trial, a key was shown in the upper half of the sheet. The lower half
showed two “holes”, that is, black circles (7 cm in diameter; centers 11 cm apart) with
cutouts in the shape of the outline of either the key or its mirror image. The child was asked
to point to the hole the key would fit into. The child was then asked to verify the response
by using a transparency that showed the outline of the key. This could be placed over the
key and then slid over to the hole. In a second instruction trial, the key was shown at an
angular discrepancy of 180◦ relative to the holes. Therefore, it had to be mentally rotated
180◦ in the picture plane to match one of the holes. The child was again invited to select the
matching hole, and then to check the response by rotating the transparency from the key to
the selected hole.

Next, six practice trials were presented on the touchscreen computer. Children initiated
each trial by pressing two fingerprints simultaneously with their two index fingers. The
fingerprints were displayed 1.3 cm below each black circle and disappeared when pressed.
Half a second later, an object (key, sock, ship, skate, hammer, or ghost) was shown in the
upper half of the screen in various orientations, and two mirror-image holes were presented
in the bottom half (see Figure 1, left). Children were instructed to first pretend rotating the
top image in their head, and hence figure out in which hole it would fit, and only then to
point to the hole. After selecting a hole, the choice was highlighted by a surrounding yellow
circle, and the object could be rotated by pressing two arrows displayed on the touchscreen.

tt

 

ff

Figure 1. Examples of practice trials (left) and test trials (right) of the computerized Ghost Rota-

tion Tasks.

The practice trials were followed by three test blocks with seven trials each, showing
various ghosts in 7 different angular discrepancies to the hole (from 0◦ to 180◦, in steps
of 30◦). The sizes of the ghosts varied between 5 and 6 cm at their longest extension. The
21 trials were presented in the same quasirandom order to all children. Arrow keys were
no longer present (see Figure 1, right) and children received no feedback. Children were
instructed to press the correct hole as quickly as possible but to also look very carefully and
choose the correct hole.

As a measure of performance, each child’s total number of correct responses was
divided by the child’s accumulated response time across all trials. This measure thus
reflected both the speed and the correctness of responses.

2.3.2. Ghost Rotation Task: Paper–Pencil Version (GhostRotPP)

This task was also adapted from the Ghost Rotation Task (Frick 2019; Frick et al. 2013b)
but developed specifically for assessments in group settings. The paper–pencil task was
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presented with an overall time restriction but did not allow for analyses of response times
on a trial basis.

The test administrator first demonstrated the principle of the task in front of the class,
using an A3 sheet of laminated cardboard which showed two rows of stimuli in the front
and three rows in the back. The children had the same five rows on a A4 sheet of paper in
front of them. Each row contained a reference figure (key, ship, hammer, sock, or skate) at
the very left, and five target figures on the right, which were either the same as the reference
figure or its mirror image. A vertical line divided the reference figure from the target figures.
The children were asked to indicate for each figure on the right, whether it would match
the reference figure, by circling the matching shapes and crossing out the nonmatching
ones. To be able to distinguish nonresponses from errors, children were asked to mark both
matching and nonmatching shapes. However, they were informed that their markings
did not need to be beautiful (e.g., crooked lines and open circles were okay). The first two
practice rows only contained upright figures; the last three rows showed the target figures
in different orientations. For the first three practice rows, the test administrator visualized
the task by laying an identical shape printed on a transparency over the reference figure
and sliding it over the target figures, or sliding and rotating it in the picture plane in row
three. The test administrator commented for each target figure whether it was a match or
not, and circled it or crossed it out, respectively. Then, the children were asked to solve
the last two rows with rotated target figures on their own, followed by feedback about the
correct solutions, which the test administrator marked on her A3 cardboard.

For the actual test, children were given two more A4 pages, each containing ten rows
of ghost stimuli (see Figure 2 for an example row). Here, the reference ghost on the left
had to be compared to seven ghosts on the right, which differed from the orientation of
the upright reference figure by 0◦ to 180◦, in steps of 30◦. The shapes of the ghosts varied
across rows. In total there were 20 different shapes. The children were allotted 2 min to
solve each page. Half of the children solved the task in reverse page order, to discourage
them from peeking at their neighbors’ sheet. A performance score was calculated by
subtracting the number of incorrectly circled ghosts and incorrectly crossed-out ghosts
from the number of correctly marked ghosts, summed across the two pages. Negative
values were therefore possible, as for random responding a score near 0 could be expected.
However, only one 6-year-old had a negative score (−2). The highest possible score was
140. Three children had only solved one of the two pages; therefore, regression-based
imputation was utilized to estimate performance scores for these children. To that end,
using the data of the remaining children, the (total) performance score was regressed on
the performance score of the respective page, thus taking into account a possible difference
in the difficulty of the two pages.

2.3.2. Ghost Rotation Task: Paper–Pencil Version (GhostRotPP)
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2.3.3. Shepard and Metzler Cube Rotation Task: Computer Version (CubeRotPC)

A second computer-based MR task was presented, based on the original task by
Shepard and Metzler (1971) but using 16 unique forms from a systematic library of redrawn
cube stimuli by Peters and Battista (2008). The cube stimuli consisted of 10 to 13 cubes that
were arranged to form four orthogonal “arms” (with three “elbows”). These 16 stimuli
were then paired with either the same image or its mirror reflection in different orientations.

To lower the cognitive demands for children, task instructions were held parallel to
the computer version of the Ghost Rotation Task as much as possible. First, two instruction
trials were presented on A4 paper sheets. Unlike the Ghost Rotation Task, where the
children had to select the matching hole, this task required children to decide whether two
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figures presented in the top half of the screen were the same or different, that is, whether
they would overlap completely or not match if turned in picture plane. If the figures
matched, children were asked to press a blue response button with a tickmark; otherwise,
they were asked to press a red button showing an x-mark. A yellow circle highlighted
the selected response. Then, the correctness of the responses was checked by placing a
transparency on the left figure and moving (or moving and rotating) it over the one on
the right.

Because this task format was somewhat more demanding as compared to the Ghost
Rotation Task, 11 practice trials were presented on the touchscreen computer. The first
3 practice trials introduced the response buttons. Two upright (0◦) cube stimuli were
presented side-by-side and were either the same (first and last trial) or mirror images. The
cube stimuli varied in size from 5 to 6 cm at their longest extensions and their center of
rotation was 7 cm apart. The response buttons (3.9 cm in diameter, centers 16 cm apart)
were presented in the lower half of the screen, 2 cm above the position of the fingerprints,
and about 3 to 4 cm lower than the cube figures.

After selecting a response button, children were invited to check the response by
rotating the figure on the righthand side using the arrows (see Figure 3, left). Next, 6 practice
trials (3 same) were presented with figures at angular discrepancies of 30◦, 60◦, 150◦, 240◦,
210◦, and 300◦. Practice trials were followed immediately by four test blocks that comprised
8 trials each (4 same), at angular discrepancies of 0◦ to 315◦, in steps of 45◦ (see Figure 3,
right). The 32 test trials were presented in quasirandom order per block. Each orientation
was presented as a same trial in two blocks, and as a different trial in the other two.

ff

ff

tt
tt

tt

tt

tt

ff

 
tz

Figure 3. Examples of practice trials (left) and test trials (right) of the Shepard and Metzler cube

rotation task.

As a measure of performance, each child’s total number of correct responses was
divided by the child’s accumulated response time across all trials, analogous to the approach
in the computer version of the Ghost Rotation Tasks.

2.3.4. Figure Rotation Task: Paper–Pencil Version (FigureRotPP)

To cross-validate the newly-developed paper–pencil version of the Ghost Rotation
Task, the Figure Rotation subtest of the Schaie–Thurstone Adult Mental Abilities Test (STAMAT,
Schaie 1985: test-retest reliability = .81 in adults) was used. The instructions were slightly
adapted and supplemented with visual demonstrations, in order to make the task more
accessible for this younger age group. The test consisted of rows of abstract 2D figures,
and children were asked to decide whether each of six figures on the right was the same
as or the mirror image of a standard figure presented on the left. Six practice rows from
the original task manual were presented on a A3 laminated cardboard. The first three
rows were explained by the test administrator using a transparency with the shape of
the reference figure printed on it. The last three rows were also printed on A4 pages
and children solved them alone, followed by feedback about the correct solution, which
the test administrator marked on her A3 cardboard. Unlike the original task instructions
that only required circling the matching figures, children were also asked to cross out the
non-matching ones. This was done in order not to confuse the children with a different
instruction than in the Ghost Rotation paper–pencil task and so that it was clear which
items they had attempted to solve.
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For the actual test, two A4 pages with ten rows each were presented, and children were
allotted 2 min to solve each page (instead of the 5 min allotted for the entire original test).
Half of the children solved the task in reverse page order to discourage copying from their
neighbors. A performance score was calculated by subtracting the number of incorrectly
marked figures and incorrectly crossed out figures from the number of correctly marked
ones. The maximum score was 120, whereas a score of 0 indicated random performance.
Three children had negative scores (of −6, −4, and −2 at ages 7, 6, and 7, respectively).
Six children had only solved one of the two pages. The same regression-based imputation
method as in the paper–pencil version of the Ghost Rotation Task was used to estimate
those children’s performance scores.

2.3.5. Perspective-Taking Task for Children: Computer Version (PerspectivePC)

Spatial PT was assessed in the present study, using a computerized version of the
Perspective-Taking Task for Children (PTT-C: Frick et al. 2014b). For the instruction, two
Playmobil figurines, Lisa and Peter, were positioned on a sheet of white A4-sized cardboard.
The two figurines each held a camera and took a picture of two geometric objects, a blue
cylinder and a green cone, from an angle that differed by 90◦ and 180◦ from the child’s
perspective. In four instruction trials, the children were shown an image of the objects
from a particular perspective (0◦, 90◦, 180◦, and 270◦), and asked whether Lisa or Peter—or
neither of them—could have taken that particular picture. To check the answer, the children
were then asked to walk behind the figurines and peek over their shoulders.

These three-dimensional practice trials were followed by three practice trials on the
touchscreen computer. A scene (7.8 cm × 11.2 cm) was displayed in the upper half of
the screen, featuring one figurine taking a picture of two geometric objects (red cube and
yellow cylinder). The children were then asked to think about how a photo, taken by the
figurine from that position, would look. A choice of four photos (3.5 cm × 5 cm) was
presented in the lower half of the screen. As the photos were now on the computer and
the children could not walk behind the figurine and peek over its shoulder, they were
instructed to pretend doing this in their heads. If the children pressed the incorrect picture,
it was dimmed; if they chose the correct picture, it was highlighted with a green frame (see
Figure 4, left).

ff

tt

tt tt

− − −

ff

Figure 4. Examples of stimuli from the perspective -taking task: a practice trial, in which Peter is

taking a picture of two objects from a 90◦ perspective (left), and a test trial from block 4, in which

Lisa is taking a picture of three objects from a 45◦ perspective (right).

Next, 28 test trials (see Figure 4, right) were presented in four blocks of increasing
difficulty. The first test block showed 6 trials with only one object (another figurine with
distinct front, side, and back views), which was photographed from the perspectives of 0◦

(twice), 90◦, 180◦ (twice), and 270◦. The second test block showed 6 trials presenting two
geometric objects, which were photographed from the same perspectives in a different order.
The third test block showed 8 trials with three geometric objects, which were photographed
from the perspectives of 0◦, 90◦, 180◦, and 270◦ twice each. The fourth test block showed
8 trials with three geometric objects, which were photographed from the perspectives of
45◦, 135◦, 225◦, and 315◦ twice each. All children saw the same quasirandom sequence of
trials. During the test trials, the children did not receive any feedback. The ratio of correct
responses relative to the total number of trials was used as the performance score.
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2.3.6. Verbal-IQ

Verbal-IQ was assessed using the subtests ‘finding synonyms’ and ‘finding antonyms’
from the AID-3 scale (Adaptives Intelligenz Diagnostikum 3, Kubinger and Holocher-Ertl
2014). In the ‘finding synonyms’ subtask, the children were asked to find a word that
meant the same as a word read to them by the experimenter; in the ‘finding antonyms’
subtask they were asked to find a word that meant the opposite. There was one example
and one practice item at the beginning. Children were presented with three blocks of five
words. In this adaptive task, the starting block depended on children’s age, and response
accuracy determined which two blocks followed. Following the test manual, raw scores
were transformed into age-normalized T-scores and averaged across both subtasks.

2.3.7. Media Use (TV and Games)

Children’s media use was assessed by means of a parent questionnaire. Parents were
asked how much time (in minutes) the child spends watching television (TV) on a typical
day of the week and on a typical day of the weekend (using TV sets, computers, or mobile
devices). The same questions were asked with respect to video games (played on game
consoles, computers, or mobile devices). The time provided for a weekday was multiplied by
5, the time for a day of the weekend was multiplied by 2, and then the two times were summed
to obtain an estimate for the weekly usage. Parents provided information on TV usage for all
but one child; no information on playing video games was obtained for 25 children.

2.3.8. Socioeconomic Status (SES)

SES was determined based on parent’s occupations, coded using the ‘International
Standard Classification of Occupation’ (ISCO-88, International Labour Office 1990) and
converted to the ‘International Socio-Economic Index’ (ISEI; Ganzeboom et al. 1992). The
ISCO and ISEI codes provide a fine-grained, continuous, and internationally comparable
measure of SES. The higher index of both parents was used. If none of the parents reported
an occupation, or the occupation could not be classified, the ISEI of the occupations for
which they were trained was used. SES could be determined for all but two children.

3. Results

3.1. Descriptive Statistics and Analyses of Differences between Age Groups and Sexes

Table 1 gives an overview of the main test variables with descriptive statistics across
age groups, for boys, and girls. Abbreviated variable names will be used in the following,
as defined in the subheadings of Section 2.3. As expected, performance on CubeRotPC was
lower than on GhostRotPC, which was originally designed for adults (pairwise t-tests for
the total sample: t(95) = 21.89, p < .001; for single age groups: all ts > 7.94, all ps < .001).
In fact, there were only two children in the entire sample who had a (minimally) higher
score on CubeRotPC than on GhostRotPC. A similar pattern emerged for the paper–pencil
tasks. Both in absolute terms (see Table 1; t(95) = 12.92, p < .001) and in percentage, average
results were higher on GhostRotPP than on FigureRotPP.

Table 1. Descriptive statistics (mean and standard deviation) of all assessed variables for the total

sample, each age group, and for boys (m) and girls (f).

Total 6 7 8 9 m f

M SD M SD M SD M SD M SD M SD M SD

GhostRotPC 0.50 0.13 0.43 0.13 0.44 0.11 0.55 0.12 0.56 0.12 0.53 0.12 0.47 0.14
CubeRotPC 0.23 0.07 0.21 0.06 0.22 0.06 0.25 0.07 0.24 0.06 0.24 0.07 0.23 0.07
GhostRotPP 62.29 24.83 42.48 23.95 53.02 21.52 75.79 21.04 73.95 17.44 63.34 24.66 61.41 25.17
FigureRotPP 34.49 16.41 26.92 15.29 25.94 16.04 43.88 12.72 39.65 14.53 36.13 16.02 33.11 16.77

PerspectivePC 0.53 0.22 0.31 0.14 0.50 0.21 0.57 0.17 0.69 0.19 0.54 0.23 0.52 0.22
TV 5.78 4.82 4.72 4.31 5.74 5.56 6.11 4.78 6.30 4.63 5.91 5.72 5.67 3.97

Games 4.98 8.68 3.32 6.55 3.58 5.48 3.96 5.25 8.20 13.05 7.92 11.34 2.58 4.53
SES 63.46 15.90 61.50 17.40 62.29 15.18 59.92 19.69 69.31 9.47 63.00 14.00 63.86 17.53

Verbal-IQ 53.98 8.25 50.95 9.62 54.20 7.71 53.85 7.68 56.25 7.75 54.78 6.61 53.31 9.43

Note. The maximally possible score of GhostRotPP is 140; that of FigureRotPP is 120.
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In order to facilitate the analysis and comparison of age trends, participants’ scores
on the five spatial tasks were z-standardized. As evident in Figure 5, performance on MR
tasks increased sharply between 7 and 8 years of age but plateaued thereafter. In contrast,
PerspectivePC performance improved almost linearly with increasing age, and still showed
substantial progress between 8 and 9 years of age. These observations were tested for
statistical significance by means of separate two-way analysis of variance (SS type II) for
each task, with age and sex as independent variables. A square-root transformation was
applied to PerspectivePC scores and CubeRotPC scores in order to meet the requirements
of normally distributed residuals and variance homogeneity. Significant age effects were
found for GhostRotPC, FigureRotPP, GhostRotPP, and PerspectivePC (all Fs > 7.60, all
ps <.001, all ηg

2 > .232) but only a nonsignificant trend for CubeRotPC, F(3, 88) = 2.40,
p = .073, ηg

2 = .076. Post hoc Welch’s t-tests comparing consecutive age groups showed
significant differences between 7- and 8-year-olds for all MR tasks (all t > 2.03, all ps < .002),
including CubeRotPC, t(45) = 2.03, p = .048. No other age differences were significant for
the five MR tasks (all ts < 1.55, all ps > .130). PerspectivePC performance, on the other
hand, increased between 6 and 7 years of age, t(42) = 3.65, p < .001, as well as between 8
and 9 years, t(49) = 2.19, p = .033, but not between 7 and 8 years, t(43) = 1.40, p = .169. No
significant sex differences were found for the spatial tasks (all Fs < 1.17, all ps > .282, all
ηg

2 < .013), except for GhostRotPC, which showed a significantly higher performance for
boys than for girls, F(1, 88) = 7.61, p = .007, ηg

2 = .080. The ANOVAs revealed no significant
interactions between sex and age (all Fs < 1.74, all ps > .165, all ηg

2 < .056).

ff
ff

η ff
η η

Figure 5. Age trends for the z-standardized performance measures of the spatial tasks.

Separate age by sex ANOVAs were also calculated for the hours spent with TV and
Games as dependent variables. A logarithmic transformation was applied to both variables
in order to meet ANOVA requirements. Neither TV, F(3, 87) = 0.95, p = .420, ηg

2 = .032, nor
Games, F(3, 63) = 0.95, p = .422, ηg

2 = .043, showed significant age differences. For Games,
a significant effect of sex could be observed, F(1, 63) = 7.9, p = .016, ηg

2 = .088, with boys
playing more hours per week than girls. No significant interactions of age and sex were
found (all Fs < 1.58, all ps > .202, all ηg

2 < .070).
Even after transformation, SES did not fulfill the ANOVA’s requirement of homogene-

ity of variances. Hence, only Walsh’s t-tests (which are relatively robust against unequal
variances) were calculated for both main effects. Girls’ and boys’ parental SES did not differ,
t(33) = −0.26, p = .792. No differences in parental SES between consecutive age groups were
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observed (all ts < .47, all ps > .642), with the exception of a significant difference between 8-
and 9-years-olds, t(33) = 2.12, p = .042.

For the Verbal-IQ T-Scores, no age differences were to be expected due to T-scores
being age-normalized. Accordingly, the ANOVA revealed no significant effect of age,
F(3, 88) = 1.62, p = .191, ηg

2 = .052. Moreover, there was no significant effect of sex,
F(1, 88) = 0.70, p = .191, ηg

2 = .008, and no interaction, F(3, 88) = 0.48, p = .016, ηg
2 = .696.

3.2. Reliabilities

Cronbach’s alpha1 was calculated for all spatial tasks. Because the two paper–pencil
tasks (FigureRotPP and GhostRotPP) were speed tests and many items remained unanswered
(especially by younger participants), Cronbach’s alpha might be an inflated estimate of
reliability in these cases. Therefore, split-half reliabilities were also calculated for the two
paper–pencil tasks. To further minimize inflated reliabilities of paper–pencil tasks, we
excluded the data of children who only solved one page. The results are presented in Table 2.

Table 2. Cronbach’s alpha (and split-half reliabilities) of the spatial tasks for the total sample and per

age group.

Total 6 7 8 9

GhostRotPC .86 .86 .71 .85 .83
CubeRotPC .80 .67 .79 .86 .81
GhostRotPP .97 (.91) .98 (.94) .97 (.88) .97 (.91) .95 (.82)
FigureRotPP .95 (.79) .94 (.70) .93 (.64) .94 (.84) .96 (.79)

PerspectivePC .90 .81 .88 .79 .88

Note. For GhostRotPP and FigureRotPP, split-half reliability is reported in brackets.

Cronbach’s alpha varied from acceptable to excellent across all tasks and (sub-)samples,
with CubeRotPC in age group 6 being the only exception. On average, Cronbach’s alpha
of the paper–pencil tasks was higher than of computer-based tasks. Moreover, split-half
reliabilities calculated for the paper–pencil tasks were lower than the corresponding Cron-
bach’s alpha values, and this discrepancy was larger for FigureRotPP than for GhostRotPP,
suggesting that Cronbach’s alpha was indeed inflated. It is also noteworthy that both Ghost
Rotation tasks were more reliable than the more established task, which were originally
designed for adults.

3.3. Correlations among Tasks

Pearson correlations and partial correlations controlled for age (in months) were
calculated for each pair of variables. Again, logarithmic and square-root transformations
were applied to Games, TV, PerspectivePC, and CubeRotPC values to achieve normally
distributed data. Table 3 shows the Pearson correlations (below the diagonal) and partial
correlations (controlled for age; above the diagonal) between all variables, as well as
significance levels that were Bonferroni–Holm-corrected for multiple testing, respectively.

Table 3. Pearson correlations (below the diagonal) and partial correlations controlled for age (above

the diagonal).

1 2 3 4 5 6 7 8 9

1 GhostRotPC .37 ** .44 *** .48 *** .12 −.21 −.09 .01 .17
2 CubeRotPC .43 *** .21 .29 .02 −.15 .02 −.04 −.01
3 GhostRotPP .56 *** .30 .68 *** .14 −.25 −.16 .14 .27
4 FigureRotPP .57 *** .35 * .74 *** .19 −.17 −.11 .24 .28

5 PerspectivePC .36 ** .17 .41 *** .39 ** .03 −.09 .29 .28
6 TV −.11 −.10 −.12 −.08 .13 .49 *** −.26 −.22

7 Games .04 .10 .00 .01 .10 .50 *** −.16 −.15
8 SES .08 .00 .21* .29 .33 * −.23 −.11 .40 **

9 Verbal-IQ .26 .05 .35 * .34 * .36 ** −.17 −.10 .43 ***

Note. *** p < .001, ** p < .01, * p < .05 (Bonferroni–Holm-corrected for multiple testing).
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Among the four MR scores, correlation coefficients were all statistically significant
with medium to large effect sizes, except for the correlation between CubeRotPC and
GhostRotPP. Even though these coefficients were reduced in size after controlling for age,
the general pattern remained the same. Correlations between the four MR scores and
PerspectivePC were smaller in comparison, and when age was controlled for, none of
the correlations remained significant. The correlation between PerspectivePC and the
CubeRotPC was even close to zero.

A rather irregular pattern emerged for the (partial) correlations between spatial and
nonspatial scores. None of the nonspatial variables were significantly related to CubeRotPC
performance. TV consumption was, albeit not statistically significant, negatively associated
with MR scores, with small but consistent negative relations. Games, on the other hand,
showed a less consistent pattern.

Verbal-IQ scores showed weak- to medium-sized correlations with spatial abilities,
with the exception of CubeRotPC. The paper–pencil tasks and PerspectivePC were also
positively related to SES. However, these correlations were not statistically significant when
age was controlled. When age-controlled, SES and Verbal-IQ were both negatively but not
significantly related to TV consumption and (to a lesser extent) to Gaming.

3.4. Maximum-Likelihood Exploratory Factor Analyses

To obtain a fuller picture of the relations among the five spatial task scores, a factor
analysis was conducted based on age-controlled partial correlations. The Kaiser criterion
and Scree plot indicated only a single factor for a maximum-likelihood factor analysis,
whereas parallel analysis suggested two factors. Hence, two separate analyses were con-
ducted: one for a single-factor solution and one for a two-factor solution with oblique
rotation. Factor loadings for both analyses are presented in Table 4. The single-factor
solution accounted for 37% of the total variance (RMSEA = .054, χ2(5) = 6.43, p = .266). The
two-factor solution accounted for 55% of the total variance (Factor 1: 34%, Factor 2: 21%;
RMSEA < .01, χ2(1) = 0.28, p = .594). In both analyses, the first factor was primarily related
to FigureRotPP, GhostRotPP, and GhostRotPC. CubeRotPC loaded moderately on the single
factor. In the two-factor solution, on the other hand, CubeRotPC alone constituted the
second factor. The two factors correlated with r = .32, which was nearly identical to the
factor loading of CubeRotPC in the single-factor solution. GhostRotPC also showed weak
cross-loadings on the second factor. Finally, PerspectivePC was always associated with the
first factor, albeit only weakly.

Table 4. (Rotated) factor loadings for the maximum-likelihood factor analyses based on the partial

correlation matrix, with either one or two factors.

Single-Factor Solution Two-Factor Solution

Score Factor 1 Factor 1 Factor 2

GhostRotPC .58 .50 .21
CubeRotPC .34 .00 1.00
GhostRotPP .77 .80 −.05
FigureRotPP .87 .86 .01

PerspectivePC .20 .22 −.05

Due to the above findings that some spatial scores were strongly related to verbal
abilities, the two-factor analyses were repeated, including partial correlations with Verbal-
IQ scores. The single-factor solution accounted for 32% of the total variance (RMSEA = .067,
χ

2(9) = 12.99, p = .163) and the two-factor solution for a little over 43% (Factor 1: 30%,
Factor 2: 13%; RMSEA = .05, χ2(4) = 5.00, p = .288), with an interfactor correlation of r = .37.
Factor loadings for both analyses are presented in Table 5. Most importantly, the pattern of
factor loadings was nearly identical to the one obtained without Verbal-IQ. Again, the first
factor was weakly associated with PerspectivePC and most strongly related to FigureRotPP,
GhostRotPP, and GhostRotPC. CubeRotPC was moderately associated with the first factor
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(single-factor solution) or the main contributor to the second factor (two-factor solution).
Again, GhostRotPC showed weak cross-loadings on the second factor. Verbal-IQ loaded
moderately on the first factor in both solutions and was negatively related (but weakly) to
the second factor in the two-factor solution.

Table 5. (Rotated) Factor loadings for the maximum-likelihood factor analyses with either one or two

factors based on the partial correlation matrix including Verbal-IQ.

Single-Factor Solution Two-Factor Solution

Score Factor 1 Factor 1 Factor 2

GhostRotPC .58 .47 .27
CubeRotPC .33 .00 .83
GhostRotPP .87 .84 .03
FigureRotPP .78 .81 −.05

PerspectivePC .22 .25 −.08
Verbal-IQ .33 .41 −.17

3.5. Response Times

In addition to the performance score used as an index of each individual child’s
average performance, computer tasks also offer the possibility to analyze performance
on trial-by-trial basis. As is typical for computerized MR tasks, response times were
analyzed as a function of angle of presentation (i.e., the angular discrepancy between the
presented stimulus and its upright reference figure). Response times for incorrect trials
were included in order to have more data points (the same number as used for the above
performance score), and average response times were highly similar with and without the
incorrectly solved trials (Pearson’s r = .94, p < .001 for CubeRotPC, and r = .98, p < .001
for GhostRotPC). Mean response times by angle and age group are presented in Table 6
(GhostRotPC) and Table 7 (CubeRotPC). Overall, children responded faster on GhostRotPC
than on CubeRotPC, t(95) = 12.84, p < .001.

Table 6. Mean response times (s) by angle and age group for GhostRotPC.

Overall 0◦ 30◦ 60◦ 90◦ 120◦ 150◦ 180◦

total 1.97 1.61 1.80 1.85 1.87 2.06 2.26 2.38
6 2.27 1.82 2.27 2.20 2.13 2.17 2.60 2.73
7 2.11 1.70 1.78 1.94 2.06 2.39 2.46 2.48
8 1.78 1.43 1.64 1.62 1.67 1.94 2.06 2.10
9 1.79 1.54 1.60 1.69 1.66 1.78 2.00 2.26

Table 7. Mean response times (s) by angle and age group for CubeRotPC.

Overall 0◦ 45/315◦ 90/270◦ 135/225◦ 180◦

total 3.25 2.03 2.59 3.51 3.96 3.83
6 3.20 2.23 2.66 3.23 4.01 3.57
7 3.30 1.98 2.84 3.70 3.83 3.65
8 3.18 1.86 2.49 3.48 3.83 4.00
9 3.30 2.06 2.39 3.60 4.16 4.05

Note. Response times for the equivalent angles in clockwise and counterclockwise direction are averaged.

An ANOVA with response times on GhostRotPC as dependent variable, the within-
participant variable of angle (7), and the between-participant variable of age group (4)
yielded significant main effects of angle, F(4, 358) = 23.43, p < .001, ηg

2 = .089, and age
group, F(3, 92) = 3.35, p = .023, ηg

2 = .063, but no interaction, F(12, 358) = 0.88, p = .570,
ηg

2 = .011.
An analogous ANOVA with response times on CubeRotPC as dependent variable,

the within-participant variable of angle (5), and the between-participant variable of age
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group (4) yielded a significant effect of angle, F(3, 253) = 83.75, p < .001, ηg
2 = .294, but no

effect of age group, F(3, 92) = 0.10, p = .958, ηg
2 = .002, and no interaction, F(8, 253) = 1.27,

p = .259, ηg
2 = .019.

3.6. Accuracy

Below, the proportion of correct responses are reported, in order to facilitate com-
parison with other tasks in the literature. Tables 8 and 9 show the proportions of correct
responses by angle and age group for the two computerized MR tasks, Table 10 for the
perspective-taking task. Again, there was a significant difference in overall accuracy be-
tween the GhostRotPC and the CubeRotPC, t(95) = 14.34, p < .001.

Table 8. Mean proportion correct by angle and age group for GhostRotPC.

Overall 0◦ 30◦ 60◦ 90◦ 120◦ 150◦ 180◦

total .91 .98 .99 .94 .91 .89 .84 .81
6 .88 .97 .98 .94 .86 .86 .73 .81
7 .86 .99 1.00 .88 .89 .86 .78 .65
8 .94 .99 1.00 .96 .93 .92 .94 .85
9 .95 .99 .98 1.00 .96 .93 .90 .93

Table 9. Mean proportion correct by angle and age group for CubeRotPC.

Overall 0◦ 45/315◦ 90/270◦ 135/225◦ 180◦

total .71 .85 .84 .68 .59 .64
6 .63 .76 .77 .57 .52 .58
7 .67 .84 .78 .64 .54 .64
8 .76 .92 .91 .76 .60 .66
9 .77 .88 .90 .73 .69 .67

Note. Response times for the equivalent angles in clockwise and counterclockwise direction are averaged.

Table 10. Mean proportion correct by angle and age group for PerspectivePC.

Overall 0◦ 45/315◦ 90/270◦ 135/225◦ 180◦

total .53 .93 .40 .47 .32 .44
6 .31 .88 .26 .12 .07 .18
7 .50 .89 .45 .40 .30 .41
8 .57 .94 .33 .56 .38 .49
9 .69 .98 .53 .71 .47 .61

Note. Response times for the equivalent angles in clockwise and counterclockwise direction are averaged.

One-sided one-sample t-test comparisons against chance (.5) showed that children of
all age groups performed above chance level on both MR tasks (all ts > 5.25, all ps < .001).
Performance was also significantly different from chance (.25) on the perspective-taking
task (6-year-olds: t(20) = .198, p = .036; all other age groups: ts > 5.73, ps < .001).

4. Discussion

The present study compared 6- to 9-year-olds’ performance on two mental rotation
tasks that were specifically developed for children with their performance on two estab-
lished tasks that were originally created for adults. Perspective-taking performance was
also measured to determine discriminant validity with a different but conceptually related
spatial task. In addition, children’s verbal skills, TV consumption, and gaming experience
were assessed.

4.1. Construct Validity

Correlational analyses showed significant positive correlations among all MR task.
Correlation coefficients were moderate to strong, ranging between r = .37 and r = .68, if age
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was controlled, with the exception of CubeRotPC, which was correlated with coefficients be-
tween r = .21 and r = .43. Correlations between MR tasks and PT were substantially smaller
and dropped below significance level when effects of age were partialled out. This pattern
was confirmed by results of exploratory maximum likelihood factor analyses, showing
that most MR tasks loaded highly on a common factor, whereas PT showed a substantially
smaller factor loading. These findings suggest that convergent and discriminant validity of
the new MR tasks was high, in that they measured the same ability as established MR tasks
and a different ability than a closely related but conceptually different spatial task.

One of the MR tasks (CubeRotPC), a computerized task which was originally designed
to be used with adults, only showed moderate loadings on the common factor identified
in the factor analysis. When a two-factor solution was forced, as suggested by parallel
analysis, this task constituted a second factor on its own. However, the correlation between
the two factors was high and about equal to the factor loading of this task on the single
factor; hence, the two-factor solution did not yield any additional insight. The much lower
performance scores (as compared to GhostRotPC) and the lower reliabilities suggested that
this task was very hard for children, even in the oldest age group. One reason for this
could be that this task presented three-dimensional cube figures, whereas stimuli in all
other tasks were flat two-dimensional shapes (but note that all MR tasks required a rotation
in the picture plane only). Another difficulty of this task is that the response had to be
mapped onto a response button (with an abstract tickmark for matching and an x-mark for
nonmatching stimuli), whereas on all other tasks, children could give unmediated responses,
by pressing or marking the stimulus directly. The fact that the computerized Ghost Rotation
Task also showed some cross-loadings on the second factor, may also suggest that this factor
represented some aspect that arose from computerized presentation.

4.2. Reliability

On average, the new MR tasks had good to excellent reliabilities and proved more
reliable than the already established reference tasks for adults. For instance, the task that
was based on the classic Shepard and Metzler (1971) task showed good reliability overall
but dropped to nonacceptable (< .70) for the 6-year-olds, suggesting that it was too difficult
at that age and children were mostly guessing. Future research might further investigate
which characteristics are responsible for this difference in difficulty between the tasks. One
explanation pertains to the abstract nature of the cubes and figures as compared to the
ghost stimuli, which may have been more motivational for children. A second reason may
be that the ghosts were easier to encode due to their closed shape (Gestalt). This also gave
the ghost some bodily characteristics, which may have prompted a body-analogy that has
previously been shown to facilitate mental rotation of objects (Amorim et al. 2006).

On average, Cronbach’s alpha of the paper–pencil tasks was higher than of computer-
based tasks. This was reduced when split-half reliability was calculated to account for
nonattempted items on the speeded paper–pencil tasks. It is also noteworthy that reliability
did not increase monotonically with age on most measures. This may be due to changes
in strategies (e.g., speed/accuracy; holistic/piecemeal), which may be more common in
critical developmental phases. The PT task showed excellent reliability for the total sample,
and at least good reliabilities in all age groups.

4.3. Developmental Aspects

Children’s’ performance on the new MR tasks was higher as compared to the respec-
tive tasks that were originally designed for adults. Significant age effects for GhostRotPC,
GhostRotPP, and FigureRotPP suggested that these tasks were sensitive to demonstrate
developmental changes in this age range, whereas CubeRotPC only showed a nonsignifi-
cant trend. Yet, all MR tasks showed significant performance gains between 7 and 8 years
of age. In contrast, PT performance improved almost linearly with increasing age, with
substantial developmental progression between 6 and 7 and between 8 and 9 years (but
not between 7 and 8 years) of age. This asynchronicity in developmental progress further
speaks to the discriminant validity of the new MR tasks.
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Computerized tasks have the advantage that response times can be assessed on a trial-
by-trial basis, and effects of presentation angle on response times can be analyzed (cf. Estes
1998; Frick et al. 2009; Kosslyn et al. 1990; Marmor 1975). A significant linear increase in
response times with increasing angular discrepancy between the two presented stimuli is
typically interpreted as a sign of MR (e.g., Shepard and Metzler 1971). Increasing response
times were found for both computerized tasks. Whereas response times on GhostRotPC
decreased with age (especially between 7 and 8 years of age), there was no age effect
on CubeRotPC, again suggesting that the latter task is not sensitive enough to register
developmental changes in this age range.

4.4. SES and Verbal-IQ

The two paper–pencil MR tasks and the PT task showed weak correlations to SES
(albeit not significant in all cases, or if age was controlled). Similarly, performance on the
two paper–pencil MR tasks and PT showed positive correlations to Verbal-IQ. This suggests
that the computerized MR tasks were somewhat more culture-free than the other three
spatial tasks. Encoding spatial relations in language (e.g., “the red square is on Peter’s
right”; “the red cone is behind”) might have been especially helpful for PT performance.
Moreover, although both ghost tasks presented the same stimuli, the paper–pencil format
may have prompted a language strategy, as several of the same ghosts/figures (and several
of their mirror images) were presented in one row. A language strategy may have a been
particularly efficient way to encode and mentally represent the reference stimulus and
compare it to several same or mirror-image versions.

4.5. Watching TV and Video Gaming

More time spent watching TV was (not significantly but consistently) associated with
lower SES and Verbal-IQ, as well as lower MR scores. Playing video games showed a less
consistent pattern, although there was a significant positive correlation between TV and
Games. One possible interpretation is that playing video games is a highly heterogeneous
activity, as games differ in many aspects, including their spatiality. Thus, positive and
negative effects may outweigh each other. However, it is important to bear in mind that
media usage was assessed by means of parent questionnaires. Parents’ answers could have
been biased by tendencies to respond in a socially desirable way (especially for children
with a high level of media consumption), or their knowledge may have been inaccurate
as (mobile) media consumption is difficult to monitor. Both factors could have reduced
variance in these variables and, thus, also the size of the observed correlations to other
variables. Future research might employ additional measures for media consumption (e.g.,
children’s self-reports) to further investigate the effects of media use on spatial performance.

4.6. Limitations

A limitation of the present study is that the sample cannot be considered representative
or normative. For the main purpose of this study, to cross-validate the different mental-
rotation and perspective-taking tasks, this is not problematic. However, it should be kept
in mind that the scores provide only an estimate of typical performance levels in these age
groups, and should therefore be used cautiously for diagnostic purposes.

A second limitation pertains to the paper–pencil tasks when used in group settings.
With young children, it is possible that some children do not follow the instructions. For
example, some children turned the sheets, so that the reference figure was on the right
side. We, therefore, only had data from one part of the test for those (few) children. This
happened less often in the Ghost Rotation Task, as in this task a vertical line separated the
reference ghost from the other ghosts. In single settings or small groups, such and other
irregularities can be better detected or prevented than in large group settings.
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5. Conclusions

Overall, the new spatial tasks discriminated well between performance levels of differ-
ent age groups and proved to be suitable and valid measures of MR and PT performance
in the age range of 6 to 9 years, with good to excellent reliability. Thus, the new tasks
investigated in this study can be useful for future research assessing MR in single and group
settings (computer and paper–pencil versions of the Ghost Rotation Test, respectively) and
PT in single settings (computer version of the Perspective-Taking Test for Children). Future
studies might explore the age limits at which these tasks are no longer able to discriminate
sufficiently between individual performance levels; however, since the scores suggested
here account for response times, there may very well not be an upper limit.
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Note

1 McDonald’s Omega was also calculated but could not be estimated for some items due to low variability (almost all children

responded correctly). As these items differed across age groups, it was not feasible to remove them for the analysis. The Omegas

that could be estimated were close to Cronbach’s Alpha; therefore, only Cronbach’s Alpha is reported.

References

Amorim, Michel-Ange, Brice Isableu, and Mohamed Jarraya. 2006. Embodied spatial transformations: “Body analogy” for the mental

rotation of objects. Journal of Experimental Psychology: General 135: 327–47.

Atit, Kinnari, David H. Uttal, and Mike Stieff. 2020. Situating space: Using a discipline-focused lens to examine spatial thinking skills.

Cognitive Research: Principles and Implications 5: 19. [CrossRef]

Brainard, David H. 1997. The psychophysics toolbox. Spatial Vision 10: 433–36. [CrossRef]

Brucato, Maria, Andrea Frick, Stefan Pichelmann, Alina Nazareth, and Nora S. Newcombe. 2022. Measuring spatial perspective taking:

Analysis of four measures using item response theory. Topics in Cognitive Science 15: 46–74. [CrossRef]

Carroll, John B. 1993. Human Cognitive Abilities: A Survey of Factor-Analytic Studies. Cambridge: Cambridge University Press.

Casey, M. Beth, Ronald Nuttall, Elizabeth Pezaris, and Camilla Persson Benbow. 1995. The influence of spatial ability on gender

differences in math college entrance test scores across diverse samples. Developmental Psychology 31: 697–705. [CrossRef]

Cheng, Yi-Ling, and Kelly S. Mix. 2014. Spatial training improves children’s mathematics ability. Journal of Cognition and Development

15: 2–11. [CrossRef]

Committeri, Giorgia, Gaspare Galati, Anne-Lise Paradis, Luigi Pizzamiglio, Alain Berthoz, and Denis Le Bihan. 2004. Reference

frames for spatial cognition: Different brain areas are involved in viewer-, object-, and landmark-centered judgments about object

location. Journal of Cognitive Neuroscience 16: 1517–35.

Dumontheil, Iroise, Ian A. Apperly, and Sarah-Jayne Blakemore. 2010. Online usage of theory of mind continues to develop in late

adolescence. Developmental Science 13: 331–38. [CrossRef]

https://doi.org/10.1186/s41235-020-00210-z
https://doi.org/10.1163/156856897X00357
https://doi.org/10.1111/tops.12597
https://doi.org/10.1037/0012-1649.31.4.697
https://doi.org/10.1080/15248372.2012.725186
https://doi.org/10.1111/j.1467-7687.2009.00888.x


J. Intell. 2023, 11, 165 18 of 19

Eaton, John W., David Bateman, Søren Hauberg, and Rik Wehbring. 2015. GNU Octave 5.2.0 Version 4.0.0 Manual: A High-Level

Interactive Language for Numerical Computations. Available online: https://docs.octave.org/octave-5.2.0.pdf (accessed on 1

August 2023).

Ehrlich, Stacy B., Susan C. Levine, and Susan Goldin-Meadow. 2006. The importance of gesture in children’s spatial reasoning.

Developmental Psychology 42: 1259–68. [CrossRef]

Ekstrome, R., J. French, H. Harman, and D. Dermen. 1976. Manual for Kit of Factor-Referenced Cognitive Tests. Princeton: Educational

Testing Service.

Estes, David. 1998. Young children’s awareness of their mental activity: The case of mental rotation. Child Development 69: 1345–60.

[CrossRef]

Frick, Andrea. 2019. Spatial transformation abilities and their relation to later mathematics performance. Psychological Research 83:

1465–84. [CrossRef]

Frick, Andrea, Katrina Ferrara, and Nora S. Newcombe. 2013a. Using a touch screen paradigm to assess the development of mental

rotation between 31⁄2 and 51⁄2 years of age. Cognitive Processing 14: 117–27. [CrossRef]

Frick, Andrea, Melissa A. Hansen, and Nora S. Newcombe. 2013b. Development of mental rotation in 3- to 5-year-old children.

Cognitive Development 28: 386–99. [CrossRef]

Frick, Andrea, Moritz M. Daum, Simone Walser, and Fred W. Mast. 2009. Motor processes in children’s mental rotation. Journal of

Cognition and Development 10: 18–40. [CrossRef]

Frick, Andrea, Möhring Wenke, and Nora S. Newcombe. 2014a. Development of mental transformation abilities. Trends in Cognitive

Sciences 18: 536–42. [CrossRef]

Frick, Andrea, Möhring Wenke, and Nora S. Newcombe. 2014b. Picturing perspectives: Development of perspective-taking abilities in

4- to 8-year-olds. Frontiers in Psychology 5: 386. [CrossRef]

Ganzeboom, Harry B. G., Paul M. De Graaf, and Donald J. Treiman. 1992. A standard international socio-economic index of occupational

status. Social Science Research 21: 1–56. [CrossRef]

Gardner, Howard. 1983. Frames of Mind: The Theory of Multiple Intelligences. New York: Basic Books.

Gunderson, Elizabeth A., Gerardo Ramirez, Sian L. Beilock, and Susan C. Levine. 2012. The relation between spatial skill and early

number knowledge: The role of the linear number line. Developmental Psychology 48: 1229–41. [CrossRef]

Hawes, Zachary, and Daniel Ansari. 2020. What explains the relationship between spatial and mathematical skills? A review of

evidence from brain and behavior. Psychonomic Bulletin & Review 27: 465–82.

Hegarty, Mary. 2018. Ability and sex differences in spatial thinking: What does the mental rotation test really measure? Psychonomic

Bulletin & Review 25: 1212–19. [CrossRef]

Hegarty, Mary, and David Waller. 2004. A dissociation between mental rotation and perspective-taking spatial abilities. Intelligence 32:

175–91. [CrossRef]

International Labour Office. 1990. International Standard Classification of Occupations. ISCO-1988. Geneva: International Labour Office.

Jansen, Petra, Andrea Schmelter, Claudia Quaiser-Pohl, Sarah Neuburger, and Martin Heil. 2013. Mental rotation performance in

primary school age children: Are there gender differences in chronometric tests? Cognitive Development 28: 51–62.

Kosslyn, Stephen M., Jonathan A. Margolis, Anna M. Barrett, Emily J. Goldknopf, and Philip F. Daly. 1990. Age differences in imagery

abilities. Child Development 61: 995. [CrossRef]

Kozhevnikov, Maria, and Mary Hegarty. 2001. A dissociation between object manipulation spatial ability and spatial orientation ability.

Memory & Cognition 29: 745–56.

Kubinger, Klaus D., and Stefana Holocher-Ertl. 2014. Adaptives Intelligenz Diagnostikum—Version 3.1 (AID 3). Göttingen: Beltz.

Kyttälä, Minna, and Juhani E. Lehto. 2008. Some factors underlying mathematical performance: The role of visuospatial working

memory and non-verbal intelligence. European Journal of Psychology of Education 23: 77–94. [CrossRef]

Lambrey, Simon, Christian Doeller, Alain Berthoz, and Neil Burgess. 2012. Imagining being somewhere else: Neural basis of changing

perspective in space. Cerebral Cortex 22: 166–74. [CrossRef]

Laski, Elida V., Beth M. Casey, Qingyi Yu, Alana Dulaney, Miriam Heyman, and Eric Dearing. 2013. Spatial skills as a predictor of first

grade girls’ use of higher level arithmetic strategies. Learning and Individual Differences 23: 123–30. [CrossRef]

Levine, Susan C., Alana Foley, Stella Lourenco, Stacy Ehrlich, and Kristin Ratliff. 2016. Sex differences in spatial cognition: Advancing

the conversation. Wiley Interdisciplinary Reviews: Cognitive Science 77: 127–55. [CrossRef]

Levine, Susan C., Janellen Huttenlocher, Amy Taylor, and Adela Langrock. 1999. Early sex differences in spatial skill. Developmental

Psychology 35: 940–49. [CrossRef]

Levine, Susan C., Marina Vasilyeva, Stella F. Lourenco, Nora S. Newcombe, and Janellen Huttenlocher. 2005. Socioeconomic status

modifies the sex difference in spatial skill. Psychological Science 16: 841–45.

Linn, Marcia C., and Anne C. Petersen. 1985. Emergence and characterization of sex differences in spatial ability: A meta-analysis.

Child Development 56: 1479–98. [CrossRef]

Lohman, David F. 1979. Spatial Ability: A Review and Reanalysis of the Correlational Literature. Aptitude Research Project (Technical Report

No. 8). Stanford: Stanford University.

Marmor, Gloria Strauss. 1975. Development of kinetic images: When does the child first represent movement in mental images?

Cognitive Psychology 7: 548–59.

https://docs.octave.org/octave-5.2.0.pdf
https://doi.org/10.1037/0012-1649.42.6.1259
https://doi.org/10.2307/1132270
https://doi.org/10.1007/s00426-018-1008-5
https://doi.org/10.1007/s10339-012-0534-0
https://doi.org/10.1016/j.cogdev.2013.06.002
https://doi.org/10.1080/15248370902966719
https://doi.org/10.1016/j.tics.2014.05.011
https://doi.org/10.3389/fpsyg.2014.00386
https://doi.org/10.1016/0049-089X(92)90017-B
https://doi.org/10.1037/a0027433
https://doi.org/10.3758/s13423-017-1347-z
https://doi.org/10.1016/j.intell.2003.12.001
https://doi.org/10.2307/1130871
https://doi.org/10.1007/BF03173141
https://doi.org/10.1093/cercor/bhr101
https://doi.org/10.1016/j.lindif.2012.08.001
https://doi.org/10.1002/wcs.1380
https://doi.org/10.1037/0012-1649.35.4.940
https://doi.org/10.2307/1130467


J. Intell. 2023, 11, 165 19 of 19

McGee, Mark G. 1979. Human spatial abilities: Psychometric studies and environmental, genetic, hormonal, and neurological

influences. Psychological Bulletin 86: 889–918. [CrossRef]

Mix, Kelly S., and Yi-Ling Cheng. 2012. The relation between space and math: Developmental and educational implications. In

Advances in Child Development and Behavior. Edited by Janette B. Benson. San Diego: Academic Press, vol. 42, pp. 197–243.

[CrossRef]

Newcombe, Nora S., and Thomas F. Shipley. 2015. Thinking about spatial thinking: New typology, new assessments. In Studying Visual

and Spatial Reasoning for Design Creativity. Edited by John S. Gero. New York: Springer, pp. 179–92. [CrossRef]

Newcombe, Nora S., Mary Hegarty, and David Uttal. 2023. Building a cognitive science of human variation: Individual differences in

spatial navigation. Topics in Cognitive Science 15: 6–14. [CrossRef]

Pedrett, Salome, Alain Chavaillaz, and Andrea Frick. 2023. Age-related changes in how 3.5- to 5.5-year-olds observe and imagine

rotational object motion. Spatial Cognition & Computation 23: 83–111. [CrossRef]

Peters, Michael, and Christian Battista. 2008. Applications of mental rotation figures of the Shepard and Metzler type and description

of a mental rotation stimulus library. Brain and Cognition 66: 260–64. [CrossRef]

Piaget, Jean, and Barbel Inhelder. 1956. The Child’s Conception of Space. Translated by F. J. Langdon, and J. L. Lunzer. New York: Norton.

Quaiser-Pohl, Claudia, Christian Geiser, and Wolfgang Lehmann. 2006. The relationship between computer-game preference, gender,

and mental-rotation ability. Personality and Individual Differences 40: 609–19. [CrossRef]

Ramirez, Gerardo, Elizabeth A. Gunderson, Susan C. Levine, and Sian L. Beilock. 2012. Spatial anxiety relates to spatial abilities as a

function of working memory in children. Quarterly Journal of Experimental Psychology 65: 474–87. [CrossRef]

Reuhkala, Minna. 2001. Mathematical skills in ninth-graders: Relationship with visuo-spatial abilities and working memory. Educational

Psychology 21: 387–99. [CrossRef]

Schaie, K. Warner. 1985. Schaie-Thurstone Adult Mental Abilities Test. Palo Alto: Consulting Psychologists Press.

Shea, Daniel L., David Lubinski, and Camilla P. Benbow. 2001. Importance of assessing spatial ability in intellectually talented young

adolescents: A 20-year longitudinal study. Journal of Educational Psychology 93: 604–14. [CrossRef]

Shepard, Roger N., and Jacqueline Metzler. 1971. Mental rotation of three-dimensional objects. Science 171: 701–3. [CrossRef]

Thurstone, Louis L. 1938. Primary Mental Abilities. Chicago: University of Chicago Press.

Thurstone, Louis L., and Thelma G. Thurstone. 1949. Examiner Manual for the SRA Primary Mental Abilities Test. Chicago: Science Research.

Uttal, David H., Nathaniel G. Meadow, Elizabeth Tipton, Linda L. Hand, Alison R. Alden, Christopher Warren, and Nora S. Newcombe.

2013. The malleability of spatial skills: A meta-analysis of training studies. Psychological Bulletin 139: 352–402. [CrossRef]

Vandenberg, Steven G., and Allan R. Kuse. 1978. Mental rotations, a group test of three-dimensional spatial visualization. Perceptual

and Motor Skills 47: 599–604. [CrossRef]

Wai, Jonathan, David Lubinski, and Camilla P. Benbow. 2009. Spatial ability for STEM domains: Aligning over 50 years of cumulative

psychological knowledge solidifies its importance. Journal of Educational Psychology 101: 817–35. [CrossRef]

Wilhelm, Oliver, Andrea Hildebrandt, and Klaus Oberauer. 2013. What is working memory capacity, and how can we measure it?

Frontiers in Psychology 4: 433. [CrossRef]

Zacks, Jeffrey M., and Pascale Michelon. 2005. Transformations of Visuospatial Images. Behavioral and Cognitive Neuroscience Reviews 15:

96–118. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1037/0033-2909.86.5.889
https://doi.org/10.1016/B978-0-12-394388-0.00006-X
https://doi.org/10.1007/978-94-017-9297-4_10
https://doi.org/10.1111/tops.12626
https://doi.org/10.1080/13875868.2022.2095276
https://doi.org/10.1016/j.bandc.2007.09.003
https://doi.org/10.1016/j.paid.2005.07.015
https://doi.org/10.1080/17470218.2011.616214
https://doi.org/10.1080/01443410120090786
https://doi.org/10.1037/0022-0663.93.3.604
https://doi.org/10.1126/science.171.3972.701
https://doi.org/10.1037/a0028446
https://doi.org/10.2466/pms.1978.47.2.599
https://doi.org/10.1037/a0016127
https://doi.org/10.3389/fpsyg.2013.00433
https://doi.org/10.1177/1534582305281085

	Introduction 
	Individual Differences in Spatial Abilities 
	Mental Rotation (MR) 
	Perspective Taking (PT) 

	Materials and Methods 
	Participants 
	General Procedure 
	Administered Tasks 
	Ghost Rotation Tasks: Computer Version (GhostRotPC) 
	Ghost Rotation Task: Paper–Pencil Version (GhostRotPP) 
	Shepard and Metzler Cube Rotation Task: Computer Version (CubeRotPC) 
	Figure Rotation Task: Paper–Pencil Version (FigureRotPP) 
	Perspective-Taking Task for Children: Computer Version (PerspectivePC) 
	Verbal-IQ 
	Media Use (TV and Games) 
	Socioeconomic Status (SES) 


	Results 
	Descriptive Statistics and Analyses of Differences between Age Groups and Sexes 
	Reliabilities 
	Correlations among Tasks 
	Maximum-Likelihood Exploratory Factor Analyses 
	Response Times 
	Accuracy 

	Discussion 
	Construct Validity 
	Reliability 
	Developmental Aspects 
	SES and Verbal-IQ 
	Watching TV and Video Gaming 
	Limitations 

	Conclusions 
	References

