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Gender differences in spatial abilities favor males in both childhood and adulthood. During early development, this discrepancy can be attributed, among other things, to the influence of an early testosterone surge in boys, societal stereotypes, and expectations about gender. In the present work, we created a spatial task (including letter rotation and letter mirroring) which used letters as stimuli and evaluated the performance of school-aged children (6–10 years old). During this age period, children are being taught literacy skills which rely on the reorganization of cortical networks and the breakdown of mirror generalization. We divided our sample (N = 142, 73 females) into two age groups: 1st–2nd (literacy acquisition; N = 70, 33 females) and 3rd–5th (literacy consolidation; N = 72, 40 females) graders. While boys performed significantly better in letter rotation in the older group, girls’ performance remained substandard in both groups. This pattern is reversed for the mirror task, with older girls outperforming their younger counterparts and boys having similar performance in the two groups. Since the age period of our sample is not associated with large variations in the levels of reproductive steroids, we propose that the similarity of performance between younger and older girls in mental rotation of letters could be associated with society’s traditional attitudes and expectations on the relationship between visual–spatial skills and gender. As for the mirror task, while only girls had a significant difference between the two age groups, boys did show an improvement, as expected for the inhibition of mirror generalization for letters during reading acquisition.
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Introduction

Mirror generalization or mirror invariance describes the natural property of the visual system to recognize objects as being identical regardless of their spatial orientation (Rollenhagen and Olson, 2000). However, about 5,500 BCE, the invention of writing required the efficient discrimination of small orthographic signals which sometimes are mirror-symmetric, such as the letters b, d, p, and q in the modern Latin script. The selective inhibition of mirror generalization for orthographic processing is a pre-condition for reading proficiency and is acquired through effortful learning (Dehaene et al., 2005, 2010; Ahr et al., 2016). Reading acquisition depends on the rewiring and repurposing of a network of visual areas located in the inferior temporal cortex originally tasked with visual recognition of faces and objects. In particular, the visual word form area (WFA) is activated when orthographic strings are displayed in various writing systems in adults and children learning to read (Pegado et al., 2011; Dehaene-Lambertz et al., 2018). In fact, illiterates or readers of some scripts, such as Tamil or Thai, which do not have mirrored letters, have poor mirror discrimination (Nicole and Heather, 2015; Fernandes et al., 2021).

Mental rotation, defined as the ability to mentally retain and rotate abstract configurations in 2-D and 3-D space (Linn and Petersen, 1985), is an important spatial ability associated with many daily living activities (Newcombe and Frick, 2010). Mental rotation is also distinctly related to success in professional and academic careers in STEM (Science, Technology, Engineering, and Mathematics). Due to its role in STEM achievement (Bruce and Hawes, 2015), mental-rotation skills have been the target of much interest in education, including whether occasional gains obtained with training are transferable to other untrained skills (Cheng and Mix, 2014; Meneghetti et al., 2017; Cheung et al., 2020). During mental-rotation tasks, subjects are asked to judge stimuli that are presented in different orientations. Reaction times increase consistently with the angle between the target stimulus and a canonical orientation, suggesting that before judgment the stimulus is first mentally rotated into the canonical orientation (Cooper and Shepard, 1973).

Previous studies have shown that men and boys outscore women and girls in mental-rotation tasks involving abstract objects (Voyer et al., 1995; Geiser et al., 2008; Moè, 2009, 2018; Maeda and Yoon, 2013; Levine et al., 2016; Lauer et al., 2019; Lütke and Lange-Küttner, 2021). A popular explanation for this gap proposes that males and females may have experienced different selective pressures for specific spatial capacities during human evolution (Geary, 2022). However, more recent analyses propose that the male and female brain are not dimorphic and sex-related variances in brain’s structure and connectivity patterns are negligible and gender differences in cognitive abilities are probably associated with individual variance in genetic, epigenetic, and experiential factors (Eliot et al., 2021). A recent meta-analysis showed that a small male advantage in mental-rotation performance emerges during childhood and then subsequently increases with age, reaching a moderate effect size during adolescence (Lauer et al., 2019). While a recent study (Barel and Tzischinsky, 2018) using 3-D and 2-D stimuli showed that sex differences are not apparent in children, another study showed that 10-year-old boys outperformed girls in tasks with 3D cube figures rotated in depth (Ruthsatz et al., 2014).

Due to their ecological importance, letters have been used extensively in perception studies as visual stimuli. When deciding whether rotated letters are normal or mirror-reversed, subjects mentally rotate the letters into their canonical orientation, as with other visual stimuli, and then add a further step: flipping the letter along their vertical axis onto the canonical orientation (Cooper and Shepard, 1973; Corballis and McLaren, 1984; Corballis, 1988; Hamm et al., 2004). The importance of visual–spatial skills for reading acquisition is highlighted by the fact that dyslexic children are impaired in the mental rotation of letters, objects, and pictures (Rüsseler et al., 2005; Giovagnoli et al., 2016). However, to our knowledge, only one previous study, performed with second- and fourth-graders from Germany, used letters in mental-rotation studies aimed at comparing the performance of male and female schoolchildren (Neuburger et al., 2011). Besides their importance for understanding the role played by visual–spatial skills in reading acquisition, letters are also ecologically fit stimuli for studies aiming to evaluate the visuospatial abilities of school-aged children.

In the present study, we aim to contribute to the understanding of the developmental trajectory of gender differences in spatial aptitude by comparing the performance of school-aged children aged 6 to 10 years, grouped according to school year, in a computerized test requiring the mental rotation of letters. We devised a simple task that would be suitable to schoolchildren, easily applicable, and not time-consuming. The experimental paradigm was partially adapted from the letter-condition subtest proposed by Neuburger et al. (2011), with one target letter on the upper half of a screen side and four distractor stimuli on the bottom.



Methods


Participants

One hundred forty-two subjects ranging in age from 6 to 10 years were recruited and participated in the study at two public elementary schools located in Belém, Brazil (69 male, 7,9 ± 1,3 years and 73 female, 8,0 ± 1,4 years). The Brazilian Common Core Standards (Base Nacional Curricular Comum) establishes that basic literacy acquisition should be the focus of the first 2 years of elementary school (1st and 2nd grades), while in the last 3 years (3rd, 4th, and 5th grades), students should consolidate reading ability. Thus, participants were allocated into four groups regarding gender (female and male) and literacy stage (acquisition and consolidation; Table 1). Parents or guardians provided written consent prior to testing. All study protocols were approved by the Ethics Committee of the State University of Maringá (UEM), Brazil (5.553.548). The exclusion criterion was the presence of a history of psychiatric illness and/or neurological disorders.



TABLE 1 Socio-demographic profile of subjects.
[image: Table1]

In our sample, 70 (49.30%) of students were in the 1st and 2nd grades (acquisition) and 72 (50.70%) were in the 3rd, 4th, and 5th grades (consolidation). Most of the students (99, 69.72%) belonged to families with a monthly income of 1–3 minimum wages and the maximum educational level of most of the parents was incomplete high school education (59, 41.56%; Table 1). The rotation and mirror tests had Cronbach’s alpha values of 0.73 and 0.74, respectively.



Procedure

Children were tested individually in a quiet location in their own schools with two computerized tasks adapted from the mental-rotation task proposed by Neuburger et al. (2011). In the rotation task, the letters q, p, d, and b were displayed on the computer screen in their canonical orientation and the participants should choose its rotated version from the remaining three letters presented simultaneously in a lower row on the same screen (Figure 1A). In the mirror task, a mirrored version of the letters q, p, d, or b was displayed on the computer screen and the participants should choose the correct answer from three alternatives presented simultaneously in a lower row on the screen (Figure 1B). The tasks were created and managed with the PsychoPy software (version 1.82.01, Open Science Tools Ltd.). Children sat opposite the experimenter in front of a computer screen (15.6 inches, resolution 1920 × 1080, refresh rate 60 Hz) located 0.8 m away from the participants. Participants looked at a fixed point on the screen and their hands were positioned on the keyboard. The following oral instruction was given before the rotation task: “Welcome! You should indicate from the options below which letter corresponds to the letter located at the top of the display. Try to rotate the letters in your mind to find the better option. Please, try to respond as fast and accurately as you can. Thanks for your time!.” For the mirror task, the instruction was: “Welcome! You should indicate from the options below which letter is the mirror counterpart of the letter located at the top of the display. Please, try to respond as fast and accurately as you can. Thanks for your time!” The participants performed 4 trials for each target stimulus, the response to each trial was coded either as correct (1) or incorrect (0) and subsequently added to obtain the total score.
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FIGURE 1
 Experimental Setup for the letter rotation (A) and mirrored letter (B) tests. The green circle indicates the correct response (which was not shown to the participant).




Statistical analysis

We performed a descriptive analysis with measures of central tendency and dispersion according to Gaussian distribution characteristics of the samples, verified through the Kolmogorov–Smirnov test. We used the Kruskal-Wallis test for performance comparisons among the four experimental groups (female-acquisition, female-consolidation, male-acquisition, and male-consolidation). The Mann–Whitney test with Bonferroni correction was used for the post-hoc comparison among groups. The internal consistency of the “rotation” and “mirror” tests was assessed using Cronbach’s Alpha. Statistical analyzes were performed with SPSS v.21 and the significance level was set at 95%. Statistical Power was verified a posteriori using Gpower (Faul et al., 2007).




Results

The Kruskal-Wallis test showed that groups differed on accuracy in the letter rotation test [H(3) = 15.595, p = 0.001] and the mirrored letter test [H(3) = 19.364, p < 0.001]. A Mann–Whitney post-hoc test with Bonferroni correction showed that the accuracy in the rotation task was higher for the male-consolidation group (Mdn = 50; IQR = 75) than for both the female- (Mdn = 0; IQR = 25; U = 37.124, Z = 3.786, ps = 0.001) and male- (Mdn = 25; IQR = 50; U = −25.362, Z = −2.658, ps = 0.047) acquisition groups. However, when the performance of boys and girls is compared in the consolidation stage, girls had lower performance (Mdn = 37.5; IQR = 75), though statistically indistinct from the other groups (p > 0.05; Figure 2A).
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FIGURE 2
 Test scores by age and sex: (A) rotation and (B) mirror task.


Regarding the mirror task (Figure 2B), girls in the acquisition group (Mdn = 75; IQR = 75) had lower scores than both boys (Mdn = 100; IQR = 19; U = 33.171, Z = 3.623 ps = 0.002) and girls (Mdn = 100; IQR = 25; U = −30.143, Z = −3.473, ps = 0.003) in the consolidation group. However, during acquisition, girls did not differ (p > 0.05) from boys (Mdn = 75; IQR = 50), with performance comparable to the consolidation groups.

The Kruskal-Wallis test showed that groups differed on response time both on the letter rotation [H(3) = 21.902, p < 0.001], and mirrored letter [H(3) = 18.143, p < 0.001] tasks (Figure 3). A Mann–Whitney post-hoc test with Bonferroni correction showed that the response time for the rotation task of the female-acquisition group (Mdn = 5.08; IQR = 5.08) was smaller than in the consolidation group, both male (Mdn = 6.75; IQR = 4.83; U = 27.415, Z = 2.686, ps = 0.043) and female (Mdn = 6.64; IQR = 5.90; U = −28.902, Z = −2.988, ps = 0.017), but not the male-acquisition group (Mdn = 8.40; IQR = 3.67; U = 45.7, Z = 4.64, ps < 0.001; Figure 3A).
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FIGURE 3
 Response time by age and sex: (A) letter rotation test, (B) mirrored letter test.


As for the mirror task (Figure 3B), girls from the acquisition group (Mdn = 5.06; IQR = 4.91) had response times smaller than boys in the acquisition (Mdn = 7.33; IQR = 2.66; U = 39.783, Z = 4.039, ps < 0.001) and consolidation (Mdn = 7.07; IQR = 3.42; U = 32.899, Z = 3.224, ps = 0.008) groups. Performance of girls in the consolidation group (Mdn = 6.80; IQR = 4.39) was not statstically different from the other groups (p > 0.05), though.



Discussion

Several previous findings show that visual–spatial abilities play a pivotal role in reading acquisition (Rüsseler et al., 2005; Giovagnoli et al., 2016). For instance, in early readers, the failure to inhibit the natural perceptual tendency to mirror generalization impairs the formation of adequate sound-letter correspondences and impedes fluent reading (for review, see Dehaene et al., 2015). This is evident, for instance, when early readers need to distinguish the words “dad” and “bad.”

One important visual–spatial ability is mental rotation, or the ability to transform a mental representation of an object to accurately predict how the object would look from a different angle. This is a skill we all use routinely when we try to mentally rearrange aspects of our visual world and which can be improved with training (Uttal et al., 2013; Hawes et al., 2015). However, the development of this ability is still poorly understood; including why, on average, adult males outperform adult females in mental-rotation tasks (Geiser et al., 2008; Moè, 2009; Maeda and Yoon, 2013; Levine et al., 2016).

A previous work tested German schoolchildren from the second and fourth grades with a paper–pencil mental-rotation task in three stimulus conditions (animal pictures, cube figures, and letters; Neuburger et al., 2011). The authors showed that fourth-grade boys and girls performed better than their second-grade colleagues in letter rotation (Neuburger et al., 2011). In the present study, we compared the performance of male and female subjects in a cross-sectional sample of male and female Brazilian Portuguese speakers in two distinct school groups associated with the acquisition and consolidation of reading ability. According to the official Brazilian literacy curriculum, children in the first, second, and third grades are taught basic literacy skills and children in the fourth and fifth grades are expected to consolidate earlier literacy gains toward reading proficiency. Our results show that both boys and girls performed poorly in the 1st–2nd grade group, but only male students showed a significant improvement in the 3rd–5th grade group. Response time of girls in the rotation task was particularly smaller in the 1st–2nd grade group on both the mirror and rotation task, suggesting that they were guessing. Since the same students performed much better in the mirror task, we assume this reflects a selective limitation in their performance on mental-rotation tasks.

In a study using cubes, Titze et al. (2010) showed that a male advantage in mental-rotation scores was evident in a group with mean age of 10.3 ears but not in a younger group (mean age: 9.4 years). Still according to the Titze et al.’ (2010) study, performance of women, older girls, and younger girls did not differ significantly, whereas older boys and adults outperformed younger boys. This trend was recently confirmed by Rahe and Jansen (2022) in adolescents. Our results with the mirror task show that there is a trend for both boys and girls for the breakdown of mirror generalization for letters with the advance of their literacy instruction (Pegado et al., 2014). However, only girls reached the statistical criterion for difference between the acquisition and consolidation groups. Titze et al. (2010) proposed two hypotheses to explain gender differences in mental rotation in school-aged children: disparity in testosterone levels and self-expectations about performance. The influence of reproductive steroids on mental rotation has been studied for some time and has shown effects of both androgens (testosterone) and estradiol, with the former having a positive effect and the latter having a inhibitory one (Hampson, 2018). A recent study showed that the correlation between testosterone levels and mental-rotation performance is already evident in infants 5–6 months of age (Constantinescu et al., 2018). On the other hand, several studies have recently proposed that spatial anxiety and self-expectations in performance may also be important factors behind male superiority in mental-rotation tests (Moè, 2009; Alvarez-Vargas et al., 2020; Arrighi and Hausmann, 2022). Both characteristics can be exacerbated by social situational threats and gender-stereotyping still prevalent in modern societies (Lauer et al., 2019). For instance, the aforementioned study by Constantinescu et al. (2018) showed a negative correlation between parents’ gender-stereotypical attitudes and mental-rotation performance only in girls. Other research suggests that stereotype threats, or the worry of confirming a negative stereotype, may negatively influence intrinsic motivation and interest in stereotyped tasks and domains (Thoman et al., 2013; Doyle and Voyer, 2016). In other words, stereotype threats create a negative feedback loop that may push stigmatized groups from certain activities, careers, and academic pathways. Another important issue in this regard are the experiential differences in spatial-promoting activities, digital or not (Terlecki and Newcombe, 2005; Lauer et al., 2018), between boys and girls at this age. In summary, gender should not be construed as a causal parameter in comparisons between male and female cognitive performance, but as a surrogate for associated biological and environmental factors.



Limitations

Both the rotation and the mirror task used only four test items: the letters q, p, d, and b, the ones which have mirror-image counterparts in the Latin alphabet. The tasks were designed to be applied together to allow a quick appraisal of the inhibition of mirror generalization processes in school children. Among the limitations, we could mention the lack of other types of stimuli items, such 3D cubes, 2D animals or objects, and letters without mirror-image counterparts. The accuracy of girls in the rotation task, both in the younger and the older group, was close to chance, suggesting that the task may be particularly difficult for girls in these age groups. However, these results could also reflect the selective role of environmental factors negatively affecting mostly girls.
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