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Abstract

:

Research has demonstrated positive relationships between fundamental movement skills (FMS) and mathematics achievement in children, and this relationship may be mediated by spatial ability. Engaging in physical activity (PA) may also have positive outcomes on mathematics achievement; however, no study has investigated this network of relationships together. This study aimed to examine the relationship between PA and mathematics achievement, and the mediating effects of FMS and spatial abilities, in primary school children. Using a cross-sectional design, data were collected from 182 children (aged 7 to 8 years old) across four schools in England. Objective moderate-to-vigorous PA (MVPA) levels and subjective parental reports of their children’s PA participation were collected. Children’s FMS were assessed, along with their performance on four spatial ability tasks and a mathematics test. Mediation analyses revealed no significant mediation effects of FMS and spatial abilities on the positive significant relationship between MVPA and mathematics achievement; however, spatial ability partially mediated the relationship between FMS and mathematics achievement. These results suggest that FMS and spatial ability may not be related to MVPA in this network of relationships, but children with more mature FMS perform better in mathematics due to them performing better on specific spatial ability tasks.
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1. Introduction


Physical activity (PA) is defined as bodily movement produced by skeletal muscles that requires energy expenditure (Caspersen et al. 1985; WHO 2018). It is well established that PA makes an important contribution to the holistic development of children. PA improves children’s physiological (Janssen and LeBlanc 2010), physical (Poitras et al. 2016), and psychological (Biddle and Asare 2011) wellbeing. However, there is much debate about the effects PA may have on school-centered academic outcomes. There is a growing body of research investigating the effects of PA (curriculum-integrated, school-based, extracurricular, and out-of-school PA) on academic achievement; however, the findings are inconclusive. This research study aimed to examine the specific relationship between PA and mathematics achievement, and the mediating effects that fundamental movement skills (FMS) and spatial abilities may have on this relationship, in primary school children.



Research suggests there is a positive association between PA and academic achievement, specifically performance in mathematics. Rasberry et al. (2011) found that half of the 50 studies analyzed in their systematic review showed a positive correlation between school-based PA and mathematics achievement in children and adolescents. In more recent systematic reviews, Sneck et al. (2019) and James et al. (2023) examined PA interventions in relation to academic achievement in children and adolescents and found positive effects, and no harmful or negative effects, of PA interventions on mathematics achievement. Not all studies examined found positive effects of PA on mathematics achievement; several studies found insignificant effects of PA on mathematics. For example, there was no significant effect found on mathematics performance in 10-to-11-year-olds who completed a 7-month PA intervention, which increased PA by participating in 90 min of physically active education lessons in the school playground, having 5 min PA breaks during classroom lessons, and completing 10 min a day of PA homework each week compared to children in the control group who received the normal school curriculum (Resaland et al. 2016). Despite mixed findings in the literature, there is still strong enough evidence to conclude that there are beneficial effects from taking part in PA on mathematical achievement in children (Singh et al. 2019), with the evidence highlighting that PA is not detrimental to mathematical achievement in children and may even enhance it.



Fundamental movement skills (FMS), comprising basic locomotion, object manipulation, and stabilization skills (Rudd et al. 2015), may be related to both PA and mathematics achievement. Stodden et al. (2008) devised a conceptual model that suggests that the relationship between PA and FMS is bidirectional. Based on limited research, the model suggested that PA is associated with motor competence development in early childhood, whereas motor competence is predictive of PA in mid and late-childhood. Since this conceptualization, research has found positive relationships between PA and motor development in mid-childhood; FMS are improved with greater PA exposure in primary school students. Ericsson (2011) found that FMS improved after being exposed to more PA from the age of 7 to 15 years old, with the beneficial effects of PA on FMS being observed after just one year, compared to children in the control group. In addition, Dapp et al. (2021) found that engaging in structured PA, either exclusively or in combination with unstructured PA, resulted in better FMS development in children aged 6 to 8 years old, and Melby et al. (2021) found that diverse PA at 6 years old was significantly associated with greater motor competence at age 9 to 13 years, but there was no longitudinal association found from motor competence at 6 years old to PA engagement at 9 to 13 years old. Therefore, it appears that there is a positive and potential predictive association between PA and FMS in children.



There is evidence to suggest a positive relationship between FMS and mathematics achievement in children. Macdonald et al.’s (2018) systematic review concluded that there was strong evidence to support a positive association between total FMS proficiency and mathematical achievement; however, this is a very-weak-to-moderate association. With regards to preschool-aged children, improvements in 3 to 5-year-olds’ motor competence skills were positively related to improvements in their mathematics problem-solving skills (Willoughby et al. 2021). In children aged 5 to 6 years old, de Waal (2019) found that locomotion and stability FMS were positively correlated with numerical and geometrical mathematical abilities, but no significant correlations were found between object manipulation skills and mathematics achievement. In slightly older primary school-aged children, Scott et al. (2023) found that total locomotion score (as assessed by running, hopping, and jumping) and overall FMS score were weakly positively related to total mathematics scores, supporting the conclusions made in Macdonald et al.’s (2018) systematic review. This highlights that FMS proficiency may be beneficial for mathematical achievement and therefore may mediate the relationship between PA and mathematics.



Spatial ability may also play a role in this network of relationships. Research is beginning to reveal that PA and FMS may positively relate to spatial ability in children. Moraweitz and Muehlbauer (2021) state that the literature shows a potential for spatial abilities to be improved in children and adolescents by participating in PA. When investigating the relationship between PA and FMS with specific spatial abilities, much research focuses on mental rotation performance, which is an intrinsic–dynamic spatial ability (Jansen and Richter 2015; Pietsch et al. 2017), ignoring the other three spatial abilities described by Uttal et al. (2013). These authors classified spatial skills as being either intrinsic or extrinsic (the ability to describe the spatial characteristics of objects either individually or in relation to one another, respectively) and dynamic or static (the ability to define these characteristics requires either physical or mental transformation or not, respectively), resulting in four spatial abilities: intrinsic–static (IS), intrinsic–dynamic (ID), extrinsic–static (ES), and extrinsic–dynamic (ED). Two recent studies examined the relationships between FMS and all four of the spatial abilities described in primary school children. Running and throwing were positively related to IS and ES spatial abilities, respectively, whereas no significant relationship was found between jumping and ID spatial ability (Jansen and Pietsch 2022), and locomotion, object manipulation, and total FMS scores were positively related to IS spatial ability (Scott et al. 2023).



The evidence highlights an established relationship between spatial ability and mathematics skills. This relationship has been examined since the early 20th century and is consistent in older children and adults, but there is a lack of research examining the relationship in children below the age of 10 years (Mix and Cheng 2012). However, recently, Atit et al. (2022) found that there was a positive moderate association between spatial skills and mathematics achievement in preschool, primary, and secondary school children in their systematic review. Specifically, IS, ID, ES, and ED spatial abilities positively correlated with mathematics achievement, as assessed by numeracy, arithmetic, geometry, and logical reasoning skills in children (Gilligan et al. 2019; Xie et al. 2020). Scott et al. (2023) examined the mediating effects of spatial ability on the relationship between FMS proficiency and mathematics achievement and found that IS spatial ability fully mediated this relationship. ED spatial ability did not positively relate to FMS and the remaining spatial abilities were not included in the analysis; however, this research begins to highlight the important part that spatial ability plays in this network of relationships, and further research is needed to confirm the effect that spatial ability may have on the relationship between PA and mathematics. Therefore, spatial ability and FMS should also be examined when exploring the relationships between PA and mathematics achievement in children.



The present study aims to contribute to the growing body of literature examining the factors that may positively influence achievement in mathematics in young children, specifically, the effects that PA, FMS, and spatial abilities have on mathematical achievement. Previous research has individually examined the impact that these factors have on performance in mathematics; however, there is a distinct gap in the literature when it comes to understanding the interrelationships among these factors. We address this gap by conducting a comprehensive examination into how PA, FMS, and spatial abilities are related and collectively contribute to mathematical achievement in young children. This research examines both objective and subjective PA in relation to mathematics achievement, which is assessed through performance in numeracy, arithmetic, and geometry. This research also examines the mediating effects that total FMS proficiency (as assessed by locomotion, object manipulation, and stabilization skills) and spatial ability (as assessed by age-appropriate tests of IS, ID, ES, and ED spatial ability) have, building upon the methodological limitations of previous research. Based on the evidence reviewed, we hypothesized that (H1) PA will positively associate with mathematics achievement; and (H2) FMS proficiency and spatial ability will mediate the relationship between PA and mathematics achievement.




2. Materials and Methods


2.1. Participants and Procedure


Two-hundred-and-eight Year 3 children were recruited from four UK primary schools. Information packs were sent to parents/guardians via school channels to provide opt-in parental consent. Children also provided their informed assent. Using a cross-sectional correlational design, data collection on 182 children (85 boys, mean age: 8.19, SD = .314) took place from April to July 2023. This meets the required sample size needed for a mediation analysis when conducting a mediation analysis using the bootstrapping (bias-corrected) method. For an anticipated effect size of .26, for both paths a and b, a statistical power of 80%, and a probability level of .05, a minimum of 148 participants is needed (Fritz and MacKinnon 2007). At each school, FMS were assessed during a PE lesson, taking approximately one hour to assess 30 children. On a separate day, each child completed a mathematics test during a mathematics lesson, taking approximately 45 min to complete. The following week, at the start of the school day, the children were given an accelerometer to wear on their wrist for 7 consecutive days (from Monday to Sunday). During this week, each child also independently completed one computer and three paper-and-pen tasks assessing spatial ability, taking approximately 30 min to complete. Each child also completed a verbal intelligence task, taking 5 min to complete. Throughout this period, parents responded to an online questionnaire to report the sport and leisure activities their child usually participated in, which took approximately 10 min to complete.




2.2. Measures


2.2.1. FMS


FUNMOVES (Eddy et al. 2021), a class-level product measure, assessed the locomotion, object manipulation, and stabilization skills of the children (see Eddy et al. (2021) and Scott et al. (2023) for full procedural description). For this research, a total score for FMS was computed by combining the total locomotion score (running, jumping, and hopping scores), total object manipulation score (throwing and kicking scores), and stability score (balance score) together. There is no official total score that can be obtained due to the running assessment; however, children can score a maximum of 4 for the jumping, hopping, and balance skills, a maximum score of 10 for the throwing skill, and a maximum score of 5 for the kicking skill.




2.2.2. Mathematics Achievement


To assess mathematics achievement, the Mathematics Assessment for Learning and Teaching 8 (MaLT8; Williams 2005) was used (α = .90), which is in line with the English national curriculum for Year 3, where children are aged 7 to 8 years old (Williams 2005). For the present study, numerical ability (total score of 21, α = .83) was measured through the counting, understanding numbers, and knowing and understanding number facts questions. Arithmetical ability (total score of 10, α = .71) was measured through the calculation questions, and geometrical ability (total score of 14, α = .69) was measured through the understanding shape, measurement, and handling data questions. A total score of 45 could be obtained.




2.2.3. PA


Objective Moderate-to-Vigorous PA (MVPA) Levels. Objective MVPA was assessed using GT9X accelerometers (ActiGraph, Pensacola, FL, USA). Participants were required to wear the monitor on their wrist for seven consecutive days, including the weekend, except for sleeping and water-based activities. There was no display activated on the accelerometer screen. Due to the sporadic nature of children’s movements, more frequent assessment is required (Bailey et al. 1995). The current study collected the data at a sampling frequency of 100 Hz. The raw data were downloaded after completion using ActiLife (version six, Pensacola, FL, USA). Data were deemed valid if the children wore the monitors for a minimum of 10 h for 2 days (Rich et al. 2013). The average total number of minutes spent undertaking MVPA per day was then calculated; it does not provide information about what specific activities children participated in.



Parent-reported PA. Parents/guardians completed a modified version of the proxy Children’s Leisure Activities Study Survey (CLASS; Telford et al. 2004). The questionnaire included a checklist of 23 physical activities (e.g., dance, football, walking to and from school, and household chores) and 14 leisure activities (e.g., watching TV, reading, and completing homework). Parents/guardians were required to indicate whether their child participates in each activity, and if they answer yes, they must report the frequency of the activity and the time spent participating in the activity separately for Monday to Friday and on the weekend. The total number of hours spent undertaking physical activities during a typical week was calculated.




2.2.4. Spatial Ability


IS Spatial Ability. The paper-and-pencil Children’s Embedded Figures Task (Witkin et al. 1971) assessed IS spatial ability (α = .80). Children had to disembed a complex picture to locate a tent shape for 11 trials, and a house shape for 14 trials. One point was awarded for each trial where the shape was correctly identified, resulting in a possible total score of 25.



ID Spatial Ability. The paper-and-pencil animal stimuli Picture Mental Rotation Task (Neuburger et al. 2011) assessed ID spatial ability (α = .86). Children had two minutes to complete 16 trials where they had to select the two rotated pictures from the four presented that matched the target item. The other two were rotated mirror images. One point was awarded if both correct pictures were selected, resulting in a possible total score of 16.



ES Spatial Ability. Gilligan et al.’s (2018) computerized spatial scaling task assessed ES spatial ability (α = .62). Throughout 18 trials, children were shown model pirate maps, either a 6 × 6 or 10 × 10 square, on an A3 flipchart. Children had to then select the corresponding referent map presented from a selection of four shown on a computer screen, which varied in scaling factor every six trials (same size, half the size, and a quarter of the size of the model map). One point was awarded if the correct referent map was selected, resulting in a possible total score of 18.



ED Spatial Ability. The paper-and-pencil Perspective Taking Task (Frick 2019) assessed ED spatial ability (α = .82). Children were presented with 22 pictorial representations of objects and Lego characters and had to select which of the four pictures was the correct photo taken by the character holding the camera in the pictorial representation. The trials differed in complexity and angular difference between the child and the photographer. One point was awarded if the correct photo was identified, resulting in a possible total score of 22.




2.2.5. Control Variables


The Word Reading A Subscale of the British Ability Scales III (BAS-III, Elliot and Smith 2011) was administered to control for intelligence. Participants were asked to read aloud words shown to them. One point was awarded for each correctly phonetically read word, resulting in a possible total score of 90. This measure has previously been used in research that examines the relationship between spatial ability and mathematics to control for reading ability in children (Gilligan et al. 2019). As reading ability is highly correlated with general intelligence (Carver 1990), this subscale was used as a measure of intelligence.





2.3. Data Analysis


Calculations for means, standard deviations, and Spearman correlations were performed using IBM SPSS 28.0. Partial Spearman correlations were also completed, controlling for verbal intelligence. A mediation analysis, whilst controlling for verbal intelligence, was completed using the “Specific Indirect Effects” estimand in SPSS AMOS 26 (Gaskin et al. 2020) using 5000 bias-corrected bootstrapped samples, and significant indirect effects were considered if 95% confidence intervals did not include zero (Williams and MacKinnon 2008). Hildebrand et al.’s (2014, 2016) PA cut-off points from the accelerometer raw data were analyzed using the GGIR R package for accelerometry (Migueles et al. 2019). The cut-off points are 35.6, 201.4, and 707.0 for light, moderate, and vigorous PA, respectively.





3. Results


3.1. Preliminary Analysis


All 182 participants completed the FMS, spatial ability, mathematics, and verbal intelligence assessments (85 males, M age = 8.19, SD age = .314). Of the 182 children, 139 returned parental responses from the CLASS to assess subjective PA. Five responses were identified as extreme outliers and removed, resulting in a total of 134 participants with parental-reported PA data (61 males, M age = 8.18, SD age = .311). With regards to objective MVPA, the criterion of 10 h minimum wear time for 2 days was appropriately selected for this research (Rich et al. 2013), and resulted in 137 children with validated accelerometer data (63 males, M age = 8.20, SD age = .322). The majority of the data for FMS, spatial ability, mathematics, and verbal intelligence were not normally distributed (D(182) ≥ .082, p ≤ .004, with the exception of IS spatial ability, for which scores were normally distributed: D(182) = .066, p = .052). The data for objective MVPA and subjective PA were also not normally distributed (D(137) = .081, p = .028, and D(134) = .126, p < .001, respectively).




3.2. Descriptive Statistics and Correlations


On average, participants scored 65% and over on all of the composite scores for FMS, performing best in locomotion skills. Participants scored, on average, over 60% on all of the spatial ability tests, except for IS spatial ability (mean score 13.45 out of 25), with participants performing the best on the PTT. Participants, on average, scored above 50% on all of the mathematical abilities, with performance in numerical ability being the best and performance in geometrical ability being the worst, and the participants, on average, scored 80% in the verbal intelligence assessment. With regards to objective MVPA, on average, the children completed just over 80 min a day of MVPA.



Spearman correlation coefficients were calculated across the whole sample (n = 182) to examine the interrelationships between PA, FMS proficiency, spatial ability, and performance in mathematics to test H1 (see Table 1). Neither objective MVPA nor subjective PA were significantly correlated with total mathematics score (rs = .108, p = .207, and rs = .057, p = .511, respectively), nor any of the individual mathematical abilities. Verbal intelligence significantly positively correlated with all spatial and mathematical abilities; therefore, partial Spearman correlation coefficients were calculated to examine these relationships whilst controlling for verbal intelligence across the whole sample (n = 182) (see Table 2). When verbal intelligence was controlled for, objective MVPA was significantly positively correlated with numerical ability (rs = .211, p = .014), arithmetical ability (rs = .199, p = .020), and total mathematics score (rs = .178, p = .038), but did not correlate with total FMS score or any of the four spatial abilities. The relationship between subjective PA and mathematics achievement remained non-significant (rs = .094, p = .284). Further to this, when controlling for verbal intelligence, total FMS score significantly correlated positively with spatial ability and mathematics achievement, and all four spatial abilities significantly correlated positively with mathematics achievement. Specifically, total FMS score positively correlated with IS and ES spatial abilities (rs = .312, p < .001, and rs = .227, p = .002, respectively), total mathematics achievement (rs = .295, p < .001), and numerical, arithmetical, and geometrical abilities.




3.3. Mediation Analysis


As a significant association was found between objective MVPA and total mathematics score whilst controlling for verbal intelligence (β = .030, 95% CI [.002 to .055]), a mediation analysis of the effect of FMS and spatial ability on this relationship, whilst controlling for verbal intelligence, was conducted on the sample with validated MVPA data (n = 137), testing H2. Total FMS score and all four spatial abilities were inputted into the model (χ2(11) = 82.114, p < .001). The direct effect of MVPA on mathematics achievement in the presence of all of these variables was not significant (β = .024, 95% CI [−.001 to .048]), suggesting that some of the indirect effects of MVPA on mathematical achievement through the FMS and spatial ability mediation pathways might be significant. With regards to FMS, path a (i.e., MVPA → FMS) was not significant (β = .008, 95% CI [−.004 to .021]), but path b (i.e., FMS → mathematics achievement) was significant (β = .379, 95% CI [.078 to .697]); however, the indirect effect of MVPA on mathematics achievement through FMS was not significant (β = .003, 95% CI [−.001 to .012]), highlighting no mediation. The serial mediation pathways of FMS and each of the four spatial abilities on the relationship between MVPA and mathematics achievement revealed significant indirect effects between time spent undertaking MVPA and mathematics achievement through FMS and IS spatial ability (β = .001, 95% CI [.000 to .005]), FMS and ID spatial ability (β = .000, 95% CI [.000 to .003]), and FMS and ED spatial ability (β = .000, 95% CI [.000 to .005]). No significant indirect effect was found for the relationship between MVPA and mathematics achievement through FMS and ES spatial ability (β = .000, 95% CI [−.001 to .002]); see Figure 1. However, we cannot confirm these mediation effects that derive from the serial pathway from FMS proficiency to spatial ability on the relationship between MVPA and mathematics score, as the direct effect between objective MVPA and total FMS score was not significant (β = .008, 95% CI [−.004 to .021]).



The model also highlights that IS spatial ability and ED spatial ability partially mediated the relationship between FMS score and mathematics achievement. The indirect effects of IS and ED spatial ability on the relationship between FMS proficiency and mathematics achievement were significant (β = .144, 95% CI [.031 to .311], and β = .089, 95% CI [.005 to .274], respectively), whereas the indirect effects of ID and ES spatial ability on this relationship were not significant (β = .055, 95% CI [−.004 to .201], and β = .008, 95% CI [−.086 to .104], respectively). As both the total and direct effects from total FMS score to mathematics achievement were significant (β = .675, 95% CI [.288 to 1.028], and β = .379, 95% CI [.078 to .697], respectively), these results highlight partial mediation. No mediation analyses were completed for the effects of FMS and spatial ability on the relationship between subjective PA and mathematics achievement as there was no significant relationship found between subjective PA and achievement in mathematics.





4. Discussion


The present study examined the relationship between PA and mathematics achievement in 7-to-8-year-old children, and the mediating role of FMS and spatial ability on this relationship. The results highlight that when controlling for verbal intelligence, time spent undertaking MVPA per day was significantly positively correlated with mathematics achievement; however, the number of hours children spent undertaking PA a week, as reported by their parents, was not significantly related with mathematics, providing partial support for H1. Support for H2 was not found. There was no significant indirect effect of FMS proficiency on the relationship between MVPA and mathematics achievement, and despite weak significant indirect effects being found for the pathways from FMS to IS spatial ability, FMS to ID spatial ability, and FMS to ED spatial ability on the relationship between time spent undertaking MVPA per day and mathematics achievement, mediation cannot be concluded due to the insignificant relationship between MVPA and FMS proficiency.



4.1. PA and Mathematics Achievement


When controlling for verbal intelligence, a weak but significant positive relationship was found between average time spent undertaking MVPA per day and total mathematics score, specifically with numerical and arithmetical abilities. This finding is supported by the current literature which has found improved academic achievement, specifically achievement in mathematics, in children and adolescents after engaging in PA (de Bruijn et al. 2020; James et al. 2023). However, initial correlations, when not controlling for verbal intelligence, did not show a significant association between MVPA and total mathematics score. This suggests that the benefits of MVPA on mathematical skills might be masked when not accounting for individual differences in verbal intelligence, highlighting the importance of considering verbal intelligence when examining this relationship.



On the other hand, subjective PA did not show a significant relationship with mathematics achievement, irrespective of controlling for verbal intelligence. Despite previous research suggesting that parental reports of children’s PA do provide reliable estimates of children’s PA (Telford et al. 2004), our results only highlight a weak relationship between parental reports of their children’s PA levels and objective MVPA. Our findings may represent the limitations of proxy measures to assess children’s PA levels. Children’s PA is not just accounted for by the different physical and sporting activities that they participate in, but also through spontaneous and sporadic free play and movement throughout the day (Welk et al. 2000). Also, parents may have few opportunities to observe all of the physical activities their child participates in, and social desirability is also likely to occur. This finding indicates that the proxy-reported data of children’s PA levels may not be as reliable and objective as MVPA levels, determined by accelerometry, to predict mathematics achievement in young children. Overall, the results of objectively measured PA contribute to the literature, providing support for the notion that objectively measured MVPA is positively associated with mathematics achievement, potentially providing a beneficial effect in children (Singh et al. 2019), highlighting that children who participate in more MVPA per day may achieve higher mathematics scores.



Possible explanations for the positive association between MVPA and mathematics achievement have been proposed. Research suggests that higher intensity PA may result in improved aerobic fitness (Hannan et al. 2018), which is a known predictor of academic achievement (Donnelly et al. 2016). Aerobic fitness creates short-term changes, such as increased cerebral blood flow and upregulation of BDNF, which result in the development of new blood vessels and neurons and an increase in synaptic plasticity, creating long-term changes in the brain regions responsible for learning, such as the prefrontal cortex (Best 2010), thus aiding in improving academic achievement. Furthermore, the theory of embodied cognition proposes that mathematics achievement may be aided by participation in PA due to sensorimotor experiences grounding mathematical concepts, making them more meaningful and understandable (Lakoff and Núñez 2000).




4.2. The Mediating Role of FMS Proficiency and Spatial Abilities


No significant relationship was found between MVPA and total FMS score. This refutes research in this area that highlights not only cross-sectional but also longitudinal and experimental research supporting a positive association between PA and motor skills in preschool children, primary school children, and adolescents (Holfelder and Schott 2014; Jones et al. 2020; Logan et al. 2015; Morgan et al. 2013). Previous research has also found a significant directional relationship between the two factors in mid-childhood (Melby et al. 2021), which was undetermined by our results. This difference may be due to our measurement of MVPA, which may capture PA in both unstructured and structured environments. Dapp et al. (2021) found that engaging exclusively in unstructured PA does not benefit motor skill development; participation in exclusively structured PA or in combination with unstructured PA was positively associated with FMS. Our accelerometer data did not distinguish between structured and unstructured PA, so perhaps some of the data were solely based on unstructured PA, which may explain the lack of relationship found between MVPA and FMS proficiency. Furthermore, the accelerometer data were not validated to the most stringent parameters. Valid data were calculated as having a minimum wear time of 10 h for any two days of the week, whereas other research involving children required a minimum wear time of 10 h for three weekdays and one weekend day (Nagy et al. 2019). Therefore, this more constrained data might also explain why no relationship was found between MVPA and FMS.



The results of this study also support previous research that has found a positive relationship between FMS and mathematics achievement in children. Specifically, a significant positive but weak relationship was found between total FMS score and all areas of mathematics and total mathematics score, supporting previous research also conducted with primary school-aged children (de Bruijn et al. 2019; de Waal 2019; Scott et al. 2023). These results are aligned with the conclusion that there is strong evidence for a weak-to-moderate relationship between FMS proficiency and mathematics achievement (Macdonald et al. 2018). The results of this study also found positive relationships between FMS and spatial ability, and spatial ability and mathematics achievement. A significant positive, but also weak, relationship was found between total FMS score and IS and ES spatial ability. This finding is supported by Scott et al. (2023), who identified that total FMS score was weakly positively correlated with IS spatial ability but was not associated with ED spatial ability. However, it is surprising that total FMS score did not significantly correlate with ID spatial ability, as previous research has found that FMS, specifically object manipulation skills, are positively associated with performance in mental rotation tasks, an ID spatial ability (Jansen et al. 2011). This inconsistency may be accounted for by the different mental rotation tasks being used. Jansen et al. (2011) used a more complex mental rotation task involving 3D block figures and only assessed this on girls’ juggling performance, a complex object manipulation skill, whereas the current research used 2D animal stimuli and assessed the performance on this skill in relation to an accumulation of one’s performance in all three FMS constructs. In addition, the results highlight that all four spatial abilities were significantly positively related, albeit weakly, with all three of the mathematics abilities assessed and total mathematics score, which is in line with the findings from recent systematic reviews and meta-analyses (Atit et al. 2022; Xie et al. 2020). The results of the present study add support to this field of research, suggesting that spatial ability may play a role in the relationship between FMS and mathematics achievement, and potentially the relationship between MVPA and mathematics achievement.



With regards to the mediation analysis, the finding that there was no relationship between MVPA and FMS explains why the mediation analysis revealed no effect of MVPA on mathematics achievement through FMS proficiency. This suggests that FMS may not mediate the relationship between PA and mathematics achievement. When incorporating spatial abilities in the mediation model, the mediation analysis found significant effects of spatial ability on the relationship between MVPA and mathematics achievement through FMS. However, as there was no positive relationship between time spent undertaking MVPA per day and total FMS score, we cannot conclude that spatial cognition is a mediator in the relationship between MVPA and mathematics achievement. This finding was somewhat unexpected, as existing research suggests a potential mediating role of motor skills in the relationship between PA and mathematics achievement (Melby et al. 2021). Lopes et al. (2013) argue that children should participate in PA that promotes motor skill development due to the important role that FMS have on academic achievement. In the future, PA that is conducted in structured settings or specifically promotes motor skills should be assessed, which our assessment of PA levels did not incorporate, to better understand the network of relationships between PA, FMS, and mathematics achievement.



However, the model highlights that spatial ability may be a potential mediator in the relationship between FMS proficiency and mathematics achievement. Children with more proficient overall FMS may have scored higher on their mathematics assessment in part due to their motor skills helping them develop their spatial abilities, which aid in mathematics learning. Specifically, IS and ED spatial ability partially mediated the positive relationship between total FMS score and total mathematics score, which supports previous research conducted with children of a similar age (Scott et al. 2023). Children with more proficient FMS may perform better on tests of IS spatial ability due to their motor expertise of detecting visual cues efficiently in their sporting or physical activity environment in order to perform successfully, enhancing their ability to extract information by ignoring distracting stimuli and focusing on the target (Voss et al. 2010). This skill is important for improving their mathematics learning as it allows individuals to discriminate between place values and “pull apart” figures and shapes (Nilges and Usnick 2000). In addition, children with more proficient FMS may perform better on tests of ED spatial ability due to their motor expertise of working with others in a team and against opponents to perform successfully, enhancing their ability to recognize other people’s perspectives, which aids with understanding calculations and patterns in mathematics learning (Nilges and Usnick 2000). In sum, spatial abilities may be important in explaining the relationship between FMS proficiency and mathematics achievement; however, FMS proficiency and performance in spatial ability are not mediators and explanatory factors for the relationship between time spent undertaking MVPA per day and mathematics achievement.




4.3. Limitations and Future Directions


This is the first study to examine the network of relationships between PA, FMS, spatial abilities, and mathematics in one study, but it is not without its limitations. The cross-sectional design limits the ability to establish causal relationships. Furthermore, mediational findings based on cross-sectional data should be treated with caution (Maxwell et al. 2011). It is justified to use this analytical method when theoretically informed models are tested and real-world practical constraints in schools mean that data collection schedules are not always under the researcher’s control (Cain et al. 2018). Nevertheless, the current findings should be replicated with longitudinal temporally sequenced data from larger samples so that the influence of residual change in variables can be tested within the hypothesized network of relationships and greater confidence regarding directional influence can be provided. Moreover, the manipulation of PA or FMS could examine causal effects on spatial abilities and mathematics in controlled experimental trials. Such knowledge would be beneficial for primary school teachers to help guide their PE sessions, ensuring they are delivering the recommended PA guidelines in school and make structured PA accessible for children from all socio-economic backgrounds, and to improve mathematics achievement across the board.



Further, the spatial scaling task to assess ES spatial ability has low internal consistency, and therefore, caution must be taken with the relationships found in this network with regards to ES spatial ability. The current study also had a relatively small sample size after validating the accelerometer data, which future research should address to ensure that the sample size meets the power analysis for the mediation analysis and to enhance the confidence of these findings. In addition, future research should increase the size and age range of the sample to examine developmental changes in this network of relationships. The present study highlights that MVPA positively correlates with numerical and arithmetical, but not geometrical, achievement. Future research could identify if these relationships remain the same, or if a positive relationship with more sophisticated mathematical skills, such as geometry, is found, and whether spatial relations would begin to play a role as children become older.





5. Conclusions


In conclusion, our study contributes to the understanding of the complex relationships between PA, FMS, spatial abilities, and mathematics achievement in primary school children. Objectively measured MVPA levels per day appear to be positively associated with mathematics achievement when accounting for individual differences in verbal intelligence. FMS and spatial abilities do not play a mediating role in this relationship due to the lack of relationship between MVPA and FMS proficiency; however, specific spatial abilities may explain part of the relationship found between overall FMS proficiency and mathematics achievement. These results, however, should be regarded with caution, pending further research that overcomes the limitations of the current study to provide further insight into this network of relationships.







Author Contributions


Conceptualization, J.S., T.J. and C.M.S.; methodology, J.S., T.J. and C.M.S.; formal analysis, J.S.; investigation, J.S.; data curation, J.S.; writing—original draft preparation, J.S.; writing—review and editing, J.S., T.J. and C.M.S.; supervision, T.J. and C.M.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


This study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of Loughborough University (protocol code 13643 on the 14 April 2023).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are openly available in the Loughborough University Repository, https://doi.org/10.17028/rd.lboro.24720804.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Atit, Kinnari, Jason R. Power, Terri Pigott, Jihyun Lee, Elyssa A. Geer, David H. Uttal, Colleen M. Ganley, and Sheryl A. Sorby. 2022. Examining the relations between spatial skills and mathematical performance: A meta-analysis. Psychonomic Bulletin and Review 29: 699–720. [Google Scholar] [CrossRef]

	



Bailey, Robert C., Jodi Olson, Sara L. Pepper, Janos Porszasz, Thomas J. Barstow, and Dan M. Cooper. 1995. The level and tempo of children’s physical activities an observational study. Medicine & Science in Sports & Exercise 27: 1033–41. [Google Scholar] [CrossRef]

	



Best, John R. 2010. Effects of physical activity on children’s executive function: Contributions of experimental research on aerobic exercise. Developmental Review 30: 331–51. [Google Scholar] [CrossRef] [PubMed]

	



Biddle, Stuart J. H., and Mavis Asare. 2011. Physical activity and mental health in children and adolescents: A review of reviews. British Journal of Sports Medicine 45: 886–95. [Google Scholar] [CrossRef] [PubMed]

	



Cain, Meghan K., Zhiyong Zhang, and C. S. Bergeman. 2018. Time and other considerations in mediation design. Educational and Psychological Measurement 78: 952–72. [Google Scholar] [CrossRef] [PubMed]

	



Carver, Ronald P. 1990. Intelligence and reading ability in grades 2-12. Intelligence 14: 449–55. [Google Scholar] [CrossRef]

	



Caspersen, Carl J., Kenneth E. Powell, and Gregory M. Christenson. 1985. Physical activity, exercise, and physical fitness: Definitions and distinctions for health-related research. Public Health Reports 100: 126–31. [Google Scholar] [PubMed]

	



Dapp, Laura C., Venera Gashaj, and Claudia M. Roebers. 2021. Physical activity and motor skills in children: A differentiated approach. Psychology of Sport & Exercise 54: 101916. [Google Scholar] [CrossRef]

	



de Bruijn, Anne G. M., Danny D. N. M. Kostons, Irene M. J. van der Fels, Chris Visscher, Jaap Oosterlaan, Esther Hartman, and Roel J. Bosker. 2019. Importance of aerobic fitness and fundamental motor skills for academic achievement. Psychology of Sport and Exercise 43: 200–9. [Google Scholar] [CrossRef]

	



de Bruijn, Anne G. M., Danny D. N. M. Kostons, Irene M. J. van der Fels, Chris Visscher, Jaap Oosterlaan, Esther Hartman, and Roel J. Bosker. 2020. Effects of aerobic and cognitively-engaging physical activity on academic skills: A cluster randomized controlled trial. Journal of Sports Sciences 38: 1806–17. [Google Scholar] [CrossRef]

	



de Waal, Elna. 2019. Fundamental Movement Skills and Academic Performance of 5- to 6-Year Old Preschoolers. Early Childhood Education Journal 47: 455–64. [Google Scholar] [CrossRef]

	



Donnelly, Joseph E., Charles H. Hillman, Darla Castelli, Jennifer L. Etnier, Sarah Lee, Phillip Tomporowski, Kate Lambourne, and Amanda N. Szabo-Reed. 2016. Physical activity, fitness, cognitive function, and academic achievement in children: A systematic review. Medicine & Science in Sports & Exercise 48: 1197–222. [Google Scholar] [CrossRef]

	



Eddy, Lucy H., Nick Preston, Mark Mon-Williams, Daniel D. Bingham, Jo M. C. Atkinson, Marsha Ellingham-Khan, Ava Otteslev, and Liam J. B. Hill. 2021. Developing and validating a school-based screening tool of Fundamental Movement Skills (FUNMOVES) using Rasch analysis. PLoS ONE 16: e0250002. [Google Scholar] [CrossRef]

	



Elliot, Colin D., and Pauline Smith. 2011. British Ability Scales 3: Administration and Scoring Manual. Brentford: GL Assessment. [Google Scholar]

	



Ericsson, Ingegerd. 2011. Effects of increased physical activity on motor skills and marks in physical education: An intervention study in school years 1 through 9 in Sweden. Physical Education and Sport Pedagogy 16: 313–29. [Google Scholar] [CrossRef]

	



Frick, Andrea. 2019. Spatial transformation abilities and their relation to later mathematics performance. Psychological Research 83: 1465–84. [Google Scholar] [CrossRef]

	



Fritz, Matthew S., and David P. MacKinnon. 2007. Required Sample Size to Detect the Mediated Effect. Psychological Science 18: 233–39. [Google Scholar] [CrossRef]

	



Gaskin, James, M. James, and J. Lim. 2020. “Indirect Effects”, AMOS Plugin. Gaskination’s StatWiki. Available online: https://statwiki.gaskination.com/index.php?title=Plugins (accessed on 11 August 2023).

	



Gilligan, Katie A., Alex Hodgkiss, Michael S. C. Thomas, and Emily K. Farran. 2018. The use of discrimination scaling tasks: A novel perspective on the development of spatial scaling in children. Cognitive Development 47: 133–45. [Google Scholar] [CrossRef]

	



Gilligan, Katie A., Alex Hodgkiss, Michael S. C. Thomas, and Emily K. Farran. 2019. The developmental relations between spatial cognition and mathematics in primary school children. Developmental Science 22: e12786. [Google Scholar] [CrossRef] [PubMed]

	



Hannan, Amanda L., Wayne Hing, Vini Simas, Mike Climstein, Jeff S. Coombes, Rohan Jayasinghe, Joshua Byrnes, and James Furness. 2018. High-intensity interval training versus moderate-intensity continuous training within cardiac rehabilitation: A systematic review and meta-analysis. Open Access Journal of Sports Medicine 9: 1–17. [Google Scholar] [CrossRef] [PubMed]

	



Hildebrand, Maria, Vincent T. Van Hees, Bjorge H. Hansen, and Ulf Ekelund. 2014. Age group comparability of raw accelerometer output from wrist- and hip-worn monitors. Medicine & Science in Sports & Exercise 46: 1816–24. [Google Scholar] [CrossRef]

	



Hildebrand, Maria, Bjorge H. Hansen Vincent T. Van Hees, and Ulf Ekelund. 2016. Evaluation of raw acceleration sedentary thresholds in children and adults. Scandinavian Journal of Medicine & Science in Sports 27: 1814–23. [Google Scholar] [CrossRef]

	



Holfelder, Benjamin, and Nadja Schott. 2014. Relationship of fundamental movement skills and physical activity in children and adolescents: A systematic review. Psychology of Sport and Exercise 15: 382–91. [Google Scholar] [CrossRef]

	



James, Joseph, Andy Pringle, Stuart Mourton, and Clare M. P. Roscoe. 2023. The effects of physical activity on academic performance in school-aged children: A systematic review. Children 10: 1019. [Google Scholar] [CrossRef] [PubMed]

	



Jansen, Petra, and Stefanie Pietsch. 2022. Sports and mathematical abilities in primary school-aged children: How important are spatial abilities? An explorative study. Current Psychology 41: 7132–41. [Google Scholar] [CrossRef]

	



Jansen, Petra, and Stefanie Richter. 2015. Effects of a One-Hour Creative Dance Training on Mental Rotation Performance in Primary School Aged Children. International Journal of Learning, Teaching and Educational Research 13: 49–57. [Google Scholar]

	



Jansen, Petra, Léonie Lange, and Martin Heil. 2011. The influence of juggling on mental rotation performance in children. Biomedical Human Kinetics 3: 18–22. [Google Scholar] [CrossRef]

	



Janssen, Ian, and Allana G. LeBlanc. 2010. Systematic review of the health benefits of physical activity and fitness in school-aged children and youth. International Journal of Behavioral Nutrition and Physical Activity 7: 40. [Google Scholar] [CrossRef] [PubMed]

	



Jones, Dan, Alison Innerd, Emma L. Giles, and Liane B. Azevedo. 2020. Association between fundamental motor skills and physical activity in the early years: A systematic review and meta-analysis. Journal of Sport and Health Science 9: 542–52. [Google Scholar] [CrossRef]

	



Lakoff, George, and Rafael E. Núñez. 2000. Where Mathematics Comes From: How the Embodied Mind Brings Mathematics into Being. New York: Basic Books. [Google Scholar]

	



Logan, Samuel W., E. Kipling Webster, Nancy Getchell, Karin A. Pfeiffer, and Leah E. Robinson. 2015. Relationship between fundamental motor skill competence and physical activity during childhood and adolescence: A systematic review. Kinesiology Review 4: 416–26. [Google Scholar] [CrossRef]

	



Lopes, Luis, Rute Santos, Beatriz Pereira, and Vitor P. Lopes. 2013. Associations between gross Motor Coordination and Academic Achievement in elementary school children. Human Movement Science 32: 9–20. [Google Scholar] [CrossRef]

	



Macdonald, Kristin, Nikki Milne, Robin Orr, and Rodney Pope. 2018. Relationships between motor proficiency and academic performance in mathematics and reading in school-aged children and adolescents: A systematic review. International Journal of Environmental Research and Public Health 15: 1603. [Google Scholar] [CrossRef] [PubMed]

	



Maxwell, Scott E., David A. Cole, and Melissa A. Mitchell. 2011. Bias in cross-sectional analyses of longitudinal mediation: Partial and complete mediation under an autoregressive model. Multivariate Behavioral Research 46: 816–41. [Google Scholar] [CrossRef] [PubMed]

	



Melby, Paulina S., Peter Elsborg, Glen Nielsen, Rodrigo A. Lima, Peter Bentsen, and Lars B. Andersen. 2021. Exploring the importance of diversified physical activities in early childhood for later motor competence and physical activity level: A seven-year longitudinal study. BMC Public Health 21: 1492. [Google Scholar] [CrossRef] [PubMed]

	



Migueles, Jairo H., Alex V. Rowlands, Florian Huber, Severine Sabia, and Vincent T. van Hees. 2019. GGIR: A research community–Driven open source R package for generating physical activity and sleep outcomes from multi-day raw accelerometer data. Journal for the Measurement of Physical Behaviour 2: 188–96. [Google Scholar] [CrossRef]

	



Mix, Kelly S., and Yi-Ling Cheng. 2012. The relation between space and math: Developmental and educational implications. Advances in Child Development and Behavior 42: 197–243. [Google Scholar] [CrossRef] [PubMed]

	



Moraweitz, Christina, and Thomas Muehlbauer. 2021. Effects of Physical Exercise Interventions on Spatial Orientation in Children and Adolescents: A Systematic Scoping Review. Frontiers in Sports and Active Living 3: 664640. [Google Scholar] [CrossRef] [PubMed]

	



Morgan, Phillip J., Lisa M. Barnett, Dylan P. Cliff, Anthony D. Okely, Hayley A. Scott, Kristen E. Cohen, and David R. Lubans. 2013. Fundamental movement skill interventions in youth: A systematic review and meta-analysis. Pediatrics 132: e1361–83. [Google Scholar] [CrossRef] [PubMed]

	



Nagy, Liana C., Muhammad Faisal, Maria Horne, Paul Collings, Sally Barber, and Mohammed Mohammed. 2019. Factors associated with accelerometer measured movement behaviours among White British and South Asian children aged 6–8 years during school terms and school holidays. BMJ Open 9: e025071. [Google Scholar] [CrossRef]

	



Neuburger, Sarah, Petra Jansen, Martin Heil, and Claudia Quaiser-Pohl. 2011. Gender differences in pre-adolescents’ mental rotation performance: Do they depend on grade and stimuli? Personality and Individual Differences 50: 1238–42. [Google Scholar] [CrossRef]

	



Nilges, Lynda, and Virginia Usnick. 2000. The role of spatial ability in physical education and mathematics. Journal of Physical Education, Recreation & Dance 71: 29–33. [Google Scholar] [CrossRef]

	



Pietsch, Stephanie, Caroline Böttcher, and Petra Jansen. 2017. Cognitive motor coordination training improves mental rotation performance in primary school-aged children. Mind, Brain, and Education 11: 176–80. [Google Scholar] [CrossRef]

	



Poitras, Veronica J., Case Ellen Gray, Michael M. Borghese, Valerie Carson, Jean-Phillippe Chaput, Ian Janssen, Peter T. Katzmarzyk, Russell R. Pate, Sarah Connor Gorber, Michelle E. Kho, and et al. 2016. Systematic review of the relationships between objectively measured physical activity and health indicators in school-aged children and youth. Applied Physiology, Nutrition, and Metabolism 41: S197–S239. [Google Scholar] [CrossRef]

	



Rasberry, Catherine N., Sarah M. Lee, Leah Robin, B.A. Laris, Lisa A. Russell, Karin K. Coyle, and Allison J. Nihiser. 2011. The association between school-based physical activity, including physical education, and academic performance: A systematic review of the literature. Preventive Medicine 52: S10–S20. [Google Scholar] [CrossRef] [PubMed]

	



Resaland, Gerir K., Eivind Aadland, Vegard F. Moe, Katrine N. Aadland, Turid Skrede, Mette Stavnsbo, Laura Suominen, Jostein Steene-Johannessen, Oyvind Glosvik, John R. Andersen, and et al. 2016. Effects of physical activity on schoolchildren’s academic performance: The Active Smarter Kids (ASK) cluster-randomized controlled trial. Preventive Medicine 91: 322–28. [Google Scholar] [CrossRef]

	



Rich, Carly, Marco Geraci, Lucy Griffiths, Francesco Sera, Carol Dezateux, and Mario Cortina-Borja. 2013. Quality control methods in accelerometer data processing: Defining minimum wear time. PLoS ONE 8: e67206. [Google Scholar] [CrossRef]

	



Rudd, James R., Lisa M. Barnett, Michael L. Butson, Damian Farrow, Jason Berry, and Remco C. J. Polman. 2015. Fundamental movement skills are more than run, throw and catch: The role of stability skills. PLoS ONE 10: e0140224. [Google Scholar] [CrossRef] [PubMed]

	



Scott, Jessica, Tim Jay, and Christopher M. Spray. 2023. Achievement in fundamental movement skills, spatial abilities, and mathematics among lower key stage 2 children. Journal of Intelligence 11: 87. [Google Scholar] [CrossRef] [PubMed]

	



Singh, Amika S., Emi Saliasi, Vera van den Berg, Leonie Uijtdewilligen, Renate H. M. de Groot, Jelle Jolles, Lars B. Andersen, Richard Bailey, Yu-Kai Chang, Adele Diamond, and et al. 2019. Effects of physical activity interventions on cognitive and academic performance in children and adolescents: A novel combination of a systematic review and recommendations from an expert panel. British Journal of Sports Medicine 53: 640–47. [Google Scholar] [CrossRef] [PubMed]

	



Sneck, Sirpa, Helena Viholainen, Heidi Syväoja, Anna Kankaapää, Harto Hakonen, Anna-Maija Poikkeus, and Tuija Tammelin. 2019. Effects of school-based physical activity on mathematics performance in children: A systematic review. International Journal of Behavioural Nutrition and Physical Activity 16: 109. [Google Scholar] [CrossRef]

	



Stodden, David F., Jacqueline D. Goodway, Stephen J. Langendorfer, Mary Ann Roberton, Mary E. Rudisill, Clersida Garcia, and Luis E. Garcia. 2008. A developmental perspective on the role of motor skill competence in physical activity: An emergent relationship. Quest 60: 290–306. [Google Scholar] [CrossRef]

	



Telford, Amanda, Jo Salmon, Damien Jolley, and David Crawford. 2004. Reliability and validity of physical activity questionnaires for children: The Children’s Leisure Activities Study Survey (CLASS). Pediatric Exercise Science 16: 64–78. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Voss, Michelle W., Arthur F. Kramer, Chandramallika Basak, Ruchika S. Parkash, and Brent Roberts. 2010. Are expert athletes expert in the cognitive laboratory? A meta-analytic review of cognition and sport expertise. Applied Cognitive Psychology 24: 812–26. [Google Scholar] [CrossRef]

	



Welk, Gregory J., Charles B. Corbin, and Darren Dale. 2000. Measurement issues in the assessment of physical activity in children. Research Quarterly for Exercise and Sport 71: 59–73. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organisation. 2018. More Active People for a Healthier World, Global Action Plan on Physical Activity 2018–2030. Geneva: World Health Organization. Available online: https://apps.who.int/iris/handle/10665/272722 (accessed on 15 September 2023).

	



Williams, Julian. 2005. Mathematics Assessment for Learning and Teaching. London: Hodder Education. [Google Scholar]

	



Williams, Jason, and David P. MacKinnon. 2008. Resampling and distribution of the product methods for testing indirect effects in complex models. Structural Equation Modeling: A Multidisciplinary Journal 15: 23–51. [Google Scholar] [CrossRef] [PubMed]

	



Willoughby, Michael, Kesha Hudson, Yihua Hong, and Amanda Wylie. 2021. Improvements in Motor Competence Skills Are Associated With Improvements in Executive Function and Math Problem-Solving Skills in Early Childhood. Developmental Psychology 57: 1463–70. [Google Scholar] [CrossRef] [PubMed]

	



Witkin, Herman A., Phillip K. Oltman, Evelyn Raskin, and Stephen A. Karp. 1971. A Manual for the Embedded Figures Test. Palo Alto: Consulting Psychologists Press. [Google Scholar]

	



Xie, Fang, Li Zhang, Xu Chen, and Ziqiang Xin. 2020. Is Spatial Ability Related to Mathematical Ability: A Me-ta-analysis. Educational Psychology Review 32: 113–55. [Google Scholar] [CrossRef]








[image: Jintelligence 12 00022 g001] 





Figure 1. Objective MVPA mediation model controlling for verbal intelligence (n = 137). Note: standardized coefficients reported. * p < .05. † Standardized direct effect coefficient. ‡ Standardized total effect coefficient. 
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Table 1. Spearman correlations between PA, FMS, spatial abilities, verbal intelligence, and mathematics in the whole sample (n = 182).
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	Variable
	Mean (SD)
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14





	
	1.

	
Total Locomotion






	13.23 (1.753)
	-
	
	
	
	
	
	
	
	
	
	
	
	
	



	
	2.

	
Total Object Manipulation






	10.10 (1.686)
	.209 **
	-
	
	
	
	
	
	
	
	
	
	
	
	



	
	3.

	
Stability






	2.58 (.880)
	.260 **
	.097
	-
	
	
	
	
	
	
	
	
	
	
	



	
	4.

	
Total FMS Score






	25.91 (3.034)
	.789 **
	.673 **
	.487 **
	-
	
	
	
	
	
	
	
	
	
	



	
	5.

	
IS Spatial Ability






	13.45 (4.186)
	.303 **
	.155 *
	.080
	.285 **
	-
	
	
	
	
	
	
	
	
	



	
	6.

	
ID Spatial Ability






	10.24 (3.771)
	.181 *
	−.008
	.104
	.121
	.457 **
	-
	
	
	
	
	
	
	
	



	
	7.

	
ES Spatial Ability






	12.42 (2.779)
	.287 **
	−.002
	.112
	.210 **
	.518 **
	.291 **
	-
	
	
	
	
	
	
	



	
	8.

	
ED Spatial Ability






	16.83 (3.909)
	.108
	.081
	.071
	.117
	.455 **
	.354 **
	.390 **
	-
	
	
	
	
	
	



	
	9.

	
Numerical Ability






	14.68 (4.085)
	.240 **
	.087
	.069
	.213 **
	.457 **
	.302 **
	.341 **
	.366 **
	-
	
	
	
	
	



	
	10.

	
Arithmetical Ability






	5.65 (2.343)
	.242 **
	.019
	.117
	.197 **
	.445 **
	.245 **
	.334 **
	.266 **
	.824 **
	-
	
	
	
	



	
	11.

	
Geometrical Ability






	7.39 (2.708)
	.287 **
	.117
	.018
	.239 **
	.440 **
	.301 **
	.279 **
	.334 **
	.717 **
	.643 **
	-
	
	
	



	
	12.

	
Total Mathematics Score






	27.71 (8.309)
	.279 **
	.078
	.071
	.234 **
	.494 **
	.316 **
	.353 **
	.355 **
	.953 **
	.896 **
	.855 **
	-
	
	



	
	13.

	
Verbal Intelligence Score






	71.57 (15.162)
	.046
	−.119
	.022
	−.017
	.359 **
	.187 *
	.308 **
	.239 **
	.565 **
	.495 **
	.454 **
	.564 **
	-
	



	
	14.

	
Subjective PA






	10.74 † (4.483)
	.213 *
	−.129
	−.002
	.029
	.057
	.071
	−.023
	.069
	.030
	.039
	.073
	.057
	−.035
	-



	
	15.

	
Objective MVPA






	83.34 ‡ (40.300)
	.122
	−.043
	.100
	.073
	.039
	−.043
	.024
	−.012
	.136
	.139
	.018
	.108
	−.067
	.289 **







Note: subjective PA with all variables (n = 134) except objective MVPA (n = 102); objective MVPA with all variables except subjective PA (n = 137). † total number of hours spent undertaking physical activity during a typical week. ‡ average number of minutes spent undertaking MVPA per day. * p < .05, ** p < .01.













 





Table 2. Partial Spearman correlations between PA, FMS, spatial abilities, verbal intelligence, and mathematics in the whole sample (n = 182).
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	Variable
	Mean (SD)
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13





	
	1.

	
Total Locomotion






	13.23 (1.753)
	-
	
	
	
	
	
	
	
	
	
	
	
	



	
	2.

	
Total Object Manipulation






	10.10 (1.686)
	.216 **
	-
	
	
	
	
	
	
	
	
	
	
	



	
	3.

	
Stability






	2.58 (.880)
	.260 **
	.100
	-
	
	
	
	
	
	
	
	
	
	



	
	4.

	
Total FMS Score






	25.91 (3.034)
	.790 **
	.676 **
	.487 **
	-
	
	
	
	
	
	
	
	
	



	
	5.

	
IS Spatial Ability






	13.45 (4.186)
	.307 **
	.213 **
	.078
	.312 **
	-
	
	
	
	
	
	
	
	



	
	6.

	
ID Spatial Ability






	10.24 (3.771)
	.176 *
	.014
	.102
	.126
	.425 **
	-
	
	
	
	
	
	
	



	
	7.

	
ES Spatial Ability






	12.42 (2.779)
	.287 **
	.037
	.111
	.227 **
	.459 **
	.250 **
	-
	
	
	
	
	
	



	
	8.

	
ED Spatial Ability






	16.83 (3.909)
	.100
	.113
	.067
	.125
	.407 **
	.325 **
	.343 **
	-
	
	
	
	
	



	
	9.

	
Numerical Ability






	14.68 (4.085)
	.260 **
	.188
	.069
	.269 **
	.331 **
	.242 **
	.213 **
	.288 **
	-
	
	
	
	



	
	10.

	
Arithmetical Ability






	5.65 (2.343)
	.253 **
	.091
	.122
	.237 **
	.330 **
	.179 *
	.220 **
	.175 *
	.759 **
	-
	
	
	



	
	11.

	
Geometrical Ability






	7.39 (2.708)
	.299 **
	.193 **
	.010
	.278 **
	.334 **
	.248 **
	.164 *
	.261 **
	.627 **
	.540 **
	-
	
	



	
	12.

	
Total Mathematics Score






	27.71 (8.309)
	.308 **
	.177 *
	.072
	.295 **
	.379 **
	.260 **
	.229 **
	.274 **
	.931 **
	.860 **
	.815 **
	-
	



	
	13.

	
Subjective PA






	10.74 † (4.483)
	.215 *
	−.134
	−.001
	.029
	.075
	.079
	−.013
	.080
	.060
	.065
	.099
	.094
	-



	
	14.

	
Objective MVPA






	83.34 ‡ (40.300)
	.126
	−.052
	.102
	.072
	.067
	−.031
	.047
	.005
	.211 *
	.199 *
	.054
	.178 *
	.287 **







Note: subjective PA with all variables (n = 134) except objective MVPA (n = 102); objective MVPA with all variables except subjective PA (n = 137). † total number of hours spent undertaking physical activity during a typical week. ‡ average number of minutes spent undertaking MVPA per day. * p < .05, ** p < .01.
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