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The purpose of this randomized controlled study was to investigate the effects of a 12-week coordinative ability training program on adolescents’ cognitive functioning, using evaluation tests of visuospatial perception, attention, and working memory. We randomly assigned 60 public school students (14–15 years) to either an experimental coordinative abilities training (∼40 min twice/week) group (n = 30) or a control group (n = 30) who received general psycho-physical wellness training (∼40 min., twice a week). At baseline and after training we used two standardized motor tests and a single cognitive measure (Corsi’s Block-tapping test) to assess students’ visuospatial perception, attention, and working memory. We found a significant Time x Group interaction for the Throwing and Catching Test and Corsi’s Block-Tapping test, reflecting a meaningful experimental group improvement (p < 0.001), and there were no significant pre-post changes found in the control group. Thus, a 12-week program of coordinative abilities was able to improve not only coordination skills but aspects of cognitive functioning relevant to academic achievement.
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INTRODUCTION

Physical exercise represents a natural and productive opportunity for both physical and cognitive development. Exercise can help people feel better about themselves, decreases risk of diseases and improves learning (Janssen and LeBlanc, 2010).

This occurs because a regular engagement in physical exercise produces numerous health benefits in the brain, by inducing structural and functional changes (Singh et al., 2019). First of all, it increases gray matter volume in frontal and hippocampal regions, increases blood flow, and affects brain plasticity (Fernandes et al., 2017). Moreover, while exercising, the organism releases several neurotrophic molecules, such as peripheral brain-derived neurotrophic factor (BDNF), that stimulate hippocampal neurogenesis, brain angiogenesis, and the synthesis of monoamines (Sibley and Etnier, 2003; Castelli et al., 2014; Donnelly et al., 2016; Vazou et al., 2016; Stimpson et al., 2018; Singh et al., 2019). Thus, the constant practice of physical activity leads to durable changes enhancing brain integrity and brain functioning and, consequently, cognitive health. These effects are reflected on cognitive functioning and consequently on academic achievement (Hötting and Röder, 2013).

Several studies have indicated that children and adolescent who spend more time in physical activities have better academic performance than those who are sedentary (Ayers and Sariscsany, 2010). Researchers suggesting that young people may improve mental acuity, skills, and strategies through physical exercise (Donnelly et al., 2016) and supports the idea that cognitive performance improves with physical exercise that makes adolescents more efficient on reaction time tasks and more flexible on attention-orientation tasks (Muiños and Ballesteros, 2014, 2018; Alesi et al., 2016; Zach and Shalom, 2016; Burns et al., 2017; Kashfi et al., 2019). Furthermore, a well-managed physical exercise may facilitate certain aspects of information processing in children and adolescent (Tomporowski et al., 2011).

Recent findings also highlight a significant role for coordinative exercise in improving academic performance (Kwok et al., 2011; Hotting et al., 2012). Cognitive performance seems to be influenced by bilateral coordinative exercise that shows benefits even after short bouts of exercise (Budde et al., 2008), particularly on tasks that involve executive function (Yu-Kai et al., 2013). Coordinative exercise of both low and moderate intensities may also increase visuospatial perception, attentional resources, working memory and shorten the time needed for neurocognitive processing (Yu-Kai et al., 2013). These might be explained by the fact that the coordinative component of the movement increases synapses in important brain areas such as the cerebellum (Donnelly et al., 2016). Complex movement patterns engage the cerebellum which affects areas such as attention and memory, functions that are affected by cerebellum (Guillamón et al., 2020). Specifically, visuospatial attention is important in the performance of a variety of activities and plays a central role for processing visual information and perceiving moving stimuli (Guo et al., 2016). A series of studies support the idea that physical exercise make children and adolescent more efficient than sedentary, in attention-orientation tasks (Guillamón et al., 2020). Similarly, working memory, that is the ability to maintain and consciously manipulate information, is particularly age-sensitive (Baddeley et al., 1999; Kirova et al., 2015) and seems to be particularly flexible at a younger ages. Several research have indicated that it may benefit from coordinative exercise (Chang et al., 2013; Padilla et al., 2014) and reacts positively to environmental changes (Carretti et al., 2007; Blacker et al., 2014).

In light of the above, cognitive benefits of coordinative exercise may have important implications for improving students’ academic performance and preventing academic failure. Therefore, to extend the understanding of these connections, the main goal of this study was to investigate the association between coordinative physical exercise and cognition, based on the assumption that coordinative exercise could improve adolescents’ visuospatial perception (such as hand-eye coordination and motion spatial planning), attention and working memory, important functions for learning.



MATERIALS AND METHODS


Study Design

We employed a randomized controlled study design to investigate the effects of a coordinative ability training program vs. a control condition of psycho-physical well-being training on students’ visuospatial, attentive and memory skills. The study was high school-based, with the intervention involving 24 lessons over 12 weeks and student assessment occurring at the 1st and 12th weeks. Thus, we collected and recorded data at baseline (pre-test) and after 12 weeks (post-test). After pre-test, we randomly assigned participants to the experimental group involving a coordinative abilities training protocol designed to improve cognitive skills or a control group in which students received group training for general psycho-physical wellness. To allow statistically meaningful comparisons between different type of activities, students were classified as participants in activities that shared similar characteristics.



Participants

We recruited 60 healthy male and female adolescent students, aged 14–15 years (30 males and 30 females; M age = 14.4, SD = 0.5 years; M height = 167.5, SD = 7.4 cm; M weight = 60.1, SD = 9.39 kg; M BMI = 21.36, SD = 2.0 kg), to participate in the study. Participants were from the same socio-economic background and at the time of data collection, all were attending their first year of high school. We conducted an a priori statistical power calculation to determine the sample size required to detect changes in the dependent measures resulting from the intervention (Faul et al., 2007). We assumed a type I error of 0.05 and a type II error rate of 0.10 (90% statistical power), and we assumed an effect size of 0.25. We used a statistical software application called G-Power 3.1 and found that 46 participants in total would be sufficient to observe Time × Group interaction effects in analysis of variance.

We matched participants based on their gender and randomly allocated them into the experimental group (n = 30) or control group (n = 30). Inclusion criteria were the following: participants had to be relatively healthy individuals capable of completing a moderate-intensity aerobic exercise session and able to abstain from all physical activity outside the parameters of the study protocol. Any student older than 15 years of age, with an individual education plan as a result of a disability or who had an orthopedic condition that would limit their ability to perform exercise, were excluded from the study. The study was conducted from March to May 2019. All participants and their parents received a complete explanation in advance about the purpose of the experiment, its contents, and safety issues based on the Declaration of Helsinki, and parents of all participants provided their written informed consent before the study.



Procedures

We administered the intervention program at a local public school during normal school days. Both the experimental and control group met twice per week for 60 min each day (approximately 40 min of activity time), under carefully monitored and controlled conditions. Each session of the intervention program involved the following stages: warm-up for 10 min, perform the main exercises for 25 min, and cool down for 5 min. Specifically, warm-up consisted of low to moderate intensity aerobic exercise, while the exercise phase was designed to reach and emphasize different coordination movements.

At least 2 days before the experiment began, participants were led to the local school gym to undertake two standardized motor assessment tests that were used to determine the starting level of each participant’s coordinative abilities. We also administered a cognitive test to examine the students’ visuospatial abilities, attentive capacities and memory skills. The students were divided into two groups, and their individual testing took 30 min for each participant. The same tests were performed 2 days after the end of the training period.

All study procedures were performed within a school gym. Initial and final examinations of physical fitness and, cognitive testing, and all components of the exercise programs were administered during weekday mornings, at the same time of the day and under the same experimental conditions. We explained and demonstrated each task to the participants before they began each participant was given verbal encouragement and support throughout the process. If the participants made a procedural error during testing, we repeated, instructions and demonstrations, and the participant made a new attempt. Participants ingested no stimulating food or soft drink before testing, but otherwise maintained their normal food intake. The participants wore clothing and sport shoes appropriate for physical activity throughout the testing. The same physical education teacher supervised the exercise program and all measurements for testing, using a standardized test protocol. After the intervention, the physical education teacher was also asked to give a judgment of the intervention program and adolescent’s behavior.



Measures


Slalom Bask Test

The first motor test was the “Slalom Bask Test” (Donati et al., 1994), used to measure motion spatial planning and coordinative abilities. This test assessed total body movement and, required participants to palm a basketball and dribble around a set obstacle course as quickly as possible (Dajic et al., 2017). It started with a 5 min warm-up period, after which participants were instructed about the exercise to be performed. Both verbal instructions and demonstrations were provided using a standardized protocol and included verbal encouragements throughout all tests to ensure maximal effort. Every test started with a 5 min habituation period during which participants were familiarized with the test. To perform the test, a starting line and an ending line were drawn on the floor at a distance of 20 m, and six cones were put on the same path, spaced 3 m from each other with the first cone spaced 3 m from the starting line. The participant began behind the starting line and went toward it, slaloming around cones and palming the basketball with one hand. If the participant lost the ball, it had to be recovered, and the exercise resumed from where it had been interrupted. Participants had to turn at the end, sprint back, and repeat the same procedure once. The main outcome measure was manually recorded time, taken with a hand-held stopwatch, with the best trial recorded for further data analysis. Reliability of this test was good (Intraclass coefficients or ICC: pre = 0.85; post = 0.88).



Throwing and Catching Test

The second motor test, called “Throwing and Catching Test” (Buonaccorsi, 2001), began after all participants finished the first test, with a 5 min rest interval between the two. The object of this test was to monitor the student’s abilities to coordinate visual information and then received control, guide, and direct the hands to catch a ball (hand-eye coordination) (Dirksen et al., 2016). At the end of a short warm-up, participants were instructed about how to perform the exercise. After a demonstration in which participants were instructed to throw and catch the rhythmic ball as fast as possible, they carried out a short test phase of five throws and catches immediately before the test started. For the test, one line was drawn 3 m from the wall and another was drawn on the wall at a height of 1.5 meters (strictly indicative because the throw could be done at any height). The participants stood behind the line on the floor and threw the ball against the wall trying to catch it before it fell to the floor. The throw was valid if the ball did not touch the ground and the participant remained behind the line. The test ended up when the participant completed 10 valid throws and catches. The time taken to accomplish each trial was taken with a hand-held stopwatch and recorded, and the best trial was used in further analyses. This test showed good reliability (ICC: pre-test = 0.89; post = test = 0.93).



Corsi’s Block-Tapping Test

We conducted a cognitive assessment with the Corsi Block-tapping Test, a valid neurocognitive test for visuospatial attention and visual working memory assessment (Kessels et al., 2000). It consisted of a series of nine identical blocks arranged irregularly with the sides of the cubes facing the examiner and numbered 1–9. The examiner tapped the block in a randomized sequence of increasing length, starting with two blocks. Immediately after each tapped sequence, the participant attempted to reproduce the sequence of taps, with the highest successfully recalled sequence called the Corsi span. The test began with a sequence of two units. The examiner presented three sequences for each series. If the participant exactly reproduced two of three sequences, a new increasingly long sequence was presented. Each time a maximum of five equal-unit sequences was tapped out (three from the examiner and two from the participant). The test ended when the participant obtained three incorrectsequences of the same length. Corsi’s test score was the longest number of items correctly reproduced at least twice, and this score represented the participant’s spatial memory span. Total testing time per participant ranged from 10 to 15 min, including the instructional and practice phase. The reliability of the test was between r = 0.81 and r = 0.89. Assessment protocol has been proposed before the beginning of the phase of observation and at the end of the intervention, to analyze any Corsi’s test score changes.



Exercise Training Intervention

The exercise training program was described to each participant before starting. Both the experimental and control groups undertook the supervised exercise sessions in a school gym twice weekly for 12 weeks, with the duration in each session approximately 60 min. The entire intervention program was implemented in 24 training sessions, with each session aimed at keeping the students’ effort at a medium-high level and to achieve a high volume, intensity and density of exercise. The rest period was very short for low-intensity activities and was 2–3 min for activities of medium to high intensity. As noted, a single physical education teacher supervised and performed the training exercises program with the collaboration of an experienced instructor who was a graduate in physical education training. To encourage learning and achieving the study’s objective, the teacher created a fun and active learning environment, using appropriate teaching styles and strategies (Ayers and Sariscsany, 2010).

Each training session started with a brief full-body dynamic warm-up and ended with cool-down exercises, for both groups. Warm-up included marching in place, wide toe touch, leg swings, arm swings, shoulder rotations, hip rotations, push-ups, lunges, walking jacks, jumping jacks, hip circles and bodyweight squats.

The experimental group received coordinative abilities training, following a specific exercise protocol designed to improve cognitive skills, including:


-Slalom circuits

-Dexterity circuits

-Jump rope exercises

-Throwing and catching exercises

-Static and dynamic balance exercises

-Jumps and direction changes exercises

-Rhythm exercises

-Hand-eye coordination and foot-eye coordination activities

-Motor responses exercises

-Motor differentiation exercises



The control group received a group training program for general psychophysical wellness, following a protocol with these features:


-Bodyweight exercises

-Group exercises with small training gear

-Joint mobility exercises

-Calisthenics basic workout

-Pilates exercises



Following these different exercise programs participants ended their training with a cool-down program consisting of a 5 min period of various static stretching exercises, including glute stretch, standing quad stretch, side bench stretches, arm-cross shoulder stretch, overhead triceps stretch, lower back stretch, abdominal stretch and child’s pose. This cool-down period was important for muscles to relax and for the improvement of joint range of motion.



Statistical Analysis

We carried out statistical analyses using SAS JMP® Statistics (Version < 14.3 >, SAS Institute Inc., Cary, NC, United States, 2018). We presented data as group mean (M) values and standard deviations (SD) and checked for assumptions of normality (i.e., Shapiro-Wilk test) and homogeneity of variances (i.e., Levene test) in the data distributions. We used an independent sample t-test to evaluate group differences at baseline and a two-way ANOVA (group (experimental/control) × time (pre/post-intervention), with repeated measures on the time dimension, was conducted to examine the effect of the Multilateral Training on all dependent variables. When “Group × Time” interactions reached significance, group-specific post hoc tests (i.e., paired t-tests) were conducted to identify the significant comparisons. Partial eta squared (η2p) was used to estimate the magnitude of the significant “Time × Group” interaction and interpreted using the following criteria: small (η2p < 0.06), medium (0.06 ≤ η2p < 0.14), large (η2p ≥ 0.14). Effect sizes for the pairwise comparisons were determined by Cohen’s d and interpreted as small (0.20 ≤ d < 0.50), moderate (0.50 ≤ d < 0.79) and large (d ≥ 0.80) (Cohen, 1992). Statistical significance was set at p < 0.05.



RESULTS

The physical education teacher gave a positive opinion on the feasibility, repeatability and utility of the intervention program, and he observed enthusiasm in participation, an improvement in relational dynamics (e.g., increased socialization and less aggressive behavior) and a growing interest in physical activity from the participants.

All participants received the treatment conditions as allocated and their average adherence (attendance) to intervention sessions was 89.6% (21.5 of 24 actual sessions). No injuries were associated with either training program. The groups did not differ significantly at baseline on anthropometric characteristics and they showed no meaningful difference at pre-test on the motor tests and the Corsi Block Tapping test (p > 0.05). Pre- and post-intervention results for all dependent variables are presented in Table 1.


TABLE 1. Changes after 12-week coordinative abilities training intervention.
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Motor Ability Tests

A two-factor repeated measures ANOVA found a significant “Time × Group” interaction for the Throwing and Catching Test [F(1, 58) = 12.97, p < 0.001, η2p = 0.18, large effect size]. Post hoc analysis revealed that the experimental group made significant improvements in the motor abilities performance (t = −4.57, p < 0.001, d = 0.83, large effect size), whereas no significant changes were found for the control group. Conversely, statistical analysis showed no significant “Time × Group” interaction for Slalom Bask Test [F(1, 58) = 240, p = 0.626, η2p = 0.04, small effect size].



Corsi’s Block-Tapping Test

Statistical analysis revealed significant “Time × Group” interaction for the Corsi’s block-tapping Test [F(1, 58) = 15.72, p < 0.001, η2p = 0.21, large effect size]. The post hoc analysis revealed a significant improvements in the score for this cognitive skill (t = 6.87, p < 0.001, d = 1.25, large effect size) in the intervention group. No significant changes were found for the control group (p > 0.05).



DISCUSSION

This research aimed to investigate the relationship between physical fitness and cognitive skills, in particular, the effect of a 12-week coordinative exercise intervention program on visuospatial abilities (such as hand-eye coordination and motion spatial planning), attention performance and mnemonic skills in a school setting. Specifically, hand-eye coordination is a complex cognitive ability, as it calls for individuals to unite their visual and motor skills, allowing for the hand to be guided by the visual stimulation their eyes receive (Çetin et al., 2018). Instead, spatial planning allows to direct movement and help the brain understand where the body is located in space (self-perception) (Clark et al., 1994). They are especially important for the writing, and consequently for academic success.

Visuospatial attention is the process by which individuals select stimuli in their environment for perception and action (Smith and Chatterjee, 2008). It is important for reading and school subjects such as math, geometry, and drawing. Lastly, working memory, the ability to maintain and consciously manipulate information, helps kids hold on to information long enough to use it. Working memory plays an important role in concentration and in following instructions (Baddeley et al., 1999). Working memory is responsible for many of the skills children use to learn to read and learning math (Hahn and Buttaccio, 2017).

In this study, two groups of adolescent students performed a coordinative exercises intervention or standard physical education program and were assessed by two standardized motor tests and a cognitive test. The results revealed that a 12-week of coordinative exercise intervention program significantly improved cognition. This supports the idea that the coordinative character of the exercise is responsible for the significant difference between the two groups.

The first important finding of the present study concerns the positive impact that coordinative exercise appears to have on hand-eye coordination. This was confirmed by the fact that the group who practiced coordinative exercise showed the better ability of the vision system to coordinate the information received through the eyes to control, guide and direct movement, than the control group. This finding reveals the presence of neurocognitive effects of the training on the visuospatial task (Szabo et al., 2020).

In contrast to the positive effects founded on hand-eye coordination, another important finding of our research concerns the null impact that coordinative exercise appeared to have on the improving motion spatial planning compared to the control group. This was confirmed by the fact that, compared to the control group, the experimental group showed the same results in completing its motor tasks. This result seems to be in conflicts with the nature of the coordinative exercise. Most likely, the acquisition and retention of the coordinative tasks, assessed through the Slalom Bask test, require a longer period of training. Therefore, it would be appropriate to organize more complex forms of exercise, such us multilateral training (Fischetti and Greco, 2017; Latino et al., 2019). In this way, the consolidation process of the spatial planning might require a longer lead time than attention span and mnemonic abilities, which are more sensitive to exercise. Future studies will be needed to compare, extending the duration of related work, the time of acquisition, retention, stabilization and decay of the motion spatial planning.

Perhaps the most striking finding of the present study was the capacity of the coordinative exercise program to improved visuospatial attention and visuospatial working memory. This result was a consequence of the fact that the experimental group manifested a better performance in storing, focusing attention on, and manipulating information for a relatively long period of time. This type of exercise appears to improve cognitive learning through optimization of visual and spatial working memory (Latino et al., 2020). These changes allow the selection of a more appropriate cognitive control strategy (Ludyga et al., 2018). Effective learning depends above all on working memory as new information is continuously built upon previous knowledge as a student progresses. Being able to hold information in mind and recall previous learnings while engaged in school tasks is essential for students to develop academically (Allen et al., 2019). Moreover, the experimental group showed a better performance in the ability of select stimuli to direct and orient the action. In fact, spatial attention allows to selectively process visual information through prioritization of an area within the visual field (Voinea et al., 2019).

In connection with what was found in this study, the findings are in line with previous studies displaying correlations between coordinative exercise and cognition (Planinsec, 2002; Uhrich and Swalm, 2007; Budde et al., 2008; Yu-Kai et al., 2013). Several studies, which focused on the association between physical exercise and cognitive function during adolescence, have documented a positive relationship between physical fitness and academic achievement (Shephard et al., 1994; Shephard, 1997; Donnelly and Lambourne, 2011). Many other studies have demonstrated that coordination training elicits a cascade of neurological changes in the hippocampus linked to memory consolidation and skilled actions (Gomez-Pinilla and Hillman, 2013; Rehfeld et al., 2017). The coordinative exercise training program is capable of optimizing brain networks (Phillips et al., 2014) involved in working memory, attention span and visuospatial coordination (Voelcker-Rehage et al., 2011; Hötting and Röder, 2013; Niemann et al., 2016). It is also capable of creating a reserve of precursor cells that influence individuals’ learning capabilities throughout the whole of their life span (Kopp, 2012). Additionally, coordinative exercise with both low and moderate intensities could increase the allocation of attentional resources and shorten the time needed for neurocognitive processing (Yu-Kai et al., 2013). Rogge et al. (2017) suggested that a combination of coordination exercise and balance training improved memory and spatial cognition among healthy adults (Dunsky, 2019). Furthermore, coordinative abilities training was associated with high activation in visual-spatial networks in the brain of older adults (Crush and Loprinzi, 2017). Therefore, based on what was discussed, it is possible to claim that the behavioral results of the previous research support our hypothesis, in which students had significantly improved cognitive function following the coordinative exercise intervention.

Despite the contribution regarding the relationship of physical fitness to academic achievement, some limitations are to be considered in this study. First, the small sample size due to the difficulties in recruiting motivated students to participate. Second, the sample was recruited from a population of students at a single, large, public school, thus, the results may not be generalizable to students at other institutions or with other demographics. A third limitation was that the effect of exercise on mood and fatigue, which are both sensitive to acute exercise and could impact memory and attention, was not assessed. Future research would need to examine these issues to explain these variables. However, the results obtained could provide important indications for future studies. The strength of this study was that our results extend the knowledge base on coordinative exercise and add new evidence indicating that the benefits of this intervention on memory, attention and visuospatial span consolidation might generalize to other forms of cognitive skills.



CONCLUSION

In conclusion, our results suggest that coordinative abilities training intervention can be used to enhance cognitive skills through an optimization of the consolidation of coordinative abilities. This positive effect of coordinative exercise has significant perspectives in both sports and school achievement. These findings could inform teachers that coordinative exercise, carried out twice per week, in 60 min sessions for 12 weeks might serve as a useful intervention to improve the academic performances of adolescent students. More studies will be required to determine if these promising results will create new perspectives in the search. Only then, we will be able to be accurate in the prescription of personalized coordinative exercise interventions to optimize cognitive abilities.

Therefore, we believe that further research is necessary to better determine the role that physical fitness has on academic achievement. Most importantly, it would be to know the potential influence of a coordinative ability training program on the brain, in particular, on the increased synthesis and expression of BDNF (Brain-Derived Neurotrophic Factor). Specifically, it should be examined the relationship between this neurotrophin and both fitness and cognitive performance. Physical exercise would seem to lead a significant increase of BDNF expression (Jonasson et al., 2017), which can produce an improvement of visual, physical, and cognitive stimulation that leads to more neuronal activity and synaptic communication (Håkansson et al., 2017). Additionally, future research should progressively reach higher levels of challenges, by finding more complex forms of exercise involving both motor and cognitive tasks.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation, to any qualified researcher.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the University of Aldo Moro. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

FL designed the study, conducted the research, collected data, carried out the statistical analysis, was involved in the interpretation of data, and wrote and revised the manuscript. SC collected data and was involved in the interpretation of data and revised the manuscript. FF coordinated the study and interpreted the data and revised the manuscript. All authors contributed intellectually to the manuscript, and read the manuscript and approved the submission.



REFERENCES

Alesi, M., Bianco, A., Luppina, G., Palma, A., and Pepi, A. (2016). Improving children’s coordinative skills and executive functions: the effects of a football exercise program. Percept. Mot. Skills 122, 27–46. doi: 10.1177/0031512515627527

Allen, K., Higgins, S., and Adams, J. (2019). The relationship between visuospatial working memory and mathematical performance in school-aged children: a systematic review. Educ. Psychol. Rev. 31, 509–531. doi: 10.1007/s10648-019-09470-8

Ayers, S. F., and Sariscsany, M. J. (2010). Physical Education for Lifelong Fitness: The Physical Best Teacher’s Guide, 3rd Edn. Champaign, IL: Human Kinetics.

Baddeley, A., Cocchini, G., Della Sala, S., Logie, R. H., and Spinnler, H. (1999). Working memory and vigilance: evidence from normal aging and Alzheimer’s disease. Brain Cogn. 41, 87–108. doi: 10.1006/brcg.1999.1097

Blacker, K. J., Curby, K. M., Klobusicky, E., and Chein, J. M. (2014). Effects of action video game training on visual working memory. J. Exp. Psychol. Hum. Percept. Perform. 40, 1992–2004. doi: 10.1037/a0037556

Budde, H., Voelcker-Rehage, C., Pietraßyk-Kendziorra, S., Ribeiro, P., and Tidow, G. (2008). Acute coordinative exercise improves attentional performance in adolescents. Neurosci. Lett. 441, 219–223. doi: 10.1016/j.neulet.2008.06.024

Buonaccorsi, A. (2001). Manuale di Standardizzazione dei Test. CONI Osservatorio Nazionale Capacità Motorie. Edizioni Scuola dello Sport Coni, Livorno.

Burns, R., Fu, Y., Fang, Y., Hannon, J., and Brusseau, T. (2017). Effect of a 12-week physical activity program on gross motor skills in children. Percept. Mot. Skills 124, 1121–1133. doi: 10.1177/0031512517720566

Carretti, B., Borella, E., and De Beni, R. (2007). Does strategic memory training improve the working memory performance of younger and older adults? Exp. Psychol. 54, 311–320. doi: 10.1027/1618-3169.54.4.311

Castelli, D. M., Centeio, E. E., Hwang, J., Barcelona, J. M., Glowaki, E. M., Calvert, H. G., et al. (2014). VII. The history of physical activity and academic performance research: informing the future. Monogr. Soc. Res. Child Dev. 79, 119–148. doi: 10.1111/mono.12133

Çetin, O., Beyleroğlu, M., Bağiş, Y., and Suna, G. (2018). The effect of the exercises brain on boxers’ eye-hand coordination, dynamic balance and visual attention performance. Phys. Educ. of Stud. 22, 112–119. doi: 10.15561/20755279.2018.0301

Chang, Y. K., Huang, C. J., Chen, K. F., and Hung, T. M. (2013). Physical activity and working memory in healthy older adults: an ERP study. Psychophysiology 50, 1174–1182. doi: 10.1111/psyp.12089

Clark, M. A., Merians, A. S., Kothari, A., Poizner, H., Macauley, B., Gonzalez Rothi, L. J., et al. (1994). Spatial planning deficits in limb apraxia. Brain 117, 1093–1106. doi: 10.1093/brain/117.5.1093

Cohen, J. (1992). A power primer. Psychol. Bull. 112, 155–159.

Crush, E. A., and Loprinzi, P. D. (2017). Dose-response effects of exercise duration and recovery on cognitive functioning. Percept. Mot. Skills 124, 1164–1193. doi: 10.1177/0031512517726920

Dajic, S., Kapidic, A., and Kuna, D. (2017). The body height and wheighth influence ot motoric achievements tests performing in basketball for three different ages. Homo Sporticus 19, 23–29.

Dirksen, T., De Lussanet, M., Zentgraf, K., Slupinski, L., and Wagner, H. (2016). Increased throwing accuracy improves children’s catching performance in a ball-catching task from the movement assessment battery (MABC-2). Front. Psichol. 7:1122.

Donati, A., Lai, G., Marcello, F., and Masia, P. (1994). La Valutazione Nell’avviamento Allo Sport. Roma: Società Stampa Sportiva, 69–259.

Donnelly, J. E., and Lambourne, K. (2011). Classroom-based physical activity, cognition, and academic achievement. Prev. Med. 52, S36–S42.

Donnelly, J. E., Hillman, C. H., Castelli, D., Etnier, J. L., Lee, S., Tomporowski, P. D., et al. (2016). Physical activity, fitness, cognitive function, and academic achievement in children: a systematic review. Med. Sci. Sports Exerc. 48, 1197–1222. doi: 10.1249/mss.0000000000000901

Dunsky, A. (2019). The effect of balance and coordination exercises on quality of life in older adults: a mini-review. Front. Aging Neurosci. 11:318.

Faul, F., Erdfelder, E., Lang, A. G., and Buchner, A. (2007). G∗power 3: a flexible statistical power analysis program for the social, behavioral, and biomedical sciences. Behav. Res. Methods 39, 175–191. doi: 10.3758/bf03193146

Fernandes, J., Arida, R. M., and Gomez-Pinilla, F. (2017). Physical exercise as an epigenetic modulator of brain plasticity and cognition. Neurosci. Biobehav. Rev. 80, 443–456. doi: 10.1016/j.neubiorev.2017.06.012

Fischetti, F., and Greco, G. (2017). Multilateral methods in physical education improve physical capacity and motor skills performance of the youth. J. Phys. Educ. Sport 17(Suppl. 4), 2161–2168.

Gomez-Pinilla, F., and Hillman, C. (2013). The influence of exercise on cognitive abilities. Compr. Physiol. 3, 403–428.

Guillamón, A. R., Cantó, E. G., and García, H. M. (2020). Motor coordination and academic performance in primary school students. J. Hum. Sport Exerc. 16, (in press). doi: 10.14198/jhse.2021.162.02

Guo, W., Wang, B., Lu, Y., Zhu, Q., Shi, Z., and Ren, J. (2016). The relationship between different exercise modes and visuospatial working memory in older adults: a cross-sectional study. PeerJ 4:e2254. doi: 10.7717/peerj.2254

Hahn, S., and Buttaccio, D. R. (2017). Aging and guided visual search: the role of visual working memory. Aging Neuropsychol. Cogn. 25, 535–549. doi: 10.1080/13825585.2017.1344185

Håkansson, K., Ledreux, A., Daffner, K., Terjestam, Y., Bergman, P., Carlsson, R., et al. (2017). BDNF responses in healthy older persons to 35 minutes of physical exercise, cognitive training, and mindfulness: associations with working memory function. J. Alzheimer’s Dis. 55, 645–657. doi: 10.3233/jad-160593

Hötting, K., and Röder, B. (2013). Beneficial effects of physical exercise on neuroplasticity and cognition. Neurosci. Biobehav. Rev. 37, 2243–2257. doi: 10.1016/j.neubiorev.2013.04.005

Hotting, K., Reich, B., Holzschneider, K., Kauschke, K., Schmidt, T., Reer, R., et al. (2012). Differential cognitive effects of cycling versus stretching/coordination training in middle-aged adults. Health Psychol. 31, 145–155. doi: 10.1037/a0025371

Janssen, I., and LeBlanc, A. G. (2010). Systematic review of the health benefits of physical activity and fitness in school-aged children and youth. Int. J. Behav. Nutr. Phys. Act. 7:40. doi: 10.1186/1479-5868-7-40

Jonasson, L. S., Nyberg, L., Kramer, A. F., Lundquist, A., Riklund, K., and Boraxbekk, C. J. (2017). Aerobic exercise intervention, cognitive performance, and brain structure: results from the physical influences on brain in aging (PHIBRA) study. Front. Aging Neurosci. 18:336.

Kashfi, T., Sohrabi, M., Saberi Kakhki, A., Mashhadi, A., and Jabbari Nooghabi, M. (2019). Effects of a motor intervention program on motor skills and executive functions in children with learning disabilities. Percept. Mot. Skills 126, 477–498. doi: 10.1177/0031512519836811

Kessels, R. P., Van Zandvoort, M. J., Postma, A., Kappelle, L. J., and De Haan, E. H. (2000). The corsi block-tapping task: standardization and normative data. Appl. Neuropsychol. 7, 252–258. doi: 10.1207/s15324826an0704_8

Kirova, A. M., Bays, R. B., and Lagalwar, S. (2015). Working memory and executive function decline across normal aging, mild cognitive impairment, and Alzheimer’s disease. BioMed. Res. Int. 2015:748212.

Kopp, B. (2012). A simple hypothesis of executive function. Front. Hum. Neurosci. 6:159.

Kwok, T. C. Y., Lam, K., Wong, P., Chau, W. W., Yuen, K. S. L., Ting, K. T., et al. (2011). Effectiveness of coordination exercise in improving cognitive function in older adults: a prospective study. Clin. Interv. Aging 6, 261–267. doi: 10.2147/cia.s19883

Latino, F., Fischetti, F., and Colella, D. (2020). L’influenza dell’attività fisica sulle funzioni cognitive e sulle prestazioni scolastiche tra i ragazzi in età scolare: una revisione della letteratura. Formazione Insegnamento 3, 124–134.

Latino, F., Greco, G., Fischetti, F., and Cataldi, S. (2019). Multilateral training improves body image perception in female adolescents. J. Hum. Sport Exerc. 14, S927–S936.

Ludyga, S., Gerber, M., Kamijo, K., Brand, S., and Puhse, U. (2018). The effects of a school-based exercise program on neurophysiological indices of working memory operation in adolescents. J. Sci. Med. Sport 21, 833–838. doi: 10.1016/j.jsams.2018.01.001

Muiños, M., and Ballesteros, S. (2014). Peripheral vision and perceptual asymmetries in young and older martial arts athletes and nonathletes. Atten. Percept. Psychophys. 76, 2465–2476. doi: 10.3758/s13414-014-0719-y

Muiños, M., and Ballesteros, S. (2018). Does physical exercise improve perceptual skills and visuospatial attention in older adults? A review. Eur. Rev. Aging Phys. Act. 15. doi: 10.1186/s11556-018-0191-0

Niemann, C., Godde, B., and Voelcker-Rehage, C. (2016). Senior dance experience, cognitive performance, and brain volume in older women. Neural Plast. 2016:9837321.

Padilla, C., Pérez, L., and Andrés, P. (2014). Chronic exercise keeps working memory and inhibitory capacities fit. Front. Behav. Neurosci. 8:49.

Phillips, C., Baktir, M. A., Srivatsan, M., and Salehi, A. (2014). Neuroprotective effects of physical activity on the brain: a closer look at trophic factor signaling. Front. Cell. Neurosci. 8:170.

Planinsec, J. (2002). Relations between motor and cognitive dimensions of preschool girls and boys. Percept. Mot. Skills 94, 415–423. doi: 10.2466/pms.2002.94.2.415

Rehfeld, K., Müller, P., Aye, N., Schmicker, M., Dordevic, M., Kaufmann, J., et al. (2017). Dancing or fitness sport? the effects of two training programs on hippocampal plasticity and balance abilities in healthy seniors. Front. Hum. Neurosci. 11:305.

Rogge, A. K., Röder, B., Zech, A., Nagel, V., Hollander, K., Braumann, K. M., et al. (2017). Balance training improves memory and spatial cognition in healthy adults. Sci. Rep. 7:5661.

Shephard, R. J. (1997). Curricular physical activity and academic performance. Pediatr. Exerc. Sci. 9, 113–126. doi: 10.1123/pes.9.2.113

Shephard, R. J., LaVallee, H., Voile, M., and La Barre, R. (1994). Academic skills and required physical education: the trios rivieres experience. CAHPER Res. Suppl. 1, 1–12.

Sibley, B. A., and Etnier, J. L. (2003). The relationship between physical activity and cognition in children: a meta-analysis. Pediatr. Exerc. Sci. 15, 243–256. doi: 10.1123/pes.15.3.243

Singh, A. S., Saliasi, E., van den Berg, V., Uijtdewilligen, L., de Groot, R. H. M., Jolles, J., 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. Br. J. Sports Med. 53, 640–647. doi: 10.1136/bjsports-2017-098136

Smith, S. E., and Chatterjee, A. (2008). Visuospatial attention in children. Arch. Neurol. 65, 1284–1288.

Stimpson, N. J., Davison, G., and Javadi, A. H. (2018). Joggin’ the noggin: towards a physiological understanding of exercise-induced cognitive benefits. Neurosci. Biobehav. Rev. 88, 177–186. doi: 10.1016/j.neubiorev.2018.03.018

Szabo, D. A., Neagu, N., Teodorescu, S., and Sopa, I. S. (2020). Eye-hand relationship of proprioceptive motor control and coordination in children 10–11 years old. Health Sports Rehabil. Med. 21, 185–191. doi: 10.26659/pm3.2020.21.3.185

Tomporowski, P. D., Lambourne, K., and Okumura, M. S. (2011). Physical activity interventions and children’s mental function: an introduction and overview. Prev. Med. 1, S3–S9.

Uhrich, T. A., and Swalm, R. L. (2007). A pilot study of a possible effect from a motor task on reading performance. Percept. Mot. Skills 104, 1035–1041. doi: 10.2466/pms.104.3.1035-1041

Vazou, S., Pesce, C., Lakes, K., and Smiley-Oyen, A. (2016). More than one road leads to Rome: a narrative review and meta-analysis of physical activity intervention effects on cognition in youth. Int. J. Sport Exerc. Psychol. 33, 1–26.

Voelcker-Rehage, C., Godde, B., and Staudinger, U. M. (2011). Cardiovascular and coordination training differentially improve cognitive performance and neural processing in older adults. Front. Hum. Neurosci. 5:26.

Voinea, F., Lică, E., and Gidu, D. V. (2019). Concentration capacity of attention and the effect of different exercise intensities on it, in schoolchildren. J. Sport Kinetic Movement 33, I/2019.

Yu-Kai, C., Yu-Jung, J. T., Tai Ting, C., and Tsung-Min, H. (2013). The impacts of coordinative exercise on executive function in kindergarten children: an ERP study. Exp. Brain Res. 225, 187–196. doi: 10.1007/s00221-012-3360-9

Zach, S., and Shalom, E. (2016). The influence of acute physical activity on working memory. Percept. Mot. Silk 122, 365–374. doi: 10.1177/0031512516631066


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Latino, Cataldi and Fischetti. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effects of a Coordinative Ability Training Program on Adolescents’ Cognitive Functioning



		INTRODUCTION



		MATERIALS AND METHODS



		Study Design



		Participants



		Procedures



		Measures



		Slalom Bask Test



		Throwing and Catching Test



		Corsi’s Block-Tapping Test



		Exercise Training Intervention







		Statistical Analysis







		RESULTS



		Motor Ability Tests



		Corsi’s Block-Tapping Test







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Psychology

Effects of a Coordinative Ability
Training Program on
Adolescents’ Cognitive
Functioning









OPS/images/logo.jpg
’ frontiers
in Psychology





OPS/images/fpsyg-12-620440-t001.jpg
Experimental group (n = 30) Control group (n = 30)

Baseline Post-test A Baseline Post-test A
Coordinative abilities
Slalom bask test (s) 15.90 (5.33) 14.40 (6.21) —1.49 (4.59) 18.27 (5.59) 17.29 (6.00) 0.97 (3.58)
Throwing and catching test (s) 21.40 (6.91) 19.32 (6.70)t* —2.08 (2.49) 23.04 (6.56) 22.77 (6.73) —-0.27 (1.16)
Cognitive skills
Corsi’s block-tapping test (n) 3.93 (1.11) 5.53 (1.59)t* 1.60 (1.27) 4.33 (1.37) 4.70 (1.47) 0.36 (1.12)

Values are presented as mean (+ SD); A: pre- to post-training changes; TSignificant “Group x Time” interaction: significant effect of the intervention (p < 0.001).
*Significantly different from pre-test (o < 0.001).





