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Abstract

:

It has been shown that exercise positively affects cognitive abilities, such as frontal functions and long-term memory processes. We tried to understand whether different exercises (i.e., an open-skill activity, a team game, vs. a closed-skill activity, a circuit) might specifically influence different short-term-memory (STM) subsystems of working memory. We examined the effect of a single bout of open- and closed-skill exercises on three STM tasks (i.e., verbal, visuo-spatial, and motor) in children attending the 3rd and 4th classes at primary school. One group was tested before and after (T0 and T1) an Italian class (control group), one group before and after 30-min exercise on a circuit, and one group before and after 30-min of a team game. The control group presented no improvement. The open-skill activity improved short-term memory performance in all the participants at T1 (p < 0.001 for children attending the 3rd class, and p = 0.007 for children attending the 4th class). In contrast, closed-skill activity improved short-term memory performance in older children (those attending the 4th class; p = 0.046) at T1. Importantly, this finding was found in a school setting and might have ecological validity. Therefore, the exercise protocol here used might help to structure specific training activities for both normal children and those with learning deficits to positively improve short-term memory abilities.






Keywords:


working memory; sport; exercise; open-skill; closed-skill; children












1. Introduction


It is well-known that exercise is associated with a reduction in physiological measures of stress, psychological measures of anxiety and depression, and elevations in mood states and psychological well-being [1]. Physical exercise and sport also produce positive effects on arousal, improve attention [2,3,4,5], generally improve cognitive performance [6], with effect size being larger in children than in adults [7], and central high-level cognitive processes (e.g., problem-solving, working memory; [8,9] for a recent review). Memory storage processes were also facilitated by cognitive activation, increasing arousal and allocatable resources induced by specific acute exercise demands (open- vs. closed-skills; [10]). Moreover, moderate and vigorous aerobic exercises promote children’s executive function either after a single bout of exercise [5,6,10,11] or after regular exercise [12,13,14].



Early research investigated the effect of acute exercise on simple cognitive tasks, such as simple and choice reaction time, and visual search in adults ([15], for a review); however, more recent research investigated working memory (WM) as it is more relevant for general cognitive functioning [10,16,17,18]. Recently, research also focused on studying the effects of physical exercise in children [19], highlighting its impact on cognitive functions and executive functions, particularly [20,21]. Physical activity improved cognitive functioning in children aged 3–5 years, especially in the area of working memory [22], and a positive correlation was found between physical activity and better working memory among children aged 8–12 years [23,24]. However, there is little research on acute exercise in children [11]. Moreover, despite the current knowledge of the brain benefits of exercise [25], there are no practical guidelines on optimal practice for children to obtain cognitive improvement.




2. This Study


In the present study, we investigated the effect of acute exercise (i.e., a single exercise bout) on working memory (hereafter WM) in primary school-aged children as WM plays an essential role in the context of memory and learning and represents a central component in children’s cognition and can explain behavioral difficulties in the educational context [26,27]. Specifically, we investigated exercise effects on the short-term memory (hereafter STM) subsystems, as they represent crucial elements within Baddeley’s WM model ([28] for a review; Figure 1) and have been often left aside in research.



We compared the effects of different types of exercises as only a few studies directly tested such an effect in children ([33] for a recent meta-analysis). Indeed, physical activity can be distributed along a continuum going from open-skill sports (i.e., sports where the environment is constantly changing and movements have to be continually adapted, and where skills are predominantly visuo-perceptual and externally paced, such as basketball, soccer and volleyball and team sport in general) to closed-skill sports (i.e., sports where the performer knows exactly what to do and when, skills are not affected by the environment, and movements follow specific set patterns, such as dance, artistic gym, running, swimming). Open-skill sports require more complex cognitive processes compared to closed-skill ones: the former, for example, need to pick up information rapidly, to exert continuous decision-making, to interconnect different memory structures (e.g., using long-term memory as a tool to extend STM; [34]) and seems to improve cognition more than latter [10] which mainly relies on long-term memory processes such as encoding and retrieval [35] and requires lower cognitive demands and differential neural activation in the brain [36]. They both have a positive effect on cognitive performance in the short- and long-term [37,38,39,40] as they induce release serum brain-derived neurotrophic factor (BDNF; open-skill exercise more than closed-skill exercise [41]). So far, an effect of physical activity on WM capacity has been shown in adults [7], and single bouts of open-skill and closed-skill exercise improved verbal short-term memory in adults [42].



We compared two physically active groups (open- vs. closed-skill exercise) with a cognitively active group and investigated the effects on short-term memory subsystems, specifically, in an ecological context (i.e., during physical education lessons). We hypothesised that an increment in the number of cognitive resources induced by the physical exercise might affect all or part of WM’s subsystems as children might increase storage capacities better using the available resources (following the information processing resources [43]). In particular, we predicted that open-skill activities should generally potentiate short-term memory subsystems at all age stages, as such exercises are characterised by high cognitive demands and require continuous monitoring of the environment. However, given the developmental aspect of WM, we expect that a beneficial effect of closed-skill activities on short-term memory subsystems should emerge, at least in older children.




3. Method


3.1. Participants


In total, 125 children took part in the experiment (62 children aged 7–8 years and 63 children aged 9–10 years; 55 females) after providing their parents’ written consent. Children belonging to different 3rd and 4th primary school classes were randomly assigned to three experimental groups (control group, open-skill exercise group, closed-skill exercise group), so that the results might not be influenced by factors related to belonging to a specific class. All participants were typically developing children (i.e., children who do not have cognitive delays, specific cognitive impairments, ADHD or specific learning disabilities), and had a normal or corrected-to-normal vision.




3.2. Ethical Approval


Ethical approval was granted by the Ethics Committee of the University of Bologna in March 2015, following the Declaration of Helsinki, and parents/tutors provided written informed consent for the children to participate in the study.




3.3. Design and Procedure


Participants were administered three short-term memory tasks (a verbal, a spatial and a motor task) before and after a 30-min period filled with three different activities: two experimental groups, where children were required to perform physical activity, and a control sedentary group (i.e., children attended an Italian grammar classroom activity). The experimental conditions consisted of a closed-skill activity (i.e., an agility circuit) and an open-skill activity (i.e., an open-skill ball team game). The exercise intensity (recorded through heart rates with the “Polar” system (Polar H10 heart rate sensor) ranged from 170–180 (±10) bpm. Heartrate monitoring ensured that both exercise conditions were of vigorous aerobic intensity. The agility circuit included a series of exercises (with or without additional tools) performed in a fixed sequence: jumping into four wooden circles placed in a row on the ground, one overturning on a mat, three jumps on both sides of a wooden gym bench, turning around a sport cone and overcoming four obstacles in a row, three jumps on both sides of a bench, one overturning on a mat, slaloming along a course with two sport cones, jumping into wooden circles with changes of direction, rolling on a mat, slaloming along a course with four sport cones, and crawling under an obstacle. The ball team game (named “ball to the king” in Italian) involved two teams, each consisting of three people, which moved in a space corresponding to half a basketball court. The confrontation was two against two, the third child playing the role of the king/queen. She/he had to stay on a bench and receive the ball from her/his teammates. The child who made the point became king/queen, and the roles changed. Children could pass the ball only with their hands and could not run holding the ball in their hand



As for the control group, the test-retest was always proposed in a counterbalanced order before and after a sedentary classroom activity (Italian grammar lesson), on a day when the physical activity lesson was not held.



All activities were performed in a group context (i.e., not individual-based exercise or non-activity).



For the memory tasks, we used an auditory-verbal short-term memory task (i.e., digit span by the WISC-IV—Wechsler Intelligence Scale for Children, IV [44]), a spatial short-term memory task (the spatial Corsi task [45,46]), and a motor short-term memory task ad-hoc developed for this study (we used a sample of simple unilateral meaningless upper limb movements selected among the proximal meaningless gesture of the STIMA—Short Test for Ideo- Motor Apraxia [47]). Regarding the motor task, the experimenter performed all actions using her left hand and children were asked to reproduce them in a mirror-like configuration. A mirror configuration (i.e., right-hand imitation of a left-hand action) was selected because it was demonstrated that there is a natural tendency to use this configuration when imitating [48,49,50].



All the item sequences (i.e., motor, spatial and verbal) were presented for recall in serial order. As soon as the sequence of items was presented, the participants were instructed to reproduce the sequence in the exact order. Participants began with a span length of two items. If they succeeded, they were presented with a sequence of three; if they failed, they repeated another sequence of two. The trial ended when a participant failed to perform one span length twice. The final score (span) for each participant was the number of times on which he/she failed twice, minus one. The participants’ performance was video-recorded. The three memory tasks were presented in a counterbalanced order across participants to minimise order effects.



All participants completed two testing sessions, one before (pre-test) and one immediately after an activity bout (post-test) individually in a quiet space.




3.4. Statistical Analysis


Data were treated in a multivariate ANOVA with the between-subjects factors of exercise (open-skill exercise, closed-skill exercise and control activity), age (7–8 years-old vs. 9–10 years-old according to the attended classes, i.e., 3rd class vs. 4th class) and gender (female vs. male) and the within-subjects factors of memory task (auditory-verbal, visuo-spatial and motor span) and time (T0 = pre-exercise vs. T1 = post-exercise). Statistical analysis was conducted using IBM SPSS (version 25; IBM Corp., Armonk, NY, USA). The level of significance was set at p ≤ 0.05 for ANOVA. For comparisons, we used a one-tailed t-test with Bonferroni correction.





4. Results


We ran a preliminary analysis to check whether the groups differed at T0 regarding the three memory tasks, but they did not (all independent samples t-test p > 0.05).



The ANOVA revealed a significant effect of age (F(1, 112) = 85.13, p < 0.001) with the group of 7–8 years-old children showing a lower performance (mean = 4.09, SE = 0.07) than the 9–10 years-old ones (mean = 4.97, SE = 0.07). Children also showed an effect of time (F(1, 112) = 19.59, p < 0.001), as they performed overall better at T1, the post-exercise (T0: mean = 4.41, SE = 0.05 vs. T1: mean = 4.65, SE = 0.06), and of memory task (F(1.96, 112) = 185.63, p < 0.001), as they performed better in the verbal (mean = 5.28, SE = 0.088) and visuo-spatial tasks (mean = 5.02, SE = 0.079) than in the motor one (mean = 3.29, SE = 0.072). Gender and exercise were not significant (p > 0.05).



Memory task × age was significant (F(1.96,112) = 7.81, p = 0.001) as the group aged 9–10 performed better in the verbal task (mean = 5.69, SE = 0.125) compared to both the spatial mean = 5.25, SE = 0.112, t(62) = 2.82, p = 0.003) and motor (mean = 53.96, SD = 0.103, T(62) = 10.08, p < 0.001) tasks, and in the spatial compared to the motors one (t(62) = 9.38, p < 0.001). On the contrary, the group aged 7–8 did not show differences between the spatial (mean = 4.79, SE = 0.111) and the verbal tasks (mean = 4.88, SE = 0.124): (t(60) = 0.884 p > 0.05); however both the verbal (t(60) = 16.32, p < 0.001) and the spatial task (t(60) = 14.74, p < 0.001) resulted in a better performance compared to the motor one (mean = 2.65, SE = 0.102). See Figure 2.



Most importantly, the time × age × exercise interaction was significant (F(2, 112) = 3.79, p = 0.026): in the group aged 7–8 years, we found a positive effect of the open-skill exercise with a better performance at T1, post-exercise retest (one-tailed corrected t-test, t(22) = 3.86, p < 0.001), but no effect of both closed-skill and control activities (p > 0.05). On the contrary, in older children (aged 9–10 years) we found a positive effect of both open-skill activity (one-tailed corrected t-test, t(20) = 2.68, p = 0.007) and closed-skill activity (one-tailed t-test, t(21) = 1.76, p = 0.046) on the cognitive performance at T1, post-exercise retest, but no improvement in the control condition (p > 0.05). See Figure 3.




5. Discussion


We investigated the effect of one bout of open- or closed-skill exercise on STM subsystems in primary school-aged children. We concentrated on STM subsystems due to the role they play in WM, which is crucial in supporting cognition.



The main result is related to the beneficial effect of one bout of aerobic exercise on memory performance in children. Open-skill exercise was beneficial in both age groups; on the contrary, closed-skill exercise starts to be effective for older children (9–10 years). Significantly, STM performance improved only in the two groups performing physical exercise. On the contrary, the control condition did not improve at both ages, suggesting that the benefit for memory performance found in the two physically active groups cannot be confounded with a learning effect.



We also found an effect of memory task × age: The group aged 7–8 performed better in the verbal and the visuo-spatial STM compared to motor one. However, in the older group (aged 9–10 years), a gradient emerged among the verbal STM (the best), the visuospatial (in the middle) and the motor (one). This is in line with the different developmental trajectories of the WM components. There is little evidence of a global relationship between the motor and cognitive domain in typically developing children aged 4–16 years [51] and the correlation among developmental domains (such as motor, cognition, and language) is not strong. Stable and associated developmental pathways for language and motor performance has been found from 3–5 years of age, but the relationship changes from early to later preschool years [52]. Moreover, even though the basic modular structure of WM is present from 6 years of age, a multi-component model of WM [53] showed that each WM component has a unique developmental trajectory [54].



Regarding the main results, in accordance with the cognitive engagement hypothesis [33], open-skill exercise was expected to produce the most cognitive benefits on WM. Open-skill exercise results are in line with literature often reporting a beneficial effect of intermediate intensity exercise on many WM tasks [16]. However, closed-skill exercises, requiring less cognitive engagement and are already known to be less effective, gave interesting results compared to literature [10]. Indeed, this study shows for the first time that closed-skill activity may also have a positive effect on prefrontal ability, such as STM abilities.



Our results are in line with a previous pilot study in children aged 6–8 years [55], where one bout of open-skill exercise produced verbal memory benefits, but they also differ as we did not find an improvement on motor STM for the closed-skill exercise. However, the two studies present differences. On the one hand, participants’ age differs: Participants are older in this study and might have passed the psychomotor developmental phase in which motor skills are more relevant than complex verbal and visuospatial ones [52]: motor abilities might have become stable, and exercise is not effective according to the age dependence hypothesis [25,56] (see below for more details). On the other hand, the numerosity of the sample differs: this study tested a higher number of participants, and the effect in O’Brien and colleagues’ study [55] might have been spurious. Thus, this study is essential as, for the first time, it shows a positive effect of acute bouts of exercise on STM in a large sample of participants (compared to previous literature that did not [57,58]).



Indeed, a positive effect of bouts of aerobic [16] and anaerobic exercise [59] have been found to improve long-term memory performance. For example, Pesce and colleagues [10] assessed the effect of different types of aerobic exercise on recall in pre-adolescents (aged 11–12 years). They found improved performance on a delayed recall task (requiring a greater involvement of WM) after both a 40-min session of closed-skill exercise or open-skill exercise but only an effect of open-skill activity for immediate recall.



Compared to other studies that did not display any effect on WM speed processes ([16] for a meta-analysis), this study shows that bouts of intermediate intensity exercise influence other aspects of WM, i.e., the STM subsystems’ capacity. However, we should consider that physical exercise might affect cognitive functions only in the ages in which these functions are subjected to development or are in decline (age dependence hypothesis; [25]). Best [60] suggested that an immature neuronal circuit is susceptible to experiences and may be more easily affected by physical exercise than already mature brain structures. Hötting and Röder [25] suggested that the cognitive functions undergoing developmental changes (e.g., executive functions in childhood and old age) could receive more significant benefits from exercise.




6. Conclusions


This study investigated the effect of one bout of open- or closed-skill exercise on STM subsystems in primary school-aged children in the school context. A beneficial effect of open-skill exercise in children aged 7–10 years and of closed-skill exercise for older children (9–10 years) on STM retention emerged compared to the control activity. Results contribute to the mounting evidence for the selective nature of the exercise–cognition link and present novel findings on the benefits of valid ecological settings at school. We concentrated on ordinary open- and closed-skill exercises already widely used in schools [61], demonstrating their valuable impact on WM’s subsystems. This study extended our findings of the benefits of one bout of different types of physical activity (i.e., open- and closed-skill exercise [42]) to primary school children. These results are interesting as late childhood is a sensitive period of cognitive development. Thus, these findings might be central for the organisation of cost-effective learning-supportive programs aimed at developing specific cognitive domains, as single bouts of exercise improving WM abilities may, in turn, increase academic performance in the long term. Indeed, WM underlies everyday functioning and academic achievement [54], and linearly develops from preschool through adolescence [60]. Our results might further support research showing that open-skill, single bouts of exercise at school might be promising interventions to promote children’s cognitive development [62] as it could easily be implemented into children’s daily school routines [61,63,64]. In particular, an interesting aspect of this study is related to the use of an intermediate duration of exercise (i.e., 30 min) compared to the high duration used in other studies [10,65,66]. This duration turned out to be effective in children and may suggest that half an hour of targeted physical activity can be promising in terms of applicability to various school settings.



However, some limitations must be considered. This study limited data collection to only a few classes (3rd and 4th), and future directions might also include older children and pre-adolescents to have a more precise developmental trajectory of the effect of physical activity on WM as children of different ages might be differentially sensitive according to the age dependence hypothesis [25]. Moreover, we did not compare other WM measures to investigate the relationships among the STM subsystems and the central executive capacities, and future studies might address this issue. Lastly, we did not insert a third measurement time (for example, 30 min or one hour after the exercise bout) to investigate how long the positive effect on cognitive functioning lasts.



To conclude, aerobic activity should become a fundamental part of school-age children’s daily lives. These findings should encourage parents and educators to reconsider the importance of aerobic exercise and regular physical activity not only for physical development but also for cognitive development.
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Figure 1. An implemented version of Baddeley’s model [28] of WM is proposed. This includes the two STM subsystems specific for visuo-spatial information and auditory-verbal information postulated by Baddley and an STM subsystem specific for visuo-motor information, i.e., the gestural buffer [29,30,31,32]. 
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Figure 2. Memory spans are reported according to the three memory tasks and ages. Bars represent standard errors. 
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Figure 3. Memory spans are reported according to the three types of exercise, ages, and time. Bars represent standard errors. 






Figure 3. Memory spans are reported according to the three types of exercise, ages, and time. Bars represent standard errors.



[image: Ijerph 18 07545 g003]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Memory span

===9-10 years
w—T -8 years

Spatial Verbal Motor
Memory task





nav.xhtml


  ijerph-18-07545


  
    		
      ijerph-18-07545
    


  




  





media/file0.png





media/file2.png
v

Visual _ Episodic __ .
Semantics LTM o Lebigas






media/file5.jpg
Memory span

‘Memory span

T-ayears

=

Coseasit Cpen it
Exercne

8-10yemrs
Coseasit Cpensit





media/file6.png
Memory span

Memory span

7-8 years

.
Closed-skill Open-skill Control
Exercise

9 -10 years

Closed-skill Open-skill Control

Exercise

~=T0

=70





media/file3.jpg
Memory span

—9- g
— oy

Spatial

i





media/file1.jpg





