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Introduction

Since the 1990s, a body of literature has emerged investigating the impact of single - acute - bouts of physical activity on cognitive function. To establish the underlying mechanisms, studies were first conducted on mice before progressing to humans in laboratory-based studies (Hillman et al., 2009). Recently, work has focused on settings with potential for establishing translational merit; testing the impact of acute bouts of physical activity delivered in schools. This research has focused on classroom exercise breaks and aerobic exercise or cognitively-engaging physical activity outside of the classroom environment.  

This chapter reviews literature regarding the impact of different physical activity modes on cognition within the school environment. First, a definition of cognition will be provided along with an outline of the underlying cognitive processes. Next, current issues in physical activity will be discussed with specific reference to quantifying the participant experience. Each of the three acute intervention types will be discussed in turn; classroom exercise breaks, aerobic exercise outside of the classroom, and cognitively-engaging physical activity outside of the classroom. The chapter concludes with a summary, drawing conclusions based on existing evidence, followed by recommendations for practice and future research. 

Cognition in the 21st century school

Cognition refers to “a series of mental processes that contribute to perception, memory, intellect and action” (Donnelly et al., 2016, p. 1198). Within school, these processes are essential to processing new information, manipulating information in the mind and goal directed behaviours. It is assumed that acute exercise improves cognition through metabolic changes which occur both during and post exercise (Tomporowski, McCullick, Pendleton, & Pesce, 2015). While these effects are unlikely to endure, enhanced learning may occur through increased processing speed and/ or accuracy. Demonstrating these effects very precisely will be important to galvanise the energy of teachers to promote physical activity throughout the school day. Given the scale of need in many schools today to engage 21st century children these issues are given even greater prominence. Prior to reviewing the current literature, it is important to understand which tasks provide a measure of each cognitive process.  

Confusingly, many studies assess one aspect of cognition and will wrongly assert that exercise “does/ does not improve cognitive function”. While the majority of cognitive tasks use multiple concurrent processes rather than a single one, more precise reporting is required than within some of the individual studies summarised in the following review; this enhanced precision will aid the understanding of practitioners and researchers alike. A further limitation is that measures such as speed and accuracy only provide indirect evidence about internal cognitive processes. While they clearly demonstrate children’s response to an imposed task, they do not explain how internal processes occur to facilitate learning. Despite these limitations, cognitive psychologists have developed strategies to discover the cognitive processes involved in a number of commonly-used cognitive tasks. 

For the teachers and practitioners to fully understand the role of physical activity in cognition, it is important to express what we grasp about cognition and how physical activity might make a difference. We begin by focusing on human memory, the distinction between short-term and long-term memory, working memory and the central executive. Many prominent psychologists have argued that the central executive is the most important component of working memory. Establishing how physical activity plays a role in extending working memory will refine understanding of its relevance to 21st century learning.

Baddeley and Hitch (1974) argued that short-term memory is essential to performance on a number of complex tasks that are not explicitly memory tasks. A good example is that of mental mathematics. Mentally adding a string of numbers together requires that each addition results in a new total that must be remembered to generate the next number. This process continues to establish the final answer. Based on this thinking, Baddeley and Hitch (1974) replaced the concept of short-term memory with that of working memory. This is essential for any young person to thrive in contemporary learning environments.

As an example of the complexity in this area, their latest memory model has four components: a central executive; a phonological loop; a visuo-spatial sketchpad; and an episodic buffer (Baddeley, 2012). With four distinctive areas this gives an indication of the many ways in which physical activity might play a role in enhancing cognition in young people. The central executive itself does not store information, but acts as an “attentional system” and is a vital component in nearly all complex cognitive activities commonly faced by children in the classroom including multi-tasking and problem-solving. The phonological loop processes and temporarily stores information in a phonological form which may be a challenge for schools with high linguistic diversity. The visuo-spatial sketchpad processes and temporarily stores spatial and visual information, which may have relevance for children who lack spatial awareness. Finally information from the phonological loop and the visuo-spatial sketchpad is stored in the episodic buffer. Clearly anything that expands the episodic buffer will benefit learning. 

Even though the central executive has been claimed by many to be the most important, it does not store information; rather it resembles an attentional system. Baddeley (2012) acknowledged that the central executive is associated with a number of executive processes; focusing attention, dividing attention, switching attention, and interfacing with long-term memory are examples. To-date there is no overall consensus amongst scientists on the number of executive processes. While there is no agreement, it is important to understand the processes that play a role in completing the tasks that are used to indicate cognitive performance. 

Expanding one framework from among many provides an insight into learning in humans.  Within the framework of Miyake et al. (2000), the term ‘executive function’ (EF) is used to account for what is common to the three functions they identified; inhibition, shifting, and updating. Typically, inhibition is used to resist distraction, a familiar problem for many pupils. An excellent example of use of this function is in the well-known Stroop task in which rather than name a colour word people have to name the colour in which it is printed. This is easy when the colour name and the colour of the ink are congruent (e.g., RED printed in red) as no inhibition is required. However, in cases where the dominant response needs to be inhibited (e.g., the word RED printed in yellow) it is far more difficult. The shifting function is used to switch attention between tasks often seen within classroom lessons. Common assessment of shifting include the more-odd task or modified flanker test (Chen, Yan, Yin, Pan, & Chang, 2014; Jäger, Schmidt, Conzelmann, & Roebers, 2015). Updating, as usually measured by N-back tests, monitors rapid addition or deletion of working memory contents (Jäger, Schmidt, Conzelmann, & Roebers, 2014; 2015)

While working memory is important, the role of long-term memory in storing information is equally important. This schematic knowledge is extensively used during language comprehension for example when a pupil attempts to follow instructions provided by PE teachers. Although there are some similarities between episodic and semantic memory, it is generally accepted that they form separate memory systems, giving rise to speculation about specific physical activity effects. Recognition and recall are commonly used to assess episodic memory. Recognition memory is often tested by presenting a list of words or pictures and then later presenting the same stimuli alongside distractor items and simply asking participants if they have seen the item before. Typically, pictures are remembered better than words; the so called ‘picture superiority effect’ (Defeyter, Russo, & McPartlin, 2009). There are three forms of recall memory test: serial recall, free recall, and cued recall. Better understanding of the nuances of working and long term and memory and how physical activity plays a role in affecting these processes will be important for teachers preparing pupils for assessment and exams. 

Another example of a title that has many facets is attention. This is a well-researched area due to its importance in everyday life and prediction of school achievement (Steinmayr, Ziegler, & Träuble, 2010). Although attention is cross modal, the majority of researchers have examined the effects of physical activity on visual attention. Posner (1980) proposes visual attention acts as a spotlight, while others have suggested a more flexible approach using the analogy of a zoom lens (Eriksen & St James, 1986). A third, and less well supported, approach uses the analogy of multiple spotlights, where attention can be split between two or more regions of space not adjacent to each other (Awh & Pashler, 2000). Essential to learning, visual attention enables an individual to process information while resisting distractors within a single task or across multiple tasks.  

In the cognitive psychology literature, it is important to distinguish between selective - or focused - attention, divided attention, sustained attention, and mental shifting. Selective attention, as measured by the d2 Test of Attention (Schmidt, Egger, & Conzelmann, 2015), is the most assessed cognitive process within studies investigating the impact of acute physical activity on cognition. Within the test, participants are required to highlight correct letters presented among a string of distractors. In divided attention tasks, participants are also presented two or more stimuli at the same time, responding to all of the stimuli; rather like multitasking in everyday life. The distinction between selective and divided attention tasks is important as the former provides information on the nature of the selection process and the role of distractors, while the later provides information about processing capacity and limitations. Sustained attention refers to the ability to maintain attention and respond consistently to a stimulus during a repetitive or continuous activity. Finally, altering attention or mental shifting is the process of shifting attention from one task to another as required.

In addition to being able to attend to stimuli in the external world, it is also important for humans be able to plan efficiently. Planning, a higher order executive function, refers to the formation and management of goal directed behaviour (Diamond, 2013). An essential facet of educational achievement, planning supports organising a study timetable or the management and completion of school projects. Currently, only a limited number of studies have investigated the impact of acute physical activity on planning within the school environment providing opportunity for further investigation. Common tests to assess planning function include the trail making test and the dot task (Kubesch et al., 2009; Pirrie & Lodewyk, 2012). 

Conclusions

The core thread of this chapter is while it is inappropriate to use a single label for cognitive processes that have multiple dimensions, it is equally inappropriate to use single tests to represent whole systems as complex as cognition. Researchers need to be cautious of attributing performance on cognitive tasks to one specific cognitive process and carefully consider the effect of cognitive load. Furthermore, researchers also need to ensure that cognitive tasks use age-appropriate stimuli and instructions, and that chronological age groups are theoretically underpinned in the cognitive developmental literature, rather than being based purely on opportunistic sampling. Further research is required to examine the effects of MVPA on a wider range of cognitive processes. While the above chapter has focussed on linking cognition to the school environment and the role of teachers may play in supporting this, parents and sports coaches also need to be aware of the role of cognition in the development of children and young people, enabling them to reach their potential. 

Acute study physical activity considerations

A recent systematic review (Donnelly et al., 2016) found that single bouts of physical activity positively impact children’s cognitive performance. Closer inspection of the contributing studies and subsequent literature makes our interpretation more cautious. Prior to reviewing the contribution of each study, it is essential to present a physical activity framework within which the school-based literature can be analysed and more clearly understood. When designing a single bout of physical activity, many authors refer to the quantitative and qualitative aspects of exercise (Pesce, 2012).

Distinctive from the incidental activity associated with ‘physical activity’, “quantitative exercise” is the subset of activity that is planned, structured and repetitive (Shephard & Balady, 1999). Using the American College of Sports Medicine (ACSM) FITT-VP principle (frequency, intensity, time and type - volume and progression), this focuses on the intensity and time (duration of bout). Exercise mode requires minimal skill, focusing on rhythmic movement such as walking, jogging, running or aerobic circuits. As the activity requires minimal skill, participants are able to focus on maintaining the prescribed intensity, often moderate to vigorous in nature (ACSM, 2014). Examples of this approach within the research include; steady state jogging (Chen et al., 2014), dance videos (Altenburg, Chinapaw, & Singh, 2015), and aerobic circuits (Gallotta et al., 2015). 

In recent years, researchers have developed interventions to assess the impact of cognitively-enhanced physical activity on cognition ((Budde, Voelcker-Rehage, Pietrabyk-Kendziorra, Ribeiro, & Tidow, 2008; Jäger et al., 2015; Schmidt et al., 2015). Termed “qualitative exercise” (Pesce, 2012), this involves physical activities that also impose cognitive demands on the individuals. Cognitive load is achieved through a range of modes. Recent studies by Jager and colleagues (2014, 2015) used cognitively enhanced games focused on activating one or more executive processes. Alternatively, Gallotta et al. (2015) used activities which combined gross-motor, manipulative control and perceptual-motor adaptation abilities. Such varied approaches produce two challenges in interpreting study outcomes. First, the cognitive demands of such activities may not be clear (Furley & Wood, 2016). Currently with no body of literature that details how activities link to different cognitive processes, it is difficult to interpret the specific cognitive impact. Second, while the focus of qualitative exercise sessions may be to engage young people in cognitively demanding physical activity, there are still quantitative outcomes such as duration and intensity to address. To confirm the “qualitative effects” a comparator “quantitative experience”, equal in duration and intensity, might be included within studies. To-date, few investigations have deployed this design (Budde et al., 2008; Jäger et al., 2015). 

Comparing the different studies gives rise to a final challenge. In laboratory studies, researchers using steady-state exercise assess treatment fidelity through heart rate, often presented as group means (Hillman et al., 2009). This approach has been transferred, seemingly unquestioningly, to studies within school environments. Due to the intermittent nature of young people’s physical activity experiences, this poses challenges for interpreting the quantitative demands of the session (Bailey et al., 1995). First, heart rate has a delayed response to changes in the mechanical demands of exercise (Rowlands & Eston, 2007). Second, during game-based sessions, exercise is often intermittent in nature with a high degree of inter-individual variation. The result is that two individuals may engage very differently within the same acute bout. Within translational physical activity research with children and young people, accelerometers are increasingly regarded as the gold standard assessment tool, providing accurate interpretation of activity patterns, intensity and duration (Corder, Ekelund, Steele, Wareham, & Brage, 2008).

INSERT FIGURE ONE HERE

Figure one shows physical activity profiles, collected through accelerometry, of two different children taking part in the same game-based physical education session. On average, the two individuals accumulated 11 minutes of moderate to vigorous physical activity. Closer inspection of the physical activity traces shows a high degree of variability between the two individuals regarding total time engaged in moderate intensity or above. A recent meta-analysis found that a minimum engagement of 11 minutes at moderate intensity resulted in significant improvements in cognitive engagement (Chang, Labban, Gapin, & Etnier, 2012). In figure one, child A achieved five minutes of MVPA, while child B achieved 17 mins. Monitoring this individual variability and then factoring this into the statistical analyses is fundamental to developing a precise understanding of how acute physically activity bouts impact on cognition.  

It is also important to consider the type of activity, as indicated along the x-axis within figure one, when analysing and interpreting such statistical data. During the first activity that focused on steady state walking, jogging and running, the intensity and duration profiles are similar. Within the second activity, a team game, there is high individual variability in both the duration and the intensity of the exercise. In the final activity, an active story, a large degree of variability in activity duration and intensity is again observed. Within the review which follows, identification of the physical activity profiles and corresponding modes of activity will provide an opportunity to evaluate the trustworthiness of study outcomes.   

Conclusions

In summary, the current literature can divide studies into quantitative and qualitative exercise. Quantitative exercise focuses on pre-determined intensity and duration and is often moderate to vigorous in nature. Qualitative physical activity has a direct or indirect cognitive requirement; often this arises from the activity being specifically designed to include cognitive challenges, and may include playing sport or learning new skills. Following sections will review current literature on acute bouts of physical activity within the school environment discussing the potential consequences of the issues raised on the cognitive outcomes. 

Review of the literature

To identify relevant articles, a two-step search strategy was used. First, a search of relevant databases (SPORTDiscus and PubMed) was undertaken. Second, a manual search of the reference lists of all included papers was completed. Studies were included if they met the following criteria; (i) the study was conducted within the school environment with children or young people (<17 years of age), (ii) an acute bout of physical activity was compared to a control condition, (iii) one or more cognitive assessments were performed. The temporal threshold for including papers in this review was 2006, producing 20 studies over a particularly important decade of new work. This was justified by finding the first important study in 2008 followed by a mushrooming of work to the present day. These 20 studies were then divided into three sub-categories; (i) Classroom-based exercise breaks (CEB), (ii) Aerobic exercise outside of the classroom (AE-OC), (iii) Cognitively-enhanced physical activity outside of the classroom (CEPA-OC). A number of studies appeared in more than one sub-category due to multiple treatment interventions. 

In the following subsections, for the physical activity and cognitive tests, we refer readers to the original source for the description and validity of the respective methods.

INSERT TABLE ONE HERE

Classroom-based exercise break (CEB)

Summarising table one

Four peer-reviewed papers were identified that examined the impact of an acute classroom exercise break on cognition (Table 1, studies 1-4). Across the four papers, sample size varied from 88 (Ma, Le Mare, & Gurd, 2015) to 1224 (Hill et al., 2010), with a mean of 368 participants (girls=52%) per study. All studies focused on children aged 8-13 years old. Two studies were conducted in Europe (the Netherlands and UK), one in the US and one in Canada. This highlights a lack of replication of studies within the same school systems. 

Across the four studies, of 10 cognitive assessment outcomes - compared to controls - there were two positive, five no-difference and three mixed outcomes. There were no negative outcomes. The two positive outcomes were observed when testing protocols did not control for day-to-day variation in cognition; this would be furnished by including pre-intervention measures (Hill et al., 2010; Ma et al., 2015). More recent studies using pre-post designs concluded no change in cognition. Treatment fidelity was difficult to ascertain; no studies accounted for variability of individual engagement within the session. Two studies reported group level engagement; one via heart rate (van den Berg et al., 2016) and the other through direct observation-using SOFIT (Howie, Schatz, & Pate, 2015; System for Observing Fitness Instruction Time). Two studies provided no assessment of the resulting duration and intensity of the exercise (Hill et al., 2010; Ma et al., 2015). Superficially, the strength of evidence suggests CEBs do not lead to improvements in cognition, but there are important issues with treatment fidelity. Current CEB study designs may not elicit sufficient exposure to MVPA to generate improvements in cognition; papers often claim higher exposure than was confirmed by evidence of engagement.

Detail emerging from table one

Exercise breaks within the classroom (CEB) have varied in duration from four (Ma et al., 2015) to 20 minutes (Howie et al., 2015). Activities focused on aerobic - on the spot - activity involving; marching with arm movements, jogging, running, jumping and hopping. The activities seem to be quantitative in nature, simple, and repetitive with a low cognitive load (Pesce, 2012). Only one study expanded beyond an aerobic focus to look at three different intervention types; aerobic, strength and coordination (van den Berg et al., 2016). 

Selective attention was the most commonly assessed cognitive process, followed by information processing, working memory and planning. Assessed across three studies, selective attention showed positive change (Hill et al., 2010), no change (van den Berg et al., 2016) and mixed results (Ma et al., 2015). Following a 10-15 minute CEB, Hill et al. (2010) assessed selective attention using the digit symbol-coding task, finding improvements in the second week of testing. In contrast, van den Berg et al. (2016) found no change in overall selective attention (assessed by the d2-test) following three separate 12-minute bouts of exercise. In comparison, Ma et al. (2015) reported that four minutes of high-intensity interval exercise improved accuracy on the d2-test, although the total number of items processed by participants decreased. Unfortunately, no data was presented to account for the speed-accuracy trade off, which limits our ability to make direct comparisons. The two studies which assessed information processing found no change in speed or accuracy immediately post-physical activity (van den Berg et al., 2016) nor after a 60-minute delay (Hill et al., 2010), as measured by the letter digit substitution test and the paced serial addition task, respectively. 

Working memory - assessed immediately after a five, 10- or 20-minute CEB - showed no change when assessed by the digit recall test (Howie et al., 2015). Further, in Hill et al (2010), after a 60-minute delay post-exercise, no improvements were observed in a size-ordering task. In the same study, positive improvements were observed in the listening span and digit span backwards tests. Only Howie et al. (2015) assessed planning ability using the trail making task; no change was observed in performance between conditions. 

In summary, recent studies have demonstrated some improvements in cognition in association with CEB, principally in selective attention. Some of these effects have been observed immediately post-exercise and after extended delays. The majority of evidence shows no change, meaning we should currently be cautiously optimistic about the benefits of such active breaks. One reason for optimism stems from our understanding of CEB. While the prescribed duration and intensity of the breaks is theoretically sufficient to lead to changes in cognition, more evidence needs to be presented to confirm the treatment fidelity of the intervention, especially given that laboratory-based studies dominate this area. The only study to confirm engagement showed that children were active for 40% or less of the session duration (van den Berg et al., 2016). Future studies must confirm exposure to the active components of CEBs using more accurate methods. In addition, a wider array of cognitive domains should be examined. So far, no studies have assessed inhibition, updating, shifting, reaction time or recall.   

INSERT TABLE 2 HERE

Aerobic exercise outside of the classroom (AE-OC)

Summarising table 2

Thirteen peer-reviewed papers examined the impact of an acute bout of aerobic activity outside of the classroom on cognition (AE-OC; Table 2, studies 5-17). Across the 13 papers, sample size varied from 33 (Etnier, Labban, Piepmeier, Davis, & Henning, 2014) to 234 (Jäger et al., 2015), with a mean of 93 participants (girls=50%) per study. All studies focused on children aged 8-14 years. Ten studies were conducted in Europe; three in Italy (Gallotta et al. 2012; 2015; Pesce et al. 2009), two in the Netherlands (Altenburg et al., 2015; Janssen et al., 2014), two in Germany (Kubesch et al., 2009; Niemann et al., 2013), two in the UK (Cooper, Bandelow, Nute, Morris, & Nevill, 2012; Pirrie & Lodewyk, 2012) and one in Switzerland (Jäger et al., 2015). Of the remaining studies, two were conducted in the USA (Etnier et al., 2014; Tine & Butler, 2012) and one in China (Chen et al., 2014). 

Across the studies, of 39 cognitive assessment outcomes there were seven positive, 23 no-difference, nine mixed, and zero negative when comparing the AE-OC to control conditions. Seven studies, the majority, assessed treatment fidelity at the group level presenting mean HR data and/or the percentage of time spent in activity thresholds (Chen et al. 2014; Cooper et al. 2012; Gallotta et al. 2012, 2015; Jäger et al. 2015; Pesce et al. 2009; Pirrie and Lodewyk 2012). Two studies did not record the intensity and/or duration of the physical activity bout (Etnier et al., 2014; Kubesch et al., 2009). Three studies attempted to control for individual variation in engagement during the acute bout; one provided feedback through HR monitors to participants during the bout (Niemann et al., 2013) and two withdrew participants from their analysis who did not meet the required HR intensity (Altenburg et al., 2015; Tine & Butler, 2012). The final study assessed engagement through accelerometry. Participants who accumulated <12 minutes MVPA were withdrawn from the analysis, ensuring treatment fidelity at the individual level (Janssen et al., 2014). A range of activities were used to elicit a moderate-high intensity, examples included; running games (Jäger et al., 2015), steady state jogging (Chen et al., 2014), maximal tests (Etnier et al., 2014), dance videos (Altenburg et al., 2015) and aerobic circuits (Gallotta et al., 2015; Pesce et al., 2009).  

Detail emerging from table 2

A range of cognitive domains were tested directly after the exercise bout, the most common being inhibitory control and selective attention. Beginning with inhibitory control, two studies reported conflicting results. After a 30-minute Physical Education (PE) session on aerobic exercise, Kubesch et al. (2009) revealed a significant improvement in immediate inhibitory control performance assessed by the flanker test, but not when assessed by the DOT test. In contrast, (Jäger et al., 2015) reported no change in immediate flanker test performance after 20 minutes of running games, regardless of fitness level or academic ability. Studies, which delayed the post-exercise test, found differing results. Ten minutes after the session, no change was found in inhibitory control assessed by the Stroop test after a heart smart aerobically focused PE lesson (Pirrie & Lodewyk, 2012). After 25 minutes, following 30 minutes of continual jogging, an improvement in inhibitory control processing speed was found on a flanker test (Chen et al., 2014). An extended delay of 45 minutes or more found no difference in scores between aerobic shuttle runs and an aerobic exercise group compared to sedentary control conditions (Cooper et al., 2012; Kubesch et al., 2009). In summary, improvements in inhibition following aerobic exercise are mixed, some suggesting increased performance and others no difference.  

A similar pattern emerges for selective attention. Twelve minutes of high-intensity running (Niemann et al., 2013; Tine & Butler, 2012) and 15 minutes of moderate, but not vigorous, aerobic activity (Janssen et al., 2014) improved immediate selective attention on the d2-test and sky search tests respectively. Yet, contrary to these observed improvements, a 50-minute aerobic circuit elicited no change in immediate performance on the d2-test (Gallotta et al., 2015). Two studies assessed selective attention after an extended delay following the acute bout. Gallotta et al. (2015) assessed selective attention again following a 50-minute delay. Overall improvement did not differ from that of control conditions, yet the percentage error rate increased slightly, suggesting a reduction in performance following this extended delay. In contrast, after two repeat 20-minute bouts of exercise conducted during a simulated school morning, sky search test performance was highest in the intervention group at 90 and 200 minutes post-exercise (Altenburg et al., 2015). This suggests that acute exercise repeated across a school morning can improve selective attention of children when placed between learning activities.

Further cognitive processes have been investigated in relation to acute aerobic exercise.  Working memory assessed through the N-back test (Chen et al., 2014) and Sternberg test (Cooper et al., 2012) found improvements in processing speed after delays of 25 minutes and 45 minutes, respectively. The exercise mode, intensity and duration varied greatly from 30 minutes of continuous jogging (Chen et al., 2014) to 10 minutes of repeated shuttle running (Cooper et al., 2012), suggesting that exercise volume (duration x intensity) may play a role in promoting cognitive benefits. This same study also investigated the impact of exercise on shifting, assessed by a more-odd task, finding that processing speed improved with no differences in accuracy. The only other study to investigate changes to shifting found no significant changes on a modified flanker test (Jäger et al., 2015). Two studies have investigated the effects of acute aerobic exercise on the higher order executive function, planning. Both studies used an aerobically-focused PE lesson, where a 60-minute lesson led to increased performance on trail making test (Pirrie & Lodewyk, 2012), while a 30-minute lesson showed no change in performance either immediately after exercise or after the following maths lesson on the DOT task (Kubesch et al., 2009). In summary, there is emerging evidence to support positive impact of acute exercise on working memory. Currently, the findings for shifting and planning are equivocal, and warrant further investigation.  

A small number of studies have investigated wider cognitive abilities, including information processing, reaction time, and immediate/delayed recall. For instance, Cooper et al. (2012) reported that information processing speed improved 45 minutes after completing a 10-minute bout of shuttle running, although a significant reduction in accuracy was observed, suggesting a speed accuracy trade-off. Kubesch et al., (2009) recorded no changes in reaction time, assessed by the DOT task, immediately after exercise and following an extended delay. For immediate recall, conflicting results have been found. Pirrie and Lodewyk (2012) observed no improvements in a sentence repetition test following aerobic exercises. In contrast, Pesce et al (2009) found improvements in primary and recency effects but not overall performance on an immediate free-recall memory test. Following a 12-minute discussion, delayed recall was then assessed. Significant improvements were observed in recency effects but not primary or overall effects. Similarly, Etnier et al. (2014) reported a significant improvement in immediate RAVALT test performance following a PACER test. These improvements were maintained in delayed recall 12 minutes after the initial test, but not 24 hours later. 

INSERT TABLE 3 HERE

Cognitively-enhanced physical activity outside of the classroom (CEPA-OC)

Summarising table 3

Seven peer-reviewed papers examined the impact of an acute bout of cognitively enhanced physical activity outside of the classroom on cognition (CEPA-OC; Table 3, studies 5, 6,14,16,18-20). Sample size varied from 52 (Pesce et al., 2009) to 234 (Jäger et al., 2015), with a mean of 115 participants (girls=46%) per study. Participants within these studies were predominantly aged 8-12yrs (Gallotta et al. 2012; 2015; Jäger et al. 2015; Pesce et al. 2009; Schmidt et al. 2015), although one study included younger children aged 6-8 years (Jäger et al., 2014), and another young people aged 15 years (Budde et al., 2008). All studies were conducted in Europe; three in Switzerland (Jäger et al., 2014, 2015; Schmidt et al., 2015) , three in Italy (Gallotta et al. 2012; 2015; Pesce et al. 2009) and one in Germany (Budde et al., 2008).  

Across the seven studies, of 17 cognitive assessment outcomes - compared to controls - two were positive, nine showed no difference, one was negative and five mixed. Treatment fidelity was difficult to ascertain; studies only reported mean group heart rates, meaning that full engagement of each participant could not be confirmed. Furthermore, the duration of the bouts varied widely, short sessions lasted <10 minutes (Budde et al., 2008) while other sessions lasted up to 50 minutes (Gallotta et al. 2012, 2015). In addition, the type of cognitively-engaging physical activity varied widely, with examples including; bilateral coordinate exercises (Budde et al., 2008), cooperative and competitive games requiring executive function (Jäger et al., 2014, 2015), team games (Pesce et al., 2009), cognitively-demanding exercise circuits (Schmidt et al., 2015) and movement-based problem solving and decision-making tasks (Gallotta et al. 2012, 2015). Given all these factors, all related interpretations and conclusions require due caution.

Detail emerging from table 3

[bookmark: _gjdgxs]Selective attention, consistently assessed by the d2 test, was the most commonly examined cognitive process. The first study in the field assessed the impact of bilateral coordinate exercise on selective attention (Budde et al., 2008). Findings showed that, compared to a moderately-active control, speed and accuracy significantly improved within CEPA-OC participants immediately after exercise. In contrast, more recent research found a 45-minute cognitively-demanding exercise circuit showed no immediate improvements in selective attention (Schmidt et al., 2015). Yet, after a delay of 90 minutes, the intervention group, compared to sedentary controls, improved their attention scores for speed only, as well as combined speed and accuracy scores. The first of two studies by Gallotta et al. (2012) found no change in selective attention immediately following movement-based problem-solving and decision-making tasks. In a follow-up study, focused on immediate and delayed cognition, mixed results were found. Immediately post-intervention, speed decreased, with accuracy and combined speed remaining consistent. After a 90-minute delay, the combined speed and accuracy remained consistent but accuracy decreased (Gallotta et al., 2015). 

Conflicting results were reported within a series of studies investigating the impact of a cooperative and competitive games session requiring executive function on inhibition control, updating and shifting (Jäger et al., 2014, 2015). In the first study, compared to sedentary controls, CEPA-OC resulted in improved inhibitory control immediately post-exercise, with no change observed in updating or shifting (Jäger et al., 2014). To identify whether this improvement was due to the quantitative characteristics or the cognitively-engaging activity, a four-arm follow-up study was conducted. This study compared aerobic exercise, cognitively-challenging physically active games, a cognitively-challenging sedentary session, and a non-cognitively-engaging sedentary session (Jäger et al., 2015). Immediately post-exercise, inhibition and shifting improved across all conditions, although no differences were observed between groups. Refined analysis revealed that students with higher fitness and academic achievement levels improved their updating scores compared to less fit individuals or lower academic achievers. This suggests that exercise may have differing effects on cognition due to personal characteristics. Follow up studies are required to confirm that these effects truly exist.  

Finally, Pesce et al., (2009) investigated the impact of team games on immediate and delayed recall. Immediately following team games, significantly higher rates of primacy and recency but not total number of recalled items were observed compared to the sedentary control condition, with no difference found for aerobically based exercise. For delayed recall (i.e., 12-minutes post-session), both team games and aerobic exercise elicited improvements in recency items but not primacy or overall effects. 

In summary, while the positive effects of CEPA-OC appear limited, beneficial effects have been observed. The strongest positive outcomes are found within selective attention, mainly due to the volume of research being conducted within this cognitive domain (Budde et al., 2008; Schmidt et al., 2015). Inhibitory control has been seen to improve immediately post-exercise, although these benefits were not sustained 45 minutes later (Jäger et al., 2014), or confirmed in a follow-up study (Jäger et al., 2015).  

Implications and future directions

We are confident in making the following recommendations precisely because the studies pool the recent evidence established using powerful research designs. Given the translational nature of the data, the strengths and limitations are so tightly intertwined that they relate to both research and implementation. The key issues will now be addressed. 

What is common? 

Task impurity affects both the assessment of cognition and of physical activity. Within different cognitive assessments it is likely that more than one cognitive process is being measured. While researchers would be wise not to elevate an outcome from one measure (e.g. Inhibition control-Stroop Task) to claim ‘improved executive functioning’, a nod should be made to other cognitive domains that may have been challenged within the test. Within physical activity, there was high variability in the activity that was completed, despite authors’ claims for uniformity. Handling the variability inherent to each component of the FITT-VP framework illustrates the scale of the challenge here. 

Few studies are replicated within school systems. Obviously, this field of research examining cognition, within the school environment, in children and young people is still in its infancy. At present, studies are spread across countries with little replication within country. For example, in table one, of only four studies, each was conducted in different countries and therefore, in widely differing school systems. Confirmatory studies are needed to establish outcomes. With proof of concept, international studies should be conducted.  

What is specific to the physical activity experience? 

Confirming the dose establishes face validity of both the treatment and the control conditions.  Currently, due to measurement issues, studies over-report the duration and intensity of physical activity within acute bouts. Therefore, confident conclusions cannot be drawn from theoretically doing 10-minutes of PA when only a proportion of children actually did this; most did far less. Assessment methods need to clearly report the number of minutes of physical activity performed at a moderate to vigorous intensity. Where necessary, non-compliance should be addressed in the outcome analysis. 

Address the inter-individual variability in the dose-response. As outlined, not all individuals engage in equal measures within real world physical activity opportunities. Therefore, all individuals may not achieve advertised cognitive benefits because their involvement did not meet thresholds for duration and intensity. Practitioners need to create physical activity environments that maximise the engagement of all individuals within the session. Researchers need to accurately assess inter-individual variability using measurement tools appropriate to the activity context and pediatric population (Corder et al., 2008). To enable accurate assessment of cognitive outcomes, minimum thresholds for activity should be used to identify participants who qualify to be included in the analysis (Janssen et al., 2014).  

Classroom control conditions favour what the teachers are likely to consider the alternative to being physically active. The majority of control conditions utilise seated or sedentary control conditions. First, it is inherently unhelpful to endorse to teachers, whether implicitly or explicitly, an activity-sedentary dichotomy. Where no cognitive improvements are attributable to exercise conditions, the research incidentally endorses sedentary learning. Studies should have multiple comparison groups to enable the identification of successful active ingredients (Jäger et al., 2015). Equally, designing studies with more physically active control conditions is justified. In addition, future studies should look to assess physically active learning that has been confirmed within laboratory-based experiments (Vazou & Smiley-Oyen, 2014). 

Specific issues affecting cognitive assessment. 

Assess a wider range of cognitive domains. To develop the evidence base, studies should strive to assess a wider range of cognitive domains. Care must be taken to appropriately structure larger cognitive assessment batteries to control time-dependent effects of acute physical activity on cognition and minimise test-induced fatigue. Within the current review, fifty-percent of the studies assess a single cognitive outcome, limiting understanding of the potential impact of exercise on cognition. Further, within the current literature, there is a skewed distribution of cognitive domains assessed, with a dominant focus on selective attention, closely followed by inhibition. By extending the scope of experimental designs to incorporate a broader range of cognitive domains, researchers and practitioners stand to benefit from evidence that offers a deeper comprehension of the complex relationship that exists between exercise and cognition.  Due to time-dependent effects of acute physical activity on cognition, care should be taken to limit the range of cognitive tests included within testing batteries 

Cognitive tasks must use age-appropriate stimuli and instructions. Studies and interventions need to detail the selection criteria for the testing battery, clearly outlining the validity of the test adopted for use with children and young people. Specifically, stimuli and instructions utilised within research and practice should be specific to the age of the participants, ensuring that cognitive maturation is accounted for as explicitly as physical capability. 

Chronological age groups should be underpinned by relevant theory, and not based solely on opportunistic sampling. Building upon the above conclusion, it is crucial that sampling methods go beyond mere convenience. Future interventions and research studies should make greater efforts to develop and justify robust participant recruitment strategies to ensure effective alignment between population samples and the protocols deployed. To this end, it is important that appropriate theories, models and frameworks are utilised in the development of research questions and evaluation methods.

Final Conclusions

Based on our review, we suggest a cautious optimism regarding claims for the impact of acute bouts of physical activity on cognition within the school environment. To be more confident would require further studies that address the depth of the problem in confirming the benefits of physical activity - within the school context - on cognition. Many of the shortcomings affecting the current evidence base arise from the complexity inherent to all the possible combinations of FITT-VP, the cognitive processes and how they are observed. Within the current literature, the physical activity bout is generally defined as a common experience, whereas the observation data indicates a highly variable experience. To progress the field, researchers need to clearly define the physical activity provision and confirm levels of individual engagement.  

Further, to progress more systematically, there is need for researchers to manipulate single components of the FITT-VP framework within each experimental study, assessing the alteration against each cognitive outcome. To aid these developments, multidisciplinary research teams together with context-relevant practitioners need to design interventions that optimise the physical activity that can be achieved while assessing the impact on a range of cognitive outcomes. 
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