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Background: Physical exercises can affect executive function both acutely and chronically, with different mechanisms for each moment. Currently, only a few reviews have elaborated on the premise that different types of exercises have different mechanisms for improving executive function. Therefore, the primary purpose of our systematic review was to analyze the effects of acute and chronic exercises on executive function in children and adolescents.

Objective: We identified acute and chronic exercise studies and randomized controlled trials (RCTs) of executive function in children and adolescents that reported overall effect, heterogeneity, and publication bias of acute and chronic exercises on executive function.

Methods: We searched for RCTs of exercise interventions in children and adolescents from databases including PubMed, Web of Science, Scopus, The Cochrane Library, CNKI (China National Knowledge Infrastructure), and Wanfang, from January 1 2009 to December 31 2019. We performed methodological quality evaluations on the included literature using the Physiotherapy Evidence Database Scale (PEDro) and graded evidence with a meta-analysis using Stata 12.0 software.

Results: In total, 36 RCTs were included (14 acute exercises, 22 chronic exercises); the overall results of the meta-analysis (4,577 students) indicated that acute exercises significantly improved working memory (standardized mean difference (SMD) = −0.72; 95% confidence interval (CI) −0.89 to −0.56; p < 0.001), inhibitory control (SMD = −0.25; 95% CI −0.40 to −0.09; p = 0.002), and cognitive flexibility (SMD = −0.34; 95% CI −0.55 to −0.14; p < 0.005), whereas chronic exercises significantly improved working memory (SMD = −0.54; 95% CI −0.74 to −0.33; p < 0.001), inhibitory control (SMD = −0.30; 95% CI −0.38 to −0.22; p < 0.001), and cognitive flexibility (SMD = −0.34, 95 % CI −0.48 to −0.20, p < 0.001).

Conclusion: Acute and chronic exercises can effectively improve the executive function of children and adolescents. The effects on inhibitory control and cognitive flexibility are considered as small effect sizes, while the effects on working memory are considered as moderate effect size. Limited by the quantity and quality of the included studies, the above conclusions need to be verified with more high-quality studies.
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INTRODUCTION

A sedentary lifestyle and physical inactivity (insufficient exercises time) are prevalent among children and adolescents (Sisson et al., 2009; Qi et al., 2019) and are negatively linked with their physical and psycho-cognitive health (Tremblay et al., 2011; Flashner et al., 2019). Specifically, these unhealthy lifestyle behaviors result in obesity (Rey-Lopez, 2008), uncoordinated movements (Ferguson et al., 2014; Flashner et al., 2019; Kong et al., 2019; Riquelme et al., 2019), negative emotions (depression, anxiety, suicide attempts) (Berardelli et al., 2018; Thivel et al., 2018; Padulo et al., 2019) and a severe deficit of cognitive functions (Torrens-Burton et al., 2017; Koolhaas et al., 2019; Loprinzi et al., 2019). Among the components of cognitive functioning, inhibitory control, working memory, and cognitive flexibility play a critical role in the development of school-age children and their educational achievement or academic performance (Best, 2010; Willoughby et al., 2012).

Diamond proposed a three-factor model of executive functions and stated that inhibitory control, working memory, and cognitive flexibility are the three core executive functions (EF); the three aforementioned cognitive abilities work together to influence higher-order executive functions such as reasoning, planning, and problem solving (Diamond, 2013). However, there is little longitudinal experimental evidence in the field of sports and health promotion to prove that physical activity is relevant to high-level executive functions such as decision-making and reasoning in children and adolescents. In contrast, the more such evidence appears in the context of techniques and tactics in high-level athletes (Taddei et al., 2012; Bjoern et al., 2018; Beavan et al., 2020). Therefore, this review only considers the three main executive functions of inhibitory control, working memory, and cognitive flexibility. Firstly, inhibitory control (self-control) refers to the ability to suppress irrelevant reactions, allowing children to control automatic or impulsive behaviors while performing minimal automatic reactions (Pindus et al., 2019); secondly, working memory (refreshing tasks) allows children to register information in the brain and then to perform cognitive operations on it (Keita et al., 2011); thirdly, cognitive flexibility (tasks of conversion) refers to the ability of a child to move flexibly to a new situation or another state (Masley et al., 2009). When EF are impaired, children generally show abnormalities in social functions, emotions, and cognition (Goodall et al., 2018; Wang et al., 2019), often accompanied by learning difficulties, conduct disorders, and maladaptive phenomena (Rocha et al., 2019). Thus, such cognitive abilities in the growth and development stage are undoubtedly crucial for children and adolescents.

Emerging evidence indicates that physical activity and exercise can influence executive functions such as inhibitory control, working memory and cognitive flexibility both acutely and chronically (Rathore and Lom, 2017; De Greeff et al., 2018; Vazou et al., 2019). Furthermore, chronic exercises as a part of healthy lifestyle behaviors are widely recognized to be associated with improved EF across different age groups (Hillman et al., 2011; Li et al., 2017), while the expanding topic on acute exercises (referring to a single bout of exercises taking 10–60 min) indicates their potential to improve these cognitive outcomes (Byun et al., 2014). However, to date, very few reviews have systematically and simultaneously evaluated the effects of both exercise types on the three key EF components in children and adolescents; the reviews on this topic either focused on healthy adults and older adults (Ludyga et al., 2016; McSween et al., 2019; Chen et al., 2020) or chronic exercises alone in the same age group (Ludyga et al., 2016; Xue et al., 2019), or presented unclear information on a selected outcome (reaction time, accuracy, or derived scores) (Li et al., 2017; De Greeff et al., 2018; Sember et al., 2020). Meanwhile, previous studies have shown that physical activity is more sensitive to reaction time than the three key cognitive components (Ellemberg and St-Louis-Deschênes, 2010; Zhu, 2015). Against this background, the primary purpose of this review was to comprehensively analyze the effects of acute and chronic exercises on the EF of children and adolescents and to further explore the effects of acute and chronic exercises on the three different tasks of inhibitory control, working memory, and cognitive flexibility. In response to these differences in the literature, this review highlighted the relationship between exercises and EF, regulated by factors such as exercise type, exercise intensity, exercise duration, individual factors, and subcomponents of executive function.



METHOD

Our research follows the requirements of the international meta-analysis writing guidelines (the PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate health-care interventions: explanation and elaboration) for selecting and utilizing research methods (Shamseer et al., 2015).


Retrieval Strategy

The databases PubMed, Web of Science, Scopus, The Cochrane Library, China National Knowledge Infrastructure (CNKI), and Wan Fang were searched from January 1 2009 to December 31 2019. Two reviewers independently searched articles published in Chinese and English, supplemented by a manual search, and retrospectively included references if necessary. The following two sets of search terms were used: “physical activity” or “exercises” or “physical fitness” or “physical endurance” or “motor activity” or “physical education” or “sport” or “basketball” or “football” or “running” or “cycling” or “jumping” or “dancing” or “tai chi” or “yoga” or “aerobic” and “executive function” or “inhibition” or “inhibiting ability” or “self-control” or “working memory” or “updating” or “refreshing” or “cognitive flexibility” or “task-switching” or “shifting” and “child” or “student” or “toddler” or “preschooler” or “adolescents.” If an article was incomplete or unavailable, we contacted the corresponding author by email to obtain detailed information. For literature tracing, based on the retrieved literatures or related references listed in the review, we used Baidu Scholar and Google Scholar to search for them retrospectively.



Inclusion Criteria and Exclusion Criteria

Two reviewers independently screened the articles. When there was a disagreement between the two reviewers, a third reviewer evaluated the original study to reach a consensus. Any potentially relevant research needed to meet the following inclusion criteria: (1) children and adolescent participants aged 5–18 years with right-hand dominance, corrected or normal vision and a healthy body were deemed eligible; (2) the exercise group was the primary intervention measure (e.g., aerobic-based, motor skill-based, combining aerobic, muscular activity, yoga, basketball), compared with different types of control groups (i.e., no-intervention control group, waiting list, and routine care) and all the intervention measures were motor skill-based or aerobic-based and clearly defined in terms of the exercise protocol; (3) preliminary studies were randomized controlled trials, and the randomization was done either on an individual or on a group (e.g., classroom) basis; (4) outcome indicators included test data on executive function (working memory, inhibition and cognitive flexibility), with a minimum of one outcome with quantitative data for calculating the pooled effect size. Conditions for exclusion from the study included: (1) ambiguous explanations of exercises interventions; (2) irrelevant outcomes; and (3) studies for which the full text could not be obtained.



Data Extraction

Two reviewers independently extracted data according to a predefined protocol. If there were any differences or inconsistencies, they would discuss the study with a third reviewer. They gathered the following information: (1) literature information, including author name, year of publication and country; (2) sample size (male sample); (3) socioeconomic status; (4) age of subjects, mainly used to divide the type of population; (5) intensity of exercise intervention, duration of intervention, time of intervention, frequency of intervention; (6) intervention program; (7) measurements, mainly including the three dimensions of working memory, inhibition and cognitive flexibility; and (8) adverse events and follow-up.



The Methodological Quality of the Included Studies

Similar to previous studies (Zou et al., 2018, 2019), the Physiotherapy Evidence Database Scale (PEDro) was used to assess the risk of bias (Macedo et al., 2010). The assessment tool includes 10 items, as follows: eligibility criteria, randomization, concealed allocation, similar baseline, assessor blindness, subject blindness, point estimation, comparison between groups, a retention rate of 85% or above and completeness of measurement results. Notably, the use of a blinded instructor was unrealistic during exercise interventions, and so this item was not considered. A higher total score (0–10 points) represents a better methodological quality, where a PEDro score ≥6 is categorized as the high-quality group while a PEDro score <6 is categorized into the low-quality group (Maher et al., 2003). The methodological quality of the included studies was independently assessed by two panelists using PEDro, and any differences were resolved by a third reviewer.



Statistical Analysis

Stata 12.0 (Stata Corp, College Station, TX) was used as data processing software (Press, 2009). We used the standardized mean difference (SMD) with a 95% confidence interval (CI) to analyze the combined effect size. According to the Cochrane systematic review manual, if a study included more than one control group, the sample size of the exercise intervention should be equally assigned during pair comparison in order to avoid analysis unit errors (Handoll et al., 2002). If statistical heterogeneity was found across studies (I2 ≥ 50%, p < 0.10), we applied the random-effects model—otherwise, the fixed-effect model was applied—and we used the Hedges' g method to reflect the magnitude of exercise intervention (Liu et al., 2019). According to the criteria for evaluating effect volumes, a small effect was between ≥0.2 and <0.5, a medium effect was between ≥0.5 and <0.8, and a large effect was ≥0.8 (Hanley et al., 2003). The heterogeneity of the included studies was determined with the p-value (threshold point of 0.1) and I2 statistics (25, 50, and 75%, representing small, medium, and large heterogeneity, respectively) (Liu et al., 2019).

Given that overall effect sizes may be influenced by heterogeneity factors (age, study quality, motor skill type, composite type, intervention duration, intervention frequency, and intervention time), several regression analyses were separately performed. Additionally, subgroup analyses were also performed for age, study quality, motor-skill type, composite type, and intervention duration, frequency, and time: (1) prepubertal children (5–12 years) vs. adolescents (12–18 years) (Cardoso, 2007); (2) PEDro scores of >6 points (high-quality studies) vs. PEDro scores of <6 (low-quality studies) (Maher et al., 2003); (3) open-skilled exercises (different types of motor skills that respond to individual requirements in a dynamically changing or unpredictable external environment, where physical education, basketball, and ping-pong belong to open exercises) vs. closed-skill exercises (movements with relatively stable sports environments, such as yoga and running) (Liu et al., 2019); (4) sole-mode training (the use of a single skill) vs. multimodal training (the use of a variety of skills including yoga and running, aerobic exercises); (5) 12 weeks was used as a cutoff for chronic exercise intervention; (6) intervention time referred to the timing of intervention, where a threshold of 30 min for chronic exercise was recommended; and (7) three times a week was used as a threshold for chronic exercise intervention frequency. The selection of these moderators was principally inspired by McMinn and Rathore (Mcminn, 2012; Rathore and Lom, 2017).



Evidence Certainty Assessment

The Grading Recommendations to Assess Development and Evaluation system (GRADE) is an evidence evaluation system and is one of the international standards for evidence quality and the classification of recommendation strength (Zhang et al., 2019). We evaluated the quality of the evidence for each outcome using the GRADE classification with four possible levels: I (high), where the real effect is similar to a credible estimate; II (moderate), where the true effect is closest to the estimated effect; III (low), where the actual effect may be significantly different from the estimated effect; and IV (very low), where the actual effect is likely to be significantly different from the estimated effect. Five factors can cause the quality of the evidence to decrease: (1) risk of bias; (2) imprecision; (3) inconsistency; (4) indirectness; and (5) publication bias.




RESULTS


Literature Search Results

The latest review of electronic searches (as of December 2019) retrieved a total of 455 articles. During the preliminary screening, we excluded 353 studies based on their title and abstract for reasons including duplications (n = 95), language (n = 6), or not being related to the subject content (n = 252). Further screening was performed by reading the full text, and 66 records were excluded because of non-randomized controlled trials (n = 22), no reported data for analysis (n = 21), review (n = 3), no major exercise interventions (n = 13), or non-healthy participants (n =7). Finally, the meta-analysis included 36 articles: 14 for acute exercises and 22 for chronic exercises (Figure 1).


[image: Figure 1]
FIGURE 1. Flow of the study selection method.




Eligible Research Features

The 36 articles included were randomized controlled trials (14 acute exercises, 22 chronic exercises), including 4,577 healthy participants (1,308 participants of acute exercises), of which 2,227 were in the experimental group (670 participants of acute exercises) and 2,350 were in the control group (635 participants of acute exercises) (Tables 1, 2). In acute exercises and chronic exercises, the ages of the included students ranged from 5 to 18 years old, while three of the studied articles did not specify age (Chaddock-Heyman et al., 2013; Weng et al., 2014; Budde et al., 2016). In terms of interventions, 12 studies used acute exercises—short-term, medium-intensity aerobic exercises, such as jogging or power cycling, with an exercise time from 10 to 40 min—and 20 studies used chronic exercise interventions with a duration from 8 to 20 weeks, 2–5 times a week, and with 30–90 min per session. Furthermore, each study consisted of at least one dimension of the outcome indicators of inhibitory control (10 acute exercises, 15 chronic exercises), working memory (nine acute exercises, 13 chronic exercises), and cognitive flexibility (three acute exercises, eight chronic exercises) in three dimensions. In addition, only three articles in the included studies reported follow-up status (Fisher et al., 2011; Telles et al., 2013; Tarp et al., 2016), and no adverse events occurred.


Table 1. Characteristics of the studies included in the meta-analysis (acute exercises).
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Table 2. Characteristics of the studies included in the meta-analysis (chronic exercises).

[image: Table 2]



Methodological Quality Evaluation

The methodological quality of the included studies is presented in Table 3. The mean scores for acute and chronic exercise types were 7 and 6.77, respectively, indicating a high degree of credibility. All 36 studies were randomized controlled trials, five articles described the method for hiding random allocation (Kubesch et al., 2009; Ellemberg and St-Louis-Deschênes, 2010; Telles et al., 2013; Hillman et al., 2014; Budde et al., 2016), and the rest only mentioned random allocation. Eight studies adopted the blind-reviewer method (Fisher et al., 2011; Telles et al., 2013; Hillman et al., 2014; Chun et al., 2015; Jager et al., 2015; Budde et al., 2016; Chen et al., 2016; Yin et al., 2018), and five articles used the blind-examiner method (Fisher et al., 2011; Telles et al., 2013; Yan et al., 2014; Jager et al., 2015; Chen et al., 2016); the rest were implemented without a blind method. There were 11 articles that did not describe the source of their examination.


Table 3. Physiotherapy Evidence Database Scale (PEDro) of the included randomized controlled trials (acute exercises and chronic exercises).

[image: Table 3]




META-ANALYSIS RESULTS

Twenty-three studies examined the effect of exercises on inhibitory control (as measured by the Stroop, Go/no-go, or Flanker tasks). The aggregated result showed a significant benefit in favor of acute exercises on the inhibitory control of children and adolescents (SMD = −0.25; 95% CI −0.40 to −0.09, I2 = 9.9%, p = 0.002) (Figure 2). The aggregated result showed that chronic exercises can significantly shorten response times (SMD = −0.30; 95% CI −0.38 to −0.22, I2 = 64.2%, p <0.001) (Figure 3). The SMDs of acute and chronic exercises were considered as small ESs.


[image: Figure 2]
FIGURE 2. The effect of acute exercises on inhibitory control (SMD = standardized mean difference; CI = confidence interval).



[image: Figure 3]
FIGURE 3. The effect of chronic exercises on inhibitory control (SMD = standardized mean difference; CI = confidence interval).


Twenty-two studies (27 pairwise comparisons) examined the effect of exercises on working memory (as measured by digit span backward, Tower of London, and N-back tasks). A higher negative value of the mean change score for the reaction time indicated less time being required for working memory. The aggregated result showed a significant benefit in favor of acute exercises on working memory (SMD = −0.72; 95% CI −0.89 to −0.56, I2 = 10.9%, p < 0.001) (Figure 4). Chronic exercises were shown to shorten the response time effectively (SMD = −0.54; 95% CI −0.74 to −0.33, I2 = 63.4%, p < 0.001) (Figure 5). The SMDs of acute and chronic exercises were considered as moderate ESs.


[image: Figure 4]
FIGURE 4. The effect of acute exercises on working memory (SMD = standardized mean difference; CI = confidence interval).



[image: Figure 5]
FIGURE 5. The effect of chronic exercises on working memory (SMD = standardized mean difference; CI = confidence interval).


Thirteen studies (14 pairwise comparisons) examined the effect of exercises on cognitive flexibility (as measured by more-odd shifting and the Wisconsin card sorting test). A higher negative value of the mean change score for the reaction time indicated less time being required for cognitive flexibility. The aggregated result showed a significant benefit in favor of acute exercises on cognitive flexibility (SMD = −0.34; 95% CI −0.55 to −0.14, I2 = 0%, p < 0.005) (Figure 6). Similarly, chronic exercises also had a significant effect on cognitive flexibility (SMD = −0.34, 95 % CI −0.48 to −0.20, I2= 49.3%, p < 0.001) (Figure 7). The SMDs of acute and chronic exercises were considered as small ESs.


[image: Figure 6]
FIGURE 6. The effect of acute exercises on cognitive flexibility (SMD = standardized mean difference; CI = confidence interval).



[image: Figure 7]
FIGURE 7. The effect of chronic exercises on cognitive flexibility (SMD = standardized mean difference; CI = confidence interval).



GRADE Quality Evaluation

Based on the criteria of GRADE, the assessment of the certainty of the evidence regarding the significant impact of exercises on the subsets (inhibitory control, working memory, and cognitive flexibility) of executive functions in children and adolescents was separately evaluated (Table 4). Specifically, acute exercises exhibited medium-quality evidence for the working memory, inhibitory control, and cognitive flexibility of children and adolescents in their executive functions, whereas chronic exercises showed medium-quality evidence on inhibitory control and low-quality evidence on working memory and cognitive flexibility.


Table 4. Grading Recommendations to Assess Development and Evaluation (GRADE) assessment of the evidence of certainty for exercise effects.
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Moderator Analysis

For chronic exercises, variables (age, type, study quality, composite, frequency, time, and duration) are likely to be the influencing factors for children and adolescents on their inhibitory control and working memory. Moderator analysis using separate models was employed to examine potential sources of variance. All results are presented in Table 3.


Inhibitory Control Moderators

In terms of the composite type of intervention, either multiple exercise interventions or sole exercise interventions were employed in the original studies. There were no statistically significant differences on the ESs between the two types of interventions (Q = 10.25, p = 0.001) (Table 5). For chronic exercises, the sole exercise interventions had a significant improvement on inhibitory control (SMD =-0.55, 95% CI −0.83 to −0.25, p < 0.001) compared with the multiple exercise interventions (SMD = −0.16, 95% CI −0.27 to −0.06, p < 0.001). Furthermore, for intervention classification in the experimental group, open motor skills and closed motor skills were included in our current meta-analysis, showing a statistically significant difference in the ES (Q = 14.49, p = 0.001). The results showed a significant effect of open motor skills (SMD = −0.56, 95% CI −0.73 to −0.40) on inhibitory control. In terms of age, there was a statistically significant difference (Q = 12.23, p = 0.01). A large and significant reduction in the ES was attributed to children 12–18 years old (SMD = −0.81, 95% CI −1.15 to −0.48, p < 0.001) when compared with children 5–12 years old (SMD = −0.19, 95% CI −0.28 to −0.09, p < 0.01). Moreover, there were no significant differences in the duration (Q = 0.07, p = 0.791), frequency (Q = 1.48, p = 0.224), and exercise session time (Q = 3.57, p = 0.110). Similarly, the quality of studies did not produce a statistically significant difference between the two levels (Q = 2.39, p = 0.124).


Table 5. Subgroup analysis of inhibitory control (chronic exercises). SMD: standardized mean difference.
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Working Memory Moderators

In terms of intervention classification, a statistically significant difference of the evaluated ES was observed (Q = 20.53, p = 0.001) in open motor skills (SMD = −0.72, 95% CI −0.93 to −0.43, p < 0.001) and closed motor skills (SMD = −0.31, 95% CI −0.57 to −0.25, p < 0.01) (Table 6). In terms of the composite type of intervention, the two types of composite (multiple exercise interventions and sole exercise interventions) did not contribute to statistically significant differences for the ES estimate (Q = 1.47, p = 0.257), where both multiple exercise interventions (SMD =-0.58, 95% CI −1.15 to −0.37, p < 0.001) and sole exercise interventions (SMD = −0.44, 95% CI −0.83 to −0.25, p < 0.001) led to significant improvements in working memory. Notably, study quality produced a significant difference in working memory (Q = 27.89, p = 0.001). A study quality score of more than 6 had a small and significant ES (SMD = −0.33, 95% CI −0.55 to −0.21, p < 0.01). By contrast, a large and significant ES on working memory was found in favor of studies with a quality score of <6 (SMD = −0.86, 95% CI −1.13 to −0.39, p < 0.01). In addition, the factor of age contributed to statistically significant differences for the ES estimate (Q = 18.06, p = 0.001); children 5–12 years old had a greater improvement in working memory (SMD = −0.64, 95% CI −0.87 to −0.42, p < 0.001) than those 12–18 years old (SMD = −0.30, 95% CI −0.49 to −0.12, p < 0.001). Additionally, in terms of duration, frequency, and exercise session time, there was a statistically significant difference for exercise session time (Q = 18.92, p = 0.001). A moderate and significant reduction in the ES was attributed to the exercise session time (≤30 min, SMD =-0.82, 95% CI −1.01 to −0.64, p < 0.001) when compared with prolonged exercise (>30 min), which contributed to a small ES (SMD =0.35, 95% CI −0.47 to −0.22, p < 0.001). By contrast, statistically significant differences of the evaluated ESs were not observed for duration (Q = 0.16, p = 0.694) and frequency (Q = 0.10, p = 0.953).


Table 6. Subgroup analysis of working memory (chronic exercises).
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Meta-Regression Analysis

In order to examine the effect of chronic exercises on inhibitory control and working memory, meta-regression analyses were performed to determine if the variables (age, type, study quality, composite, frequency, time, and duration) influenced the different indices in Tables 7, 8. Regression results showed that open motor skill interventions (β = 0.451645, Q = 1.82, df = 1, p = 0.007) and age (β = −0.608123, Q = 2.51, df = 1, p = 0.029) were significantly associated with inhibitory control. However, we found no significant relationship between composite interventions and dependent variables on inhibitory control (β = 0.406159, Q = 2.06, df = 1, p = 0.064).


Table 7. Regression analysis for chronic exercises versus the control group of inhibitory control.

[image: Table 7]


Table 8. Regression analysis for chronic exercises vs. the control group of working memory.
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Regarding the effects of chronic exercises on working memory, both type (β = −0.375588, Q = 3.57, df = 1, p = 0.024) and study quality (β =-0.555877, Q = 5.28, df = 1, p = 0.001) influenced the ES. Notably, we found that age could significantly moderate the ES of working memory (β = 0.293404, Q = 4.57, df = 1, p = 0.033). Additionally, there was no significant relationship between exercise session time and chronic exercises on working memory (β = 0.303556, Q = 1.71, df = 1, p = 0.115).




DISCUSSION


Summary of Evidence

The present meta-analysis suggests that both acute and chronic exercises may be effective for improving executive functions (e.g., inhibitory control, working memory, and cognitive flexibility) in healthy child and adolescent populations. Moreover, in chronic exercise interventions, working memory was moderated by age, exercise type, and study quality, while only two variables (age and exercise type) played a moderating role in inhibitory control.



Inhibitory Control

Inhibitory control refers to the conscious inhibition or automatic response in the cognitive process (Wright et al., 2010). The Stroop, Go/no-go, and Flanker tasks are the most commonly used tools to evaluate the performance (reaction time and/or accuracy) of inhibitory control (Chen et al., 2020). The present review suggests that both acute and chronic exercises are beneficial for inhibitory control, with small magnitudes (Xue et al., 2019; Li et al., 2020). The mechanisms of action of acute and chronic exercises on inhibitory control are unclear, but a possible explanation regarding the effects is attributed to the features of exercises; that is, whether acute or chronic exercises are used can cause an individual to need to complete more complex tasks than everyday multitasking, and this operation mode relies on the non-automatic selection of the process during exercises, which facilitates the speed of reaction of inhibition control (Li et al., 2017). Furthermore, a prior study suggested that acute exercises could significantly improve the speed of reaction of inhibitory control in children and adolescents (Ludyga et al., 2016), and a recent study suggested that chronic exercises are equal to the cumulative effect of acute exercises, while the increase in cognitive performance after chronic exercise interventions seems to be reasonable (Pesce, 2012). Therefore, further studies will be needed to identify the relationship between the influence mechanisms of acute exercises and chronic exercises on inhibitory control.

It is common that heterogeneity across studies is present in the meta-analysis, but the impact of acute exercises on the inhibitory control has a small heterogeneity, which is not in agreement with other acute exercise intervention review studies (Moreau and Chou, 2019). This may be due to the fact that our inclusion criteria only included healthy children and adolescents, and evaluation in acute exercise research is carried out immediately after the intervention, which leads to less heterogeneity between different studies. On the contrary, there was considerable heterogeneity regarding the effect of chronic exercises on inhibitory control (I2 = 68.20%). Meta-regression showed that age and intervention types were moderators of the effect of chronic exercises on inhibitory control, implying that the effect of chronic exercises on inhibitory control improved with age.

Furthermore, the subgroup analysis indicated that, from the age perspective, although 5–12-year-old children and 12–18-year-old adolescents showed positive effects in terms of improving inhibitory control, 5–12-year-old children showed a low inhibitory ability compared with 12–18-year-old adolescents. This finding is in agreement with a previous study (Harnishfeger, 1995) that showed that there is an obvious age trend in the development of inhibition: children between 5 and 10 years of age had a very low inhibition ability, children over 10 years of age began to approach adults, and adults had the strongest inhibition ability (Harnishfeger, 1995). In addition, from the study intervention characteristic perspective, open motor skills can improve inhibition ability significantly more than closed motor skills (p = 0.001). This is attributed to the fact that open skills need to respond consistently to changing circumstances. In the process of implementation, information processing methods such as perception, pattern recognition, and decision-making are more prominent than in closed skill exercises, and the level of self-regulation is higher, resulting in significant inhibitory control. A recent meta-analysis demonstrated that the strongest effects emerged from aerobic exercises (motor skills) and cognitively engaging exercises (yoga combined with meditation and stretching) (Vazou et al., 2019). Moreover, a prior study suggested that cognitively engaging physical activity and mentally enriching interventions may promote fundamental changes in the brain that benefit cognition in children (Hillman et al., 2014). These findings indicated that more advanced strategies and cognitive motor skills can contribute to improving inhibitory control for normal child and adolescent populations. Finally, our results showed that medium effect sizes emerged from chronic exercise programs focused on sole exercise interventions (i.e., football, tennis, yoga, wuqinxi). It is important to emphasize that the interpretation of the results from comparisons between sole exercises and multiple exercises of physical activity programs should be conducted with caution due to the small number of studies included in this review.

In addition, the experimental intervention characteristics involving duration, frequency, and exercise session time were not moderators of the effect of chronic exercises on inhibitory control (p > 0.05). However, as we found those studies had no long-term follow-up, it remains unclear whether a potential benefit will emerge after a longer period after intervention with chronic exercises on inhibitory control. Therefore, we should not make any definitive claims with respect to composite types and experimental intervention characteristics for chronic exercises in this systematic review.



Working Memory

Working memory mainly measures the preservation and update of information, and the digit span forward, digit span backward, letter digit span, Tower of London, and N-back task (1-back and 2-back) measurement tools are the most commonly used to evaluate the response time of working memory (Chen et al., 2020). The aggregated results of the present meta-analysis show that acute and chronic exercises are beneficial for working memory in children and adolescents (the magnitude of the effects were statistically significant), and the calculated ESs were −0.72 (acute exercises) and −0.54 (chronic exercises), which have similar medium efficacies for improving working memory. A prior study suggested that acute aerobic exercises have an intensity dose effect on memory in children and adolescents (Rathore and Lom, 2017). Furthermore, early meta regression analysis studies also found that acute aerobic exercises have a promoting effect on memory, and the effect size is greater than that of acute exercises affecting inhibitory control and information processing speed (Lambourne and Tomporowski, 2010). In addition, according to the international physical activity guidelines, chronic exercises are very cognitively beneficial (Schmidt et al., 2015), and a prior study suggested that the cardiorespiratory fitness level of chronic exercises is helpful for the 1-back reaction speed (Luo, 2018). However, regarding the differences between the intervention effects of chronic exercises and acute exercises, the results of a previous study (Rathore and Lom, 2017) are inconsistent with our research results due to the inclusion of older adults, while our criteria include only children and adolescents. Furthermore, some previous studies have suggested that acute exercises have no effect on working memory (Li et al., 2017; De Greeff et al., 2018). Similarly, a prior study suggested that working memory showed no improvement across a range of intervention durations (5–20 min) and intensities (Daly-Smith et al., 2018). The reason for the difference in these results is due to our working memory measurement index extraction method, which only revolved around the processing speed without considering accuracy. The current meta-analysis shows that moderate to high intensity and time (20–30 min) physical activity is effective at enhancing the response time of working memory. Although the mechanisms of action of acute and chronic exercises on working memory are unclear, the contrasting results between chronic and acute exercises offer interesting future directions to explore different mechanisms that govern both intervention types, and need further study.

In addition, our results show that acute exercises were characterized by non-significant heterogeneity (I2 = 24.4%), which indicates that the 11 studies were not significantly dissimilar from each other, adding further confidence to the result. By contrast, the meta-analysis of the 14 chronic exercise studies revealed a significant heterogeneity (I2 = 63.4%). Meta-regression showed that study quality and intervention type were moderators of the effect of chronic exercises on working memory. Moderator analysis suggested that a significant difference in working memory between a study quality with a score more than six and a study quality with a score <6 was observed, which implies that a less rigorous study design may consciously affect the results, thus exaggerating the effect of the intervention and resulting in a large effect size. In addition, similarly to the inhibitory control influence mechanism, open motor skills exercises may also significantly improve the reaction of working memory.

Furthermore, experimental intervention characteristics involving duration, frequency, and exercise session time are crucial to investigating the effects of chronic exercise changes in working memory. The moderator analysis indicated that each session time of ≤30 min can improve the response of large ES (−0.82) on working memory; the effect is more significant than for a session time of >30 min. A prior study suggested that the effect of aerobic exercises for 55 min is not as good as for 30 min (Fu and Fan, 2016). The possible reason for this is that an excessively long exercise time cannot induce an appropriate level of arousal and results in fatigue (Moreau and Chou, 2019). Additionally, duration (<12 weeks) and frequency (one to three times) could significantly contribute to moderate ESs on working memory; chronic exercises more than four times per week and for more than 12 weeks did not significantly benefit working memory (p1 = 0.694, p2 = 0.953). The reason for this finding is not fully understood, because of the limited experimental design with no long-term follow-up. Therefore, we also should not make any definitive claim with respect to duration and frequency for chronic exercises in working memory. It is worth noting that from the age perspective, our current meta-analysis showed that the intervention effect for children aged 5–12 is greater than that for adolescents aged 12–18 (p = 0.001); this is the opposite of the result for the inhibitory control. This may be attributed to the fact that working memory extraction, attention distribution and focus of attention increase significantly at 6–9 years old (Wang et al., 2013), and children aged 5–12 can actively complete tasks in accordance with the teacher's requirements, which is also one of the reasons for their strong subjective initiative.



Cognitive Flexibility

Cognitive flexibility refers to the ability of individuals to constantly adjust their thoughts and behaviors in order to adapt to changing situations (Hernández et al., 2010). Specifically, when two tasks compete for the same cognitive resource, flexibility is the process of controlling the mutual conversion of these two tasks. The commonly used measurement tasks are as follows: the plus–minus task, number–letter task, more-odd shifting, the local–global task, and the Wisconsin card sorting test (WCST).

Because cognitive flexibility was present across a small number of eligible studies, the present meta-analysis only synthesized WCST and more-odd shifting. With respect to cognitive flexibility, a significant improvement in cognitive flexibility in the present meta-analysis was identified in favor of acute and chronic exercises, but the ES effects of the two types of exercises regarding cognitive flexibility were small (−0.34). It is reasonable that a significant improvement was observed for cognitive flexibility. That is because exercises intervention can change the brain's activation pattern, which specifically manifests as an increased activation of the bilateral upper frontal gyrus, bilateral middle frontal gyrus, and bilateral upper lobules, and an individual is prone to having activated pre-frontal and parietal lobes when exercising cognitive flexibility (Jamadar et al., 2010; Boucard et al., 2012). Therefore, appropriate exercises can improve cognitive flexibility. Although the positive effects of acute and chronic exercises on cognitive flexibility have been shown in the present meta-analysis, it is necessary to explore the literature evidence because of the small number of studies included.



Study Limitations

This study has a certain number of limitations and deficiencies. (1) There was a limited number of works on cognitive flexibility. Therefore, we could not obtain an accurate result regarding the effect of executive function interventions on children and adolescents. (2) The high-level executive functions, such as decision-making and reasoning, can be understood with a detailed assessment of the dynamics of EF performance, but the studies reviewed in this meta-analysis did not include this information. We believe that future studies should collect, retain, and ideally share these types of data to allow more detailed analyses. (3) Only three articles in this study explained random sequence generation in detail, and no other work mentioned the method of random allocation and hiding. (4) The intervention method in some of the included studies was aerobic exercises, which has not been explained in great detail, and thus we were unable to confirm which skills were involved in aerobic exercises. (5) Most studies had no long-term follow-up, and it remains unclear whether a potential benefit will emerge after a longer period post-intervention of chronic exercises in executive function. (6) The current meta-analysis only made relevant reports on the reaction time; in the future, we also need to report on the effect of physical activity on the accuracy of executive functions.




CONCLUSIONS

The results of the current meta-analysis demonstrate that acute and chronic exercises may have a positive effect on executive function for children and adolescents, especially in terms of working memory. To better understand the effects of acute and chronic exercises on children and adolescents, rigorous study designs are necessary. In addition, the impact of exercise training on cognitive flexibility needs to be further explored. We should explore the impact of long-term physical exercises on cognitive flexibility, which would also provide a reference for improving executive functions through exercises in the future.
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Adverse
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10.70 + 0.60

9.50 + 0.50

9.40 £ 0.30

7.75+£0.65

11.36 £ 0.65

13-14

15.42 £ 1.47
14.37 £0.53

9.50 £ 0.30

12.30 £0.71

1690 £0.29

7.94+0.44

12.30+0.60

Intervention program

EG: Run + jump + resistance
exercises (aerobic-based)

GG: Usual care

EG: Better ideas through exercises
(aerobic-based)

GG: Usual care

EG: Yoga (motor skil-based)

CG: Usual care

EG: Basketball (motor skill-based)
GG: Usual care

EG: Basketball (motor skill-based)
CG: Usual care

EG: Run + bicycle (combining
aerobic and muscular activity)
CG: Usual care

EG: Run + resistance exercises
(aerobic-based)

CG: Usual care

EG: Bicycle (aerobic-based)
CG: Usual care

EG: Run (aerobic-based)

CG: Usual care

EG: Run (aerobic-based)

CG: Usual care

EG: Basketball (motor skill-based)
CG: Usual care

EG: Better ideas through exercises
(aerobic-based)

CG: Usual care

EG: Better ideas through exercises
(aerobic-based)

GG: Usual care

EG: Bicycle (aerobic-based)

CG: Usual care

Time

(min)

10-20

20

15-30

40

30

30

30

30

60

20

20

20-30

Intervention characteristics

Motion intensity

60%—70%

NR

60%—70%

65%

63%

70%

NR

65%

50%-85%

60%—69%

60%—70%

60%—70%

NR

40%—60%

ontrol group; SES = socioeconomic status; @ represents inhibitory control: @ represents working memory; @ represents cognitive flexibil

Outcome measured

® (inhibition) @ (Fluency)
® (Cognitive flexibiity)

@ (Digit Recal)

@ (Stroop Test)

@ (Flanker task) @
(1-back) ® (More-odd
shifting)

@ (Flanker task)

® Wisconsin Card
Sorting Test

® (Flanker task)
@ (1-back)

® Wisconsin Card
Sorting Test

@ Digit Span task

® (Go/no-go)
@ (1-back) ® (More-odd
shifting)

@ (Stroop test)
@ (Sternberg paradigm)
® (Stroop Test)

® (Stroop Test)

@ (N-back)

Adverse
event;
Follow-up

No
No

No
No

No
No

No
No

No
No
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