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Abstract: This paper aims to collect a compendium of randomized controlled trials (RCTs) exploring
the effects of cognitively engaging physical activity (PA) interventions (basketball and floorball) on
various domain-specific executive functions (EFs) in children aged 4 to 12. Following the PRISMA
principle, 11 articles (total sample size: 2053) were analyzed for effect size and moderating impact with
Stata 13.0 software. Overall EFs (SMD =0.21, 95% CI 0.10 to 0.32, p < 0.05), updating (SMD = 0.17, 95%
CI0.03 to 0.30, p < 0.05) and shifting (SMD = 0.32, 95% CI 0.02 to 0.61, p < 0.05) were enhanced by
cognitively engaging PA interventions. Age and BMI were found to have no effect on overall EFs
performance in Meta regression. Overall EFs performance was improved by interventions with a
session length (>35 min) (SMD = 0.30, 95 % CI 0.10 to 0.49, p = 0.033). The review suggests that
despite the moderate effect sizes, cognitively engaging PA may be an effective approach to improving
EFs in children aged 4 to 12, especially updating and shifting.

Keywords: physical activity; cognitively engagement; executive function; children

1. Introduction

Executive Functions (EFs) are a high-level cognitive process that controls and ad-
justs other cognitive processes when completing complex cognitive tasks [1]. According
to research, EFs are comprised of three primary components: updating, shifting, and
inhibition [2—4]. Early EFs have been shown to predict children’s physical and mental
wellbeing [5], academic achievement, notably arithmetic and reading skills [6]. Conversely,
children with decreased EFs (i.e., inhibition deficits) are more likely to have behavioral
and emotional issues [7], placing their families under a lot of physical and emotional
stress [8]. Indeed, EFs develop fast during childhood (particularly between the ages of
5 and 12 years), and the formation of EFs during this time is crucial for future success [9].
As a result, methods to safely and effectively increase EFs in children have become a
research hotspot.

Physical activity (PA) has received a lot of attention as a way to improve children’s EFs.
Intervention studies have recently revealed that not all types of PA are equally beneficial to
cognition. Aside from quantitative factors (such exercise length and intensity) [10-14], qual-
itative factors (such as exercise type) have been proven to influence children’s EFs [11,15-17].
To date, one of the most commonly researched qualitative elements of numerous forms
of PA is cognitive engagement (CE) [18]. CE is defined as the level of cognitive effort
required to master difficult skills and is thought to be induced by increased cognitive
demand [19]. Complex skills necessitate more engagement of the prefrontal structures,
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and brain structure changes must be measured [20]. Furthermore, the “cognitive stimula-
tion hypothesis” offers a plausible explanation for the cognitive benefits gained from PA
cognitive demands. Cognitively challenging workouts are thought to engage brain areas
that control higher-order cognitive processes [21,22]. However, the results of a number
of research works aiming at determining the effect of sustained cognitively engaging PA
interventions on EFs were mixed, with some showing a favorable benefit [21,23] and others
having no effect [24] or even negative effects [25]. It is possible that the discrepancies are
related to variances in intensity, session, duration, or physical demands (e.g., exergame,
dancing, jogging) and/or the measures of EFs examined (e.g., N-Back Test, Go/No-Go
Task, and so on).

In conclusion, while many studies have focused on the effects of PA, particularly cog-
nitively engaging PA, on EFs in various populations, no study has conducted a quantitative
analysis of those results, i.e., no evidence of a quantitative relationship between cognitive
engagement in physical activity and EFs has been provided. Furthermore, the “dose effect”
of PA on EFs and their sub-components in diverse populations with different cognitive
engagement modalities, intensity, and duration has not been determined. Although studies
have shown that several moderator variables exist between PA and EFs (e.g., the intensity
and length of PA intervention, age, BMI, and so on), it remains to be seen if those variables
can play a significant moderator role. Furthermore, while some studies have found that
PA has a favorable effect on at least one area of EFs in children (6 to 12 years old), it is
unknown whether this effect exists in preschoolers (3 to 6 years old). This review will be
focused on the following objectives: (1) examine the “dose effect” of cognitively engaging
PA on EFs; (2) examine whether factors such as intensity, duration, population type, and
EF sub-components regulate the effect of cognitively engaging PA on EFs, with the goal of
providing a reference for further discussion of precise exercise programs.

2. Materials and Methods
2.1. Search Strategy

This systematic review and meta-analysis was rigorously carried out in compliance
with the established criteria of the PRISMA guidelines [26,27], the Handbook of Cochrane
Collaboration [28], and PROSPERO (Registration Number: CRD42022302944).

One investigator (W.S.) searched 4 databases: PubMed, Web of Science, PsycINFO,
and SPORTDISCUS. In primary searches, there were no limits on date, gender, or language.
The evaluation period began with the launch of each database and ended on 31 December
2021. The AND operator was used to join the four fundamental components of Mesh
phrases and keywords: (1) physical activity (e.g., exercise, exergame, cognitively engaging
PA, training, chronic exercise, aerobic exercise), (2) EFs (e.g., cognitive function, updating,
shifting, inhibition), (3) child (e.g., preschool, pupil), and (4) randomized controlled trial
(e.g., RCT, randomized controlled, Cluster RCT). We also looked at the references for prior
systematic reviews and meta-analyses in this field.

2.2. Inclusion and Exclusion Criteria

Studies that met the following criteria were considered for inclusion: (1) Studies
conducted physical activity with cognitive demanding elements that aims to promote EFs in
children; (2) Including experimental (cognitively demanding PA intervention) and control
groups (regular physical education lessons or aerobic exercise intervention); (3) Duration
of intervention was more than four weeks (4) Studies with RCT or cluster RCT design, and
the subjects are children (age 4 to 12 years).

Studies were excluded if they: (1) only studied the effect of acute exercise or combined
with other interventions (e.g., dietary intervention); (2) complete text not available; and
(3) animal experiment, meeting review, or non-experimental studies.
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2.3. Collection of Studies

Duplicate entries from database and reference list searches were initially eliminated in
EndNote (version X9; Clarivate Analytics; East Haven, CT, USA). After the initial exclusion,
the authors (W.S. and L.F)) filtered titles and abstracts independently according to inclusion
criteria. Finally, two authors (W.J. and L.E) independently assessed the full-text articles, and
any inconsistencies were reviewed with a third author (5.Q.) until agreement was obtained.

2.4. Data Extraction

The current study retrieved and summarized data from the included studies, in-
cluding publication year, author, subject description, study design, intervention method,
intervention time, and outcome variables (Table 1). Using the Cochrane Collaboration
Handbook as a guide, the mean and SD values of the pre-to-post intervention difference
were calculated [28].

According with Cochrane Collaboration Handbook [28], studies that reported mean
and SD values of pre and post-intervention were first retrieved, and then effect size (ES)
of each included research was computed using values between the intervention (cog-
nitively demanding PA intervention) and control groups (regular physical education
lessons or aerobic exercise intervention). The formulas for calculating mean and SD
pre- to- post change values were as follows: ‘Mean change = Mean post-Mean pre” and
‘SD change = SQRT [(SD pre? + SD post?) — (2 x Corr x SDpre x SDpost)]’, in which the
correlation coefficient (Corr) was set to 0.5. For studies that only reported standard errors
and 95% confidence interval, SD values were obtained by the formula ‘SD = SE x SQRT(N)’,
SD = SQRT (N) x [(UCI — LCI)/3.92] (U = upper CI, L = lower CI) [12]. Because of the
difference of measurements and instruments between studies, the pooled ES was esti-
mated by standardized mean difference (SMD). Small, moderate, and large effect sizes are
represented by SMD of 0.2, 0.5, and 0.8 [29].

2.5. Assessment of Study Quality

The Cochrane risk of bias tool advised adopting a “risk of bias” approach to as-
sess study quality [30]. Before the evaluation, two researchers systematically studied the
Cochrane evaluation manual and randomly selected 5 articles using a computer random
number generator for pre-evaluation to ensure that the two reviewers had a consistent
understanding of the evaluation criteria. The official evaluation was conducted in three
rounds: in the first round, two researchers independently evaluated those studies according
to the criteria, then in the second and third rounds, the items inconsistent with the previous
round were evaluated and discussed again to reach the final agreement. Risk of bias of
studies were categorized as “low”, “high” or “unclear” based on the presence of seven pro-
cesses (random sequence generation, allocation concealment, blinding of participants and
personnel, blinding of outcome assessment, incomplete outcome data, selective reporting,
and other biases) [31]. At the same time, data were imported into Rev Man 5.3 software for
analysis and processing, and bias risk maps were drawn to visually display bias.

2.6. Statistical Analysis

Stata 13.0 (College Station, TX, USA) was used to conduct present meta-analysis. A
fixed-effects (p > 0.1 for I?) or random-effects model (p < 0.1 for I?) was used for pooling
the outcomes of the included studies based on the heterogeneity among studies. There is
non-negligible heterogeneity between studies, and it is reasonable to choose random-effects
model for effect size evaluation. In addition, considering that the results of the random-
effects model are more extendable and the effect of heterogeneous groups is inevitable in
social science research, this study adopts the random-effects model in effect size evaluation
based on previous practices [12].

Additional statistical analysis included: (1) When a three- or multi-arm design in-
cluded both cognitively engaging PA settings, traditional PA settings, and other settings,
only the cognitively engaging PA arm and traditional PA arm were extracted as intervention
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and control groups, respectively; (2) When multiple instruments were used to measure
the same EFs domain, only the more commonly used one was included; (3) Only the
outcome of the more-executive demanding condition was included when several results on
a single cognitive task were provided (e.g., incongruent trials in Flanker task) [32].(4) When
a follow-up measurement was conducted in a study, only the post-intervention result was
included [32].

Subgroup analyses based on three core EFs domains (updating, shifting and inhibi-
tion) were conducted after the overall meta-analysis. Intervention duration (<10 weeks vs.
>10 weeks), session length (<35 min vs. >35 min), frequency of intervention (<3 times/week
vs. >3 times/week), intervention time per week (>100 min vs. <100 min) and total inter-
vention time (<1000 min vs. >1000 min) were examined by subgroup analyses as well.
Meta-regressions based on continuous variables such as age and BMI were conducted [33].

3. Results

The four database searches yielded a total of 1552 articles (Figure 1). Of the 155 studies
eligible for full-text assessment, 11 studies met the inclusion criteria after duplications were
removed and titles were reviewed. Table 1 highlights the fundamental information, cate-
gories of studies, features of study objects, and details of extraction of outcome indicators
of intervention measures from the included literature.

Records identified through Additional records identified
dalabase searching(n=1552) Lthrough other sources(n=0)

[ Eligibility ’ ‘ Screening I [[dentification’

Included

| |
!

Records after duplicates removed
(n=1253)

}

Read the title and abstract for »| Records

initial screening (n=1253) excluded(n=1098)

!

Full-text articles assessed [or

Full-lext arlicles excluded, with reasons

v

eligibility (n=155) (n=144):
1 68 wilh no randomizalion
63 with no RCT or cluster RCT design

1T with adull samples

Studies included in qualitative ;
2 with no control group

synthesis (n=11)

!

Studies included in qualitative
synthesis(mela-analysis) (n=11)

Figure 1. Flowchart of Literature Search and Study Selection.
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Table 1. Characteristics of studies included in the meta-analysis.

Participants Characteristic Intervention/Duration
Study Design EF Variables Instrument Experi
perimental Group Control Group
Mean Age (Years) N Male/Female the Form of Interventions the Form of Interventions
EXCIR sessions
Updating 40-50 min/session, 3 times/wk, 5 weeks aerobic exercise sessions
Nejati et al. [34] RCT 9.43 26 0/100 Shifting [©]eE) e.g., Color Jumping To jump on a color cell in a table of 40-50 min/session, 3 times/wk, 5 weeks
Inhibition colors given the meaning of some presented color words aerobic exercise program without cognitive load, running.
on the screen.
cognitively engaging PA
30 min/session, 4 times/wk, 12 weeks aerobic exercise sessions
Unpdatin team games or exercises that require complex coordination 30 min/session, 4 times/wk, 12 weeks
Meijer et al. (1) [24] Cluster RCT 9.1 441  230/221 Inﬁibiﬁog @0 of movements, strategic play, cooperation between The focus was on highly repetitive and automated
children, anticipating the behavior of teammates or exercises, such as circuit training, relay games, playing tag,
opponents, and dealing with changing task demands, such  and individual activities like running or doing squats.
as dodge ball, basketball
regular PE session
" , Updating cognitively engaging PA 30 min/session, 2 times/wk, 12 weeks
Meijer et al. (2) [24] Cluster RCT 91 650  232/418 Inhibition @O 30 min/session, 4 times/wk, 12 weeks Children in the control group followed their regular
physical education lessons
combined physical and
Updating cognitive training regular PE session
Schmidtetal. [35]  Cluster RCT 534 137 64/73 Inhibition ®®@ > min/session, & times/wl, 12 weeks 1o min/session, b times/wh, 12 weeks
Shifting e games were Cor}ceptua ize to'requlre gross motor e .contr'o condition consisted of an active
movements, which in turn should increase PA, e.g., One waiting-list group
Lizard, two lizards
. high-cognitive PA
Updating . . . .
. o 60 min/session, 2 times/wk, 7 weeks regular PE session
Oppici etal. [360] RCT 88 50 28/32 Ig}ﬁlilf),tlit:)n O®O The dance lessons took place during the participants’ PE 60 min/session, 2 times/wk, 7 weeks
8 and sport classes
combined games and object manipulation skills;
3 times/wk, 8 weeks
Movement concepts and skills focused on the ability to regular PE session
Chien et al. [37] RCT 12.1 84 52/32 Inhibition ()] move in various situations, respond to speed, direction 3 times/wk, 8 weeks
and force of movements, and control body movements session were designed to focus on sport skill development
while jumping, throwing, catching, dribbling, kicking,
or passing.
aerobic exercise sessions
coenitively engaging PA 10 min/time, 2 times/wk, 20 weeks This condition was
Updating SIILVELY engagng . designed to promote children’s aerobic fitness. Although it
e 10 min/time, 2 times/wk, 20 weeks For example, children . s - .
Egger et al. [21] Cluster RCT 7.95 96 42/54 Inhibition ODR ro standine in a circle and plavine th is not possible to exclude cognitive engagement entirely
Shifting were s7 & 1n @ crcie and playmsg the from long-term PA interventions, the attempt was made to

game “Horserace”.

choose exercises that had as little cognitive demand
as possible.
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Table 1. Cont.

Participants Characteristic Intervention/Duration
Study Design EF Variables Instrument Experi
perimental Group Control Group
Mean Age (Years) N Male/Female the Form of Interventions the Form of Interventions
“Shape up” game
30 min/session, 3 times/wk, 8 weeks
“Beatmaster Training Quest”: It consists of different
Updating exercises such as: (A) “Waterfall Jump”: The player stands
Benzing et al. [38] RCT 10.63 51 42/9 Shifting BB on the edge of a waterfall and has to jump onto oncoming Waiting-list control group.
Inhibition pieces (footprints) of wood in order not to fall down.
While the frequency, size and order of the footprints vary
the player has to jump with one or two legs in order to hit
the footprints.
exergaming intervention, regular PE session
& g 1T ’ . .. . 30 min/session 5 times/wk, 12 weeks
The intervention program requested children participate in Th trol conditi Ked children t intai 1
Gao et al. [39] RCT 4.72 32 16/16 Shifting @ home-based educational exergaming using the Leap TV © Control conartion asked chucren to mamtain reguiar
. . . . PA patterns without any exergaming gameplay, with
gaming console for at least 30 min/session 5 times/week dvised h heir children’ lar PA
bevond their usual PA. pare_nts advise tolnot‘c ange tl eir children’s regular
A routine during their child(ren)’s time in this condition.
The enhanced PE programme 21 weeks with one curricular
PE class per week plus two additional hours of skill-based
Updatin and tennis-specific training. The curricular programme
Crova et al. [40] RCT 9.6 70 35/33 paating ® consisted of only one PE class per week and was focused Traditional PE programme, 21 weeks
Inhibition .
on the development of fundamental motor skills and
coordinative abilities, bodily expression and
deliberate play
cognitively engaging PA employed in this intervention
Pesce et al. [41] cluster RCT N/A 460 232/228 qu;a.t{ng ® had_ characteristics S)f deliberate play and Traditional PE 1 h/week, 6 months
Inhibition deliberate preparation
1 h/week, 6 months
. Combined high PA and cognitive engagement. Aerobic Exercise. This condition consisted of different
Schmidt et al. (1) [23] RCT 113 126  54/72 %I;’fff:;ng ) This intervention consisted of specifically designed team group-oriented and playful forms of aerobic exercises,
chmdt etat ) ’ Inhibiﬁgn games (football and basketball) tailored to challenge EFs. whose main aim was to promote children’s aerobic fitness.
45 min/session, 2 times/wk, 6 weeks 45 min/session, 2 times/wk, 6 weeks
Updating %}(:m blred hl%h PA an('i tc (zign;tlve e.rfl.gaiglerréen.t. dt combined low PA and cognitive engagement, according to
Schmidt et al. (2) [23] RCT 11.3 124 54/70 Shifting O® 1S Intervention consisied ot speciiica’ly designed team the national curriculum for physical education
Inhibiti games (football and basketball) tailored to challenge EFs. 45 min/session, 2 times,/wk 6 K
nhibition min/session, 2 times/wk ,6 weeks

45 min/session, 2 times/wk, 6 weeks.

note: (D n-back task; @ WCST, Wisconsin Card Sorting Test; @) Go/No-Go Task; @ verbal working memory; & Motor inhibition efficiency; ® Day-night task; 7) DCCS, Dimensional
Change Card Sort; ® 2-list; (9 Flanker test; {0 Stroop test; ) Backwards Colour Recall task; {2 “mixed” block within the flanker task; {3 modified Simon Task; {3 modified Flanker task;
@ modified color span backwards task; {§ RNG, random number generation task; EXCIR, Exercise for Cognitive Improvement and Rehabilitation.
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3.1. Study Characteristic

In total, 11 investigations with a total of 2176 people were included in this study,
with 2053 subjects in the final data analysis, with mixed genders and ages ranging from
4 to 12 years. A total of seven RCTs [23,34,36—40] and four studies [21,24,35,41] were
clustered RCTs. In total, seven studies were carried out in Europe, one in America, two
in Asia, and one in Australia. There were eleven studies that looked at the effects of
cognitively engaging PA on core EFs, with nine studies looking at updating, seven studies
at shifting, and ten studies at inhibition. There were five studies with a duration of less
than 10 weeks, only two studies with session length less than 15 min, and total dose of
intervention ranged from 360 min to 2520 min. Intensities were not reported in Nejati [34],
Schmidt [35], Oppici [36] and Gao’s [39] work, but were measured in other seven studies
for manipulation check. Meijer [24] and Egger [21] reported proportion of MVPA which
measured by ActiGraph GT3X+, others accessed intensity by average heart rate during
intervention [35,37,38,40,41], in which two studies [40,41] reported proportion of MVPA
based on HR. MVPA proportion varied from 32.0% [24] to 49.6% [40], and the average HR
reported was among 131.9 bpm [41] to 157.9 bpm [37].

3.2. Methodological Evaluation of the Included Literature

The Cochrane Risk of Bias (ROB) method was used to assess the quality of the included
studies. All eleven have a “low” ROB for random sequence creation. A total of four studies
had “low” ROB for allocation concealment, one research had “high” ROB, and six studies
had “unclear” ROB. The ROB of ten was “high”, while one was “low” in terms of blinding
the participants and workers. In the ROB of outcome assessment blinding, insufficient
outcome data, and selective reporting, all eleven studies received a “low” rating. Overall,
all of the investigations were of high quality. As a result, no studies were ruled out for
further investigation (Figures 2 and 3).

3.3. Heterogeneity Test and Sensitivity Analysis

The findings revealed that cognitively engaging PA interventions enhanced overall
EFs with considerable heterogeneity (I? = 64.7%, p < 0.01), indicating that the heterogeneity
is high. Differences in outcome markers were the main source of heterogeneity due to the
data features of this included study, which was further validated by sensitivity analysis.
Excluding each study had a rather consistent influence on the overall results, as shown
in the figure. Sensitivity analyses of the included studies were undertaken on a study-
by-study basis, as shown in the figure. The leave-one-out sensitivity analysis identified
two studies [34,41] as substantial contributors to the high heterogeneity, but the overall
effect size change after exclusion was remained within the 95% CI, therefore no additional
analysis of the excluded literature was conducted.

3.4. Effects of Cognitively Engaging PA on EFs

Because of the inter-study heterogeneity, the total effect size was computed with
a randome-effects model, and the weight of each study was modified utilizing the D-L
approach, as shown in Figure 4. Overall EFs had a pooled SMD of 0.21 (95 % CI 0.10 to
0.32, I2 = 64.7%, p < 0.05), The SMD was 0.17 (95% CI 0.03 to 0.30, I> = 44.6%, p = 0.054)
for updating, 0.32 (95% CI 0.02 to 0.61, I? = 67.5%, p < 0.01) for shifting; and 0.18 (95% CI
—0.01 t0 0.37, I? = 74.2%, p < 0.01) for inhibition. As a result, the substantial variation for
core EFs highlights the necessity of considering underlying characteristics when examining
the impacts of cognitively engaging PA.

3.5. Moderator Analysis

Age, BMI, duration of intervention, frequency, and other confounding factors were all
taken into account in the studies. Thus, those variables were included by pre-sent moderator
analysis. Age and BMI were conducted by a meta-regression, and no significance was
reached. Meanwhile, other moderators were conducted by subgroup analyses (Table 2), in
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which session length showed significant moderate effect. Heterogeneity between subgroups
presented that longer session length (>35 min).

Benzing 2019

Chien-Chih 2020

Crova 2014

Egger 2019

Gao 2019

Meijer 2021

Nejati 2021

Oppici 2020

Pesce 2016

~ @ |~ @~ |@®|~> |~ |®Alocation concealment (selection bias)

Q00O OO O O® ® ® O ® scicingofparticipants and personnel (performance bias)

Schmidt 2015

-~

. . . . . . . . . . . Selective reporting (reporting bias)

. . . . . . . . . . . Blinding of outcome assessment (detection bias)
. . . . . . . . . . . Incomplete outcome data (attrition bias)
® OO OO O 0O O O @ ot

® OO DD O ® ® ®|® | Randomsequence generation (selection bias)

Schmidt 2020

Figure 2. Quality evaluation results of included studies’ risk of bias (ROB). Ref. [23] ROB levels: low
(green or “+”), unclear (yellow or “?”), and high (red or “—").

Random sequence generation (selection bias) _

Allocation concealment (selection bias) _ -

Blinding of participants and personnel (performance bias) _
Blinding of outcome assessment (detection bias) _
Incomplete outcome data (attrition bias) _

Selective reporting (reporting bias) _

otnervias [ N

0% 25% 50% 75%  100%

- Low risk of bias D Unclear risk of bias - High risk of bias

Figure 3. Quality evaluation results of included studies’ risk of bias (ROB). ROB levels: low (green),
unclear (yellow), and high (red).
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%
domain and study Effect (95%CI)  Waeight
vpdating

Nejati 2021 —_— 1.14(0.36,191) 148
Meijer 20210 : 0.02(-021,0.17) 5.02
Meijer 2021® 20.06(-0.22,0.10) 522
Schmidt 2020 040(0.06,0.74) 3.74
Oppici 2020 0.19(-0.38,0.75) 227
Egger 2019 032(-0.08,0.72) 326
Benzing 2019 0.19(-0.37,0.74) 234
Pesce 2016 0.13(-0.13,039) 442
Crova 2013 031(-0.16,0.79) 2.79
Schmidt 20150 0.18(-0.18,0.53) 3.62
Schmidt 20150 022(-0.15,059) 349
Subgroup, DL (I’ = 44.6%, p = 0.054) 0.17(0.03,0.30) 37.64
shifting

Nejati 2021 —— 185(088,271) 125
Schmidt 2020 0.16(-0.17,0.50) 3.76
Oppici 2020 0.34(-091,023) 225
Egger 2019 » 0.07(-0.33,047) 3.28
Benzing 2019 + 0.39(-0.16,095) 232
Gao 2019 H—— 0.64(-0.08,136) 166
Schmidt 2015@ 045(0.09,080)  3.59
Schmidt 2015@ { 0.09(-0.28,047) 3.50
Subgrovp, DL (I’ = 67.5%, p = 0.003) <I> 0.32(0.02,0.61) 21.60
inhibition :

Nejati 2021 . 027(-045,099) 165
Meijer 20210 003(-0.15,022) 5.02
Meijer 20210 20.01(-0.17,0.15) 522
Schmidt 2020 0.05(-0.29,03%9) 3.77
Oppici 2020 ¢ 0.16(-0.72,041) 227
Chien-Chih 2020 — 0.67 (0.23, 1.11) 3.00
Esgger 2019 . 0.12(-0.28,052) 327
Benzing 2019 , 033(-0.22,089) 232
Crova 2013 : -0.09 (-0.56,0.38) 281
Pasce 2016 - 0.88(0.61,1.15) 431
Schmidt 20150 - 0.02(-0.33,038) 3.63
Schmidt 2015@ 0.02(-0.35,039) 3.50

Subgroup, DL (I = 74.2%, p = 0.000)

Hetuogeneityibetween groups: p=0.65
Overall, DL (I = 64.7%, p = 0.000)

0.18(-0.01,037) 40.76

0.21(0.10, 0.32)

100.00

I I I
-2 0 2

NOTE: Wewhts and between-subgroup heterogencity test are from random-¢ffects mode]

Figure 4. Forest plot for a meta-analysis of the effects of cognitively engaging PA on different

EF domains.
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Table 2. Moderator analysis of cognitively engaging PA and EFs.

Categorical Variables

Level

Heterogeneity between Subgroups
d.f.

No. of Studies Cohen’s d 95%CI 2% Q p Value
Session length(min) ;3355 }‘; 8'% ’Ool'gltéooilf ;(1)"51 455 1 0.033
3 13 0.18 ~0.01 to 0.36 65.7
frequency >3 19 022 0.09 to 035 625 012 1 0.725
. <100 14 0.26 0.11 to 0.40 55.8
Dose (min)/week >100 17 0.16 —0.56 t0 0.38 63.4 0.74 1 0.390
A T - S 1t
. <1000 18 023 0.08 to 0.37 457
Total dose (min) >1000 13 0.19 0.03 to 036 76.5 0.08 1 0.774
Continuous variables Level No. of studies B 95%CI % Adjusted R?% p value
BMI 15-25 28 0.03 ~0.03100.10 56.9 1.59 0.40
Age 412 31 0.03 0.04 to 0.09 63.8 5.48 0.27

4. Discussion
4.1. The Overall Effect of Cognitively Engaging PA on EFs

This study intergraded the available literature in this field of inquiry to quantitatively
examine the effect of chronic cognitively engaging PA interventions (typically over 4 weeks)
on core EFs (updating, shifting, and inhibition) in children aged 4-12 years. We found
a small but significant positive effect size of cognitively engaging PA interventions on
overall EFs, updating specifically. In Meta regression, age and BMI were conducted by
a meta-regression, and no significance was reached. Interventions with a session length
>35 min, improved overall EFs performance. No other moderator was found to have
an effect.

4.2. Comparisons with Previous Studies

The results of this study showed that cognitively engaged PA has a favorable effect
on overall EF performance in children aged 4 to 12. As a result, our work is a helpful
addition to three previously published systematic reviews [12,42,43]. Chronic exercise
interventions had a minor but substantial effect on overall EFs and inhibitory control
specifically, according to a review that comprised 19 RCTs studies [12]. Another systematic
review [36] found that long-term physical activity improved inhibitory control slightly
(SMD = 0.2, 95% CI 0.03-0.37; p = 0.021) [42]. Furthermore, De Greeff [43] found that
longitudinal PA programs have a positive effect on EFs (SMD = 0.24; 95% CI 0.09-0.39;
12 studies). Notably, only three studies (n = 3) directly compared the effects of aerobic
and cognitively demanding PA (n = 3) and found that the combination of aerobic and
cognitively demanding PA had a greater effect than aerobic exercise without or with low
cognitive engagement. Although PA appears to have a wide range of favorable effects on a
variety of cognitive processes, the benefits of a cognitively engaging PA intervention appear
to be greater for Efs [44]. There is, however, no agreement on which cognitive activities are
more susceptible to PA therapies.

4.3. Analysis of Regulatory Variables between Cognitively Engaging PA and EFs

Based on the existing research experience [12] and the characteristics of this study,
the moderating variables between PA and EFs were divided into age, BMI, duration of
intervention, frequency, session length, intervention dose per week and total dose of
intervention. In the heterogeneity test of the total effect size, p < 0.01, I? = 64.7% > 50%,
Specific discussions are as follows.

Age [45] and BMI [46] are important regulatory factors between PA and EFs. However,
in our findings, the moderating effects of age and BMI are not obvious. The study found
that older children may benefit more from physical activities with complex rules [23]. On
the one hand, children of different ages of the nervous system maturity, developmental
condition, hormone level, able to complete the action, understand the rules exist great
differences, so in order to optimize the cognitive participation, researchers in determining
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intervention plan needs to be age factors into consideration, think carefully about the
children’s development [47—49]; On the other hand, physical activity that consistently
challenges children’s cognitive abilities has the greatest effect on improving Efs [50-54].
In terms of BMI, previous studies have shown that obese children may benefit more from
long-term physical activity than their normal-weight peers. Gustafson [55] believes that
obesity causes subclinical inflammatory changes in the brain, including changes in blood
vessels and demyelination of white matter, resulting in cognitive impairment. Nevertheless,
the meta-regression revealed that EFs score of overweight and normal-weight children were
not statistically significant after the intervention. The possible reason is that the sample
size of overweight children is small [37,40].

In addition to Age and BMI, session length, intervention dose per week and total
dose of intervention were also moderator on the effect of cognitively engaging PA on EFs.
Specifically speaking, interventions with session length (>35 min), seemed to have no
noticeable effect on EFs. The reasons for the findings are not clear. The effect of long-term
PA on EFs was better than that of short-term PA, and it was a medium effect [56]. As can
be observed, the findings of this investigation are largely consistent with those of previous
studies [12,33,57].

4.4. Cognitively Engaging PA Changes the Underlying Mechanism of EFs in Children

According to new research, cognitively engaging PA is more likely to offer greater
cognitive benefits than non-cognitively engaging PA. One possible explanation is that
cognitively engaging PA activates the same frontal-dependent neural networks that are
activated when EFs are activated. Increased activation of these brain networks after a bout
of PA may result in more efficient neural functioning during subsequent cognitive activities,
resulting in improved performance, the neuronal network directly recruited by cognitively
engaging PA is the same as EFs, suggesting that this could be one mechanism. Increased
neural network activation increased neuronal functioning, which could contribute to higher
cognitive performance [11,22,58]. The co-activation and interconnection of the brain regions
linked to cognition and movement, may give synergistic effects when cognitive and PA
are combined. When the job is demanding, novel, needs focus, and the required response
is unpredictable and quick, neuronal co-activation is at its peak. Improved cognitive
performance is the outcome of co-activation elicited by some environmental factors that are
stimulated by cognitively stimulating PA [59-61].

On the other hand, combining cognitive and physical activities may produce synergis-
tic effects due to co-activation and inter-connectedness of the neural areas associated with
cognition and movement (referring broadly to the prefrontal cortex and the cerebellum,
respectively) [58,62]. This neural co-activation is strongest when the task is demanding,
novel, requires concentration, and when the required response is unpredictable and quick.
Therefore, cognitively engaging physical activities may stimulate the necessary contextual
parameters to elicit co-activation resulting in enhanced cognitive performance [11]. In
contrast to PA-only interventions cognitively engaging PA interventions appear to have
stronger favorable impacts on EFs [63]. The reason for this is that higher cognitively engag-
ing PA requires more complex cognitive engagement in order to cooperate with partners,
anticipate companion and opponent behavior, adapt movement strategies to changing
task requirements, a process that necessitates more cognitive and social interaction, and
the need to mobilize the neural circuits associated with executive functions to participate
in [64,65]. The prefrontal region’s activity level has increased, which is equivalent to what
the brain nervous system requires for children to complete executive function activities,
hence executive function has improved [66,67].

4.5. Strengths and Limitations

The following are some of the current study’s advantages. First, the analysis process
included only high-quality experimental studies; no observational studies were included,
ensuring the current result’s credibility. Second, we measured the impact of PA inter-
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ventions on children’s cognitive capacities in our research. Third, crucial modifiers were
considered in the study, such as the type of intervention, the characteristics of the exercise
task, and the duration of the intervention were all taken into account in the study.

Meanwhile, there are certain limitations to this analysis that may restrict the trustwor-
thiness of this result in some ways. To begin with, only publications written and published
in English are included, which means that some high-quality studies written in other
languages may be overlooked. Second, the included studies used various study designs,
eligibility criteria, follow-up durations, and intervention strategies, which could contribute
to inconsistent results. Furthermore, there are no universal criteria for measuring the
cognitive engagement of exercise intervention among the studies included. Furthermore,
the Meta-analysis resulted in the statistical method of inter-study integration of effect
sizes, which could lead to misunderstanding of results due to the small number of studies,
therefore the result should be read cautiously.

5. Conclusions

Despite the small impact sizes, this research found that cognitively engaging PA could
be a potential method to increase various elements of EFs, particularly updating and shift.
We should encourage children to engage in more physical activity, particularly physical
activity with higher cognitive demands, because it is safe, low-cost, and beneficial for both
physiological and cognitive health.

Author Contributions: W.S. and L.F.: Conceptualization, Methodology, Validation, Formal analysis,
Investigation, Data curation, Writing—original draft, Writing—review and editing, Visualization.
JJW,, EM. and ].C.: Conceptualization, Methodology, Investigation, Writing—review and editing. S.Q.
and D.L.: Conceptualization, Methodology, Investigation, Writing—original draft, Writing—review
and editing, Resources, Visualization, Supervision, Project administration. All authors approved the
final version. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by The National Social Science Fund of China (BLA200222).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are included within
the article.

Acknowledgments: Thanks to Zhifei Ke and Jing Hu for reading the manuscript and providing feedback.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Diamond, A. Executive Functions. Annu. Rev. Psychol. 2013, 64, 135-168. [CrossRef]

2. Miyake, A.; Friedman, N.P.; Emerson, M.].; Witzki, A.H.; Howerter, A.; Wager, T.D. The Unity and Diversity of Executive
Functions and Their Contributions to Complex “Frontal Lobe” Tasks: A Latent Variable Analysis. Cogn. Psychol. 2000, 41, 49-100.
[CrossRef] [PubMed]

3. Miller, EK,; Lundqvist, M.; Bastos, A.M. Working Memory 2.0. Neuron 2018, 100, 463-475. [CrossRef] [PubMed]

4. Dajani, D.R.; Uddin, L.Q. Demystifying cognitive flexibility: Implications for clinical and developmental neuroscience. Trends
Neurosci. 2015, 38, 571-578. [CrossRef] [PubMed]

5. Watson, A.; Timperio, A.; Brown, H.; Best, K.; Hesketh, K.D. Effect of classroom-based physical activity interventions on academic
and physical activity outcomes: A systematic review and meta-analysis. Int. J. Behav. Nutr. Phys. Act. 2017, 14, 1-24. [CrossRef]

6. De Bruijn, A.; Hartman, E.; Kostons, D.; Visscher, C.; Bosker, R. Exploring the relations among physical fitness, executive
functioning, and low academic achievement. J. Exp. Child Psychol. 2018, 167, 204-221. [CrossRef]

7. Schoemaker, K.; Bunte, T.; Wiebe, S.A.; Espy, K.A.; Dekovi¢, M.; Matthys, W. Executive function deficits in preschool children
with ADHD and DBD. J. Child Psychol. Psychiatry 2011, 53, 111-119. [CrossRef]

8. Zanini, D.S,; Ferreira, L.D.O.E.; Junqueira, K.EL. Living with Violence and Its Relationship with Executive Function in Childhood
and Adolescence: Literature Review. Health-Relat. Qual. Life Meas. Tools Predict. Modif. 2022. [CrossRef]

9.  Best, J.R,; Miller, PH. A Developmental Perspective on Executive Function. Child. Dev. 2010, 81, 1641-1660. [CrossRef]

10. Contreras-Osorio, F.; Campos-Jara, C.; Martinez-Salazar, C.; Chirosa-Rios, L.; Martinez-Garcia, D. Effects of Sport-Based

Interventions on Children’s Executive Function: A Systematic Review and Meta-Analysis. Brain Sci. 2021, 11, 755. [CrossRef]


http://doi.org/10.1146/annurev-psych-113011-143750
http://doi.org/10.1006/cogp.1999.0734
http://www.ncbi.nlm.nih.gov/pubmed/10945922
http://doi.org/10.1016/j.neuron.2018.09.023
http://www.ncbi.nlm.nih.gov/pubmed/30359609
http://doi.org/10.1016/j.tins.2015.07.003
http://www.ncbi.nlm.nih.gov/pubmed/26343956
http://doi.org/10.1186/s12966-017-0569-9
http://doi.org/10.1016/j.jecp.2017.10.010
http://doi.org/10.1111/j.1469-7610.2011.02468.x
http://doi.org/10.5772/intechopen.101470
http://doi.org/10.1111/j.1467-8624.2010.01499.x
http://doi.org/10.3390/brainsci11060755

Brain Sci. 2022, 12,762 13 of 15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Diamond, A.; Ling, D.S. Conclusions about interventions, programs, and approaches for improving executive functions that
appear justified and those that, despite much hype, do not. Dev. Cogn. Neurosci. 2015, 18, 34—48. [CrossRef]

Xue, Y.; Yang, Y.; Huang, T. Effects of chronic exercise interventions on executive function among children and adolescents: A
systematic review with meta-analysis. Br. J. Sports Med. 2019, 53, 1397-1404. [CrossRef]

Alvarez-Bueno, C.; Pesce, C.; Cavero-Redondo, I; Sanchez-Lépez, M.; Martinez-Hortelano, J.A.; Martinez-Vizcaino, V. The Effect
of Physical Activity Interventions on Children’s Cognition and Metacognition: A Systematic Review and Meta-Analysis. . Am.
Acad. Child Adolesc. Psychiatry 2017, 56, 729-738. [CrossRef]

Wassenaar, T.M.; Williamson, W.; Johansen-Berg, H.; Dawes, H.; Roberts, N.; Foster, C.; Sexton, C.E. A critical evaluation of
systematic reviews assessing the effect of chronic physical activity on academic achievement, cognition and the brain in children
and adolescents: A systematic review. Int. J. Behav. Nutr. Phys. Act. 2020, 17, 1-18. [CrossRef]

Vazou, S.; Pesce, C.; Lakes, K.; Smiley-Oyen, A. More than one road leads to Rome: A narrative review and meta-analysis of
physical activity intervention effects on cognition in youth. Int. J. Sport Exerc. Psychol. 2016, 17, 153-178. [CrossRef]

Moreau, D.; Conway, A.R.A. Cognitive enhancement: A comparative review of computerized and athletic training programs. Int.
Rev. Sport Exerc. Psychol. 2013, 6, 155-183. [CrossRef]

Tomporowski, PD.; Pesce, C. Exercise, sports, and performance arts benefit cognition via a common process. Psychol. Bull. 2019,
145, 929-951. [CrossRef]

Best, J.R. Effects of physical activity on children’s executive function: Contributions of experimental research on aerobic exercise.
Dev. Rev. 2010, 30, 331-351. [CrossRef]

Tomporowski, P.D.; McCullick, B.; Pendleton, D.M.; Pesce, C. Exercise and children’s cognition: The role of exercise characteristics
and a place for metacognition. J. Sport Health Sci. 2015, 4, 47-55. [CrossRef]

Ellemberg, D.; St-Louis-Deschénes, M. The effect of acute physical exercise on cognitive function during development. Psychol.
Sport Exerc. 2010, 11, 122-126. [CrossRef]

Egger, F.; Benzing, V.; Conzelmann, A.; Schmidt, M. Boost your brain, while having a break! The effects of long-term cognitively
engaging physical activity breaks on children’s executive functions and academic achievement. PLoS ONE 2019, 14, e0212482.
[CrossRef]

Diamond, A.; Lee, K. Interventions Shown to Aid Executive Function Development in Children 4 to 12 Years Old. Science 2011,
333, 959-964. [CrossRef]

Schmidt, M.; Jager, K.; Egger, F.; Roebers, C.M.; Conzelmann, A. Cognitively Engaging Chronic Physical Activity, But Not Aerobic
Exercise, Affects Executive Functions in Primary School Children: A Group-Randomized Controlled Trial. J. Sport Exerc. Psychol.
2015, 37, 575-591. [CrossRef]

Meijer, A.; Konigs, M.; Van Der Fels, LM.; Visscher, C.; Bosker, R.J.; Hartman, E.; Oosterlaan, J. The Effects of Aerobic Versus
Cognitively Demanding Exercise Interventions on Executive Functioning in School-Aged Children: A Cluster-Randomized
Controlled Trial. J. Sport Exerc. Psychol. 2021, 43, 1-13. [CrossRef]

Egger, F.; Conzelmann, A.; Schmidt, M. The effect of acute cognitively engaging physical activity breaks on children’s executive
functions: Too much of a good thing? Psychol. Sport Exerc. 2018, 36, 178-186. [CrossRef]

Booth, A. PROSPERO's progress and activities 2012/13. Syst. Rev. 2013, 2, 111. [CrossRef]

Mobher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G. The PRISMA Group [tems de referencia para publicar Revisiones Sistematicas y
Metaanalisis: La Declaracion PRISMA. Rev. Esp. De Nutr. Hum. Dietética 2014, 18, 172. [CrossRef]

Green, S.; Higgins, ].P.; Alderson, P,; Clarke, M.; Mulrow, C.D.; Oxman, A.D. Introduction. In Cochrane Handbook for Systematic
Reviews of Interventions; John Wiley & Sons: Hoboken, NJ, USA, 2008; pp. 1-9. [CrossRef]

Maher, C.G.; Moseley, A.M.; Sherrington, C.; Elkins, M.; Herbert, R. A Description of the Trials, Reviews, and Practice Guidelines
Indexed in the PEDro Database. Phys. Ther. 2008, 88, 1068-1077. [CrossRef]

Higgins, J.; Altman, D.G.; Gtzsche, P.C.; Jiini, P; Moher, D.; Oxman, A.D.; Savovi, J.; Schulz, K.F.; Weeks, L.; Sterne, J. The
Cochrane Collaboration’s tool for assessing risk of bias in randomised trials. BMJ 2011, 343, d5928. [CrossRef]

Hu, J.; Wang, Z.; Lei, B.; Li, ].; Wang, R. Effects of a Low-Carbohydrate High-Fat Diet Combined with High-Intensity Interval
Training on Body Composition and Maximal Oxygen Uptake: A Systematic Review and Meta-Analysis. Int. ]. Environ. Res. Public
Health 2021, 18, 10740. [CrossRef]

Verburgh, L.; Kénigs, M.; Scherder, E.J.A.; Oosterlaan, J. Physical exercise and executive functions in preadolescent children,
adolescents and young adults: A meta-analysis. Br. ]. Sports Med. 2014, 48, 973-979. [CrossRef] [PubMed]

Li, L.; Zhang, J.; Cao, M.; Hu, W,; Zhou, T.; Huang, T.; Chen, P.; Quan, M. The effects of chronic physical activity interventions on
executive functions in children aged 3-7 years: A meta-analysis. J. Sci. Med. Sport 2020, 23, 949-954. [CrossRef] [PubMed]
Nejati, V.; Derakhshan, Z. The effect of physical activity with and without cognitive demand on the improvement of executive
functions and behavioral symptoms in children with ADHD. Expert Rev. Neurother. 2021, 21, 607-614. [CrossRef] [PubMed]
Schmidt, M.; Mavilidi, M.-E; Singh, A.; Englert, C. Combining physical and cognitive training to improve kindergarten children’s
executive functions: A cluster randomized controlled trial. Contemp. Educ. Psychol. 2020, 63, 101908. [CrossRef]

Oppici, L.; Rudd, J.R.; Buszard, T.; Spittle, S. Efficacy of a 7-week dance (RCT) PE curriculum with different teaching pedagogies
and levels of cognitive challenge to improve working memory capacity and motor competence in 8-10 years old children. Psychol.
Sport Exerc. 2020, 50, 101675. [CrossRef]


http://doi.org/10.1016/j.dcn.2015.11.005
http://doi.org/10.1136/bjsports-2018-099825
http://doi.org/10.1016/j.jaac.2017.06.012
http://doi.org/10.1186/s12966-020-00959-y
http://doi.org/10.1080/1612197X.2016.1223423
http://doi.org/10.1080/1750984X.2012.758763
http://doi.org/10.1037/bul0000200
http://doi.org/10.1016/j.dr.2010.08.001
http://doi.org/10.1016/j.jshs.2014.09.003
http://doi.org/10.1016/j.psychsport.2009.09.006
http://doi.org/10.1371/journal.pone.0212482
http://doi.org/10.1126/science.1204529
http://doi.org/10.1123/jsep.2015-0069
http://doi.org/10.1123/jsep.2020-0034
http://doi.org/10.1016/j.psychsport.2018.02.014
http://doi.org/10.1186/2046-4053-2-111
http://doi.org/10.14306/renhyd.18.3.114
http://doi.org/10.1002/9780470712184.ch1
http://doi.org/10.2522/ptj.20080002
http://doi.org/10.1136/bmj.d5928
http://doi.org/10.3390/ijerph182010740
http://doi.org/10.1136/bjsports-2012-091441
http://www.ncbi.nlm.nih.gov/pubmed/23467962
http://doi.org/10.1016/j.jsams.2020.03.007
http://www.ncbi.nlm.nih.gov/pubmed/32360243
http://doi.org/10.1080/14737175.2021.1912600
http://www.ncbi.nlm.nih.gov/pubmed/33849353
http://doi.org/10.1016/j.cedpsych.2020.101908
http://doi.org/10.1016/j.psychsport.2020.101675

Brain Sci. 2022, 12, 762 14 of 15

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Chou, C.-C.; Chen, K.-C.; Huang, M.-Y.; Tu, H.-Y;; Huang, C.-J. Can Movement Games Enhance Executive Function in Overweight
Children? A Randomized Controlled Trial. J. Teach. Phys. Educ. 2020, 39, 1-9. [CrossRef]

Benzing, V.; Schmidt, M. The effect of exergaming on executive functions in children with ADHD: A randomized clinical trial.
Scand. ]. Med. Sci. Sports 2019, 29, 1243-1253. [CrossRef]

Gao, Z.; Lee, ].E.; Zeng, N.; Pope, Z.C.; Zhang, Y.; Li, X. Home-Based Exergaming on Preschoolers’” Energy Expenditure,
Cardiovascular Fitness, Body Mass Index and Cognitive Flexibility: A Randomized Controlled Trial. J. Clin. Med. 2019, 8, 1745.
[CrossRef]

Crova, C.; Struzzolino, I.; Marchetti, R.; Masci, I.; Vannozzi, G.; Forte, R.; Pesce, C. Cognitively challenging physical activity
benefits executive function in overweight children. J. Sports Sci. 2013, 32, 201-211. [CrossRef]

Pesce, C.; Masci, I.; Marchetti, R.; Vazou, S.; Sddkslahti, A.; Tomporowski, P.D. Deliberate Play and Preparation Jointly Benefit
Motor and Cognitive Development: Mediated and Moderated Effects. Front. Psychol. 2016, 7, 349. [CrossRef]

Jackson, WM.; Davis, N.; Sands, S.A.; Whittington, R.A.; Sun, L.S. Physical Activity and Cognitive Development: A Meta-Analysis.
J. Neurosurg. Anesthesiol. 2016, 28, 373-380. [CrossRef]

De Greeff, ].W.; Bosker, R.J.; Oosterlaan, J.; Visscher, C.; Hartman, E. Effects of physical activity on executive functions, attention
and academic performance in preadolescent children: A meta-analysis. J. Sci. Med. Sport 2018, 21, 501-507. [CrossRef]

Kramer, A.; Erickson, K.I. Capitalizing on cortical plasticity: Influence of physical activity on cognition and brain function. Trends
Cogn. Sci. 2007, 11, 342-348. [CrossRef]

Singh, A.S.; Saliasi, E.; Van Den Berg, V.; Uijtdewilligen, L.; De Groot, R H.M; Jolles, J.; Andersen, L.B.; Bailey, R.; Chang, Y.-K,;
Diamond, A.; et al. Effects of physical activity interventions on cognitive and academic performance in children and adolescents:
A novel combination of a systematic review and recommendations from an expert panel. Br. |. Sports Med. 2019, 53, 640-647.
[CrossRef]

Szcze$niewska, P.; Han¢, T.; Bryl, E.; Dutkiewicz, A.; Borkowska, A.; Paszynska, E.; Stopieni, A.; Dmitrzak-Weglarz, M. Do Hot
Executive Functions Relate to BMI and Body Composition in School Age Children? Brain Sci. 2021, 11, 780. [CrossRef]

Zelazo, P.D. Executive Function: Implications for Education. NCER 2017-2000; National Center for Education Research: Laguna
Niguel, CA, USA, 2016.

Blair, C.; Raver, C.C. School Readiness and Self-Regulation: A Developmental Psychobiological Approach. Annu. Rev. Psychol.
2015, 66, 711-731. [CrossRef]

Blair, C.; Raver, C.C. Closing the Achievement Gap through Modification of Neurocognitive and Neuroendocrine Function:
Results from a Cluster Randomized Controlled Trial of an Innovative Approach to the Education of Children in Kindergarten.
PLoS ONE 2014, 9, e112393. [CrossRef]

Alesi, M.; Bianco, A.; Luppina, G.; Palma, A.; Pepi, A. Improving Children’s Coordinative Skills and Executive Functions. Percept.
Mot. Ski. 2016, 122, 27-46. [CrossRef]

Alesi, M,; Bianco, A.; Padulo, J.; Luppina, G.; Petrucci, M.; Paoli, A.; Palma, A.; Pepi, A. Motor and cognitive growth following a
Football Training Program. Front. Psychol. 2015, 6. [CrossRef]

Geertsen, S.S.; Thomas, R.; Larsen, M.N.; Dahn, I.M.; Andersen, J.N.; Krause-Jensen, M.; Korup, V.; Nielsen, C.M.; Wienecke, J.;
Ritz, C.; et al. Motor Skills and Exercise Capacity Are Associated with Objective Measures of Cognitive Functions and Academic
Performance in Preadolescent Children. PLoS ONE 2016, 11, e0161960. [CrossRef]

Van der Niet, A.G.; Smith, ].; Scherder, E.J.; Oosterlaan, ].; Hartman, E.; Visscher, C. Associations between daily physical activity
and executive functioning in primary school-aged children. J. Sci. Med. Sport 2015, 18, 673-677. [CrossRef]

Diamond, A. Activities and Programs That Improve Children’s Executive Functions. Curr. Dir. Psychol. Sci. 2012, 21, 335-341.
[CrossRef]

Gustafson, D.; Rothenberg, E.; Blennow, K.; Steen, B.; Skoog, I. An 18-Year Follow-up of Overweight and Risk of Alzheimer
Disease. Arch. Intern. Med. 2003, 163, 1524-1528. [CrossRef]

Yang, S.; Liu, Z.; Xiong, X.; Cai, K.; Zhu, L.; Dong, X.; Wang, J.; Zhu, H.; Shi, Y.; Chen, A. Effects of Mini-Basketball Training
Program on Social Communication Impairment and Executive Control Network in Preschool Children with Autism Spectrum
Disorder. Int. J. Environ. Res. Public Health 2021, 18, 5132. [CrossRef] [PubMed]

Wang, ].-G.; Cai, K.-L.; Liu, Z.-M.; Herold, F; Zou, L.; Zhu, L.-N.; Xiong, X.; Chen, A.-G. Effects of Mini-Basketball Training
Program on Executive Functions and Core Symptoms among Preschool Children with Autism Spectrum Disorders. Brain Sci.
2020, 10, 263. [CrossRef] [PubMed]

Bedard, C.; Bremer, E.; Graham, J.D.; Chirico, D.; Cairney, ]J. Examining the Effects of Acute Cognitively Engaging Physical
Activity on Cognition in Children. Front. Psychol. 2021, 12, 653133. [CrossRef] [PubMed]

Waszak, F.; Cardoso-Leite, P.; Hughes, G. Action effect anticipation: Neurophysiological basis and functional consequences.
Neurosci. Biobehav. Rev. 2012, 36, 943-959. [CrossRef] [PubMed]

Diamond, A. Close Interrelation of Motor Development and Cognitive Development and of the Cerebellum and Prefrontal Cortex.
Child Dev. 2000, 71, 44-56. [CrossRef]

Bernard, J.A.; Orr, J.; Mittal, V. Differential motor and prefrontal cerebello-cortical network development: Evidence from
multimodal neuroimaging. Neurolmage 2015, 124, 591-601. [CrossRef]

Kassai, R.; Futo, J.; Demetrovics, Z.; Takacs, Z.K. A meta-analysis of the experimental evidence on the near- and far-transfer
effects among children’s executive function skills. Psychol. Bull. 2019, 145, 165-188. [CrossRef]


http://doi.org/10.1123/jtpe.2019-0165
http://doi.org/10.1111/sms.13446
http://doi.org/10.3390/jcm8101745
http://doi.org/10.1080/02640414.2013.828849
http://doi.org/10.3389/fpsyg.2016.00349
http://doi.org/10.1097/ANA.0000000000000349
http://doi.org/10.1016/j.jsams.2017.09.595
http://doi.org/10.1016/j.tics.2007.06.009
http://doi.org/10.1136/bjsports-2017-098136
http://doi.org/10.3390/brainsci11060780
http://doi.org/10.1146/annurev-psych-010814-015221
http://doi.org/10.1371/journal.pone.0112393
http://doi.org/10.1177/0031512515627527
http://doi.org/10.3389/fpsyg.2015.01627
http://doi.org/10.1371/journal.pone.0161960
http://doi.org/10.1016/j.jsams.2014.09.006
http://doi.org/10.1177/0963721412453722
http://doi.org/10.1001/archinte.163.13.1524
http://doi.org/10.3390/ijerph18105132
http://www.ncbi.nlm.nih.gov/pubmed/34066139
http://doi.org/10.3390/brainsci10050263
http://www.ncbi.nlm.nih.gov/pubmed/32365853
http://doi.org/10.3389/fpsyg.2021.653133
http://www.ncbi.nlm.nih.gov/pubmed/34093342
http://doi.org/10.1016/j.neubiorev.2011.11.004
http://www.ncbi.nlm.nih.gov/pubmed/22108008
http://doi.org/10.1111/1467-8624.00117
http://doi.org/10.1016/j.neuroimage.2015.09.022
http://doi.org/10.1037/bul0000180

Brain Sci. 2022, 12,762 15 of 15

63.

64.

65.

66.
67.

Takacs, Z.K.; Kassai, R. The efficacy of different interventions to foster children’s executive function skills: A series of meta-
analyses. Psychol. Bull. 2019, 145, 653-697. [CrossRef]

Mazzoli, E.; Koorts, H.; Salmon, ].; Pesce, C.; May, T.; Teo, W.-P,; Barnett, L.M. Feasibility of breaking up sitting time in mainstream
and special schools with a cognitively challenging motor task. ]. Sport Health Sci. 2019, 8, 137-148. [CrossRef]

Schmidt, M.; Benzing, V.; Kamer, M. Classroom-Based Physical Activity Breaks and Children’s Attention: Cognitive Engagement
Works! Front. Psychol. 2016, 7, 1474. [CrossRef]

Cappuccio, M. Handbook of Embodied Cognition and Sport Psychology; MIT Press: Cambridge, MA, USA, 2019.

Mazzoli, E.; Salmon, J.; Teo, W.-P,; Pesce, C.; He, ]J.; Ben-Soussan, T.D.; Barnett, L.M. Breaking up classroom sitting time with
cognitively engaging physical activity: Behavioural and brain responses. PLoS ONE 2021, 16, e0253733. [CrossRef]


http://doi.org/10.1037/bul0000195
http://doi.org/10.1016/j.jshs.2019.01.002
http://doi.org/10.3389/fpsyg.2016.01474
http://doi.org/10.1371/journal.pone.0253733

	Introduction 
	Materials and Methods 
	Search Strategy 
	Inclusion and Exclusion Criteria 
	Collection of Studies 
	Data Extraction 
	Assessment of Study Quality 
	Statistical Analysis 

	Results 
	Study Characteristic 
	Methodological Evaluation of the Included Literature 
	Heterogeneity Test and Sensitivity Analysis 
	Effects of Cognitively Engaging PA on EFs 
	Moderator Analysis 

	Discussion 
	The Overall Effect of Cognitively Engaging PA on EFs 
	Comparisons with Previous Studies 
	Analysis of Regulatory Variables between Cognitively Engaging PA and EFs 
	Cognitively Engaging PA Changes the Underlying Mechanism of EFs in Children 
	Strengths and Limitations 

	Conclusions 
	References

