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Abstract
Background  The effects of open and closed skill exercise interventions for executive function in children and 
adolescents have received widespread attention. Open skill refers to the skill of performing motor tasks in an 
unpredictable environment; closed skill refers to the skill of performing motor tasks in a stable environment. However, 
the results of related studies are currently controversial and Meta-analysis is urgently needed.

Methods  After computer searches of CNKI, Wan-Fang, VIP, WOS, PubMed, and EBSCO databases, two researchers 
independently screened articles, extracted information, and evaluated the quality of the articles. This study was 
statistical analyzed using Stata 16.0 software.

Results  A total of 31 articles were included, including 2988 typical children. Open, closed, continuous and sequential 
skills all improved executive function in typical children to varying degrees, but open and sequential skills were more 
effective in improving executive function, particularly in the former in the working memory (SMD=-0.833, P < 0.001) 
and in the latter in the inhibitory control (SMD=-0.834, P < 0.001) and cognitive flexibility (SMD=-0.903, P < 0.001). 
Long-term, moderate- intensity interventions were better than acute, vigorous-intensity interventions for executive 
function, with long-term interventions reflected in working memory (SMD=-0.579, P < 0.001) and moderate-intensity 
interventions reflected in all three dimensions of executive function (P < 0.01). Intervention periods, intervention 
intensity and continuous and sequential skills classified by action structure play a significant moderating role. Better 
results for long-term, sequential structural action interventions based on open skills (P < 0.001); better results for 
acute, moderate intensity, sequential structural action interventions based on closed (P < 0.05). Whereas intervention 
intensity had a non-significant moderating effect in the open skills intervention, both moderate and vigorous 
intensity had a significant effect on executive function (P < 0.001).

Conclusion  Open and closed skills have different levels of facilitation effects on executive function in typical children, 
but open skills are more effective. The facilitation effects of open and closed skills were moderated by the qualitative 
characteristics and action structure of the intervention.
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Introduction
Executive function is a higher cognitive function of 
the central nervous system that refers to the process of 
monitoring and controlling an individual’s thoughts and 
behaviors [1–3]. Executive function is generally con-
sidered to be a multidimensional structure consisting 
of three main components: inhibitory control, working 
memory and cognitive flexibility [4, 5], and has been vali-
dated and recognized by subsequent researchers [6, 7]. 
The childhood stage is a critical stage of cognitive devel-
opment, and executive function at this stage is concerned 
with future academic performance as well as the forma-
tion and consolidation of creative awareness, health liter-
acy, and good social relationships [8–11]. Therefore, how 
to promote children’s executive functions has become a 
topic of focus for researchers.

Currently, computer-operated tasks dominate execu-
tive function measurements. The researchers often use 
task paradigms such as Flanker, GO/NO GO, Stroop, 
and Stop signal to test inhibitory control; task paradigms 
such as N-back, Digit Span, and Sternberg to test work-
ing memory; and task paradigms such as More-Odd 
Shifting (MOS) and Task switching to test cognitive flex-
ibility. The advantages of using computer-operated tasks 
are: first, these procedures save time in administering 
and scoring the test while ensuring the accuracy of data 
collection, and computer-based testing is more appropri-
ate when the assessor is faced with practical constraints 
and limited time for subjects [12]; second, computer-
operated tasks is consistent with the assumption that 
executive function is complex and multidimensional [13], 
which helps the researcher to explore the roles of the var-
ious subcomponents of executive functioning in the per-
formance of the behaviors.

The relationship between physical exercise and execu-
tive function is receiving increasing attention. The results 
of the related systematic review and Meta-analysis 
showed that physical exercise promotes the improve-
ment of executive function in children and adolescents, 
and that regular exercise of moderate intensity [14], 
more than three times per week, and with a single dura-
tion of 35 min or more has better benefits in promoting 
executive function in children and adolescents [15, 16]. 
Although the above systematic review and Meta-analy-
sis confirmed the effectiveness of exercise interventions 
for executive function in children and adolescents, the 
included studies existed a large number of exercise inter-
ventions in laboratory settings, such as power bike and 
running table. And such interventions ignore the com-
plexity of exercise in natural environments, so ecologi-
cal validity is low and cannot be generalized to the real 
world [17]. Some researchers [18–20] have called for a 
focus on qualitative features of exercise interventions 
(e.g. metabolic energy supply, types of sport skills) and 

more real-world research to better facilitate translation 
of research findings.

Where sport skills are a combination of mental pro-
cesses and skill manipulation processes [21], there are 
shared brain area mechanisms for skill learning and cog-
nitive tasks. The cognitive benefits generated by exercise 
may be different in skill types [22], which may be related 
to the action tasks of the activities involved [23]. Depend-
ing on the predictability of the environmental context, 
sport skills can be divided into open and closed skills. The 
former refers to the skill of performing motor tasks in an 
unpredictable environment, where individuals need to 
react and adjust their movements to changes in the envi-
ronment; the latter refers to the skill of performing motor 
tasks in a stable, predictable environment, where individ-
uals are able to plan their movement routines in advance 
[24]. Within this conceptual framework, researchers [25–
27] have found that participants with open skills outper-
formed participants with closed skills in some aspects of 
executive function; however, some studies [28, 29] have 
also reported no differences between the two.

There are several possible reasons for the above dispute. 
First, the intervention effects of open and closed skills on 
executive function may be moderated by the quantitative 
characteristics of exercise. Related studies [30, 31] dem-
onstrated that moderate intensity was more beneficial to 
the development of executive function, while Chen et al. 
[32] compared the effects of different intensity basketball 
dribbling interventions and found that high intensity also 
helped to improve inhibitory control and working mem-
ory in school-aged children. The learning of complex 
sport skills improves the peer relationships of children 
and adolescents, makes it easier to stimulate enjoyment 
of exercise and positive emotional experiences, delays 
fatigue caused by exercise and helps to improve execu-
tive function [33]. Second, the effects of interventions in 
executive function by open and closed skills may be mod-
ulated by the structure of action. Depending on the com-
plexity of the action structure, sport skills can be divided 
into sequential skills and continuous skills. The former 
refers to the joining of several discrete actions in a certain 
sequence to form a more complex action sequence; the 
latter is a multiple repetition of a single discrete action, 
and the action has no clear beginning and end, and the 
structure of the action is relatively single [24]. Shi et al. 
[27] found that sequential skills such as aerobics, which 
emphasize physical coordination [34], promoted execu-
tive function better than continuous skills such as run-
ning. In addition, this study found that skills with both 
open and sequential attributes had the best facilitation 
benefits for executive function. However, the systematic 
review by Shi et al. [27] was unable to calculate estimated 
effect sizes for exercise types, so the accuracy, stability 
and reliability of their results are questionable.
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Based on this, this study was conducted by system-
atically searching for relevant studies based on Shi et 
al. [27]. This systematic review and meta-analysis had 
two research objectives.  Firstly, a systematic review of 
research on the intervention of open and closed skills on 
typical children’s executive function is presented, and the 
effects of the interventions are compared quantitatively 
through Meta-analysis. Secondly, the moderating role 
of quantitative features of intervention and structural 
features of action in open and closed skills is explored. 
Through this study, it is hoped that it will inform subse-
quent research and teaching practice.

Methods
This study was conducted in compliance with Preferred 
Reporting Items for Systematic Reviews and Meta-Anal-
yses (PRISMA 2020) and was registered at International 
Prospective Register of Systematic Reviews (PROS-
PERO), under number CRD42023452385.

Search strategies
A search of the relevant literature was conducted by 
one researcher using both English and Chinese search 
terms. Searches were conducted in the CKNI、Wan-
Fang、VIP、Web of Science (WOS), PubMed and 
EBSCO databases using the following three sets of search 
terms. (1)“skill” “sports” “exercise” “fitness”; (2) “executive 
function” “working memory” “inhibition control” “cogni-
tive flexibility” “self-control” “self-regulation”; (3) “chil-
dren” “child” “pupil”. The search time frame is from the 
creation of this database to May 2022.

Inclusion and exclusion criteria
Inclusion and exclusion criteria for the literature were 
designed according to the PICOS principles [35]. Inclu-
sion criteria: (1) the participants were typical children 
under 14 years of age; (2) interventions are acute or 
long-term exercise interventions based on a variety of 
sport skills in real-world settings; (3) control measures 
include traditional physical education courses, basic aca-
demic courses, free movement or meditation, etc.; (4) 
outcome variables include inhibitory control, working 
memory, cognitive flexibility; (5) study designs include 
randomized controlled trials (RCT), randomized cross-
over designs (RCD) and quasi-experimental designs 
(QED). Exclusion criteria: (1) non-experimental studies; 
(2) reviews, abstracts, letters, comments; (3) type of sport 
skill not reported or not identified; (4) combined skills 
interventions for open and closed skills; (5) Screen-based 
physical games, such as Xbox, Kinect and Nintendo; (6) 
combined physical exercise and cognitive therapy inter-
vention; (7) repeated publications on the same study sub-
jects, including only relatively high quality literature; (8) 
raw data (mean and standard deviation) are not available. 

Selection out independently by two researchers and the 
selected literature was secondarily assessed by two other 
researchers and, if controversial, mutually agreed by 
group discussion.

Data extraction
Extracts included first author, date of publication, study 
design, participants’ characteristics, interventions, 
controls and outcome variables, and the extracts were 
entered into Excel 2010 and saved. Three categories of 
evaluation indicators, namely response time, accuracy 
and score, were used to reflect the executive function of 
the subjects in the included studies, with faster response 
time, higher accuracy and higher score indicating better 
executive function. Therefore, accuracy and scores were 
back-calculated and extracted for coding in this study to 
maintain consistency with the direction of evaluation at 
the time of response, in preparation for the subsequent 
meta-analysis. The data extraction was carried out inde-
pendently by two researchers and the extraction was sec-
ondarily assessed by two other researchers, and if there 
were controversial issues, a group discussion was held to 
decide jointly.

Quality assessment
This study used the risk of bias assessment tool recom-
mended by the Cochrane Collaboration Network to 
assess the risk of bias in randomized trials [36]. The tool 
is assessed from six aspects: randomization methods, 
blinding, allocation concealment, integrity of result data, 
selective reporting of study results and other biases. In 
this study, the MINORS scale [37] was used to assess the 
quality of the QED. The tool consists of 12 items, 9 to 12 
of which are used to assess additional criteria for studies 
with a control group, each with a score of 2, for a total 
score of 24 [27]. A score of 0 means not reported; a score 
of 1 means reported but with insufficient information; a 
score of 2 means reported and sufficient information pro-
vided [27]. Judgments based on the assessment tool were 
made independently by two researchers and, where there 
was significant disagreement, the items were discussed 
with a third researcher.

Statistical methods
This study uses Stata16.0 software for statistical analysis. 
Meta-analysis used standardized mean difference (SMD) 
for effect sizes and 95% confidence interval (CI) for the 
estimated intervals of the overall parameters constructed 
from the sample statistics. The Q test and I2 statistic were 
used to test for heterogeneity between included stud-
ies. If I2 < 50% and P > 0.1, heterogeneity was considered 
small and a fixed-effects model was selected for analysis; 
if I2 ≥ 50% and P ≤ 0.1, heterogeneity was considered large 
and a random-effects model was selected for analysis 
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[38]. This study explores the moderating role of quanti-
tative characteristics of the intervention and structural 
characteristics of the action through subgroup analysis. 
This study used Egger linear regression models for pub-
lication bias test. In this study, sensitivity analysis was 
carried out using the one-by-one elimination method 
and the cut-and-patch method. The level of heterogeneity 
was set at α = 0.1 and the rest of the tests at α = 0.05.

Results
Literature selection results
A total of 7240 articles were retrieved, including 1307 
Chinese articles and 5933 English articles. The retrieved 
articles were imported into EndNote X9 software for de-
duplication, and 2311 articles were finally obtained. A 
total of 31 articles were included after literature selection. 
The literature selection process is shown in Fig. 1.

Literature extraction results
The 31 articles included 12 (38.7%) acute intervention 
studies and 19 (61.3%) long-term intervention studies; 
included 25 (80.6%) RCTs, 2 (6.5%) RCDs and 4 (12.9%) 

QEDs. The 31 articles included 2988 typical children aged 
3 to 13 years. 21 (67.7%) articles reported the proportion 
of girls among the subjects, with the proportion of girls 
ranging from 18.8 to 64.8% in all but 2 [39, 40] articles 
for boys only. 9 (75.0%) of the acute intervention articles 
reported the exercise intensity of the intervention, mostly 
moderate, with a single intervention duration of 10 to 
50 min. 14 (73.7%) of the articles in the long-term inter-
vention reported the intensity of the intervention, mostly 
moderate, and the quantitative characteristics of the 
remaining interventions were 6 to 36 weeks, 1 to 5 times/
week and 30 to 120 times/min. Descriptive information 
on more participants, intervention and control measures, 
outcome variables measured and results are shown in 
Table 1.

Risk of bias assessment results
Of the 27 randomized controlled trials (RCTs and RCDs), 
11 (40.7%) studies reported randomization methods; 
12 (44.4%) studies reported strategies for administer-
ing blinding, only one study [53] reported strategies for 
allocation concealment; 16 (59.3%) studies reported 

Fig. 1  Flow chart for literature selection
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completeness of outcome data and no subject dropouts/ 
missed visits; all studies were free from bias in selective 
reporting of study results and it was unclear whether 
other biases existed (Fig.  2). The results of the quality 
assessment of the 4 QEDs showed that most entries were 
reported and provided detailed and informative informa-
tion, resulting in an overall low likelihood of bias (Fig. 3).

Meta-analysis results
Comparison of sport skill types
There was a large heterogeneity between included stud-
ies (I2 > 50%, P < 0.1), so a random effects model was cho-
sen for analysis. The results of the combined effects test 
(Table 2) showed that both open and closed skills had a 
significant improvement in inhibitory control and cog-
nitive flexibility in typical children (P < 0.05), while open 
skills (SMD=-0.833, P < 0.001) were better than closed 
skills (SMD=-0.539, P = 0.088) for improving working 
memory; continuous skills (SMD=-1.124, P = 0.003) and 
sequential skills (SMD=-0.903, P < 0.001) had a signifi-
cant improvement in cognitive flexibility for typical chil-
dren, while sequential skills (P < 0.001) were better than 
continuous skills for both inhibitory control and working 
memory (P > 0.05).

Comparison of quantitative intervention characteristics
Only one study [32] explored the effect sizes of low-
intensity exercise interventions for working memory and 
cognitive flexibility, and it was not possible to calculate 
heterogeneity. Due to the large heterogeneity among the 
remaining included studies (I2 > 50%, P < 0.1), a random 
effects model was chosen for the analysis. The results 
of the combined effects test (Table 3) showed that both 
the acute and long-term interventions were significantly 
(P < 0.01) effective in improving inhibitory control and 
cognitive flexibility in typical children, while the long-
term intervention (SMD=-0.579, P < 0.001) was better 
than the acute intervention (SMD=-0.753, P = 0.056) 
in improving working memory; The moderate and low 
intensity (P < 0.01) interventions were more effective 
than the vigorous intensity (P > 0.05) intervention in 
improving inhibitory control and working memory in 
typical children, and the moderate intensity intervention 
(SMD=-1.394, P < 0.001) was more effective than the vig-
orous intensity (SMD=-0.992, P = 0.158) and low intensity 
(SMD = 0.312, P = 0.238).

The moderating role of quantitative intervention 
characteristics
Given the limitations of the number of studies on low-
intensity interventions, only the moderating effects 
of moderate and vigorous intensities will be explored. 
Due to the large heterogeneity among the included 
studies (I2 > 50%, P < 0.1), a random effects model was In
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Table 2  Results of a test of the combined effect of different types of sport skill exercise on executive function interventions
Categories Outcome variables Heterogeneity test Combined effects test

I2 P SMD 95%CI Z P
Open skills Inhibitory control 91.8% < 0.001 -0.942 (-1.290, -0.594) 5.30 < 0.001

Working memory 93.0% < 0.001 -0.833 (-1.220, -0.447) 4.22 < 0.001

Cognitive flexibility 94.1% < 0.001 -1.116 (-1.658, -0.575) 4.04 < 0.001

Closed skills Inhibitory control 94.9% < 0.001 -0.524 (-0.957, -0.091) 2.37 0.018

Working memory 96.5% < 0.001 -0.539 (-1.158, 0.080) 1.71 0.088

Cognitive flexibility 94.8% < 0.001 -0.854 (-1.353, -0.356) 3.36 0.001

Continuous skills Inhibitory control 97.2% < 0.001 -0.450 (-1.203, 0.303) 1.17 0.242

Working memory 97.6% < 0.001 -0.048 (-1.002, 0.905) 0.10 0.921

Cognitive flexibility 96.3% < 0.001 -1.124 (-1.863, -0.384) 2.98 0.003

Sequential skills Inhibitory control 88.3% < 0.001 -0.834 (-1.090, -0.578) 6.39 < 0.001

Working memory 92.0% < 0.001 -0.889 (-1.224, -0.554) 5.20 < 0.001

Cognitive flexibility 94.1% < 0.001 -0.903 (-1.375, -0.403) 3.76 < 0.001

Fig. 3  Results of risk of bias assessment for QED studies (Notes: 0 means “not reported”, 1 means “reported but with insufficient information”, 2 means 
“reported and sufficient information provided”)

 

Fig. 2  Results of risk of bias assessment for RCT and RCD studies (Notes: 0 means “not clear”, 1 means “yes” and 2 means “no”.)
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chosen for the analysis. The results of the combined 
effects test (Table  4) showed that both acute and long-
term interventions based on open skills had a positive 
intervention effect on inhibitory control and cognitive 
flexibility in typical children (P < 0.05), while the long-
term intervention (SMD=-0.730, P < 0.001) had a better 
intervention effect on working memory than the acute 

intervention (SMD=-1.167, P = 0.074); both acute and 
long-term interventions based on closed skills were 
not significant for working memory in typical children 
(P > 0.05), while acute interventions (P < 0.05) were bet-
ter than long-term interventions for inhibitory control 
and cognitive flexibility (P > 0.05); moderate and vigor-
ous intensity open skills interventions had significant 

Table 3  Intervention effects of different quantitative characteristics on executive function
Quantitative characteristics Categories Outcome variables Heterogeneity test Combined effects test

I2 P SMD 95%CI Z P
Cycle Acute Inhibitory control 95.9% < 0.001 -0.886 (-1.400, -0.332) 3.18 0.001

Working memory 97.0% < 0.001 -0.753 (-1.524, 0.019) 1.91 0.056

Cognitive flexibility 96.0% < 0.001 -0.717 (-1.165, -0.269) 4.00 < 0.001

Long-term Inhibitory control 82.9% < 0.001 -0.612 (-0.890, -0.334) 4.31 < 0.001

Working memory 89.7% < 0.001 -0.579 (-0.870, -0.288) 3.90 < 0.001

Cognitive flexibility 92.9% < 0.001 -0.075 (-1.524, 0.019) 3.14 0.002

Intensity Low Inhibitory control 86.4% < 0.001 -1.827 (-3.113, -0.540) 2.78 0.005

Working memory — — -1.649 (-2.248, -1.050) 5.40 < 0.001

Cognitive flexibility — — 0.312 (-0.206, 0.831) 1.18 0.238

Moderate Inhibitory control 95.3% < 0.001 -0.851 (-1.304, -0.399) 3.69 < 0.001

Working memory 96.3% < 0.001 -0.892 (-1.433, -0.351) 3.23 0.001

Cognitive flexibility 94.1% < 0.001 -1.394 (-1.867, -0.920) 5.77 < 0.001

Vigorous Inhibitory control 94.5% < 0.001 -0.421 (-1.218, 0.375) 1.04 0.300

Working memory 98.0% < 0.001 -1.382 (-3.046, 0.281) 1.63 0.103

Cognitive flexibility 97.3% < 0.001 -0.992 (-2.367, 0.384) 1.41 0.158

Table 4  Results of tests of the moderating effect of quantitative intervention characteristics
Type of skills Quantitative characteristics Categories Outcome variables Heterogeneity 

test
Combined effects test

I2 P SMD 95%CI Z P
Open skills Cycle Acute Inhibitory control 96.7% < 0.001 -1.693 (-2.993,-0.393) 2.55 0.011

Working memory 96.6% < 0.001 -1.167 (-2.445,0.112) 1.79 0.074

Cognitive flexibility 97.8% < 0.001 -1.975 (-3.941,-0.008) 1.97 0.049

Long-term Inhibitory control 88.0% < 0.001 -0.751 (-1.076,-0.427) 4.54 < 0.001

Working memory 89.9% < 0.001 -0.730 (-1.096,-0.365) 3.92 < 0.001

Cognitive flexibility 92.3% < 0.001 -0.899 (-1.439,-0.359) 3.26 0.001

Closed skills Cycle Acute Inhibitory control 95.8% < 0.001 -0.617 (-1.219,-0.015) 2.01 0.045

Working memory 97.3% < 0.001 -0.506 (-1.517,0.505) 0.89 0.372

Cognitive flexibility 95.5% < 0.001 -1.092 (-1.746,-0.438) 3.27 0.001

Long-term Inhibitory control 90.4% < 0.001 -0.276 (-0.806,0.253) 1.02 0.306

Working memory 88.4% < 0.001 -0.221 (-0.708,0.265) 0.98 0.326

Cognitive flexibility 93.9% < 0.001 -0.329 (-1.163,0.506) 0.77 0.440

Open skills Intensity Moderate Inhibitory control 93.1% < 0.001 -0.983 (-1.465,-0.500) 3.99 < 0.001

Working memory 94.8% < 0.001 -1.110 (-1.705,-0.514) 3.65 < 0.001

Cognitive flexibility 92.1% < 0.001 -1.248 (-1.853,-0.642) 4.04 < 0.001

Vigorous Inhibitory control 95.2% < 0.001 -1.382 (-1.777,-0.988) 6.87 < 0.001

Working memory 92.1% < 0.001 -1.975 (-2.407,-1.542) 8.95 < 0.001

Cognitive flexibility 88.6% < 0.001 -2.149 (-2.594,-1.704) 9.46 < 0.001

Closed skills Intensity Moderate Inhibitory control 93.3% < 0.001 -0.587 (-1.556,0.382) 1.19 0.235

Working memory 97.4% < 0.001 -0.328 (-1.400,0.744) 0.60 0.548

Cognitive flexibility 95.7% < 0.001 -1.562 (-2.331,-0.793) 3.98 < 0.001

Vigorous Inhibitory control 93.7% < 0.001 -0.224 (-1.039,0.591) 0.54 0.590

Working memory 97.8% < 0.001 -1.184 (-3.154,0.786) 1.18 0.239

Cognitive flexibility 96.1% < 0.001 -0.596 (-1.956,0.765) 0.86 0.391
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intervention effects on inhibitory control, working 
memory and cognitive flexibility in typical children 
(P < 0.001); moderate and vigorous intensity closed skills 
interventions were not significant for inhibitory con-
trol and working memory in typical children (P > 0.05), 
while moderate intensity interventions (SMD=-1.562, 
P < 0.001) were better than vigorous intensity (SMD=-
0.596, P = 0.391) for cognitive flexibility. In summary, the 
intervention cycle plays a moderating role in open skills 
interventions for working memory and in closed skills 
interventions for inhibitory control and cognitive flexibil-
ity; the intervention intensity exerts a moderating effect 
in closed skills intervention for cognitive flexibility, while 
the moderating effect in the open skills intervention is 
not significant.

The moderating role of continuous and sequential skills
Due to the large heterogeneity among the included stud-
ies (I2 > 50%, P < 0.1), a random effects model was chosen 
for the analysis. The results of the combined effects test 
(Table  5) showed that both open-continuous and open-
sequential skills had significant intervention effects on 
working memory and cognitive flexibility in typical 
children (P < 0.05), while open-sequential skills (SMD=-
0.825, P < 0.001) had a better intervention effect on 
inhibitory control than open-continuous skills (SMD=-
1.883, P = 0.071); closed-sequential skills (P < 0.01) were 
more effective than closed-continuous skills (P > 0.05) 
in intervening with inhibitory control, working memory 
and cognitive flexibility in typical children. In summary, 
continuous and sequential skills play a moderating role in 
open skill intervention inhibitory control and a moderat-
ing role in closed skill intervention executive function.

Tests for publication bias
The Egger linear regression model constructs a linear 
regression equation with the effect size as the depen-
dent variable and the precision of the effect estimate as 

the independent variable. The intercept of the regression 
equation is the bias, and the closer it is to 0, the less likely 
there is publication bias, and if P > 0.05 and the 95% CI 
contains 0, and then there is no publication bias [38]. The 
results in Table 6 show that P > 0.05 and 95% CI contains 
0 in inhibitory control and working memory, indicating 
that there was no publication bias in the included stud-
ies and that the Meta-analysis results were stable and 
reliable; while P < 0.05 and 95% CI contains 0 in cognitive 
flexibility, suggesting a possible publication bias in the 
included studies.

Sensitivity analysis
In this study, sensitivity analysis was carried out with 
the help of the “metaninf” command for the one-by-one 
rejection method. For inhibitory control, SMD=-0.859 to 
-0.653, 95% CI=(-1.104 to -0.914, -0.614 to -0.393) after 
excluding one study at a time. For working memory, SMD 
= -0.802 to -0.655, 95% CI = (-1.144 to -0.984, -0.609 to 
-0.326) after excluding one study at a time. For cogni-
tive flexibility, SMD = -1.034 to -0.866, 95% CI = (-1.403 
to -1.219, -0.664 to -0.512) after excluding one study at 
a time. None of the results of the combined effects tests 
after excluding one study at a time changed substantially. 
In addition, this study used the cut-and-patch method 
proposed by Duval et al. [67] to identify and correct for 
funnel plot asymmetries caused by publication bias. The 
results showed four new studies added after the cut-and-
patch method, with a combined effect size SMD = 0.553, 
95% CI = (0.369, 0.829). As a result, there was no signifi-
cant change from the combined effect size before the cut-
and-patch, and the results are robust and reliable [68].

Table 5  Results of tests of the moderating effect of continuous and sequential skills
Environmental context Action structure Outcome variables Heterogeneity test Combined effects test

I2 P SMD 95%CI Z P
Open skills Continuous skills Inhibitory control 98.4% < 0.001 -1.883 (-3.928, 0.162) 1.80 0.071

Working memory 98.1% < 0.001 -1.886 (-3.766, -0.006) 1.97 0.049

Cognitive flexibility 95.9% < 0.001 -2.314 (-3.650, -0.978) 3.40 0.001

Sequential skills Inhibitory control 85.7% < 0.001 -0.825 (-1.122, -0.528) 5.44 < 0.001

Working memory 89.2% < 0.001 -0.668 (-1.020, -0.317) 3.72 < 0.001

Cognitive flexibility 92.8% < 0.001 -0.790 (-1.369, -0.211) 2.67 0.007

Closed skills Continuous skills Inhibitory control 97.0% < 0.001 -0.032 (-0.910, 0.846) 0.07 0.943

Working memory 97.6% < 0.001 0.672 (-0.533, 1.876) 1.09 0.274

Cognitive flexibility 94.5% < 0.001 -0.537 (-1.289, 0.216) 1.40 0.162

Sequential skills Inhibitory control 91.1% < 0.001 -0.864 (-1.350, -0.378) 3.48 < 0.001

Working memory 95.1% < 0.001 -1.385 (-2.190, -0.581) 3.38 0.001

Cognitive flexibility 95.3% < 0.001 -1.054 (-1.845, -0.263) 2.61 0.009

Table 6  Results of Egger linear regression analysis
Outcome variables β SE t P 95%CI
Inhibitory control -2.118 1.600 -1.32 0.192 (-5.345, 1.107)

Working memory -2.033 1.681 -1.21 0.234 (-5.436, 1.370)

Cognitive flexibility -5.675 2.445 -2.32 0.027 (-10.675, -0.675)
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Discussion
Effects of open and closed skills exercise interventions on 
executive function
Both open and closed skills contribute to improved 
inhibitory control and cognitive flexibility in typical 
children, but open skills is far more effective interven-
tions for working memory than closed skills. Open and 
closed skills have different degrees of facilitative benefits 
on executive function, but given the different effects of 
different types of sport skills on brain organization and 
neural activation, there are differences in the outward 
expression of executive control they produce. Sustained 
closed skills exercise promotes cerebral neovasculariza-
tion, increases cerebral blood flow, and activates inhibi-
tory control-related brain areas [69, 70]. However, open 
skills exercise that combines environmental enrich-
ment, interpersonal interaction, and motor coordina-
tion is more likely to promote neurogenesis and synaptic 
neogenesis, and promote increased activation in brain 
regions associated with attention control and working 
memory [17, 69, 71]. In addition, regular participation in 
open skills exercise over a long period of time will also 
combine the advantages of closed skills exercise and 
therefore be more effective in promoting the executive 
function [72, 73]. In addition, cognitive flexibility is one 
of the more complex skills in executive function, with all 
conscious attentional control and transfer dependent on 
the development of inhibitory control and working mem-
ory and their coordination with each other [74]. Whereas 
the results suggest that closed skills are less effective in 
improving working memory, they have good facilitative 
benefits for cognitive flexibility. This may stem from the 
moderating effect of structural characteristics of action. 
Complex coordinated body movements are more condu-
cive to mobilizing the storage and processing functions of 
the working memory system in order to flexibly complete 
the transition between thought and movement [34]. In 
conclusion, open skills are more effective interventions 
for executive function in typical children.

Effects of quantitative intervention characteristics on 
executive function
Long-term interventions are more effective in executive 
function, particularly in the working memory dimension. 
The longer the intervention period the better the facilita-
tion effect is demonstrated and the long-term interven-
tion effect is much higher than the effect of the 1-time 
intervention [75]. Acute interventions can increase acti-
vation levels in the dorsolateral prefrontal cortex and 
increase cerebral blood flow; whereas long-term inter-
ventions can increase structural plasticity in brain grey 
and white matter and improve functional brain networks, 
so the latter has a higher intervention effect and follow-
up effect [27]. In particular, improvements in working 

memory are based on functional connections between 
the default mode network and the frontal, posterior and 
temporal cortices in the executive control network [76] 
and therefore require prolonged intervention to achieve.

The results were similar to those of previous studies 
on dose-effect relationships [32, 77], in that moderate 
intensity interventions were more effective overall on 
executive function. Although the low-intensity interven-
tion had good intervention effects on inhibitory control 
and working memory, it is difficult to draw conclusions 
given the limitations of the number of included studies. 
Meanwhile, empirical studies [32, 51] have shown that 
low-intensity interventions can improve some subcom-
ponents of executive function compared to controls, 
but the magnitude of improvement is not as great as for 
moderate-intensity interventions. Vigorous intensity 
interventions are least effective because the self-control 
power model assumes that there is a finite amount of 
energy available for self-control. Energy expended on 
previous self-control that is not restored in time may 
lead to ego depletion, which will affect subsequent self-
control behaviors [78]. Therefore, this study supports the 
idea of the self-control strength model.

Moderating effect of quantitative intervention 
characteristics
Intervention cycles moderate the effects of both open 
and closed skills interventions, with long-term open 
skills being more effective for working memory and acute 
closed skills being more effective for inhibitory control 
and cognitive flexibility. Previous studies have shown 
that open skills and long-term interventions in particu-
lar have better intervention effects on working memory 
in typical children, mainly due to the need for open skills 
to control perceptual-motor coordination and physical-
motor coordination [77, 79], as well as the increased 
brain plasticity and functional connectivity of executive 
control networks that result from long-term interven-
tions [76, 80]. In addition, closed skills are more effec-
tive in intervening with inhibitory control and cognitive 
flexibility, and sustained exercise increases brain arousal 
levels and blood flow and activates networks related to 
motor control [79, 81]. Sequential combinations of limb 
movements increase the cognitive demand on the brain 
and increase dynamic activation of the frontoparietal 
network to improve fixation switching functions [34]. In 
closed skills, acute interventions are more effective than 
long-term interventions, mainly stemming from the fact 
that individuals gradually adapt to existing environmental 
stimuli during long-term movements and that individuals 
are not faced with new problems and challenges, which 
may therefore lead to stagnation or even a slight decline 
in the development of executive functions [82]. Sport 
skills learning are cognitive and associative in nature. 
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Individuals inhibit irrational visuomotor planning in the 
early stages and assess new visual stimuli and kinesthetic 
information through working memory refreshes in order 
to flexibly complete stereotypic shifts in thought and 
movement, activating specific prefrontal areas [83]. How-
ever, as sport skills reach an automatic level, activation in 
prefrontal areas decreases and the role of consciousness 
in the control of individual movements is minimized.

Intervention intensity had a non-significant moderat-
ing effect in open skills and a moderating effect in closed 
skills, where moderate intensity interventions were bet-
ter for cognitive flexibility than vigorous intensity. The 
results of this study showed that both moderate- and 
vigorous-intensity open-skill exercises significantly 
improved the executive function of typical children. 
Organized open skills learning and competitions such as 
football and basketball are more likely to increase moti-
vation to exercise, increase positive emotional experi-
ences, build and strengthen peer bonds, and delay fatigue 
from exercise [33, 84]. Therefore, this may provide some 
offset to the negative benefits of vigorous intensity exer-
cise on executive function and does not strictly satisfy the 
hypothesis of an inverted U-shaped relationship. How-
ever, it is important to note that only two [32, 57] papers 
have explored the effects of vigorous intensity open-skill 
interventions, which need to be further tested in subse-
quent studies. However, for closed skills, the findings 
support the hypothesis of an inverted U-shaped relation-
ship between intervention intensity and executive func-
tion. The original inverted-U hypothesis was derived 
from a laboratory environment task based on a power 
bike or running Table [85]. Movement in this environ-
ment lacks interpersonal interaction and rich environ-
mental stimuli and is therefore similar to closed skills.

Moderating effects of continuous and sequential skills
Both continuous and sequential skills contribute to 
improved cognitive flexibility in typical children, but 
sequential skills are much more effective in improving 
inhibitory control and working memory than continuous 
skills. Sequential skills have a complex movement struc-
ture and are movement sequences that combine motor 
coordination and aerobic fitness. The involvement of 
multiple limbs and the flexibility of movements during 
the task require more mental manipulation processes to 
be involved [20]. The motor process requires the brain to 
give rapid operational instructions depending on external 
stimuli (e.g. musical rhythms), to suppress information 
that has been activated but is not relevant to the tar-
get action, to correct musical and motor instructions in 
working memory, and to be flexible to complete the tran-
sition between thought and action, more easily increas-
ing blood flow to the dorsolateral prefrontal cortex [50, 

86]. Sequential skills are therefore more effective as an 
intervention than continuous activities alone.

Continuous and sequential skills play a moderating 
role in both open and closed skill interventions, and 
skills with sequential structural movement properties 
are more effective in promoting executive function in 
typical children. Specifically, open-sequential skills inter-
vened better than open-continuous skills for inhibitory 
control; closed-sequential skills intervened better than 
closed-continuous skills for inhibitory control, working 
memory and cognitive flexibility. A recent Meta-analysis 
[87] evaluated the effect of 11 sport skills on working 
memory in school-age children, with a general pattern of 
“open > closed, sequential > continuous”.

Limitations
The following limitations of this study remain. Firstly, the 
search process is limited by language, which may lead to 
publication bias. However, sensitivity analyses of the one-
by-one elimination and cut-and-patch methods showed 
robust and reliable results, and the findings were similar 
to those of similar published studies [87, 88]. Secondly, 
there is a risk of bias in the methodological quality of the 
included articles, which may confound the results of the 
intervention to some extent. Finally, the paucity of litera-
ture on the executive function of low-intensity interven-
tions, limited by primary sources, makes it difficult to 
draw valid conclusions and to test for subsequent mod-
erating effects.

Conclusion
The aim of this study was to quantitatively compare the 
effects of open and closed skills interventions on execu-
tive function in typical children, as well as to explore the 
moderating role of quantitative intervention characteris-
tics and movement structure characteristics in open and 
closed skills interventions. The results of the combined 
effects test of the 31 papers showed that overall inter-
ventions for open skills exercise were better than closed 
skills; sequential skills were better than continuous skills; 
and long-term interventions, moderate intensity, were 
better than acute interventions, vigorous intensity. Mod-
erating effects showed better interventions for long-term 
open skills and better interventions for acute closed 
skills; Moderate intensity interventions are more effective 
than vigorous intensity; intervention effects were better 
for open-sequence skills than for open-continuous skills 
and for closed-sequential skills than for closed-contin-
uous skills. Intervention practices should design inter-
ventions based on the personality characteristics of the 
subject and select the type of exercise that interests them 
in order to better promote improved executive function-
ing in children and adolescents.
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