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Objective: There is a strong interaction between motor skills and cognitive
benefits for children and young people. The aim of this paper is to explore
the relationship between motor skill types and their development and
the cognitive benefits of children and adolescents. In turn, on this basis, it
proposes pathways and mechanisms by which motor skills improve cognition,
and provide a basis for subsequent teaching of skills that follow the laws of
brain cognitive development.

Methods: This paper summarizes the research on the relationship between
different types of motor skills and their development and cognitive benefits
of children and adolescents. Based on these relationships, pathways, and
mechanisms for motor skills to improve cognition are tentatively proposed.

Results: There is an overall pattern of “open > closed, strategy > interception,
sequence > continuous” between motor skill types and the cognitive benefits
of children and adolescents. Long-term motor skill learning practice is
accompanied by increased cognitive benefits as skill proficiency increases.
The dynamic interaction between motor skills and physical activity exposes
children and adolescents to environmental stimuli and interpersonal
interactions of varying complexity, promoting the development of agility,
coordination and cardiorespiratory fitness, enhancing their motor experience,
which in turn improves brain structure and functional activity.

Conclusion: Motor skills training promote cognitive efficiency in children
and adolescents. Motor skill interventions that are open-ended, strategic
and sequential in nature are more effective. Environmental stimuli,
interpersonal interaction, agility, coordination, and cardiorespiratory fitness
can be considered as skill attribute moderators of motor skills to improve
cognition.

motor skills, cognition, brain science, children and adolescents, executive function
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Introduction

Cognition refers to the process in which individuals extract,
process, and store information (Bayne et al., 2019). It is the
representation of the interconnection and interaction between
objective things (Ahmed et al., 2020). Cognition usually includes
perception, attention, memory, thinking, and imagination (Shao,
2019). It is an important indicator to measure individual survival
and development. In particular, children and adolescents are the
golden age of cognitive development. The level of cognitive
development at this stage is of great significance to individual
academic performance, mental health, and social development in
adulthood (Blakemore and Choudhury, 2006; Ahmed et al., 2020).
For example, fluid intelligence and executive function are closely
related to the academic performance and acquired achievement of
children and adolescents (Graham et al., 2017; Tikhomirova et al.,
2020). For another example, lower executive control is associated
with aggressive behavior, suicidal tendencies, anxiety and
depression, Internet addiction (Nordahl et al., 2019; Hu J. et al,,
2022). Therefore, studying the cognitive development and
enhancement strategies of children and adolescents is not only a
prerequisite for their healthy physical and mental, but also an
important guarantee for building an “Intellectual Superpower”
and a “Healthy China”

The relationship between physical activity and cognitive
benefit has received increasing attention. Physical activity can
improve the structural plasticity of gray matter and white matter
of children and adolescents (Xiong et al., 2018; Migueles et al.,
2020), promote the change of brain activation pattern under
specific tasks (Chaddock-Heyman et al., 2013), improve brain
structure and functional networks (Chen et al., 2016), and then
promote the improvement of cognitive benefits such as attention
(Moratal et al., 2020), memory (Roig et al.,, 2013), thinking
(Ballester et al., 2018), and executive function (Xue et al., 2019) in
children and adolescents. With the continuous accumulation of
research, researchers have gradually paid attention to the
discussion on the dose-effect relationship between physical
activity and cognitive benefits of children and adolescents. Most
studies focus on the quantitative characteristics (intensity, period,
frequency, and duration) of physical activity. A review by Chen
etal. (2021) showed that moderate intensity aerobic exercise for
more than 30 min has the best effect on the executive function of
children and adolescents. Zhou and Jin (2021) summarized that
moderate physical activity lasting at least 3 days a week, at least
60 min a day are most conducive to improving the brain function
of children and adolescents.

At present, some researchers call for attention to the
qualitative characteristics (e.g., energy metabolism, skill types,
peer participation, etc.) of physical activity (Tomporowski et al.,
2015; Diamond and Ling, 2016). Among them, motor skills are
essential for human physical activity and survival and
development. On the one hand, the repetitive exercise of multi
joint muscles with rich cognitive participation activates the
relevant neural circuits (Diamond, 2015; Lakhani et al., 2016). On
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the other hand, the stimulation of changes in the sports
environment requires more individual participation in the
decision-making process, and changes brain function and brain
network under the interaction of individual, environment and
behavior (Nithianantharajah and Hannan, 2006; Sale et al., 2009;
Tomporowski and Pesce, 2019). Zhou and Jin (2021) believed that
motor skills have a specialization attribute on the cognitive
benefits of children and So,
characteristics of this specialized attribute? That is, what are the

adolescents. what are the
pathways and moderators by which motor skills promote cognitive
benefits in children and adolescents? In addition, cognitive brain
function develops to regulate the learning and control of motor
skills. The dorsolateral prefrontal cortex, a brain-activated region
of executive function, is closely linked to the motor system, and
has an important role in motor sequence learning and monitoring
behavioral execution (Kraeutner et al., 2016). Selective attention
and spatial working memory capacity are important for stimulus
discrimination, response selection and response programming
during motor decision making (Wang, 2013). Therefore, it is
possible to explore the pathways and moderators of motor skills
to improve the cognition of children and adolescents, and then
incorporate these moderators into motor skills teaching practices,
thereby achieving joint improvements in motor skills and
cognitive function. The purpose of this review is to review relevant
study on the relationship between different types of motor skills
and cognitive benefits in children and adolescents, and to explore
the pathways, mechanisms and moderators of motor skills to
improve cognition. On this basis, future study is envisaged, so as
to inform subsequent research and teaching practice.

Cross sectional studies on motor
skills and cognitive benefits

It has become a widespread consensus that physical
activity promote the cognitive benefits of children and
adolescents (Fedewa and Ahn, 2011; Garcia-Hermoso et al.,
2021). At present, researchers are gradually concerned about
which kind of motor skills have greater cognitive benefits (Gu
etal., 2019). According to the predictability of environmental
changes, motor skills can be divided into open skills and
closed skills (Zhang, 2012). Changes in the open skills
environment are unpredictable, and the quality of cognitive
decision-making is the main determinant of success; the
closed skills environment is predictable, and the quality of
action control is the main determinant of success (Zhang,
2012). A study on athletes showed that athletes who have long
been engaged in open skills training show more cognitive
advantages in general cognitive tasks than athletes who have
been engaged in closed skills training (Wang et al., 2016). Yu
et al. (2017, 2019) compared the performance of proactive
and reactive control between badminton (open skill) and
track and field (closed skill) athletes, and found that
badminton athletes have a higher active control performance.
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Krenn et al. (2018) further divided open skills into
interception skills (e.g., badminton, tennis, etc.) and strategic
skills (e.g., football, ice hockey, etc.), and compared the
executive function performance of interception, strategic and
closed skill athletes. The results showed that compared with
closed skill athletes, strategic skill athletes showed unique
cognitive advantages in inhibitory control, working memory,
cognitive flexibility, and interception skill athletes only
performed well in inhibitory control. However, a meta-
analysis (Voss et al., 2010) showed that interception skill
athletes have better cognitive performance than strategic skill
athletes. Differences in the motor environment and the
cognitive demands of interception and strategic skills may
result in different changes in brain organization. Badminton
players (interception skill) have significantly increased gray
matter volumes in the left inferior frontal gyrus, left superior
parietal lobule, and left precuneus (Wu et al., 2015). These
brain structures are associated with fine motor control and
spatial position perception (Macuga and Frey, 2014).
Basketball players (strategic skill) have significantly increased
gray matter volumes in the infratemporal gyrus, left middle
frontal gyrus, left inferior frontal gyrus, middle cingulate
gyrus, and insula (Wu et al., 2015). These brain structures are
related to visual information processing, response inhibition
control, and perceptual motor decision-making (Simmons
et al.,, 2012).

Similarly, different types of motor skills have different
associations with cognitive performance in children and
adolescents. Zhang et al. (2009) used event-related potentials
to compare the degree of brain activation in GO/NO-GO
tasks in children involved in table tennis and swimming
training. The results found that the table tennis group had
higher task accuracy and lower N2 amplitude compared to
the swimming group. A study (Ji, 2014) compared the
relationship between four open skills and executive function
in pupils. The results found that the basketball and table
tennis groups had the best inhibitory control; the badminton
and taeckwondo groups had the best cognitive flexibility.
However, cross-sectional studies still need to consider more
confounding factors (e.g., physical activity (Roig et al., 2013;
Ballester et al., 2018; Xue et al., 2019; Moratal et al., 2020),
socio-economic status (Duncan et al., 2017), sleep (Turnbull
et al,, 2013), etc.), in order to more accurately describe the
relationship between motor skills and executive function. In
addition, cross-sectional studies cannot elucidate the causal
relationship between the two, so a series of longitudinal
intervention studies are necessary to explore this.

Interventional studies on motor
skills and cognitive benefits

The advantages of real-word settings are that the
equipment requirements are simpler, and easier to integrate
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into school physical education classes or extra-curricular
sports activities (Zhao et al., 2015). Therefore, this study
systematically searched for studies of exercise interventions
for cognitive function in children and adolescents in real-
word settings, excluding intervention studies of treadmill or
bicycle ergometer in laboratory settings. The focus of this
study was to sort out the effects of acute or long-term
interventions in different types of motor skills on the
cognition of children and adolescents. This study focuses on
sorting out the effects of acute and long-term interventions
for different types of motor skills. Acute interventions are
those in which the individual receives a brief or one-off
exercise session; long-term interventions are those in which
the individual receives a longer period of exercise (De Greeff
et al., 2018; Zhong et al., 2022).

Effects of acute interventions in motor
skills on cognition

Exercise has immediate cognitive effect, and a single
exercise intervention can produce certain cognitive benefits
(Tomporowski, 2003). This study reviewed research on the
cognitive effects of acute interventions of motor skills in
children and adolescents (Table 1), and found that open-
sequence skills, which constitute cognitive challenge and
physical coordination, promoted attention (Gallotta et al.,
2015) and verbal working memory (O'Brien et al., 2021)
better than closed-sequence skills in children and adolescents.
In addition, Manion and Alexander (1997) suggest that
working on tasks with peers improves children’s executive
functions such as strategy selection and application, and
problem understanding and solving. Chen et al. (2015b)
increased the unpredictability of the sport environment
through peer cooperative rope skipping, further improving
the effectiveness of the intervention on executive function.
Ottoboni et al. (2021) compared the effects of balls (sequence
skill) and obstacle running (continuous skill) with the same
open attribute on verbal and visual spatial working memory
in children aged 7 to 10years and found better results for
open-sequence skills. Yan et al. (2014) compared the
intervention effects of obstacle running (open-continuous)
and aerobics (closed-sequence) on the executive function of
primary school students, and showed that there was a
selective facilitation of both, without reflecting an absolute
advantage of open or sequence skills. The reason for this is
the interaction between the action structure (sequence and
continuous) and the environmental context (open and
closed). In summary, the effects of exercise interventions on
children’s and adolescents’ cognition show a pattern of open
skills over closed skills and sequence skills over
continuous skills.

In addition, some studies have examined the effects of
acute interventions for motor skills of varying intensity and
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TABLE 1 Comparative study of acute interventions of motor skills on the cognition of children and adolescents.

Included
articles study

Patients (N/Age) Interventions and controls

Outcome

design Outcome measures Results
Gallotta et al. (2015) E1=31/8~11y 50 min traditional PE course (brisk walking, jogging, @d2-test (E1>C>E2) +&
RCT E2=46/8~11y jumping, etc.) (E1) vs. basketball skills acquisition
C=39/8~1ly practice (E2) vs. basic academic course (C)
Yan et al. (2014) E1=52/9.8 + 0.3y 30 min moderate intensity (60-69% HRmax) aerobics @Flanker (E1>E2) +&
RCT E2=51/9.7 £ 0.3y (E1) vs. obstacle run (E2) vs. sitting (C) ®1-back (E1>E2) +&
C=51/9.8 + 0.3y @More-odd shifting (E2>E1) +&
Chen et al. (2014) E1=30/9.8 £ 0.3y 30min low intensity (50-59% HRmax) basketball high @Flanker (E2>E1=E3>C) +&
RCT E2=30/9.8 £ 0.3y dribbling and dribbling between runs (E1) vs. moderate ®1-back (E2=E3>E1=C) +0&
E3=32/9.7 £ 0.3y intensity (60-69% HRmax) (E2) vs. high intensity (70-79% @More-odd shifting (E2>E3=C>El) +0&
C=28/9.8 + 0.3y HRmax) (E3) vs. free activities in their classroom (C)
Chen et al. (2015a) E1=22/9.3 0.3y 8min (E1), 15min (E2), 30 min (E3) moderate intensity ~ @Flanker (E1 =CI; E2>C2; E3>C3) 0
RCT E2=22/9.4 + 0.3y (60-69% HRmax) basketball high dribbling and ®1-back (E1=C1; E2=C2; E3>C3) 0
E3=24/9.5+ 0.3y dribbling between runs vs. 8 min (T1), 15min (T2), @More-odd shifting (E1=C1; E2=C2; E3>C3) 0
C1=20/9.4 + 0.3y 30 min (T3) free activities in their classroom
C2=20/9.4 £ 0.3y
C3=22/9.5+0.3y
Chen et al. (2015b) E1=39/9.1+0.3y 30 min moderate intensity (60-69% HRmax) cooperative @Flanker (E1>E2) +&
RCT E2=38/9.1 £ 0.3y rope skipping (E1) vs. single rope skipping (E2) vs. @1-back (E1>E2) +&
C=38/9.2 + 0.4y sedentary reading (C) @More-odd shifting (E1>E2) +&
O’Brien et al. (2021) E1=16/7.0 £ 0.5y 30min open skills activities such as basketball, football, ®Corsi blocks test 0
RCT E2=16/6.7 £ 0.1y tennis (E1) vs. closed skills activities such as race, rope ©Backward Digit Span (E1>E2) +&
C=19/7.0 £ 0.5y skipping, circuit training (E2) vs. free activities in their
classroom (C)
Ottoboni et al. (2021) 125/7 ~ 10y 30 min high intensity (170 ~ 180 bpm) team ball games ~ ®Corsi blocks test (E1>E2) +&
RCT (E1) vs. agility obstacle run (E2) vs. basic academic @©Digit Span (E1>E2) +&

course (C)

RCT, randomized controlled trial; E, experimental group; C, control group; y, year; HRmax, maximum heart rate; @, attention; @, inhibitory control; ®, working memory shifting; @,

cognitive flexibility; ®, visual spatial working memory; ®, verbal working memory; +, beneficial to experimental group; —, beneficial to control group; 0, no significant difference between

the experimental and control groups; &, comparison of intervention results between experimental groups.

duration on the cognition of children and adolescents.
Studies have shown an “inverted U-shaped” dose-response
relationship between exercise intensity and cognitive
performance, with moderate intensity being more beneficial
to the development of executive function (Chang et al., 2011;
Ludyga et al, 2016). Transient low activation theory
(Dietrich, 2003) believes that human brain resources are
limited. The motor system in high-intensity exercise requires
more metabolic resources to control body movements and
maintain motor performance, while relatively fewer resources
are available for cognitive processing, which may impair
cognitive performance (Dietrich, 2003; Browne et al., 2017).
However, Chen et al. (2014) compared the effects of acute
with different of basketball
dribbling, and found that moderate intensity exercise was the

interventions intensities

most effective for executive function in primary school

children, but that high intensity exercise helped to improve
inhibition and refreshment functions as well. The evidence
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of sports experience showed that the learning and training
process of complex motor skills can improve the peer
relationship of children and adolescents, and it is easier to
stimulate their exercise enjoyment and positive emotional
experience. Some studies (Zhang et al., 2019; Herbert et al.,
2020) have shown that lower exercise enjoyment and social
motivation are more likely to contribute to fatigue during
exercise. Therefore, motor skills may interact with exercise
intensity, but there is no study involved at present. Chen et al.
(2015a) compared the effects of acute interventions of
varying durations of moderate intensity basketball dribbling
on the executive function of primary school students, and
found that 30min was the most effective intervention.
However, no studies have investigated the time-course effects
of acute intervention of complex motor skills on the cognitive
function of children and adolescents, and it is unknown how
long the cognitive benefits can be maintained after
the intervention.
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Effects of long-term interventions in
motor skills on cognition

This study reviewed research on the long-term intervention
effects of motor skills on children’s and adolescents’ cognition
(Table 2), and found that different types of motor skills improved
children’s and adolescent’s cognitive functions to a certain extent,
and open skills and sequence skills had better effects on attention
(Kong, 2012), executive function (Schmidt et al., 2015) and verbal
working memory (Koutsandreou et al., 2016). Tse et al. (2021)
similarly demonstrated a more positive effect of open motor skill
learning (learning to ride a bicycle in a natural environment)
than closed continuous exercise (riding a stationary bicycle) on
the improvement of executive function and visual spatial working
memory in children with autism spectrum disorders. However,
one study (Telles et al., 2013) showed that continuous skills based
on jogging, sprint running and relay races were more effective
than yoga (sequential skill) as an intervention for inhibitory
control in school-aged children. The reason for this may be that
the physical movement changes in yoga are less frequent than
sequential skills such as aerobics and fitness boxing, and
stimulation of the dorsolateral prefrontal cortex is lower (Koziol
and Lutz, 2013). A recent Meta-analysis (Zhang et al., 2022)
evaluated the effect of 11 motor skills on working memory in
school-aged children, with an overall pattern of “open > closed,
sequence > continuous.” In addition, Wu et al. (2007) compared
the intervention effects of football (strategic skills) and table
tennis (interception skills) on the attention qualities of primary
school students. The moderate- and low-intensity football
interventions were found to be more effective than table tennis in
terms of attention sustainment and attention shifting,
respectively; whereas the mederate-intensity table tennis
intervention was more effective than football in terms of attention
stability, attention breadth and attention concentration. Thus,
strategic and interception skills have a selective facilitative effect
on the attention qualities of children and adolescents.

In addition, studies have demonstrated the effectiveness
of interventions in open skills (basketball, orienteering) on
executive function in normal pupils and children with
cognitive impairment [learning difficulties (Pan et al., 2016;
Yin et al., 2017), and attention deficit hyperactivity disorder
(Song et al., 2020). The results found that the above exercise
interventions were effective for both types of students’
executive function, and the improvement in executive
function was higher in children with cognitive impairment.
The cognitive load of open skills meets the cognitive memory
capacity of children with cognitive impairment, and requires
children to switch body movements, inhibit dominant
responses and refresh memory information during movement,
which can effectively improve executive function and
inattention (Song et al, 2020). Also, because of the
developmental differences between children with cognitive
impairment and normal children, the former have a greater
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potential for cognitive improvement. Therefore, it is more
effective for children with cognitive impairment. In summary,
long-term interventions in both open and sequence skills help
to improve the cognitive benefits of children and adolescents,
particularly in children with cognitive impairments in
executive function. However, it is not clear how long this
positive intervention effect can be maintained after the long-
term intervention for complex motor skills has ended.

Motor skill proficiency and
cognitive benefits

Motor skills play an important role in the life course of
individuals. It is one of the internal mechanisms that affect the
participation and persistence of physical activity (Laukkanen
etal, 2014; Veldman et al., 2018). It interacts with physical activity
to jointly maintain the physical health of children and adolescents
(Stodden et al., 2008). Based on this, a number of policies in China
put forward the goal of making teenagers “proficient in 1 ~ 2 sports
skills” (National Health Commission of the People’s Republic of
China, 2019; Ministry of Education of the People’s Republic of
China, 2021). So, what is the relationship between motor skill
proficiency and cognitive benefits?

Brain plasticity refers to the positive changes in the
physiological structure and function of molecules, synapses,
and cells in the central nervous system of the brain (Sagi
et al., 2012). Acute or long-term motor skill learning can
cause brain plasticity changes, promote brain angiogenesis,
gliogenesis and synaptogenesis, and improve brain structural
morphology and functional activities (Zatorre et al., 2012;
Vints et al., 2022). Neuroimaging evidence suggests that elite
athletes benefit from action experience accumulated through
long-term motor skill learning, and tend to increase activity
in brain regions (frontal, parietal, occipital, etc.) associated
with cognitive understanding (Jacini et al., 2009; Huang
etal, 2015; Yang et al., 2020). A meta-analysis by Voss et al.
(2010) showed that proficiency in motor skill acquisition was
associated with high levels of performance on visual attention
processing tests, and that individuals with higher motor skills
had greater inhibitory control over distracting stimuli during
multi-target tracking. Bi et al. (2020) and Shi et al. (2020)
also found that elite athletes who have received professional
training have quick response and good accuracy
in performing functional tasks. Therefore, it can be shown
that long-term motor skill learning and training is
accompanied by improved cognitive benefits as it increases
skill proficiency.

So, are such results in the field of competitive sports
reflected in the children and adolescents? The aforementioned
studies have shown that after a period of motor skill learning,
cognitive functions such as attention, executive function and
working memory improve in children and adolescents with

frontiersin.org


https://doi.org/10.3389/fpsyg.2022.1017825
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Shiand Feng

10.3389/fpsyg.2022.1017825

TABLE 2 Comparative study of long-term interventions of motor skills on the cognition of children and adolescents.

Included articles Patients (N/Age) Interventions and controls Outcome
study design
Outcome measures Results
Kong (2012) E1=30/grade 1 and 5 16 weeks (3x/week) moderate intensity @Digit cancellation test +0&
non-RCCT E2=30/grade 1 and 5 (65-75% HRmax) table tennis, 40 min/ (E1=E2>E3=C)
E3=30/grade 1 and 5 time (E1) vs. fitness boxing (E2) vs. rope
C=30/grade 1 and 5 skipping (E3) vs. self-study or book
reading (C)
Wu et al. (2007) E1=30/grade 5 12 weeks (3x/week) low intensity (105-130 @Attention test
non-RCCT E2=29/grade 5 beats/min) football, 35 min/time (E1) vs. Attention stability (T2<T4) +&
E3=28/grade 5 moderate intensity (130-150 beats/min) Attention span (T2<T4) +&
E4=27/grade 5 football (E2) vs. low intensity table tennis  Attention shift (T1>T3; T2<T4) +&
C=29/grade 5 (E3) vs. moderate intensity table tennis Attention duration (T2>T4) +&
(E4) vs. self-study or reading books (C) Attention concentrativeness (T2<T4) +&
Telles et al. (2013) E1=49/10.4 + 1.2y 12 weeks (5x/week) yoga, 45 min/time (E1) ®Stroop (E1<E2) +&
RCT E2=49/10.5 + 1.3y vs. physical exercise such as jogging, sprint
running, relay races (E2) vs. pre-test
Schmidt et al. (2015) E1=69/11.3 £ 0.6y 6 weeks (2x/week) high intensity soft @Flanker (E1>E2=C) +0&
RCT E2=57/11.3 + 0.6y hockey and basketball games, 45 min/time ~ ®2-back (E1>E2=C) +0&
C=55/11.4 £ 0.6y (E1) vs. 200m round trip run (E2) vs. @More-odd shifting (E1>E2=C) +0&
traditional PE course (C)
Koutsandreou et al. (2016) E1=27/9.3 £ 0.6y 10 weeks (3x/week) moderate intensity @Letter Digit Span (E2>E1) +&
RCT E2=23/9.4+ 0.7y (60-70% HRmax) aerobic exercise, 45 min/
C=21/9.3 £ 0.6y time (E1) vs. moderate intensity (55-65%
HRmax) skill practice focused on
improving coordination (S) (E2) vs.do
their homework (C)
Tse et al. (2021) ASD 2 weeks (5x/week) low intensity ®GO/NO GO (E1>E2=C) +0&
RCT E1=22/10.2 £ 0.7y (RPE=3-5) learning to cycle in a natural ®Corsi blocks test (E1>E2=C) +0&
E2=20/9.6 + 1.6y environment, 60 min/time (E1) vs.ridea  ©Forwards/Backwards Digit Span
stationary bike (E2) vs. daily activity (C) (E1=E2=C/E1=C>E2) -0&
C=20/9.9 + 1.3y @Tower of London (E1>E2=C) +0&
Pan et al. (2016) 1=LD; 2=Normal 10 weeks (3x/week) moderate intensity @Flanker (E1>E2) +&
RCT E1=23/12.0 £ 0.6y (60-69% HRmax) basketball intervention, ~®1-back (E1>E2) +&
E2=25/12.0 + 0.6y 30 min/time (E) vs. traditional PE @More-odd shifting (E1>E2) +&
C1=22/12.0 £ 0.6y course (C)
C2=23/12.0 + 0.6y
Yin et al. (2017) 1=LD, 2=Normal 16 weeks (3x/week) moderate intensity @Flanker (E1>E2) +&
RCT E1=26/grade 4 (60-69% HRmax) basketball intervention, ~®1-back (E1=E2) +&
E2=26/grade 4 30 min/time (E) vs. blank control (C) @More-odd shifting (E1>E2) +&
Cl=23/grade 4
C2=21/grade 4
Song et al. (2020) 1=ADHD, 2=Normal 10 weeks moderate intensity (60-69% @Flanker (E1>E2) +&
RCT E1=22/NC HRmax) orienteering, 25-35min/time (E) ~ ®1-back (E1>E2) +&
E2=20/NC vs. traditional PE course (C) @More-odd shifting (E1>E2) +&
C1=22/NC
C2=20/NC

RCT, randomized controlled trial; non-RCCT, non-randomized concurrent control trial; NC, not clear; E, experimental group; C, control group; y, year; HRmax, maximum heart rate;

RPE, rating of perceived exertion; @, attention; @, inhibitory control; ®, working memory shifting; @, cognitive flexibility; ®, visual spatial working memory; ®, verbal working memory;

@, planning and problem solving; +, beneficial to experimental group; —, beneficial to control group; 0, no significant difference between the experimental and control groups; &,
comparison of intervention results between experimental groups; ADHD, attention deficit hyperactivity disorder; ASD, autism spectrum disorder; LD, learning difficulties.
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normal and cognitive impairments. This supports, to some
extent, the idea that motor skill proficiency is associated with
cognitive benefits in children and adolescents. Although the
motor skills of the children and adolescents improved after
the intervention, it is not clear to what extent motor skills
were achieved after the intervention, so it is difficult to draw
correlations between motor experience (motor control and
perceptual decision-making) and cognitive benefits. Motor
skill is a combination of mental and operational processes (Ji
et al., 2010). Although motor skills are varied in type and
difficulty, whenever they are learned and practiced they
necessarily involve the participation of cognitive processes.
Motor skill learning processes share brain area activation with
cognitive tasks such as executive function in the prefrontal
cortex region (Cao et al., 2017). And this region is a key
region in the regulation of cognition (Funahashi, 2001;
Miiller and Knight, 2006). Therefore, long-term sports skill
training and competition promotes the development of
individual sports cognition, and promotes the development
of general cognitive function through transfer. Relevant
cross-sectional studies (Hou, 2008; Haapala, 2013; Cadoret
et al., 2018) show that higher motor skills are associated with
more effective attention, inhibitory control and working
memory of children and adolescents. Verburgh et al. (2016)
and Moratal et al. (2020) found that children aged 8-12 years
who regularly participated in football training had more
significant advantages in working memory, attention and
information processing speed. Ishihara et al. (2017a,b)
evaluated the relationship between tennis frequency and
After
controlling for age, gender, BMI and tennis experience, more

executive function of children and adolescents.

frequent tennis is related to higher processing speed and
inhibition control of boys, and better working memory of
students. Similarly, cross-sectional studies are prone to
be affected by confounding factors such as physical activity,
socio-economic status, and sleep, which need to be further
considered in subsequent studies.

Pathways and mechanisms for
motor skills to enhance cognitive
benefits

The dynamic mechanism model of physical activity
emphasizes that motor skills are not only the internal
mechanism that affects the participation and persistence of
physical activity, but also interact with physical activity to
jointly maintain the physical and mental health benefits of
children and adolescents (Stodden et al., 2008). Available
evidence (Drollette et al., 2016; Escolano-Pérez and Bestué,
2021) also indicates a direct positive correlation between
physical activity and cognition and better academic
performance. Based on a review of the relationship between
motor skills and the cognitive benefits of children and
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adolescents, this study proposes pathways and mechanisms
by which motor skills enhance the cognitive benefits of
children and adolescents (Figure 1). The dynamic interaction
between motor skills and physical activity exposes children
and adolescents to environmental stimuli and interpersonal
the
development of agility, coordination and cardiorespiratory

interactions of varying complexity, promoting
fitness, enhancing their motor experience, which in turn
enhances the function of molecules, cells and neural circuits
in the nervous system and improves brain structure and
functional activity. This is reflected in improvements in
attention, executive function, and creative thinking during
cognitive tasks.

Increasing the unpredictability of the environmental
context, adding variable movement structures and increasing
interpersonal interaction processes can increase the
complexity and novelty of environmental stimuli, which will
promote more physical activity and pose higher cognitive
challenges (Nithianantharajah and Hannan, 2006). This rich
environmental stimuli increases the concentration of
neurotrophins such as brain-derived neurotropic factor and
nerve growth factor (Ickes et al., 2000), increases the number
of dendritic spines and the volume of synapses on certain
neuronal populations (Nithianantharajah and Hannan, 2006),
and promotes neuronal activation, signaling, and brain
plasticity (Nithianantharajah and Hannan, 2006; Sale et al.,
2009). Closed-continuous skills such as jogging and cycling
enhance an individual’s cardiorespiratory fitness, increase the
capillary density of brain tissue and activate their
sensorimotor network, which is the main network regulating
response inhibition (Voelcker-Rehage et al., 2011; Shi et al.,
2019). Sequence skills have a more complex movement
structure and are movement sequences that combine motor
coordination and aerobic fitness. The multi-limb involvement
and flexibility of movements during the task require more
mental manipulation processes and are more likely to induce
neurogenesis in the hippocampus, cerebellum, and cerebral
cortex (Carey et al., 2005). Open skills such as basketball and
table the of

cardiorespiratory fitness and rich environmental stimuli. This

tennis emphasize combined effects

promotes individual perceptual-motor coordination,
increases the number of Purkinje neurons and synapses,
promotes prefrontal cortical vascularization and induces
better neurofunctional remodeling, effectively activating
sensorimotor and visual spatial networks (Mavilidi et al.,
2015; Moreau et al., 2015).

Rather than emphasizing the neurobiological mechanisms by
which motor skills improve cognition, the focus of the pathway
places emphasis on the pathways that guide motor skills teaching
practice. By distilling the main pathways and cognitive moderators
of motor skills to improve the cognition of children and
adolescents, one or more of these moderators can be manipulated
in subsequent motor skills teaching practices to further promote

the cognitive benefits of children and adolescents. Environmental
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stimuli, interpersonal interaction, agility, coordination, and
cardiorespiratory fitness can be considered as skill attribute
moderators of motor skills to improve cognition (Figure 1). In
addition, there are varying degrees of overlap between these
pathways. For example, the complexity of environmental stimuli
can be increased through interpersonal interaction; increased
environmental stimuli and improved agility, coordination and
cardiorespiratory fitness contribute to motor experience. The
pathways and mechanisms proposed in this study do not reveal
the intrinsic correlations between the pathways, but rather point
to actionable variables for teaching motor skills in order to provide
guidance for subsequent practice.

Motor experience

Motor skill proficiency benefits from the movement
experience gained during the learning of individual motor skills,
including not only the joint-muscle coordination patterns
developed during the learning of single technical movements, but
also the procedural knowledge gained during the contextualized
practice of motor skills. Firstly, according to Pavlov’s theory of
conditioned reflexes, motor skills are temporary neural
connections established in the relevant cortical centers of the brain
with the involvement of multiple sensory organs (Chen et al,
2021). In particular, multiple repetitions of multi-limb, cognitively
engaging movements help to activate relevant neural pathways
and promote cognitive function (Diamond, 2015; Chen et al.,
2021). The rich changes in the external environment stimuli of
open skills (e.g., the tearing of offensive and defensive players and
the changes in the size of empty spaces, etc.) make individuals
constantly face new problems and challenges. Individuals need to
coordinate and combine the original actions, coordinate the
existing declarative knowledge and experience, make more
reasonable coordinated responses or create more novel actions
(Kolb and Gibb, 2011; Chen et al., 2021). Therefore, this leads to

10.3389/fpsyg.2022.1017825

the continuous connection of neural circuits in the cerebral cortex
to improve the motor cognitive process (IKolb and Gibb, 2011;
Chen et al., 2021).

Environmental stimuli

The above studies show that open skills have a greater effect
on improving cognitive function in children and adolescents than
closed skills. This may be related to the rich environmental stimuli
embedded in open skills. The changing and unpredictable sports
environment is an ideal place for children and adolescents to
develop their cognition (Kolb and Gibb, 2011). Responding and
adjusting actions in this sports environment can help to improve
motor cognition and motor experience, and then promote the
improvement of general cognitive explicit behavior through
cognitive transfer (Kolb and Gibb, 2011). Motor skill learning is
cognitive and associative in nature. Individuals inhibit irrational
visuomotor planning in the early stages and assess new visual
stimuli and kinesthetic information through working memory
refreshment, activating specific prefrontal areas (Gentili et al.,
2013). However, activation in prefrontal areas responsible for
inhibition and refreshment decreases as motor skills reach an
automated level (Gentili et al., 2013). Motor skill learning consists
of the cognitive, associative, and automatic stages. The automatic
stage represents the end of the motor skill learning process, where
the role of conscious control over the individual’s movements is
reduced to a minimum (Figure 2A; Pesce et al., 2019). Therefore,
Tomporowski (2003); Tomporowski et al. (2015); Tomporowski
and Pesce et al. (2019) proposed to introduce more environmental
perturbations in the final stages of the motor skill learning process
to generate new cognitive challenges, increasing the flexibility to
apply skills in changing environmental stimuli. The complexity
and variability of this environmental information provides a
continuous stimulus to cognition, which in turn enhances
cognitive benefits to a greater extent (Figure 2B; Pesce et al., 2019).

strategic

interception i

FIGURE 1

Pathways and mechanisms by which motor skills enhance the cognitive benefits of children and adolescents.

Molecular level: altered neurotrophic factor concentrations
Cellular level: vascular, neurological and synaptogenesis

Brain structure: Improving the structural morphology of the brain
Brain function: enhancing plasticity of functional activity
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Interpersonal interaction

Interpersonal interaction is often the primary means of
increasing the complexity of exercise situations, and motor skill
learning with peer involvement is more conducive to the cognitive
benefits for children and adolescents (Chen et al., 2015b). Wertsch
(2008) proposes that higher thinking functions develop in the
context of interpersonal interaction. Relevant studies have proved
that parent—child interaction (Roskam et al., 2014), peer social
interaction (Moriguchi et al, 2020), and teacher-student
relationship (Suntheimer and Wolf, 2020) have positive effects on
executive function and attention control of children and
adolescents. Conversely, social anxiety, loneliness and negative
emotions can impair executive function in children and
adolescents (Frick et al., 2013; Ma et al., 2019). Sports skills,
especially open sports skills such as football and basketball, have
specific competition rules, and need to cooperate with peers and
assume certain role responsibilities. In this interpersonal
interaction process, individuals cooperate with the team to
complete tasks by inhibiting irrational behavior, which helps to
enhance peer relationships and social interactions, and increases
the sense of team identity and honor (Gong et al., 2020). In
addition, positive exercise experiences and a sense of
accomplishment are perceived to increase exercise confidence,
enjoyment, and motivation. This leads to a more positive
relationship with teachers (Gong et al., 2020), which can facilitate
the development of executive functioning.

Agility, coordination

The above studies show that sequence skills have a greater
effect on improving cognitive function in children and adolescents
than continuous skills. Sequence skills combine discrete, simple
motors into more complex motors, and this complex multi-limb
motor characteristic plays a key role in the development of agility
and coordination (Zhang, 2012; Diamond, 2015; Chen et al.,
2021). Agility and coordination are more complex, integrated
motor qualities. Agility refers to the body’s ability to quickly
change position, switch movements and improvise during
movement (Wang and Su, 2016). Coordination refers to the ability
of the body’s organs and systems to cooperate with each other in
time and space to complete movements during exercise (Wang
and Su, 2016). Neural coordination is the basis of agility and
coordination quality. Actions are mainly completed through the
synergy and cooperation of the mutual conversion of excitation
and inhibition of the neural processes (Young and Willey, 2010).
Therefore, the more complex the completed action, the more
precise the coordination of the excitation and inhibition process
of the cerebral cortex is required (Young and Willey, 2010), and
the transformation of this excitation and inhibition reflected in the
cognitive explicit behavior is the inhibitory control process.
Related studies (Mora-Gonzalez et al., 2019; Xiao et al., 2021; Hu
Q. etal,, 2022) have also shown a strong link between agility and
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coordination and the degree of cognitive and brain development
in children and adolescents. Open-sequence skills such as ball
games, fencing and wrestling with sudden starts, sharp stops and
rapid shifts in movement; closed-sequence skills such as aerobics
and martial arts routines with complex and varied basic steps and
manoeuvres and fast paced movements. These motor skills require
the involvement of agility and coordination qualities and help to
promote improved cognitive function.

Cardiorespiratory fitness

Motor skills influence the development of cardiorespiratory
fitness by influencing an individual’s choice of physical activity
content (Yin, 2019). Motor skills based on aerobic metabolism are
more conducive to the development of cardiorespiratory fitness.
Some studies (Wang et al., 2001; Yang et al., 2010) have shown that
long-distance running is more conducive to improving
cardiorespiratory fitness than football, dance, and Tai Chi
exercises. There is a clear association between cardiorespiratory
fitness and cognition in children and adolescents. Welk et al.
(2010) found a significant association between cardiovascular
health and academic performance after controlling for potential
confounders. Niederer et al. (2011) found an association between
cardiorespiratory fitness and better attention in preschoolers, with
baseline cardiorespiratory fitness independently associated with
improved attention after 9 months of follow-up. In neurobiology,
children and adolescents with higher cardiopulmonary fitness
have larger hippocampus and basal ganglia, more white matter
fiber bundles, and more activation and connection in frontal,
temporal, parietal and cerebellar cortex (Erickson et al., 2015;
Talukdar et al., 2018). The strength of connectivity in these areas
predicts individual executive function, fluid intelligence and
academic performance (Erickson et al, 2015; Talukdar
etal., 2018).

Prospects for future study

Further study on the correlation between
motor skills and cognition in children
and adolescents

The variety of motor skills and the complexity of the
classification system make it impossible to distinguish activity
tasks effectively by a single dimension of classification through the
predictability of the environmental context or the complexity of
the movement structure alone. For example, there are obvious
differences in the movement structure between aerobics and
middle and long distance running, which belong to the same
closed skills. For another example, basketball and Tai Chi, which
belong to the same sequence skills, also have obvious differences
in environmental context and cognitive participation. Therefore,
when exploring the relationship between motor skill type and
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FIGURE 2

(A and B) Stages of motor skill acquisition and hypothesized cognitive benefits.

executive functioning, the interaction between open-closed skills
and sequential-continuous skills should be explored in the context
of the multidimensional aspects of skill classification. The
relationship between motor skill type and cognitive benefits in
children and adolescents should be further clarified on the basis
of testing evidence from one-dimensional classification studies.
Furthermore, the complexity of cognitive processes dictates that
the study of motor skills and the cognitive benefits of children and
adolescents is a systematic project. However, most of the current
studies are fragmented, and lacks systematic integration. The main
reason for this is that measures of cognition are often limited by
research interests and instruments, and therefore the choice of
measures is usually not a complete measure of children’s and
adolescents’ cognitive performance. Cognition is a relatively large
category, and motor skills are selective for cognitive development
(Zhou and Jin, 2021), but which cognitive indicators are more
effectively promoted needs to be further explored. Cross-sectional
studies are a convenient option for conducting systematic research
on the relationship between motor skills and children’s and
adolescents’ cognition, but more confounding factors need to
be taken into account.

In addition, the relationship between exercise intensity on the
treadmill / power bicycle and childrens cognition in the laboratory
scenario was “inverted U-shaped” (Chang et al., 2011; Ludyga
etal., 2016). However, the relationship between exercise intensity
and cognition in the natural environment is moderated by the
type of motor skill, so that the relationship between the two does
not satisfy the “inverted U-shaped” (Chen et al., 2014). We look
forward to further research exploring the interaction between
motor skills and exercise intensity on the cognition of children
and adolescents. Finally, there are time-course effects of exercise
interventions in childrens and adolescents’ cognition. Which
exercise time parameters produce the greatest cognitive benefits
for different types of skills? How long do the cognitive benefits
produced by acute or cyclical interventions for different types of
skills last? These questions also need to be answered. Given the
fragmentation of research in this area, we suggest that there is a
need to clarify the association between types of motor skills and
the cognitive development of children and adolescents, and a need
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to continue to explore the dose-effect relationship between
complex motor skill-led physical activity and the cognitive
performance of children and adolescents in real-word settings, to
clarify the full picture of the relationship between the variables,
and to provide a detailed scientific basis for the pedagogical
practice of cognitive interventions in school sport.

Further testing of pathways and
mechanisms for motor skills to enhance
cognition in children and adolescents

This study proposes pathways and mechanisms by which
motor skills enhance the cognitive benefits of children and
adolescents (Figure 1), and identifies environmental stimuli,
agility,
cardiorespiratory fitness as cognitive modifiers of motor skills to

interpersonal  interaction, coordination, and
improve cognition. However, the above pathways and
mechanisms are derived through logical reasoning based on an
overview of motor skill types and their development in relation
to the cognitive benefits of children and adolescents. With the
exception of Chen et al. (2015b), who validated that increased
interpersonal interaction improves executive function in children
and adolescents, the remaining pathways have not been effectively
tested. For movement experience, the relationship between motor
skill proficiency and cognitive development can be explored by
drawing on the Standard Test of Sport Skill Level for Adolescents
(STSSLA) (Tang, 2018) and the Game Performance Assessment
Instrument (GPAI) (Oslin et al., 1998) to assess the quality of
their technical movements and the practical operation of the
game situation. For environmental stimuli, experimental studies
can be conducted by selecting one motor skill and by
manipulating the environmental context (predictable and
unpredictable) to test the hypothesis that motor skill teaching
practices enhance the cognitive benefits of children and
adolescents by increasing the amount of environmental
information. For agility, coordination and cardiorespiratory
fitness, a cross-sectional study design can be used to examine the
mediating role of agility, coordination and cardiorespiratory
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fitness between motor skill types and cognitive function in
children and adolescents through pathway analysis. It is expected
that subsequent studies will verify this separately.

Teaching motor skills in line with the
cognitive development of children and
adolescents

The essence of education is to use scientific and effective means
to promote the cognitive and learning efficiency of the individual
based on the laws of brain development. With increasing research
in cognitive psychology and cognitive neuroscience, there is a
growing focus on the acquisition and restructuring of internal
mental representations during motor skill learning (Ertmer and
Newby, 1993). “Mind-body monism” also advocates that people
are a unity; and the process of motor skills learning is an operational
process that combines cognition and practice (Odegard, 1970; Ji
et al., 2010). The relationship between motor skills and brain
cognition of children and adolescents provides a new perspective
for the reform of physical education curriculum. The 2022 Physical
Education and Health Standards for Compulsory Education issued
by the Chinese Ministry of Education also advocate teaching
contextual skills from an individual cognitive perspective, with an
emphasis on improving agility and coordination. An overview
found that the environmental stimulus information embedded in
different types of motor skills, the level of interpersonal interaction
required and the degree of effect on agility, coordination and
cardiorespiratory fitness were the main factors in improving
cognition. Similarly, these factors are also necessary to promote the
development of motor skills. Rich environmental stimuli and
interpersonal interaction information facilitate cue perception and
perceptual decision-making; high levels of agility, coordination and
cardiorespiratory fitness facilitate motor execution and motor
control. Follow-up studies can incorporate the above factors into
motor skills teaching practices to promote the development of
cognitive performance and motor skills in children and adolescents.
For example, properly improving the cardiorespiratory fitness of
children and young people during the teaching of interceptive skills
such as table tennis can boost their brain blood oxygen supply and
increase the efficiency of brain activation. The teaching of strategic
skills such as football emphasizes the role of the environment and
people. We can design situational and practical sports games or
sports competitions to enhance children’s and adolescents’ group
spirit and sports interest, and promote their “awareness” or “ball
IQ” Another example is the inclusion of variable movements such
as chasing changes of direction in the teaching of middle distance
running skills. This promotes the development of agility and

References

Ahmed, A., Kramer, M. S., Bernard, J. Y., Perez Trejo, M. E., Martin, R. M.,
Oken, E,, et al. (2020). Early childhood growth trajectory and later cognitive ability:

Frontiers in Psychology

11

10.3389/fpsyg.2022.1017825

coordination to activate relevant neural pathways and improve
brain structure and brain networks. But which skills are more
important in teaching practice and which elements of cognitive
regulation need to be supplemented? What is the most significant
proportion of these elements in different types of skills teaching
practice? The above questions also need to be answered through
the practice of teaching motor skills, so that the educational
function of physical education can be further developed.

Author contributions

PS designed the research, drafted the article and reviewed
relevant literature. XF proofread manuscript and searched relevant
literature. All authors participated the intellectual content of the
manuscript. All authors contributed to the article and approved
the submitted version.

Funding

The work was supported by the Humanities and Social
Sciences youth project of Liaoning provincial department of
education (WQ2020012).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpsyg.2022.1017825/

full#supplementary-material

evidence from a large prospective birth cohort of healthy term-born children. Int. J.
Epidemiol. 49, 1998-2009. doi: 10.1093/ije/dyaal05

frontiersin.org


https://doi.org/10.3389/fpsyg.2022.1017825
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpsyg.2022.1017825/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyg.2022.1017825/full#supplementary-material
https://doi.org/10.1093/ije/dyaa105

Shiand Feng

Ballester, R., Huertas, E, Molina, E., and Sanabria, D. (2018). Sport participation
and vigilance in children: influence of different sport expertise. J. Sport Health Sci.
7,497-504. doi: 10.1016/j.jshs.2017.05.008

Bayne, T, Brainard, D., Byrne, R. W,, Chittka, L., Clayton, N., Heyes, C., et al.
(2019). What is cognition? Curr. Biol. 29, R608-R615. doi: 10.1016/j.cub.2019.05.044

Bi, Y, Li, J., Qin, Z., Sun, X. P, Shi, J. L., and Lang, J. (2020). Differences in
response inhibition in female college students of different soccer levels: correlation
with brain anatomy. J. Beijing Normal Univ. (Nat. Sci.) 58, 310-317. doi:
10.12202/j.0476-0301.2021273

Blakemore, S. J., and Choudhury, S. (2006). Development of the adolescent brain:
implications for executive function and social cognition. J. Child Psychol. Psychiatry
47,296-312. doi: 10.1111/j.1469-7610.2006.01611.x

Browne, S. E., Flynn, M. J., O'Neill, B. V., Howatson, G., Bell, P. G., and
Haskell-Ramsay, C. E. (2017). Effects of acute high-intensity exercise on cognitive
performance in trained individuals: a systematic review. Prog. Brain Res. 234,
161-187. doi: 10.1016/bs.pbr.2017.06.003

Cadoret, G., Bigras, N., Duval, S., Lemay, L., Tremblay, T., and Lemire, J. (2018).
The mediating role of cognitive ability on the relationship between motor
proficiency and early academic achievement in children. Hum. Mov. Sci. 57,
149-157. doi: 10.1016/j.humov.2017.12.002

Cao, C. M, Dong, G,, Liu, Y., and Gao, C. (2017). Movement coordination and
skill learning: a review of theory and perspective. J. Wuhan Inst. Phys. Educ. 51,
82-87. doi: 10.15930/j.cnki.wtxb.2017.01.013

Carey, J. R, Bhatt, E., and Nagpal, A. (2005). Neuroplasticity promoted by task
complexity. Exerc. Sport Sci. Rev. 33, 24-31.

Chaddock-Heyman, L., Erickson, K. L, Voss, M. W., Knecht, A. M., Pontifex, M. B.,
Castelli, D. M,, et al. (2013). The effects of physical activity on functional MRI
activation associated with cognitive control in children: a randomized controlled
intervention. Front. Hum. Neurosci. 7, 72-84. doi: 10.3389/fnhum.2013.00072

Chang, Y. K., Chu, I. H,, Chen, E. T,, and Wang, C. C. (2011). Dose-response effect
of acute resistance exercise on tower of London in middle-aged adults. J. Sport Exerc.
Psychol. 33, 866-883. doi: 10.1123/jsep.33.6.866

Chen, A. G, Feng, L., Zhu, L. N, and Yan, J. (2015a). Effect of moderate intensity
basketball dribbling training of different durations on children’ executive function.
J. Capital Univ. Phys. Educ. Sports 27, 223-227. doi: 10.14036/j.cnki.cn11-4513.
2015.03.007

Chen, A. G, Xiong, X., and Zhu, L. N. (2021). Physical exercise and development
of brain and mind in children and adolescents: evidence and theory. China Sport
Sci. 41, 43-51. doi: 10.16469/j.¢s5.202111006

Chen, A. G., Zhao, L., Li, H. Y,, Yan, J., and Yin, H. C. (2014). Effects of acute
basketball dribbling training of different intensity on executive function of primary
students. J. TUS 29, 352-355. doi: 10.13297/j.cnki.issn1005-0000.2014.04.015

Chen, A. G, Zhao, Z. Y., and Yan, J. (2015b). Effects of rope skipping with different
forms of organization on the executive function of preadolescent children: a school-
based experimental study. Chin ] Sports Med 34, 886-890. doi: 10.16038/j.1000-6710.
2015.09.011

Chen, A. G, Zhu, L. N,, Jin, L., Xiong, X., Wang, W., and Yan, J. (2016). Effects of
aerobic exercise on executive control and its brain network in deaf children. J. Sports
Sci. 37,94-101.

De Greeff, J. W,, Bosker, R. J., Oosterlaan, J., Visscher, C., and Hartman, E. (2018).
Effects of physical activity on executive functions, attention and academic
performance in preadolescent children: a meta-analysis. J. Sci. Med. Sport 21,
501-507. doi: 10.1016/j.jsams.2017.09.595

Diamond, A. (2015). Effects of physical exercise on executive functions: going
beyond simply moving to moving with thought. Ann. Sports Med. Res. 2,1011-1016.
PMID: 26000340

Diamond, A., and Ling, D. S. (2016). Conclusions about interventions, programs,
and approaches for improving executive functions that appear justified and those
that, despite much hype, do not. Dev. Cogn. Neurosci. 18, 34-48. doi: 10.1016/j.
dcn.2015.11.005

Dietrich, A. (2003). Functional neuroanatomy of altered states of consciousness:
the transient hypofrontality hypothesis. Conscious. Cogn. 12, 231-256. doi: 10.1016/
$1053-8100(02)00046-6

Drollette, E. S., Scudder, M. R., Raine, L. B., Davis Moore, R., Pontifex, M. B.,
Erickson, K. L, et al. (2016). The sexual dimorphic association of cardiorespiratory
fitness to working memory in children. Dev. Sci. 19, 90-108. doi: 10.1111/desc.12291

Duncan, R. J., McClelland, M. M., and Acock, A. C. (2017). Relations between
executive function, behavioral regulation, and achievement: moderation by family
income. J. Appl. Dev. Psychol. 49, 21-30. doi: 10.1016/j.appdev.2017.01.004

Erickson, K. I, Hillman, C. H., and Kramer, A. E. (2015). Physical activity, brain,
and cognition. Curr. Opin. Behav. Sci. 4, 27-32. doi: 10.1016/j.cobeha.2015.01.005

Ertmer, P. A., and Newby, T. J. (1993). Behaviorism, cognitivism, constructivism:
comparing critical features from an instructional design perspective. Perform.
Improv. Q. 6,50-72. doi: 10.1111/j.1937-8327.1993.tb00605.x

Frontiers in Psychology

12

10.3389/fpsyg.2022.1017825

Escolano-Pérez, E., and Bestué, M. (2021). Academic achievement in Spanish
secondary school students: the inter-related role of executive functions, physical
activity and gender. Int. J. Environ. Res. Public Health 18, 1816-1840. doi: 10.3390/
ijerph18041816

Fedewa, A. L., and Ahn, S. (2011). The effects of physical activity and physical
fitness on children's achievement and cognitive outcomes: a meta-analysis. Res. Q.
Exerc. Sport 82, 521-535. doi: 10.1080/02701367.2011.10599785

Frick, A., Howner, K., Fischer, H., Eskildsen, S. E, Kristiansson, M., and
Furmark, T. (2013). Cortical thickness alterations in social anxiety disorder.
Neurosci. Lett. 536, 52-55. doi: 10.1016/j.neulet.2012.12.060

Funahashi, S. (2001). Neuronal mechanisms of executive control by the prefrontal
cortex. Neurosci. Res. 39, 147-165. doi: 10.1016/S0168-0102(00)00224-8

Gallotta, M. C., Emerenziani, G. P, Franciosi, E., Meucci, M., Guidetti, L., and
Baldari, C. (2015). Acute physical activity and delayed attention in primary school
students. Scand. J. Med. Sci. Sports 25, e331-e338. doi: 10.1111/sms.12310

Garcia-Hermoso, A., Ramirez-Vélez, R., Lubans, D. R., and Izquierdo, M. (2021).
Effects of physical education interventions on cognition and academic performance
outcomes in children and adolescents: a systematic review and meta-analysis. Br. J.
Sports Med. 55, 1224-1232. doi: 10.1136/bjsports-2021-104112

Gentili, R. J., Shewokis, P. A., Ayaz, H., and Contreras-Vidal, J. L. (2013).
Functional near-infrared spectroscopy-based correlates of prefrontal cortical
dynamics during a cognitive-motor executive adaptation task. Front. Hum. Neurosci.
7,277-289. doi: 10.3389/fnhum.2013.00277

Gong, H. P, Liu, M. Y,, Kong, Q. Q,, and Hu, H. X. (2020). Scientific evidence of
integration of sports and education: an analysis of association between sports
exercise and education. China Sport Sci. Technol. 56, 19-28.

Graham, S., Collins, A. A., and Rigby-Wills, H. (2017). Writing characteristics of
students with learning disabilities and typically achieving peers: a meta-analysis.
Except. Child. 83, 199-218. doi: 10.1177/0014402916664070

Gu, Q, Zou, L., Loprinzi, P. D., Quan, M., and Huang, T. (2019). Effects of open
versus closed skill exercise on cognitive function: a systematic review. Front. Psychol.
10, 1707-1720. doi: 10.3389/fpsyg.2019.01707

Haapala, E. A. (2013). Cardiorespiratory fitness and motor skills in relation to
cognition and academic performance in children: a review. J. Hum. Kinet. 36, 55-68.
doi: 10.2478/hukin-2013-0006

Herbert, C., Meixner, E, Wiebking, C., and Gilg, V. (2020). Regular physical
activity, short-term exercise, mental health, and well-being among university
students: the results of an online and a laboratory study. Front. Psychol. 11, 509-531.
doi: 10.3389/fpsyg.2020.00509

Hou, W. D. (2008). A comparison of attention between outstanding young female
soccer athletes and ordinary female middle-school students:constructing a
distinction equation based on parameter differences. J. Clin. Rehabil. Tissue Eng. Res.
12, 1291-1294.

Hu, ], Gu, J. Y., Wang, W. Y., Pang, L., and Ma, R. (2022). Correlation between
motor skills and focused with shifting attention in preschool children. Chin J Sch
Health 43, 274-279. doi: 10.16835/j.cnki.1000-9817.2022.02.026

Hu, Q, Tao, J., Gao, W. B,, Fan, C. L., Wang, L. G,, Cao, J. Y, et al. (2022). A
systematic review of adolescents’ self-control researches. Chin. Ment. Health J. 36,
129-134. doi: 10.3969/j.issn.1000-6729.2022.02.007

Huang, R., Lu, M., Song, Z., and Wang, J. (2015). Long-term intensive training
induced brain structural changes in world class gymnasts. Brain Struct. Funct. 220,
625-644. doi: 10.1007/s00429-013-0677-5

Ickes, B. R, Pham, T. M., Sanders, L. A., Albeck, D. S., Mohammed, A. H., and
Granholm, A. C. (2000). Long-term environmental enrichment leads to regional
increases in neurotrophin levels in rat brain. Exp. Neurol. 164, 45-52. doi: 10.1006/
exnr.2000.7415

Ishihara, T., Sugasawa, S., Matsuda, Y., and Mizuno, M. (2017a). Improved
executive functions in 6-12-year-old children following cognitively engaging tennis
lessons. J. Sports Sci. 35, 2014-2020. doi: 10.1080/02640414.2016.1250939

Ishihara, T., Sugasawa, S., Matsuda, Y., and Mizuno, M. (2017b). Relationship of
tennis play to executive function in children and adolescents. Eur. J. Sport Sci. 17,
1074-1083. doi: 10.1080/17461391.2017.1334831

Jacini, W. E, Cannonieri, G. C., Fernandes, P. T., Bonilha, L., Cendes, E, and
Li, L. M. (2009). Can exercise shape your brain? Cortical differences associated with
judo practice. J. Sci. Med. Sport 12, 688-690. doi: 10.1016/j.jsams.2008.11.004

Ji, X. H. (2014). Study on the Differences of Executive Function of Pupils Trained by
Different Sports. Yangzhou, Yangzhou University.

Ji, L., Yin, H. C,, and Yan, J. (2010). Sports Psychology. (2nd Edn.) Beijing: Higher
Education Press, 189-190.

Kolb, B., and Gibb, R. (2011). Brain plasticity and behaviour in the developing
brain. J. Can. Acad. Child Adolesc. Psychiatry 20, 265-276. PMID: 22114608

Kong, J. C. (2012). The effect of physical activity style on children’s attentional
stability. Chin J Sch Health 33, 485-486.

frontiersin.org


https://doi.org/10.3389/fpsyg.2022.1017825
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.1016/j.jshs.2017.05.008
https://doi.org/10.1016/j.cub.2019.05.044
https://doi.org/10.12202/j.0476-0301.2021273
https://doi.org/10.1111/j.1469-7610.2006.01611.x
https://doi.org/10.1016/bs.pbr.2017.06.003
https://doi.org/10.1016/j.humov.2017.12.002
https://doi.org/10.15930/j.cnki.wtxb.2017.01.013
https://doi.org/10.3389/fnhum.2013.00072
https://doi.org/10.1123/jsep.33.6.866
https://doi.org/10.14036/j.cnki.cn11-4513.2015.03.007
https://doi.org/10.14036/j.cnki.cn11-4513.2015.03.007
https://doi.org/10.16469/j.css.202111006
https://doi.org/10.13297/j.cnki.issn1005-0000.2014.04.015
https://doi.org/10.16038/j.1000-6710.2015.09.011
https://doi.org/10.16038/j.1000-6710.2015.09.011
https://doi.org/10.1016/j.jsams.2017.09.595
https://doi.org/26000340
https://doi.org/10.1016/j.dcn.2015.11.005
https://doi.org/10.1016/j.dcn.2015.11.005
https://doi.org/10.1016/S1053-8100(02)00046-6
https://doi.org/10.1016/S1053-8100(02)00046-6
https://doi.org/10.1111/desc.12291
https://doi.org/10.1016/j.appdev.2017.01.004
https://doi.org/10.1016/j.cobeha.2015.01.005
https://doi.org/10.1111/j.1937-8327.1993.tb00605.x
https://doi.org/10.3390/ijerph18041816
https://doi.org/10.3390/ijerph18041816
https://doi.org/10.1080/02701367.2011.10599785
https://doi.org/10.1016/j.neulet.2012.12.060
https://doi.org/10.1016/S0168-0102(00)00224-8
https://doi.org/10.1111/sms.12310
https://doi.org/10.1136/bjsports-2021-104112
https://doi.org/10.3389/fnhum.2013.00277
https://doi.org/10.1177/0014402916664070
https://doi.org/10.3389/fpsyg.2019.01707
https://doi.org/10.2478/hukin-2013-0006
https://doi.org/10.3389/fpsyg.2020.00509
https://doi.org/10.16835/j.cnki.1000-9817.2022.02.026
https://doi.org/10.3969/j.issn.1000-6729.2022.02.007
https://doi.org/10.1007/s00429-013-0677-5
https://doi.org/10.1006/exnr.2000.7415
https://doi.org/10.1006/exnr.2000.7415
https://doi.org/10.1080/02640414.2016.1250939
https://doi.org/10.1080/17461391.2017.1334831
https://doi.org/10.1016/j.jsams.2008.11.004
https://doi.org/22114608

Shiand Feng

Koutsandreou, E, Wegner, M., Niemann, C., and Budde, H. (2016). Effects of
motor versus cardiovascular exercise training on children's working memory. Med.
Sci. Sports Exerc. 48, 1144-1152. doi: 10.1249/mss.0000000000000869

Koziol, L. E, and Lutz, J. T. (2013). From movement to thought: the development
of executive function. Appl. Neuropsychol. Child 2, 104-115. doi:
10.1080/21622965.2013.748386

Kraeutner, S. N., MacKenzie, L. A., Westwood, D. A., and Boe, S. G. (2016).
Characterizing skill acquisition through motor imagery with no prior physical
practice. J. Exp. Psychol. Hum. Percept. Perform. 42, 257-265. doi: 10.1037/
xhp0000148

Krenn, B., Finkenzeller, T., Wiirth, S., and Amesberger, G. (2018). Sport type
determines differences in executive functions in elite athletes. Psychol. Sport Exerc.
38, 72-79. doi: 10.1016/j.psychsport.2018.06.002

Lakhani, B., Borich, M. R., Jackson, J. N., Wadden, K. P, Peters, S., Villamayor, A.,
etal. (2016). Motor skill acquisition promotes human brain myelin plasticity. Neural
Plast. 2016, 1-7. doi: 10.1155/2016/7526135

Laukkanen, A., Pesola, A., Havu, M., Saikslahti, A., and Finni, T. (2014).
Relationship between habitual physical activity and gross motor skills is multifaceted
in 5-to 8-year-old children. Scand. J. Med. Sci. Sports 24, e102-¢110. doi: 10.1111/
sms.12116

Ludyga, S., Gerber, M., Brand, S., Holsboer-Trachsler, E., and Piihse, U. (2016).
Acute effects of moderate aerobic exercise on specific aspects of executive function
in different age and fitness groups: a meta-analysis. Psychophysiology 53, 1611-1626.
doi: 10.1111/psyp.12736

Ma, Z. H., Cao, Q.]., Yan, C. G., Mei, T,, Lu, B, Liu, J. R,, et al. (2019). Functional
connectivity characteristics of executive control network in patients with high-
functioning autism aged 6-18 years. Chin. Ment. Health J. 33, 401-405.

Macuga, K. L., and Frey, S. H. (2014). Differential contributions of the superior
and inferior parietal cortex to feedback versus feedforward control of tools.
NeuroImage 92, 36-45. doi: 10.1016/j.neuroimage.2014.01.024

Manion, V., and Alexander, J. M. (1997). The benefits of peer collaboration on
strategy use, metacognitive causal attribution, and recall. J. Exp. Child Psychol. 67,
268-289. doi: 10.1006/jecp.1997.2409

Mavilidi, M. E, Okely, A. D., Chandler, P, Cliff, D. P, and Paas, E. (2015). Effects
of integrated physical exercises and gestures on preschool children’s foreign language
vocabulary learning. Educ. Psychol. Rev. 27, 413-426. doi: 10.1007/s10648-
015-9337-z

Migueles, J. H., Cadenas-Sanchez, C., Esteban-Cornejo, L, Torres-Lopez, L. V.,
Aadland, E., Chastin, S. E, et al. (2020). Associations of objectively-assessed physical
activity and sedentary time with hippocampal gray matter volume in children with
overweight/obesity. J. Clin. Med. 9, 1080-1095. doi: 10.3390/jcm9041080

Ministry of Education of the People’s Republic of China. (2021). Notice on Further
Strengthening the Physical Health Management of Primary and Secondary School
Students. Available at: http://www.gov.cn/zhengce/zhengceku/2021-04/26/content_
5602164.htm

Mora-Gonzalez, J., Esteban-Cornejo, I., Cadenas-Sanchez, C., Migueles, J. H.,
Rodriguez-Ayllon, M., Molina-Garcia, P, et al. (2019). Fitness, physical activity,
working memory, and neuroelectric activity in children with overweight/obesity.
Scand. J. Med. Sci. Sports 29, 1352-1363. doi: 10.1111/sms.13456

Moratal, C., Lupidiiez, J., Ballester, R., and Huertas, E. (2020). Deliberate soccer
practice modulates attentional functioning in children. Front. Psychol. 11, 761-771.
doi: 10.3389/fpsyg.2020.00761

Moreau, D., Morrison, A. B,, and Conway, A. R. (2015). An ecological approach
to cognitive enhancement: complex motor training. Acta Psychol. 157, 44-55. doi:
10.1016/j.actpsy.2015.02.007

Moriguchi, Y., Shinohara, I, Todo, N., and Meng, X. (2020). Prosocial behavior is
related to later executive function during early childhood: a longitudinal study. Eur.
J. Dev. Psychol. 17, 352-364. doi: 10.1080/17405629.2019.1628737

Miiller, N. G., and Knight, R. T. (2006). The functional neuroanatomy of working
memory: contributions of human brain lesion studies. Neuroscience 139, 51-58. doi:
10.1016/j.neuroscience.2005.09.018

National Health Commission of the People’s Republic of China. (2019). Healthy
China Action (2019-2030). Available at: http://www.gov.cn/xinwen/2019-07/15/
content_5409694.htm.

Niederer, 1., Kriemler, S., Gut, J., Hartmann, T., Schindler, C., Barral, J., et al.
(2011). Relationship of aerobic fitness and motor skills with memory and attention
in preschoolers (Ballabeina): a cross-sectional and longitudinal study. BMC Pediatr.
11, 1-9. doi: 10.1186/1471-2431-11-34

Nithianantharajah, J., and Hannan, A. J. (2006). Enriched environments,
experience-dependent plasticity and disorders of the nervous system. Nat. Rev.
Neurosci. 7, 697-709. doi: 10.1038/nrn1970

Nordahl, H., Hjemdal, O., Hagen, R., Nordahl, H. M., and Wells, A. (2019). What
lies beneath trait-anxiety? Testing the self-regulatory executive function model of
vulnerability. Front. Psychol. 10, 122-129. doi: 10.3389/fpsyg.2019.00122

Frontiers in Psychology

13

10.3389/fpsyg.2022.1017825

O’Brien, J., Ottoboni, G., Tessari, A., and Setti, A. (2021). Multisensory perception,
verbal, Visuo-spatial and motor working memory modulation after a single open-or
closed-skill exercise session in children. J. Cogn. Enhanc. 5, 141-154. doi: 10.1007/
541465-020-00189-x

Odegard, D. (1970). On an argument against mind-body monism. Philos. Stud.
21, 1-3. doi: 10.1007/BF00375972

Oslin, J. L., Mitchell, S. A., and Griffin, L. L. (1998). The game performance
assessment instrument (GPAI): development and preliminary validation. J. Teach.
Phys. Educ. 17, 231-243. doi: 10.1123/jtpe.17.2.231

Ottoboni, G., Ceciliani, A., and Tessari, A. (2021). The effect of structured exercise
on short-term memory subsystems: new insight on training activities. Int. J. Environ.
Res. Public Health 18, 7545-7555. doi: 10.3390/ijerph18147545

Pan, J. L., Yin, H. C, Chen, A. G, Cui, L., Wang, Y,, and Cui, Y. B. (2016). An
experimental study on the effect of exercise intervention on the executive functions
of primary students with and without learning difficulties. China Sport Sci. 36,
84-91. doi: 10.16469/j.css.201606009

Pesce, C., Croce, R., Ben-Soussan, T. D., Vazou, S., McCullick, B.,
Tomporowski, P. D., et al. (2019). Variability of practice as an interface between
motor and cognitive development. Int. J. Sport Exe. Psychol. 17, 133-152. doi:
10.1080/1612197X.2016.1223421

Roig, M., Nordbrandst, S., Geertsen, S. S., and Nielsen, J. B. (2013). The effects of
cardiovascular exercise on human memory: a review with meta-analysis. Neurosci.
Biobehav. Rev. 37, 1645-1666. doi: 10.1016/j.neubiorev.2013.06.012

Roskam, L., Stievenart, M., Meunier, J. C., and Noél, M. P. (2014). The development
of children’s inhibition: does parenting matter? J. Exp. Child Psychol. 122, 166-182.
doi: 10.1016/j.jecp.2014.01.003

Sagi, Y., Tavor, 1., Hofstetter, S., Tzur-Moryosef, S., Blumenfeld-Katzir, T., and
Assaf, Y. (2012). Learning in the fast lane: new insights into neuroplasticity. Neuron
73, 1195-1203. doi: 10.1016/j.neuron.2012.01.025

Sale, A., Berardi, N., and Maffei, L. (2009). Enrich the environment to empower
the brain. Trends Neurosci. 32, 233-239. doi: 10.1016/j.tins.2008.12.004

Schmidt, M., Jager, K., Egger, F., Roebers, C. M., and Conzelmann, A. (2015).
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. 37, 575-591. doi: 10.1123/jsep.2015-
0069

Shao, E. Z. (2019). Cognitive Psychology: Theory, Experiment and Application. (3rd
Edn.) Shanghai: Shanghai Education Publishing House, 8-10.

Shi, J. L., Wang, J., Chen, E J,, Li, Y. T,, Zhu, J. Q, Huang, H. ], et al. (2019).
Advances in the frontal lobe-basal ganglia model of response inhibition. Chem. Life
39, 1113-1119. doi: 10.13488/j.smhx.20190245

Shi, J., Wang, ], Lang, J., Zhang, Z., Bi, Y,, Liu, R,, et al. (2020). Effect of different
motor skills training on motor control network in the frontal lobe and basal ganglia.
Biol. Sport 37, 405-413. doi: 10.5114/biolsport.2020.96855

Simmons, A. N., Fitzpatrick, S., Strigo, I. A., Potterat, E. G., Johnson, D. C,,
Matthews, S. C., et al. (2012). Altered insula activation in anticipation of changing
emotional states: neural mechanisms underlying cognitive flexibility in special
operations forces personnel. Neuroreport 23, 234-239. doi: 10.1097/
WNR.0b013e3283503275

Song, Y., Liu, Y, Yang, N., and Wang, C. Z. (2020). Research on orienteering
exercise improving the execution function of children with attention deficit
hyperactivity disorder. J. Phys. Educ. 27, 110-115. doi: 10.16237/j.cnki.cn44-1404/
£8.2020.03.017

Stodden, D. E, Goodway, J. D., Langendorfer, S. J., Roberton, M. A, Rudisill, M. E.,
Garcia, C., et al. (2008). A developmental perspective on the role of motor skill
competence in physical activity: an emergent relationship. Quest 60, 290-306. doi:
10.1080/00336297.2008.10483582

Suntheimer, N. M., and Wolf, S. (2020). Cumulative risk, teacher-child closeness,
executive function and early academic skills in kindergarten children. J. Sch. Psychol.
78, 23-37. doi: 10.1016/j.jsp.2019.11.005

Talukdar, T., Nikolaidis, A., Zwilling, C. E., Paul, E. ], Hillman, C. H., Cohen, N. .,
et al. (2018). Aerobic fitness explains individual differences in the functional brain
connectome of healthy young adults. Cereb. Cortex 28, 3600-3609. doi: 10.1093/
cercor/bhx232

Tang, Y. (2018). Background, system structure and significance of the standard
test of sport skill level for adolescents. J. Shanghai Univ. Sport 42, 2-7. doi:
10.16099/j.5us.2018.03.001

Telles, S., Singh, N., Bhardwaj, A. K., Kumar, A., and Balkrishna, A. (2013). Effect
of yoga or physical exercise on physical, cognitive and emotional measures in
children: a randomized controlled trial. Child Adolesc. Psychiatry Ment. Health 7,
37-16. doi: 10.1186/1753-2000-7-37

Tikhomirova, T., Malykh, A., and Malykh, S. (2020). Predicting academic
achievement with cognitive abilities: cross-sectional study across school education.
Behav. Sci. 10, 158-170. doi: 10.3390/bs10100158

frontiersin.org


https://doi.org/10.3389/fpsyg.2022.1017825
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.1249/mss.0000000000000869
https://doi.org/10.1080/21622965.2013.748386
https://doi.org/10.1037/xhp0000148
https://doi.org/10.1037/xhp0000148
https://doi.org/10.1016/j.psychsport.2018.06.002
https://doi.org/10.1155/2016/7526135
https://doi.org/10.1111/sms.12116
https://doi.org/10.1111/sms.12116
https://doi.org/10.1111/psyp.12736
https://doi.org/10.1016/j.neuroimage.2014.01.024
https://doi.org/10.1006/jecp.1997.2409
https://doi.org/10.1007/s10648-015-9337-z
https://doi.org/10.1007/s10648-015-9337-z
https://doi.org/10.3390/jcm9041080
http://www.gov.cn/zhengce/zhengceku/2021-04/26/content_5602164.htm
http://www.gov.cn/zhengce/zhengceku/2021-04/26/content_5602164.htm
https://doi.org/10.1111/sms.13456
https://doi.org/10.3389/fpsyg.2020.00761
https://doi.org/10.1016/j.actpsy.2015.02.007
https://doi.org/10.1080/17405629.2019.1628737
https://doi.org/10.1016/j.neuroscience.2005.09.018
http://www.gov.cn/xinwen/2019-07/15/content_5409694.htm
http://www.gov.cn/xinwen/2019-07/15/content_5409694.htm
https://doi.org/10.1186/1471-2431-11-34
https://doi.org/10.1038/nrn1970
https://doi.org/10.3389/fpsyg.2019.00122
https://doi.org/10.1007/s41465-020-00189-x
https://doi.org/10.1007/s41465-020-00189-x
https://doi.org/10.1007/BF00375972
https://doi.org/10.1123/jtpe.17.2.231
https://doi.org/10.3390/ijerph18147545
https://doi.org/10.16469/j.css.201606009
https://doi.org/10.1080/1612197X.2016.1223421
https://doi.org/10.1016/j.neubiorev.2013.06.012
https://doi.org/10.1016/j.jecp.2014.01.003
https://doi.org/10.1016/j.neuron.2012.01.025
https://doi.org/10.1016/j.tins.2008.12.004
https://doi.org/10.1123/jsep.2015-0069
https://doi.org/10.1123/jsep.2015-0069
https://doi.org/10.13488/j.smhx.20190245
https://doi.org/10.5114/biolsport.2020.96855
https://doi.org/10.1097/WNR.0b013e3283503275
https://doi.org/10.1097/WNR.0b013e3283503275
https://doi.org/10.16237/j.cnki.cn44-1404/g8.2020.03.017
https://doi.org/10.16237/j.cnki.cn44-1404/g8.2020.03.017
https://doi.org/10.1080/00336297.2008.10483582
https://doi.org/10.1016/j.jsp.2019.11.005
https://doi.org/10.1093/cercor/bhx232
https://doi.org/10.1093/cercor/bhx232
https://doi.org/10.16099/j.sus.2018.03.001
https://doi.org/10.1186/1753-2000-7-37
https://doi.org/10.3390/bs10100158

Shiand Feng

Tomporowski, P. D. (2003). Effects of acute bouts of exercise on cognition. Acta
Psychol. 112, 297-324. doi: 10.1016/S0001-6918(02)00134-8

Tomporowski, P. D., McCullick, B., Pendleton, D. M., and Pesce, C. (2015).
Exercise and children's cognition: the role of exercise characteristics and a place for
metacognition. J. Sport Health Sci. 4, 47-55. doi: 10.1016/j.jshs.2014.09.003

Tomporowski, P. D., and Pesce, C. (2019). Exercise, sports, and performance arts
benefit cognition via a common process. Psychol. Bull. 145, 929-951. doi: 10.1037/
bul0000200

Tse, A.N.D. Y., Anderson, D. A. V. L, Liu, V. E. N. U,, and Tsui, S. H. E. R. (2021).
Improving executive function of children with autism spectrum disorder through
cycling skill acquisition. Med. Sci. Sport Exer 53, 1417-1424. doi: 10.1249/
MSS.0000000000002609

Turnbull, K., Reid, G. J., and Morton, J. B. (2013). Behavioral sleep problems and
their potential impact on developing executive function in children. Sleep 36,
1077-1084. doi: 10.5665/sleep.2814

Veldman, S. L., Jones, R. A., Santos, R., Sousa-S4, E., Pereira, J. R, Zhang, Z., et al.
(2018). Associations between gross motor skills and physical activity in Australian
toddlers. J. Sci. Med. Sport 21, 817-821. doi: 10.1016/j.jsams.2017.12.007

Verburgh, L., Scherder, E. J., Van Lange, P. A, and Oosterlaan, J. (2016). Do elite
and amateur soccer players outperform non-athletes on neurocognitive functioning?
A study among 8-12 year old children. PLoS One 11:e0165741. doi: 10.1371/journal.
pone.0165741

Vints, W. A,, Levin, O., Fujiyama, H., Verbunt, J., and Masiulis, N. (2022).
Exerkines and long-term synaptic potentiation: mechanisms of exercise-induced
neuroplasticity. Front. Neuroendocrinol. 66, 100993-101019. doi: 10.1016/j.
yfrne.2022.100993

Voelcker-Rehage, C., Godde, B., and Staudinger, U. M. (2011). Cardiovascular and
coordination training differentially improve cognitive performance and neural
processing in older adults. Front. Hum. Neurosci. 5, 26-37. doi: 10.3389/
fnhum.2011.00026

Voss, M. W.,, Kramer, A. E, Basak, C., Prakash, R. S., and Roberts, B. (2010). Are
expert athletes ‘expert’in the cognitive laboratory? A meta-analytic review of
cognition and sport expertise. Appl. Cogn. Psychol. 24, 812-826. doi: 10.1002/
acp.1588

Wang, H. B. (2013). Initial construction of cognitive processing models in the
sport decision-making situations. J. Shenyang Sport Univ. 32, 28-32.

Wang, B., Guo, W,, and Zhou, C. (2016). Selective enhancement of attentional
networks in college table tennis athletes: a preliminary investigation. Peer] 4:e2762.
doi: 10.7717/peer;j.2762

Wang, W. Q,, Shen, Y. W,, and Huang, M. (2001). Effect of the exercise on the
cardio respiratory function of the old. J. Chengdu Phys. Educ. Inst. 19, 85-88.

Wang, R. Y., and Su, Q. S. (2016). Exercise Physiology. Beijing: People’s Physical
Culture Publishing House, 350-360.

Welk, G. J., Jackson, A. W., Morrow, J. R., Haskell, W. H., Meredith, M. D., and
Cooper, K. H. (2010). The association of health-related fitness with indicators of
academic performance in Texas schools. Res. Q. Exerc. Sport 81, S$16-S23. doi:
10.1080/02701367.2010.10599690

Wertsch, J. V. (2008). From social interaction to higher psychological processes.
Hum. Dev. 51, 66-79. doi: 10.1159/000112532

Wu, G. H.,, Xu, P, and Liang, B. (2007). Effects of soccer and table tennis exercise
on attention of students in primary school. China Sport Sci. Technol. 43, 106-109.

Wu, Y., Zhang, J., Zeng, Y. W, and Shen, C. (2015). Structural brain plasticity
change in athletes associated with different sports. China Sport Sci. 35, 52-57. doi:
10.16469/j.cs5.201504006

Xiao, H., Yu, L., and Zhao, L. (2021). Relationship of agility and quickness with
EEG signals among school-age children. Chin J Sports Med 40, 942-949. doi:
10.16038/j.1000-6710.2021.12.003

Frontiers in Psychology

14

10.3389/fpsyg.2022.1017825

Xiong, X., Zhu, L. N., Dong, X. X., Wang, W, Yan, J., and Chen, A. G. (2018).
Aerobic exercise intervention alters executive function and white matter integrity
in deaf children: a randomized controlled study. Neural Plast. 2018, 1-8. doi:
10.1155/2018/3735208

Xue, Y., Yang, Y., and Huang, T. (2019). Effects of chronic exercise
interventions on executive function among children and adolescents: a
systematic review with meta-analysis. Br. J. Sports Med. 53, 1397-1404. doi:
10.1136/bjsports-2018-099825

Yan, J., Wang, Y., Chen, A. G., and Ma, D. J. (2014). Empirical study of the impact
of various school-term physical activity of moderate intensity on the executive
function of children in their preadolescence. J. Sports Sci. 35, 94-100. doi: 10.13598/j.
issn1004-4590.2014.06.017

Yang, ]. T., Ge, T. Y., Yuan, L. W, and Yang, Y. T. (2010). Comparative research on
the influence of aerobic exercise of different sports events on health physical fitness
of university students. . Hebei Inst. Phys. Educ. 24, 77-79.

Yang, C., Luo, N,, Liang, M., Zhou, S., Yu, Q, Zhang, J., et al. (2020). Altered brain
functional connectivity density in fast-ball sports athletes with early stage of motor
training. Front. Psychol. 11, 530122-530130. doi: 10.3389/fpsyg.2020.530122

Yin, X. E (2019). A study on the evaluation of motor ability and its socio-
ecological influencing factors of Shanghai children (7-8 years old). Shanghai,
Shanghai University of Sport.

Yin, H. C,, Pan, J. L., Liu, M., Ma, Q., and Chen, A. G. (2017). The effects of an
exercise intervention on the executive functions of primary school students with
learning difficulties and normally developing primary school students: a comparison
of the time course efficiency. Chin. J. Spec. Educ. 2017, 55-62.

Young, W. B., and Willey, B. (2010). Analysis of a reactive agility field test. J. Sci.
Med. Sport 13, 376-378. doi: 10.1016/j.jsams.2009.05.006

Yu, Q.,, Chan, C. C., Chau, B, and Fu, A. S. (2017). Motor skill experience
modulates executive control for task switching. Acta Psychol. 180, 88-97. doi:
10.1016/j.actpsy.2017.08.013

Yu, Q. Liang, Z. W,, Zhang, T., Li, X. Y., and Chen, S. Z. (2019). The performance
of different types of motor skills on proactive and reactive controls of executive
functions. Chinese J. Rehabil. Med. 34, 280-286. doi: 10.3969/j.issn.1001-1242.
2019.03.006

Zatorre, R. ., Fields, R. D., and Johansen-Berg, H. (2012). Plasticity in gray and
white: neuroimaging changes in brain structure during learningA Nat. Neurosci. 15,
528-536. doi: 10.1038/nn.3045

Zhang, Y. B. (2012). Theory and Practice of Motor Skills. Beijing: Higher Education
Press, 4-12.

Zhang, J. S., Ji, X,, Yan, C. H,, Xu, ], Ren, E, and Shen, L. X. (2009). Primary study
on executive function in children with ping-pong training and swimming training.
J. Shanghai Jiaotong Univ. (Med. Sci.) 29, 782-784.

Zhang, Z. Y, Jin, C. ], and Xie, C. (2022). Effects of eleven kinds of sports on

working memory of our school-age children: a network meta-analysis. J. Liaoning
Normal Univ. (Nat. Sci. Ed.) 45, 135-144. doi: 10.11679/1sxblk2022010135

Zhang, R. R., Pan, T. Y., Yang, L., and Liu, P. (2019). The effect of different exercise
motivation levels on short-term emotional benefit of physical exercise. Chin ] Sports
Med 38, 864-873.

Zhao, X., Chen, L., Fu, L., and Maes, J. H. (2015). “Wesley says™: a children’s
response inhibition playground training game yields preliminary evidence of
transfer effects. Front. Psychol. 6, 207-213. doi: 10.3389/fpsyg.2015.00207

Zhong, X. K., Zhang, J., Wang, Z. P,, and Jiang, C. H. (2022). Effect of physical
activity on neurocognitive function of overweight children: a systematic review.
Chin ] Rehabil Theory Pract 28, 421-428.

Zhou, C. L., and Jin, X. H. (2021). Theory and practice of sports to promote
learning efficiency from the perspective of brain science. J. Shanghai Univ. Sport 45,
20-28. doi: 10.16099/j.5us.2021.01.003

frontiersin.org


https://doi.org/10.3389/fpsyg.2022.1017825
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.1016/S0001-6918(02)00134-8
https://doi.org/10.1016/j.jshs.2014.09.003
https://doi.org/10.1037/bul0000200
https://doi.org/10.1037/bul0000200
https://doi.org/10.1249/MSS.0000000000002609
https://doi.org/10.1249/MSS.0000000000002609
https://doi.org/10.5665/sleep.2814
https://doi.org/10.1016/j.jsams.2017.12.007
https://doi.org/10.1371/journal.pone.0165741
https://doi.org/10.1371/journal.pone.0165741
https://doi.org/10.1016/j.yfrne.2022.100993
https://doi.org/10.1016/j.yfrne.2022.100993
https://doi.org/10.3389/fnhum.2011.00026
https://doi.org/10.3389/fnhum.2011.00026
https://doi.org/10.1002/acp.1588
https://doi.org/10.1002/acp.1588
https://doi.org/10.7717/peerj.2762
https://doi.org/10.1080/02701367.2010.10599690
https://doi.org/10.1159/000112532
https://doi.org/10.16469/j.css.201504006
https://doi.org/10.16038/j.1000-6710.2021.12.003
https://doi.org/10.1155/2018/3735208
https://doi.org/10.1136/bjsports-2018-099825
https://doi.org/10.13598/j.issn1004-4590.2014.06.017
https://doi.org/10.13598/j.issn1004-4590.2014.06.017
https://doi.org/10.3389/fpsyg.2020.530122
https://doi.org/10.1016/j.jsams.2009.05.006
https://doi.org/10.1016/j.actpsy.2017.08.013
https://doi.org/10.3969/j.issn.1001-1242.2019.03.006
https://doi.org/10.3969/j.issn.1001-1242.2019.03.006
https://doi.org/10.1038/nn.3045
https://doi.org/10.11679/lsxblk2022010135
https://doi.org/10.3389/fpsyg.2015.00207
https://doi.org/10.16099/j.sus.2021.01.003

	Motor skills and cognitive benefits in children and adolescents: Relationship, mechanism and perspectives
	Introduction
	Cross sectional studies on motor skills and cognitive benefits
	Interventional studies on motor skills and cognitive benefits
	Effects of acute interventions in motor skills on cognition
	Effects of long-term interventions in motor skills on cognition

	Motor skill proficiency and cognitive benefits
	Pathways and mechanisms for motor skills to enhance cognitive benefits
	Motor experience
	Environmental stimuli
	Interpersonal interaction
	Agility, coordination
	Cardiorespiratory fitness

	Prospects for future study
	Further study on the correlation between motor skills and cognition in children and adolescents
	Further testing of pathways and mechanisms for motor skills to enhance cognition in children and adolescents
	Teaching motor skills in line with the cognitive development of children and adolescents

	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	References

