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Abstract

Background Motor competence and executive functions co-develop throughout childhood and adolescence, and there is
emerging evidence that improvements in motor competence may have cognitive benefits in these populations. There is a
need to provide a quantitative synthesis of the cross-sectional, longitudinal and experimental studies that have examined the
association between motor competence and executive functions in school-aged youth.

Objectives The primary aim of our systematic review was to synthesise evidence of the association between motor com-
petence and executive functions in school-aged children and adolescents (5—18 years). Our secondary aim was to examine
key moderators of this association.

Methods We searched the PubMed, PsycINFO, Scopus, Ovid MEDLINE, SPORTDiscus and EMBASE databases from
inception up to 27 June 2023. We included cross-sectional, longitudinal and experimental studies that assessed the associa-
tion between motor competence (e.g., general motor competence, locomotor skills, object control skills and stability skills)
and executive functions (e.g., general executive functions, inhibition, working memory and cognitive flexibility) in children
and adolescents aged 5-18 years.

Results In total, 12,117 records were screened for eligibility, and 44 studies were included. From the 44 included studies, we
meta-analysed 37 studies with 251 effect sizes using a structural equation modelling approach in the statistical program R.
We found a small positive association (r=0.18, [95% confidence interval (CI) 0.13-0.22]) between motor competence and
executive functions. The positive associations were observed in cross-sectional (r=0.17, [95% CI 0.13-0.22]), longitudinal
(r=0.15, [95% CI 0.03-0.28]) and experimental studies (r=0.25, [95% CI 0.01-0.45]). We also found that general motor
competence (r=0.25, [95% CI 0.18-0.33]), locomotor (r=0.15, [95% CI 0.09-0.21]), object control (r=0.14, [95% CI
0.08-0.20]) and stability (r=0.14, [95% CI 0.08-0.20]) skills were associated with executive functions. We did not find any
moderating effects for participants’ age on the associations between motor competence and executive functions.
Conclusions Our findings suggest a small-to-moderate positive association between motor competence and executive func-
tions in children and adolescents. The small number of experimental studies included in this review support the assertion
that interventions targeting children’s motor competence may be a promising strategy to improve their executive functions;
however, more research is needed to confirm these findings. Future studies should explore the underlying mechanisms link-
ing motor competence and executive functions as their comprehension may be used to optimise future intervention design
and delivery.
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Findings from our systematic review and meta-analyses
suggest a small-to-moderate positive association between
motor competence and executive functions in children
and adolescents.

Locomotor, object control and stability skills were all
positively associated with executive functions (e.g., inhi-
bition, working memory, cognitive flexibility).

Most observational studies focused on children, while a
limited number of studies involved adolescent partici-
pants.

Due to the small number of experimental studies, we
were unable to establish a causal link between motor
competence and executive functions in young people.

1 Introduction

Motor competence is defined as the mastery of physical
skills and movement patterns that enable participation in a
range of physical activities [1]. It includes locomotor (e.g.,
running and jumping), object control (e.g., catching and
throwing) and stability (e.g., balancing and twisting) skills
[1]. The umbrella term “motor competence” is often used
interchangeably with “motor proficiency”, “motor perfor-
mance”, “motor ability” and “motor coordination” [2]. The
development of motor competence is associated with a range
of psychological (e.g., perceived competence [3]), physio-
logical (e.g., physical fitness [4, 5], healthy weight status [2,
6]), and behavioural (e.g., physical activity [6, 7]) benefits
[8]. Further, there is accumulating evidence that developing
motor competence may also have benefits for young people’s
executive functions [9—-11].

Executive functions (EFs) are complex and can be
understood from multiple perspectives. For example, prior
research has explored EFs from evolutionary (e.g., ability to
make decisions and behave in a purposeful, goal-directed,
future-oriented manner), syndrome-based (i.e., impairments
in individuals’ cognitive functioning), neurobiological (i.e.,
changes in brain structure and function) and statistical (e.g.,
psychometric properties of tests that assess inhibitory con-
trol, updating/working memory and shifting/cognitive flex-
ibility) perspectives [12, 13]. For the purposes of our review,
we define EFs as higher-order cognitive processes underly-
ing the selection, scheduling, coordination and monitoring
of complex, goal-directed processes [14]. In this definition,
EFs typically include three core components: inhibitory
control (e.g., the ability to maintain focus and suppress pre-
potent or automated responses), updating/working memory

(e.g., retaining and updating of information), and shifting/
cognitive flexibility (e.g., the ability to shift attention to
changing task demands) [14, 15].

Previous studies have found positive associations between
executive functions and academic performance (e.g., math-
ematics achievement) [16-18], and between executive func-
tions and quality of life in children and adolescents [19].
Alternatively, poor executive functions are related to mental
health disorders (e.g., depression, conduct disorder, atten-
tion deficit hyperactivity) [20, 21], poor physical health
(e.g., obesity) [22], as well as social problems (e.g., vio-
lence, crime, reckless behaviour) [23, 24] in children and
adolescents [25]. Engagement in physical activity has been
shown to benefit executive functions [26], and it has been
hypothesised that this may occur via a range of neurobio-
logical, psychosocial and behavioural mechanisms [27, 28].
There is growing interest in the idea that the development of
motor competence might provide some explanation of the
effects of physical activity on executive functions. Indeed,
there is evidence that motor competence and executive func-
tions may develop via similar pathways [29-31]. The same
cortical and subcortical regions of the brain (comprising
functional neural networks) are partially responsible for
the development of motor competence and executive func-
tions in childhood, including the prefrontal cortex, cerebel-
lum and basal ganglia [30]. Consequently, just as there is
a neurobiological basis for asserting that regular physical
activity in children contributes to the development of execu-
tive functions, there is also a neurobiological justification
for the belief that involvement in motor learning activities
can similarly enhance executive functions [15]. As high-
lighted by Hill (2023) in their review on the relationship of
motor competence to broader cognitive and social outcomes,
physical activity may improve executive functions via its
quantitative characteristics (e.g., intensity, frequency, etc.,)
or via qualitative characteristics (e.g., motor skill complex-
ity). Learning motor skills requires the input of executive
processes of inhibition, working memory and cognitive
flexibility [10], meaning that greater executive functioning
could plausibly translate into the performance of complex or
novel skills. In sum, there is likely a bidirectional relation-
ship between executive functions and motor skills acquisi-
tion and performance.

A recent systematic review including a meta-analysis
found a positive association between motor skills (except
for object control skills) and executive functions in chil-
dren [11]. However, this review only included children
aged 3-12 years and did not examine the role of key
moderators (e.g., study design). More recently, Hill and
colleagues published a conceptual model and systematic
review that included a qualitative synthesis of the associa-
tion between motor competence and cognitive outcomes
in young people [32]. Consistent with the model proposed
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by Lubans and colleagues [33], the authors acknowledged
that motor competence may support cognitive develop-
ment via a range of neurobiological, psychosocial and/or
behavioural mechanisms, and pointed out that clear pat-
terns of domain-specific relationships are lacking [32].
As noted by the authors, young people typically perform
motor skills in environments (e.g., physical education and
sport practice) that challenge both their motor and cogni-
tive abilities, and thus likely contribute to improvements
in both motor and cognitive development simultaneously.
However, due to the small number of experimental stud-
ies, the authors were unable to draw conclusions regard-
ing the causal relationship between motor competence
and cognitive outcomes [32]. In their narrative review of
the literature, Willoughby and Hudson [15] discuss the
contribution of motor skills and physical activity to the
development of executive functions in early childhood.
Based on their review of the literature, they note that it
remains unclear whether increases in physical activity are
enough to explain improvements in executive functioning,
and suggest that the development of children’s motor skills
is more strongly associated with executive function devel-
opment in early childhood than the frequency, duration or
intensity of their physical activity.

Despite increasing interest in the link between motor
competence and executive functioning, no previous sys-
tematic review has conducted a quantitative synthesis of
this relationship in children and adolescents. Narrative
syntheses of quantitative data have notable limitations,
including lack of transparency and conclusions based on
subjective interpretation [34, 35]. Alternatively, meta-
analyses are considered a superior approach to data syn-
thesis because they: (i) involve the calculation of effect
sizes, (ii) can correct for small-scale studies that are not
adequately powered, and (iii) allow for the examination
of moderator effects. Therefore, the primary aim of our
systematic review and meta-analysis was to assess the
strength of the association between motor competence
and executive functions in school-aged children and ado-
lescents (5—18 years). Our secondary aim was to examine
key moderators of this association.

2 Methods
2.1 Protocol and Registration

Our systematic review was conducted according to the
2020 Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) statement [36]. The cur-
rent review was prospectively registered with PROSPERO
(CRD42021285134).

2.2 Identification of Studies and Search Strategy

We conducted a comprehensive literature search to identify
studies on the associations between motor competence and
executive functions in children and adolescents. We searched
six electronic databases (PubMed, PsycINFO, Scopus, Ovid
MEDLINE, SPORTDiscus and EMBASE) from the year of
their inception up to 27 June 2023. After automatically and
manually removing duplicates, the remaining studies were
subjected to a screening process. Our search strategy was
modified in accordance with each of the databases (e.g.,
using MeSH terms where possible), and included the fol-
lowing keywords: motor competence (e.g., locomotor, object
control and stability skills), executive functions (e.g., inhibi-
tion, working memory, cognitive flexibility), and population
(e.g., children, adolescents). The search terms are detailed in
the Online Supplementary Material (OSM; Table S1).

Where possible, search results were limited by language
(English), species (human) and type (journal). The refer-
ence lists of included studies were checked for additional
relevant studies.

2.3 Inclusion/Exclusion Criteria

Two authors independently screened titles, abstracts and full-
texts (RB and LW) against inclusion and exclusion criteria.
Any disagreements between the two authors were resolved
via discussion, and a consensus was reached with two other
authors (AAL and DRL). The following inclusion criteria
were applied: (1) experimental or quasi-experimental studies
designed to promote motor competency and executive func-
tions (i.e., inhibition, working memory, and cognitive flex-
ibility) in children and adolescents; (2) observational studies
focused on the associations between motor competence and
executive functions; (3) data on school-aged children and
adolescents (5—18 years of age); (4) data on participants’
motor competency (i.e., motor proficiency, motor perfor-
mance, fundamental movement/motor skills, motor ability
and motor coordination) and executive function (i.e., inhibi-
tion, working memory, cognitive flexibility); (5) objective
assessment such as process-based (e.g., Test of Gross Motor
Development-3rd Edition (TGMD-3)) and/or product-based
measures (e.g., Movement Assessment Battery for Children-
2nd Edition (MABC-2)) of motor competence and perfor-
mance-based measures of executive functions (e.g., flanker
task, trail-making task, digit span task) were eligible for this
review. The following exclusion criteria were applied: (1)
only reported fine motor skills (e.g., writing); (2) utilised
fitness as a proxy for motor competence (e.g., strength); (3)
individuals living with disability (e.g., intellectual and/or
physical disability); (4) measured perceived motor compe-
tence or used rating scales to measure executive functions;
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(5) reported general cognition, but did not provide outcome
data specific to executive functions (either as a composite
score or domain specific).

2.4 Data Extraction

Information regarding study location, first author’s name,
year of publication, design (i.e., experimental, quasi-exper-
imental, longitudinal, or cross-sectional study design),
participant age, sample size, measures of motor compe-
tence and executive functions, and correlations between
motor competency and executive function outcomes, were
independently extracted by two authors (RB and LW).
Differences in the extraction and coding of information
were discussed and resolved with two other authors (AAL
and DRL). In accordance with previous studies [1, 3, 8],
motor competence components were classified into three
categories, including locomotor skills, object control skills,
and stability skills. Additionally, those studies that only
reported the association between the composite scores of
motor competence (e.g., locomotor, object control, and sta-
bility skills) and executive functions were labelled as “gen-
eral motor competence”. The term “motor competence”
encompassed all motor competence components, including
general motor competence, locomotor skills, object con-
trol skills, and stability skills. Similarly, executive func-
tion domains were also classified into three categories [25],
including inhibition, working memory, and cognitive flex-
ibility. Studies that only reported the association between
motor competence and composite scores of multiple execu-
tive function domains (e.g., inhibition, working memory,
and cognitive flexibility), were coded as “general execu-
tive functions”. The term “executive functions” comprised
general executive functions, inhibition, working memory
and cognitive flexibility. For tests of executive functions,
where reported, we used information on the accuracy and
reaction time (i.e., the reaction time of correct responses)
for calculation of effect sizes. Where this was not reported,
we used accuracy data, unless the primary outcome of the
test was time to completion (e.g., in the trail-making test).

2.5 Criteria for Risk of Bias Assessment

Risk of bias was evaluated independently by two authors
(RB and LW). Experimental studies were assessed using the
Cochrane Risk of Bias Tool (RoB 2.0) for randomised con-
trolled trials (RCTs) and the Risk Of Bias In Non-randomised
Studies-of Interventions (ROBINS-I) for non-randomised
controlled trials [37]. Disagreements between assessors were
resolved by discussion. The criteria were: (1) randomisation
process; (2) deviations from intended interventions; (3) miss-
ing outcome data; (4) measurement of the outcomes; and

(5) selection of the reported results. Observational studies
were assessed using the following items developed from the
Joanna Briggs Institute critical appraisal checklists [37]: (1)
study design allowed for causal inference (only for longitudi-
nal study design); (2) random selection of study participants
and/or study sites; (3) detailed description of sample charac-
teristics; (4) valid assessment of motor competence; (5) valid
assessment of executive functions; and (6) adjustment for
relevant confounders in the analysis. Based on the assessment
criteria, the risk bias for each included study was categorised
based on the percentage of items rated as “yes” >70% (low),
50-69% (moderate), or < 50% (high) [38, 39].

2.6 Meta-analyses

We combined effect sizes using a structural equation model-
ling approach to multilevel meta-analysis. The main advan-
tage of this approach is that it is not limited by the assumption
of independence (i.e., effect sizes are nested within studies),
and multiple effect sizes can be included from each study
[40]. Unconditional mixed-effects models using maximum
likelihood estimation were conducted to calculate the overall
pooled effect size. For each pooled effect size, 95% likelihood-
based confidence intervals (Cis) were calculated. All analyses
were conducted using the metaSEM package in R Version
4.2.2 (code provided in OSM 1) [41].

We extracted various summary measures, including
standardised mean differences and correlation coefficients.
Summary metrics that were not reported as r values were
converted to correlation coefficients (r) for observational
and experimental studies. For observational studies, cor-
relation coefficients were extracted according to whether
the effect sizes were cross-sectional effect (one point in
time) or longitudinal (changes over time). Correlation coef-
ficients that controlled for relevant covariates (e.g., age
and sex) were extracted. Where these were not available,
the zero-order correlation coefficients were extracted. The
correlation coefficients were converted into Fisher’s z for
all analyses using the following formula (Eq. 1) [42]:

_ 1+r
z_0.5*1n<1 ) (1)

-r

where In is the natural logarithm [43]. Then, the results were
converted back to r-values using the following conversion
formulas (Eq. 2):

(2 -1)

T ler) @

where e refers to the base of the natural logarithm [44]. For
experimental studies, correlation coefficients (r) of change
scores for both motor competence and executive functions
between pre and post measurements were extracted from one
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study. For another study, we used the pre and post experimental
means and standard deviations to calculate Cohen’s d using the
formula (Eq. 3):

d= ; 3

where il is the mean change in the first group, iz is the
mean change in the second group, s, is the pooled stand-
ard deviation of the two groups [42]. Then, Cohen’s d was
converted into r values using the following formula (Eq. 4):

_d
V& X

where d is Cohen’s d [42]. To aid with interpretation, the cor-
relation coefficients are referred to as small (0.10-0.20), moder-
ate (0.21-0.35) or large (>0.35) [45]. For consistency, nega-
tive summary outcomes (i.e., where negative numbers indicate
greater performance — such as outcomes including reaction
time) were inverted to positive summary measures. In addition,
95% likelihood-based Cls were calculated for each effect size.
Heterogeneity was assessed using the I statistic, with
values from 0-40%, 30—-60%, 50-90%, and 75—-100% indi-
cating low, moderate, substantial, and high heterogeneity,
respectively [46]. Publication bias was analysed using funnel
plots and Egger’s regression test, which provides a metric
of the asymmetry present in the plot (with a p-value >0.05
indicating no evidence of publication bias). Moderator anal-
yses were conducted to determine whether the association
between motor competence and executive functions differed
according to the type of motor competence (e.g., locomo-
tor, object control, and stability skills), executive function
domain (e.g., inhibition, working memory, cognitive flex-
ibility), age of participants (treated as a continuous variable),
and study design (e.g., cross-sectional, longitudinal, experi-
mental). Initially, we treated age as a binary moderator, but
age did not influence the association between motor compe-
tence and executive functions. Given the small number of
the included studies involving adolescents, we subsequently
treated age as a continuous moderator, which allowed for a
more precise examination of its effects on the association
between motor competence and executive functions. The
R? values were computed to determine the proportion of
explained variance for each potential moderator variable.

3 Results
3.1 Study Selection
After conducting a comprehensive literature search, a total of

20,498 records were identified. After removing 8,381 dupli-
cates, 12,117 records were screened via title and abstract

for suitability. After the removal of irrelevant records, 220
records were assessed for eligibility via full-text screening.
Finally, 44 studies were included in the qualitative synthesis
and 37 studies [47-83] were included in the meta-analysis
(Fig. 1).

3.2 Characteristics of Included Studies

Study characteristics are presented in Table S2 (OSM).
Most studies were conducted in Germany (n=7) [49, 55,
61, 64,70, 73, 74], followed by Switzerland (n=6) [53, 54,
56, 62,75, 76], the Netherlands (n=6) [63, 69, 78, 84-86],
Australia (n=5) [47, 52, 57, 66, 87], Brazil (n=3) [48,
50, 88], Italy (n=3) [51, 65, 89], the USA (n=2) [58, 72],
Norway (n=2) [71, 79], China (n=2) [77, 81], Denmark
(n=1) [90], Finland (n=1) [59], Greece (n=1) [83], Ireland
(n=1) [82], Portugal (n=1) [67], and Spain (n=1) [80].
One study focused on children from Germany and Switzer-
land [68], and another targeted children from Germany and
Oman [60]. Cross-sectional designs were used in 34 stud-
ies [48-50, 53-55, 57, 59, 60, 62-67, 69, 71, 73, 75-90],
with the remainder consisting of longitudinal (n=5) [47,
56, 61, 68, 74], randomised controlled trials (n=3) [52, 58,
70] and non-randomised controlled trials (n=2) [51, 72].
Most studies included children between the ages of 5 and
12 years (n=39), with the remaining five studies focusing
on adolescents (between the ages of 13 and 18 years) [53,
57,59, 64, 87].

3.3 Measurement of Motor Competence
and Executive Functions

Locomotor skills were examined in 26 studies [47, 48,
50-54, 56, 58, 59, 62, 63, 67, 69, 72, 74-78, 81-84, 86,
88], object control skills were reported in 28 studies [48,
49, 52-55, 57-61, 63, 64, 66, 69-71, 74,77, 78, 80, 82-87,
89], and stability skills were assessed in 32 studies [49,
50, 53-55, 57, 61-63, 65-70, 72-75, 78-90]. The most
widely used measurement tools for assessing motor compe-
tence were the Movement Assessment Battery for Children
(MABC) [49, 55, 57, 61, 66, 70-72, 78, 80, 87, 89] and the
Korperkoordinationstest Fiir Kinder (KTK) [48, 50, 62-64,
67, 69, 75, 81, 84, 86, 88], which were both used in 12 stud-
ies. Additionally, six studies used the Bruininks-Oseretsky
Test of Motor Proficiency, second edition (BOT-2) [63, 69,
73, 82, 83, 86], three studies used the Basic Motor Compe-
tence in Fifth Grades (MOBAK-5) [53, 54, 74], and the Test
of Gross Motor Development, second edition (TGMD-2)
was used in four studies [48, 58, 77, 82]. Additionally, one
study used the Peabody Developmental Motor Scale-Second
Edition (PDMS-2) to assess motor competence [51]. Three
core components of executive functions were measured,
including inhibition (n=21) [51, 52, 54, 56, 57, 59, 61-63,
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66, 70-73, 75, 78, 80, 81, 84, 86, 89], working memory
(n=33) [47, 51-57, 59-64, 68, 69, 71, 73-75, 77-87, 89,
90], and cognitive flexibility (n=17) [50-52, 54, 57, 62,
64, 70-73, 75, 76, 80, 81, 83, 88]. The most common tests
used to assess inhibition were flanker tasks (n=15) [48, 52,
54,56, 59, 61-63, 65, 72,73, 75, 76, 80, 81] and stop signal
tasks [63, 66, 78, 84, 86]. Cognitive flexibility was most
often assessed using the mixed flanker task [54, 56, 62, 72],
the trail-making task [50, 51, 71, 88], and the dimensional
change card sort test [52, 75, 80]. The digit span test [55,
60, 63, 64,71, 78, 83, 84, 86, 91] and N-back tasks [47, 54,
56, 57, 81, 87] were the most common measures of working
memory. A list of the executive function measures used in
the included studies can be found in Table S3 (OSM).

3.4 Risk of Bias of Included Studies

Based on the information provided, 65.9% of the
included studies were considered to have a low risk of
bias, while the remaining studies had a moderate risk
(all risk-of-bias information is in OSM 2). Among cross-
sectional studies, the majority (70.6%) were considered

to have a low risk of bias, with 29.4% studies having a
moderate risk of bias. Regarding the measurement tools
of all studies, a high percentage of studies used valid and
reliable instruments to assess motor competence (91.2%)
and executive functions (76.5%). Additionally, 61.8% of
included studies controlled for relevant covariates when
examining the association between motor competence
and executive functions. Among longitudinal studies,
60% were considered to have a low risk of bias and the
remaining studies had a moderate risk of bias. All lon-
gitudinal studies used valid and reliable measurement
tools to assess motor competence, and the majority (80%)
used valid and reliable measurement tools to assess
executive functions. All longitudinal studies controlled
for relevant covariates when examining the association
between motor competence and executive functions. All
RCTs were deemed to have a moderate risk based on the
following criteria: “bias due to deviations from intended
intervention” and “bias in selection of the reported
result”. Both quasi-experimental studies were considered
to have a low risk of bias.
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Table 1 Associations between motor competence and executive functions in children and adolescents

Variable No. of studies Pooled ES 95% CI 0 R*2 R*3 Tau2 2 Taw2 3 P2 P3
(No. of ES)
Summary effect 37 (251) 0.18 0.13-022  0)5,=709.70 (p=0) <0.01 0.02 0.15 0.63
Moderation
Design 37 (251) 0,50=709.70 (p=0) 0.00 0.03 <0.01 0.02
Cross-sectional 34 (239) 0.17 0.13-0.22
Longitudinal 4(8) 0.15 0.03-0.28
Experimental 2(4) 0.25 0.01-0.45
Age (treated as continuous) 36 (247) <0.01 —0.03-0.04 Q,44=697.65 (p=0) 0.04 0.00 <0.01 0.05
Motor competence types 37 (251) Q,50=709.70 (p=0) 0.15 0.00 <0.01 0.02
General 13 (41) 0.25 0.18-0.33
Locomotor 12 (74) 0.15 0.09-0.21
Object control 15 (64) 0.14 0.08-0.20
Stability 17 (72) 0.14 0.08-0.20
Executive function domains 37 (251) 0,50=709.70 (p=0) 0.19 0.00 <0.01 0.02
General 5(14) 0.29 0.21-0.36
Inhibition 21 (74) 0.18 0.13-0.23
Working Memory 28 (103) 0.17 0.12-0.23
Cognitive Flexibility 17 (60) 0.13 0.08-0.19

EFs executive functions, Pooled ES pooled effect sizes, Heterogeneity at Level 2 ES from the same study, Heterogeneity at Level 3 ES from the
different studies, I? is only available for the overall ES. Fisher’s z has been converted to r values

3.5 Synthesis of Results
3.5.1 Overall Associations

Table 1 displays the results of the meta-analysis of the asso-
ciation between motor competence and executive functions.
Overall, the findings of the meta-analysis, which included 37
studies and 251 effect sizes, indicate a small positive asso-
ciation between motor competence and executive functions
in children and adolescents (r=0.18, 95% CI 0.13-0.22).
For this effect size, there was low heterogeneity within stud-
ies (7=0.15) and moderate heterogeneity between studies
(I*=0.63). The funnel plot (Fig. 2) and Egger’s regression
(z=1.18, p=0.24) suggest that there was no evidence of
publication bias.

General motor competence (r=0.25, 95% CI 0.18-0.33),
locomotor (r=0.15, 95% CI 0.09-0.21), object control
(r=0.14,95% CI1 0.08-0.20) and stability (r=0.14, 95% CI
0.08-0.20) skills were all positively associated with execu-
tive functions. Motor competence components explained the
small variance of the heterogeneity within (Tau?<0.01) and
between (Tau®=0.02) studies, while demonstrating negligi-
ble variation within (R*=0.15) and between studies (R>=0).
In terms of motor competence, positive associations were
observed for general executive functions (r=0.29, 95% CI
0.21-0.36), inhibition (r=0.18, 95% CI 0.13-0.23), work-
ing memory (r=0.17, 95% CI 0.12-0.23), and cognitive
flexibility (r=0.13, 95% CI 0.08-0.19). Executive function

domains explained little variance in the heterogeneity
within (Tau? < 0.01) and between (Tau?=0.02) studies,
while demonstrating negligible variation within (R*=0.19)
and between studies (R*>=0). Regarding the role of study
design, positive associations were found for cross-sectional
(r=0.17, 95% CI 0.13-0.22), longitudinal (r=0.15, 95%
CI 0.03-0.28) and experimental (one RCT and one quasi-
experimental study) (r=0.25, 95% CI 0.01-0.45) studies.
Study design explained none of the heterogeneity within
(R*=0) and little between (R>=0.03) studies. Age was not
a moderator of the association between motor competence
and executive functions (r<0.01, 95% CI - 0.03 to 0.04).

3.5.2 Motor Competence and Executive Function Domains

Motor competence and general executive functions: The
results pertaining to general executive functions are outlined
in Table 2. A positive association was observed between
motor competence and general executive functions (r=0.29,
95% CI 0.22-0.35). Most of the heterogeneity was attributed
to the differences observed within studies (/>=0.57) and no
heterogeneity was observed between (I =0) studies. General
motor competence (r=0.34, 95% CI 0.25-0.42), locomotor
(r=0.32, 95% CI1 0.18-0.44), object control (r=0.23, 95%
CI 0.13-0.33), and stability (r=0.19, 95% CI 0.02-0.36)
skills were positively associated with general executive func-
tions. Motor competence components explained a small pro-
portion of the heterogeneity within studies (R>=0.32) and
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negligible variation between studies (R>=0). No effect of
age (r=-0.01,95% CI - 0.03 to 0.11) was observed in the
association between motor competence and general execu-
tive functions.

Motor competence and inhibition: For inhibition
(Table 3), there was a positive association with motor com-
petence (r=0.15, 95% CI 0.11-0.18). Low heterogeneity
was attributed to the differences observed within (/2=0.07)
and between (12 =0.32) studies. General motor competence
(r=0.12, 95% CI 0.03-0.20), locomotor (r=0.14, 95% CI
0.09-0.18), object control (r=0.16, 95% CI 0.11-0.21),
and stability (r=0.16, 95% CI 0.12-0.21) skills were posi-
tively associated with inhibition. Motor competence com-
ponents explained a large proportion of the heterogeneity
within studies (R?>=0.65) and negligible variation between
studies (R*?=0). The positive association between motor
competence and inhibition was observed in cross-sectional
(r=0.14, 95% CI 0.11-0.18) and experimental (r=0.24,
95% CI 0.05-0.41) studies. However, no positive associa-
tion was observed in only one longitudinal study (r=0.15,
95% CI—-0.03 to 0.31). Study design explained a small pro-
portion of the heterogeneity within studies (R*=0.01) and
negligible variation between studies (R*=0.03). No effect
of age (r = 0.01, 95% CI - 0.02 to 0.03) was observed in
the association between motor competence and inhibition.

Motor competence and working memory: We observed a
positive association between motor competence (r=0.16, 95%
CI 0.12-0.20) and working memory (Table 4). Low heteroge-
neity was attributed to differences observed within (P#=0.19)
and moderate heterogeneity between (?=0.41) studies. Gen-
eral motor competence (r=0.20, 95% CI 0.13-0.28), locomotor
(r=0.14, 95% CI 0.09-0.20), object control (r=0.14, 95% CI
0.08-0.19) and stability (r=0.15, 95% CI 0.09-0.20) skills were
positively associated with working memory. Motor competence
components explained a small proportion of the heterogeneity

within (R2 =0.20) and between (R>=0.13) studies. Positive asso-
ciations between motor competence and working memory were
observed in cross-sectional (r=0.16, 95% CI 0.12-0.20) and
longitudinal (r=0.14, 95% CI 0.03-0.26) studies. Study design
explained a small proportion of the heterogeneity within (R*=0)
and between (R>=0.01) studies. No effect of age (r<0.01,95%
CI - 0.03 to 0.04) was observed in the association between
motor competence and working memory.

Motor competence and cognitive flexibility: We found a
positive association between motor competence (r=0.14,
95% CI 0.03-0.25) and cognitive flexibility (Table 5). Most
of the heterogeneity was attributed to differences observed
between studies (12=0.86). Locomotor (r=0.20, 95% CI
0.08-0.30), object control (r=0.14, 95% CI 0.02-0.26), and
stability (r=0.15, 95% CI 0.03-0.26) skills were positively
associated with cognitive flexibility. Motor competence
components explained a large proportion of heterogeneity
within (R*=0.59) studies. We observed a positive associa-
tion between motor competence and cognitive flexibility in
cross-sectional studies (r=0.13, 95% CI 0.02-0.24). How-
ever, no positive association was observed in only one exper-
imental (r=0.26, 95% CI — 0.22 to 0.64) study. No hetero-
geneity was found within (R*=0) and between (R*=0.01)
studies. No effect of age (r=0.01, 95% CI - 0.04 to 0.07)
was observed in the association between motor competence
and cognitive flexibility.

4 Discussion
4.1 Summary of Findings
This is the first systematic review and meta-analysis to com-

prehensively synthesise the associations between motor
competence (e.g., locomotor skills, object control skills,
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Table 2 Associations between motor competence and general executive functions in children and adolescents

Variable No. of stud-  Pooled ES  95% CI Q R?2 R23 Tau2 2 Tauw2 3 P2 >3
ies (no. of
ES)
Summary effect 5(14) 0.29% 0.22%-0.35* Q,;3=30.61 (p=0.00) 0.01 <0.01 0.57 0.00
Moderation
Age (treated as continuous) 5(14) -0.01 -0.13-0.11 Q3=30.61 (p=0.00) 0.00 0.00 0.02 0.08
Motor competence types Q3=30.61 (p=0.00) 032 0.00 0.01 <0.01
General 3(6) 0.34% 0.25*-0.42°
Locomotor 13) 0.32% 0.18%-0.44*
Object control 23 0.23% 0.13%-0.33*
Stability 2(2) 0.19% 0.02*-0.36?
*Pooled effect sizes calculated using Wald's confidence intervals (CIs)
Table 3 Associations between motor competence and inhibition in children and adolescents
Variable No. of stud- Pooled ES 95% CI 0 R>2 R*3 Tau2 2 Tau2 3 P*2 P3
ies (no. of
ES)
Summary effect 21 (74) 0.15 0.11-0.18  0,3=129.40 (p<0.001) <0.01 <0.01 0.07 0.32
Moderation
Design 21 (74) 0,3=129.40 (p<0.001) 0.01 0.03 <0.01 <0.01
Cross-sectional 18 (71) 0.14 0.11-0.18
Longitudinal 1(D) 0.15 —-0.03-0.31
Experimental 2(12) 0.24 0.05-0.41
Age (treated as continuous) 21 (74) 0.01 —-0.02-0.03 Q,3=129.40 (p<0.001) 0.05 0.00 <0.01 0.03
Motor competence types 21 (74)
General 5(8) 0.12 0.03-0.20  053=129.40 (p<0.001) 0.65 0.00 <0.01 <0.01
Locomotor 7(23) 0.14 0.09-0.18
Object control 8 (18) 0.16 0.11-0.21
Stability 12 (25) 0.16 0.12-0.21
Table 4 Associations between motor competence and working memory in children and adolescents
Variable No. of stud- Pooled ES 95% CI 0 R*2 R2.3 Tau2 2 Tau2 3 P2 P3
ies (no. of
ES)
Summary effect 28 (103) 0.16 0.12-0.20  Q,(,=226.30 (p<0.001) <0.01 0.01 0.19 0.41
Moderation
Design 28 (103) Q,02=226.30 (p<0.001) 0.00 0.01 <0.01 0.01
Cross-sectional 26 (96) 0.16 0.12-0.20
Longitudinal 4(7) 0.14 0.03-0.26
Age (treated as continuous) 28 (103) <0.01 —-0.03-0.04 Q;(;,=226.30(p<0.001) 0.00 0.00 <0.01 0.04
Motor competence types 28 (103) Q,0,=226.30 (p<0.001) 0.20 0.13 <0.01 <0.01
General 9 (21 0.20 0.13-0.28
Locomotor 10 (26) 0.14 0.09-0.20
Object control 12 (30) 0.14 0.08-0.19
Stability 11 (26) 0.15 0.09-0.20
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Table 5 Associations between motor competence and cognitive flexibility in children and adolescents

Variable No. of stud-  Pooled ES  95% CI 0] RP2 R*>3 Tau2 2 Tau2 3 2 >3
ies (no. of
ES)
Summary effect 17 (60) 0.14 0.03-0.25 059=264.36 (p=0) <0.01 0.04 0.01 0.86
Moderation
Design 17 (60) 05=264.36 (p=0) 0.00 0.01 <0.01 0.04
Cross-sectional 16 (58) 0.13 0.02-0.24
Experimental 1(Q2) 0.26 -0.22-0.64
Age (treated as continuous) 16 (56) 0.01 —0.04-0.07 055=252.41 (p=0) 0.24 0.00 <0.01 0.07
Motor competence types 17 (60) 059=264.36 (p=0) 0.59 0.11 <0.01 0.04
General 3(6) <0.01*  -0.24*-0.25%
Locomotor 7 (22) 0.20% 0.08%-0.30*
Object control 6 (13) 0.14% 0.02%-0.26*
Stability 9(19) 0.15% 0.03%-0.26*

*Pooled effect sizes calculated using Wald’s confidence intervals (CIs)

stability skills) and executive functions (e.g., inhibition,
working memory, cognitive flexibility) in children and ado-
lescents. Our main findings suggest a small positive associa-
tion between motor competence and executive functions in
these populations that is consistent across cross-sectional,
longitudinal and experimental studies. Our analyses revealed
that all types of motor competence domains were signifi-
cantly associated with each of the executive functioning
domains. Similarly, age had no influence on the association
between motor competence and executive functions, sug-
gesting a consistent relationship between these outcomes
across the ages included in the analysis.

4.2 Motor Competence and Executive Functions

Our meta-analysis provides support for the hypothesis that
motor competence and executive functions in children and
adolescents are connected [10, 30]. Although the magnitude
of effect size was small (r=0.18, 95% CI 0.13-0.22), the
associations were consistent across types of motor compe-
tence and domains of executive function. Inhibition, working
memory and cognitive flexibility are all involved in skill
acquisition, and it has been proposed that the allocation of
cognitive resources during skill acquisition may contrib-
ute to improvements in executive functioning [10, 92, 93].
The current review includes evidence from experimental
studies, the findings of which suggest that motor compe-
tence interventions may improve children’s executive func-
tions [58, 72]. To illustrate, a 6-week motor competence
intervention, targeting the improvement of locomotor and
object control skills, demonstrated a positive relationship
between the composite score of the two skills and enhance-
ment in the composite score of executive functions [58]. In
another intervention lasting 7 weeks, the results suggested

the enhancement of balance was related to greater inhibi-
tion and cognitive flexibility in children [72]. However, our
risk of bias identified a number of methodological concerns
with these studies, including: (1) deviations from intended
intervention (e.g., variations in delivery resources), and (2)
bias in the selection and reporting of outcomes (e.g., not
providing the information on trial registration, not reporting
the association between specific motor competence com-
ponents and executive function sub-domains) [52, 58, 70].
Additionally, only two experimental studies were included
in this analysis, meaning these findings should be interpreted
with caution. Despite these limitations, these findings are
in accordance with previous research indicating that motor
competence acquisition may influence several brain regions
and their associated networks, such as the prefrontal cortex,
cerebellum, and basal ganglia [30, 94].

Our moderator analyses indicate that age did not moder-
ate the association between motor competence and executive
functions. Based on the current evidence, there is no indica-
tion that the strength of the relationship between motor com-
petence and executive functions significantly differs from
childhood to adolescence. However, it should be noted that
only five studies in our systematic review involved adoles-
cents. Further study is needed to better understand the asso-
ciation between motor competence and executive functions
across these developmental stages. Findings from the longi-
tudinal research in this review provide some indication that
motor competence may predict improved executive func-
tions. However, there are some nuances of the findings that
are worth noting. For instance, in a sample of 8-year-olds,
Rigoli et al. [47] found that working memory performance
was predictive of later motor competence, rather than the
other way around. In their longitudinal investigation, Ludyga
et al. [74] found no longitudinal relationship between motor
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competence and working memory performance. However,
through analysis of electroencephalography, the authors
found that children with low motor competency experience
a change toward use of a less efficient cognitive control strat-
egy (as indicated by a decrease in cue P300 and the initial
contingent negative variation). This suggests that motor
competence may not directly impact executive functions
as measured by behavioural tasks. Instead, it may mani-
fest through alterations in the underlying cognitive control
mechanisms, such as changes in one’s approach to complex
tasks. The findings also suggest that the inclusion of neuro-
physiological markers alongside behavioural tasks may help
us to gain a comprehensive understanding of the relationship
between motor skills and changes in executive function, and
to identify potential mechanisms.

Our findings are generally consistent with previous
reviews on this topic [9-11, 15]. In their review, Willoughby
and Hudson [15] concluded that there is a weak to moderate
association between motor competence and executive func-
tions in early childhood [15]. A meta-analysis investigating
the relationship between motor skills and executive func-
tions found a small but positive association (r=0.18, 95% CI
0.126-0.246) in children [11]. However, their further analy-
ses found that only stability exhibited a positive association
with all sub-domains of executive functions [11]. It is worth
noting that this earlier meta-analysis incorporated data from
preschool children aged 3-5 years and that differences in
the relationship of motor competence to executive functions
may exist between preschool children and school-aged chil-
dren [1, 48, 95]. Moreover, the previous meta-analysis also
included self-, teacher- and parent-reported ratings of chil-
dren’s executive functions (i.e., the Behaviour Rating Inven-
tory of Executive Function—parent version) [11]. Several
concerns regarding rating scales should be acknowledged,
including weak construct and content validity, as well as the
influence of the characteristics of raters on their ratings (e.g.,
education levels, experience with similar rating scales) [96].
The current study exclusively included performance-based
measures as they offer a more objective assessment of execu-
tive functions [96].

Most of the studies included in our review used prod-
uct-oriented instruments (e.g., MABC-2, KTK, BOT-2,
MOBAK-5) to assess motor competence, while process-
oriented measures (e.g., TGMD-2, PDMS-2) were used in
only five studies. It is widely acknowledged that product-
oriented tests primarily focus on outcome measures, such as
the number of tosses or the distance of throwing, whereas
process-oriented assessments evaluate the quality (e.g.,
form, mechanics of movement) of motor competence [97,
98]. It appears that process-oriented (e.g., TGMD-2) and
product-oriented (e.g., KTK, BOT-2) instruments evaluate
distinct facets of motor competence. The scientific evidence
indicates a moderate level of agreement (with a variance of

27%) between MABC-2 and TGMD-2 in assessing motor
competence in 5- to 8-year-old children [99]. It is notewor-
thy that TGMD is widely employed to assess motor compe-
tence, yet it does not include any stability skills [48, 82]. As
such, it is recommended to include further studies to provide
a comprehensive evaluation of motor competence [97, 98].
Researchers also highlighted several concerns associated
with using different measures of motor competence, includ-
ing the sensitivity and discriminatory capabilities, translat-
ing “success” in skill performance [100]. Consequently, the
absence of a universally accepted “gold standard” measure
for assessing motor competence poses challenges in synthe-
sising effect sizes across specific sub-domains. It potentially
impedes the identification of associations between specific
motor competence and their impact on health outcomes.
In general, there is a need for “gold standard” measures to
assess both motor competence and executive functions.

Despite a positive association between general motor
competence and general executive functions, drawing defini-
tive conclusions from these results is challenging. This dif-
ficulty arises because the included effect sizes are derived
from studies that examined different combinations of execu-
tive functions. For instance, certain studies solely reported
the composite score of executive functions that were not
domain-specific (e.g., inhibition, working memory, cogni-
tive flexibility) [48, 57, 71, 75]. Although a higher effect
was found, the associations between specific components
of motor competence and different executive function sub-
domains may provide more insight into the nature of these
relationships.

4.3 Strengths and Limitations

To the best of our knowledge, this is the first systematic
review to quantitatively synthesize the association between
motor competence and executive functions in children and
adolescents. A notable strength of our review is the multi-
level structural equation modelling approach that adheres
to best practice guidelines in sport and exercise science
[101]. However, there are limitations that should be noted.
First, it is important to acknowledge most of the studies
used product-oriented instruments to assess motor compe-
tence. It is evident that process-oriented (e.g., TGMD-2)
and product-oriented (e.g., MABC-2) instruments assess
distinct facets of motor competence [97, 98]. Second, most
of the included studies were observational, thus limiting our
ability to infer causation. Third, due to the small number of
studies involving adolescents, we were unable to draw firm
conclusions regarding the relationship between motor com-
petence and executive functions in this developmental stage.
Fourth, using individual participant data (IPD) may be more
suitable for our understanding of the association between
motor competence and executive functions in children and
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adolescents. However, this approach requires a significant
amount of work, as well as author and ethics approval from
each institution. Finally, none of the included studies exam-
ined the underlying mechanisms of the association between
motor competence and executive functions. Therefore, to
gain a comprehensive understanding of this association in
children and adolescents, further studies focused on the test-
ing potential mechanisms are needed.

4.4 Future Directions

Our findings suggest a positive association between
motor competence and executive functions, which
may be attributed to the presence of shared functional
regions in the brain. Several studies have demonstrated
that motor competence acquisition may impact various
brain regions and their associated networks, including
the prefrontal cortex, cerebellum and basal ganglia [30,
94]. The cerebellum plays a crucial role in instructing
and guiding the prefrontal cortex to engage in “think
ahead” functions, demonstrating the collaborative nature
of these brain regions as an integrated network [93]. The
functional regions of the brain are known to develop
alongside executive functions in children and adolescents
[102, 103]. Owing to a scarcity of evidence, the under-
lying mechanisms of this association remain unstudied.
Therefore, further experimental studies are warranted
to identify underlying mechanisms for this association.
Additionally, motor competence is associated with physi-
cal activity and physical fitness [6, 15], both of which
have benefits for executive functions in children and ado-
lescents [104, 105]. Notably, there are indications that
physical fitness may act as a moderator in the associa-
tion between motor competence and executive functions
[10]. However, none of the experimental studies in our
systematic review considered physical activity or physi-
cal fitness when investigating this relationship. Given
the interconnected association among physical activity,
physical fitness, motor competence and executive func-
tions [2, 10], more studies are needed in this area.

Our meta-analysis did not find any effect of age on
the association between motor competence and executive
functions. It is worth noting that most of the included
studies were conducted in children (5-12 years of age),
with only five studies involving adolescents (13—18 years
of age). Given that both motor competence and executive
functions continue to develop throughout adolescence,
the relationship between the two may differ compared
to childhood. Therefore, more research with adolescents
may provide a more comprehensive perspective on how
motor competence and executive functions are intercon-
nected across development.

Researchers have proposed that motor tasks that are dif-
ficult (e.g., higher whole-body coordination requirements)
are related to greater executive functions compared to easy
motor tasks [75]. Interestingly, executive functions appear
to become more involved in performing novel motor com-
petence tasks and decrease when motor competence tasks
are learned [15]. Future exploration of the influence of the
cognitive demands of performing motor tasks (e.g., com-
parisons of a novice and someone already proficient in the
movement) may enhance our understanding of the relation-
ship between motor competence and executive functions in
children and adolescents.

5 Conclusions

The findings from our review suggest a small positive asso-
ciation between motor competence and executive functions
in children and adolescents. Specifically, all types of motor
competence (e.g., locomotor, object control and stability
skills) were significantly associated with each domain of
executive functioning (e.g., inhibition, working memory,
cognitive flexibility). The small number of experimental
studies included in this review support the assertion that
interventions targeting children’s motor competence may be
a promising strategy to improve their executive functions;
however, more research is needed to confirm these findings.
Future studies should explore the underlying mechanisms
linking motor competence and executive functions as their
comprehension may be used to optimise future intervention
design and delivery.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40279-024-02040-1.

Acknowledgements RB completed this work thanks to the China
Scholarship Council Scholarship (No. 202108310013) and The Uni-
versity of Newcastle.

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions.

Declarations

Funding Open Access funding was enabled and organized by The Uni-
versity of Newcastle. No sources of funding other than as referred to in
the Acknowledgements section were used to assist in the preparation
of this article.

Conflict of Interest The authors declare that they have no conflicts of
interest relevant to the content of this review.

Availability of Data and Material All data relevant to the study are
included in the article or uploaded as supplementary information.

Ethics Approval Not applicable.


https://doi.org/10.1007/s40279-024-02040-1

Motor Competence and Executive Functions in Children and Adolescents

Consent to Participate Not applicable.
Consent for Publication Not applicable.

Code Availability R script used for the meta-analysis is available in the
online supplementary material.

Author Contributions RB: Conceptualization, data curation, methodol-
ogy, formal analysis, writing—original draft, writing—review and edit-
ing. LW: Data curation, methodology, supervision, writing—review and
editing. AAL: Conceptualization, supervision, writing-review and edit-
ing. KBO: Methodology, resources, writing-review and editing. CHH:
Methodology, supervision, writing—review and editing. TJ: Supervi-
sion, writing—review and editing. DRL: Conceptualization, method-
ology, supervision, writing-review and editing. All authors read and
approved the final version of the manuscript.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Goodway JD, Ozmun JC, Gallahue DL. Understanding motor
development: Infants, children, adolescents, adults. Jones & Bar-
tlett Learning; 2019.

2. Robinson LE, et al. Motor competence and its effect on
positive developmental trajectories of health. Sports Med.
2015;45(9):1273-84.

3. De Meester A, et al. The relationship between actual and per-
ceived motor competence in children, adolescents and young
adults: a systematic review and meta-analysis. Sports Med.
2020;50(11):2001-49.

4. Cattuzzo MT, et al. Motor competence and health related physi-
cal fitness in youth: A systematic review. J Sci Med Sport.
2016;19(2):123-9.

5. Utesch T, et al. The relationship between motor competence and
physical fitness from early childhood to early adulthood: a meta-
analysis. Sports Med. 2019;49:541-51.

6. Barnett LM, et al. Through the looking glass: a sys-
tematic review of longitudinal evidence, providing new
insight for motor competence and health. Sports Med.
2022;52(4):875-920.

7. Stodden DF, et al. A developmental perspective on the role of
motor skill competence in physical activity: an emergent relation-
ship. Quest. 2008;60(2):290-306.

8. Lubans DR, et al. Fundamental movement skills in children and
adolescents: review of associated health benefits. Sports Med.
2010;40:1019-35.

9. Van Der Fels IMJ, et al. The relationship between motor skills
and cognitive skills in 4-16 year old typically developing chil-
dren: a systematic review. J Sci Med Sport. 2015;18(6):697-703.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Tomporowski PD, Pesce C. Exercise, sports, and performance
arts benefit cognition via a common process. Psychol Bull.
2019;145(9):929.

Gandotra A, et al. A meta-analysis of the relationship between
motor skills and executive functions in typically-developing chil-
dren. J Cogn Dev. 2022;23(1):83-110.

Suchy Y. Executive functioning: overview, assessment, and
research issues for non-neuropsychologists. Ann Behav Med.
2009;37(2):106-16.

Karr JE, et al. The unity and diversity of executive functions:
a systematic review and re-analysis of latent variable studies.
Psychol Bull. 2018;144(11):1147.

Miyake A, et al. The unity and diversity of executive functions
and their contributions to complex “frontal lobe” tasks: a latent
variable analysis. Cogn Psychol. 2000;41(1):49-100.
Willoughby MT, Hudson K. Contributions of motor skill devel-
opment and physical activity to the ontogeny of executive func-
tion skills in early childhood. Dev Rev. 2023;70: 101102.

Best JR, Miller PH, Jones LL. Executive functions after age 5:
Changes and correlates. Dev Rev. 2009;29(3):180-200.

Cortés Pascual A, Moyano Muiioz N, Quilez Robres A. The rela-
tionship between executive functions and academic performance
in primary education: review and meta-analysis. Front Psychol.
2019;10:1582.

Spiegel JA, et al. Relations between executive functions and aca-
demic outcomes in elementary school children: A meta-analysis.
Psychol Bull. 2021;147(4):329.

Diamond A, Lee K. Interventions shown to aid executive
function development in children 4 to 12 years old. Science.
2011;333(6045):959-64.

Halse M, et al. Longitudinal relations between impaired executive
function and symptoms of psychiatric disorders in childhood. J
Child Psychol Psychiatry. 2022;63(12):1574-82.

Dolan M, Lennox C. Cool and hot executive function in conduct-
disordered adolescents with and without co-morbid attention
deficit hyperactivity disorder: relationships with externalizing
behaviours. Psychol Med. 2013;43(11):2427-36.

Mamrot P, Hané T. The association of the executive func-
tions with overweight and obesity indicators in children and
adolescents: a literature review. Neurosci Biobehav Rev.
2019;107:59-68.

Zou Z, et al. Executive functioning deficits and childhood
trauma in juvenile violent offenders in China. Psychiatry Res.
2013;207(3):218-24.

Pharo H, et al. Risky business: executive function, personality,
and reckless behavior during adolescence and emerging adult-
hood. Behav Neurosci. 2011;125(6):970.

Diamond A. Executive functions. Annu Rev Psychol.
2013;64(1):135-68.

Xue Y, Yang Y, Huang T. Effects of chronic exercise interven-
tions on executive function among children and adolescents:
a systematic review with meta-analysis. Br J Sports Med.
2019;53(22):1397-404.

Lubans D, et al. Physical activity for cognitive and mental
health in youth: a systematic review of mechanisms. Pediatrics.
2016;138(3):¢20161642-2016.

Valkenborghs SR, et al. The impact of physical activity on
brain structure and function in youth: a systematic review.
Pediatrics. 2019;144(4):e20184032.

Ridler K, et al. Fronto-cerebellar systems are associ-
ated with infant motor and adult executive functions in
healthy adults but not in schizophrenia. Proc Natl Acad Sci.
2006;103(42):15651-6.

Diamond A. Close interrelation of motor development and cog-
nitive development and of the cerebellum and prefrontal cortex.
Child Dev. 2000;71(1):44-56.


http://creativecommons.org/licenses/by/4.0/

R.Baoetal.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.
44,

45.

46.

47.

48.

49.

50.

51.

52.

Patel R, Spreng RN, Turner GR. Functional brain changes fol-
lowing cognitive and motor skills training: a quantitative meta-
analysis. Neurorehabil Neural Repair. 2013;27(3):187-99.

Hill PJ, et al. The influence of motor competence on broader
aspects of health: a systematic review of the longitudinal asso-
ciations between motor competence and cognitive and social-
emotional outcomes. Sports Med. 2023;54(2):375-427.
Lubans D, et al. Physical activity for cognitive and mental
health in youth: a systematic review of mechanisms. Pediatrics.
2016;138(3): €20161642.

Valentine JC, et al. Synthesizing evidence in public policy con-
texts: the challenge of synthesis when there are only a few stud-
ies. Eval Rev. 2017;41(1):3-26.

Higgins J, Green S. Cochrane handbook for systematic reviews
of interventions. Higgins JP, Green S, editors. 2011, Chichester,
UK: John Wiley & Sons, Ltd.

Page MJ, et al. The PRISMA 2020 statement: an updated
guideline for reporting systematic reviews. Int J Surg. 2021;88:
105906.

Ma L-L, et al. Methodological quality (risk of bias) assessment
tools for primary and secondary medical studies: what are they
and which is better? Mil Med Res. 2020;7(1):1-11.

Goplen CM, et al. Preoperative opioid use is associated with
worse patient outcomes after Total joint arthroplasty: a system-
atic review and meta-analysis. BMC Musculoskeletal Disord.
2019;20(1):1-12.

Li Q, et al. Sedentary behaviors and gestational diabetes mellitus:
a systematic review. J Obstet Gynaecol Res. 2022;48(2):285-99.
Cheung MW-L. Meta-analysis: A structural equation modeling
approach. Wiley; 2015.

Team, R.D.C., A language and environment for statistical com-
puting. http://www.R-project.org, 2009.

Borenstein M, et al. Introduction to meta-analysis. Wiley; 2021.
Kenny DA. Statistics for the social and behavioral sciences. Lon-
don: Longman; 1987.

MacBeth A, Gumley A. Exploring compassion: a meta-analysis
of the association between self-compassion and psychopathol-
ogy. Clin Psychol Rev. 2012;32(6):545-52.

Cohen J. Statistical power analysis for the behavioral sciences.
Academic press; 2013.

Higgins JPT, Thomas J, Chandler J, Cumpston M, Li T, Page MJ,
Welch VA (editors). Cochrane Handbook for Systematic Reviews
of Interventions version 6.4 (updated August 2023). Cochrane,
2023. Available from https://training.cochrane.org/handbook.
Accessed 6 June 2023.

Rigoli D, et al. An 18-month follow-up investigation of motor
coordination and working memory in primary school children.
Hum Mov Sci. 2013;32(5):1116-26.

Albuquerque MR, et al. Association between motor competence
and executive functions in children. Appl Neuropsychol Child.
2021;11(3):495-503.

Klotzbier TJ, Holfelder B, Schott N. Associations of motor
performance and executive functions: comparing children with
down syndrome to chronological and mental age-matched con-
trols. Children (Basel). 2022;9(1):73.

Mazzoccante RP, et al. Attention and executive function are
predicted by anthropometric indicators, strength, motor perfor-
mance, and aerobic fitness in children aged 6-10 years. Human
Mov. 2020;21(1):40-8.

Biino V, et al. Cognitively enriched physical activity may foster
motor competence and executive function as early as preschool
age: a pilot trial. Phys Educ Sport Pedag. 2021;28(4):425-43.
Rudd J, et al. Comparing the efficacy (RCT) of learning a dance
choreography and practicing creative dance on improving execu-
tive functions and motor competence in 6-7 years old children.
Psychol Sport Exerc. 2021;53:101846.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Ludyga S, et al. Contingent negative variation and working
memory maintenance in adolescents with low and high motor
competencies. Neural Plast. 2018;2018:9628787.

Ludyga S, et al. Core executive functions are selectively related
to different facets of motor competence in preadolescent children.
Eur J Sport Sci. 2019;19(3):375-83.

Lehmann J, Quaiser-Pohl C, Jansen P. Correlation of motor skill,
mental rotation, and working memory in 3- to 6-year-old chil-
dren. Eur J Dev Psychol. 2014;11(5):560-73.

Schmidt M, et al. Disentangling the relationship between chil-
dren’s motor ability, executive function and academic achieve-
ment. PLoS ONE. 2017;12(8): e0182845.

Rigoli D, et al. An examination of the relationship between motor
coordination and executive functions in adolescents. Dev Med
Child Neurol. 2012;54(11):1025-31.

Mulvey KL, et al. Head, toes, knees, skip! improving preschool
children’s executive function through a motor competence inter-
vention. J Sport Exerc Psychol. 2018;40(5):233-9.

Syvioja HJ, et al. How physical activity, fitness, and motor skills
contribute to math performance: working memory as a mediating
factor. Scand J Med Sci Sports. 2021;31(12):2310-21.

Jansen P, Scheer C, Zayed K. Motor ability and working memory
in Omani and German primary school-aged children. PLoS One.
2019;14(1):¢0209848.

Michel E, Molitor S, Schneider W. Motor coordination and
executive functions as early predictors of reading and spelling
acquisition. Dev Neuropsychol. 2019;44(3):282-95.

Oberer N, Gashaj V, Roebers CM. Motor skills in kindergarten:
Internal structure, cognitive correlates and relationships to back-
ground variables. Hum Mov Sci. 2017;52:170-80.

van der Fels IMJ, et al. Relations between gross motor skills and
executive functions, controlling for the role of information pro-
cessing and lapses of attention in 8—10 year old children. PLoS
ONE. 2019;14(10): e0224219.

Scharfen HE, Memmert D. The relationship between cognitive
functions and sport-specific motor skills in elite youth soccer
players. Front Psychol. 2019;10:449774.

Trecroci A, et al. Relationship between cognitive functions and
sport-specific physical performance in youth volleyball players.
Brain Sci. 2021;11(2):1-11.

Livesey D, et al. The relationship between measures of execu-
tive function, motor performance and externalising behaviour in
5- and 6-year-old children. Hum Mov Sci. 2006;25(1):50-64.
Luz C, Rodrigues LP, Cordovil R. The relationship between
motor coordination and executive functions in 4th grade children.
Eur J Dev Psychol. 2015;12(2):129-41.

Niederer I, et al. Relationship of aerobic fitness and motor skills
with memory and attention in preschoolers (Ballabeina): a cross-
sectional and longitudinal study. BMC Pediatr. 2011;11:1-9.
van der Fels IMJ, et al. Relationships between gross motor skills,
cardiovascular fitness, and visuospatial working memory-related
brain activation in 8- to 10-year-old children. Cogn Affect Behav
Neurosci. 2020;20(4):842-58.

Stein M, Auerswald M, Ebersbach M. Relationships between
motor and executive functions and the effect of an acute coor-
dinative intervention on executive functions in kindergartners.
Front Psychol. 2017;8:258076.

Aadland KN, et al. Relationships between physical activity, sed-
entary time, aerobic fitness, motor skills and executive function
and academic performance in children. Ment Health Phys Act.
2017;12:10-8.

Vazou S, et al. Rhythmic physical activity intervention: exploring
feasibility and effectiveness in improving motor and executive
function skills in children. Front Psychol. 2020;11:556249


http://www.R-project.org
https://training.cochrane.org/handbook

Motor Competence and Executive Functions in Children and Adolescents

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Stuhr C, Hughes CML, Stockel T. The role of executive func-
tions for motor performance in preschool children as compared
to young adults. Front Psychol. 2020;11:542282.

Ludyga S, et al. The role of motor competences in predicting
working memory maintenance and preparatory processing. Child
Dev. 2020;91(3):799-813.

Maurer MN, Roebers CM. Towards a better understanding of the
association between motor skills and executive functions in 5- to
6-year-olds: the impact of motor task difficulty. Hum Mov Sci.
2019;66:607-20.

Roebers CM, Kauer M. Motor and cognitive control in a norma-
tive sample of 7-year-olds. Dev Sci. 2009;12(1):175-81.

Capio CM, Choi CS, Masters RS. Association of working mem-
ory with gross motor skills in early childhood. Int J Sport Exerc
Psychol. 2022;21(6):992-1005.

de Bruijn AG, et al. The mediating role of neurocognitive func-
tions in the relation between physical competencies and academic
achievement of primary school children. Psychol Sport Exerc.
2023;66: 102390.

Eriksen AD, Olsen A, Sigmundsson H. Exploring the relation-
ships between visuospatial working memory, math, letter-sound
knowledge, motor competence, and gender in first grade children:
a correlational study. Front Psychol. 2023;13: 981915.
Fernandez-Sanchez A, et al. Sex differences on the relation
among gross motor competence, cognition, and academic
achievement in children. Scand J Psychol. 2022;63(5):504—12.
Liu S, Chen S-T, Cai Y. Associations between gross motor coor-
dination and executive functions: considering the sex difference
in Chinese middle-aged school children. Front Psychol. 2022;13:
875256.

O’Hagan AD, et al. Do our movement skills impact our cognitive
skills? Exploring the relationship between cognitive function and
fundamental movement skills in primary school children. J Sci
Med Sport. 2022;25(11):871-7.

Spanou M, et al. “Move” their brain: motor competence mediates
the relationship of physical activity and executive functions in
children. Appl Sci. 2022;12(20):10527.

Meijer A, et al. The relationship between white matter micro-
structure, cardiovascular fitness, gross motor skills, and
neurocognitive functioning in children. J Neurosci Res.
2021;99(9):2201-15.

Wassenberg R, et al. Relation between cognitive and motor per-
formance in 5- To 6-year-old children: results from a large-scale
cross-sectional study. Child Dev. 2005;76(5):1092-103.

Meijer A, et al. Resting state networks mediate the association
between both cardiovascular fitness and gross motor skills with
neurocognitive functioning. Child Dev. 2022;93(4):e412-26.
Rigoli D, et al. Motor coordination, working memory, and aca-
demic achievement in a normative adolescent sample: testing a
mediation model. Arch Clin Neuropsychol. 2012;27(7):766-80.
Mazzoccante RP, et al. The influence of sports practice in chil-
dren aged 6 to 7 years on physical fitness, motor coordination
and executive functions. Revista de Psicologia del Deporte.
2020;29(4):175-84.

Policastro F, et al. Relation between motor and cognitive skills in
italian basketball players aged between 7 and 10 years old. Sports
(Basel). 2018;6(3):80.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Geertsen SS, et al. Motor skills and exercise capacity are associ-
ated with objective measures of cognitive functions and academic
performance in preadolescent children. PLoS ONE. 2016;11(8):
€0161960.

Saikslahti A, et al. Longitudinal associations of fitness, motor
competence, and adiposity with cognition. Med Sci Sports Exerc.
2019;51(3):465-71.

Pesce, C. and T.D. Ben-Soussan, “Cogito ergo sum” or “ambulo
ergo sum”? New perspectives in developmental exercise and cog-
nition research. 2016.

Koziol LF, Budding DE, Chidekel D. From movement to thought:
executive function, embodied cognition, and the cerebellum. The
Cerebellum. 2012;11(2):505-25.

Pangelinan MM, et al. Beyond age and gender: Relation-
ships between cortical and subcortical brain volume and cog-
nitive-motor abilities in school-age children. Neuroimage.
2011;54(4):3093-100.

Korzeniowski C, Ison MS, Difabio De Anglat H. A summary of
the developmental trajectory of executive functions from birth to
adulthood. Springer International Publishing; 2021. p. 459-73.
Souissi S, Chamari K, Bellaj T. Assessment of executive func-
tions in school-aged children: a narrative review. Front Psychol.
2022;13: 991699.

Logan SW, et al. Comparison of performance on process-and
product-oriented assessments of fundamental motor skills across
childhood. J Sports Sci. 2017;35(7):634—41.

Bardid F, et al. A hitchhiker’s guide to assessing young people’s
motor competence: Deciding what method to use. J Sci Med
Sport. 2019;22(3):311-8.

Logan SW, et al. The comparison of school-age children’s per-
formance on two motor assessments: the Test of Gross Motor
Development and the Movement Assessment Battery for Chil-
dren. Phys Educ Sport Pedagog. 2014;19(1):48-59.

Hulteen RM, et al. Reinvest to assess: advancing approaches to
motor competence measurement across the lifespan. Sports Med.
2023;53(1):33-50.

Kadlec D, Sainani KL, Nimphius S. With great power comes
great responsibility: Common errors in meta-analyses and meta-
regressions in strength & conditioning research. Sports Med.
2023;53(2):313-25.

Riva D, et al. Executive functions and cerebellar development in
children. Appl Neuropsychol Child. 2013;2(2):97-103.

Hazy TE, Frank MJ, O’Reilly RC. Towards an executive with-
out a homunculus: computational models of the prefrontal
cortex/basal ganglia system. Philos Trans R Soc B Biol Sci.
2007;362(1485):1601-13.

Singh AS, et al. Effects of physical activity interventions on cog-
nitive and academic performance in children and adolescents: a
novel combination of a systematic review and recommendations
from an expert panel. Br J Sports Med. 2019;53(10):640-7.
Van Waelvelde H, et al. The relation between children's aerobic
fitness and executive functions: A systematic review. Infant Child
Dev. 2020;29(3):e2163.



R.Baoetal.

Authors and Affiliations

Ran Bao'%3. Levi Wade'?3 . Angus A. Leahy'>3 . Katherine B. Owen* - Charles H. Hillman>® - Timo Jaakkola’ -

David Revalds Lubans'?37

< David Revalds Lubans
david.lubans @newcastle.edu.au

Centre for Active Living and Learning, University
of Newcastle, Callaghan, NSW, Australia

College of Human and Social Futures, School of Education,
University of Newcastle, Callaghan, NSW, Australia

Active Living Research Program, Hunter Medical Research
Institute, New Lambton Heights, NSW, Australia

SPRINTER, Prevention Research Collaboration, Sydney
School of Public Health, The University of Sydney, Sydney,
NSW, Australia

Center for Cognitive and Brain Health, Department
of Psychology, Northeastern University, Boston, MA, USA

Department of Physical Therapy, Movement,
and Rehabilitation Sciences, Northeastern University,
Boston, MA, USA

Faculty of Sport and Health Sciences, University
of Jyviskyld, Jyvaskyla, Finland


http://orcid.org/0000-0002-0204-8257

	Associations Between Motor Competence and Executive Functions in Children and Adolescents: A Systematic Review and Meta-analysis
	Abstract
	Background 
	Objectives 
	Methods 
	Results 
	Conclusions 
	PROSPERO Registration 

	1 Introduction
	2 Methods
	2.1 Protocol and Registration
	2.2 Identification of Studies and Search Strategy
	2.3 InclusionExclusion Criteria
	2.4 Data Extraction
	2.5 Criteria for Risk of Bias Assessment
	2.6 Meta-analyses

	3 Results
	3.1 Study Selection
	3.2 Characteristics of Included Studies
	3.3 Measurement of Motor Competence and Executive Functions
	3.4 Risk of Bias of Included Studies
	3.5 Synthesis of Results
	3.5.1 Overall Associations
	3.5.2 Motor Competence and Executive Function Domains


	4 Discussion
	4.1 Summary of Findings
	4.2 Motor Competence and Executive Functions
	4.3 Strengths and Limitations
	4.4 Future Directions

	5 Conclusions
	Acknowledgements 
	References


