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Summary
Background A considerable number of published reviews have addressed the effects of physical exercise on mental
health, cognitive function, or attention-deficit hyperactivity (ADHD) symptoms as outcomes in children and
adolescents with ADHD. Their findings have often conflicted, therefore, there is an urgent need to synthesise a
hierarchy of the evidence and examine the credibility of previous meta-analyses. To establish the robustness of
these findings, we conducted an additional meta-analysis on a number of individual studies that were not covered
in previous reviews but were suitable for inclusion in our own study.

Methods Three reviewers independently searched Web of Science, Psych INFO, Embase, Cochrane Library, PubMed,
SPORTDiscus, and Cumulative Index to Nursing and Allied Health Literature (CINAHL) for meta-analyses published
between database inceptions to December 1, 2022. The individual studies were also screened from 1 January 2015 to
1 December 2022. We included meta-analyses and eligible individual studies that addressed the effects of exercise on
at least one outcome of mental health, cognitive function, or ADHD symptoms in children and adolescents with
ADHD. We excluded systematic reviews and articles that lacked sufficient data for a meaningful second analysis.
The effect estimates (Hedges’ g), 95% confidence interval (95% CI), 95% prediction interval (95% PI), small study
effects, and excess significance bias were calculated. Finally, we categorised the meta-analyses based on the
credibility of the evidence criteria and their quality using a Measurement Tool to Assess Systematic Reviews 2
checklist. This umbrella review was registered with PROSPERO, CRD42022361331.

Findings Of 181 listed review articles and 60 individual papers, 10 reviews and 12 individual articles were included in
the meta-analyses. This yielded 37 meta-analyses based on 106 study estimates. Evidence was highly suggestive for
the effectiveness of exercise (class II) for improving inattention (G = 0.92, 95% CI: 0.44–1.39, 95%), inhibitory control
(G = 0.82, 95% CI: 0.52–1.13), and cognitive flexibility (G = 0.52, 95% CI: 0.32–0.72). However, evidence for the
effectiveness of exercise on emotional, social, and working memory outcomes was weak, and these results were
not significant for hyperactivity and behavioural functioning.

Interpretation Improvement of cognitive flexibility, inhibitory control, and inattention in children and adolescents
with ADHD was highly suggested by exercise interventions. However, results were weak for other outcomes
(emotional functioning, social functioning, and working memory). Further high-quality randomised controlled trials
are, therefore, warranted to determine the effectiveness of exercise on weak outcomes.
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Research in context

Evidence before this study
We searched Web of Science, Psych INFO, Embase, Cochrane
Library, PubMed, SPORTDiscus, and Cumulative Index to
Nursing and Allied Health Literature (CINAHL) databases from
inception to December 1, 2022, for meta-analyses of
randomised controlled trials (RCTs) or non-randomised
controlled trials (nRCT) that evaluated at least one of the
mental health, cognitive function, and attention-deficit/
hyperactivity disorder (ADHD) symptoms variables in children
and adolescents with ADHD. We have also added individual
studies that did not exist in any of those meta-analyses but
were eligible for adding to our umbrella review. Our research
identified eight variables concerning mental health (social
functioning, emotional functioning, and behavioural
functioning), executive function (higher level of cognitive
function, e.g., working memory, cognitive flexibility, and
inhibitory control), and ADHD symptoms (inattention
problems, hyperactive or impulsive problem) in children and
adolescents with ADHD. Some results have been inconsistent
across studies, and it is unclear whether the claimed
associations are prone to biases in the literature, such as
excess significance bias and publication bias. The results of
some studies have been inconsistent, leading to doubts over
the validity of the claimed efficacy of physical exercise on
mental health, cognitive function, and ADHD symptoms
variables and the potential influence of biases such as
publication bias in the literature.

Added value of this study
To address the limitations of previous meta-analyses, we
conducted an umbrella review. We performed a variety of bias
assessments and used credibility criteria for determining the
level of credibility of the efficacy of physical exercise
intervention on mental health, cognitive function, and ADHD
symptoms. We found and analysed 106 unique study
estimates of the effectiveness of physical exercise on mental
health, cognitive function, and ADHD symptoms. Among
eight identified variables, there was highly suggestive
evidence that cognitive flexibility, inattention problem, and
inhibitory control were improved by physical exercise. Based
on a sensitivity analysis, improving the inhibitory control, and
working memory after physical exercise intervention was
graded as highly suggestive evidence.

Implications of all the available evidence
Our findings, supported by highly suggestive evidence,
propose promising insights for clinicians and physical
education teachers in helping patients with ADHD to enhance
their cognitive function and symptoms related to ADHD. It
should be noted that most of the identified studies were not
RCTs, and they usually overestimated the effect of the
interventions. There is, therefore, a need for high-quality RCTs
to enable the effectiveness of physical activity interventions
on mental health, cognitive function, and ADHD symptoms
to be accurately assessed.
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Introduction
Adolescence is a pivotal phase during which individuals
undergo significant changes and face various pressures,
such as the development of identity and independence
while transitioning to adulthood, alongside forces of
maturation, academic expectations, and evolving social
roles.1 This stage is compounded by psychosocial
adversity experienced in childhood and early adoles-
cence.1 The world’s present population is 7.2 billion, of
whom almost 3 billion are under the age of 25. Around
1.2 billion young individuals are adolescents aged
10–19.2 A significant proportion (between 3% and 7%)
of school-age children and adolescents worldwide suffer
from a disorder known as Attention Deficit Hyperac-
tivity Disorder (ADHD).3,4

ADHD is the most prevalent neurodevelopmental
disorder worldwide. According to twin and family
studies, ADHD is estimated to be 74% heritable.5 Mo-
lecular genetic research has shown that a third of heri-
tability is influenced by common genetic variants.6

Besides genetics, a recent umbrella review also found
convincing environmental risk factors for ADHD, e.g.,
maternal pre-pregnancy obesity and acetaminophen
consumption.7
Anatomically, neuroimaging studies on children and
adolescents with ADHD have confirmed a significant
reduction in volume, delayed maturation, delayed
degeneration of the bilateral amygdala, accumbens, and
hippocampus,8 and lessening in the volume of the right
frontal lobes.9 Barkley’s theory of ADHD,10 supported by
neuropsychological studies, have documented executive
dysfunction11 (e.g., inhibitory control,12 working mem-
ory deficits13) and non-executive deficits (e.g., percep-
tion,14 memory,15 timing,16 and changes in motivational
processes) in children and adolescents with ADHD.17

According to the Diagnostic and Statistical Manual of
Mental Disorders, Fifth Edition (DSM-5), ADHD is
diagnosed based on the manifestation of two factors:
inattention and hyperactivity/impulsivity.18 The debili-
tating effects of these symptoms are apparent in their
significant negative impact on the afflicted patient’s so-
cial, academic, and occupational functioning.18,19 Given
the unique needs and vulnerabilities of children and
adolescents with ADHD,20 there is an urgent need for the
development of strategies to improve their cognitive
functioning, mental well-being, and symptomatology.

Conventional approaches to treating children with
ADHD include both pharmacological interventions
www.thelancet.com Vol 62 August, 2023
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(e.g., psychostimulant medication) and non-
pharmacological therapies (e.g., psychotherapy, and
cognitive-behavioural techniques21). These treatments
may have unwelcome side effects (including poor
medication tolerance, lack of response to treatment,
and potential for developing dependence22), or be
expensive.23 Physical activity (PA) as a non-
pharmacological intervention to improve the cognitive
and mental health outcomes of children with ADHD
has therefore attracted attention in recent years. PA has
been defined as any type of bodily movement that in-
creases energy expenditure above the baseline resting
level.24 Similarly, physical exercise has been defined as
planned, structured, and repetitive PA performed with
deliberate intention.24,25 Previous meta-analyses have
indicated that physical exercise participation yields
benefits for psychological and social functioning
among children and adolescents.25–27 Lubans et al.
(2016) postulated that physical exercise interventions
have the potential to improve cognitive function and
mental health through three distinct mechanisms.8

These are (1) the neurobiological mechanism (i.e.,
changes in the structural and functioning composition
of the brain such as stimulating brain-derived neuro-
trophic factor28); (2) the psychosocial mechanism (i.e.,
satisfying basic psychological needs such as through
social interaction29); and (3) the behavioural mecha-
nism (i.e., changes in associated behaviours such as
through self-regulation and coping skills and improved
sleep quality30). Among the three potential mecha-
nisms, it was concluded that the psychosocial mecha-
nism had the strongest impact on mental health
outcomes, whereas the role of neurobiological and
behavioural mechanisms in enhancing mental health
outcomes was inconclusive due to limited studies.31 In
addition to these mechanisms, the intervention com-
ponents of physical exercise (e.g., type, mode, and in-
tensity) are considered as effect moderators. For
example, physical exercise types such as aerobic exer-
cise (AE) and cognitive engaging exercise (CEE) have
been used to promote cognitive and mental health
outcomes. AE is a structured and repetitive physical
exercise (e.g., cycling, running) that utilises oxygen to
produce energy grounded in the cardiovascular fitness
hypothesis32 while CEE consists of close and open
motor skills which require attentional resources and
proficiency (e.g. ballgames33). Physical exercise mode
consists of acute (e.g., single bout of 5- to 60-min)
which are commonly associated with transient im-
provements, including a positive mood shift, the
release of endorphins, and an increase in cerebral
blood flow34,35 and chronic (e.g., three sessions per
week for 8-week) interventions36 that often produce
physiological adaptations. Chronic physical exercise
positively affects brain structure (e.g., improved white
matter integrity in the genu of the corpus callosum37)
and function (e.g., increased activation in brain
www.thelancet.com Vol 62 August, 2023
regions, including the anterior cingulate and superior
frontal gyrus38,39), while physical exercise intensity
consists of light, moderate, moderate to vigorous, and
vigorous levels.40 In general, chronic physical exercise
interventions with moderate intensity, through
different mechanisms, have been found to enhance
neurotransmitter systems, upregulate BDNF, increase
neurogenesis, and improve psychological well-being.41

As far as measuring the efficacy of physical exercise
interventions on mental health, cognitive function, and
ADHD symptoms is concerned, systematic reviews and
meta-analyses have been found to be robust tools to
support clinical decision-making.31,42 However, as with
all experimental studies, reviews are also prone to
inconsistency and methodological biases (e.g., excess
significant bias and publication bias), so that different
studies or meta-analyses on identical patients may reach
divergent conclusions.43 Even meta-analyses examining
identical variables may produce contradictory results.
For instance, Cerrillo-Urbina et al., 201544 and Seiffer
et al., 202145 observed a significant effect of physical
exercise on the social functioning of ADHD. By
contrast, a subsequent meta-analysis by Sun et al., 2022
reported that social functioning could not be altered by
physical exercise intervention. Such conflicting findings
hinder efforts to derive firm evidence-based conclusions
from individual meta-analyses.

In recent years, umbrella reviews have emerged as a
useful additional tool for evidence synthesis, because
they are not subject to the methodological limitations
and biases of conducted meta-analyses.46,47 An umbrella
review gathers evidence from a large body of published
studies by assessing the credibility of multiple meta-
analyses in a consistent, transparent, and reproducible
framework.48 An umbrella review, in particular, is
intended to guide clinicians to the best available evi-
dence relevant to a specific decision.49,50 Recent umbrella
reviews have indicated positive associations between
physical activity or physical exercise and mental health
outcomes in the healthy human population,51,52 and in
children and adolescents with ADHD.53

The aims of this study were therefore: (a) to syn-
thesise a hierarchy of evidence into a single composite
score and examine the efficacy of physical exercise as a
potential treatment for mental health issues, cognitive
dysfunction, and ADHD symptoms in children and
adolescents with ADHD primarily; (b) to conduct an
algorithmic evaluation of the credibility of the evidence
to support the efficacy of different physical exercise
interventions through objective, transparent and
reproducible criteria; (c) to examine the credibility of
identified moderators including physical exercise type,
intensity, and mode in published meta-analyses; (d) to
analyse the quality, strength, and limitations of the
meta-analyses; and (e) to highlight current gaps in the
literature and make recommendations for future
research.
3
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Methods
To report the findings of the present umbrella review,
we strictly adhered to the Preferred Reporting Items for
Systematic Review and Meta-Analysis (PRISMA)
guideline (Appendix pp 4–6) and considered the Aro-
mataris and colleagues’ recommendations.24 At least two
independent investigators screened, extracted data, and
appraised included studies (SD, MHDF, and DSB). This
umbrella review was registered with PROSPERO
(number CRD42022361331), and the protocol can be
accessed online.

Literature search strategy and eligibility criteria
Three independent reviewers (SD, MHDF, and DSB)
systematically explored Web of Science, Psych INFO,
Embase, Cochrane Library, PubMed, SPORTDiscus,
and Cumulative Index to Nursing and Allied Health
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Reports assessed for
eligibility
(n = 18)

Reports excluded:
Meta-analysis 
included studies 
covered by other
reviews (n = 5)
Insufficient data for
reanalysis (n = 3)

Meta-analyses 
included in this 
review (n = 10) 
Total study estimates 
included in meta-
umbrella (n = 106)

Identification of studies via databases and registers

Records identified
from:
PubMed (n = 30)
MEDLINE (n = 19)
Web of Science (n = 40)
Cochrane Library
(n = 24)
SPORTDiscus (n = 54)
APA PsycInfo (n = 14)
Total (n = 181)

Records removed before
screening:

Duplicate records 
removed (n = 32)
Records marked as 
ineligible by
automation tools
(n = 12)

Records removed for
other reasons (n = 1)

Records screened
(n = 136)

Records excluded
(n = 103)

Reports sought for
retrieval
(n = 33)

Reports not retrieved
(n = 14)

Fig. 1: The Preferred Reporting Items for Systematic Review and Meta-
process.
Literature (CINAHL) for systematic reviews and meta-
analysis articles published between database inception
and 7 November 2021. Furthermore, two additional
searches were conducted on 12 September 2022, and 1
December 2022, to ensure completeness. We selected
eligible reviews by sequentially screening the titles, ab-
stracts, and full text (Fig. 1). We also screened all ref-
erences from eligible studies to maximise the accuracy
of the search. Any discrepancies between authors were
resolved through debate. In cases where a unanimous
decision could not be reached, the corresponding author
(CHPS) made the final decision. Appendix (p 7) pro-
vides full details of the search strategy, including the
terms used.

We included meta-analyses and systematic reviews that
provided meta-analyses of prospective studies, e.g., rand-
omised controlled trials (RCT) and non-randomised
Reports assessed for
eligibility
(n = 3)

Reports excluded
insufficient data
for reanalysis
(n = 1)

Identification of studies via other methods

Records identified
from:
citation searching
(n = 4)

Reports sought for
retrieval
(n = 4)

Reports not
retrieved
(n = 1)

Analysis (PRISMA) flow chart of the literature search and screening

www.thelancet.com Vol 62 August, 2023

www.thelancet.com/digital-health


Articles
controlled trials (nRCT), that examined the impact of a
physical exercise intervention on any outcomes of mental
health, cognitive function, or ADHD symptoms in chil-
dren and adolescents with ADHD. The language restric-
tion did not apply. The definitions for mental health align
with those established by the World Health Organization
(WHO), and the understanding of cognitive function is
drawn from prior research in psychology. The criteria for
ADHD symptoms comply with those included in the
Diagnostic and Statistical Manual of Mental Disorders
version 5 (DSM-5). Further information can be found in
(Appendix p 13). The included studies used categorical
ADHD diagnosis criteria in line with those of the Diag-
nostic and Statistical Manual of Mental Disorders (DSM),
the International Classification of Diseases (ICD), or
hospital profiles of the patients.

We excluded the reviews that did not evaluate at least
one mental health or cognitive function factor or ADHD
symptoms. We also excluded articles that did not run
meta-analyses and articles that did not provide adequate
data for re-analysis (e.g., the primary study estimates or
sufficient data to calculate these with appropriate for-
mula). We also excluded animal studies and conference
abstracts. To avoid overlaps, if more than one meta-
analysis addressed an identical topic with the same
primary studies, we selected the one with the higher
methodological score base on A Measurement Tool to
Assess Systematically Reviews 2 (AMSTAR 2).48 The
meta-analyses excluded during the text-screening stage
are listed in the Appendix (p 8). First, we preferred the
meta-analysis of studies with adjusted estimates over
those with crude estimates. Then, we used AMSTAR 254

to rate meta-analyses based on their quality and selected
the highest methodological scoring ones (Appendix pp
9–10). In cases where two or more meta-analyses ach-
ieved a similar score, we picked the one with more
included studies. Whenever a review substantially
overlapped with another review but contained a few
individual studies that had not been included in other
reviews, we only included the new studies, and excluded
the overlaps. This approach was consistent with that set
out in the Cochrane Library handbook for umbrella
reviews.55

Absent studies search
To strengthen the results of this umbrella review, we
conducted an additional search for individual studies
that were suitable for our purposes but had not been
included in any of the meta-analyses previously
considered.22 A comprehensive explanation of our
search process, including the PRISMA flow chart and
the criteria for selecting and excluding absent studies, is
set out in the Appendix (p 11).

Data extraction
For each of the included meta-analyses, two in-
vestigators (SD and MHDF) separately extracted the
www.thelancet.com Vol 62 August, 2023
first author’s surname and year of publication, together
with the number of cases and controls with ADHD and
the size of the total study population. We also extracted
the maximum adjusted individual study estimate and
its corresponding 95% confidence interval along with
the metrics used in the original analyses, such as the
standard mean difference (SMD), mean difference
(MD), Cohen’s d, and Hedges’ g (G). We also extracted
the primary study designs of the included meta-
analyses (e.g., RCT, nRCT) and their risk of bias
assessment (Table 1). We exclusively considered meta-
analyses that studied the efficacy of physical exercise
on patients with ADHD mental health, cognitive
function, and ADHD symptoms (Fig. 2). If other psy-
chological intervention methods were included, we
extracted the related data of physical exercise inter-
vention and re-analysed it.

Absent study data extraction
We used a standardised form to gather information
from absent studies, covering each study’s reference,
design, and location. We carefully recorded three main
types of information: participant characteristics, phys-
ical exercise intervention details, and findings. We
documented the total sample size, sex, age range, and
diagnostic method for each study’s participants. The
physical exercise interventions included the type, mode,
frequency, and assessment process. In the Appendix (p
12), we have tabulated the information collected from
the absent studies.

Data analysis
We conducted a series of statistical tests to determine
the robustness and consistency of the effect of physical
exercise on the mental health and cognitive function
outcomes of children and adolescents with ADHD
following previous umbrella reviews.7,64,65 We used in-
dividual study estimates to re-analyse each eligible
meta-analysis. All estimates in the original meta-
analysis were converted to Hedges’ g (G) to facilitate
interpretation.

Whenever necessary, the direction of the effect was
switched. Therefore, positive effects systematically re-
flected improvements, such as symptom reduction or
competency improvements. In cases where two different
groups were compared (e.g., two experimental groups and
one control group), the resulting effect sizes were
conservatively assumed to derive from the same patients.
We calculated the summary effect estimate and values of
the eligible meta-analyses. Statistical significance was set
at p<0.05. We ran Cochran’s Q test and calculated the I2

statistic for heterogeneity (I2>50% indicates high hetero-
geneity).66 We calculated the 95% prediction interval (95%
PI), which is the range in which we expect the effect of the
intervention will be found in 95% of further studies.67 We
used Egger et al.‘s asymmetry test to assess the existence
of small study effects within regression calculations.68 In
5
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Outcome Source Number of ADHD
cases; age range

Number of
study
estimates

Included Study
design

Effect
metrics

Effect size (95% CI)
and random effect
P valuea

95% PI I2 (%) Egger Z score and
P value

Large heterogeneity,
small study effect,
excess significant
bias

AMSTAR

Convincing (class I)
Highly suggestive (class II)
Inhibitory control Liang and colleague56

(2021)
406; 8–16 11 RCT, nRCT SMD 0.76 (0.38 to 1.15);

P = 0.001
−0.44 to 1.97 68% 2.17; P = 0.058 Large heterogeneity High

Suggestive (III)
Executive function Sun and colleague57

(2022)
322; 6–15 12 RCT, nRCT SMD 1.22 (0.61 to 1.82);

P < 0.00001
−1.12 to 3.6 81% 1.19; P = 0.26 Large heterogeneity High

Behavioural functioning Xie_b and colleague58

(2021)
202; 5–41a 12 Pre-Post study SMD 0.35 (0.20 to .49);

P < 0.001
0.20 to 0.5 0% 1.44; P = 0.18 None High

Emotional functioning Xie_b and colleague58

(2021)
233; 5–41a 14 Pre-Post study SMD 0.42 (0.26 to .58);

P < 0.001
0.10 to 0.74 29% 1.02; P = 0.33 None High

Hyperactive or impulsive Xie_b and colleague58

(2021)
282; 5–41a 15 Pre-Post study SMD 0.68 (0.40 to 0.95);

P < 0.001
−0.26 to 1.62 66% 1.57; P = 0.14 Large heterogeneity High

Inattention Xie_b and colleague58

(2021)
296; 5–41a 16 Pre-Post study SMD 0.61 (0.37 to 0.83);

P < 0.001
−0.072 to 1.29 51% 1.38; P = 0.18 Large heterogeneity High

Weak (IV)
Inattention Bustamante and

colleague59 (2022)
432; 5–13 9 RCT, nRCT, and Pre-

post study
G 0.41 (0.07 to 0.74);

P = 0.016
−0.41 to 1.23 61% 1.18; P = 0.28 Large heterogeneity High

Emotional functioning Cerrillo-Urbina and
colleague44 (2015)

64; 8–16 2 RCT, nRCT SMD 0.66 (0.13 to 1.18);
P = 0.01

0.13 to 1.19 0% NA Excess significant bias High

Executive function Cerrillo-Urbina and
colleague44 (2015)

102; 8–16 3 RCT, nRCT SMD 0.58 (0.15 to 1);
P = 0.008

0.04 to 1.12 8% 6.09; P = 0.1 None High

Hyperactive symptoms Cerrillo-Urbina and
colleague44 (2015)

58; 8–16 2 RCT, nRCT SMD 0.56 (0.04 to 1.08);
P = 0.04

0.04 to 1.07 0% NA None High

Impulsivity Cerrillo-Urbina and
colleague44 (2015)

58; 8–16 2 RCT, nRCT SMD 0.56 (0.04 to 1.08);
P = 0.04

0.04 to 1.07 0% NA None High

Inattention Cerrillo-Urbina and
colleague44 (2015)

142; 8–16 5 RCT, nRCT SMD 0.84 (0.48 to 1.20);
P = 0.000005

0.47 to 1.20 0% 3.05; P = 0.055 None High

Social functioning Cerrillo-Urbina and
colleague44 (2015)

53; 8–16 2 RCT, nRCT SMD 0.59 (0.03 to 1.16);
P = 0.04

0.03 to 1.15 0% NA None High

Cognitive flexibility Liang and colleague56

(2021)
311; 8–16 8 RCT, nRCT SMD 0.78 (0.33 to 1.23);

P = 0.003
−0.58 to 2.22 68% 5.91; P = 0.001 Large heterogeneity;

small study effect
High

Working memory Liang and colleague56

(2021)
198; 8–16 5 RCT, nRCT SMD 0.38 (0.03 to 0.73);

P = 0.03
−0.17 to 0.93 63% 2.3; P = 0.1 Large heterogeneity High

Social functioning Seiffer and colleague45

(2021)
120; 7–16 5 RCT, nRCT, and Pre-

post study
G 0.46 (0.08 to 0.85);

P = 0.017
0.08 to 0.85 0% 3.5; P = 0.038 Small study effect High

Cognition Sibbick and colleague60

(2022)
2554; 5–18 58 RCT, nRCT, and Pre-

post study
SMD 0.18 (0.12 to 0.25);

P < 0.01
0.12 to 0.25 68% −1.7; P = 0.1 Large heterogeneity Moderate

Cognitive flexibility Sibbick and colleague60

(2022)
1048; 5–18 18 RCT, nRCT, and Pre-

post study
SMD 0.21 (0.09 to 0.32);

P = 0.001
0.09 to 0.32 42% −0.65; P = 0.52 None Moderate

Inattention Sibbick and colleague60

(2022)
892; 5–18 20 RCT, nRCT, and Pre-

post study
SMD 0.20 (0.09 to 0.32);

P = 0.001
0.09 to 0.32 56% −1.21; P = 0.24 Large heterogeneity Moderate

Inhibitory control Sibbick and colleague60

(2022)
453; 5–18 15 RCT, nRCT, and Pre-

post study
SMD 0.18 (0.03, 0.33);

P = 0.002
0.03 to 0.33 46% −0.91; P = 0.37 None Moderate

Executive function Sung and colleague61

(2022)
431; 5–33a 14 RCT, nRCT G 0.71 (.0.31 to 1.10);

P = 0.0004
−0.75 to 2.17 95% 1.5; P = 0.15 Large heterogeneity High

Inhibition on high
cognitive demand task

Welch and colleague62

(2021)
219; 8–15 7 RCT, nRCT SMD 0.71 (0.08 to 1.34);

P = 0.03
−0.96 to 2.39 80% 1.38; P = 0.22 Large heterogeneity High

(Table 1 continues on next page)

A
rticles

6
w
w
w
.thelancet.com

V
ol

6
2
A
ugust,

20
23

www.thelancet.com/digital-health


Outcome Source Number of ADHD
cases; age range

Number of
study
estimates

Included Study
design

Effect
metrics

Effect size (95% CI)
and random effect
P valuea

95% PI I2 (%) Egger Z score and
P value

Large heterogeneity,
small study effect,
excess significant
bias

AMSTAR

(Continued from previous page)

Cognitive Flexibility Zhang and colleague63

(2020)
81; 7–12 2 RCT SMD 0.82 (0.12 to 1.5);

P = 0.02
−0.15 to 1.79 43% NA None High

Inhibitory Control Zhang and colleague63

(2020)
191; 7–12 5 RCT SMD 1.07 (0.20 to 1.9);

P = 0.01
−0.92 to 3.07 87% 1.31; P = 0.28 Large heterogeneity High

Not Significant (NS)
Hyperactive or impulsive Bustamante and

colleague59 (2022)
297; 5–13 6 RCT, nRCT, and Pre-

post study
G 0.18 (−0.05 to 0.41);

P = 0.12
−0.1 to 0.46 7% 0.87; P = 0.43 None High

Working Memory Sibbick and colleague60

(2021)
155; 5–18 5 RCT, nRCT, and Pre-

post study
SMD 0.02 (−0.22 to 0.26);

P = 0.87
−0.22 to 0.26 0% 2.83; P = 0.06 None Moderate

Behavioural functioning Sun and colleague57

(2022)
78; 6–15 3 RCT, nRCT SMD 0.24 (0.69 to −0.21);

P = 0.3
−0.21 to 0.68 0 −0.47; P = 0.72 None High

Emotional functioning Sun and colleague57

(2022)
98; 6–15 4 RCT, nRCT SMD 0.72 (−0.11 to 1.55);

P = 0.09
−1.17 to 2.63 0.71 0.68; P = 0.57 Large heterogeneity High

Hyperactive Sun and colleague57

(2022)
161; 6–15 4 RCT, nRCT SMD −0.06 (−0.37 to 0.26);

P = 0.70
−0.37 to 0.25 0 0.56; P = 0.63 None High

Inattention Sun and colleague57

(2022)
355; 6–15 9 RCT, nRCT SMD 0.60 (0.11 to 1.10);

P = 0.02
−1.3 to 2.63 76% 1.79; P = 0.11 Large heterogeneity High

Social functioning Sun and colleague57

(2022)
113; 6–15 4 RCT, nRCT SMD 0.27 (0.09 to 0.64);

P = 0.14
−0.09 to 0.64 0% −0.61; P = 0.6 None High

Inattention Welch and colleague62

(2021)
70; 8–15 2 RCT, nRCT SMD 0.76 (−0.41 to 1.93);

P = 0.03
−1.14 to 2.65 80% NA Large heterogeneity High

Inhibition on low
cognitive demand task

Welch and colleague62

(2021)
26; 8–15 2 RCT, nRCT SMD −0.10 (−2.91 to 2.72);

P = 0.95
−4.79 to 4.61 90% NA Large heterogeneity High

Behavioural functioning Xie_a and colleague58

(2021)
212; 5–411 6 RCT, nRCT SMD 0.1 (−0.28 to 0.48);

P = 0.61
−0.73 to 0.94 68% 0.37; P = 0.72 Large heterogeneity High

Emotional functioning Xie_a and colleague58

(2021)
207; 5–411 6 RCT, nRCT SMD 0.47 (−0.16, 1.09);

P = 0.24
−1.68 to 2.77 93% 1.24; P = 0.28 Large heterogeneity High

Hyperactive or impulsive Xie_a and colleague58

(2021)
202; 5–411 6 RCT, nRCT SMD 0.03 (−0.19 to 0.25);

P = .58
−0.5 to 0.69 38% 0.64; P = 0.55 None High

Inattention Xie_a and colleague58

(2021)
253; 5–411 8 RCT, nRCT SMD 0.71 (0.11 to 1.33);

P = 0.022
−1.65 to 3.22 84% 1.71; P = 0.14 Large heterogeneity High

Working memory Zhang and colleague63

(2020)
145; 7–12 3 RCT SMD 0.43 (−0.005 to 0.86);

P = 0.052
−0.22 to 1.09 41% −2.47; P = 0.24 None High

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; AMSTAR 2, A Measurement Tool to Assess Systematic Reviews 2; CI, confidence interval; G, Hedges’ g; NA, not available; nRCT, non-randomised controlled trial; PI, prediction interval; RCT
randomised control trial; SMD, standard mean difference. aWe excluded the individual studies in which the participants aged older than 18 for re-analysing.

Table 1: Effect of exercise on mental health and cognitive function of ADHD children and adolescents graded by the classification of the evidence.
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Outcome

ADHD Symptom

Inattention

Hyperactive/Impulsive

Inhibitory Control Cognitive Flexibility Working Memory

Executive Function Cognitive Processing

Mental Health

Cognitive Function

No Study

No StudyPsychological Well-beingPsychological Ill-being

Behavioral Functioning Emotional Functioning Social Functioning

Aggressive
Rule breaking
Oppositional

Stress
Anxiety

Depression
Moodiness

Shyness

Ability to
communicate with

peers

Fig. 2: The outcomes discovered by a systematic search, missing outcomes in the literature.
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the regression asymmetry test with a more conservative
effect in the largest study, a p<0.05 evidenced a bias
resulting from small-study effects. We calculated the
possibility of excess significance bias for statistically sig-
nificant meta-analyses using a literature bias that com-
pares the expected and observed numbers of statistically
significant individual studies (p<0.05).69

We performed meta-analyses using a random-effect
model to consider potential methodological limitations
in experimental/quasi-experimental studies that could
result in spurious significance.70 A sensitivity analysis
was conducted by excluding nRCTs and studies with a
high risk of bias identified by the Cochrane Risk of
Bias (RoB) Tool. We also performed an overall calcu-
lation to present a more comprehensible and recent
depiction of the potency of physical exercise in-
terventions. This methodology has been previously
endorsed in the guidelines proposed by Aromataris
et al.71 We used the R studio software72 (V 4.1.2) and
related packages (e.g., metafor V 3.8–1,73 meta V
6.1–0,74 and metaviz V 0.3.175) for the statistical anal-
ysis, and two-tailed statistical tests were conducted for
Q-test (in heterogeneity and outlier selection), Egger
test, and Z-test (in random-effect model estimations).76
For measuring the quality and recency of the included
meta-analysis, two independent investigators (SD and
MHDF) scored them by means of the AMSTAR 2
checklist.54 Reviews that scored critically low were
excluded from the study.

Moderator analyses
Most of the included meta-analyses performed a sub-
group analysis to identify potential moderators to
explain heterogeneity in study estimates.45,56–63 We fol-
lowed their criteria and re-ran the moderator analysis to
test the credibility of their subgroup analysis by exam-
ining type (aerobic, cognitive engaging exercise), in-
tensity (light, moderate, moderate to vigorous, and
vigorous), and mode (acute and chronic). We conducted
the subgroup analyses in accordance with the guidelines
provided in the Cochrane Library Handbook. The
number of included studies in each subgroup was
confirmed (K < 10) before the test could run. 1.
Following, the between-group test should be significant
(p < 0.1 is significant in sub-group analysis). 2. Each
category must have contained at least five studies (e.g.,
five in acute, five in chronic) and have involved at least
1800 participants.55,77
www.thelancet.com Vol 62 August, 2023
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Appraisal of the credibility of the evidence
In accordance with the prior umbrella reviews,7,48,64,78,79

we evaluated the credibility of evidence regarding the
efficacy of each physical exercise intervention on each
outcome into five categorical classes, using an algo-
rithmic approach. The evidence was either convincing
(Class I), highly suggestive (Class II), suggestive (Class
III), weak (Class IV), or not significant (Class NS). The
results were tabulated into a spreadsheet. This study
adopted a criteria set derived from two classification
systems commonly used in umbrella reviews concern-
ing identical patients (Table 2).48,80 The credibility of the
evidence was re-run four times to examine the robust-
ness of the classes attributed in the primary analysis: (1)
independently, for each included meta-analysis without
removing overlaps (Table 1); (2) for each included meta-
analysis after removing overlaps (Fig. 3, Appendix pp 21
and 22); (3) after calculating the overall results with all
included study estimates (Appendix p 23); and (4) after
calculating the overall results with RCT designs studies
and without a high risk of bias in a sensitivity analysis
(Appendix p 23).

Ethics
The publicly available desensitised data were used in
this study.

Role of the funding source
There was no funding received for this study.

Results
Database
We identified 181 meta-analyses from the seven data-
bases, of which ten were finally eligible (Fig. 1).44,45,56–63

Due to the absent individual studies searches from the
same databases, we identified 12 individual studies
Class

Convincing (Class I) Highly suggestive (Class II)

Criteria number ADHD cases strictly >500 number of ADHD cases >350

p-value was strictly <0.001 p-value was strictly <0.001

Heterogeneity (Î2) < 50% largest study found statistically
significant effects

95% PI excluded the null –

no detection of small study effect –

low risk of bias for >75%
participants

low risk of bias for >50%
participants

met all MASTAR-2
critical > methodological criteria
(5/5)

met all AMSTAR-2 critical
methodological criteria (4/5)

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; AMSTAR 2, A Measurem
interval

Table 2: Criteria used for the classification of the evidence.

www.thelancet.com Vol 62 August, 2023
(Appendix pp 11 and 12). The 10 eligible meta-analyses
(45 included individual studies in total) provided 37
meta-analyses yielded from 106 study estimates based
upon the data of 1702 children and adolescents with
ADHD. Eight variables were identified for cognitive
function, across three main areas: (1) executive function
(cognitive flexibility, inhibitory control, and working
memory); (2) mental health (social functioning, behav-
ioural functioning, and emotional functioning); and (3)
ADHD symptoms (inattention, hyperactivity, or impul-
siveness). We illustrated the identified outcomes after a
systematic search (Fig. 2), tabulated the questionnaires,
and tested each study used to measure the concerned
outcome (Appendix pp 14–22). Twenty-nine of those
studies were RCT-designed studies, of which 15 had an
nRCT design. In total, 23 individual studies considered
the effectiveness of physical exercise interventions upon
inattention, 20 upon inhibitory control, 11 upon cogni-
tive flexibility and emotional functioning, 10 on working
memory and behavioural functioning, and nine upon
social functioning. Study estimate metrics were either
SMD or G. A total of 18 (48%) physical exercise in-
terventions were statistically significant under the
random effect model, of which six (16%) had a p<1e − 3,
three (8%) had p<1e − 2, eight (21%) had a p<5e − 2, and
19 (51%) were not significant. Fourteen (38%) physical
exercise intervention studies displayed considerable
heterogeneity (I2>50%). Four (11%) had a small study
effect, and one study (3%) had excess significance bias.
In 11 (30%) studies, the 95% prediction interval
excluded the null.

Quality assessment
All included meta-analyses were evaluated using the
AMSTAR 2 checklist. Of 10 included meta-analyses,
nine were graded high quality (range 10–13), and one
Suggestive (Class III) Weak (Class IV) Not significant
(Class ns)

number of ADHD cases >200 – –

p-value was strictly <0.001 p-value was strictly
<0.05

p-value was
≥0.05

– – –

– – –

– – –

– – –

– – –

ent Tool to Assess Systematic Reviews 2; CI, confidence interval; PI, prediction
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Fig. 3: The forest plot of pooled estimates of each included meta-analysis, the 95% confidence interval (95% CI) that is plotted by black lines,
the 95% prediction interval (95% PI) that is plotted by grey lines, and the number of summarised studies and classes of each meta-analysis More
details are provided in the Appendix (pp21 and 22).
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was graded medium quality (scored 7) (Table 1). Based
on the AMSTAR-2 methodological quality assessment
criteria (5 items in AMSTAR-2), three studies scored 5,
four studies scored 4, two studies scored 3, and one
study scored 2. Table 1 presents a comprehensive
overview of the primary attributes of each meta-analysis,
including effect size, risk of bias tests, and meta-
analyses quality. This table distinguishes between the
various outcomes of interest in each meta-analysis
before removing overlaps.
Hierarchical level of evidence: mental health,
cognitive function, ADHD symptom factors
The overall meta-analysis, based on 106 study esti-
mates, indicates the positive effect of physical exercise
graded as the highly-suggestive class (class II) on
cognitive flexibility (G = 0.52, 95% CI: 0.32–0.72, 95%
PI 0.20–0.85, p = 4e − 7; N = 521), and inhibitory
control (G = 0.82, 95% CI: 0.52–1.13, 95% PI −0.36 to
2.01, p = 1.34E − 07; N = 801) as executive function
factors. Inattention problem (G = 0.92, 95% CI:
www.thelancet.com Vol 62 August, 2023
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0.44–1.39, 95% PI −1.12 to 3.08, p = 1.55E − 04;
N = 875), as a factor of ADHD symptoms, was highly
suggestive (class II) as well. Outliers were detected in
the executive function and ADHD symptoms data. Af-
ter removing outliers, the effect of physical exercise on
cognitive flexibility (G = 0.46, 95% CI: 0.27–0.64, 95%
PI 0.27–0.64, p = 1e − 6; N = 501) and inattention fac-
tors remained in the highly suggestive class (G = 0.7,
95% CI: 0.37–1.04, 95% PI −0.7 to 2.11, p = 4.34e − 5;
N = 835). Although the effect size was lower, it was still
significant (Appendix p 23).

The evidence weakly (class IV) supported the posi-
tive effect of physical exercise upon two mental health
factors: emotional functioning (G = 0.81, 95% CI:
0.29–1.34, 95% PI −0.82 to 2.45, p = 2e − 3; N = 385)
and social functioning (G = 0.90, 95% CI 0.25–1.55,
95% PI −0.97 to 2.77, p = 1e − 2; N = 262); and upon
one of the executive function factors: working memory
(G = 0.61, 95% CI 0.20–1.02, 95% PI −0.57 to 1.79,
p = 3e − 3; N = 447). After removing the outlier, social
functioning (G = 0.61, 95% CI 0.23–0.99, 95%
PI −0.21 to 1.43, p = 1e-3; N = 222) continued to exist
in weak classification and working memory (G = 0.42,
95% CI 0.21 to 0.64, 95% PI 0.094 to 0.748, p =
1.19e − 04; N = 417) levelled up to highly suggestive
evidence. The evidence was not significant for the
effectiveness of physical exercise on either behavioural
functioning (p= 0.37) or hyperactive/impulsive be-
haviors (p = 0.24). The sunset funnel plots for visually
assessing the publication bias are provided in the
Appendix (pp 28–42).

Sensitivity subset analyses
For sensitivity analysis, we only included RCTs
(Randomised Controlled Trials) with a low or medium
risk of bias. Sixty-five study estimates were selected for
the sensitivity of the analysis (Appendix p 23). The ef-
fects of physical exercise on inhibitory control
(G = 0.84, 95% CI 0.42–1.27, 95% PI −0.58 to 2.27, p =
1.08E − 04; N = 499) and working memory (G = 0.38,
95% CI 0.17–0.6, 95% PI 0.08–0.68, p = 5e − 4;
N = 389) were graded as highly suggestive evidence,
while the effect of physical exercise intervention on
cognitive flexibility was graded as suggestive (G = 0.60,
95% CI 0.37–0.82, 95% PI 0.37–0.82, p = 2e − 7;
N = 333). By contrast, the effect on inattention was
graded as weak (G = 0.9, 95% CI 0.16–1.65, 95%
PI −1.77 to 3.58, p = 2e − 2; N = 574), and was not
significant for behavioural functioning (p = 0.38),
emotional functioning (p = 0.067), hyperactive/impul-
sive (p = 0.97), and social problem (p = 0.11).

Subgroup analyses (moderator effects)
Based on the Cochrane library handbook73,81 criteria
mentioned in the method, none of the contender
variables were identified as moderators. However, the
meta-analysis results classified based on type, mode,
www.thelancet.com Vol 62 August, 2023
and intensity are reported in Appendix (pp 24–27). We
emphasise that the possibility of comparing different
exercise types, modes, and intensities is implausible at
this stage.
Discussion
To the best of our knowledge, this umbrella review is
the first of its kind to evaluate the efficacy of physical
exercise on the mental health, cognitive function, and
ADHD symptoms of children and adolescents with
ADHD, based on a set of algorithmic criteria. The
findings of our umbrella review help to advance our
understanding of currently available studies in this line
of research. Specifically, our analyses indicated that the
ameliorative effect of physical exercise interventions on
some of the executive function (cognitive flexibility and
inhibitory control) outcomes and one of the ADHD
symptoms (inattention) were graded highly suggestive
(class II). However, the effect of physical exercise on
mental health outcomes, e.g., behavioural, emotional,
and social, were graded weak (IV) or not significant
(NS). Moreover, as an executive function outcome,
working memory was graded as weak (class IV). The
effectiveness of physical exercise on cognitive flexibility
was not graded as convincing evidence, because of the
small study effect. Meanwhile, substantial heterogene-
ity, including the null in 95% PI, led to highly suggestive
(II) inattention and inhibitory control outcomes.

While all results were downgraded after sensitivity
analyses, it is striking that the effectiveness of physical
exercise on the working memory of patients with
ADHD, which was graded as weak, was upgraded to
highly suggestive (II). Only a small sample size (N = 389)
in the analyses prevented it from achieving the status of
convincing evidence (I). The essential requirements for
conducting a subgroup meta-analysis are not satisfied,
based on Cochrane Library guidelines. Therefore, it ap-
pears that we could not confirm earlier published sub-
group analysis results in the literature.45,56–63

The fact that inattention problems, cognitive flexi-
bility, and inhibitory control in children and adolescents
with ADHD were positively affected by physical exercise
was proven by highly suggestive evidence.

Numerous neurobiological rationales have attempted
to account for the psychological differences observed
between children and adolescents with ADHD and their
typically developing peers. Based upon magnetic reso-
nance imaging (MRI) findings, prefrontal cortex (PFC)
development is delayed in children with ADHD.82,83 The
PFC is centrally responsible for cognitive functions, and
dopamine in the PFC regulates inattention, inefficient
executive function, or difficulty in modulating motor
activity.82 Specifically, the ‘dynamic developmental
behavioural’ theory of ADHD states that an impaired
function of the dopaminergic paths/signals results in
improper modulation of non-dopaminergic pathways,
11
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e.g., glutamic and γ-aminobutyric acid (GABA) path-
ways, resulting in lower inhibition or complete disin-
hibition of responses.84

Several pharmacological and non-pharmacological
interventions have been recognised for managing pa-
tients with ADHD.85 Among the non-pharmacological
modalities, physical exercise has been widely acknowl-
edged as a prominent treatment approach.86 The
mechanism of the physical exercise effect in humans
with ADHD has yet to be determined. In animal studies,
however, physical exercise prevented dopaminergic
neuronal death by blocking microglial activation and
enhancing dopamine levels, resulting in an improve-
ment in the symptoms caused by Parkinson’s disease
and stress.40,41 In a rat model of ADHD, treadmill
physical exercise enhanced TH gene expression, which
plays an indirect but essential role in producing cate-
cholamine, e.g., dopamine87; while swimming lessened
ADHD symptoms by boosting the expression of dopa-
mine and restricting the expression of the dopamine D2
receptor.88

In human literature, we identified two mechanisms
for the effectiveness of physical exercise in improving
executive function and mental health. First, the neuro-
biological mechanism: studies have shown that partici-
pation in physical exercise boosted arousal levels,
cerebral blood circulation, and neurotransmitter secre-
tion, and could promote cognitive function and raise the
parietal P3 amplitude of the event-related potential
(ERP).45–94 Second, learning or development mechanism
or physical exercise -induced executive function im-
provements. Participating in physical exercise in-
terventions facilitates cognitive development by
providing a learning experience.95 Physical skills require
attention, instruction, remembering, and inhibition of
irrelevant environmental stimulations.72 For example,
participating in cognitive engagement exercise skill
physical exercise such as basketball or football requires
decision-making, anticipating, and inhibitory control to
accomplish specific tasks.73 There are more opportu-
nities for improvement for those with the poorest
baseline performance (e.g., children and adolescents
with ADHD), whereas those with high baseline perfor-
mance have fewer opportunities to improve.96 There
may be inherent reinforcement of executive function in
these learning processes. However, more research is
needed to test this claim.

Although this is the first quantitative umbrella re-
view to systematically assess the robustness of physical
exercise intervention on mental health, cognitive flexi-
bility, and ADHD symptoms, our study has the
following limitations. First, despite applying the most
stringent criteria to assess the credibility of physical
exercise intervention on patients with ADHD in line
with previous umbrella reviews, we cannot be certain
that all biases inherent to individual studies were
excluded. It is worth noting that biases might have been
caused by the study design and ADHD diagnosis. Sec-
ond, due to the lack of evidence, we could not re-analyse
data based on ADHD subcategories, namely, impulsive
type or hyperactive type, or their co-occurrence. Third,
we could not identify potential moderator effects
including types of physical exercise (e.g., acute vs.
chronic) and age group (e.g., children vs. adolescents)
because the number of studies necessary to do so was
insufficient. Fourth, due to the lack of low RoB in RCT
studies, we had to include RCTs with medium to low
RoB in the sensitivity of analysis, which may have
resulted in an overestimation of the actual effect of
physical exercise on some factors. Fifth, few prospective
studies have investigated cognitive processing domains,
specifically reaction time, which is an etiologically
characteristic of ADHD.97 As a result, our umbrella re-
view was necessarily limited to the factors previously
considered by existing meta-analyses. Sixth, our study
focused on evaluating the effectiveness of physical ex-
ercise interventions for children and adolescents with
ADHD. As a result, we did not compare the outcomes
with other non-pharmacological treatments such as
cognitive behavioural therapy. We recommend that
future systematic reviews and meta-analyses discuss the
reasons for existing bias and state the source of funding,
which are two items in the AMSTAR-2 checklist that
impact the review’s quality scoring. We also recommend
that authors should avoid double counting in their meta-
analyses. Each study estimate in a meta-analysis must be
independent; as a result, two tests from one study in a
meta-analysis could not be included.

There is currently insufficient evidence regarding
some factors of psychological well-being (e.g., quality of
life, resilience, self-esteem) and ill-being (e.g., anxiety,
depression, aggression) to determine whether physical
exercise has a practical impact on ADHD children’s
mental health; therefore, we suggest that authors
conduct high-quality RCT studies on mental health
concerning patients. The current research gap is shown
in Fig. 2.

At present, we do not sufficiently understand the
underlying mechanisms for the effectiveness of physical
exercise in improving mental health and cognitive
function in patients with ADHD. Accordingly, we
recommend that authors examine the neurobiological,
psychological, and behavioural mechanisms underlying
the efficacy of physical exercise in this respect.

Finally, based on the methodological analysis of the
included reviews, we recommend that future studies
report whether assessors were blinded during data
collection. A failure to blind can result in substantial
methodological bias and lower grades in the RoB tool.

In summary, our umbrella review examined the hi-
erarchy of evidence regarding the efficacy of physical
exercise interventions on various outcomes in children
and adolescents with ADHD, including mental health,
executive function, and ADHD symptoms. We utilised
www.thelancet.com Vol 62 August, 2023
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an algorithmic approach to accomplish this mapping.
Among the 106 study estimates covering eight different
outcomes for children and adolescents with ADHD, our
findings suggested that physical exercise interventions
have a notable impact on enhancing cognitive flexibility,
inhibitory control, inattention, and working memory.
However, the evidence for the efficacy of physical exer-
cise interventions in improving emotional and social
functioning was comparatively weak. As a result, we
cannot conclusively affirm that physical exercise would
yield meaningful effects on social and emotional func-
tioning as mental health outcomes. Considering the
uncertainties emphasised in our discussion, conducting
further RCTs with a meticulous assessment of potential
biases is imperative. These studies should specifically
investigate the impact of physical exercise on psycho-
logical well-being such as resilience and quality of life,
as well as psychological ill-being such as stress, anxiety,
and depression in children and adolescents with
ADHD.
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