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Abstract

Background Physical activity (PA) interventions have been shown to yield positive effects on cognitive functions.
However, it is unclear which type of PA intervention is the most effective in children and adolescents with Neurode-
velopmental Disorders (NDDs). This study aimed to compare the effectiveness of different types of PA interventions
on cognitive functions in children and adolescents with NDDs, with additional analyses examining intervention
effects across specific NDD types including attention-deficit/hyperactivity disorder (ADHD) and autism spectrum
disorder (ASD).

Methods In this systematic review and network meta-analysis, seven databases (Web of Science, PubMed, Medline,
APA PsycINFO, Embase, CINAHL, and SPORTDiscus) for randomized controlled trials from database inception to Sep-
tember 2023 were searched. Randomized controlled trials comparing the effectiveness of PA intervention with any
non-pharmacological treatment or control group on cognitive functions in children and adolescents diagnosed
with NDDs aged 5-17 years were included. Frequentist network meta-analyses were performed based on standard-
ized mean differences (SMD) using random effects models to examine post-intervention differences in cognitive
functions, including attention, memory, and executive functions. Intervention dropout was assessed as a measure
of treatment acceptability.

Results Thirty-one randomized controlled trials (n=1,403, mean age 10.0+ 1.9 years) with 66 arms were included

in the network. Mind-body exercise (MBE; SMD=1.91 for attention; 0.92 for executive functions), exergaming
(SMD=1.58 for attention; 0.97 for memory; 0.94 for executive functions), and multi-component physical activity (MPA;
SMD=0.79 for executive functions) were associated with moderate to substantial cognitive improvements compared
with usual care, whereas the effectiveness of aerobic exercise (AE) was non-significant. Exergaming (SMD=0.78, 95%C]
0.12to 1.45) and MPA (SMD=0.64, 95%C| 0.11 to 1.18) were more effective than AE for executive functions. When
analyzing specific NDD types, exergaming lost its superiority over usual care for attention and memory in ADHD,
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nor for executive functions in ASD. Instead, MPA demonstrated significant benefits across these domains and popula-
tions. The certainty of evidence for these comparisons was very low to low. No significant differences in acceptability

were observed among MBE, exergaming, and MPA.

Conclusions The findings in this study suggest that MBE, exergaming, and MPA were effective interventions

for improving domain-specific cognitive functions in children and adolescents with NDDs. AE demonstrated non-sig-
nificant effectiveness for all outcomes. MBE emerges as particularly advantageous for attention. MPA yielded consist-
ent improvements in memory and executive functions across NDD types. Further high-quality randomized controlled
trials of direct comparisons are needed to confirm and expand on the findings from this NMA.

Trial registration PROSPERO CRD42023409606.

Keywords Physical activity, Cognitive functions, Child, Adolescent, Neurodevelopmental disorders, Network meta-

analysis

Background

Neurodevelopmental Disorders (NDDs) encompass a
broad spectrum of early-onset conditions characterized
by cognitive and developmental impairments that can
persist throughout a lifetime, including attention-deficit/
hyperactivity disorder (ADHD), autism spectrum disor-
der (ASD), intellectual disability (ID), specific learning
disorders (SLD), communication disorders, and motor
disorders [1]. An estimated 15% of children worldwide
are affected by NDDs [2, 3]. Despite the substantial het-
erogeneity observed in NDDs, their shared molecular
pathways underlying clinical signs [4], along with their
prominent early-onset neurocognitive deficits and sig-
nificant symptomatic overlap [5], provide the rationale
for grouping these disorders. Supporting this perspec-
tive, a recent meta-analysis has indicated that children
and adolescents with different types of NDDs may be
grouped together when delivering physical activity (PA)
interventions [6]. Furthermore, the frequent occurrence
of comorbidity among multiple NDDs [1, 2] suggests that
exclusively targeting a single disorder may influence the
intervention effectiveness when other co-occurring dis-
orders are present [5].

Cognitive deficits in children and adolescents with
NDDs are thought to be associated with academic under-
achievement [7, 8] and social isolation that in turn have a
detrimental impact on their quality of life [9, 10], impos-
ing heavy burdens on the individuals themselves, their
caregivers, and society. Thereby, early remedial interven-
tions for cognitive functions are of high priority during
childhood and adolescence, as these are sensitive periods
for shaping cognitive and behavioral developmental pro-
cesses [11, 12]. Cognitive function domains can be com-
prehended through diverse conceptualizations, including
categorization based on the overarching processes they
entail, such as attention, memory, or executive func-
tions [13]. Understanding and implementing effective
interventions for the development of attention, memory,
and executive functions is crucial, as deficits in these

processes often hinder both academic and professional
development [14]. Achieving improvements in these cog-
nitive processes can be accomplished through pharmaco-
therapy [15] and non-pharmacological interventions [16,
17] for individuals with developmental disabilities. The
uncertain long-term balance between benefits and side
effects associated with medication and low adherence
(e.g., 46% in youths with ADHD) [18-20], means that
non-pharmacological cognitive enhancers emerge as an
attractive option, due to their relatively low risks to well-
being, cost-effectiveness, and accessibility to the general
population.

PA interventions have gained prominence as a prom-
ising strategy to enhance cognitive functions, showing
relatively larger effect sizes on specific cognitive domains
compared to certain non-pharmacological interventions
[21, 22]. For instance, PA interventions demonstrated
large effectiveness (effect size=0.910) in enhancing exec-
utive functions in children with ADHD, whereas other
non-pharmacological treatments (e.g., cognitive training,
Neurofeedback) showed relatively lower effects (ranging
from 0.216 to 0.724) [22]. Modifications in brain struc-
ture and function may explain the cognition-enhanc-
ing effects of PA participation [23], such as the release
of monoamine neurotransmitters induced by exercise
[24]. Meanwhile, cognitive components (e.g., attention
and concentration) can be described as intrinsic fac-
tors influencing engagement in PA [25]. Given children
with NDDs presented significantly lower adherence to
the 24-h movement guidelines [26] compared to peers
with typical development [27], it is crucial to imple-
ment PA interventions, highlighting the mutual benefits
offered in terms of both cognitive enhancement and PA
engagement.

In the context of NDDs, prior systematic reviews and
pairwise meta-analyses have synthesized that PA inter-
ventions were supported as an effective approach for
cognitive functions [28-31]. However, the aggregation
of various PA interventions when calculating effect size
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in pairwise meta-analyses restricts their ability to make
comparisons across different interventions and consider
indirect effects [32]. Consequently, these analyses provide
limited insights into the overall effectiveness hierarchy of
PA interventions, leaving the question of which specific
type of PA intervention is the most effective unanswered.
This question is of note considering previous evidence
highlighting variations in cognitive benefits associated
with different exercise modalities [33, 34]. For example,
executive function improvements were only observed
in PA interventions with cognitive engagement but not
in pure aerobic exercise in children with ASD [35]. As
such, this study utilized network meta-analysis (NMA)
to systematically investigate and rank different types of
PA interventions based on their effectiveness in improv-
ing cognitive functions in children and adolescents with
NDDs. NMA is a better technique that enhances the
precision of pairwise meta-analysis by simultaneously
comparing multiple treatments within a single analy-
sis, and incorporating both direct and indirect evidence.
This allows for the estimation of comparative effects not
directly investigated in randomized controlled trials and
the ranking of multiple competing interventions [36].
NMA findings in this study can inform clinicians, edu-
cators, and caregivers in selecting the appropriate PA
intervention for cognitive functions in children and ado-
lescents with NDDs.

Methods

This systematic review with NMA was conducted
according to the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) statement
and PRISMA extension for NMA [37] (Supplemen-
tary 1). The protocol was registered in PROSPERO
(CRD42023409606).

Search Strategy and selection criteria

Seven electronic databases (CINAHL, Embase, Med-
line, PsycINFO, PubMed, SPORTDiscus, and Web of
Science) were systematically searched from their incep-
tion until 4 September 2023. To avoid missing potentially
eligible literature, the reference lists of previous system-
atic reviews [28, 29, 31, 38-42] and included studies
were further examined as complementary sources. The
search was restricted to articles written in English. The
detailed search strategy is presented in Supplementary
2. The screening and selection processes were conducted
independently by two reviewers (RT and CL). Any dis-
crepancies were resolved by consensus. Following the
population, intervention, comparison, and outcomes
(PICO) framework, studies were eligible if they (1) were
randomized controlled trials to assess the effectiveness
of any PA intervention in children and adolescents aged
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5-17 years; (2) recruited participants diagnosed with
NDDs based on clinical assessments or criteria outlined
in the Diagnostic and Statistical Manual of Mental Dis-
orders 4th editions or other standardized diagnostic
criteria (e.g., Autism Diagnostic Observation Sched-
ule 2nd Edition, International Classification of Diseases
10th editions); (3) received PA intervention and had a
comparison arm receiving either any PA intervention or
non-pharmacological treatment, or usual care control;
and (4) reported at least one cognitive function outcome
(i.e., attention, memory, or executive functions). Studies
were excluded if they (1) implemented acute PA interven-
tion (i.e., a single bout of exercise); (2) combined PA with
other non-pharmacological or pharmacological treat-
ments; (3) recruited children with typical development as
control; or (4) were reviews, observational studies, case
reports, letters to the editor, or conference abstracts.

We identified four categories of PA interventions based
on the definitions described in the Physical Activity
Guidelines for Americans [43] and previous systematic
reviews [39, 44, 45] or the treatment names assigned by
the study authors. The definitions of PA interventions
and comparators are presented in Table 1.

Outcomes

The primary outcomes were cognitive functions, includ-
ing attention, memory, and executive functions. Atten-
tion indicates the ability to focus on relevant information
while disregarding nonrelevant stimuli and maintain
sustained attention over time [13]. Memory, the most
complex cognitive domain possessing multifaceted
subdomains (e.g., working memory, episodic memory,
semantic memory), involves the sequential stages of
encoding, storage, and retrieval [13]. Executive functions
refer to cognitive processes such as reasoning, problem-
solving, planning, strategizing, decision-making, inhibit-
ing irrelevant information, and task-switching [13]. The
secondary outcome was treatment acceptability, defined
as the proportion of participants who completed their
assigned treatment (PA intervention or comparison).

Data extraction

Relevant information was extracted standardly by two
independent reviewers (RT and CL), including biblio-
graphic data (author, publication year, country/region),
participant characteristics (diagnosis, sample size, age,
gender, medication use), intervention components (cat-
egory, frequency, duration, length, and intensity), and
primary outcome measurements at immediate post-
intervention. When studies used two or multiple meas-
ures to assess the same cognitive function domain, the
most commonly used task was included [51]. If stud-
ies provided multiple raw scores for a single task, the
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Table 1 Treatment nodes included in the network meta-analysis

Page 4 of 17

Nodes Definition

PA Intervention
Aerobic Exercise (AE)

Exergaming

Activities aiming to enhance cardiovascular fitness, including brisk walking, running, and cycling
Exergaming is a form of entertainment that combines physical activity and video gaming, involving body movements dur-

ing console play [46], such as Nintendo Wii and Xbox Kinect

Mind-body Exercise
(MBE)

Multi-component
Physical Activity
(MPA)

Comparator

activities

Relaxation Tech-
niques
(RT)

Neurofeedback (NF)

Exercise that is characterized by controlled physical movements, full body stretching, breathing technique, and a meditation
component, such as Yoga, Qigong, Tai Chi, and body-oriented or movement-based mind-body intervention [47, 48]

A combination of more than one type of physical activity, such as racket sports which combines AE and coordinative physical

Techniques aim to produce the body's natural relaxation response, characterized by slower breathing, lower blood pressure,
and a feeling of increased well-being, such as guided imagery, progressive muscle relaxation, and breathing techniques [49]

A non-invasive electroencephalograph (brainwave) biofeedback that increases brainwave activity for the purpose of encour-

aging brain to change and adapt neuroplasticity [50]

Usual Care (UQ)
educational activities)

Including no treatment, waiting-list control, or interventions that could not be classified into the other treatment nodes (e.g.,

outcome with higher quality was selected (e.g., interfer-
ence is assessed as high quality in Stroop task). This score
of quality was developed by Op den Kelder et al. [52] and
adapted by Johnson et al. [53], indicating the specificity
of measurements corresponding to the cognitive domain.
When means and standard deviations changes from
baseline were incompletely reported, we calculated them
using the formula provided in the Cochrane Handbook
[54]. If data were missing, the corresponding authors
were directly contacted through emails to request addi-
tional information.

The Cochrane risk-of-bias tool for randomized tri-
als [55] was used to assess the methodological quality of
included randomized controlled trials. The certainty of
evidence for attention, memory, and executive functions
was appraised within the Confidence in Network Meta-
Analysis (CINeMA) framework [56, 57].

Data analysis

Random effects pairwise meta-analyses with the Har-
tung-Knapp-Sidik-Jonkman method [58] were first con-
ducted to summarize all direct comparisons within the
included studies. The effect size was calculated as stand-
ardized mean differences (SMD) for continuous data
(effectiveness) and odds ratios (OR) for dichotomous data
(acceptability) with 95% confidence intervals (95%Cls).
SMD of 0.2, 0.5, and 0.8 are interpreted as small, moder-
ate, and large, respectively [59]. In our investigation, we
integrated data from four categories of PA interventions
to synthesize the collective effects on attention, memory,
and executive functions, as well as their acceptability in

comparison to usual care. When encountering multi-arm
studies, the sample size of the shared group was split into
subgroups of equal size, one for each treatment [60].

Random-effects network meta-analyses were per-
formed using the frequentist framework in Stata 17 and
R 4.0.4 to compare the relative effectiveness and treat-
ment acceptability through direct and indirect compari-
sons. To evaluate the assumptions underlying the NMA,
transitivity was judged by visualizing the relative distri-
bution of potential effect modifiers (e.g., sample size,
age, gender, intervention length, and dose) across inter-
ventions. Transitivity implies that the included studies
possess similarity in terms of potential effect modifiers.
We scrutinized the consistency of the results. Global
inconsistency, reflecting overall inconsistencies across
treatment comparisons, was assessed using the design-
by-treatment inconsistency model [61]. Local inconsist-
ency, which examines discrepancies within individual
nodes or treatment comparisons, was evaluated through
the node-splitting method [62]. The heterogeneity among
the included studies was determined by calculating
the between-study variance (1?) and comparing it with
empirical estimates [63, 64]. Treatment rankings were
established using the surface under the cumulative rank-
ing curve (SUCRA) which is a precise estimation to pro-
vide a hierarchy of the treatments [65].

Additionally, we examined the comparative effective-
ness of PA interventions across different NDD types.
Specifically, we examined comparative outcomes in atten-
tion, memory, and executive functions for ADHD, and
executive functions for ASD. Due to the limited number
of studies available, DCD (7 =2) and SLD (#=1) were not
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included in this analysis. To assess the robustness of our
findings and identify potential sources of heterogene-
ity, we conducted sensitivity analyses by removing stud-
ies with high risk of bias. Meta-regression analyses were
performed to investigate the influence of sample size,
intervention length, and dose on primary analysis. Sub-
group analysis was performed based on NDD category,
intervention duration, frequency, length, and intensity.
Since undertaking subgroup analysis requires a minimum
of ten studies [66], we restricted this analysis to memory
and executive functions. Small-study effects were evalu-
ated by the comparison-adjusted funnel plot and the
Egger test [67].

Results

Overall, 7,067 records were initially identified from
electronic databases. After removing duplicates, 4,300
records were screened for titles and abstracts, and 146
full-text articles were retrieved for eligibility. An addi-
tional 154 records identified from reference lists of
relevant systematic reviews were also screened for eligi-
bility (Fig. 1). Eventually, a total of 31 studies [35, 68—97]
involving 1,403 children and adolescents with NDDs
were included in this review.

Study characteristics
Table 2 summarizes detailed information on each
included study. The mean age of participants was
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10.0+1.9 years with 83.2% being boys. The majority
of included studies focused on ADHD (n=18). MPA
(n=19) was the most frequently utilized PA modal-
ity. All studies reported immediate post-intervention
assessments (attention: »=10; memory: n=11; executive
functions: n=26). Supplementary 3 shows the general
characteristics of the included studies.

RoB assessment

The domain level and overall risk of bias assessment are
presented in Supplementary 4. Twenty-six included stud-
ies were rated with some concerns, while five had high
risks of bias. The main concerns for risk of bias were the
open-label nature of studies, unblinded assessors, and
improper management of missing data.

Pairwise meta-analyses

The pairwise meta-analyses results are presented in Sup-
plementary 5. Significant moderate to large improve-
ments in attention, memory, and executive functions
were observed compared with usual care (SMD=0.46—
1.26). However, there were no significant differences
among the interventions compared to usual care for
acceptability (OR=0.88, 96%CI: 0.53 to 1.48).

NMA assumption
The assumption tests for NMA did not reveal signifi-
cant concerns regarding the violation of the transitivity

{ Identification of studies via databases and registers [ Identification of studies via other methods ]
—
Records (n = 7,067) identified
H from:
e Web of Science (n=1,812) Records rc?moved before Records identified from:
% Pubmed (n=1,097) Screening: Reference list (n = 154)
= Medline (n=1,188) Duplicate records removed
e APA PsycINFO (n=1,130) > (n=2,767)
= Embase (n=993)
CINAHL (n = 688)
SPORTDiscus (n=159) Records removed before
— screening:
l Duplicate records removed
(n=44)
Records screened (n = 4,300) ———-—> | Records excluded (n = 4,154)

Reports not retrieved
@=0)

Reports sought for retrieval

]

Reports assessed for eligibility

\4

| Reports excluded (n=110):

i Duplicate with original
research (n=27)

Ineligible study design
(n=42)

Ineligible population (n=7)
Ineligible intervention (n=12)
Ineligible outcome (n=16)
Not English (n=6)

Fig. 1 PRISMA study selection and flow chart

2 I
g (n=110)
g Regorts sought for retrieval Reports not retrieved (n = 0)
(n = 146) >
i Reports excluded (n=115): (n=110)
Reports assessed for eligibility zndziii)ble study design
— n =146 n=.
( ) Ineligible population (n=11)
— i Ineligible intervention (n=55)
2 Ineligible outcome (n=30)
] Insufficient data (n=4)
S Studies included in systematic Secondary publication (n=1)
= review and network meta-
—_— analysis (n=31)
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A) Attention

MBE Exergaming

\
/

MPA \ AE
NF
C) Executive Functions
MBE
Exergaming
MPAam, —
—
AE
/
NF
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B) Memory
MBE Exergaming
MPA / AE
NF

uc

Fig. 2 Network plots for attention (A), memory (B), and executive functions (C). Each node represents a treatment. Connecting lines between two
nodes represent one or more trials in which the two nodes have been compared directly. Size of each node indicates the number of participants.
Thickness of the lines indicates the number of trials that directly compared the treatments it connected. AE aerobic exercise, MBE mind-body
exercise, MPA multicomponent physical activity, RT relaxation techniques, Nf neurofeedback, UC usual care

assumption when assessing the distribution of poten-
tial effect modifiers (Supplementary 6), supporting the
assumption of comparability between the treatments.
No global or local inconsistency was detected (Supple-
mentary 7), indicating the agreement between direct and
indirect evidence. The common heterogeneity 1> ranged
from 0.08 to 0.68 indicating moderate heterogeneity
within the prediction distributions (Supplementary 8).

Table 3 League table for attention

Attention

Figure 2a presents the network plot for attention,
including 10 studies and 441 participants. Table 3
displays the comparative effectiveness of six differ-
ent treatments. Compared with usual care, large
improvements were found for MBE (SMD=1.91,
95%CI: 0.57 to 3.25) and exergaming (SMD=1.58,
95%CI: 0.14 to 3.02). The ranking of treatment based

MBE

0.33 (-1.60,2.26) Exergaming

0.95 (-0.65,2.56) 0.62(-1.08,2.32) MPA

1.15 (-0.58,2.88) 0.82 (-0.62,2.26) 0.20(-1.27,1.67) AE

1.35(-0.21,2.92) 1.02 (-0.69,2.74) 0.40 (-0.88,1.69) 0.20(-1.13,1.54) NF

1.91(0.57,3.25) 1.58 (0.14,3.02)

0.96 (-0.03,1.95)

0.76 (-0.46,1.99) 0.56 (-0.64,1.75) uc

AE aerobic exercise, MBE mind-body exercise, MPA multicomponent physical activity, NF neurofeedback, UC usual care. Results are presented as standardized mean
differences (SMD) and 95% confidence intervals. SMD values more than 0.00 favor the column-defining treatment node for the NMA results. Estimates in bold denote

significance at p<0.05
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on SUCRAs revealed that MBE (SUCRA =83.4%)
was likely the most effective, followed by exergam-
ing (SUCRA =72.3%)(Supplementary 11). No small-
study effect was found using the comparison-adjusted
funnel plots and Egger test results (Supplementary
12). When considering effectiveness in specific NDD,
available estimates on data from ADHD indicated
that MBE (SMD =2.00, 95%CI: 0.89 to 3.10) and MPA
(SMD =1.87, 95%CI: 0.61 to 3.14) showed more effec-
tiveness over usual care (Supplementary 13).

Memory

Figure 2b presents the network plot for memory, includ-
ing 11 studies with 484 participants. Compared with usual
care, exergaming yielded significant large beneficial effects
(SMD=0.97, 95%CI: 0.10 to 1.84) (Table 4) and had the
highest probability of being the most effective interven-
tion (SUCRA=88.0%) (Supplementary 11). No small-
study effect was observed using the comparison-adjusted
funnel plots and Egger test results (Supplementary 12).
When evaluating effectiveness within specific NDD, only
MPA was more effective than usual care (SMD=0.81,
95%CI: 0.24 to 1.38) and outperformed AE (SMD=0.74,
95%CI: 0.14 to 1.35) in ADHD (Supplementary 13).

Executive functions

Figure 2c presents the network plot for executive func-
tions, including 26 studies with 1,003 participants.

Table 4 League table for memory
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Exergaming, MBE, and MPA produced large positive
effects (SMDs=0.79-0.94) compared with usual care.
Furthermore, exergaming (SMD=0.78, 95%CI: 0.12 to
1.45) and MPA (SMD=0.64, 95%CI: 0.11 to 1.18) were
significantly superior to AE (Table 5). The SUCRAs
revealed that exergaming (SUCRA=80.6%) was the
treatment most likely to perform best, followed by MBE
(SUCRA=78.1%), and MPA (SUCRA=70.2%) (Sup-
plementary 11). AE did not demonstrate significant
effects on executive functions compared to usual care
(SMD=0.15, 95%CI: -0.39 to 0.70). The comparison-
adjusted funnel plot and Egger test revealed a certain
degree of asymmetry for executive functions (Supple-
mentary 12), suggesting the presence of potential publi-
cation bias in this analysis. When analyzing specific NDD
types, MBE, MPA, and exergaming were more effective
than usual care (SMDs=0.57-1.82) and outperformed
AE (SMDs=0.66—1.91) in ADHD. In ASD, however, only
MPA showed significant effectiveness over usual care
(SMD =0.67) (Supplementary 13).

Acceptability

The NMA for treatment acceptability included 31 stud-
ies with n=1,403 participants (Supplementary 9). Apart
from AE (OR=0.38, 95% CI: 0.15 to 0.97), which was
slightly less accepted than usual care, no differences in
dropout rates were observed among other PA interven-
tions (Supplementary 10).

Exergaming

0.48 (-0.56,1.53) MPA

0.51(-0.74,1.76) 0.03 (-1.02,1.08) MBE

0.70 (-0.60,2.01) 0.22 (-0.84,1.28) 0.19(-0.95,1.34) NF

0.96 (-0.14,2.07) 048 (-0.24,1.21) 045 (-0.62,1.53) 0.26 (-0.67,1.19) AE

0.97 (0.10,1.84) 049 (-0.09,1.07) 046 (-0.44,1.36) 0.27 (-0.71,1.25) 0.01 (-0.68,0.69) ucC

AE aerobic exercise, MBE mind-body exercise, MPA multicomponent physical activity, NF neurofeedback, UC usual care. Results are presented as standardized mean
differences (SMD) and 95% confidence intervals. SMD values more than 0.00 favor the column-defining treatment node for the NMA results. Estimates in bold denote

significance at p<0.05

Table 5 League table for executive functions

Exergaming

0.02 (-0.85,0.89) MBE

0.14 (-0.40,0.69) 0.12 (-0.64,0.89) MPA

0.55 (-0.89,2.00) 0.53 (-0.62,1.69) 041 (-0.98,1.80) RT

0.67 (-0.59,1.93) 0.65 (-0.74,2.04) 0.53 (-0.67,1.72) 0.12 (-1.69,1.93) NF

0.78 (0.12,1.45) 0.76 (-0.13,1.65) 0.64(0.11,1.18) 0.23 (-1.23,1.69) 0.11 (-0.96,1.19) AE

0.94 (0.42,1.45)

0.92 (0.21,1.62)

0.79 (0.48,1.11)

0.38(-0.97,1.74)

0.27 (-0.94,1.47) 0.15 (-0.39,0.70) uc

AE aerobic exercise, MBE mind-body exercise, MPA multicomponent physical activity, RT relaxation techniques, NF neurofeedback, UC usual care. Results are presented
as standardized mean differences (SMD) and 95% confidence intervals. SMD values more than 0.00 favor the column-defining treatment node for the NMA results.

Estimates in bold denote significance at p <0.05
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Additional analyses

The sensitivity analyses with removing studies with high
risk of bias were generally consistent with the original
results (Supplementary 14). Meta-regressions did not
demonstrate the significant impacts of the sample size,
intervention length, or total dose on cognitive parameters
(Supplementary 15). Subgroup analyses showed that sig-
nificant improvements in memory were found in ADHD,
DCD, and SLD, but not for ASD (Hedges’ g=-0.06,
95%CI: -0.52 to 0.40, I*=25.49%). Additionally, PA inter-
ventions had significant effects on executive functions
when the frequency was no more than three sessions per
week at moderate-to-vigorous intensity (Supplementary
14). The certainty of evidence regarding the effectiveness
of PA interventions in enhancing attention, memory, and
executive functions was very low to low (Supplemen-
tary 16). The evidence was downgraded primarily due
to concerns about within-study bias, imprecision, and
heterogeneity.

Discussion

This NMA summarized the available evidence and iden-
tified that MBE, exergaming, and MPA were substanti-
ated to yield advantageous effects on specific cognitive
functions. We noted no significant differences in accept-
ability among these PA interventions, suggesting they are
comparably accepted to usual care. However, AE did not
significantly differ from usual care across the three cogni-
tive domains and was less accepted than usual care. The
quality of evidence based on the CINeMA framework
demonstrated very low to low quality, underscoring the
necessity for cautious interpretations of our findings.

The NMA results indicate that MBE was the most
effective PA intervention for improving attention. It
may be attributed that MBE emphasizes the coordina-
tion between breathing, awareness of bodily sensation,
and movement performance [98] by combining con-
trolled physical movements and meditation components
that foster internal concentration and body awareness
[99]. MBE necessitates energy expenditure while simul-
taneously demanding a high level of concentration.
This mindfulness-based intervention entails prolonged
engagement in attentional control skills, such as sus-
tained attention and attentional switching, which gen-
erally improves attentional control capabilities [100].
Additionally, for ADHD, which is characterized by per-
sistent inattention and/or hyperactivity-impulsivity [1],
the results consistently showed MBE as the most effective
intervention for improving attention.

When taking all NDDs into consideration, we found
that exergaming appeared as the most effective PA inter-
vention for improving memory and executive functions.
The benefits of exergaming may be attributed to the fact
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that cognitive improvements resulting from PA may par-
tially depend on the enjoyable emotions derived from
the activities [101, 102]. Unlike repetitive movements
and intense exertion often associated with AE, exergam-
ing offers challenges, feedback, and rewards that make
PA a more enjoyable and entertaining endeavor [103].
Moreover, video games have been acknowledged as moti-
vators for promoting active behavior engagement [104].
The combination of enjoyment, motivational gains, and
immersion in exergaming may collectively contribute to
cognitive benefits through the long-term engagement in
PA [102]. From the etiological perspective, alterations in
brain circuits of NDDs establish a connection between
dopaminergic dysfunction and the expression of cogni-
tive capacities [105], which is evident in conditions such
as ADHD [106] and ASD [107]. Therefore, another plau-
sible explanation is that enjoyable exergaming triggers
the release of dopamine, which is conjectured to enhance
cognitive processes [23, 108]. Further empirical studies
are warranted to support these conceptual assumptions
within the context of NDDs. However, in specific NDD
populations, only MPA demonstrated consistently sig-
nificant effectiveness across three cognitive functions in
children and adolescents with ADHD, as well as in execu-
tive functions in ASD. The studies classified as MPA in
this NMA primarily involved coordinatively demanding
and non-automated sport-related activities that were
assumed to activate brain regions associated with higher-
order cognitive processes [109-111].

Our findings on the superior effectiveness of MPA
over AE in improving executive functions align with
results from RCT that directly compared these inter-
ventions head-to-head [88], but differ from prior meta-
analyses [28, 31] that reported comparable cognitive
benefits for both AE and cognitively engaging exer-
cises. This discrepancy may partially stem from the
methodology. First, both reviews [28, 31] did not limit
their inclusion criteria to randomized controlled trials.
Pre-experimental or quasi-experimental designs could
compromise external validity and introduce potential
bias (e.g., regression to mean), which may affect the
observed effects [112]. Second, the variability stemming
from intervention lengths (i.e., acute or chronic) may
potentially account for the disparities in these findings.
Upon reviewing the studies included by Liang et al.
[28] and Sung et al. [31], the significant effects of AE on
cognitive improvements were observed following epi-
sodes of acute treadmill walking, running, or station-
ary cycling in children with NDDs. It is postulated that
the intervention effects might be more readily observ-
able when assessed immediately following exercise [41].
These findings are further supported by the temporal
dynamics of concentration changes in neurochemicals,
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suggesting that alterations in cognitive processes and
functions following acute exercise were associated with
the corresponding changes in neurochemical levels
[113]. High-quality randomized controlled trials are
warranted to ascertain the effectiveness of long-term
AE in children and adolescents with NDDs. Never-
theless, we echoed the appeal of “Going beyond Sim-
ply Moving to Moving with Thought” [33], suggesting
that future PA interventions could prioritize cognitive
efforts over basic repetitive activities that demand little
thought.

In terms of intervention acceptability, while MBE,
MPA, and exergaming demonstrated comparable out-
comes in this NMA, exergaming exhibited relatively
lower rankings. Limited comprehension of instructions
may lead to noncompliance or attrition with intervention
protocols, potentially compromising the intervention’s
effectiveness [109]. Therefore, programmatic modifica-
tions may be necessary before implementation. Adap-
tations of exergaming, such as enhancement of visual
comprehensibility, may better support the learning and
processing needs of children and adolescents with NDDs.
Notably, in this NMA, AE demonstrated the lowest
acceptability among the included treatments and exhib-
ited significantly lower acceptance rates compared to
usual care. The reduced acceptance of AE may be attrib-
uted to the inherently repetitive nature of such activities,
which often involve continuous, rhythmic movements,
such as running, stationary cycling, or other repetitive
patterns. The monotonous character of these standard-
ized, sustained actions may affect children’s engagement
and motivation. These findings indicate the consideration
of incorporating enjoyable and cognitively challenging
elements into PA interventions.

Limitations

Several limitations should be considered when interpret-
ing our results. First, despite our efforts to categorize var-
ious types of PA according to guidelines [43] and previous
NMAs [44, 45], some included interventions were classi-
fied based on the descriptions provided by the authors,
which were not standardized. Second, the majority of the
included randomized controlled trials had limited sample
sizes, potentially undermining the ability to obtain robust
and conclusive evidence owing to the small study effect.
Similarly, a few included studies on various types of PA
led to thinly connected networks and underpowered esti-
mates for detecting possible differences. Third, given that
the certainty of evidence was very low to low, the effect
sizes and rankings of the treatments are likely to change
as more evidence becomes available. Fourth, the lim-
ited information available on baseline IQ or medication
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usage hampers our ability to explore their impacts on
the results. Fifth, included studies mainly focused on the
effects of chronic PA interventions at immediate post-
intervention and predominantly involved males (79.9%)
with ADHD or ASD. Future research is needed to evalu-
ate the long-term effectiveness of PA interventions on
gender and other NDDs.

Conclusions

This is the first NMA to estimate the comparative
effectiveness of various PA interventions on cognitive
functions in children and adolescents with NDDs. Our
results revealed that the effectiveness varies according
to the PA types. MBE, exergaming, and MPA have sig-
nificant domain-specific cognitive benefits. AE demon-
strated non-significant effectiveness for all outcomes.
MBE emerges as particularly advantageous for atten-
tion. MPA yielded consistent improvements in memory
and executive functions across NDD types. Our results
suggest that there is a need to select appropriate PA
interventions to improve specific cognitive function
in children and adolescents with NDDs. With the low
quality of some findings in this NMA, we recommend
that direct head-to-head comparison randomized con-
trolled trials are warranted to confirm the relationships
between PA and cognitive functions in this population.

Abbreviations

ADHD Attention-deficit/hyperactivity disorder

AE Aerobic exercise

ASD Autism spectrum disorder

CINeMA  Confidence in network meta-analysis

Cls Confidence intervals

D Intellectual disability

MBE Mind-body exercise

MPA Multi-component physical activity

NDDs Neurodevelopmental disorders

NF Neurofeedback

NMA Network meta-analysis

OR Odds ratios

PA Physical activity

PICO Population, intervention, comparison, and outcomes
PRISMA  Preferred reporting items for systematic reviews and meta-analyses
RoB Risk of bias

RT Relaxation techniques

SLD Specific learning disorders

SMD Standardized mean differences

SUCRA Surface under the cumulative ranking curve
uc Usual care
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