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Abstract This review evaluates the efficacy of using
physical exercise interventions on improving cognitive
functions in individuals with autism spectrum disorder
(ASD) and/or attention deficit hyperactivity disorder
(ADHD). This review includes a meta-analysis based on a
random-effects model of data reported in 22 studies with
579 participants aged 3-25 year old. The results revealed
an overall small to medium effect of exercise on cognition,
supporting the efficacy of exercise interventions in
enhancing certain aspects of cognitive performance in
individuals with ASD and/or ADHD. Specifically, similar
to the general population literature, the cognitive benefits
of exercise are not consistent across all aspects of cognitive
functions (i.e., some areas are not improved). The clinical
significance of the reported effect sizes is also considered.

Keywords Meta-analysis - Exercise intervention -
Cognition - ADHD - Autism

Introduction

The benefits of physical exercise have been widely
recognised both in the literature (e.g., McMorris et al.
2009) and the media (Leavy et al. 2011; Marcus et al.
1998). Its reported positive effects can be broadly classified
into physical health (e.g., WHO 2010), behavioural (e.g.,
Sowa and Meulenbroek 2012), cognitive (e.g., Kramer and
Erickson 2007), and psychosocial health or functioning
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(e.g., Netz et al. 2005). One specific focus of research has
been on the relationship between exercise and cognitive
functions, ranging from studies of children (e.g., Tom-
porowski et al. 2008), to young adults (e.g., Lambourne
and Tomporowski 2010), geriatric populations (e.g., Kra-
mer and Erickson 2007), and non-clinical (e.g., McMorris
and Hale 2012) and clinical populations (e.g., Eggermont
et al. 2009).

Most of the research conducted concerns the general
population and has reported mostly positive effects of
exercise on cognitive performance, mainly on executive
functions (e.g., Kramer and Erickson 2007; Tomporowski
et al. 2008). Two key points have emerged from this
research. Firstly, the effect of exercise on cognition is
likely to be selective (e.g., Kramer and Erickson 2007,
Tomporowski et al. 2008), even within executive functions
(EF). Indeed, a recent meta-analysis by Verburgh et al.
(2013), examined 24 studies (N = 944) on the effects of
acute and chronic exercise on domains of EF in healthy
individuals aged 6-35 years. The authors reported a larger
effect size on inhibition (i.e., d = 0.46), followed by
planning (i.e., d = 0.16), and working memory (i.e.,
d = 0.05). However, the authors highlighted that the
working memory and planning results and the effects of
chronic exercise on executive functions should be inter-
preted with caution due to the small number of studies
investigating these areas. Similarly, another meta-analysis
of 79 studies involving healthy populations (N = 2072)
also found variability of exercise effects across various
cognitive tasks reflecting different EF (Chang et al. 2012a).
Secondly, the effect of exercise varies among individuals
(e.g., Kramer and Erickson 2007; Tomporowski et al.
2008) and not every study reported cognitive improve-
ments (e.g., Audiffren 2009; Kramer and Erickson 2007).
For instance, it has been reported that individual
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differences such as fitness level moderate the magnitude of
the effect of exercise on cognition; with greater improve-
ments among those who are fitter (e.g., Chang et al. 2012a).
Together, the two key points from the typical developing
population literature has revealed the potential and limi-
tations of using exercise in enhancing cognitive functions.

One of the implications provided by the literature from
the typical developing population is that exercise may be
particularly beneficial to individuals with learning diffi-
culties (e.g., Fedewa and Ahn 2011; Sibley and Etnier
2003), such as those with attention deficit hyperactivity
disorder (ADHD) or autism spectrum disorders (ASD).
Unlike in the literature from the general population, how-
ever, the relationship between exercise and cognition in the
neurodevelopmental population appears to be less clear,
with studies on ASD samples focusing more on beha-
vioural symptoms (e.g., Petrus et al. 2008; Sowa and
Meulenbroek 2012) compared to ADHD studies that
specifically examine EF (e.g., Chang et al. 2012b; Smith
et al. 2013). This trend is not surprising as research in the
general population regularly reveals specific improvements
on EF following exercise (e.g., Tomporowski et al. 2008),
and thus it has been theorised that exercise interventions
may compensate for the impaired EF observed in individ-
uals with ADHD (Wigal et al. 2013). Indeed, this
hypothesis has been investigated in ADHD individuals but
with inconclusive findings. For example, an earlier study
conducted by Craft (1983), found that 1-10 min of sta-
tionary cycling did not produce cognitive benefits on
working memory performance in 31 children with ADHD
or in comparison with 31 healthy children. In partial sup-
port of this, Chang et al. (2012b) investigated the effects of
running on a treadmill for 30 min on aspects of EF (i.e.,
inhibition and divided attention) in children with ADHD.
Compared with participants in a sedentary control group
(n = 20), the exercise group (n = 20) did not demonstrate
greater EF performance, even though the authors reported
post-exercise improvements from baseline scores in some
aspects of EF tasks. In contrast to these studies though,
Kang et al. (2011) reported improved cognitive perfor-
mance (i.e., divided attention and working memory) in
children with ADHD following a series of aerobic exer-
cises (n = 15) for 55 min compared to an educational
control group (n = 13). Despite conflicting findings,
ADHD studies generally report positive findings of the
effects of exercise interventions on aspects of EF (e.g.,
Choi et al. 2015; Pontifex et al. 2013) but the efficacy
remains unclear.

A recent meta-analysis of eight studies reviewed the
effects of exercise on various symptoms of ADHD children
and provided the first indication of the magnitude of the
effect on cognition (Cerrillo-Urbina et al. 2015). The authors
reported moderate to large effect sizes (standardised mean

differences of 0.58 and 0.84) on measures of EF and atten-
tion, respectively. However, although the meta-analysis
detected various levels of risk for publication bias among the
included articles, the analysis conducted could not account
for the existing bias (e.g., reporting bias). Additionally, the
reported positive effect of exercise on global EF was too
broad. Therefore, it is unknown which aspects of EF are
specifically impacted by exercise. This is important as it has
been acknowledged in the general population literature that
not all EF improves following exercise intervention (Tom-
porowski et al. 2008; Verburgh et al. 2013). Furthermore, as
inhibition has been found to be commonly impaired in
ADHD (e.g., Pennington and Ozonoff 1996), it is imperative
to investigate whether this specific domain and other aspects
of EF are influenced by exercise. Nonetheless, these limita-
tions in the meta-analysis are likely due to the limited
number of papers available and the focus being more on the
general ADHD symptomology than cognition per se.

The ADHD literature appears to focus on positive findings
of exercise intervention on EF. In particular, papers either
reported a beneficial effect of exercise on global EF (Cer-
rillo-Urbina et al. 2015) or only statistically significant
findings (e.g., Choi et al. 2015; Pontifex et al. 2013); and in
those studies where non-improvements were acknowledged,
this was attributed to the lack of task-sensitivity (e.g., Gapin
et al. 2015; Pan et al. 2015). Although it is possible that the
cognitive tasks used in the studies may be insensitive in
detecting subtle cognitive changes, what is also possible or
more likely based on the larger number of studies conducted
on the general population, is that the effect of exercise is
specific to some aspects of EF rather than to cognition in
general and is evident in some individuals more than others
(e.g., Tomporowski et al. 2008).

In terms of the ASD literature, what appears to be
missing is an investigation of the effects of exercise on EF,
as there have been suggestions that aspects of EF such as
planning and set-shifting are impaired in ASD individuals
(e.g., Pennington and Ozonoff 1996). To date, only one
study has examined this issue. Anderson-Hanley et al.
(2011) administered a single bout of exercise through the
use of a gaming system (i.e., exergaming) for 20 min in 22
adolescents with ASD, to investigate the effect of exercise
on aspects of EF and stereotyped behaviours. Compared
with a sedentary control condition, post-exergaming par-
ticipants demonstrated improvements in an EF task
reflecting working memory but the results were less clear
on set-shifting and inhibition. However, the authors did not
report the findings of all the EF tasks involved in the study,
further limiting the conclusions regarding the effect of
exercise on EF in this population.

The gaps identified here in the literature may have
important implications, particularly for the selection of
appropriate interventions, as the symptoms of ASD and
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ADHD often do not appear in isolation (Gargaro et al.
2011; Joshi et al. 2014), even though non-comorbid cases
also exist (e.g., Chantiluke et al., 2014). Furthermore, given
that comorbidity between the two disorders is reported to
be as high as over 80 % of the cases (e.g., Joshi et al. 2010;
Mukaddes et al. 2010), it is not known if exercise can be
used as an effective intervention in improving aspects of
cognitive functions in these clinical populations (i.e.,
comorbid and non-comorbid individuals). Although it is
still contentious as to whether the two disorders are a
common or unique subtype that falls under the domain of
either ASD or ADHD exclusively (e.g., Chantiluke et al.
2014), there is a general agreement that symptom overlap
exists even if individuals may not fulfil the diagnostic
criteria of both disorders. Therefore, it has been recom-
mended that the uniqueness and co-morbid characteristics
between both disorders be acknowledged (Gargaro et al.
2011). This review attempts to study the efficacy of exer-
cise intervention on cognition in both disorders, concur-
rently and separately.

In terms of executive dysfunction, some specific EF
domains are generally reported to be impaired in individ-
uals with ASD and ADHD, when compared separately to
healthy individuals. In ASD individuals, EF domains
including aspects of planning (e.g., Chen et al. 2016; Hill
2004), set-shifting and working memory (e.g., Chen et al.
2016; Andersen et al. 2015) are usually impaired. Con-
versely, deficits are commonly found in aspects of inhibi-
tion (e.g., Willcutt et al. 2005) and working memory (e.g.,
Schreiber et al. 2014) in individuals with ADHD. There are
also findings that EF in general tend to be more impaired in
individuals with ASD than those with ADHD (e.g., Corbett
et al. 2009; Goldberg et al. 2005; Pennington and Ozonoff
1996). It is noteworthy that there are inconsistencies within
ASD and ADHD literature on which aspects of EF in these
individuals are impaired or intact, which is beyond the
scope of this review. Nevertheless, studies that investigated
EF between individuals with ASD and ADHD have
demonstrated the difficulty in establishing a distinct exec-
utive dysfunction profile (e.g., Corbett et al. 2009; Geurts
et al. 2004; Goldberg et al. 2005); in that EF deficits can
sometimes overlap in both disorders such as aspects of
working memory, sustained attention and even inhibition.
Considering that the literature in the healthy population
generally reported exercise benefits on EF (e.g., Kramer
and Erickson 2007; Tomporowski et al. 2008), especially
on inhibition and probably other aspects of EF (Verburgh
et al. 2013), exercise may have the potential to be used as
an intervention that targets EF deficits in individuals with
ASD and/or ADHD.

In summary, the existing literature has provided valu-
able information on the effects of exercise on cognition in
individuals with ASD/ADHD. Nevertheless, what seems to
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be lacking is also a practical interpretation of effect size
(Ellis 2010) that would be useful for clinicians and parents.
The purpose of this review is to investigate the efficacy of
exercise intervention on individuals with ASD/ADHD, and
explore the practical significance of applying exercise to
cognition based on the meta-analytic findings. To the
authors’ knowledge, this is the first meta-analysis that
reviews the relationship between exercise and cognition, in
both ASD and ADHD populations.

Methods
Inclusion Criteria

For inclusion in this meta-analysis, the participants of a
study were required to have been diagnosed with ADHD or
ASD, including disorders previously known as autism,
Asperger’s and pervasive developmental disorders not
otherwise specified (American Psychiatric Association
2013). Studies were required to have used exercise as an
intervention in evaluating some aspects of objective cog-
nitive performance (excluding self-report measures). In
addition, papers were required to be from quantitative
studies published in journals or dissertations from 1968 to
2015.

Review Process (January—June 2015)

The process of this review was based on the methods
highlighted in Field and Gillett (2010). A systematic search
of the literature using a series of keywords was conducted
in various databases: PsychINFO, CINAHL, PubMED,
Web of Science and ERIC. Keywords such as “physical
activit*”, “exercis*”, ‘cogniti* improv*’, “mental func-
tion*”, “performance”, “autis*”, “autism spectrum dis-
order*”,  “asperger*”, “pervasive developmental”,
“ADHD”, “ADD”, “attention-deficit disorder*” and “at-
tention-deficit hyperactivity disorder*”, and search con-
nectors like “AND”, “OR” and “NOT” were used in the
search process. Articles were assessed based on their rel-
evance to the purpose and inclusion criteria of this review
on three levels: title, abstract and content. Articles that
were retained by the content level were used for a hand-
search of their reference lists to check for articles that may
have been missed in the database search. In addition, a
forward-search of the final selected articles on Google
scholar was conducted to locate articles that cited the
selected articles. Lastly, relevant journals that were not
within the aforementioned databases were also searched for
potential articles. This series of search processes ensured
relevant papers in the literature were identified and inclu-
ded in the meta-analysis. Consensus among the authors as
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to those articles selected for the analysis was achieved and
any disagreement was resolved through discussion. The
initial search across the aforementioned databases pro-
duced 32,767 titles, of which 83 papers were selected in the
abstract phase and 17 papers for content evaluation; this
series of processes led to 10 papers fulfilling the inclusion
criteria. This was then followed by a backward and forward
search of the included articles which further revealed
another 9 papers for inclusion. Additionally, other sources
from journals and websites generated 5 more articles,
increasing the number of papers that fulfilled the inclusion
criteria to 24. However, two articles only published their
abstracts and the respective authors were contacted to
obtain the full articles, but this was unsuccessful. Overall,
22 articles were included in the meta-analysis.

Process of Calculating Effect Sizes

The mean differences between the experimental group and
the control group/baseline conditions provided by the
included articles (N = 22) were used to calculate the effect
sizes as measured by Glass’s delta (d); where the mean
differences were standardised using the standard deviations
of the control group/condition (Field and Gillett 2010). The
obtained values for effect sizes d were then converted into
Pearson’s correlation coefficient, ». In cases where the
means and standard deviations were not provided, the F or t
statistics, and odds ratio were used to convert the relevant
metrics into effect size r. All effect size calculations and
conversions were based on formulas reported in Field and
Gillett (2010), Borenstein et al. (2009), and Wolf (1986),
and were estimated up to nine decimal places for accuracy
(Field 2005). It is noteworthy that in some instances, the
calculated effect size differed from what was reported in
the respective articles. This difference was due to the
choice of comparisons that respective papers were based
upon. For example, some studies computed within-group
effect sizes rather than comparing between treatment and
control groups when available (e.g., Chang et al. 2012b).
The direction of the effect was computed such that positive
effect sizes indicated improvements while negative effect
sizes represented attenuation in cognitive performance
after exercise intervention. To prevent inflating the esti-
mated population effect size by studies that provided
multiple effect sizes, only an average effect size per article
was entered into the meta-analysis (Rosenthal 1991). Fur-
thermore, each effect size was transformed using Fisher’s
(1921) r-to-z conversion before running the meta-analysis
using a random-effects model described by Hedges and
Vevea (1998), and the obtained overall Zr was transformed
back to r for interpretation. A random-effects model was
selected as it was recommended that variability in effect
sizes should be assumed in psychological research and that

this model allowed generalisation of the findings beyond
the studies included in the meta-analysis (Field and Gillett
2010).

To examine potential variables that might account for
the efficacy of exercise on cognition, a multiple regression
model was used, with eight moderator variables that were
either categorical (diagnosis, age, control type, cognitive
tasks, exercise type, and single/multiple exercise sessions)
or continuous (exercise duration and sample size). Sensi-
tivity analysis (Vevea and Woods 2005) was also con-
ducted to evaluate and account for the level of publication
bias. All statistical analyses were based on SPSS and R
syntax provided by Field and Gillett (2010). Lastly, bino-
mial effect size display (BESD) was calculated to assist in
the practical interpretation of effect size based on the for-
mula reported in Randolph and Edmondson (2005).

Results
Descriptive Results

This meta-analysis included 22 articles (16 ADHD, 6 ASD)
with a total sample size of 579 participants (ADHD = 451;
ASD = 128) aged from 3 to 25 years. The gender distri-
bution was 416 males to 48 females, with the gender of 115
participants unclear or not reported. Tables 1, 2, 3 show the
stem-and-leaf plots of all effect sizes for combined ASD/
ADHD studies, and separated by diagnosis. Overall, the
mean effect size was computed from 125 effect size values.

Main Findings

Based on Hedges and Vevea’s (1998) random-effects
model, the overall mean effect size is r = .235, with a
95 % confidence interval between .131 and .335, and a
significant z-score, z = 4.347, p < .001. The overall mean
effect size shows a small to moderate magnitude of effects
of exercise intervention on aspects of cognition in

Table 1 Stem-and-leaf plot of

overall effect sizes for ASD/ Stem Leaf
ADHD (N = 22) 0 4,7
.0 0,0,1
N 1,1,2,4,5,6,8,8
2 0
3 0,8
4 2,5
.5 3,3,8
.6 2

Values estimated to 2 decimal
places
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effeet sizen for ADHD stugier ST Leaf
(n = 16) _0 47
0 0,0, 1
1 1,1,2,8,8
2 0
3 0,8
4 2
5 3,8
Values estimated to 2 decimal
places
ettt izes Tor ASD staies ST Leaf
(n=6) 0
1 4,5,6
2
3
4
.5
.6

Values estimated to 2 decimal
places

individuals with ADHD and ASD. The homogeneity test,
as denoted by the Q statistic is not significant, x>
(21) = 29.08, p = .11 but the I = 27.78 %, suggests that
there is a low to medium heterogeneity within the sample
of effect sizes included in this analysis. This is evident
from the forest plot in Fig. 1, which reveals the various
effect size values for physical exercise on cognition
reported in the studies included in this meta-analysis with
95 % confidence intervals. The dotted line in the middle
represents the line of no effect. The figure identified that
only 3 out of 22 papers had their confidence intervals
within the range of positive effect size values, with the
majority of the papers having confidence intervals
extending into the range of negative values. Lower confi-
dence intervals in the negative range may in part be due to
the limited sample sizes used in some of the studies
resulting in low power for detecting a small effect, as
revealed by the overall effect size estimate. Nevertheless,
the mean effect size estimates for ASD, ADHD and com-
bined samples have confidence intervals supporting a
positive effect of exercise intervention. These results
indicate that the positive effects of exercise on cognition
are likely to exist in these populations but the exact mag-
nitude could not be confidently established. Taken toge-
ther, the use of a random-effects model is appropriate and a
moderator analysis could be conducted to explain the
variability. Table 4 shows the results of the meta-analyses
for ASD and ADHD studies combined, and separately.

@ Springer

Publication Bias and Sensitivity Analysis

Rosenthal’s (1979) fail-safe N analysis reveals 186
unpublished papers (i.e., null effect) are needed to be
included in the meta-analysis in order to invalidate the
population effect size of small to medium (i.e., .235) found
in this review. Furthermore, Begg and Mazumdar’s (1994)
rank correlation test shows a non-significant correlation
between the effect sizes and sample size of the studies
included in the meta-analysis, T(N = 22) = .11, p = .46.
Although the result of Kendall’s tau is non-significant, in
view of the small number of studies included in the meta-
analysis, publication bias cannot be rejected and therefore a
sensitivity analysis (Vevea and Woods, 2005) was con-
ducted to estimate and account for the likelihood of pub-
lication bias. When applied under a severe selection (i.e.,
one-tailed) model, the population effect size reduced from
.235 to —.466; this suggests a lower level of confidence is
appropriate in the effects of exercise on cognition in this
neurodevelopmental population. Sensitivity analyses were
then conducted separately for ASD and ADHD samples to
further understand the data. For the ASD sample, the
adjusted population effect size does not result in much
attenuation (i.e., .471 reduced to .439), indicating that the
population effect size remains relatively unaffected by the
most severe scenario for one or two-tailed selection bias. In
contrast to this, the adjusted population effect size for the
ADHD sample is severely impacted by a one-tailed
selection bias, decreasing the effect size from .181 to
—.452, suggesting that the actual effect size estimate for
this population may be smaller than the mean effect size.
Therefore, it is likely that the overall sensitivity results for
both populations are affected by the effect size values from
the ADHD sample. One possible explanation is the issue of
reporting bias; 4 out of the 16 ADHD articles did not report
the results of any non-significant findings (i.e., Choi et al.
2015; Gawrilow et al. 2016; Pontifex et al. 2013; Ziereis
and Jansen 2015). Another factor may be the tasks involved
in evaluating aspects of cognition, which is addressed in
the next section.

Moderator Analysis

Based on the moderator analysis (see Table 5), only the
type of cognitive tasks significantly moderated the popu-
lation effect size, xz(l) = 4.08, p = .04. Indeed, the
majority of the ASD studies evaluated on-task duration or
simple learning tasks (n = 5), except for Anderson-Hanley
et al. (2011), which examined executive functions. Con-
versely, all ADHD studies (n = 16) investigated aspects of
executive functioning. Regardless of diagnosis, individual
meta-analysis by cognitive tasks demonstrated larger pop-
ulation effect size values for on-task duration/simple
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Fig. 1 A forest plot displaying
the effect sizes and confidence
intervals of studies included in

95% Confidence Intervals of all Effect Sizes

the meta-analysis. Note All i 0.159
effect sizes are corrected to 3 — Anderson-Hanley et al. (2011)
: ! [-.343, .590]
decimal places. Mean effect ! 0.003
sizes for ASD and/or ADHD are = #— Becker (1997) [-.403, .408]
based on the random-effects i 0.583 o
model. Open square box ASD ! = —8— Birchfield (2014) [-.630, .969]
studies. Filled square box —0.0657
ADHD studies o —@— Chang, Liu et al. (2012) [-.445, .331]
-0.005
- —— Chang et al. (2014) [-.446, .438]
i 0.381
' = —— Choi et al. (2015) [-.054, .695]
'-0-006 —m— Chuang et al. (2015) [-.498, .507]
-0043 —m— Craft (1983) [-.456, .386]
10.106
— —— Gapin et al. (2015) [-.590, .711]
i 0.185
I —m— Gawrilow et al. (2016) [-.201, .521]
0.531
! —_—] —{J— Hartshorn et al. (2001) [.244, .733]
i 0.423
; - —@— Kangetal. (2011) [-.017, .725]
10.120
0 —— Medina et al. (2009) [-.353, .544]
' 0.144
—0 —{— Nicholson et al. (2011) [-.950, .972]
i 0.454
r m —{1— Oriel et al. (2011) [-.336, .869]
. 0.198
: » —— Pan etal. (2015) [-.162, .511]
0.303
. = —— Pontifex et al. (2013) [-.223, .692]
1 0.148
—0 —{— Rosenthal-Malek & Mitchell (1997)
EO 105 [-.851,.915]
— —— Smith et al. (2013) [-.491, .635]
! 0.625
! 0 —{J— Tanetal. (2013a) [.031, .892]
1 0.184
] —&— Verret et al. (2012) [-.329, .613]
i 0.530
| —_—— —— Ziereis & Jansen (2015) [.174, .764]
0.471
! —{— —{— Mean Effect Size (ASD) [.313, .603]
1 0.181
! —— —— Mean Effect Size (ADHD)
10235 081, .278]
! —@— —o0— Mean Effect Size (ASD/ADHD)
' [.131, .335]
-1 -08 -06 04 -02 0 02 04 06 08 1
Effect Size r

learning tasks (n = 5), r = .526 (95 % confidence inter-
val = .362, .658), than for EF tasks (n = 17), r = .180
(95 % confidence interval = .087, 271). As EF is a broad
umbrella term that involves functions such as inhibition, set

shifting, planning and working memory (Pennington and
Ozonoff 1996), the efficacy of exercise would be better
understood by analysing its cognitive effect with respect to
EF domains.
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Table 4 Results of individual

random-effects meta-analyses Group 95% confidence intervals
by diagnostic group k n T Q Lower Mean ES Upper z p
ASD/ADHD 22 579 .017 18.02 131 235 335 4.35 <.01*
ASD 6 128 .000 3.65 313 471 .603 5.36 <.01*
ADHD 16 451 .003 14.76 .081 181 278 3.51 <.01*
k number of studies, n sample size
*p<.05
;Il‘]tb;(feﬁiai\go(jlfe::;r;::fglclt on Continuous predictors 95% confidence intervals for b
cognition in ASD and ADHD Lower Point estimate Upper t p
samples
Duration of exercise —.014 —.004 .005 —.995 .34
Sample size —.008 —.001 .006 —.348 74
Categorical Predictors Comparisons xz daf P
Diagnosis ASD 1.73 1 .19
ADHD
Exercise type® Single activity 3.37 1 .07
Mixed activity
Age (Years) 3-10 0.77 2 .68
11-18
19-25
Control Control group 0.38 1 .54
Control condition
Cognitive tasks On-task duration/Learning 4.08 1 .04%*
EF tasks
Session number Single bout 0.14 1 71

Multiple bouts

N = 22 studies
*p <.05

% All exercise interventions involved some form of aerobic exercises; single activity refers to any type of
aerobic exercise that involved only one-type of physical activity (e.g., treadmill), while mixed activity
represents a mixture of various kinds of aerobic and perceptual-motor exercises

Meta-Analysis by EF Domains

As there is only one ASD paper that included EF tasks (i.e.,
Anderson-Hanley et al. 2011), it is not included in the meta-
analysis by EF domains. The EF tasks from the 16 ADHD
articles are categorised into inhibition (n = 11), memory
(n = 6), and set shifting (n = 5). Only inhibition and memory
functions demonstrated significant small to medium ES fol-
lowing post-exercise intervention, r = .181 and r = .286,
respectively (see Table 6). Sensitivity analysis revealed a
reduced effect size on inhibitory control for severe one-tailed
selection bias, r = .097, and memory function, r = —.500.
This result means that the estimated effect sizes for both EF
domains may be smaller than the findings of the individual
meta-analysis. Interestingly, the attenuated effect size for
memory function reduced drastically and reversed the positive
effect of exercise (i.e., exercise has a negative impact on

@ Springer

memory functions). However, the finding on memory should
be interpreted with caution as the number of papers included is
limited (n = 6). Moreover, the memory tasks included a range
of memory functions (e.g., visual/verbal working memory),
and thus it is also possible that the exercise effect varies for
different aspects of memory (Chang et al. 2012a).

Discussion

Efficacy of Exercise Interventions on Individuals
with ASD and/or ADHD

The results from this meta-analysis support the efficacy of
exercise on improving some aspects of cognition in young
individuals with ASD and/or ADHD. The overall effect of
exercise intervention has a small to medium effect on ASD/
ADHD individuals, » = .235. This is similar to the overall
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Table 6 Results of individual Group 95% confidence intervals

random-effects meta-analyses

by executive functions (ADHD) k n T Q Lower r Upper z p
Executive functions 16 451 .003 14.76 .081 181 278 3.51 <.01*
Inhibition 11 288 .000 3.95 .057 174 287 2.89 <.01*
Memory 6 168 .043 421 .027 .286 510 2.16 .03%*
Set shifting 5 127 .023 3.83 -.029 184 382 1.70 .09

k number of studies, n sample size
*p<.05

effect size estimate reported (d = 0.32, equivalent to
r =.16) in children with/without learning or physical
disabilities (Fedewa and Ahn 2011; Sibley and Etnier
2003), but closer to the effect size found (d = 0.52,
equivalent to r = .25) in healthy individuals aged
6-35 years (Verburgh et al. 2013). Given that this meta-
analysis combines ASD and ADHD samples, diagnosis is
expected to be a potential moderator on the overall effect
size. Contrary to expectation, though, diagnosis was not a
significant moderator. Although this may be due to the
small number of ASD studies (n = 6), it may also be due to
high-comorbidity shared between both disorders (e.g.,
Joshi et al. 2010). This finding indicates that exercise
interventions are likely to be beneficial to both ASD and
ADHD populations. Similarly, sample size, age group, the
type of control group/condition, and the type of exercise
and number or duration of intervention sessions did not
significantly moderate the relationship between exercise
and cognition. These findings are partially consistent with
other meta-analyses. Sibley and Etnier (2003) also reported
that the effect of exercise is not dependent on the type of
exercises but Fedewa and Ahn’s (2011) meta-analysis
found larger positive effect of aerobic exercise compared
with other types of exercise interventions (e.g., perceptual-
motor exercises). Given that the present review included
studies that conducted exercise interventions that involved
either aerobic-type or aerobic and perceptual-motor exer-
cises, the current finding did not find any significant dif-
ferences in their impact on cognitive functions. In addition,
other meta-analyses found a greater post-exercise cognitive
benefit in younger children (Sibley and Etnier 2003;
Fedewa and Ahn 2011), contrary to this finding where the
exercise-cognition effect was more likely to be beneficial
across ASD/ADHD individuals aged between 3 and
25 years; similar to findings from the general population
reported by Verburgh et al. (2013). Despite methodological
differences in the type of populations (i.e., clinical versus
general population) included in the various meta-analyses,
a consistent finding is that the relationship between exer-
cise and cognition is moderated by the type of cognitive

tasks (e.g., Chang et al. 2012a; Fedewa and Ahn 2011;
Sibley and Etnier 2003; Verburgh et al. 2013).

Efficacy of Exercise Interventions by Cognitive
Tasks

The effects of exercise interventions on cognition differ
based on the type of cognitive tasks used to evaluate its
efficacy. In the current review, the cognitive tasks were
separated into two broad categories, on-task duration/sim-
ple learning tasks (i.e., the length of time individuals stayed
engaged on a specific task; or for example, the number of
correct responses on the value of various coins presented,
see Rosenthal-Malek and Mitchell 1997) and global exec-
utive functions. Current findings demonstrated that exer-
cise interventions have a larger effect on the duration spent
on-task and the completion of simple tasks than EF tasks.
When diagnosis type by cognitive tasks are considered,
exercise has a large effect on on-task duration/simple tasks
in individuals with ASD, r = .526 (n = 5). With regards to
ADHD samples (n = 16), exercise has a small to medium
effect on EF, r = .181. This is a smaller effect compared to
the effect size reported by Cerrillo-Urbina et al. (2015),
d = 0.58 (equivalent to r = .28), possibly due to a smaller
number of articles included in their analysis (n = 3). Fur-
thermore, this review extended the findings of Cerrillo-
Urbina et al. (2015) by including the original 3 articles in
their paper that examined EF, further reinforcing the con-
clusion that exercise interventions have positive effects on
EF in ADHD individuals.

Efficacy of Exercise Interventions on Executive
Functions (ADHD)

The meta-analysis indicates that exercise interventions
have specific beneficial effects on inhibitory and memory
functions (r = .174 and r = .286, respectively), but there
are unclear effects on set shifting performance. Even under
the most severe one-tailed selection bias model, exercise
interventions remain effective in enhancing inhibition in

@ Springer
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ADHD individuals (i.e., »r = .097). This indicates that
exercise interventions could be particularly useful for tar-
geting improvement in inhibition aspects of EF. On the
contrary, memory benefits after exercise may exist but the
effect may be much smaller, and varies among different
types of memory functions. For instance, another meta-
analytic study reported that visual short-term memory
improves following exercise, d = 0.49 (equivalent to
r = .24), but exercise has a negative impact on other
aspects of memory including sequential and auditory-ver-
bal memory (Chang et al. 2012a). Overall, the present
meta-analysis partially supports the hypothesis that exer-
cise may be essential in compensating for the EF deficits,
especially inhibitory control observed in this clinical pop-
ulation (Wigal et al. 2013).

Individual Variations

Based on the summary table (“Appendix”), it is apparent
that there is a wide range of cognitive tasks that measures
various aspects of EF, and most importantly, not all func-
tions were improved by exercise interventions. This finding
is similar to those studies based on the general population
(e.g., Kramer and Erickson 2007; Tomporowski et al.
2008). Further, the effect of exercise is selective and affects
some areas of cognition more than others. If exercise is to
be treated as a form of “medication”, it is also necessary to
acknowledge its limitations. This will facilitate advance-
ment in the science of using exercise to improve cognition
by identifying what areas of cognition are not affected by
exercise, and which population or factors limit its effec-
tiveness (e.g., fitness level, diagnosis). Specifically, why
does person A improve but not person B? The focus on
“why” will bring the field a step closer to uncovering the
mechanism of exercise on cognition.

Limitations/Future Directions

The present meta-analysis bridges the gap in the literature
regarding the exercise and cognition relationship in the
ASD/ADHD and typical developing populations. Although
the overall findings are encouraging, it should be regarded
as a tentative conclusion in guiding future research and
future large-scale randomised-controlled trials would be
required to validate the current findings. Moreover, the
findings should also be interpreted in the context of the
existing limitations. Firstly, the number of articles avail-
able and included in this review (i.e., 22 studies) is still
considered relatively small compared to other meta-anal-
yses in the typical developing population literature. In
particular, the number of ASD studies examining exercise-
cognition relationship is very limited (i.e., six studies),

@ Springer

especially on EF. Secondly, five studies (one ASD and four
ADHD articles) did not report non-significant results. This
reporting bias is consistent with the results of the sensi-
tivity analysis. As mentioned earlier regarding the limita-
tions of exercise interventions, future studies should try to
include at least some basic information on non-significant
findings (e.g., effect size, means, and standard deviations).
Furthermore, similar to drug trials, it would be informative
to also report the number of participants that show
improvements in their cognition. This is because most
studies in the literature only rely on the mean statistics and
it may be possible that the number of individuals that truly
improve in cognition after exercise interventions is low but
the mean score of the experimental group/condition is high
or significantly different to the control group/condition (see
Speelman and McGann 2013 regarding limitations of the
mean). Thirdly, variability in individual differences such as
developmental and fitness levels, and the intensity of
exercise interventions are identified in the literature as
important moderators in understanding the exercise-cog-
nition relationship (e.g., Chang et al. 2012a; Kramer and
Erickson 2007; Tomporowski et al. 2008); however, 18
studies did not report IQ levels and 12 studies did not
provide quantification of their exercise interventions (e.g.,
heart rate, oxygen consumption). Therefore, these factors
could not be examined in this meta-analysis. Fourthly, the
current results could only support the use of exercise in
enhancing aspects of cognition for individuals up to
25 years of age. Therefore, it is unknown if exercise
interventions are equally effective in older age groups with
ASD/ADHD. Lastly, another limitation is the inherent
issues within EF tasks. Due to the complex nature of EF, an
EF task is usually unable to provide an isolated measure of
a specific cognitive process that it intends to measure and
invariably also captures other aspects of EF and non-EF
processes (e.g., Pennington and Ozonoff 1996; Suchy
2009). Moreover, most studies included in the meta-anal-
ysis examined each EF domain with a single neuropsy-
chological task, making it difficult to ascertain whether an
improvement (or not) on a single task after exercise
intervention is indeed a reflection of an actual change in
that particular EF. In addition, recent literature has sup-
ported EF as a multifaceted latent construct where various
domains are separable but interdependent (e.g., Cassidy
2016). Thus, future experimental studies could consider
using a number of neuropsychological tasks to assess each
EF domain (Ziereis and Jansen 2015) and if possible, to
include a range of EF measures (see e.g., Smith et al.
2013). Although the present meta-analysis is unable to
evaluate the exercise effect on other EF such as planning,
sustained attention and working memory due to limited
number of papers examining these areas; nevertheless,
various neuropsychological tasks used in the studies (refer
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Table 7 Binomial effect size

display (BESD): efficacy of Condition

Effect size (r)

% Improved

% Not improved

Variance (r2)

post-exercise interventions on
cognition

ASD/ADHD

ASD (on-task/learning task)
ADHD (executive function)
ADHD (inhibition)

ADHD (memory)

235 61.75 38.25 .06
526 76.30 23.70 28
181 59.05 40.95 .03
174 58.70 41.30 .03
.286 64.30 35.70 .08

to “Appendix”) are combined to evaluate the effect of
exercise intervention on inhibition, set-shifting and mem-
ory functions (including working memory). Specifically,
there is support that exercise benefits inhibitory function in
individuals with ADHD.

Clinical Implications: Binomial Effect Size Display

A major issue that has been overlooked in the literature is
the practical interpretation of what effect size actually
means in the context of applying exercise interventions in
improving cognitive functions. The binomial effect size
display (BESD) by Rosenthal and Rubin (1982) enables the
interpretation of effect size in meaningful terms: the esti-
mated percentage of individuals that improved aspects of
their cognition by exercise interventions. Notwithstanding
the limitations, the conversion of overall r to BESD
(Table 7) demonstrates that relative to control groups or
baseline measures, overall, following exercise interven-
tions, 61.75 % of the individuals with ASD and ADHD
improved on aspects of their cognitive performance.
Specifically, exercise benefited 76.30 % of ASD individuals
by enhancing their on-task behaviour and performance on
simple learning task. For ADHD individuals, 59.05%
reported cognitive benefits on aspects of their EF after
exercising; especially on inhibitory control (i.e., 58.70 %).
Based on Table 7, it is evident that exercise interventions
mostly only account for a small variance on cognitive
improvements, supporting the consensus in the literature
that the relationship between exercise and cognition is
complex and is moderated by many other factors such as
individual differences (e.g., Chang et al. 2012a; Tom-
porowski et al. 2008). Nonetheless, it should be noted that
the implications of utilising exercise interventions with
individuals with ASD and/or ADHD should not be under-
estimated, as it is likely to be particularly useful in
addressing areas of their cognitive function in which they
typically do not perform well (e.g., inhibition). Further-
more, apart from exercise-induced improvement in aspects
of EF, which is likely to be related to neurobiological
pathways such as catecholamine (see e.g., Wigal et al.
2013), neurotrophic and growth factors (see e.g., Ratey and
Loehr 2011); indirect pathways including elevated self-

efficacy, mood, and other psychosocial functioning (e.g.,
Davis and Lambourne 2009; Tan et al. 2013b; Tom-
porowski et al. 2011) may also be beneficial to individuals
with ASD and/or ADHD.

Conclusion

The findings from this meta-analysis support the efficacy of
using exercise interventions in improving some aspects of
cognitive functions in individuals with ASD and/or ADHD
between the ages of 3-25 years old. Additionally, similar
to conclusions from the typical developing literature, the
exercise effect varies among individuals and favours some
cognitive functions over others. Although the mechanism
behind the unique characteristics of the exercise effect on
cognition remains inconclusive, acknowledging the limi-
tations of what exercise can and cannot do provides
important groundwork towards further understanding the
relationship between exercise and cognition.
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