PHYSICAL EXERCISE IN ASD: A META-ANALYSIS

This is a post-peer-review, pre-copyedit version of an article published in Journal of
Autism and Developmental Disorders. The final authenticated version is available
online at: http://dx.doi.org/10.1007/s10803-021-05152-z

Effects of physical exercise interventions on stereotyped motor behaviours in children with ASD:

A meta-analysis

Elizabeth J. TEH',
Ranjith VIJAYAKUMAR?,
Timothy Xing Jun TAN?,

Melvin J. YAP?

! Department of Otolaryngology / Division of Graduate Medical Studies, Yong Loo Lin School of Medicine,
National University of Singapore

2 Department of Psychology, National University of Singapore

Correspondence concerning this article should be addressed to:

Dr. Elizabeth J. Teh

Email: entejt@nus.cdu.sg
Telephone: +65 6516 8026
ORCID ID: 0000-0001-7389-1113

Declarations

Conflicts of interest: The authors declare that they have no conflicts of interest.




PHYSICAL EXERCISE IN ASD: A META-ANALYSIS 2

Abstract

Studies have reported that physical exercise reduces maladaptive stereotyped motor behaviours (SMB) in
children with ASD, but these intervention studies vary in design and outcome. The present systematic review
and meta-analysis included 22 studies, involving 274 children with ASD, to quantify the effect of exercise on
SMB and its potential moderators. Multi-level modelling revealed a large overall effect, Hedges’ g=1.16, with
significant heterogeneity across participant, treatment, and study levels. Further, a more appropriate model using
between-case estimation for within-subject effects to improve comparability between single-case and group-
design studies, yielded a smaller but still significant effect, g=0.51. Lastly, higher exercise intensity, but not age,
exercise duration or settings, reliably predicted treatment effectiveness. Implications for clinical practice and
research are discussed.
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Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder that affects an estimated one in
every 54 children (Maenner et al., 2020). The key characteristics of ASD are impaired social interaction and
communication skills, and restricted, repetitive patterns of behaviour, interests or activities (American
Psychiatric Association, 2013). While individuals with ASD experience these symptoms to different extents,
many tend to experience isolation because their symptoms reduce their ability to interact successfully with
others (Kunzi, 2015). Thus, treatment that is effective and yet tailored to the individual is needed to cater to
the heterogeneity of symptom profiles within the ASD population. The current review will focus on treatment
of one common characteristic in ASD, namely, stereotyped motor behaviours, through the use of physical
exercise interventions.

Stereotyped Motor Behaviours (SMB)

Restricted and repetitive behaviours (RRB) in ASD include stereotyped motor behaviours (SMB),
insistence on sameness (IS), and circumscribed interests (CI) (Leekam, Prior, & Oljaveric, 2011). The three
subtypes of RRB are significantly correlated with each other but they exhibit different relationships with other
developmental characteristics, such as nonverbal I1Q (Bishop et al., 2006; Richler et al., 2010). Thus,
researchers have argued that it is useful to study them separately in order to better understand their etiologic
mechanisms and responses to treatment (Cuccaro et al., 2003; Richler et al., 2010). Many children with ASD
display forms of SMB during their development, including stereotyped movements of specific body parts such
as hand-flapping, repetitive manipulation of objects, vocal stereotypy, and/or echolalia (Leckam et al., 2011;
McLaughlin, 2010).

SMB may interfere with other aspects of functioning (Richler et al., 2010). Koegel and Covert (1972)
reported a negative effect on learning in three children with ASD, in which their ability to focus and attend to
information. Moreover, the attention allocated to specific objects or movements also leads to reduced social
functioning and reduced opportunities for social interaction, potentially resulting in children with ASD not
receiving critical input for normal social development (Lee, Odom, & Loftin, 2007; Richler et al., 2010).
Another study by Koegel and colleagues (1974) found that while children were engaged in SMB, they were
unable to exhibit appropriate play behaviours which in turn reduced their socialization. Given the negative
outcomes associated with SMB, there is a need for evidence-based treatments to help reduce these maladaptive
behaviours.

Theories of SMB. Researchers have proposed at least three models to explain the manifestation of

SMB in people with ASD. One theory is that individuals with ASD exhibit SMB to regulate arousal and



PHYSICAL EXERCISE IN ASD: A META-ANALYSIS 4

maintain homeostasis (Turner, 1999). A compensatory effect for restoring sensory homeostasis may be
induced by SMB, either by increasing sensory stimulation or physiological arousal in the case of under-
arousal or by providing soothing stimulation and blocking out external stimuli in the case of over-arousal
(Hutt & Hutt, 1965; Zentall & Zentall, 1983). Another explanation suggests that the presence of SMB is due
to reduced inhibition of inappropriate behaviours and difficulties generating novel behaviour in ASD, leading
to a maintained set of restricted behaviours (Leekam et al., 2011; Turner, 1997). Lopez and colleagues (2005)
show support for this theory, finding that deficits in cognitive flexibility and planning are correlated with the
occurrence of stereotypic behaviours. Finally, SMB can be described as an operant behaviour which is
maintained through sensory reinforcement. These behaviours provide perceptual, auditory and/or tactile
stimulation, which provide pleasant internal consequences for the individual (Rapp & Vollmer, 2005) and are
thus automatically reinforced (Furniss & Biswas, 2012).

All three theories above conceptualize SMB as self-maintained behaviour that either rewards the
individual in terms of arousal-regulation and/or sensory reinforcement, or is sustained by a failure of inhibition.
As such, it has been proposed that physical exercise can decrease an individual’s need to engage in SMB by
facilitating arousal modulation back to optimal levels (Boyd et al., 2011). Further, exercise and SMB that
involve similar body mechanics may provide similar internal sensations. Studies have shown that interventions
matching the specific topography of SMB in an individual with ASD (e.g., ball throwing exercises matching
hand-flapping stereotypic behaviours) produce the greatest reduction in that form of SMB (Rapp et al., 2004;
Tse et al., 2018). In this view, exercise may serve as an abolishing operation for SMB by functioning as
matched-stimulation which in turn decreases the reinforcing value of SMB (Neely et al., 2015). Evidently,
physical exercise shows promise as a form of intervention for SMB.

Exercise Interventions for SMB

Physical exercise interventions are an antecedent-based intervention that reportedly alleviates SMB and
improves other aspects of functioning in individuals with ASD (Bremer et al., 2016; Petrus et al., 2008). Some
exercises that have reportedly produced reductions in SMB include jogging (Kern et al., 1982), cycling (Olin et
al., 2017), ‘exergaming’ or virtual reality exercise activities (Anderson-Hanley et al., 2011), ball exercises
(Nazemzadegan et al., 2016), therapeutic horseback riding (Gabriels et al., 2012), yoga (Koenig et al., 2012),
and martial arts (Bahrami et al., 2012). Petrus et al. (2008) conducted a systematic review of seven studies
published between 1982 and 2003 which indicated that exercise provides short-term reductions of SMB in

children with ASD. Another systematic review by Bremer et al. (2016), involving 13 studies from 1993 to 2013,
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reported that exercise interventions led to improvements in stereotypic behaviours, socio-emotional functioning,
cognition and attention. Only six of the included studies measured changes in SMB, with five studies reporting
significant reductions and one study by Oriel et al. (2011) reporting no significant change in SMB post-
intervention. Of these six studies, only three reported effect sizes, allowing the reviewers to obtain a large
average effect size of Cohen’s d = 1.6 based on the three studies. Bremer et al. (2016) chose to conduct their
systematic review without a meta-analysis due to the heterogeneous samples, interventions, and outcomes in the
studies. The limitation here is that systematic reviews descriptively evaluate the quality of studies’ research
designs and analytical methods to gauge the robustness of their results (Mallet et al., 2012), but unlike meta-
analytic reviews, do not quantitatively estimate intervention effectiveness across studies.

More recently, Ferreira et al. (2019) and Tarr et al. (2020) conducted meta-analyses on the same topic
with similar results. Ferreira et al.’s meta-analysis included eight studies and revealed an overall effect size of d
= 1.11, suggesting that children with ASD showed a reduction in stereotyped behaviours after exercise
intervention. However, the authors applied strict inclusion criteria, namely, (a) samples composed of children up
to 16 years with a diagnosis of ASD; (b) physical exercise intervention without the involvement of animals as a
complementary therapeutic resource or any other parallel secondary intervention (e.g., cognitive or social
intervention); (c) SMB as a dependent variable; and (d) published in 1970-2017. Consequently, their review
examined a relatively small sample of studies. Tarr et al. (2020) reviewed 10 studies, comprising four group-
design (aggregate score) studies and six single-case studies, involving children with ASD aged 3 to 21 years old.
They, too, reported positive outcomes on SMB, but with a smaller effect size of d = 0.456. Further, they tested
16 moderator hypotheses, including sex, age, type and function of stereotypies, intervention choice, intensity,
duration, and other characteristics. Analysing the two groups of studies separately and in combination, there
were no significant effects reported within any of the moderators. However, Tarr et al. (2020) applied
categorical coding for each variable, which might have limited the data, and the small sample sizes in their
analyses were likely under-powered to detect moderator effects with 16 variables tested. Moreover, there are
methodological concerns with the conventional meta-analysis models used in both reviews, discussed next.
Current gaps and methodological problems in previous reviews

Potential moderators. Despite the range of exercise interventions reported in the literature, previous
reviews have not definitively identified factors that may affect treatment outcomes on SMB. Two potential
moderators that warrant further examination are exercise intensity and duration. It has been reported that

vigorous exercise such as jogging might be more effective than mild exercise, such as walking or ball-play
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(Kern et al., 1984; Levinson & Reid, 1993). On the other hand, Olin and colleagues (2017) found that lower-
rather than higher-intensity aerobic exercise, as measured by heart rate per minute, was better for reducing SMB
in adolescents with ASD. They further reported that higher-intensity exercise for 20 minutes worsened SMB
symptoms compared to baselines. Commenting on exercise durations, Liu and colleagues (2016) recommended
15 minutes of moderate-to-vigorous exercise, whereas Burns and Ault (2009) proposed that just 5 to 8 minutes
on the treadmill were effective for reduction of SMB. Further research is needed to clarify these mixed findings.

Another interesting question for researchers and practitioners is with regards to intervention setting.
Sowa and Meulenbroek (2012) found that physical exercises delivered individually were more effective than
group exercises for improving functional motor and social skills in ASD, but this moderating effect has not yet
been examined on SMB outcomes. Additionally, while the majority of studies have examined physical exercise
interventions conducted on children rather than adults with ASD (Bremer et al., 2016; Petrus et al., 2008), it
remains unclear if children with ASD of all ages benefit from such interventions. Lastly, another variable of
interest would be ASD severity in study samples. Changes in diagnostic criteria over the years makes this
variable difficult to quantify consistently but it may be useful to describe samples qualitatively for review.

Previous sample limitations. The four reviews by Ferreira et al. (2019), Tarr et al., (2020), Bremer et
al. (2016), and Petrus et al. (2008) — which, to the best of our knowledge, are currently the only reviews to have
considered the effectiveness of exercise interventions on SMB in children with ASD — were based on small
numbers of studies, partly because variability in ASD samples and interventions made it difficult to integrate
findings across studies. We argue that appropriately conducted meta-analysis can be used to synthesize findings
in the extant literature on the same research questions and better understand the sources of heterogeneity across
studies (Beeson & Robey, 2006). We further propose that greater inclusivity in treatment reviews is important
for establishing evidence-based practices for individuals with ASD. It is timely to conduct an updated review
including emerging treatments such as exergaming and therapeutic horseback-riding which are increasingly
used by interventionists. Additionally, besides peer-reviewed studies, unpublished dissertations often offer
valuable findings from well-designed research studies (Borenstein et al., 2009), and published studies using
samples drawn from autism-specific educational programmes may also contribute useful findings. A larger
sample size in a well-conducted meta-analysis may increase power to detect effects of clinical interventions
(Morley, 2018).

Combining single-case and group design studies appropriately. Single-case design (SCD) studies

involve one or more participants undergoing one or more treatments, using a range of experimental designs to
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examine treatment effectiveness (Morley, 2018). With heterogeneous clinical populations such as ASD, well-
designed case studies are often pivotal for investigating treatment effects, more so than randomized controlled
trials (Howard et al., 2015). As such, the exercise interventions reviewed previously included a number of
studies using single-case designs (SCD; e.g., Kern et al., 1982; Levinson & Reid, 1993). In SCD studies, unlike
group designs, individual outcomes can be reported for each participant and treatment. However, previous meta-
analyses have often inappropriately combined individual participants’ outcomes in SCD studies to obtain a
single average effect size from each study (e.g., Ferreira et al., 2019; Sowa & Meulenbroek, 2012). This method
effectively implies that the effect sizes within a study are homogeneous, which is not a reasonable assumption in
many SCD studies (Cheung, 2015).

Another problem arises when reviewers include two or more effect sizes from the same study in a
meta-analysis without accounting for dependencies between them, together with single effect sizes obtained
from other studies. For example, in Ferreira et al.’s (2019) meta-analysis, one study contributed separate effect
sizes for male and female sub-samples, while the remaining seven studies contributed one effect size each. This
method violates the assumption of independence of effect sizes and may lead to incorrect inferences about the
data (Cheung, 2015). Lastly, effect sizes derived from group-designs are computed using within-group standard
deviations, while effect sizes derived from SCDs use the within-phase standard deviation of each participant
(Ferreira et al., 2019). This computational difference is problematic in a conventional meta-analysis which
weights effect sizes by their sampling variance (Shadish et al., 2014). Tarr et al. (2020) created a between-
variance based on computed Tau-U scores for SCDs but acknowledged that autocorrelations were not accounted
for in their study. In contrast, Shadish and colleagues devised a new method for estimating the standardized
difference between cases in SCD studies to control for autocorrelation and render the treatment effect size
comparable to the group-design metric (Valentine et al., 2016). We propose using updated statistical methods
involving multi-level meta-analyses and between-case effect size estimation (for SCD studies) to address all
these concerns.

In summary, reviews to date have generally reported benefits of exercise interventions for reducing SMB
in ASD. However, the reviews were based on small numbers of studies involving different exercise types,
intensity, and duration. There is a need for an updated review of the extant literature using appropriate meta-
analytic models to obtain a more accurate estimation of the true treatment effect size in the population.
Concomitantly, a larger and more diverse set of studies will increase power and variability to detect and better

understand moderator effects for future exercise interventions.
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The present study

The present study aims to address the above empirical and methodological gaps by using updated
meta-analyses methods to investigate two research aims:

1. To estimate the overall effectiveness of physical exercise interventions on SMB for children with ASD;
and

2. To examine the potential influence of (i) participant age, (ii) exercise intensity, (iii) exercise duration, and
(iv) intervention setting on SMB outcomes.

This review will include SCD and group intervention studies that examined exercise effectiveness on
frequency of stereotyped motor behaviours in children with ASD. will include participants with a range of
SMB severity, intervention methods and study designs, yielding a larger pool of studies and increasing the
power of this review to detect significant effects. We will apply a multi-level meta-analysis, modelling effect
sizes at participant-level, treatment-level, and/or study-level, while preserving information about effect size
heterogeneity within studies (Method 1). In addition, we will present a second exploratory model using Shadish
et al.’s (2014) recommendation for estimating treatment effect sizes from eligible SCD studies. This analyses
will examine whether the proposed estimation method changes the pattern of results for overall effectiveness
and moderator effects on SMB in children with ASD (Method 2). The findings from this review will provide
deeper insights into the relationship between exercise interventions and SMB, and contribute crucial evidence-
based information for designing effective exercise interventions to reduce SMB in children with ASD. Finally, it
will provide insights for future reviewers interested in conducting multi-level meta-analyses involving
heterogeneous clinical groups.

Method
Literature search

A systematic search was initially conducted applying Bremer et al.’s (2016) search strategy on physical
exercise interventions for children with ASD. Four electronic databases were initially searched to identify
published and unpublished studies for inclusion. The databases were PsycINFO, Scopus, Web of Science, and
PubMed. Following Bremer et al. (2016), the definition of exercise applied was, “physical activity that is
planned, structured, repetitive and purposeful” (Caspersen et al., 1985, p. 152). This definition was chosen for
being broad and generalizable to many different exercise types. The keywords used in the literature search were
‘Autism Spectrum Disorder’, ‘ASD’, ‘Autism’, ‘Asperger’, ‘Pervasive Developmental Disorders’, ‘PDD-NOS’,

‘children’, ‘physical exercise’, ‘exercise’, ‘physical activity’, ‘sports’, and a comprehensive word string for
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physical exercise activities to account for the differences in terminology used in the various databases (see
Appendix 1 for the full word string). Additionally, a keyword search on Google Scholar was conducted.

Inclusion criteria. Studies had to meet the following criteria: (1) published between 1900 and 2018;
(2) written in English; (3) included at least one participant diagnosed with ASD; (4) independent variable was
physical exercise intervention; and (5) the dependent variable was frequency of SMB. Studies were excluded if
physical exercise was used as a form of punishment (contingent exercise).

{INSERT FIGURE 1 ABOUT HERE}

Figure 1 depicts the results of the systematic literature search. The initial search of four databases
(PsycINFO, Scopus, Web of Science and PubMed) yielded 436 records. After removing 45 duplicates, the
remaining abstracts were screened by the third author. A total of 375 records were deemed irrelevant, for
reasons such as not meeting the pre-specified inclusion criteria or being commentaries and review articles.
These were discussed with the first and fourth authors and agreement obtained to reject the records. The
reference lists of the remaining 16 records were then scrutinized to identify additional studies and a keyword
search using Google Scholar was conducted, yielding 11 further studies after screening. Thus, 27 studies were
eligible for full-text appraisal. In two studies, the target population was children with developmental
disabilities who exhibit stereotyped behaviours (Powers et al., 1992; Prupas & Reid, 2001). Both studies
recruited children with ASD or PDD-NOS, and one child with Fragile X syndrome which is a condition that
has high co-morbidity with ASD, and the authors agreed to include both studies. Four studies were excluded
which did not report sufficient data (in the form of tables, graphs, exact probabilities, and/or descriptive
statistics) for calculation of effect sizes, and one other study was excluded due to it having a different measure
of the dependent variable, namely, whether a specific SMB improved, worsened, or stayed the same. A total of
22 studies met the inclusion criteria and were included in the meta-analysis. Summary characteristics of the
included studies are presented in Table 1.

{INSERT TABLE 1 AROUND HERE}
Quality assessment

The quality of each study was evaluated using the Mixed Methods Appraisal Tool (MMAT), which is
suitable for appraising methodological quality for different study designs within a single tool (Pluye et al., 2009;
revised, Hong et al., 2019). The MMAT was chosen because our review includes studies using RCT (2 studies),
non-randomized designs (8 group- and 10 single-case design experiments), and single-subject experiments (2

studies). The quality assessment focused on exercise interventions and data on SMB, with higher scores
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indicating lower risk-of-bias in studies.
Data extraction and statistical analyses

Method 1: Four-level random-effects meta-analysis.

Effect size calculation. We first computed standardized mean differences from each study following
methods in previous meta-analyses (e.g., Ferreira et al., 2019; Sowa & Meulenbroek, 2012). We extracted
sample sizes, treatment and control means and SDs for between-group designs; and pre-intervention and post-
intervention means and standard deviations (SDs) for within-group designs and SCD designs. Where the means
and SDs were not reported, the study’s raw data were extracted to calculate the pre-intervention and post-
intervention means and SDs. Two studies (Koenig et al., 2012; Rosenblatt et al., 2011) did not provide means
and SDs or raw data, and so the effect size was calculated using the reported ¢-value and sample-size. We
calculated Hedges’ g (Hedges, 1981), which is a small-sample corrected version of standardized mean
difference (Cohen’s d, Cohen, 1988). Group studies provided one effect size per treatment, with studies having
multiple treatments providing the corresponding number of effect sizes per study. SCD studies provided one
effect size per participant, and multiple treatments yielded multiple effect sizes per participant. Thus, we
extracted data from 22 studies (nine SCD and 13 group-design studies) which yielded 59 effect sizes. All effect
size calculations were done using R statistical software (R Core Team, 2019), using the esc_mean_sd() function
or esc_f() function in the esc package.

Four moderators of interest were extracted from the studies, as follows:

e Participant age. Age was treated as a continuous variable. Mean ages were coded for group-design studies.
e Exercise intensity. The most objective way to measure exercise intensity is by using physiological measures
from participants. However, few studies used physiological measures such as participant heart rate or an

accelerometer to measure intensity through participants’ movements. Therefore, we instead coded exercise
intensity by reference to the Compendium of Physical Activity 2011 to provide a way to standardize
physical exercise intensities based on the exercises’ metabolic equivalent (MET) intensities (Ainsworth et
al., 2011). MET is the ratio of the work metabolic rate compared to the resting metabolic rate. The
Compendium provides estimated MET values for a comprehensive list of physical activities used in the
research literature, from light/low intensity (< 3.0 METs) to vigorous/high intensity (=6 METs) (Ainsworth
etal., 2011). For this review, each study’s exercise description was matched to the closest activity
descriptors in the Compendium to obtain the corresponding MET value, and similar activities were assigned

a consistent MET value across studies. Thus, intensity was also coded as a continuous variable.



PHYSICAL EXERCISE IN ASD: A META-ANALYSIS 11

o Exercise duration. The duration of exercise interventions ranged from approximately 1.5 minutes to 60
minutes. Exercise duration was coded as a continuous variable.

e [Intervention setting. Individual setting involves one participant performing the physical exercise intervention
without other participants present, regardless of the number of interventionists attached to the participant.
Group setting interventions have multiple participants performing the physical exercise intervention
together, usually in a class. For this review, intervention setting was coded as either individual or group.

Statistical model. In a conventional meta-analysis, the sampling variance of effect sizes in a study is
modelled at level-1 and between-study variation is modelled at level-2. However, this method does not account
for dependencies among effect sizes from the same studies (versus from different studies) included in a meta-
analysis (Cheung, 2015). The present method corrects for this by modelling the dependencies of data at separate
clusters or levels, as shown by the schematic depiction in Figure 2. With sampling variance forming level-1, we
modelled effect sizes (level-2) nested within treatments (level-3), which were in turn nested within studies
(level-4). Thus, this four-level model accounts for dependencies among individual effect sizes in SCD and
group-design studies while preserving information about effect size heterogeneity within studies, yielding a
more accurate estimate of the true effect of physical exercise intervention on SMB. Additionally, we used robust
variance estimation to test the significance of the effect size in consideration of complex dependencies within
our multi-level structure where participants nested within treatments in some SCDs were cross-nested in other
treatments within those studies (Hedges et al., 2010).

Between-study heterogeneity was indicated by the [ statistic, which represents the overall magnitude
of true heterogeneity versus sampling error between studies. Percentages of 25%, 50%, and 75% indicate low,
medium, and high heterogeneity, respectively (Hunter & Schmidt, 1990). A random-effects model was chosen
over a fixed-effects model as it assumes that the average effect size within the population differs randomly
across the various studies (Cheung, 2015), reflecting the heterogenous nature of the ASD population in the
present investigation. Besides, a random-effects model leads to a lower Type I error compared to a fixed-effects
model, generating more accurate results (Hunter & Schmidt, 1990). Lastly, using a random-effects model in the
meta-analysis allows the results to be generalizable to a larger population beyond the studies in the review
(Field & Gillett, 2010).

{INSERT FIGURE 2 AROUND HERE}

Method 2: Between-case random-effects meta-analysis.

Between-case effect size calculation for SCDs. Shadish and colleagues (2014) pointed out that
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between-groups and between-participants (or ‘cases’) effect sizes, as described in Method 1 above, may not be
statistically comparable as they are estimated with different denominators. Group-designs use the within-group
SD, while SCDs use the within-phase SD of each participant. Following Shadish et al.’s method for SCD
studies, we extracted means and SDs and number of sessions in treatment and baseline conditions or calculated
them using raw data across sessions available from tables or graphs. By this method, each SCD study provided
one effect size per treatment, with multiple treatments resulting in multiple effect sizes per study (Figure 3).
However, calculations can only be done for studies with at least three participants and available information on
the specific sequence of sessions per participant. Consequently, six SCD studies were excluded from our
calculations due to insufficient participants and/or session data. For Method 2, we included three SCD studies
and all 13 group studies which yielded 24 effect sizes. The calculations were done using the web-application
scdhlm (Pustejovsky, 2016).

Statistical model. The treatment effect sizes from SCD and group studies are now modelled at the same
level (level-2), nested within studies which form level-3, with sampling variance forming level-1 (see model
depiction in Figure 3). Thus, a three-level random effects meta-analysis model was applied, and the overall
effect size was tested using robust variance estimation.

{INSERT FIGURE 3 AROUND HERE}

For both Method 1 and Method 2, we conducted moderator analyses to examine how the effect of
physical exercise intervention across levels may be moderated by participant age, exercise intensity, duration,
and setting. The meta-analyses were conducted using the metafor package (Viechtbauer, 2010) in statistical
software R (R Core Team, 2019). The R-codes for the two meta-analyses are provided in Supplement 1.

Results
Characteristics of included studies

Participants. Collectively, a total of 274 individuals with ASD took part in the physical exercise
interventions. Autism was the most common diagnosis, followed by Asperger’s Syndrome and then PDD-
NOS. The mean age of participants across studies, where reported, was 9.60 years old, and the participant age
range was from 3 to 21 years. There were 225 males (82.1%) and 35 females (12.8%). The gender of the
remaining 14 individuals (5.1%) was not reported.

Outcome measures. The frequency of SMB was measured in studies either using direct or indirect
methods. Researchers in 15 studies used direct methods, such as time sampling and interval recording of SMB.

The remaining seven studies used indirect methods, by obtaining parent/caregiver-reported ratings of
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stereotypic behaviours pre- and post-intervention. The most commonly used measures were the Gilliam
Autism Rating Scale (2™ ed.) which provides a 14-item subscale for stereotypic behaviours, and the Aberrant
Behaviour Checklist (Aman & Singh, 1994), which provides a 7-item subscale for stereotypic behaviours.
Both measures rate items on a four-point Likert scale.

Exercise interventions. A wide variety of physical exercise interventions were represented in this
review, covering a range of exercise intensities, including: jogging (10 studies), walking (3 studies), ball
playing (4 studies), cycling (2 studies), dance (2 studies), roller skating (1 study), trampoline jumping (1
study), yoga (2 studies), therapeutic horseback riding (1 study), kata martial arts (1 study) and nei yang gong’

(1 study). Some studies used only one exercise intervention while others compared two or more exercise
interventions.

Quality of the included studies. Following the MMAT (2018) criteria, eight papers were rated as high
quality five-star studies (*****), meeting all five quality criteria; nine papers were rated as four-star (****),
meeting 80% of criteria; and four papers as acceptable or three-star (***), meeting 60% of quality criteria. One
study by Nazemzadegan et al. (2016) was rated lower (**) due to potential assignment bias and inconsistent
reporting of the intervention sessions. All studies applied appropriate outcome measures, such as clearly defined
measures for frequency of SMB, or standardised parent-rated measures for ASD-characteristic stereotypical
behaviours. One common concern was rater bias, as data were often collected by parents/caregivers of
participants or by researchers who were involved in conducting the intervention. Some researchers increased
reliability by using two independent raters and reported high inter-rater agreements (e.g., Levinson & Reid,
1999). Another concern was confounding variables, such as individual participants’ preference/dislike of
exercise treatments, SMB variability, and activities immediately prior to the intervention. These factors were
discussed by some authors (e.g., Lee et al., 2018), but were generally not controllable in the studies. Studies
were also given lower ratings if inclusion /exclusion criteria were not specified. Lastly, potential reporting bias
was identified in one study by Kern et al. (1982), where complete outcomes were reported for only two of seven
participants and included in the present review.

{INSERT FIGURE 4 ABOUT HERE}
Overall exercise intervention effectiveness on SMB

Method 1: Combined four-level random-effects meta-analysis

! A form of Chinese mind-body exercise, based upon Zen principles of martial arts and healing, involving sets of slow,
gentle, and smooth movements.
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Figure 4 presents the individual effect sizes (Hedges’ g) from the 22 included studies, and overall
effect size with robust-variance estimated 95%-confidence intervals (Clos) of the combined four-level random-
effects model. The average effect size based on this model was g = 1.16 [Clos = 0.72, 1.61], with an estimated
sampling variance of 0.32. For this investigation, a positive Hedges’ g value indicates a reduction in the
frequency of SMB exhibited by children with ASD. Heterogeneity in effect sizes across studies was significant
(O(58) = 230.20, p < .001) with estimated heterogeneity variance F = 0.763, indicating that 76.3% of the
variance was accounted for by real differences in effect sizes (i.e., not attributable to sampling variance). Our
multi-level meta-analysis revealed the breakdown of the variance: level-4 between-study differences contributed
23.0% of the variance; 31.4% of the variance was attributable at level-3 between-treatments within studies; and
21.9% at level-2, within treatments.

Moderator analyses. Next, we examined potential sources of variability contributing to the significant
heterogeneity found, using robust variance estimation on the selected variables.

Age. The estimated regression coefficient was 0.04, SE = 0.08, p =.64, indicating that age was not
significant as a moderator and did not explain any variance in intervention outcomes.

Exercise intensity. This moderator was significant, with coefficient 0.30, SE = 0.05, p <.001, indicating
that greater exercise intensity produced more reductions in SMB.

Exercise duration. The estimated regression coefficient was -0.02, SE = 0.01, p =.02, indicating that
longer duration had a negative effect on intervention outcomes.

Intervention setting. Finally, settings showed a non-significant effect on intervention outcomes, F(1,
20)=0.02, p =.90.

Bias detection. A visual inspection of the funnel plot of effect sizes in Figure 5a showed asymmetry,
which was suggestive of publication bias. We tested for bias using Egger’s modified regression test for multi-
level models (Egger et al., 1997) with study SEs as a moderator. A significant intercept suggests publication
bias, possible dependencies among effect sizes that were not modelled adequately, or other inadequacy in
sample selection (Sterne et al., 2011). The intercept coefficient was significant (-1.41, p =.001) in this analysis.
A further sensitivity analysis using Cook’s distance for effect sizes of individual studies was conducted to detect
any cases which might exert an inordinate influence over the parameters of the model. This test was selected
because it evaluates both residual statistics (influence of a case on the ability of the model to predict that case)
and leverage (influence of the observed value of the outcome variable over the predicted values) in a regression

analysis (Viechtbauer & Cheung, 2010). We applied a cut-off of > 4/N (where N is the number of effect sizes),
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which identified one study, Chan et al. (2013), as an influential outlier (Figure 5b).

We then re-ran the meta-analysis after removing this study. The overall average effect size remained
significant, g = 1.24 [Clos = 0.82, 1.66], with estimated sampling variance = 0.33. Effect size heterogeneity was
slightly lower at 72.4% (Q(57) = 198.98, p <.001, FZ =0.724), with between-study variance at level-4 now
20.3%, variance at level-3 now 30.0%, and variance at level-2 now 22.1% . For moderators, the same two
factors remained significant, i.e., exercise intensity (0.28, SE = 0.04, p <.001) and exercise duration (-0.02, SE =
0.01, p=.04). Age (0.05, SE = 0.08, p =.49) and exercise setting (F(1,19) = 0.11, p = .74) were not significant.
As there was no change in the pattern of overall and moderator effects after adjusting for bias, except that
overall average g was slightly larger in magnitude, we decided to retain all studies to avoid reducing the
relatively small sample size in this meta-analysis.

{INSERT FIGURE 5 ABOUT HERE}
Method 2: Between-case three-level random-effects meta-analysis

The between-case three-level meta-analysis included 16 studies comprising effect sizes from three
SCD studies calculated using Shadish et al.’s (2014) method and 13 group-design studies. Figure 6 presents a
forest plot of the individual effect sizes (Hedges’ g), overall effect size and robust-variance estimated
confidence intervals. The average effect size based on this model was g =0.51, [Clos = 0.19, 0.83], with an
estimated sampling variance of 0.27, indicating an overall reduction in the frequency of SMB exhibited by
children with ASD obtained in these studies. Heterogeneity in effect sizes across studies was significant Q(23) =
51.97, p <.001, = 0.409, suggesting that 40.9% of the variance was accounted for by real differences in effect
sizes not attributable to sampling variance. The level-2 between-treatment differences contributed 40.9% of the
variance, while level-3 between-study variance was reduced to zero after considering the between-treatment
variance.

Moderator analyses. Exercise intensity was the only significant moderator, with coefficient 0.21, SE =
0.07, p =.01. No significant effects were found for the other tested variables of participant age (-.08, SE= 0.06, p
=.22), exercise duration (-.01, SE= 0.01, p =.31), and intervention setting (F(1, 14) = 0.80, p =.39).

Bias detection. A funnel plot of the effect sizes is presented in Figure 7a. Egger’s modified regression
test for multi-level models, using study SEs as a moderator, revealed a non-significant intercept, -0.50, p =.15,
suggesting no significant publication bias. Lastly, a sensitivity test using Cook’s distance did not detect any

cases above the cut-off (Figure 7b), suggesting that the overall effect size was not unduly influenced by any
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particular study in this analysis.’
{INSERT FIGURES 6 & 7 ABOUT HERE}

Post-hoc analyses. We calculated the numbers-needed-to-treat (NNT) as a clinical measure of our
findings. NNT is based on the risk difference between desirable/undesirable outcomes in treatment and control
groups. The ideal NNT is 1, indicating 100% improvement in the treatment group and 0% improvement in the
control group (Cook & Sackett, 1995). For SMB, clinicians usually consider the impact of improvement on
functioning rather than applying an absolute cut-off threshold. Thus, we simulated NNT across a range of
clinical scenarios from 0.2 (more optimistic) to 0.8 (more pessimistic) probability of improvement in the control
group (Thorlund et al., 2011). For model 1, with overall average g = 1.16, the estimated NNT ranged from 3
(0.2 probability) to 5 (0.8 probability) participants to treat. For model 2, with g = 0.51, the NNT range was
slightly higher from 6 to 8 participants. Currently, few behavioural treatments in ASD have reported NNT
values (e.g., Eldevik et al., 2010). We present this analysis for clinicians’ reference and use when more NNT
measures of treatments for SMB are available for comparison in future.

Discussion

This review included 22 empirical studies involving children with ASD aged 3 to 21 years old. The
first aim of this review was to quantify the effectiveness of exercise interventions on SMB in children with
ASD, by synthesizing a wide range of existing intervention programmes in the literature using multi-level
modelling to examine variability in this heterogeneous population. The second aim was to explore the specific
influence of child age, exercise intensity, duration, and intervention setting on treatment outcomes. To our
knowledge, this review is the first attempt to statistically control for dependencies in small-N studies in this area
and test moderators of exercise intervention outcomes on SMB in children with ASD. Additionally, we applied
two statistical models, a four-level random-effects meta-analysis and a three-level between-case random-eftects
meta-analysis, to address methodological problems in the literature. The two meta-analyses indicated that
exercise reduces SMB in children with ASD, but there was high variability in outcomes across treatments and
studies. Exercise intensity appears to be a positive and strong predictor for effectiveness, while other variables
of age, exercise duration and setting were not reliable moderators. We will discuss and compare the results from

each model in turn below, together with suggested recommendations for future researchers.

2 Since the study by Nazemzadegan et al. (2016) had a relatively low quality score of 2, we also conducted a sensitivity
analyses by re-running all the meta-analyses without this study. The overall effect size increased slightly (Method 1: from g
=1.16 to g = 1.19; Method 2: from g = 0.51 to g = 0.52), and heterogeneity I* was slightly higher (Method 1: from 76.3% to
77.0%); Method 2: from 40.9% to 42.9%). The pattern of significance for overall and moderator effects remained
unchanged. Thus, we decided to retain the study in the review to avoid reducing the sample sizes above.
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Method 1: Four-level random-effects meta-analysis
Effectiveness of exercise on SMB

Our first model, a four-level random-effects meta-analysis with study effect sizes derived from all 22
studies using conventional estimation methods, yielded an average Hedges’ g effect size of 1.16, which may be
considered a large effect size (Cohen, 1988). Our findings are consistent with previous reviews reporting that
exercise interventions can reduce SMB (e.g., Ferreira et al., 2019; Petrus et al, 2008). Further, we extend
previous meta-analyses by Ferreira et al. (2019) and Tarr et al. (2020), which included fewer studies and applied
conventional (but inappropriate) meta-analysis models. Our review which covers a wider range of treatments
and study designs, including case studies and unpublished dissertations, supports the view that there is merit to
greater inclusivity of existing treatments and studies in meta-analysis of clinical samples (Borenstein et al.,
2009). Moreover, the findings are supported by the fact that most studies were of acceptable to high quality
according to the MMAT tool.

Our overall findings provide indirect evidence for the arousal modulation theory of SMB in ASD,
which claims that individuals with ASD exhibit SMB in order to regulate arousal to optimum levels and
maintain homeostasis (Hutt & Hutt, 1964; Turner, 1999). Alternatively, exercise is known to involve similar
body mechanics as SMB (Lang et al., 2010) and may generate the same pleasant sensory reinforcement induced
by SMB (Rapp et al., 2005), leading to an observable reduction in SMB post-exercise. There is less support for
the hypotheses of SMB maintenance due to cognitive inflexibility (Turner, 1997), which would predict a
continuing need to engage in the exercise or replacement with SMB post-exercise. These theoretical questions
are not directly examined in our review but are worthy of future research.

Potential moderators of exercise treatment effectiveness for SMB

Our novel use of a multi-level meta-analysis revealed that between-treatment differences accounted for
the most variance (31%), while within-treatment and between-study variance were approximately 22% each.
The results emphasise a need to examine differences due to variables at different levels.

Role of exercise intensity. Exercise intensity was a significant moderator of treatment effects, with
higher exercise intensity producing larger effects on SMB. This finding further supports the theory of the role of
SMB in arousal regulation. Kerr and van den Wollenberg (1997) reported that higher intensity exercise led to
significantly greater increases in arousal compared to lower intensity exercise in a group of typical adults. For
the children with ASD in this review, it is possible that higher intensity exercise caused arousal levels to return

to optimum levels at a quicker rate and remain at homeostasis for longer periods of time, leading to a greater
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reduction in the frequency of SMB. Exercise interventions of higher intensity have also been shown to lead to
greater executive functioning improvements (Tsukamoto et al., 2016). In this study, we coded intensity by
reference to a standardized classification system based on metabolic equivalence (Ainsworth et al., 2011) since
many studies did not report physiological measures of intensity. Future research should explore the robustness
of this finding using relevant reported physiological measures such as participant heart rate.

Role of exercise duration. The meta-analysis in Method 1 found a significant negative effect of
duration, but the small regression coefficient (b = -.03) suggests minimal impact on intervention outcomes that
may not be clinically significant. This may partially explain the mixed recommendations in the current literature
ranging from 5 to 15 minutes as the most effective exercise duration (e.g., Burns & Ault, 2009; Liu et al., 2015).
It may be that a wide range of exercise durations are equally effective for reducing the frequency of SMB in
children with ASD. This finding has implications for treatment dosage and further research comparing exercise
durations in interventions may be recommended.

Non-significant effects of age and exercise setting. Treatment outcomes were not moderated by age,
indicating that such forms of intervention will be beneficial for children and youths up to 21 years old. We
also did not find a significant effect of setting, indicating that exercises were equally effective whether
conducted in one-to-one or group settings. This is inconsistent with Sowa and Meulenbroek (2012), who
reported that individual settings produced greater improvements in functional motor and social skills than
group settings for children and adults with ASD. The authors hypothesized that outcomes were enhanced by
more frequent or intensive therapist-client interactions but noted that the studies did not clearly describe the
extent of interaction required in individual versus group settings. We were also unable to determine the
extent to which exercise participants in group settings were required to meaningfully interact with
interventionists or other participants. However, it may be hypothesized that children with ASD, who tend to
experience social/communication deficits to some extent, might derive similar benefit from exercise for
reducing SMB whether in an individual or group activity.

Method 2: Between-case random-effects meta-analysis

In method 2, we applied Shadish et al.’s (2014) recommendation of calculating between-case effect
sizes in SCD studies with treatment data from at least three participants, which were then comparable to effect
sizes from group-design studies. (We will compare and discuss the meta-analytic models in a later section.)
Based on a subset of 16 eligible studies, we obtained a positive, medium average effect size of g = 0.51 [Clys

0.16, 1.66]. Evidently, the finding that exercise is effective for reducing SMB in children with ASD was robust
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under both our methods of estimation. However, after accounting for the within-study dependencies
appropriately in the between-case model, it appears that the effect size may be smaller than previously estimated
using conventional methods. Further, variance at the study-level was nearly negligible (0%) after accounting for
between-treatment differences (41%). In this model, exercise intensity was the only significant moderator of
treatment outcome, with higher intensity associated with stronger effects on SMB. Duration of exercise was not
significant (p =.30). Taken together with the small effect of duration reported in Method 1, it appears that this
variable is not a reliable predictor of exercise intervention outcomes on SMB. Similarly, age and exercise setting
were not significant moderators of treatment outcomes on SMB, which is consistent with the findings reported
in the four-level model.

Updated meta-analysis models and effect size estimations

Previous meta-analyses have combined SCD and group studies by obtaining average effect sizes from
each study, resulting in a loss of information about effect size heterogeneity within studies. Previous reviewers
have also assumed independence of within-study effects (e.g., Ferreira et al., 2019; Tarr et al., 2020), which is
problematic for inferential statistics. In contrast, the use of multi-level modelling in our meta-analyses allowed
us to account for within-study dependencies, and preserve and examine sources of heterogeneity between cases
within treatments and within studies at different levels. Additionally, in model 2, we re-estimated between-case
effect sizes in SCD studies to address a methodological problem in conventional meta-analyses where effect
sizes calculated from individuals (over a time-series) and groups (at pre-/post-treatment timepoints) were treated
equally (Shadish et al., 2014). The between-case effect sizes were then appropriately combined with group-
study effects to obtain a more accurate estimate of overall effect size and variability. The pattern of effects
produced were largely similar to the previous model, but effect sizes were smaller in magnitude using the
between-case model. For clinicians, the revised model indicates that efficacy of exercise interventions may be
slightly lower than previously suggested.

It is possible that meta-analyses using effects derived using conventional estimation may be more
vulnerable to Type I errors. However, since between-case effect sizes can only be calculated with sufficient data
from study participants, there were only three SCD studies in our between-case model and inclusion of more
eligible SCD studies is required before drawing firm conclusions. Hence we suggest that future researchers
using SCD designs include at least three participants, and, at minimum, report outcome means, standard
deviations, and sequence and number of trials per treatment. Additionally, we suggest that numbers-needed-to-

treat statistics for interventions be reported to facilitate comparison of efficacy across treatments. Further, for
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future meta-analyses of studies involving heterogeneous ASD populations, we recommend that researchers
select appropriate methods to estimate study effect sizes based on the types of study designs included, and use
appropriate meta-analyses models to statistically control for dependencies in the different study designs in order
to obtain more accurate estimates of true treatment effects.

Limitations and more future directions

Many studies in this review did not report whether participants were on medication or receiving other
forms of intervention besides exercise during the study, which may have confounded findings in some studies.
Also, since we deliberately included studies involving individuals with a range of SMB severity in order to
reflect the full range of symptom severity in ASD, it is possible that our results may not equally apply to
individuals who exhibit lower and higher SMB severity. In the present review, symptom severity could not be
tested as a moderator due to a lack of consistency in rating scales applied by researchers across studies. Thus,
sample descriptors were provided including ASD diagnoses and IQ where available for readers’ review. For
moderator analyses, our selected variables were mostly non-significant and the only reliable moderator,
exercise intensity, was coded using a metric (Ainsworth et al., 2011). Hence further research is required on
intensity and other potential moderators to better understand and design more effective exercise treatments for
children with ASD.

Lastly, this review only examined immediate post-intervention effects of exercise. Only three studies
measured frequency of SMB at follow-up time-points. Bahrami et al. (2012) reported that participants in their
kata intervention still exhibited significantly less SMB compared to those in the control condition when
measured at two days and 30 days post-intervention. Similarly, Prupas and Reid (2001) found that SMB levels
at seven days post-intervention were lower than pre-intervention levels. In contrast, Levinson and Reid (1993)
reported that SMB levels gradually rose back to original levels around 90 minutes after exercise. Therefore,
longitudinal research is needed to better understand how well the benefits of exercise interventions are
sustained over the longer-term for children with ASD.

Conclusion

This review used multi-level random-effects meta-analyses with two computation methods
(conventional and between-case) for effect sizes to better understand the effects of exercise interventions on
SMB in children with ASD. Since ASD is clinically heterogeneous, it is important to understand how
variability in presentation might affect intervention effectiveness. Besides, there is a wide range of exercise

interventions in practice. Applying multi-level meta-analyses, this study revealed that exercise interventions
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were effective in reducing SMB, with higher intensity exercise enhancing the effect significantly. Exercise
interventions appear to be an evidence-based and sustainable approach to managing SMB in children with
ASD as such interventions can be easily conducted and made affordable and accessible to clients (Chasson et
al., 2007). However, more research is needed to understand moderators of exercise effectiveness on SMB
symptoms in children with ASD. For future research, we recommend that researchers select appropriate
methods to design single-case studies that will facilitate the use of appropriate meta-analyses in future

reviews.
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