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Abstract

Gross motor ability is associated with profound differences in how children experience and 

interact with their social world. A rapidly growing literature on motor development in autism 

spectrum disorder (ASD) indicates that autistic individuals exhibit impairment in gross motor 

skills. However, due to substantial heterogeneity across studies, it remains unclear which gross 

motor skills are impaired in ASD, when and for whom these differences emerge, and whether 

motor and social impairments are related. The present article addressed these questions by 

synthesizing research on gross motor skills in ASD in two separate meta-analyses. The first 

examined gross motor deficits in ASD compared to neurotypical (NT) controls, aggregating data 

from 114 studies representing 6,423 autistic and 2,941 NT individuals. Results demonstrated a 

significant overall deficit in gross motor skills in ASD (Hedges’ g = −1.04) that was robust 

to methodological and phenotypic variation and was significant at every level of the tested 

moderators. However, moderation analyses revealed that this deficit was most pronounced for 

object control skills (i.e., ball skills), clinical assessment measures, and movements of the upper 

extremities or the whole body. The second meta-analysis investigated whether gross motor and 

social skills are related in ASD, synthesizing data from 21 studies representing 654 autistic 

individuals. Findings revealed a modest but significant overall correlation between gross motor 

and social skills in ASD (r = 0.27). Collectively, results support the conclusion that motor deficits 

are tied to the core symptoms of ASD. Further research is needed to test the causality and 

directionality of this relationship.
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Motor skills are fundamental to human behavior and development. The empirical study of 

motor control was largely neglected by the field of psychology for decades (Rosenbaum, 

2005). However, a recent resurgence of research in this area has established a robust link 

between gross motor and social communication skills. For example, in typically developing 

children, changes in posture and mobility are associated with changes in the social and 

communicative input that infants receive (Karasik et al., 2014; Kretch et al., 2014) and 

the social behaviors that they produce (Clearfield, 2011; Clearfield et al., 2008; Karasik et 

al., 2011). Similarly, poorer gross motor skills (i.e., motor skills involving movement of 

large muscle groups) have been shown to correlate with poorer interpersonal coordination 

(Fitzpatrick et al., 2017a, 2017b) and reduced participation in social activities (Bar-Haim & 

Bart, 2006; Jarus et al., 2011) in children and adolescents. Such evidence indicates that gross 

motor and social skills are intimately related, though the extent to which this relationship 

arises from direct causal influences between domains or shared underlying genetic or neural 

causes remains unknown.

For children on the autism spectrum,1 motor deficits may compound existing vulnerabilities 

in the social domain (Leonard & Hill, 2014; West, 2019). Autism spectrum disorder 

(ASD) is a neurodevelopmental disorder characterized by core impairments in social 

communication and restricted and repetitive behaviors (American Psychiatric Association, 

2013), affecting approximately one in 59 children in the United States (Baio et al., 2018). 

While motor impairment is not currently included in the diagnostic criteria for ASD, a 

growing body of literature supports the presence of pervasive gross motor abnormalities in 

ASD, including later achievement of early gross motor milestones (e.g., Liu, 2012), atypical 

gait (for a review, see Kindregan et al., 2015), more fragmented and less accurate reaching 

skills (Crippa et al., 2015; Yang et al., 2014), poor balance and postural instability (for a 

review, see Lim et al., 2017), difficulty with ball skills and object control (e.g., Ament et al., 

2015), impaired coordination (e.g., Hilton et al., 2012), and poorer overall gross motor skills 

based on both parent report (e.g., Hedgecock et al., 2018) and clinical assessment (e.g., Pan, 

2014). However, prior studies exhibit substantial heterogeneity in their construct of interest 

(e.g., gait, postural development, ball skills), method of measurement (e.g., standardized 

neuropsychological assessment, behavioral coding of video, kinematic motion capture), 

participant characteristics (e.g., age, sex), and level of statistical control for potentially 

confounding variables (e.g., intelligence quotient; IQ). Because of these inconsistencies, it 

is challenging to determine precisely which gross motor skills are impaired in ASD, the 

effect sizes of impairments for different types of gross motor skills, when in development 

these differences emerge, whether gross motor skill deficits are independent of broader 

cognitive or developmental functioning, or whether gross motor skill deficits are associated 

with specific subgroups or features of individuals on the autism spectrum.

1Identity-first language is used in this article rather than person-first language, consistent with preferences among autistic adults and 
self-advocates (Brown, 2011; Bury et al., 2020; Kenny et al., 2016).
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A richer understanding of the nature of gross motor deficits in this population has important 

scientific and clinical implications. First, it may elucidate whether gross motor impairment 

should be considered a core feature of the autism phenotype. In recent years, as evidence has 

accumulated to support the presence of pervasive motor deficits in ASD, some researchers 

and clinicians have begun to call for motor impairment to be included in the diagnostic 

criteria or clinical specifiers for ASD (Bhat, 2020a, 2020b; Licari et al., 2020; Mosconi & 

Sweeney, 2015; Zampella et al., 2021), but questions remain regarding the pervasiveness 

and specificity of these impairments to ASD. Synthesizing the existing literature on gross 

motor impairment would help to determine which skills are impaired in ASD and assess the 

strength of their relationship to the core clinical features of ASD. Second, a fine-grained 

examination of the types of gross motor skills that are impaired in individuals on the autism 

spectrum may shed light on the specific motor processes that are disrupted in ASD. For 

instance, some studies have found that balance and object control skills (i.e., the ability 

to accurately and efficiently throw, strike, catch, and kick objects) are more impaired than 

other motor skills in ASD (Ament et al., 2015; Whyatt & Craig, 2012) and that object 

control skills are the only motor skills that predict later ASD symptom severity (MacDonald 

et al., 2013). As object control skills require continuous in-the-moment integration of 

sensorimotor feedback to adjust motor output, such findings provide novel hypotheses about 

the fundamental mechanisms underpinning motor impairment in ASD. Third, evidence from 

prospective studies suggests that deficits in gross motor skills are observable at 7 months 

of age in infants at high familial risk for ASD, earlier than any reliably observable social 

symptoms identified in the literature to date (Leonard et al., 2014). Gross motor skills have 

also been found to predict later social and communicative skills for autistic infants (West, 

2019) and school-age children (MacDonald et al., 2013), even after controlling for other 

predictors, such as infant cognitive abilities. A better understanding of motor deficits in 

ASD would contribute to hypothesis generation surrounding potential predictors of ASD 

outcomes and targets for early intervention. For these reasons, a nuanced understanding of 

gross motor deficits and their relation to social skills in ASD has the potential to inform 

diagnosis, clinical intervention, phenotypic characterization, and knowledge of the etiology 

of ASD.

In service of this goal, meta-analysis can provide a comprehensive analysis of gross motor 

skill deficits and their association with social skill impairment in ASD by statistically 

synthesizing previous findings and testing the moderating effects of conceptual and 

methodological factors across studies. To date, three existing meta-analyses have addressed 

motor impairment in ASD. In 2010, Fournier, Hass, and colleagues published a meta-

analysis examining motor coordination in ASD. The focus was not specifically on gross 

motor skills but did incorporate studies on coordination, gait, balance, and arm movements. 

Results demonstrated a robust difference in motor coordination skills in ASD (standardized 

mean difference; SMD effect size = 1.20). The authors examined several moderators of 

effect size but did not investigate the type of motor skill (e.g., balance, locomotion, ball 

skills) or cognitive ability as potential moderators. Since 2010, there has been a dramatic 

increase in the number of published studies of motor skills in ASD (Figure 1), meriting an 

updated meta-analysis of this literature. Lim et al. (2017) conducted a meta-analysis focused 

on standing postural control (i.e., ability to maintain stable upright posture while standing). 
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Autistic individuals exhibited significantly greater postural instability across a number of 

experimental conditions (effect sizes ranging from 0.87 to 1.85). These results provided 

fine-grained analysis of a single-skill area but did not resolve questions surrounding gross 

motor skills in ASD more broadly. Finally, a meta-analysis by West (2019) examined 

motor deficits in infants who went on to receive a diagnosis of ASD. Results demonstrated 

evidence of a significant overall motor skill deficit (effect size = 1.06) that was robust to 

variation in study design and methodology and increased across infancy, providing a more 

detailed picture of whether and when motor deficits emerge in early development for autistic 

individuals. However, included studies were confined to those of infancy and toddlerhood, 

and thus results cannot address whether motor impairments in ASD change over the 

lifespan. Moreover, this meta-analysis did not examine whether there are specific gross 

motor skills that are selectively more impaired among autistic individuals. Collectively, 

these prior meta-analyses leave unanswered questions about the specific types of gross 

motor skills that are impaired in ASD or whether any deficits are associated with, or 

better accounted for by, other phenotypic or methodological features. In addition, no prior 

meta-analysis has evaluated the relationship between gross motor and social skills among 

individuals on the autism spectrum.

Our meta-analysis focuses on gross motor skills rather than fine motor skills for both 

practical and theoretical reasons. First, gross motor skills hold particular promise as 

potential early predictors of ASD. As described above, there is a growing body of research 

demonstrating an association between motor and social skills in both typical and atypical 

development (Leonard & Hill, 2014; West, 2019). The majority of studies in this area 

focusing on infants and the early developmental period have identified close associations 

between changes in gross motor and social communication skills, with fewer focusing on 

fine motor behavior (Gonzalez et al., 2019; Leonard & Hill, 2014). Early gross motor 

milestones are highly observable and easy to reliably test and evaluate (WHO Multicentre 

Growth Reference Study Group, 2006), while fine motor behaviors are by contrast more 

refined, more difficult for observers to reliably characterize, and less salient to caregivers. 

Gross motor skills are more variable than fine motor skills very early in development 

(Leonard et al., 2015), due either to differences in ease of measurement early in life or 

true differences in maturation rate between domains; such interindividual variability is 

advantageous in that it may be predictive of individual differences in ASD-related behaviors 

and outcomes. Indeed, prior research has found that changes in gross but not fine motor 

skills in the first 7 months of life are associated with social communication development for 

typically developing infants (Libertus & Violi, 2016) and for infants who went on to receive 

a diagnosis of ASD (Leonard et al., 2015).

It was also necessary for our team to limit the scope of this meta-analysis in service of 

feasibility. Our literature searches were designed to capture all available research on motor 

and social skills in ASD—a literature that has exploded over the past decade (Figure 1). 

Ultimately, a combined total of over 300 articles were excluded at the abstract and full-text 

screening phases because they did not include a measure of gross motor skills, but may have 

measured another domain of motor behavior; indeed, we estimate that there are at least 120 

full-text articles excluded from our meta-analysis that focus on fine motor skills specifically. 

In light of the scope of the literature on fine motor skills in ASD, a separate meta-analysis 
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focused on providing a detailed picture of fine motor behavior in ASD is warranted. 

Conducting separate meta-analyses of gross motor and fine motor skills in ASD would allow 

for more granular moderator analyses and clearer conclusions regarding the nature of motor 

impairment in ASD. In sum, given the literature supporting the association between gross 

motor and social development, preliminary evidence of a specific link between very early 

gross motor skills and later social communication outcomes, and practical constraints on the 

scope of our meta-analysis, we chose to focus our review on gross motor skills specifically.

Thus, the goal of the present study was to conduct a systematic review and two separate 

meta-analyses to synthesize knowledge about gross motor deficits and their relationship to 

social skills in autistic individuals. The first meta-analysis (Study 1) aggregated data and 

parsed heterogeneity across studies that had examined gross motor skills in ASD compared 

to neurotypical (NT) controls. Specifically, the aims of Study 1 were to (a) provide the most 

up-to-date estimate of the overall significance and effect size of gross motor deficits in ASD; 

(b) determine which aspects of gross motor ability are most or least impaired in autistic 

individuals relative to NT controls; and (c) investigate whether methodological differences 

(motor assessment modality, methodological quality) and phenotypic variables (age, IQ, 

sex) moderate these effects. The second meta-analysis (Study 2) synthesized data across 

studies that had examined the relationship between gross motor and social skill deficits in 

ASD.2 The goals of this study were to (a) establish whether gross motor skill deficits are 

significantly associated with social skill deficits in ASD when aggregating across studies; 

(b) determine which specific domains of gross motor and social skills are associated; and (c) 

evaluate whether methodological differences (assessment modality, methodological quality) 

and phenotypic variables (age, IQ, sex) moderated these effects. Together, Study 1 provides 

the most comprehensive available understanding of how, when, and for whom gross motor 

skills are impaired in ASD and Study 2 elucidates the potential link between deficits in basic 

motor function and the core social symptoms of ASD.

Method

Search Procedure

A literature review was conducted in Pubmed and PsycINFO to identify studies on gross 

motor skills in ASD. In addition to keywords, to ensure discovery of all conceptually 

relevant findings (despite potential differences in specific terminology or keywords across 

articles), the controlled vocabulary of each database (Pubmed: Medical Subject Headings; 

PsycINFO: Thesaurus of Psychological Index Terms) was used to build searches. Searches 

required studies to have at least one motor-related classification (e.g., “motor skills,” “gait”) 

and at least one autism-related classification (e.g., “autism,” “autism spectrum disorder,” 

“Asperger syndrome,” “pervasive developmental disorder”3). In PsycINFO, search results 

2Study 2 focuses only on individuals on the autism spectrum, as measures of social skills designed for autistic populations are 
typically not sensitive to individual differences in the NT range of skills, and thus likely to exhibit very little variability in NT samples. 
As a result, inclusion of NT groups could result in correlations that reflect categorical group differences rather than a continuous 
dimensional relationship between gross motor and social skills.
3“Asperger syndrome” and “pervasive developmental disorder” were included because Asperger syndrome and pervasive 
developmental disorder—not otherwise specified are considered disorders on the autism spectrum and were subsumed under the ASD 
diagnostic classification in the Diagnostic and Statistical Manual of Mental Disorders, 5th edition (American Psychiatric Association, 
2013).
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were restricted to studies with human subjects and studies in English. Subcategories of each 

controlled vocabulary term were evaluated and included where relevant, either by exploding 

the term or by selecting relevant individual subcategories to include in the search. No 

restrictions were placed on publication date. The full syntax for each search can be found 

in the Supplemental. Searches were carried out in March 2020 and identified both published 

and unpublished (i.e., dissertation) findings.

Collectively, after removing duplicate records, these database searches identified 1,085 

unique articles. While screening full-text articles for eligibility, we identified 26 additional 

studies via backward searches of reference lists of included studies or previous meta-

analyses for relevant articles that were not captured by our search. Of these, five remained in 

the final sample for Study 1, and one remained in the final sample for Study 2. The resulting 

1,111 unique articles were subsequently screened for eligibility.

Study Screening and Selection Procedure

Abstract Screening—Articles were subjected to two rounds of screening (see Figure 2, 

for the flowchart summarizing screening procedures). First, two independent raters (Leah 

A. L. Wang and Victoria Petrulla) screened all 1,111 article abstracts using the open-source 

web application Rayyan (Ouzzani et al., 2016). Articles were screened for both Study 1 and 

Study 2 simultaneously and were excluded if ineligibility for both studies was apparent from 

the abstract alone (e.g., if the study did not include human subjects or did not include any 

reference to motor skills). Raters classified each abstract as either excluded or included for 

full-text screening and were blind to one another’s ratings. Interrater reliability was high 

(Cohen’s κ = 0.72, percent agreement = 87.70%). Conflicts were resolved via discussion. In 

total, 761 articles were excluded at this stage.

Study 1.: Articles were assessed for eligibility based on inclusion and exclusion criteria. 

For inclusion in Study 1, articles were required to incorporate all of the following: (a) 

human subjects and not solely a cellular, molecular, or animal model study; (b) a group of 

individuals with a confirmed diagnosis of ASD4 (psychiatric comorbidities were permitted 

in the ASD group); (c) a NT control group, or data reported from an ASD group that could 

be compared to established population norms (i.e., standard scores from a norm-referenced 

measure of gross motor skills, age of gross motor milestone achievement); (d) a continuous 

measure of gross motor ability, defined as involving the action of large muscle groups (i.e., 

arms, legs, or torso), consistent with developmental theory, assessment, and research on 

motor development (Haibach-Beach et al., 2017); (e) at least 10 participants in both the ASD 

and NT groups, as very small studies would introduce more noise than signal into the data 

set and reduce power for detection of mean effect size (Hedges & Pigott, 2001)5; (f) original 

empirical data; (g) full-text availability in English; (h) a participant sample that did not 

overlap with other included articles, in order to ensure that the assumption of independence 

between studies was upheld6; and (i) data presented in a form that allowed for conversion to 

4Studies on infants at high familial risk for ASD were not included unless they had a confirmed ASD diagnosis at outcome.
5The threshold of 10 participants was chosen a priori to mirror the existing meta-analysis of motor skills in autistic infants (West, 
2019).
6If two studies included overlapping samples, the study with the larger number of participants in the ASD group was selected for 
inclusion. If overlap was suspected, but not explicitly stated, authors were contacted to determine whether samples were independent. 
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a SMD effect size (or the necessary data were able to be procured from the authors). Studies 

were excluded from Study 1 if they satisfied any of the following criteria: (a) an ASD 

group that consisted solely of participants with a genetic or neurological disorder known to 

affect motor function (e.g., Fragile X, Cerebral Palsy), as this would inflate effects; (b) only 

measures of fine motor skills, which was defined as precise movements of smaller muscles 

in the wrists, hands, or fingers (e.g., grasping, handwriting; Haibach-Beach et al., 2017); 

(c) only measures of atypical stereotyped movements or repetitive motor behaviors (as this 

meta-analysis did not aim to examine differences in motor behaviors that are included in 

the diagnostic criteria for ASD, which would be expected to differ between groups); (d) the 

article was solely a literature review or theoretical article.

Study 2.: Inclusion criteria for Study 2 were identical to Study 1, with the following 

exceptions: (a) the study was not required to include an NT group or to report a group 

difference in gross motor skills between autistic and NT individuals; (b) the study was 

required to report the bivariate correlation between a measure of gross motor skill and a 

measure of social skill or ASD social symptoms in a group of autistic individuals (or the 

necessary data were able to be procured from the authors).

Full-Text Screening—Following the abstract screening process, the full text of the 

remaining 350 articles was reviewed for eligibility for each study by two independent raters 

(Leah A. L. Wang and Victoria Petrulla). Conflicts were resolved via discussion and were 

arbitrated by an independent senior rater (Robert T. Schultz). If data provided in the study 

were insufficient for converting to the desired effect size (SMD effect size between an ASD 

group and an NT group for Study 1; the correlation between gross motor and social skills in 

an ASD group for Study 2), authors were contacted to request necessary data. This approach 

led to the inclusion of two additional articles in Study 1 after the authors provided the 

unpublished means and standard errors for a gross motor measure (Bremer & Cairney, 2018; 

Gowen & Miall, 2005). Four articles were included in Study 2 after the authors provided 

requested unpublished correlation data (Ament et al., 2015; Biffi et al., 2018; Ozonoff et al., 

2008; Sacrey et al., 2018; World Health Organization, 2016). This stage yielded 114 studies 

that were eligible for inclusion in the Study 1 meta-analysis examining gross motor deficits 

in ASD and 21 studies that were eligible for inclusion in the Study 2 meta-analysis. See 

Figure 2 for the flowchart summarizing these steps.

Data Extraction and Coding Procedure

Data from all included studies were extracted into Microsoft Excel by two independent 

raters (Leah A. L. Wang and Victoria Petrulla). Conflicts were resolved via discussion and 

were arbitrated by an independent senior rater (Robert T. Schultz). where needed.

Study 1

Extracting Effect Sizes.: First, to compute effect sizes, sample sizes for the ASD and NT 

groups were extracted and the mean and standard deviation (SD) or standard error was 

In the event that the authors did not respond, studies with similar authors and identical or almost identical phenotypic data (e.g., the 
same number of participants and mean age of participants in each group) were assumed to overlap.
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extracted for each gross motor variable. For eight studies, means and standard deviations/

errors were not reported in the article text but were available in a figure. In this case, 

data were extracted using the WebPlotDigitizer tool (Rohatgi, 2019) by two independent 

raters (Leah A. L. Wang and Victoria Petrulla), and values from each rater were averaged 

together. For nine studies, means and standard deviations/errors were not reported, but other 

statistics were reported that could be readily converted to a SMD effect (i.e., t value from 

an independent samples t test, F ratio from a one-way analysis of variance, Cohen’s d). 

Extracted statistics were converted to Hedges’ g effect sizes using formulas provided by 

Lipsey and Wilson (2001), implemented with the esc package in R (Version 0.5.1; Lüdecke, 

2018). The direction of effects was coded such that negative Hedges’ g values represent 

poorer or more atypical gross motor behavior in the ASD group.

Notably, a sizeable minority of the 114 included articles (n = 24) did not recruit an NT group 

but did report gross motor data that could be compared to established population norms. 

Previous meta-analyses of motor skills in ASD have excluded these studies (Fournier, Hass, 

et al., 2010; West, 2019); however, this decision has been critiqued, as norm-referenced 

measures are used frequently to study ASD and allow for comparison to large population-

based samples rather than small, nonrandom samples of NT participants (Green, 2012). 

Instead of excluding these articles and eliminating valuable data from analysis, these articles 

were included and autistic participants’ scores were compared to normative means and SDs 

for the measure (e.g., M = 100 and SD = 15 for scores on a standard scale). For these 

studies, effect size estimates and sampling variances were calculated using formulas for a 

one-sample mean (Borenstein et al., 2009).

Coding Moderator Data.: To address the aims of Study 1, conceptual, methodological, 

and phenotypic moderators were coded for each extracted effect. To test whether particular 

skills or muscle groups are selectively impaired in ASD, gross motor skill domain and 

muscle group were coded as categorical moderators. To investigate whether methodological 

factors influence effects, gross motor measurement modality was also coded as a categorical 

moderator. Furthermore, each study’s methodological quality was rated and translated into 

a quality score, which was also analyzed as a continuous moderator (see below for details). 

Finally, the age, IQ, sex, and diagnostic subgroup were coded to test whether phenotypic 

factors are associated with gross motor deficits (see below for details).

Gross Motor Skill Domain.: Gross motor effects were coded into one of eight skill 

domains. Five categories were initially established a priori based on validated domains 

included in standardized assessments (Table S1), which themselves were derived via 

factor analysis. These initial categories were subsequently adapted after surveying and 

conceptually grouping studies that did not fit well into existing categories. Final categories 

used for data coding included locomotion, balance and posture, object control, motor control 

and coordination, imitation, reaching, strength and agility, and broad gross motor composite 

scores (see Table 1, for a detailed description of the skills encompassed by each category).

Muscle Group Involved in Gross Motor Skill.: Each effect was coded for the muscle groups 

recruited to perform the associated gross motor skill. Consistent with the prior meta-analysis 

of motor skills in ASD (Fournier, Hass, et al., 2010), muscle groups were coded as the upper 
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extremities, lower extremities, or whole body/combined upper and lower. However, unlike 

Fournier, Kimberg, et al. (2010), the present study classified measures involving balance in 

the whole body/combined upper and lower category, as the arms have been shown to play a 

role in maintaining an upright posture in addition to the legs and hips (Hill et al., 2019).

Gross Motor Measurement Modality.: Gross motor skills were coded into one of seven 

categories, established a priori based on currently available valid and reliable assessments of 

gross motor skills and knowledge of the field: (a) clinical assessment (use of a standardized 

observational assessment carried out by a clinician; e.g., the Movement Assessment Battery 

for Children); (b) clinical interview (use of a standardized clinician-administered parent 

interview; e.g., the Vineland Adaptive Behavior Scales); (c) behavioral coding (use of 

human raters to apply a coding scheme to video of motor behavior); (d) parent questionnaire 
(use of a self-administered parent-report measure; e.g., parent-reported age of child’s motor 

milestone achievement); (e) force and pressure (use of force plates or pressure-sensitive gait 

carpets); (f) kinematics (use of video, motion-capture, or other objective methods to track 

movement in space and time); (g) experimental tasks (use of other experimental tasks that 

are not classified elsewhere; e.g., tracking force used to move a robotic arm).

Methodological Quality.: Methodological quality and risk of bias were rated for each 

included study by adapting items from the Cochrane risk of bias assessment tool (Higgins 

& Green, 2011). This tool is designed to capture features of studies that protect against bias 

in the collection, analysis, and reporting of results. To adapt this tool, items not relevant for 

noninterventional case-control studies were removed (e.g., blinding of participants to group 

assignment). Items were also added that were relevant for articles included in the present 

analysis: questions pertaining to ASD diagnosis (i.e., whether gold-standard diagnostic tools 

were used to confirm a diagnosis of ASD), peer review, and risk of bias in outcome variables 

(e.g., use of valid and reliable measures, whether measures relied solely on parent report). 

Two independent raters (Leah A. L. Wang and Victoria Petrulla) rated each study’s quality 

and conflicts were resolved via discussion at the item level. Studies were not excluded on 

the basis of quality ratings; instead, ratings for each item were translated to a score of 

0 or 1 and summed to produce a quality score for each study, which was subsequently 

examined as a continuous moderator of effects (a common approach for meta-analysis; 

Berman & Parker, 2002; Detsky et al., 1992; Luhmann & Eid, 2012). See Table 2 for a 

list of the questions included in the quality assessment, along with descriptive statistics 

on the consensus quality ratings for each item. Because our quality scale was tailored for 

the included studies and variables of interest, there is no validated threshold for what is 

considered an acceptable level of risk of bias. However, based on both the face validity of 

the items and the distribution of our quality ratings, a score of 13 or more for Study 1 (11 

or more for Study 2) indicates below-average risk of bias (85th percentile or above), 10–12 

(8–10 for Study 2) indicates an average risk of bias (25th–75th percentile), and below 10 

(below 8 for Study 2) indicates above-average risk of bias (<25th percentile).

Autism Spectrum Disorder Diagnostic Group.: Prior to the publication of the 5th edition 

of the Diagnostic and Statistical Manual for Mental Disorders (DSM-5; APA, 2013), 

the broader umbrella of ASDs included several specific diagnostic categories, namely 
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autistic disorder, Asperger syndrome, and pervasive developmental disorder-not otherwise 

specified (PDD-NOS; American Psychiatric Association, 2000). Since the publication of 

the DSM-5, these diagnoses have been subsumed under the diagnostic classification of 

ASD. Many studies on gross motor skills published using the previous classification system 

included only a specific diagnostic subgroup. To investigate whether differences in gross 

motor deficits exist between subgroups, the diagnostic group of the participants associated 

with each effect was coded into one of four categories: (a) ASD (encompassing samples 

diagnosed with ASD per DSM 5/International Statistical Classification of Diseases and 
Related Health Problems, 10th edition (ICD-10; World Health Organization, 2016) criteria 

as well as samples that combined multiple DSM-IV diagnostic subgroups); (b) autistic 

disorder; (c) Asperger syndrome; or (d) PDD-NOS. If the article did not clearly state the 

participants’ diagnostic labels, participants were classified in the ASD group.

Sex.: The percent of the ASD group that was male was extracted to be analyzed as a 

continuous moderator.

Age.: The mean chronological age of the ASD group was extracted to be analyzed as a 

continuous moderator. For longitudinal studies that collected data at predefined age intervals 

(e.g., at 12 months and 24 months), if mean age was not reported at each visit, the visit age 

was imputed for the mean age of the ASD sample (e.g., participants were assumed to be an 

average of 12 months old at the 12-month visit).

IQ.: The mean IQ of the ASD group was extracted to be analyzed as a continuous 

moderator. Cognitive assessments varied across studies, but IQ was only extracted if it was 

reported on a standard scale (i.e., mean of 100, SD of 15). Whenever possible, full-scale IQ 

(from Wechsler tests) or its equivalent (e.g., the General Conceptual Ability score from the 

Differential Ability Scales) was extracted. For the six studies that did not report full-scale IQ 

but did report a nonverbal IQ composite, nonverbal IQ was extracted. For two studies, only 

verbal IQ was reported. In these cases, IQ was not extracted, as many autistic individuals 

exhibit discrepancies between verbal and nonverbal IQ (Ankenman et al., 2014), and thus 

using them interchangeably is not appropriate.

Study 2

Extracting Effect Sizes.: To compute correlational effect sizes between gross motor and 

social measures, the sample size for the ASD group was extracted, along with every gross 

motor-social correlation coefficient (Pearson’s r, Spearman’s ρ, or Fisher’s Z-transformed 

r) reported in the article. All extracted coefficients were then Fisher’s Z transformed for 

meta-analysis if needed. Effects were coded such that positive correlations indicated that 

poorer gross motor skills were associated with poorer social skills.

Coding Moderator Data.: The same moderators coded for Study 1 were also coded for 

Study 2 (gross motor skill domain, gross motor measurement modality, muscle group, ASD 

subgroup, methodological quality, age, IQ, sex). Due to the smaller number of studies 

included in Study 2, conceptually related levels of complex moderators (e.g., clinical parent 

interview and parent questionnaires) were combined when necessary to ensure each level 
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had the sufficient number of studies for analysis (see the Results section, for details). In 

addition to the moderators described for Study 1, each effect for Study 2 was coded for 

three specific moderators related to the social skills variable: social skill domain, social skill 

measurement modality, and congruence between gross motor and social skill measurement 

modality.

Social Skill Domain.: Each correlational effect was coded for the type of social skill 

it represented. Categories were established a priori based on knowledge of the measures 

used in the field, and included (a) social communication (a measure of verbal and/or 

nonverbal communication skills in the context of social interaction; e.g., the Autism 

Diagnostic Observation Schedule [ADOS] Social Affect calibrated severity score); (b) 

adaptive social skills (a measure assessing everyday social functioning; i.e., the Vineland 

Adaptive Behavior Scales); (c) social cognition (the ability to perceive, understand, and 

apply social information; e.g., a theory of mind task); (d) social motivation (the tendency to 

seek out and find social interactions rewarding; e.g., the Social Responsiveness Scale–Social 

Motivation subscale); and (e) broad social composite scores (combining across different 

categories; e.g., the Bayley-III Socioemotional composite).

Social Skill Measurement Modality.: The method used to measure social skills was 

coded into one of six categories, which were established a priori. Categories include as 

follows: (a) clinical assessment (use of a standardized observational assessment carried 

out by a clinician; e.g., the ADOS); (b) clinical interview (use of a standardized clinician-

administered parent interview; e.g., the Vineland Adaptive Behavior Scales); and (c) parent 
or teacher report (use of a self-administered parent- or teacher-report questionnaire; e.g., the 

Social Responsiveness Scale).7

Congruence Between Measurement Modalities.: In addition to coding the individual 

measurement modalities for gross motor and social variables, each correlation effect was 

coded according to whether the method of measurement was the same between the two. If 

both the gross motor and social variables were collected via the same modality (e.g., both 

parent report), the effect was coded as congruent; otherwise, it was coded as incongruent. 

Examining method congruence as a moderator allowed for examination of the extent to 

which correlational effects were attributable to common-method variance.

Handling Dependencies Between Effects—For 78% of articles in Study 1 and 90% 

of articles in Study 2, multiple relevant effects were reported, either due to longitudinal 

study design (e.g., repeating the same measure at multiple time-points), the use of 

multiple instruments to measure gross motor or social skills (e.g., two different parent 

questionnaires), or the inclusion of multiple independent samples (e.g., the same gross 

motor measure in a sample of autistic children and a sample of autistic adults). Rather than 

selecting a single effect to extract or aggregating all effects within studies, we extracted 

all relevant effects and implemented robust variance estimation (RVE) models, which are 

robust to assumptions about dependencies between effects (Hedges et al., 2010; see the 

7One study contributed effects from a novel unstandardized task; this article was removed for the moderator analysis of social skill 
measurement modality, given the insufficient number of studies in this category.
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“Statistical Approach” section). For standardized assessments, composite total scores were 

often presented alongside domain subscale scores. In these cases, data were extracted at 

the highest level that would preserve distinctions between levels of moderators considered 

in this meta-analysis. For example, if a study reported an overall gross motor quotient 

consisting of a balance subscale and object control subscale, we would extract the balance 

and control subscale scores rather than the overall quotient, since these represented distinct 

levels of the gross motor skill domain moderator. In contrast, if a locomotion composite was 

reported that included both walking and crawling subscales, the overall composite would be 

extracted since the walking and crawling subscales were not coded as different gross motor 

skills. If means and SDs of gross motor measures were presented separately according to 

moderators that were not addressed in the present study (e.g., autistic individuals with a 

developmental history of regression and those without), they were combined using standard 

formulas provided by Lipsey and Wilson (2001), and the associated sample characteristics 

were similarly combined. Finally, if gross motor skills were measured as pre/post outcome 

measures for an intervention study, only baseline effects were extracted for analysis.

Statistical Approach

Modeling Approach.: To include all relevant effects in our analyses, we implemented RVE 

metaregression models (Hedges et al., 2010). Conventional meta-analytic strategies rely 

on the assumption that studies report statistically independent effect sizes such that when 

studies report more than one effect, authors typically must either select a single effect to 

include (which may discard a substantial proportion of the available data and yield biased 

estimates) or construct a single synthetic effect for each study by combining dependent 

effects within studies. Accurately synthesizing dependent effects requires knowledge of their 

covariance structure. However, this information is rarely known, and traditional methods 

often combat this issue by making overly conservative approximations of covariance 

structures. In contrast to conventional methods, an RVE approach uses adjusted estimators 

for standard error that are robust to assumptions about the covariance between effects, 

allowing for inclusion of many dependent effects with unknown covariance structures. 

Given the high frequency of included studies that reported multiple relevant effects, and the 

substantial heterogeneity in the constructs and methods used to collect these effects across 

studies, the true covariance structure between effects was likely complex, but unknown. 

Therefore, RVE methods were deemed most appropriate for these data.

Outlier Detection.: To identify studies with undue influence and mitigate any issues 

surrounding the use of highly skewed moderators in RVE models, all effect sizes were 

examined for outliers. First, generalized extreme studentized deviate (GESD) tests were 

carried out to statistically identify outliers, with the maximum number of outliers set at 10% 

of the total number of effects (Rosner, 1983). Consistent with recommendations (Lipsey 

& Wilson, 2001), outlying effect sizes were winsorized by replacing them with the next 

closest value in the distribution. Because the GESD test assumes that the data (without 

outliers) are normally distributed, data were tested for normality using Shapiro–Wilk tests 

after outliers were winsorized. If the Shapiro–Wilk W statistic was less than 0.90 (indicative 

of nonnormally distributed data), the original values were reinstated, and subsequently only 

values that were more than three SDs above or below the mean value were winsorized.
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Continuous moderators were tested for outliers using the GESD test (for normally 

distributed moderators) or by identifying values that are more than three SDs above or below 

the mean (for nonnormally distributed moderators). Sensitivity analyses were then carried 

out for each moderator in which metaregression was conducted with outlying moderator 

values included and with outlying moderator values winsorized. Results did not differ 

meaningfully in magnitude or significance when outlying values were winsorized; therefore, 

we present the results from the analyses including outlying moderator values.

Analytic Procedure.: For both Studies 1 and 2, we first ran an RVE metaregression model 

to estimate the relevant overall weighted-mean effect size (Study 1: Hedges’ g; Study 2: 

Fisher’s Z-transformed r). The overall model was a random-effects model with small-sample 

corrections (Tipton, 2015), clustering effects within studies and assuming a correlated 

dependence structure between effects, based on recommendations that meta-analysis select 

weights based on the type of dependence that is most prevalent in their data set (Tanner-

Smith et al., 2016).8

Next, we examined the heterogeneity of effect sizes, as indicated by the I2 statistic, an 

index of the percentage of variability in effect sizes that is not due to random sampling 

error (Higgins & Thompson, 2002). In the presence of substantial heterogeneity (I2 ≥ 40%; 

Guyatt et al., 2011), separate planned univariate RVE models were carried out for each 

moderator. For categorical moderators, robust omnibus F tests with small-sample corrections 

were conducted to test the overall influence of the moderator on effect size; if the overall 

F test was significant, the significance of individual levels of the moderator and pairwise 

contrasts between levels of the moderator was examined by rotating the reference group 

in the categorical variable, with Bonferroni correction for multiple comparisons. Sensitivity 

analyses were conducted for all RVE models varying ρ from 0 to 1 in increments of 0.2; this 

did not change results for any reported analyses.

For continuous moderators, RVE and traditional metaregression models were carried out on 

the subset of articles with complete data for that moderator, since methods for imputing 

missing data have not yet been developed for RVE models. To test whether results were 

biased by missing moderator values, supplementary traditional metaregression models were 

run on data sets with missing values imputed via multiple imputation. Results are presented 

in the Supplemental (Table S4) and did not differ meaningfully from the traditional 

metaregression results on complete cases presented below.

All RVE analyses were carried out in R using the robumeta package (Version 2.0) for RVE 

metaregression models (Fisher & Tipton, 2014) and the clubSandwich package (Version 

0.5.3) for robust F tests of categorical moderators (Pustejovsky, 2015). Effect sizes were 

aggregated for the traditional analyses using the agg function in the MAd (Version 0.8–2.1; 

Del Re & Hoyt, 2014) and MAc (Version 1.1.1; Del Re & Hoyt, 2010) packages for 

8To ensure that analyses were robust to statistical method, traditional mixed-effects analyses were applied to aggregated effect sizes, 
calculating following the shifting-unit-of-analysis approach (Cooper, 2017). Across all analyses, results did not diverge meaningfully 
between the RVE and traditional mixed-effects models. Therefore, only the RVE results are presented. Results of the traditional 
mixed-effects models are available in the supplementary materials (Tables S2 and S3).
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analysis of mean differences and correlations (respectively), and mixed-effects models were 

computed using the metafor package (Version 2.1–0; Viechtbauer, 2010).

Publication Bias.: We evaluated whether effect sizes were inflated by a lack of publication 

of small or nonsignificant effects. To visualize the distribution of effects at the study level, 

weighted-mean effect sizes were calculated for each study using formulas provided by 

Borenstein et al. (2009), assuming a correlation of r = 0.80 between effects within the 

same study.9 A funnel plot was then generated from these study-level effects using the 

meta package in R (Version 4.11–0; Balduzzi et al., 2019) and was visually inspected for 

asymmetry. Funnel plots graph studies’ effect sizes by their standard errors, and should be 

symmetrical if studies cluster appropriately around the overall aggregate effect size estimate; 

asymmetrical funnel plots are indicative of publication bias. In addition, the Egger sandwich 

test, an RVE-based adaptation of Egger’s regression test (Rodgers & Pustejovsky, 2021), 

was run to statistically test for an association between standard error and effect size.

Transparency and Openness—Study data and R Markdown code used to analyze 

data and generate figures are publicly available at the following repository link: 

https://osf.io/ydrst/?view_only=207689671a1d46fab7c1260ad3923d4b. Tables containing 

important characteristics for articles included in Studies 1 and 2 (e.g., sample size, 

sample demographics, description of gross motor variables extracted) can be found in the 

supplement (Tables S9–S10). For articles from which multiple effects were extracted, these 

tables provide a broad summary of the extracted effects; descriptions of specific variables 

and extracted effect sizes can be found in the additional supplementary tables detailing 

individual article results (Tables S11–S12). Studies 1 and 2 and their associated statistical 

analysis plans were not preregistered.

Results

Study 1

Study Characteristics—In total, 114 studies were included in the meta-analysis on gross 

motor deficits in ASD, collectively representing 6,423 autistic and 2,941 NT individuals. 

Together, these 114 studies contributed 791 effects (mdn = 3, range = 1–48). The six 

studies that contributed more than 30 effects (Biffi et al., 2018; Kohen-Raz et al., 1992; 

Leezenbaum & Iverson, 2019; Liu, 2012; Morrison et al., 2018; Rinehart, Tonge, Bradshaw, 

et al., 2006) exhibited complex data structures and often reported several dependent gross 

motor variables in multiple conditions (e.g., eyes open, eyes closed) or effects from multiple 

independent autistic and NT groups (e.g., children, adolescents, and adults).

To protect against statistical issues of low power resulting from imbalanced categorical 

moderators, results of hypothesis tests in RVE moderator analyses were closely examined 

for small degrees of freedom. There were no instances in which results were significant but 

the degrees of freedom fell below 4. With respect to continuous moderators, 105 studies 

(92%) reported the mean chronological age of the autistic group. Among these studies, the 

9Sensitivity analyses were carried out on publication results, varying the assumed correlation between effects from 0 to 1; results did 
not differ across values of r.
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mean age in the autistic sample was 9.30 years (SD = 7.97 years; range = 6 months–49.7 

years). The mean full-scale IQ in the autistic sample was reported in 64 studies (56%), 

and the overall mean IQ reported in these studies was 94.40 (SD = 13.53; range = 54.70–

120.00). One hundred one studies (89%) reported the sex composition of the sample; the 

autistic samples in these studies were 81% male, on average (SD = 16.27%; range = 0%–

100%). With regard to methodological quality, the mean total quality rating was 12.29 out of 

a possible total of 17 (SD = 1.90; range = 7–17).

Outlier Analysis—GESD tests identified 10 effect sizes (g ≤ −3.19) as statistically 

significant outliers. These values were winsorized by replacing them with the next closest 

value in the distribution. Shapiro–Wilk tests confirmed that effect sizes were normally 

distributed after outliers were replaced (Ws > .90).

Overall Differences in Gross Motor Skills Between Neurotypical and Autistic 
Individuals—The first intercept-only RVE model tested whether autistic individuals 

exhibit overall gross motor deficits compared to NT individuals, incorporating all 114 

studies and 791 effects. Model results revealed a large, significant mean effect size, Hedges’ 

g = −1.04, t(111) = −17.50, p < .0001, 95% CI [−1.16, −0.92], reflecting substantial gross 

motor deficits for autistic individuals. The I2 heterogeneity index for the overall model was 

87.56, reflecting significant nonrandom heterogeneity across effects included in the model. 

Therefore, planned moderator analyses were carried out to investigate potential sources of 

heterogeneity. See Figure 3 for a forest plot of study-level aggregated effect sizes and their 

95% confidence intervals.

Tests of Moderators of Gross Motor Impairment in ASD

Gross Motor Skill Domain.: The omnibus F test of the overall effect of gross motor skill 

domain was significant, F(7, 29.88) = 7.58, p < .001, indicating that the group difference 

effect differed significantly across domains. RVE results demonstrated that the overall effect 

size was significant for each individual skill domain (ps < .01), reflecting deficits across all 

domains for autistic participants. However, effect sizes for individual skill domains differed 

significantly in magnitude (Figure 4). Reaching was the least impaired skill (g = −0.54) and 

was significantly less impaired than object control, g = −1.37; t(16.23) = 7.01, p < .001, and 

balance and posture, g = −0.95; t(9.33) = 4.72, p < .001. Object control was most impaired 

(g = −1.79), and was significantly more impaired than balance and posture, g = −0.95; 

t(31.34) = −3.69, p < .001, in addition to reaching. No other contrasts between gross motor 

skill domains were significant. See Table 3 for the estimate of the overall Hedges’ g in each 

skill domain.

Muscle Group Involved in Gross Motor Skill.: The omnibus F test of the overall effect of 

muscle group was significant, F(2, 24.30) = 13.86, p < .001), demonstrating that the effect 

size differed between muscle group categories. RVE results demonstrated that the overall 

effect size was significant for each individual muscle group (ps < .001), reflecting deficits 

in tasks involving every muscle group for autistic participants. However, muscle groups 

differed significantly in the magnitude of effect size (Figure 5). Tasks recruiting the lower 

extremities yielded a smaller group difference effect size (g = −0.52), on average, than tasks 

Wang et al. Page 15

Psychol Bull. Author manuscript; available in PMC 2023 February 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



recruiting either the upper extremities, g = −0.94; t(17.00) = 3.58, p < .01, or a combination 

of upper and lower extremities, g = −1.11; t(11.30) = 5.30, p < .001.

Gross Motor Measurement Modality.: The omnibus F test of the overall effect of gross 

motor measurement modality was significant, F(6, 13.03) = 3.33, p = .03, indicating that 

the group difference effect size differed significantly across modalities of measurement. 

Therefore, the reference category for the dummy variable was rotated and the significance 

of the intercept and pairwise contrasts between category levels was examined. Results 

demonstrated that the overall effect size was significant for each method of assessment (ps 

< .05), with each modality finding significant gross motor deficits in autistic individuals. 

However, effects differed significantly in magnitude between methods of assessment (Figure 

6). Specifically, clinical assessment methods yielded significantly larger effect sizes (g = 

−1.27) than force and pressure, g = −0.77; t(49.05) = −3.84, p < .001, and kinematic, g = 

−0.70; t(17.03) = −4.85, p < .001, methods (Table 3).

ASD Diagnostic Group.: The omnibus F test of the overall effect of ASD diagnostic 

group was not significant, F(3, 3.27) = 0.47, p = .72, demonstrating that gross motor skill 

deficits are not associated with a particular diagnostic subgroup of individuals on the autism 

spectrum.

Methodological Quality.: Results indicated that methodological quality did not 

significantly predict effect size, t(32.56) = −0.39, p = .70.

Sex.: RVE model results indicated that sex composition did not significantly predict effect 

size, t(9.19) = −0.74, p = .48.

Age.: The RVE model found that age did not significantly predict effect size, t(11.18) = 

1.39, p = .19.

IQ.: RVE model results demonstrated that IQ did not significantly predict effect size, 

t(13.74) = 0.86, p = .40.

Exploratory Analyses of Interactions Between Moderators—The planned 

moderator analyses indicated that gross motor skill domain, muscle group, and measurement 

modality significantly moderated the magnitude of gross motor impairments in autistic 

individuals relative to NT individuals. However, gross motor skill domains differed 

significantly on the basis of the method most commonly used to assess them (Table S5). 

Similarly, gross motor muscle groups also differed in method of assessment (Table S6). 

Because of this overlap, it was not clear from the planned analyses the extent to which 

the moderating effects of gross motor skill domain and gross motor muscle group were 

driven by differences in measurement method. For example, object control was the most 

significantly impaired skill domain, but all effects in this domain were derived using clinical 

assessment, the measurement modality that yielded the largest effects. Similarly, the lower 

extremities were found to be the least impaired muscle group, but no lower extremity effects 

were derived using clinical assessment.

Wang et al. Page 16

Psychol Bull. Author manuscript; available in PMC 2023 February 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In addition, muscle groups were not independent from skill domain. All the studies 

examining the lower extremities were studies of locomotion, while the majority of effects 

representing the whole body were measures of balance and posture, and the majority of 

effects representing the upper extremities assessed reaching skills (Table S7). The lower 

effect size observed in the lower extremities may, therefore, have been driven by the greater 

proportion of locomotion effects in the lower extremities relative to other muscle groups. To 

parse apart the unique effects of gross motor skill domain, muscle group, and measurement 

modality, exploratory RVE models were run on different subsets of data.

Gross Motor Skill Domain Versus Measurement Modality.: First, an RVE model was 

carried out examining the moderating effect of skill domain, including only effects derived 

from clinical assessment. This model included a total of 134 effects derived from a subset 

of 59 out of the original 114 studies. The estimated effect of object control (g = −1.38) 

was comparable to the effect from the overall model. Object control was found to be 

marginally significantly more impaired than balance and posture, g = −1.14; t(30.64) = 2.03, 

p = .05, 95% CI [−0.001, 0.48].10 In contrast to the overall model, locomotion yielded a 

nonsignificantly higher overall effect than object control (g = −1.50). Therefore, the greater 

impairment in object control identified in the full sample relative to other domains may 

have been driven by the higher proportion of object control effects drawn from clinical 

assessment, but the effect size was nevertheless significant and comparable to the overall 

model.

Second, to test whether the greater effect sizes observed from clinical assessment were 

driven by impairment in object control, an RVE model was carried out examining the 

moderating effect of measurement modality, excluding object control effects. This model 

included a total of 761 effects out of the original 791 effects, derived from all 114 studies. 

Results demonstrated that clinical assessment still yielded the largest overall effect size (g = 

−1.25) that was comparable to the overall effect from the full model including object control 

effects and still significantly larger than effects derived from force and pressure, g = −0.77; 

t(49.60) = 3.62, p < .001, 95% CI [0.22, 0.75], and kinematic, g = −0.70; t(17.07) = 4.57, 

p < .001, 95% CI [0.30, 0.80], modalities after correcting for multiple comparisons. Thus, 

the finding that clinical assessment data are associated with larger effects was not driven by 

greater impairment in object control skills specifically.

Gross Motor Muscle Group Versus Measurement Modality.: Since clinical assessment 

was never used to assess the lower extremities (Table S6), an RVE model was carried out 

examining the moderating effect of muscle group, excluding effects derived from clinical 

assessment. This model included a total of 655 effects derived from a subset of 60 out of 

the original 114 studies. Tasks recruiting the lower extremities (g = −0.52) were still found 

to be significantly less impaired than tasks recruiting a combination of upper and lower 

extremities, g = −0.85; t(13.82) = −3.11, p < .01, 95% CI [−0.57, −0.10], and marginally 

significantly less impaired than tasks recruiting the upper extremities, g = −0.69; t(19.17) = 

−1.88, p = .08, 95% CI [−0.36, 0.02]. Therefore, the lesser impairment observed in the lower 

10No comparison to reaching was possible, as reaching was never measured using standardized clinical assessments in the included 
studies.
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extremities than other muscle groups may have been amplified, but not completely driven, 

by the lack of effects drawn from clinical assessment in the lower extremities.

Second, to test whether the smaller effects observed in the kinematic and force/pressure 

modalities compared to clinical assessment were driven by lesser impairment in the lower 

extremities, an RVE model was carried out examining the moderating effect of measurement 

modality, excluding lower extremity effects. This model included a total of 583 effects 

derived from a subset of 109 out of the original 114 studies. Results were consistent with 

results from the overall model. Clinical assessment still yielded the largest overall effect size 

(g = −1.27), which was significantly larger than effects derived from force and pressure, g = 

−0.85; t(38.11) = 2.98, p < .01, 95% CI [0.13, 0.70], kinematic, g = −0.76; t(13.67) = 4.11, 

p < .01, 95% CI [0.24, 0.78], parent questionnaire, g = −0.55; t(4.65) = 4.55, p < .01, 95% 

CI [0.30, 1.13], and experimental, g = −0.75; t(3.44) = 3.42, p < .05, 95% CI [0.07, 0.97], 

modalities. Thus, the finding that clinical assessment data are associated with larger effects 

than force/pressure or kinematic modalities was not driven by lesser impairment in the lower 

extremities.

Gross Motor Muscle Group Versus Skill Domain.: Because all the effects examining the 

lower extremities measured locomotion skills (Table S7), an RVE model was carried out 

examining the moderating effect of a muscle group, including only effects in the locomotion 

skill domain. This model included a total of 280 effects derived from a subset of 33 out 

of the original 114 studies. Tasks recruiting only the lower extremities (g = −0.60) were 

still found to be significantly less impaired than tasks recruiting a combination of upper and 

lower extremities, g = −1.17; t(18.79) = −4.03, p < .001, 95% CI [−0.98, −0.31]. Lower 

extremity effects did not differ significantly from upper extremity effects, g = −1.50; t(1.62) 

= −3.09, p = .11, 95% CI [−2.70, 0.74]; however, the lack of statistical significance was 

likely due to the low number of effects examining the upper extremities in the locomotion 

skill domain (n = 10), as the effect size for the upper extremities was even larger than the 

effect size for the combined upper and lower extremities. Thus, even within the locomotion 

skill domain alone, the lower extremities were less impaired than other muscle groups, 

indicating that the moderating effect of gross motor muscle group was not driven by an 

interaction with skill domain.11

Assessment for Publication Bias—Figure 7 shows the funnel plot of study-level 

aggregate effects. Visual inspection was not suggestive of significant plot asymmetry, and 

the Egger sandwich test was not significant, t = 1.38, p = .18, 95% CI [−0.73, 3.80]. 

Therefore, the findings included in Study 1 show no evidence of bias toward publication of 

larger effects, demonstrating that the overall effect estimate and moderator tests are robust to 

publication bias.

11Because skill domain analyses identified reaching as the least impaired skill domain, and reaching did not predominantly involve 
the lower extremities, we did not consider it necessary to test whether skill domain results were driven by differences between muscle 
groups.
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Study 2

Study Characteristics—Twenty-one studies were included in the correlational meta-

analysis for Study 2, contributing a total of 170 effects (mdn = 4, range = 1–44). 

Collectively, these studies provided data on the relationship between gross motor and social 

skills in a total of 654 autistic individuals. Several moderator levels were combined or 

excluded from analysis to avoid highly imbalanced moderators and ensure that each level 

had a sufficient number of studies for meaningful analysis (see Table S8, for the number of 

included studies and effects for each level of categorical moderators in Study 2). Only two 

studies used kinematic methods to assess motor behavior; these studies were combined with 

studies using force plates or pressure-sensitive gait mats to form an “objective measurement” 

category. The one study implementing a clinical parent interview to assess gross motor skills 

was combined with studies using parent-report questionnaires to form a “parent report” 

category. Levels of categorical moderators that could not be meaningfully combined with 

other levels and for which only one study contributed effects were excluded from moderator 

analysis; this included experimental tasks for both gross motor and social skill measurement 

modality; lower extremities for gross motor muscle group; and Asperger syndrome for ASD 

diagnostic subgroup. Finally, there were two moderator levels included in Study 1 that 

were not represented in any articles included in Study 2; specifically, no articles in Study 

2 examined strength and agility or included a sample of participants with PDD-NOS. As 

in Study 1, to further address concerns surrounding low power resulting from imbalanced 

categorical moderators, hypothesis tests in RVE moderator analyses were closely examined 

for small degrees of freedom, and results were compared to traditional meta-analytic mixed-

effects subgroup tests.

With respect to continuous moderators, 19 articles (90%) reported the mean chronological 

age of the autistic group. Among these articles, the mean age of the study sample was 6.81 

years (SD = 5.28; range = 8 months–21.80 years). The mean full-scale IQ in the autistic 

sample was reported in 16 articles (76%), and the overall mean IQ reported in these articles 

was 93.11 (SD = 13.63; range = 54.70–109.50). Seventeen articles (81%) reported the sex 

composition of the sample, and the autistic samples in these articles were on average 88% 

male (SD = 9.61%; range = 60%–100%). The mean total quality rating across included 

articles was 9.95 out of a possible total of 13 (SD = 1.63; range = 7–12).

Outlier Analysis—A GESD test identified one effect size (Fisher’s Z = 1.42) as 

a statistically significant outlier. This value was winsorized, and a Shapiro–Wilk test 

confirmed that the correlational effect sizes were normally distributed after this outlier was 

replaced (W = 0.99).

Overall Correlation Between Gross Motor and Social Skills—The intercept-

only model representing the overall correlation between gross motor and social skills 

incorporating 21 studies and 170 effects demonstrated a modest and significant overall 

effect size of r = 0.27, Fisher’s Z = 0.28, t(18.80) = 5.78, p < .0001, 95% CI [0.18–0.38], 

indicating that better gross motor skills are moderately associated with better social skills for 

people on the autism spectrum. The I2 index for the overall model indicated that 60% of the 

total effect size variance was attributable to nonrandom heterogeneity across effects included 
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in the model. Planned moderator analyses were, therefore, carried out to investigate potential 

sources of heterogeneity. A forest plot of study-level aggregated effect sizes and their 95% 

confidence intervals is shown in Figure 8.

Tests of Moderators of the Relationship Between Gross Motor and Social 
Skills in ASD—None of the tested moderators were found to significantly moderate the 

correlation between gross motor and social skills in ASD. Statistical results are presented in 

Table 4.

Assessment for Publication Bias—Figure 9 shows the funnel plot of study-level 

aggregate effects. Both visual inspection and the Egger sandwich test, t = 0.87, p = .42, 

95% CI [−0.81, 1.65], failed to find evidence of asymmetry, indicating that the findings 

included in Study 2 are robust to publication bias.

Discussion

Over the past 15 years, evidence has accumulated to support the presence of gross motor 

deficits for autistic individuals (Fournier, Hass, et al., 2010; Kindregan et al., 2015; 

Lim et al., 2017). However, critical gaps in knowledge remained about the effects of 

methodological differences on gross motor effect sizes, the specific types of gross motor 

skills that are impaired in ASD, and whether gross motor skills are more affected or more 

closely tied to social function for particular phenotypic groups within ASD. To address 

these questions, we conducted two comprehensive meta-analyses of findings pertaining to 

gross motor deficits and their relation to social skills in ASD. We found a large and robust 

gross motor impairment in ASD relative to NT development, adding to growing evidence of 

pervasive motor deficits among autistic individuals. We also demonstrated that gross motor 

skill type, muscle group, and measurement modality significantly moderate the magnitude of 

gross motor deficits in ASD, thereby expanding on existing findings to specifically identify 

which skills and measures are most affected in ASD. Furthermore, motor deficits were 

found to be significantly and modestly correlated with social deficits for individuals on the 

autism spectrum, indicating that gross motor impairment is associated with the core social 

deficits that characterize ASD. Taken together, our findings join a growing literature arguing 

for consideration of motor disturbance as a central feature of ASD (Bhat, 2020a, 2020b; 

Ketcheson et al., 2021; Licari et al., 2020; Mosconi & Sweeney, 2015).

Gross Motor Impairment in ASD

We integrated findings from 114 studies comparing gross motor ability between an autistic 

and NT control group and identified a large and highly significant overall group difference 

in gross motor skills in ASD, with autistic individuals differing from NT individuals by 

approximately one SD on average (Hedges’ g = −1.04). The magnitude of this effect is 

comparable to the aggregate effects observed in previous meta-analyses focusing on motor 

coordination impairment in ASD (SMD = 1.20; Fournier, Hass, et al., 2010) and broad 

motor differences in autistic infants and toddlers (Hedges’ g = −1.06; West, 2019). Even 

with our study’s focus on gross motor impairment and its inclusion of 94 new studies 

compared to previous meta-analyses, the similarity in effect size supports the robust nature 
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of motor deficits in ASD. Crucially, we found that individuals on the autism spectrum 

displayed significant deficits in gross motor skills across each level of all investigated 

phenotypic and methodological moderators, demonstrating that autistic individuals exhibit 

pervasive and profound deficits in gross motor skills relative to their NT peers.

While autistic individuals displayed significant deficits in every domain of gross motor skill, 

moderator analyses found that the magnitude of impairment differed significantly between 

skill domains. The greatest deficits were in the object control domain (g = −1.37), which 

includes skills related to manipulating and moving objects (e.g., throwing, catching, and 

kicking). Compared to other skill domains, object control skills more often involve acting on 

moving objects, making them unique in their reliance on perception–action coupling—that 

is, the rapid use of complex sensory feedback to guide continuous, in-the-moment predictive 

adjustments to the timing and location of movements (Whyatt & Craig, 2013a). Our findings 

are consistent with prior research demonstrating that autistic individuals and infants at 

high risk for developing autism have difficulty using visual information to predictively 

guide movement (Landa et al., 2016; Whyatt & Craig, 2013b) and make more frequent 

compensatory adjustments to goal-directed movements (Forti et al., 2011).

This meta-analysis provides statistical evidence supporting the notion that perception–action 

coupling is a particularly critical area of disruption for autistic individuals and may be a 

fundamental feature of the autism phenotype. Viewed from a developmental perspective, 

this finding provokes numerous hypotheses about how perception–action coupling issues 

can specifically contribute to the development of the social problems that characterize ASD. 

For example, the ability to engage in appropriate and contingent interpersonal synchrony 

with others is fundamental to successful social interaction. However, deficits in perception–

action coupling may make it more difficult for autistic individuals to coordinate their own 

motor behavior with the complex and hard-to-predict behavior of social partners. This 

hypothesis is supported by a growing literature demonstrating clear difficulties in the process 

of interpersonal coordination of autistic individuals (McNaughton & Redcay, 2020; Moody 

& McIntosh, 2006; Whyatt & Craig, 2013a; Zampella et al., 2020). For instance, effective 

social interaction requires individuals to perceive their social partner’s verbal and nonverbal 

cues (e.g., prosody, syntax, gestures) and to use this perceptual information to guide and 

adapt their motor behavior and communication (e.g., to mirror their partner’s body posture, 

nod along with their partner to express recognition and affiliation, or pause in response 

to their partner’s facial expression). Indeed, evidence indicates that autistic individuals fail 

to use multisensory information to guide interpersonal motor coordination during a social 

interaction (Noel et al., 2017). Of note, meta-analysis indicates that automatic imitation of 

others’ actions does not differ between autistic and NT individuals (Cracco et al., 2018); 

thus, it may be that only intentional, complex motor actions are affected.

In contrast, reaching was found to be the least impaired gross motor skill. Although reaching 

behavior differed significantly between autistic individuals and NT controls, the magnitude 

of the effect (g = −0.54) was smaller than all other gross motor domains, reflecting a 

moderate but robust impairment in the ability to accurately and effectively reach toward 

a goal. One possible explanation for the smaller effect size observed in this domain 

is that included studies predominantly employed tasks examining only a simple reach 
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toward a static, unmoving object. Simple goal-directed reaching tasks are less perceptually 

demanding, involving less sensorimotor integration and less complex motor planning and 

adaptation compared to other skill domains in our analyses. However, a growing literature 

indicates that autistic individuals have greater difficulty with complex, multistep reaching 

movements that rely on sensorimotor coupling to fine-tune motor plans (e.g., Crippa et al., 

2015; Forti et al., 2011; Fukui et al., 2018; Sacrey et al., 2014; Yang et al., 2014). Thus, the 

majority of included studies may not have targeted the specific aspects of reaching that are 

most impaired in ASD. In addition, reaching was predominantly assessed using kinematic 

methods, and kinematic studies tended to collect and report many variables describing the 

spatial and temporal aspects of the reaching movement without making a priori hypotheses 

about which variables would be most likely to differ between groups. Given that no 

theoretical justification was provided for choosing one variable over another, all variables 

from kinematic studies were extracted for the current meta-analysis, and individual variables 

contributing large effects were aggregated with many variables contributing small effects. 

To test the extent to which reaching is truly less impaired in ASD, future research should 

select primary dependent variables measuring the aspects of the reaching movement that are 

most likely to differ between groups. Measures related to motor planning and adaptation 

during goal-directed movement, including movement speed, movement smoothness, and 

the presence of compensatory movement adjustments (e.g., number of movement units, 

total duration of reach, normalized jerk score) have been proposed as candidates for future 

investigation (Crippa et al., 2015; Forti et al., 2011; Sacrey et al., 2014); a systematic review 

or meta-analysis focused on an objective assessment of motor behavior in ASD would help 

to identify the variables that best discriminate between autistic and NT individuals.

In addition to gross motor skill domain, the modality of the gross motor assessment 

tool significantly moderated the magnitude of observed group differences in gross motor 

skill. Specifically, standardized clinical assessment produced significantly larger effects than 

both objective measures (i.e., force plates and kinematic motion capture) and parent-report 

questionnaires. While objective measures provide powerful methods for unbiased, granular 

assessment of motor behavior, as noted above, they require a priori feature selection in 

order to home in on the most meaningful differences between groups. In contrast, clinical 

assessment tools are specifically designed to elicit and capture only meaningful differences 

in motor behavior, which may have contributed to the larger effects found for clinical 

assessment. Moreover, standardized assessments are administered by clinicians who are 

trained to reliably observe and identify the specific aspects of motor behavior being tested. 

In contrast, parents observe their child’s behavior in the busy environment of everyday 

life rather than the focused context of clinical assessment and may not be as attuned to 

the aspects of motor behavior that are impaired in ASD. One alternative explanation for 

the greater effects observed for clinical assessment tools is that the majority of included 

studies that used clinical assessment did not attempt to blind clinicians to diagnostic status, 

which could have inflated effects if clinicians were biased to rate autistic children as more 

motor impaired purely on the basis of their diagnosis. Overall, however, despite some scatter 

in effects between modalities, every modality identified significant gross motor deficits in 

ASD.
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Finally, the muscle group recruited to perform a gross motor skill was also found 

to significantly moderate effects, such that skills recruiting the lower extremities were 

significantly less impaired than skills recruiting the upper extremities or a combination 

of upper and lower extremities. This effect is somewhat surprising, given that Fournier, 

Kimberg, et al.’s (2010) meta-analysis of motor coordination impairment in ASD found that 

the upper extremities were the least impaired muscle group. Indeed, while the effect size is 

comparable between Fournier and colleagues’ meta-analysis and the present analysis for the 

upper extremities (SMD = −0.88 vs. g = −0.94), we found the lower extremities to be less 

impaired (SMD = −1.12 vs. g = −0.52). Fournier and colleagues included a narrower range 

of motor skills, analyzed only one outcome measure per study, and assigned measures of 

balance to the lower extremities rather than to a combination of upper and lower extremities. 

Such differences in scope and methodology may have contributed to the discrepancy in the 

lower extremity effect size in our analyses. Nevertheless, our finding that skills recruiting 

the lower extremities are less impaired than skills recruiting the upper extremities in ASD 

warrants further discussion.

If autistic individuals truly have better control over their lower extremities than their upper 

extremities, this generates hypotheses surrounding the nature of the neurodevelopmental 

insults that give rise to gross motor deficits in ASD. One such hypothesis is that neural 

development of the white matter tracts supporting the upper extremities and trunk may be 

particularly disrupted in ASD. Alternatively, the smaller effect size observed in the lower 

extremities could reflect differences in the measures used to assess gross motor behavior 

across muscle groups. For example, the signal-to-noise ratio may be much lower in studies 

that measure movement in the lower extremities. The vast majority of these studies used 

kinematic, force, or pressure measures to assess movement during locomotion. As noted 

above, these studies tended to report all available variables, rather than making theory-driven 

hypotheses about which variables would be most likely to differ between groups, which 

could have washed out large effects. The type of gross motor skills represented in the lower 

extremity category may also exhibit ceiling effects, as all the studies examining the lower 

extremities were studies of gait and locomotion. In NT development, many gait measures 

rapidly and dramatically mature in the first 6 months of walking, after which development 

begins to asymptote (Adolph et al., 2003). Such nonlinear development may create a ceiling 

effect for these standard gait metrics for NT individuals later in life, lessening the gap 

between autistic and NT groups. Despite the smaller difference in performance on tasks that 

recruited the lower extremities alone, it is important to emphasize that autistic individuals 

were found to be significantly impaired in every muscle group, further supporting the 

pervasiveness of motor impairment in ASD.

Notably, gross motor skill domain, muscle group, and measurement modality were not 

independent variables. Some types of gross motor skills and certain muscle groups were 

much more frequently measured with one modality than with others. For example, reaching 

was predominantly measured using kinematics, while object control skills were measured 

only via clinical assessment. Furthermore, variability in task difficulty may have contributed 

to differences between skill domains. Object control measures assessed movement accuracy 

and possessed a high degree of task difficulty, while measures of goal-directed reaching 

most commonly assessed kinematic features of a highly stereotyped and well-rehearsed 

Wang et al. Page 23

Psychol Bull. Author manuscript; available in PMC 2023 February 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



movement. As described above, these methodological choices are important to consider 

when interpreting differences in the magnitude of impairment between specific types of 

gross motor skills or between muscle groups. Indeed, when examining only effects drawn 

from clinical assessments (which typically possess a high degree of task difficulty), object 

control skills were no longer significantly more impaired than other skill domains. With this 

in mind, researchers studying motor behavior in ASD should not only choose hypothesis-

driven dependent variables but also carefully select the measurement modality that is best 

suited to capturing those variables. In addition, future work synthesizing findings related 

to motor performance in ASD should be sure to consider possible interactions between 

measurement choice and variables of interest.

Interestingly, no phenotypic variable studied significantly predicted the magnitude of gross 

motor deficits in ASD. The magnitude of gross motor deficits did not change according 

to chronological age, indicating that gross motor impairment is present from infancy and 

neither worsens nor remediates over the lifespan. This stands in contrast to the meta-analysis 

on motor skills conducted by West (2019), which found that motor deficits increase with 

age for autistic infants. However, this prior meta-analysis focused only on motor skills in 

the first 4 years of life, while the present analysis examined effects across the lifespan. 

Thus, it may be that the gap in gross motor skills between NT and autistic children widens 

from birth through early childhood and subsequently plateaus, remaining stable through 

adulthood. Indeed, supplementary analyses of the subset of articles included in the present 

meta-analysis that included children under the age of five found that gross motor deficits 

increased with age (see Supplemental). Importantly, the methodology used to study both 

ASD and motor behavior also changes with age, which may obscure real developmental 

changes in motor skills. For example, research evaluating motor behavior in infants and very 

young children is more likely to rely on clinical assessment and behavioral coding (in our 

sample, 70% of effects collected from children under 5 years of age used these methods), 

but rarely uses force and pressure, kinematics, or experimental methods (19% of effects 

collected from children under five). Given the variability in effect sizes across measurement 

modalities, this inconsistency in measurement method with age may have made it more 

difficult to capture true change in motor behavior over time. Moreover, because ASD cannot 

be reliably diagnosed until at least 14 months of age (Pierce et al., 2019) and the typical age 

of diagnosis is between 3 and 4 years of age (Maenner et al., 2020), researchers interested 

in studying early development in ASD typically either collect data retrospectively (e.g., 

analyzing archival home footage) or conduct prospective longitudinal studies of infants at 

high familial risk for ASD (i.e., with an older sibling with ASD). Retrospective methods are 

more prone to selection bias, while prospective infant sibling research yields small samples 

of children with ASD and only includes children in multiplex families (i.e., with more than 

one child with ASD); research on autistic individuals after the typical age of diagnosis is not 

faced with the same challenges or sources of bias. These unique methodological constraints 

on research on the early developmental period in ASD may have introduced noise into 

estimates of effect size for infants and young children, making it more difficult to capture 

meaningful trajectories of change in motor skills with age.

Cognitive ability was also not found to be a significant moderator of gross motor deficits, 

supporting the hypothesis that gross motor deficits are core phenotypic features of autism 
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rather than simply features of broader neurologic dysfunction or developmental delay. 

Finally, the sex composition of the participant sample was not found to moderate gross 

motor effects. However, articles were notably limited in the number of female participants 

included in analysis, warranting further investigation of sex differences in gross motor skills 

in ASD. Collectively, in the context of the growing debate over whether motor deficits 

should be considered core features of ASD (Fournier, Hass, et al., 2010; Rinehart & 

McGinley, 2010), the present findings indicate that individuals across the entire autism 

spectrum exhibit significant impairment in gross motor skills, supporting the notion that 

gross motor impairments are a core symptom of ASD. However, further research on 

the degree to which gross motor deficits interfere with daily functioning, as well as the 

specificity of gross motor deficits to ASD, is needed in order to determine whether motor 

deficits should be considered for inclusion as diagnostic criteria for ASD.

The Relation Between Gross Motor Skills and Social Skills in ASD

The meta-analysis of 21 studies that had reported a correlation between gross motor and 

social skills in autistic individuals found that poorer gross motor skills were moderately 

and significantly correlated with poorer social skills, with an overall correlation of r = 0.27. 

This relationship was significant across every level of the tested moderators, indicating that 

the association between gross motor and social deficits in ASD is robust across social skill 

domains, study methodology, and participant characteristics. Moreover, this correlation was 

not driven simply by common method variance, as effects were not significantly greater 

when gross motor and social skills were collected via the same measurement method. In 

addition, gross motor skill domain did not significantly moderate the effect, demonstrating 

that certain types of gross motor skills were not more strongly associated with social skills 

than other types. Thus, these findings suggest that gross motor deficits are significantly but 

perhaps only modestly tied to the core social symptoms of ASD.

It is important to note that the correlational effects included in this meta-analysis were 

all drawn from observational studies, most of which measured gross motor and social 

behavior concurrently. Thus, definitive conclusions regarding the directionality and causality 

of the relationship between gross motor and social skills cannot be drawn. However, 

existing literature provides several hypotheses for the potential mechanisms that could 

drive the association between gross motor and social skills in ASD. One possibility is that 

fundamental gross motor deficits in ASD could contribute to the development of social 

impairment over time by altering the ways in which autistic individuals perceive and interact 

with others. Early changes in posture and locomotion have been tied to changes in the 

social information that children see (Kretch et al., 2014) and the frequency and quality of 

their social interactions (Clearfield, 2011; Karasik et al., 2011, 2014), and may thereby alter 

children’s opportunities for social learning. Evidence suggests that difficulty with motor 

coordination may also affect the quality of social interaction for children, adolescents, 

and adults alike. For instance, deficits in basic motor skills may constrain interpersonal 

coordination of movements during social interaction (Bhat et al., 2011; Dowd et al., 2010; 

Moody & McIntosh, 2006). Problems using perceptual information to guide motor behavior, 

which the present findings suggest are particularly pronounced in ASD, may have an 

especially adverse effect on the ability to engage in interpersonal synchrony with social 
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partners, resulting in social interactions that are less fluid and sustained (Noel et al., 2017; 

Whyatt & Craig, 2013a). Motor impairment may also influence social development by 

reducing participation in social activities throughout the lifespan. For instance, school-age 

children with poorer motor coordination skills participate in fewer activities, engage in less 

social play, and choose more socially isolated activities than those with more advanced 

coordination skills (Bar-Haim & Bart, 2006; Jarus et al., 2011). Motor difficulties may 

continue to negatively impact social participation in adolescence, such that adolescents 

with a history of persistent motor difficulties participate in fewer social hobbies (Cantell 

et al., 1994). Notably, the converse relationship may also be true, such that social deficits 

contribute to the development of gross motor impairment. For NT children, many early 

gross motor actions are socially motivated or occur in a social context (e.g., walking 

toward parents to initiate an interaction, playing a reciprocal game of catch). Early social 

differences associated with ASD may limit children’s participation in activities that would 

otherwise allow them to practice gross motor skills. Taken together, such findings suggest 

that gross motor coordination and social deficits may therefore have reciprocal cascading 

effects on one another throughout development. This interpretation implies that early gross 

motor impairment could compound preexisting social vulnerabilities for autistic children by 

impeding social learning and skill development over time.

Another possible explanation is that the association between gross motor and social deficits 

in ASD is the result of common neurobiological mechanisms (such that social deficits and 

motor deficits are expression of a common source), rather than direct causal effects of one 

domain on another. One possibility is that features of individual neurons or neural circuitry 

organization at local and/or global levels are shared across brain systems, serving as a 

developmental vulnerability for many different psychological and cognitive domains. The 

brain systems supporting motor and social behavior overlap (Barrett & Satpute, 2013; Van 

Overwalle, 2009, 2014), and the same insult could negatively affect functioning across both 

domains. Moreover, because neural systems mature at different rates early in development, 

the same neurobiological disruption may become manifest in one behavioral domain 

prior to another. In particular, the sensorimotor system matures before other functional 

brain systems (Gao et al., 2015), and thus the effects of the same underlying biological 

disturbance might be observable first in motor behavior and later in social behavior, with 

no causal relationship. Genetic differences can also exert changing levels of influence on 

behavior over time due to gene–environment correlation, as children select and modify 

their environment in ways that are consistent with their genetic predispositions (Plomin 

& Deary, 2015). This process of “genetic amplification” can lead the same underlying 

genetic differences to become increasingly phenotypically evident over time and may be 

observable first in the early-maturing motor domain and later in other behavioral domains. 

Therefore, even time-lagged correlations between early gross motor impairment and later 

social impairment may be caused by common underlying differences in genetics and brain 

function in ASD. Indeed, a twin study in the general population found evidence for a shared 

genetic influence between autistic traits and clumsiness (Moruzzi et al., 2011). Of course, 

these various explanations are not mutually exclusive and are likely to occur simultaneously. 

Further interventional and prospective longitudinal research is needed to disentangle the 
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directionality and causality of the relationship between gross motor and social skills and 

their relation to neural development in ASD.

Limitations

There are several limitations of the present analyses that warrant further discussion. First, it 

is unclear the degree to which gross motor deficits are specific to ASD. Only a handful of 

studies included a nontypically developing control group (e.g., attention-deficit/hyperactivity 

disorder, developmental delay, intellectual disability), which were too heterogeneous to 

meaningfully analyze. Thus, future studies are needed to compare autistic individuals to 

NT individuals, as well as comparison groups with other forms of neurodevelopmental 

disability, such as ADHD or language disorder. At the same time, it is notable that the motor 

skill domain found to be most impaired in the present analysis (object control) was also 

one of the only domains shown in one study to be selectively impaired in ASD compared 

to ADHD (Ament et al., 2015). Second, as described above, the correlational meta-analysis 

(Study 2) was dependent predominantly on cross-sectional observational studies, which does 

not allow for conclusions regarding the directionality, developmental timeline, or causality 

of the relationship between gross motor and social skills. Third, it is possible that the 

observed correlation between gross motor and social skills is a byproduct of Study 2’s focus 

on autistic individuals alone. If both gross motor and social skills jointly contribute to the 

development of ASD symptoms (i.e., if ASD is a collider variable), their correlation in 

autistic individuals may be significant, even if such a correlation between motor and social 

communication ability does not exist in the general population. However, given that gross 

motor and social communication skills have been shown to be significantly correlated in 

typical development (Gonzalez et al., 2019; Leonard & Hill, 2014) and in population-based 

studies (Wang et al., 2014), it is unlikely that our results are driven solely by our focus on 

autistic individuals. Fourth, Study 2 was likely underpowered to detect moderator effects, 

given the smaller number of studies and imbalanced distribution of moderators (Hempel et 

al., 2013). As such, additional research will be needed to confirm whether the association 

between gross motor and social skills in ASD is truly independent of age, sex, and cognitive 

ability, and unrelated to skill domain or method of assessment. Fifth, the specificity of 

the relationship between gross motor and social skills remains unclear. Gross motor and 

social skills were selected for analysis for theoretical reasons, based on their relevance to 

ASD and existing evidence of their association in autistic and NT children. However, it 

may be that gross motor skills are equally or even more closely tied to skills in other 

areas of development (e.g., language, perceptual reasoning) that were not measured in the 

present study, or that fine motor skills are also associated with social skills. Future work 

disentangling the effects of gross motor skills on social skills from those of other skill 

domains will be important to elucidate the specificity of this relationship.

Conclusions

In sum, we provide the most comprehensive support to date for the existence of gross motor 

deficits in ASD and their robust association with social deficits for individuals on the autism 

spectrum. A number of important future directions can help to extend the current work and 

address the limitations described above. First, prospective longitudinal studies are needed 
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to investigate the directionality and temporal progression of the relationship between gross 

motor, social, and brain development in both typical development and ASD by collecting 

fine-grained, densely measured data on these variables in infants at high and low risk for 

ASD early in life. Second, our findings indicate that gross motor impairment is associated 

with the core social symptoms of ASD, and past research has indicated that gross motor 

deficits are detectable during the first year of life for children with ASD, prior to observable 

social symptoms (Estes et al., 2015; Lim et al., 2021; West, 2019). Future research is 

needed to investigate whether efforts to improve early prediction of later ASD outcomes 

might benefit from integrating measures of gross motor ability as an additional risk marker. 

Third, object control appears to be an area of particularly profound impairment for autistic 

individuals. Future research can help to elucidate whether this deficit is driven by difficulty 

with perception–action coupling (as hypothesized above), when it emerges in development, 

and whether it might serve as an early indicator of ASD outcomes. Perception–action 

coupling is especially relevant for social and affect coordination during social interactions 

(Zampella et al., 2020).

Our results hold several implications for clinical assessment and intervention. Research 

on motor impairment in ASD has identified a gap between the prevalence and 

diagnostic identification of clinically significant motor impairments in ASD, leading several 

researchers to call for routine evaluation of motor behavior for autistic individuals (Zampella 

et al., 2021). Our findings that gross motor impairment is pervasive and related to core social 

impairment for autistic individuals underscore the potential benefit of incorporating motor 

assessments into standard clinical evaluations for ASD. In addition to supporting clinicians’ 

ability to identify and provide appropriate treatment recommendations for motor deficits in 

autistic individuals, motor assessments may supply clinicians with additional behavioral 

information that can improve the accuracy of their ASD diagnosis. Previous research 

has found that motor abnormalities, including awkward or uncoordinated movement, are 

frequently associated with a “frank” or “classic” presentation of ASD by experienced 

clinicians (de Marchena & Miller, 2017), suggesting that observation of motor behavior may 

help to inform clinicians’ diagnostic impressions. Future research can investigate whether 

incorporating motor assessments into routine clinical practice improves diagnostic accuracy 

and later motor and social outcomes for people on the autism spectrum.

Finally, future studies can investigate gross motor skills and motor coordination as a 

putative target for intervention. To date, research on motor interventions for ASD have 

been plagued by small sample sizes and poorly controlled research designs; though large-

scale, high-quality studies are needed in this area, it has not been clear what motor 

skills are the most important to target and which interventions are most important to 

study. Our findings identify object control as a skill that is especially impaired in ASD, 

highlighting it as a particularly important target for motor-focused interventions. A small 

number of preliminary research studies have developed and tested interventions targeting 

ball skills for autistic children (Bremer & Lloyd, 2016; Guest et al., 2017; Ketcheson et 

al., 2017); all found that not only did children’s ball skills improve over the course of 

intervention, but their social participation (Ketcheson et al., 2017) and social skills (Bremer 

& Lloyd, 2016; Guest et al., 2017) did as well. Our results emphasize the importance of 

conducting future high-powered, well-controlled randomized intervention trials in this area. 
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In addition, our findings also suggest that gross motor skills may be fruitful targets for early 

intervention in ASD, an area that has not yet been explored. Such interventions could focus 

on providing children with increased opportunities for scaffolded learning and practicing 

gross motor skills. Notably, we did not find evidence that any one gross motor skill was 

more strongly tied to social communication skills; therefore, initial work in this area may 

focus on building developmentally appropriate skills across domains, including posture and 

locomotion (e.g., independent sitting, crawling, and walking), object control (e.g., rolling, 

throwing, and kicking), and goal-directed reaching. In light of the observed correlation 

between gross motor and social skills, it is possible that such early motor interventions may 

have downstream effects on social behavior for children on the autism spectrum. For this 

reason, we would encourage future motor intervention research to include social as well 

as motor outcome variables. Such intervention research could hold promise for not only 

supporting improved social outcomes for autistic individuals but also for moving beyond 

correlational research to experimentally test whether motor processes play a causal role in 

supporting social development for children on the autism spectrum.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Public Significance Statement

These meta-analyses reveal that individuals on the autism spectrum exhibit a large deficit 

in gross motor skills compared to neurotypical individuals, regardless of the individual’s 

age, sex, or cognitive ability. Further, gross motor impairment is modestly associated with 

social impairment for autistic individuals.
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Figure 1. 
Histogram of the Year of Publication of the Articles Included in This Meta-Analysis
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Figure 2. 
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Flowchart 

of the Search Process and Exclusion of Papers

Note. ASD = autism spectrum disorder; NT = neurotypical. See the online article for the 

color version of this figure.
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Figure 3. 
Forest Plot of Study-Level Aggregated Mean Difference Effects Included in Study 1
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Figure 4. 
Plot of the Distribution of Group Difference Effect Sizes for Each Gross Motor Skill 

Domain

Note. Aggregate effect sizes at the study level were used to produce this plot. Violin plots 

represent the smoothed distribution density of effects in each category.
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Figure 5. 
Plot of the Distribution of Group Difference Effect Sizes for Each Gross Motor Muscle 

Group

Note. Aggregate effect sizes at the study level were used to produce this plot. Violin 

plots represent the smoothed distribution density of effects in each category. “Whole” 

represents gross motor behaviors that recruit muscle groups across the whole body (e.g., 

balancing, jumping jacks); “lower” represents gross motor behaviors that recruit the lower 

extremities (e.g., kicking a ball); “upper” represents gross motor behaviors that recruit the 

upper extremities (e.g., reaching toward an object).

Wang et al. Page 47

Psychol Bull. Author manuscript; available in PMC 2023 February 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Plot of the Distribution of Group Difference Effect Sizes for Each Gross Motor 

Measurement Modality</p>Note. Aggregate effect sizes at the study level were used to 

produce this plot. Violin plots represent the smoothed distribution density of effects in each 

category.
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Figure 7. 
Funnel Plot of All Aggregate Study-Level Group Difference Effect Sizes by Standard Error 

for Articles Included in Study 1
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Figure 8. 
Forest Plot of Study-Level Aggregated Correlation Coefficients Included in Study 2
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Figure 9. 
Funnel Plot of All Aggregate Study-Level Fisher’s Z-Transformed Correlation Effect Sizes 

by Standard Error for Articles Included in Study 2

Wang et al. Page 51

Psychol Bull. Author manuscript; available in PMC 2023 February 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wang et al. Page 52

Ta
b

le
 1

D
es

cr
ip

tio
ns

 a
nd

 E
xa

m
pl

es
 o

f 
C

od
ed

 G
ro

ss
 M

ot
or

 S
ki

ll 
D

om
ai

ns

G
ro

ss
 m

ot
or

 s
ki

ll 
do

m
ai

n
D

es
cr

ip
ti

on
E

xa
m

pl
es

B
ro

ad
 c

om
po

si
te

A
n 

ov
er

al
l g

ro
ss

 m
ot

or
 c

om
po

si
te

 f
ro

m
 a

 s
ta

nd
ar

di
ze

d 
m

ea
su

re
 o

r 
th

e 
co

m
bi

na
tio

n 
of

 tw
o 

or
 

m
or

e 
of

 th
e 

ot
he

r 
do

m
ai

ns
.

Pe
ab

od
y 

D
ev

el
op

m
en

ta
l M

ot
or

 S
ca

le
 G

ro
ss

 M
ot

or
 Q

uo
tie

nt
; V

in
el

an
d 

G
ro

ss
 M

ot
or

 v
-S

ca
le

 S
co

re

L
oc

om
ot

io
n

A
 m

ea
su

re
 o

f 
so

m
e 

as
pe

ct
 o

f 
m

ov
em

en
t u

se
d 

to
 tr

an
sp

or
t o

ne
’s

 b
od

y 
fr

om
 o

ne
 p

la
ce

 to
 a

no
th

er
.

K
in

em
et

ri
c 

an
al

ys
is

 o
f 

ga
it;

 a
ge

 c
hi

ld
 f

ir
st

 b
eg

an
 to

 c
ra

w
l

B
al

an
ce

 a
nd

 p
os

tu
re

A
 m

ea
su

re
 o

f 
th

e 
ab

ili
ty

 to
 m

ai
nt

ai
n 

pa
rt

ic
ul

ar
 b

od
y 

po
st

ur
es

 b
y 

co
nt

ro
lli

ng
 th

e 
bo

dy
 w

ith
in

 it
s 

ce
nt

er
 o

f 
gr

av
ity

.
Po

st
ur

al
 s

w
ay

; o
ne

-l
eg

ge
d 

ba
la

nc
e 

tim
e

Im
ita

tio
n

A
 m

ea
su

re
 o

f 
th

e 
qu

al
ity

 o
f 

im
ita

tio
n 

of
 c

om
pl

ex
 g

ro
ss

 m
ot

or
 m

ov
em

en
ts

.
Im

ita
tio

n 
of

 f
ul

l-
bo

dy
 p

os
tu

re
s;

 im
ita

tio
n 

of
 s

in
us

oi
da

l a
rm

 m
ov

em
en

ts

O
bj

ec
t c

on
tr

ol
A

 m
ea

su
re

 o
f 

so
m

e 
as

pe
ct

 o
f 

th
e 

ab
ili

ty
 to

 c
on

tr
ol

 o
r 

m
an

ip
ul

at
e 

ob
je

ct
s.

C
at

ch
in

g 
ac

cu
ra

cy
; k

ic
ki

ng
 a

cc
ur

ac
y

R
ea

ch
in

g
A

 m
ea

su
re

 o
f 

so
m

e 
as

pe
ct

 o
f 

go
al

-d
ir

ec
te

d 
re

ac
hi

ng
 (

i.e
., 

th
e 

re
ac

h-
to

-g
ra

sp
 m

ov
em

en
t)

 f
ro

m
 a

 
se

at
ed

 p
os

iti
on

.
M

ov
em

en
t t

im
e 

of
 r

ea
ch

 to
w

ar
d 

ob
je

ct
; a

ge
 c

hi
ld

 f
ir

st
 b

eg
an

 r
ea

ch
in

g 
un

ila
te

ra
lly

M
ot

or
 c

on
tr

ol
 a

nd
 

co
or

di
na

tio
n

A
 m

ea
su

re
 o

f 
th

e 
ab

ili
ty

 to
 r

eg
ul

at
e,

 c
on

tr
ol

, p
la

n,
 o

r 
co

or
di

na
te

 g
ro

ss
 m

ot
or

 m
ov

em
en

t.
C

oo
rd

in
at

io
n 

be
tw

ee
n 

le
ft

 a
nd

 r
ig

ht
 li

m
bs

; m
ov

em
en

t v
ar

ia
bi

lit
y 

du
ri

ng
 

ex
pe

ri
m

en
ta

l t
as

k

St
re

ng
th

 a
nd

 a
gi

lit
y

A
 m

ea
su

re
 o

f 
m

us
cl

e 
st

re
ng

th
, m

us
cl

e 
to

ne
, m

ov
em

en
t s

pe
ed

, o
r 

ag
ili

ty
.

A
bi

lit
y 

to
 c

ha
ng

e 
di

re
ct

io
ns

 q
ui

ck
ly

 w
hi

le
 r

un
ni

ng
; h

ow
 q

ui
ck

ly
 a

 
pa

rt
ic

ip
an

t c
an

 m
ov

e 
a 

ha
nd

le
 a

lo
ng

 a
 tr

ac
k

Psychol Bull. Author manuscript; available in PMC 2023 February 02.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wang et al. Page 53

Ta
b

le
 2

It
em

s 
A

ss
es

se
d 

to
 D

et
er

m
in

e 
M

et
ho

do
lo

gi
ca

l Q
ua

lit
y 

R
at

in
gs

Q
ue

st
io

n
St

ud
y 

1 
or

 2
?

A
ns

w
er

 c
ho

ic
es

 a
nd

 c
od

ed
 v

al
ue

s

M
ea

n 
va

lu
e 

ac
ro

ss
 a

rt
ic

le
s 

in
 

St
ud

y 
1

M
ea

n 
va

lu
e 

ac
ro

ss
 

ar
ti

cl
es

 in
 S

tu
dy

 2

W
as

 th
e 

ar
tic

le
 p

ee
r 

re
vi

ew
ed

?
St

ud
ie

s 
1 

an
d 

2
Y

es
 =

 1
, N

o 
=

 0
0.

97
1.

00

W
er

e 
th

e 
re

se
ar

ch
 q

ue
st

io
ns

/o
bj

ec
tiv

es
 o

f 
th

e 
st

ud
y 

cl
ea

rl
y 

st
at

ed
?

St
ud

ie
s 

1 
an

d 
2

Y
es

 =
 1

, N
o 

=
 0

0.
99

1.
00

W
as

 a
 p

ow
er

 a
na

ly
si

s 
or

 o
th

er
 s

am
pl

e 
si

ze
 ju

st
if

ic
at

io
n 

pr
ov

id
ed

?
St

ud
ie

s 
1 

an
d 

2
Y

es
 =

 1
, N

o 
=

 0
0.

07
0.

05

W
as

 th
e 

re
cr

ui
tm

en
t m

et
ho

d 
fo

r 
th

e 
A

SD
 g

ro
up

 r
ep

or
te

d?
St

ud
ie

s 
1 

an
d 

2
Y

es
 =

 1
, N

o 
=

 0
0.

88
1.

00

W
as

 th
e 

re
cr

ui
tm

en
t m

et
ho

d 
fo

r 
th

e 
N

T
 g

ro
up

 r
ep

or
te

d?
St

ud
y 

1 
on

ly
Y

es
 =

 1
, N

o 
=

 0
, N

or
m

at
iv

e 
N

T
 g

ro
up

 =
 1

0.
86

N
ot

 a
pp

lic
ab

le

D
id

 th
e 

au
tis

tic
 p

ar
tic

ip
an

ts
 h

av
e 

co
m

or
bi

d 
m

ed
ic

al
 o

r 
ps

yc
hi

at
ri

c 
di

ag
no

se
s?

St
ud

ie
s 

1 
an

d 
2

Y
es

 =
 0

, N
o 

=
 1

, U
nc

le
ar

 =
 0

0.
21

0.
24

D
oe

s 
th

e 
sa

m
pl

in
g 

m
et

ho
d 

or
 s

am
pl

e 
co

m
po

si
tio

n 
ha

ve
 p

ot
en

tia
l t

o 
bi

as
 

ge
ne

ra
liz

ab
ili

ty
 o

f 
re

su
lts

?
St

ud
ie

s 
1 

an
d 

2
Y

es
 =

 0
, N

o 
=

 1
0.

71
0.

76

D
id

 th
e 

in
ve

st
ig

at
or

s 
co

nf
ir

m
 A

SD
 d

ia
gn

os
is

 in
 th

e 
au

tis
tic

 s
am

pl
e?

St
ud

ie
s 

1 
an

d 
2

Y
es

 =
 1

, N
o 

=
 0

0.
77

0.
86

D
id

 th
e 

in
ve

st
ig

at
or

s 
us

e 
a 

go
ld

-s
ta

nd
ar

d 
di

ag
no

st
ic

 to
ol

 (
A

D
O

S 
an

d/
or

 A
D

I)
 to

 
co

nf
ir

m
 A

SD
 d

ia
gn

os
is

?
St

ud
ie

s 
1 

an
d 

2
Y

es
 =

 1
, N

o 
=

 0
0.

58
0.

71

W
er

e 
th

e 
in

ve
st

ig
at

or
s 

bl
in

de
d 

to
 p

ar
tic

ip
an

ts
’ 

di
ag

no
st

ic
 s

ta
tu

s?
St

ud
y 

1 
on

ly
Y

es
 =

 1
, N

o 
=

 0
0.

12
N

ot
 a

pp
lic

ab
le

D
id

 th
e 

in
ve

st
ig

at
or

s 
m

at
ch

 th
e 

A
SD

 to
 th

e 
N

T
 g

ro
up

 o
n 

ch
ro

no
lo

gi
ca

l a
ge

, s
ex

, 
IQ

, o
r 

de
ve

lo
pm

en
ta

l a
ge

?
St

ud
y 

1 
on

ly
Y

es
 =

 1
, N

o 
=

 0
, N

or
m

at
iv

e 
N

T
 g

ro
up

 =
 1

, N
ot

 
re

po
rt

ed
 =

 0
0.

95
N

ot
 a

pp
lic

ab
le

D
oe

s 
th

e 
gr

os
s 

m
ot

or
 m

ea
su

re
 r

el
y 

so
le

ly
 o

n 
pa

re
nt

 r
ep

or
t?

St
ud

ie
s 

1 
an

d 
2

Y
es

 =
 0

, N
o 

=
 1

0.
96

0.
95

D
oe

s 
th

e 
so

ci
al

 m
ea

su
re

 r
el

y 
so

le
ly

 o
n 

pa
re

nt
 r

ep
or

t?
St

ud
y 

2 
on

ly
Y

es
 =

 0
, N

o 
=

 1
N

ot
 a

pp
lic

ab
le

0.
57

Is
 th

er
e 

ev
id

en
ce

 o
f 

se
le

ct
iv

e 
re

po
rt

in
g 

of
 r

es
ul

ts
?

St
ud

ie
s 

1 
an

d 
2

Y
es

 =
 0

, N
o 

=
 1

0.
94

0.
90

Is
 th

e 
fu

nd
in

g 
so

ur
ce

 f
or

 th
e 

st
ud

y 
re

po
rt

ed
?

St
ud

ie
s 

1 
an

d 
2

Y
es

 =
 1

, N
o 

=
 0

0.
70

0.
81

Is
 th

er
e 

po
te

nt
ia

l f
or

 a
ut

ho
r 

co
nf

lic
t (

i.e
., 

ev
id

en
ce

 th
at

 a
ut

ho
r 

or
 d

at
a 

co
lle

ct
or

s 
w

ou
ld

 b
en

ef
it 

fr
om

 r
ep

or
te

d 
fi

nd
in

gs
)?

St
ud

ie
s 

1 
an

d 
2

Y
es

 =
 0

, N
o 

=
 1

0.
99

1.
00

N
ot

e.
 A

SD
 =

 a
ut

is
m

 s
pe

ct
ru

m
 d

is
or

de
r;

 A
D

O
S 

=
 a

ut
is

m
 d

ia
gn

os
tic

 o
bs

er
va

tio
n 

sc
he

du
le

; A
D

I 
=

 A
ut

is
m

 D
ia

gn
os

tic
 I

nt
er

vi
ew

; I
Q

 =
 in

te
lli

ge
nc

e 
qu

ot
ie

nt
 (

or
 o

th
er

 m
ea

su
re

 o
f 

co
gn

iti
ve

 a
bi

lit
y)

; N
T

 =
 

ne
ur

ot
yp

ic
al

.

Psychol Bull. Author manuscript; available in PMC 2023 February 02.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wang et al. Page 54

Ta
b

le
 3

Ta
bl

e 
of

 R
es

ul
ts

 o
f 

M
od

er
at

or
 A

na
ly

se
s 

fo
r 

St
ud

y 
1

M
od

er
at

or
H

ed
ge

s’
 g

/β
95

%
 C

I
N

M
I 

2
F

/t 
(d

f)
p

G
ro

ss
 m

ot
or

 s
ki

ll 
ty

pe
11

4
79

1
87

.2
0

13
.5

9 
(7

, 3
1.

15
)

<
.0

01

 
B

al
an

ce
 a

nd
 p

os
tu

re
−

0.
95

a
[−

1.
09

, −
0.

82
]

64
31

1

 
C

om
po

si
te

−
1.

3 a
bc

[−
1.

90
, −

0.
69

]
22

38

 
C

on
tr

ol
 a

nd
 c

oo
rd

in
at

io
n

−
1.

09
ab

c
[−

1.
66

, −
0.

53
]

12
17

 
Im

ita
tio

n
1.

07
ab

c
[−

1.
63

, −
0.

51
]

6
17

 
L

oc
om

ot
io

n
−

0.
90

ab
c

[−
1.

28
, −

0.
52

]
33

28
0

 
O

bj
ec

t c
on

tr
ol

−
1.

37
b

[−
1.

74
, −

1.
00

]
27

30

 
R

ea
ch

in
g

−
0.

54
c

[−
0.

87
, −

0.
21

]
9

83

 
St

re
ng

th
 a

nd
 a

gi
lit

y
1.

07
ab

c
[−

1.
55

, −
0.

59
]

11
15

M
us

cl
e 

gr
ou

p
11

4
79

1
87

.3
0

50
.8

4 
(2

, 3
1.

05
)

<
.0

01

 
W

ho
le

 b
od

y/
co

m
bi

ne
d

−
1.

11
a

[−
1.

25
, −

0.
97

]
96

44
3

 
L

ow
er

−
0.

52
b

[−
0.

90
, −

0.
13

]
12

20
8

 
U

pp
er

−
0.

94
ac

[−
1.

31
, −

0.
58

]
38

14
0

G
ro

ss
 m

ot
or

 m
ea

su
re

m
en

t m
od

al
ity

11
4

79
1

85
.1

2
4.

28
 (

12
.9

0)
.0

14

 
B

eh
av

io
ra

l c
od

in
g

−
0.

97
ab

[−
1.

41
, −

0.
53

]
7

66

 
C

lin
ic

al
 a

ss
es

sm
en

t
−

1.
27

a
[−

2.
19

, −
0.

36
]

60
13

6

 
C

lin
ic

al
 in

te
rv

ie
w

−
1.

02
ab

[−
2.

08
, 0

.0
3]

5
13

 
E

xp
er

im
en

ta
l

0.
75

ab
[−

1.
71

, 0
.2

1]
4

8

 
Fo

rc
e 

an
d 

pr
es

su
re

−
0.

77
b

[−
1.

67
, 0

.1
3]

28
33

3

 
K

in
em

at
ic

s
−

0.
70

b
[−

1.
57

, 0
.1

6]
13

17
6

 
Pa

re
nt

 Q
ue

st
io

nn
ai

re
−

0.
74

ab
[−

1.
94

, 0
.4

5]
5

59

A
SD

 s
ub

gr
ou

p
11

4
79

1
87

.3
1

4.
43

 (
3.

58
)

.1
04

 
A

SD
−

1.
00

[−
1.

12
, −

0.
88

]
82

46
6

 
A

sp
er

ge
r

−
1.

16
[−

1.
80

, −
0.

52
]

10
80

 
A

ut
is

m
−

1.
12

[−
1.

65
, −

0.
59

]
25

24
2

 
PD

D
-N

O
S

−
1.

41
[−

5.
14

, 2
.3

3]
2

3

St
ud

y 
qu

al
ity

−
0.

01
[−

0.
07

, 0
.0

5]
11

4
79

1
87

.6
5

−
0.

39
 (

32
.5

6)
.7

01

Psychol Bull. Author manuscript; available in PMC 2023 February 02.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wang et al. Page 55

M
od

er
at

or
H

ed
ge

s’
 g

/β
95

%
 C

I
N

M
I 

2
F

/t 
(d

f)
p

Se
x

0.
00

[−
0.

01
, 0

.0
0]

10
1

69
3

85
.2

0
−

0.
74

 (
9.

19
)

.4
77

A
ge

0.
01

[0
.0

0,
 0

.0
2]

10
5

68
1

86
.9

4
1.

39
 (

11
.1

8)
.1

90

IQ
0.

01
[−

0.
01

, 0
.0

2]
64

40
9

82
.8

5
0.

86
 (

13
.7

4)
.4

03

N
ot

e.
 W

ith
in

 c
at

eg
or

ic
al

 m
od

er
at

or
s,

 s
ub

sc
ri

pt
s 

th
at

 d
o 

no
t s

ha
re

 le
tte

rs
 r

ep
re

se
nt

 s
ig

ni
fi

ca
nt

 p
ai

rw
is

e 
co

m
pa

ri
so

n 
af

te
r 

B
on

fe
rr

on
i c

or
re

ct
io

n 
fo

r 
m

ul
tip

le
 c

om
pa

ri
so

ns
. F

or
 n

on
co

nt
in

uo
us

 v
ar

ia
bl

es
, t

he
 b

et
a 

co
ef

fi
ci

en
ts

 c
or

re
sp

on
d 

to
 H

ed
ge

s’
 g

. β
 =

 b
et

a 
co

ef
fi

ci
en

t; 
95

%
 C

I 
=

 9
5%

 c
on

fi
de

nc
e 

in
te

rv
al

; N
 =

 n
um

be
r 

of
 s

tu
di

es
; M

 =
 n

um
be

r 
of

 e
ff

ec
ts

; d
f =

 d
eg

re
es

 o
f 

fr
ee

do
m

; A
SD

 =
 a

ut
is

m
 s

pe
ct

ru
m

 d
is

or
de

r;
 

PD
D

-N
O

S 
=

 p
er

va
si

ve
 d

ev
el

op
m

en
ta

l d
is

or
de

r-
no

t o
th

er
w

is
e 

sp
ec

if
ie

d;
 I

Q
 =

 in
te

lli
ge

nc
e 

qu
ot

ie
nt

.

Psychol Bull. Author manuscript; available in PMC 2023 February 02.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wang et al. Page 56

Ta
b

le
 4

Ta
bl

e 
of

 R
es

ul
ts

 o
f 

M
od

er
at

or
 A

na
ly

se
s 

fo
r 

St
ud

y 
2

M
od

er
at

or
F

is
he

r’
s 

z/
β

95
%

 C
I

N
M

I 
2

F
/t 

(d
f)

p

G
ro

ss
 m

ot
or

 s
ki

ll 
ty

pe
21

17
0

65
.1

1
1.

29
 (

4.
13

)
.4

11

 
B

al
an

ce
 a

nd
 p

os
tu

re
0.

28
[0

.1
1,

 0
.4

5]
14

68

 
C

om
po

si
te

0.
36

[−
0.

2,
 0

.9
1]

4
8

 
C

on
tr

ol
 a

nd
 c

oo
rd

in
at

io
n

0.
22

[−
0.

66
, 1

.1
0]

4
8

 
L

oc
om

ot
io

n
0.

20
[−

0.
26

, 0
.6

6]
5

59

 
O

bj
ec

t c
on

tr
ol

0.
30

[−
0.

35
, 0

.9
4]

7
13

 
R

ea
ch

in
g

0.
16

[−
0.

17
, 0

.4
9]

1
14

M
us

cl
e 

gr
ou

p
20

12
6

62
.3

5
−

0.
59

 (
6.

35
)

.5
76

 
W

ho
le

 b
od

y/
co

m
bi

ne
d

0.
30

[0
.1

8,
 0

.4
2]

18
10

3

 
U

pp
er

−
0.

13
[−

0.
50

, 0
.2

4]
6

23

G
ro

ss
 m

ot
or

 m
ea

su
re

m
en

t m
od

al
ity

20
16

9
62

.6
4

0.
63

 (
2.

20
)

.6
08

 
B

eh
av

io
ra

l c
od

in
g

0.
04

[−
1.

68
, 1

.7
6]

2
21

 
C

lin
ic

al
 a

ss
es

sm
en

t
0.

31
[−

2.
71

, 3
.3

2]
10

41

 
C

lin
ic

al
 in

te
rv

ie
w

0.
19

[−
2.

71
, 3

.0
9]

1
2

 
E

xp
er

im
en

ta
l

0.
46

[−
2.

69
, 3

.6
2]

1
1

So
ci

al
 s

ki
ll 

ty
pe

21
17

0
61

.8
4

0.
28

 (
0.

54
)

.8
75

 
A

da
pt

iv
e

0.
39

[−
1.

47
, 2

.2
5]

2
8

 
C

om
po

si
te

0.
38

[−
2.

32
, 3

.0
9]

5
20

 
So

ci
al

 c
og

ni
tio

n
0.

39
[−

2.
24

, 3
.0

1]
3

29

 
So

ci
al

 c
om

m
un

ic
at

io
n

0.
20

[−
2.

89
, 3

.2
9]

14
10

0

 
So

ci
al

 m
ot

iv
at

io
n

0.
08

[−
3.

22
, 3

.3
8]

2
13

So
ci

al
 s

ki
ll 

m
ea

su
re

m
en

t m
od

al
ity

20
16

7
61

.7
3

1.
28

 (
10

.5
4)

.3
18

 
C

lin
ic

al
 a

ss
es

sm
en

t
0.

20
[−

0.
04

, 0
.4

3]
8

30

 
C

lin
ic

al
 in

te
rv

ie
w

0.
18

[−
0.

34
, 0

.7
1]

8
63

 
E

xp
er

im
en

ta
l

0.
37

[−
0.

14
, 0

.8
8]

1
3

 
Pa

re
nt

/te
ac

he
r 

re
po

rt
8

74

M
ea

su
re

m
en

t m
od

al
ity

 c
on

gr
ue

nc
e

21
17

0
61

.2
3

0.
28

 (
3.

94
)

.7
90

 
In

co
ng

ru
en

t
0.

27
[0

.1
5,

 0
.3

8]
18

16
0

Psychol Bull. Author manuscript; available in PMC 2023 February 02.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wang et al. Page 57

M
od

er
at

or
F

is
he

r’
s 

z/
β

95
%

 C
I

N
M

I 
2

F
/t 

(d
f)

p

 
C

on
gr

ue
nt

−
0.

16
[−

0.
52

, 0
.2

]
5

10

A
SD

 s
ub

gr
ou

p
20

16
6

61
.9

2
0.

76
 (

2.
75

)
.5

08

 
A

SD
0.

25
[0

.1
5,

 0
.3

5]
17

14
4

 
A

ut
is

m
−

0.
17

[−
0.

52
, 0

.1
8]

3
22

St
ud

y 
qu

al
ity

−
0.

04
[−

0.
11

, 0
.0

4]
21

17
0

61
.0

2
−

1.
16

 (
7.

81
)

.2
82

Se
x

0.
00

[−
0.

01
, 0

.0
2]

17
14

8
65

.0
1

0.
48

 (
3.

77
)

.6
61

A
ge

−
0.

01
[−

0.
03

, 0
.0

2]
19

16
6

61
.9

9
−

0.
80

 (
4.

14
)

.4
70

IQ
−

0.
01

[−
0.

02
, 0

]
16

13
9

62
.6

6
−

1.
95

 (
2.

32
)

.1
73

N
ot

e.
 F

or
 n

on
co

nt
in

uo
us

 v
ar

ia
bl

es
, t

he
 b

et
a 

co
ef

fi
ci

en
ts

 c
or

re
sp

on
d 

to
 F

is
he

r’
s 

z.
 β

 =
 b

et
a 

co
ef

fi
ci

en
t; 

95
%

 C
I 

=
 9

5%
 c

on
fi

de
nc

e 
in

te
rv

al
; N

 =
 n

um
be

r 
of

 s
tu

di
es

; M
 =

 n
um

be
r 

of
 e

ff
ec

ts
; d

f =
 d

eg
re

es
 o

f 
fr

ee
do

m
; A

SD
 =

 a
ut

is
m

 s
pe

ct
ru

m
 d

is
or

de
r;

 I
Q

 =
 in

te
lli

ge
nc

e 
qu

ot
ie

nt
.

Psychol Bull. Author manuscript; available in PMC 2023 February 02.


	Abstract
	Method
	Search Procedure
	Study Screening and Selection Procedure
	Abstract Screening
	Study 1.
	Study 2.

	Full-Text Screening

	Data Extraction and Coding Procedure
	Study 1
	Extracting Effect Sizes.
	Coding Moderator Data.
	Gross Motor Skill Domain.
	Muscle Group Involved in Gross Motor Skill.
	Gross Motor Measurement Modality.
	Methodological Quality.
	Autism Spectrum Disorder Diagnostic Group.
	Sex.
	Age.
	IQ.


	Study 2
	Extracting Effect Sizes.
	Coding Moderator Data.
	Social Skill Domain.
	Social Skill Measurement Modality.
	Congruence Between Measurement Modalities.


	Handling Dependencies Between Effects
	Statistical Approach
	Modeling Approach.
	Outlier Detection.
	Analytic Procedure.
	Publication Bias.

	Transparency and Openness


	Results
	Study 1
	Study Characteristics
	Outlier Analysis
	Overall Differences in Gross Motor Skills Between Neurotypical and Autistic Individuals
	Tests of Moderators of Gross Motor Impairment in ASD
	Gross Motor Skill Domain.
	Muscle Group Involved in Gross Motor Skill.
	Gross Motor Measurement Modality.
	ASD Diagnostic Group.
	Methodological Quality.
	Sex.
	Age.
	IQ.

	Exploratory Analyses of Interactions Between Moderators
	Gross Motor Skill Domain Versus Measurement Modality.
	Gross Motor Muscle Group Versus Measurement Modality.
	Gross Motor Muscle Group Versus Skill Domain.

	Assessment for Publication Bias

	Study 2
	Study Characteristics
	Outlier Analysis
	Overall Correlation Between Gross Motor and Social Skills
	Tests of Moderators of the Relationship Between Gross Motor and Social Skills in ASD
	Assessment for Publication Bias


	Discussion
	Gross Motor Impairment in ASD
	The Relation Between Gross Motor Skills and Social Skills in ASD
	Limitations

	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Table 1
	Table 2
	Table 3
	Table 4

