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ABSTRACT 

Autism Spectrum Disorder (ASD) is a multisystem neurodevelopmental disorder 

not only affecting childrenôs core impairments in social communication and 

behavioral-affective states but also their comorbid impairments in perceptuo-

motor performance. Childrenôs comorbid impairments in general motor (i.e., 

gross and fine motor) and socially embedded motor performance (i.e., 

interpersonal synchrony (IPS)) might eventually affect their social participation.  

The purpose of this dissertation was to identify ASD-related neurobiomarkers 

during IPS and to develop an evidence-based, multisystem intervention that 

targets multisystem difficulties of children with ASD. In Aims 1 and 2, we 

compared IPS performance and functional near-infrared spectroscopy (fNIRS)-

related cortical activation between children with and without ASD during 

reaching and body sway synchrony tasks. Children with ASD showed significant 

IPS difficulties as well as associated atypical cortical activation such as reduced 

inferior frontal gyrus, superior temporal sulcus activation, and increased inferior 

parietal lobe activation. Moreover, unlike their typically developing peers, 

children with ASD did not scale-up their cortical activation when more social-

perceptual information was provided. The neurobiomarkers we identified in Aims 

1 and 2 could be used as objective response measures to study intervention effects. 
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In Aim 3 we conducted a comprehensive systematic review to understand the 

neural effects of movement intervention/physical activity in children with ASD 

and other developmental disabilities. Our systematic review revealed normalized 

resting-state, cortical arousal/connectivity, as well as normalized 

electroencephalogram, event-related potentials during multiple executive 

functioning tasks after physical activity and movement interventions.  

Aims 4-6, build on our past behavioral and neurobiomarker studies as well as 

recent systematic reviews, to conduct a Randomized Controlled Trial (RCT) 

comparing effects of 8 weeks of multisystem, synchrony-based Creative 

Movement (CM, using a blend of music, dance, and yoga approaches), General 

Movement (GM, control for movement), and Sedentary Play (SP, control for 

social interactions) interventions on the motor, social communication, behavioral-

affective, and cognitive skills of school-age children with ASD.  

In Aim 4, we explored the effects of CM and SP interventions on general and 

socially embedded motor skills in children with ASD. Children in both CM and 

SP groups showed improved fine motor and imitation performance, while 

children in the CM group showed additional improvements in gross motor (i.e., 

body coordination, strength, agility, locomotor skills) and IPS performance.  

In Aim 5, we explored the cascading effects of CM and SP interventions on social 

communication, cognitive, and behavioral- affective performance in children with 

ASD. Only children in the CM group showed increased/improved socially 

directed verbalization, prosocial behavior, executive functions, and positive affect.  
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Lastly, in Aim 6, we explored the neural effects of CM, GM, and SP interventions 

during a drumming synchrony task. GM group showed increased socially 

enhanced activation over the frontal regions, the SP group showed increased 

activation over the temporal regions, while the CM group showed a more 

widespread increase in socially enhanced activation over frontal and temporal 

regions.  

Overall, this dissertation work builds on our labôs past work to confirm that 

creative movement interventions through their motor influences on body 

coordination and IPS have cascading effects on social communication skills, 

behavioral/affective, and cognitive skills of school-age children with ASD. Lastly, 

we offer supporting evidence for the use of fNIRS-based neurobiomarkers as 

intervention response measures following movement interventions. 
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Chapter 1 

AUTISM SPECTRUM DISORDER: AN OVERVIEW OF 

BEHAVIORAL  AND NEURAL BIOMARKERS AND THE CURRENT 

INTERVENTION EFFECTS  

 

1.1 Social Communication, Cognitive, and Behavioral-Affective 

Impairments in Autism Spectrum Disorder 

Autism Spectrum Disorder (ASD) is a multisystem neurodevelopmental 

disorder affecting 1 in 44 children (American Psychiatric Association, 2013; 

Maenner et al., 2021). Children with ASD present with core symptoms in social 

communication and repetitive behaviors, as well as comorbidities in cognitive and 

behavioral-affective domains (American Psychiatric Association, 2013; Cai et al., 

2018; Demetriou et al., 2018). Specifically, they have impaired verbal and non-

verbal communication skills, such as language delays and reduced social 

gaze/joint attention (American Psychiatric Association, 2013; Chita-Tegmark, 

2016; Franchini, et al., 2017). They also demonstrate less frequent 

altruistic/prosocial behaviors compared to their typically developing peers (TD) 

(Russell et al., 2012). Together, the social communication difficulties and reduced 

prosocial behaviors in children with ASD limit their social participation and 

ability to establish or maintain relationships with others. Besides the core 

symptoms in social communication skills, children with ASD also 
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demonstrate impaired executive functions, including insufficient inhibitory 

control, motor planning, working memory, and cognitive shifting (Demetriou et 

al., 2018). For example, they might have difficulties inhibiting responses or 

filtering out irrelevant information (Demetriou et al., 2018; Tonizzi et al., 2021). 

Lastly, children with ASD present with behavioral-affective difficulties, including 

poor emotional regulation and a higher prevalence of problem behaviors (Cai et 

al., 2018; Lecavalier, 2006). Specifically, children with ASD were found to have 

lower levels of emotional regulation, and used less effective emotional regulation 

strategies (e.g., suppression/avoidance, self-blame), which might contribute to 

their externalizing and internalizing problem behaviors (e.g., throwing temper 

tantrums, withdrawal) (Cai et al., 2018; Li et al., 2020). These multisystem 

impairments in ASD undermine childrenôs ability to participate socially and 

significantly affect both their mental and physical well-being (Bhat et al., 2021). 

1.2 General-Motor and Social-Motor  Impairments in Autism Spectrum 

Disorder 

Along with their core impairments, a large number of children with ASD 

also present with general-motor and social-motor difficulties (Bhat et al., 2011; 

Kaur et al., 2018). Using a SPARK database, a recent study suggested that about 

87% of the children with ASD were at risk for motor impairments (Bhat, 2020 & 

2021). In terms of general-motor difficulties, they demonstrate gross and fine 

motor incoordination, poor postural control, as well as atypical gait/locomotor 

skills compared to their typically developing (TD) peers (Biffi et al., 2018; Chen 

et al., 2019; Fournier et al., 2010; Kushki et al., 2011). In terms of social-motor 
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difficulties, poor imitation and lower interpersonal synchrony (IPS) skills are 

reported in children with ASD compared to TD peers (Bhat et al., 2011; Kaur et 

al., 2018; Marsh et al., 2013). These motor difficulties are highly related to 

childrenôs social communication performance, cognitive functioning, and 

behavioral performance, highlighting the multisystem nature of ASD (Ohara et al., 

2016; Bhat, 2021). Moreover, IPS is vital for establishing social connections with 

social partners (i.e., peers and caregivers) and plays an important role in 

childrenôs social-cognitive development (Mogan et al., 2017). We argue that IPS 

provides a unique link between social and motor development, therefore, could be 

a key ingredient for movement interventions to address the multisystem 

impairments of children with ASD. 

1.3 ASD-Related Differences in Neural Activity During Social-Motor Tasks  

Many functional Magnetic Resonance Imaging (fMRI) studies have 

suggested atypical activation over the Observation Execution Matching System 

(OEMS) and link this mechanism to the social-motor difficulties in children with 

ASD (Rizzolatti & Fabbri-Destro, 2010; Yang & Hofmann, 2016). A 

comprehensive meta-analysis of fMRI studies suggested ASD-related 

hypoactivation over the Inferior Frontal Gyrus (IFG) and Superior Temporal 

Sulcus (STS), along with hyperactivation over the Inferior Parietal Lobe (IPL) 

during imitation and its component behaviors (i.e., action observation and 

execution) (Yang & Hofmann, 2016). The IFG plays an important role in 

perceiving action information offered by a social partner, encoding action goals, 

and inferring intentions behind the actions (Koski et al., 2002; Johnson-Frey et al., 
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2003). IFG also interacts with IPL to match the observed actions with internal 

motor plans to predictively modify actions to match that of the social partner 

(Fontana et al., 2012; Ocampo et al., 201). On the other hand, STS plays an 

important role in establishing visuomotor correspondence and is activated as one 

monitors and matches their actions to those of their partnersô (Molenberghs et al., 

2010). The atypical activation over OEMS might indicate that children with ASD 

have insufficient/altered neural networks during imitation and experience 

difficulties perceiving/integrating social information. 

Although the fMRI studies suggest potential neurobiomarkers in children 

with ASD, the tasks used in these fMRI studies were limited to hand or finger 

movements, without upright face-to-face interactions (Yang & Hofmann, 2016). 

Functional near-infrared spectroscopy (fNIRS) is a non-invasive neuroimaging 

technique that constrains the subject only by a cap, allows upright, face-to-face 

interactions, and is robust against movement artifacts, making it a favorable 

approach to investigate the social-motor difficulties in children with ASD (Lloyd-

Fox et al., 2010). In the current study, we investigated the fNIRS-related cortical 

activation in children with ASD during IPS tasks and explored the potential use of 

these potential neurobiomarkers as intervention response measures. 

1.4 Traditional and Contemporary Interventions for Autism Spectrum 

Disorder 

Despite the high prevalence of general-motor and social-motor difficulties 

in children with ASD, whole-body movement coordination is rarely a focus of 

contemporary ASD interventions. In fact, a recent SPARK database study 
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reported that only 31.6% of children with ASD were receiving physical therapies 

and only 13% received recreational therapies (Bhat, 2020 & 2021). Using 

principles/approaches such as Applied Behavior Analyses (ABA; Lovaas, 1987), 

Picture Exchange Communication System (PECS; Bondy & Frost, 2001), and 

Teaching and Education of Autistic and Related Communication Handicapped 

Children (TEACHH; Mesibov, 2004), contemporary ASD interventions provide 

repeated practice and reinforcements of desired behaviors, joint attention, and 

social communication skills. Although these contemporary ASD interventions 

show promising results in improving adaptive functions, increasing receptive and 

expressive language skills, and reducing negative behaviors (Reichow et al., 

2018), most of them are conducted in a seated position without emphasizing 

perceptuo-motor control and whole-body movement coordination. In the current 

dissertation, we used a Sedentary Play (SP) intervention that focuses on fine 

motor activities, academic performance, and social communication skills modeled 

on occupational therapy, special education, and speech therapy activities as our 

comparison, standard of care intervention.  

1.5 The Nature and Value of Creative Movement Interventions 

Over the past decade, there has been an increasing number of studies using 

CM interventions (e.g., music, dance, yoga, theater, and martial art) to address the 

multisystem impairments in children with ASD (Amonkar et al., 2021). Using 

yoga and musical/rhythm-based interventions, our research group found training-

related improvements in social communication, social attention, gross motor 

performance, and imitation/praxis skills in children with ASD (Kaur et al., 2019 
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and 2021; Srinivasan et al., 2015, 2016 a & b). Recently, we conducted a 

comprehensive systematic review on CM interventions and found small-to-large-

sized improvements in social communication after music and martial arts 

therapies, as well as medium-to-large improvements in motor and cognitive 

domains after yoga and martial arts training (Amonkar et al., 2021). Despite the 

various types/contexts of creative movement interventions, they all provide an 

enjoyable intervention context that naturally encourages social information 

monitoring, communication, imitation/IPS, and learning/practice of gross and fine 

motor skills (Srinivasan & Bhat, 2013). We argue that the social-motor 

components (i.e., imitation and IPS) are the key ingredients that make CM 

interventions effective in addressing the multisystem impairments of children 

with ASD. To support our hypotheses/framework, we propose to examine the 

effects of an IPS-based novel CM intervention that incorporates elements of early 

childhood music, dance, and yoga activities/games and compare its effects to a 

standard of care, SP intervention in children with ASD. 

1.6 Potential Use of Neural Biomarkers as Intervention Response Measure 

Compared to the behavioral findings, there is little evidence for the neural 

effects of CM interventions. Several fMRI studies found training-related changes 

in resting-state neural activity in regions important for social communication 

skills of children with ASD (Yang et al., 2018; Sharda et al., 2021). Specifically, 

Yang et al. (2018) found increased connectivity between the left inferior frontal 

gyrus and the right cerebellum after 12 weeks of mini-basketball training, while 

Sharda et al. (2021) found reduced resting-state fMRI over-connectivity over the 
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auditory and visual regions and under-connectivity over the auditory and motor 

regions after 8 to12 weeks of music therapy in children with ASD. 

Electroencephalogram (EEG) studies also suggested normalized event-related 

potentials during executive functioning tasks after martial arts and theater-based 

interventions (Chan et al., 2013 & 2015; Corbett et al., 2016). Despite the indirect 

evidence from fMRI resting-state connectivity and EEG executive functioning 

studies, there are no studies describing changes of cortical activation during IPS 

tasks following movement interventions. Our review of the literature indicated a 

need to systematically review the neural effects of movement-related 

interventions on children with ASD and other developmental disabilities. Hence, 

in the current dissertation, we conducted a comprehensive systematic review on 

the neural effects of movement-related interventions on children with 

developmental disabilities. Additionally, we conducted a pilot Randomized 

Controlled Trial (RCT) to explore the use of fNIRS neurobiomarkers during IPS 

tasks to track the neural effects of CM and SP interventions. 

1.7 Aims and Hypotheses 

The overall aim of this dissertation is to identify ASD-related 

neurobiomarkers during IPS and to explore the multisystem neural and behavioral 

effects of CM interventions for children with ASD. In Aims 1 and 2 (Chapters 2 

to 4), we compared IPS performance and fNIRS-related cortical activation 

between children and adults with and without ASD during reaching and body 

sway synchrony tasks. The neurobiomarkers we identified in Aims 1 and 2 could 

be used as objective response measures to study intervention effects. In Aim 3 
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(Chapter 5) we conducted a comprehensive systematic review to understand the 

neural effects of movement intervention/physical activity in children with ASD 

and other developmental disabilities. In Aims 4-6, we build on our past 

behavioral/neurobiomarker studies and the aforementioned systematic review to 

conduct a pilot RCT comparing effects of 8 weeks of multisystem, synchrony-

based CM (using a blend of music, dance, and yoga approaches) and SP 

interventions (control for social interactions) on the motor, social communication, 

behavioral-affective, and cognitive skills of school-aged children with ASD. 

Specifically, we explored the effects of CM and SP interventions on general and 

socially embedded motor skills in children with ASD in Aim 4 (Chapter 6), 

investigated the cascading effects of CM and SP interventions on social 

communication, cognitive, and behavioral-affective performance in children with 

ASD in Aim 5 (Chapter 7), and evaluated the neural effects of CMand SP 

interventions during a drumming synchrony task in Aim 6 (Chapter 8).  
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Chapter 2 

DEVELOPMENTAL DIFFERENCES IN CORTICAL  ACTIVATION  

DURING ACTION  OBSERVATION , ACTION  EXECUTION , AND 

INTERPERSONAL SYNCHRONY : AN fNIRS STUDY  

This chapter is a reprinted version of an article published in Frontiers in 

Human Neuroscience, ñReprinted with permission from Frontiers in Human 

Neuroscience 2020, 14, 57. Copyright 2020 Frontiers.ò  

2.1 Introduction 

Interpersonal synchrony (IPS) or the time-constrained movement 

coordination between two individuals is an important daily activity (Repp and Su, 

2013). Some examples of IPS in daily life include walking or running at a 

matching pace with a partner, two people lifting a large or heavy object together, 

and children playing óófollow the leaderôô games. Musicians often synchronize 

their actions while playing instruments in order to achieve harmony (Phillips-

Silver and Keller, 2012). IPS has been studied across a variety of tasks spanning 

from simple finger tapping and reaching for objects (Rabinowitch and Knafo-

Noam, 2015; Schmitz et al., 2017) to whole-body swaying/rocking (Sofianidis et 

al., 2012; Marsh et al., 2013) as well as walking (Wiltermuth and Heath, 2009). 

Yet, few studies have examined the developmental differences in IPS between 

children and adults. Moreover, the underlying neural mechanisms of IPS have not
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been well studied. In this study, we compared IPS performance and associated 

cortical activation patterns using functional near-infrared spectroscopy (fNIRS) 

between typically developing (TD) young adults and school-age children.  

In the first 2 years of life, infants transition from imitation of discrete 

actions that are one-step and familiar to those that are multi-step and unfamiliar in 

nature (Jones, 2007). By 2 years, toddlers perform various sustained rhythmic 

actions such as walking, running, drumming, etcetera (Clark and Phillips, 1993; 

Brakke et al., 2007). Preschoolers as young as two and a half years of age were 

able to scale their drumming tempo to that of their social partner (Kirschner and 

Tomasello, 2009). In a different study, young elementary school child-child pairs 

showed the lowest levels of IPS during joint drumming followed by middle 

school child-child pairs and lastly the young adult-adult pairs (Kleinspehn-

Ammerlahn et al., 2011). The lower IPS levels of young children were attributed 

to their difficulties in adjusting to the variable nature of their partnerôs hand 

coordination patterns (Kleinspehn-Ammerlahn et al., 2011). Infants and children 

will learn a variety of important social and adaptive skills by engaging in 

imitation and IPS with their social partners (Carpenter et al., 1998; Meltzoff, 

2007). While short bouts of synchronization contribute to greater social bonding 

and pro-social behavior (Macrae et al., 2008; Tunçgenç and Cohen, 2016 a,b), 

long-term exchanges of parent-child synchrony experiences will help develop 

secure attachments with caregivers (Isabella and Belsky, 1991). Children who 

engaged in more synchronous clap-tap actions had more prosocial behaviors 

towards their peers than those who had less synchronous actions (Tunçgenç and 
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Cohen, 2016b). A broader meta-analysis of effects of IPS reported a medium-size 

effect on prosocial behaviors, a small-to-medium size effect on social bonding 

such as a greater sense of affiliation/similarity as well as better social cognition, 

for example, better memory of the partner (Mogan et al., 2017). By comparing the 

IPS performance and associated cortical activation during a novel and continuous 

reach to cleanup task between children and adults, the present study will highlight 

the developmental differences in IPS and related neural mechanisms. 

While there are few studies describing neural substrates underlying IPS 

behaviors, various cortical structures have been implicated in imitation behaviors, 

and both behaviors may share similar neural substrates for their control (Bhat et 

al., 2017). Various cortical regions play an important role during the process of 

imitation (Iacoboni, 2005; Cattaneo and Rizzolatti, 2009). These include the 

frontal regions of the Inferior Frontal Gyrus (IFG) and ventral Premotor Cortex, 

the parietal regions such as the Inferior Parietal Lobule (IPL) and intraparietal 

sulcus of the parietal lobe, specifically, the Inferior Parietal Gyrus, Supramarginal 

Gyrus, and Angular Gyrus, and the temporal regions, specifically, the Superior 

Temporal Sulcus (STS; Iacoboni, 2005; Cattaneo and Rizzolatti, 2009). The STS 

responds more to biological than nonbiological stimuli and is thought to encode 

biological motion rather than the superficial characteristics of moving stimuli 

(Pelphrey et al., 2003a). Greater bilateral STS activation was found during 

imitation than action observation and execution suggesting that it provides a 

visual description of observed actions and compares the observed movements to 

that of planned actions (Molenberghs et al., 2010). On the other hand, IFG and 
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IPL regions are said to be more active during the observation and imitation of 

goal directed, object-related actions (Iacoboni, 2005; Pokorny et al., 2015). IPL 

may contribute to the motor planning aspects of imitated actions (De Renzi et al., 

1983; Fontana et al., 2012); while IFG is said to be responsible for processing the 

goals of the action (Koski et al., 2002). It is important to note that during imitation 

these regions do not work in isolation and instead interact with each other as well 

as other brain regions such as the dorsolateral prefrontal cortices, premotor 

cortices, primary and supplementary/pre-supplementary motor cortices, 

cingulate/insular cortices, cuneus/precuneus as well as subcortical structures such 

as the cerebellum and putamen to form an important imitation network (Gazzola 

and Keysers, 2009; Iacoboni, 2009). Given the important role of the 

aforementioned cortical regions for imitation performance, in the present study, 

we will assess their contributions to components of IPS behaviors including 

action observation, action execution, and IPS itself during a continuous reach to 

cleanup task in both adults and children. 

Original studies comparing cortical activation during action observation, 

execution, and imitation have reported similar levels of activation across all three 

tasks (Cattaneo and Rizzolatti, 2009; Molenberghs et al., 2010). However, recent 

studies have reported a more variable level of activation and lateralization across 

observation, execution, and imitation tasks. In terms of level of activation, one 

study reported greatest cortical activation during action imitation followed by 

action execution and lowest activation during action observation (Aziz-Zadeh et 

al., 2006) while another study found that cortical activation was greater during 
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action execution and imitation than action observation (Reynolds et al., 2019). 

Multiple studies have also reported greater cortical activation during action 

imitation than action execution and observation (Hamzei et al., 2016; Brihmat et 

al., 2017; Gatti et al., 2017). However, the aforementioned patterns of activation 

differ depending on the regions of interest (ROIs). For example, Montgomery et 

al. (2007) found that IPL and IFG were more active during action imitation and 

execution compared to action observation whereas STS activation was greater 

during action imitation compared to action observation and execution. Varying 

patterns of hemispheric lateralization have also been reported for imitation 

behaviors. One of the original studies by Aziz-Zadeh et al. (2006) suggested that 

imitation control is more bilateral in nature. Other studies had shown that during 

action imitation STS activated bilaterally whereas IFG and IPL activation was 

more variable depending on the nature of the task (Mühlau et al., 2005; 

Montgomery et al., 2007; Gatti et al., 2017). During imitation of gesture or goal-

directed actions, Mühlau et al. (2005) and Montgomery et al. (2007) found greater 

activation over left than right IPL but similar IFG activation between hemispheres, 

while Gatti et al. (2017) found greater activation in the right precentral gyrus and 

right IFG compared to their left homologues. In spite of the variable findings of 

past fMRI studies, they do offer some evidence for how the different cortical 

regions play a role during imitation and this could perhaps extend to IPS 

behaviors as well. However, the fMRI environment limits the study tasks to 

simple hand gestures without face-to-face social interactions. We still do not 
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know if the aforementioned findings can be generalized to complex, everyday 

motor tasks within naturalistic social contexts. 

fNIRS is a fairly novel neuroimaging technique that measures cerebral 

hemodynamics similar to fMRI, the gold-standard of neuroimaging (Lloyd-Fox et 

al., 2010). But unlike fMRI, which requires the participant to lie still in a narrow 

scanning bore, fNIRS only restrains a participant through a cap on the head and 

allows for measurements in the presence of movement as well as face-to-face 

interactions. Given its advantage to tolerate motion artifacts, fNIRS has been used 

to study cortical activation across various movements of walking (Holtzer et al., 

2019), playing a dance video game (Tachibana et al., 2011), as well as free arm 

movements during face-to-face interactions with others (Egetemeir et al., 2011). 

Moreover, with its greater temporal resolution compared to fMRI (Lloyd-Fox et 

al., 2010), fNIRS does a better job of detecting the onset and features of the 

hemodynamic response (Hong et al., 2018; Khan et al., 2018). This ability to 

distinguish features of the hemodynamic response may help in identifying 

differences related to development as well as neuropathology. Other sophisticated 

applications of fNIRS include the use of fNIRS-based hemodynamic responses to 

facilitate human-computer interaction (Naseer and Hong, 2015) as well as 

multimodal use of fNIRS and EEG (Ge et al., 2017, 2019). Specifically, greater 

STS activation, as well as the larger amplitude of EEG-based evoked response 

potentials, have been reported during observation of intentional grasping 

compared to meaningless grasping (Ge et al., 2019). A handful of studies have 

examined cortical activation during naturalistic face-to-face IPS and social 
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cooperation/competition using fNIRS (Egetemeir et al., 2011; Bolling et al., 2013; 

Liu et al., 2015; Bhat et al., 2017). During a cooperation/competition game, the 

cooperators showed greater right IFG activation compared to the competitors (Liu 

et al., 2015). Similarly, adults showed greater IPL activation during joint action 

with a partner during a table setting task compared to solo table-setting motions 

(Egetemeir et al., 2011). We have replicated the work of Egetemeir et al. (2011) 

in healthy adults by comparing lateral cortical activation during observation, 

execution, and synchronization of a reach and clean up task (Bhat et al., 2017). 

We too found greater activation in cortical regions of STS, IFG, and IPL during 

action execution and IPS compared to action observation. More importantly, right 

IFG and IPL regions were more active during IPS than the action execution 

condition. We concluded that the action execution condition led to more left-

lateralized cortical activation whereas the IPS condition led to more bilateral 

cortical activation suggesting an important role for the right frontoparietal 

networks during IPS behaviors. 

Considering the important role of IPS in facilitating social development, it 

would be valuable to study developmental differences in IPS and associated 

patterns of activation. To date, few studies have compared IPS behaviors during 

naturalistic reaching tasks as well as the underlying brain activation patterns 

between TD adults and TD children to describe the developmental differences in 

IPS. Therefore, in this study, we aimed to investigate the differences in brain 

activation between TD adults and TD children as they observed, executed, and 

synchronized actions during a reach-cleanup task. We hypothesized that the 
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quality of IPS in TD children would differ from TD adults.  Specifically, we 

expected the level of IPS to be lower and patterns of cortical activation to 

somewhat differ between adults and children. However, we expect both groups to 

have greater bilateral activation during the IPS condition compared to action 

execution. Thirdly, we also expected synchrony performance to correlate with 

cortical activation. 

2.2 Methods 

2.2.1 Participants 

Seventeen TD school-age children (mean age ± SE: 10.82 ± 0.69, 11 males 

and six females) and 15 TD adults participated in this study (mean age ± SE: 22.6 

± 0.7, eight males and seven females, p < 0.001 for the age difference between 

groups, no gender-based differences between groups, p > 0.1, Table 2.1). 

Individuals were recruited through word of mouth, online postings in local 

listservs as well as fliers in the community. As a first step, we completed 

screening interviews with potential participants to exclude individuals with any 

known neurological or psychiatric diagnoses, or those taking psychotropic 

medications, or any other difficulties that would prevent them from performing 

the study tasks. All participants had normal or corrected to normal vision. Based 

on a standard handedness questionnaire (Coren, 1992), 15 of the child participants 

were found to be strongly right-handed, while two children were moderately left-

handed. Fourteen adult participants were strongly right-handed with one adult 

being weakly right-handed (Table 2.1). The activation patterns of the two 

moderately left-handed children and the weakly right-handed adult were similar to 
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the group results as all had consistently used their right hand for completing the 

task; hence, their data have been retained following data analysis. All participants 

completed the Vineland Adaptive Behavioral Scales (Volkmar et al., 1987) to 

provide measures of socialization (averaged standard score ± SE: children = 

106.53 ± 3.18; adult = 106.53 ± 2.05, group difference: p > 0.1), communication 

(children = 109.82 ± 2.88; adult = 105.47 ± 1.65, group difference: p > 0.1), daily 

living skills (children = 110.41 ± 3.08; adult = 110.07 ± 2.31, group difference: p 

> 0.1) as well as overall adaptive functioning (children = 110.29 ± 2.92; adult = 

111.07 ± 2.53, group difference: p > 0.1). Both groups showed typical levels of 

subdomain and overall adaptive functioning with no significant differences 

between groups (Table 2.1). The University of Delaware Institutional Review 

Board (IRB) approved this study protocol. Procedures were carried out in 

accordance with the recommendations of our IRB (IRB protocol id #: 1227966-1). 

All adult participants gave written informed consent, the parents of child 

participants approved their childôs participation, and the children gave their 

written assent as well, in accordance with the Declaration of Helsinki (as of 2008), 

prior to participation. Please see the adult consent, parent consent, and children 

assent forms (including the reader and nonreader versions) in Appendices A.1 to 

A.4. 
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Table 2.1 Demographic and developmental/cognitive data. 

VABS-II = Vineland Adaptive Behavior Scale - 2nd Edition; SS= standard score; 

SE=Standard error; M = Male, F = Female; C = Caucasian, A = Asian, AI = 

American Indian, AC = Asian-Caucasian, Af = African American; R= right; L= 

left. *indicates a significant difference between groups. 

2.2.2 Experimental Procedures 

Each participant and tester sat at a table facing each other to complete a 

reach to the cleanup task using a randomized blocked design (Bhat et al., 2017). 

Two 3 x 3 probes embedded in a cap were placed on the participantôs head 

(Figures 2.1 A, B). Eight colored blocks were placed on a mat in a circular 

manner in front of both, the participant and the tester. Participants were asked to 

clean up the blocks off the mat into a bowl placed on the right using their right 

hand only. The participant completed three conditions: WATCH, DO, and 

TOGETHER (Figures 2.1 AïC). During the WATCH condition, the participant 

observed the tester pick up the blocks in a sequential manner and put them into 

the container. Adults generally paid attention to the task; however, to ensure that 

the children paid attention during the WATCH trials, we asked them to focus on 

the pattern of cleanup. Before the trial, children were asked to pay attention to 

Characteristics 
Child (n = 17) 

Mean ± SE 

Adult (n = 15) 

Mean ± SE 

Age 10.82 ± 0.69* 22.60 ± 0.70 

Gender 11 M, 6 F 8 M, 7 F 

Ethnicity 

 
13 C, 1 A, 1 AI, 2 AC 12 C, 2 A, 1 Af 

Handedness 

 
15R, 2L 14R, 1L 

VABS-II (SS) 

   Communication (SS) 

   Daily living (SS) 

   Socialization (SS) 

110.29 ± 2.92 

109.82 ± 2.88 

110.41 ± 3.08 

106.53 ± 3.18 

111.07 ± 2.53 

105.47 ± 1.65 

110.07 ± 2.31 

106.53 ± 2.05 
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how the cleanup was performed. After a WATCH trial was completed, they were 

asked, óóWhich block did I pick up first?ôô Or óówhich block did I pick up last?ôô 

Or óóhow did I clean up the blocks?ôô For the DO condition, the participants 

cleaned up all the blocks in a sequence of their choice. In the TOGETHER 

condition, the tester led the block cleanup in random order while the participant 

followed by picking up the same block as the tester. No questions were asked 

after completing the DO and TOGETHER conditions. The participant was asked 

to use their right hand, while the tester used their left hand. The adults completed 

a total of 24 trials (eight trials per condition) whereas the children completed a 

total of 18 trials (six trials per condition). The stimulation period ranged between 

10 and 13 s [Duration in seconds (Mean ± SE) in adults: W = 11.5 ± 0.18; D = 

11.2 ± 0.3; T = 13.8 ± 0.6 and duration in children: W = 10.6 ± 0.2; D = 10.3 ± 

0.4; T = 13.6 ± 0.6; p > 0.1 for group differences]. A 10-s pre-stimulation and a 

16-s post-stimulation period were included to account for any baseline drifts in 

the fNIRS signal and to allow the hemodynamic response to return to baseline 

before starting the next trial. During baseline periods, the participants were asked 

to focus on a crosshair on the front wall and remain as still as possible. 
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Figure 2.1 Experimental setup (AïB) and task sequence (C). Written permission 

for publication of participant pictures has been taken. 

2.2.3 Data Collection 

The hemodynamic changes over the ROIs were recorded using the Hitachi 

ETG-4000 system (Hitachi Medical Systems, Tokyo, Japan), with a sampling rate 

of 10 Hz. Two 3 x 3 probe sets, consisting of five infrared emitters and four 

receivers (i.e., 24 channels), were positioned over bilateral frontoparietal and 

temporal regions. Each adjacent pair of probes that were 3 cm apart were an 

emitter and receiver of two wavelengths of infrared light (695 and 830 nm). The 

middle column of the probe set was aligned with the tragus of the ear and the 

lowermost row of the optode set was aligned with the T3 position of the 

International 10-20 system (Klem et al., 1999; Figures 2.2 A, B). The infrared 

light passed through the skull creating a banana shaped arc and reached the 

cortical area approximately below the midpoint of the two probes. The attenuation 



21 
 

of infrared light was used to calculate the changes in concentrations of 

oxygenated (HbO2) and deoxygenated hemoglobin (HHb) chromophores per 

channel using the Modified Beer-Lambert Law. Based on results from previous 

studies, an increase in HbO2 concentration and a decrease in HHb concentration 

were expected with increased brain activation within a certain ROI (Lloyd-Fox et 

al., 2010). E-Prime presentation software (version 2.0) was used to trigger the 

Hitachi fNIRS system. The entire session was videotaped using a camcorder that 

was synchronized with the Hitachi fNIRS system. 

Figure 2.2 Probe placement (A, B) and spatial registration output (C, D). Written 

permission for publication of participant pictures has been taken. 
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2.2.4 Spatial Registration Approach 

During the 3D registration process, each child was asked to remain in a still 

and upright position. The 3D locations of the standard cranial landmarks (nasion, 

inion, left and right preauricular points, and the Cz position of the International 

10-20 system) as well as 3D locations of each probe in the probe set were 

recorded w.r.t. a reference coordinate system using the ETG-4000 3D positioning 

unit. These 3D coordinates saved in a text file format for each participant were 

run through MATLAB codes developed by the sixth author. The anchor-based, 

spatial registration method developed by Tsuzuki et al. (2012) was used to 

transform the 3D spatial location of each channel from the reference coordinate 

system to the Montreal Neurological Institute (MNI)ôs coordinate system (see 

Figure 2.2, Table B.1). Structural information from an anatomical database 

(Okamoto et al., 2004) was used to provide estimates of channel positions within 

a standardized 3D brain atlas (Tsuzuki et al., 2012). The estimated channel 

locations were anatomically labeled using the LONI Probabilistic Brain Atlas 

(LPBA; Shattuck et al., 2008). Note that each run includes position data from all 

participants within one group to obtain the average MNI coordinates for each 

channel. Based on the regions covered by our channels, we assigned the 24 

channels to three ROIs for the children. Similarly, please refer to Bhat et al. (2017) 

for the channel assignments in adults across the same three ROIs. 

The three ROIs included: (i) the Superior Anterior region (SA) which 

included channels over the inferior/middle frontal gyrus or IFG and pre-central 

gyrus (or frontal cortices, left: channels 1 and 3, and right: channels 14 and 17 
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channels, see Figures 2.2 C,D); (ii) the Inferior Posterior region (IP) which 

included channels over the post-central gyrus, supramarginal gyrus, and angular 

gyrus (or the inferior posterior parietal cortices or IPL, left: 2, 4, 5, 7 channels and 

right: 13, 15, 16, 18 channels, see Figures 2.2 C,D); and (iii) the Inferior Anterior 

region (IA) which included channels over the middle and superior temporal gyrus 

(or superior temporal cortices or STS, left: 10, 11, 12 channels and right: 20, 23, 

24 channels, see Figures 2.2 C,D). These three ROIs separated the three cortical 

regions we described earlier. Channels 6, 8, 9 (left) and 19, 21, and 22 (right) 

were excluded due to spatial uncertainty. To be clear, spatial uncertainty occurred 

when either one of the two homologous channels did not fall within the same ROI 

for a particular group. Another reason for spatial uncertainty was when any given 

channel did not cover 60% or more of the assigned ROI and instead covered 

multiple ROIs evenly, for example, 50% IPL and 50% IFG; such channels were 

excluded. In this way, we were able to consistently assign 18 out of the 24 

channels to one of the aforementioned ROIs in both groups. Note: Table B.1 

shows the channel assignment in children and refers to Bhat et al. (2017) for 

channel assignment in adults. 

2.2.5 Data Processing 

We have written our own customized MATLAB programs that incorporate 

functions from open-source software such as Hitachi POTATo (Sutoko et al., 

2016) and Homer-2 (Huppert et al., 2009) to analyze the data from the ETG 

system (see data processing steps in Figure 2.3). The sampling frequency of the 

fNIRS system was 10 Hz (i.e., 10 data frames per second were collected). Data 
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from each channel was first band-pass filtered between 0.01 and 0.5 Hz using the 

Fast Fourier Transform (FFT) method to remove lower or higher frequencies 

associated with body movements and other dynamic signals/tissue such as 

respiration, heart rate, skin blood flow, etc. The low-pass filter removes 

physiological noises related to respiration and fast cardiac oscillations and high-

frequency instrument noise, whereas the high-pass filter minimizes the low-

frequency drift from the data. To remove motion artifacts, we used the wavelet 

method (Sato et al., 2006; Huppert et al., 2009) which is one of the most robust 

methods for motion artifact removal (Hu et al., 2015). In this method, it is 

assumed that the measured signal is a linear combination of the desired signal and 

the undesired artifacts. The number of levels for wavelet decomposition is 

calculated by taking the logarithm of the number of data points using a base of 2. 

For our dataset, this value was 14. By applying the 1-D discrete wavelet transform 

to the signal from each channel, details of the signal are estimated as 

approximation coefficients. Assuming that the detail wavelet coefficients have a 

Gaussian distribution, outliers in the distribution correspond to the coefficients 

related to the motion artifacts. To identify the motion artifacts/outliers, an óóiqrôô 

parameter of 1.5 was used. The coefficients greater than the iqr parameter times 

the interquartile range of the data are typically associated with motion artifacts, 

and hence, they were set to zero to remove such artifacts. The inverse discrete 

wavelet transform is applied, and the signal is reconstructed. Next, the General 

Linear Model (GLM) was implemented using a HOMER-2 MATLAB function. 

GLM estimated the hemodynamic response function using Gaussian basis 
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functions and a 3rd order polynomial drift regression (Huppert et al., 2009). To 

correct the baseline drifts, the linear trend between the pre-trial baseline and the 

post-trial baseline was calculated and subtracted from values in the stimulation 

period as implemented in Hitachi POTATo (Sutoko et al., 2016). Average HbO2 

and HHb values were obtained for the stimulation period of each trial. The range 

of HbO2 data was significantly greater than the HHb data. Moreover, HbO2 

profiles have a greater signal to noise ratio compared to HHb and therefore 

consistent with fNIRS literature, we have reported HbO2 profiles (Sato et al., 

2006). The data were plotted and saved at each step. We visually screened the 

plotted figures at each step of the analysis to exclude channels/trials. We excluded 

channels with poor contact (flat lines), or persistent motion artifacts or obvious 

outliers compared to the other similar trials from each condition. Nearly 6.7% of 

data from children and 19.2% of data from adults have been removed using these 

criteria. In the óóSupplementary Materialsôô section, we have also provided a 

visual representation of the second-to-second HbO2 profile for each group (Figure 

B.1: Adults, Figure B.2: Children), each condition, and each channel for the entire 

period (pre-baseline, stimulation, and post-baseline). The pink vertical line 

denotes the start of the stimulation period and the data shown to the right of the 

pink line are the 240 frames across stimulation (10ï13 s) and post-stimulation 

baseline (14ï11 s) periods. 
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Figure 2.3 Data processing workflow: (A) Filter, wavelet and GLM of NIRS  

signal and (B) Trial-by-trial view and Average view of Oxy Hb 

(HbO2), Deoxy Hb (HHb), and Total Hb (HbT) profiles for a given 

channel. (W, D, T) from 5 secs. before to 24 secs. after start of 

stimulation. Data have been averaged across trials and participants. 

2.2.6 Video Data Coding 

Two trained student researchers scored the session videos in order to 

exclude trials with significant errors. Inter-rater reliability of above 85% and 

intra-rater reliability of above 90% were achieved for all scores between the 

primary and secondary coder for 20% of the video dataset. The trials were 

excluded from data analysis if the participants did not follow task instructions, 

had significant body movements unrelated to the task, or spoke to the tester 

during the trials. A three-point scale was used to code the synchrony and motor 

quality during IPS. Spatial synchrony scores were rated from 1 to 3 with 1 = 

Picked up incorrect blocks for more than once, 2 = Picked up the incorrect block 

once, and 3 = Picked up all blocks correctly. Temporal synchrony scores were 

rated from 1 to 3 with 1 = More than one block delay, 2 = One-block delay and 3 
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= Perfect synchrony. Motor errors were defined as two-hand use, picking up more 

than one block at the same time, slippage when picking or placing, while the 

motor scores were rated with 1 = More than 4 errors, 2 = 2ï4 errors, 3 = 0ï1 error. 

The number of additional movements during the stimulation period was also 

coded. Ultimately, we eliminated 7.0% of the overall child data and 1.1% of the 

overall adult data due to persistent motion artifacts. Specifically, in the TD child 

group, 7.3% of Watch, 9.8% of Do, and 3.9% of Together or 1ï2 trials out of the 

six trials for each condition were excluded. In the TD adult group, 0% of Watch, 

0% of Do, and 3.3% of Together or approximately 1ï2 out of the eight trials per 

condition were excluded. 

2.2.7 Statistical Analyses 

To avoid multiple channel-wise comparisons, we averaged data across 

channels within the same ROI based on our spatial registration output (Figure 2.3 

C, D show the six ROIs and constituent channels). All participants primarily 

moved their right hand during the task; therefore, right hemisphere activation 

should be considered ipsilateral, and left hemisphere activation would be 

contralateral to the moving arm of our participants. We determined levels of 

activation for six ROIs including the left and right superoanterior (SA), 

inferoposterior (IP), and inferoanterior (IA) regions (Figure 2.3 shows the 

different ROIs). Using IBM SPSS (SPSS Inc., Chicago, IL, USA), we conducted 

repeated-measures ANOVA with within-group factors of group (children, adult), 

condition (Watch, Do, Together), hemisphere (left, right), and ROI (SA, IP, IA) 

and a between-group factor of group (child, adult) for average HbO2 values. 
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Greenhouse-Geisser corrections were applied when our data violated the 

sphericity assumption based on Mauchlyôs test of sphericity. For multiple post 

hoc comparisons, we have used the False Discovery Rate (FDR) method proposed 

by Singh and Dan (2006) for multichannel fNIRS data. We specifically used the 

Benjamin-Hochberg method wherein unadjusted p-values are rank-ordered from 

low to high. Statistical significance is declared if the unadjusted p-value is less 

than the p-value threshold threshold was determined by multiplying 0.05 with the 

ratio of unadjusted p-value rank to the total number of comparisons (p-threshold 

for ith comparison = 0.05 x i/n; where n = total number of comparisons). Paired t-

tests were used to examine group differences in behavioral data including 

temporal/spatial synchrony score, motor score, and additional movements. 

2.3 Results 

2.3.1 Quality of IPS Behaviors 

Paired t-tests showed that children had lower spatial synchrony scores 

(Mean ± SE = 2.67 ± 0.08) compared to adults (2.85 ± 0.06, p = 0.03). Similarly, 

children had lower temporal synchrony scores (2.74 ± 0.06) compared to adults 

(2.88 ± 0.05, p = 0.04) indicating more errors in the children vs. the adults. There 

were no significant group differences in terms of motor pattern errors (Children: 

2.97 ± 0.01; Adults: 2.97 ± 0.01, p > 0.1) or additional movements (Children: 

1.41 ± 0.43; Adults: 0.73 ± 0.23, p > 0.1; Table 2.2). 
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Table 2.2 The quality of IPS in the TD children and Adults. 

Video Coding Variables 
Child  

(Mean ± SE) 

Adult  

(Mean ± SE) 

Spatial IPS 2.67 ± 0.08* 2.85 ± 0.06 

Temporal IPS 2.74 ± 0.06* 2.88 ± 0.05 

Motor score  

    Do condition 

    Together condition 

2.97 ± 0.01 

2.96 ± 0.02 

2.99 ± 0.01 

2.97 ± 0.01 

2.97 ± 0.01 

2.97 ± 0.01 

Additional movements 1.41 ± 0.43 0.73 ± 0.23 

*indicates a significant difference between groups. 

 

2.3.2 Cortical Activation During IPS  

The group x condition x hemisphere x region four-way repeated ANOVA 

revealed a significant main effect of group (F(1,119) = 7.6, p = 0.007), condition 

(F(2,229.4) = 145.2, p < 0.001), hemisphere (F(1,119) = 30.7, p < 0.001), and 

region (F(1.8,220.2) = 132.3, p < 0.001) as well as two-way interactions between 

group x condition (F(1.8,217.2) = 17.6, p < 0.001), group x hemisphere (F(1,119) 

= 12.4, p < 0.001), condition x hemisphere (F(1.7,203.5) = 43.4, p < 0.001), 

condition x region (F(3.6,422.1) = 18.2, p < 0.001), as well as three-way 

interactions between group x condition x hemisphere (F(1.4,170.5) = 5.5, p = 0.01) 

and condition x hemisphere x region (F(3.3,396.2) = 4.9, p = 0.04). Post hoc 

analyses were focused on two three-way interactions of condition x hemisphere x 

region and group x condition x hemisphere (Table B.2 shows the Mean and SE of 

HbO2 concentration values, Table B.3 shows significant p-values and direction of 

effects, and Figure 2.4 shows channel specific activation data). 
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Figure 2.4 A visual representation of task-related, hemispheric, and group 

differences in channel activation (HbO2) during the stimulation period 

compared to its own baseline in both groups and all conditions. 

2.3.2.1 Regional Differences in Both Groups 

During the Watch condition, both groups had greater activation in the IA 

(STS) region (left and right ROIs) compared to SA (IFG) and IP (IPL) regions (ps 

Ò 0.001). During the Do and Together conditions, both groups had greater SA 

(IFG) and IA (STS) activation compared to the IP (IPL) region for both left and 

right ROIs. Lastly, during the Together condition, both groups had greater 

activation in the right SA (IFG) than right IA (STS; ps < 0.01, Figures 2.4 and 

Figure 2.5). 
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Figure 2.5 Regional differences (A: Watch; B: Do; C: Together) in average 

HbO2 concentration. 

2.3.2.2 Task-Related Differences in Both Groups 

Both children and adults showed greater activation over the left and right 

ROIs during the Do and Together conditions compared to the Watch condition (ps 

< 0.05, Figure 2.4 and Figure 2.6). The differences between Do and Together 

conditions were only limited to the right hemisphere. Both groups showed greater 

activation in the right ROIs only (not left) during Together compared to the Do 

condition (ps < 0.05, Figure 2.4 and Figure 2.6). 

 

Figure 2.6 Task-related and hemispheric differences for TD child (A) and adult 

(B) in average HbO2 concentration. 
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2.3.2.3 Hemispheric Differences in Both Groups 

Adults had greater activation in the left hemisphere compared to the right 

hemisphere during both movement conditions of Do and Together (ps < 0.001, 

see Figure 2.4 and Figure 2.6ôs left vs. right comparisons). However, children had 

greater activation in the left hemisphere compared to the right hemisphere for the 

Do condition only (p < 0.001, see Figure 2.4 and Figure 2.6ôs left vs. right 

comparisons) but not the Together condition (p > 0.1). 

2.3.2.4 Group Differences Across Tasks 

During the Watch condition, children had greater activation in the right 

hemisphere than the adults (ps < 0.001, Figure 2.4 and Figure 2.7). During the Do 

and Together conditions, adults had greater left hemispheric activation than 

children (ps < 0.001, Figures 2.4 and Figure 2.7). 

 

Figure 2.7 Group differences in average HbO2 concentration. 
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2.3.3 Correlation Between IPS Behaviors and Cortical Activation 

For correlations between IPS behaviors and cortical activation, adults 

showed more significant correlations compared to children (number of 

correlations in children = 3 and adults = 12, Table 2.3). More specifically, the 

adult IPS spatial scores correlated with cortical activation in all three ROIs across 

all conditions. In addition, the adult IPS temporal scores correlated with SA and 

IP activation only during the Do and Together conditions. In slight contrast, the 

childrenôs IPS spatial scores correlated with right SA and left IP activation in the 

Do and Together conditions and their IPS temporal scores did not correlate with 

cortical activation. 

Table 2.3 Correlation between IPS behaviors and cortical activation 

 IPS spatial IPS temporal 

Watch Do Together Watch Do Together 

TD children 

SA Left ns ns ns ns ns ns 

Right ns -0.36** -0.40** ns ns ns 

IA Left ns ns ns ns ns ns 

Right ns ns ns ns ns ns 

IP Left 0.23* 0.20* 0.38** ns ns ns 

Right ns ns ns ns ns ns 

TD adult 

SA Left ns 0.30** 0.33** ns 0.42** 0.44** 

Right 0.24** ns ns ns -0.21* -0.28** 

IA Left ns -0.21* ns ns ns ns 

Right ns 0.27** 0.33** ns ns ns 

IP Left ns 0.27** 0.34** ns 0.28** 0.33** 

Right 0.23* ns 0.20* ns ns ns 

The table presents r values using Spearman-rank correlations. ** p < 0.01, * p < 

0.05, ns = non-significant. The correlations survived the FDR correction were 

shaded in the table. 
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2.4 Discussions 

Previous fMRI studies of IPS have been limited to simple hand movements 

and unnatural environments. Using fNIRS, two studies have reported differences 

in cortical activation during IPS vs. solo action execution (Egetemeir et al., 2011; 

Bhat et al., 2017). However, no study has compared developmental differences in 

IPS performance as well as underlying cortical activation patterns between 

children and adults. The present study compared the cortical activation patterns 

between children and adults performing action observation, execution, and IPS 

during a naturalistic reach to the cleanup task. Consistent with our hypothesis, TD 

children had lower IPS than adults with children showing lower spatial and 

temporal synchrony scores compared to adults. However, the two groups did not 

differ in terms of motor pattern scores or other body movements. These findings 

suggest that while the accuracy of simple reaching motions was similar between 

adults and children, the ability to synchronize reaching motions with another 

individual was still developing between childhood and adulthood. 

We found some similarities as well as differences between the cortical 

activation patterns of children and adults. First, both groups had greater cortical 

activation during the Do (execution) and Together (IPS) conditions compared to 

the Watch (observation) condition. More importantly, in the Together (IPS) 

condition, both groups had greater right hemispheric activation compared to the 

Do condition. In terms of regional similarities, in the Watch condition, both 

groups had greater activation in the IA (superior temporal or STS) region 

compared to the SA (inferior frontal or IFG) and IP (inferior parietal or IPL) 
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regions for both hemispheres. During the Do and Together conditions, both 

groups had greater SA (IFG) and IA (STS) activation compared to the IP (IPL) 

region in both hemispheres. Lastly, during the Together condition, both groups 

had greater activation in the right SA (IFG) than the right IA (STS) region. 

However, we noted some differences in cortical activation patterns between 

children and adults. In terms of the within-group, hemispheric differences, adults 

had greater left hemispheric activation (than right) for both Do and Together 

conditions. However, in the TD children, this pattern was seen only for the Do 

condition with more bilateral activation in the Together condition. In terms of the 

between group differences, during the Watch condition, TD children had greater 

right hemispheric activation compared to adults. Additionally, in the Do and 

Together conditions, the adults had greater left hemispheric activation than the 

TD children. Lastly, adult spatial synchrony scores correlated with cortical 

activation in all three ROIs and their temporal synchrony scores correlated with 

SA (IFG) and IP (IPL) activation only. In contrast, childrenôs spatial scores 

correlated with the right IFG and left IPL activation but not their temporal scores. 

2.4.1 IPS Improves Between Childhood and Adulthood 

Children had lower spatial and temporal synchrony scores compared to 

adults suggesting lower IPS in children than adults. To our knowledge, only one 

study has compared developmental differences in IPS performance. During a joint 

drumming task, adult-adult dyads showed the highest levels of IPS and least 

within-individual, inter-limb variability followed by older child-child dyads and 

lastly the younger child-child dyads, who showed the lowest levels of IPS and 
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greatest within-individual, inter-limb variability (Kleinspehn-Ammerlahn et al., 

2011). It was posited that the greater variability in arm movements of younger 

children contributed to their action inconsistency and ability to synchronize with 

each other. Although we could not find other comparisons of IPS performance 

between children and adults, one study comparing visual-motor synchronization 

of children and adults to various rhythmic visual stimuli found that 7ï8-year-old 

children showed more variability and longer periods of asynchrony compared to 

adults (Kurgansky and Shupikova, 2011). Similarly, in our study, children made 

more errors in mirroring their choice of block or were more off in their timing of 

reaching or cleanup motions compared to the adults as they synchronized their 

actions to an adult tester. While our behavioral coding did not reveal any group 

differences in motor errors, we do not know if there was greater reaching 

variability in our child participants because we did not capture the reaching 

trajectories of both groups. Although behavioral coding did not reveal any 

obvious differences in the attentional patterns of both groups, possibly the 

differences in the visuomotor mapping of oneôs hand motions to that of the social 

partner could have contributed to the IPS differences between children and adults 

(Tahej et al., 2012). 

2.4.2 STS Region Is Important for Observing Human Actions 

During the Watch condition, both groups had greater STS activation than 

any other ROIs; however, children had greater right STS activation than the adults. 

The adult portion of this study was conducted before the child portion of the study. 

From coding of adult data, we noticed that mere instruction to watch during the 
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Watch condition did not lead to careful observation of the testerôs reaching 

motions. Hence, for the child group, in order to promote sustained attention, we 

asked the children to observe our motions carefully so that they could answer 

questions about how the task was completed at the end of the trial. Specifically, 

we asked questions, for example, óóWhich block was cleaned up first or last, etc.?ôô 

This may have contributed to the greater social attention as well as greater STS 

activation observed in the children vs. the adults. Nevertheless, the results were 

similar between the two groups in that both groups had predominant STS 

activation during the Watch condition compared to activation in other ROIs (Bhat 

et al., 2017). Multiple fMRI studies have reported significant STS activation 

during action observation tasks (Montgomery et al., 2007; Molenberghs et al., 

2010; Gatti et al., 2017). The STS region is important for processing and 

distinguishing social information such as biological motion, goal-directed actions 

of others, and mutual social gaze (Pelphrey et al., 2003a,b; Pelphrey and Morris, 

2006). Pelphrey et al. (2003a) showed greater STS activation during observation 

of human or robotic motions compared to non-biological, object-related motions. 

Our common finding of greater fNIRS-based activation in superior temporal 

cortices during action observation in both groups (adults and children) is 

consistent with findings from past fMRI studies. Additionally, during a 

computerized ball toss game involving healthy adults, fNIRS-based activation 

was increased within the STS region when observing biological motion within a 

social inclusion context vs. a social exclusion context (Bolling et al., 2013). 

Therefore, in agreement with multiple fMRI and the few fNIRS studies (Bolling 
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et al., 2013; Bhat et al., 2017) we also found greater STS activation during social 

observation of otherôs actions in both children and adults. 

2.4.3 Role of IFG, STS, and IPL During Goal -Directed Actions and Their 

Importance for Visuomotor Correspondence During Imitation and IPS 

During the movement conditions of the reach to cleanup task i.e., Do and 

Together conditions, both groups had greater activation in the IFG and STS 

compared to IPL regions. Moreover, adult synchrony scores correlated with 

cortical activation in all three ROIs whereas childrenôs synchrony scores 

correlated with right IFG and left IPL activation only. Activation in the IFG was 

not very surprising because these regions are important for goal-directed 

movements (i.e., both Do and Together conditions required accurate reaching to 

objects; Cincotta and Ziemann, 2008). Similarly, during the self-selected motor 

task (i.e., the Do condition) we found temporal cortex activation (i.e., STS and 

middle temporal gyrus) in spite of no overt social interactions between the 

participant and tester. Testers were asked to avoid eye contact and overt social 

interactions with the participant during action execution. Additionally, we viewed 

the video data to remove any Do trials that involved social interactions; however, 

the mere presence of the tester may have contributed to some of the STS 

activations. Our findings somewhat fit with the current fMRI literature reporting 

significant STS activation during action imitation tasks compared to action 

execution and observation (Montgomery et al., 2007; Molenberghs et al., 2010). 

During object-based gesture tasks, bilateral STS activation was greater during 

action imitation compared to action execution and observation, which had similar 
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activation levels (Montgomery et al., 2007). STS regions are said to provide a 

visual description of actions (Iacoboni, 2005). Molenberghs et al. (2010) 

suggested that STS is not merely registering the biological motions during 

imitation but also encoding the visuomotor correspondence between oneôs own 

actions and that of the partner. An fMRI study measuring cortical activation 

during observation of congruent vs. incongruent actions between two individuals 

revealed greater STS activation in the incongruent than congruent condition 

further corroborating the idea that STS may indeed be encoding visuomotor 

correspondence between individuals when moving together (Shibata et al., 2011). 

The STS region could be interacting with IFG and other regions to receive 

efference copies of the motor plans to match the performed actions with the visual 

descriptions of imagined or observed actions (Iacoboni, 2005; Molenberghs et al., 

2010). In our study, cortical activation during IPS was more similar to that of 

activation during action execution (not action observation). Additionally, 

synchrony errors in both groups correlated most with the Do and Together 

conditions (nine correlations per condition) and lastly the Watch condition (three 

Watch correlations). We believe our findings show that the challenges of 

imitation/IPS control stem from the complexity of motor components and not so 

much the observation component. It is often reported in the literature that simpler 

imitative tasks require less cortical activation compared to complex motor tasks 

and imitation performance is inextricably linked to its motor requirements such as 

body parts/joints involved as well as action complexity (Gatti et al., 2017). 
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The IPL region is also said to play an important role in planning the 

kinematics and goals of solo and complementary gestures/actions (Buxbaum et al., 

2006; Sacheli et al., 2015). Specifically, the left parietal lobe contributes to 

visuospatial planning of actions with its lesions resulting in more errors during 

meaningless actions due to their more complex planning requirements (Tessari et 

al., 2007). Transcranial magnetic stimulation of dorsal parietal cortices interfered 

with online adjustments of reach-grasp actions suggesting its role in integrating 

end goals and motor planning (Tunik et al., 2008). Similarly, left parietal cortex 

activation was also reported by Sacheli et al. (2015) when performing joint 

grasping tasks in order to encode shared goals of complementary actions. Taken 

together, our findings fit with past literature confirming the role of STS, IFG, and 

IPL regions for visuomotor correspondence during both solo and synchronous 

reach-grasp actions. 

2.4.4 Greater Left Hemispheric Activation During Movement Tasks with 

Adults Showing More Left Lateralization 

In general, during unilateral movement tasks of reach and cleanup, the two 

groups differed in that the adults had greater left lateralization than the children. 

To be clear, even when children used the right arm to complete the task there was 

perhaps some low-level óómirrorôô activation present in the homologous muscles 

of the left arm. This inability to suppress activity in the ipsilateral sensorimotor 

cortices has been reported in past studies comparing unilateral motor tasks 

between adults and children (Mayston et al., 1999; Huo et al., 2011). Mirror 

movements have been reported in children below 10 years of age but will 
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diminish into adolescence and adulthood (Connolly and Stratton, 1968; Nass, 

1985). Studies using transmagnetic stimulation (TMS) and 

magnetoencephalography (MEG) showed that during unilateral finger movements 

young children had activation in both contralateral and ipsilateral motor cortices 

due to lack of transcallosal inhibition resulting in muscle activity in the 

homologous muscles of the less active arm. However, this pattern of bilateral 

activation was not seen in adolescents and adults (Mayston et al., 1999; Huo et al., 

2011). It is not surprising to see similar cortical activation patterns in our study 

since 65% of our child sample is below 11 years of age. 

2.4.5 Greater Right Hemispheric Activation During IPS in Adults and 

Children 

Both groups had increased right-hemispheric activation during the Together 

condition, compared to the Do condition, in spite of the right-handed nature of the 

reach-cleanup task. These results suggest that while there is left-lateralization 

during the Do condition (unilateral movements), IPS constraints led to more 

bilateral activation. These findings concur with a comprehensive meta-analytic 

review that showed activation of bilateral networks including frontal, premotor, 

parietal, and the temporo-occipital cortex during imitation (Caspers et al., 2010). 

Aziz-Zadeh et al. (2006) had participants observe, imitate, or execute unilateral 

finger movements with right or left hands to cues shown in the right or left visual 

field (hand moving or fixation cross). The imitation condition involved greater 

right inferior frontal and inferior parietal cortex activation in contrast to action 

execution, which mainly activated the contralateral primary visual and motor 
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cortices. It was suggested that even during unilateral action imitation there is 

greater ipsilateral cortical activation compared to action execution, which is 

primarily contralateral in its control (Aziz-Zadeh et al., 2006). Similarly, 

Biermann-Ruben et al. (2008) found that imitation of biological hand movements 

led to greater right fronto-temporal activation compared to non-biological hand 

motions. Another group of fMRI studies has compared specular (mirroredðleft-

hand tester/video, right hand of subject) and anatomical imitation (both tester and 

subject use the identical hand for imitation, both use their right or left hands) and 

report greater bilateral or right hemispheric activation during specular imitation 

compared to anatomical imitation (Koski et al., 2003; Mengotti et al., 2015). In 

terms of fNIRS literature, few studies have reported greater bilateral activation 

during synchronous/cooperative actions with another partner (Egetemeir et al., 

2011; Liu et al., 2015; Bhat et al., 2017). During a table-setting task, Egetemeir et 

al. (2011) reported greater activation in bilateral IPL regions during a joint action 

condition compared to the solo action or observation condition. Similarly, when 

two adults engaged in a cooperation game, the fNIRS patterns suggested that the 

partner who was actively following had greater right IFG activation compared to 

the partner who was a passive follower (Liu et al., 2015). In short, multiple 

studies have suggested that action imitation requires significant right/bilateral 

hemispheric activation beyond what is required during action execution. 

Consistent with the current literature, both children and adults in our study 

showed greater right/bilateral hemispheric activation during the IPS condition. 
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2.4.6 Mechanistic Framework for IPS 

In this section, we highlight the common components across the different 

frameworks explaining the underlying processes associated with IPS behaviors 

(Semin and Cacioppo, 2009; Iacoboni, 2009; Pineda, 2009; Vesper et al., 2010, 

2017). When engaging in IPS, each partner must understand the shared task goal 

as well as each of their individual roles in the task. While the overall goals are 

shared and similar; each partnerôs goals can be individual and distinct (Vesper et 

al., 2010). For example, when cleaning up blocks óótogether,ôô the common goal 

was to move matching blocks in-synchrony; however, each participant still had to 

identify the appropriate block, pick, and place it in the container. In fact, it has 

been shown that partners will forego the quality of their own actions to 

complement and support the broader goal of moving with their partner (Schmitz 

et al., 2017). Some examples of how partners modify their actions for 

accomplishing the shared goal include changes in action speed or salience or 

workspace (Vesper et al., 2009, 2010, 2011; Schmitz et al., 2017). In terms of 

cortical regions, the IFG region is considered important for goal understanding 

during goal-directed actions such as reaching (Fontana et al., 2012). Additionally, 

the interactions between IFG and IPL regions are important for motor planning 

and sensorimotor representations for anticipatory control of actions (Koski et al., 

2002). Second, during IPS, participants engage in visual monitoring of 

environmental cues (block color/shape, container location) as well as the partnerôs 

actions/social cues. These environmental and social cues will help in 

anticipating/predicting how to shape oneôs own actions in response to the 
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partnerôs actions and environmental constraints (Semin and Cacioppo, 2009; 

Vesper et al., 2010). For example, the tester may begin to move their hand in the 

direction of a specific block and the child/adult monitoring the actions of the 

tester will pick up on these preparatory actions to accurately mimic the direction 

of testerôs actions. Additionally, participants will engage in moment-to-moment 

visual/reactive adaptations to account for changes in environmental cues and any 

corrective adjustments made by the tester as they continue to move in-synchrony 

(Semin and Cacioppo, 2009). As mentioned earlier, the STS region plays an 

important role in establishing visuomotor correspondence and would be activated 

as partners utilize joint attention or shared gaze to accurately monitor and match 

their own actions to that of their partnerôs actions in a predictive or reactive 

manner (Molenberghs et al., 2010). It should be noted that the aforementioned 

regions do not work in isolation and are constantly interacting with each other and 

other cortical (e.g., primary, premotor and prefrontal cortices), and subcortical 

(e.g., cerebellum important for predictive control, etc.) structures (Gazzola and 

Keysers, 2009; Iacoboni, 2009; Caspers et al., 2010). Our current study findings 

fit with the above accounts in that both adult and child groups showed greater 

right STS and right IFG activation during the IPS conditions of the reach to 

cleanup task that also required greater spatial and temporal synchrony. 

2.4.7 Study Limitations 

This preliminary study has some limitations in the study design. In terms of 

study design, we were unable to compare the brain activation patterns between the 

tester and the child. In the future, we plan to conduct a hyper scanning study to 
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examine brain coherence between individuals engaging in IPS and imitation tasks. 

Additionally, there was some discrepancy in trials per condition completed by the 

adults (eight trials) vs. the children (six trials); however, we have calculated an 

average across trials for each condition and session. In terms of fNIRS data 

acquisition, we limited our analysis to 24 data channels over the lateral cortical 

surfaces and that did not capture prefrontal and motor cortex activity. Similarly, 

we were unable to implement the short separation channels to account for skin-

related hemodynamic responses as is implemented in other recent studies 

(Nguyen and Hong, 2016). Our subsequent studies have incorporated the full, 52-

channel set up to collect lateral and prefrontal cortical activation. In terms of 

spatial registration, although we followed the international 10-20 system when 

placing probe sets, the variation of head size and probe placement could have 

added to the variability and inconsistency in the spatial registration of data 

channels. Finally, our study only reports the average hemodynamic responses; 

however, future studies should analyze detailed moment-to-moment changes in 

the hemodynamic response such as the initial dip in profile (Hong and Naseer, 

2016). 

2.4.8 Conclusions 

In conclusion, the quality of IPS in school-age children did not reach adult 

levels, although their accuracy of reaching or attentional patterns appears similar 

to those of the adults. fNIRS was able to detect the developmental changes in 

cortical activation. Our results suggested that there is a pattern of greater right 

hemispheric activation when engaging in IPS tasks suggesting that IPS is a more 
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complex behavior (above and beyond action observation or action execution) as it 

requires greater bilateral cortical activation. Moreover, children had less 

lateralization compared to adults during unilateral reach-cleanup motions 

suggesting a lack of transcallosal inhibition in children compared to adults. Lastly, 

the quality of adult synchrony correlated with activation in various cortical 

regions whereas the quality of child synchrony only correlated with activation in 

few cortical regions (i.e., right IFG and left IPL) providing further evidence for 

developmental differences in synchrony performance and its underlying control. 

In summary, there is a clear developmental trajectory for IPS behaviors as well as 

associated cortical activation patterns between childhood and adulthood. In the 

future, we plan to use these normative patterns to further understand atypical IPS 

behaviors and atypical cortical activation in children and adults with ASD, a 

population that is known to have difficulties with imitation and IPS including 

difficulties in social and motor performance.
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Chapter 3 

DIFFERENCES IN CORTICAL ACTIVATION PATTERNS DURING 

ACTION  OBSERVATION, ACTION EXECUTION, AND 

INTERPERSONAL SYNCHRONY BETWEEN CHILDREN WITH OR 

WITHOUT AUTISM SPECTRUM DISORDER (ASD): AN FNIRS PILOT 

STUDY 

This chapter is a reprinted version of an article published in Frontiers in 

Human Neuroscience, ñReprinted with permission from PLoS One 2020, 15, 

e0240301. Copyright 2020 PLoS One.ò  

3.1 Introduction 

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder 

characterized by impairments in social communication as well as restricted and 

repetitive behaviors/interests (Diagnostic and statistical manual of mental 

disorders. 5th ed. American Psychiatric Association). Children with ASD show 

impairments in verbal and non-verbal communication skills such as language 

delays and reduced social gaze/joint attention (i.e., difficulty shifting attention 

between objects and people) (Volkmar et al., 2014; Chita-Tegmark, 2016; 

Franchini et al., 2017). Apart from the diagnostic social impairments, children 

with ASD have a variety of motor difficulties, including impaired upper/lower 

limb coordination and postural control (Bhat et al., 2011; Fournier et al., 2010; 
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Lim et al., 2017). They also have difficulties engaging in socially embedded 

movements, such as imitation (Edwards, 2014; Williams et al., 2004) and 

interpersonal synchrony (Fitzpatrick et al., 2016; Kaur et al., 2018; Marsh et al., 

2013). In this study, we specifically focused on interpersonal synchrony 

performance given its importance in facilitating relationships with peers and 

caregivers (Mogan et al., 2017; Vicaria and Dickens, 2016). Additionally, we also 

examined the underlying neural impairments associated with interpersonal 

synchrony performance in children with and without ASD. While there is 

neuroscientific literature on imitation performance that could be extended to 

interpersonal synchrony behaviors, it is still limited to imitation of finger motions 

and does not include naturalistic arm movements and face-to-face interactions 

(Wadsworth et al., 2016; Jack and Morris, 2014). Hence, the present study aimed 

to compare interpersonal synchrony performance as well as underlying cortical 

activation patterns during a naturalistic reach and clean up task in children with 

and without ASD. 

Imitation and interpersonal synchrony share similar perceptuo-motor 

integration processes (Vicaria and Dickens ,2016). For both imitation and 

interpersonal synchrony, one needs to perceive the cues from the environment and 

their partner, then anticipatorily control and reactively adjust their actions to 

match the actions of their partner (Semin and Cacioppo, 2009; Vesper et al., 

2010). In short, the components of observation/perception and motor execution 

(motor planning and control) are common to both behaviors. Both behaviors 

require children to copy the spatial form of actions performed by the partner (i.e., 
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spatial accuracy); however, they differ in temporal aspects. While imitation 

involves copying of discrete limb and body movements, interpersonal synchrony 

requires two individuals to move synchronously over time with actions of both 

partners being time-constrained (i.e., related to one another in time) (Vicaria and 

Dickens, 2016; Repp and Su, 2013). Apart from spatial accuracy, interpersonal 

synchrony also involves analyses of temporal accuracy (i.e., are both individuals 

moving similarly in speed and phasing). The challenge of interpersonal synchrony 

is greater than that of imitation due to the continuous nature of actions performed 

and the motor control challenges associated with it. For example, musicians 

synchronize their actions on instruments to produce beautiful orchestral sounds or 

two people work together to lift large and heavy objects simultaneously (Phillips-

Silver and Keller, 2012; Richardson et al., 2007). Therefore, in the current study, 

we not only measured the spatial accuracy but also the temporal accuracy during 

interpersonal synchrony behaviors in children with and without ASD. Moreover, 

we compared the behaviors and associated cortical activation between 

interpersonal synchrony and its component behaviors (i.e., action observation and 

execution). Our past findings in adults and typically developing children show 

that the neural complexity of imitation/interpersonal synchrony arises from the 

motor component and not the perceptual component (Bhat et al., 2017; Su et al., 

2020). 

As mentioned earlier, while there is limited literature on brain activation 

patterns associated with interpersonal synchrony behaviors, there is substantial 

evidence describing the neural mechanisms associated with imitation behaviors. 
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Both imitation and interpersonal synchrony share similar basic processes of 

monitoring/perceiving, anticipating/planning, and executing actions; hence, the 

underlying neural substrates are most likely similar (Vicaria and Dickens, 2016). 

fMRI studies confirm widespread cortical activation during imitation and its 

component behaviors of observation and execution over bilateral frontal, parietal, 

and temporo-occipital regions (Iacoboni, 2005; Fabbri-Destro and Rizzolatti, 

2008; Rizzolatti and Craighero, 2004). Certain cortical regions are said to be 

consistently active during action observation, action execution, and imitation, 

forming an important imitation network (Caspers et al., 2010; Molenberghs et al., 

2009) including the i) the Inferior Frontal Gyrus (IFG) and ventral Premotor 

Cortex (vPMC) of the frontal lobe, ii) the Superior Temporal Sulcus (STS), 

Superior and Middle Temporal Gyri (STG and MTG) of the temporal lobe, and iii) 

the Inferior Parietal Lobule (IPL), including the intraparietal sulcus of the parietal 

lobe, the Supramarginal Gyrus (SMG) and the Angular Gyrus (AG). Additional 

brain regions activated during imitation behaviors may include other visual, social, 

and motor regions important for visual/social perception, working memory, motor 

planning, and action execution including dorsolateral prefrontal cortices, premotor 

cortices, primary and supplementary/pre-supplementary motor cortices, 

cingulate/insular cortices, cuneus/precuneus as well as subcortical structures such 

as the cerebellum and putamen (Menz et al., 2009; Iacoboni, 2009; Gazzola and 

Keysers, 2009; Turella et al., 2009; Jack et al., 2011; Vrticka et al., 2013). 

During imitation/interpersonal synchrony, each of the aforementioned 

regions are said to play different roles. The STS is more active during observation 
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of biological than non-biological motions and is said to provide a visual 

description of observed actions as well as compare the observed and planned 

actions (Pelphrey et al., 2003; Molenberghs et al., 2010). Both IFG and IPL are 

active during observation, execution, and imitation of goal-directed object 

manipulation (Iacoboni et al., 2009; Pokorny et al., 2015). The IPL may 

contribute to planning the kinematics of a goal-directed action; while IFG is said 

to play an important role in goal understanding (Iacoboni, 2005; Iacoboni, 2009; 

Koski et al., 2002). The original studies reported various cortical regions that 

consistently activated during action observation, execution, and imitation, without 

highlighting the differences in activation levels across conditions (Iacoboni et al., 

1999). While early studies suggested greatest cortical activation during action 

imitation followed by action execution and lastly, action observation (Aziz-Zadeh 

et al., 2006), more variable levels of activation have been reported across different 

regions and tasks (Molenberghs et al., 2010; Gatti et al., 2017; Montgomery et al., 

2007). The STS region was consistently found to be more active during imitation 

compared to action execution and observation across different tasks, including 

actions involving simple finger movements (Gatti et al., 2017), pantomimed 

actions on objects (Molenberghs et al., 2010; Montgomery et al., 2007), and 

communicative gestures (Montgomery et al., 2007). The IPL was more active 

during conditions involving movements (execution and imitation) compared to 

action observation of simple finger movements (Brihmat et al., 2018; Reynolds et 

al., 2015), pantomimed actions on objects (Molenberghs et al., 2010; 

Montgomery et al., 2007), and communicative gestures (Montgomery et al., 2007). 
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The results were inconsistent in the IFG region depending on the nature of the 

task. During an object grasping task there was higher IFG activation during action 

imitation than action execution and observation (Hamzei et al., 2016). However, 

during pantomimed actions on objects and communicative gesture tasks there was 

greater IFG activation during action imitation and execution than action 

observation (Hamzei et al., 2016). These inconsistent results might be due to the 

variable roles played by these regions across different tasks/contexts. The STS 

region is important for matching observed movements with oneôs own movement, 

and therefore, is more activated during imitation than other conditions; whereas 

the IPL region encodes the kinematic quality of movements, and therefore would 

be more activated during movement conditions. The IFG region encodes the goal 

of the imitated action, and therefore, differs in activation across tasks with 

different goals. 

Some have suggested that the neural circuitry associated with imitation 

behaviors may be an evolutionary precursor to the language system, and therefore, 

is left-hemisphere dominant (Rizzolatti and Arbib, 1998; Ha¨ berling et al., 2016). 

The majority of the fMRI studies investigating brain activation during imitation 

only involve the right hand, limiting the ability to compare activation between 

hemispheres (Gatti et al., 2017; Hamzei et al., 2016; Leslie et al., 2004). Others 

have found that even during unilateral finger movements, there is bilateral 

activation during action observation and imitation highlighting the bilateral nature 

of the imitation network (Caspers et al., 2010). The bilateral pattern was further 

confirmed by a study comparing imitation-related activation when using left or 
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right hands (Aziz-Zadeh et al., 2006; Mu¨hlau, 2005). During the imitation 

condition, Aziz-Zadeh and colleagues found bilateral activation in the IFG and 

IPL with more ipsilateral than contralateral activation depending on which hand 

moved (Aziz-Zadeh et al., 2006); however, there was always greater right STS 

activation regardless of the moving hand. Similar right lateralization has been 

reported in the STS region when processing biological motions (Pelphrey et al., 

2003). In contrast, during gestural imitation, Mu¨hlau et al. found more bilateral 

IFG and STS activation and more left lateralized activation in the IPL region 

(Mu¨hlau et al., 2005). 

In spite of the robust neural mechanisms related to imitation, there are few 

studies on the neural correlates of interpersonal synchrony behaviors due to the 

difficulties in displaying and performing natural synchronous actions between 

partners from within the MRI scanner. fMRI researchers have adapted their tasks 

to perceived synchrony paradigms with a virtual partner during finger tapping 

motions (Cacioppo et al., 2014; Fairhurst et al., 2014). When a participant better 

synchronized with a virtual partner, Cacioppo et al. found greater activation over 

the IPL, parahippocampal gyrus, and ventromedial prefrontal cortex while 

Fairhurst et al. found greater IFG activation (Cacioppo et al., 2014; Fairhurst et al., 

2014). Using functional near-infrared spectroscopy (fNIRS), it is possible to 

conduct face-to-face interactions with a human partner while performing arm 

movements. A study involving healthy adults showed higher activation over the 

IPL region as they synchronized their actions with a partner during a table setting 

task requiring transporting of tableware jointly with a partner compared to solo 



54 
 

actions involving transport of tableware (Egetemeir et al., 2011). Using a block 

clean up task, we found greater right IPL and right IFG activation in healthy 

adults during interpersonal synchrony compared to a solo, action execution 

condition (Bhat et al., 2017). Taken together, both fMRI and fNIRS studies have 

provided contrasting findings on conditional and hemispheric differences in 

cortical activation with more studies confirming a pattern of bilateral activation 

during imitative/interpersonal synchrony behaviors. 

Children with ASD have impairments in synchronizing their actions with 

that of a social partner (Fitzpatrick et al., 2016; Kaur et al., 2018; Marsh et al., 

2013). To be more specific, children with ASD spend less time synchronizing 

their actions with their social partners during intentional synchrony of marching 

and clapping actions (i.e., synchronizing arm and leg actions to the marching and 

clapping actions of a partner; Kaur et al., 2018) as well as unintentional 

synchrony when spontaneously rocking in a chair (i.e., unintentionally 

synchronizing rocking motions to that of the caregiver while reading a story book; 

Marsh et al., 2013). They also showed reduced quality of interpersonal synchrony 

during pendulum swaying synchrony tasks (i.e., swaying of the pendulum antero-

posteriorly while synchronizing with the tester), with more variable and lagged 

movements (Fitzpatrick et al., 2016). Children with ASD might have poor social 

attention (Dawson et al., 2012) as well as poor visuo-motor coordination skills 

(Nebel et al., 2016) that affects their ability to continuously match their actions 

with their partners within social contexts. Although not consistent, fMRI studies 

have reported that children with ASD have atypical cortical activation during 
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imitation tasks. When imitating hand gestures, children with ASD showed 

reduced activation in the right angular gyrus, precentral gyrus, and left middle 

cingulate gyrus (Wadsworth et al., 2016). During finger movement imitation, 

children with ASD had reduced activation over right fusiform cortex, right middle 

occipital gyrus, left IPL, right lingual gyrus, right middle temporal gyrus 

(Williams et al., 2006), as well as the cerebellum (Jack and Morris et al., 2014). A 

recent meta-analysis involving imitation tasks found that individuals with ASD 

had increased IPL activation and altered activation over the occipital, dorsolateral 

prefrontal, and cingulate cortices, as well as the insula, compared to control 

participants (Yang and Hofmann et al., 2016). An EEG study investigating brain 

activation patterns during interpersonal synchrony in children with ASD 

(Kawasaki et al., 2017) found that during the baseline period before starting the 

auditory finger tapping synchrony task (i.e., task of synchronizing finger tapping 

movements with a partner/computer), children with ASD showed increased theta 

activity associated with midline prefrontal cortex activation with no differences 

between groups during the synchronized tapping period itself (Kawasaki et al., 

2017). The prefrontal cortex contributes to executive functions and motor 

planning suggesting that the children with ASD might engage in greater motor 

planning/executive functioning as they planned for synchronized actions. 

Although fMRI provides an accurate functional analysis of the whole brain 

with good spatial resolution, it requires participants to lie still in a noisy scanner. 

Therefore, the previous fMRI studies were constrained to the imitation of simple 

hand movements (Molenberghs et al., 2010; Gatti et al., 2017; Montgomery et al., 
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2007) or perceived interpersonal synchrony of a partner (Cacioppo et al., 2014; 

Fairhurst et al., 2014) without involving naturalistic social interactions. 

Furthermore, although there are a growing number of studies utilizing fMRI in the 

children with ASD, the fMRI testing environment is still challenging for children 

with ASD, leading to greater anxiety and poor task compliance due to the loud 

noise and narrow space of the scanner bore (Keith et al., 2019). In contrast, fNIRS 

is a non-invasive optical neuroimaging tool that has been applied to various motor 

skills such as walking (Leff et al., 2011), dancing (Tachibana et al., 2011), as well 

as arm movements (Egetemeir et al., 2011; Koehler et al., 2012). It also allows 

participants to engage in face-to-face interactions while staying upright and 

tolerates movement artifacts. Using fNIRS, in the current study, we recorded 

cortical activation during upright, face-to-face interactions between tester-child 

pairs.  

Overall, the broad goal of the current study was to compare the behavioral 

differences and associated cortical activation between children with and without 

ASD during action observation, execution, and interpersonal synchrony in a 

naturalistic, reach and clean-up task. We hope to discover neural biomarkers of 

interpersonal synchrony impairments in children with ASD that could be used as 

objective measures to examine intervention outcomes in future studies. In terms 

of the conditional differences, we hypothesized that both TD and children with 

ASD would have higher activation during interpersonal synchrony compared to 

action execution; and higher activation during action execution compared to 

action observation. For hemispheric differences, we expected TD children to 
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show more bilateral activation while children with ASD would show more 

asymmetrical activation during interpersonal synchrony. In terms of group 

differences, we hypothesized that children with ASD would have lower activation 

in MIFG and MSTG regions and increased activation over the IPL regions 

compared to the TD children. Given the variable nature of ASD symptoms, we 

expected cortical activation in children with ASD to be associated with their ASD 

severity and level of adaptive functioning. 

3.2 Methods 

3.2.1 Participants 

Fourteen children with Autism Spectrum Disorder (ASD) (mean age ± SE: 

11.29 ± 0.93, 9 males and 5 females), and 17 age-and-sex matched Typically 

Developing Children (TD) (mean age ± SE: 10.82 ± 0.69, 11 males and 6 females, 

no group differences for age and sex, see Table 3.1 for more details) were 

recruited in this study. Participants were recruited through online announcements, 

phone calls and fliers distributed to various local schools, community centers, 

local autism services, and ASD advocacy groups. We completed screening 

interviews with all children to obtain their demographic information including age, 

sex, ethnicity, socioeconomic status, and handedness as well as to confirm their 

eligibility for participation (Table 3.1). The inclusion criteria for children with 

ASD were: a) holding an ASD diagnosis offered by a professional (i.e., 

neurologist, psychologist, psychiatrist) and confirmed through medical or school 

records, b) having the ability to follow one-step instructions such as ñmove like 

thisò, c) a lack of significant behavioral issues, e.g., difficulty wearing a cap and 
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inability to remain seated for ~ 30 minutes. TD children were age and sex 

matched to children with ASD. The exclusion criteria for TD children were: a) 

having any neurological or developmental diagnoses/delays, preterm birth, or 

significant birth history, b) taking medications with neural or psychotropic effects, 

c) having a history of seizures, d) having uncorrected vision or hearing 

impairments and d) having a family history of ASD. 

We confirmed the diagnosis of ASD through 

medical/neuropsychological/school records, and/or the presence of a social 

communication delay using the Social Communication Questionnaire (SCQ, 

averaged score ± SE: 25.64 ± 9.31; Rutter et al., 2003). In addition, a clinical 

psychologist (i.e., 3rd author) independently confirmed the diagnosis of ASD 

using the Autism Diagnostic Observation Scheduleï 2nd edition (ADOS, average 

ADOS score ± SE = 18.17 ± 1.86; Lord, 2012). She also assessed the level of 

intelligence in children with and without ASD using the Stanford- Binet IQ test 

(Full scale IQ ± SE: ASD: 79.57 ± 6.77; TD:114.18±1.71, p < 0.001; Table 3.1; 

Roid, 2003). In addition, the Hollingshead Four-Factor Index of Socioeconomic 

Status (SES-Child) was used to estimate the socioeconomic status (averaged score 

± SE: ASD: 68.86 ± 4.49, TD: 69.71 ± 4.43, p > 0.05; Hollingshead, 1975), while 

the Corenôs handedness survey was used to determine their handedness (average 

handedness score ± SE: ASD: 33.57 ± 1.60, TD: 33.41 ± 1.78, p > 0.05; Coren, 

1993). Thirteen children with ASD were strongly right-handed, with one showing 

moderate left-handedness. Fifteen of the TD children were found to be strongly 

right-handed, while two children showed moderate left-handedness. Note that all 
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subjects completed the task using their right hand. The activation patterns of the 

three left-handed children were similar to the group results; hence, their data have 

been retained. The parents of the participating children also completed Vineland 

Adaptive Behavioral Scales-2nd edition questionnaire (VABS) to provide a 

measure of socialization (averaged score (%) ± SE: ASD: 67.93 ± 4.06, TD: 

106.53 ± 3.18, p < 0.001; Sparrow et al., 2005), daily living skills (averaged score 

± SE: ASD: 75.86 ± 4.01, TD: 110.41 ± 3.08, p < 0.001), communication 

(averaged score ± SE: ASD: 72.79 ± 3.46, TD: 109.82 ± 2.88, p < 0.001) as well 

as overall adaptive functioning (averaged total score ± SE: ASD: 70.57 ± 3.39, 

TD: 110.29 ± 2.92, p < 0.001) of their children (Table 3.1). Parents of participants 

completed consent forms and the participants completed assent forms before 

participating in this study. These forms were approved by the University of 

Delaware Institutional Review Board (UD IRB, Study Approval #: 930721ï12). 

Please refer to the appendices A.2 to A.4 of the previous chapter for the parent 

consent, and children assent forms (including the reader and nonreader versions). 
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Table 3.1 Demographic, SES-Child, handedness, ADOS, VABS-II, and IQ scores 

of ASD and TD children. 
Characteristics ASD (n = 14) Mean ± SE  TD (n = 17) Mean ± SE 

Age 11.29 ± 0.93 10.82 ± 0.69 

Sex 9M; 5 F 11 M; 6 F 

Ethnicity 10 C; 2A;1BC;1AC 13 C; 1A; 1AI; 2AC 

SES-Child 68.86 ± 4.49 69.71 ± 4.43 

Corenôs Handedness Score 13 R, 1 L; 33.57 ± 1.60 15R, 2L; 33.41 ± 1.78 

SCQ 25.64 ± 9.31 - 

ADOS 

   Social affect 

   Repetitive Behavior 

18.17 ± 1.86 

13.69 ± 1.41 

5.23 ± 0.61 

- 

VABS (SS) 

   Communication (SS) 

   Daily living (SS) 

   Socialization (SS) 

70.57 ± 3.39* 

72.79 ± 3.46* 

75.86 ± 4.01* 

67.93 ± 4.06* 

110.29 ± 2.92 

109.82 ± 2.88 

110.41 ± 3.08 

106.53 ± 3.18 

Stanford-Binet IQ  

   Full scale IQ 

   Verbal IQ 

   Non-verbal IQ 

 

79.57 ± 6.77* 

83.62 ± 7.54* 

69.10 ± 6.69* 

 

114.18 ± 1.71 

114.59 ± 2.25 

114.53 ± 1.74 

SES-Child = Hollingshead Four-Factor Index of Socioeconomic Status; SCQ = 

Social Communication Questionnaire; ADOS = Autism Diagnostic Observation 

Schedule - 2nd Edition; VABS = Vineland Adaptive Behavior Scale - 2nd Edition; 

SS=Standard Score; IQ = Intelligence Quotient; M = Male, F = Female; R = right, 

L = left; C = Caucasian, A = Asian, AI = American Indian; BC = Black-

Caucasian; AC = Asian-Caucasian *indicates significant group differences. 

3.2.2 Experimental Procedures 

During the experiment, the children were seated at a table face-to-face with 

an adult tester. Eight blocks with different shapes and colors were arranged along 

a circle in front of both, the child and the tester (Figure 3.1A). Children were 

asked to clean up the blocks into a container placed on the right-side using their 

right hand. All children completed the three conditions (Watch, Do, and Together) 

for multiple trials that occurred in a random order (see trial order in Figure 3.1B). 

During the Watch condition, the child observed the tester pick up the blocks in a 

sequential manner and put them into a container. To ensure that the children paid 

attention during the Watch trials, before beginning the trial, we instructed them to 

focus on the pattern of clean up. Instructions were, ñWatch me carefully as I clean 
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up the blocks.ò After a Watch trial was completed, they were asked, ñWhich 

block did I pick up first? Or which block did I pick up last? Or how did 

I clean up the blocks, etc.ò For the Do condition, the participants cleaned up 

all the blocks in a sequence of their choice using the instruction ñYou clean up the 

blocks on your own.ò In the Together condition, the tester led the block clean up 

in a random order while asking the child to pick up the corresponding block 

placed in front of them using the instruction, ñCopy me, letôs clean up the blocks 

together.ò No questions were asked to the child after completing the Do and 

Together conditions. The participants were asked to use their right hands, while 

the tester used her left hand. The children completed a total of 18 trials (6 trials 

per condition that were randomized across the entire session (Figure 3.1B). The 

stimulation period comprised of the time the children took to complete the clean-

up task (duration (sec.) ± SE during Watch: ASD: 11.5 ± 0.6, TD: 10.6 ± 0.2, p > 

0.05; Do: ASD: 11.9 ± 0.9, TD: 10.3 ± 0.4, p > 0.05; Together: ASD: 15.5 ± 0.9, 

TD: 13.6 ± 0.6, p < 0.05). A 10-second pre-stimulation and a 16-second post-

stimulation period were included to account for any baseline drifts in the fNIRS 

signal and to allow the hemodynamic response to return to baseline before starting 

the next trial. During baseline periods, the participants were asked to focus on a 

crosshair and remain as still as possible. 
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Figure 3.1 Experimental setup (A) and task sequence (B). Written permission for 

publication of participant pictures has been taken. 

3.2.3 Data Collection 

The hemodynamic changes over the regions of interest (ROI) were recorded 

using the Hitachi ETG-4000 system (Hitachi Medical Systems, Tokyo, Japan), 

with a sampling rate of 10Hz. Two 3×3 probe sets, consisting of five infrared 

emitters and four receivers, were positioned over the bilateral frontoparietal and 

temporal regions. The middle column of the probe set was aligned with the tragus 

of the ear and the lowermost row of the optode set was aligned with the T3 

position of the International 10ï20 system (Figure 3.2A and 3.2B; Klem et al., 

1999). As shown in Figure 3.2A and 3.2B, the emitters (red) and receivers (blue) 

were placed in an alternating fashion and each emitter-receiver pair was placed 3 

cm apart from each other. The emitters emit two wavelengths of infrared light 

(695 and 830mm) through the skull creating a banana-shaped arc that reaches the 

cortical area approximately below the midpoint of the two probes. The midpoint 

of each emitter-receiver pair forms an fNIRS channel; there are 24 channels in 



63 
 

total, 12 on the left side and 12 on the right side, see Figure 3.2C and 3.2D). The 

attenuation of infrared light was used to calculate the changes in concentrations of 

oxygenated (HbO2) and deoxygenated hemoglobin (HHb) chromophores per 

channel using the Modified Beer-Lambert Law. Based on past findings, an 

increase in HbO2 concentration and a decrease in HHb concentration is expected 

with increased brain activation below a certain channel (Lloyd-Fox et al., 2010). 

E-Prime presentation software (version 2.0) was used to trigger the Hitachi fNIRS 

system. The entire session was videotaped using a camcorder that was 

synchronized with the Hitachi fNIRS system. 

 

Figure 3.2 Probe placement (A, B) and spatial registration output (C, D). Written 

permission for publication of participant pictures has been taken. 
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3.2.4 Spatial Registration Approach 

For each session, the 3D locations of the standard cranial landmarks (nasion, 

inion, right and left ears) as well as 3D locations of each probe in the fNIRS probe 

set were recorded w.r.t. a reference coordinate system using the ETG-4000 system. 

The anchor-based spatial registration method developed by Tsuzuki et al. (2012) 

was used to transform the 3D spatial location of each channel to the Montreal 

Neurological Institute (MNI)ôs coordinate system (Tsuzuki et al., 2012). The 

structural information from an anatomical database of 17 adults (Okamoto et al., 

2004) was then used to provide estimates of channel positions within a 

standardized 3D brain atlas (Tsuzuki et al., 2012). The estimated channel 

locations were anatomically labeled using the LONI Probabilistic Brain Atlas 

(LPBA) based on MRI scans of 40 healthy adults (Shattuck et al., 2008). Based 

on the regions covered by our channels, we assigned the 24 channels to three 

regions of interest (ROI) on each side: i) the frontal region comprised the Middle 

and Inferior Frontal Gyri (MIFG) and included channels over the inferior/ middle 

frontal gyri, and pre-central gyrus (i.e., channels 1, 3, 6, 8 on the left and channels 

14, 17, 19, 22 on the right, see Figure 3.2C and 3.2D), ii) the parietal region or 

Inferior Parietal Lobule (IPL) included channels over the supramarginal gyrus, 

angular gyrus, and postcentral gyrus (i.e., channels 2, 4, 5, 7 on the left and 

channels 13, 15, 16, 18 on the right, see Figure 3.2C and 3.2D) and iii) the 

temporal region comprised the Middle and Superior Temporal gyri (MSTG) or 

the superior temporal sulcus and included channels over the middle and superior 

temporal gyri (MTG and STG, i.e., channels 10, 11, 12 on the left and channels 
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20, 23, 24 on the right, see Figure 3.2C and 3.2D). As shown in the Table C.1, 

channel 21 could not be assigned to any ROI. To avoid inconsistency within the 

averaged activation data, channel 21, as well as its homologue from the left side 

(i.e., channel 9) were excluded. In this way, we were able to assign 22 out of the 

24 channels to one of the aforementioned ROIs in both groups (details in Table 

C.1 under Appendix). 

Apart from assessing regional differences using averaged channels, we also 

conducted channel-specific regional comparisons by using a single representative 

channel to reconfirm our results. Note that the representative channels for each 

ROI and hemisphere are bolded in the Table C.1. We acknowledge that fNIRS 

was unable to perfectly isolate ROIs to a single channel in all cases; however, we 

were able to isolate 8 out of 10 channels to individual ROIs with a single channel 

covering 62ï100% of the assigned ROIðMFG, IFG, STG, MTG, or IPL. The 

results of channel-specific analyses were similar to that of averaged channel 

analyses (see Table C.2 under Appendix for statistical details). 

3.2.5 Data Processing 

Customized Matlab programs that incorporated Matlab functions from 

open-source software such as Hitachi PoTATo (Sutoko et al., 2016) and Homer-2 

(Huppert et al., 2009) were used to analyze the data output from the ETG-4000 

system. Data from each channel was first band-pass filtered between 0.01 and 0.5 

Hz to remove lower or higher frequencies associated with body movements and 

other dynamic tissue such as respiration, heart rate, skin blood flow, etc. (Figure 

3.3). To remove motion artifacts, we used one of the most robust methods (Hu et 
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al., 2009), the wavelet method (Huppert et al., 2009; Sato et al., 2005; Figure 

3.3A). This method assumes that the obtained signal is a linear combination of the 

desired signal and undesired artifacts. By applying a 1-D discrete wavelet 

transform to each channel, details of the signal are estimated as approximation 

coefficients. The wavelet coefficients are assumed to have a Gaussian distribution, 

outliers in the distribution correspond to the coefficients related to motion 

artifacts, and such coefficients are set to zero. Lastly, the inverse discrete wavelet 

transform is applied, and the signal is reconstructed. Next, we applied the General 

Linear Model (GLM) implemented in HOMER-2 (Figure 3.3A). GLM estimates 

the hemodynamic response function using Gaussian basis functions and a 3rd 

order polynomial drift regression (Huppert et al., 2009). To correct the baseline 

drifts, the linear trend between the pre-trial baseline and the posttrial baseline was 

calculated and subtracted from values in the stimulation period as implemented in 

Hitachi Potato (Sutoko et al., 2016; Figure 3.3B). Average HbO2 and HHb values 

were obtained for the stimulation period of each trial. The range of HbO2 data was 

significantly greater than HHb data (Figure 3.3B). Moreover, HbO2 profiles have 

a greater signal to noise ratio compared to HHb and therefore, consistent with 

fNIRS literature, we have reported HbO2 profiles (Sato et al., 2005). In the 

supplementary materials section, we have also provided a visual representation of 

the second-to-second HbO2 profile for each group (Figure C.1: TD children, 

Figure C.2: Children with ASD), each condition, and each channel for the entire 

period (pre-baseline, stimulation, and post-baseline). The pink vertical line 

denotes the start of the stimulation period and the data shown to the right of the 
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pink line are the 240 frames across stimulation (10ï13 s) and post-stimulation 

baseline (14ï11 s) periods. At each step, we plotted and saved the data. Later, we 

visually screened the data to exclude channels with no data (flat lines) because of 

poor probe contact or noisy data that did not follow a canonical response typically 

reflective of neural activity (i.e., positive oxy and neutral to negative deoxy signal) 

in spite of applying the wavelet method of motion artifact removal. We also 

assessed whether any individual child averages for each ROI were outliers 

compared to the group average (< or > than 3SD) then those individual data were 

excluded. One child with ASD was excluded based on this criterion, hence, 14 

children remained in the ASD group. 

 

Figure 3.3 Data processing workflow (A) Filter, wavelet and GLM of NIRS signal 

and (B) Trial-by-trial view and average view of Oxy Hb (HbO2), 

Deoxy Hb (HHb), and Total Hb (HbT) profiles for a given channel. (W, 

D, T) from 5 secs. before to 24 secs. after start of stimulation. Data 

have been averaged across trials and participants. 
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3.2.6 Video Data Coding 

A trained and reliable student researcher that was blinded to the grouping 

scored the session videos in order to exclude trials with significant errors. The 

trials were excluded from data analysis if the children did not follow task 

instructions or moved the cap or spoke to their partners or parents during the 

stimulation period. Interpersonal synchrony and motor performance were scored 

on a three-point scale. Spatial synchrony scores were rated from 1 to 3 with 1 = 

Picked incorrect blocks more than once, 2 = Picked the incorrect block once only, 

and 3 = Picked all blocks correctly. Temporal synchrony scores were rated from 1 

to 3 with 1 = more than one block delay, 2 = One-block delay and 3 = perfect 

synchrony. Motor errors were counted as any of the following behaviors (i.e., 

two-hand use, picked more than one block at the same time, block slipping when 

picking or placing) with motor scores rated from 1 to 3 with 1 = more than 4 

errors, 2 = 2ï4 errors, 3 = 0ï1 error. Two trained coders coded 20% of the video 

and established high levels of inter-rater reliability for all variables. Using intra-

class correlations, inter-rater reliability for spatial accuracy was 86%, for temporal 

accuracy was 88%, and for motor accuracy was 81%. After the reliabilities were 

established, the primary coder coded the remaining videos for all participants. 

3.2.7 Data Exclusion 

In the TD group, 4.3% of the data were excluded due to poor fNIRS signals 

based on aforementioned criteria (i.e. dead or noisy channels during Watch = 

4.4%, Do = 4.2%, and Together = 4.5%), and 6.4% of the data were excluded 

based on video coding (Watch = 6.4%, Do = 8.8%, and Together = 4%). For the 
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children with ASD, 3.2% of the data were excluded due to poor fNIRS signals 

(Watch = 3.0%, Do = 3.6%, Together = 3.0%), and 6.29% of the data were 

excluded due to video coding (Watch = 7.1%, Do = 7%, Together = 4.8%). In 

total, 10.2% of the data were excluded in the TD group (Watch = 9.9%, Do = 

12.5%, Together = 8.1%), whereas 9.3% of the data were excluded in the ASD 

group (Watch = 9.7%, Do = 10.6%, Together = 7.6%). There were no significant 

differences between the data excluded in the TD and ASD groups (all ps > 0.05). 

3.2.8 Statistical Analyses 

To avoid multiple channel-specific comparisons, we averaged data across 

channels within the same ROI based on our spatial registration output (Figure 

3.2C and 3.2D show the 6 ROIs and constituent channels). We determined levels 

of activation for six regions of interest (ROIs) including the left and right MIFG, 

MSTG, and IPL regions (Table C.1 shows the channel assignments for the TD 

and ASD groups). Using IBM SPSS, we conducted repeated-measures ANOVA 

using within-group factors of condition (Watch, Do, Together), hemisphere (left, 

right), and region of interest/ROI (MIFG, MSTG, IPL) and a between-group 

factor of group (TD vs ASD) for average HbO2 values (SPSS, Inc.). We also used 

age, sex, and full-scale IQ as covariates within our analysis. Greenhouse-Geisser 

corrections were applied when our data violated the sphericity assumption based 

on Mauchlyôs test of sphericity. We have also conducted a channel- specific 

regional ANOVA that revealed similar results as the averaged channel ANOVA 

described above (see Table C.2 under Appendix for the ANOVA and the post-hoc 

t-test findings). 
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Paired t-tests were used to examine group differences in behavioral data 

including temporal/spatial synchrony scores, and motor scores. We also applied 

the False Discovery Rate (FDR) method proposed by Singh and Dan (2006) to 

adjust for multiple post-hoc comparisons of multichannel fNIRS data (Singh et al., 

2006). We specifically used the Benjamin-Hochberg method wherein unadjusted 

p-values are rank ordered from low to high. Statistical significance is declared if 

the unadjusted p-value is less than p-value threshold. p-value thresholds were 

determined by multiplying 0.05 with the ratio of the unadjusted p-value rank to 

the total # of comparisons (p-threshold for ith comparison = 0.05 x i/n; where n = 

total # of comparisons). In addition, we used Pearsonôs correlations to study 

associations between cortical activation and ASD severity and adaptive 

functioning and Spearmanôs rank correlations to study associations between 

interpersonal synchrony scores and ASD severity and adaptive functioning. FDR 

corrections were also used to control for multiple comparisons during correlation 

analyses. 

3.3 Results  

3.3.1 Quality of Interpersonal Synchrony and Motor Performance 

Children with ASD had lower spatial and temporal synchrony scores 

compared to the TD children (ps < 0.01). Motor scores did not differ between 

groups (p > 0.05). The detailed information is presented in Table 3.2. 
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Table 3.2 The behavioral quality of interpersonal synchrony in TD and ASD 

groups. 

*indicates significant differences between the ASD and TD groups. A higher 

value indicates better performance. 

3.3.2 Cortical Activation 

The group x condition x hemisphere x region four-way repeated ANOVA 

revealed a significant main effect of region (F(1.9, 368.4) = 10.1, p < 0.001), a 

two-way interaction of group x region (F(1.9, 368.4) = 24.4, p < 0.001), a three-

way interaction of group x hemisphere x region (F(2.0, 382.0) = 7.0, p = 0.001), 

and a four-way interaction of group x condition x hemisphere x region (F(3.7, 

704.3) = 7.1, p < 0.001). The four-way interaction did not covary with age, sex or 

IQ (Table C.3 shows the means and standard errors of HbO2 concentration; and 

Table C.4 shows the significant p-values and direction of effects for the post-hoc 

comparisons). The visual representation of averaged HbO2 concentration during 

Watch, Do, and Together conditions in children with and without ASD is shown 

in Figure 3.4. 

Interpersonal synchrony 

quality  

ASD 

(Mean ± SE) 

TD  

(Mean ± SE) 

  p- value 

Spatial synchrony 1.94 ± 0.18 2.67 ± 0.08 p < 0.001* 

Temporal synchrony 2.11 ± 0.19 2.74 ± 0.06 p < 0.01* 

Motor score  

    Do condition 

    Together condition 

2.96 ± 0.02 

2.92 ± 0.03 

3.00 ± 0.00 

2.97 ± 0.01 

2.96 ± 0.02 

2.99 ± 0.01 

p > 0.05 

p > 0.05 

p > 0.05 
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Figure 3.4 A visual representation of averaged HbO2 concentration during Watch, 

Do, and Together conditions in children with ASD (left) and TD 

children (right). HbO2 values on Y-axis range from 0 indicated by blue 

to 0.09 indicated by red and shades in between. 

 

3.3.2.1 Group Differences 

Children with ASD had lower MIFG and MSTG but greater IPL activation 

compared to the TD children, and the differences are more obvious in the 

movement related conditions (Do and Together) than the Watch condition (Figure 

3.5). Specifically, during the Watch condition, children with ASD had lower right 

MSTG activation and greater right IPL activation than the TD children (ps < 0.05). 

During the Do condition, children with ASD had lower right MIFG, lower 

bilateral MSTG, and greater bilateral IPL activation compared to the TD children 

(ps < 0.05). Similarly, during the Together condition, children with ASD had 
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lower right MIFG, lower left MSTG and greater bilateral IPL activation compared 

to the TD children (ps < 0.001) (Figure 3.5). 

 

Figure 3.5 Group differences in HbO2 concentration during Watch, Do, and 

Together conditions. *indicates significant differences (i.e., p < 0.05 

and survived for FDR correction) between the ASD and TD groups. 
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3.3.2.2 Conditional Differences 

Children with and without ASD showed greater activation during 

movement (Do and Together) conditions compared to the observation/Watch 

condition (Figure 3.6). Specifically, during the Together and Do compared to the 

Watch condition, TD children showed greater bilateral MIFG and left MSTG 

activation, while the children with ASD showed greater left MIFG and left IPL 

activation (ps < 0.001, Figure 3.6). We also found some trends for greater 

activation in the interpersonal synchrony (Together) condition compared to the 

solo movement (Do) condition in both children with and without ASD, however, 

those comparisons did not survive FDR corrections (ps < 0.05, Figure 3.6). 

During the Together compared to the Do condition, the TD children showed 

greater right MIFG activation while the children with ASD showed greater left 

MIFG and right MSTG activation (ps < 0.05, Figure 3.6). Lastly, during the 

Together condition compared to the Watch condition, the children with ASD 

showed greater activation in the right MSTG and right IPL regions (p < 0.01. 

Figure 3.6). No other conditional differences between Watch and Do or Do and 

Together were noted in the children with ASD (Figure 3.6). 
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Figure 3.6 Conditional and hemispheric differences in HbO2 concentration for TD 

children, and children with ASD. * indicates conditional differences 

with p < 0.05 and surviving FDR corrections. ź and * indicate 

significant hemispheric differences with p < 0.05 and surviving FDR 

corrections. 

3.3.2.3 Hemispheric differences 

For both groups, there were no hemispheric differences for the Watch 

condition (Figure 3.6). During the Do condition, TD children showed left-

lateralized (left > right) MSTG activation (p = 0.001, Figure 3.6) and a trend for 

left-lateralized MIFG activation (p = 0.08). Along the same lines, children with 

ASD showed left-lateralized MIFG activation only (ps < 0.01, Figure 3.6). During 

the Together condition, TD children showed similar levels of activation in all six 

regions (left/right MIFG, MSTG, and IPL). However, children with ASD showed 
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left-lateralized MIFG activation (p < 0.001) and right-lateralized MSTG 

activation (p = 0.003) with no hemispheric differences in IPL activation (Figure 

3.6). 

3.3.3 Correlations 

Correlations between ADOS scores, interpersonal synchrony behaviors, and 

cortical activation. The correlation between ADOS scores, interpersonal 

synchrony behaviors, and cortical activation are presented in Table 3.3. Children 

with greater ADOS RRB scores (i.e., more repetitive behaviors) also had lower 

spatial and temporal synchrony scores during the Together condition (r = -0.42 & 

-0.43, ps < 0.01). Similarly, children with greater ASD severity based on ADOS 

total scores had lower spatial synchrony scores during the Together condition (r = 

-0.34, p < 0.001). Correlations between the ADOS scores and cortical activation 

showed that children with ASD with greater social affective impairment had 

lower left MIFG activation during the Do condition (r = -0.31, p < 0.001). 

Children with ASD with more repetitive behaviors had greater left MSTG 

activation during the Watch and Do conditions (r = 0.45 & 0.38, ps < 0.001) as 

well as greater right MSTG activation during the Together condition (r = 0.33, p < 

0.001). No correlations between ADOS total scores and cortical activation 

survived FDR corrections. 
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Table 3.3 The correlations between ADOS scores, interpersonal synchrony 

behaviors, and cortical activation in children with ASD 

r values are presented in this table. * indicates p < 0.05; ** indicates p < 0.01. 

Shaded font indicates p-values survived for FDR corrections. SA = social affect; 

RRB = repetitive behaviors. 

Correlations between VABS scores, interpersonal synchrony behaviors, and 

cortical activation. The correlations between VABS scores, interpersonal 

synchrony behaviors, and cortical activation in children with ASD are presented 

in Table 3.4. There were no correlations between VABS scores and interpersonal 

synchrony behaviors in children with ASD that survived FDR corrections. During 

the Watch condition, higher VABS communication scores were associated with 

greater left MSTG activation (r = 0.30, p < 0.001). During the Do condition, 

higher VABS communication scores were associated with greater left MIFG 

activation (r = 0.38, p < 0.001). During the Together condition, higher VABS 

communication scores were associated with greater left MIFG and right MSTG 

activation (rs = 0.50 & 0.48, ps < 0.001). 

 

 

r - values ADOS-SA ADOS-RRB ADOS-Total 

W D T W D T W D T 

Interpersonal synchrony Behaviors 

Spatial 

Temporal 

Motor 

N/A 

N/A 

N/A 

N/A 

N/A 

0.07 

-0.24* 

-0.19 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

-0.21 

-0.42** 

-0.43** 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

0.03 

-0.34** 

-0.26* 

N/A 

Cortical Activation  

Left hemisphere 

MIFG 

MSTG 

IPL 

-0.08 

0.07 

-0.03 

-0.31** 

0.21 

-0.13 

-0.27* 

-0.00 

-0.05 

0.15 

0.45** 

-0.03 

-0.10 

0.38** 

-0.23 

0.04 

0.25* 

0.17 

-0.01 

0.20 

-0.03 

-0.28* 

0.29* 

-0.18 

-0.20 

0.08 

0.02 

Right hemisphere 

MIFG 

MSTG 

IPL 

0.14 

-0.04 

-0.16 

-0.07 

-0.07 

-0.07 

-0.09 

-0.21 

-0.19 

0.04 

0.20 

-0.18 

-0.04 

0.09 

-0.08 

-0.01 

0.33** 

-0.18 

0.13 

0.04 

-0.19 

-0.07 

-0.02 

-0.08 

-0.07 

-0.05 

-0.21 
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Table 3.4 The correlations between VABS scores, interpersonal synchrony 

behaviors, and cortical activation in children with ASD 

r values are presented in this table. * indicates p < 0.05; ** indicates p < 0.01. 

Shaded font indicates p values survived for FDR corrections.  

3.4 Discussion  

Children with ASD have difficulties performing socially embedded 

movements such as imitation [8] and interpersonal synchrony (Fitzpatrick et al., 

2016; Kaur et al., 2018); which impact their relationships with peers and 

caregivers (Mogan, et al., 2017; Vicaria and Dickens, 2016) and may adversely 

affect their long-term social-cognitive development (Mogan, et al., 2017). Despite 

the social significance of imitation/interpersonal synchrony skills, there is a dearth 

of behavioral and neuroimaging literature on neural mechanisms underlying these 

impairments in children with ASD. Majority of the fMRI studies reporting 

atypical cortical activation during imitation/interpersonal synchrony involve tasks 

limited to simple hand motions due to the space constraints of the MRI scanner 

(Wadsworth et al., 2016; Williams et al., 2006; Yang and Hofmann, 2016). 

Moreover, most of the aforementioned studies are limited to children and adults 

with low ASD severity/fewer behavioral issues because of the high behavioral 

r - 

values 

VABS-

Communication 

VABS- 

Daily living  

VABS- 

Socialization 

W D T W D T W D T 

Interpersonal synchrony Behaviors 
Spatial 

Temporal 

Motor 

N/A 

N/A 

N/A 

N/A 

N/A 

-0.22* 

-0.09 

-0.10 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

-0.05 

0.20 

0.18 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

-0.19 

0.08 

0.07 

N/A 

Cortical Activation  

Left hemisphere 
MIFG 

MSTG 

IPL  

0.10 

0.30** 

-0.15 

0.38** 

0.17 

0.07 

0.50** 

0.24* 

0.14 

0.11 

0.08 

0.07 

0.07 

-0.03 

0.12 

0.05 

0.03 

0.04 

0.16 

0.19 

0.07 

0.20 

0.04 

0.12 

0.16 

0.11 

-0.02 

Right hemisphere 
MIFG 

MSTG 

IPL 

-0.05 

0.17 

-0.05 

0.01 

0.10 

-0.13 

0.07 

0.48** 

0.02 

-0.06 

0.03 

0.08 

-0.07 

-0.05 

-0.02 

-0.04 

0.17 

-0.04 

-0.06 

0.10 

0.07 

-0.09 

-0.06 

-0.16 

-0.10 

0.25* 

-0.16 
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demands of lying still within the MRI scanner. Consequently, there are more 

challenges for participants to comply during fMRI tasks, making it difficult for 

researchers to involve children with lower IQ and greater ASD severity. In fact, 

22 out of 23 studies within a recent fMRI meta-analysis (Philip et al., 2012) 

included children with ASD with much higher IQ scores compared to the present 

study (mean IQ ranged from 90.7 to 116.0, present study: mean IQ = 79.57 ± 

25.35, see Table 3.1). Moreover, the ADOS scores of some of the fMRI studies 

are lower /less severe than the present study (Dougherty et al., 2016: mean ADOS 

total score = 11.7, SD = 3.5; Dona et al., 2017: mean ADOS comparison score = 

6.5, SD = 2.2; present study: mean total score = 18.17, SD = 1.86; ADOS 

comparison score: 8.38, SD = 6.69, Table 3.1). Apart from including children 

with wide ranging IQ and ASD severity, fNIRS has better tolerance to movement 

artifacts and has been used across various naturalistic movements such as walking 

(Miyai et al., 2001) and upright arm movements (Egetemeir et al., 2011; Koehler 

et al., 2012). Using fNIRS, the present study compared the cortical activation of 

children with and without ASD during a naturalistic, face-to-face, reaching based 

interpersonal synchrony task and identified important neurobiomarkers of 

interpersonal synchrony impairments in children with ASD. Lastly, we correlated 

interpersonal synchrony behaviors and associated cortical activation with ASD 

severity and adaptive functioning in the children with ASD. 

In line with the past studies (Fitzpatrick et al., 2016; Kaur et al., 2018), 

children with ASD had lower spatial and temporal interpersonal synchrony 

accuracies compared to TD children. Moreover, their interpersonal synchrony 
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impairments were associated with their ASD severity (those who had greater ASD 

severity had greater impairments in interpersonal synchrony). In terms of cortical 

activation (Analysis I, group differences), during interpersonal synchrony and/or 

its component behaviors (observation and execution), children with ASD showed 

reduced activation over the MIFG and MSTG regions but increased activation 

over the IPL regions compared to the TD children. In terms of conditional 

differences, children with and without ASD scaled up the cortical activation from 

Watch to Do and the Together condition. In terms of hemispheric differences, 

both TD children and children with ASD showed left-lateralized cortical 

activation during action execution (Do condition). However, during the Together 

condition, TD children showed bilaterally symmetrical activation whereas 

children with ASD showed left-lateralized activation over the MIFG regions and 

right-lateralized activation over the MSTG regions. The correlation analyses for 

children with ASD (Analysis II) suggested that those who had greater ASD 

severity also had lower spatial and temporal accuracies during interpersonal 

synchrony. Greater social affect impairment in children with ASD using the 

ADOS was associated with lower activation over the left MIFG during the Do 

condition while more repetitive behaviors were associated with greater MSTG 

activation in all three conditions. Moreover, better communication performance in 

children with ASD using the VABS was associated with greater MIFG and 

MSTG activation during all three conditions in children with ASD. 
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3.4.1 Similar Motor Coordination Performance but Lower Interpersonal 

Synchrony in Children with ASD 

We had purposely chosen a reach and clean up task as most children 

develop reaching abilities at a very young age, making this task universally 

possible across all ages. For this reason, it was not surprising that we found 

similar motor performance between children with and without ASD. Using 

motion capture systems, previous studies have shown differences in arm 

movement quality such as overshooting and unsmooth trajectories suggesting 

poor anticipatory and reactive control of skills such as reaching, catching, etc. 

(Cook et al., 2013; Whyatt and Craig et al., 2013). We did not utilize a motion 

capture system; hence, our video coding was perhaps not sensitive enough to 

capture the differences in visuomotor performance between children with and 

without ASD. 

In terms of interpersonal synchrony quality, children with ASD showed 

reduced spatial and temporal accuracies compared to TD children and 

interpersonal synchrony difficulties were greater in children with higher ASD 

severity. Our results are consistent with previous behavioral studies of 

interpersonal synchrony involving marching and clapping (i.e., synchronizing 

march and clap actions with a partner), and pendulum swaying (i.e., swaying the 

pendulum in synchrony with a partner), etc. (Fitzpatrick et al., 2016; Kaur et al., 

2018). Children with ASD had increased movement variability and reduced 

interpersonal synchrony during both marching-clapping and pendulum swaying 

tasks (Fitzpatrick et al., 2016; Kaur et al., 2018). Poor basic visuo-motor 
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coordination might result in increased movement variability, which in turn makes 

it difficult to synchronize actions with another partner (Kaur et al., 2018; Nebel et 

al., 2016). Additionally, lower interpersonal synchrony could be due to poor/ 

atypical social monitoring (Franchini et al., 2017), visuo-motor (Whyatt and Craig, 

2013), visual-perceptual (Mottron et al., 2003), or impaired executive functions 

such as mental rotations, planning, inhibition, and working memory (Hill, 2004; 

Zheng et al., 2019). 

3.4.2 Hypoactivation of MIFG and MSTG and Hyperactivation of IPL Seen 

in Children with ASD 

During interpersonal synchrony and/or its component behaviors (action 

observation and execution), children with ASD showed lower MIFG and MSTG 

activation as well as greater IPL activation compared to TD children, as is often 

reported in the literature (Wadsworth et al., 2016; Jack and Morris, 2014; Pineda, 

2009). These findings fit with the literature in that children with ASD are known 

to have atypical activation in multiple brain regions important for 

imitation/interpersonal synchrony (Fan et al., 2010; Freitag et al., 2008; Dapretto 

et al., 2006). A rigorous meta-analysis of fMRI studies during imitation tasks 

have reported reduced activation in individuals with ASD in the social and object-

related STS and IFG regions as well as increased activation in the motor 

planning-related regions of IPL (Yang and Hofmann, 2016). Specifically, adults 

with ASD had hypoactivation over the frontal (i.e., inferior and middle frontal, 

precentral gyrus), and temporal cortices (i.e., inferior and middle temporal gyrus; 

Jack and Morris, 2014; Freitag et al., 2008) along with hyperactivation in the 



83 
 

inferior parietal cortices (i.e., anterior portion of the inferior parietal cortex 

includes the angular and supramarginal gyri) compared to those without ASD 

(Yang and Hofmann, 2016; Martineau et al., 2010). During imitation of emotional 

expressions, unlike TD children who showed more bilateral IFG activation, 

children with ASD showed no increase in fMRI-based activation in the IFG as 

well as hyperactivation in the left parietal and visual association cortices 

(Dapretto et al., 2006). Our study extends these past imitation-based findings of 

atypical activation over the frontal, temporal, and parietal regions to interpersonal 

synchrony tasks in children with ASD. 

The MIFG ROI in the current study captured the MFG and IFG regions. 

The channel specific comparisons also showed atypical activation over channels 

isolating the MFG and IFG ROIs in children with ASD (see Table C.2). The 

reach-clean up task in this study involved monitoring of partnerôs actions, or 

planning of oneôs own actions, or a combination of the two to clean up blocks into 

a container and required some level of executive functioning. The MFG region 

plays an important role in executive functions such as planning, response 

inhibition, and working memory (Carpenter et al., 2000). TD children and adults 

show greater fMRI-based activation over the MFG during multiple executive 

functioning tasks, including the n-back, Go-no-go and Stroop tasks (Del Casale et 

al., 2016). In contrast, children with ASD perform poorly across multiple 

executive functioning tasks (Hill, 2004) and these difficulties have been linked to 

atypical activation over the prefrontal cortex (Ikeda et al., 2018). On the other 

hand, during object-related actions, IFG plays an important role in goal 
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understanding/mentalizing of actions during action execution and imitation 

(Koski et al., 2002; Aziz-Zadeh et al., 2006; Dapretto et al., 2006; Marsh et al., 

2010). While observing object manipulations of another person, the IFG was 

more active when the participants focused on the goal of the motor task, and not 

the actions associated with the task (Nicholson et al., 2017). Children with ASD 

are said to have difficulties understanding goals or intentions underlying their 

own as well as otherôs actions (Cattaneo et al., 2007; Somogyi et al., 2013). The 

difficulties of goal understanding in children with ASD have been linked to lower 

IFG activation during observation of actions on objects (Pokorny et al., 2015). 

Our findings align with other neuroimaging studies, reporting IFG hypoactivation 

in children with ASD during imitation tasks (Wadsworth et al., 2016; Jack and 

Morris, 2014). As mentioned earlier, the reachðclean up task required some level 

of executive functioning to perceive, select, and retain the moment-to-moment 

action information from the partner and to plan oneôs own actions. Moreover, it 

required the participants to perceive relevant action information from partners and 

understand individual goals or shared goals of synchronizing with the tester. 

Hence, it is possible that the hypoactivation over the IFG and MFG regions 

reflects difficulties in perceiving the salience of action information from partners 

(i.e., due to reduced peripheral or upstream inputs), goal understanding, as well as 

executive functioning in children with ASD. 

The MSTG ROI includes the MTG and STG regions with STS separating 

the two gyri. It has been suggested that STS play a role in processing the visual 

description of the observed action and in comparing the observed action with 
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planned actions or what one might call visuo-motor correspondence (Pelphrey et 

al., 2003; Molenberghs et al., 2010). Children with ASD have lower STS 

activation during observation of biological motions (Freitag et al., 2008) and 

facial emotions (Kim et al., 2015), as well as action imitation (Jack and Morris, 

2014). Although the current fNIRS study does not have the resolution to 

distinguish STS from other temporal regions (MTG and STG), it is possible that 

the lower MSTG activation reflects the children with ASDôs difficulties in 

matching the observed actions with their own movement repertoire. 

Besides the reduced activation over MSTG and MIFG regions, children 

with ASD also showed greater IPL activation during the reach-clean up task 

compared to TD children. Channel specific comparisons also showed increased 

IPL activation in children with ASD (see Table C.2). The IPL regions (including 

the SMG, AG, and the intra-parietal sulcus) are said to be active when planning 

the kinematic aspects of actions (Iacoboni, 2009). Neuroimaging studies in 

individuals with ASD had reported increased activation in the parietal regions 

during action execution, action imitation, and language-based tasks compared to 

TD controls (Yang and Hofmann, 2016; Herringshaw et al., 2016; Poulin-Lord et 

al., 2014). Individuals with ASD might show greater IPL to meet the motor 

planning demands of the task (Herringshaw et al., 2016). Further research is 

needed to replicate the finding of hyperactivation over the IPL region in children 

with ASD. Taken together, children with ASD showed atypical cortical activation 

(hypo/hyper activation) which fits with their behavioral impairments during the 

reach-clean up task. Lastly, the group differences were greater in magnitude 
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during the action execution/ Do and interpersonal synchrony/Together conditions 

compared to observation/Watch condition, suggesting that the interpersonal 

synchrony difficulties in children with ASD mainly arise from the motor control 

components of interpersonal synchrony. 

3.4.3 Both Groups Increased Cortical Activation During Interpersonal 

Synchrony Compared to I ts Component Behaviors 

Both children with and without ASD showed greater activation in 

conditions involving action execution (Do and Together) compared to the action 

observation (Watch). Using fMRI, researchers have found greater activation 

during action imitation or execution compared to observation (Aziz-Zadeh et al., 

2006; Montgomery et al., 2007; Reynolds et al., 2015). These findings echo the 

results of our past fNIRS study of interpersonal synchrony in healthy adults and 

children (Bhat et al., 2017; Su et al., 2020). Together, these results suggest that 

the challenges of imitation or interpersonal synchrony stem from the complexity 

of motor control components and not the observation component. We also found a 

trend of greater activation during interpersonal synchrony compared to its 

component behaviors (Watch and Do conditions) in both children with and 

without ASD. Similar findings were reported in previous fMRI studies with 

greater activation found during imitation than execution of simple finger 

movements (Gatti et al., 2007), object manipulation (Hamzei et al., 2016), 

pantomimed actions on objects (Molenberghs et al., 2010; Montgomery et al., 

2007), and communicative gestures (Montgomery et al., 2007). Together, these 
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results suggest that the cortical involvement during imitation/interpersonal 

synchrony is somewhat higher than pure action execution. 

3.4.4 Atypical Lateralization During Interpersonal Synchrony in Children 

with ASD 

The reach and clean up task in the present study required children to use 

their right hand only, therefore, it is not surprising to find left-lateralized 

activation (contralateral to the moving limb) during action execution (Do 

condition) in both TD children and children with ASD (Filimon et al., 2007). 

Despite the right-handed nature of the reach-clean up task, the TD children 

showed bilaterally symmetrical activation over all ROIs during the interpersonal 

synchrony condition. The findings observed in TD children fit with what has been 

reported in the literature on how right hemisphere is more involved in action 

observation, visuospatial, and social information processing (Pelphrey et al., 2003; 

Gotts et al., 2013; Semrud-Clikeman et al., 2011). A greater involvement of the 

right hemisphere might lead to bilaterally symmetrical activation during 

imitation/interpersonal synchrony (Caspers et al., 2010). Compared to the TD 

children, children with ASD showed left lateralization during the solo movement 

condition but a different lateralization pattern during the interpersonal synchrony 

condition. While TD children should bilaterally symmetrical activation, children 

with ASD showed left-lateralized MIFG and right-lateralized MSTG activation. 

The atypical lateralization in children with ASD suggests that children with ASD 

recruited different neural circuits during interpersonal synchrony but relatively 

similar circuits during the solo reach-clean up task. 
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Children with ASD are known to have abnormal connectivity within and 

across cortical regions including hyper-connectivity within the frontal, parietal, 

and temporal cortices as well as reduced long-range connectivity between the 

cortices (i.e., fronto-parietal and fronto-temporal networks; Courchesne et al., 

2005; Just et al., 2012; Rane et al., 2015). Moreover, they also showed decreased 

inter-hemispheric connectivity that might alter their ability to activate both 

hemispheres simultaneously (Anderson et al., 2011). In fact, during an imitation 

task, children with ASD had decreased functional connectivity within but 

increased functional connectivity outside the imitation network suggesting that 

different networks were recruited during imitation in this population (Fishman et 

al., 2015). This might explain the altered hemispheric lateralization patterns 

observed in children with ASD compared to the TD children. 

3.4.5 Associations Between ASD Severity and Adaptive Functioning and IPS 

Behaviors/Cortical Activation 

The behavioral performance and neural activation patterns of children with 

ASD are highly variable (Lenroot and Yeung, 2013). We studied how ASD 

severity and adaptive functioning may relate to interpersonal synchrony and 

associated cortical activation in children with ASD. Our findings showed that 

children with greater ASD severity have poor interpersonal synchrony. Children 

with ASD with greater social affective impairments had lower activation over the 

left MIFG during action execution while the presence of more repetitive 

behaviors was associated with greater MSTG activation during interpersonal 

synchrony tasks. Moreover, children with ASD with better communication 
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performance also showed greater MIFG and/or MSTG activation during 

interpersonal synchrony. In short, our results suggest that the atypical activation 

over MIFG and MSTS regions may be linked to childrenôs ASD severity and 

communicative functions. 

3.4.6 Limitations and Future Directions 

The current pilot study had a relatively small sample size. We are presently 

adding to our study sample and hope to address the design issues of the reported 

study. Our study did not involve the use of a motion analysis system, and 

therefore, might not be sensitive enough to capture the motor impairments of the 

participating children with ASD. In our ongoing study, we have implemented the 

use of a motion tracking system to better understand the reaching impairments of 

children with ASD and how it might affect their interpersonal synchrony 

behaviors. In addition., we used 24 channels to reduce the weight of the fNIRS 

probes placed on the childrenôs heads, however, this did not cover the whole brain 

and limited our analysis to the frontal, temporal, and parietal regions. We have 

now moved to using a full array of 52 channels to cover more brain regions, 

including sensori-motor, prefrontal, and parietal regions. This will increase our 

ability to isolate ROIs to specific channels. In this study, children were asked to 

pick up the blocks in a random order during the Do condition, which might have 

lower attention and arousal demands compared to the Watch and Together 

conditions, during which the block clean-up order was specified. To ensure a fair 

comparison between conditions in the ongoing study, we specify the block clean 

up sequence using picture cards for the Do condition. 
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3.4.7 Clinical Implications 

The current study identified potential neurobiomarkers for children with 

ASD during interpersonal synchrony. Specifically, we found MIFG and MSTG 

hypoactivation as well as IPL hyperactivation in children with ASD compared to 

those without ASD. Moreover, MIFG and MSTG cortical activation was 

associated with ASD severity. The atypical activation over frontal, temporal, and 

parietal cortices might reflect the children with ASDôs difficulties in goal 

understanding, executive functioning, establishing visuo-motor correspondence, 

as well as movement planning. Our findings suggest that ASD interventions must 

emphasize broader task goals and tasks requiring greater visuo-motor 

correspondence to improve motor and social performance. Moreover, we found 

greater activation differences between children with and without ASD during 

movement-related conditions (solo and synchronous actions), whereas during 

observation, both groups performed similarly. These findings suggest that 

sedentary interventions that involve observation and limited movements are not 

challenging for children with ASD and might not lead to the greatest positive 

behavioral and neural change. A pilot randomized controlled trial (RCT) 

comparing the value of 8 weeks of rhythmic, whole-body imitation/synchrony 

activities to a standard of care, sedentary play intervention found that children 

with ASD in the rhythm group had more positive affect, spontaneous social 

verbalization, and greater imitation/synchrony performance following training 

compared to the children with ASD in the sedentary play group (Srinivasan et al., 

2016; Srinivasan et al., 2019). Similarly, a more recent study using a creative 



91 
 

yoga intervention focused on pose imitation including individual and partner 

poses improved the imitation and motor coordination performance of children 

with ASD in the yoga group compared to a sedentary play group (Kaur et al., 

2019). Together, the current neuroimaging findings as well as the intervention-

related behavioral changes suggest that interventions involving synchrony-based, 

whole-body coordination might produce equal or greater social effects than 

sedentary play interventions that are often provided as part of the standard of care 

for children with ASD. Lastly, the neurobiomarkers described in this study could 

assist in identifying subgroups who will most benefit from synchrony-based 

interventions and could be used as objective treatment response indicators of 

intervention outcomes.
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Chapter 4 

MOVEMENT KINEMATICS AND CORTICAL ACTIVATION IN 

CHILDREN WITH AND WITHOUT AUTISM SPECTRUM DISORDER 

DURING SWAY SYNCHRONY TASK: AN FNIRS STUDY  

This chapter is a reprinted version of an article published in Scientific 

Report, ñReprinted with permission from Scientific Report 2021, 11, 15035. 

Copyright 2020 Scientific Report.ò  

4.1 Introduction  

Autism Spectrum Disorder (ASD) is a highly prevalent neurodevelopmental 

disorder affecting 1 in 59 children in the US (Baio et al., 2018). Children with 

ASD present with diagnostic symptoms of impaired social communication skills 

(DSM-5) (American Psychiatric Association, 2013) as well as perceptuomotor 

comorbidities which affects their ability to move with others within social 

contexts (Bhat et al., 2011). For example, children with ASD might have impaired 

social monitoring and poor motor planning/ incoordination that in turn affects 

their ability to imitate (i.e., copy discrete actions) (Edward, 2014) or synchronize 

continuous actions with others, also known as interpersonal synchrony (IPS) 

(Fitzpatrick et al., 2016; Kaur et al., 2018). During infancy and early childhood, 

infants and children learn a variety of social communication skills from their 

social partners by engaging in imitation and IPS (Iverson, 2018; Cirelli et al., 
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2018). These interactions help facilitate childrenôs relationships with their 

caregivers and peers (Cirelli et al., 2018; Tunçgenç & Cohen, 2016). Difficulties 

in engaging in imitation and IPS will affect the social cognitive development of 

children with ASD and will limit their opportunities to build relationships with 

other social partners (Mogan et al., 2017). 

Studies have reported reduced IPS and atypical movement characteristics 

including slower movement speed and inaccurate movements in children with 

ASD (Fitzpatrick, et al., 2016; Fitzpatrick et al., 2017). The neuroimaging studies 

also suggested atypical activation over the frontal, temporal and parietal lobes 

when children with ASD performed imitation and IPS tasks (Su et al., 2020; Yang 

& Hofmann, 2016). However, the neuroimaging studies were limited to finger 

motions or seated reaching tasks that did not involve whole-body movements or 

use of objective kinematic measures using motion tracking. Moreover, changing 

levels of social information (e.g., social-visual or social-tactile) could variably 

influence IPS behaviors and corresponding cortical activation. Using functional 

near-infrared spectroscopy (fNIRS), a novel neuroimaging tool that is robust 

against movement artifacts, the present study compared the movement 

characteristics and associated cortical activation in children with and without 

ASD during a whole-body sway synchrony task and investigated how different 

levels of social information might alter IPS behaviors and associated cortical 

activation. 
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4.1.1 IPS Behaviors and Associated Cortical Activation 

IPS is an important everyday activity that requires complex social and 

perceptuomotor skills. Some examples of IPS include people walking at the same 

pace or dancing with a partner (Cheng et al., 2017; Josef et al., 2019). When 

engaging in IPS, one needs to understand the shared goal of the task as well as 

oneôs own individual role in the task (Vesper et al., 2017). For example, when 

dancing with a partner, the common goal is to move in harmony, while the 

individual goals might focus on moving limbs and shifting weight in a certain 

direction. Additionally, partners need to perceive and monitor the information 

from the environment (e.g., the locations of the obstacles in the room), and based 

on their own and their partnerôs actions (e.g., eye gaze, body posture, etc.) 

(Vesper et al., 2017). The environmental and social information will help in 

anticipating/predicting the partnerôs movements and reactively adjusting oneôs 

own movements to keep up with those of the partnerôs (Vesper et al., 2017). 

During synchronization, one might perceive faster or slower movements of their 

partner and plan ahead or reactively change the speed of their own movements to 

stay in synchrony with the partner. The monitoring and adjustments of actions 

during IPS requires continuous perceptuomotor integration which is also needed 

during imitation and other joint actions (Vesper et al., 2017). 

Several cortical regions in bilateral frontal, parietal, and temporo-occipital 

lobes that support imitation behaviors may also play a role in IPS (Iacoboni, 

2005). The inferior frontal gyrus (IFG) plays a role in encoding the goal of actions 

as it is more active when performing goal-directed than non-goal directed 
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movements (Koski et al., 2002). It also plays a role in perceiving the salience of 

action information offered by partners and in inferring intentions of actions 

(Johnson-Frey et al., 2003). Furthermore, frontoparietal connections are important 

in integrating multisensory information from the environment and social partners 

(Limanowski & Blankenburg, 2018). The IFG and inferior parietal lobe (IPL) 

interact with each other and are important for matching observed actions with 

internal motor plans and anticipatory/predictive control of actions (Fontana et al., 

2012, Ocampo et al., 2011). The superior temporal sulcus (STS) plays an 

important role in establishing visuomotor correspondence and is activated as one 

monitors and matches their own actions to those of their partnersô in a predictive 

or reactive manner (Molenberghs et al., 2010). In fact, previous fMRI studies 

found that IFG, STS, and IPL regions are important parts of the imitation network 

and are more active during imitation compared to its component behaviors, 

including action observation and execution (Gatti et al., 2017). Other important 

brain regions for IPS include pre- and post-central gyrus (PCG) and the prefrontal 

regions (including middle frontal gyrus (MFG)). PCG includes the primary motor 

and somatosensory cortices that interact with other cortical regions to 

receive/process sensory information and execute actions (Javed et al., 2020). The 

MFG along with other prefrontal regions are important for executive functions 

such as motor planning, working memory, cognitive shifting, and inhibitionða 

set of mental skills that are important during continuous actions involving IPS 

(Del Casale et al., 2016). During IPS, one needs to engage the aforementioned 

cortical regions to retain information about the goal/task requirements and the 
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spatial relationships between oneself and the partner, plan oneôs actions, shift 

oneôs attention to critical components of the actions, and inhibit irrelevant 

movements to match up with the partnerôs actions. These cortical regions not only 

interact with each other, but also with other cortical (e.g., occipital cortices) and 

subcortical regions (e.g., cerebellum is important for predictive control) (Iacoboni, 

2009; Menz et al., 2009). 

4.1.2 IPS Difficulties in Children with ASD   

Children and adolescents with ASD show reduced IPS during joint 

pendulum swaying and synchronized marching and clapping (Fitzpatrick et al., 

2016; Kaur et al., 2018). They also showed atypical movement characteristics 

during IPS (i.e., reduced temporal accuracy and altered movement speed) 

suggesting impaired social perception and solo coordination of actions 

(Fitzpatrick et al., 2016; Fitzpatrick et al., 2017). More specifically, impairments 

in goal understanding, social monitoring, executive functioning, as well as poor 

anticipatory and reactive control of movements in children with ASD might 

contribute to their difficulties in engaging in imitation and IPS tasks with others 

(Chen et al., 2019; Chita-Tegmark, 2016; Demetriou et al., 2018).  

4.1.3 Atypical Cortical Activation During IPS in Children with ASD  

Besides the behavioral findings, children with ASD also show atypical 

cortical activation during imitation/IPS and its component behaviors (i.e., action 

observation and execution). Multiple fMRI studies have reported atypical 

activation over frontoparietal and superior temporal regions in children with ASD 
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when imitating finger movements and hand gestures (Wadsworth et al., 2017; 

Williams et al., 2006). While some electroencephalography research fails to 

duplicate the findings of atypical activation (Fan et al., 2010), a thorough meta-

analysis of imitation task data from fMRI studies found that individuals with ASD 

had increased IPL activation and altered activation over the occipital, dorsolateral 

prefrontal, and cingulate cortices, as well as the insula, compared to control 

participants (Yang & Hofmann, 2016). 

4.1.4 Functional NearInfrared Spectroscopy (fNIRS)  

Although fMRI studies have identified possible neurobiomarkers of atypical 

imitation in individuals with ASD, the tasks were limited to simple finger and 

hand movements due to the constraints of the fMRI scanning bore. Functional 

near-infrared spectroscopy (fNIRS) is a non-invasive neuroimaging technique that 

constrains the subject only by a cap, allows upright face to face interactions, and 

is robust against movement artifacts (Lloyd-Fox et al., 2010), making it a 

favorable approach to implement in children with ASD. Using fNIRS, our 

research group has reported atypical cortical activation, i.e., reduced IFG and STS 

activation, and increased IPL activation in children with ASD during a face to 

face reaching synchrony task (Su et al., 2020). 

4.1.5 Aims and Hypotheses  

In the present study, we extended our past research to a whole-body, sway 

synchrony task, expanded the fNIRS probe set to better cover the prefrontal 

cortices, used motion racking to objectively assess body movement characteristics, 
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and manipulated social information during the sway synchrony task. We 

hypothesize that the children with ASD will have atypical IPS and sway 

amplitude compared to their TD peers. They will also have atypical frontoparietal 

and temporal activation during sway synchrony compared to TD peers. Moreover, 

we hypothesize that the sway characteristics and cortical activation of children 

with ASD will correlate with each other and with their social communication 

performance. 

4.2 Methods 

4.2.1 Participants 

Thirty school-aged children with and without ASD participated in this study 

(mean age ± SE: ASD: 12.7 ± 0.8 years, 12 males and 3 females; TD: 12.5 ± 0.8 

years, 10 males and 5 females; ps > 0.05). Participants were recruited through 

online announcements, phone calls and fliers distributed to local schools, ASD 

service and advocacy groups, as well as Simons Powering Autism Research 

(SPARK) participant research match service. SPARK informs their database of 

families about research studies in the nearby area (https:// www. sfari. org/ 

resource/ spark/). Before participation, we interviewed potential participants to 

obtain their demographic information including age, sex, ethnicity, as well as to 

confirm their eligibility for participation (Table 4.1). Children with ASD were 

included if they held a professionally confirmed ASD diagnosis supported by a 

school record (e.g., school psychologist record confirming an ASD diagnosis) and 

an Individualized Education Plan (IEP) for ASD-related services or a medical or 

neuropsychological record from a psychiatrist or clinical psychologist using the 
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Autism Diagnostic Observation Schedule (ADOS) and/or Autism Diagnostic 

Interview-Revised (ADI-R) measures. In addition, we used the Social 

Communication Questionnaire (SCQ) (38) to screen for ASD symptoms. All 

children with ASD met criteria for a social communication delay (> 15 points) 

confirming the presence of a social communication difficulties, whereas all TD 

children scored below the cut-off score. Additionally, the two groups were 

matched in age and sex. Children with ASD were excluded if they had any 

behavioral and sensory issues that prevented them from wearing the fNIRS cap 

and completing the test activities. TD children were excluded if they: (a) had any 

neurological or developmental disorder/delays or (b) had a family history of ASD. 

Table 4.1 Demographic information and the results of social communication 

questionnaires in ASD and TD groups. Means and standard errors (SE) 

provided. 

VABS-II = Vineland Adaptive Behavior Scale - 2nd Edition; SRS = Social 

Responsiveness Scale; ICS = Interpersonal Communication Scale; M = Male, F = Female; 

C = Caucasian, A = Asian, AC = Asian-Caucasian. R = right-handed, L = left-handed. * 

indicates significant differences between children with and without ASD (p < 0.05).  
 

 

 

Characteristics ASD group (n = 15)  

Mean ± SE  

TD group (n = 15) 

Mean ± SE 

Age 12.7 ± 0.8 12.5 ± 0.8 

Sex 12M, 3F 10M, 5 F 

Ethnicity 1A, 1AC, 13C 2A, 13 C 

VABS-II (SS) 

   Communication (SS) 

   Daily living (SS) 

   Socialization (SS) 

72.5 ± 3.4* 

74.3 ± 3.5* 

78.9 ± 4.8* 

69.4 ± 3.0*  

103.6 ± 4.1* 

94.8 ± 7.5* 

104.3 ± 4.6* 

103.6 ± 4.1*  
SRS (T scores) 77.7 ± 2.7* 44.87 ± 1.62 

BOT-2 -Body Coordination (%) 16.3 ± 4.6* 72.5 ± 6.0 

ICS 4.0 ± 0.3* 5.7 ± 0.2 

Handedness 

   Corenôs score 

13 R, 2 L 

31.2 ± 1.2 

14R, 1L 

34.0 ± 1.6 
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We administered the Bilateral Coordination and Balance subtests of the 

Bruininks-Oseretsky Test of Motor Proficiency, 2nd Edition (BOT-2) in the 

participating children. The children with ASD showed significantly lower Body 

Coordination composite percentile score (includes Bilateral coordination and 

Balance subtest score) compared to the TD children (p < 0.001; Table 4.1; Hedges, 

1981). Parents of all participating children completed the Vineland Adaptive 

Behavioral Scales-2nd edition (VABS-II ; Rutter et al., 2003) to assess adaptive 

functioning, Social Responsive Scale questionnaire (SRS; Constantino et al., 2000) 

to assess social impairment, and the Interpersonal Competence Scale (ICS; Cairns 

et al., 1995) to assess the childôs interpersonal social skills (Table 4.1). Compared 

to the TD children, children with ASD had significantly lower VABS-II, SRS, 

and ICS scores (ps < 0.05, Table 4.1). Individual data in children with ASD 

suggests they had well-below average to average levels of body coordination 

based on the BOT-2, low to moderately low levels of adaptive functioning based 

on the Adaptive Behavior Composite score, and moderate to severe social 

impairment based on the SRS T-score. Lastly, the Corenôs handedness survey was 

used to determine childrenôs handedness (Table 4.1; Coren, 1993). Written 

informed consent was obtained from parents and written/verbal assent was 

received from participants prior to study participation. All study procedures were 

carried out in accordance with the Declaration of Helsinki. All consent and assent 

forms as well as all study procedures were approved by the University of 

Delaware Institutional Review Board (UD IRB, Study Approval #: 930,721ï12). 

Prior to study participation, written informed consent was obtained from parents 
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who gave approval on behalf of their children as their legal guardians and written 

and verbal assent was obtained from the children. Written parental and 

experimenter permission/consent to use their pictures for this publication has been 

taken. Please see the full parent consent and child assent forms (including the 

reader and nonreader versions) in Appendices C.1 to C.3. 

4.2.2 Experimental Procedures 

During the experiment, the children were asked to stand either facing a 

laptop screen or an adult tester. An fNIRS cap embedded with a 3 × 11 probe set 

was placed on each childôs head. Each child completed four conditions: 

Observation, Solo, Face, and Touch (Figure 4.1). During the Observation 

condition, the child observed an adult tester sway side to side. During the Solo 

condition, the child swayed side to side in synchrony with an oscillating bar 

shown on the laptop screen. During the Face condition, the child swayed face to 

face with an adult tester. Lastly, during the Touch condition, the child swayed 

face to face with an adult tester with their fingertips touching each other. The 

swaying speed of the tester and the oscillating bar were controlled by a rhythmic 

beat audible to the tester only using a wireless earphone, therefore the child had to 

synchronize their sway with the tester using social-visual and/or social-tactile 

information. The speed of the bar/testerôs motions changed within the trial, either 

moved faster from 40ï50 bpm, or slower from 40 to 30 bpm. The children 

completed a total of 16 trials (4 trials per condition) that were randomized across 

the entire session (Figure 4.1). Each trial included a 10-s pre-stimulation, 25-s 

stimulation, and a 25-s post-stimulation period. The pre- and post-stimulation 
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periods were included to account for baseline drifts in the fNIRS signal and to 

allow the hemodynamic response to return to baseline before starting the next trial. 

During baseline periods, the children were asked to stand still and focus on a 

crosshair on the front wall. 

 

Figure 4.1 Experimental setup (a) and task sequence (b). Written parental and 

experimenter permission to use their pictures for this publication has 

been taken. 

4.2.3 Data Collection 

We used a 52-channel Hitachi fNIRS system (ETG-4000, Hitachi Medical 

Systems, Inc., sampling rate: 10 Hz) to record the hemodynamic changes over the 

regions of interest (ROIs). A 3 × 11 probe set consisting of 17 infrared emitters 

and 16 receivers was positioned over bilateral frontoparietal and temporal regions. 

The middle column of the probe set was aligned with the childôs nasion while the 

bottom row was aligned with the childôs eyebrow (Figure 4.2). Each adjacent pair 
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of probes are located 3 cm apart on the cap and act as an emitter and a receiver of 

two wavelengths of infrared light (695 and 830 nm). Infrared light passes through 

the skull creating a banana-shaped arc and reaches the cortical area approximately 

below the midpoint of the two probes forming a channel. The attenuation of 

infrared light was used to calculate the changes in concentrations of oxygenated 

(HbO2) and deoxygenated hemoglobin chromophores (HHb) per channel using 

the Modified Beer-Lambert Law (Lloyd-Fox et al., 2010). An increase in the 

concentration of HbO2 and a decrease in HHb concentration were expected when 

a certain region underneath a channel was active (Lloyd-Fox et al., 2010). 

Additionally, inertial measurement units (IMUs, Xsens, Inc.) were placed on the 

mid-point of the second sacral vertebrae (i.e., bodyôs center of mass) for the child 

and the tester to record body displacements during swaying (Sampling rate: 100 

Hz; Figure 4.2). The Hitachi fNIRS system and the IMU systems were 

synchronized and triggered by E-Prime presentation software (version 2.0, https:// 

pstnet. com/). The entire session was videotaped using a camcorder that was also 

synchronized with the fNIRS system. 
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Figure 4.2 Probe placement (a), spatial registration output (b), and IMU system 

placement (c). Written permission has been taken for publication of 

participant pictures. MFG = middle frontal gyrus, IFG = inferior frontal 

gyrus; PCG = pre/post central gyrus; STS = superior temporal sulcus; 

IPL = inferior parietal lobe. 

4.2.4 Spatial Registration Approach 

We used the ETG-4000 3D positioning unit, a reference coordinate system, 

to conduct 3D registration. During registration, we recorded the 3D locations of 

the standard cranial landmarks (i.e., nasion, inion, tragus points of the ears, and 

the Cz position of the International 10ï20 system) and each of the probes. The 3D 

coordinates of all participating children were run through MATLAB codes 

developed by our collaborator/co-author Dr. Tsuzuki (Tsuzuki et al., 2012) to 

estimate and label the channel locations using the LONI Probabilistic Brain Atlas 

(LPBA) (Shattuck et al., 2008). For further details, readers may refer to our earlier 

publications (Su et al., 2020a; Su et al., 2020b, Bhat et al., 2017). A channel was 
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included if more than 60% of a channel (i.e., each channel was as the centroid of 

sphere) was within a given ROI and was excluded if it was not. A channel was 

also excluded if its homologue belonged to another ROI (e.g., the homologous 

channels 12 and 20 were excluded because channel 12 was assigned to IPL region 

while channel 20 was assigned to the PCG region). Based on these rules, we 

assigned 32 out of the 52 channels to five ROIs in each hemisphere (Figure 4.2 

and Table D.1): (i) MFG (left: channels 7, 8, 17, 18, 28, 38; right: channels 3, 4, 

14, 15, 25, 36); (ii) IFG (left: channels 29, 39, 50; right: channels 24, 35, 45); (iii) 

PCG (left: channels 9, 30; right: channels 2, 23); (iv) STS (left: channels 42, 51, 

52; right: channels 32, 43, 44); and (v) IPL (left: channels 10, 21; right: channels 

1, 11).  

4.2.5 Data Processing 

Data on displacement of the bodyôs center of mass were obtained from the 

child and the adult and were later analyzed using custom MATLAB codes. First, 

we low-pass filtered the displacement data using a 4th order, zero-lag Butterworth 

filter using a cut-off frequency of 10 Hz. Then, we extracted the amplitudes in 

mm for each child. To calculate IPS, we used Cross-Spectral Analysis (CSA) 

(Halliday et al., 1995) to determine the level of coherence between the child and 

the tester. Coherence is a measure of the degree of correlation between the signals 

within a certain frequency and it ranges from 0 to 1 (i.e., 0 presents no synchrony 

and 1 presents perfect synchrony). The CSA approach had been used in previous 

studies to analyze correlations between rhythmic sway data between two 

individuals (Sofianidis et al., 2015). 
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To analyze the fNIRS data, we incorporated open-source softwareðHitachi 

POTATo (Sutoko et al., 2016) and Homer-2 (Huppert et al., 2009)ðwithin 

custom MATLAB codes. Specifically, we band-pass filtered the data between 

0.01 and 0.5 Hz to remove high- and low-frequency noise, used the wavelet 

method to remove movement artifacts, used General Linear Modeling (GLM) to 

estimate the hemodynamic response function, and corrected for baseline drifts by 

subtracting the linear trend between the pre- and post-stimulation baselines from 

values in the stimulation period (Sutoko et al., 2016; Huppert et al., 2009). Lastly, 

we averaged the HbO2 and HHb values over each stimulation period for each trial. 

The HbO2 data has a greater range and signal to noise ratio compared to the HHb 

data and is more often reported in the literature (Sato et al., 2005). The data were 

plotted and saved at each step for visual screening. For additional details, readers 

may refer to our earlier publications (Bhat et al., 2017; Su et al., 2020a, Su et al., 

2020b). 

4.2.6 Data Exclusion 

Cortical activation and movement kinematic data were excluded based on 

visual screening of video and MATLAB figures. A trained student researcher 

scored the session videos to exclude trials with significant behavioral errors (e.g., 

child did not follow task instructions or spoke to the tester during the stimulation 

period). This criterion resulted in data exclusion of 5% from the ASD group and 

1% from the TD group. In addition, we screened the MATLAB figures of cortical 

activation data at each step to exclude channels with no signals (i.e., appeared as 

flat lines due to bad probe-scalp contact). Twelve percent of data from the ASD 
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and 5% of data from the TD groups were removed based on channel checking. In 

total, 15% data from the ASD group and 6% data from the TD group and were 

excluded and 85ï94% of data were retained in our analysis. 

4.2.7 Statistical Analyses 

For sway amplitude and coherence data from the IMU system, t-tests were 

used to compare group/condition-related differences. For the cortical activation 

data, we averaged data across channels within the same ROI based on our spatial 

registration output (Figure 4.2b) to avoid multiple comparisons. We determined 

levels of activation for 10 ROIs, including the MFG, IFG, PCG, STS, and IPL 

regions for both left and right hemispheres. Using IBM SPSS (SPSS, Inc.), a 

repeated-measures ANOVA was conducted using within-subject factors of 

condition (Observation, Solo, Face, Touch), hemisphere (left, right), and ROI 

(MFG, IFG, PCG, STS, IPL) and a between-subjects factor of group (TD, ASD) 

for average HbO2 values. Since we found group differences in movement 

amplitude and BOT-2 Body Coordination scores, the two variables were added as 

covariates to control for cortical activation associated with differences in 

movement characteristics. GreenhouseïGeisser corrections were applied when 

our data violated the sphericity assumption based on Mauchlyôs test of sphericity. 

Differences in social communication skills are associated with the ASD diagnosis 

and ideally should not be controlled by treating them as covariates (Miller & 

Chapman et al., 2001), therefore, we used Pearsonôs correlations to investigate the 

relationships between cortical activation, movement characteristics, and social 

communication performance assessed by three measuresðVABS, SRS, and ICS. 
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To account for multiple comparisons (post hoc t-tests following ANOVA 

runs and correlational analyses), we used the False Discovery Rate (FDR) method 

to adjust the cut-off for statistical significance (Singh et al., 2003). Specifically, 

the BenjaminiïHochberg method was used wherein unadjusted p-values were 

rank ordered from low to high. Statistical significance was declared if the 

unadjusted p-value was less than the p-value threshold. p-value threshold was 

determined by multiplying 0.05 with the ratio of the unadjusted p-value rank to 

the total number of comparisons (p-threshold for ith comparison = 0.05 × i/n; 

where n = total number of comparisons). We also report effect sizes for 

significant post-hoc comparisons using the Hedgeôs g method (Hedges, 1981). 

4.3 Results 

4.3.1 Movement Characteristics During IPS 

Movement characteristics differed between children with and without ASD 

in the Social (Face and Touch) but not Solo conditions. Specifically, both groups 

showed similar sway amplitude in the Solo (p > 0.05) but children with ASD 

showed reduced sway amplitude in the Face and Touch conditions compared to 

the TD children (ps < 0.05, Hedgeôs g = 0.05 (95% CI = ī 0.67 ~ 0.77) & 0.07 

(95% CI = ī 0.65 ~ 0.78); Figure 4.3a). For sway coherence with the tester, 

children with ASD showed significantly lower coherence compared to the TD 

children in both Face and Touch conditions (ps < 0.01, Hedgeôs g = 0.20 (95% CI 

= ī 0.52 ~ 0.92) & 0.21 (95% CI = ī 0.51 ~ 0.93); Figure 4.3b), indicating poor 

IPS in children with ASD. 
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Figure 4.3 Movement amplitude (a) and coherence (b) during interpersonal 

synchrony. * indicates significant differences between the ASD and TD 

groups. 

 

4.3.2 Cortical Activation During IPS 

The Group × Condition × Hemisphere × Region four-way repeated 

ANOVA revealed a significant main effect of Hemisphere (F(1.0, 115.0) = 6.034, 

p = 0.016), a 2-way interaction of Condition × Region (F(8.3, 955.1) = 2.5, p < 

0.05), and a 3-way interaction of Group × Condition × Region (F(8.3, 955.1) = 

1.9, p = 0.05). The Group × Condition × Region interaction did not co-vary with 

the sway amplitude or BOT-2 Body coordination scores, therefore, post-hoc 

analyses were done to further explore this interaction. The visual representation of 

averaged HbO2 concentration during all four conditions in both groups is shown 

in Figure 4.4. The means and standard errors (SE) of HbO2 concentrations are 

presented in Supplementary Table D.1 and the results of post hoc analyses are 

presented in Supplementary Table D.3. 
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Figure 4.4 A visual representation of averaged HbO2 concentration during 

Observation, Solo, Face, and Touch conditions in children with ASD (a) 

and the TD children (b). HbO2 values on Y-axis range from 0 indicated 

by blue to 0.18 indicated by red. In Observation and Solo conditions, 

children with ASD had greater IPL activation than the TD children. 

During Face condition, children with ASD had lower STS activation 

than the TD children. Similarly, in Touch condition, children with ASD 

had lower IFG and STS activation than the TD children. 

4.3.2.1 Group Differences 

During Observation and Solo conditions, children with ASD showed greater 

IPL activation than TD children (ps < 0.01, Hedges g = 0.04 (95% CI = ī 0.68 ~ 

0.76) & 0.06 (95% CI = ī 0.66 ~ 0.77); Figure 4.5 a,b). During the Face condition, 

children with ASD showed lower STS activation than the TD children (p < 0.01, 

Hedges g = 0.06 (95% CI = ī 0.77 ~ 0.66); Figure 4.5 c). Similarly, in the Touch 

condition, children with ASD had lower IFG and STS activation than the TD 

children (ps < 0.01, Hedges g = 0.04 (95% CI = ī 0.77 ~ 0.67) & 0.06 (95% CI = 

ī 0.75 ~ 0.68); Figure 4.5 d). 
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Figure 4.5 Group differences in HbO2 concentration during Observation (a), Solo 

(b), Face (c), and Touch (d) conditions. *indicates significant 

differences between the ASD and TD groups. 

4.3.2.2 ConditionRelated Differences 

Both groups showed greater PCG and STS activation during the movement 

conditions (Solo, Face, and Touch) compared to the Observation condition (ps < 

0.05, Hedgeôs g = 0.05 ~ 0.13 (95% CI = ī 0.83 ~ 0.67); Figure 4.6 a and 4.6 b). 

In the movement conditions, the TD children scaled up their IFG and STS 

activation when more social information was available (IFG: Touch > Face and 

Solo, ps < 0.05; PCG: Touch > Solo, ps < 0.05, Hedgeôs g = 0.03 ~ 0.04 (95% CI 

= ī 0.77 ~ 0.68); Figure 4.6 a). However, children with ASD had no significant 

differences between movement conditions (Solo å Face å Touch, ps > 0.05, 

Figure 4.6 b). 
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Figure 4.6 Conditional differences in HbO2 concentration for the TD children (a) 

and children with ASD (b). *indicate significant differences between 

movement conditions  

4.3.3 Correlations 

4.3.3.1 Correlations Between IPS Behaviors and Cortical Activation 

In the TD children, greater sway amplitude was associated with greater 

right PCG and IPL activation during the Face condition (right PCG: r = 0.46, right 

IPL: r = 0.41, ps < 0.001) whereas in the children with ASD, greater sway 

amplitude was associated with greater left STS and right PCG activation during 

the Touch condition (left STS: r = 0.48, right PCG: r = 0.42, ps < 0.001). In the 

TD children, greater sway coherence was associated with greater right PCG 

activation during the Face condition (r = 0.45, p < 0.001); however, there was no 

significant correlation between coherence and cortical activation in the children 

with ASD (Table 4.2). 

 

 



113 
 

Table 4.2 Correlations between cortical activation and interpersonal synchrony 

behaviors. 

r values are presented in this figure. * indicates p < 0.05; ** indicates p < 0.01. 

Bolded and shaded font indicates p values survived after FDR corrections.  

4.3.3.2 Correlations Between Social Communication Questionnaires and 

Cortical Activation 

Only two correlations were noted in the TD group: Greater VABS 

communication scores were associated with greater left MFG activation during 

the Face condition (r = 0.37, p < 0.001) whereas greater VABS socialization 

scores were associated with lower right IFG activation during the Touch condition 

(r = ī 0.43, p < 0.001). In the ASD group, better VABS communication 

performance was associated with greater right PCG activation during the Face 

condition (r = 0.41, p < 0.001), and greater left STS, left IPL, and right PCG 

r -values Sway Amplitude Sway Coherence 

Face Touch Face Touch 

TD  

Left hemisphere 

MFG 

IFG 

PCG 

STS 

IPL 

0.105 

0.213 

0.210 

0.236 

0.087 

0.098 

0.141 

0.211 

0.287* 

0.129 

0.229 

0.263* 

0.287* 

0.292* 

0.076 

0.262* 

0.179 

-0.019 

-0.151 

0.018 

Right hemisphere 

MFG 

IFG 

PCG 

STS 

IPL 

0.212 

0.326* 

0.463** 

0.286* 

0.410** 

0.117 

0.332* 

0.247 

0.087 

0.141 

0.249 

0.329* 

0.445** 

0.354** 

0.299* 

0.267* 

0.374** 

0.148 

-0.075 

-0.188 

ASD 

Left hemisphere 

MFG 

IFG 

PCG 

STS 

IPL 

0.122 

0.131 

0.111 

0.346** 

0.190 

0.086 

0.288* 

0.369** 

0.482** 

0.327* 

-0.078 

-0.266* 

-0.231 

0.069 

-0.148 

-0.355** 

-0.075 

-0.299* 

-0.156 

-0.074 

Right hemisphere 

MFG 

IFG 

PCG 

STS 

IPL 

0.159 

0.194 

0.356** 

0.258* 

0.003 

0.204 

0.222 

0.423** 

0.233 

0.303* 

-0.210 

-0.191 

-0.104 

-0.327* 

0.019 

-0.189 

-0.043 

-0.180 

-0.290* 

0.015 
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activation during the Touch condition (rs > 0.45, ps < 0.001). Furthermore, better 

VABS socialization performance was associated with greater right PCG 

activation (r = 0.45, p < 0.001), better SRS performance (i.e., lower SRS scores) 

was associated with greater left STS and right PCG activation (rs < ī 0.35, p < 

0.001), and greater ICS score was associated with greater left IFG activation 

during the Touch condition (r = 0.44, p < 0.001, Table 4.3). 

 Table 4.3 Correlations between cortical activation and social communication 

performance. 
r -

value

s 

VABS 

Communication 

VABS 

Socialization 

SRS ICS 

Face Touch Face Touch Face Touch Face Touch 

TD  

Left hemisphere 

MFG 

IFG 

PCG 

STS 

IPL 

0.369** 

0.217 

-0.085 

-0.095 

0.080 

0.229 

0.161 

-0.090 

-0.155 

0.205 

0.04 

-0.051 

-0.032 

-0.048 

0.209 

-0.037 

-0.116 

-0.017 

0.221 

0.112 

-0.068 

-0.162 

0.376** 

0.190 

0.393** 

-0.111 

-0.247 

0.128 

-0.118 

0.143 

0.079 

0.109 

-0.358** 

-0.020 

-0.115 

0.245 

0.279* 

-0.264* 

0.142 

-0.084 

 

MFG 

IFG 

PCG 

STS 

IPL 

0.286* 

0.215 

0.318* 

0.102 

0.293* 

0.091 

0.115 

0.095 

0.099 

0.082 

-0.034 

-0.201 

-0.332* 

-0.157 

-0.290* 

-0.087 

-0.427* 

-0.168 

-0.083 

0.033 

0.000 

-0.144 

-0.409** 

-0.120 

-0.246* 

-0.007 

-0.257* 

-0.221 

-0.192 

0.005 

0.098 

0.000 

0.236 

0.139 

-0.014 

0.154 

0.133 

0.230 

0.188 

0.267* 

ASD 

Left hemisphere 

MFG 

IFG 

PCG 

STS 

IPL 

0.011 

-0.152 

-0.108 

0.328** 

0.172 

0.284* 

0.163 

0.275* 

0.543** 

0.479** 

0.113 

-0.094 

0.048 

0.136 

0.261* 

0.205 

0.098 

0.198 

0.345** 

0.271* 

-0.069 

0.158 

0.184 

-0.246 

-0.066 

-0.162 

0.008 

-0.153 

-0.376** 

-0.323* 

0.219 

0.101 

0.205 

0.178 

-0.005 

0.186 

0.436** 

0.184 

-0.058 

0.347** 

Right hemisphere 

MFG 

IFG 

PCG 

STS 

IPL 

0.032 

0.093 

0.410** 

0.303* 

-0.029 

0.193 

0.331** 

0.555** 

0.204 

0.224 

0.083 

0.208 

0.284* 

0.192 

0.140 

0.129 

0.287* 

0.454** 

0.073 

0.068 

-0.137 

-0.026 

-0.285* 

-0.164 

-0.078 

-0.096 

-0.153 

-0.354** 

0.028 

-0.020 

0.156 

-0.038 

0.171 

-0.003 

0.064 

0.037 

0.017 

0.184 

-0.002 

0.127 

r values are presented in this table. *indicates p < 0.05; ** indicates p < 0.01. 

Bolded and shaded font indicates p values survived for FDR corrections.  
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4.4  Discussion 

Children with ASD have social and perceptuo-motor difficulties that affect 

their abilities to engage in IPS (Kaur et al., 2018). Previous fMRI and fNIRS 

studies have reported atypical cortical activation associated with imitation and IPS 

difficulties in adults and children with ASD (Su et al., 2020b; Yang & Hofmann, 

2016). However, the studies were limited to finger movements or seated reaching 

tasks without involving whole-body movements. The present study extended our 

past work studying reaching-related IPS to a whole-body sway synchrony task 

and investigated how different levels of social information might affect the IPS 

behaviors and cortical activation in children with and without ASD. 

Consistent with past studies, children with ASD had reduced IPS and 

smaller sway amplitude compared to the TD children. In terms of cortical 

activation, children with ASD showed greater IPL activation during the 

Observation and Solo conditions, reduced STS activation during the Face 

condition, and reduced IFG and STS activation during the Touch condition. When 

more social information was provided (social-visual and/or social-visual and 

tactile), children with ASD did not show a significant increase in IFG and STS 

activation, unlike their TD peers. Cortical activation in children with ASD 

correlated with their movement characteristics during the sway synchrony task as 

well as their social communication performance. Children with ASD showed 

reduced IPS and smaller sway amplitude compared to the TD children. The group 

differences in sway amplitude were only seen in the IPS conditions (Face and 

Touch) but not the Solo condition, indicating differences during socially 
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embedded actions. Similar IPS difficulties have been reported in children with 

ASD during synchronized pendulum swaying (Fitzpatrick et al., 2016), marching 

and clapping (Kaur et al., 2018), and virtual tightrope walking tasks (Xavier et al., 

2018). During the aforementioned tasks, children with ASD showed lower 

temporal accuracy, poor coordination, and greater movement variability 

(Fitzpatrick et al., 2016; Xavier et al., 2018). The IPS difficulties of children with 

ASD might be rooted in their poor multi-limb and visuo-motor coordination, 

leading to a greater challenge during social synchrony (Xavier et al., 2018; Nebel 

et al., 2016). Besides the motor components, children with ASD have social 

perceptual deficits (i.e., reduced social gaze, or poor perception of otherôs actions) 

which could also undermine their ability to produce synchronized actions 

(Dawson et al., 2004). Together, these sensory-motor and social-perceptual 

difficulties may contribute to poor IPS performance in children with ASD. 

We found greater IPL activation in children with ASD during Observation 

and Solo conditions compared to the TD children. Similar findings of 

hyperactivation over the IPL region in children with ASD have been reported in 

previous fMRI and fNIRS studies involving simple finger and hand movement 

imitation/IPS (Su et al., 2020b; Yang & Hofmann, 2016). The IPL region is part 

of the default mode network (DMN; Grodd et al., 2014), a network that is more 

active during internally directed processing (i.e., mind wandering and self-

referencing), but is deactivated during externally directed processing (i.e., 

performing cognitively demanding tasks and goal-directed movements such as 

IPS) (Greicius et al., 2003). DMN is important in a wide range of emotions and 
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social functions and share similar cortical substrates including regions important 

for imitation (Schilbach et al., 2008; Guionnet et al., 2012). An fMRI study found 

more DMN deactivation when being imitated, compared to when individuals were 

imitating otherôs movements, suggesting that DMN is more active when trying to 

match up to another individualôs actions (Spencer et al., 2012). Consistent with 

the previous finding, the TD children showed more deactivation during 

Observation and Solo conditions and less deactivation/more activation over the 

IPL regions during Face and Touch conditions. Children with ASD in general did 

not show deactivation of the IPL region during all conditions and had much 

greater overall IPL activation compared to TD children. It is possible that children 

with ASD were less focused on the externally directed goals of solo/social 

synchrony and had reduced deactivation over the IPL region. Children with ASD 

are also known to have problems with deactivation during other cognitive tasks 

requiring visual inspection of complex patterns as well as working memory tasks 

(Spencer et al., 2012; Chien et al., 2016). 

Consistent with the previous fMRI and fNIRS findings (Su et al., 2020b; 

Yang & Hofmann, 2016), we found hypoactivation in IFG and STS in children 

with ASD during IPS. The IFG and STS activation was associated with the social 

communication and IPS performance in children with ASD. IFG is important for 

goal/intention understanding during action execution and imitation (Koski et al., 

2002; Iacoboni, 2009). While observing object manipulation, the IFG was more 

active when the participants were told to focus on the goal but not the actions 

associated with the task (Nicholson et al., 2017). Children with ASD have 
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difficulties understanding goals or intentions underlying othersô actions (Somogyi 

et al., 2003), and the difficulties have been linked to lower IFG activation during 

action observation (Pokorny et al., 2015). During the sway synchrony task in this 

study, children with ASD might have focused more on their individual 

movements instead of the shared goal (i.e., moving in synchrony with the adult), 

and therefore showed reduced IFG activation during IPS. 

The STS region is important for establishing visuo-motor correspondence, a 

process that compares the observed action with the planned movement, which is 

much needed for imitation (Molenberghs et al., 2010; Pelphrey et al., 2003). It is 

more active during imitation compared to action execution and observation across 

different tasks, including actions involving simple finger movements (Gatti et al., 

2017), and pantomimed actions on objects (Molenberghs et al., 2010). Children 

with ASD have decreased STS activation when observing biological motions and 

during action imitation (Freitag et al., 2008; Jack & Morris, 2014). Similarly, we 

found reduced STS activation in children with ASD during sway synchrony, 

suggesting that they have difficulties matching the observed actions with their 

own movement repertoire. Through this study, we extend our previous 

neurobiomarkers during reaching synchrony (Su et al., 2020b) to whole-body 

sway synchrony and reconfirmed that the ASD-related neurobiomarkers are 

associated with IPS impairments regardless of movements performed (i.e., 

reaching or whole-body sway). 

We found a clear increase in cortical activation when more social perceptual 

information (i.e., social visual and/or social tactile information) was available to 
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the TD children. Similar results were reported in previous fMRI studies, with 

increased frontoparietal activation during multisensory processing (Limanowski 

& Blankenburg, 2018). The additional social visual (Face condition) and social 

visual plus social tactile information (Touch condition) might increase the 

information reaching the frontoparietal regions, leading to scaling up of cortical 

activation. However, children with ASD might have difficulties 

perceiving/processing multiple social inputs (tactile and visual) as they did not 

show an increase in cortical activation when more social information was 

available. Past studies have reported ASD-related difficulties in integrating 

multiple sensory (visual and tactile) and social perceptual inputs (Greenfield et al., 

2015; Shah & Sowden, 2015). These difficulties in perceiving task-relevant 

information could affect childrenôs abilities to sway and engage in IPS with others. 

In terms of correlations, in children with ASD, greater social functioning 

based on the VABS scores, greater social responsiveness based on the SRS 

measure, and better interpersonal skills based on the ICS measure often correlated 

with greater cortical activation in multiple cortical regions including the left STS, 

left IFG, left IPL, and right PCG regions. It is not surprising that these different 

measures systematically correlated with activation in these regions given their 

important role in social monitoring, synchrony, and perceptuomotor aspects of 

interpersonal synchrony. 

To our knowledge, this is the first study to investigate how different levels 

of social information affect whole body IPS and cortical activation patterns in 

children with and without ASD. Although we identified the neurobiomarkers in 
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children with ASD, there were some limitations to our study. The current study 

has a relatively small sample size which contributed to smaller effect sizes 

(Hedgeôs g = 0.03 ~ 0.21). Although small effect sizes have often been reported in 

past neuroimaging studies involving children with ASD (Yang & Hofmann, 2016), 

our results should be interpreted with caution. It is also important to note that the 

BenjaminiïHochberg method for False Discovery Rate corrections is less 

conservative compared to other approaches such as the Holm-Bonferroni and may 

lead to more false positive results. However, BenjaminiïHochberg method is 

considered an acceptable trade-off between power and specificity for 

multichannel NIRS data as discussed in Singh & Dan (2006; Singh & Dan, 2006). 

With regards to sample characteristics, we did not include a cognitive measure. 

However, we have correlated a measure of adaptive functioning (VABS-2) and 

social responsiveness/impairment to behavioral and activation measures in both 

groups. In addition, we have few female participants in this study (n = 3), limiting 

our ability to identify sex-specific neurobiomarkers. Future studies should include 

larger samples with more female participants to further explore the ASD- and sex-

specific neurobiomarkers of IPS. Using motion tracking and fNIRS systems, we 

identified atypical movement characteristics and associated cortical activation in 

children with ASD during a whole-body, sway synchrony task. Children with 

ASD showed hyperactivation in the IPL region during action observation and 

execution, hypoactivation in the IFG and STS regions during social-embedded 

synchronous sway and did not show an increase in IFG and STS activation when 

more social information was available. Although our previous studies suggest 
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positive behavioral outcomes in children with ASD following synchrony-based 

interventions (Kaur & Bhat, 2019; Srinivasan et al., 2015), the neural effects of 

such interventions are not well studied. The neurobiomarkers we identified in this 

study could act as objective measures of treatment response following synchrony-

based interventions, perhaps leading to more normalized STS and IPL activation, 

post-intervention.
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Chapter 5 

NEURAL EFFECTS OF PHYSICAL ACTIVIT Y AND MOVEMENT 

INTERVENTIONS IN INDIVIDUALS WITH DEVELOPMENTAL 

DISABILITIES ï A SYSTEMATIC REVIEW  

This chapter is a reprinted version of an article published in Front 

Psychiatry. ñReprinted with permission from Front Psychiatry. 2022, 13, 794652. 

Copyright 2020 Frontiers.ò  

5.1 Introduction  

Individuals with developmental disabilities, including Autism Spectrum 

Disorder (ASD), Attention Deficit/Hyperactivity Disorder (ADHD), 

Developmental Coordination Disorder (DCD), Learning Disabilities (LD), and 

Intellectual Disabilities (ID), present with multisystem impairments in perceptuo-

motor, social communication, and cognitive-behavioral performance, that in turn 

affect their psychosocial health/well-being and daily functioning (American 

Psychiatric Association, 2013). In terms of perceptuo-motor impairments, 

individuals with developmental disabilities present with sensory processing issues 

as well as motor incoordination/developmental dyspraxia, poor imitation, poor 

balance, and problems in functional movements, such as reaching, walking, and 

joint actions (Bhat et al., 2011; Bhat et al., 2018; Bhat, 2020; Bhat, 2021a; Kaiser 

et al., 2015; Kaur et al., 2018; Magalhães et al., 2011; Shield et al., 2017; van 
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Etten et al., 2017). These difficulties could begin early on in life, affect a childôs 

movement exploration of the environment (i.e., through interactions with objects 

and caregivers), and will have cascading negative effects on other developmental 

domains (social communication and cognitive) as well as brain 

structure/functioning (Bhat et al., 2012; Flanagan et al., 2012; Hyde et al., 2021; 

Iverson, 2018, 2021; Kaur et al., 2015; Marrus et al., 2018; Liu et al., 2020; 

Oldehinkel et al., 2019; Srinivasan & Bhat, 2016a, 2019, 2020; Thompson et al.., 

2016). Individuals with developmental disabilities may also present with 

difficulties in social communication skills which affects their well-being, daily 

functioning, and their ability to establish/maintain relationships with peers and 

caregivers (American Psychiatric Association, 2013; Bhat, 2021a; Ayres et al., 

2018; Harrison et al., 2021; Korrel et al., 2017; MacDonald et al., 2013a, 2013b; 

Souders et al., 2009). They may also have cognitive impairments, such as 

impaired executive functioning, including poor motor planning, working memory, 

inhibitory control, and mental flexibility, all of which affect their daily 

functioning and academic performance (Castellanos et al., 2006; Demetriou et al., 

2018). Besides the difficulties in different developmental domains, these 

populations also have lower physical activity levels and are at greater risk of 

developing obesity (Hinckson & Curtis, 2013; Liang et al., 2020; Must et al., 

2014; Srinivasan et al., 2014). Physical activity/motor performance is known to 

have cascading effects on psychosocial well-being and cognitive performance, 

with low physical activity levels hindering further social and cognitive 

development in individuals with and without developmental disabilities (Diamond, 
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2015; Donnelly et al., 2016; Hillman et al., 2020; Reigal et al., 2020). While there 

are some papers describing potential neural mechanisms of physical 

activity/movement interventions in healthy populations (Lubans et al., 2016; 

Valkenborghs et al., 2019; Zhang et al., 2021), there is a lack of synthesis of 

neural effects of such interventions in individuals with developmental disabilities. 

Therefore, this systematic review will focus on identifying the different 

neuroimaging tools and related biomarkers that objectively assess neural effects 

of physical activity/movement interventions in individuals with developmental 

disabilities.  

Multiple studies using a single bout of physical activity and/or a longer 

period of movement interventions reported positive acute (after a single session) 

and chronic (following multiple sessions) effects on aerobic capacity, gross motor, 

psychosocial, and cognitive performance in individuals with developmental 

disabilities (Cerrillo-Urbina et al., 2015; Johnson, 2009; Kapsal et al., 2019). For 

example, a meta-analysis of randomized control trials (RCT) conducted in 

children with ADHD found that physical activity reduced ADHD symptoms (i.e., 

attention, hyperactivity, impulsivity), anxiety, as well as improved executive 

functioning and social performance (Cerrillo-Urbina et al., 2015). Similarly, a 

meta-analysis involving children with ID found that acute and chronic physical 

activity/movement interventions help improve physical health (i.e., cardiovascular 

health, motor skill, muscular strength, etc.), psychological health (i.e., self-esteem, 

well-being, social-emotional skills, etc.), and cognitive performance (Kapsal et al., 

2019). Multiple studies in children with ASD have used whole-body, creative 
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movement therapies, such as music, dance, yoga, theater, and martial arts, in 

addressing their multisystem impairments (Srinivasan et al., 2014; Kaur et al., 

2013; Kaur & Bhat, 2019; Kaur et al., 2021; Srinivasan et al., 2013a, 2013b, 

2013c, 2015a, 2015b, 2016b, 2016c, 2018). Our own research group recently 

conducted a comprehensive review of the effects of creative movement 

interventions on multisystem performance in children with ASD and found 

medium-to-large-sized improvements in social communication skills following 

music and martial arts training, and in motor and cognitive skills following yoga 

and martial arts training (Amonkar et al., 2021). Taken together, physical activity 

and movement interventions led to positive effects on physical/psychosocial 

health and cognitive performance in individuals with developmental disabilities. 

Besides the behavioral outcomes, neuroimaging assessments, such as 

structural Magnetic Resonance Imaging (MRI) including Diffusion Tensor 

Imaging (DTI), functional Magnetic Resonance Imaging (fMRI), 

Electroencephalogram (EEG), and functional Near-Infrared Spectroscopy 

(fNIRS), have been used to develop objective measures of abnormalities in brain 

structure and function associated with the aforementioned developmental 

disabilities (McPartland et al., 2021). A meta-analytic review of MRI/fMRI 

studies reported shared as well as distinct structural and functional brain 

abnormalities in individuals with ASD and ADHD (Lukito et al., 2020). 

Specifically, gray matter volumes were atypical in the fronto-temporal cortices of 

individuals with ASD, whereas the orbito-frontal cortices were abnormal for 

individuals with ADHD (Lukito et al., 2020; Bralten et al., 2016; Mueller et al., 
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2013). During cognitive control tasks, atypical prefrontal /precuneus activation 

was reported in individuals with ASD, whereas fronto-striatal activation 

abnormalities were reported in individuals with ADHD (Lukito et al., 2020; 

Kooistra et al., 2010; Kennedy et al., 2006). EEG abnormalities associated with 

arousal/motivation, inhibitory control, and mental flexibility tasks have also been 

reported in individuals with ASD, ADHD, and/or LD (Barry et al., 2003; Huber et 

al., 2005; Polich, 2007). Using fNIRS, atypical frontoparieto-temporal activation 

has been reported in infants at risk for and children with ASD during naturalistic, 

socially embedded actions compared to age-matched controls (Bhat et al., 2017, 

2019; Su et al., 2020a, 2020b, 2021a, 2021b). It would be reasonable to expect 

that physical activity/movement interventions that are known to have cascading 

effects on psychosocial and cognitive performance may also lead to associated 

changes in neural activity in the aforementioned neural correlates/biomarkers. 

Interestingly, while there is some evidence in healthy populations, there is a lack 

of synthesis of literature for the neural effects of the physical activity/movement 

intervention in individuals with developmental disabilities. Research studies 

conducted in healthy subjects have reported associations between neural activity 

and physical activity levels as well as changes in neural biomarkers post-

movement interventions (Halloway et al., 2017; Hillman et al., 2005, 2009). 

Children with higher fitness levels exhibited better inhibitory control and memory, 

and their structural MRI revealed greater volume in basal ganglia and 

hippocampus, respectively (Chaddock et al., 2010a, 2010b). EEG studies also 

showed fitness-related differences in functional activity during executive function 
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tasks, with higher fitness levels associated with faster and larger event-related 

potentials (ERPs, including P3b, N2) and better executive functioning 

performance (Hillman et al., 2005, 2009; Burgos et al., 2021). Apart from 

correlational studies, intervention studies have used different neuroimaging tools 

as objective outcome measures to study the effects of physical activity. A 

systematic review of endurance-enhancing physical activity interventions found 

changes in resting state fMRI and task-related activation in brain regions that are 

important for attentional control (middle frontal gyrus, superior frontal gyrus, 

superior parietal lobes, and anterior cingulate cortex; Halloway et al., 2017). 

Similarly, a systematic review of resting-state EEG studies also suggested 

inconsistent, but generally positive training-related changes after exercise 

intervention, including changes in slow (delta and theta) and fast (alpha and beta) 

wave activity, indicating normalized cortical-subcortical crosstalk (Gramkow et 

al., 2020). Although more research will need to be conducted, the studies in 

healthy subjects support the use of neuroimaging tools as objective measures for 

tracking intervention effects and to understand the neural mechanisms underlying 

training-related improvements following physical activity/movement 

interventions. 

Compared to healthy populations, fewer studies have investigated the neural 

mechanisms of physical activity/movement interventions on cognitive and 

psychosocial functions in individuals with developmental disabilities. To our 

knowledge, there is no systematic review that provides a broad synthesis of neural 

effects after physical activity/movement interventions in individuals with 
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developmental disabilities. Therefore, the current systematic review aims to 

summarize the current neuroimaging findings on chronic and acute effects of 

physical activity/ movement interventions and quantify effect size estimates for 

the neural outcome measures. We will assess the utility of neuroimaging tools as 

objective measures of intervention effects and explain the potential neural 

mechanisms by which movement interventions promote psychosocial health and 

cognitive performance in individuals with developmental disabilities. 

5.2 Methods 

5.2.1 Search Strategies 

We reviewed literature from four allied health, psychology, physical 

therapy/kinesiology, and education-related databases, including PubMed (1950-

2021), PsycINFO (1969-2021), CINAHL (1937-2021), and Scopus (1966-2021). 

The search terms included keywords in three areas: a) Diagnostic terms: Related 

to neurodevelopmental disorders, including ñAutism spectrum disorderò, 

ñAttention-deficit/hyperactivity disorderò, ñDevelopmental coordination disorderò, 

ñLearning disorderò, ñIntellectual disorderò éetc.; b) Intervention terms: Related 

to motor interventions, including ñSportò, ñExerciseò, ñPhysical activityò, 

ñInterventionò, ñTherapyò é etc.; c) Neuroimaging terms: Related to 

neuroimaging modalities including ñElectroencephalographyò, ñMagnetic 

resonance imagingò, ñNear infrared spectroscopyò, etc. (detailed search terms in 

Supplementary Table F1). 
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5.2.2 Eligibility Criteria  

Studies were included in the review if they fulfilled the following inclusion 

criteria: a) Included individuals with developmental disorders (e.g., ASD, ADHD, 

DCD, LD, ID, developmental delay, etc.), b) Tested the effects of movement 

interventions (e.g., physical activity, exercise, yoga, martial arts, etc.), and c) 

Used neuroimaging techniques (e.g., fMRI, fNIRS, EEG, etc.) to measure 

intervention effects. Studies were excluded if the experimental group a) Only 

involved sedentary interventions (e.g., applied behavior analysis, speech therapy, 

education); b) Were review papers, case reports, and protocol papers; c) Were in 

languages other than English; or d) Were grey literature including theses and 

dissertations.  

There is limited evidence on neural effects of movement interventions, 

hence, we decided to include individuals across all age ranges (including children, 

adolescents, adults) and abilities (with or without intellectual disabilities). We 

included studies on various movement interventions utilizing perceptuomotor 

skills (i.e., multisystem, creative movement as well as targeted physical activity 

interventions) with wide-ranging training lengths (i.e., one or more sessions) and 

that used various structural and functional neuroimaging tools to monitor the 

training-related neural effects. In terms of study design, we included RCT, 

Controlled Clinical Trials (CCT), and cross-over studies, but not case studies to 

ensure study quality. Overall, we did not set additional exclusion criteria based on 

age, ability, or nature/content of the control group intervention. 
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5.2.3 Data Extraction and Evaluation 

We conducted our latest database search on Sept 16th, 2021, with a result of 

2653 articles in total (1036 from PubMed, 453 from PsycINFO, 1029 from 

Scopus, and 135 from CINHAL). After removing duplicates and screening 

through our eligibility criteria, 32 articles qualified for further review (see detailed 

search process in Figure 5.1). All authors agreed on the eligibility of 95% of the 

studies. Disagreements between coders for study inclusion were resolved through 

consensus meetings. 

 

Figure 5.1  PRISMA diagram for search process. 

 



131 
 

5.2.4 Risk of Bias and Level of Evidence Assessments 

The current review paper focused on the methodological rigor and quality 

of study designs used for assessing physical activity/motor intervention effects. 

Specifically, the Physiotherapy Evidence Database (PEDro) scale was used to 

assess the risk of bias for RCT, CCT, and cross-over design studies, while the 

NIH risk of bias assessment (NIH-ROB) was employed for pre-posttest studies 

with no control group (Moseley et al., 2002; National Institutes of Health et al., 

2016). The PEDro scale includes a total of 11 items which are scored on a 

nominal scale (No = N, Yes = Y) of which 10 items are scored for each study 

(maximum score 10, the first item on the PEDro is not included in the total score 

calculations; detailed descriptions in Supplementary Table E.2; Moseley et al., 

2002). Note that the PEDro scale criterion #2 requires a study to specifically state 

that allocation to the intervention was randomized. Allocation procedures using 

quasi-randomization or counterbalancing did not receive full scores for the 

criterion of allocation. A PEDro score of more than 6 is classified as high quality, 

while a score between 4-5 is classified as fair, and a score less than 3 is classified 

as a low-quality study (Moseley et al., 2002). The NIH assessment tool includes 

12 items that are also scored on a nominal scale and later summed to give a 

maximum possible score of 12 (detailed descriptions in Supplementary Table E.2; 

National Institutes of Health, 2016). All authors coded 20% of the included 

articles (6 to 7 articles), and we established inter-and intra-rater reliability of 

greater than 90%. In addition to the risk of bias assessment tools, we also assessed 

the levels of evidence of the reviewed papers using the tool designed by Sackett 
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and colleagues (Sackett et al., 2000). Based on the study design, the studies are 

classified into 5 levels: Level I: RCT or cross-over designs with óhighô quality 

(PEDro Scale score Ó 6); Level II: RCT or cross-over designs with ñFairò quality 

(PEDro Scale score = 4-5) and all CCT designs; Level III: Pre-posttest designs; 

Level IV: Conflicting evidence of two or more equally designed studies; Level V: 

RCTs with ñPoor qualityò (PEDro score Ò 3) and case studies or cohort 

studies/single subject series with no multiple baseline assessments (Sackett et al., 

2000). 

5.2.5 Data Extraction and Coding Procedures 

For each of the reviewed studies, we extracted information on sample and 

study characteristics, methodological quality, intervention characteristics (FITT: 

Frequency, Intensity, Time, Type), neural and behavioral assessments used, 

dependent variables, and treatment effects using a standard coding template 

(Supplementary Table E.3). Besides narrative descriptions, wherever data was 

provided in the original reports, we also calculated effect size estimates with their 

confidence intervals for each outcome measure in reviewed studies to estimate the 

magnitudes of the treatment effects. Specifically, sample size, means, and 

standard deviations (and/or standard errors) of the dependent variables were used 

to calculate the effect sizes using the Hedgesô method, a method that is more valid 

when dealing with smaller sample sizes (n < 20) (Hedges & Pigott, 2004). To 

avoid inaccuracy and allow for fair comparisons between studies, we only 

calculated the effect sizes if the means and standard deviations (and/or standard 

errors) for the outcome variables were provided in the reviewed articles.  
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5.3  Results 

5.3.1 Study Characteristics and Quality Assessments 

Of the 32 included articles, 13 were RCTs, 4 were CCTs, 10 were cross-

over, and 5 were pre-posttest designs ((Bremer et al., 2020; Cai et al., 2020; Chan 

et al., 2013, 2015; Corbett et al., 2016; Sharda et al., 2018; Yang et al., 2021; 

Choi et al., 2015; Chueh et al., 2021; Huang et al., 2017, 2018; Hung et al., 2016; 

Janssen et al., 2016a, 2016b; Lee et al., 2017; Ludyga et al., 2017; Mehren et al., 

2019a, 2019b, Pontifex et al., 2013; Smith et al., 2019; Tsai et al., 2021; Yu et al., 

2020; Tsai et al., 2012a, 2014; Milligan et al., 2019; Chen et al., 2021; Vogt et al., 

2013; Brand et al., 2015; LaGasse et al., 2019; Choi et al., 2016; Chen et al., 2016; 

Vogt et al., 2012). 17 studies examined chronic effects of physical 

activity/movement intervention, 14 studies examined acute effects only, and 1 

study examined both. The PEDro scores of the studies using RCT, CCT, and 

cross-over designs ranged from 4 to 8 points (Average = 5.56; SD = 1.12), 

indicating fair to good study quality (Table 5.1). On the other hand, the NIH risk 

of bias scores of the studies using pre-posttest designs ranged from 6 to 9 points 

(Average = 7.40; SD = 1.52; Table 5.2). Because of the nature of movement 

intervention studies, all CCT, RCT, and cross-over studies did not have the 

subjects blinded to grouping and the type of intervention they received (PEDro 

scale item #5, NIH ROB item # 8). Additionally, pre-posttest design studies had 

small samples and a lack of assessment across multiple timepoints before and 

after interventions (ROB item #s 5 and 11). Although many cross-over design 

studies used a counterbalancing approach to account for intervention order effects, 
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they did not specify whether their allocation to a certain intervention order was 

randomized or not, and hence, they did not meet PEDro scale criterion #2 (Hung 

et al., 2016; Mehren et al., 2019a, 2019b; Tsai et al., 2021). In terms of the level 

of evidence, 12 studies were Level I, 15 were Level II, and 5 were classified as 

Level III. No included paper was classified as Level IV or V. 

Table 5.1 PEDro scores for the CCT, RCT, and Cross-over design studies  

 
STUDY, YEAR 1 2 3 4 5 6 7 8 9 10 11 TOTAL  

BRE, 2020 Y Y N Y N N N Y Y Y Y 6 

CAI, 2020 Y N N Y N N N N Y Y Y 4 

CHA, 2013 Y Y Y Y N N Y Y Y Y Y 8 

CHA, 2015 Y Y N Y N N Y N Y Y Y 6 

COR, 2016 Y Y Y Y N N Y Y Y Y Y 8 

SHA, 2018 Y Y N Y N N Y Y Y Y Y 7 

YAN, 2021 Y Y Y Y N N N N Y Y Y 5 

CHO, 2015 Y Y N Y N N N N Y Y Y 5 

CHU, 2021 Y Y Y Y N N N N Y Y Y 6 

HUA, 2017 Y N N Y N N N Y Y Y Y 5 

HUA, 2018 Y Y N Y N N N Y Y Y Y 6 

HUN, 2016 Y N N N N N N Y Y Y Y 4 

JAN, 2016A Y Y N Y N N N N Y Y Y 5 

JAN, 2016B Y Y N Y N N N N Y Y Y 5 

LEE, 2017 Y Y N Y N N N N Y Y Y 5 

LUD, 2017 Y Y N Y N N N Y Y Y Y 6 

MEH, 2019A Y N N Y N N N Y Y Y Y 5 

MEH, 2019B Y N N Y N N N Y Y Y Y 5 

PON, 2013 Y N N Y N N N Y Y Y Y 5 

SMI, 2019 Y Y Y Y N N N N Y Y Y 6 

TSA, 2021 Y N Y Y N N N N Y Y Y 6 

YU, 2020 Y N N Y N N N N Y Y Y 4 

TSA, 2012 Y N N Y N Y Y Y Y Y Y 7 

TSA, 2014 Y N N Y N Y Y Y Y Y Y 7 

MIL, 2019 Y N N Y N N N Y Y Y Y 5 

CHE, 2021 N N N Y N N N Y Y N Y 4 

VOG, 2013 Y Y N Y N N N N Y Y Y 5 

Criteria of the PEDro scale:1- Eligibility criteria; 2- Group randomization; 3- 

Concealed allocation; 4- Baseline comparisons; 5- Blinding-subjects; 6- Blinding-

therapist; 7- Blinding-assessors; 8- Missing data; 9- Intention to treat; 10- 

Between-group comparisons; 11-measure of variability (Detailed description in 

Table E.2); Y= Yes; N= No; Total scores are calculated by summing the number 

of met criterion (except the first criteria) for each individual study. A PEDro score 

Ó 6 indicates low risk of bias; while a PEDro score < 6 indicates high risk of bias. 
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Table 5.2 NIH-ROB scores for the pre-posttest studies 

STUDY, 

YEAR  

1 2 3 4 5 6 7 8 9 10 11 12 TOTAL  

BRA, 2015 Y Y Y Y N Y Y N Y Y N Y 9 

LAG, 2019 Y Y Y Y N Y Y N Y Y N Y 9 

CHO, 2016 Y N Y N N Y Y N Y N N Y 6 

CHE, 2016 Y N Y N N Y Y N Y Y N Y 7 

VOG, 2012 Y N N N N Y Y N Y N N Y 6 

Criteria of the NIH-ROB scale:1- Study questions and objective; 2- Eligibility 

criteria; 3- Representation of general population; 4- Participant enrollment; 5- 

Sample size; 6- Description of assessment/ intervention; 7- Reliability and 

Validity of the measures; 8- Blinding assessors; 9- Missing data; 10- pre-posttest 

assessments and p values; 11- pre-posttests in multiple time-points; 12- statistical 

analysis including individual-level data (Detailed description in Table E.2); Y= 

Yes; N= No; Total scores are calculated by summing the number of met criteria 

for each individual study. 

5.3.2 Sample Characteristics 

Of the 32 included papers, 16 included individuals with ADHD, 9 included 

individuals with ASD, 2 included individuals with DCD, 1 included individuals 

with LD, 3 included individuals with ID, and 1 included individuals with ID and 

developmental disabilities. The sample size ranged from 4 to 45 per group 

(Average sample size = 18.01; SD = 7.66). Due to the sex differences in the 

prevalence of developmental disabilities, most studies included more males than 

females, with an average male-to-female ratio of about 4.5:1. The majority of the 

studies included school-age children between 6 and 18 years (25 of the 32 studies), 

2 studies included preschoolers (3 to 5 years), and 5 included adults with 

developmental disabilities (> 18 years). Twenty out of the 32 studies reported the 

mean IQ of their participants (76.3 to 121.3 across studies) with only 6 studies 

including children with ID (Table 5.3 and 5.4). 
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Table 5.3 Study characteristics of studies assessing the chronic effects of physical activity/movement interventions 

STUDY

, YEAR 

DESIGN/ 

EVIDENCE  

LEVEL  

SAMPLE 

(E/C) 

AGE 

(E/C: 

M±SD; 

RANGE) 

GENDER 

(E/C) 

IQ 

(E/C) 

MOVEMENT 

INT  

MIN/S; 

S/WK;  

# OF WKS 

INTENSITY 

(% HR 

MAX/ 

MEAN±SD) 

CONTROL 

INT  

NEURAL  

MEASURE 

TASK  

ATTENTION DEFICIT/HYPERACTIVITY DISORDER 

CHO, 

2015 

RCT/  

II  

13/17 15.8±1.7/

16.0±1.2; 

13-18 

13M0F/ 

17M0F 

94.9±11.8/

95.9±15.2 

Aerobic 

exercise  

90;6;18 60% Behavioral 

intervention 

fMRI  Mental 

flexibility  

HUA, 

2017 

CCT/  

II  

15/14 7.9±1.0/ 

8.3±1.0; 

5-10 

11M4F/ 

14M0F 

-/- Water aerobic 90;2;8 50-60% - EEG Resting 

state 

JAN, 

2016A 

RCT/  

II  

24/25 9.8±2.0/ 

9.2±1.3; 

- 

19M5F/ 

19M6F  

98.3±13.8/

100.8±14.3 

Physical 

activity 

35;-;- (28 s) 70-100% Medication EEG Inhibitory 

control 

JAN, 

2016B 

RCT/  

II  

27/25 9.8±1.9/ 

9.1±1.1; 

- 

21M6F/ 

19M6F 

>80/>80 Physical 

activity 

35;-;- (28 s) 70-100% Medication EEG Inhibitory 

control 

LEE, 

2017 

RCT/  

II  

6/6 8.8±1.0/ 

8.8±1.0; 

- 

6M0F/ 

6M0F 

>80/>80 Combined 

exercise 

60;3;12 45-75% - EEG Resting 

state & 

Mental 

flexibility  

SMI, 

2019 

RCT/  

I 

13/16 7.2±1.4/ 

7.1±1.1; 

5-9 

7M6F/ 

8M8F 

 

107.5±14.7

/99.3±11.2 

Integrated 

Brain, Body, 

and social 

120;3;15 - - EEG Inhibitory 

control  

LEARNING DISABILITIES  

MIL, 

2019 

CCT/  

II  

45/36 13.1±1.7/

12.8±1.2; 

11-17 

41M7F/ 

31M7F 

-/- Martial art 90;1;20 - - EEG Inhibitory 

control & 

auditory 

attention 

INTELLECTUAL DISABILITIES  

CHE, 

2021 

CCT/  

II  

14/4 22.4±1.9/

22.01±1.8

; - 

10M4F/ 

4M0F 

-/- Badminton 50;5;10 - - EEG Resting 

state 
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STUDY

, YEAR 

DESIGN/ 

EVIDENCE  

LEVEL  

SAMPLE 

(E/C) 

AGE 

(E/C: 

M±SD; 

RANGE) 

GENDER 

(E/C) 

IQ 

(E/C) 

MOVEMENT 

INT  

MIN/S; 

S/WK;  

# OF WKS 

INTENSITY 

(% HR 

MAX/ 

MEAN±SD) 

CONTROL 

INT  

NEURAL  

MEASURE 

TASK  

AUTISM SPECTRUM DISORDER  

BRA, 

2015 

Pre-post/  

III  

10/- 10.0±2.3/ 

-; 7-13 

5M5F/ 

- 

-/- Cycling & 

motor skill 

training 

60;3;3 -/- - EEG Sleep 

CAI, 

2020 

CCT/  

II  

15/14 5.1±0.6/ 

4.6±0.7; 

3-6 

2M3F/ 

13M1F 

-/- Mini -basketball 

training 

40;5;12 -/136.0±6.1 ABA 

training 

DTI Resting 

state 

CHA, 

2013 

RCT/  

I 

20/20 11.3±3.9/

12.4±3.3; 

6-17 

19M1F/ 

17M3F 

78.4±18.9/

80.5±18.5 

Nei Yang Gong 60;2;4 -/- Muscle 

relaxation 

EEG Inhibitory 

control 

CHA, 

2015 

RCT/ 

I 

18/17 11.9±4.1/

11.0±3.3;

5-17 

17M1F/ 

15M2F 

76.3±17.7/ 

86.5±17.5 

Nei Gong 60;2;4 -/- Muscle 

relaxation 

EEG Visual 

memory 

COR, 

2016 

RCT/ 

I 

17/13 11.38±2.5

/10.7±1.9;

8-14 

13M4F/ 

11M2F 

100.1±16.8

/95.9±21.2 

SENSE-theater 

treatment 

240;1;10 -/- Waitlist EEG Face 

memory  

LAG, 

2019 

Pre-post/  

III  

7/- 8.4±2.9/-

 ;5-12 

6M1F/ 

- 

-/- Music therapy 35;2;5 -/- - EEG Sensory 

gating 

SHA, 

2018 

RCT/  

I 

26/25 10.3±1.9/

10.2±1.9; 

6-12 

21M5F/ 

22M3F 

102.0±18.8

/94.0±18.2 

Music therapy 45;1;8~12 -/- Play-based 

intervention  

fMRI  Resting 

state 

YAN, 

2021 

RCT/ 

II  

15/15 4.7±0.7/ 

5.0±0.6/ 

3-6 

13M2F/ 

12M3F 

- Mini -basketball 

training 

40;5;12 60-69%/- Behavioral 

intervention 

fMRI  Resting 

state 

DEVELOPMENTAL COORDINATION DISORDER  

TSA, 

2012 

RCT/  

I 

16/14 9.7±0.4/ 

9.5±0.3; 

9-10 

9M7F/ 

9M5F 

104.6±5.7/ 

103.4±6.1 

Soccer training 50;5;10 - - EEG Inhibitory 

control 

TSA, 

201 

4 

RCT/  

I 

20/20 11.5±0.3/

11.5±0.3;

11-12 

13M7F/ 

12M8F 

108.0±6.5/

108.4±7.1 

Aerobic 

exercise 

50;3;16 80-90% - EEG Working 

memor 

y 
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RCT = Randomized control trials; CCT = Controlled clinical trial; Pre-Post = Pre-posttest design; Cross-over = Cross-over design 

(note that the same group of participants act as the experimental and comparison groups); E = Experimental group (E1 = the first 

experimental group; E2 = the second experimental group; E3 = the third experimental group); C = Comparison group; M = Mean; SD 

= Standard deviation; DS = Down syndrome; ASD = Autism spectrum Disorder; FXS = Fragile X syndrome; M = Male; ; M = Mean; 

SD = Standard deviation; F = Female; IQ = Intelligence quotient; INT = Intervention; MIN = Minute; S = Session; WK = Week; HR 

MAX = Maximum heart rate; ABA = Applied Behavior Analysis; SENSE= Social Emotional NeuroScience Endocrinology; EEG = 

Electroencephalogram;  fNIRS = functional near infrared spectroscopy;  DTI = Diffusion Tensor Imaging; fMRI = Functional 

magnetic resonance imaging. 
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Table 5.4 Study characteristics of studies assessing the acute effects of physical activity/movement interventions 

STUDY

, YEAR 

DESIGN/ 

EVIDENCE  

LEVEL  

SAMPLE 

(E/C) 

AGE (E/C: 

M±SD; 

RANGE) 

GENDER 

(E/C) 

IQ 

(E/C) 

MOVEME

NT INT  

TIME 

(MIN)  

INTENSITY 

(% HR 

MAX ) 

CONTROL 

INT  

NEURAL 

MEASURE 

TASK  

ATTENTION DEFICIT/HYPERACTIVITY DISORDER 

CHO, 

2016 

Pre-post/  

III  

27/- -/ 

-;  

12-14 

14M13F/ 

- 

91-113/- Dynamic 

Stretching 

exercise 

13 -/- - EEG Resting 

state 

CHU, 

2021 

RCT/  

I 

E1:14 

E2:15/  

C: 17 

E1:10.1 

E2:9.6/ 

C:10.4;7-12 

E1:14M0F 

E2:15M0F/ 

C:16M1F 

-/- Treadmill 

running 

E1:50; 

E2:30 

50-70% Video 

watching 

EEG Resting 

state 

HUA, 

2018 

Cross-over/  

I 

24/24 9.5±1.6/  

9.5±1.6; 

7-12 

24M0F/ 

24M0F 

105.7±9.0/ 

105.7±9.0 

Treadmill 

running 

30 65-75% Video 

watching 

EEG Resting 

state 

HUN, 

2016 

Cross-over/ 

II  

34/34 10.2±1.7/ 

10.2±1.7;  

8-12 

33M1F/ 

33M1F 

104.9±16.9 

104.9±16.9 

 

Treadmill 

running 

30 50-70% Video 

watching 

EEG Mental 

flexibility  

LUD, 

2017 

Cross-over/ 

I 

E1:14 

E2:14/ 

C:14 

E1:12.8±1.8; 

E2:12.8±1.8/  

C:12.8±1.8 

E1:11M5F; 

E2:11M5F/ 

C:11M5F 

-/- E1: 

Coordination 

E2: Cycling 

E1: 20 

E2: 20 

E1:-; 

E2: 65-70% 

Video 

watching 

EEG Inhibitory 

control 

MEH,  

2019A 

Cross-over/  

II  

20/20 29.9±9.5/ 

29.9±9.5; 

- 

16M4F/ 

16M4F 

-/- Cycling 30 50-70% Video 

watching 

fMRI  Inhibitory 

control & 

Visual 

attention 

MEH, 

2019B 

Cross-over/ 

II  

20/20 31.4±9.6/ 

31.4±9.6; 

- 

17M3F/ 

17M3F 

-/- Cycling 30 50-70% Video 

watching 

fMRI  Inhibitory 

control  

PON, 

2013 

Cross-over/ 

II  

20/20 -/ 

-;  

8-10 

14M6F/ 

14M6F 

110-121/ 

110-121 

 

Treadmill 

running 

20 65-75% Seated 

reading 

EEG Inhibitory 

control  

TSA, 

2021 

Cross-over/ 

I 

25/25 10.5±1.2/ 

10.5±1.2; 

-  

23M2F/ 

23M2F 

-/- Treadmill 

running 

30 E1:30%; 

E2:50-60% 

E3:70-80% 

- EEG Resting 

state & 

Inhibitory 

control 
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YU, 

2020 

Cross-over/ 

II  

24/24 9.9±1.3/ 

9.9±1.3;  

8-12  

23M1F/ 

23M1F 

105.0±9.8 Treadmill 

running 

30 60-70% Video 

watching 

EEG Inhibitory 

control 

AUTISM SPECTRUM DISORDER  

BRA, 

2015 

Pre-post/  

III  

10/- 10.0±2.3/ 

-;  

7-13 

5M5F/ 

- 

-/- Aerobic 

bicycle & 

motor skill 

training 

60 -/- - EEG Sleep 

BRE, 

2020 

Cross-over/  

I 

12/12 11.1±1.3/ 

11.1±1.3; 

- 

12M0F/ 

12M0F 

-/- E1: Circuit; 

E2: 

Treadmill   

20 60-80%/- Video 

watching 

fNIRS Inhibitory 

control & 

Sustained 

attention  

INTELLECTUAL DISABILITIES  

CHE, 

2016 

Pre-post/ 

III  

12/12 DS:21.3±5.4; 

ASD:18.5±2.0 

FXS: 26.17  

8M4F/ 

- 

- Treadmill 

running 

20 < 85% - EEG Resting 

state 

VOG, 

2012 

Pre-post/ 

III  

11/11 22.5±9.9/ 

-; 

- 

12M0F/ 

- 

- Running 30 -;  

154.5±14.4 

- EEG Resting 

state 

VOG, 

2013 

Cross-over/ 

II  

11/11 16.0±1.34/ 

16.0±1.34; 

 - 

6M5F/ 

6M5F 

- Cycling 10 -;  

143.1±14.4 

Music 

listening 

EEG Resting 

state & 

Decision 

making 

 

RCT = Randomized control trials; CCT = Controlled clinical trial; Pre-Post = Pre-posttest design; Cross-over = Cross-over design 

(note that the same group of participants act as the experimental and comparison groups); E = Experimental group (E1 = the first 

experimental group; E2 = the second experimental group; E3 = the third experimental group); C = Comparison group; M = Mean; SD 

= Standard deviation; DS = Down syndrome; ASD = Autism spectrum Disorder; FXS = Fragile X syndrome; M = Male; ; M = Mean; 

SD = Standard deviation; F = Female; IQ = Intelligence quotient; INT = Intervention; MIN = Minute; S = Session; WK = Week; HR 

MAX = Maximum heart rate; ABA = Applied Behavior Analysis; SENSE= Social Emotional NeuroScience Endocrinology; EEG = 

Electroencephalogram;  fNIRS = functional near infrared spectroscopy;  DTI = Diffusion Tensor Imaging; fMRI = Functional 

magnetic resonance imaging. 
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5.3.3 Frequency, Intensity, Time, and Type (FITT) of Movement 

Interventions 

Of the 32 included papers, 17 assessed the chronic effects of multiple 

intervention sessions, 14 assessed the acute effects after a single bout of exercise, 

and 1 assessed both the acute and the chronic effects of movement interventions. 

In the following paragraphs, we describe the Frequency, Intensity, Time, and 

Type (FITT) of interventions provided in the included studies (Table 5.3, 5.4). 

5.3.3.1 Frequency  

For the studies that assessed the chronic effect of exercise, the intervention 

frequency ranged from 1 to 5 sessions per week (average: 2.69; SD: 1.35), and 

intervention duration ranged between 3 to 20 weeks in total (average: 9.50; SD: 

4.90). Therefore, the total training volume ranged from 9 to 60 sessions (average: 

26.30; SD: 18.78; Table 5.3). For the studies that assessed the acute effects of 

movement intervention, only one 1 session was conducted (Table 5.4). 

5.3.3.2 Intensity 

Most studies reported training intensity using target heart rate which was 

expressed as a percentage of the maximum heart rate of the individual. Of the 

studies that assessed the chronic effects of the interventions, 7 reported the target 

heart rate of their movement interventions ranging from 45 to 100% of the 

suggested maximum heart rate (Table 5.3). Specifically, 1 study used intervention 

with light to moderate intensity (< 70% maximum heart rate), 3 studies used 

moderate intensity (50 to70 % maximum heart rate), and 3 studies provided 
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moderate to vigorous intensity activity (> 50 % maximum heart rate). One study 

additionally reported an average heart rate of 135.97 bpm (Cai et al., 2020). For 

the studies that assessed the acute effects of interventions, 7 reported the targete 

heart rate of their movement intervention, ranging from 50% to 80% of the 

suggested maximum heart rate (moderate to vigorous intensity; Table 5.4). One 

study included three experimental groups with the target exercise heart rate of 

30% (Light), 50-60% (Moderate), and 70-80% (vigorous) of the suggested 

maximum heart rate, respectively (Tsai et al., 2021). Two other studies reported 

average heart rate during/right after movement intervention (Vogt et al., 2012: 

154.50 bpm ± 10.06; Vogt et al., 2013: 143.09 bpm ± 14.40; Table 5.4).     

5.3.3.3 Time 

The training time for the studies that assessed the chronic effects of exercise 

varied widely from 35 to 240 minutes, with an averaged session time of 69.44 

minutes (SD = 48.69). The Social Emotional NeuroScience Endocrinology 

(SENSE-theater) treatment had the longest training time (240 min/session; 

Corbett et al., 2016), while the music therapy and physical activity interventions 

had the shortest training time (35 min/session; Table 5.3; Janssen et al., 2016a, 

2016b; LaGasse et al., 2019). For studies that assessed the acute effects of 

exercise, the training time ranged from 10 to 60 minutes, with an average training 

time of 27.53 min/session (SD = 11.33; Table 5.4). 
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5.3.3.4 Type 

For the studies that assessed chronic effects, 6 involved sustained aerobic 

exercises (i.e., running, cycling, stepping, jump rope activities), 2 involved 

circuit-based exercises with short resting bouts, 7 involved ball-related exercises 

(i.e., throw and catch, basketball, soccer, badminton), 3 involved martial art 

training (i.e., Nei-Yang Gong), 3 specifically targeted motor skills (including 

balance, coordination, and strength), 2 involved the use of musical instruments, 1 

involved dancing, 1 involved cognitive games, and 1 used theatrical settings 

(Table 5.3). The majority of the studies (12 of 14) that assessed acute effects of 

exercise used aerobic exercises including cycling and treadmill walking/running 

(Table 5.4). In addition, 1 study used circuit training with short resting bouts, 2 

targeted motor skills (i.e., balance and coordination), and 1 specifically focused 

on dynamic stretching exercises. 

5.3.4 Comparison Group Interventions 

For the studies that assessed chronic effects, 9 did not provide intervention 

to the comparison group, 1 provided applied behavior analysis training, 2 used 

muscle relaxation techniques, 1 used a play-based intervention, 2 provided 

behavioral education, 2 provided medications, and 1 used a waitlist control design 

(Table 5.3). For studies that assessed acute effects, 1 did not include a comparison 

group, 4 did not provide intervention to the comparison group, 8 asked 

participants to watch a video, 1 had them listen to music, and 1 had the children 

involved in seated reading activities (Table 5.4).     
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5.3.5 Neuroimaging Assessments 

The majority of the studies (25 out of 32) used EEG to assess the neural 

effects of movement interventions. Other neuroimaging tools that were used 

included functional Magnetic Resonance Imaging (fMRI; n = 5), functional Near-

Infrared Spectroscopy (fNIRS; n = 1), and Diffusion Tensor Imaging (DTI; n = 1). 

Among the 23 EEG studies, one study used sleep EEG to determine the sleep 

quality in participating children (Brand et al., 2015), while the remaining studies 

recorded neural activity during resting-state (n = 6), or during different functional 

tasks assessing inhibitory control (n = 9), mental flexibility (n = 3), memory (n = 

3), sensory gating (n = 1), and auditory attention (n = 1). The EEG variables 

included: (1) Slow waves (Theta band), fast waves (Alpha and Beta bands), and 

their ratios (i.e., Theta/Alpha and Theta/Beta ratios) (n = 8). Note that the slow 

and fast wave activity is associated with cortical arousal, (2) Amplitude and 

latency of event-related potentials (ERP) during executive functioning tasks (i.e., 

positive peaks in the ERP waveform such as P3b and negative peaks in ERP 

waveform such as N2) (n = 11). Note that greater P3b/N2 amplitude and shorter 

latency are indicative of more efficient cognitive processing during inhibitory 

control tasks., (3) Level of right-left frontal asymmetry (n = 2), with increased 

asymmetry indicating greater motivation during exercise, and (4) Sleep EEG 

variables (i.e., total sleep time, duration of rapid eye movements, etc.) (n = 1).  

The 5 fMRI studies reported Blood-Oxygen-Level-Dependent (BOLD) 

signals and functional connectivity (i.e., associations or activity) during resting-

state (n = 2), or during tasks assessing inhibitory control (n = 1), mental flexibility 
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(n = 1), or both inhibitory control and attention (n = 1). Greater levels of the 

BOLD signal indicate greater brain activation, while greater connectivity 

indicates increased synchronized neural activity between brain regions. Only one 

DTI study measured fractional anisotropy (FA) and mean diffusivity (MD) in 

brain tissues during sedation/resting state (Cai et al., 2020). The FA and MD 

measures are indicative of white matter fiber density, axonal diameter, and 

myelination, with increased FA and decreased MD reflecting altered white matter 

organization. Lastly, one fNIRS study recorded the concentration of 

oxyhemoglobin during an inhibitory control task (Bremer et al., 2020); Typically, 

higher levels of oxyhemoglobin (Oxy-Hb) indicate greater activation in measured 

brain regions (details in Tables 5.3, 5.4). 

5.3.6 Chronic and Acute Neural Effects of Movement Interventions 

Sixteen of the 18 studies that assessed chronic effects of movement 

interventions reported positive effects on at least one neural measure, whereas 12 

of the 15 studies that assessed the acute effects of exercise reported significant 

beneficial effects in at least one neural measure after a single bout of exercise 

(Table 5.5, 5.6). We were able to calculate effect sizes for 13 chronic and 9 acute 

effect studies based on the means and standard deviations (and/or standard errors) 

provided in the publications. The effect sizes of the chronic effect studies ranged 

from -2.34 to 2.87 (negative effect sizes indicate reduced neural activity post-

intervention), with 10 studies having the 95% confidence intervals (CI) of at least 

1 variable not including 0 (Figure 5.2; Table E.4). The effect sizes of the acute 

effect studies ranged from -1.1 to 1.17, with 3 studies having the 95% CI of at 
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least 1 variable not including 0 (Figure 5.3; Table E.4). Although more studies are 

needed to investigate the differences between chronic and acute effects of 

movement intervention, the current literature confirms larger effect sizes 

following multiple sessions (chronic) versus a single training session (acute). 
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Figure 5.2 Effect sizes of the chronic neural effects after movement interventions. 

The mean (solid circle) and 95% CI of the Hedgesô g effect sizes were 

provided for studies on chronic effects of the physical 

activity/movement interventions. The data on the left side shows the 

effect sizes for within-group comparisons (pre vs. post), while the data 

on the right side shows effect sizes for between-group comparisons 

(Experimental group vs. control group); aShows that the 95% CIs of 

within-group comparisons does not include 0; bShows that the 95% CIs 

of between-groups comparisons does not include 0. Shaded variable 

indicates that the 95% CIs of between and/or the within-group 

comparisons does not include 0. FA = Fractional anisotropy; MD = 

Mean Diffusivity; L = left; R = right; EC = Eyes closed; EO = Eyes 

opened; Go = the go condition during the Go-no-go task; No go = the 

no go condition during the Go-no-go task; CON = Congruent condition 

during the Flanker task, IN = incongruent condition during the Flanker 

task; Success = the trials when the participants successfully inhibited 

the impulses; Fail = the trials when the participants failed to inhibit the 

impulses; SA = selective attention; Fz, Cz, Pz, FCz, CPz refer to the 

locations on the head according to the international 10-20 system; amp 

= amplitude. Please note that to ensure accuracy and to allow between-

study comparisons, this table only includes the effect sizes of the 

outcome variables for which the means, standard deviation/standard 

error of means, and study sample sizes were provided by the original 

papers. 
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Figure 5.3 Effect sizes of the acute neural effects after movement interventions. 

The mean (solid circle) and 95% CI of the Hedgesô g effect sizes were 

provided for the studies focused on the acute effects of the physical 

activity/movement interventions. The data on the left side show the 

effect sizes for within-group comparisons (pre vs. post), while the data 

on the right side show the effect sizes for between-group comparisons 

(Experimental group vs. control group); aShows that the 95% CIs of 

within-group comparisons does not include 0; bShows that the 95% CIs 

of between-groups comparison does not include 0. Shaded variable 

indicates that 95% CIs of between- and/or within-group comparisons 

does not include 0; L = left; R = right; CON = Congruent condition 

during the Flanker task, IN = incongruent condition during the Flanker 

task; DM = decision making; Fz, Cz, Pz, FCz, CPz refer to the 

locations on the head according to the international 10-20 system. Oxy-
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Hb = concentration of the oxygenated hemoglobin; amp = amplitude. 

Please note that to ensure accuracy and to allow between-study 

comparisons, this table only includes the effect sizes of the outcome 

variables for which the means, standard deviation/standard error of 

means, and study sample sizes were provided by the original papers. 
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Table 5.5. Main results of the chronic effect studies 

 

STUDY

, YEAR 

NEUROIMAGING 

TASK/ TOOL  

NEUROIMAGING FINDINGS  BEHAVIORAL FINDINGS  CORRELATION FINDINGS  

AUTISM SPECTRUM DISORDERS 

BRA, 

2015 

Sleep/  

EEG 

W: Sleep EEG variables, including total 

sleeping time, etc.: Post å Pre 

 

W: Sleep quality (Insomnia 

severity index) & mood: å; Ball 

skills & balance: ŷ  

- 

 

CAI, 

2020 

Resting-state/  

DTI 

W&B: FA in corpus callosum, fornix, cerebral 

peduncle, internal capsule, L anterior corona 

radiates, L superior fronto-occipital fasciculus:  

Post > pre; E > C; MD in Bil corticospinal 

tracts, and L anterior corona radiate:  Post > 

Pre; E > C 

 

W: Social responsiveness 

(SRS): ŷ  

Children who had lower social 

cognition performance (SRS) showed 

greater training-related changes in 

white matter integrity  

CHA, 

2013 

Go-no-Go/  

EEG 

W(No-Go condition): theta activation over 

anterior cingulate cortex:  Post > Pre 

W: Self-control (ToL, CCTT, 

FPT): ŷ; Behavior (parent 

rating): ŷ; Autism related 

performance: ŷ  

 

- 

 

CHA, 

2015 

Visual memory/ 

EEG 

 

W: Randomized- Theta source activity over 

Bil prefrontal, L parietal and temporal &  Theta 

coherence over L frontoposterior:  Post > Pre; 

Organized:  Theta source activity over Bil 

prefrontal, parietal, and temporal & and Theta 

coherence over Bil intra-frontoposterior and 

inter-frontoposterior:  Post > Pre 

W: Randomized- memory 

(sematic cluster score): ŷ; 

Organized- memory (total 

recall & visual scanning score): 

ŷ 

- 

COR, 

2016 

Face memory task/ 

EEG 

W&B:  ERP amp over parietal: Post > Pre; E > 

C 

W:  Memory of face (immediate 

& delayed) & adaptive 

behaviors: ŷ; B:  Memory of 

- 
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face (delayed), ToM, adaptive 

behaviors, social 

responsiveness, group play: ŷ 

 

LAG, 

2019 

Sensory gating/ 

EEG 

W: P50 and N100 difference scores 

(differences between peak-to-peak amplitude 

between 1st & 2nd click) over Cz:  Post å Pre 

W: Selective attention: ŷ; 

Switching, sustained, overall 

attention:  å 

Pre intervention: P50 difference 

scores &  sustained attention (r = 

0.77); N100 difference score &  

selective attention (r = -0.78) 

SHA, 

2018 

Resting-state/  

fMRI  

B: Connectivity between auditory and 

subcortical and motor regions: E > C; 

Connectivity between auditory and visual 

regions: E < C 

W: Adaptive functions: ŷ 

B: Communication skill: ŷ 

 

Post intervention: Greater 

communication skill is associated 

with increased connectivity between 

auditory & subcortical regions and 

decreased connectivity between 

auditory & visual regions 

YAN, 

2021 

Resting-state/ 

fMRI  

W: Connectivity between left inferior frontal 

gyrus and right cerebellum:  Post > Pre 
W: Social cognition: ʣ Intervention effect: Differences in 

fMRI connectivity was not correlated 

to social performance 

ATTENTION -DEFICIT/HYPERACTIVITY DISORDER  

CHO, 

2015 

Wisconsin Card 

Sorting Test /  

fMRI  

W: R frontal, L parietal: Post > Pre; R 

temporal lobe: Post < Pre 

B:  R frontal: E > C 

B:: Mental flexibility 

(preservation error): ʣ; 

ADHD-related performance 

(K-ARS total score): ʣ  

Intervention effect: Increased 

activity over R prefrontal cortex was 

associated with improved ADHD-

related performance (K-ARS, r = -

0.57) and mental flexibility 

(perseverative errors, r = -0.53) 

HUA, 

2017 

Resting-state/  

EEG 

 

B: Theta/alpha ratios over frontal (F3, F4, Fz) 

and central regions (C3, C4, Cz): E < C  

-  

JAN, 

2016A 

Stop sign task/ 

 EEG 

W: N2 amp over Fz, Cz, Pz: Post > Pre 

B: P3 amp over Fz, Cz, Pz: C > E 

- Pre intervention: Larger P3 amp 

over Cz was associated with better 

inhibitory control (reaction time, r =  

-0.566) 

Intervention effect- E&C: training-

related increase of N2 amp over Cz 

was associated with the improvements 
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in inhibitory control (reaction time, r 

= -0.284) 

JAN, 

2016B 

Resting & Stop sign 

task/ EEG 

B- resting: Mean power reduction of Theta 

frequency over Fz, Cz, Pz: C > E  

B- Stop sign task: Mean power reduction of 

Theta and Alpha frequency over Fz, Cz, Pz: C 

> E 

- Pre intervention: Theta power 

during resting and stop sign task was 

associated with hyperactivity 

(teacher-rated inattention 

hyperactivity, r = 0.33 to 0.39); Alpha 

power during resting is associated 

attention (parent-reported inattentive, 

r = -0.22) and inhibitory control 

(errors during stop sign task, r = 0.22)  

LEE, 

2017 

Resting & Stroop 

color and word test/ 

EEG 

W&B -resting:  Beta wave over F3 and F4: 

Post å Pre; E å C 

W&B -Stroop:  Beta wave over F3: Post > Pre, 

E > C; Beta wave over F4: Post > Pre, E å C 

W: Mental flexibility -Color 

word score: ʣ; B: Mental 

flexibility (Color word and 

interference scores): å 

 

 

 

- 

SMI, 

2019 

Go-no-Go/  

EEG 

B: N2 amp, N2 latency, P3 amp over frontal 

central and posterior parietal:  E å C; P3 

latency over frontal central and posterior 

parietal:  E < C 

B: Inhibitory control (accuracy 

and reaction time): ʣå  
-  

DEVELOPMENTAL COORDINATION DISORDER  

TSA, 

2012 

Visuospatial 

attention/  

EEG 

 

B: P3 latency over occipital, parietal, temporal 

regions: E < C; N2 latency, N2 amp, P3 amp 

over occipital, parietal, temporal regions:  E å 

C 

B: Attention: error rate: å; 

reaction time: ʣ; Motor skills 

(M-ABC): ʣ 

-  

TSA, 

2014 

Visuospatial 

working memory/ 

EEG 

B: 1st & 2nd Stimuli evoked P3 amp over 

frontal, central, temporal, parietal and occipital 

regions: E > C  

B: Working memory (respond 

accuracy): ʣ; 

Cardiorespiratory fitness: ʣ; 

Motor skills (M-ABC): ʣ 

-  

LEARNING DISABILITIES  

MIL, Flanker and B: P3 amp during Flanker incongruent: E > C; B: Inhibitory control (Response - 
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2019 selective auditory 

attention/ EEG 

P3 amp & latency during Flanker congruent & 

attention tasks:  E å C 

accuracy & reaction time 

during Flanker and attention 

tasks):   å; attention (Conner3 

inattentive subscale): ʣ 

INTELLECTUAL DISABILITIES  

CHE, 

2021 

Resting-state/ EEG W: Frontal alpha asymmetry: Post > Pre W:  Endurance (6 min walk 

test): ʣ, Badminton skill: ʣ 

Post > Pre; Cardio capacity 

(resting heart rate): ʣ 

-  

 

W:  results from the within group comparisons of the experimental group between pre & post-tests; B: Results from the between group 

comparisons of pre-test adjusted/unadjusted post-test scores and/or differences between pre-and post-tests; E: experimental group; C: 

Comparison group; EEG: Electroencephalogram; DTI : Diffusion Tensor Imaging; fMRI : Functional magnetic resonance imaging; 

FA: Fractional Anisotropy; MD : Mean Diffusivity; SRS: Social responsiveness scale; ATEC : autism treatment evaluation checklist, 

ToL : Tower of London, CCTT: childrenôs color trials test; FPT: Five-point test; K-ARS: Dual attention deficit hyperactivity disorder 

rating scale-Korean version; ToM : Theory of mind;  Pre: the neuroimaging findings and/or behavioral performance during pre-

test/baseline; Post: the neuroimaging findings and/or behavioral performance during post-test/after intervention; L : left; R: Right; Bil : 

Bilateral; ŷ: improved performance after intervention (Within-group comparison) or better performance in the experimental compared 

to the control group (Between-group comparison); å : no significant within and between groups differences. 
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Table 5.6. Main results of the acute effect studies 

STUDY, 

YEAR 

NEURAOIMAING 

TASKS/ TOOLS 

NEUROIMAING FINDINGS  BEHAVIORAL FINDINGS  CORRELATION 

FINDINGS 

AUTISM SPECTRUM DISORDER  

BRA, 

2015 

Sleep/ EEG B: Sleep EEG, including total sleep time: 

Post > Pre  

- 

 

- 

BRE, 

2020 

Attention sustained 

subtest of the Leiter 

International 

Performance Scale/ 

fNIRS 

W-Circuit: Oxy-Hb in prefrontal cortex:  

Post > Pre 

W-Treadmill: å 

W-Circuit: Attention (response 

accuracy): ŷ 

W-Treadmill: Attention (response 

accuracy): å 

W&B - Circuit & Treadmill: Affect, 

perceived mental exertion, motivation, 

self-efficacy: å 

- 

ATTENTION -DEFICIT/HYPERACTIVITY DISORDER  

CHO, 

2016 

Resting state/ EEG W: Absolute theta in left frontal, relative 

theta along midline:  Post < Pre; absolute 

alpha in the central and posterior, relative 

alpha globally:  Post > Pre 

- - 

CHU, 

2021 

Resting state/EEG B: Frontal lobe asymmetry: E1 > E2 > C - Increased frontal lobe 

asymmetry is associated with 

decreased internalized 

problems (r = -0.437) 

HUA, 

2018 

Resting state/ EEG W&B:  Theta/Beta ratio over Fz, Cz, Pz: Post 

< Pre; E < C 

- - 

HUN, 

2016 

Task switching 

paradigm/ EEG 

P3 amp over Fz, Cz, Pz: Mix condition > 

Pure condition 

B: Mental flexibility (shift cost of 

reaction time (mix-pure)): ŷ 

 

- 

LUD, 

2017 

Modified Flanker task/ 

EEG 

W&B:  P3 amp over parietal regions:  Post > 

Pre; E > C 

 

W&B:  Inhibitory control (reaction 

time): ŷ  

- 

MEH, 

2019A 

Flanker & Visual 

attention task/ fMRI 

B-Flanker task:  E å C  

B-Visual attention task: R superior frontal 

B-Flanker task: Inhibitory control 

(reaction time): ŷ 

Individual with better aerobic 

capacity (VO2peak) showed 
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gyrus and anterior frontopolar part of the 

prefrontal cortex:  E < C 

greater training related 

improvement in inhibitory 

control (reaction time) (r = 

0.233) 

MEH, 

2019B 

Go-no Go task/ fMRI B: Bil occipital, temporal, and parietal 

regions:  E > C 

B: Inhibitory control (response 

accuracy and reaction time):  å 

Greater activation over 

supramarginal gyrus, superior 

temporal gyrus, and rolandic 

operculum is associated with 

better inhibitory control 

(accuracy) (r2 = 0.288) 

PON, 

2013 

Flanker task/ EEG B: P3 amp:  E > C; P3 latency over FC, Cz, 

and CPz: E < C; ERN amp:  E å C 

B: Inhibitory control (response 

accuracy): ŷ Reading comprehension 

and arithmetic: ŷ 

- 

TSA, 

2021 

Resting state & 

Flanker/ EEG 

Resting-W:  E1, Alpha power: Post > Pre;  

B: Alpha power: E1 > E2 > E3 

Flanker: congruency effects of P3 latency 

found in E1 and E3 but not E2 

 

Flanker: Response accuracy: E3 å E2 

å E1; Reaction time: E1 & E2 < E3 

Flanker: In E2, Greater 

increase in alpha power is 

associated with greater 

improvement in inhibitory 

control (reaction time) 

YU, 

2020 

Flanker task/ EEG B: N2 amp over Fz, FCz, Cz:  E > C; N2 

latency over Fz, FCz, Cz:  E < C; P3 amp & 

latency over CPz & Pz: E å C  

B: Inhibitory control (response 

accuracy): ŷ  

Increased N2 amplitude and 

decreased N2 latency is 

associated with greater 

improvement in inhibitory 

control (response accuracy) (r 

= -0.44& -0.46) 

INTELLECTUAL DISABILITIES  

CHE, 

2016 

Resting state/ EEG W:  Frontal alpha asymmetry: Pre å Post - Individuals with greater rate of 

perceived exertion has less 

training related changes in 

frontal asymmetry 

VOG, 

2012 

Resting state/ EEG W: Cortical current density in rectal gyrus, 

medial frontal gyrus, orbital gyrus, and 

Brodmann area 11&25: Post < Pre 

W: Mood & motivation: ŷ; cognition 

(accuracy & reaction time): å 

- 
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VOG, 

2013 

Resting state & 

Decision making/ 

EEG 

W (decision making): Current density over 

medial frontal gyrus during resting state &  

N2 latency over frontal lobe: Post < Pre; N2 

amp over frontal lobe: Pre å Post 

W: Decision making (reaction time): ŷ - 

W:  results from the within group comparisons of the experimental group between pre & post-tests; B: Results from the between group 

comparisons of pre-test adjusted/unadjusted post-test scores and/or differences between pre-and post-tests; E: experimental group 

(E1= the first experimental group; E2 = the second experimental group; E3 = the third experimental group); C: Comparison group. 

EEG: Electroencephalogram; fNIRS: functional near infrared spectroscopy; fMRI : Functional magnetic resonance imaging; Pre: the 

neuroimaging findings and/or behavioral performance during pre-test/baseline; Post: the neuroimaging findings and/or behavioral 

performance during post-test/after intervention; L : left; R: Right; Bil : bilateral; amp: amplitude; ŷ: improved performance; å : no 

significant changes between groups, or between pre and post-tests. 
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5.3.7 Structural and Functional Changes As Well As Domain-Specific 

Neural Effects of Movement Interventions 

5.3.7.1 Structural Organization 

Using DTI, one study investigated the training-related changes in the 

structural organization of brain tissue (Cai et al., 2020). Specifically, Cai et al. 

(2020) found training-related improvements in social responsiveness and 

normalized fractional anisotropy in the fornix, fronto-occipital fasciculus, 

cerebellar peduncle, internal capsule, anterior corona radiate (Hedgesô g = 0.46 to 

2.70 (within); -1.51 to 2.87 (between)), as well as decreased mean diffusivity in 

bilateral corticospinal tracts (Hedgesô g = -0.58 and -0.72 (within); -1.12 to -1.51 

(between)) after 12 weeks of mini-basketball training in children with ASD (Cai 

et al., 2020). 

5.3.7.2 Sleep Quality  

There was one study that investigated the chronic and acute effects of a 

movement intervention on sleep quality in children with ASD (Brand et al., 2015). 

Specifically, Brand et al. (2015) conducted sleep EEG in children with ASD 

before and after 3 weeks of aerobic exercise and motor skill intervention (chronic 

effects) and assessed acute effects of the intervention by collecting EEG data 

during nights preceded by days when the intervention was provided as well as 

nights preceded by days when no intervention was provided (acute effects; Brand 

et al., 2015). They found improved sleep quality in children with ASD (higher 

sleep efficiency, % of deep sleep, % slow-wave sleep, and reduced sleep onset 
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latency) in the nights preceding intervention days compared to the nights 

preceding days without intervention (positive acute effect; absolute Hedgesô g = 

0.15 to 1.39 (within); Table E.4; Brand et al., 2015). Although there was no 

significant chronic effect of the movement intervention on sleep quality as 

assessed using the Sleep EEG measure (absolute Hedgesô g = 0.04 to 0.75 

(within); Table E.4), better ball skills and balance performance were reported 

after 3 weeks of aerobic and motor skill intervention (See Table 5.5, 5.6). In short, 

there were greater acute compared to chronic effects of physical activity on sleep 

quality in children with ASD. 

5.3.7.3 Emotional Responses to Movement Interventions 

Three studies investigated the changes in EEG resting-state frontal 

asymmetry after chronic and acute movement interventions in children with ID 

and ADHD (Chueh et al., 2021; Chen et al., 2021; Chen et al., 2016). Typically, 

greater left than right frontal activity is associated with motivation to continue 

physical activity/tasks, whereas greater right than left frontal activity is associated 

with lower levels of motivation to pursue physical activity/tasks. Although Chen 

et al. (2016) found reduced left frontal asymmetry after 20 minutes of treadmill 

running exercise, indicating low motivation to adhere to exercises (Hedgesô g = -

0.26 (within)) (114); Chueh et al. (2021) found increased left frontal asymmetry 

after 50 minutes of treadmill running compared to 30 minutes of treadmill running 

and sedentary video watching (E1 (50 min): Hedgesô g = 0.78 (within), 1.17 

(between); E2 30 min: Hedgeô g = -0.41 (within), -0.02 (between); Chueh et al., 

2021). Moreover, Chen et al. (2021) found increased left frontal asymmetry after 
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10 weeks of badminton training, indicating better motivation to engage in a 

chronic ball skill intervention (Hedgesô g = 0.59 (within), -0.66 (between); Table 

5.5, 5.6, D.4; Chen et al., 2021). Due to the inconsistent results, more studies are 

needed to understand how duration and types of physical activity/ movement 

intervention might lead to different levels of motivation to pursue exercise and the 

subsequent effects on exercise adherence (indicated by left frontal asymmetry). 

5.3.7.4 Resting-State Cortical Arousal  

Using EEG, several studies found changes in resting-state slow- and fast-

wave activity in children with ADHD, suggesting normalized cortical arousal 

level after movement interventions (Choi et al., 2015; Huang et al., 2017, 2018; 

Janssen et al., 2016b; Tsai et al., 2021). Specifically, Janssen et al., (2016b) found 

decreased theta activity over the midline regions (Fz, Cz, and Pz) after 28 

physical activity training sessions (Janssen et al., 2016b), and Huang et al. (2017) 

found decreased EEG theta/alpha ratios over frontal (F2, F4, Fz) and central (C3, 

C4, Cz) regions following an 8-week water aerobics intervention compared to a 

control intervention (Hedgesô g = -0.63 and -0.72 (within); -0.60 and -0.61 

(between); Huang et al., 2017). Similar results were found in acute effect studies, 

with Huang et al. (2018) reporting reduced theta/beta ratios in the midline regions 

(Hedgesô g = -0.04 to -0.20 (within); -0.21 to -0.35 (between); Huang et al., 2018), 

Tsai et al. (2021) reporting increased alpha power after a single bout of treadmill 

running (E1: Hedgesô g = 0.29; E2: Hedgesô g = 0.20; E3: Hedgesô g = -0.11 

(within); Tsai et al., 2021), and Choi et al. (2016) reporting increased alpha band 

and reduced theta band/theta-beta ratio after a single bout of dynamic stretching 
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exercise, indicating improved normalized cortical arousal (Choi et al., 2015). 

Although the associations between neural and behavioral/symptoms remain to be 

explored, our review of the literature suggests that both chronic and acute 

movement interventions seem to lead to normalized cortico-subcortical crosstalk 

in children with ADHD (Table 5.5, 5.6, D.4).  

5.3.7.5 Resting-State Connectivity 

fMRI studies found training-related changes in resting-state neural activity 

in regions important for social communication skills in children with ASD 

(Sharda et al., 2018; Yang et al., 2021).  Yang et al, (2021) found increased 

connectivity between the left inferior frontal gyrus and the right cerebellum after 

mini-basketball training (Yang et al., 2021). Similarly, Sharda et al. (2018) found 

reduced resting-state fMRI over-connectivity between the auditory and visual 

regions and under-connectivity between the auditory and motor regions after 8 to 

12 weeks of music therapy in children with ASD (Sharda et al., 2018). Moreover, 

the changes in connectivity were associated with improvements in communication 

skills in children (Sharda et al., 2018). Overall, these findings suggest that 

movement interventions might benefit the social communication performance of 

children with ASD through more efficient social/motor information transmission 

(Table 5.5, 5.6, D.4; Sharda et al., 2018; Choi et al., 2015). 

5.3.7.6 Inhibitory Control  

Using different inhibitory control tasks (including Stop sign task, Go-no-Go, 

Flanker tasks, Visuospatial attention paradigm, decision making, and the attention 
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sustained subtest of the Leiter international performance scale), multiple studies 

found improved behavioral performance and/or associated neuroplastic changes in 

EEG/fNIRS/fMRI neural activity after movement interventions in individuals 

with ADHD, ASD, DCD, and LD (Bremer et al., 2020; Chan et al., 2013; Janssen 

et al., 2016a, 2016b; Ludyga et al., 2017; Mehren et al., 2019a, 2019b; Pontifex et 

al., 2013; Smith et al., 2019; Yu et al., 2020; Tsai et al., 2012a; Milligan et al., 

2019; Vogt et al., 2013). In terms of behavioral effects of movement interventions, 

although a few studies failed to report significant changes in inhibitory control 

performance in children with developmental disabilities (Mehren et al., 2019b; 

Smith et al., 2019; Milligan et al., 2019), others reported increased response 

accuracy (Bremer et al., 2020; Pontifex et al., 2013; Yu et al., 2020), and reduced 

reaction time during inhibitory control tasks (Ludyga et al., 2017; Mehren et al., 

2019a; Tsai et al., 2012a; Vogt et al., 2013), as well as improved parent-reported 

performance in tasks assessing self-control abilities in individuals with 

developmental disabilities (Chan et al., 2013).  

For the EEG-related neural effects, the P3b and N2 amplitude/latency were 

two of the most frequently studied ERP components during inhibitory control 

tasks (Janssen et al., 2016a; Ludyga et al., 2017; Pontifex et al., 2013; Smith et al., 

2019; Yu et al., 2020; Milligan et al., 2019). Overall, movement interventions led 

to a normalization of EEG neural activity, including increased amplitude of P3b 

(Hedgesô g = 0.31 to 0.84 (within), 0.39 to 0.84 (between)) (Ludyga et al., 2017; 

Pontifex et al., 2013; Milligan et al., 2019), and N2 peak (Hedgesô g = -0.39 to 

0.02 (within), -0.06 to -0.52 (between); Janssen et al., 2016a; Yu et al., 2020), as 
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well as reduced latency of P3b (Hedgesô g = -0.15 to -0.30 (within), -0.03 to -1.26 

(between); Pontifex et al., 2013; Smith et al., 2019; Tsai et al., 2012a), and N2 

waves (Hedgesô g = -0.18 to -0.45 (between); Yu et al., 2020; Vogt et al., 2013). 

Similarly, using fNIRS, Bremer et al. (2020) found increased oxyhemoglobin 

concentration over the prefrontal cortex following circuit training but not after a 

treadmill training intervention (Hedgesô g = 0.64 and 0.10 (within), respectively; 

Bremer et al., 2020). For fMRI-related neural effects, two papers from the same 

research group found increased activation over the temporal (superior and middle 

temporal regions), parietal (i.e., superior and inferior parietal gyri, postcentral and 

supramarginal gyri), and occipital lobes during Go-no-go tasks (Mehren et al., 

2019a), but no significant changes in brain activity during the Flanker task after a 

single bout of cycling exercise (Mehren et al., 2019b). Taken together, despite 

some inconsistent results, several studies found improved inhibitory control along 

with normalized EEG and higher levels of activation in task-appropriate neural 

substrates using fMRI/fNIRS (Table 5.5, 5.6, D.4). 

5.3.7.7 Mental Flexibility  

Three studies investigated the effects of the movement-related intervention 

on mental flexibility in children with ADHD and found improved behavioral 

performance (Choi et al., 2015; Hung et al., 2016; Lee et al., 2017). Specifically, 

Lee et al. (2017) found increased color-word score during the Stroop task after 12 

weeks of combined exercise (Lee et al., 2017); Hung et al. (2016) found improved 

reaction times during task switching after 30 minutes of treadmill running (Hung 

et al., 2016); Choi et al. (2015) found fewer preservation errors during Wisconsin 
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Card Sorting test after the 13 minutes of dynamic stretching exercise (Choi et al., 

2015). For neural activity findings, Lee et al. (2017) found increased EEG beta 

wave activity over the frontal regions (F3 & F4) in children with ADHD after 12 

weeks of combined movement exercise (including balancing, jumping rope, and 

stretching) (Hedgeô g = 0.70 to 1.77 (within), -0.49 to 1.66 (between)); Lee et al., 

2017). Similarly, Hung et al. (2016) found increased P3b amplitude over the 

midline regions (Fz, Cz, Pz) during rule-shifting than non-shifting conditions after 

a single bout of treadmill running (Hung et al., 2016). Lastly, using fMRI, Choi et 

al. (2015) found increased activation over the right frontal and left parietal 

(Hedgesô g = 1.10 to 1.51 (within), 0.66 to 1.05 (between)), as well as decreased 

activation over the temporal lobe after 18 weeks of aerobic exercises (Hedgesô g = 

-2.17 (within), -1.81 (between)); Choi et al., 2015). Taken together, both acute 

and chronic movement-related interventions have positive effects on mental 

flexibility and led to normalized EEG and fMRI neural activity important for 

selective attention and stimulus processing/discrimination (Table 5.5., 5.6, D.4; 

Choi et al., 2015; Hung et al., 2016; Lee et al., 2017). 

5.3.7.8 Memory 

Two studies that focused on visual memory performance in children with 

ASD and one study that focused on the visuospatial working memory in children 

with DCD found positive effects of the movement-related intervention on 

behavioral memory tests as well as underlying neural activity performance along 

with training-related changes in neural activity (Chan et al., 2015; Corbett et al., 

2016; Tsai et al., 2014). Specifically, while Chan et al. (2015) found enhanced 
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memory (increased total recall) and better memory retrieval strategies (increased 

semantic clustering and visual scanning performance) in children with ASD after 

4 weeks for Nei Yang Gong/ martial art training (Chan et al., 2015), Corbett et al. 

(2016) found improved memory of faces with and without a delayed period in 

children with ASD after 10 weeks of SENSE-theater intervention (Corbett et al., 

2016). Similarly, Tsai et al. (2014) found enhanced response accuracy during a 

visuospatial working memory task (i.e., remember the spatial locations of 

ladybirds) in children with DCD after 16 weeks of aerobic exercise (Tsai et al., 

2014).  

For neural effects, Chan et al. (2015) found a training-related increase in 

EEG theta coherence over the frontoposterior regions, indicating better cortical 

connectivity between brain regions (Chan et al., 2015). On the other hand, Corbett 

et al. (2016) found normalized ERP amplitude between 300-500 ms after stimuli 

over the parietal lobe, after SENSE theater intervention, indicating enhanced 

working memory (Corbett et al., 2016). Lastly, Tsai et al. (2014) found increased 

P3b amplitude over the frontal, central, temporal, parietal, and occipital regions 

during the retrieval process when working on the visuomotor working memory 

task (Hedgesô g = 1.13 (between-group)); Tsai et al., 2014). Movement-related 

interventions might have positive effects on memory performance including 

visuospatial memory, memory of faces, and working memory, and lead to 

changes in neural activity important for resource allocation during the retrieval 

process (Table 5.5, 5.6. D.4; Chan et al., 2015; Corbett et al., 2016; Tsai et al., 

2014). 
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5.3.8  Associations Between Neural and Behavioral Improvements 

Few studies reported the correlation between neural and behavioral 

improvements after movement-related intervention (Choi et al., 2015; Janssen et 

al., 2016a; Yu et al., 2020). Using EEG, Janssen et al., (2016a) found a significant 

but relatively weak positive association between changes in N2 amplitude over Cz 

and improvements in inhibitory control (indicated by the change of reaction time 

during Stop Sign Signal task) after physical activity intervention (r = 0.22; 

Janssen et al., 2016a). Using fMRI, Choi et al. (2015) found moderate-sized 

associations between changes in right prefrontal activation and improvements in 

mental flexibility (shown as decreased preservation errors during Wisconsin card 

sorting test) and decreased ADHD symptoms after aerobic intervention (r = 0.53 

to 0.57; Choi et al., 2015). Similarly, Yu et al. (2020) found associations between 

increased EEG N2 amplitude/decreased N2 latency and the improvements in 

mental flexibility (indicated by increased accuracy during Flanker task; r = -0.44 

to 0.46; Supplementary Table 5.5, 5.6; Yu et al., 2020). The significant 

associations between neural and behavioral improvements suggest that the neural 

measures reflect the underlying neural mechanisms for behavioral improvements 

and may be used as objective and sensitive measures to assess intervention effects. 

5.4  Discussion 

This review aimed to summarize findings on neurobiomarkers of chronic 

and acute effects of physical activity/movement intervention using different 

neuroimaging tools and quantified effect size estimates for various neural 

outcome measures. Our review of 32 experimental studies revealed that 84% of 
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the studies were fair to good quality (RCT, CCT, or cross-over design studies) 

and supported the use of neuroimaging techniques, including EEG, fMRI, DTI, 

and fNIRS, as objective measures for capturing training-related changes in neural 

processing in individuals with developmental disabilities. Both chronic and acute 

movement interventions led to positive effects on behavioral measures of social 

communicational, emotional, and cognitive/executive functions (i.e., inhibitory 

control, mental flexibility, memory) as well as improved neural 

function/processing. We found larger effects for chronic movement interventions 

(Hedgesô g = -2.34 to 2.87) compared to acute effects of physical activity (Hedgesô 

g = -1.1 to 1.17). Specifically, movement training led to normalized resting-state, 

cortical arousal in children with ADHD, normalized resting-state neural 

connectivity between brain regions important for social communication 

performance in children with ASD, and normalized neural activity during 

executive functioning tasks (i.e., tasks involving inhibitory control, memory, and 

mental flexibility) in individuals with ADHD, ASD, DCD, and LD. Despite the 

promising results, more research with larger sample sizes and standardized 

neuroimaging methods across multiple diagnoses is needed to further explore the 

underlying neural mechanisms and to increase the replicability of findings within 

and across diagnoses. 

5.4.1 Neural Biomarkers for The Effect of Physical Activity/ Movement 

Intervention in Individuals with Developmental Disabilities 

With advances in neuroimaging techniques, more and more intervention 

studies are including neuroimaging tools as objective outcome measures of 
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intervention effects (McPartland et al., 2021). Systematic reviews involving 

healthy populations support the use of neuroimaging tools as outcome measures 

and propose potential mechanisms underlying training-related improvements 

(Halloway et al., 2017; Gramkow et al., 2020). The current systematic review 

extends these findings to individuals with developmental disabilities. A large 

proportion of the studies included in the current systematic review showed 

significant changes in at least one neural measure after movement intervention 

(Chronic: 16 out of the 18 included studies; Acute: 12 out of the 15 included 

studies). Moreover, the training-related changes in neural activity were correlated 

with behavioral improvements as indicated by a few studies included in the 

review (Choi et al., 2015; Janssen et al., 2016a; Yu et al., 2020). In short, 

neuroimaging tools may serve as promising outcome measures to objectively 

report training effects in individuals with developmental disabilities. Below, we 

summarize the key findings of the review in terms of neural effects and associated 

biomarkers of movement interventions in individuals with developmental 

disabilities. 

5.4.1.1 Normalized Resting-State Cortical Arousal and ERP Components 

During Executive Functioning Tasks in Individuals with 

Developmental Disabilities 

The EEG resting-state fast-wave (i.e., Alpha and Beta band), slow-wave 

(i.e., Theta band), and their ratios (i.e., Theta/alpha and Theta/Beta ratios) are said 

to reflect the cortico-subcortical crosstalk/arousal, which in turn affect executive 

functioning performance (Schutter et al., 2006). Most studies assessing cortical 
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arousal have focused on individuals with ADHD and found reduced resting-state 

fast-wave activity (i.e., alpha and beta bands), increased slow-wave activity (i.e., 

Theta band), and increased theta/alpha, theta/beta power ratios in individuals with 

ADHD compared to healthy individuals (Snyder & Hall, 2006; Lansbergen et al., 

2011). The ADHD-related differences in resting-state activity might reflect 

atypical cortical-subcortical crosstalk/arousal and a lack of inhibition of irrelevant 

sensory inputs (Schutter et al., 2006; Rowe et al., 2005). Studies included in the 

current systematic review found normalized EEG resting-state activity (i.e., 

increases in alpha power (Choi et al., 2015; Tsai et al., 2021), as well as decreases 

in theta power (Choi et al., 2015; Janssen et al., 2016b) and theta/alpha (Huang et 

al., 2017) and theta/beta ratios (Choi et al., 2015; Huang et al., 2018) after aerobic 

physical activity, suggesting normalized cortico-subcortical crosstalk/arousal in 

children with ADHD.  

Apart from resting-state neural activity, several ERP components are said to 

be reflective of neural processing during executive functioning tasks. For example, 

greater P3b/N2 amplitudes and shorter P3b/N2 latency indicate more efficient 

stimuli processing, response monitoring, and memory storage (Polich, 2007). 

Case-control studies suggested reduced P3b and N2 amplitudes and increased 

latencies during inhibitory control and mental flexibility tasks in individuals with 

ASD, ADHD, and/or LD (Barry et al., 2003; Huber et al., 2005; Polich, 2007). 

Moreover, children with DCD were found to have smaller P3b amplitude during a 

visuospatial working memory task compared to their TD peers (Tsai et al., 2012a). 

Studies included in the current systematic review found training-related 
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behavioral improvements along with increased P3b amplitude (Ludyga et al., 

2017; Pontifex et al., 2013; Tsai et al., 2014; Milligan et al., 2019), N2 amplitude 

(Hung et al., 2016; Janssen et al., 2016a; Yu et al., 2020), as well as reduced P3b 

latency (Pontifex et al., 2013; Smith et al., 2019; Tsai et al., 2012a) and N2 

latency (Yu et al., 2020; Vogt et al., 2013) in children with ASD, ADHD, LD, and 

DCD during inhibitory control, mental flexibility, and working memory tasks. 

Similar neural mechanisms were found in healthy individuals, with increased P3b 

amplitude and reduced P3b latency during executive functioning tasks associated 

with higher fitness levels (Hillman et al., 2005, 2009). It is postulated that aerobic 

exercise may lead to changes in cerebral metabolism, increased blood flow, and 

the release of neurotransmitters/ neurotrophic factors, such as norepinephrine and 

dopamine, and serum brain derived neurotrophic factors, leading to changes in 

cortical arousal which in turn increase the efficacy of stimuli processing, response 

monitoring, and memory storage during executive functioning tasks (Ferris et al., 

2007; McMorris & Hale, 2015; Secher et al., 2008). 

5.4.1.2 Increased Social Brain Connectivity in Children with ASD 

Children with ASD are known to have abnormalities in cortico-cortical and 

cortico-subcortical connectivity (Courchesne et al., 2007; Just et al., 2012; 

Kennedy & Courchesne; Vasa et al., 2016). For example, excessive short-range 

connectivity (prefrontal, temporal, etc.) and reduced long-range connectivity 

between cortical regions (fronto-parietal, fronto-temporal, etc.) as well as between 

various cortical and subcortical structures (cortico-cerebellar and cortico-striatal 

connections) are well-documented in children and adolescents with ASD 
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(Courchesne et al., 2007; Just et al., 2012; Kennedy & Courchesne, 2008; Vasa et 

al., 2016; Cheung et al., 2009; Nair et al., 2013; Shukla et al., 2011). DTI studies 

have found that children with ASD have lower fractional anisotropy and higher 

mean diffusivity values in the corpus callosum, internal capsule, frontooccipital 

fasciculus, and corticospinal tract, and these differences were associated with their 

social communication deficits (Cheung et al., 2009; Shukla et al., 2011). The DTI 

and fMRI studies in this systematic review reported training-related changes in 

resting-state neural activity in regions important for social communication 

performance in children with ASD (Cai et al., 2020; Sharda et al., 2018; Yang et 

al., 2021). After 12 weeks of mini-basketball training in children with ASD, 

training-related improvements in social responsiveness were reported (Cai et al., 

2020; Yang et al., 2021). Additionally, using DTI and fMRI, researchers also 

found normalized white matter integrity (including increased fractional anisotropy 

in the corpus callosum, fornix, fronto-occipital fasciculus, cerebellar peduncle, 

internal capsule) and mean diffusivity in the corticospinal tract, as well as 

increased connectivity between left inferior frontal gyrus and right cerebellum 

(Cai et al., 2020; Yang et al., 2021). Movement interventions such as mini-

basketball training are team sports that require children to set goals, make 

decisions, take turns, communicate with each other, and manage conflicts in a 

supportive environment, which in turn, might improve social responsiveness of 

children with ASD. At a neural level, this may present as increasing efficacy of 

social/motor information transmission and normalizing of white matter integrity 

(Cai et al., 2020). 
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Similarly, Sharda et al. (2018) found reduced resting-state fMRI 

overconnectivity betwenn the auditory and visual regions and underconnectivity 

between the auditory and motor regions after 8 to 12 weeks of music therapy in 

children with ASD (Sharda et al., 2018). Moreover, the changes in connectivity 

were associated with improvements in childrenôs communication skills (Sharda et 

al., 2018). Music and movement interventions/experiences are known to have 

multisystem and multimodal effects on social, language, and cognitive 

performance of typically developing children/ healthy adults and those with 

developmental disabilities (Srinivasan & Bhat, 2013a). Musical training involves 

turn-taking and tuning to the actions of partners during duet/group musical 

performance which engages the social brain networks in the 

frontotemporoparietal cortices (Iacoboni, 2005; Molnar-Szakacs et al., 2012). One 

study found greater fNIRS activation in the temporo-parietal and sensorimotor 

regions of musicians when they played the second violin part as followers 

compared to when they played the first violin part as leaders which required 

greater individual motor planning (Vanzella et al., 2019). Such repeated 

experiences may shape the cortical connectivity of individuals over the long term. 

DTI measures in musicians with 15 years of experience found reduced diffusivity 

and greater fiber coherence in effector-specific pathways including corticospinal 

tracts, superior longitudinal fasciculus, and corpus callosum (Giacosa et al., 2019). 

Additionally, structural MRI studies have widely confirmed that musical training 

leads to enhancements in the gray and white matter of auditory and effector-

specific motor cortices which were in turn associated with musical performance 
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of the participants (Han et al., 2009; Groussard et al., 2014). These findings 

further confirm the neuroplastic changes following musical training reported by 

Sharda et al. (2018). They postulated an increase in bottom-up sensory processing 

following music therapy which may contribute to the functional connectivity 

changes within the auditory and motor cortices. Nevertheless, there is limited 

literature on cascading social communication effects of physical 

activity/movement intervention on the neural functioning of individuals with 

disabilities, and results from this review need to be further confirmed by other 

studies with larger samples and long-term follow-ups. 

5.4.1.3 Increased Functional Activation/Connectivity Within Frontal -

Parietal Network During Executive Functioning Tasks in 

Individuals with Developmental Disabilities 

The frontoparietal network, primarily composed of the lateral prefrontal, 

inferior parietal lobe, and posterior inferior temporal lobes, plays an important 

role in executive functioning, including inhibitory control, mental flexibility, and 

memory retrieval (Behrmann et al., 2004; Uddin, 2021; Weiss & Rappelsberger, 

2000; Zhang et al., 2017). Specifically, the prefrontal cortex is important for 

monitoring and sending top-down signals to other cortical/subcortical regions 

(Funahashi & Andreau, 2013); while the parietal regions are particularly 

important for selective attention whereby the information is selected for 

preferential processing (Behrmann et al., 2004; Zhang et al., 2017). Case-control 

studies had found hypoactivation over the frontoparietal network in individuals 

with ASD and ADHD during executive functioning tasks (Amonkar et al., 2021; 
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Valkenborghs et al., 2019; Zhang et al., 2021; Cerrillo-Urbina et al., 2015). Using 

fNIRS, Bremer et al., (2020) found increased prefrontal cortex activation during 

inhibitory control tasks after the circuit-based intervention (Bremer et al., 2020). 

Similarly, fMRI studies found increased connectivity between the left inferior 

frontal gyrus and right cerebellum, increased parietal activation during inhibitory 

control, and increased frontal and parietal activation during mental flexibility 

tasks, following movement interventions (Yang et al., 2021; Mehren et al., 2019a; 

Choi et al., 2016). Physical activity/movement interventions might benefit 

executive functioning performance by improving the top-down monitoring and 

selective attention for stimulus processing.  

5.4.2 Diagnosis-Specific Intervention Program and Related Outcome 

Measures 

Most studies that focused on individuals with ADHD used structured 

physical activity/aerobic interventions, such as treadmill running and cycling, to 

promote their executive functioning. Despite some inconsistency, the results 

generally support the use of physical activity/aerobic interventions to promote 

executive functioning in individuals with ADHD. Using fMRI and EEG measures, 

studies suggested normalized resting-state cortical arousal, as well as normalized 

ERPs and increased activation over the frontoparietal network during executive 

functioning tasks. Compared to the studies in individuals with ADHD, studies in 

individuals with ASD have used more multisystem, creative movement 

interventions (i.e., martial arts, theater, and music and movement interventions) to 

improve a wide range of skills, including ASD symptoms, social communication 
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skills, and executive functioning. ASD is a multisystem disorder that not only 

leads to core impairments in social communication skills and repetitive behaviors, 

but also affects childrenôs motor performance, sensory processing, and cognitive 

functioning from infancy through adolescence (Bhat et al., 2011, 2012, 2018; 

Bhat, 2020, 2021a; Kaiser et al., 2015; Kaur et al., 2015, 2018; Magalhães et al., 

2011; Shield et al., 2017; van Etten et al., 2017; Flanagan et al., 2012; Hyde et al., 

2021; Iverson, 2018, 2021; Marrus et al., 2018; Liu et al, 2020; Oldehinkel et al., 

2019; Srinivasan & Bhat, 2016a, 2019, 2020; Thompson et al., 2016; Ayres et al., 

2018; Harrison et al., 2021; Korrel et al., 2017; MacDonald et al., 2013a, 2013b, 

Souders et al., 2009). Our current review suggests improved sleep quality, social 

communication skills, as well as executive functioning enhanced social brain 

connectivity along with normalized EEG/ERP variables and increased activation 

over the frontoparietal network during executive functioning tasks. Similar 

behavioral and neural findings of the effects of physical activity/movement 

intervention on executive functioning were found in individuals with DCD and 

LD. Studies of individuals with ID focused on emotional changes and motivation 

toward physical activity/movement interventions and found greater motivation to 

adhere to exercise following an enjoyable badminton training program compared 

to a treadmill running program. In terms of limitations of the examined literature, 

the majority of the studies were conducted in school-age children between 6 to 18 

years needing less support (i.e., high-functioning children), perhaps because 

neuroimaging tools generally require compliance and persistence through testing. 

Few studies included children with ID, LD, and DCD while the majority assessed 
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intervention effects in children with ADHD/ASD. Lastly, the majority of the 

studies did not examine follow-up retention effects. 

5.4.3  Limitations  

Our effect size calculations might not be representative of all studies 

investigating neural effects of physical activity/movement interventions because 

we were only able to calculate effect sizes if the mean and standard deviations of 

outcome variables were provided by the authors. We also did not include theses 

and dissertations in our review. Lastly, due to the scarcity of literature on neural 

effects of movement interventions, we included studies examining effects of 

various perceptuomotor interventions including multisystem, creative movement 

(music, dance, etc.), and targeted physical activity (treadmill, cycling, etc.). As 

discussed earlier, readers should be careful to differentiate when postulating the 

neural mechanisms of the various movement interventions included in this review. 

Although multiple cross-over design studies used a counterbalancing approach, 

they did not report details such as the method of allocation to intervention order or 

allocation ratio. In general, neuroimaging studies reporting effects on 

neurobiomarkers post-intervention should comply with CONSORT guidelines 

when reporting study details (Schulz et al., 2010).   

5.4.4  Implications and Recommendations for Clinical Practice 

In terms of the duration of physical activity/movement interventions, our 

systematic review found larger effects for chronic compared to acute interventions. 

This is also confirmed by recent reviews and meta-analyses of physical activity 
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interventions in healthy and neurologically affected individuals reporting 

significant positive effects on working memory after chronic but not acute 

physical activity interventions (Rathore & Lom, 2017; Nicolini, 2021). Clinicians 

should recommend longer intervention periods within and across bouts for their 

clients (i.e., 50 minutes or more, 1-2 sessions/week, up to 10 weeks or more) to 

yield better results compared to a single session/shorter periods of physical 

activity/movement interventions. Weekly consistency and continued physical 

activity/movement interventions over the long term will likely have a greater 

positive impact on neural, social, and cognitive functioning. In terms of physical 

activity/movement intervention types, circuit-based exercise led to greater 

cognitive/executive functioning improvements compared to continuous treadmill 

training, perhaps due to the greater cognitive demands of switching between 

exercise methods (Bremer et al., 2020). Certain other exercise forms such as 

badminton training have led to greater exercise adherence suggesting that 

motivation and enjoyment will be crucial in continuing exercise in the long-term 

(Chen et al.,2016, 2021). Aerobic exercise (e.g., cycling at 65-70% Heart Rate 

max) may have more cognitive benefits compared to gentler coordination 

exercises requiring static and dynamic balance (Ludyga et al., 2017; Nicolini et al, 

2021). Lastly, after the onset of the COVID-19 pandemic, there has been a rise in 

use of telehealth as an alternative intervention delivery method. It will be 

important to understand the differences in behavioral and neural effects of 

physical activity/movement interventions delivered through virtual versus 

traditional, face-to-face approaches (Bhat et al., 2021b; Cleffi et al., in press; 
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Srinivasan et al., 2021; Su et al., 2021c). Further research is needed to understand 

how different types and delivery methods of physical activity/movement 

interventions might lead to differential neural effects on social communication 

and cognitive performance. 

5.4.5  Implications and Recommendations for Future Research 

Our review of studies supports the use of different neuroimaging tools as 

objective measures for intervention effects including MRI/fMRI, DTI, EEG, and 

fNIRS. The majority of the studies included in the current systematic review used 

EEG to investigate the movement-related changes in neural activity, probably due 

to its low-cost and child-friendly nature. EEG-based neurobiomarkers (i.e., slow 

and fast-wave EEG activity, and the ERPs such as P3b, N2 peaks) could be used 

to study neural effects of movement interventions on childrenôs networks related 

to cognitive/executive functioning and social functioning. Besides EEG, other 

non-invasive, child-friendly techniques include fNIRS (McPartland et al., 2021; 

Bremer et al., 2020). Using fNIRS, our research group has reported differences in 

cortical activation in infants at-risk for and children with ASD during socially 

embedded actions (i.e., actions performed with adults and caregivers), solo 

movements, and action observation compared to healthy children and adults 

during social interaction as well as interpersonal synchrony tasks involving 

reaching and whole-body movements (Bhat et al., 2017, 2019; Su et al., 2020a, 

2020b, 2021a, 2021b). We have consistently found lower fNIRS activation in the 

superior temporal sulcus and/or pre/post-central gyrus in infants at-risk for and 

children with ASD compared to controls (Bhat et al., 2017, 2019; Su et al., 2020a, 
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2020b, 2021a, 2021b). In certain tasks involving synchronous reaching and body 

sway, fNIRS activation was associated with ASD severity and communication 

performance (Su et al., 2020a, 2021a). Moreover, in an ongoing RCT, we are 

investigating the neural effects of creative movements and physical 

activity/exercise-based movement interventions compared to sedentary, standard 

of care interventions using fNIRS to track the intervention-related differences 

during executive functioning and interpersonal synchrony tasks in children with 

ASD (Su et al., 2021c). In short, there are alternative, child-friendly approaches 

robust against motion artifacts that should be considered to study intervention-

based changes in neurobiomarkers in individuals with wide-ranging severity in 

developmental disabilities. Despite the promising results from the studies covered 

in this review, a lot more remains to be done to develop a deeper understanding of 

neural mechanisms underlying movement intervention-related improvements. 

Studies should make it a point to report relationships between changes in neural 

activity and behavioral performance (imaging task and standard measures). There 

is little understanding about how certain subgroups based on impairment severity 

(e.g., level of cognitive or social impairment) and intervention characteristics (e.g., 

type and intensity of exercise) might have differential impacts on 

neurobiomarkers. Future studies should include individuals from different 

subgroups based on age, sex, ethnicity, diagnoses, impairment levels, and use 

interventions of different types (e.g., aerobic vs. circuit training), intensities 

(moderate, vigorous, etc.), and durations (30-90 mins, etc.) to investigate relations 

between neural effects and sample/intervention characteristics. 
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5.4.6  Conclusions 

We conducted a comprehensive review of studies that investigated the 

neural effects of physical activity/ movement intervention in individuals with 

developmental disabilities. Several intervention-related neurobiomarkers were 

identified along with behavioral improvements in cognitive and social functioning 

in individuals with developmental disabilities. Specifically, following movement 

interventions, individuals with developmental disabilities were found to have 

normalized resting-state cortical arousal, normalized resting-state social brain 

connectivity, and changes in neural activity during executive functioning tasks. 

More research with larger sample sizes and standardized neuroimaging tools is 

needed to further explore the different neural mechanisms underlying behavioral 

effects of physical activity/movement interventions and increase the replicability 

of findings across studies.
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Chapter 6 

EFFECTS ON GENERAL-MOTOR AND SOCIAL -MOTOR 

PERFORMANCE FOLLOWING CREATIVE MOVEMENT VERSUS 

SEATED PLAY INTERVENTIONS IN CHILDREN WITH  ASD: A PILOT 

RANDOMIZED CONTROL LED TRIAL  

6.1 Introduction  

Autism Spectrum Disorder (ASD) is one of the most prevalent 

neurodevelopmental disorders affecting 1 in 44 children (Maenner et al., 2021). 

Children with ASD have core impairments in social communication akills and the 

presence of repetitive behaviors (American Psychiatric Association, 2013), as 

well as perceptuomotor comorbidities, including impaired general-and social-

motor difficulties (Bhat et al., 2011; Edwards, 2014). Specifically, they present 

with gross and fine motor incoordination, poor postural control, and have 

difficulties performing socially embedded motor skills, such as imitation and 

interpersonal synchrony (IPS; Bhat et al., 2011; Chen et al., 2019; Edwards, 2014; 

Fournier et al., 2010; Kaur et al., 2018). Using the SPARK database, a recent 

study suggested that about 87% of the children with ASD were at risk for motor 

impairment; however, only 31.6% of children were receiving physical therapy and 

only 13# were receiving recreational therapies (Bhat, 2020 & 2021). There is an 

urgent need for evidence-based practices that focus on addressing the 
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multisystem impairments in children with ASD, including general-motor and 

social-motor difficulties. There is burgeoning evidence for the use of novel, 

whole-body creative movement therapies (e.g., yoga, music, dance, martial arts) 

to address multisystem impairments of children with ASD (Amonkar et al., 2021). 

Studies using music- and dance-based approaches have found improved balance, 

agility, and IPS skills in children with ASD (Arzoglou et al., 2013; Yoo & Kim, 

2018). Our previous RCT using yoga and musical/rhythmic-based interventions 

reported training-related improvements in gross motor performance, 

imitation/praxis skills, as well as joint attention, social communication in children 

with ASD (Kaur et al., 2019 and 2021; Srinivasan et al., 2015, 2016 a&b). These 

creative movement interventions provided an enjoyable intervention context that 

naturally encourages practice of motor skills, and at the same time, challenges 

childrenôs abilities in social information monitoring and communication 

(Srinivasan & Bhat, 2013). In the current RCT, we assessed the effects of a more 

complex, play-based novel intervention that incorporated musical, dance-, and 

yoga-based activities on general-motor and social-motor performance of children 

with ASD. 

6.1.1 General-Motor Impairments in Children with ASD  

From very early on in life, motor milestone delays and fewer postural 

shiftes/exploration has been found in infants at higher risk for ASD (Nickel et al., 

2013). Since postural control provides a foundation for object exploration and 

learning, an early postural delay might have cascading effects on other 

developmental domains, such as social communication and social-motor 
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performance (Kyvelidou et al., 2021; Nickel et al., 2013). These general-motor 

difficulties become more obvious in childhood, as children with ASD begin to 

show motor incoordination, atypical gait/locomotor skills, impaired fine motor 

dexterity compared to their typically developing (TD) peers (Biffi et al., 2018; 

Chen et al., 2019; Fournier et al., 2010; Kushki et al., 2011). For example, during 

ball-catching, children with ASD had insufficient anticipatory postural control as 

well as difficulties adjusting their hand movements reactively to intercept the ball 

(Chen et al., 2019). Fine motor skills are also affected as children with ASD 

demonstrate slow and poor handwriting quality that might affect their academic 

performance (Kushki et al., 2011). The fine and gross motor difficulties in 

children with ASD are associated with their social communication performance, 

cognitive functions, and behavioral symptoms, highlighting the multisystem 

nature of the disorder and that motor is inseparable from other ASD symptoms 

(Ohara et al., 2016; Bhat, 2021). Moreover, the motor difficulties in children with 

ASD may lead to decreased participation in activities with pears, further limiting 

the opportunities for social interactions (Oliveira et al., 2021).  

6.1.2 Social-Motor Impairments in Children with ASD  

Compared to the general-motor difficulties, children with ASD had greater 

impairments in socially embedded movements, such as imitation and IPS (Kaur et 

al., 2018; Su et al., 2020, 2021b). For example, during a sway synchrony task, 

children with ASD showed similar sway amplitude as their TD peers during solo 

sway but decreased amplitude and coherence during social sway (Su et al., 2021b). 

The ASD-related difficulties in IPS might be rooted in childrenôs general motor 
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difficulties and social attention/social information perception (McNaughton & 

Redcay, 2020). Using rhythmic limb movements (i.e., handclapping, drumming), 

the impaired movement quality (i.e., slower and increased movement variability) 

of children with ASD during solo tasks was correlated with their IPS performance 

during social tasks, suggesting that movement coordination is an important 

requirement for IPS (Fitzpatrick et al., 2017). Moreover, children with ASD have 

reduced social attention and have more IPS difficulties during tasks that involved 

more social interactions (Frazier et al., 2017; Su et al., 2021b). As imitation and 

IPS are important ways to interact with others and learn new skills, the ASD-

related impairments in social-motor performance will affect their social 

communication/cognitive development and limit their ability to build 

relationships with other social partners (Iverson, 2018; Mogan et al., 2017). In 

short, general-motor and social-motor difficulties are key ingredients of the 

multisystem impairments in children with ASD and should be identified and 

addressed through interventions.  

6.1.3 Contemporary Interventions in Children with ASD 

Despite the high prevalence of general-motor and social-motor difficulties 

in children with ASD, whole-body movements are rarely a focus in current 

standard-of-care interventions. Using principles/approaches such as Applied 

Behavior Analyses (ABA; Lovaas, 1987), Picture Exchange Communication 

System (PECS; Bondy & Frost, 2001), and Teaching and Education of Autistic 

and Related Communication Handicapped Children (TEACHH; Mesibov, 2004), 

contemporary interventions provide repeated practice and reinforcement of 
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desired behaviors, joint attention, and social communication skills. Although 

these contemporary interventions show promising results in improving adaptive 

functions, receptive and expressive language skills, and reduction of negative 

behaviors (Reichow et al., 2018), most of them are conducted in a seated position 

without emphasizing perceptuomotor control and whole-body movements. In the 

current study, we used a sedentary play intervention that focuses on fine motor 

and social communication skills to represent the standard-of-care intervention for 

children with ASD and compared the effects on general-motor and social-motor 

performance to that of a more holistic, creative movement intervention. 

6.1.4 Creative Movement Interventions in Children with ASD 

Recent studies using creative movement interventions had suggested 

positive motor and multisystem effects in children with ASD (Amonkar et al., 

2021). For example, Yoo & Kim (2018) found improved synchronous tapping in 

children with ASD, and better adjustments in temporal aspects of tapping 

movements after 30 minutes of music therapy. Arzoglou et al. (2013) also found 

improved balance and agility in children with ASD after 8 weeks of traditional 

Greek dance therapy. Similarly, our research group found training-related 

improvements in gross motor performance, and imitation/praxis skills in children 

with ASD after yoga and music/rhythm-based interventions (Kaur et al., 2019 and 

2021; Srinivasan et al., 2015, 2016 a & b). In a comprehensive systematic review 

on creative movement interventions (e.g., music, dance, yoga, theater, and martial 

arts), we found medium-to-large-sized improvements in the motor domains and 

small-to-large-sized improvements in social communication and cognitive domins 
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after creative movement therapies (Amonkar et al., 2021). These creative 

movement methods consistently provide opportunities to challenge childrenôs 

motor skills in an enjoyable, socially embedded context that encourages the child 

to practice social information monitoring, and verbal/nonverbal communication 

(Srinivasan & Bhat, 2013). In the current RCT, we developed a more complex, 

play-based, novel intervention that incorporated multiple creative movement 

techniques through musical, dance- and yoga-based activities to target the 

multisystem impairments in children with ASD. The goal of the study is to 

compare the intervention effects between the holistic Creative Movement 

intervention (CM) and the standard of care, Sedentary Play (SP) intervention on 

general-motor (i.e., gross motor and fine motor) and social-motor performance 

(i.e., imitation, IPS) in children with ASD. Specifically, we assessed the 

generalized (changes between pretest and posttest) and training-specific (changes 

between an early and a late training session) differences in motor performance in 

children with ASD. We also correlated the training-related changes in general-

motor and social-motor performance to the functioning levels (i.e., adaptive 

functioning, social responsiveness) of children with ASD to understand who 

might benefit more from the interventions. 

6.2 Methods 

6.2.1 Participants 

Thirty-two children with ASD aged between 5 to 14 years were recruited 

through phone calls, and fliers distributed online/onsite to local schools, ASD 

services, advocacy groups, as well as the Simons Powering Autism Research 
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(SPARK) participant-research matching service 

(https://www.sfari.org/resource/spark/). We interviewed the potential participants 

to gather their demographic information (i.e., age, sex, ethnicity), and to confirm 

their eligibility for participation. Children were included in the study if they had a 

formal ASD diagnosis confirmed through a school record (e.g., school 

psychologist record confirming an ASD diagnosis), an Individualized Education 

Plan for ASD-related services, and/or a medical or neuropsychological record 

from a psychiatrist or clinical psychologist using the Autism Diagnostic 

Observation Schedule (ADOS) or Autism Diagnostic Interview-Revised (ADI-R) 

measures. Additionally, we used the Social Communication Questionnaire (SCQ) 

as a screener for ASD symptoms (Rutter et al., 2003). Most of the children with 

ASD met the criteria for a social communication delay (>12 points) confirming 

the presence of a social communication delay (76.7 % of the children met the 

criteria; Table 6.1). Children were excluded if they had limited comprehension of 

one-step simple instruction and/or couldnôt finish the pretests due to behavioral 

issues or time commitments (n = 2). Eventually, 30 school-aged children between 

5 to 14 years were included in this study (mean age ± SE: 8.77 ± 0.42; 10 Males 

and 5 Females). Parents of these children completed the Vineland Adaptive 

Behavioral Scales-2nd edition (VABS; Sparrow et al., 2005), and the Social 

Responsive Scale questionnaire (SRS; Constantino et al., 2000) to assess the 

childôs adaptive functions and social responsiveness. Following enrollment, 

children were matched on age, sex, and level of functioning then randomly 

allocated to the CM or SP group. There were no significant between-group 

https://www.sfari.org/resource/spark/
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differences in age, sex, race/ethnicity, or VABS and SRS scores (p > 0.05, Table 

6.1).  The study procedures were carried out according to the Declaration of 

Helsinki and were approved by the University of Delaware Institutional Review 

Board (UD IRB, Study Approval #: 1539736-5). Written informed consent for 

study participation and of picture publication was obtained from each parent and 

written/verbal assent was received from each children participant. Please see the 

full parent consent and child assent forms (including the reader and nonreader 

versions) in Appendices E.1 to E.3. 

Table 6.1 Demographic information and the results of social communication 

questionnaires in CM and SP groups. Means and standard errors (SE) 

provided. 

Characteristics CM group (n = 15) 

Mean ± SE  

SP group (n = 15) 

Mean ± SE 

Age 9.1 ± 0.6 8.4 ± 0.6 

Sex 12M, 3F 13M, 2F 

Race/Ethnicity 9C, 2AAC, 2H, 1A 7C, 3AA, 2 H, 1HC, 1AAC, 

2A 

Delivery Method 7 F2F, 8 TH 7 F2F, 8 TH 

SCQ 18.2 ± 1.75 13.1 ± 0.94 

VABS-II (SS) 

   Communication (SS) 

   Daily living (SS) 

   Socialization (SS) 

70.36 ± 2.93 

73.64 ± 2.95 

72.14 ± 3.48  

68.93 ± 3.16 

75.47 ± 2.86 

80.13 ± 4.04 

79.27 ± 2.72 

74.10 ± 3.58 

SRS (T scores) 

   SCI (T scores) 

   RRB (T scores) 

78.43 ± 2.86 

76.36 ± 2.82 

79.43 ± 2.59 

74.10 ± 1.53 

71.73 ± 1.48 

74.20 ± 2.82 

VABS-II = Vineland Adaptive Behavior Scale - 2nd Edition; SS = Standard Score; 

SRS = Social Responsiveness Scale; SCI = Social Communication and Interaction; 

RRB = Restricted Interests and Repetitive Behavior; M = Male, F = Female; C = 

Caucasian, A = Asian, H = Hispanic; HC = Hispanic-Caucasian; AA = African 

American, AAC= African American-Caucasian; R = right-handed, L = left-

handed. b indicates significant differences between children in the CM compared 

to the SP group (p < 0.05).  

6.2.2 Experimental Procedures 

The current RCT included 3 pretest and 3 posttest sessions, as well as 16 

training sessions conducted over 10 weeks (Figure 6.1). Specifically, the pretests 
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and posttests were conducted during the first and last weeks of the study, while 

the training sessions were provided during the intermediate 8 weeks (2 sessions 

per week). After pretests, the children were age, sex, and level of functioning 

matched then randomized into the CM or SP group. A parent orientation was 

conducted in-person or via zoom before the training period to introduce the 

training activities and set up personal training goals. After the interventions, we 

met with the parent again to revisit the goals and gather feedback (Figure 6.1). 

Each training session lasted about 60-90 minutes (Average training time in 

minutes: CM: 75.1 ± 5.0 SP: 71.3 ± 3.3). All sessions were video recorded for 

further behavioral coding. The current study was conducted in the midst of the 

COVID-19 pandemic (between 2019 and 2022). Due to the initial shut-down and 

the subsequent restrictions of face-to-face (F2F) interaction, we decided to be 

more pragmatic and used a hybrid training model (Bhat et al., 2021b; Cleffi et al., 

2022; Srinivasan et al., 2021; Su et al., 2021a). The participating families chose 

between a Face-to-Face (F2F) or a Telehealth (TH) training delivery method 

based on their convenience and comfort level of social interaction during the 

pandemic. In both groups, 7 children completed the training sessions F2F, and 8 

children completed the sessions through TH (no significant group differences, p > 

0.05; Table 6.1). The F2F training sessions were conducted in our lab or at the 

childôs house based on the familyôs preference, while the TH sessions were 

conducted using Zoom video conferencing. 
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Figure 6.1 Flow diagram of the current RCT. 

6.2.3 Training Protocols 

For both intervention types, Applied Behavior Analysis (ABA), Picture 

Exchange Communication System (PECS), TEACCH, and motor learning 

principles were used to provide structure, reinforcement, and free time for 

exploration. Specifically, visual, verbal, manual prompts/assistance, and positive 

reinforcements were given throughout the intervention, and the child was 

encouraged to choose from a set of actions or improvise their own movement 

patterns. We also used a picture board to explain the task schedule/order and 

provide consistent structure to the intervention. During the training session, a 
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triadic method involving the child, expert trainer, and an adult model/parent was 

used. The expert trainer guided the child through the training-specific activities, 

while the model/parent acted as a buddy to provide a visual model and assistance 

for the children. For the F2F intervention delivery format, a trained undergraduate 

student acted as the model, while for the TH format, the parents were trained to 

provide assistance during the intervention. Two one-hour training meetings were 

given to the undergraduate students and parents in-person or via zoom to explain 

the training goals, intervention principles, and the core activities according to the 

intervention type. The key ingredients for the CM group include interpersonal 

synchrony and multi-limb, whole-body movements performed to music, while the 

SP group focused on academic and fine motor activities.  

To ensure training fidelity, a student coder video-coded one early session 

(1-5) and one late session (12-16) for each child using a comprehensive checklist 

targeting the trainerôs and modelôs behavior. Specifically, the coder evaluated the 

accuracy of completing the critical components of the training activities 

(maximum scores: CM = 172, SP = 142, See detailed components in the 

Supplementary Table S1 and S2 respectively). Trainer and model behaviors 

including instructions, prompts, positive reinforcement/praise, body movements 

(clarity, energy), voice, and affect (smile and expressivity) were scored on a 5-

point Likert score (1 indicates poor quality and 5 indicates high quality). Lastly, 

the same 5-point Likert scale was used to score the childôs compliance with the 

training activities. In general, the accuracy (both groups had averaged accuracy > 

90%) and the quality trainerôs/modelôs behaviors are high (both groups had 
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averaged Likert scores > 4.0 for all domains; Table 6.2). Children in the CM 

group showed a slightly greater interest in the activities compared to that of the 

SP group probably due to the whole-body, engaging nature of the training 

activities (Table 6.2). 

Table 6.2  The fidelity check of the CM and SP intervention groups 

 CM group SP group 

Early 

session 

Late 

session 

Early 

session 

Late 

session 

Accuracy of completing 

training components (%) 

95.2 ± 0.9 95.3 ± 1.0 91.6 ± 1.0 90.4 ± 1.7 

Trainerôs instruction (/5) 4.8 ± 0.1 4.9 ± 0.1 4.7 ± 0.1 4.9 ± 0.1 

Trainerôs prompts (/5) 4.7 ± 0.1 4.6 ± 0.2 4.7 ± 0.1 4.7 ± 0.1 

Trainerôs reinforcement (/5) 4.5 ± 0.8 4.4 ± 0.2 4.1 ± 0.2 4.3 ± 0.2 

Trainerôs body movements (/5) 4.8 ± 0.1 4.8 ± 0.1 4.4 ± 0.2 4.5 ± 0.2 

Trainerôs voice (/5) 4.6 ± 0.2 5.0 ± 0.0 4.7 ± 0.2 4.7 ± 0.1 

Trainerôs affect (/5) 4.8 ± 0.1 5.0 ± 0.0 4.7 ± 0.1 4.7 ± 0.1 

Childôs interest (/5) 4.1 ± 0.3 4.3 ± 0.2 3.7 ± 0.3 3.6 ± 0.3 

 

6.2.3.1 Creative Movement Group 

The children in this group received synchrony-based intervention across 

different contexts involving (A) Hello game: greet the child, sing the hello song 

and move together; (B) Action game: gesture with the music and/or pair up and 

play hand games together; (C) Warm-up: stretch, breathe, move across the 

midline to warm up the body; (D) Music game: play a variety of percussion 

instruments (drums, tambourines, etc.) together in a synchrony or turn-taking 

manner; (E) Moving game: practice whole body rhythmic actions using dance 

activities involving upper and lower extremities; (F) Yoga: practice yoga poses 

described in a song, a story, or through a game; (G) Breathing: explore different 

breathing patterns and relax; (H) Farewell song: reflect on the session regarding 
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favorite activities, sing farewell song, and say goodbye to each other (Table 6.3). 

These training activities focus on dual/multi-limb coordination and asymmetric 

contralateral movements promoted using synchrony-based dance, music, and yoga 

approaches. To ensure that dual/multi-limb coordination and asymmetric 

contralateral movements were targeted throughout the intervention, a student 

coder used Datavyu to the movement types in an early and a late session. The % 

duration of single limb (e.g., drumming unilaterally), dual limb (e.g., shaking 

maracas with both hands), and multi limb movements (e.g., marching while 

clapping) were coded. Additionally, the % duration of symmetric/ipsilateral (i.e., 

bunny hopping) and asymmetric/contralateral movements (i.e., scissor jumps) 

were calculated. The results showed that dual and multi limb coordination were 

similarly targeted during early (Multi limb movements: 50.4%, Dual limb 

movements: 44.4%, Single limb movements: 5.3 %) and late sessions (Multi limb 

movements: 53.7%, Dual limb movements: 41.7%, Single limb movements: 4.6 

%). Similarly, asymmetrical and contralateral movements are equally targeted in 

the early (Asymmetrical and contralateral movements: 69.7, Symmetrical and 

ipsilateral movements: 30.3) and late sessions (Asymmetrical and contralateral 

movements: 71.0, Symmetrical and ipsilateral movements: 29.0). 

6.2.3.2 Sedentary Play Group 

The children in this group received a sedentary, fine motor intervention 

across different contexts involving (A) Hello: greet the child, play ice breaker 

games; (B) Warm-up: use fine motor activities  to warm up finger/hand muscles 

(i.e., peg-boarding, string art, beading, etc.); (C) Reading: read/listen to a picture 
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book, answer comprehensive questions, and engage in back-and-forth inference 

conversation; (D) Building: build LEGO or Playdoh creations based on 

instruction pictures; (E) Free Build: practice independent creativity by adding 

components to the build from the previous condition or engaging in constructive 

play with the materials; (F) Art Craft: Make art-craft creations that involve fine 

motor skills such as coloring, cutting, gluing, folding, etc. (G) Free Art: practice 

independent creativity by adding components to the art-craft activity from the 

previous condition or engaging in imaginative object play with the materials. (H) 

Farewell: reflect on favorite activities, say goodbye to each other, and clean up 

the workplace (Table 6.3). These training activities focus on fine motor activities, 

academic skill development, and social interactions. 

Table 6.3 The training conditions, example activities, and the targeted skills of 

the CM and SP interventions 

CONDITION  EXAMPL AR 

ACTIVITIES  

TARGETED MOTOR 

SKILLS  

OTHER SKILLS  

CREATIVE MOVEMENT (CM) GROUP  

A. HELLO 

GAME  

Hot potato: Pass the 

bean bag around with 

music, when the music 

ends, the person who has 

the bean bag needs to 

answer a question. 

Bimanual coordination, 

sensorimotor integration 

Social 

communication, 

executive 

functioning 

B. ACTION 

GAME  

Peter Pan: Sing and play 

hand games with a 

partner 

Bimanual coordination, 

sensorimotor integration, 

imitation, IPS 

Social 

communication 

C. WARM UP  Birthday party: Stretch 

and use different props 

(i.e., pool noodles, 

scarves) to provide 

sensory inputs on 

different body parts, ex: 

tapping brushing.  

Multi -limb coordination, 

flexibility, movement 

improvision with prompts 

Sensory 

processing 

D. MUSIC 

GAME  

Stop and Go: Sing and 

perform whole-body 

movements with musical 

instruments (i.e., 

Maracas, cymbals). 

Drum circle: Drum 

Whole body and 

bimanual coordination, 

imitation, IPS 

Executive 

functioning, social 

communication 
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synchronously and/or 

play call and response 

game (turn taking) with 

the trainer 

 

E. MOVING 

GAME  

Move and Freeze: When 

the music starts, move 

around using one of the 

locomotor skills. When 

the music stops, freeze 

on a yoga spot and 

maintain balancing 

poses.  

Locomotor skills (i.e., 

running, galloping, 

hopping, leaping, 

jumping, sliding, 

skipping), balance, 

strength and endurance, 

imitation, IPS 

Executive 

functioning, social 

communication 

F. YOGA Yoga story: Do yoga 

poses according to a 

story line (e.g., Lukeôs 

beach day). 

Balance, strength and 

endurance, flexibility, 

imitation 

Mindfulness, 

reading, social 

communication 

G. BREATHING  Bird breath: Breathing in 

and out while moving 

arms up and down. 

Imitation, IPS Mindfulness 

H. FAREWELL  So long, farewell: Sing, 

reflect, and said goodbye 

Movement improvision Social 

communication 

SEDENTARY PLAY (SP) GROUP 

A. HELLO  The Wheel Game: Spin 

the wheel with the 

childôs and the 

trainerôs/caregiverôs 

names. Whoever got 

picked need to answer a 

question. 

 Social 

communication 

B. WARM UP  Peg-boarding: Put the 

pegs on the pegboards 

according to an 

instruction sheet. 

Fine motor coordination/ 

integration (i.e., peg 

boarding, lacing, maze 

drawing) 

 

C. READING  Story book reading: a 

picture book is chosen 

based on the childôs 

reading level and 

interest. The child is 

encouraged to read or 

attend to the book 

reading and answer 

questions. 

 Joint attention, 

social 

communication 

D. BUILDING  LEGO: build LEGO 

pieces according to an 

instruction sheet 

Playdoh: Create Playdoh 

creations according to an 

instruction sheet 

*the child is encouraged 

to mimic the trainerôs 

movements (i.e., 

pinching, pressing 

LEGO pieces) and show 

their creation at each 

step 

Fine motor coordination/ 

integration (i.e., hold and 

press LEGO pieces 

together) 

Joint attention, 

social 

communication 
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E. FREE BUILD  Free build: the child is 

encouraged to add any 

component to their 

creation and talk about 

their creation. 

Movement improvision, 

Fine motor coordination 

Joint attention, 

social 

communication 

F. ART CRAFT  Create a character: Cut 

out, color, and laminate 

the character.  

Fine motor coordination/ 

integration (i.e., Coloring, 

cutting, folding, pasting, 

handwriting) 

Joint attention, 

social 

communication 

G. FREE ART Free art: add any 

decoration to the 

creation and talk about 

their art creation 

Movement improvision, 

Fine motor 

coordination/integration 

Joint attention, 

social 

communication 

H. FAREWELL  Clean-up and goodbye: 

Clean up the workspace 

and arrange the supplies. 

Reflect on session 

activities and say 

goodbye. 

 Daily living sills 

(i.e., organization) 

 

6.2.4 Testing Protocols 

Generalized changes in general-motor and social-motor performance were 

assessed using standardized and drumming synchrony tests during pretest and 

posttest. For the standardized tests, we used the Bruininks-Oseretsky Test of 

Motor Proficiency (BOT-2) to assess childrenôs gross and fine motor proficiency 

(Bruininks et al., 2005), the locomotion subscale of the Test of Gross Motor 

Development-Second Edition (TGMD-2) to assess their locomotor skills (Ulrich, 

2000), and 2 Minute Walk Test (2MWT) to assess their endurance (Bohannon et 

al., 2018). For the drumming synchorny test, we coded the IPS performance and 

social gaze during solo and social drumming conditions. All pretest and posttest 

were video recorded for further behavioral coding. For the training-specific 

changes, we conducted behavioral coding during CM training sessions using 

Datavyu. Specifically, coders selected a similar early (session 1-3) and a late 

training session (Session 14-16) and coded the quality of childrenôs IPS and 
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imitation behaviors. For generalized changes, two student coders who were 

blinded to the grouping and study designs coded 20% of the videos and obtained 

inter-and intra-rater reliabilities > 90%. After establishing the reliabilities, the 

primary coder then continued to code the rest of the videos. For the 

parent/children report measures, we met with the parents before the intervention 

to set up motor goals and then discussed the goal attainment after intervention 

using the Goal Attainment Scale (GAS). The parents of were asked to fill out the 

Developmental Coordination Disorder Questionnaire (DCD-Q; Schoemaker et al., 

2006) before and after the intervention, and both the parents and the child 

participants filled out exit questionnaires to provide feedback on the feasibility, 

acceptability, and benefits of the interventions. In the following paragraphs, we 

described the genrelized assessments using standardized and training-specific 

tests, task-specific changes using behavioral coding, and parent/child-reported 

measures using questionnaires in more detail. 

6.2.4.1 Generalized Changes Using Standardized Tests 

Bruininks -Oseretsky Test of Motor Proficiency (BOT-2): BOT-2 is a valid and 

reliable assessment that targets 4 motor area composites with 8 subscales, 

including a) Fine Manual Control, consisting of Fine Motor Precision, Fine Motor 

Integration subscales; b) Manual Coordination, consisting of Manual Dexterity 

and Upper-limb Coordination subscales; c) Body Coordination, consisting of 

Bilateral Coordination and Balance Subscales; and d) Strength and Agility, 

consisting of Running Speed and Agility and Strength subscales. The standard 
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scores of the four motor areas were used to assess the training-related changes in 

motor performance. 

Locomotion Subscale of the Test of Gross Motor Development-Second 

Edition (TGMD -2): We used the locomotor subtest of TGMD-2 to assess the 

childôs ability to move through space with coordination and continuity. The 

targeted locomotor skills include running, galloping, hopping, leaping, jumping, 

sliding, skipping. For example, during galloping, the child was scored based on 

the arm position (i.e., whether arms bent and lifted at take-off), leg position (i.e., 

whether the child made a step forward with the lead foot followed by a step with 

the trailing foot, or whether there is a brief period when both feet are off the 

ground), and the fluidity of the movement (i.e., whether the child could maintain 

the pattern for 4 continuous gallops). The raw scores for each locomotor skill and 

the standard score for the entire locomotor subtest were used to assess the 

training-related differences in locomotor performance. 

Two Minute Walk Test (2MWT): 2MWT is a standardized measure of 

endurance. The child was asked to walk as fast as they can (without running) 

around 2 cones placed 50-feet apart for 2 minutes. The total distance the child 

walked in the 2-minute period was used to assess the training-related changes in 

endurance. 

6.2.4.2 Generalized Changes Using Drumming Synchrony Test 

Drumming synchrony: Besides the standardized tests, we also designed a 

drumming synchrony test to mimic the CM group musical training activities. The 
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child was asked to drum to the metronome beats on their own (Solo drum) or with 

an adult tester (Social drum). During Solo drumming, the child was instructed to 

drum alternatively per metronome beats without any social visual reverence. 

During Social drumming, an adult tester sat across the child and the child was 

instructed to drum to the metronome beats while mimicking the testerôs 

movements. We kept the speed and rhythm of the drumming beats different 

across trials to engage the child and to avoid anticipation. Similar drumming 

synchrony tasks had been used to assess children with ASDôs IPS skills (Kaur et 

al., 2018). During Solo drumming, an error was coded if the child couldnôt pick 

up the rhythm of the metronome beats or played the drum with the wrong 

timing/intervals. During Social drumming, an error was coded if the child failed 

to match the metronome beats or couldnôt synchronize their drumming 

movements with that of the adult tester. To understand how social gaze might 

affect their IPS behaviors, we counted the number of seconds the child looked at 

the testerôs hands during Social drumming. 

6.2.4.3 Training -Specific Changes Using Behavioral Coding 

Quality of IPS Behaviors during CM Intervention:  The coders performed 

second-by-second coding for an early and a late CM group training session using 

Datavyu. The durations of time the child spent ñin syncò or ñout of syncò with the 

trainer during the IPS activities were coded. A behavior was coded as ñin syncò if 

the child moved similarly (spatial components) and synchronously (temporal 

components) with the trainer. In contrast, a behavior was coded as ñout of syncò if 

the child failed to keep up with the rhythm (temporal components) or moved 
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differently/using the wrong side of the body (spatial components). The percent 

duration of ñin syncò and ñout of syncò was then calculated to represent the 

childôs IPS performance. 

Imitation Behaviors during CM Intervention:  We coded the imitation 

behaviors during the Action Game and Music Game in an early and a late CM 

training session. An error is coded if the child produced different joint movements 

or use the wrong side of the body. The percentage of trials showing imitation 

errors was then calculated to represent the childôs imitation performance. 

6.2.4.4 Parent Report Measures 

Developmental Coordination Disorder Questionnaire (DCD-Q): DCD-Q is a 

parent questionnaire to screen for developmental coordination disorder in children. 

Specifically, it screens for the childôs performance in three components, Control 

during movement (motor control while the child is moving or the target object is 

in motion, ex: catching, throwing), Fine motor/Handwriting (fine motor skills, ex: 

writing fast and legibly), and General coordination (motor planning/learning, ex: 

lik ing sports and learning new skills). 

Goal Attainment Scale (GAS): GAS is a parent report measure that assesses the 

extent to which the goals are achieved over the course of the intervention. 

Specifically, the parents rate the individual goals on a 5-point Likert score ranging 

from negative 2 to positive 2 (-2 indicates no improvement; -1 indicates 50% of 

goal achievement; 0 indicates 100% goal achievement; +1 indicates 150% goal 

achievement; +2 indicates 200% goal achievement).    
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Parent Exit Questionnaire: Along with the GAS, parents of all participating 

children also filled out an exit questionnaire to provide feedback on the training 

protocol and potential intervention benefits for their children across multiple 

developmental domains. Specifically, parents answered 5 questions on a 5-point 

Likert score: A) Did you find the intervention useful? (5 indicates extremely 

useful, 1 indicates not at all useful). B) Did you find the intervention innovative? 

(5 indicates extremely innovative, 1 indicates not at all innovative). C) Describe 

your overall satisfaction with the sessions (5 indicates extremely satisfied, 1 

indicates not at all satisfied). D) How easy were the activities during the 

intervention (5 indicates extremely easy, 1 indicates extremely hard). E) Will you 

continue practicing the treatment activities after the intervention? (5 indicates 

definitely yes, 1 indicates definitely no). The parents also rated the intervention 

benefits for their child using a 5-point Likert score (5 indicates extremely 

beneficial, 1 indicates not at all beneficial) in the following domains: fine motor 

skills (i.e., writing, cutting, drawing), locomotor skills (i.e., jumping, hopping, 

skipping), balancing skills (i.e., one leg standing), strength (i.e., holding heavy 

objects such as grocery bags), endurance (i.e., plays for a longer period of time) 

and flexibility (i.e., goes further when touching toes).  

6.2.4.5 Childrenôs Feedback 

Upon finishing all training sessions, all participated children were asked to 

answer 3 questions to provide feedback on their training experience. The 

questions include: A) Did you enjoy the activities we did? B) Did you find the 

activities easy or hard?, and C) Will you practice similar activities on your own or 
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with mom/dad? Each question was answered with a picture-assisted 5-point Likert 

score (5- definitely yes/ very easy ; 4- yes/easy ; 3- maybe, neither too easy 

nor too hard ; 2- not so much/hard ; 1- not at all/very hard ). 

6.2.5 Statistical Analyses 

The normal distribution and homogeneity were tested using Kolmogorov-

Smirnov and Levene statistics, respectively. Due to our small and variable sample, 

most variables did not satisfy the assumptions of parametric statistics. Therefore, 

we used non-parametric statistics to test the within and between-group differences. 

Specifically, the Wilcoxon Signed-Rank Test was used for within-group (pretest 

vs posttest) comparisons, while the Mann-Whitney U was used for between-group 

(CM vs SP) comparisons of the changes of motor performance. We used the 

Benjamini-Hochberg False Discovery Rate (FDR) correction method to control 

multiple comparisons for within/between-group comparisons and correlation runs. 

Specifically, the p-values were rank-ordered from low to high and the statistical 

significance was declared if the unadjusted p-value was less than the p-value 

threshold, determined by multiplying 0.05 with the ratio of the unadjusted p-value 

rank to the total number of comparisons (p-threshold for ith comparison = 0.05 × 

i/n; where n = number of comparisons). A result was considered significant if the 

obtained p-value was less than the FDR corrected p-value (Sigh & Dan, 2006). 

We also calculated the % of children showing improvements and the % of 

children showing improvements more than the Minimum Clinical Important 

Differences. We used the distribution-based method to estimate the MCI using the 

equation: ὓὅὍπȢς ὼ ὴέέὰὩὨ ὦὥίὩὰὭὲὩ ὛὈ (Lemieux et al., 2007). It is the 
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smallest improvement that is considered worthwhile by stakeholders such as 

caregivers, patients, and clinicians (Copay et al., 2007). An improvement more 

than the MCI threshold is viewed as meaningful in the clinical settings. Moreover, 

we calculated the effect sizes using the equation ὶ  
Ѝ

 (z = the z scores from the 

Wilcoxon Signed-Rank and the Mann-Whitney U analyses; N = sample size).  

Effect sizes of 0.2, 0.5, and 0.8 were classified as small, medium, and large 

effects (Cohen, 1988).  

To understand the association between the functioning level (adaptive 

function and social responsiveness) and the general-motor/social-motor 

performance at baseline and understand how functioning level might affect the 

changes of motor performance, Spearman correlations were conducted. 

Specifically, we pooled the scores of the baseline motor assessments (i.e., BOT-2, 

TGMD, 2MWT, DCD-Q) across groups and correlated with their VABS, SRS 

scores. As to the intervention response, we correlated the changes of motor scores 

(scores at posttest- scores at pretest) with their VABS, SRS scores. All statistical 

analyses were conducted through IBM SPSS.  

6.3 Results 

6.3.1 Generalized Changes Using Standardized Tests 

6.3.1.1 Bruininks -Oseretsky Test of Motor Proficiency (BOT-2) 

Children in both groups showed significant increases of total motor 

composite scores after interventions (ps < 0.05; CM: r = 0.85; SP: r = 0.81; Figure 

6.2A&B). Specifically, children in the CM group showed significantly increased 
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standard scores in the Body Coordination, as well as the Strength and Agility 

domains (ps < 0.05, survived for FDR corrections; r = 0.71 to 0.80; Figure 6.2A). 

As to the SP group, children with ASD showed significantly increased Fine 

Manual Control standard score after intervention (p < 0.05, survived for the FDR 

correction, r = 0.60; Figure 6.2B). The training-related improvements in Fine 

Manual Control were greater in the SP group compared to the CM group (p < 

0.05, survived for FDR corrections, r = 0.86). No other significant between-group 

differences in the improvements were found in standard score between the pretest 

and the posttest (p > 0.05). 

 

Figure 6.2 The changes in the BOT-2 standard scores after the CM (A) and SP (B) 

interventions. *indicates significant within-group differences between 

pretest and posttest (p < 0.05, survived for FDR corrections). FMC = 

Fine Manual Control; MC = Manual Coordination; BC = Body 

Coordination; S&A = Strength and Agility.  

 

6.3.1.2 Test of Gross Motor Development-Second Edition, Locomotor 

Subscale (TGMD-2) 

Children in the CM group showed an increased in the standard score of the 

TGMD-2, locomotor subscale after intervention (p < 0.05, r = 0.60; Figure 6.3A); 

while no significant training effect on locomotor skills was found in the SP group 
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(p > 0.05; r = 0.44; Figure 6.3B). There were no significant between-group 

differences in the improvements in standard score between pre and posttest (p > 

0.05). Specifically, we found that the children in the CM group showed greater 

improvements in more complex/harder locomotor skills, such as leaping, 

horizontal jumping, and skipping, while smaller changes were found in the easier 

skills, such as running and sliding (46.7% and 53.3% of the children got the 

highest possible score at baseline, respectively). 

 

Figure 6.3 The changes in the TGMD-2 raw scores and standard scores after the 

CM (A) and SP (B) interventions. *indicates significant within group 

differences between pretest and posttest (p < 0.05, survived for the 

FDR correction); The dashed boxes indicate significant differences 

between pretest and the posttest (ps < 0.05), however, the p values did 

not survive for the FDR corrections.  

 

6.3.1.3 Two Minute Walk Test (2MWT)  

Children in the CM group showed a trend of increases in walking distance 

after intervention (Distance in feet (mean ± SE): Pre: 437.4 ± 40.1, Post: 482.2 ± 

31.5; p = 0.064; % improvement: 64.3; % MCI: 57.4; r = 0.53, while no 

significant changes in walking distance was found in the SP group (Distance in 
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feet (mean ± SE): Pre: 490.7 ± 26.8, Post: 497.2 ± 23.5; p > 0.05; % improvement: 

60.0; % MCI: 46.7; r = 0.32. There was no significant between group difference 

in the change of walking distance between pre and posttest (p > 0.05). 

6.3.2 Generalized Changes Using Drumming Synchrony Test 

Children in the CM group showed decreased number of rhythmic/synchrony 

errors after intervention (p < 0.01, survived for FDR correction, r = 0.37; Figure 

6.4A). They also showed increased social gaze toward their partnerôs hands (p < 

0.05, survived for FDR correction, r = 0.40; Figure 6.4A). There were no 

significant changes in rhythmic/synchrony errors nor in social gaze after SP 

intervention (ps > 0.05; Figure 6.4B). There was a significant group difference in 

the changes of rhythmic/synchrony errors, with the children in the CM group 

showing greater decreases in rhythmic/synchrony errors compared to the SP 

group (p < 0.05, r = 0.34; Figure 6.4A& B). No other group differences were 

significant (ps > 0.05). The social gaze was significantly correlated to the 

rhythmic/synchrony errors at baseline (r = -0.195. p < 0.05), however, there were 

no significant correlations between the changes of social gaze and the 

rhythmic/synchrony errors in both groups (ps > 0.05). 
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Figure 6.4 The changes in the number of errors during drumming synchrony 

tasks after the CM (A) and SP (B) interventions. *indicates significant 

within group differences between pretest and posttest (p < 0.05, 

survived for the FDR correction).  

 

6.3.3 Training -Specific Changes Using Behavioral Coding  

6.3.3.1 Interpersonal Synchrony and Imitation During CM Intervention 

Children in the CM group showed increased duration of perfect synchrony 

with the trainer/model/parent during late compared to early training sessions (p < 

0.05, r = 0.59; Figure 6.5A). Similarly, children in the CM group showed 

decreased imitation errors during Music time in late compared to early training 

session (p < 0.05, r = 0.65; Figure 6.5B). There was no significant change in the 

imitation error during Action Game between late and early training sessions (p > 

0.05; Figure 6.5B).  
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Figure 6.5 The changes in the IPS duration (A) and % of imitation errors (B) 

during early and late CM training sessions. *indicates significant 

within group differences between pretest and posttest (p < 0.05, 

survived for the FDR correction). 

6.3.3.4 Parent Reported Measures 

6.3.4.1 DCD-Q 

Children in both groups showed improved DCD-Q total scores after 

intervention (ps < 0.05; CM group: r = 0.60; SP group: r = 0.71; Figure 6.6A&B). 

Specifically, children in the CM group showed increased general coordination 

scores after intervention (ps < 0.05; r = 0.51; Figure 6.6A); whereas in the SP 

group, children showed increased fine motor hand-writing scores after 

intervention (ps < 0.05; r = 0.67; Figure 6.6B). There was no significant between 

group difference in the change of DCD-Q scores between the pretest and the 

posttest (p > 0.05). 
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Figure 6.6 The changes in DCD-Q point scores after CM (A) and SP (B) 

interventions. *indicates significant within group differences between 

pretest and posttest (p < 0.05, survived for the FDR correction). 

6.3.4.2 Goal Attainment Scales 

Parents in the CM group established gross motor goals targeting multi-limb 

coordination (e.g., scissor jump 5 times in a row), balancing (e.g., stand on one 

leg for more than 10 seconds), flexibility (e.g., reach ankles in long leg hamstring 

stretch to toes), and strength endurance (e.g., sumo squat 10 times in a row). All 

children in the CM group showed improvements in the gross motor goals after the 

intervention, with 55 % of the children showing some improvement, 40% of the 

children achieving the goals, and 5% of the children going beyond achieving the 

goals (averaged parent-rated goal attainment rate 81.8%, SE = 13.9). Parents in 

the SP group, on the other hand, established fine motor goals targeting coloring 

(e.g., coloring in the lines by at least one inch), cutting (e.g., cutting in lines by at 

least one inch), handwriting (e.g., writing sentences with words on the line). All 

children in the SP group showed improvements in the fine motor goals after the 

intervention, with 37% of the children showing some improvement, 37% of the 
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children achieving the goals, and 26% of the children going beyond achieving the 

goals (averaged parent-rated goal attainment rate: 100 %, SE = 11.5). 

6.3.4.3 Parent Feedback on Feasibility, Acceptability, and Benefits 

Parents in both groups rated the intervention as useful (5-point Likert score 

(average ± SE): CM group: 4.1 ± 0.3, SP group: 4.7 ± 0.2), innovative (5-point 

Likert score (average ± SE): CM group: 4.1 ± 0.2, SP group: 4.1 ± 0.2), 

satisfactory (5-point Likert score (average ± SE): CM group: 4.0 ± 0.3, SP group: 

4.8 ± 0.1), neither too easy nor too hard (5-point Likert score (average ± SE): CM 

group: 3.2 ± 0.2, SP group: 3.7 ± 0.2), and reproducible at home (5-point Likert 

score (average ± SE): CM group: 4.0 ± 0.2, SP group: 4.2 ± 0.2). The parents in 

the CM group thought that the intervention benefits their childôs locomotor skills 

(5-point Likert score (average ± SE): 4.1 ± 0.3), balancing skills (5-point Likert 

score (average ± SE): 4.0 ± 0.4), strength (5-point Likert score (average ± SE): 

3.4 ± 0.5), endurance (5-point Likert score (average ± SE): 3.9 ± 0.5) and 

flexibility (5-point Likert score (average ± SE): 3.8 ± 0.4), while the parents in the 

SP group reported that the intervention benefits their childôs fine motor skills (5-

point Likert score (average ± SE): 3.9 ± 0.2).  

6.3.5 Childrenôs Feedback 

Children in both CM and SP groups rated our training sessions as enjoyable 

(5-point Likert score (average ± SE): CM group: 4.4 ± 0.7, SP group: 4.5 ± 0.2), 

neither too hard nor too easy (5-point Likert score (average ± SE): CM group: 3.6 
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± 0.4, SP group:  3.8 ± 0.3), and fun to practice again at home (5-point Likert 

score (average ± SE): CM group: 4.4 ± 0.3, SP group:  4.8 ± 0.2).  

6.3.6 Correlations 

6.3.6.1 Correlations Between VABS, SRS, and Motor Performance at 

Baseline 

At baseline, children who had better adaptive functions (i.e., greater VABS 

scores) had better motor performance indicated by greater BOT-2 and TGMD 

scores (r = 0.451 to 0.644, ps < 0.05; Table 6.4; Figure 6.7A & 6.7B). Similarly, 

children who had greater social responsiveness (lower SRS scores) had greater 

motor performance indicated by greater DCD-Q total scores (r = -0.391, p < 0.05; 

Table 6.4; Figure 6.7C). Interestingly, children who had greater repetitive 

behaviors at baseline had better locomotor skills, indicated by a greater TGMD 

standard score (r = 0.406, p < 0.05; Table 6.4). 
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Table 6.4 Correlations between VABS, SRS, and motor performance at baseline 

 VABS 

Com 

VABS 

Social 

VABS 

Daily  

SRS-SCI SRS-RRB 

BOT-2 

Fine Manual Control 0.481* 0.515* 0.568* -0.218 -0.056 

Manual Coordination 0.556* 0.589* 0.631* -0.333 -0.185 

Body Coordination 0.596 0.615* 0.468 -0.259 0.064 

Strength & Agility 0.551 0.644 0.517* -0.061 0.133 

TGMD 

Total (SS) 0.506* 0.486* 0.451* 0.131 0.406* 

2MWT  

Distance (ft) 0.063 0.002 -0.031 -0.014 0.074 

Interpersonal synchrony 

Perfect synchrony (%) -0.086 -0.061 -0.120 0.090 0.157 

Imitation  

Action Game (error) -0.406 -0.401 -0.529 -0.122 0.056 

Music Time (error) 0.099 0.061 0.313 -0.348 -0.450 

DCD-Q 

Total score 0.038 0.043 -0.047 -0.391* -0.233 

 

 

Figure 6.7 Scatterplots for correlations between VABS standard scores and 

BOT-2 total standard score (A), TGMD total standard score (B), as 

well as between SRS SCI T score and DCD-Q point scores at baseline. 

CM and SP groups were pooled for this analysis. 
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6.3.6.2 Correlations Between VABS, SRS, and Improvements in Motor 

Performance 

In the CM group, children with lower adaptive functions (i.e., lower VABS 

standard scores) showed greater improvements in imitation performance (r = 

0.571 and 0.605, ps < 0.05, Figure 6.8A). In contrast, in the SP group, children 

with better communication skills (i.e., VABS communication standard score) 

showed greater improvements in fine manual control (r = 0.609, p < 0.05, Figure 

6.8B). For correlations between SRS and improvements in motor performance, 

children in the CM group with better social responsiveness (lower SRS-SCI and 

SRS-RRB scores) had greater fine motor improvements as seen by greater 

improvements in BOT-2 Fine Manual Control Standard scores (r = -0.627 and -

0.563 respectively, p < 0.05; Table 6.5, Figur 6.9A & B). In addition, children in 

the SP group who had greater SRS-SCI scores (lower social responsiveness) had 

greater improvements in  2MWT walking distances (r = 0.553, p < 0.05; Table 6.5, 

Figure 6.9C). 
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Table 6.5 Correlations between VABS, SRS, and improvements in motor 

performance 

 CM group SP group 

VAB

S 

Com 

VAB

S 

Socia

l 

VAB

S 

Daily  

SRS-

SCI 

SRS-

RRB 

VAB

S 

Com 

VAB

S 

Socia

l 

VAB

S 

Daily 

SRS

-SCI 

SRS

-

RR

B 

BOT-2 

Fine 

Manual 

Control 

0.084 0.074 -0.072 -

0.627

*  

-

0.563

*  

0.609

*  

0.386 0.220 -

0.01

0 

0.17

1 

Manual 

Coordinatio

n 

-0.139 -0.166 -0.263 -0.003 0.101 -0.083 -0.242 0.074 0.07

6 

0.27

7 

Body 

Coordinatio

n 

0.261 0.246 0.099 0.040 0.042 0.172 0.002 0.145 -

0.15

4 

-

0.22

2 

Strength & 

Agility  

-0.389 -0.364 -0.386 -0.060 0.094 -0.116 -0.463 -0.072 -

0.11

8 

-

0124 

TGMD -2 

Total (SS) -0.378 -0.403 -0.260 0.033 0.191 -0.449 -0.183 0.037 0.09

6 

0.10

4 

2MWT  

Distance 

(ft) 

-0.046 -0.062 0.091 -0.042 -0.061 0.196 0.047 0.108 0.55

3* 

0.33

3 

Interpersonal Synchrony 

Perfect 

synchrony 

(%) 

-0.329 -0.298 -0.280 0.000 0.045 -0.029 0.137 0.225 0.25

4 

0.40

9 

Imitation  

Action Game 

(error) 
0.605

*  

0.571

*  

0.465 -0.194 -0.461  

Music Time 

(error) 
0.172 0.169 0.235 0.422 0.068 

DCD-Q 

Total score -0.059 -0.038 -0.017 0.393 0.195 -0.293 -0.457 -0.350 0.45

7 

0.36

7 
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Figure 6.8 Scatterplots for correlations between VABS standard scores and 

improvements in imitation performance in the CM group (A), and fine 

manual control in the SP group (B) 

 

Figure 6.9 Scatterplots for correlations between SRS T scores and improvements 

in fine manual control in the CM group (A, B), and endurance 

performance in the SP group (C) 

6.4 Discussion 

Children with ASD have general-motor and social-motor comorbidities that 

could be addressed using novel CM interventions. Using a synchronous-based, 

holistic CM intervention that incorporated music, dance, and yoga activities, the 
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current study compared the training effects of CM intervention on general-motor 

and social-motor performance to that of standard of care, SP intervention.  The 

CM group showed medium-to-large-sized gross motor (including coordination, 

strength, agility, endurance, locomotor skills) and small-to-medium-sized 

imitation/IPS improvements while children in the SP group showed medium-to-

large-sized improvements in fine manual control. Children who had better 

adaptive functions and social responsiveness had better gross motor, fine motor, 

and imitation performances at baseline. Moreover, children who had lower social 

communication skills had less fine motor improvements after both CM and SP 

interventions but greater imitation improvements after CM intervention. Children 

and parents in both groups rated the interventions as enjoyable, useful, innovative, 

satisfactory, appropriately challenging, and easily reproducible at home after the 

intervention period. Moreover, parents in the CM group reported high goal 

attainment rates and improvements in gross motor performance (Goal attainment 

rate: 81.8%, 3.4 to 4.1 out of the 5-point Likert scores) while parents in the SP 

group reported high goal attainment rates and improvements in fine motor 

performance (Goal attainment rate: 100.0%, 3.9 out of the 5-point Likert scores). 

In short, results from the current RCT support the use of multi-model CM 

interventions to address gross motor and IPS difficulties, while the use of standard 

of care, SP intervention can be used to improve the fine motor difficulties in 

children with ASD. Researchers and clinicians should be aware of the general-

motor and social-motor difficulties and consider adding creative movement 

components to their regular practice with children with ASD. 
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6.4.1 Improved Gross Motor and Social-Motor Performance After Creative 

Movement Intervention 

Using parent reports and standardized motor assessments, children in the 

CM group showed medium to large size improvements in coordination, balance, 

strength, agility, endurance, and locomotor skills as well as in IPS and imitation 

performance after the intervention. The social-motor improvements were not 

surprising as IPS and imitation were key elements targeted in the CM intervention. 

As to the gross motor improvements, the CM group focused on practicing dual- 

and multi-limb movements in more than 90% of the training time, and the 

locomotor skills, strength, and endurance were targeted in multiple training 

activities (please see Table 6.3 for details). Specifically, dual- and multi-limb 

movements and complex movement sequences were embedded in Music 

Game/Action Game singing and dancing, as well as drum circle activities to 

reinforce coordination. Strength, endurance, and balance were practiced in Yoga 

games, during which children were asked to hold the strengthening (e.g., bridge 

and downward-facing dog) and balancing poses (e.g., tree and dancer poses). The 

agility and locomotor skills were targeted during Moving games as children were 

encouraged to move freely in space using complex skills such as galloping, 

skipping, and hopping. Throughout the intervention, imitation and IPS were 

reinforced. Our findings are consistent with previous studies that use rhythmic 

movements, yoga, and other types of creative movements to improve gross motor 

and IPS skills in children with and without ASD (Amonkar et al., 2021; Birdee et 

al., 2009; Srinivasan et al., 2015; Kaur et al., 2019; Zachopoulou et al., 2004). It 
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has been suggested that creative parts of the intervention such as moving with 

music naturally facilitate imitation/IPS, back-and-forth social communication, and 

motor planning/coordination as the children try to match their movements with 

the music or the movement patterns of another individual (Srinivasan et al., 2013). 

Similarly, the yoga activity provides multisystem experiences including motor 

(i.e., strength, flexibility, balance), perceptual (i.e., joint proprioception, 

kinesthesia), cardiorespiratory (i.e., heart rate variability, breathing strategies), 

behavioral (i.e., attention, anxiety), and communication skills of children (i.e., 

social interactions and story reading; Galantino et al., 2008; Beauchemin et al., 

2008; Mohanty et al., 2014). The current RCT reconfirmed the use of creative 

movements in facilitating gross motor and social-motor performance in children 

with ASD. Additionally, we suggest that using a variety of creative methods (e.g., 

yoga, dance, music) offered in an enjoyable, play-based activity format focused 

on perceptuomotor skills could lead to equally promising results in gross motor 

and social-motor performance in children with ASD. 

6.4.2 Improved Fine Motor Performance After Sedentary Play Interventions 

Children in the SP group showed medium-to-large-sized improvements in 

fine motor performance using the fine motor subtests of BOT-2 and DCD-Q 

parent questionnaires. Itôs not surprising to see improvements in fine motor skills 

after SP intervention, as the current SP intervention was designed to mimic 

school-based therapies that focus on handwriting (e.g., illegible writing, 

appropriate speed), desk skills (e.g., using scissors, folding, coloring, small object 

manipulation), and object organization (e.g., keeping objects in order; McHale & 
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Cermak, 1992; Reid et al., 2006). For example, during Building games, children 

practiced putting LEGO and ZOOB pieces together and used different strategies 

(pinching, rolling, pressing) to shape Playdoh designs. During Art Craft, children 

practiced writing, coloring, folding, and using scissors to make art creations. 

Throughout the intervention, children were also reminded and encouraged to keep 

their art supplies organized (Table 6.3). Our findings were consistent with 

previous studies that used prolonged desktop interventions to promote fine motor 

and visuomotor skills in children with fine motor difficulties (Case-Smith, 2002; 

Dankert et al., 2003).  

6.4.3 Associations Between Adaptive Functioning, Social Responsiveness, 

and Motor Performance Improvements 

Our correlation analyses showed significant associations between adaptive 

functions, social responsiveness, and general-motor/social-motor performance at 

baseline (r = 0.391 to 0.644), confirming that motor is an inseparable and 

important part of the multisystem impairments in ASD. Specifically, children who 

had better adaptive functions (i.e., greater VABS standard score) and social 

responsiveness (i.e., greater SRS social score) also demonstrate more mature 

gross/fine motor and imitation performance (indicated by greater BOT-2, TGMD, 

SIPT, and DCD-Q scores). As to the correlations with training effects, children 

who had better adaptive functions/social responsiveness had greater fine motor 

improvements (r = 0.563 to 0.627), suggesting that fine motor activities during 

CM and SP interventions might require greater joint attention and self-regulation 

to maintain focus and learn the fine motor strategies. On the other hand, children 
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who had lower social communication skills at baseline had greater improvements 

in imitation skills during Action Game, suggesting that children who need more 

support have greater social-motor improvements after CM intervention. There 

was no correlation between functioning levels and gross motor improvement, 

indicating that the CM intervention helps improve gross motor skills in autistic 

children with a wide range of functioning levels. However, correlations between 

childrenôs adaptive functioning/social responsiveness and motor improvements 

only suggest that there are subgroups of children that might respond to the 

intervention differently, and do not imply causation. Future studies should 

investigate how functioning levels might influence the intervention effects and 

explore strategies to promote learning in children that need different levels of 

support. 

6.4.4 Effect Sizes for CM and SP Interventions 

We used three methods to estimate effect sizes after CM and SP 

interventions, including the r-value (r = z/ãN; z = the z scores from the Wilcoxon 

Signed-Rank and the Mann-Whitney U analyses; N = sample size), the % of 

children showing improvements, as well as the % of children showing 

improvements greater than the Minimum Clinically Important Differences (MCI, 

MCI = 0.2 x pooled baseline Standard Deviation; Lemieux et al., 2007). For gross 

motor performance (assessed using BOT-2 body coordination and strength and 

agility subtests, TGMD, and 2MWT), children in the CM group showed medium-

to-large-sized improvements (r = 0.53 to 0.80), and > 64.3 % of children showed 

some improvements, and 57.4 % of children showed improvements more than 
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MCI. Specifically, the size of improvement was slightly greater in body 

coordination and strength/ agility (r = 0.71 and 0.80, respectively), compared to 

TGMD-based locomotor skills (r = 0.63). The effect sizes for gross-motor 

improvements were smaller in the SP group, with children showing small-to-

medium-sized improvements (r = 0.32 to 0.55), > 60% of children showed some 

improvements, and > 46.7% of children showed improvements more than MCI 

values. For fine manual control, children in the SP group showed medium-to-

large-sized improvements (r = 0.74), with 93.3 % of children showing 

improvements and 86.7% of children showing improvements greater than the 

MCI value. The sizes of improvements in the CM group were much smaller (r = 

0.06) with only 40% of the children showing some improvements, and 20 % of 

children showing improvements greater than MCI. Similarly, for drumming 

synchrony performance, children in the CM group showed small-to-medium-sized 

improvements during social drumming (r = 0.37), 57% of children showed 

improvements, and 42.3% of children showed improvements greater than MCI. 

Children in the SP group showed a very small effect size (r = 0.01), and only 25% 

of the children showed some improvement and improvements greater than MCI 

values. In short, children in the CM group showed larger improvements in 

generalized, gross-motor, and drumming synchrony performance compared to the 

children in the SP group; while children in the SP group showed larger 

improvements in generalized fine motor control improvements compared to the 

children in the CM group.  

 



221 
 

6.4.5 Limitation s and Future Directions 

The current paper is part of a larger RCT that aims at investigating the 

behavioral and neural effects of creative movement, general movements, and 

sedentary play interventions. We had a relatively small sample size, limiting our 

ability to explore how participant characteristics (e.g., sex, age) might affect the 

intervention outcomes. Moreover, to overcome the restrictions during the 

COVID-19 pandemic, we used a hybrid intervention delivery method. Although 

the inclusion of both F2F and TH delivery methods had made our intervention 

more pragmatic and facilitated family participation, the different effects between 

delivery still needed to be explored (Bhat et al., 2021b; Cleffi et al., 2022; 

Srinivasan et al., 2021; Su et al., 2021). Future studies that include a larger sample 

size show explore how age, sex, and intervention delivery methods might 

influence the treatment outcomes. Lastly, we did not code the time children in the 

SP group spent doing single limb and dural limb activities. Future studies should 

investigate how the use of limbs might affect the training effects on fine motor 

skills. 

6.4.6  Clinical Implications  

Our findings supported the use of multimodal creative movement 

interventions in addressing the general-motor and social-motor difficulties and the 

use of the standard of care, sedentary play intervention in improving the fine 

motor difficulties in children with ASD. Unlike fine motor activities, which 

require greater joint attention and self-regulation, gross motor and social motor 

activities might be an effective method to promote general-and social-motor 
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performance in children who needs more support. Clinicians should be aware of 

the perceptuomotor difficulties and consider adding age- and level of functioning-

appropriate creative movement aspects to their standard of cate for children with 

ASD. 
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Chapter 7 

EFFECTS ON SOCIAL, COGNITIVE AND BEHAVIORAL -AFFECTIVE 

PERFORMANCE FOLLOWING CREATIVE MOVEMENT VERSUS 

SEATED PLAY INTERVENTIONS IN CHILDREN WITH ASD: A PILOT 

RANDOMIZED CONTROLLED TRIAL  

7.1 Introduction  

Autism Spectrum Disorder (ASD) is a multisystem disorder affecting a 

childôs social communication, cognitive, and behavioral-affective performance 

(American Psychiatric Association, 2013; Demetriou et al., 2018). For example, 

individuals with ASD present with impaired verbal and non-verbal 

communication skills, such as language delays and reduced socially directed 

gaze/joint attention skills (i.e., the ability to share a common focus of attention 

with someone else) (American Psychiatric Association, 2013; Chita-Tegmark, 

2016; Franchini, et al., 2017), impaired executive functioning, including poor 

inhibitory control, motor planning, working memory, and cognitive shifting 

(Demetriou et al., 2018), as well as poor behavioral-affective skills, such as poor 

emotional regulation and the presence of internaling and externalizing problem 

behaviors (Cai et al., 2018). ASD-related symptoms across different systems are 

highly related with each other, suggesting that their difficulties should be 

addressed as a whole (Bhat, 2021a). More specifically, motor impairments in 
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children with ASD were associated with their core (i.e., social communication and 

repetitive behaviors) and comorbid (i.e., cognitive and functional) impairments. In 

the present study, we examine the value of movement interventions, specifically, 

creative movement (CM) interventions, to promote various other system skills in 

children with ASD. In the previous chapter, we reported the motor effects of 

complex CM intervention that combined rhythm-based musical, dance, and yoga 

activities in children with ASD. In the current chapter, we further report the 

cascading other system effects of CM intervention on the social, cognitive, and 

behavioral-affective performance of children with ASD. 

7.1.1  Social and Communication Difficulties in Children with ASD  

Children with ASD are known to have delays in verbal and nonverbal 

communication skills (American Psychiatric Association, 2013). For example, 

children may have difficulties perceiving/recognizing communicative gestures 

(Stieglitz Ham et al., 2011) and produce more atypical and infrequent 

spontaneous gestures when playing with caregivers (Mishra et al., 2021). Children 

with ASD also have difficulties understanding linguistic inputs as well as non-verbal 

communication such as perceiving the speakerôs subtle facial expressions or gaze 

(Kalandadze et al., 2018; Yeung, 2022), as well as producing responsive and 

spontaneous verbalization (Bauminger-Zviely et al., 2014; Craig and Trauner, 2018), 

contributing to their poor receptive and expressive communication skills. Moreover, 

children with ASD also demonstrate less frequent prosocial behaviors compared 

to their typically developing peers (Russell et al., 2012). An observational study 

of natural sibling interactions suggests that children with ASD were less likely to 

initiate prosocial behaviors; instead, they tend to imitate the prosocial behaviors 
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produced by their typically developing siblings (Rum et al., 2021). Together, the 

social communication difficulties and reduced prosocial behaviors in children 

with ASD may limit their social participation and ability to establish or maintain 

relationships with social partners such as caregivers, siblings, and peers. 

7.1.2  Cognitive Difficulties in Children with ASD 

Besides the core symptoms in social communication skills, children with 

ASD are also known to have poor executive functioning, including inhibitory 

control (Demetriou et al., 2018). For example, they have difficulties inhibiting 

automatic responses (e.g., crossing the street without stopping to look for traffic), 

or filtering out irrelevant information (e.g., paying attention to some details of the 

conversation, but failing to understand the overall meaning). Using direct 

measures (e.g., Flanker or Go no go tasks), children with ASD were found to have 

small-to-medium-sized inhibitory control difficulties, compared to their typically 

developing peers (Demetriou et al., 2018; Tonizzi et al., 2021). Moreover, they 

also demonstrated significant inhibitory control problems based on parent reports 

(Tonizzi et al., 2021). Recent studies found that difficulties in inhibitory control 

contribute to some ASD symptoms including challenges with reciprocal 

communication and repetitive behaviors (Carlson & Moses, 2001; Faja & Nelson 

Darling, 2019; Mosconi et al., 2009). Given the important role of inhibitory 

control in everyday activities and its connection to other developmental domains, 

it is important to address inhibitory control difficulties of children with ASD 

through the use of novel interventions. 
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7.1.3  Behavioral-Affective Difficulties in Children with ASD  

Children with ASD also present with behavioral-affective problems, 

including poor emotional regulation and a greater prevalence of problem 

behaviors (Cai et al., 2018; Lecavalier, 2006). Specifically, children with ASD 

were found to have lower levels of emotional regulation and used less effective 

emotional regulation strategies (e.g., suppression/avoidance, self-blame), which 

might contribute to their externalizing and internalizing problem behaviors (e.g., 

throwing temper tantrums, withdrawal) (Cai et al., 2018; Li et al., 2020). Emotion 

dysregulation in children with ASD is associated with a range of negative mental 

and physical health issues (Cai et al., 2018; Mazefsky, 2015; Maca et al., 2021) 

and is reported to be a potential factor for inducing parental distress 

(Efstratopoulou et al., 2022).  Moreover, emotional regulation and social 

communication challenges in children with ASD were correlated with their 

repetitive behaviors, emphasizing the connections between behavioral-affective 

difficulties and the core symptoms of ASD (Martínez-González et al., 2021).  

7.1.4 The Cascading Effects of Creative Movement Interventions on 

Multisystem Impairments in Children with ASD  

As mentioned in the previous paragraphs, ASD-related difficulties in 

different developing systems are strongly connected with each other, suggesting 

that all impairments should be considered and addressed as a whole (Bhat, 2021a; 

Faja & Nelson Darling, 2019; Martínez-González et al., 2021). There have been a 

growing number of studies examining the effects of CM interventions to address 

the multisystem difficulties of children with ASD (Amonkar et al., 2021). A large 
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RCT involving 364 children with ASD across 9 countries found improved social 

communication skills (assessed by Autism Diagnostic Observation and Social 

Responsiveness Scale) after 20 weeks of improvisational musical therapy 

(Bieleninik et al., 2017). Moreover, Phung & Gildberg (2019) reported increased 

mental flexibility (using the Hears and Flower executive functioning test) in 

children with ASD after 13 weeks of martial arts training. Using musical/rhythm-

based and yoga interventions, our research team also found improved joint 

attention, social communication, affect, and motor performance in children with 

ASD (Kaur et al., 2019 and 2021; Srinivasan et al., 2015, 2016 a & b). In a 

comprehensive systematic review, we also found small-to-large-sized 

improvements in social communication and medium-to-large-sized improvements 

in motor and cognitive domains after CM intervention (e.g., music, dance, yoga, 

theater, and martial art (Amonkar et al., 2021). These CM interventions, despite 

using different approaches ï music and movement and yoga, all used key 

ingredients of social information monitoring, imitation/IPS, and practice of gross 

and fine motor skills (Srinivasan & Bhat, 2013). In fact, the neural mechanisms 

underlying such improvements could be explained through common neural 

mechanisms such as improved executive functioning or improved visuo-

motor/social-motor correspondence and associated social brain activation (Su et 

al., 2022). In the current RCT, we developed a more complex play intervention 

that incorporated music, dance, and yoga activities to holistically address the 

various multisystem impairments of children with ASD. The goal of the present 

study was to compare the intervention effects between a whole-body CM 
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intervention and a standard of care, Sedentary Play (SP) intervention on the 

multisystem performance of children with ASD. In the previous chapter, we 

reported the effects of the CM intervention on general-motor and social-motor 

performance in children with ASD. In the current chapter, we further reported the 

cascading effects of the CM intervention. Specifically, we assessed the 

generalized (changes between pretest and posttest) and training specific (changes 

between an early and a late training session) differences in social, cognitive, and 

behavioral-affective performance in children with ASD. The correlations between 

the childrenôs adaptive function, social responsiveness, and their improvements in 

communication, cognitive, and behavioral-affective domains were also analyzed.  

7.2  Methods 

7.2.1  Participants 

Thirty children with ASD (25 Males and 5 Females) aged between 5 and 14 

years (Age (mean ± SE) = 8.8 ± 0.4) participated in the study. Readers may refer 

to the previous chapter for details on the recruitment procedures, enrollment 

criteria, and eligibility assessments. Parents of the participating children 

completed the Vineland Adaptive Behavioral Scales-2nd edition (VABS; Sparrow 

et al., 2005), and the Social Responsive Scale questionnaires (SRS; Constantino et 

al., 2000) to assess the childrenôs adaptive functioning and social responsiveness. 

Children were matched on age, sex, and level of functioning (using VABS and 

SRS) before being randomly allocated to the CM and SP groups. There were no 

significant differences in age, sex, race/ethnicity, or VABS/SRS scores between 

groups (VABS total Standard score (mean ± SE): CM = 70.36 ± 2.93, SP = 75.47 

± 2.86; p > 0.05; SRS total T score (mean ± SE): CM = 78.43 ± 2.86, SP = 74.10 
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± 1.53; p > 0.05).  The study procedures were carried out according to the 

Declaration of Helsinki and were approved by the University of Delaware 

Institutional Review Board (UD IRB, Study Approval #: 1539736-5). Written 

consent for participation was obtained from the parent, and written/verbal assent 

was received from the children prior to participation. Please review the full 

parental consent and child assent forms (including the reader and nonreader 

versions) in Appendices E.1 to E.3. 

7.2.2  Experimental Procedures 

We conducted 3 pretests, 16 training sessions, and 3 posttests over a 10-

week period. Specifically, the pretests and posttests were conducted in the first 

and the last weeks of the study, while the training sessions were provided 2 

sessions per week for 8 weeks. We met with the parents before and after the 

training sessions to introduce the training activities, establish training goals, and 

gather their feedback about the intervention. Each training session ranged 

between 60 to 90 minutes (Training time in minutes (Mean ± SE): CM = 75.1 ± 

5.0 SP = 71.3 ± 3.3). The current study was conducted during the COVID-19 

pandemic; therefore, a hybrid training model was used (Bhat et al., 2021b; Cleffi 

et al., 2022; Srinivasan et al., 2021; Su et al., 2021c). Seven children in each 

group completed in-person interventions at our lab or in their home, while 8 

children in each group completed the interventions through Zoom video 

conferencing. Study procedures have been described in detail in the previous 

chapter. 
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7.2.3 Training Protocols 

For the CM intervention, we used musical, dance, and yoga-based activities 

to promote interpersonal synchrony and whole-body movements in the following 

conditions: (A) Hello game: greet each other, play ice breaker games, and sing 

hello songs together; (B) Action game: gesture with the music and play hand 

games with a partner; (C) Warm-up: stretch, breathe, and provide sensory inputs 

with prompts in order to warm up the body; (D) Music game: play different 

instruments (drums, tambourines, etc.) while synchronizing movements with 

music and partners; (E) Moving game: explore different whole-body 

movement/locomotor skills while moving synchronously with music and partners; 

(F) Yoga: practice yoga poses in a small group that were introduced through 

songs, stories, or games; (G) Breathing: explore different breathing patterns and 

relax; (H) Farewell song: Reflect on the session, sing farewell songs, and say 

goodbye to each other. For the SP intervention, we used reading and fine motor 

activities to control for natural social interactions during the intervention. 

Specifically, activities were conducted in the following conditions: (A) Hello: 

greet each other and play ice breaker games; (B) Warm-up: play fine motor games 

(i.e., peg-boarding, string art, beading, etc.) to warm up finger and hand muscles; 

(C) Reading: read or listen to a picture book, answer questions, and engage in 

back-and-forth conversations; (D) Building: Build LEGO or Playdoh creations 

based on instruction pictures; (E) Free Build: build another LEGO/Playdoh 

creation or add new components to the creation made in the Building condition; 

(F) Art Craft: Make art crafts that require fine motor skills such as coloring, 
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cutting, gluing, folding, etc. (G) Free Art: make another art creation or add more 

components to the artwork they made in the previous condition. (H) Farewell: 

Reflect on favorite activities, say goodbye to each other, and clean up the 

materials. For both intervention types, Applied Behavior Analysis (ABA), Picture 

Exchange Communication System (PECS), TEACCH, and motor learning 

principles were used (Bondy & Frost, 2001; Lovaas, 1987; Mesibov et al., 2004). 

To promote prosocial behaviors, we also encouraged the child to bring out and 

clean up the training materials with the trainer (e.g., roll up the yoga mat together 

with the trainer or put crayons back in the box). All training sessions were video 

recorded for behavioral coding. Please refer to the previous chapter for more 

information on the intervention protocols and strategies we used to ensure training 

fidelity. 

7.2.4 Testing Protocols 

Generalized changes were assessed during the pretests and posttests, as 

children completed various prosocial behaviors in response to naturalistic helping 

bids as well as an executive functioning measure using the Flanker task. The 

testing sessions were video recorded for further behavioral coding. Additionally, 

the training specific changes were assessed through second-to-second behavioral 

coding in Datavyu to assess childrenôs social verbalization, affect, and inhibitory 

control during an early (session 1-3) and a late training session (session 14-16). 

For generalized changes, two student researchers who were blinded to grouping 

and study design coded 20% of the videos and obtained inter-and intra-rater 

reliabilities > 90%. After establishing reliabilities, the primary coder continued to 
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code the rest of the videos. In the following paragraphs, we describe each test we 

used to assess the generalized and training-specific changes in social 

communication, cognitive, and affective-behavioral performance in children with 

ASD. 

7.2.4.1 Social and Communication Behaviors 

Generalized Changes in Prosocial Behaviors: To evaluate childrenôs prosocial 

behaviors, we mimicked the helping bids provided in the CM and SP 

interventions. Specifically, after each fine motor activity in the pretests and 

posttests (please refer to the previous chapter for more details), the tester held up 

the container and waited for the child to clean up various testing supplies, 

including pegs, pennies, cards, and blocks. Additionally, at the end of fine motor 

testing, the tester ñaccidentallyò dropped a cup of pencils and waited for the child 

to initiate helping behaviors to clean up. If the child didnôt initiate any helping 

behavior within 10 seconds, the tester provided verbal cues by saying ñCould you 

help me clean up?ò. The pen-dropping test was used in previous studies to test the 

participantôs prosocial behavior (Kokal et al., 2011). The number of items the 

child helped to clean up was counted to represent their prosocial behaviors. 

Training -Specific Changes in Socially Directed Verbalization: We coded the 

duration of time each child directed their verbalization toward a social partner 

during an early and a late training session. Socially directed verbalization was 

coded if the child verbalized or vocalized to the trainer/model/caregiver. 

Moreover, we further coded each bout of socially directed verbalization as being 

ñspontaneousò (i.e., the child initiated the conversation/verbalization on their own 
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without an adult prompt or question) or ñresponsiveò (i.e., the child answered 

questions or repeated a phrase asked by the trainer/model/caregiver). The percent 

duration of spontaneous and responsive verbalization for the entire session was 

later calculated. 

7.2.4.2 Cognitive Performance 

Generalized Changes in Inhibitory Control:  We assessed general changes in 

inhibitory control using the e-version of the Flanker test which was consists of 2 

types of stimuli: a) Congruent: Five fish face in the same direction (e.g.,  

 or  ), b) Incongruent: The outer four fish face 

the same direction while the center fish face the opposite direction (e.g., 

 or ). During the Flanker task, visual inputs of 

congruent and incongruent stimuli were presented on a screen. The children 

indicated the direction of the center fish as fast as they could by pressing their 

right or left index finger to the corresponding button drawn on a piece of paper. 

The stimuli were arranged in 2 conditions, Congruent (100% congruent stimuli) 

and Incongruent (50% congruent and 50% incongruent stimuli), with each 

condition lasting for 30 seconds. The trials in each condition were randomized 

within each block and repeated for 4 blocks (8 trials in total). 

Task-Specific Changes in Inhibitory Control: In addition to the Flanker test, 

we video-coded the childôs inhibitory control in the Move and Freeze Music 

Game during an early and a similar late CM group training session. During the 

game, the child was instructed to perform rhythmic movements (e.g., stepping and 

shaking maracas side to side) when the music was playing and stop immediately 



234 
 

each time the music ended similar to freeze dance. The latency in starting their 

movements (i.e., the period between the music starting and the child initiating 

his/her movements) and movement overflow (i.e., the number of movement 

cycles the child continued to perform after the music stopped) were used to assess 

the childôs inhibitory control. 

7.2.4.3 Behavioral-Affective Performance 

Training -Specific Changes in Affect: For children in both the CM and SP 

groups, we coded the childôs affect throughout an early and a late training session. 

The childôs affect was coded ñpositiveò if he/she smiled, laughed, or looked 

engaged and interested in the activities. In contrast, affect was coded ñnegativeò if 

the child was angry, sad, frustrated, or had emotional outbursts such as temper 

tantrums or periods of running away. We also coded neutral affective states when 

the child was not in clearly positive or negative affect and with neutral 

expressions. The percent duration of ñpositiveò and ñnegativeò affect was then 

calculated to reflect the childôs affective emotion throughout the training sessions. 

7.2.4.4 Parent Report Measures 

VABS Problem Behaviors: During the pretest, the parents completed the VABS 

questionnaire (including the problem behavior section), and at the end of the 

training session, we asked the parent to fill out the problem behavior section one 

more time based on their childôs daily behavior after the intervention. The V-

scores of internalizing (e.g., overly anxious or nervous) and externalizing problem 
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behaviors (e.g., have temper tantrums) were calculated and used to record any 

changes in behavioral problems before and after the interventions. 

Goal Attainment Scales (GAS): During the initial orientation, parents in both 

CM and SP groups established goals targeting social communication and 

behavioral-affective performance. After the interventions, parents were asked to 

fill out the Goal Attainment Scale (GAS) to report the extent to which each goal 

was achieved over the course of the intervention. Specifically, the parents rated 

the individual goals on a 5-point Likert score ranging from -2 to +2 (-2 indicates 

no improvement; -1 indicates 50% of goal achievement; 0 indicates 100% goal 

achievement; +1 indicates 150% goal achievement; +2 indicates 200% goal 

achievement).    

7.2.5 Statistical Analyses 

We used the Kolmogorov-Smirnov and Levene statistics to test for normal 

distribution and homogeneity. Due to the small sample size and the nature of our 

data (e.g., percentile data from our behavioral video coding), most variables did 

not satisfy the assumptions of parametric statistics. Therefore, we used the non-

parametric, Wilcoxon Signed-Rank Test for the within-group (pretest vs posttest) 

comparisons and Mann-Whitney U for the between-group (CM vs SP) 

comparisons. The False Discovery Rate (FDR) correction method was used to 

control multiple comparisons for within/between-group comparisons and 

correlation runs (please refer to the previous chapter for more details). We also 

calculated the % of children showing improvements, and the % of children 

showing improvements greater than the Minimum Clinically Important 
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Differences (MCI). It is the smallest improvement that is considered worthwhile 

by stakeholders such as caregivers, patients, and clinicians (Copay et al., 2007). 

An improvement more than the MCI threshold is viewed as meaningful in the 

clinical settings. We used the distribution-based method to estimate the MCI 

(equation: MCI = 0.2 x pooled baseline standard deviation; Lemieux et al., 2007). 

Lastly, we calculated the effect size of each targeted variable (equation: r = z/ãN; 

z = the z scores from the Wilcoxon Signed-Rank and the Mann-Whitney U 

analyses; N = sample size). An effect size of 0.2, 0.5, and 0.8 was classified as 

small, medium, and large effects respectively (Cohen, 1988). 

Besides the within-and between-group comparisons, we used Spearman 

correlations to explore the associations between the following variables: 1) level 

of functioning (i.e., VABS standard scores and SRS T scores) and baseline social, 

cognitive, and behavioral-affective performance (i.e., number of objects cleaned 

up during pretest, the reaction time during the Congruent and Incongruent 

conditions of the Flanker task, and the % duration of socially 

directed/spontaneous verbalization, and positive affect during early CM and SP 

intervention sessions); 2) the functioning level (i.e., VABS standard scores and 

SRS T scores) and the training-related changes in social, cognitive, and 

behavioral-affective performance (i.e., changes in the number of objects cleaned 

up between pretest and posttest, changes in reaction time during the Flanker task-

Congruent and Incongruent conditions between pretest and posttest, and the 

differences in  % duration of socially directed/spontaneous verbalization, and 
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positive affect during an early and a late CM and SP intervention session). All 

statistical analyses were conducted through IBM SPSS. 

7.3  Results 

7.3.1  Changes in Social Performance 

7.3.1.1 Generalized Changes in Prosocial Behaviors 

Children in the CM group showed significant increases in prosocial 

behaviors after the intervention (Total objects cleaned up (mean ± SE): Pre: 6.0 ± 

0.37, Post: 7.3 ± 0.29, p < 0.01; % of children showing improvement: 70.0; % of 

children showing improvement > MCI: 70.0; r = 0.80). There was no significant 

difference in prosocial behaviors in the SP group (Total object cleaned up (mean 

± SE): Pre: 6.7 ± 0.37, Post:6.8 ± 0.31, p > 0.05; % of children showing 

improvement: 40.0; % of children showing improvement > MCI: 40.0; r = 0.05). 

There was no between group differences in the training-related changes in 

prosocial behaviors (p > 0.05). 

7.3.1.2 Training -Specific Changes in Socially Directed Verbalization 

Children in the CM group showed increased socially directed verbalization 

during late compared to early training sessions (p < 0.039, r = 0.53; Figure 7.1A), 

while children in the SP group showed no significant changes in socially directed 

verbalization across training sessions (p > 0.05; Figure 7.1B). Although the 

percentage of responsive and spontaneous verbalization did not change from early 

to late sessions in both groups, the CM group had greater spontaneous 

verbalization compared to the SP group in both, early and late training sessions (p 
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< 0.05, r = 0.44; Figure 7.1A&B), indicating that the CM intervention context 

evokes greater spontaneous than responsive verbalization.    

 

Figure 7.1 The changes in % social verbalization, % spontaneous and responsive 

verbalization during early and late CM (A) and SP (B) training sessions. 

*indicates significant within-group differences between pretest and 

posttest (p < 0.05, survived for FDR corrections).  

 

7.3.2 Changes in Cognitive Performance 

7.3.2.1 Generalized Changes in Inhibitory Control - Flanker Task 

Children in the CM group showed faster reaction times during the 

Congruent and the Incongruent conditions after the intervention (ps < 0.05; 

Congruent: % of children showing improvement: 87.5 % of children showing 

improvement > MCI: 50.0, r = 0.89; Incongruent: % of children showing 

improvement: 87.5 % of children showing improvement > MCI: 75.0, r = 0.79; 

Table 7.1). However, participants in the CM group showed no significant 

training-related changes in response accuracy (ps > 0.05; Table 7.1). For the SP 

group, no significant training-related changes were found in accurac or reaction 

time (ps > 0.05; Table 7.1). 
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Table 7.1 The accuracy and reaction time during the Congruent and Incongruent 

conditions of the Flanker test 

 CM group SP group 

Pretest Posttest Pretest Posttest 

Accuracy, CON 94.4 ± 5.6 98.1 ± 1.9 93.0 ± 3.4 95.7 ± 2.5 

Accuracy, IN 91.3 ± 3.5 94.4 ± 2.8 87.5 ± 5.3 91.5 ± 3.9 

Reaction Time, CON (ms) 2388.4 ± 610.9 1503.91 ± 502.7* 1570.3 ± 156.3 1384.6 ± 226.1 

Reaction Time, IN (ms) 3644.3 ± 916.1 2017.5 ± 629.5* 2447.5 ± 604.4 2091.1 ± 509.6 

*indicates significant differences between pretest and posttest (p < 0.05; survived 

for FDR corrections). CON = Congruent condition; IN = Incongruent condition. 

Note that CM group (n = 6), SP group (n = 11) so we consider this preliminary 

finding. 

 

7.3.2.2 Training -Specific Changes in Inhibitory Control 

During the ñMove and Freezeò game, children in the CM group showed 

decreased latency in starting rhythmic movements during a late compared to an 

early training session (p < 0.05, r = 0.65; Figure 7.2A). Moreover, they showed 

reduced number of overflow movements in later training sessions (p < 0.05, r = 

0.75; Figure 7.2B).  
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Figure 7.2 The changes in the latency in starting new movement patterns (in 

second) (A), and number of overflow movements (B) during the Move 

and Freeze CM group training session. *indicates significant within-

group differences between pretest and posttest (p < 0.05, survived for 

FDR corrections).  

 

7.3.3 Changes in Behavioral-Affective Performance 

7.3.3.1 Training -Specific Changes in Affect 

In general, children in both groups enjoyed the training activities as they 

showed positive affect during more than 80% of the training period. Children in 

the CM group showed increased positive affect during late compared to early 

training sessions (p < 0.05; r = 0.55; Figure 7.3A). There was no significant 

change in positive affect between early and late sessions in the SP group (p > 0.05; 

Figure 7.3B). 
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Figure 7.3 The changes in positive/interested and negative affect duration during 

early and late training session in the CM (A) and SP (B) groups. 

*indicates significant within-group differences between pretest and 

posttest (p < 0.05, survived for FDR corrections).  

 

7.3.4 Parent Report Measures 

There were no significant changes in VABS internal and external problem 

behaviors between pretests and posttests in either group (ps > 0.05). To capture 

goal-attainment, parents in both groups established goals targeting social 

communication, and behavioral-affective performance then ranked their childôs 

outcomes after the intervention. For the social communication performance, parents 

established goals for improving verbal (e.g., engage in back-and-forth 

conversation for 5 minutes) and nonverbal communication (e.g., increased eye 

contact and gesture use). All children in the CM group and 83.3 % of the children 

in the SP group showed improvements (parent-rated goal attainment rate (average 

± SE): CM = 60.0 ± 10.0; SP = 70.8 ± 13.0; Table 7.2). For behavioral-affective 

performance, parents established goals targeting compliance (e.g., actively engage 

in activities without running away), attention span (e.g., stay focus on the task for 
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more than 10 minutes), and decreased negative behaviors (e.g., decrease the 

number of times losing temper when frustrated). All children in the CM and SP 

groups showed improvements in the behavioral-affective goals after the 

intervention (parent-rated goal attainment rate (average ± SE): CM = 66.7 ± 10.5; 

SP = 89.3 ± 15.0; Table 7.2).  

Table 7.2 Parent reported goal attainment rates of the social communication and 

behavioral-affective goals 

Goals CM group SP group   
Social Communication 

% Attainment (Average ± SE)  60.0 ± 10.0 70.8 ± 13.0 

% No Improvement 

(GAS = -2, 0% attainment) 

0.0 16.7 

% Some Improvement  

(GAS = -1, 50% attainment) 

80.0 33.3 

% Full Attainment 

(GAS = 0, 100% attainment) 

20.0 41.7 

% Beyond attainment 

(GAS > 0, > 100% attainment) 

0.0 8.3 

Behavioral-Affective  

% Attainment (Average ± SE)  66.7 ± 10.5 89.3 ± 15.0 

% No Improvement 

(GAS = -2, 0% attainment) 

0.0 0.0 

% Some Improvement  

(GAS = -1, 50% attainment) 

66.7 57.1 

% Full Attainment 

(GAS = 0, 100% attainment) 

33.3 21.4 

% Beyond attainment 

(GAS > 0, > 100% attainment) 

0.0 21.4 

GAS = Goal Attainment Scale. 

7.3.5 Correlations 

7.3.5.1 Correlations Between VABS, SRS, and Social Communication, 

Cognitive, and Behavioral-Affective Performance at Baseline 

At baseline, children with better adaptive functions (i.e., greater VABS 

communication, socialization, and daily living standard scores) had better social 

verbalization skills (i.e., talked more to the trainer/model/parent during the 
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training sessions) (p < 0.05, |r| = 0.397 to 0.469; Table 7.3; Figure 7.4A). 

Moreover, children who had better adaptive functions had better inhibitory 

control performance, indicated by faster reaction time during the Incongruent 

condition (p < 0.05, |r| = 0.479 to 0.599; Table 7.3; Figure 7.4B). No other 

significant correlations were found at baseline (ps > 0.05). 

Table 7.3 Correlations between VABS, SRS, and social communication, 

cognitive, and behavioral-affective performance at baseline 

 VABS 

Com 

VABS 

Social 

VABS 

Daily  

SRS-SCI SRS-RRB 

Prosocial Behavior 

Object cleaned up (#) -0.138 -0.041 0.096 -0.008 -0.046 

Socially Directed Verbalization 

Social verbalization (sec)  0.469* 0.408* 0.397* -0.154 -0.105 

Spontaneous verbalization (%) 0.182 0.141 0.334 0.280 0.320 

Inhibitory Control -Flanker 

Reaction Time, CON (ms) -0.166 -0.178 -0.142 -0.158 -0.350 

Reaction Time, In (ms) -0.599* -0.479* -0.405 -0.035 -0.150 

Affect 

Positive affect (%) -0.042 0.024 -0.138 0.068 0.086 

*indicates significant differences between pretest and posttest (p < 0.05). VABS 

Com = the standard score of the VABS Communication subscale; VABS social = 

the standard score of the VABS Socialization subscale; VABS Daily = the 

standard score of the Daily Living subscale; SRS-SCI = the T scores of the social 

communication and interaction; SRS-RRB = the T scores of restricted, repetitive 

patterns of behaviors. CON = Congruent condition; IN = Incongruent condition. 
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Figure 7.4 Scatterplots for correlations between VABS scores, social 

verbalization (A), and the reaction time in Incongruent condition 

during flanker task (B) at baseline (CM and SP groups pooled) 

 

7.3.5.2 Correlations Between VABS, SRS, and Training-Related 

Improvements in Social Communication, Cognitive, and Behavioral-

Affective Performance 

In the CM group, children who had less repetitive behaviors (i.e., lower 

SRS-RRB T scores) had greater improvements in prosocial behaviors (i.e., more 

objects cleaned up) (p < 0.05, |r|= 0.740; Table 7.4). For the SP group, , children 

with poor adaptive functions (i.e., lower VABS communication standard scores) 

had greater improvements in social verbalization skills (i.e., more socially 

directed verbalization during training session) (p < 0.05, |r| = -0.553; Table 7.4; 

Figure 7.5A). Moreover, children who had lower social responsiveness (i.e., 

greater SRS-SCI and SRS-RRB T-scores) had greater increase in positive affect 

during a late, compared to an early training session (ps < 0.05; |r| = 0.720 and 

0.783; Table 7.4; Figure 7.5B &C).  
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Table 7.4 Correlations between VABS, SRS, and training-related improvements 

in social communication, cognitive, and behavioral-affective 

performance 

 CM group SP group 

VABS 

Com 

VABS 

Social 

VABS 

Daily  

SRS-

SCI 

SRS-

RRB 

VAB

S 

Com 

VABS 

Social 

VABS 

Daily 

SRS-

SCI 

SRS-

RRB 

Prosocial Behavior 

Object 

cleaned up 

(#) 

0.166 0.165 -0.026 -0.494 -0.740* 0.030 0.091 -0.043 0.098 0.152 

Socially Directed Verbalization 

Social 

verbalizati

on (sec)  

0.281 0.268 0.358 -0.226 0.056 -

0.553

*  

-0.423 -0.370 -0.131 -0.265 

Spontaneo

us 

verbalizati

on (%) 

0.435 0.390 0.469 -0.272 -0.462 -

0.116 

-0.164 -0.181 -0.266 -0.179 

Inhibitory Control -Flanker 

Reaction 

Time, 

CON (ms) 

-0.467 -0.506 -0.482 0.370 0.577 -

0.553 

-0.155 -0.023 -0.120 0.091 

Reaction 

Time, In 

(ms) 

-0.321 -0.361 -0.386 0.382 0.626 0.312 0.295 0.148 -0.494 -0.278 

Affect 

Positive 

affect (%) 

0.008 0.003 0.020 -0.515 -0.505 -

0.016 

0.025 0.217 0.720

*  

0.783

*  

VABS Com = the standard score of the VABS Communication subscale; VABS 

social = the standard score of the VABS Socialization subscale; VABS Daily = 

the standard score of the Daily Living subscale; SRS-SCI = the T scores of the 

social communication and interaction; SRS-RRB = the T scores of restricted, 

repetitive patterns of behaviors.  
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Figure 7.5 Scatterplots for correlations between VABS/SRS scores, social 

verbalization (A), and positive affect (B&C) in the SP group 

7.4  Discussion 

Children with ASD have primary and secondary impairments in social, 

cognitive, and behavioral-affective performance that could be addressed through 

CM interventions. The current RCT compared the effects of CM and SP 

interventions on the social, cognitive, and behavioral-affective performance in 

children with ASD. Children in the CM group showed a large-sized improvement 

in prosocial behaviors, a medium-sized improvement in socially directed 

verbalization, a medium-to-large-sized improvement in inhibitory control, and a 

small-to-medium-sized improvement in positive affect after the intervention, 

while children in the SP group did not show small (effect size < 0.3) and not 

significant improvements in these domains. Moreover, children who had better 

adaptive functions had greater improvements in prosocial behaviors and 
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inhibitory control, while children who had lower adaptive functions and social 

responsiveness had greater improvements in social verbalization and behavioral-

affective performance. In short, our findings suggest that CM interventions have 

promising cascading effects on social, cognitive, and behavioral-affective 

performance in children with ASD.  

7.4.1  The Effects of CM Interventions on Social Performance 

Children with ASD showed increased prosocial behaviors and socially directed 

verbalization after receiving the CM intervention. It has been suggested that 

interpersonal synchrony had positive effects on social bonding and prosocial 

behaviors. A meta-analysis of 42 studies showed a small to medium-sized effect 

of interpersonal synchrony on social bonding, and a medium-sized effect on 

prosocial behaviors (Mogan et al., 2017). For example, infants showed more 

helping behaviors after bouncing synchronously than asynchronously with a 

social partner (Cirelli et al., 2014). Children also showed higher bonding rates and 

demonstrated more prosocial behaviors toward their partner after synchronous-

based peer play (Tunçgenç and Cohen, 2016 a&b). It is postulated that 

interpersonal synchrony might create a sense of similarity between self and social 

partners, which encourages empathy and group affiliation that fosters prosocial 

behaviors (Cirelli, 2018; Valdesolo and Desteno, 2011). During the CM 

intervention, we encouraged interpersonal synchrony and imitation practice 

through music, dancing, and joint actions which may facilitate social bonding and 

prosocial behaviors in children with ASD.  
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As for the social communication skills, we found increased socially directed 

verbalization in children with ASD during a late compared to an early CM 

training session. Our findings were consistent with previous intervention studies 

that showed improved social communication skills in children with ASD after 

music/rhythmic, and yoga interventions (Srinivasan et al., 2016; Kaur et al., 2021; 

Geretsegger et al., 2014). A recent meta-analysis conducted by our own research 

group also suggested small-to-large sized improvements in social communication 

skills after CM interventions (e.g., music and martial arts therapies; Amonkar et 

al., 2021). It is said that music and language share comparable structures (e.g., 

both hierarchically arranged and containing complex acoustic information) and 

similar neural networks are involved to process both musical and linguistic 

information (Srinivasan et al., 2013; Meyer et al., 2002; Wan et al., 2010). The 

similarity between language and musical experience might allow easy transfer 

between learned music and communication skills (Tallal and Gaab, 2006). 

Moreover, music and movement activities naturally encourage spontaneous 

verbalization to share information and enjoyment with social partners (Srinivasan 

et al., 2013, 2016). In fact, there was more spontaneous verbalization during the 

current CM intervention compared to the SP intervention, suggesting that creative 

movements are effective in eliciting spontaneous social communication. Our 

results reconfirmed the use of musical and other creative movement interventions 

to promote social communication skills in children with ASD. 
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7.4.2  The Effects of CM Intervention on Cognitive Performance 

Similar to the improvements seen in the social communication domain, we 

also found positive changes in executive functioning skills. Faster reaction times 

during the Flanker task and reductions in movement latency/overflow during the 

Move and Freeze game indicated improvement in inhibitory control in children 

with ASD after CM intervention. The positive effects of movement 

interventions/physical activities on executive functions were well documented by 

multiple systematic reviews targeting children with and without ASD (Contreras-

Osorio et al., 2021; Liang et al., 2022). It is suggested that physical 

activities/aerobic exercises induce changes in cerebral metabolism, increased 

blood flow, and release of neurotransmitters and neurotrophic factors (e.g., 

norepinephrine and dopamine), leading to changes in cortical arousal which in 

turn increase the efficacy of stimuli processing, response monitoring, and memory 

storage during executive functioning tasks (Mehren et al., 2019 a&b; Pontifex et 

al., 2013). The systematic review conducted by our research group suggests 

normalized electroencephalogram event-related potentials in children with 

developmental disabilities after movement-related interventions/ physical 

activities (e.g., increased P3 and N2 amplitudes and decreased P3 and N2 

latencies; Su et al., 2022). In the current CM intervention, we emphasized 

coordinated, whole-body movements (e.g., holding yoga poses or dancing with 

music) and aerobic physical activities (e.g., practicing different locomotor skills 

during Moving game) that might help improve inhibitory control in children with 

ASD.  
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7.4.3 The Effects of CM Intervention on Behavioral-Affective 

Performance 

Lastly, the current CM intervention outcomes show a significant increase of 

positive and interested affect and a slight decrease of problem behaviors based 

behavioral coding and parent reports. Previous intervention studies also suggested 

positive effects of creative movement interventions/physical activities on 

behavioral-affective performance in typically developing children and children 

with ASD (Amonkar et al., 2021; Cheval et al., 2018). Exercise/physical activity 

was said to increase the release of various neurochemicals (e.g., cortisol), 

neurotransmitters (e.g., dopamine, serotonin), and neuromodulators (e.g., 

endogenous opioids) leading to better mood and behavioral regulation (Basso and 

Suzuki, 2017). Moreover, the ñcreativeò part of the intervention might have 

additional benefits on affect-behavioral performance. For example, Yoga and 

other mindfulness interventions were effective in regulating the sympathetic 

nervous system and hypothalamic-pituitary-adrenal system, leading to better 

emotional regulation (Pascoe and Bauer, 2015; Sun et al., 2021). In the current 

study, children showed positive and interested affect for more than 90% of the 

early CM sessions, and the duration of positive affect continued to increase in the 

late training sessions. This suggests that CM interventions are an enjoyable and 

effective method to encourage physical activity and improve emotional and 

behavioral regulation in children with ASD.  
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7.4.4 Effect Sizes for CM and SP Interventions 

We used three methods to estimate the effect sizes for the cascading effects 

of CM and SP interventions, including the r-value (: r = z/ãN; z = the z scores 

from the Wilcoxon Signed-Rank and the Mann-Whitney U analyses; N = sample 

size), the % of children showing improvements, as well as the % of children 

showing improvements greater than the Minimum Clinically Important 

Differences (MCI = 0.2 x pooled baseline standard deviation; Lemieux et al., 

2007). Forprosocial behaviors, children in the CM group showed a large-sized 

improvement (r = 0.80, 70.0 % of children showed some improvements or 

improvements greater than MCI) while children in the SP group showed small-

sized improvements (r = 0.05; 40.0% of children showed some improvement or 

improvements greater than MCI). Although a high percentage of children in both 

groups showed increased socially directed verbalization after intervention (% of 

children showing improvement: CM = 66.7, SP = 73.3; percent of children 

showing improvement > MCI: CM = 53.3, SP = 66.7), the effect size was greater 

in the CM (r = 0.53) compared to the SP group (r = 0.44).  

For the inhibitory control during the incongruent condition, children in the 

CM group showed large-sized reductions in reaction time during the Flanker task 

(r = 0.79), with 87.5% of children showing some improvement and 75% of the 

children showing improvements greater than MCI value. In contrast, children in 

the SP group showed small-sized reductions in reaction time (r = 0.36), with more 

81.8% of children showing some improvement and more than 45.5% of the 

children showing improvements greater than MCI value. Lastly, for the positive 
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and interested affect, children in the CM group showed larger effects (CM: r = 

0.55; SP: r = 0.15), and more children showed some improvements (CM: 66.7%; 

SP = 40.0%) and improvements greater than MCI (CM: 46.7%; SP = 40.0%). 

Overall, although some children in the SP group showed improvements in social 

communication, cognitive, and behavioral-affective performance, the effect sizes 

are greater in the CM compared to the SP group. 

7.4.5  Limitation s and Future Directions 

The current manuscript reported data from a larger RCT that aims at 

investigating the behavioral and neural effects of creative movement, general 

movements, and sedentary play interventions. In the future, we will compare the 

behavioral and neural effects between the creative and general movement 

interventions to peel apart the effects induced by the creative components from 

that by the general movement components. We had a relatively small sample size 

and used a hybrid intervention delivery method that might add to the variability of 

intervention outcomes. Although we found correlations between childrenôs level 

of functioning and training-related improvements (i.e., children with fewer 

repetitive behaviors had greater prosocial improvements; and children with lower 

adaptive functioning and social responsiveness had greater social communication 

and behavioral-affective improvements). The results suggest intervention 

responses vary in different subgroups of children, without implying any causation. 

Future studies that include a larger sample size should explore how demographic 

(e.g., age, sex), level of support, and intervention delivery methods (e.g., in 

person or telehealth) might influence the treatment outcomes. Moreover, the 



253 
 

relationships between the training-induced improvements in pereptuo-motor and 

other developmental domains (e.g., social communication, cognition, and 

behavioral-affective) should be explored to understand the mechanisms 

underlying the multisystem effects of CM intervention. 

7.4.6  Clinical Implications 

The current study supports the cascading positive effects of a multi-model, 

play-based CM intervention on social, cognitive, and behavioral-affective 

performance in children with ASD. Children who need less support might 

improve their prosocial behaviors and inhibitory control, whereas children who 

need more support might improve social verbalization and behavioral-affective 

performance. Parents and healthcare providers should consider adding creative 

movement experiences within the daily repertoire and within the standard 

interventions for children with ASD. 
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Chapter 8 

NEURAL EFFECTS OF CREATIVE AND GENERAL MOVEMENT 

INTERVENTIONS ON INTERPERSONAL SYNCHRONY IN CHILDREN 

WITH ASD: A PR ELIMINARY FNIRS STUDY  

8.1    Introduction  

Autism Spectrum Disorder (ASD) is a highly prevalent neurodevelopmental 

disorder affecting 1 in 44 children (Maenner et al., 2021). Children with ASD 

have core symptoms in social communication and repetitive behaviors (American 

Psychiatric Association, 2013), as well as comorbidities in socially embedded 

movements, such as imitation and interpersonal synchrony (IPS; Edwards, 2014; 

Kaur, 2018). Previous studies have associated ASD-related difficulties in 

imitation and IPS with atypical activation over the Observation Execution 

Matching System (OEMS), including hypoactivation over inferior frontal gyrus 

(IFG) and superior temporal sulcus (STS), along with hyperactivation over the 

inferior parietal lobe (IPL) (Yang and Hofmann, 2016; Su et al., 2020a, 2021b). 

Children with ASD might have difficulties utilizing social information during IPS 

tasks as they failed to increase OEMS activation when more social information 

was provided during IPS tasks, a pattern that was clearly seen in typically 

developing children (Su et al., 2021b). Over the past decade, there has been an 

increase in the use of novel, whole-body creative movement therapies (e.g., yoga, 

music, dance, martial arts) in addressing multisystem disorders of children with 

ASD (Amonkar et al., 2021). Although creative movement therapies have positive 

effects on the social, cognitive, motor, and socially embedded motor skills (i.e., 
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praxis and IPS) of children with ASD (Amonkar et al., 2021; Kaur et al., 2018, 

2019, 2021; Srinivasan et al., 2015, 2016a & 2016b), the key ingredients of these 

interventions and the neural mechanisms underlying intervention-related 

improvements are not well understood. Moreover, whether and how neural 

activity could be used as an intervention response measure remains unknown. In 

the current pilot Randomized Control Trial (RCT), we explored the neural 

mechanisms of using creative and synchronous movements (important elements 

of creative movement therapies) in improving the IPS performance of children 

with ASD by comparing a synchrony-based Creative Movement (CM) 

intervention, to that of a General Movement (GM) and a standard of care, 

Sedentary Play (SP) intervention. Specifically, we used functional Near-Infrared 

Spectroscopy (fNIRS) to record the cortical activation before and after each type 

of intervention. Please note that in this chapter, we discuss a second comparison 

intervention, GM intervention, that has not been discussed before because the 

behavioral effects of GM interventions will be part of another dissertation. 

However, this dissertation will include the neural effects of GM intervention in 

this chapter.  

8.1.1 IPS Difficulties in Children with ASD  

Using various motor synchrony paradigms (e.g., drumming, marching, 

clapping, pendulum swaying), previous research found reduced and atypical IPS 

performance in children with ASD (Kaur et al., 2018; Fitzpatrick et al., 2016 & 

2017). The ASD-related difficulties in IPS might be rooted in childrenôs motor 

difficulties, social attention/social information perception, as well as executive 
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functioning (McNaughton & Redcay, 2020). Specifically, children with ASD 

present with fine and gross motor incoordination, poor motor planning, and 

impaired anticipatory/reactive control of movements that might undermine their 

ability to perform coordinated movements with another individual (Bhat et al., 

2011; Chen et al., 2019; Kaur et al., 2018). In fact, the atypical movement quality 

(i.e., slower and increased movement variability) in children with ASD during 

solo rhythmic movements was correlated with their IPS performance, suggesting 

that motor coordination is important for IPS (Fitzpatrick et al., 2017). Besides 

motor coordination children with ASD have reduced attention toward social 

stimuli and poor biological motion perception (Federici et al., 2020; Frazier et al., 

2017). In addition, they often show more IPS difficulties during tasks that 

involved greater social interactions. For example, they show IPS performance 

comparable to that of Typically developing (TD) children when synchronizing 

their movements with a computer avatar (Koehne et al., 2016), but impaired 

performance when synchronizing with a human being (Zapata-Fonseca et al., 

2019). Similarly, during a sway synchrony task, our research group found 

comparable performance between children with and without ASD during Solo 

sway to a metronome, but decreased IPS in children with ASD (i.e., insufficient 

sway amplitude and lower coherence) when swaying face to face with an adult 

tester (Su et al., 2021b). Lastly, executive functioning, including inhibitory 

control and attention shifting, are critical for moving synchronously with another 

individual (Shamay-Tsoory et al., 2019). Children with ASD are known to have 

impaired executive functioning (Demetriou et al., 2018). During IPS, children 
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with ASD might have difficulties retaining information about the goal/task 

requirements and the spatial relationships between oneself and the partner, plan 

oneôs actions, shift oneôs attention to critical components of the actions, and 

inhibit irrelevant movements to match up with their partnerôs actions. Together, 

these underlying perceptuo-motor, social, and cognitive processes may affect their 

ability to engage in IPS with social partners.  

8.1.2 Neural Mechanisms Underlying IPS 

The OEMS, mainly consisting of the Inferior Frontal Gyrus (IFG), Superior 

Temporal Sulcus (STS), and Inferior Parietal Lobule (IPL), is critical for IPS 

behaviors as it is more active when one observes, executes, and 

imitates/synchronizes their movements with the others (Caspers et al., 2010; 

Iacoboni, 2005; Molenberghs et al., 2009). The IFG and IPL interact with each 

other to match observed actions with oneôs internal motor plans (Ocampo et al., 

2011). Specifically, IFG plays an important role in encoding the goal of actions as 

it is differentially activated when observing actions with different goals and is 

more active when executing goal-directed than non-goal directed movements 

(Johnson-Frey et al., 2003; Koski et al., 2002). IPL, on the other hand, is 

important for monitoring the early motor planning phases and 

anticipatory/predictive control of actions (Fontana et al., 2016). Lastly, the STS 

region is important for establishing visuomotor correspondence as it is more 

active when one monitors and matches their own actions to those of their partnersô 

in a predictive or reactive manner (Molenberghs et al., 2010). Besides OEMS, the 

prefrontal regions (including middle frontal gyrus (MFG)) are important for IPS 
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behaviors. The prefrontal regions, including MFG, are important for executive 

functions such as motor planning, working memory, cognitive shifting, and 

inhibitionða set of skills that are important during IPS (Del Casale et al., 2016). 

Given their important role in IPS, the current study investigated the training-

related changes of cortical activation over the OEMS systems (i.e., IFG, STS, IPL) 

as well as the MFG region. 

8.1.3 ASD-Related Differences in Cortical Activation During IPS 

Research had suggested atypical Observation Execution Matching System 

(OEMS) underlying the imitation/IPS difficulties in children with ASD (Rizzolatti 

& Fabbri-Destro, 2010; Yang & Hofmann, 2016). A comprehensive meta-analysis 

of fMRI studies suggests ASD-related hypoactivation over the IFG and STS 

region, along with hyperactivation over the IPL region during imitation/IPS and 

its component behaviors (Yang & Hofmann, 2016). Our own fNIRS study also 

found reduced IFG and STS activation and increased IPL activation in children 

with ASD during reaching and sway synchrony tasks (Su et al., 2020a, 2021b). 

Moreover, unlike their TD peers, children with ASD failed to show increased 

cortical activation when additional social visual (i.e., swaying face to face with a 

partner vs solo swaying to a metronome) or social tactile information (i.e., 

swaying face to face with vs without fingertip touching each other) was available 

(Su et al., 2021b). The atypical activation over OEMS and the lack of socially 

enhanced activation might indicate that children with ASD may utilize different 

neural networks during imitation and have difficulties perceiving/integrating 

social information. In the current study, we examined the training-related 
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differences in socially enhanced activation (face-to-face vs solo drumming) over 

the OEMS (i.e., IFG, STS, IPL) and other important regions of interest (i.e., 

MFG). 

8.1.4 Behavioral Effects of Creative Movement Interventions in Children 

with ASD 

Studies using creative movement interventions report improvements in 

various multisystem skills of children with ASD (Amonkar et al., 2021). For 

example, our research group found training-related improvements in joint 

attention, social communication/attention, gross motor performance, and 

imitation/praxis skills in children with ASD after yoga and music/rhythm-based 

interventions (Kaur et al., 2019 and 2021; Srinivasan et al., 2015, 2016 a & b). In 

a comprehensive systematic review on creative movement interventions (e.g., 

music, dance, yoga, theater, and martial art), we found small-to-large-sized 

improvements in the social communication after music and martial arts therapies, 

and medium-to-large improvements in motor and cognitive domains after yoga 

and martial arts training (Amonkar et al., 2021). Despite these promising results, 

the afore-mentioned creative movement interventions had a wide range of 

targeted skills and varied in the type of intervention and delivery strategies. We 

do not know which key ingredients, for example, creativity through use of 

musical/rhythm-based activities, interpersonal synchrony, or gross-motor 

activities contribute to the behavioral improvements. To better distinguish the 

effects of creativity and IPS from gross-motor activities we have included a 

movement comparison group that received General Movement (GM) 
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interventions grounded in exercise and endurance games but did not use music or 

IPS. Hence, in this study we compared the effects of a synchrony-based Creative 

Movement (CM) intervention, to that of an exercise-based, General Movement 

(GM) intervention and also included a standard of care, Sedentary Play (SP) 

intervention. 

8.1.5 Neural Effects of Movement Interventions 

Compared to the behavioral findings of movement interventions, there is 

scarce evidence on the neural effects of creative movement therapies. Several 

fMRI studies found training-related changes in resting-state neural activity in 

regions important for social communication skills in children with ASD (Yang et 

al., 2018; Sharda et al., 2021). Specifically, Yang et al. (2018) found increased 

connectivity between the left inferior frontal gyrus and the right cerebellum after 

12 weeks of mini-basketball training, while Sharda et al. (2021) found reduced 

resting-state fMRI over-connectivity over the auditory and visual regions and 

under-connectivity over the auditory and motor regions after 8 to12 weeks of 

music therapy in children with ASD. Additionally, our own systematic review of 

electroencephalogram studies suggests normalized cortical arousal and more 

efficient executive functioning processes in individuals with developmental 

disabilities after movement-related interventions (Su et al., 2022). Despite the 

indirect evidence from fMRI resting-state connectivity and EEG executive 

functioning studies, there are no studies that have examined changes in cortical 

activation during IPS tasks following movement interventions. The current pilot 

RCT will examine the behavioral and neural effects of CM, GM, and SP 
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interventions in children with ASD during a drumming synchrony task. We 

hypothesize that children in the CM group would have the greatest training-

related improvements in IPS along with the greatest increase in socially enhanced 

activation compared to the GM and SP group.  

8.2 Methods 

8.2.1 Participants 

Twenty-four children with ASD between 5 and 15 years (mean age ± SE: 

8.68 ± 1.65; 21 Males and 3 Females) participated in this study. Participants were 

recruited through online announcements, phone calls, and fliers distributed to 

local schools, ASD services, and advocacy groups, as well as Simons Powering 

Autism Research (SPARK) participant-research matching service. SPARK 

informs families in their database about research studies in the nearby area 

(https://www.sfari.org/resource/spark/). Before participation, we interviewed 24 

potential participants to obtain their demographic information including age, sex, 

ethnicity, as well as to confirm their eligibility for participation (Figure 8.1). 

Children were included if they held a professionally confirmed ASD diagnosis 

supported by a school-record (e.g., school psychologist record confirming an 

ASD diagnosis) and/or an Individualized Education Plan (IEP) for ASD-related 

services or a medical or neuropsychological record from a psychiatrist or clinical 

psychologist using the Autism Diagnostic Observation Schedule (ADOS) and/or 

Autism Diagnostic Interview-Revised (ADI-R) measures. In addition, we used the 

Social Communication Questionnaire (SCQ) to screen for ASD symptoms (Rutter 

et al., 2003). The majority of the children with ASD also met the criteria for a 

https://www.sfari.org/resource/spark/
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social communication delay (>12 points) confirming the presence of a social 

communication delay (Table 8.1). Of the 24 children originally included in the 

study, 2 children have been excluded due to lack of posttest data (N = 2). 

Therefore, data from 22 children with ASD was included in this study. The 

participants were matched on age, sex, and level of functioning before being 

randomly assigned to the three intervention groups- Creative Movement (CM; n = 

8), General Movement (GM; n = 7), and Sedentary Play groups (SP; n = 7). There 

were no significant differences in age and sex between all three groups (Table 

8.1).   

Parents of all participating children were asked to complete the Vineland 

Adaptive Behavioral Scales-2nd edition (VABS; Sparrow et al., 2005), and the 

Social Responsive Scale questionnaire (SRS; Constantino et al., 2000) to assess 

the childôs social communication performance (Table 8.1). No other differences in 

VABS and SRS were found between groups. Written informed consent was 

obtained from parents and written/verbal assent was received from participants 

before study participation. All study procedures were carried out according to the 

Declaration of Helsinki. All consent and assent forms as well as all study 

procedures were approved by the University of Delaware Institutional Review 

Board (UD IRB, Study Approval #: 1539736-5). Written parental and 

experimenter permission/consent to use their pictures for this publication has been 

taken (parental consent and child assent forms (including the reader and 

nonreader versions) are listed in Appendices E.1 to E.3). 
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Table 8.1 Demographic information and the results of social communication 

questionnaires in CM, GM, and SP groups. Means and standard errors (SE) 

provided. 

VABS-II = Vineland Adaptive Behavior Scale - 2nd Edition; SS = Standard Score; 

SRS = Social Responsiveness Scale; SCI = Social Communication and Interaction; 

RRB = Restricted Interests and Repetitive Behavior; M = Male, F = Female; C = 

Caucasian, A = Asian, AA = African American; b indicates significant differences 

between children in the CM compared to the SP group (p < 0.05). F2F = Face to 

Face, TH = Telehealth. 

8.2.2 Study Procedures 

The current pilot randomized control trial (RCT) was conducted over 10 

weeks, with the fNIRS pretest and posttest conducted in the weeks before and 

after 8 weeks of intervention (Figure 8.1). Each child received a total of 16 

training sessions (60-90 min per session, 2 sessions/week, for 8 weeks) involving 

the use of Creative movement (CM, including music, dancing, and yoga activities 

to target their social communication skills, interpersonal synchrony, and gross 

motor performance), General Movement (GM, including obstacle courses and 

strengthening/stretching activities to target their gross motor performance), and 

Sedentary Play (SP, including reading and art-crafts to target their social 

communication skills and fine motor performance). The GM and SP groups were 

designed to control for gross motor performance, and social communication 

Characteristics CM group (n = 8) 

Mean ± SE  

GM group (n = 7) 

Mean ± SE 

SP group (n = 7) 

Mean ± SE 

Age 9.50 ± 0.96 8.42 ± 0.95 8.56 ± 0.94 

Sex 6M, 2F 7 M 8M, 1F 

Race/Ethnicity 6C, 2 Mixed 3C, 3A, 1AA 5C, 2 AA 

Delivery Method 5 F2F, 3 TH 3 F2F, 4 TH 4 F2F, 3 TH 

SCQ 17.25 ± 2.18 12.57 ± 1.66 12.29 ± 1.19 

VABS-II (SS) 

   Communication (%) 

   Socialization (%) 

70.25 ± 3.59 

73.50 ± 3.70 

70.25 ± 3.59 

77.43 ± 3.45 

81.71 ± 4.77 

80.14 ± 2.87 

75.89 ± 4.04 

82.00 ± 6.00 

69.11 ± 6.55 

SRS (T scores) 

   SCI (T scores) 

   RRB (T scores) 

77.88 ± 4.25 

74.50 ± 4.02 

79.63 ± 3.17 

68.14 ± 2.84 

67.14 ± 2.52 

68.86 ± 4.79 

73.11 ± 2.05 

70.78 ± 2.98 

72.00 ± 3.54 
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performance respectively. Additionally, key ingredients of creativity (use of 

musical rhythms and IPS) were not included in the comparison interventions. The 

current study was conducted between 2019 and 2022, in the midst of the COVID-

19 pandemic. Due to the constraints on face-to-face (F2F) interaction, we used a 

hybrid intervention model (Bhat et al., 2021b; Srinivasan et al., 2021; Su et al., 

2021c). Participating families were allowed to choose between an F2F or a 

Telehealth (TH) training delivery method (12 of the children completed F2F and 

10 complete TH interventions, there were no significant differences in the 

delivery method between groups, p > 0.05, Table 8.1).  

 

Figure 8.1 Flow diagram of the current RCT. 
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8.2.3 Training Protocols 

Children in all training groups received 16 training sessions over 8 weeks (2 

sessions per week). Each training session lasted about 1 hour and 15 min. 

(Average number of sessions: CM: 15.1 ± 0.1, GM: 15.7 ± 0.4, SP: 15.4 ± 0.2; 

Average training time: CM: 78.9 ± 3.6, GM: 78.1 ± 7.3, SP: 74.2 ± 5.7). The 

training sessions were video recorded for later coding. For all three groups ABA, 

PECS, TEACCH, and motor learning principles were used to provide structure, 

reinforcement as well as time to freely explore and practice. More specifically, we 

provided visual, verbal, manual prompts, positive reinforcement throughout the 

training period, and encouraged child-choice to choose from a set of actions or 

improvise. A picture board was shown to explain the task schedule/order. For the 

CM group, key ingredients included interpersonal synchrony and multi-limb, 

whole-body movements performed to music, For the GM group, key ingredients 

included moderate physical activities requiring flexibility, strength, and endurance 

conducted in a turn-taking manner (first adult then child and vice-versa). Lastly, 

the SP group used key ingredients of reading and fine motor activities performed 

in a small group including fine-motor imitation.  

8.2.3.1 Creative Movement Group 

The children in this group received a synchrony-based intervention across 

different contexts such as the (A) Hello game: greet the child, sing the hello song 

and move together; (B) Action game: gesture to music and/or pair up and play 

hand games ; (C) Warm-up: stretch, breath, move across the midline to warm up 

the body; (D) Music game: play a variety of percussion instruments (drums, 
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tambourines, etc.) together in a synchronous manner using ipsilateral and 

contralateral movements; (E) Moving game: whole body rhythmic actions using 

dance activities involving upper and lower extremities; (F) Yoga: practice yoga 

poses described in a song, a story, or through a game; (G) Breathing: explore 

different breathing patterns and relax; (H) Farewell song: Reflect on the session 

regarding favorite activities, sing a farewell song, and say goodbye (Figure 8.2). 

These training activities focus on synchrony-based actions promoted using early 

childhood education activities involving music, dance, and yoga-based activities 

(Please see details in the previous chapter, Table 6.3). 

 

Figure 8.2 Picture examples for the CM group training activities, including the 

Hello Game (A), Action Game (B), Warm up (C), Music Game (D), 

Moving Game (E), Yoga (F), Breathing (G), Farewell Song (H). 

Written permission for publication of participant pictures has been 

taken. 

8.2.3.2 General Movement Group  

The children in this group received general physical activity intervention 

across different contexts involving (A) Hello: greet the child, play ice breaker 

games; (B) Warm up: dynamic stretches to improve flexibility and to warm up the 
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body; C) Upper-limb strength: using supplies or bodyweight to facilitate strength 

and coordination of the upper limbs; D) Lower-limb strength: using supplies or 

bodyweight to facilitate strength and coordination in the lower limbs;  E) Speed 

up: playing games (i.e., obstacle courses) to facilitate locomotor skills; F) Cool 

down: static stretches to improve flexibility and to cool down the body. (G) 

Breathing: Breathing and relaxing; (H) Farewell: Reflect on favorite exercises, 

say goodbye to each other, and clean up the materials used (Figure 8.3). These 

training activities focus on strength, endurance, flexibility, and aerobic endurance 

using general physical activities. 

 

Figure 8.3 Picture examples for the GM group training activities, including the 

Hello (A), Warm up (B), Upper-limb Strength (C), Lower-limb 

Strength (D), Speed up (E), Cool down (F), Breathing (G), Farewell 

(H). Written permission for publication of participant pictures has 

been taken. 

8.2.3.3 Sedentary Play Group 

The children in this group received sedentary/fine motor activity 

intervention across different contexts involving (A) Hello: greet the child, play ice 

breaker games; (B) Warm-up: use fine motor activities (i.e., peg-boarding, string 
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art, beading, etc.) to warm up finger/hand muscles; (C) Reading: read/listen to a 

picture book, answer questions, and engage in back-and-forth conversation; (D) 

Building: Build LEGO or Playdoh creations based on instruction pictures; (E) 

Free Build: the child was encouraged to build any creation of their like or add on 

components to the creation made in the Building activity; (F) Art-Craft: Make art 

crafts that involve fine motor skills such as coloring, cutting, gluing, folding, etc. 

(G) Free Art: the child was encouraged to make any art creation or add on the 

artwork they made in the Art Craft condition. (H) Farewell: Reflect on favorite 

activities, say goodbye to each other, and clean up the materials used (Figure 8.4). 

These training activities focus on fine motor activities and social interactions 

(Please see details in the previous chapter, Table 6.3). 

 

Figure 8.4 Picture examples for the SP group training activities, including the 

Hello (A), Warm up (B), Reading (C), Building (D), Free Build (E), 

Art Craft (F), Free Art (G), Farewell (H). Written permission for 

publication of participant pictures has been taken. 

 

 

 

 


