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ABSTRACT

Autism Spectrum Disorder (ASD) is a multisystem neurodevelopmental disorder

not only affecting childrenbés core i mpairm
behavioralaffective states but also their comorbid impairments in perceptuo

motor performance. Cildlr ends comor bi d i mpairments in g
gross and fine motor) and sociadlgnbedded motor performance (i.e.,

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

The purpose of this dissertation was to identify A®Ixated neurobiomarkers
during IPS and to develop an evidefiimsed, miisystem intervention that

targets multisystem difficulties of children with ASD.Amms 1 and 2 we

compared IPS performance and functional tiefiared 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 atvation. Moreover, unlike their typically developing peers,
children with ASD did not scalap their cortical activation when more soeial
perceptual information was provided. The neurobiomarkers we identified in Aims

1 and 2 could be used as objectivepmese 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
restingstate, cortical arougabnnectivity, as well as normalized
electroencephalogram, evaelated potentials during multiple executive

functioning tasks after physical activity and movement interventions.

Aims 4-6, build on our past behavioral and neurobiomarker studies asswvell a
recent systematic reviews, to conduct a Randomized Controlled Trial (RCT)
comparing effects of 8 weeks of multisystem, synchiioayed Creative

Movement (CM, using a blend of music, dance, and yoga approaches), General
Movement (GM, control for movemengnd Sedentary Play (SP, control for

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

affective, and cognitive skills of scheagie children with ASD.

In Aim 4, we explored the effects of CM and SP interventions on glesieda
sociallyembedded 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, stremg, agility, locomotor skills) and IPS performance.

In Aim 5, we explored the cascading effects of CM and SP interventions on social
communication, cognitive, and behavieraffective performance in children with
ASD. Only children in the CM group showettreased/improved socially

directed verbalization, prosocial behavior, executive functions, and positive affect.
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Lastly, inAim 6, we explored the neural effects of CM, GM, and SP interventions
during a drumming synchrony task. GM group showed incressadlly

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, ths dissertation work builds on olra Ipastswork 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 skitdé schoolage children with ASDLastly,
we offer supporting evidence for the use of fN{B&ed 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 BehavioralAffective

Impairments in Autism Spectrum Disorder

Autism Spectrum Disorder (ASD) is a multisystem neurodevelopmental
disorder affectind in 44 children American Psychiatric Association, 2013,
Maenner et al., 2021¢hildren with ASDpresent with core symptoms in social
communication and repetitive behans, as well ascomorbidities in cognitivand
behavioralaffectivedomains(American Psychiatric Association, 2013; Cai et al.,
2018; Demetriou et al., 2018} pecifically, theynaveimpaired verbal and nen
verbal communication skills, such as language delays and reduced social
gazeljoint attention (American Psychiatric Association, 2013; dreganark,

2016; Franchini, et al., 2017)hey alsademonstrate less frequent

altruistic/prassocial behaviors compared to their typically developing p@déd3

(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 maitain relationships with others. Besides the core

symptoms in social communication skills, children with ASD also
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demonstrate impaired executive functiomeluding insufficient inhibitory
control,motor planning, working memory, and cognitive shiftiriggmetriou et

al., 2018) For example, they might have difficulties inhibiting responses or
filtering out irrelevant information (Demetriou et al., 2018; Ton&tzal., 2021).
Lastly, children with ASD present with behavieedfective difficulties, including
poor emotioal regulationand a higher prevalence of problem behaviors (Cai et
al., 2018; Lecavalier, 2006). Specifically, children wk8D were found to &ve
lower levels of emotional regulation, and used less effective emotional regulation
strategies (e.g., suppression/avoidancestdathe) which might contribute to
their externalizingandinternalizing problem behaviors (e.g., throwing temper
tantrums withdrawa) (Cai et al., 2018; Li et al., 2020)jhese multisystem
impairmentdn ASD undermine chilcend ability to participae sociallyand

significantly affectboththeir mentalndphysical wellbeing(Bhat et al., 2021)

1.2 GeneralMotor and SociakMotor Impairments in Autism Spectrum

Disorder

Along with their coreimpairmentsalarge number o€hildren with ASD
alsopresent with generahotorand sociaimotor difficulties (Bhat et al., 2011;
Kaur et al., 2018). Using SPARK database, a recent study suggestecbuait
87% of the children with ASD were at risk for motor impairmefihat, 2020 &
2021).In terms ofgeneralmotor difficulties they demonstratgross and fine
motor incoordination, poor postural control, as welhggpical 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., 20ljerms of sociamotor



difficulties, poor imitation andower interpersonal synchrony (IPSkills are
reported in children with ASD compared to TD pg@at et al., 2011; Kaur et
al., 2018 Marsh et al., 2003 Thesemotordifficulties arehighly relatedo

c hi | dacial sodnmunication performance, cognitive fundtignand
behavioralperformance, highlighting the multisystematureof ASD (Ohara et al.,
2016; Bhat, 2021 Moreover,IPS isvital for establising socialconnections with
social partners (i.e., peers and caregiveng)playsan important role in

c hi | caciatcogngive developmeriiiogan et al., 2017)WVe argue thaPS
provides a unique link between social and matievelopmentthereforecould be
akey ingredienfor movemeninterventiors to address the multisystem

impairmentsof children with ASD.

1.3 ASD-Related Differences in Neural ActivityDuring SociakMotor Tasks

Many functional Magnetic Resonance Imaging (fMRI) stutiese
suggestedatypicalactivation over th®bservation Execution Matching System
(OEMS)and link this mechaam tothe sociatmotordifficulties in children with
ASD (Rizzolatti & FabbrDestro, 2010; Yang & Hofmann, 2016).
comprehensive meianalysis of fMRIstudies suggestl ASD-related
hypoactivation over thinferior Frontal GyrusIEG) andSuperior Temporal
Sulcus §TS), along with hyperactivation over theferior Parietal LobelPL)
during imitation and its component behavirs., action observatioand
execution)Yang & Hofmann, 2016)ThelFG plays a importantrole in
perceiving action information offered laysocial partnerencodingaction goals

andinferring intentionsbehind theactions(Koski et al., 2002; Johnsefrey et al.,



2003. IFG also interact with IPL to matchthe observed actions witimternal

motor plango predictively modify actions to match that of the social partner
(Fontana et al., 2012; Ocampo et al., 2@ the othehand,STS plays an

important role in establishing visuomotor correspondence and is activated as one
monitors and matchstheir actionsto those of their partnesggMolenberghs et al.,
2010) The atypical activation over OEMS might indicate ttlaitdren with ASD

have insufficientilteredneural networks during imitation aedperience

difficulties perceiving/integrating social information.

Although the fMRI studies suggest potential neurobiomarkers in children
with ASD, the taskaised inthese fMRI studies were limited to hand or finger
movements, without upright fade-face interactiongYang & Hofmann, 2016)
Functional neamfrared spettoscopy (fNIRS) is a neinvasive neuroimaging
technique that constrains the subject only by a cap, allows ugdeageto-face
interactions, and is robust against movement artifacts, making it a favorable
approacho investigatehe socialmotor difficutiesin children with ASD(LIoyd-

Fox et al., 201 In the current study, we investigated the fN{R®ated cortical
activation in children with ASD during IPS tasks and explored the potential use of

these ptentialneurobiomarkers as intervention response measures.

1.4 Traditional and Contemporary Interventions for Autism Spectrum

Disorder

Despite the high prevalence of generaitor and sociamotor difficulties
in children with ASD whole-body movementoordinationis rarely a focusof

contemporanASD interventionsin fact,a recenSPARK databasstudy
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reported thaonly 31.6% of childrenvith ASD were receiving physical therapies
and only 13% received recreational therafigsat, 2020 & 2021)Using
principles/approaches such as Applied Behavior Analyses (ABA; Lovaas, 1987),
Picture Exchange Communication System (PECS; Bondy & Frost, 20ad),
Teaching and Education of Autistic and Related Communication Handicapped
Children (TEACHH; Mesibov, 24), contemporanASD interventions provide
repeated practice and reinforcements of desired behaviors, joint attention, and
social communication skills. Although these contempo#8ip interventions

show promising results in improving adaptive functionsreasingeceptive and
expressive language skills, and reducing negative behaviors (Reichow et al.,
2018), most of them are conducted in a seated position without emphasizing
perceptuemotor control and wholeody movementoordination In the current
dissertation we used &edentaryPlay (SP)intervention that focuses on fine
motoractivities academic performancand social communication skillsodeled

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

comparison, standawf care intervention.

1.5 The Nature and Value ofCreative Movement Interventions

Over the past decade, thér@s beemn increasing number of studiesngs
CM interventionge.g., music, dance, yoga, theater, and martiat@gjldress the
multisystem impairments in children with ASD (Amonkar et al., 200%)ng
yoga and musal/rhythm-basednterventionspur research group found training
related improvements gocial conmunication socialattention gross motor

performance, and imitation/praxis skills in children with ASD (Kaur et al., 2019



and 2021; Srinivasan et al., 2015, 2016 a 8R&cently we conductec
comprehensive systematic review©NI interventionsandfound smalto-large
sized improvements in social communication after music and martial arts
therapiesas well agnediumto-large improvements in motor and cognitive
domains after yoga and martial arts training (Amonkar et al., 2021). Despite the
various tygs/contexts of creative movement interventions, they all provide an
enjoyablenterventioncontextthat naturally encourages social information
monitoring, communication, imitation/IPS, and learning/practice of gross and fine
motor skills (Srinivasan & Bhat, 2013)Ve argue that the sociaiotor

components (i.e., imitation and IPS) are the key ingrésiibat make CM
interventions effective in addressing the multisystem impairnadratsildren

with ASD. To support ouhypotheses/frameworkve propose to examinie

effects ofan IPSbased noveCM intervention that incorporaselements of early
childhood music, dance, and yoga activitigamesand compare its effects &

standard of cateSPinterventionin children with ASD.

1.6 Potential Use of Neural Biomarkers as Intervention Resp@eMeasure

Compared to the behavioral findings, therktile evidencefor the neural
effects ofCM interventions Several fMRI studies found traininnglated changes
in restingstate neural activity in regions important for social communication
skills of childrenwith ASD (Yang et al., 2018; Sharda et al., 20&pecifically,
Yang et al. (2018) found increased connectivity between the left inferior frontal
gyrus and the right cerebellum after 12 weeks of #basketball training, while

Sharda et al. (2021) foundduced restingtate fMRI overconnectivity over the



auditory and visual regions and unaennectivity over the auditory and motor
regions after 8 to12 weeks of music therapy in children with ASD.
Electroencephalografe EG) studies also suggested normatizventelated
potentialsduring executive functioning tasks after martiataridtheaterbased
interventions (Chan et al., 2013 & 2015; Corbett et al., 2@&Ypite the indirect
evidence from fMRI restingtate connectivity and EEG executive funcing
studiesthereareno studieslescribingchanges of cortical activation during IPS
tasksfollowing movementinterventionsOur review of the literature indicated a
needto systematially review the neural effects of movemestated
interventions on children with ASDnd other developmental disabilitid$ence,
in the current dissertation, wenducted a comprehensive systematic review on
the neural effects of movemerglated interventins on children with
developmental disabilitiegdditionally, we conducted pilot Randomized
Controlled Trial (RCT)Yo explore the use of fNIRS neurobiomarkeusing IPS

tasks toitack the neural effects of CM and SP interventions.

1.7 Aims and Hypotheses

Theoverall aimof this dissertatiofs to identify ASDrelated
neurobiomarkers during IPS andexplore the multisystem neural and behavioral
effects of CM interventiogifor children with ASD In Aims 1 and 2(Chapters 2
to 4), we compared IPS performanaed fNIRSrelated cortical activation
between childreand adultsvith 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 interventis. éffAim 3



(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 disabiliti&s.Aims 4-6, we build on our past
behavioralneurobiomarker studiend heaforementionedystematic reviewo
conduct gilot RCT comparing effects of 8 weeks of multisystem, synchrony
based CMusing a blend of music, dance, and yoga approacines§P
interventiongcontrol for social interactions) on the motsocial communication,
behavioralaffective, and cognitive skills of scheayed children with ASD.
Specifically,we explored the effects of CM and SP interventions on general and
sociallyembedded motor skills in children with ASDAIm 4 (Chapter 6),
investigatedhe cascading effects of CM and SP interventions on social
communication, cognitive, and behavieadiective performance in children with
ASD in Aim 5 (Chapter 7), andevaluaté the neural effects of CMand SP

interventions during a drumming symony taskin Aim 6 (Chapter 8).



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 publish&dantiers in
Human Neuroscienc§, Repr i nt ed wi tHmontipreinHumansi on f r om

Neuroscienc020,14, 57. Copyright 2020-rontiers 0

2.1 Introduction

Interpersonasynchrony (IPS) or the tirmeonstrained 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 liftingre or heavy object together,
and children playing 66foll ow the | eader 66
their actions while playing instruments in order to achieve harmony (Phillips
Silver and Keller, 2012). IPS has been studied across a varietgksfgpanning
from simple finger tapping and reaching for objects (Rabinowitch and Knafo
Noam, 2015; Schmitz et al., 2017) to wholedy swaying/rocking (Sofianidis et
al., 2012; Marsh et al., 2013) as well as walking (Wiltermuth and Heath, 2009).
Yet, fewstudies have examined the developmental differences in IPS between

children and adults. Moreover, the underlying neural mechanisms of IPS have not



been well studied. In this study, we compared IPS performance and associated
cortical activation patterns ing functional neainfrared spectroscopy (fNIRS)

between typically developing (TD) young adults and sclage! children.

In the first 2 years of life, infants transition from imitation of discrete
actions that are orgtep and familiar to those that are mgtep and unfamiliar in
nature (Jones, 2007). By 2 years, toddlers perform various sustained rhythmic
actions such awsalking, 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 diffen¢ study, young elementary school chilaild pairs
showed the lowest levels of IPS during joint drumming followed by middle
school childchild pairs and lastly the young adaliult pairs (Kleinspehn
Ammerlahn et al., 2011). The lower IPS levels of yooniidren were attributed
to their difficulties in adjusting to the
coordination patterns (Kleinspetftmmerlahn et al., 2011). Infants and children
will learn a variety of important social and adaptive skills by emggig
imitation and IPS with their social partners (Carpenter et al., 1998; Meltzoff,
2007). While short bouts of synchronization contribute to greater social bonding
and presocial behavior (Macrae et al., 2008; Tun¢genc and Cohen,a20),6
long-term exchanges of parertthild synchrony experiences will help develop
secure attachments with caregivers (Isabella and Belsky, 1991). Children who
engaged in more synchronous ctap actions had more prosocial behaviors

towards their peers than those who res$Isynchronous actions (Tun¢geng and
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Cohen, 2016b). A broader medaalysis of effects of IPS reported a medisize
effect on prosocial behaviors, a sraimedium size effect on social bonding
such as a greater sense of affiliation/similarity as welietter 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 presgniviiturdghlight

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 behawrs may share similar neural substrates for their control (Bhat et
al., 2017)Various cortical regions play an important role during the process of
imitation (lacoboni, 2005; Cattaneo and Rizzolatti, 2009). These include the
frontal regions of the Inferrd=rontal 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 fmmal regions, specifically, the Superior
Temporal Sulcus (STS; lacoboni, 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 charast@s 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
goaldirected, objectelated actions (lacoboni, 2005; Pokorny et2015). IPL

may contributed the motor planning aspectsiofitated actions (De Renzi et al.,
1983; Fontana et al., 2012Yhile IFG is said to be responsible for processing the
goalsof the action (Koski et al., 2002). It is important to nibt&t during imitation
these regions doot work in isolatiorand instead interact with each other as well
as other braimegions such as the dorsolateral prefrontal cortices, premotor
cortices, primary and supplementary/stgplementary motarortices,
cingulate/insular cortices, cuneus/preeus as well asubcortical structures such
as the cerebellum and putameridon an important imitation network (Gazzola
and Keysers2009; lacoboni, 2009). Given the important role of the
aforementioned cortical regions for imitation performamntéhe pesent study,

we will assess their contributions¢omponents of IPS behaviors including
action observatiorgction execution, and IPS itself during a continuous reach to

cleanup task in both adults and children.

Original studies comparing cortical actiia 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 activatiahlateralization 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 observatioz-Zexeh et

al., 2006) while another study found that cortical activation was greater during

12



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) foundhat IPL and IFG wereore 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/balso been reported for imitation
behaviors. One of the original studies by AZadeh et al. (2006) suggested that
imitation control is more bilateral in nature. Other studies had shown that during
action imitation STS activated bilaterally whereas Bi@ IPL activation was

more variable depending on the nature of the task (Muhlau et al., 2005;
Montgomery et al., 2007; Gatti et al., 2017). During imitation of gesture or goal
directed actions, Muhlau et al. (2005) and Montgomery et al. (2007) founérmgreat
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 withouté&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
hemodynamicsimilar to fMRI, the goldstandard of neuroimaging (Lloyfox 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 the presence of movement as well asfaekace
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 (Taelma et al., 2011), as well as free arm
movements durinfaceto-faceinteractions with others (Egetemeir et al., 2011).
Moreover, with its greater temporal resolution compared to fMRI (L-Ieyd et
al., 2010), fNIRS does a better job of detecting the toarse 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 fNIR&sed hemodynamic responses to
facilitate humarcomputer 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 ake larger amplitude of EEGased 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 facdace 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 corgpgtiu

et al., 2015). Similarly, adults showed greater IPL activation during joint action
with a partner during a table setting task compared to soledatilag motions
(Egetemeir et al., 2011). We have replicated the work of Egetemei(20hL)

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 activationtereas 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 gtly 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 deseribe 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 readbanup task. We hypothesizthat 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 greatebilateral 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 schoalge children (mean age = SE: 10.82 + 0XB9males
and six females) and 15 TD adults participated in this study (mean age + SE: 22.6
+ 0.7, eight males and seven femajes,0.001 for the age difference between
groups, no genddrased differences between groyps,0.1, Table2.1).
Individualswere recruited through word of mouth, online postings in local
listservs as well as fliers in the community. As a first stepcavepleted
screening interviews with potential participantexelude individuals with any
known neurological opsychiatricdiagnoses, or those taking psychotropic
medications, or angther difficulties that would prevent them from performing
thestudy tasks. All participants had normal or corrected to novisian. Based
on a standard handedness questionnairee(Cb®92), 15 of the child participants
were found to be stronghjght-handed, while two children were moderately-left
handedFourteen adult participants were strongly rigahded witlone adult
being weakly righthanded (Tabl@.1). The activatiompatierns of the two

moderately lefhanded children and theeakly righthanded adult were similar to
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the group results adl had consistently used their right hand for completing the
task;hence, their data have been retained following data analsgarticipants
completed the Vineland Adaptive BehavioBaales (Volkmar et al., 1987) to
provide measures of socializatitaveraged standard scat&E: children =
106.53+ 3.18;adult = 106.5% 2.05, group differencga > 0.1), communication
(children = 1@.82 + 2.88; adult = 105.47 + 1.65, group differenre:0.1), daily
living skills (children = 110.41 £ 3.08; adult = 110.07 + 2.31, group differgmce:
> 0.1) as welbs overall adaptive functioning (children = 1104£8.92;adult =
111.07+ 2.53, group differencga > 0.1). Bothgroups showed typical levels of
subdomain and overall adaptifterctioning with no significant differences
between groupélable2.1). The University of Delaware Institutional Review
Board(IRB) approved this studyrptocol. Procedures were carriedt in
accordance with the recommendations of our IRB (fRi8ocol id #: 1227964)).

All adult participants gave writteinformed consent, the parents of child
participants approved hei r chi | dés pwrengavethgirat i on, and
written assent as well, in accordance with the Declaration of Helsinkif (2808),
prior to participationPlease see the adult consent, parent consent, and children
assent formgincluding the reader and nonreader versiam#)ppendces A.1 to

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

. Child (n = 17) Adult (n = 15)
Characteristics Mean + SE Mean + SE
Age 10.82+ 0.69* 22.60+ 0.70
Gender 11M,6F 8M,7F
Ethnicity 13C,1A, 1A, 2AC | 12C, 2 A, 1 Af
Handedness 15R, 2L 14R, 1L
VABS-II (SS) 110.29+ 2.92 111.07+ 2.53

Communication (SS) 109.82+ 2.88 105.47+ 1.65
Daily living (SS) 110.41+ 3.08 110.07+ 2.31
Socialization (SS) 106.53+ 3.18 106.53+ 2.05

VABS-II = Vineland Adaptive Behavior Scale2nd Edition; SS= standard score;
SE=Standard error; M = Male, F = Female; C = Caucasian, A = Asian, Al =
American Indian, AC = Asial€aucasian, Af = African American; R= right; L=
left. *indicates a significardifference 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 embeddedinacapweread on t he partici
(Figures2.1A, B). Eight colored blocks were placed on a mat in a circular
manner in front of both, the participaartd 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 (Figure.1 Ai C). During the WATCH condition, thegarticipant
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
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how the cleanup was performed. After a WATCH trial was completed, they were
asked, 66Which block did I pick up f
Or O66how adni dupl tche bl ocks?66 For the
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 blocktag tester. No questions were asked

after completing the DO and TOGETHER conditions. The participant was asked
to use their righhand,while the tester used their left hand. The adults completed
a total of 24 trials (eight trials per condition) wherdes¢hildren 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 + 02;1D.3

0.4; T=13.6 + 0.6p > 0.1 for group differences]. A 19 prestimulation and a

16-s poststimulation period were included to account for any baseline drifts in
the fNIRS signal and to allow the hemodynamic response to return to baseline
beforestarting the next trial. During baseline periods, the participants were asked

to focus on a&rosshaiwon the front wall and remaas still as possible.
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Watch (W) Do (D) Together (T)

A. TD Child

B. TDAdult PN

C. Trial sequence in E-Prime
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Figure 2.1 Experimental setup () and task sequence (C). Writtparmission
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,nisting 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 infrarettli@95 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 120 system (Klem et al., 1999; Figure 2, B). The infrared
light passed through the skull creating a basaaged arc and reached the

cortical area approximately below the midpoint of the two probes. The attenuation
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of infrared light was used to calculate the changes in concentrations of
oxygenated (Hbg) anddeoxygenated hemoglobin (HHb) chromophores per
channel using the Modified Beeambert Law. Based on results from previous
studies, an increase in Hb@oncentration and a decrease in HHb concentration
were expected with increased brain activation withterain ROI (LloydFox et
al., 2010) E-Prime presentation software (version 2.0) was usé&tbger the
Hitachi fNIRS system. The entire session wakeotaped using a camcorder that

was synchronized with thditachi fNIRS system.

(©) (D)

80  -40 0 40
Left Right

40 0 -40 -80 Y

Figure 22 Probeplacement (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 upridnt 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 referea coordinate system using the EZQ00 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 aAzdsed,
spatial registration method developed by Téuet al. (2012) was used to
transform the 3D spatial location of each channel from the reference coordinate
system to the Montreal Neurol ogi cal l nstit
Figure 22, TableB.1). Structural information from asnatomical 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 ROIlsrfthe children. Similarly, please refer to Bhat et al. (2017)

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

The three ROlIs included: (i) the Superior Anterior region (SA) which
included channels over the inferior/middle frontal gyru#~&@ and precentral

gyrus (or frontal cortices, left: channels 1 and 3, and right: channels 14 and 17
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channels, see Figure2Z,D); (ii) the Inferior Posterior region (IP) which

included channels over the pasntral gyrus, supramarginal gyrus, andwag

gyrus (or the inferior posterior parietal cortices or IPL, left: 2, 4, 5, 7 channels and
right: 13, 15, 16, 18 channels, see Figur@92D); and (iii) the Inferior Anterior
region (IA) which included channels over the middle and superior tempote gy
(or superior temporal cortices or STS, left: 10, 11, 12 channels and right: 20, 23,
24 channels, see Figure2 £,D). These three ROIs separated the three cortical
regions we described earlier. Channels 6, 8, 9 (left) and 19, 21, and 22 (right)
were &cluded 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 notover 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 ROIsoith lgroups. Note: TabiB.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 opessource sdivare such as Hitachi POTATo (Sutoko et al.,
2016) and Home? (Huppert et al., 2009) to analyze the data from the ETG
system (see data processing steps in Fig@)e The sampling frequency of the

fNIRS system was 10 Hz (i.e., 10 data frames per secene eollected). Data
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from each channel was first bapéss 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
respiraion, heart rate, skin blood flow, etc. The lpass filter removes

physiological noises related to respiration and fast cardiac oscillations and high
frequency instrument noise, whereas the {ghs filter minimizes the low
frequency drift from the datd.o 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 catibin 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 tHiediscretewavelet 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

rd ated to the motion artifacts. To identif)
parameter of 1.5 was used. The coefficients greater than the igr parameter times
the interquartile range of the data are typically associated with motion artifacts,
and hace, 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 HOMERMATLAB function.

GLM estimated the hemodynamic pesse 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 th&iptdaseline and the
posttrial baseline was calculated and subtracted fvatues in the stimulation
period as implemented in Hitachi POTATo (Sutoko et al., 2016). Average HbO
and HHbvalues were obtained for the stimulation period of each trial. The range
of Hb O, data was significantlgreater than the HHb data. Moreover, HbO

profiles have a greater signal to noise ratio compared to HHb and therefore
consistent with fNIRS literaturgye have reported Harofiles (Sato et al.,

2006). The data were plotted and saved at sgagh We visually screened the
plotted figures at each steptbk analysis to exclude channels/trials. We excluded
channelsvith poor contact (flat lingsor pesistent motion artifacts abvious
outliers compared to the other similar trials from eamfdition. Nearly 6.7% of
data from children and 19.2% déta from adults have been removed using these
criteria. INnthed 6 Suppl ement ary Maeasopravilesd d6 secti on,
visual representation of the secetoesecond Hb@profile for each group (Figure
B.1: Adults, FigureB.2: Children), each condition, and each channel foettiee
period (prebaseline, stimulation, and pdsaseline). Th@ink verticd line

denotes the start of the stimulation peraodl the data shown to the right of the
pink line are th&40 frames across stimulation (13 s) and posstimulation

baseline (1411 s) periods.
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Figure 2.3 Data processing workflow: (A) Filter, wavelet and GLM of NIRS
signal and (B) Triaby-trial view and Average view of Oxy Hb
(HbO), 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. Inteater reliability of above 85% and
intra-rater eliability 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 ulated to the task, or spoke to the tester
during the trials. A thre@oint scale was used to code the synchrony and motor
quality during IPS. Spatial synchrosgores were rated from 1 to 3 with 1 =
Picked up incorrect blocks for more than once, 2 = Piclgethe 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 =-Qloek delay and 3
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= Perfect synchrony. Motor errors were defined ashaod use, picking umore
than one block at the same time, slippage when picking or placing, while the
motor scores were rated with 1 = More than 4 errors, P4=e?rors, 3 = D1 error.
The number of additional movements during the stimulation period was also
coded. Ultimatef, 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 Togethei @rtdals out of the

six trials for each condiih were excluded. In the TD adult group, 0% of Watch,
0% of Do, and 3.3% of Together or approximatél? dut of the eight trials per

condition were excluded.

2.2.7 Statistical Analyses

To avoid multiple channelise comparisons, we averaged da&teoss
channels within the same ROI based on our spaigétration output (Figure.2
C, D show the six ROIs arabnstituent channels). All participants primarily
moved theiright hand during th&ask;therefore, right hemisphere activation
should be onsidered ipsilateral, and left hemisphere activationld be
contralateral to the moving arm of our participake determined levels of
activation for six ROIs including theft and right superoanterior (SA),
inferoposterior (IP), anthferoanterior (A) regions (Figure B shows the
different ROIs)Using IBM SPSS (SPSS Inc., Chicago, IL, USA), we conducted
repeateeémeasures ANOVA with withisgroup factors of group (children, adult),
condition (Watch, Do, Together), hemisphere (left, right), and B@| (P, 1A)

and a betweegroup factor of group (child, adult) for average Hbh@lues.
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Greenhousé&eisser corrections were applied when our data violated the
sphericity assumption based on Mauchl yoés
hoc comparisons, &vhave used the False Discovery Rate (FDR) method proposed

by Singh and Dan (2006) for multichannel fNIRS data. We specifically used the
BenjaminHochberg method wherein unadjusfedalues are rarkrdered from

low to high. Statistical significance is declared if the unadjustealyee is less

than the pvalue threshold threshold was determined by multiplying 0.05 with the

ratio of unadjusted-palue rank to the total number of comigans (pthreshold

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 Reallts

2.3.1 Quality of IPS Behaviors

Paired ttests showed that children had lower spatial synchrony scores
(Meanx SE = 2.6# 0.08) compared to adults (2.8%.06,p = 0.03). Similarly,
children had lower temporal synchrony scores (20406) comparetb adults
(2.88+ 0.05,p = 0.04) indicating more errors in the children vs. the adUtsre
were no significant group differences in terms of metttern errors (Children:
2.97+ 0.01; Adults: 2.9 0.01,p > 0.1) or additional movements (Children:

1.41+ 0.43; Adults:0.73+ 0.23,p > 0.1; Table2.2).
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Table 2.2 The quality of IPS in the TD children and Adults.

. . . Child Adult
Video Coding Variables (Mean + SB) (Mean + SB)
Spatial IPS 2.67+0.08* 2.85+ 0.06
Temporal IPS 2.74% 0.06* 2.88+0.05
Motor score 2.97+0.01 2.97+0.01
Do condition 2.96+ 0.02 2.97 £0.01
Together condition 2.99+0.01 2.97+0.01
Additional movements 1.41+0.43 0.73+£0.23

*indicatesa significant difference between groups.

2.3.2 Cortical Activation During IPS

The group x condition x hemisphere x region fauay repeated ANOVA
revealed a significant main effect of group (F(1,119) =7#60.007), condition
(F(2,229.4) = 145.% < 0.001), hemisphere (F(1,119) = 3Qo% 0.001), and
region (F(1.8,220.2) = 132.8,< 0.001) as well as twway interactions between
group x condition (F(1.8,217.2) = 17{%< 0.001), group x hemisphere (F(1,119)
=12.4,p<0.001), condition x hemisphe(F(1.7,203.5) = 43.4< 0.001),
condition x region (F(3.6,422.1) = 18/2< 0.001), as well as threeay
interactions between group x condition x hemisphere (F(1.4,170.5) p5.6.,01)
and condition x hemisphere x region (F(3.3,396.2) =p+90.04). Post hoc
analyses were focused on two thvegy interactions of condition x hemisphere x
region and group x condition x hemisphere (Tah@2shows the Meaand SE of
HbO, concentration values, Talble3 shows significanp-values and directionfo

effects, and Figur2.4 shows channel specific activation data).
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Figure 2.4 A visual representation of tasklated, hemispheric, and group
differences in channel activation (HPQ@luring the stimulation period
compared to its own baseline in bgifoups and all conditions.

2.3.2.1 Regional Differences in Both Groups

During the Watch condition, both groups had greater activation in the 1A
(STS) region (left and right ROIs) compared to SA (IFG) and IP (IPL) regpsns (
O 0.001). Dur ietheycondiians, lidth graupschadg@ager 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 (ST < 0.01, Figure2.4 and

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

2.3.2.2 Task-Related Differences in Both Groups

Both children and adults showed greater activation over the lefigirid
ROls during the Do and Together conditions compared to the Watch conggion (
< 0.05,Figure 2.4 and Figure 2.6The differences between Do and Together
conditions were only limited to the right hemisphere. Both groups showed greater
activation inthe right ROIs only (not left) during Together compared to the Do

condition s < 0.05, Figur@.4 and Figure 2)6
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Figure 2.6 Taskrelated and hemispheric differences for TD child (A) and adult
(B) in average Hb@&concentration.
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2.3.23 Hemispheric Differences in Both Groups

Adults had greater activation in the left hemisphere compgartie right
hemisphere during both movement conditioh®o and Togethepg < 0.001,
seeFigure 2.4 andrigure2.60 s | Bghttompasisons). However, children had
greater activation in the left hemisphere compared to theh@ghtsphere for the
Do condition only p < 0.001, se€&igure 2.4 andrigure2.60 keft vs. right

comparisos) but not the Togethexondition > 0.1).
2.3.24 Group Differences Across Tasks

During the Watch condition, children had greater activation in the right
hemisphere than the adulps(< 0.001, Figur@.4 and Figure 2)7During the Do
and Together conditions, adults had greatemhleftispheric activation than

children ps < 0.001, Figure2.4 and Figure 2)7
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Figure 2.7 Group differences in average HbCGbncentration.
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2.33 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, Téb®. More specifically, the
adult IPS spatial scores correlateith 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
chil drends | PS spithtight®A andleftd™ aetisation mthe el at e d
Do and Together conditions and their IPS temporal scores did not correlate with

cortical activation.

Table2.3 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
1A 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**
1A 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 Spearmak correlations. *p < 0.01, *p <
0.05, ns= nonsignificant. 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 limitegitaple 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 developmentemiiiés 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 natralistic 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 pattarscores 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 childhcad 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 Wath (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 activationthe 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 conapiré¢he 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 withgmoup, 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 bateral 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 hadajes 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,chi enés spati al score

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

2.4.11PS Improves Between Childhood and Adulthood

Children had lower spatial and temporal synchrony scores compared to
adults suggesting lower IP8 children than adults. To our knowledge, only one
study has compared developmental differences in IPS performance. During a joint
drumming task, adufadult dyads showed the highest levels of IPS and least
within-individual, interlimb variability followed by older childchild dyads and

lastly the younger chilghild dyads, who showed the lowest levels of IPS and
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greatest withiAndividual, interlimb variability (KleinspehpAmmerlahn et al.,

2011). It was posited that the greater variability in arm mowsnaf 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 visoabr synchronization

of children and adults to various rhythmic visual stimuli found tfi&tyearold

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 mirrang 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 dot 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 grqugssibly the

di fferences in the visuomotor mapping of
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 ofadult data, we noticed that mere instruction to watch during the
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Watch condition did not | ead to careful ob
motions. Hence, for the child group, in order to promote sustained attention, we
asked the children to observer anotions carefully so that they could answer
guestions about how the task was completed at the end of the trial. Specifically,
we asked questions, for example, 66Which b
This may have contributed to the greateasialoattention 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 activatiasther 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
distingushing social information such as biological motion, gtiegcted 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 robotienotions compared to ndviological, objectrelated motions.

Our common finding of greater fNIRISased activation in superior temporal
cortices during action observation in both groups (adults and children) is
consistent with findings from past fMRI studiégdditionally, during a

computerized ball toss game involving healthy adults, fNtlRSed activation

was increased within the STS region when observing biological motion within a
social inclusion context vs. a social exclusion context (Bolling et al3)201

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 otherds actions in both chi

2.4.3Role of IFG, STS, andIPL 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 wher
correlated with right IFG and left IPL activation only. Activation in the IFG was
not very surprising becae these regions are important for goiatcted
movements (i.e., both Do and Together conditions required accurate reaching to
objects; Cincotta and Ziemann, 2008). Similarly, during thessdcted motor
task (i.e., the Do condition) we found temparaitex 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. Adulily, 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 objectbased gesture tasks, bilateral STS activation was greater during

action imitation comparkto 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 (lacoboni, 2005). Molenberghs et al. (2010)

suggested that STS is not merely registemgghtiological motions during

i mitation but also encoding the visuomotor
actions and that of the partner. An fMRI study measuring cortical activation

during observation of congruent vs. incongruent actions between twadinalisi

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 coulde 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 (lacoboni, 2005; Molenberghs et al.,
2010). In our study, cortical activah 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 Weatcldition (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 islso said to play an important roleglanning 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 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 reagjtasp actions sygsting 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 complemectiansaTaken
together, our findings fit with past literatucenfirming the role of STS, IFG, and
IPL regions for visuomotor correspondence during both solo and synchronous

reachgrasp 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 ragght to complete the task there was
perhapssomelovevel O66mirroré6 activation present
of the left arm. This inability to suppress activity in the ipsilateral sensorimotor
cortices has been reported in past studies comparirgienail 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). Studes using transmagnetic stimulation (TMS) and
magnetoencephalography (MEG) showed that during unilateral finger movements
young children had activation in both contralateral and ipsilateo&br cortices

due to lack of transcallosal inhibitisasultingin muscle activity in the

homologous muscles of the less acawve. 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 aatlon 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 rigigmispheric activation during the Together
condition, comparetb the Do condition, in spite of the righinded nature of the
reachcleanup task. These results suggest that while there-latifalization
during the Do condition (unilateral movements), IPS constraints led to more
bilateral activation. These findjs concur with a comprehensive matalytic
review that showed activation of bilateral networks including frontal, premotor,
parietal, and the tempoaccipital cortex during imitation (Caspers et al., 2010).
Aziz-Zadeh et al. (2006) had participants aleeimitate, 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 agttion 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 execuwtioich is

primarily contralateral in its control (AziZadeh et al., 2006). Similarly,
BiermannRuben et al. (2008) found that imitation of biological hand movements
led to greater right fronttemporal activation compared to nbiological hand
motions. Another group of fMRI studies has compared specular (mirdoleit-

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 bilatral 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/cooperatigetions with another partner (Egetemeir et al.,
2011; Liu et al., 2015; Bhat et al., 2017). During a taet#ing task, Egetemeir et

al. (2011) reported greater activation in bilateral IPL regions during a joint action
condition compared to the solo aatior 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 et2015). 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 aly stu

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 associatedR@thehaviors
(Semin and Cacioppo, 2009; lacoboni, 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
slared and similar; each partnerds goals ca
al ., 2010) . For example, when cleaning up
was to move matching blocks-gynchrony; however, each participant still had to
identify the apropriate 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 hpartners 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 goaérstanding
during goaldirected 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 (Kaaki et
2002). Second, during IPS, participants engage in visual monitoring of
environment al cues (block color/ shape, con
actions/social cues. These environmental and social cues will help in

anticipating/predictinghoe t o s hape oneds own actions in
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partnerds actions and environment al constr
Vesper et al., 2010). For example, the tester may begin to move their hand in the

direction of a specific block and the child/adulbmitoring the actions of the

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

of testerds actions. Additi otmmomény, parti ci
visual/reactive adaptations to account for changes in envirdahweres and any

corrective adjustments made by the tester as they continue to meyechrony

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

important role in establishing visuomotor correspondence and would be activated

as patners utilize joint attention or shared gaaeaccurately monitor and match

their own actionstothatf t heir partnerds actions in a
mannerMolenberghs et al., 2010). It should be noted thasfitvementioned

regions do not workn isolation and areonstantly interacting with each other and

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

(e.g.,cerebellum important for predictive control, etc.) structé@szzola and

Keysers, 2009acoboni, 2009; Caspers et &010). Our current study findings

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

right STSand right IFG activation during the IPS conditions ofriech to

cleanup task that also requirecgter spatial anttmporal 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 futyurge 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 (siiats); 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 mottexcactivity. Similarly,

we were unable to implement the short separation channels to accountfor 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 internationa2@@ystem when

placing probe sets, the variation of head size and probe placement could have
added to the varidlity and inconsistency in the spatial registration of data
channels. Finally, our study only reports the average hemodynamic responses;
however, future studies should analyze detailed moteemioment changes in

the hemodynamic response such as the limiiain profile (Hong and Naseer,

2016).

2.4.8 Conclusions

In conclusion, the quality of IPS in schesge children did not reach adult
levels, although their accuracy of reaching or attentional pat@pesarsimilar
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 behaviofabove and beyond action observation or action execution) as it
requires greater bilateral cortical activation. Moreover, children had less
lateralization compared to adults during unilateral redebnup motions

suggesting a lack of transcallosal inkidm 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 IPfjoviding 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 childhoodduithood. In the

future, we plan to use these normative patterns to further understand atypical IPS
behaviors and atypical cortical activation in children and adultsA@iD, a

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

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, 0 ReRLSIOeR2024BbB,wi t h

€0240301Copyright 202@PLoS One 0

3.1 Introduction

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder
characterized by impairments in social communication as well as restricted and
repetitive behaviors/interest®iagnostic and statistical manual of mental
disorders. 5th ed. American Psychim#ssociation) Children with ASD show
impairments in verbal and nererbal communication skills such as language
delays and reduced social gaze/joint attention (i.e., difficulty shifting attention
between objects and peop(®plkmar et al., 2014; Chitdegmark, 2016;

Franchini et al., 2017Apart from the diagnostic social impairments, children
with ASD have a variety of motor difficulties, including impaired upper/lower
limb coordination and postural conti@hat 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 imitatifgdwards, 2014; Williams et al., 200dnd
interpersonal synchronf¥ritzpatrick et al., 2016; Kaur et al., 2018; Marsh et al.,
2013) In thisstudy, we specifically focused on interpersonal synchrony
performance given its importance in facilitating relationships with peers and
caregiver§Mogan et al., 201 7/icariaand Dickens2016. Additionally, we also
examined the underlying neural impaénts 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 imitationimgér motions
and does not include naturalistic arm movements anetdeieee interactions
(Wadsworth et al., 2016; Jaaekd Morris 2014) Hence, the present study aimed
to compare interpersonal synchrony performance as well as underlying cortical
activaion patterns during a naturalistic reach and clean up task in children with

and without ASD.

Imitation and interpersonal synchrony share similar percepintor
integration processd¥icariaand Dickens2016) For both imitation and
interpersonal syncbny, 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 partr(@eminand Cacioppp2009; Vesper et al.,
2010) In short, the components dbgervation/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 temporakasp 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 timeonstrained (i.e., related to one another in ti(W&ariaand
Dickens 2016; Rep@and Sy 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 greate 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 togetr to lift large and heavy objects simultaneoBliillips-
Silverand Keller 2012; Richardson et al., 2007Therefore, in the current study,

we not only measured the spatial accuracy but also the temporal accuracy during
interpersonal synchrony behawadn 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 depieg children show

that the neural complexity of imitation/interpersonal synchrony arises from the
motor component and not the perceptual compofirdt et al., 2017; Su et al.,

2020)

As mentioned earlier, while there is limited literature on baaitivation
patterns associatedth interpersonal synchrony behaviors, there is substantial

evidencealescribing theneural 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 sim{Nacariaand Dickens2016)

fMRI studies confirm widespread cortical activation during imitation and its
component behaviors of adawation and execution over bilateral frontal, parietal,
and temporeoccipital regionglacoboni, 2005FabbriDestroand Rizzolatti

2008; Rizzolatteand Craighero, 2004Certain cortical regions are said to be
consistently active during action obsereatiaction execution, and imitation,

forming an important imitation netwolkCaspers 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 Temp&ualcus (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/papplementary motor cortices,
cingulate/insular cortices, cuneus/precuneus as well as subcortical structures such
as the cerebellum and putam(®enz et al., 2009; lacoboni, 2009; Gazzola and

Keysers, 2009; Turella et aRP09; Jack et al., 2011; Vrticka et al., 213

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 notbiological motions and is said provide a visual

description of observed actions as well as compare the observed and planned
actions(Pelphrey et al., 2003; Molenberghs et al., 20B@th IFG and IPL are
active during observation, execution, and imitation of glacted object
manipulation (lacoboni et al., 2009; Pokorny et al., 20IB)e IPL may

contribute to planning the kinematics of a gdmected action; while IFG is said

to play an important role in goal understandjtagoboni, 2005; lacoboni, 2009;
Koski etal., 2003. The original studies reported various cortical regions that
consistently activated during action observation, execution, and imitation, without
highlighting the differences in activation levels across condifiat®boni et al.,
1999) While early studiesuggested greatest cortical activation during action
imitation followed by action execution and lastly, action observd#aiz-Zadeh

et al., 2006)more variable levels of activation have been reported across different
regions and task®olenberghs eal., 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 movemeriGati et al., 2017) pantomimed

actions on object@violenberghs et al., 2010; Montgomery et al., 20@nd
communicative gesturgdMontgomery et al., 2007Yhe IPL was more active

during conditions involving movements (execution and imitation) compared to
aaion observation of simple finger moveme(sihmat et al., 2018; Reynolds et
al., 2015, pantomimed actions on obje¢Molenberghs et al., 2010;

Montgomery et al., 2007and communicative gestur@dontgomery et al., 2007)
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The results were inconsistan 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 observatidamzei et al., 2016 However,

during pantomimed actions on objects anchmunicative gesture tasks there was
greater IFG activation during action imitation and execution than action
observatior(Hamzei et al., 2016)lhese inconsistent results might be due to the
variable roles played by these regions across different taskstt®. The STS
region is important for matching observed
and therefore, is more activated during imitation than other conditions; whereas
the IPL region encodes the kinematic quality of movements, and therefore would
bemore 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 maypean evolutionary precursor to the language system, and therefore,
is lefthemisphere dominafRizzolatti and Arbib, 1998; Ha" berling et al., 2016)
The majority ofthe fMRI studies investigating brain activation during imitation
only involve the right hand, limiting the ability to compare activation between
hemisphere§Gatti et al., 2017; Hamzei et al., 201&slie et al., 200 Others
have found that even duringpilateral finger movements, therebigateral
activation during action observation and imitation highlighting the bilateral nature
of the imitation networKCaspers et al., 2010 he bilateral pattern was further

confirmed by a study comparing imitatioelated activation when using left or
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right handgAziz-Zadeh et al., 2006; Mu"hlau, 200®)uring the imitation
condition, AzizZadeh and colleagues found bilateral activation in the IFG and
IPL with more ipsilateral than contralateral activation dependn which hand
moved(Aziz-Zadeh et al., 2006however, 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 mofelphrey 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, thefevare
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 perceivedgsynchrony paradigms with a virtual partner during finger tapping
motions(Cacioppo et al., 2014airhurst et al., 2014When a participant better
synchronized with a virtual partner, Cacioppo et al. found greater activation over
the IPL, parahippocampgyrus, and ventromedial prefrontal cortex while
Fairhurst et al. found greater IFG activati@acioppo et al., 2014; Fairhurst et al.,
2014).Using functional neainfrared spectroscopy (fNIRS), it is possible to
conduct faceo-face interactions with buman 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 atpar compared to solo

53



actions involving transport of tablewategetemeir et al., 2011)sing 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
providad 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 synchronizthgir actions with
that of a social partné€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 afhimey
and clapping actions (i.e., synchronizing arm and leg actions to the marching and
clapping actions of a partnd€aur et al., 201Bas well as unintentional
synchrony when spontaneously rocking in a chair (i.e., unintentionally
synchronizing rockingnotions 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 witthe tester), with more variable and lagged
movementgFitzpatrick et al., 2016)Children with ASD might have poor social
attention(Dawson et al., 2012)s well as poor visumotor coordination skills
(Nebel et al., 2016hat affects their ability to eginuously 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 AB&wed

reduced activation in the right angular gyrus, precentral gyrus, and left middle
cingulate gyrugWadsworth et al., 2016Puring finger movement imitation,
children with ASD had reduced activation over right fusiform cortex, right middle
occipitalgyrus, left IPL, right lingual gyrus, right middle temporal gyrus
(Williams et al., 2006)as well as the cerebelluf@ack and Morris et al., 2014
recent metanalysis involving imitation tasks found that individuals with ASD
had increased IPL activati and altered activation over the occipital, dorsolateral
prefrontal, and cingulate cortices, as well as the insula, compared to control
participantgYang and Hofmann et al., 201&n EEG study investigating brain
activation patterns during interpersbagnchrony in children with ASD

(Kawasaki et al., 201 7pund 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 sdtbimcreased theta
activity associated with midline prefrontal cortex activation with no differences
between groups during the synchronized tapping period (isaifasaki et al.,

2017) The prefrontal cortex contributes to executive functionsnair

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 resoludn, it requires participants to lie still in a noisy scanner.
Therefore, the previous fMRI studies were constrained to the imitation of simple

hand movement8violenberghs et al., 2010; Gatti et al., 2017; Montgomery et al.,
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2007)or perceived interpersonsynchrony of a partnéCacioppo et al., 2014;
Fairhurst et al., 2014yithout involving naturalistic social interactions.
Furthermore, although there are a growing number of studies utilizing fMRI in the
children with ASD, the fMRI testing environmentssll challenging for children
with ASD, leading to greater anxiety and poor task compliance due to the loud
noise and narrow space of the scanner [eéh et al., 2019)In contrast, fNIRS
is a noninvasive optical neuroimaging tool that has beeniagpb various motor
skills such as walkingleff et al., 2011)dancing(Tachibana et al., 201,1as well
as arm movement{&getemeir et al., 2011; Koehler et al., 201Ralso allows
participants to engage in fateface interactions while staying ugint and
tolerates movement artifacts. Using fNIRS, in the current study, we recorded
cortical activation during upright, fagde-face interactions between testdnild

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 cleap task. We hope tdiscovemeural biomarkers of
interpersonal synchrorignpairments 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 duringenpersonal 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.iw&n 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.

3.2Methods

3.2.1 Participants

Fourteen children with Autism Spectrubisorder (ASD) (mean age * SE:
11.29 £ 0.93, 9 males and 5 females), and 17aagesex 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 Taflér more details) ere
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 dl children to obtain their demographic information including age,
sex, ethnicity, socioeconomic status, and handedness as well as to confirm their
eligibility for participation (Table8.1). The inclusion criteria for children with
ASD were: a) holding an 3D diagnosis offered by a professional (i.e.,

neurologist, psychologist, psychiatrist) and confirmed through medical or school

records, b) having the ability to followoiset e p i nstructi ons such

as

thiso, c¢c) a | ack o€f,eg.difiovityfweatimgatapdné havi or al
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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,mrbieh, 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 ASBrough
medical/neuropsychological/school recqraisdor the presence of a social
communication delay using the Social Communication Questionnaire (SCQ,
averaged score + SE: 25.64 + 9.Rltter et al., 2003 In addition, a clinical
psychologist (i.e., 18l author) independently confirmed the diagnosis of ASD
using the Autism Diagnostic Observation Sched@ed edition (ADOS, average
ADOS score + SE = 18.17 + 1.860ord, 2012. She also assessed the level of
intelligence in children with and without ASBing the StanfordBinet IQ test
(Full scale IQ + SE: ASD: 79.57 £+ 6.77; TD:114.18+13%,0.00% Table3.1;

Roid, 2003. In addition, the Hollingshead Fotiactor Index of Socioeconomic

Status (SE&Child) was used to estimate the socioeconomic status (averaged score
+ SE: ASD: 68.86 + 4.49, TD: 69.71 + 4.48> 0.05 Hollingshead, 1975 while

t he Cor eno6s ehwas agseddondetarmaine shairhandedness (average
handedness score + SE: ASD: 33.57 £ 1.60, TD: 33.41 158,05 Coren,

1993. Thirteen children with ASD were strongly righ&nded, with one showing
moderate lethandedness. Fifteen of the TD cindd were found to be strongly

right-handed, while two children showed moderateleaitdedness. Note that all
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subjects completed the task using their right hand. The activation patterns of the
three lefthanded children were similar to the group resuksice, their data have
been retained. The parents of the participating children also completed Vineland
Adaptive Behavioral Scaléand edition questionnaire (VABS) to provide a
measure of socialization (averaged score (%) + SE: ASD: 67.93 £ 4.06, TD:
106.53+ 3.18,p < 0.00% Sparrow et al., 20Q5daily living skills (averaged score

+ SE: ASD: 75.86 + 4.01, TD: 110.41 + 3.@85 0.001), communication

(averaged score + SE: ASD: 72.79 £ 3.46, TD: 109.82 + p.88).001) as well

as overall adaptive functiorg (averaged total score + SE: ASD: 70.57 + 3.39,

TD: 110.29 + 2.92p < 0.001) of their children (Tabl&1). Parents of participants
completed consent forms and the participants completed assent forms before
participating in this study. These forms wapproved by the University of
Delaware Institutional Review Board (UD IRB, Study Approval #: 93072)L
Please refer to the appeoelsA.2 to A.4 of the previous chapter for the parent

consent, and children assent forms (including the reader and narveesiens).
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Table 3.1Demographic, SE€hild, handedness, ADOS, VABS§ and 1Q 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 IM; 5 F 11M;6F
Ethnicity 10 C;2A;1BC;1AC 13 C; 1A; 1Al; 2AC
SESChild 68.86+ 4.49 69.71+ 4.43
Corenb6s Handedn 13R,1L33.57+1.60 15R, 2L; 33.41+ 1.78
SCQ 25.64 +£9.31 -
ADOS 18.17+ 1.86 -
Social affect 13.69+ 1.41
Repetitive Behavior 5.23+£0.61
VABS (SS) 70.57+ 3.39* 110.29+ 2.92
Communication (SS) 72.79+ 3.46* 109.82+ 2.88
Daily living (SS) 75.86+ 4.01* 110.41+ 3.08
Socialization (SS) 67.93+ 4.06* 106.53+ 3.18
StanfordBinet 1Q
Full scale 1Q 79.57+ 6.77* 114.18+1.71
Verbal 1Q 83.62+ 7.54* 114.59+ 2.25
Non-verbal 1Q 69.10+ 6.69* 11453+ 1.74

SESChild = Hollingshead FouFactor Index of Socioeconomic Status; SCQ =
Social Communication Questionnaire; ADOS = Autism DiagnoStiservation
Schedule 2nd Edition; VABS = Vineland Adaptive Behavior Scatend Edition;
SS=Standard Score; 1Q = Intelligence Quotient; M = Male, F = Female; R = right,
L = left; C = Caucasian, A = Asian, Al = American Indian; BC = Black
Caucasian; AC Asian-Caucasian *indicates significant grodifferences

3.2.2 ExperimentalProcedures

During the experiment, the children were seated at a tableddaee with
an adult tester. Eight blocks with different shapes and colors were arranged along
a circlein front of both, the child and the tester (&ig3.1A). Children were
asked to clean up the blocks into a container placed on thesiitghtising 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 iarEig;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 c¢clean up. I nstruct.i
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up the blocks. o After a Watch trial was <co

block did I pick up first? Or which block did | pick up last? Or how did

| clean up the blocks,etcoc For the Do condition, the p
all the blocks in a sequence of their choi
bl ocks on your own. o0 In the Together condi

in a random order while asking thieild to pick up the corresponding block

placed in front of them using the instruct
together. o No questions were asked to the
Together conditions. The participants were asked tohgsertght 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 sessiamgBifB). The

stimulation period comprised of the time the children took to cetapghe clean

up task (duration (sec.) = SE during Watch: ASD: 11.5+ 0.6, TD: 10.6 6.2,

0.05; Do: ASD: 11.9£0.9, TD: 10.3 = 0> 0.05; Together: ASD: 15.5 + 0.9,

TD: 13.6 £ 0.6p < 0.05). A 10second prestimulation and a 28econd post

stimdation 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 andemain as still as possible.
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A. Conditions
Watch (W) Do (D) Together (T)

B. Trial sequence in E-Prime

WDT —— DTW —Jl TWD }»—’ WTD ———» TDW }ﬂ{ DWT ‘

| T— |

Watch (W) Together (T) Do (D)

Figure 3.1 Experimental setup (A) and task sequencé\(Biten permission for
publication of participant pictures has been taken.

3.2.3 DataCollection

The hemodynamic changes over the regions of interest (ROl recased
using the HitachETG-4000 system (Hitachi Medical Systems, Tokyo, Japan),
with a sampling rate of 10HZwo 3x3 probe sets, consisting of five infrared
emitters and four receivers, were positioogdr the bilateral frontoparietal and
temporal rgions. The middle column of the probe set atigned with the tragus
of the ear and the lowermost row of the optode set was aligned witl3 the
position of the International 120 system (Figre 3.2A and3.2B; Klem et al.,
1999. As shown in Figre3.2A and 3.2B, the emitters (red) and receivers (blue)
were placed in an alternating fashion and each erndtariver pair was placed 3
cm apart from each other. The emitters emit two wavelengtinérafed light
(695 and 830mm) through the skull creating adrashaped arc that reachibe
cortical area approximately below the midpoint of the two probes. The midpoint

of eachemitterreceiver pair forms an fNIRS channel; there are 24 channels in
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total, 12 on the left sidend 12 on the right side, see tig3.2C and3.2D). The
attenuation of infrared light was used to calcutatechanges in concentrations of
oxygenated (Hbg) and deoxygenated hemoglol§itiHb) chromophores per
channel using the Modified Beeambert Law. Based on past findings,

increase irtHbO, concentration and a decrease in HHb concentration is expected
with increased brain activation below a certain chafideld-Fox et al., 2010)
E-Prime presentation softwafeersion 2.0) was used to trigger the Hitachi fNIRS
system. The entire seesiwas videotapedsing a camcorder that was

synchronized with the Hitachi fNIRS system.

-80 -40 40

0
Right o

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 SpatialRegistration 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 systeq the ETG4000 system.

The anchotbased spatial registrationethod developed by Tsuzuki et al. (2012)
was used to transform the 3D spatial location of each channel to the Montreal
Neurol ogi cal | nst it u{(TeuzukiktMli2z@lad)SThec oor di nat e
structural information from an anatomical database of 17 a@ksmoto et al.,
2004)was then used to provide estimates of channel positions within a
standardized 3D brain atléBsuzuki et al., 2012)The estimated channel

locations were anafnically labeled using the LONI Probabilistic Brain Atlas
(LPBA) based on MRI scans of 40 healthy ad(fsattuck et al., 2008Based

on the regions covered by our channels, we assigned the 24 channels to three
regions of interest (ROI) on each sidethi@ frontal region comprised the Middle

and Inferior Frontal Gyri (MIFG) and included channels over the inferior/ middle
frontal gyri, and preentral gyrus (i.e., channels 1, 3, 6, 8 on the left and channels
14, 17, 19, 22 on the right, see #ig3.2C ard 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, sea@ifd§.2C and3.2D) 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 Rige 3.2C and3.2D). As shown in the Tablé.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) werexcluded. 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.1underAppendix.

Apart from assessing regional differences using averaged channels, we also
conducted channapecific 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 Té@ble We acknowledge that fNIRS
was unable to perfectly isolate ROIs teiagle channel in all cases; however, we
were able to isolate 8 out of 10 channels to individual ROIs with a single channel
covering 62100% of the assigned ROIMFG, IFG, STG, MTG, or IPL. The
results of channedpecific analyses were similar to that séeaged channel

analyses (see Tab®2 underAppendixfor statistical details).

3.2.5 DataProcessing

Customized Matlab programs that incorporated Mdtlalstions from
opensource software such as Hitachi PoTABaitoko et al., 201&Gnd Homer2
(Huppert et al., 2009)ere used to analyze the data output from the -BUG
system. Data from each channel was first baass 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, etee(Fig

3.3). To remove motion artifacts, we used one of the most robust méthoas
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al., 2009) the waelet methodHuppert et al., 2009; Sato et al., 20Bfgure

3.3A). This method assumes that the obtained signal is a linear combination of the
desired signal and undesired artifacts. By applyingoadiscrete wavelet

transform to each channel, detaildlud 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 zeastly, the inverse discrete wavelet
transform is applied, and the signal is reconstructed. Next, we applied the General
Linear Model (GLM) implemented in HOMER (Figure 3.3A). GLM estimates

the hemodynamic response function using Gaussian basis furanid@s3rd

order polynomial drift regressidiHuppert et al., 2009)o correct the baseline

drifts, the linear trend between the fri@l baseline and the posttrial baseline was
calculated and subtracted from values in the stimulation period as implenmente
Hitachi Potato $utoko et al., 20165igure 3.3B). Average Hb@and HHb values

were obtained for the stimulation period of each trial. The range of Hail@ was
significantly greater than HHttata (Figire 3.3B). Moreover, HbQ profiles have

a greater signal to noise ratio compared to HHb and therefore, consistent with
fNIRS literature, we have reported Hp@rofiles (Sato et al., 2005)n the
supplementary materials section, we have also provided a visual representation of
thesecondto-second Hb®@profile for each group (FigeC.1: TD children,

Figure C.2: Children with ASD), each condition, and each channel for the entire
period (prebaseline, stimulation, and pdsaseline). The pink vertical line

denotes the start of théraulation period and the data shown to the right of the
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pink line are the 240 frames across stimulation {B0s) and posstimulation

baseline (1411 s) periods. At each step, we plotted and saved the data. Later, we
visually screened the data to exclut@nnels 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 meith 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 onitenience, 14

children remained in the ASD group.

~

Bandpass Wavelet + . Baseline
filtering .[ GLM J’ ‘ Bloekile | ’( correction

. Statistical
analysis

l Visual analysis ’
A Oxy—Deoxy proflles of a NIRS 5|gnal B. Oxy-Deoxy-Total profiles for each task
e Oxy ' CH-3 CH-3
L ——Fitered Dro: i W t h ] 04 2 |
AT | - Vv ;;;jgv ~Motion artifact g4 [Wetc - Watch
“~Cleaned proflle 12T w_”‘\"k 2 R PP
| / 0 500 1000 1500 20( o 100 200 a0
| | CH 3 CH-3
\ 1 V “) — ’\ ) - ~ 04F - - DO 9
Wm ;! .,.n RIAWAA T | 02| —
| \ *f JM ‘ | N .
0.4 o — |
a "m 10[‘0 'Oﬂ QO[ ] 100 200 30
- cH3 CH-3
Together [ 0.4 Together )
e mm we mw mw ww e s aor o O ﬁJLﬂ“M\I\$~ ge Total“w_
. . Data frames: \7 0 b—="""Deoxy- A — |
Motion artifact removal and GLM 0 50 1000 150 200 o 100 200 0

Blocking and Baseline correction Trial averaging

Figure 3.3 Data processing workflow (A) Filter, wavelet and GLM of NIRS signal
and (B) Triatby-trial view and average view of Oxy Hb (HbBO
Deoxy Hb (HHb), and Total Hb (HbT) profiles for a givelmannel. (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 VideoData Coding

A trained and reliable student researcher that was blinded to the grouping
scored the sessiomdeos 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 symehy and motor performance were scored
on a threegpoint 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 synciirecores were rated from 1
to 3 with 1 = more than one block delay, 2 = hack 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 shpipémg
picking or placing) with motor scores rated from 1 to 3 with 1 = more than 4
errors, 2 = P4 errors, 3 =01 error. Two trained coders coded 20% of the video
and established high levels of intater reliability for all variables. Using intra
class orrelations, interater 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 DataExclusion

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 (Wate 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%, Togetde3%). 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 beteen the data excluded in the TD and ASD groupps$aH 0.05).

3.2.8 StatisticalAnalyses

To avoid multiple channedpecific comparisons, we averaged data across
channels within the same ROI based on our spatial registration outpute(Fig
3.2C and3.2D 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.1 shows the channel assignments for the TD
and ASD groups). UsinBM SPSS, we conducted repeatedasures ANOVA
using withingroup factors of condition (Watch, Do, Together), hemisphere (left,
right), and region of interest/ROI (MIFG, MSTG, IPL) and a betwgemup
factor of group (TD vs ASD) for average Hp@lues ($SS, Inc.). We also used
age, sex, and fuicale IQ as covariates within our analysis. GreenhQessser
corrections were applied when our data violated the sphericity assumption based
on Mauchlyds test of spheri-<cspedfig. We have a
regional ANOVA that revealed similar results as the averaged channel ANOVA
described above (see Tal@le2 underAppendixfor the ANOVA and the pogtoc

t-test findings).
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Paired ttests 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 poshoc @mparisons of multichannel fNIRS dg&ingh et al.,
2006) We specifically used the Benjarmttochberg method wherein unadjusted
p-values are rank ordered from low to high. Statistical significance is declared if
the unadjusted-palue is less thanyaluethreshold p-value thresholds were
determined by multiplying 0.05 with the ratio of the unadjugtedlue rank to
the total # of comparisonp-threshold for ith comparison = 0.05 x itmhere n =
total # of comparisons). Il n addition, we u
associations between cortical activation and ASD severity and adaptive
functioning and Spearmandés rank correlatio
interpersonal synchny scores and ASD severity and adaptive functioning. FDR
corrections were also used to control for multiple comparisons during correlation

analyses.

3.3 Results

3.3.1Quality of Interpersonal Synchrony and M otor Performance

Children with ASD had lower spial and temporal synchrony scores
compared to the TD childrepq < 0.01). Motor scores did not differ between

groups p > 0.05). The detailed information is presented in Tal#e
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Table 3.2 The behavioral quality of interpersonal synchrony imidASD

groups.
Interpersonal synchrony ASD TD p- value
quality (Mean £ SE) (Mean £ SE)
Spatial synchrony 1.94+0.18 2.67+0.08 p<0.00¥
Temporal synchrony 2.11+0.19 2.74% 0.06 p<0.0F
Motor score 2.96x 0.02 2.97+£0.01 p>0.05
Do condition 2.92+0.03 2.96+ 0.02 p>0.05
Together condition 3.00+ 0.00 2.99+0.01 p>0.05

*indicates significant differences between the ASD and TD groups. A higher
value indicates better performance.

3.32 Cortical Activation

The group x condition x hemisphere x region faway repeated ANOVA
revealed a significant main effect of region (F(1.9, 368.4) = 13<10.001), a
two-way interaction of group x region (F(1.9, 368.4) = 24.4,0.001), a three
way interaction of group x hemisphere x region (F(2.0, 382.0) p~®).001),
and a fowway interaction of group x condition x hemisphere x region (F(3.7,
704.3) = 7.1p < 0.001). The fouway interaction did not covary with age, sex or
IQ (TableC.3 showgshe means and standard errors of Hb@ncentration; and
TableC.4 shows the significaqt-values and direction of effects for the pbst
comparisons). The visual representation of averaged Etzentration during
Watch, Do, and Together conditions in children with and without ASD is shown

in Figure3.4.
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Figure 3.4 A visual representation of averaged Héxdhcentration during Watch,
Do, and Together conditions in children with ASD (left) &rial
children (right). Hb@values on Yaxis range from O indicated by blue
to 0.09 indicated by red and shades in between.

3.3.21 Group Differences

Children with ASD had lower MIFG and MSTigut 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 conditiemg Fig
3.5). Specifically, during the Watch condition, children with ASD had |anggt
MSTG activation and greater right IPL activation than the TD childser<(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). Snilarly, 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 childrengs < 0.001) (Figre3.5).
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Figure 3.5 Group differences in Hb@oncentration during Watch,dpand
Together conditions. *indicates significant differences (pe&:,0.05
and survived for FDR correction) between the ASD and TD groups.
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3.3.22 Conditional Differences

Children with and without ASD showed greater activation during
movement (Do and Together) conditions compared to the observation/Watch
condition (Figuire 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 childrewith ASD showed greatéeft MIFG and left IPL
activation ps < 0.001, Figre3.6). We also found some trends for greater
activationin the interpersonal synchrony (Together) condition compared to the
solo movemengDo) condition in both children with anglithout ASD, however,
those comparisons did not survivBR correctionsfs < 0.05, Figre 3.6).

During the Together compared to the Do condition,TiBechildren showed
greater right MIFG activation while the children with ASD showed grdeter
MIFG and right MSTG activatiorpé < 0.05, Figre3.6). Lastly, during the
Together conditiomompared to the Watch condition, the children with ASD
showed greater activation in the righ§TG and right IPL regiong(< 0.01.
Figure3.6). No other conditinal differences between Watahd Do or Do and

Together were noted in the children with ASD (#ig3.6).
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Figure 3.6 Conditional and hemispheric differences in Hi@Dcentration for TD
children, and children with ASD. * indicates conditional differences
withp< 0. 05 and surviving FDR correction
significant hemispheric differences wiph 0.05 and surviving FDR
corrections.

3.3.23 Hemispheric differences

For both groups, there were no hemispheric differences for the Watch
condition (Figure 3.6). During the Do condition, TD children showeddeft
lateralized (left > right) MSTG activatiop € 0.001, Figire 3.6) and a trend for
left-lateralized MIFG activationp(= 0.08). Along the same lines, children with
ASD showed leHateralized MIFG activation onlyp§ < 0.01, Figre 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 activationp(< 0.001) and rightateralized MSTG
activation p = 0.003) with no hemispheric differences in IPL activation (jFég

3.6).

3.33 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 3&blehildren
with greater ADOS RRB scoréise., more repetitive behaviors) also had lower
spatial and temporal synchrony scores during the Together conditic.42=&
-0.43,ps < 0.01). Similarly, children with greater ASD severity based on ADOS
total scores had lower spatial synchrony scdregg 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 (-6.31,p < 0.001).

Children with ASD with more repetitive behaviors had greater left MSTG
activation during the Watch and Do conditions (r = 0.45 & 0p385 0.001) as
well as greater right MSTG activation during the Together condition (r = P33,
0.001). No caoelations between ADOS total scores and cortical activation

survived FDR corrections.
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Table3.3The correlations between ADOS scores, interpersonal synchrony
behaviors, and cortical activation in children with ASD

r- values ADOS-SA ADOS-RRB ADOS-Total

w | b | T w | b | T w | b | T
Interpersonal synchrony Behaviors
Spatial N/A N/A -0.24* N/A N/A -0.42** N/A N/A -0.34**
Temporal N/A N/A -0.19 N/A N/A -0.43* N/A N/A -0.26*
Motor N/A 0.07 N/A N/A -0.21 N/A N/A 0.03 N/A

Cortical Activation

Lefthemisphere

MIFG -0.08 | -0.31** | -0.27* 0.15 -0.10 0.04 -0.01 | -0.28* -0.20
MSTG 0.07 0.21 -0.00 | 0.45* | 0.38* 0.25* 0.20 0.29* 0.08
IPL -0.03 -0.13 -0.05 -0.03 -0.23 0.17 -0.03 -0.18 0.02
Right hemisphere

MIFG 0.14 -0.07 -0.09 0.04 -0.04 -0.01 0.13 -0.07 -0.07
MSTG -0.04 -0.07 -0.21 0.20 0.09 0.33** 0.04 -0.02 -0.05
IPL -0.16 -0.07 -0.19 -0.18 -0.08 -0.18 -0.19 -0.08 -0.21

r values are presented in thédble * indicatesp < 0.05; ** indicateg < 0.01.
Shaded font indicatgsvalues 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, ietsgnal
synchrony behaviors, and cortical activation in children with ASD are presented
in Table3.4. There were no correlations between VABS scores and interpersonal
synchrony behaviors in children with ASD that survived FDR corrections. During
the Watchcondition, higher VABS communication scores were associated with
greater left MSTG activation (r = 0.30< 0.001). During the Do condition,
higher VABS communication scores were associated with greater left MIFG
activation (r = 0.38p < 0.001). Duringhie Together condition, higher VABS
communication scores were associated with greater left MIFG and right MSTG

activation (rs = 0.50 & 0.4%s < 0.001).

77



Table 3.4 The correlations between VABS scores, interpersonal synchrony
behaviors, and cortical acéition in children with ASD

r- VABS- VABS- VABS-
values Communication Daily living Socialization

W | D | T w | D | T w | D | T
Interpersonal synchrony Behaviors
Spatial N/A N/A -0.09 | N/A N/A 0.20 N/A N/A 0.08
Temporal | N/A N/A -0.10 | N/A N/A 0.18 N/A N/A 0.07
Motor N/A | -0.22* | N/A N/A -0.05 | N/A N/A -0.19 | N/A

Cortical Activation

Left hemisphere

MIFG 0.10 | 0.38** | 0.50** | 0.11 0.07 0.05 0.16 020 | 0.16
MSTG 0.30* | 0.17 | 0.24* | 0.08 | -0.03 | 0.03 0.19 0.04 | 011
IPL -0.15 | 0.07 0.14 0.07 0.12 0.04 0.07 012 | -0.02
Right hemisphere

MIFG -0.05 | 0.1 0.07 | -0.06 | -007 | -0.04 | -0.06 | -0.09 | -0.10
MSTG 0.17 0.10 | 0.48** | 0.03 | -0.05 | 0.17 0.10 | -0.06 | 0.25*
IPL -0.05 | -0.13 | 0.02 008 | -0.02 | -0.04 | 007 | -0.16 | -0.16

r values are presented in thédble * indicatesp < 0.05; ** indicateg < 0.01.
Shaded font indicatgsvalues survived for FDR corrections.

34 Discussion

Children with ASD have difficulties performing socially embedded
movements such as imitation [8] and interpersonal syncl{Fatgpatrick et al.,
2016; Kaur et al., 2018yhich impact their relationships with peers and
caregivergMogan, et al., 2017; Vicaria and Dickens, 2046yl may adversely
affect their longterm socialcognitive developmer(Mogan, et al., 2017Despite
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 corti@al 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 aforementi@hstudies are limited to children and adults

with low ASD severity/fewer behavioral issues because of the high behavioral
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demands of lying still within the MRI scanner. Consequently, there are more
challenges for participants to comply during fMRI taskakimg 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 meataalysis(Philip et al., 2012)

included children with ASD with much higher 1Q scores compared to thergres
study (mean IQ ranged from 90.7 to 116.0, present study: mean 1Q =t79.57

25.35, see Tablg.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 = 11.75D = 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, TahlB. Apart from including children

with wide ranging 1Q and ASD severity, fNIRS Haetter tolerance to movement
artifacts and has been used across various naturalistic movements such as walking
(Miyai et al., 2001)and upright arm movementg&getemeir et al., 2011; Koehler

et al., 2012)Using fNIRS, the present study compared the cairtictivation of

children with and without ASD during a naturalistic, fdodace, 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 studig§&itzpatrick 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 impaiants 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 MSTé&gions but increased activation

over the IPL regions compared to the @ldren 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 hemisphédferatfices,

both TD children and children with ASD showed {kiieralized cortical

activation during action execution (Do condition). However, during the Together
condition, TD children showed bilaterally symmetrical activation whereas
children with ASD sbwed leftlateralized activation over the MIFG regions and
right-lateralized activation over the MSTG regions. The correlation analyses for
children with ASD (Analysis Il) suggested that those who had greater ASD
severity also had lower spatial and tempacauracies 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 gre&&GM
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 L ower I nterpersonal

Synchrony in Children with ASD

We had purposely chosen a reach and clean up task as most children
develop reaching abilitiest a very young age, making this task universally
possible across all ages. For tteason, it wasot surprising that we found
similar motor performance between children with and wit#&iD. Using
motion capture systems, previous studies have shown differences in arm
movemenguality such as overshooting and unsmooth trajectories dugges
poor anticipatory andeactive control of skills such as reaching, catching, etc.
(Cook et al., 2013; Whyatt and Craig et al., 20¥8% did not utilize a motion
capturesystemhence, our video coding was perhaps not sensitive enough to
capture the ifferencesin visuomotor performance between children with and

without ASD.

In terms of interpersonal synchrony quality, children with ASD showed
reduced spatiand temporal accuracies compared to TD children and
interpersonal synchrorgifficulties 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 pendsluaying (i.e., swaying the
pendulum in synchrony with a partner), titzpatrick et al., 2016; Kaur et al.,
2018) Children with ASD had increased movement variability and reduced
interpersonal synchrony during both marchatgpping and pendulum swang

tasks(Fitzpatrick et al., 2016; Kaur et al., 2018)por basic visumotor
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coordination might result imcreased movement variability, which in turn makes
it difficult to synchronize actions witnother partnegfKaur et al., 2018; Nebel et
al., 2016) Additionally, lower interpersonal synchrony could be due to poor/
atypical social monitoringFranchini et al., 2017 yisuamotor(Whyatt and Craig,
2013) visuatperceptua(Mottron et al., 2003)or impaired executivinctions

such as mental rotatisnplanning, inhibition, and working memd(fill, 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 andxecution), 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 literatur@Vadsworth et al., 2016; Jack and Mar@i814; 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 synchrorfifan et al., 2010; Freitag et al., 2008; Dapretto
et al., 200%. A rigorous mea-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
planningrelated regions of IPYang and Hofmanr2016) 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 temporaj gyrus

Jack and Morris, 2014; Freitag et al., 2088)ng with hyperetivation in the
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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., 200)ring imitation of emotional
expressions, unlike TD children who showed more bilateral IFG activation,
children with ASD showed no increase in fMBadsed activation in the IFG as

well as hyperactivation in the left parietal and visual association cortices
(Dapretto et al., 2006Dur f$udy extends these past imitatibased 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 channespecific comparisons also showed atypical activation over channels
isolating the MFG and IFG ROlIs in children with ASD (see T&bB. The
reachc | ean up task in this study involved mon
pl anning of onedmbination ofthatwd td aeansup blooks inta ¢
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 memorgCarpenter et al., 2000) D children and adults
show greater fMRbased activation over the MFG during multiple executive
functioning tasks, including thelmack, Geno-go and Stroop task®el Casale et
al., 2016) In contrast, children with ASD perform poorly across multiple
execuive functioning task¢Hill, 2004) and these difficulties have been linked to
atypical activation over the prefrontal corigixeda et al., 2018)On the other

hand, during objeetelated 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; AziZadeh 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 pgecipants focused on the goal of the motor task, and not

the actions associated with the téilicholson et al., 2017Children with ASD

are said to have difficulties understanding goals or intentions underlying their
own as wel | dCGatameo ¢t @.r2605; Sanwgyi ebah, 20I¥)e
difficulties of goal understanding in children with ASD have been linked to lower
IFG activation during observation of actions on objéetskorny et al., 2015)

Our findings align with other neuroimaging stesli reporting IFG hypoactivation

in children with ASD during imitation task8Vadsworth et al., 2016; Jack and

Morris, 2014) As mentioned earlier, the redcleclean up task required some level

of executive functioning to perceive, select, and retain theansto-moment
action information from the partner and to
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 finctioning 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 wit
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planned actions or what one might call visaotor correspondend@elphrey et

al., 2003; Molenberghs et al., 201@hildren with ASD have lower STS

activation during observation of biological motiqi#seitag et al., 200&nd

facial emotiongKim et d., 2015) as well as action imitatiofdack 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 childen t h ASDO6s di fficulties

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 redean up task
compared to TD chileen. Channel specific comparisons also showed increased
IPL activation in children with ASD (see Talle2). The IPL regions (including
the SMG, AG, and the intsparietal sulcus) are said to be active when planning
the kinematic aspects of actioffacobai, 2009) Neuroimaging studies in
individuals with ASD had reported increased activation in the parietal regions
during action execution, action imitation, and langubgged tasks compared to
TD controls(Yang and Hofmann, 2016; Herringshaw et al., 2@djlin-Lord et
al., 2014) Individuals with ASD might show greater IPL to meet the motor
planning demands of the ta@ierringshaw et al., 2016further research is
needed to replicate the finding of hyperactivation over the IPL regionilotren
with ASD. Taken together, children with ASD showed atypical cortical activation
(hypo/hyper activation) which fits with their behavioral impairments during the

reachclean up task. Lastly, the group differences were greater in magnitude
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during tre 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 interpersonalnghrony.

3.4.3 Both Groups IncreasedCortical Activation During Interpersonal

Synchrony Compared tolts ComponentBehaviors

Both children with and without ASD showed greater activation in
conditions involving action execution (Do and Together) comparétetaction
observation (Watch). Using fMRI, researchers have found greater activation
during action imitation or execution compared to observd#aiz-Zadeh et al.,
2006; Montgomery et al., 2007; Reynolds et al., 20IBgse findings echo the
results of our past fNIRS study of interpersonal synchrony in healthy adults and
children(Bhat et al., 2017; Su et al., 2020pgether, these results suggest that
the challenges of imitation or interpersonal synchrony stem tinenrcomplexity
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. Smilar findings were reported in previous fMRI studies with
greater activation found during imitation than execution of simple finger
movementgGatti et al., 2007)object manipulatiofHamzei et al., 2016)
pantomimed actions on obje¢Molenberghs et al2010;Montgomery et al.,

2007, and communicative gestur@dontgomery 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-leferalized
activation (contralateral to the maog limb) during action execution (Do
condition) in both TD children and children with ABilimon et al., 2007)
Despite the righhanded nature of the reactean 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 thditerature on how right hemisphere is more involved in action
observation, visuospatial, and social information proceg§la{phrey et al., 2003;
Gotts et al., 2013; Semri@ikeman et al., 2011 greater involvement of the
right hemisphere might lead bilaterally symmetrical activation during
imitation/interpersonal synchrorfCaspers et al., 201.0fompared to the TD
children, children with ASD showed left lateralization during the solo movement
condition but a different lateralization pattern durihg interpersonal synchrony
condition. While TD children should bilaterally symmetrical activation, children
with ASD showed leftateralized MIFG and rigHtateralized MSTG activation.
The atypical lateralization in children with ASD suggests that amldvith ASD
recruited different neural circuits during interpersonal synchrony but relatively

similar circuits during the solo reactean up task.
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Children with ASD are known to have abnormal connectivity within and
across cortical regions including hygmrmnectivity within the frontal, parietal,
and temporal cortices as well as reduced-@mge connectivity between the
cortices (i.e., frontgoarietal and frontdemporal networksCourchesne et al.,
2005; Just et al., 2012; Rane et al., J0Moreover they also showed decreased
inte-hemispheric connectivity that might alter their ability to activate both
hemispheres simultaneoughnderson et al., 2011)n fact, during an imitation
task, children with ASD had decreased functional connectivity within
increased functional connectivity outside the imitation network suggesting that
different networks were recruited during imitation in this populagiishman et
al., 2015) This might explain the altered hemispheric lateralization patterns

observedn children with ASD compared to the TD children.

3.4.5 AssociationsBetween ASDSeverity and Adaptive Functioning and IPS

Behaviors/Cortical Activation

The behavioral performance and neural activation patterns of children with
ASD are highly variabléLenroot and Yeung, 2013\Ve 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 interperssyrachrony. 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

synchpony 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 belinked chi | drends ASD sever.i

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 trackgsystem 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 t h ethisddid not coverdhe wwlelbraana d s, how
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 sensormotor, prefrontal, and parietal regions. Tiwid 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 clearp 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 curent 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 amWdSTG cortical activation was
associated with ASD severity. The atypical activation over frontal, temporal, and
pari et al cortices might reflect the childr
understanding, executive functioning, establishing visiwbor corespondence,
as well as movement planning. Our findings suggest that ASD interventions must
emphasize broader task goals and tasks requiring greatemetoo
correspondence to improve motor and social performance. Moreover, we found
greater activation ffierences between children with and without ASD during
movementrelated conditions (solo and synchronous actions), whereas during
observation, both groups performed similarly. These findings suggest that
sedentary interventions that involve observationlanied movements are not
challenging for children with ASD and might not lead to the greatest positive
behavioral and neural changepfot randomized controlled trial (RCT)
comparing the value of 8 weeks of rhythmic, whbbly imitation/synchrony
activities to a standard of care, sedentary play intervention fiwanahildren
with ASD in the rhythm group had more positive affect, spontaneous social
verbalizationand greater imitation/synchrony performance following training
compared to thehildren with ASD in the sedentary play gro(@rinivasan et al.,

2016; Srinivasan et al., 201%imilarly, a more recent study usiagreative
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yoga intervention focused on pose imitation including individual and partner
posesmproved thamitation and motor coordination performance of children

with ASD in theyoga group compared to a sedentary play g{&aur et al.,

2019. Together, the current neuroimagiingdings as well as the intervention

related behavioral changes suggest thatuetgionsinvolving synchronybased,
whole-body coordination might produce equal or greater seiatts than

sedentary play interventions that are often provided as part of the standard of care
for children with ASD. Lastly, the neurobiomarkers desdiiethis study could

assist indentifying subgroups who will most benefit from synchrdrased
interventions and coulde 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 publish&tiantific
Repot fiReprint ed w~BdehtificlRepor202s14,15935 f r o m

Copyright 20205cientific Report 0

4.1 Introduction

Autism Spectrum Disorder (ASD) is a highly prevalent neurodevelopmental
disorder affecting 1 in 59 children in the USa{o et al., 2018 Children with
ASD present with diagnostic syptoms of impaired social communication skills
(DSM-5) (American Psychiatric Association, 2Q1&s well as perceptuomotor
comorbidities which affects their ability to move with others within social
contexts Bhat et al., 201)1 For example, children with ABmight have impaired
social monitoring and poor motor planning/ incoordination that in turn affects
their ability to imitate (i.e., copy discrete action8jl{vard, 2013 or synchronize
continuous actions with others, also known as interpersonal syndhir8)y
(Fitzpatrick et al.2016; Kaur et al., 2038During infancy and early childhood,
infants and children learn a variety of social communication skills from their
social partners by engaging in imitation and IR@rgon, 2018; Cirelli et al.,

92



208). These interactions help facilitate

caregivers and peer€igelli et al., 2018; Tuncgenc¢ & Cohen, 201Bifficulties
in engaging in imitation and IPS will affect the social cognitive development of
children with ASD anaill limit their opportunities to build relationships with

other social partnerdfogan 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., 2017he neuroimaging studies
also suggested atypical activatiover the frontal, temporal and parietal lobes
when children with ASD performed imitation and IPS ta&ks et al., 2020; Yang
& Hofmann, 208). However, the neuroimaging studies were limited to finger
motions or seated reaching tasks that did not inwehlvale-body movements or
use of objective kinematic measures using motion tracking. Moreover, changing
levels of social information (e.g., sakvisual or sociatactile) could variably
influence IPS behaviors and correspondingical activation. Using functional
nearinfrared spectroscopy (fNIRS), a novel neuroimadoa that is robust
against movement artifacts, the present study complaeetiovement
characteristics and associated cortical activation in children with and without
ASD during a wholébody sway synchrony task amt/estigated how different
levels of social information might alter IPS behaviors and associated cortical

activaton.
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4.1.11PS Behaviors andAssociatedCortical 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 partn&Hheng etl., 2017; Josef et al., 200WWhen
engaging in IPS, one needs to understand the shared goal of the task as well as
oneds own i ndi v iVespeadtal. r20)/For examplet, vihen t as k (
dancing with a partner, the common goal is to move in haynwehile 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
ont heir own and their partnerds actions (e.
(Vesper et al., 20)7The environmental and social information will help in
anticipating/predicting the partnerds move
own movementstokeepwpi t h t hos e dspetehat,2@dar t ner 6s (
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 morniig and adjustments of actions
during IPS requires continuous perceptuomotor integration which is also needed

during imitation and other joint actionggsper et al., 2037

Several cortical regions in bilateral frontal, parietal, and tempocgital
lobes that support imitation behaviors may also play a role inl#8koni,
2005. The inferior frontal gyrus (IFG) plays a role in encoding the goal of actions

as it is more active when performing gaolilected than nogoal directed
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movementsKoski et &, 2002. It also plays a role in perceiving the salience of
action information offered by partners and in inferring intentions of actions
(JohnsorFrey et al., 2008 Furthermore, frontoparietal connections are important
in integrating multisensory infaration from the environment and social partners
(Limanowski & Blankenburg, 2038The IFG and inferior parietal lobe (IPL)
interact with each other and are important for matching observed actions with
internal motor plans and anticipatory/predictive cdmifaactions Fontana et al.,
2012 Ocampo et al., 2031The superior temporal sulcus (STS) plays an

important role in establishing visuomotor correspondence and is activated as one
monitors and matches their ownmdcaveti ons to
or reactive manneMolenberghs et al., 20).0n 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 ation observation and executioBtti et al., 201y Other important

brain regions for IPS include prand postcentral gyrus (PCG) and the prefrontal
regions (including middle frontal gyrus (MFG)). PCG includes the primary motor
and somatosensory corticthat interact with other cortical regions to
receive/process sensory information and execute actlams( et al., 2020The

MFG along with other prefrontal regions are important for executive functions
such as motor planning, working memory, cognistéting, and inhibitiod a

set of mental skills that are important during continuous actions involving IPS
(Del Casale et al., 20)6During IPS, one needs to engage the aforementioned

corticalregions to retain information about the goal/task requirements and the
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spati al relationships betweenshiftnesel f and

oneds attention to critical component s

movements to matchupwit he partner 6s actions.
interact with each other, but also with other cortical (ecgipital cortices) and
subcortical regions (e.g., cerebellum is important for predictive corftaapboni,

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 clappitepétrick et al.,
2016; Kaur et al., 2038They also showed atypical movement charasties
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., 201More specifically, impairments
in goal understandingocial 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; ChiHdegmark, 2016Demetriou 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 behaviorsgcgon
observation and execution). Multiple fMRI studies have reported atypical

activation over frontoparietaind superior temporal regions in children with ASD
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when imitating finger movements and hand gest(Mésdsworth et al., 2017,
Williams et al., 200% While some electroencephalography research fails to
duplicate the findings of atypical activati¢fian et al., 2010 a thoroughmeta
analysis of imitation task data from fMRI studies found that individuals with ASD
had increased IP&ctivation and alterecctivation over the occipital, dorsolateral
prefrontal, and cingulate cortices, as well asitisela, compared to control

participantyYang & Hofmann, 2016

414Fu n ct i o nlaftared\Spextroscopy (fNIRS)

Although fMRI studies havilentified 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
nearinfrared spectroscopy (fNIRS) is a nomvasiveneuroimaging technique that
constrains the subject only by a cap, allows upright face to face interactions, and
is robust against movement artifadt$ofyd-Fox et al., 201)) making it a
favorable approach to implement in children with ASD. Using fNIR$, ou
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 taskJ et al., 2020

4.15 Aims and Hypotheses

In the presenttady, we extended our past research to a whotky, 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 chgithe 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 peersowore

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 schootaged 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 femalps;> 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 infohes tatabase 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 informatiamcluding age, sex, ethnicity, as welltas
confirm their eligibility for participation (Tabld.1). Children with ASDwere
included if they held a professionally confirmed ASD diagnosis supported by a
school record (e.g., schogadychologist record confirming an ASD diagnosis) and
an Individualzed Education Plan (IEP) for ASI2latedservices 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 (ADIR) measures. laddition, we used the Social
Communication Questionnaire (SC@P) to screen for ASD symptoms. All
childrenwith ASD met criteria for a social communication delay (> 15 points)
confirming the presence of a social communicatidficulties, whereas all D
children scored below the caff score. Additionally, the two groupsgere
matched in age and sex. Children with ASD were excluded if they had any
behavioral and sensory issubat prevented them from wearing the fNIRS cap
and completing the test actirgs. TD children were excludéithey: (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
guestionnaires in ASD and TD groups. Means staddard errors (SE)

provided.
Characteristics ASD group (n = 15) TD group (n = 15)
Meanz SE Meanz 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 (S 72.5+ 3.4*% 103.6+4.1*
CommunicatioS9 74.3+ 3.5*% 94.8+ 7.5
Dalily living (S9 78.9+ 4.8*% 104.3+ 4.6*
Socialization(SS 69.4+ 3.0% 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 13R,2L 14R, 1L
Corenbs scor e|l31.2+1.2 34.0+1.6
VABS-Il = Vineland Adaptive Behavior Scale 2" Edition; SRS

Responsiveness Scale; ICS = Interpersonal Communication Scale; M = Male, F = Female;
C = Caucasian, A = Asian, A€ AsianCaucasian. R = rightanded, L = lethanded*
indicates significant differences between children with andouit ASD ¢ < 0.05).
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We administered the Bilateral Coordination and Balance subtests of the
Bruininks-OseretskyTest of Motor Proficiency, 2nd Edition (B&3) 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 TDlodil < 0.001; Tablel.1; Hedges,
1981). Parents of all participating children completed the Vineland Adaptive
Behavioral Scale@nd edition (VABSII; Rutter et al., 20030 assess adaptive
functioning, Social Responsive Scale questionnaire {ER8stantino et al., 2000
to assess social impairment, and the Interpersonal Competence Scaleqil@s
etal., 1995 t o assess the chil déd.l).iCompamedper sonal
to the TD children, children with ASD had significantly loweABS-1l, SRS,
and ICS scoreg$ < 0.05, Tabld.1). Individual data in children with ASD
suggests they had wdiklow average to average levels of body coordination
based on the BOZ, low to moderately low levels of adaptive functioning based
on the Adaptve Behavior Composite score, and moderate to severe social
impairment based onthe SR&Tc or e. Lastly, the Corenbés ha
used to deter mi ne c HLICoeneclao ¥ritthtnandedness (T
informed consent was obtained from paremtd 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 byrhetdity of
Delaware Institutional Review Board (UD IRB, Study Approval #: 930,12).

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
andverbal 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 sa&mng in AppendcesC.1 toC.3.

4.2.2 Experimental Procedures

During the experiment, the children were asked to stand either facing a
laptopscreen or an adult tester. An fNIRS cap embedded with a 3 x 11 probe set
was pl aced on Eachcbild complated fduy condhienst d .
Observation, Solo, Face, and Touch (fFeg4.). During the Observation
condition, the child observed an adult tester sway side to side. During the Solo
condition, the child swayed side side in synchrony with an osciliag) bar
shown on the laptop screen. During the Face condition, thesvisiged face to
face with an adult tester. Lastly, during the Touch condition, the child swayed
face to face wittan adult tester with their fingertips touching each other. The
swayingspeed of the tester and the oscillatingware controlled by a rhythmic
beat audible to the tester only using a wireless earphone, therefore the chdid had
synchronize their sway with the tester using seasiial and/or sociatactile
information. The speedoftnear / t est er s moti ons changed w
moved faster from 4G0 bpm, or slower from 40 to 30 bpithe children
completed a total of 16 trials (4 trials per condition) that were randomized across
the entire sessiofirigure 4.). Each trial included a 18 prestimulation, 25s

stimulation, and a 25 poststimulation period. There- and poststimulation
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periods were included to account for baseline drifts in the fNIRS signal and to
allow the hemodynamic response to return teetiae before starting the next trial.
During baseline periods, the childreere asked to stand still and focus on a
crosshair on the front wall.

Experimental Procedures
Observation (O) Solo (S) Face (F) Touch (T)

Trial Sequence in E-Prime

|[FTOS| {TSFO}{SFOT | OSFT|

l | | l

Touch (T) Solo (S) Face (F) Observation (O)

| Setup | Pre | Stim | Post | Setup ] Pre | Stim | Post | Setup | Pre | Stim ‘ Post | Setup l Pre I Stim | Post |

10Sec 25Sec 25 Sec 10Sec 25Sec 25 Sec 10Sec 25Sec 25Sec 10Sec 25Sec 25 Sec

Figure 4.1 Experimental setup (a) and task sequence (b). Written parental and
experimenter permission to eugheir pictures for this publication has
been taken.

4.2.3 Data Collection

We used a 52hannel Hitachi fNIRS system (ET@00, Hitachi Medical
Systems, Inc., sampling rate: 10 Hz) to record the hemodynamic changes over the
regions of interest (ROIs). A 3 x 11 probe set consisting of 17 infrared emitters
and 16 receivers was ptened over bilateral frontoparietal and temporal regions.
The middle column of the probe set was al.

bottom row was al i gn eguredi2tEach ddfaeentpairi | dés ey
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of probes are located 3 cm aparttba 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 banaishaped arc and reaches the cortical area approximately
below the midpoint of the two probes fongia channel. The attenuation of

infrared light was used to calculate the changes in concentrations of oxygenated
(HbO,) and deoxygenated hemoglobin chromophores (HHb) per channel using
the Modified BeedLambert Law [Lloyd-Fox et al., 201D An increase irthe
concentration of Hb&and a decrease in HHb concentration were expected when

a certain region underneath a channel was adtiogd-Fox et al., 201

Additionally, inertial measurement units (IMUs, Xsens, Inc.) were placed on the
mid-pointofthese ond sacral vertebrae (i.e., body?os
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 byHtime preseiation 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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(a)

(b)
Figure 4.2 Probe placement (a), spatial registration output (b), and IMU system
placement (c). Wtien 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 ET&000 3D positioning unit, a reference coordinate system,
to conduct 3D registration. During registration, we recorded the 3D locations of
the standard cranisdndmarkg(i.e., nasion, inion, tragus points of the eans] a
the Cz position of the InternationaliZD system) and each of the probes. The 3D
coordinates of all participating children were run through MATLAB codes
developed by our collaboratorfemthor Dr. Tsuzuki{suzuki et al., 20020
estimate and label ¢hchannel locations using the LONI Probabilistic Brain Atlas
(LPBA) (Shattuck et al., 2008For further details, readers may refer to our earlier

publications u et al., 2020a; Su et al., 2028hat et al., 201)/ A channel was
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included if more than 60%f 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 becausenethd@ 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 hemisphearee(£ig

and TableD.1): (i) MFG (left: channels 7, 8, 17, 18, 28, 38; rigttiannels 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;i@it: channels

1,11).
4.2.5 Data Processing

Data on displacement of the bodyds cente
child and the adult and were later analyzed using custom MATLAB codes. First,
we low-pass filtered the displacement data usin§ ardler, zerdag Butterworth
filter using a cuff frequency of 10 Hz. Then, we extracted the amplitudes in
mm for each child. To calculate IPS, we used G&yssctral Analysis (CSA)
(Halliday et al., 199bto determine the level of coherence betweercktid 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., O 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., 20105
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To analyze the fNIRS data, we incorporated epeuarce softwa@ Hitachi
POTATo Sutoko et al., 200)6and Homer2 (Huppert et al., 2008 within
cusom MATLAB codes. Specifically, we banghss filtered the data between
0.01 and 0.5 Hz to remove higéind lowfrequency noise, used the wavelet
method to remove movement artifacts, used General Linear Modeling (GLM) to
estimate the hemodynamic responsefion, and corrected for baseline drifts by
subtracting the linear trend between the pred posistimulation baselines from
values in the stimulation perio&toko et al., 20161uppert et al., 2009 Lastly,
we averaged the Hb@nd HHb values over eh stimulation period for each trial.
The HbQ data has a greater range and signal to noise ratio compared to the HHb
data and is more often reported in the literatGatd et al., 2005 The data were
plotted and saved at each step for visual screeRorgadditional details, readers
may refer to our earlier publicatiorBHat et al., 2017; Su et al., 202G et al.,

20208).

4.2 6 Data Exclusion

Cortical activation and movement kinematic data were excluded based on
visual screening of video and MATLARjures. A trained student researcher
scored the session videos to exclude trials with significant behavioral errors (e.qg.,
child did not follow task instructions or spoke to the tester during the stimulation
period). This criterion resulted in data exatusof 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 proksralp contact)Twelve percenof 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 894% of data were retained in our analysis.

4.27 Statistical Analyses

For sway amplitude and coherence data from the IMU systtsist were
used to compare group/conditioglated differences. For the cortical activation
data, we averaged data across channels within the same ROI based on our spatial
registration outputKigure 4.2) to avoid multiple comparisons. We determined
levels of activation for 10 ROls, including the MFG, IFG, PCG, STS, and IPL
regions for both left and right hemispheres. Using IBM SPSS (SPSS, Inc.), a
repeateeémeasures ANOVA was conducted usinghivi-subject factors of
condition (Observation, Solo, Face, Touch), hemisphere (left, right), and ROI
(MFG, IFG, PCG, STS, IPL) and a betwesrbjects factor of group (TD, ASD)
for average Hbevalues. Since we found group differences in movement
amplitudeand BOF2 Body Coordination scores, the two variables were added as
covariates to control for cortical activation associated with differences in
movement characteristics. Greenhdu3eisser corrections were applied when
our data violated the sphericitysass mpt i on based on Mauchl yods t
Differences in social communication skills are associated with the ASD diagnosis
and ideally should not be controlled by treating them as covarhdiker (&
Chapman et al., 20Q1therefore, we used Pearéos cor r el ati ons to i nv
relationships between cortical activation, movement characteristics, and social

communication performance assessed by three medsuABS, SRS, and ICS.
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To account for multiple comparisons (post hadedtsfollowing ANOVA
runs and correlational analyses), we used the False Discovery Rate (FDR) method
to adjust the cubff for statistical significanceSingh et al., 2003 Specifically,
the BenjamiriiHochberg method was used wherein unadjustealues were
rank ordered from low to high. Statistical significance was declared if the
unadjuste@-value was less than tipevalue thresholdp-value threshold was
determined by multiplying 0.05 with the ratio of the unadjugtedlue rank to
the totalnumber of comparisong-threshold for ith comparison = 0.05 x i/n;
where n = total number of comparisons). We also report effect sizes for

significantposh oc compari sons usildedged, 108 Hedgeds

4.3 Results

4.3.1 MovementCharacteristics 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 Sqgbo>(0.05) but children with ASD

showed redusd sway amplitude in the Face and Touch conditions compared to

g

the TD childrenfjs < 0. 05, Hedgeds g = 0.05 (95% CI

(95% CIlI = 1 Figore 43 For sway. c@ah@rgnce with the tester,

children with ASD showed significantlpWwer coherence compared to the TD

children in both Face and Touch conditiops( < 0. 01, Hedgeds g =
= 17T 0.52 ~ 0.92) & 0. 2udre43h mdicat@gpoor 1T 0. 51

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 x Condition x Hemisphere x Region fauaty repeated
ANOVA revealed a significant main effect of Hemisphere (F(1.0, 115.0) = 6.034,
p = 0.016), a Avay interaction of Condition x Region (F(8.3, 955.1) = B.5,
0.05), and a-3vay interaction of Group x Condition x Region (F(8.3, 955.1) =
1.9,p=0.05). The Group x Condition x Region interaction did netaxy with
the sway amplitude or BOZ Body coordination scores, therefore, post
analyses were done fiorther explore this interaction. The visual representation of
averaged Hbexoncentration during all four conditions in both groups is shown
in Figure4.4.The means and standard errors (SE) of HimDcentrations are
presented in Supplementary Tablel and the results of post hoc analyses are

presented in Supplementary Table.
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Figure 4.4 A visual representation of averaged ptdhcentration during
Observation, Solo, Face, and Touch conditions in children with ASD (a)
and the TD children (b). Hbvalues on Yaxis range from O 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 TDchildren. Similarly, in Touch condition, children with ASD
had lower IFG and STS activation than the TD children.

4.32.1 Group Differences

2999

(a) (b)

During Observation and Solo conditions, children with ASD showed greater
IPL activation than TD childrerp§ <0.0lHedges g = 0.04 (95% CI
0.76) & 0.06 (95 % ueé.5abh). During thé Face eondition/ 7 ) ; Fig
children with ASD showed lower STS activation than the TD childpen@.01,
Hedges g = 0.06 ( 95UGe4G¢). Smilaily, ilithe@auch~ 0. 6 6) ;
condition, children with ASD had lower IFG and STS activation than the TD
childrenpps < 0. 01, Hedges g = 0.04 (95% CI = 1

i 0.75 ~ure@5®.8) ; Fig
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Figure4.5Group differences in Hbgxoncentration during Observation (a), Solo
(b), Face (c), and Touch (d) conditions. *indicates significant
differences between the ASD and TD groups.

4.32.2 Co n d i Relatedifferences

Both groups showed greater PCG and STS activation duringdliement
conditions (Solo, Face, and Touch) compared to the Observation conpgéion (
0.05, Hedgeds g = 0.05 ~ u@46la8nd46d)s5 % CI = 1
In the movement conditions, the TD children scaled up their IFG and STS
activation whemmore social information was available (IFG: Touch > Face and
Solo,ps < 0.05; PCG: Touch>Solps < 0. 05, Hedgeds g = 0.03
= 1 0. 77 ured.@an). l@odvgver, clildren with ASD had no significant
differences between movementcoralii s ( Sol o éapsb@.@e & Touch,

Figure4.6 b).
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Figure 46Conditional differences in Hb@oncentration for the TD children (a)
and children with ASD (b). *indicatsignificant differences between
movement conditions

4.3.3 Correlations
4.33.1 CorrelationsBetween IPSBehaviors andCortical Activation

In the TD children, greater sway amplitude was associated with greater
right PCG and IPL activation during the Fammdition (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 = Op¥2s 0.001). In the
TD children, greater sway coherencesvaasociated with greater right PCG
activation during the Face condition (r = 0.5 0.001); however, there was no
significant correlation between coherence and cortical activation in the children

with ASD (Table4.2).
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Table 4.2 Correlations betweeortical activation and interpersonal synchrony

behaviors.

r-values Sway Amplitude Sway Coherence

Face | Touch Face | Touch
TD
Left hemisphere
MFG 0.105 0.098 0.229 0.262*
IFG 0.213 0.141 0.263* 0.179
PCG 0.210 0.211 0.287* -0.019
STS 0.236 0.287* 0.292* -0.151
IPL 0.087 0.129 0.076 0.018
Right hemisphere
MFG 0.212 0.117 0.249 0.267*
IFG 0.326* 0.332* 0.329* 0.374*
PCG 0.463** 0.247 0.445%* 0.148
STS 0.286* 0.087 0.354* -0.075
IPL 0.410** 0.141 0.299* -0.188
ASD
Left hemisphere
MFG 0.122 0.086 -0.078 -0.355**
IFG 0.131 0.288* -0.266* -0.075
PCG 0.111 0.369** -0.231 -0.299*
STS 0.346** 0.482** 0.069 -0.156
IPL 0.190 0.327* -0.148 -0.074
Right hemisphere
MFG 0.159 0.204 -0.210 -0.189
IFG 0.194 0.222 -0.191 -0.043
PCG 0.356** 0.423** -0.104 -0.180
STS 0.258* 0.233 -0.327* -0.290*
IPL 0.003 0.303* 0.019 0.015

r values are presented in this figure. * indicgtes 0.05; ** indicatesp < 0.01.
Bolded and shaded font indicagesalues survived after FDR corrections.

4.33.2 Correlations BetweenSocial 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 = 0.3,< 0.001) whereas greater VABS socialization
scores were associated with lower rigF® activation during the Touch condition
(r = p<0mO1X Idthe ASD group, better VABS communication
performance was associated with greater right PCG activation during the Face
condition (r = 0.41p < 0.001), and greater left STS, left IPL, aight PCG
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activation during the Touch condition (rs > 0.45,< 0.001). Furthermore, better

VABS socialization performance was associated with greater right PCG

activation (r = 0.45p < 0.001), better SRS performance (i.e., lower SRS scores)

was assoctad withgreatet e f t STS and right PG activat.i
0.001), and greater ICS score was associated with greatéiGedictivation

during the Touch condition (r = 0.44< 0.001, Tablet.3).

Table 4.3 Correlations between cortical activatand social communication

performance.
r- VABS VABS SRS ICS
value | Communication Socialization
s Face |Touch |[Face [Touch |Face |[Touch |Face [ Touch
TD
Left hemisphere
MFG | 0.369** | 0.229 0.04 -0.037 -0.068 -0.111 0.079 0.245
IFG 0.217 0.161 -0.051 -0.116 -0.162 -0.247 0.109 0.279*
PCG | -0.085 -0.090 -0.032 -0.017 0.376** | 0.128 -0.358** | -0.264*
STS -0.095 -0.155 -0.048 0.221 0.190 -0.118 -0.020 0.142
IPL 0.080 0.205 0.209 0.112 0.393** | 0.143 -0.115 -0.084

MFG | 0.286* | 0.091 -0.034 -0.087 0.000 -0.007 0.098 0.154
IFG 0.215 0.115 -0.201 -0.427* | -0.144 -0.257* 0.000 0.133
PCG | 0.318* | 0.095 -0.332* | -0.168 -0.409** | -0.221 0.236 0.230
STS | 0.102 0.099 -0.157 -0.083 -0.120 -0.192 0.139 0.188
IPL 0.293* | 0.082 -0.290* | 0.033 -0.246* | 0.005 -0.014 0.267*

ASD

Left hemisphere

MFG | 0.011 0.284* 0.113 0.205 -0.069 -0.162 0.219 0.186
IFG -0.152 | 0.163 -0.094 0.098 0.158 0.008 0.101 0.436**
PCG |-0.108 | 0.275* 0.048 0.198 0.184 -0.153 0.205 0.184
STS | 0.328** | 0.543** | 0.136 0.345** | -0.246 -0.376** | 0.178 -0.058
IPL 0.172 0.479** | 0.261* 0.271* -0.066 -0.323* -0.005 0.347*

Right hemisphere

MFG | 0.032 0.193 0.083 0.129 -0.137 -0.096 0.156 0.037
IFG 0.093 0.331** | 0.208 0.287* -0.026 -0.153 -0.038 0.017
PCG | 0.410* | 0.555** | 0.284* 0.454** | -0.285* | -0.354** | 0.171 0.184
STS | 0.303* | 0.204 0.192 0.073 -0.164 0.028 -0.003 -0.002
IPL -0.029 | 0.224 0.140 0.068 -0.078 -0.020 0.064 0.127

r values are presented in this table. *indicgies 0.05; ** indicatesp < 0.01.
Bolded and shaded font indicagesalues survived for FDR corrections.
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44 Discussion

Children with ASD have social and perceptaotor difficulties that affect
their abilities to engage in IR&aur et al., 2018)Previous fMRI andNIRS
studies have reported atypical cortical activation associated with imitation and IPS
difficulties in adults and children with ASE5¢ et al., 2020b; Yang & Hofmann,
20169. However, the studies were limited to finger movements or seated reaching
taskswithout involving wholebody movements. The present study extended our
past work studying reachifglated IPS to a wholeody sway synchrony task
and investigated how different levels of social information might affect the IPS

behaviors and cortical aettion 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
Ob<=ervation 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 (soer&éual and/or sociavisual and
tactile), children with ASD diahot 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 performancaildren 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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embedled actions. Similar IPS difficulties have been reported in children with
ASD during synchronized pendulum swayiigt£patrick et al., 2016 marching
and clappingKaur et al., 2018 and virtual tightrope walking taskXdvier et al.,
2018. During theaforementioned tasks, children with ASD showed lower
temporal accuracy, poor coordination, and greater movement variability
(Fitzpatrick et al., 2016; Xavier et al., 2Q01&he IPS difficulties of children with
ASD might be rooted in their poor mulimb and visuemotor coordination,
leading to a greater challenge during social synchrgayiér et al., 2018; Nebel
et al., 2015 Besides the motor components, children with ASD have social
perceptual deficits (i.e., reduced social gaze, or poor perceptionmt her 6 s
which could also undermine their ability to produce synchronized actions
(Dawson et al., 2004Together, these sensemyotor and sociaberceptual

difficulties may contribute to poor IPS performance in children with ASD.

We found greatelPL 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 simpledier and hand movement
imitation/IPS Su et al., 2020b; Yang & Hofmann, 2Q1&he IPL region is part
of the default mode network (DMNGrodd 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 gdia¢écted movements such as

IPS) Greicius et al., 2003DMN is important in a wide range of emotions and
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social functions and shasimilar cortical substrates includinggions important

for imitation (Schilbach et al., 200&uionnet et al., 20)2An fMRI study found

more DMN deactivation when being imitated, compared to when individuals were
i mi t at i mayementshseggesting that DMN is more active when trying to
mat ch up to anot hIpenceratal.20)PCbnsiaténtwsth act i ons (
the previous finding, the TD children showed more deactivation during
Observation and Solo conditions and lesctieation/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 jpdesshat 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
requiiing 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 findin@i(et al., 2020b;
Yang & Hofmann, 2016 we found hypoactivation in IFG and STS hildren
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 imitaiosk( et al.,
2002; lactoni, 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 tasKlicholson et al., 2037 Children with ASD have
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difficulties understanding goalsornt ent i ons underSébmogyng ot her s
et al., 2003, and the difficulties have been linked to lower IFG activation during
action observatiorRokorny et al., 2005 During the sway synchrony task in this
study, children with ASD might have focusmore 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 visootor correspondence, a
process thatompares the observed action with the planned movement, which is
much needed for imitatioMolenberghs et al., 2010; Pelphrey et al., 20a3s
more active during imitation compared to action execution and observation across
different tasks, includingctions involving simple finger movemerg@atti et al.,
2017, and pantomimed actions on objedk(enberghs et al., 20)1.0Children
with ASD have decreased STS activation when observing biological motions and
during action imitationKreitag et al., 208 Jack & Morris, 201% 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 ourqu®vi
neurobiomarkers during reaching synchro8u ét al., 2020kto wholebody
sway synchrony and reconfirmed that the A®ated neurobiomarkers are
associated with IPS impairments regardless of movements performed (i.e.,

reaching or wholdody sway).

Wefound 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 frontopatal activation during multisensory processihgri@nowski

& Blankenburg, 2018 The additional social visual (Face condition) and social
visual plus social tactile information (Touch condition) might increase the
information reaching the frontoparietalgions, 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 informasn
available. Past studies have reported A8ted difficulties in integrating
multiple sensory (visual and tactile) and social perceptual in@uee(field et al.,
2015; Shah & Sowden, 2015 hese difficulties in perceiving tasklevant

informatonc oul d af fect childrendéds abilities to

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 interpersaskills 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 correlateithvactivation 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 informatioraffect 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 whadntributed to smaller effect sizes
(Hedgebs g = 0.03 ~ 0.21). Although smal/l
past neuroimaging studies involving children with AM2uGg & Hofmann, 2015

our results should be interpreted with caution. It is also important to note that the
Benjamini Hochberg method for False Discovery Rate corrections is less
conservative compared to other approaches such as theBdwifarroni andnay

lead to more falspositive results. However, Benjamilochberg method is
considered an acceptable traafébetween power and specificity for

multichannel NIRS data as discussed in Singh & Dan (280®h & Dan, 2006

With regards to sample characteristics, we did mgude a cognitive measure.
However, we have correlated a measure of adaptive functioning (\2)ABS8d

social responsiveness/impairment to behavioral and activation measures in both
groups. In addition, we have few female participants in this study (nlim&jng

our ability to identify sexspecific neurobiomarkers. Future studies should include
larger samples with more female participants to further explore the &&Dsex
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 wholbody, sway synchrony task. Children with

ASD showed hyperactivation in the IPL region during action observation and
execution, hypoactivatiomithe IFG and STS regions during so&aibedded
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 ASOdaling synchronybased
interventions Kaur & Bhat, 2019; Srinivasan et al., 2Q1fhe neural effects of

such interventions are not well studied. The neurobiomarkers we identified in this
study could act as objective measures of treatment response fglleyvichrony
based interventions, perhaps leading to more normalized STS and IPL activation,

postintervention.
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Chapter 5

NEURAL EFFECTS OF PHYSICAL ACTIVIT Y AND MOVEMENT
INTERVENTIONS IN INDIVIDUALS WITH DEVELOPMENTAL

DISABILITIES T A SYSTEMATIC REVIEW

This chapter is a reprinted version of an article publishé&dant
Psychiatryfi Repr i nt ed wi tFnontpP®/chiatiy202,i13)494652r o m

Copyright 2020 Frontiers. o

5.1 Introduction

Individuals with developmental disabilities, including Autism Spectrum
Disorder (ASD), Attention DeficiHyperactivity Disorder (ADHD),
Developmental Coordination Disorder (DCD), Learning Disabilities (LD), and
Intellectual Disabilities (ID), present withultisystem impairments in perceptuo
motor, social communication, and cognitivehavioral performangéhat in turn
affect their psychosocial health/w4léing and daily functioningdfmerican
Psychiatric Association, 201.3n terms of perceptumotor immirments,
individuals with developmental disabilities present with sensory processing issues
as well as motor incoordination/developmental dyspraxia, poor inmigtamr
balance, ang@roblems infunctional movemesst 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; Magalhées et al., 2011; Shield et al., 2017; van
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Ettenetal.,20)7. These di fficulties could begin

movement exploration of the environment (i.e., through interactions with objects
and caregivers), and will have cascading negadffectson other developmental
domains (social communication and cognitive) as well as brain
structure/functioningBhat et al, 2012; Flanagan et al., 2012; Hyde et al., 2021;
lverson, 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 disaligs may also present with

difficulties in social communication skills which affects their wating, daily
functioning, and their ability to establish/maintain relationships with peers and
caregiversAmerican Psychiatric Association, 2013; Bhat, 202hags et al.,

2018; Harrison et al., 2021; Korrel et al., 2017; MacDonald et al., 2013a, 2013b;
Souders et al., 2009They 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 performan&astellanos et al., 2006; Demetriou et al.,
2018. Besides the difficulties in different developmental domains, these
populations also have lower @igal activity levels and are at greater risk of
developing obesityHinckson & Curtis, 2013; Liang et al., 2020; Must et al.,
2014; Srinivasan et al., 20L4hysical activity/motor performance is known to
have cascading effects on psychosocialAvelhgand cognitive performance,

with low physical activity levels hindering further social and cognitive

development in individuals with and without developmental disabilibesnjond,
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2015; Donnelly et al., 2016; Hillman et al., 2020; Reigal et al., R0%0ile there

are some papers describing potential neural mechaoispig/sical
activity/movement interventiona healthy populationd_(lbans et al., 2016;
Valkenborghs et al., 2019; Zhang et al., 20®iere is a lack of synthesis of

neural effect®f sud 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 intermgons in individuals with developmental

disabilities.

Multiple studies using a single bout of physical activity and/or a longer
period of movement interventions reported positive a@fter(asingle session)
and chronicfpllowing 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., RS
example, a metanalysis of randomized contrimials (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 performand@dtrrillo-Urbina et al., 2016 Similarly, a
metaanalysis involving children with ID found that acute and chronic physical
activity/movement interventions help improve phystoadlth(i.e., cardiovascular
health motor skill, muscular strength, etc.), psychological health (i.e-esttem
well-being, sociakmotionalskills, etc.), and cognitive performandeapsal et al.,

2019. Multiple studies in children with ASD have used whbtaly, creative
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movement therapies, such as music, dance, yoga, theater, and martial arts, in
addressing themultisystem impairmentsStinivasan et al., 2014&aur et al.,

2013; Kaur & Bhat, 2019; Kaur et al., 2021; Srinivasan et al., 2013a, 2013b,
2013c, 2015a, 2015b, 2016b, 2016c, J0TRIr own research group recently
conducted a comprehensive review of effects of creative movement
interventions on multisystem performance in children with ASD and found
mediumto-largesized improvements in social communication skills following
music and martial arts training, and in motor and cognitive skills followaggy
and martial arts trainingAfnonkar 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 théehavioral outcomes, neuroimaging assessments, such as
structural Magnetic Resonance Imaging (MRI) including Diffusion Tensor
Imaging (DTI), functional Magnetic Resonance Imaging (fMRI),
Electroencephalogram (EEG), and functional Neénared Spectroscgp
(fNIRS), have been used to develop objective measures of abnormalities in brain
structure and function associated with the aforementioned developmental
disabilities McPartland et al., 2031A metaanalytic review of MRI/fMRI
studies reported sharedwsll as distinct structural and functional brain
abnormalities in individuals with ASD and ADHDLykito et al., 202D
Specifically, gray matter volumes were atypical in the fraetaporal cortices of
individuals with ASD whereas the orbitérontal cortces were abnormal for

individuals with ADHD (ukito 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 ASWvhereas frontestriatalactivation

abnormalities were reported in individuals with ADHDukKito et al., 2020;

Kooistra et al., 2010; Kennedy et al., 2DUBEG abnormalities associated with
arousal/motivation, inhibitory control, and mental flexibility tasks have also been
repored in individuals with ASD, ADHD, and/or L[B@rry et al., 2003; Huber et
al., 2005; Polich, 2007 Using fNIRS, atypical frontoparietiemporal activation

has been reported in infants at risk for and children with ASD during naturalistic
socially embedd#actions compared to ageatched controlsBhat et al., 2017,

2019; Su et al., 2020a, 2020b, 2021a, 202t kbvould be reasonable to expect

that physical activity/movement interventions that are known to have cascading
effects on psychosocial and cogwétiperformance 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 effeatshe 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 bk@rsapost

movement interventiongd@alloway 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, spectively(Chaddock et al., 2010a, 20)0EEG studies also

showed fitnesselated differences in functional activity during executive function
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tasks, with higher fitness levels associated with faster and largerrelatet
potentials (ERPs, including3B, N2) and better executive functioning
performanceHillman et al., 2005, 2009; Burgos et al., 2p2Apart from

correlational studies, intervention studies have used different neuroimaging tools
as objective outcome measures to study the effects oicphgstivity. A

systematic review of enduraneahancing physical activity interventions found
changes in restingtatefMRI and taskrelated activation in brain regions that are
important for attentional control (middle frontal gyrus, superior frontelgy

superior parietal lobes, and anterior cingulate cofietioway et al., 201)7

Similarly, a systematic review of restirgjate EEG studies also suggested
inconsistentbut generally positive trainingelated changes after exercise
intervention, including changes in slow (delta and theta) and fast (alpha and beta)
wave activity, indicating normalized cortieslibcortical crosstalk3ramkow et

al., 2020) Although more reearch 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 physil 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 disabilifiesour
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 theurrent 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 intervemi effects and explain the potential neural
mechanisméy whichmovement interventions promote psychosocial health and

cognitive performance in individuals with developmental disabilities.
5.2 Methods
5.2.1 SearchStrategies

We reviewed literature from fowllied health, psychology, physical
therapy/kinesiology, and educatioelated databases, including PubMed (2950
2021), PsycINFO (19692021), CINAHL (19372021), and Scopus (196821).
The search terms included keywords in three areas: a) Diagnosti Related
to neurodevel opmental disorders, including

AAt t ednetfiiocni t / hyperactivity disorder o0, ADev e

ALearning disordero, Alntell ectual di sorde
tomota i nterventions, including ASporto, AEX
Al nterventiono, fATherapyo €& etc.; c¢) Neuro
neur oi maging modalities including AEl ectro
resonance i magingo, N dtce (detailed sedrah tenmeid s pectr o
Supplementary Tablel).
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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, atcl )

Used neuroimaging techniques (e.g., fMRI, fNIRS, EEG, etc.) to measure
intervention effects. Studies weggcluded 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 greydiure 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 (withasthout 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 widganging training lengths (i.e.ne or more sessionahd
thatused various structural and functional neuroimaging tools to monitor the
training-related neural effects. In terms of study design, we included RCT,
Controlled Clinical TrialsCCT), and cros®ver studiesbut not case studsgo
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, 2004 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 proess in Figur®.1). All authorsagreed on the eligibility of 95% of the
studies. Disagreements between coders for study inclusion were resolved through

consensus meetings.

e
Records identified through database Additional records identified
= searches through other sources
S , -
= (n=2653) (n=0)
=
=
s
-
=
Y
E A4
Records after duplicates removed
(n=1545)
~—
G
o0
£ y Records excluded (n = 1512)
= -
2 Records screened Reasons: ) o
o) (n=1545) | | °Not ¥nc?t|ng' inclusion criteria
2 *Not in English language
*Review articles
o . .
*Dissertation
*Used only sedentary intervention
& 2
2 Full-text articles assessed
2 for cligibility Full-text articles excluded (n = 1)
= (n=33) —| «Case report studies: 1
—
)
- y
9 . . .
= Studies included in
> qualitative synthesis
= (n=32)
—

Figure5.1 PRISMA diagram for search process.
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5.2.4 Risk of Bias andL evel ofEvidenceAssessments

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 wa® used
assess the risk of bias for RCT, CCT, and con&s design studies, while the
NIH risk of bias assessment (NHRIOB) was employed for prgosttest studies
with no control groupNloseley et al., 2002; National Institutes of Health et al.,
2016. The PEDo 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 descriptionsSupplementary Table.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
guastrandomization or counterbalancidgl not ieceive full scores for the

criterion of allocationA PEDro score of more than 6 is classified as high quality,
while a score between3lis classified as fair, and a score less than 3 is classified
asalow-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 SupplementaryEH2ple
National Institutes of Health, 2016All authors coded 20% olé included

articles (6to 7 articles), and we established intard intrarater 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 designedkajtSa
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and colleaguesS@ackett et al., 2000Based on the study design, the studies are

classified into 5 levels: Level : RCTorcressv er desi gns with O6hi ghbo
(PEDro Scale score Qwer, desiegnsd Iwi tRICTA Foai r
(PEDroScale score =-8) and all CCT designs; Level lll: Rposttest designs;

Level IV: Conflicting evidence of two or more equally designed studies; Level V:

RCTs with APoor qualityo (PEDro score O 3)
studies/single subject seriegtlwno multiple baseline assessmei8adkett 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: (F
Frequency, Intensity, Time, Type), neural and behavioral assessments used,
dependent variables, and treatment effects using a standard coding template
(Supplementary Table.3). Besides narrative descriptions, wherever data was
provided in theoriginal 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 spagah
standard deviati(and/or sandard erra) of the dependent variables were used
to calcul ate the effect sizes using the He
when dealing with smaller sample sizes (n < 2®dges & Pigott, 2004 To
avoid inaccuracy and allow for fair compsons 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 andQuality Assessments

Of the 32 included articles, 13 were RCTs, 4 were CCTs, 10 were cross
over, and 5 were pyposttest designggremer 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; Chuett 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., 202t ;al.,
2020; Tsai et al., 20123014; 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
crossover designs ranged from 4 to 8 points (Avera@e56; SD = 1.12),
indicating fair to good study quality (Taliel). On the other hand, the NIH risk
of bias scores of the studies using-posttest designs ranged from 6 to 9 points
(Average = 7.40; SD = 1.52; Talde?). Because of the nature of movere
intervention studies, all CCT, RCT, aaassover studies did not have the
subjects blindetb grouping and the type of intervention they received (PEDro
scaleitem#5, NIH ROB item # 8). Additionally, prposttest design studies had
small samples anal lack of assessment across multiple timepoints before and
after interventions (ROB item #s 5 and 11). Although many evees design

studies used a counterbalancing approach to account for intervention order effects
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they did not specify whether theil@ation to a certain intervention order was
randomized or not, and hence, they did not meet PEDro scale criteriblu#@ (
et al., 2016; Mehren et al., 2019a, 2019b; Tsai et al.,)202ferms of the level

of evidence, 12 studies were Level |, 15 weesél I, and 5 were classified as

Level lll. No included paper was classified as Level IV or V.

Table5.1 PEDro scores for the CCT, RCT, and Crossr design studies

o
=

STUDY, YEAR TOTAL

BRE, 2020
CAl, 2020
CHA, 2013
CHA, 2015
COR, 2016
SHA, 2018
YAN, 2021
CHO, 2015
CHU, 2021
HUA, 2017
HUA, 2018
HUN, 2016
JAN, 2016A
JAN, 2016B
LEE, 2017
LUD, 2017
MEH, 2019A
MEH, 20198
PON, 2013
SMI, 2019
TSA, 2021
YU, 2020
TSA, 2012
TSA, 2014
MIL, 2019
CHE, 2021
VOG,2013 |Y Y N Y N
Criteria of the PEDracale:1 Eligibility criteria; 2- Group randomization;-3
Concealed allocation;-Baseline comparisons: Blinding-subjects; 6Blinding-
therapist; 7 Blinding-assessors;-8issing data; 9Intention to treat; 1.0
Betweengroup comparisons; iheasuref variability (Detailed description in
TableE.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

O 6 indicates |l ow risk of bi as; whil e a PE

;<<<<<<<<<<<<<<<<<<<<<<<<<H
L Z2Z2Z2Z<ZZZ<X<<<Z<Z<<<<<<<Z=<N
CZzzz<k<zZZ2Z2Z2Z2Z2Z2Z222<Z2<Z2<Z2<Z22Z2/W®
Tl << Z << << << << << <D
Z2Z2zzzzzzzzzZzZ222222222222220
Z2ZZ<k<kzzzzZzZz2Z22Z222222222222222°
222<Kk<K222222222222222Z2<X<<X<xz2zZ2/N
Z<X<X<L<KZ2Z22<XK<XK<XK<KX2Z2Z2Z2<XK<XK<X2Z22Z2<X<XZ2<X2Z2<X|®
e I e I I e I A I I I A e I A e I I e I I I g L=
CZ< <L LLLL L LK< << << <[
L L L L LKL << < << <[P
OO NNP,POOOGIOIOITOOTUOITOTRAROOIOOIUINO0DO 0WWPMO
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Table5.2 NIH-ROB scores for the prposttest studies

STUDY, 1 2 3 4 5 6 7 8 9 10 11 12 TOTAL
YEAR

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 |lY 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 NIHROB scale:1Study questions and objective;Rligibility

criteria; 3 Representation of general populationPérticipant enrollment;-5
Sample size;-6Description of assessment/ interventionReliability and

Validity of the measures;-8linding assessors:-3issing data; 10pre-posttest
assessments apdsalues; 11 pre-posttests in multiple timpoints; 12 statistical
analysis including individudkvel data (Detailed description TrableE.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 disabilitgee 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 mdtefemale ratio of abut 4.5:1. The majority of the
studies included schoalge 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 32estudported the
mean 1Q of their participants (76.3 to 121.3 across studies) with only 6 studies

including children with ID (Tabl®.3 and5.4).
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Table5.3 Study characteristics of studies assessing the chronic effects of physical activity/movement interventions

STUDY DESIGN/
, YEAR EVIDENCE

CHO,
2015

HUA,
2017

JAN,
2016A

JAN,
2016B

LEE,
2017

SMI,
2019

MIL,
2019

CHE,
2021

LEVEL

SAMPLE AGE

(E/C)

13/17

15/14

24/25

27125

6/6

13/16

45/36

14/4

(E/C:
M+SD;
RANGE)

15.8+1.7/
16.0+1.2;
1318
7.9£1.0/
8.3+1.0;
5-10
9.84+2.0/
9.2+1.3;

9.841.9/
9.1+1.1;

8.8+1.0/
8.8+1.0;

7.2+1.4/
7.1+1.1;
5-9

13.1+1.7/
12.8+1.2;
11-17

22.4+1.9/

GENDER

(E/C)

13MOF/
17MOF

11M4F/
14MOF

19M5F/
19M6F

21M6F/
19M6F

6MOF/
6MOF

TM6F/
8M8F

41IMTF/
31IM7F

10M4F/

22.01+1.8 4MOF

1Q
(E/C)

94.9+11.8/
95.9+15.2
-
98.3+13.8/
100.8+14.3

>80/>80

>80/>80

107.5+14.7
/99.3+11.2

-

-

MOVEMENT
INT

Aerobic
exercise

Water aerobic

Physical
activity

Physical
activity

Combined
exercise

Integrated
Brain, Body,
and social

Martial art

Badminton

MIN/S;
S/WK;
# OF WKS

90;6;18

90;2;8

355;- (28 s)

355;- (28 s)

60;3;12

120;3;15

90;1;20

50;5;10

INTENSITY
(% HR
MAX/
MEAN+SD)

60%

50-60%

70-100%

70-100%

45-75%

CONTROL
INT

Behavioral
intervention

Medication

Medication

NEURAL
MEASURE

fMRI

EEG

EEG

EEG

EEG

EEG

TASK

Mental
flexibility

Resting
state

Inhibitory
control

Inhibitory
control

Resting
state &
Mental
flexibility
Inhibitory
control

Inhibitory
control &
auditory

attention

Resting
state



LET

STUDY DESIGN/ SAMPLE AGE GENDER 1Q MOVEMENT MIN/S; INTENSITY CONTROL NEURAL TASK
,YEAR EVIDENCE (E/C) (E/C: (E/C) (E/C) INT SIWK; (% HR INT MEASURE
LEVEL MzSD; # OF WKS MAX/
RANGE) MEANSD)
AUTISM SPECTRUM DISORDER
BRA, Prepost/ 10~ 10.0+£2.3/ 5M5F/ -/- Cycling & 60;3;3 -/- - EEG Sleep
2015 1 - 7-13 - motor skill
training
CAl, CCT/ 15/14 5.1+0.6/ 2M3F/ -/- Mini-basketball 40;5;12 -/136.0£6.1 ABA DTI Resting
2020 Il 4.6+0.7; 13M1F training training state
3-6
CHA, RCT/ 20/20 11.3+3.9/ 19M1F/ 78.4+18.9/ Nei Yang Gong 60;2;4 -/- Muscle EEG Inhibitory
2013 | 12.4+3.3; 17M3F 80.5+18.5 relaxation control
6-17
CHA, RCT/ 18/17 11.9+4.1/ 17M1F/ 76.3£17.7/ Nei Gong 60;2;4 -/- Muscle EEG Visual
2015 | 11.0£3.3; 15M2F 86.5+17.5 relaxation memory
5-17
COR, RCT/ 17/13 11.38+2.5 13M4F/ 100.1+16.8 SENSEtheater 240;1;10 -/- Waitlist EEG Face
2016 | /10.741.9; 11M2F /95.9+21.2 treatment memory
8-14
LAG, Prepost/ 7/ 8.4+2.9/ 6M1F/ -/- Music therapy  35;2;5 -/- - EEG Sensory
2019 [ ;5-12 - gating
SHA, RCT/ 26/25 10.3£1.9/ 21M5F/ 102.0+18.8 Music therapy 45;1;8~12 -/- Playbased fMRI Resting
2018 | 10.2+1.9; 22M3F /94.0+£18.2 intervention state
6-12
YAN, RCT/ 15/15 4.7+0.7/ 13M2F/ - Mini-basketball 40;5;12 60-69%*F Behavioral  fMRI Resting
2021 Il 5.0+0.6/ 12M3F training intervention state
3-6
DEVELOPMENTAL COORDINATION DISORDER
TSA, RCT/ 16/14 9.7+0.4/ IM7F/ 104.6+£5.7/ Soccer training 50;5;10 - - EEG Inhibitory
2012 I 9.5+0.3; 9M5F 103.446.1 control
9-10
TSA, RCT/ 20/20 11.5+0.3/ 13M7F/ 108.0+6.5/ Aerobic 50;3;16 80-90% - EEG Working
201 | 11.5+0.3; 12M8F 108.4+7.1 exercise memor
4 11-12 y




8€1

RCT = Randomized control trials; CCT = Controlled clinical trial-Post = Preposttest design; Cross/er = Crossover design

(note that thesame group of participants act as the experimental and comparison geoafsyperimental group (E1 = the first
experimental group; E2 = the second experimental group; E3 = the third experimental group); C = Comparison group; MD3= Mean; S
= Standard deaation; DS = Down syndrome; ASD = Autism spectrum Disorder; FXS = Fragile X syndrome; M = Male; ; M = Mean;
SD = Standard deviation; F = Female; 1Q = Intelligence quotient; INT = Intervention; MIN = Minute; S = Session; WK = Week; HR
MAX = Maximum heart rée; ABA = Applied Behavior Analysis; SENSE= Social Emotional NeuroScience Endocrinology; EEG =
Electroencephalogram; fNIRSfenctional near infrared spectroscop®TI = Diffusion Tensor Imaging; fMRI = Functional

magnetic resonance imaging.



Table5.4 Study characteristics of studies assessingdhteeffects of physical activity/movement interventions

6ET

STUDY DESIGN/ SAMPLE AGE (E/C: GENDER IQ MOVEME TIME INTENSITY CONTROL NEURAL TASK
, YEAR EVIDENCE (E/C) M+SD; (E/C) (E/C) NT INT (MIN) (% HR INT MEASURE
LEVEL RANGE) MAX))
ATTENTI ON DEFI CI T/ HYPERACTI VI TY DI SORDER
CHO, Prepost/ 27/ -/ 14M13F/ 91-113F Dynamic 13 -/- - EEG Resting
2016 1l - - Stretching state
12-14 exercise
CHU, RCT/ El:14 E1:10.1 E1:14MOF -/- Treadmill E1:50; 50-70% Video EEG Resting
2021 I E2:15/ E2:9.6/ E2:15MOF/ running E2:30 watching state
C: 17 C:10.4;712 C:16M1F
HUA, Crossover/  24/24 9.5+1.6/ 24MOF/ 105.7+9.0/  Treadmill 30 65-75% Video EEG Resting
2018 | 9.5+1.6; 24MOF 105.749.0  running watching state
7-12
HUN, Crossover/  34/34 10.2+1.7/ 33M1F/ 104.9+16.9 Treadmill 30 50-70% Video EEG Mental
2016 Il 10.2+1.7; 33M1F 104.9+16.9 running watching flexibility
8-12
LUD, Crossover/ E1:14 E1:12.8+1.8; E1:11M5F; -/- E1: E1l: 20 El:-; Video EEG Inhibitory
2017 I E2:14/ E2:12.8+1.8/ E2:11M5F/ Coordination EZ2: 20 E2: 6570% watching control
C:14 C:12.8+1.8 C:11M5F E2: Cycling
MEH, Crossover/  20/20 29.9+9.5/ 16M4F/ -/- Cycling 30 50-70% Video fMRI Inhibitory
2019A | 1l 29.949.5; 16M4F watching control &
- Visual
attention
MEH, Crossover/  20/20 31.4+9.6/ 17M3F/ -/- Cycling 30 50-70% Video fMRI Inhibitory
2019B Il 31.449.6; 17M3F watching control
PON, Crossover/  20/20 -/ 14M6F/ 110121/ Treadmill 20 65-75% Seated EEG Inhibitory
2013 Il - 14M6F 110121 running reading control
8-10
TSA, Crossover/  25/25 10.5+1.2/ 23M2F/ -/- Treadmill 30 E1:30%; - EEG Resting
2021 | 10.5+1.2; 23M2F running E2:50-60% state &
- E3:70-80% Inhibitory
control




ov1

YU, Crossover/  24/24 9.9+1.3/ 23M1F/ 105.0+9.8  Treadmill 30 60-70% Video EEG Inhibitory
2020 Il 9.9+1.3; 23M1F running watching control
8-12
AUTISM SPECTRUM DISORDER \
BRA, Prepost/ 10+ 10.0+2.3/ 5M5F/ -/- Aerobic 60 -/- - EEG Sleep
2015 Il - - bicycle &
7-13 motor skill
training
BRE, Crossover/  12/12 11.1+1.3/ 12MOF/ -/- E1: Circuit; 20 60-80%F+ Video fNIRS Inhibitory
2020 I 11.1+1.3; 12MOF E2: watching control &
- Treadmill Sustained
attention
INTELLECTUAL DISABILITIES \
CHE, Prepost/ 12/12 DS:21.345.4; 8M4F/ - Treadmill 20 < 85% - EEG Resting
2016 1 ASD:18.5+2.0 - running state
FXS: 26.17
VOG, Prepost/ 11/11 22.5+9.9/ 12MOF/ - Running 30 - - EEG Resting
2012 11 - - 154.5+14.4 state
VOG, Crossover/ 11/11 16.0+1.34/ 6M5F/ - Cycling 10 - Music EEG Resting
2013 I 16.0+1.34; 6M5F 143.1+14.4 listening state &
- Decision
making

RCT = Randomized control trials; CCT = Controlled clinical trial;-Post = Preposttest design; Cross/er = Crossover design
(note that the same group of participants act as the experimental and comparison gredpg)erimental group (E1 = the first

experimental group; E2 = the second experimental group; E3 = the third experimental group); C = Comparison group; MB= Mean; S
= Standard deviation; DS = Down syndrome; ASD = Autism spectrum Disorder; FXS = Fragile X syndrome; M = Male; ; M = Mean;
SD = Standard deviation; F = Female; 1Q = 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; fNIRSfenctional near infrared spectroscop®TI = Diffusion Tensor Imaging; fMRI = Functional
magnetiacesonance imaging.



5.3.3 Frequency, Intensity, Time, and Type (FITT) ofMovement

| nterventions

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 @ragraphs, we describe the Frequency, Intensity, Time, and

Type (FITT) of interventions provided in the included studies (Tal3e5.4).

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 hte total training volume ranged from 9 to 60 sessions (average:
26.30; SD: 18.78; Tablg3). For the studies that assessed the acute effects of

movement intervention, only one 1 session was conducted (3.dhle

5.3.3.2 Intensity

Most studies reporteddining 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 intervensaianging from 45 to 100% of the
suggested maximum heart rate (Tahl®. Specifically, 1 study used intervention
with light to moderate intensity (< 70% maximum heart ratsjudies used

moderate intensity (50 to70 % maximum heart rate), sstddesprovided
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moderate to vigorous intensig¢tivity (> 50 % maximum heart rate). One study
additionally reported an average heart rate of 135.97 Qainet al., 202 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; S dbl®ne

study included three experimental groups with the target exercise heart rate of
30% (Light), 5660% (Modeate), and 7€80% (vigorous) of the suggested

maximum heart rate, respectivelysgi et al., 202)L Two other studies reported
average heart rate during/right after movement intervention (&taat 2012:

154.50 bpm + 10.06; Vogtt al, 2013: 143.09 bprt 14.40; Table.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 averhgession timef 69.44
minutes (SD = 48.69). The Social Emotional NeuroScience Endocrinology
(SENSEtheater) treatment had the longest training time (24@session
Corbett et al., 2006 while the music therapy and physical activity interventions
had the shortestaiming time (35 mirsessionTable5.3; Janssen et al., 2016a,
2016b; LaGasse et al., 2Q18or 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 mirsessior(SD = 11.33; Table5.4).
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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 involveerblalted exercises
(i.e., throw anctatch, basketball, soccer, badminton), 3 involved martial art
training (i.e., NeiYang Gong), 3 specifically targeted motor skills (including
balance, coordination, and strength), 2 involved the use of musical instruments, 1
involved dancing, 1 involved gnitive games, and 1 used theatrical settings
(Table5.3). The majority of the studies (12 of 14) that assessed acute effects of
exercise used aerobic exercises including cycling and treadmill walking/running
(Table5.4). In addition, 1 study used circdiraining 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 I nterventions

For the studies that assessed chronic effects, 9 did not protedesintion
to the comparison group, 1 provided applied behavior analysis training, 2 used
muscle relaxation techniques, 1 usgalay-based intervention, 2 provided
behavioral education, 2 provided medications, and 1 asexitlist control design
(Tableb5.3). 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 readingtavities (Table5.4).

143



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 ImagingRiivh = 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 childrerBrand et al., 2015 while the remaimig studies
recorded neural activity during restistate (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 \exwiabl
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 evat-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 affent cognitive processing during inhibitory
control tasks., (3) Level of righeft 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 emovements, etc.) (n = 1).

The 5 fMRI studies reported BlogdxygenlLevelDependent (BOLD)
signals and functional connectivity (i.e., associations or activity) during resting

state (n = 2), or during tasks assessing inhibitory control (n = 1), menilility
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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 studymeasured fractional anisotropy (FA) and mean diffusivity (MD) in
brain tissues during sedation/resting st&tai et al., 2020)The FA and MD
measurgare indicative of white matter fiber density, axonal diameter, and
myelination, with increased FA andateased MD reflecting altered white matter
organization. Lastly, one fNIRS study recorded the concentration of
oxyhemoglobin during an inhibitory control taskrémer et al., 2020 Typically,
higher levels of oxyhemoglobin (Oxyb) indicate greater actitian in measured

brain regions (details in Tabl&s3, 5.4).

5.3.6 Chronic and Acute Neural Effects of M ovementl nterventions

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 imt least one neural measure after a single bout of exercise
(Table5.5,5.6). 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 publication3.he 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 (Figuie2; TableE.4). The effect sizes of the acute

effect studies ranged frori.1 to 1.17, with 3 studies having the 95% CI of at
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least 1 variable not including O (Figuse3; TableE.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 Yacute
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Figureb.2 Effect sizes of the chronic neural effects after movement interventions.
The mean (solid circle) and 95% CIl of
provided for studies on chronic effects of the physical
activity/movement interventions. The data on the le# sidows the
effect sizes for withirgroup comparisons (pre vs. post), while the data
on the right side shows effect sizes for betwgeyup comparisons
(Experimental group vs. control groupghows that the 95% Cls of
within-group comparisons does notlinge 0;°Shows that the 95% Cls
of betweergroups comparisons does not include 0. Shaded variable
indicates that the 95% Cls of between and/or the wijhoup
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-@Bgo task; No go = the
no go condition during the Gao-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 internatid@£0 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 samgizes were provided by the original
papers.
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Figure5.3 Effect sizes of the acute neural effects after movement interventions.

The

me an

(sol i d

circle)

and

95 %

provided for the studies focused on the acute effects of the physical
activity/movement interventions. The datatbae left side show the

effect sizes for withirgroup comparisons (pre vs. post), while the data
on the right side show the effect sizes for betwg®mup comparisons
(Experimental group vs. control group); aShows that the 95% Cls of
within-group comparisandoes not include 0; bShows that the 95% Cls
of betweergroups comparison does not include 0. Shaded variable
indicates that 95% Cls of betweeamd/or withinrgroup comparisons
does not include O; L = left; R = right; CON = Congruent condition
during theFlanker 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 internation&@8ystem. Oxy

148

Cl

of



Hb = concentration of the oxygenated hemoglobin; amp = amelitud
Please note that to ensure accuracy and to allow befstedyn
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 byritdfiea papers.
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Table5.5. Main results of the chronic effect studies

STUDY NEUROIMAGING NEUROIMAGING FINDINGS BEHAVIORAL FINDINGS CORRELATION FINDINGS
, YEAR TASK/ TOOL
AUTISM SPECTRUM DISORDERS
BRA, Sleep/ W: Sleep EEG variables, including total W: Sleep quality (Insomnia -
2015 EEG sleeping time,etcPost a Pr e severity index
skills & balan
CAl, Restingstate/ W&B: FA in corpus callosum, fornix, cerebre W: Social resporigeness Children who had lower social
2020 DTI peduncle, internal capsule, L anteriorcorona ( SRS) : ¢ cognition performance (SRS) showe
radiates, L superior frontoccipital fasciculus: greater trainingelated changes in
Post > pre; E > OMD in Bil corticospinal white matter integrity
tracts, and L anterior corona radiateost >
Pre;E>C
CHA, Go-no-Go/ W(No-Go condition): theta activation over ~ W: Selfcontrol (ToL, CCTT, -
2013 EEG anterior cingulate cortexPost > Pre FPT): V¢; Behav
rating): 9¢,; Au
performance: §
CHA, Visual memory/ W: Randomized Theta source activity over W: Randomized- memory -
2015 EEG Bil prefrontal, L parietal and tempor&l Theta ( semati ¢ cl ust
coherence over L frontoposterioRost > Pre Organized- memory (total
Organized: Theta source activity over Bil recall & visual scanning score)
prefrontal, parietal, and tempo&land Theta ¢
coherence over Bil intrfrontoposterior ad
inter-frontoposterior: Post > Pre
COR, Face memory task/ W&B: ERP amp over parietdPost > PreE > W: Memory of face (immediate -
2016 EEG C & delayed) & adaptive

b e haviBo Mamory §f ;



18T

LAG,
2019

SHA,
2018

YAN,
2021

CHO,
2015

HUA,
2017

JAN,
2016A

Sensory gating/
EEG

Restingstate/
fMRI

Restingstate/
fMRI

Wisconsin Card
Sorting Test /
fMRI

Restingstate/
EEG

Stop sign task/
EEG

face (delayed), ToM, adaptive

behaviors, social

responsiveness

W: P50 and N100 difference scores
(differences between pedt-peakamplitude
between $& 2™click)overCzz.Po st &

W:Sel ective at
Switching, sustained, overall

o

attenti on: a

B: Connectivity between auditory and
subcortical and motor regiong:> G
Connectivity between auditory and visual
regionsE<C

B:Communi

W: Connectivity between left inferior frontal
gyrus and right cerebellunPost > Pre

W: Social cognitiondz

ATTENTION -DEFICIT/HYPERACTIVITY DISORDER
W: R frontal, L parietalPost > PreR B:: Mental flexibility
temporal lobePost < Pre (preservation erroryiz;
B: RfrontallE>C ADHD-related performance
(K-ARS total score)dz

B: Theta/alpha ratios over frontal (F3, F4, Fz -
and central regions (C3, C4, CE< C

W: N2 amp over Fz, Cz, PRost > Pre -
B: P3 amp over Fz, Cz, P€ > E

W:Adaptive fun
cati ol

Pre intervention: P50 difference
scorest sustained attention (r =
0.77); N100 difference scofe
selective attention (r =0.78)

Post intervention: Greater
communication skill is associated
with increased connectivity between
auditory & subcortical regions and
decreased cometivity between
auditory & visual regions
Intervention effect: Differences in
fMRI connectivity was notorrelated
to social performance

Intervention effect: Increased
activity over R prefrontal cortewas
associated with improved ADHD
related performance @ARS, r =-
0.57) and mental flexibility
(perseverative errors, r9.53)

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 improvemei



[4) )

JAN,
2016B

LEE,
2017

SMI,
2019

TSA,
2012

TSA,
2014

MIL,

Resting & Stop sign
task/ EEG

Resting & Stroop
color and word test/
EEG

Go-no-Go/
EEG

Visuospatial
attention/
EEG

Visuospatial

working memory/
EEG

Flanker and

B- resting: Mean power reduction of Theta -
frequency over Fz, Cz, P€ > E

B- Stop sign task Mean power reduction of
Theta and Alpha frequency over Fz, Cz, €z:
>E

W&B -resting: Beta wave over F3 and F4:  W: Mental flexibility -Color
Post & Pre; E & C word scorerz; B: Mental
W&B -Stroop: Beta wave over FRost > Pre, flexibility (Color word and

E>CBetawaveoverF2ost > Pr jnterference scoresk

B: N2 amp, N2 latency, P3 amp over frontal B: Inhibitory control (accuracy
central and posterior parietdf 4 P3C ; and reaction time)iza
latency over frontal central and posterior
parietal: E < C

DEVELOPMENTAL COORDINATION DISORDER
B: P3 latency over occipital, parietal, tempor: B: Attention: error rated ;
regions:E < G N2 latency, N2 amp, P3 amp reaction timedz; Motor skills
over occipital, parietal, temporal regiong: & (M-ABC): dz
C

B: 1%t& 2" Stimuli evoked P3 amp over B: Working memory (respond
frontal, central, temporal, parietal and occipit accuracy)dz;
regionsE > C Cardiorespiratory fitnessiz;

Motor skills (M-ABC): dz
LEARNING DISABILITIES

in inhibitory control (eaction time, r
=-0.284)

Pre intervention: Theta power
during resting and stop sign task wa
associated with hyperactivity
(teacheirated inattention
hyperactivity, r = 0.33 to 0.39); Alph:
power during esting is associated
attention (parenteported inattentive,
r =-0.22) and inhibitory control
(errors during stop sign task, r = 0.2:

B: P3 amp during Flanker incongrueBt> C  B: Inhibitory control (Response -



€aT

2019 selective auditory  P3 amp & latency during Flanker congruent « accuracy & reaction time

attention/ EEG attention tasks a C during Flanker and attention
tasks): & ; at tCenner3i !
inattentive subscalelz

INTELLECTUAL DISABILITIES

CHE, Restingstate/ EEG ~ W: Frontal alpha asymmetriost > Pre W: Endurance (6 min walk -

2021 test):dz, Badminton skill:dz

Post > PreCardio capacity

(resting heart ratejiz

W: results from the within group comparisons of the experimental group between pret@gte&: Results from the between group
comparisons of preest adjusted/unadjusted posst scores and/or differences betweengme postiests;E: experimental grap; C:
Comparison grouEEG: Electroencephalograr Tl : Diffusion Tensor ImagingiMRI : Functional magnetic resonance imaging;
FA: Fractional AnisotropyMD : Mean Diffusivity; SRS Social responsiveness scadd;EC : autism treatment evaluation checklist,
ToL: Tower of LondonCCTT: c hi | dr e n & ¥PTc Rvemint testK4ARS: Bual atterdidn deficit hyperactivity disorder
rating scalekorean versionJoM: Theory of mind;Pre: the neuroimaging findings and/or behavioral performance during pre
test/baselinePost the neuroimaging findings and/or behavioral performance duringtgsiifter interventior; : left; R: Right; Bil:

Bilateral; y: 1 mproved p e-groupcomganscngor lzeftet performancd iretheexpetaheampared Wi t h i

to the control group (Betweepr oup compari son); a : no significant withi

n

and
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Tableb5.6. Main results of the acute effect studies

STUDY, NEURAOIMAING NEUROIMAING FINDINGS BEHAVIORAL FINDINGS CORRELATION
YEAR TASKS/ TOOLS FINDINGS
AUTISM SPECTRUM DISORDER

BRA, Sleep/ EEG B: Sleep EEG, including total sleep time: - -
2015 Post > Pre
BRE, Attention sustained W-Circuit: Oxy-Hb in prefrontal cortex: W-Circuit: Attention (response -
2020 subtest of the Leiter ~ Post > Pre accuracy): ¥

International W-Treadmill: a W-Treadmill: Attention(response

Performance Scale/ accuracy): a

fNIRS W&B - Circuit & Treadmill:  Affect,

perceived mental exertion, motivatiol
selfef fi cacy: &
ATTENTION -DEFICIT/HYPERACTIVITY DISORDER
CHO, Resting state/ EEG W: Absolute theta in left frontal, relative - -
2016 theta along midline:Post < Preabsolute
alpha in the central and posterior, relative
alpha globally;Post > Pre
CHU, Resting state/EEG B: Frontal lobe asymmetngl >E2 > C - Increased frontal lobe
2021 asymmetry is associated with
decreased internalized
problems (r =0.437)

HUA, Resting state/ EEG W&B: Theta/Beta ratio over Fz, Cz, B2ost - -
2018 <Pre;E<C
HUN, Task switching P3 amp over Fz, Cz, Pitix condition > B: Mental flexibility (shift cost of -
2016 paradigm/ EEG Pure condition reaction timgmix-p ur e ) ) :
LUD, Modified Flanker task/ W&B: P3 amp over parietal region®ost > W&B: Inhibitory control (reaction -
2017 EEG Pre;E>C time): §
MEH, Flanker & Visual B-Flanker task: a C B-Flanker task: Inhibitory control Individual with better aerobic
2019A attention task/ fMRI B-Visual attention task: R superior frontal (r eacti on ti me) : capacity (VQpeay Showed




GqT

gyrus and anterior frontopolar part of the greater training related

prefrontal cortex:E < C improvement inmhibitory
control (reaction time) (r =
0.233)
MEH, Go-no Go task/ fMRI  B: Bil occipital, temporal, and parietal B: Inhibitory control (response Greater activation over
2019B regions:E>C accuracy and reaction time supramarginal gyrus, superiot

temporal gyrus, and rolandic
operculum is associated with
better inhibitory control
(accuracy) #= 0.288)
PON, Flanker task/ EEG B: P3 amp:E > G P3 latency over FC, Cz, B: Inhibitory control (response -
2013 and CPzE < C ERN anp: a C accuracy): ¥ Reat
and arithmetic: |

TSA, Resting state & RestingW: E1, Alpha power:Post > Pre Flanker: Response accuracg:3 & Flanker: In E2, Greater

2021 Flanker/ EEG B: Alpha powerEl > E2 > E3 4 FReaction timeEl1 & E2 < E3 increase in alpha power is
Flanker: congruency effects of P3 latency associated with greater
found in E1 and E3 but not E2 improvement in inhibitory

control (reaction time)

YU, Flanker taskEEG B: N2 amp over Fz, FCz, CEZ > C N2 B: Inhibitory control (response Increased N2 amplitude and

2020 latency over Fz, FCz, CE<C;P3amp& accuracy): § decreased N2 latency is
latency over CPz & PE & C associated with greater

improvement in inhibitory
control (response accuracy) (I

=-0.44&-0.46)
INTELLECTUAL DISABILITIES \
CHE, Resting state/ EEG W: Frontal alpha asymmetrr e a8 P - Individuals with greater rate o
2016 perceived exertion has less

training relatecchanges in
frontal asymmetry

VOG, Resting state/ EEG W: Cortical current density in rectal gyrus, W: Mood & maedgnitiena 1 -

2012 medial frontal gyrus, orbital gyrus, and (accuracy & reaction time§l

Brodmann area 11&2%0st < Pre
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VOG, Resting state & W (decision making) Curent density over W: Deci sion maki-
2013 Decision making/ medial frontal gyrus during resting sta#te
EEG N2 latency over frontal lobé20ost < PreN2
amp over frontal lobePr e & Pos't

W: results from the within group comparisons of the experimental grougbetpre & postests;B: Results from the between group
comparisons of preest adjusted/unadjusted posst scores and/or differences betweengme postests;E: experimental group

(E1= the first experimental group; E2 = the second experimental ;ge8up the third experimental group®); Comparison group.

EEG: ElectroencephalograrfilIRS: functional near infrared spectroscofiylRI : Functional magnetic resonance imagiRgg: the
neuroimaging findings and/or behavioral performance duringgstébaselinePost: the neuroimaging findings and/or behavioral
performance during pos¢st/after interventiorl;: left; R: Right;Bil: bilateral,amp: ampl i tude; ¢: ;i @pr owned
significant changes between groups, or between pre antegtst



5.3.7  Structural and Functional ChangesAs Well As Domain-Specific

Neural Effects of M ovementl nterventions

5.3.7.1 Structural Organization

Using DTI, onestudy investigated the trainifrglated changes in the
structural organization of brain tissu@g| et al., 2020)Specifically, Cai et al.
(2020) found trainingelated improvements in social responsiveness and
normalized fractional anisotropy in the fognfronto-occipital fasciculus,
cerebell ar peduncle, internal capsule, ant
2.70 (within);-1.51 to 2.87 (between)), as well as decreased mean diffusivity in
bil ater al corti co®.p8and®d.lrF2 (withirg;elilxsto-(5SHedges 6 ¢
(between)) after 12 weeks of mibasketball training in children with ASITai

et al., 2020

5.3.7.2 SleepQuality

There was one study that investigated the chronic and acute effacts of
movement intervention on sleep quality in children with ABPaad et al., 2015
Specifically, Brand et al. (2015) conducted sleep EEG in children with ASD
before and after 3 week$ @erobic exercise and motor skill intervention (chronic
effects) and assessed acute effects of the intervention by collecting EEG data
during nights precestl by days whethe interventiorwas provideds well as
nightsprecee@d bydays when no interventiowas provided (acute effecBrand
et al., 201% They found improved sleep quality in children with ASD (higher

sleep efficiency, % of deep sleep, % sloave sleep, and reduced sleep onset
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latency) in the nights preceding intervention days compartgktoights

preceding days without intervention (posit
0.15 to 1.39 (within); Tabl&.4; Brand et al., 2015 Although there was no

significant chronic effect of the movement intervention on sleep quality as

assessedusng t he Sl eep EEG measure (absolute He
(within); TableE.4), better ball skills and balance performance were reported

after 3 weeks of aerobic and motor skill intervention (See Tab|&.6). In short,

there were greater acute comgzhto chronic effects of physical activity on sleep

quality in children with ASD.

5.3.7.3 Emotional Responses td ovementl nterventions

Three studies investigated the changdsSEG restingstate 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.,)20%pically,
greater left than right frontal activity is associated with motivatiocontinue
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 ohtiéad
running exercise, indicating | ow-motivatio
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
andsednt ary video watching (E1 (50 min): Hed
(bet ween) ; E2 3a1 (wthim),:0.0H(ectivgem)Ghueh et=al.,

2021). Moreover, Chen et al. (2021) found increased left frontal asymmetry after
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10 weeks of badminton trainyg, indicating better motivation to engage in a

chronic ball skildl i nt e r-0/66 {batween)jable Hedgesd ¢
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 differefgvels of motivation to pursue exercise and the

subsequent effects on exercise adherémckcated by left frontal asymmetry).

5.3.7.4 RestingState Cortical Arousal

Using EEG, several studies found changes in restiaig slowand fast
wave activity in children with ADHD, suggesting normalized cortical arousal
level after movement interveahs Choi et al., 2015; Huang et al., 2017, 2018;
Janssen et al., 2016b; Tsai et al., 303pecifically, Janssen et al., (2016b) found
decreased theta activity over the midline regions (Fz, Cz, and Pz) after 28
physical activity training sessiondansen et al., 2016h and Huang et al. (2017)
found decreased EEG theta/alpha ratios over frontal (F2, F4, Fz) and central (C3,
C4, Cz) regions following an-®eek water aerobics intervention compared to a
control inter v-6.68tand0.T2 (Withind;-0.60easd0.61g =
(between)Huang et al., 20107 Similar results were found in acute effect studies,
with Huang et al. (2018) reporting reduced theta/beta ratios in the midline regions
( He d g e-8.(3 tog.20within);-0.21 to-0.35 (béween) Huang et al., 2018
Tsai et al. (2021) reporting increased alpha power after a single bout of treadmill
running (E1: Hedges6 g = 0.29011E2: Hedgesbo
(within); Tsai et al., 2021 and Choi et al. (2016) reporting inased alpha band

and reduced theta band/théi@ta ratio after a single bout of dynamic stretching
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exercise, indicating improved normalized cortical aroushb( et al., 201p

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 cestibcortical crosstalk

in children with ADHD (Tablé.5, 5.6, D.4).

5.3.7.5 Resting-State Connectivity

fMRI studiesfound trainingrelated changes in restisgate neural activity
in regions important for social communication skills in children with ASD
(Sharda et al., 2018; Yang et al., 2P2Yang et al, (2021) found increased
connectivity between the left inferiorointal gyrus and the right cerebellum after
mini-basketball trainingYang et al., 202]1 Similarly, Sharda et al. (2018) found
reduced restingtate fMRI overconnectivitybetweerthe auditory and visual
regions and undezonnectivitybetweerthe auditoryand motor regions after 8 to
12 weeks of music therapy in children with ASEhérda et al., 20)8Moreover,
the changes in connectivity were associated with improvements in communication
skills in children Eharda et al., 20)80verall, these findingauggest that
movement interventions might benefit the social communication performance of
children with ASD through more efficient social/motor information transmission

(Table5.5,5.6,D.4; Sharda et al., 2018; Choi et al., 2D15
5.3.7.6 Inhibitory Control
Using different inhibitory control tasks (including Stop sign task;nG&o,

Flanker tasks, Visuospatial attention paradigm, decision making, and the attention
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sustained subtest of the Leiter international performance scale), muitigiess
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.D (Bremer et al., 2020; Chan et al., 2013; Janssen
et al., 2016a, 2I6b; 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 studs failed to report significant changes in inhibitory control
performance in children with developmental disabilitideliren et al., 2019b;

Smith et al., 2019; Milligan et al., 20 ®thers reported increased response
accuracy Bremer et al., 2020; Pofgi et al., 2013; Yu et al., 20p@nd reduced
reaction time during inhibitory control tasksudyga et al., 2017; Mehren et al.,
2019a; Tsai et al., 2012a; Vogt et al., 20H3 well as improved parergported
performance in tasks assessaaif-control abilities in individuals with

developmental disabilitiehan et al., 2013

For the EEGrelated neural effects, the P3b and N2 amplitude/latency were
two of the most frequently studied ERP components during inhibitory control
tasks Janssert al., 2016a; Ludyga et al., 2017; Pontifex et al., 2013; Smith et al.,
2019; Yu et al., 2020; Milligan et al., 2019)verall, movement interventions led
to a normalization of EEG neural activity, including increased amplitude of P3b
( He d g e s 60 0g84 @ithid), 0332 to 0.84 (betweenhu@yga et al., 2017,
Pontifex et al., 2013; Milliganetal., 2019 and N2 pe-@3¥tol Hedgesd g

0.02 (within),-0.06 to-0.52 (between)Janssen et al., 2016a; Yu et al., 2028
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well as reduced latency &3 b ( He d0yl6 t®-0.30dwithin),-0.03 to-1.26
(between) Pontifex et al., 2013; Smith et al., 2019; Tsai et al., 20 H2a N2
waves ( He(dl§te-6.45 (bgtween)Yu et al., 2020; Vogt et al., 2013
Similarly, using fNIRS, Bremer et.g2020) found increased oxyhemoglobin
concentration over the prefrontal cortex following circuit training but not after a
treadmill training intervention (Hedgesd g
Bremer et al., 2020For fMRI-related neural effcts, 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-@sgo tasks Mehren et al.,

20193, but no significant changes in brain activity during the Flanker task after a
single bout of cycling exercisdlehren et al., 2019bTaken together, despite

some inconsistent results, several studies found improved inhibdatgol along

with normalized EEG and higher levels of activation in {agkropriate neural

substrates using fMRI/fNIRS (Tabte5, 5.6, D.4).

5.3.7.7 Mental Flexibility

Three studies investigated the effects of the movemnstatiedintervention
on mental flexibility in children with ADHD and found improved behavioral
performancehoi et al., 2015; Hung et al., 2016; Lee et al., 203pgcifically,
Lee et al. (2017) found increased celoord score during the Stroop task after 12
weeks of combined exerciskde et al., 201)7 Hung et al. (2016) found improved
reaction times during task switching after 30 minutes of treadmill runirngd

et al., 201§ Choi et al. (2015) found fewer preservation errors during Wisconsin
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Card Sortingest after the 13 minutes of dynamic stretching exer€lbei(et al.,

2015. For neural activity findings, Lee et al. (2017) found increased EEG beta

waveactivity over the frontal regions (F3 & F4) in children with ADHD after 12

weeks of combined movemieexercise (including balancing, jumping rope, and
stretching) (Hedge 60.49tox.66Qbetween)temwetd.,. 77 ( wi t h
2017). Similarly, Hung et al. (2016) found increased P3b amplitude over the

midline regions (Fz, Cz, Pz) during resaifting than norshifting conditions after

a single bout of treadmill runningd(ing et al., 2016 Lastly, using fMRI, Choi et

al. (2015) found increased activation over the right ficantdleft parietal

(Hedgesd6 g = 1.10 t o tdeerh)ls welvasdecieased) , 0. 66 t
activation over the tempor al | obe after 18
-2.17 (within),-1.81 (between) Choi et al., 201p Taken together, both acute

and chronic movemeielated interventions have positive effects on mental

flexibility and led tonormalized EEG and fMRI neural activity important for

selective attention and stimulus processing/discrimination (Eables.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 eéicts of the movemeimelated intervention on
behavioral memory tests as well as underlying neural activity performance along
with trainingrelated changes in neural activitghan et al., 2015; Corbett et al.,

2016; Tsai et al., 20)4Specifically, whileChan 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 trainir@@h@n et al.2019, Corbett et al.
(2016) found improved memory of faces with and without a delayed period in
children with ASD after 10 weeks of SENSeater interventionGorbett et al.,

2016. Similarly, Tsai et al. (2014) found enhanced response accuracy during
visuospatial working memory task (i.e., remember the spatial locations of
ladybirds) in children with DCD after 16 weeks of aerobic exerdisai(et al.,

2014).

For neural effects, Chan et al. (2015) found a trahneigted increasim
EEG theta coherence over the frontoposterior regions, indicating better cortical
connectivity between brain regiorShan et al., 209)50n the other hand, Corbett
et al. (2016) fand normalized ERP amplitude between-300 ms after stimuli
over the parietal lohafter SENSE theater intervention, indicating enhanced
working memory Corbett et al., 2016 Lastly, Tsai et al. (2014) found increased
P3b amplitude over the frontal,rteal, temporal, parietal, and occipital regions
during the retrieval process when working on the visuomotor working memory
task (Hedges 06-gpupp Tsaiethl3 20(4Mevemeeirelated
interventiors might have positive effects on memoryfoemance including
visuospatial memory, memory of faces, and working memoryleautito
changes in neural activity important for resource allocation during the retrieval
process (Tablé.5,5.6.D.4; Chan et al., 2015; Corbett et al., 2016; Tsai et al.,

2014).
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5.3.8  AssociationsBetweenNeural and Behavioral Improvements

Few studies reported the correlation between neural and behavioral
improvements after movemerglated interventionGhoi et al., 2015; Janssen et
al., 2016a; Yu et al., 202Q)sing EEG, Janssen et al., (2@L®und 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 gigal activity intervention (r = 0.22
Janssen et al., 2016&Jsing fMRI, Choi et al. (2015) found moderasieed
associations between changes in right prefrontal activation and improvements in
mental flexibility (shown as decreased preservation errareglWisconsin card
sorting test) and decreased ADHD symptoms after aerobic intervention (r = 0.53
to 0.57 Choi et al., 201p 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 taskQ 4
to 0.46; Supplementary Talbeb, 5.6; Yu et al., 202D The significant
associations between neural and behavioral improvements suggest that the neural
measures reflect thenderlying neural mechanisms for behavioral improvements

and may be used as objective and sensitive measures to assess intervention effects.

54 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 oféderimental studies revealed that 84% of
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the studies were fair to good quality (RCT, CCT, or cmss design studies)

and supported the use of neuroimaging techniques, including EEG, fMRI, DTI,
and fNIRS, as objective measures for capturing trainétaged 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 (ueibitory

control, mental flexibility, memory) as well as improved neural
function/processing. We found larger effects for chronic movement interventions
(Hedge?3634 =0 2.87) compared to acute
g =-1.1to 1.17)Specifically, movement training led to normalized resstage,
cortical arousal in children with ADHD, normalized reststgte neural

connectivity between brain regions important for social communication
performance in children with ASD, and normalizezlrral 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 stardlardize
neuroimaging methods across multiple diagnoses is needed to further explore the
underlyingneural mechanisms and to increase the replicability of findings within

and across diagnoses.

5.4.1 Neural Biomarkers for The Effect of Physical Activity/ Movement

I ntervention in Individuals with DevelopmentalDisabilities

With advances in neuroimaging techniques, more and more intervention

studies are including neuroimaging tools as objective outcome measures of
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intervention effectsMicPartland et al., 2031Systenatic reviews involving

healthy populations support the use of neuroimaging tools as outcome measures
and propose potential mechanisms underlying trainéteted improvements
(Halloway et al., 2017; Gramkow et al., 2020he current systematic review
extends these findings to individuals with developmental disabilitidsrgé
proportion of the studies included in the current systematic review showed
significant changes in at least one neural measure after moveneeneimion
(Chronic: 16 out of the 18 included studies; Acute: 12 out of the 15 included
studies). Moreover, the trainisrglated 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.,)2026hort,
neuroimaging tools may serve as promising outcome measures to objectively
report training effects in individuals with developmental disabilities. Below, we
summarize the key findings dig review in terms of neural effects and associated
biomarkers of movement interventions in individuals with developmental

disabilities.

5.41.1 Normalized Resting-State Cortical Arousal and ERPComponents
During Executive Functioning Tasks inlndividuals with

DevelopmentalDisabilities

The EEG restingtate fastvave (i.e., Alpha and Beta band), stavave
(i.e., Theta band), and their ratios (i.e., Theta/alpha and Theta/Beta ratios) are said
to reflect the corticesubcortical crosstalk/arousal, which imrtuaffect executive

functioning performanceSchutter et al., 2006Most studies assessing cortical
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arousal have focused on individuals with ADHD and found reduced resttitey
fastwave activity (i.e., alpha and beta bands), increasedwskweactivity (i.e.,
Theta band), and increased theta/alpha, theta/beta power ratios in individuals with
ADHD compared to healthy individualSiiyder & Hall, 2006; Lansbergen et al.,
201]). The ADHDrelated differences in restirggate activity might reflect

atypical corticatsubcortical crosstalk/arousal and a lack of inhibition of irrelevant
sensory inputschutter et al., 2006; Rowe et al., 2DStudies included in the
current systematic review found normalized EEG resstage activity (i.e.,
increasesn alpha powerGhoi et al., 2015; Tsai et al., 2024s well as decreases
in theta powerChoi et al., 2015; Janssen et al., 201&id theta/alphaHuang et

al., 2017 and theta/beta ratio€koi et al., 2015; Huang et al., 2QHter aerobic
physical &tivity, suggesting normalized cortisubcortical crosstalk/arousal in

children with ADHD.

Apart from restingstate 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 stoRagjieli, 2007.
Casecontrol studies suggested reduced P3b and N2 amplitudes and increased
latencies during inhibitory edrol 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 comparedheit TD peersTsai et al., 2012a

Studies included in the current systematic review found trairalaged
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behavioral improvements along with increased P3b amplitluddy@a et al.,

2017 Pontifex et al., 2013; Tsai et al., 2014; Milligan et al., 2082 amplitude

(Hung et al., 2016; Janssen et al., 2016a; Yu et al.,)2820vell as reduced P3b
latency Pontifex et al., 2013; Smith et al., 2019; Tsai et al., 2Dagd N2

latency {fu et al., 2020; Vogt et al., 203 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 fitnes levels Hillman et al., 2005, 20Q9It 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 braderived 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 t&sksig et al.,

2007; McMorris & Hale, 2015; Sechet al., 2008

5.4.1.2 IncreasedSocial Brain Connectivity in Children with ASD

Children with ASD are known to have abnormalities in cortiodical and
cortico-subcortical connectivityGourchesne et al., 2007; Just et al., 2012;
Kennedy &Courchesne; Vasa et al., 2Q016or example, excessive shaanhge
connectivity (prefrontal, temporal, etc.) and reducedJ@rge connectivity
between cortical regions (fronfmarietal, frontetemporal, etc.) as well as between
various cortical and subdacal structures (corticoerebellar and cortiestriatal

connections) are wetlocumented in children and adolescents with ASD

169



(Courchesne et al., 2007; Just et al., 2Ketinedy & Courchesne, 2008; Vasa et
al., 2016; Cheung et al., 2009; Nair et ab12; Shukla et al., 20)1DTI 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 differenare associated with their
social communication deficitheung et al., 2009; Shukla et al., 2DThe DTI
and fMRI studies in this systematic review reported train@lgted changes in
restingstate neural activity in regions important for social ommication
performance in children with ASECgi et al., 2020; Sharda et al., 2018; Yang et
al., 202). After 12 weeks of minbasketball training in children with ASD,
training-related improvements in social responsiveness were repQageét(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, fronticcipital fasciculus, cerebellar peduncle,
internal capsule)rad 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., 202Movement interventions such as mini
basketball training are team sports thefuire 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 inorgasficacy of
social/motor information transmission and normalizing of white matter integrity

(Cai et al., 202D
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Similarly, Sharda et al. (2018) found reduced ressitage fMRI
overconnectivitypetwennthe auditory and visual regions and underconnigtiv
betweerthe auditory and motor regions after 8 to 12 weeks of music therapy in
children with ASD Sharda et al., 20)8Moreover, the changes in connectivity
were associated with improvement<irh i | domenan@cation skills§harda et
al., 2018. Music and movement interventions/experiences are known to have
multisystem and multimodal effects on social, languagecagditive
performance of typically developing children/ healthy adults and those with
developmental disabilitie$S¢inivasan & Bhat, 2013aMusical training involves
turntaking and tuning to the actions of partners during duet/group musical
performance Wich engages the social brain networks in the
frontotemporoparietal corticeiacoboni, 2005; MolnaSzakacs et al., 20L20ne
study found greater fNIRS activation in the temppasietal and sensorimotor
regions of musicians when they played the secaolth\part as followers
compared to when they played the first violin part as leaders which required
greater individual motor planninyénzella et al., 2099 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 effeespecific pathways including corticospinal
tracts, superior longitudinal fasciculus, and corpus callogsiacsa et al., 20)9
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 participantsHan etal., 2009; Groussard et al., 201%Fhese findings

further confirm the neuroplastic changes following musical training reported by
Sharda et al. (2018). They postulated an increase in baofbosensory processing
following music therapy which may contriteuto 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 letegm follow-ups.

5.4.1.3 IncreasedFunctional Activation/Connectivity Within Frontal -
Parietal Network During Executive Functioning Tasks in

Individuals with DevelopmentalDisabilities

The frontoparietal network, primarily composed of the lateral prefrontal,
inferior parietal lobe, and posterior inferior temporal lobes, plays an important
role in executive functioning, inatling inhibitory control, mental flexibility, and
memory retrievalBehrmann et al., 2004; Uddin, 2021; Weiss & Rappelsberger,
2000; Zhang et al., 20L7Specifically, the prefrontal cortex is important for
monitoring and sending tegiown signals to otheroctical/subcortical regions
(Funahashi & Andreau, 20}3vhile the parietal regions are particularly
important for selective attention whereby the information is selected for
preferential processin®@éhrmann et al., 2004; Zhang et al., 20X7asecontrol
studies had found hypoactivation over the frontoparietal network in individuals

with ASD and ADHD during executive functioning tasksr(onkar et al., 2021,
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Valkenborghs et al., 2019; Zhang et al., 2021; Certiltbina et al., 2016 Using
fNIRS, Bremer eal., (2020) found increased prefrontal cortex activation during
inhibitory control tasks after the circtbiased interventiorBfemer et al., 2020
Similarly, fMRI studies found increased connectivity between the left inferior
frontal gyrus and right cebellum, increased parietal activation during inhibitory
control, and increased frontal and parietal activation during mental flexibility
tasks, following movement interventionéang et al., 2021; Mehren et al., 2019a;
Choi et al., 2016 Physical actisty/movement interventions might benefit
executive functioning performance by improving the-dimgvn monitoring and

selective attention for stimulus processing.

5.42  DiagnosisSpecific I ntervention 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 pifiysical activity/aerobic interventions to promote
executive functioning in individuals with ADHD. Using fMRI and EEG measures,
studies suggested normalized restitgte cortical arousal, as well as normalized
ERPs and increased activation over the frpatietal 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 iriteng}no

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 tacore impairment@ social communication skills and repetitive behaviors,
butalma f f e c t s motdr perfaimaace, 8ensory processing, and cognitive
functioning from infancy through adolescen&hét et al., 2011, 2012, 2018;

Bhat, 2020, 2021a; Kaiser et al., 2015; Kaur et al., 2015, 2018; Magalhaes et al.,
2011; Shield et al.,®.7; 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, 20PRpmpsoret al., 2016; Ayres et al.,
2018; Harrison et al., 202 Korrel et al., 2017; MacDonald et al., 2013a, 2013b,
Souders et al., 20090ur current review suggests improved sleep quality, social
communication skills, awell asexecutive functioning enhanced social brain
connectivity along with normalized EEG/PRrariables 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 individual$iiaCD and

LD. Studies of individuals with ID focused on emotional changes and motivation
toward physical activity/movemeiterventions andlbund greater motivation to
adhere to exercise following an enjoyable badminton training program compared
to a treamill running programin terms of limitations of the examined literature,
the majority ofthe studies were conducted in schagé children between 6 to 18
years needing less support (i.e., hfghctioning children)perhaps because
neuroimaging tools generally require compliance and persistence through testing.

Few studies included childremth 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 followp retention effects.

543 Limitations

Our effect size calculati@might not be representative alf 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, et), 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 cros®ver 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
neurobiomarkexpostintervention should contpwith CONSORT guidelines

when reporting study detailS¢hulz et al., 20100

5.44 Implications and Recommendations forClinical 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 nagtalyses of physical activity
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interventions in balthy and neurologically affected individuals reporting
significant positive effects on working memory after chronic but not acute
physical activity interventiondRathore & Lom, 2017; Nicolini, 2021Clinicians
should recommend longer intervention pddavithin and across bouts for their
clients (i.e., 50 minutes or more2isessions/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 andicoetl 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, circhiased exercise led to greater
cogntive/executive functioning improvements compared to continuous treadmill
training, perhaps due to the greater cognitive demands of switching between
exercise method8(emer et al., 2020 Certain other exercise forms such as
badminton training have led greater exercise adherence suggesting that
motivation and enjoyment will be crucial in continuing exercise in the-terg
(Chen et al.,2016, 2021Aerobic exercise (e.g., cycling at-88% Heart Rate
max) may have more cognitive benefits comparecetulgr coordination
exercises requiring static and dynamic balahcelyga et al., 2017; Nicolini et al,
202]). Lastly, after the onset of the COUI® pandemic, there has been a rise in
use of telehealth as an alternative intervention delivery methwdl tte

important to understand the differences in behavioral and neural effects of
physical activity/movement interventions delivered through virtual versus

traditional, faceto-face approache8hat et al., 2021b; Cleffi et aln press;
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Srinivasan etla 2021; Su et al., 202L.d~urther 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.

545 Implications and Recommendatiors 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 therent systematic review used
EEG to investigate the movememetated changes in neural activity, probably due
to its lowcost and childriendly nature. EEGased neurobiomarkers (i.e., slow
and fastwave EEG activity, and the ERPs such as P3b, N2 pealk) be used
to study neural effects of movement iinterv
to cognitive/executive functioning and social functioning. Besides EEG, other
norrinvasive, childfriendly techniques include fNIRS/AcPartland et al., 2021;
Bremer et al., 2020Using fNIRS, our research group has reported differences in
cortical activation in infants atsk for and children with ASD during socially
embedded actions (i.e., actions performed with adults and caregivers), solo
movements, and aoim observation compared to healthy children and adults
during social interaction as well as interpersonal synchrony tasks involving
reaching and wholeody movementsBhat et al., 2017, 2019; Su et al., 2020a,
2020b, 2021a, 202)bWe have consistently fod lower fNIRS activation in the
superior temporal sulcus and/or pre/positral gyrus in infants atsk for and

children with ASD compared to controBHat et al., 2017, 2019; Su et al., 2020a,

177



2020b, 2021a, 202} bin certain tasks involving synchramoreaching and body
sway, fNIRS activation was associated with ASD severity and communication
performance%u et al., 2020a, 202Lavioreover, in an ongoing RCT, we are
investigating the neural effects of creative movements and physical
activity/exercisebased movement interventions compared to sedentary, standard
of care interventions using fNIRS to track the interventiglated differences

during executive functioning and interpersonal synchrony tasks in children with
ASD (Su et al., 2021c In short, here are alternative, chifdiendly approaches

robust against motion artifacts that should be considered to study intervention
based changes in neurobiomarkers in individuals withwadging severity in
developmental disabilities. Despite the promigiesults from the studies covered

in this review, a lot more remains to be done to develop a deeper understanding of
neural mechanisms underlying movement interventadated improvements.

Studies should make it a point to report relationships betweegehanneural
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 character(stgs

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 tygs (e.g., aerobic vs. circuit training), intensities
(moderate, vigorous, etc.), and durations$80mins, etc.) to investigate relations

between neural effects and sample/intervention characteristics.
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546 Conclusions

We conducted aomprehensive review of studies that investigated the
neural effects of physical activity/ movement intervention in individuals with
developmental disabilities. Several interventretated neurobiomarkers were
identified along with behavioral improvemeirtscognitive and social functioning
in individuals with developmental disabilities. Specifically, following movement
interventions, individuals with developmental disabilities were found to have
normalized restingtate cortical arousal, normalized regtsiate 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 mechanismerlying behavial
effects of physical activity/movement interventi@rsl 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 (Maeztradr, 2021).
Children with ASD have corenpairmens in social communicatioakills andthe
presence ofepetitive behaviors (American Psychiatric Association, 2013), as
well as perceptuomotor comorbidities, including impaired gersrdlsocial
motor dfficulties (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 (IPBhat 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 thabout87% of the children with ASD were at risk for motor
impairment however, only 31.6% of childrenese receiving physical thenajand
only 13# were receiving recreational theragi®lsat, 2020 & 2021). Thels an

urgent need for evidendmsed practices that focus on addressing the
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multisystem impairments in children with ASD, including genenatorand
sociatmotor difficulties.There is burgeoning evidence for the usaemfel,
whole-body creative movement therapies (e.g., yoga, music, dance, masjial art
to address multisysteimpairmens of children with ASD (Amonkar et al., 2021).
Studiesusingmusic and dancéased approachésve found improvedalance,
agility, and IPS skills in chiren with ASD (Arzoglou et al., 2013; Yoo & Kim,
2018).0ur previous RCTusing yoga and musdrhythmicbasednterventions
reportedrainingrelated improvements in gross motor performance,
imitation/praxis skills as well agoint attention, social communicatiam children
with ASD (Kaur et al., 2019 and 2021; Srinivasan et al., 2015, 2016 a&b%e
creative movement interventiopsovided an enjoyabléntervention contexthat
naturally encouraggsractice of motor skills, and at the same time, chaéieng

c hi | abiliges idsocial information monitoringndcommunication
(Srinivasan & Bhat, 2013). In the current RCT, we asseshe effestof a more
complex play-based novel intervention that incorporated malsatance, and
yogabasedactivities on generahotor and sociamotor performancef children

with ASD.

6.1.1 GeneralkMotor Impairments in Children with ASD

Fromvery early on in lifemotor milestone delayand fewer postural
shiftedexploration has bedound in infants at higher risk for ASD (Nickel et al.,
2013). Since postal controlprovides afoundationfor object exploration and
learning, an early posturdelay might have cascading effects on other

developmental domains, such as social communication and-soutia

181



performance (Kyvelidou et al., 2021; Nickel et al., 2013). These gemeitak
difficulties become more obvious in childhood, as children WEBD 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 exampley durin
ball-catching, children with ASD had insufficient anticipatory pastaontrolas

well asdifficulties adjusting their hand movements reactively to intercept the ball
(Chen et al., 2019Fine motor skillsare also affected ahildren with ASD
demonstate 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, anbbehavoral symptoms, highlighting the multisystem
natureof the disordeand 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 participatiomctivities with pearsfurther limiting

the opportunities for social interactions (Oliveira et al., 2021).

6.1.2 SociatMotor Impairments in Children with ASD

Compared to the genesadotor difficulties, children with ASD had greater
impairments in socially embedd movements, such as imitation and IPS (Kaur et
al., 2018; Su et al., 2020, 2021b). For example, during a sway synchrony task,
children with ASDshowed similar sway amplitude as their TD peers during solo
sway but decreased amplitude and coherence dswoitigl sway (Su et al., 2021b).

The ASDrelated difficulties in IPS mighterootedi n chi | drends gener al
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difficulties and social attention/social information perception (McNaughton &
Redcay, 2020). Using rhythmiiecnb movements (i.e handclappingdrumming),

the impaired movement quality (i.e., slower and increased movement variability)
of children with ASD during solo tasksascorrelated with their IPS performance
during social tasks, suggesting that movensentdinations an important
requiremat 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 importanays to interact with others and learn new skills, the ASD
related impairments in soctatotor performance will affect their social
communication/cognitive development and limit their ability to build
relationships with other social partners (lverson,@Mogan et al., 2017). In

short, generamotor and sociammotor difficulties are&key ingredient®f 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 genearaitor and sociainotor difficulties
in children with ASD, wholébody movements are rarely a focusurrent
standarebf-careinterventions. Using principles/approaches such as égpli
Behavior Analyses (ABA; Lovaas, 1987), Picture Exchange Communication
System (PECS; Bondy & Frost, 200apdTeaching and Education of Autistic
and Related Communication Handicapped Children (TEACHH; Mesibov, 2004),

contemporary interventions providepeated 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, andtredws negative

behaviors (Reichow et al., 2018), most of them are conducted in a seated position
without emphasizing perceptuomotor control and witmldy movements. In the
current study, we used a sedentary play intervention that focuses on fine motor
and social communication skills to represent the standére intervention for
children with ASD and compared the effects on germ@br and sociainotor

performance to that of a more holisticeative movement intervention.

6.1.4 Creative Movement Interventionsin Children with ASD

Recentstudies usingreative movement interventiohad suggested
positivemotor andmultisystemeffectsin children with ASD (Amonkar et al.,
2021). For examplé/oo & Kim (2018) found improved synchronous tapping in
children with ASD, and better adjustmsim temporal aspects of tapping
movements afte80 minutes ofnusic therapyArzoglouet al. 013 also found
improved balance and agility in children with ASD after 8 weeks of traditional
Greek dance therap$imilarly, aur research group found trainknglated
improvements in gross motor performance, and imitation/praxis skills in children
with ASD after yoga and music/rhythimasednterventions (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 foundmedium-to-largesized improvements in the motor domains and

smaltto-large sized improvements in social communicatsrd cognitive domins
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aftercreative movemenherapiegAmonkar et al., 2021)hesecreative

movement methodsonsistently provide opporturegst o chal |l enge <chil dr e
motor skills in an enjoyable, socially embedded contextahaburageghe child

to practicesocial information monitoringand verbal/nonverb@ommunication
(Srinivasan & Bhat, 2013). In the current RCT, we developed a coorplex
play-basednovel intervention that incorporateaultiple creative movement
techniques througmusial, dance and yogabasedactivities 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
geneal-motor (i.e., gross motor and fine motor) and seriator performance

(i.e., imitation, IPS) in children with AS[Epecifically, we assessed the
generalized (changes between pretest and posttest) and tspeitific (changes
between an early and adaraining session) differences in motor performance in
children with ASD.We also correlated the trainkrglated changes general

motor and sociaiotor performance to the functioning levels (i.e., adaptive
functioning, social responsiveness) of chigd 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 weltlesSimons Powering Autism Research
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(SPARK) participantesearch ntahing service

(https://www.sfari.org/resource/sparkiWe 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 &ad

formal ASD diagnos confirmed through a school record (e.g., school

psychologist record confirming an ASD diagnos#s) Individualized Education

Plan for ASDrelated servicesandbr a medical or neuropsychological record

from a psychiatrist or clinical psychologist usiig tAutism Diagnostic

Observation Schedule (ADOS) or Autism Diagnostic Intervigevised (ADIR)
measuresAdditionally, weused 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 (760f #te children met the

criterig Table 6.1). Children were excluded if theydianited comprehension of

onestep simpleinstut i on and/ or coul dnét finish the
issuesor time commitments (n = 2). Eventually, 30 schagkd children between

5 to 14 years were included in this study (mean age + SE: 8.77 £ 0.42; 10 Males

and 5 Females). Parents ofghehildren completed the Vineland Adaptive

Behavioral Scale&nd edition (VABS; Sparrow et al., 2005), and the Social

Responsive Scale questionnaire (SRS; Constantino et al., 2000) to assess the
childbés adaptive functions ralmeht soci al resp
children were matched on age, sex, and level of functioning then randomly

allocated to the Chdr SP groupThere were no significant betwegnoup
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differences in age, sex, race/ethnicayYABS and SRS scorep ¢ 0.05, Table
6.1). The studymcedures were carried out according to the Declaration of
Helsinki and were approved by the University of Delaware Institutional Review
Board (UD IRB, Study Approval:#15397365). Written informed conseriior

study participation and gdficturepublication was obtained froreachparent and
written/verbal assent was received freachchildrenparticipant Please see the
full parent consent and child assent forms (including the reader and nonreader

versions) in AppendesE.1 to E.3.

Table 6.1 Demographic information and the results of social communication
guestionnaires i€M and SRyroups. Means and standard errors (SE)

provided.
Characteristics CM group (n = 15) SP group (n = 15)
Mean+ SE 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,8TH 7 F2F,8TH
SCQ 18.2+ 1.75 13.1+ 0.94
VABS-II (SS) 70.36% 2.93 75.47+ 2.86
Communication (SS) 73.64 +2.95 80.13+4.04
Daily living (SS) 72.14 £3.48 79.27+2.72
Socialization (SS) 68.93+ 3.16 74.10 + 3.58
SRS (T scores) 78.43+ 2.86 74.10+ 1.53
SCI (T scores) 76.36 +2.82 71.73+1.48
RRB (T scores) 79.43 £ 2.59 74.20 + 2.82

VABS-II = Vineland Adaptive Behavior Scale" 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 = Hispa@iaucasian; AA = Aican
American, AAC= African AmericaiCaucasian; R = rigkttanded, L = left
handed’indicates significant differences between children in the CM compared
to the SP groupp(< 0.05).

6.2.2 Experimental Procedures

The current RCT included 3 pretest anpla3ttessessionsas 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 lastswééke study, while

the training sessions were provided during the interme8iateeks (2 sessions
per week). After pretests, the children were age, sex, and level of functioning
matched then randomized into the @MSP group. A parent orientation was
conducted ifpersonor via zoom before the training period to introduce the
training activitiesand set ugersonatraining goals. Aftetheinterventions, we

met with the parent again to revisit the goals and gather feedback (Figure 6.1).
Each training session lasted about9&0minutes (Average training time in
minutes: CM: 75.1 + ® 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 ishigidown and
the subsequentestrictiors of faceto-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 partigyfamilies chose
between d&aceto-Face F2F) or a Telehealth (TH) training delivery method
based on their convenience and comfort level of social interaction during the
pandemicln both groupsy children completed the training sessions F2F, and 8
children completed the sessions through TH (noifsigimt group differenceq >
0.05; Table 6.1). The F2F training sessions were conductad lab or at the
childbdés house IpeferendewbilethetTh sessforsmerd y 6 s

conducted using Zoom video conferencing.
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Recruitment

.
Screening interview (n = 32)
i

Pretests (n = 32) N Excluded
* Not compliant (n = 2)

L

Age, gender, level of functioning matched

Randomization
Creative Movement (CM) group Sedentary Play (SP) group
(n=15) (n=15)
!
Parent orientation and personal goal setting

Intervention according to the grouping
2 sessions/week, 8 weeks

l

Parent feedback and revisiting goals (Goal Attainment Acale)

!

Posttests

Figure 6.1 Flow diagram othe current RCT.

6.2.3 Training Protocols

For both intervention typegpplied Behavior Analysis (ABA), Picture
Exchange Communication System (PECS), TEACCH, and motor learning
principles were used to provide structure, reinforcement, and free time for
exporation. Specifically, visual, verbal, manual prompts/assistammositive
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 afpie board to explain the task schedule/order and

provideconsistenstructure 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 chiilcbtigh the trainingpecific activities,

while the model/parent acted as a buddy to proanisual modebndassistance

for the children. For the F2F intervention delivery format, a trained undergraduate
student acted as the model, while for the TH fdrrinee parents were trained to
provide assistance during the intervention. Two-boertrainingmeetings were

given to the undergraduate studsartd parergin-personor via zoom to explain

the training goals, intervention principles, and ¢besactivities according to the
intervention type. The key ingredients for the CM group include interpersonal
synchrony and mukliimb, wholebody movements performed to music, \ehihe

SP group focused academiand fine motor activities.

To ensure training fidelity, a student codateo-coded one early session
(1-5) and one late session (18) for each child using a comprehensive checklist
targeting t he behaviornSpecifically, thencddemevatlatdd 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 SPespectively) Trainer and model belviors
including instructions, prompts, positive reinforcement/praise, body movements
(clarity, energy), voiceandaffect (smile and expressivityerescored on a-5
point Likert score (1 indicates poor quality and 5 indicates high qudligyly,
the ame 5point Likert scale was usedto scorethéi | ddés compl i ance wit
training activities. In general, the accuracy (both groups had averaged accuracy >

90%) and the quality trainero6s/ model 6s beh
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averaged Likert scores4.0 for all domains; Tablé.2). Children in the CM
group showed a slightly greater interest in the activities compared to that of the
SP group probably due to thdole-body, engagingature of the training

activities (Tables.2).

Table 6.2 The fidelity check of the CM and SP intervention groups

CM group SP group
Early Late Early Late
session session session session
Accuracy of completing 952+09 |953+1.0 |{91.6+1.0 |904+1.7

training components (%)

Trainerodés ins|48+0.1 4.9 +0.1 47+0.1 49+0.1
Trainerd€(/5) prol|47+0.1 46+0.2 47+0.1 47+0.1
Trainer6s rei|45+08 44 +0.2 41+0.2 43+0.2
Trainerbés bod]48+0.1 48+0.1 4.4+0.2 45+0.2
Trainer6s voi|46+0.2 5.0+0.0 47 +0.2 47+0.1
Trainer 6s aff|48+0.1 5.0+0.0 47+0.1 47+0.1
Childbés inter]41+£03 4,3+0.2 3.7+0.3 3.6+0.3

6.2.3.1 Creative MovementGroup

The children in this group receiveginchronybased 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) Wanm: stretch, bread) mowe across the
midline to warm up the body; (D) Music game: play a variety of percussion
instruments (drums, tambourines, etc.) together in a synchrony eaking
manner; (E) Moving gamgracticewhole body rhythmic actions using dance
activities involung upper and lower extremities; (F) Yogmaacticeyoga poses
described in a song, a story, or through a game; (G) Breathing: explore different

breathing patterns and relax; (H) Farewell saoeflect on the session regarding
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favorite activities, sing fawell song, and say goodbye to each other (Table 6.3).
These training activities focus amal/multtHiimb coordination and asymmetric
contralateral movemengomoted usingynchray-baseddance, music, and yoga
approacheslo ensure that dual/mulimb coordination and asymmetric
contralateral movements were targeted throughout the intervention, a student
coderused Datavyu to the movement typesiirearly and a late session. The %
duration of single limb (e.g., drumming unilaterally), dual limb (eliaksg
maracas with both hands), and multi limb movements (e.g., manathiitey

clapping) were coded. Additionally, the % duration of symmetric/ipsilateral (i.e.,
bunny hopping) and asymmetric/contralateral movements (i.e., scissor jumps)
werecalculated 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, Bifigle 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 aterihl

movements: 71.0, Symmetrical and ipsilateral movements: 29.0).

6.2.3.2 Sedentary PlayGroup

The children in this group receivegedentaryfine motor intervention
across different contexts involving (A) Hello: greet the child, playreaker
games; (B) Warnup: use fine motor activities to warm up finger/hand muscles

(i.e., pegboarding, string art, beading, etd¢) Reading: read/listen to a picture
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book, answecomprehensivguestions, and engage in baakdforth inference
convesation; (D) Buildingbuild LEGO or Playdoh creations based on

instruction pictures; (E) Free Builgractice independent creativity by adding
components to the build from the previous condition or engaging in constructive
play with the materialgF) Art Craft: Make arcraft creationghat involve fine

motor skills such as coloring, cutting, gluing, folding, etc. (G) Freephaictice
independent creativity by adding components to theraft activity from the
previous condition or engaging in imagivatobject play with the material@)
Farewell:reflect on favorite activities, say goodbye to each other, and clean up
theworkplace(Table 6.3).These training activities focus on fine motor activities

academic skill developmerdnd social interactits.

Table 6.3 The training conditions, example activities, and the targeted skills of
the CM and SP interventions

CONDITION EXAMPL AR TARGETED MOTOR OTHER SKILLS
ACTIVITIES SKILLS
CREATIVE MOVEMENT (CM) GROUP \
A. HELLO Hot potato Pass the Bimanual coordination,  Social
GAME bean baground with sensorimotor integration communication,
music, when the music executive
ends, the person who he functioning

the bean bag needs to
answer a question.

B. ACTION Peter PanSing and play Bimanual coordination,  Social
GAME hand games with a sensorimotor integration, communication
partner imitation, IPS
C. WARM UP Birthday party Stretch Multi-limb coordination, Sensory
and use different props flexibility, movement processing
(i.e., pool noodles, improvision with prompts

scarves) to provide
sensory inputs on
different body parts, ex:
tapping brushing.

D. MUSIC Stop and GoSing and  Whole body and Executive
GAME perform wholebody bimanual coordination,  functioning, social
movements with musica imitation, IPS communication

instruments (i.e.,
Maracas, cymbals).
Drum circle Drum
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MOVING

GAME

YOGA

BREATHING

FAREWELL

HELLO

WARM UP

READING

BUILDING

synchronously and/or
play call andesponse
game (turn taking) with
the trainer

Move and FreezeNhen
the music starts, move
around using one of the
locomotor skills. When
the music stops, freeze
on a yoga spot and
maintain balancing
poses.

Yoga story Do yoga
poses according to a
story |line
beach day).

Bird breath Breathing in
and out while moving
arms up and down.

So long, farewellSing
reflect, and said goodby

Locomotor skills (i.e.,
running, galloping,
hopping, leaping,
jumping, sliding,
skipping), balance,
strengthand endurance,
imitation, IPS

Balance, strength and
endurance, flexibility,
imitation

Imitation, IPS

Movement improvision

SEDENTARY PLAY (SP) GROUP

The WheelGame Spin
the wheel with the
childbés and
trainero6s/ c
names. Whoever got
picked need to answer a
question.

Pegboarding Put the
pegs on the pegboards
according to an
instruction sheet.

Story book readinga
picture book is chose
based on th
reading level and
interest. The child is
encouraged to reaaf
attend to the book
readingand answer
questions.

LEGO: build LEGO
pieces according to an
instruction sheet
Playdoh Create Playdoh
creations according to a
instruction sheet

*the child is encouraged
to mimic th
movements (i.e.,
pinching, pressing
LEGO pieces) and show
their creation at each
step

Fine motorcoordination/

integration (i.e., peg
boarding, lacing, maze
drawing)

Fine motor coordination/
integration (i.e., hold and

press LEGO pieces
together)
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Executive

functioning, social

communication

Mindfulness,
reading, social
communication

Mindfulness

Social
communication

Social
communication

Joint attention,
social
communication

Joint attention,
social
communication



E. FREE BUILD | Free build the child is Movement improvision, Joint attention,
encouraged to add any Fine motor coordination social
component to their communication
creation and talk about

their creation.

F. ART CRAFT Create a characte€ut Fine motor coordination/ Joint attention,
out, color, and laminate integration (i.e., Coloring, social

the character. cutting, folding, pasting, communication
handwriting)
G. FREE ART Free artadd any Movementimprovision,  Joint attention,
decoration to the Fine motor social

creation and talk about coordination/integration communication
their art creation

H. FAREWELL Clearrup and goodbye Daily living sills
Clean up the workspace (i.e., organization)
and arrange the supplies

Reflect on session

activities and say

goodbye.

6.2.4 Testing Protocols

Generalizeadthanges in generahotor and sociainotor performancevere
assessedsing standardized amtlumming synchronyests during pretest and
posttest. For the standardized tests, we used the Brui@isdetsky Test of
Motor Proficiency (BOT2) t o assess childrends gross an
(Bruininks et al., 2005), the locomotion subscale of the Test of GrogsM
DevelopmeniSecond Edition (TGMER) to assess their locomotor skills (Ulrich,
2000),and2 Minute Walk Test (2MWT) to assess their endurance (Bohannon et
al., 2018) For the drumming synchorrigst, wecodedthe IPS performance and
social gaze duringolo and social drumming conditionll pretest and posttest
werevideo recordedor further behavioral codingror the trainingspecific
changes, & conducted behavioral coding during CM training sessisimgy
Datavyu Specifically,coders selected ansilar early (session-B) and a late

training session (Sessidd-1 6) and coded the quality of <ch
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imitation behaviors. Fogeneralized changesvo student coders who were

blinded to the grouping and study designs coded 20% of the vidéabtained
inter-and intrarater 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 upmotor goals anthendiscusgedthe goal attainment after intervention

using the Goal Attainment Scale (GAS). The parents of were asked to fill out the
Developmental Coordination Disorder Questionnaire (B@C5choemaker et al.,
2006) before and after thetervention, and botthe parents and the child
participantdilled out exit questionnaires to provide feedback on the feasibility,
acceptability, and benefits of the interventions. In the following paragraphs, we
described thgenrelized assessments usstgndardized and trainirgpecific

tests taskspecific changes usirtgehavioral codingand parent/childeported

measuresising questionnairda more detail.

6.2.4.1 Generalized Changes Usingtandardized Tess

Bruininks -OseretskyTest 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 Coordioaticonsisting of Manual Dexterity

and Uppeilimb 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. Tidausta
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scores of the four motor areas were used to assess the traiiaitegl changes in

motor performance.

Locomotion Subscale of the Test of Gross Motor Developmefstecond

Edition (TGMD -2): We used the locomotor subtest of TGA2Do assess the

c hi | uityte moadihrough space with coordination and continuitize

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., wheth arms bent and lifted at takéf), 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 mement (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

trainingrelated differences in locomotor perfornecan

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-B€et apart for 2 minutes. The total distance the child
walked in the 2minute period wa used to assess the trairnmetated changes in

endurance.
6.2.4.2 Generalized ChangedJsing Drumming Synchrony Test
Drumming synchrony: Besides the standardized tests, we also designed a

drumming synchrony test to mimic the CM group musical trainingitie8. 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
movements. We kept the speed and rhythm of the drumming beats different

across trials to engage the child anavoid anticipation. Similar drumming

synchrony tasks had been used to assess ch
al ., 2018) . During Solo drumming, an error
up the rhythm of the metronome beats or played the drumtiagétwrong

timing/intervals. During Social drumming, an error was coded if the child failed

to match the metronome beats or couldndt s
movements with that of the adult tester. To understand how social gaze might

affect their IPS bhaviors, we counted the number of seconds the child looked at

the testerbés hands during Social drumming.

6.2.4.3Training -Specific Changes Using Behavioral Coding

Quiality of IPS Behaviors during CM Intervention: The coders performed

seconeby-second coding for agarly and a late CM group training session using
Datavyu. The durations of time the child s
trainer during the I PS activities were cod
the child moved similarly (spatial compents) and synchronously (temporal
components) with the trainer. In contrast,

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 compt®)ehe percent
duration of #Ain synco and Aout of synco wa

chil dés I PS performance.

Imitation Behaviors during CM Intervention: We coded the imitation

behaviors during the Action Game and Music Game in an early and@Mate
training session. An error is coded if the child produced different joint movements
or use the wrong side of the body. Tgercentagef trials showing imitation

errors was then calculated to represent th

6.2.4.4Parent Report Measures

Developmental Coordination Disorder Questionnaire (DCBEQ): DCD-Q is a

parent questionnaire to screen for developmental coordination disorder in children.
Specifically, i1t screens for the childbs p
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:

liking sportsand learing new skills).

Goal Attainment Scale (GAS):GAS is a parent report measure that assesses the
extent to which the goals are achiews@rthe course oftheintervention.

Specifically, the parents rate the individual gaadsa 5point Likert scoe ranging
from negative? to positive2 (-2 indicates no improvement indicates 50% of

goal achievement; O indicates 100% goal achievement; +1 indicates 150% goal

achievement; +2 indicates 200% goal achievement).
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Parent Exit Questionnaire: Along withthe GAS, parents of gilarticipaing

children also filled out an exit questionnaire to provide feedback on the training
protocolandpotential intervention benefits for their children across multiple
developmental domains. Specifically, parents answered 5 questionspmird 5
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 indicatesextremely 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 examely 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 ratedtér@ention
benefits for their childising a 5paint 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 stamy), 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).

6.245Chi |l drendéds Feedback

Upon finishing all training sessions, all participatedafgih were asked to
answer 3 questions to provide feedback on their training experience. The
guestions include: A) Did you enjoy the activities we did? B) Did you find the

activities easy or haflandC) Will you practice similar activities on your own or
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with mom/dad? Each question was answered with a piessisted $point Likert
score (5 definitely yes/ very eas@; 4- yes/eas@; 3- maybe, neither too easy

nor too har; 2- not so much/har@; 1- not at all/very har@).
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 noiparametric statistics to test the within and betwgreeup differences.
Specifically, the Wilcoxon SigneRBank Test was used for withgroup (pretest
Vs posttest) comparisons, while the Mafthitney U was used for betwegmoup
(CM vs SP) comparisons tifechanges of motor performance. We utesl
BenjaminitHochberg False Discovery Rate (FDR) correction method to control
multiple comparisons for within/betwegmoup comparisons and correlation runs.
Specifically, thegp-values were rankrdered from lowda high and the statistical
significance was declared if the unadjugtechlue was less than tipevalue
threshold determined by multiplying 0.05 with the ratio of the unadjugtedlue
rank to the total number of comparisopgtireshold for ith compason = 0.05 x
i/n; where n = number of comparisons). A result was considered significant if the
obtainedp-value was less than the FDR corregbedalue (Sigh & Dan, 2006).

We also calculated the % of children showing improvemamtstheo of

children showng improvements more than the Minimum Clinical Important
Differences. We used the distributibased method to estimate the MCI using the
equationd) 6 'OT® wN € ¢ WD Q&Y' Qei@ieux et al., 2007)t is the
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smallest improvement th&s considered worthwhile bgtakeholders such as
caregivers, patients, and clinicigi@opay et al., 2007). An improvement more

than the MCI threshold is viewed as meaningful in the clinical settiigseover,

we calculated the effect sizes using theatipni = (z = the z scores from the

Wilcoxon SigneeRankand theMannWhitney Uanalyses; 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 betwienfunctioning level (adaptive
function and social responsiveness) and the genayadr/socialmotor
performance at baseline and understand how functioning level might affect the
changes of motor performance, Spearman correlations were conducted.
Specifcally, we pooled the scores of the baseline motor assessments (i.e2, BOT
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 posttesicoresat pretest) with their VABS, SRS scores. All statistical

analyses were conducted through IBM SPSS.

6.3 Results

6.3.1 Generalized Changes Usingtandardized Tests

6.3.1.1 Bruininks -Oseretsky Test of Motor Proficiency (BOF2)

Children in both groupshowed significant increases of total motor
composite scores after interventiops € 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 Coordinati@yvell as theStrength and Agility
domains s < 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 interventjpr 0.05, survived fothe FDR
correction, r = ®0; Figure 6.2B)The trainingrelated improvements in Fine
Manual Control were greater in the SP group compared to the CM greup (
0.05 survived for FDR corrections, r = 0)8®lo othersignificant betweeigroup
differences in the improvemenigere foundn standard score between the pretest

and the posttesp@ 0.05).

(A) ™ (B) SP

FMC MC BC S&A Total FMC MmC BC S&A Total

% Children with 429 733 80.0 933 91.7 86.7 533 733 733 86.7
Improvement

% Children with 286 46.7 733 733 66.7 80.0 333 533 533 66.7
improvement >Mcl

Figure 6.Z'hechanges in the BO2 standard scoredterthe CM (A) and SKB)
interventiors. *indicates significantvithin-group differences between
pretest and posttegt € 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 DevelopmentSecond Edition, Locomotor

Subscale (TGMD-2)

Children in the CM group showethincreasedn thestandard score of the
TGMD-2, locomotor subscale after interventign<(0.05, r = 0.60; Figure 6.3A);

while no significant traiing 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 betwggaup

differences in the improvements in standard score between pre and ppsttest (
0.05). Specifically, we found that the ahién 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 chitgrethe

highestpossiblescore at baseline, respectively).

(A) CM (B) SP

O Pre

Raw Scro
L S
“Standard Sc
MoE o ow
aw
Now s
Nl o
o m 2 o w B B

Run  Gallop Hop | Leap Jump ! Side | Skip ! Total Run  Gallop Hop Lesp Jump Side  Skip Total

un | Gallop Hop | leap | Jump | Slide Skip Total* Run | Gallop | Hop | Leap | Jump | Slide | Skip Total

% Children with 400 | 46.7 | 467 | 40.0 | 66.7 | 333 | 73.3 66.7 200 | 46.7 | 46.7 | 46.7 | 400 | 33.3 | 53.3 60.0
Improvement

% Children with 400 | 46.7 | 467 | 40.0 | 66.7 | 333 | 73.3 66.7 200 | 46.7 | 46.7 | 46.7 | 40.0 | 33.3 | 533 0.0
improvement > MCI

% Children with 46.7 | 26.7 | 333 | 33.3 | 26.7 | 533 0.0 66.7 | 40.0 0.0 20.0 | 26.7 | 333 | 133
Ceiling effect

Figure 6.3 The changes in the TGMR raw scores and standard scores after the
CM (A) and SP (B) interventionsindicatessignificant within group
differences between pretest and postiest .05, survived for the
FDR correction); The dashed boxes indicate significant differences
between pretest and the posttgst< 0.05), however, thevalues did
not survive for the FB 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 walkindjstance was found in the SP group (Distance in
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feet (mean + SE): Pre: 490.7 + 26.8, Post: 497.2 + p3>5).05; % improvement:
60.0; % MCI: 46.7; r = 0.32ZThere was no significant between group difference

in the change of walking distance betweenagé posttest(> 0.05).

6.3.2 Generalized Changes Using Drumming Synchrony Test

Children in the CM group showed decreased number of rhythmic/synchrony
errors after interventiorp(< 0.01, survived for FDR correction, r = 0.37; Figure
64A). Theyalsoshowd i ncreased social gap<e toward t
0.05, survived for FDR correction, r = 0.40; Fig6réA). There were no
significant changes in rhythmic/synchrony errors nor in social gaze after SP
intervention ps> 0.05; Figure.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 0 < 0.05, r = 0.34; Figur6.4A& B). No other group differences were
significant s > 0.05). The social gaze was significantly correlated to the
rhythmic/synchrony errors at baseline (10=195.p < 0.05), however, there were
no significant correlations between the changes of social gyad the

rhythmic/synchrony errors in both grougs ¢ 0.05).
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Sclo Drum Social Drum Social Drum Sola Drum Social Drum Social Drum

Solo Drum Social Drum Social Drum Solo Drum Social Drum Social Drum
(Error) (Error) (Social gaze) (Error) (Error) (Social gaze)

% children with 135 527 255 10.0 25.0 48.4
Improvement

9% children with 9.6 423 250 9.6 25.0 44.2
improvement > MCI
% Children with 46.2 127 218 383 15.6 31
Ceiling effect

Figure 64 The changes in theumber of erra during drumming synchrony
tasksafter the CM (A) and SP (B) interventiorigidicates significant
within group differences between pretest aodttestf < 0.05,
survived for the FDR correction)

6.33 Training -Specific Changes Using Behavioral Coding
6.3.3.1 Interpersonal Synchrony andImitation During CM Intervention

Children in the CM group showed increased duration of pesfexthrony
with the trainer/model/parent during late compared to early training sesgions (
0.05, r = 0.59; Figure BA). Similarly, children in the CM group showed
decreased imitation errors during Music time in late compared to early training
sessionfg < 0.05, r = 0.65; Figure BB). There was no significant change in the
imitation error during Action Game between late and early training sespions (

0.05; Figure &B).
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% children with 733 60.0 714
Improvement
% children with 73.3 53.3 71.4
improvement > MCI

Figure 65 The changes ithe IPS duratiofA) and % of imitation erroréB)
during early and late CM training sessiofisdicates significant
within group differences between pretest and posipesi)(05,
survived for the FDR correction)

6.33.4 Parent Reported Measures

6.34.1 DCD-Q

Children in both groups showed improved DQIXotal scores after
intervention ps < 0.05; CM group: r = 0.60; SP group: r = 0.71; FiguBA&B).
Specifically, children in the CM group showed increased general coordination
scores after interventiopg < Q05; r = 0.51; Figure 6A); whereas in the SP
group, children showed increased fine motor hamiting scores after
intervention ps < 0.05; r = 0.67; Figure@). There was no significant between
group difference in the change of D&Dscores betweendtpretest and the

posttestf > 0.05).

207



— * oe
o H 50 2 50 mPost
- 23 45
19 7 — 45
7 40 21 * 40
e N 35 l® — W3
8 s B30 g 230
a3 325 £15 r; 25
&1 L i g - I 22
° 15 " I 15
10 9 10
7 5 7 5
5 0 5 0
Control Hand writing Coordination Total Cantrol Hand wriing Coordination Total
Contral Hand writing ® Coordination * Total * Control Hand writing *© Coordination Total *
% Children with 26.7 20 40 46.7 333 53.3 46.7 73.3
Improvement
% Children with 26.7 20 40 46.7 333 53.3 467 60.0
improvement > MCI

Figure 66 The changes in DCIQ point scores after CM (A) and SP (B)
interventions. *indicatesignificant within group differences between
pretest and posttegt € 0.05, survived for the FDR correction)

6.34.2 Goal Attainment Scales

Parents in the CM group established gross motor goals targetingimblti
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 tog), 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 goaland 5% of the children going beyond achieving the
goals (averaged parerdted 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 aneh), 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 showingys® improvement, 37% of the
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children achieving the goals, and 26% of the children going beyond achieving the

goals (averaged parerdted goal attainment rate: 100 %, SE = 11.5).

6.34.3 Parent Feedback onFeasibility, Acceptability, and Benefits

Parents in both groups rated the intervention as usefdi(f Likert score
(average = SE): CM group: 4.1 + 0.3, SP group: 4.7 £ 0.2), innovatipei(b
Likert score (average + SE): CM group: 4.1 + 0.2, SP group: 4.1 + 0.2),
satishctory(5-point Likert score (average = SE): CM group: 4.0 £ 0.3, SP group:
4.8 + 0.1), neither too easy nor too hargp@@nt Likert score (average + SE): CM
group: 3.2 £ 0.2, SP group: 3.7 = 0.2), aegroducible at hom¢-point Likert
score (average + SE): CM group: 4.0.2, SP group: 4.2 £ 0.2). The parents in
the CM group tbughtt hat the i ntervention benefits th
(5-point Likert score (average + SE): 4.1 £ 0.3), balancing ski[sofbt Likert
score (average + SE): 4.0 = 0.4), strengthdit Likert score (average + SE):
3.4 £ 0.5), endurance{xint 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 groupeportedthat the intervention benefits theirclild f i ne mot or ski | |

point Likert score (average + SE): 3.9 £ 0.2).

6.3 5Chil drenbés Feedback

Children in both CM and SP groups rated waining sessions as enjoyable
(5-point Likert score (average = SE): CM group: 4.4 £ 0.7, SP group: 4.5 + 0.2),

nether too hard nor too easy-f®int Likert score (average + SE): CM group: 3.6
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+ 0.4, SP group: 3.8 £ 0.3), afuh to practice again at hon(@point Likert

score (average + SE): CM group: 4.4 £ 0.3, SP group: 4.8 £0.2).

6.36 Correlations

6.36.1 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 greaterZBadd TGMD
scores (r = 0.451 to 0.64@s < 0.05; Thle 6.4 Figure 6.7A & 6.7B. Similarly,
children who had greater social responsiveness (lower SRS scores) had greater
motor performance indicated by greater DQQDotal scores (r =0.391,p < 0.05;
Table6.4; Figure 6.7Q. Interestingly, children who hagteater repetitive
behaviors at baseline had better locomotor skills, indicated by a greater TGMD

standard score (r = 0.406< 0.05; Table 4).
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Table6.4 Correlationsbetween VABS, SRS, andotor performance abaseline

VABS VABS VABS SRSSCI SRSRRB
Com Social Daily
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 | 0.000 | 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
(A) (B)
100 r=0.673 100 r=0.528
B * i o * .
éﬂ 70 000’.. é“ 70 u..: . .
% 60 : * o * g’ 60 . : . -
g 50 * 5 50 o
g 40 § 40
30 30
15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
BOT-2 (Standard score) TGMD (Standard score)
(€)
100 r=-0.391
90 *, * ®
T 80 ’.’ . .t
5 70 * .:“ '...8
3 60 . * d
E 50
40

30

30

40 50

DCD-Q (Point score)

60

Figure 67 Scatterplots forarrelationsbetween VABSstandard scossand
BOT-2 total standard score (A)GMD total standard score (B3s
well asbetweenSRSSCI T scoreandDCD-Q point scoreat baseline
CM and SP groupserepooledfor this analysis.
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6.36.2 Correlations Between VABS, SRS, and Improvements in Motor

Performance

In the CM group, kildren withlower adaptive functions (i.elower VABS
standard scores) showed greater improvements in imifagidarmancer =
0.571 and 0.60%s < 0.05, Figure 6.8A)n contrast, in the SP group, children
with better communication skills (i.e., VABS comunication standard score)
showed greater improvements in fine manual control (r = 05€%.05, Figure
6.8B).For orrelations between SRS and improvements in motor performance,
childrenin the CM groupwith better social responsivendssver SRSSCland
SRSRRB scoreshad greater fine motor improvemeats seen bygreater
improvementsn BOT-2 Fine Manual Control Standard scores (0627 and
0.563 respectivelyp < 0.05; Table 6.5Figur 6.9A& B). In addition, children in
the SP group who had greater SBSI scores (lower social responsiveness) had
greater improvements in 2MWT walking distas¢e= 0.553,p < 0.05; Table 6.5

Figure 6.9G.
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Table 6.5 Correlationsbetween VABS, SRS, arnichprovenents inmotor

performance
CM group SP group
VAB | VAB | VAB | SRS | SRS | VAB | VAB | VAB | SRS | SRS
S S S SCI RRB | S S S -SClI | -
Com | Socia | Daily Com | Socia | Daily RR
| I B
BOT-2
Fine 0.084 | 0.074 | -0.072] - - 0.609 | 0.386 | 0.220 | - 0.17
Manual 0.627 | 0.563 | * 001 |1
Control i _ 0
Manual -0.139 | -0.166 | -0.263] -0.003 | 0.101 | -0.083 | -0.242 | 0.074 | 0.07 | 0.27
Coordinatio 6 7
n
Body 0.261 | 0.246 | 0.099 | 0.040 | 0.042 | 0.1272 | 0.002 | 0.145 | - -
Coordinatio 0.15 | 0.22
n 4 2
Strength & | -0.389 | -0.364 | -0.386 | -0.060 | 0.094 | -0.116 | -0.463 | -0.072| - -
Agility 0.11 | 0124
8
TGMD -2
Total (SS) -0.378 | -0.403 | -0.260] 0.033 | 0.191 | -0.449 | -0.183| 0.037 | 0.09 | 0.10
6 4
2MWT
Distance -0.046 | -0.062 | 0.091 | -0.042 | -0.061] 0.196 | 0.047 | 0.108 | 0.55 | 0.33
(ft) 3* 3
Interpersonal Synchrony
Perfect -0.329 | -0.298 | -0.280] 0.000 | 0.045 | -0.029 | 0.137 | 0.225 | 0.25 | 0.40
synchrony 4 9
(%)
Imitation
Action Game| 0.605 | 0.571 | 0.465 | -0.194 | -0.461
(error) [ [
Music Time] 0.172 | 0.169 | 0.235 | 0.422 | 0.068
(error)
DCD-Q
Total score | -0.059 | -0.038 | -0.017] 0.393 | 0.195 | -0.293 | -0.457 | -0.350) 0.45 | 0.36
7 7
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Figure 68 Scatterplots forarrelationsbetween VABSstandard scores and
improvements in imitation performancethe CM grougA), and fine

manual controin the SP grouB)
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Figure 69 Scatterplots forarrelationsbetweenSRST scores and improvements
in fine manual contraih the CM grougA, B), andendurance

performancen the SP grouyC)

6.4 Discussion

Children with ASD have generatotor and
could be addressed using novel CM interventi

holistic CM intervention that incorporated mus
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current study comparedehraining effects of CM intervention on genemnabtor

and sociaimotor performance to that of standard of care, SP intervention. The
CM group showed mediwto-largesized gross motor (including coordination,
strength, agility, endurance, locomotor sRibeidsmaltto-mediumsized
imitation/IPS improvementwhile children in the SP groughowed mediunto-
largesized improvements in fine manual cont®@hildren who had better

adaptive functions and social responsivetegsbetter gross motor, fimeotor,

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 parentsii both groups rated the interventions as enjoyable, useful, innovative,
satishctory, appropriately challengingndeasily reproducible at honadter the
intervention period. Moreover, parents in the CM group reported high goal
attainment rates and imprewients in gross motor performance (Goal attainment
rate: 81.8%, 3.4 to 4.1 out of thegbint 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.%bthe 5point Likert scores).

In short, results from the current RCT support the use of imaltel CM
interventiongo address gross motor and IPS difficultiesile the use of standard

of care, SP interventioran be used timmprove the fine motor dificulties in

children with ASD. Researchers and clinicians should be aware of the general
motor and sociamotor 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 SociatMotor 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 locomotalisas well as in IPS and imitation
performance after the intervention. The seamltor 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 focuseutamticing dual
and multilimb 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 - duma multilimb
movemeng and complex movement sequences were embedded in Music
Game/Action Game singing and dangiag well as drum circle activities to
reinforce coordination. Strength, endurance, and balance were practiced in Yoga
games, during which children were asked thbe strengthening (e.g., bridge
and downwardacing 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 skillsasigalloping,
skipping,andhopping. 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 Kills 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 faditate imitation/IPS, baclkandforth social communication, and

motor planning/coordination as the children try to match their movements with

themusic or the movement patterns of another individual (Srinivasan et al., 2013).

Similarly, the yoga activity mvides 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), ac@mmunication skills of children (i.e.,
social interactionand story readingGalantino 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 scomtor peformance in children
with ASD. Additionally, we suggest thasing a variety of creative methofsg.,
yoga, dance, musioffered inan enjoyable, playpased activitformatfocusel

on perceptuomotor skills could lead to equally promising results in gross motor

and sociaimotor performance in children with ASD.

6.4.2 Improved Fine Motor Performance After Sedentary Play Interventions

Children inthe SP group showeghediumto-large sized improvements in
fine motor performance using the fine motor subtests of-B@imd DCBQ
parent questionna@s. | t 6s not surprising to see
after SP intervention, as the current SP intervention was designed to mimic
schod-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 &

217

mpr @



Cermak, 1992; Reidt 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 desiBusing Art Craft, children
practiced writing, coloring, folaig, and using scissors to make art creations
Throughout the intervention, children wetlsoreminded and encouraged to keep
their art supplies organized (Table 6.3). Our findings were consistent with
previous studies that used prolonged desktop inteorento promote fine motor

and visuomotor skills in children with fine motor difficulties (C&mith, 2002;

Dankert et al., 2003).

6.4.3 Associations Between Adaptive Functiong, Social Responsiveness,

and Motor Performance Improvements

Our correlation analyses showed significant associations between adaptive
functions, social responsiveness, and gerraabr/socialmotor performance at
baseline (r = 0.391 to 0.644), confirming that motor is an inseparable and
important part of the mulystem 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 (ocaded by greater BOZ, TGMD,
SIPT, and DCBQ 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 motoitagiduring
CM and SP interventions might require greater joint attention andegglfation

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 sociabtor improvements after CM intervention. There

was no correlation between functioning levels and gross motor improvement,
indicating that the CM itervention helps improve gross motor skills in autistic
children with a wide range of functioning levettowever, correlations between
chil drenbés adaptive functioning/soci al res
only suggest that there are subgroups déidn that might respond to the
intervention differentlyand do not implycausationFuture studies should

investigate how functioning levels might influence the intervention effects and
explore strategies to promote learning in children that déftent levels of

support.
6.44  Effect Sizes for CM and SP Interventions

We usedhreemethods to estimate effect sizes after CM and SP
interventions, including thevalue ¢ = ; z +# tieN scores from thilcoxon
SignedRankand theMannWhitney Uanalyses; N = sample s)z¢he % of
children showing improvements, as well as¥hef children showing
improvements greater than the Minimum Clinically Important Differences (MCI
MCI = 0.2 x pooled baselingtandard Deviatigrn_emieux etal., 2007) Forgross
motor performancea§sessedsing BOF2 body coordination and strength and
agility subtestsTGMD, and 2MWT), children in the CM group showed medium
to-largesized improvement§ = 053to 0.80) and > @.3% of children showed

someimprovementsand57.4 % of children showadprovementsnore than
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MCI. Specifically, thesize of improvement was slightly greater in body
coordination and strengthgility (r = 0.71 and 0.80espectively), compared to
TGMD-basedocomotor skills (r = 0.63)The effect sizefor grossmotor
improvementsvere smaller in the SP group, with children showing stoall
mediumsized improvements (r =32to 0.55) > 60%of children showed some
improvements, and #6.7%6 of children showednprovements more than MCI
values For fine manual control, childreim the SPgroup showed mediuto-
largesized improvements (r =), with 93.3% of children showing
improvements anél6.7% of children showingnprovementgreater than the
MCI value The sizs of improvements in the CM group were much smaller (r =
0.06) with only 40% of the children show some improvements, dr20 % of
children showing improvements greater than MCI. Similady drumming
synchronyperformance, children ithe CM group showed smatb-mediumsized
improvements during social drumming (r = 0.37), 57% of children showed
improvements, and 42.3% of children showed improvengetser thaiMClI.
Children in the SP groughowed a very small effect size (r = 0.01)] anly 25%
of thechildren showed some improvement and improvengnester than NI
values In short, children in the CM group showedjlerimprovements in
generalizedgrossmotor, anddrumming synchronperformance compared to the
children in the SBroug while children in the SP group showed larger
improvements in generalized fine motor control improvements acdo the

children in the CM group
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6.45 Limitation sand Future Directions

The current paper is part of a larger RCT that aims attigatisig 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 facilitatednfély 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, andrirgation delivery methods might
influence the treatment outcomésstly, we did not code the time children in the
SP group spent doing single limb and dural limb activitiesufe studies should
investigate how the use of limbs might affect ifaning effects on fine motor

skills.

6.46 Clinical Implications

Our findings supported the use of multinabdreative movement
interventions in addressing the genaradtor and sociainotor difficulties and the
use of the standard of care, sedentaay pitervention in improving the fine
motor difficulties in children with ASD. Unlike fine motor activities, which
require greater joint attention and sedfjulation, gross motor and social motor

activities might be an effective method to promote gererdlsociaimotor

221



performance in children who needs more supmicians should be aware of
the perceptuomotor difficulties and consider adding agd level of functioning
appropriate creative movemeagpecs to theirstandard of cate farhildren wih

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
chil dés social communi cdfecivepersformarcg ni ti ve, a
(American Psychiatric Association, 2013; Demetriou et al., 2018). For example,
individuals with ASD present with ingired verbal and newerbal
communication skills, such as language delays and reduced socially directed
gazeljoint attention skills (i.e., the ability to share a common focus of attention
with someone else) (American Psychiatric Association, 2013; -Tkgmark,

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 behawafactive skills, such as poor
emotional egulation and the presence of internaling and externalizing problem
behaviors (Cai et al., 2018). ASelated symptoms across different systems are
highly related with each other, suggesting that their difficulties should be

addressed as a whole (Bhat, 282 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@ment interventions, specifically,
creative movement (CM) interventigrie promote various other system skills in
children with ASD.In the previous chapter, we reported the motor effects of
complex CM intervention that combined rhytfbased musical, d&e, 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

behavioralaffective performance of children with ASD.

7.1.1 Social and Communicaion 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 gesture
(Stieglitz Ham et al., 2011) and produce more atypical and infrequent
spontaneous gestures when playing with caregivers (Mishra et al., 202drerC
with ASD also have difficulties understanding linguistic inputs as well as/adral
communicatonstth as perceiving the speakerds subtl e f
(Kalandadze et al., 2018eung, 202% as well as producing responsive and
spontaneous verbalization (Baumingatiely et al., 2014; Craig and Trauner, 2018),

contributing to their poor reptive and expressive communication skiNsoreover,

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 suggedtattchildren 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 reducedswcial 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 corgymptoms 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 theestwvithout 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), childith ASD were found to have
smaltto-mediumsized 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 basgghrent 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 novmterventions.
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7.1.3 Behavioral-Affective Difficulties in Children with ASD

Children with ASD also present with behavieadiective 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 etional regulation and used less effective
emotional regulation strategies (e.g., suppression/avoidancé]aakt), which
might contribute to their externalizing and internalizing problem behaviors (e.g.,
throwing temper tantrums, withdrawal) (Cai et 2D18; 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 paleitress
(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 behaffexdive

difficulties and he core symptoms of ASD (Martin€onzélez 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, AgRted difficulties in
different develomg systems are strongly connected with each other, suggesting
that all impairments should be considered and addressed as a whole (Bhat, 20214a;
Faja & Nelson Darling, 2019; Martingzonzalez et al., 2021Jhere have been a
growing number of studies exarmg the effects of CM interventions to address

the multisystem difficulties of children with ASD (Amonkar et al., 20&l)arge
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RCT involving 364 children with ASD across 9 countries found improved social
communication skillgassessed b&utism Diagnostt Observatiorand Social
Responsiveness Scakdjer20 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 sttaining. Using musical/rhythm
based and yoga interventions, our research tdsnfound improved joint
attention, social communication, affect, and motor performance in children with
ASD (Kaur et al., 2018nd 2021; Srinivasan et al., 2015, 2016 a & b). In a
comprehensive systematic review, we also found stoddirgesized

improvements in social communication and mediorargesized improvements
in motor and cognitive domains after CM intervention (ergisic, dance, yoga,
theater, and martial art (Amonkar et al., 2021). These CM interventions, despite
using different approaché&smusic 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/socialmotor correspondence aadsociated 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 ASDeTgoal of the present

study was to compare the intervention effects between a vbbdie 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 theeffects of the CM intervention on generabtor and sociamotor
performance in children with ASD. In the current chapter, we further reported the
cascading effects of the CM interventi@pecifically, we assessed the

generalized (changes between presest posttest) and training specific (changes
between an early and a late training sesgidfgrences in social, cognitive, and
behavioralaffective performance in children with ASDhe correlations between

the childrends adaptive function, soci

communication, cognitive, and behavieadifective domains were also analyzed.

7.2 Methods
7.2.1 Participants
Thirty children with ASD (25 Maleand 5 Females) aged betweearl 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 gaatiicg children

completed the Vineland Adaptive Behavioral Scéled edition (VABS; Sparrow

et al., 2005), and the Social Responsive Scale questionnaires (SRS; Constantino et
al., 2000) to assessthechddd s a d a p t ingaad sécialmesponsivens.
Children were matched on age, sex, and level of functioning (using VABS and
SRS) befordeingrandomly allocagdto the CM and SP groups. There were no
significant differences in age, sex, race/ethniatyf ABS/SRS scores between

groups (VABS totabtandard 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 approvedtbg University of Delaware
Institutional Review Board (UD IRB, Study Approval ¥56397365). Written
consent for participation was obtained from the parentyaittén/verbal assent
was received from the childrgmior to participation.Pleaseeviewthe full
parenal consent and child assent forms (including the reader and nonreader

versions) in AppendesE.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 foneeks. 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 timemmutes (Mean £ SE): CM =75.1 +
5.0 SP =71.3 + 3.3). The current study was conducted during the CID
pandemic; therefore, a hybrid training model was used (Bhat et al., 2021b; Cleffi
et al., 2022; Srinivasan et al., 2021; Su et al., 2021c). SeMénechin each
group completed Hperson interventions at our labiortheir hane, while 8
childrenin each group completed the interventions through Zoom video
conferencingStudyprocedurefiave been describeadl detail inthe previous

chapter.
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7.2.3 Training Protocols

For the CM intervention, we used musjadance, and yoglhasedactivities
to promote interpersonal synchrony and wHmbely movements in the following
conditions: (A)Hello game greet each other, play ice breaker games, and sing
hello songs together; (BAction game gesture with the music and play hand
games with a partner; (®@yarmup: stretch, brea#) andprovide sensory inputs
with prompts in order to warm up the body; (@usic game play different
instruments (drums, tambourines¢.) while synchronizing movements with
music and partners; (BJoving game explore different wholody
movement/locomotor skills while moving synchronously with music and partners;
(F) Yoga: practiceyoga poses a small groughat were introduced tbugh
songs, stories, or games; (Byeathing explore different breathing patterns and
relax; (H)Farewell songReflect on the session, sing farewell songs, and say
goodbye to each othdforthe SP intervention, we used reading and fine motor
activitiesto control for natural social interactions during the intervention.
Specifically, activities were conducted in the following conditions:Hablo:
greet each other and play ice breaker gamesM&)mup: play fine motor games
(i.e., pegboarding, stringrt, beading, etc.) to warm up finger and hand muscles;
(C)Readingread or listen to a picture book, answer questions, and engage in
backandforth conversations; (DBuilding: Build LEGO or Playdoh creations
based on instruction pictures; (Ejee Buit: 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. (Giree Art make another art créan or add more
components to the artwork they made inpheviouscondition. (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
Excharge 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 withettrainer (e.qg., roll up the yoga mat together
with the traineor put crayons back in the b)All training sessions were video
recorded for behavioral coding. Please refer to the previous chapter for more
informationon the interventiorprotocolsand stategies we used to ensure training

fidelity.

7.2.4 Testing Protocols

Generalized changes were assessenhg the pretests and posttests,
children completed varioyzrosocial behaviors response toaturalistic helping
bidsas well as an executive functioning measure usiaglanker task. The
testing sessions were video recordedtiotherbehavioral codingAdditionally,
the training specific changes were assessed through sexeeadond behavioral
codingin Datavyuto essseshildrelds s oci al verbalization, aff
control duringan early (session-B) andalate training sessiorsg¢ssion 4-16).
Forgeneralized changetvo student researchers who were blinded to grouping
and study design coded 20% of the videos and obtaineeaimtieintrarater

reliabilities > 90%. After establishing reliabilities, the primary coder continued to
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code the rest of the videos. In theldaling paragraphs, we describe each test we
used to assess theneralized and trainirgpecific changes isocial
communicationcognitive, and affectivehavioral performanda children with

ASD.
72.4.1 Social and CommunicationBehaviors

Generalized Changes in Prosocial BehaviorsT o eval uate chil drenos
behaviors, we mimicked the helping bids provided in the CM and SP

interventions. Specifically, after each fine motor agivit the pretests and

posttests (please refer to the previous tdrdpr more details), the tester held up

the container and waited for the child to clearvapoustesting supplies,

including pegs, pennies, cards, and blocks. Additionally, at the end of fine motor
testing, the tester Aacitsanddvaitadifathdchild dr opped
to initiate helping behaviot® cleanup | f t he chil d didndét init.i
behavior within 10 seconds, the tester pro
hel p me c | e adropping f&si was dsbddan ppsostudies to test the

participantds prosocial behavior (Kokal et

child helped to clean up was counted to represent their prosocial behaviors.

Training -Specific Changes in Socially Directed VerbalizationWe coded the
duration of timeeachchild directedtheir verbalization toward a social partner
during an early and a late training session. Socially directed verbalization was
coded if the childrerbalized owvocalizedto the trainer/model/caregiver.
Moreover, we furthecoded each bout of socially directed verbalization as being

Aspontaneouso (i .e., the chidntheiriown ti ated t
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without an adult prompt or questipn or Ar esponsi ved (i .e.,
guestionsr repeated a phrassked by the trainer/model/caregiver). The percent
duration of spontaneous and responsive verbalizéiotne 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-gersion of the Flanker test which was consists of 2
types of stimuli: a) Congruent: Five fish &ia the same direction (e.qg.,

e jde e ) ) or € (€ ), b) Incongruent: The outer four fish &ac
the same dirgion while the center fisface the opposite direction (e.qg.,

i () or L= Y€, During the Flanker task, visual inputs of
congruent and incongruent stimuli were presented on a sdieemchildren
indicated thedirection of thecenterfish as fast as they could Ipyessing their

right or left index finger to theorrespondingputton 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
conditionlasting 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 tothe Flanker test,

wevideec oded t he <c¢hi | dndlhe Moveahd Fleezélasicy contr ol
Game during an early andsamilarlate CM group training session. During the

game, the child was instructed to perform rhythmic movements (e.g., stepping and

sh&ing maracas side to sid@hen the music was playing and stop immediately
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each time the music ended similar to freeze dafoe latency in starting their
movements (i.e., the period between the musidsggathd the child initiahg
his/her movementsha movement overflow (i.e., the number of movement
cycles the child continued to perform after the music stopped) were ussskEss

the childés inhibitory control

7.2.4.3 Behavioral-Affective Performance

Training -Specific Changes in Affectfor children in both the CM and SP

groups, we oded the childbés affect throughout

The childés affect wasd tauwledodlooRedosi ti veo

ar

f

engaged and interested in the activitiescontrast, affectws coded finegati ve

the childwasangry, sadfrustrated or had emotionautbursts such as temper

tantrums or periods of running awdye also coded neutral affective states when

the child was not in clearly positive or negative affect and with neutra

expressionsThe percent duration of fApositivebo

cal cul at ed t oaffectvdematianthrotighoat the thainihgdséssions.

7.2.4.4 Parent Report Measures

VABS Problem Behaviors:During the pretest, the paremtsmpleted th&/ ABS
guestionnaire (including the problem behavior section), and at the end of the
training session, we asked the parent to fill out the problem behavior semtion

moretimeb as ed o n dalybédhavioraftei the éhtersention. The

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 usedrid any

changesn behavioral problems before and after the interventions.

Goal Attainment Scales (AS): During the initial orientation, parents in both

CM and SP groups established goals targeting social communication and
behavioralaffective performance. After the interventions, parents were asked to
fill out the Goal AttaimentScale (GAS) to reporhe extent to whiclkeachgoal
wasachievedverthe course ofheintervention. Specifically, the parents rte

the individual goal®n a 5point Likert score ranging fror? to +2 (2 indicates

no improvement:1 indicates 50% of goal achievement; 0 inthsal00% goal
achievement; +1 indicates 150% goal achievement; +2 indicates 200% goal

achievement).

7.2.5 Statistical Analyses

We used the Kolmogore8mirnov and Levene statistics to test for normal
distribution and homogeneity. Due to the small sarsje 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 SigneRank Test for the withigroup (pretetsvs posttest)
comparisons and MarAwhitney U for the betweegroup (CM vs SP)
comparisons. The False Discovery Rate (FDR) correction method was used to
control multiple comparisons for within/betwegroup comparisons and
correlation runs (please referttee previous chapter for more details). We also
calculated the % of children showing improvemeats] the2o of children

showing improvements greater than the Minimum Clihyckthportant
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Differences(MCI). It is the smallest improvement that is consider@rthwhile

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 settingsWe used the distributiehased method to estimate the MCI

(equation: MCI = 0.2 x pooled baselisendard deviatigriemieux et al., 2007).
Lastly, we calculated the effect ;size of
z = the z scores from the Wilkkon SigneeRank and the Mankhitney U

analyses; N = sample s)zén effect size of 0.2, 0.5, and 0.8 was classified as

small, medium, and large effects respectively (Cohen, 1988).

Besides the withiand betweetgroup comparisons, we used Spearman
correldions to explore the associations between the following variables: 1) level
of functioning(i.e., VABS standard scores and SRS T scorespasdlinesocial,
cognitive, and behavioralffective performance (i.e., number of objedtsaned
up during pretestthe reaction time during the Congruent and Incongruent
conditionsof the Flanker task, and the % duration of socially
directed/spontaneous verbalization, and positive affect during early CM and SP
interventionsessionk 2) the functioning level (i.e., ABS standard scores and
SRS T scores) and the trainirglated changes in social, cognitive, and
behavioralaffective performance (i.e., changeshe numbebf objectscleaned
up between pretest and posttest, chamgesaction time during the Flankexrst«
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 intervesdéssioh All

statistical analyss were conducted through IBM SPSS.

73 Results

73.1 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 obgadeaned ugmean + SE): Pre: 6.0 +
0.37, Post: 7.3 £ 0.29,< 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 bbjeaned ugmean
+ SE): Pre: 6.7 £ 0.37, Post:6.8 £ 0.2 0.05; % of children showing
improvement: 40.0; % of children showing improvement > MCI: 40.0; r = 0.05).
There was no between group differesicethetrainingrelatedchangesn

prosocial behaviorgp(> 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 sessigns (0.039, r = 0.53; Figuré.1A),
while children in the SBroupshowedno significant changes in socially directed
verbalizationacrosdraining sessiong(> 0.05; Figurer.1B). Although the
percentagef responsive and spontaneous verbalizatiomdicdhange from early
to late sessions in both groups, the CM group had greater spontaneous
verbalization compared to the SP granipoth, early and latgaining sessiong(
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< 0.05, r = 0.44; Figuré.1A&B), indicating that the CM intervention context

evokes greater spontaneous than responsive verbalization

(A) CM (8)SP

OEarly

100% OEarly 100%

Wiy DOResponsive 2 W late Enmoni
18

19 Kangouy 16 T WSpontaneous
2 2
10 3 io
8 £
6 g6
4 S 4
2 2
9 0

Early Late Late

Social Verbalz

Social verbalization Social verbalization

% children with 66.7 % children with 733
Improvemen t Improvemen! t

% children with 533 % children with 66.7
improvement > MCI improvement > MCI

Figure 7.1 The changes in % social verbalization, % spontaneous and responsive
verbalization during early and late CM (A) and SP (B) trainingisess
*indicates significant withirgroup differences between pretest and
posttestf < 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 CMgroup showed faster reaction tisguring the
Congruent and the Incongruent conditions after the interverisos (.05;
Congruent% of children showing improvement: 87.5 % of children showing
improvement > MCI: 50.0, r = 89; Incongruent% of children showing
improvement: 87.5 % of children showing improvement > MCI: 75.0, r = 0.79;
Table7.1). However, participants in the CM group showedsigmificant
trainingrelated changes response accuragps > 0.05; Tablg.1). For the SP
group,no significant trainingelated changesere foundn accura®r reaction

time (ps > 0.05; Tablg.1).
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Table7.1 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)| 238.4+ 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 posptesd.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

Duringthehn Move and Freezeodo game, children in
decreased latency in starting rhythmic movements during a late compared to an
early training sessiomp(< 0.05, r = 0.65; Figuré.2A). Moreover, they showed
reducechumber of overflow movemenis later training sessior(p < 0.05, r =

0.75; Figurer .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 graqutraining session*indicates significant within
group differences between pretest and postfest @.05, survived for
FDR corrections).

7.3.3 Changes in BehavioralAffective 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 thg0%6 of the training period. Children in

the CM group showed increased positive affect during late compared to early

training sessiong(< 0.05; r = 0.55; Figur&.3A). There was no significant

change in positive affect between early and late sessions in the SPmro005%;

Figure7.3B).
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Figure 7.3 The changes positivdinterestedand negative affedurationduring
early andlate training sessiomn the CM (A) and SP (B) groups
*indicates significant withirgroup differences between pretest and
posttestf < 0.05, survived for FDR corrections).

7.3.4 Parent Report Measures

There were no significant changes in VABS intearad external problem
behaviors between pretests and posttestghergroup s > 0.05).To capture
goatattainmentparents in both groups established goals targeting social
communication, and behavioraffective performancehen ranked theic hi | d 6 s
outcomes after the interventioRor the social communication performance, parents
established goaler improvingverbal (e.g., engage in baekdforth
conversation for 5 minutes) and nonverbal communication (e.g., increased eye
contact and geste use). All children in the CM group and 83.3 % of the children
in the SP group showed improvements (parateéd goal attainment rate (average
+ SE): CM =60.0 £ 10.0; SP =70.8 + 13.0; Tab®). For behaviorahffective
performance, parents establidigoals targeting compliance (e.g., actively engage
in activities without running away), attention span (e.g., stay focus on the task for

241



more than 10 minutes), and decreased negative behaviors (e.g., decrease the
number of times losingetnper when frustitad). All children in the CM and SP
groups showed improvements in the behawiaftdctive goals after the

intervention (parentated goal attainment rate (average + SE): CM = 66.7 £ 10.5;

SP =89.3 £ 15.0; Tablg2).

Table7.2 Parent reported goal atanent rates of the social communication and

behavioralaffective goals

Goals | CM group | SP group

Social Communication
% Attainment (Average + SE) | 60.0 + 10.0 70.8+13.0
% No Improvement 0.0 16.7
(GAS =-2, 0% attainment)
% Some Improvement 80.0 33.3
(GAS =-1, 50% attainment)
% Full Attainment 20.0 41.7
(GAS =0, 100% attainment)
% Beyond attainment 0.0 8.3
(GAS > 0, > 100% attainment)

Behavioral-Affective

% Attainment (Average + SE) | 66.7 + 10.5 89.3+15.0
% No Improvement 0.0 0.0
(GAS =-2, 0% attainment)
% Some Improvement 66.7 57.1
(GAS =-1, 50% attainment)
% Full Attainment 333 21.4
(GAS =0, 100% attainment)
% Beyond attainment 0.0 21.4
(GAS > 0, > 100% attainment)

GAS = Goal Attainment Scale.

7.3.5 Correlations

7.3.5.1 Correlations Between VABS, SRS, and Social Communication,

Cognitive, and BehavioratAffective 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

242



training sessionsp(< 0.05, |r] = 0.397 to 0.469; Tahie; 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; Tahie; Figure 7.4B. No other

significant correlations were found at baselipge ¥ 0.05).

Table7.3 Correlationdbetween VABS, SRS, ambcial communication,

cognitive, andoehavioralaffective performance abaseline

VABS VABS VABS SRSSCI SRSRRB
Com Social Daily
Prosocial Behavior
Objectcleaned ug#) | -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 (4 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

*indicatessignificant differences between pretest and postpest)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; S)X3 = the T scores of the social
communicatio and interaction; SRBRB = the T scores of restricted, repetitive
patterns of behaviors. CON = Congruent condition; IN = Incongruent condition.
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Figure7.4 Scatterplots forarrelationsbetweenVABS scores social
verbalization (A), and theeaction time in Incongruent condition
during flanker task (Bat baseline (CM and SP groups pooled)

7.3.5.2 Correlations Between VABS, SRS, and TrainingRelated
Improvements in Social Communication, Cognitive, and Behavioral

Affective Performance

In the CM group, children who had less repetitive behaviors (i.e., lower
SRSRRB T scores) had greater improvements in prosocial behaviors (i.e., more
objectscleaned up(p < 0.05, |r|= 0.740; Tablé4). Forthe SP group, children
with pooradaptive functioga(i.e., lower VABS communication standard scores)
had greater improvements in social verbalization skills (i.e., more socially
directed verbalization during training sessiqmnk(0.05, |r| =0.553; Tabler 4;

Figure 7.5A. Moreover, ciidren who had lower social responsiveness (i.e.,
greater SRSCI and SRSRRB T-scores) had greater increase in positive affect
during a late, compared to an early training ses§®® (0.05; |r| = 0.720 and

0.783; Tabler 4; Figure 7.5B &Q.
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Table7.4 Correlationsbetween VABS, SRS, antdainingrelatedimprovements

in social communicationcognitive, ancbehavioralaffective

performance

CM group SP group
VABS | VABS | VABS | SRS SRS VAB | VABS | VABS | SRS SRS
Com Social | Daily | SCI RRB S Social | Daily | SCI RRB

Ccom

Prosocial Behavior

Object 0.166 | 0.165 | -0.026 | -0.494 | -0.740* | 0.030| 0.091 | -0.043 | 0.098 | 0.152
cleaned up

#)

Socially Directed Verbalization

Social 0.281 | 0.268 | 0.358 | -0.226 | 0.056 -
verbalizati 0.553
on (sec) i

-0.423 | -0.370 | -0.131 | -0.265

Spontaneo| 0.435 | 0.390 | 0.469 | -0.272 | -0.462 | -
us 0.116
verbalizati
on (%)

-0.164 | -0.181 | -0.266 | -0.179

Inhibitory Control -Flanker

Reaction | -0.467 | -0.506 | -0.482 | 0.370 | 0.577 -
Time, 0.553
CON (ms)

-0.155 | -0.023 | -0.120 | 0.091

Reaction | -0.321 | -0.361 | -0.386 | 0.382 | 0.626 0.312| 0.295 | 0.148 | -0.494 | -0.278
Time, In

(ms)

Affect
Positive 0.008 | 0.003 | 0.020 | -0.515 | -0.505 | - 0.025 | 0.217 | 0.720 | 0.783
affect (%) 0.016 [© i

VABS Com = the standard score of the VABS Communication subscale; VABS
social = the standard score of the VABS Socialization subscale; VABS Dally =
the standard score of the Daily Living subscale; &%$ = the T scores of the
social communication and imection; SRSRRB = the T scores of restricted,
repetitive patterns of behaviors.
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verbalization (A), and positive affect (B&@) the SP group

7.4 Discussion

Children with ASD hge primary and secondary impairments in social,
cognitive, and behavioralffective performance that could be addressed through
CM interventiors. The current RCTomparedhe effects of CM and SP
interventions on the social, cognitive, and behawaffddive performance in
children with ASD. Children in the CM group showethrgesizedimprovement
in prosocial behaviorg mediumsizedimprovementm socially directed
verbalizationa mediumto-largesized improvement imhibitory control,anda
smaltto-mediumsizedimprovemenin positive affect after the intervention,
while children in the SP group diebt showsmall (effect size < 0.3) and not
significantimprovements in these dwins. 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 verbalizatdrehavioral
affective performance. In short, our findings suggest that CM interventiors ha
promising cascading effects on social, cognitive, and behaatieadtive

performance in children with ASD.

7.4.1 The Effects of CM Interventions on Social Péormance

Children with ASD showed increased prosocial behaviors and socially directed
verbalization aftereceiving theCM intervention. It has been suggested that
interpersonal synchrony had positive effects on social bonding and prosocial
behaviors. A mataanalysis of 42 studies showed a small to meesurad effect
of interpersonal synchrony on social bonding, and a medined effect on
prosocial behaviors (Mogan et al., 2017). For example, infants showed more
helping behaviors after bouncing synchyasly than asynchronously with a
social partner (Cirelli et al., 2014). Children also showed higher bonaiegand
demonstragd more prosocial behaviors toward their partner after synchronous
based peer play (Tunggeng and Cohen, 2016 a&b). It is prestukat
interpersonal synchrony might create a sense of similarity between self and social
partnes, which encourages empathy and group affiliation that fegt@social
behaviors (Cirelli, 2018; Valdesolo and Desteno, 2011). During the CM
interventionwe encouraged interpersonal synchrony and imitgtrantice
through music, dancing, and joint actions whichyfacilitate social bonding and

prosocial behaviors in children with ASD.
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As for the social communication skills, we found increased socialgctiid
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, ad yoga interventions (Srinivasan et al., 2016; Kaur et al., 2021;
Geretsegger et al., 2014). A recent reatalysis conducted by our own research
group also suggested smaitlarge sized improvements in social communication
skills after CM interventionse(g., music andhartial ars therapies; Amonkar et
al., 2021). It is said that music and language stamgarablestructurege.g.,
both hierarchically arranged and contagicomplex acoustic information) and
similar neural networks are involved to procbsethmusical and linguistic
information (Srinivasan et al., 2013; Meyer et al., 2002; Wan et al., 2010). The
similarity between language and musical experience might aliew teansfer
betweerlearned music and communication skills (Tallal and Gaab, 2006).
Moreover, music and movement activities naturally encourage spontaneous
verbalization to share information and enjoyment with social par{8einivasan
et al., 2013, 209). In fact, there wsmore 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 nued and other creative movement interventions

to promot social communication skills in children with ASD.
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7.4.2 The Effects of CM Intervention on Cognitive Performance

Similar to theimprovements seen in the social communication domain, we
also foundpositive changes in executive functioning skitastereaction time
during the Flanker task amdductions irmovement latency/overflow during the
Move and Freeze game indicated improvemenmnthibitory control in children
with ASD after QM 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). Isigggestediat physical
activities/aerobic exercises induce changes in cerebral metabolism, increased
blood flow, and release of neurotransmitt@nsineurotrophic factors (e.g.,
norepinephrine and dopamine), leading to changes in cortical arousal which i
turn incrase 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 elecbencephalogram everglated potentials in children with
developmental disabilities after movemeelatedinterventions physical
activities (e.g., increased P3 and N2 amplitudes and decreased P3 and N2
latencies; Su et al., 2022). In the current CMriveation, weemphasized
coordinatedwhole-body movements (e.g., holding yoga poses or dancing with
music) andaerobicphysical activities (e.g., practicing different locomotor skills
during Moving game) that might help improve inhibitory controthildren with

ASD.
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7.4.3 The Effects of CM Intervention on BehavioratAffective

Performance

Lastly, the current CM interventiavutcomes show significant increase of
positiveand interestedffect and alght decrease of problem behavidrased
behavigal coding and parent reports. Previous intervention studies also suggested
positive effects of creative movement interventions/physical activities on
behavioralaffective 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\ietal regulation (Basso and
Suzuki, 2017). Moreover, the fAcreativeo
additional benefits on affettehavioral performance. For example, Yoga and
other mindfulness interventismvere effective in regulating the sympaihet
nervous system and hypothalarpituitary-adrenal system, leading to better
emotional regulation (Pascoe and Bauer, 2015; Sun et al., 2021). In the current
study, children showed positiand interestedffect for more than 90% of the
early CM sessiongnd the duration of positive affect continued to increasieein
late training session3 hissuggestthat CM interventioaarean enjoyable and
effective method to encourage physical activity and imgemaotional and

behavioral regulatiom children with ASD
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7.44  Effect Sizes for CM and SP Interventions

We usedhreemethods teestimate the effect sizésr the cascadingfects
of CM and SP interventiaincluding the +value(: r 7z =thé ZAshbres
from the Wilcoxon SignedRank and the MankVhitney U analyses; N = sample
size), the % of children showing improvements, as well a®thef children
showing improvements greater than the Minimum Clinically Important
Differences MCI = 0.2 x pooled baselindandard deviatigrLemieux et al.,
2007) Fomprosocial behaviors, children the CM group showedlargesized
improvement (r = 0.80{0.0% of childrenshowed somenprovemens or
improvemens greater thatMClI) while children in the SP group showed small
sized improvemest(r = 0.05;40.0% of children showd soma@mprovement or
improvemens greater thaMCl). Although a high percentage of children in both
groups showed increased socially directed verbalization after interver#oant (
children showing improvementM = 66.7, SP = 73.3ercentof children
showing mprovement > MCIl: 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 controtluring the incongruent conditipahildren in the
CM group showed largsizedreductionsn reactiontime duringthe Flanker task
(r=0.79), with 87.5% of childreshowing some improvemeahd75% of the
children showing improvementgeater thamcCl value In contrast, children in
the SP group showed smalkzedreductiondn reaction time (r = 0.36), witimore
81.8% of children showing some improvement andre tham5.5% of the

children showing improvemenggeater thatMCl value Lastly, for the positie
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and interestedffect, children in the CM group showed larger eB¢CiM: r =

0.55; SP: r 0.15, andmorechildren showed somamprovements (CM: 66.7%;
SP = 40.0%) and improvemenmgreater thatMCl (CM: 46.7%; SP = 40.0%).
Overall,although some chilén in the SP group showed improvements in social
communication, cognitive, and behavieadiective performance, the effect sizes

are greater in the CM compared to the SP group.

7.45 Limitation sand Future Directions

The current manuscripéported 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 futuresilveompare the
behavioral and neural effects between the creatidgganeral movement
interventions to peel apart the effects induced bytéative 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 vayiabili
intervention outcome®A| t hough we found correlations be
of functioning and trainingelated improvements (i.e., children with fewer
repetitive behaviors had greater prosocial improvements; and children with lower
adaptive fungbning and social responsiveness had greater social communication
and behaviorahffective improvements) heresultssuggestntervention
responsgvary in differentsubgroups of childrerwithout implying any causation.
Future studies that include a largsample 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
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relationships between the trainimgduced improvemestin pereptuanotor and
other developmental domains (e.g., social communication, cograind
behavioralaffective) should be explored to understand the mechanisms

underlying the multisystem effects of CM intervention.

7.46  Clinical Implications

The current study supports the cascading positive effects of amudgl,
play-based CM intervention on social, cognitive, and behavalffattive
performance in children with ASD. Children who need less support might
improve theirprosocidbehaviors and inhibitory control, whereas children who
need more support migmhprovesocial verbalization and behavioafective
performance. Parents and healthcare providers should consider adding creative
movemenexperiences within the daily repeire 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) isheghly 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, 23}, as well as comorbidities in socially embedded
movements, such as imitation and interpersonal synchrony (IPS; Edwards, 2014;
Kaur, 2018). Previous studiesveaassociated ASBelated difficulties in
imitation and IPS with atypical activation over thesBtvation 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 childrenSu et al., 2021b). Over the past decade, thasebeen an
increasan theuse ofnovel, wholebody creative movement therapies (e.g., yoga,
music, dance, martial gjtin addressing multisystem disordefchildren with
ASD (Amonkar et al., 2021). Althgi creative movement therapies have positive

effects on the social, cognitive, motor, and socially embedded motor skills (i.e.,
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praxis and IPSyf children with ASD (Amonkar et al., 2021; Kaur et al., 2018,
2019, 2021; Srinivasan et al., 2015, 2016a & 2)1the keyingrediens of these
interventions and the neural mechanisms underlyitegventionrelated
improvements are not well understood. Moreover, whether and how neural
activity could be used as an intervention response megsuears 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 performaincialdren

with ASD by comparing a synchrofbased Creative Movement (CM)

intervention, to that of a General Movement (GM) and a standard of care,
Sedentary Play (SP) intervention. Specificallye used functional Nednfrared
Spectroscopy (fNIRS) to record the cortical activation before and after each type
of intervention Please note tha this chapterwe discuss a second comparison
intervention GM interventionthat has not been discuddeefore 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 symecony 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 ASErelated difficulties in IPS mighterootedi n chi |l dr ends mot ol

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 incoordinatjpmprmotor planning, and
impaired anticipatory/reactive control of movements that might undermine their
ability to performcoordinatednovements with another individual (Bhat et al.,
2011; Chen et al., 2019; Kaur et al., 2018). In factatiipical movemenguality
(i.e., slower ad increased movement variability) in children with ASD during
solo rhythmic movements was correlated with their IPS performance, suggesting
thatmotor coordinations important for IPS (Fitzpatrick et al., 2017). Besides
motor coordinatiorchildren with ASD have reduced attention toward social
stimuli andpoor biological motion perception (Federici et al., 2020; Frazier et al.,
2017) In addition, theyften show more IPS difficulties during tasks that
involvedgreatersocial interactions. Faxample, they show IPS performance
comparable to that of Typically developing (TD) children when synchronizing
their movements with a computer avatar (Koehne et al., 2ba6impaired
performance when synchronizing with a human being (Zdpaitaeca etla

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 loweoherence) 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 (ShamayTsoory et al., 2019). Cliren with ASDare known to have

impaired executive functiang (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 andttier,galan

oneds actions, shift oneds attention to cr
inhibit irrelevant movement s Tdgethermat ch up w
these underlying perceptumotor, 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 mowEctive when one observes, executes, and

imitates/synchronizes their movements with the others (Caspers et al., 2010;

lacoboni, 2005; Molenberghs et al., 2009). The IFG and IPL interact with each

other to match observed ans(Ocamposetalw,i th oneods
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 geditected than nogoal directed movenms

(JohnsorFrey 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 simportant for establling visuomotor correspondence as it is more

active when one monitors and matches their
in a predictive or reactive manner (Molenberghs et al., 2010). Besides OEMS, the

prefrontal regions (including middle frontalrgyg (MFG)) are important for IPS
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behaviorsThe prefrontal regions, including MFG, are important for executive
functions such as motor planning, working memory, cognitive shifting, and
inhibitiond a set of skills that are important during IPS (Del Casat €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
& FabbriDestro, 2010; Yang & Hofmann, 2018).comprehensive metanalysis
of fMRI studies suggesB8SD-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 increase@d#\ation 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 fabeaw
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 OEMSthrdack ofsocially
enhanced amtation might indicate that children with ASmay utilize different
neural networks during imitation and have difficulties perceiving/integrating

social information. In the current study, examinedhe trainingrelated
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differences in socially enhancedigation faceto-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 interventioggort improvements in
variousmultisystemskills of children with ASD (Amonkar et al., 2021). For
example, our research group found trairiatated improvements in joint
attention, social communication/attention, gross motor performance, and
imitation/praxis skills in children with ASD after yoga and music/rhythased
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, theatand martial art), we found smdb-largesized
improvements in the social communication after music and martial arts therapies,
and mediurtto-large improvements in motor and cognitive domains after yoga
and martial arts training (Amonkar et al., 2021)spiee theepromising results,
theafore-mentioned creative movement interventions had a wide range of
targeted skills and varied thetypeof interventionanddelively strategiesWe
do not knowwhich key ingredients, for examplereativitythrough usef
musical/rhythrabased activitiesnterpersonal synchrony, or gresstor
activitiescontribute to the behavioral improvements.better distinguish the
effects of creativity and IPS from gres®tor activities we have included a

movement comparison gup 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 veempared the effects afsynchronybased Creative
Movement (CM) intervention, to that oha&xercisebased General Movement

(GM) interventionandalso includeda standard of care, Sedentary Play (SP)

intervention.

8.1.5 Neural Effects of Movement Interventions

Compared to the behavioral findingmovement interventionshere is
scarce evidencen the neural effects of creative movement therapies. Several
fMRI studies found trainingelated changes in restistate neural activity in
regions important for social communication skills in children with ASD (Yang et
al., 2018; Sharda et al., 2021). Sfieally, Yang et al. (2018) found increased
connectivity between the left inferior frontal gyrus and the right cerebellum after
12 weeks of minbasketball training, while Sharda et al. (2021) found reduced
restingstate fMRI oveiconnectivity over the alitory and visual regions and
underconnectivity 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 arousaband
efficient executive functioning processes in individuals with developmental
disabilities after movemenelated interventions (Su et al., 2022). Despite the
indirect evidence from fMRI restingtate connectivity and EEG executive
functioning studieshere are no studig¢sat have examinechangesn cortical
activation during IPS tasKsllowing movemeninterventionsThe currenpilot

RCT will examinethe behavioral and neural effects of CM, GM, and SP
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interventions in children with ASD during a dnming 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 betweeb and15 years(mean age * SE:
8.68 = 1.65; 21 Males and 3 Femalpaijticipated in this studyarticipants were
recruited through online announcements, phone calls, and fliers distributed to
local schoad, ASD services, and advocacy groups, as well as Simons Powering
Autism Research (SPARK) participargsearch matching service. SPARK
informs families in their database about research studies in the nearby area

(https://www.sfari.org/resource/sparkBefore participation, we interviewed 24

potential participants to obtain their demographic information including age, sex,
ethnicity, as well as to confirm theingibility for participation Figure 81).

Children were included if they held a professionally confirmed ASD diagnosis
supported by schoolrecord (e.g., school psychologist record confirming an

ASD diagnosis) and/or an Individualized Education Plan (fePASD-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 IntervievRevised (ADIR) measuredn addition, we used the
Social Communication Questionnaire (SCQ) to screen for ASD symptoms (Rutter

et al., 2003)Themajority of the children with ASdlsomet the criteria for a

261


https://www.sfari.org/resource/spark/

social communication delag{2 points) confirming the presence of a social
communication delay (T&8.1). Of the 24 children originally included in the
study, 2 children have been excluded due to lack of postteqiNiata).
Therefore, data from 22 children with ASD was included inghigly. The
participants werenatched orage,sex and level of functioning before being
randomly assigned tiiethree intervention group€reative Movement (CM; n =
8), General Movement (GM; n = 7), and Sedentary Play groups (SP; herg.
were no significant differences in age aekbetween althree groups (Table

8.1).

Parents of all participating children were asked to complete the Vineland
Adaptive Behavioral Scaleznd edition (VABS; Sparrow et al., 2005), and the
Social Responsive Scale questionnaire (SRS; Constantino et al., 200@st ass
the childés soci al c o m81iy Na other diffe@ncesme r f or man
VABS and SRS were found between groups. Written informed consent was
obtained from parents and written/verbal assent was received from participants
before study particigion. 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 #5397365). Written parental and
experimenter permission/consent to use their pictures for this publication has been
taken(parenal consent and child assent forms (including the reader and

nonreader versiongye listedn AppendcesE.1 to E.3.
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Table 8.1 Demographic information and the results of social communication
GM, and SPgroups. Means and standard errors (SE)

guestionnaires irCM,
provided.

Characteristics CM group (n=8) | GMgroup (h=7) | SP group (n=7)
Meanz SE Meanz SE Meanx SE
Age 9.50+ 0.96 8.42+ 0.95 8.56+ 0.94
Sex 6M, 2F 7M 8M, 1F
Race/Ethnicity 6C, 2Mixed 3C, 3A, 1AA 5C, 2 AA
Delivery Method 5F2F, 3TH 3F2F, 4TH 4F2F,3TH
SCQ 17.25+ 2.18 12.57+ 1.66 12.29+ 1.19
VABS-II (SS) 70.25+ 3.59 77.43% 3.45 75.89+ 4.04
Communication (%) 73.50 + 3.70 81.71+4.77 82.00 + 6.00
Socialization (%) 70.25+ 3.59 80.14 + 2.87 69.11 + 6.55
SRS (T scores) 77.88+ 4.25 68.14+ 2.84 73.11+ 2.05
SCI (T scores) 74.50 £ 4.02 67.14 £ 252 70.78 £ 2.98
RRB (T scores) 79.63 £ 3.17 68.86 + 4.79 72.00 £ 3.54

VABS-II = Vineland Adaptive Behavior Scale" 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 Americdhindicates significantlifferences
between children in the CM compared to the SP grpup @.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 (Figugel). Each child received a total of 16
training sessions (690 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 MovementM@ncluding obstacle courses and
strengthening/stretching activities to target their gross motor performance), and
Sedentary Play (SP, including reading aneteatfts to target their social
communication skills and fine motor performance). The GM angr8&ps were

designed to control for gross mofmerformanceand social communication
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performanceespectively Additionally, key ingredients of creativity (use of
musical rhythms and IPS) were not included in the comparison interverftioans.
current stugl was conducted between 2019 and 2022, in the midst of the GOVID
19 pandemic. Due to ttenstraits onfaceto-face (F2F) interaction, we used a
hybrid interventionmodel (Bhat et al., 2021b; Srinivasan et al., 2021; Su et al.,
2021c) Participaing families were allowed to choose betwearFaF or a
Telehealth(TH) training delivery method (12 of the childreampleted=2F and

10 completeTH interventiors, there were no significant differenceslire

delivery method between grougs> 0.05 Table8.1).

Recruitment
{
Screening interview (n = 24)
!
fNIRS Pre-tests (n = 24) —*
!

Age, gender, level of functioning matched

Excluded
* Not compliant (n = 2)

Randomization

Creative Movement General Movement Sedentary Play
(CM) group (n = 8) (GM) group (n=7) (Sl? group (n=7)
|

Intervention according to the grouping
2 sessions/week, 8 weeks

! I ]

fNIRS Post-tests

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 sessowes8 weeks (2
sessions per week). Each training session lasted abbmur and 15 min.
(Averagenumber of session€M: 15.1+ 0.1,GM: 15.7+ 0.4,SP: 15.4 0.2
Average training time: CM: 788 3.6 GM: 78.1+ 7.3 SP: 74.2 5.7). The
training sessionwere video recordefbr later coding For all three groups ABA,
PECS, TEACCH, and motor learning principles were used to provide structure,
reinforcement as well as time fi@ely explore and practice. More specifically, we
provided visual, verbal, manuatompts, positive reinforcement throughout the
training periogdand encouragkchild-choice to choose from a set of actions or
improvise. A picture board was shown to explain the task schedule/Bod¢he
CM group key ingredientdncluded interpersonasynchrony and muHiimb,
whole-body movements performed to mydtorthe GM groupkey ingredients
includedmoderate physical activities requiring flexibility, strength, and endurance
conducted in a turtaking manner (first adult then child and viegrsa). Lastly,
the SP groupised key ingredients oéading and fine motor activitiggerformed

in a small group including fireotor imitation

8.2.3.1 Creative Movement Group

The children in this group receivegynchronybased intervention across
different contextsuch as th€A) Hello game: greet the child, sing the hello song
and move together; (B) Action game: gestiareusic and/or pair up and play
hand games ; (C) Warp: stretch, breath, move acrosstdline to warm up

the body; (D) Music game: play a variety of percussion instruments (drums,
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tambourines, etc.) together in a synclmasmannerusing ipsilateral and
contralateral movementéE) Moving game: whole body rhythmic actions using
dance actitties involving upper and lower extremities; (F) Yopgeacticeyoga

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 activitie singafarewell song, and say goodbye (Fig8r8).
These training activities focus on synchrdmgsed actions promoted usiearly
childhood education activities involving music, dance, and yoaged activities

(Please see details in the previous thig@able 6.3).

A. Hello Game B. Action Game . D. Music Game

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 fopublication 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) Warnup: dynamic stretches to improve flexibility and to warm up the
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body; C) Uppedimb strength: using supplies or bodyweight to facilitate strength
and coordination of the upper limbs; D) Lowinb strength: using supplies or
bodyweight to facilitate stretiyand coordinatiom 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 b@aly.

Breathing: Breathing and relaxing; (H) FarelvBleflect on favorite exercises,

say goodbye to each other, and clean up the materials used @Rufiehese

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), Uppelimb Strength (C), Lowelimb
Strength (D), Speed up (E), Cool down (F), Breathing (G), Farewell
(H). Written permission for publication of participant pies 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) Warop: use fine motor activities.€., pegboarding, 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-aadkorth conversation; (D)
Building: Build LEGO or Playdoh creations based on instruction gastyE)

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; (FCkéft: Make art
crafts that involve fine motor skills such as coloring, cutting, gluing, folditay,

(G) Free Art: the child was encouraged to make any art creation or add on the
artwork they made in the Art Craft conditidil) Farewell: Reflect on favorite
activities, say goodbye to each other, and clean up the materials used §Hgure
These taining 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 (CBuilding (D), Free Build (E),
Art Craft (F), Free Art (G), Farewell (H). Written permission for
publication of participant pictures has been taken.
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