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Abstract Impairments in social interaction and commu-
nication are critical features of ASD but the underlying
processes are poorly understood. An under-explored area
is the social motor synchronization that happens when we
coordinate our bodies with others. Here, we explored the
relationships between dynamical measures of social motor
synchronization and assessments of ASD traits. We found
(a) spontaneous social motor synchronization was associ-
ated with responding to joint attention, cooperation, and
theory of mind while intentional social motor synchro-
nization was associated with initiating joint attention and
theory of mind; and (b) social motor synchronization was
associated with ASD severity but not fully explained by
motor problems. Findings suggest that objective measures
of social motor synchronization may provide insights into
understanding ASD traits.
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Introduction

Impairments in social interaction and communication are
critical features of autism spectrum disorder (ASD). These
impairments negatively affect typical social-cognitive
development in multiple settings and are associated with
poor clinical outcomes (American Psychiatric Association
2013; Howlin et al. 2004). One noteworthy characteristic of
most social interactions is the coordination that occurs in
turn-taking and jointly created actions. For example, neo-
nates have been found to coordinate their body movements
to human speech almost immediately after birth (Condon
and Sander 1974a, b), 4- and 9-month-olds coordinate their
gaze and vocalizations based on when mothers start or stop
talking (Feldstein et al. 1993; Jasnow and Feldstein 1986),
the footsteps of two people walking together often become
synchronized (Zivotofsky and Hausdorff 2007), and bodily
activity is synchronized during conversation (Schmidt et al.
2014). Such interpersonal synchronization remains an over-
looked dimension of non-facial social communication in
ASD research.

In its broadest sense, interpersonal synchronization
refers to a variety of social communication activities and
constructs such as joint attention, imitation, turn-taking,
non-verbal social communicative exchanges, affect sharing
and engagement (Charman 2011) and involves synchroni-
zation in both time and content (Delaherche et al. 2012;
Kinsbourne and Helt 2011). Importantly, interpersonal
synchronization can arise either intentionally when there is
an explicit social goal or spontaneously without conscious
awareness when there is not an explicit goal. Social motor
synchronization is a specific sub-type of interpersonal syn-
chrony that focuses exclusively on non-verbal social com-
municative exchanges that involves the synchronization of
the bodies of two people engaged in a social interaction.
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Interpersonal synchrony has been found to play impor-
tant roles in social development. For example, the type
of interactional synchrony Condon and Sander (1974a, b)
found in mother—infant interactions has been proposed to
be important not only for language learning but also for
the development of social relations and intersubjectiv-
ity. More recent researchers (Feldman 2007; Jaffe et al.
2001; Trevarthen and Delafield-Butt 2013) have argued
that movement abnormalities may have numerous con-
sequences for cognitive and emotional development.
Other research has shown that bodily coordination influ-
ences infant and toddler’s social perceptions. For exam-
ple, although 9-month old infants had not yet developed
the social preference for synchronously moving objects,
by 12-months infants demonstrate a preference for social
stimuli that moved synchronously with them (Tunggeng
et al. 2015). Toddlers have been found to prefer to play
with or help adults who have mimicked their actions
(Carpenter et al. 2013; Fawcett and Liszkowski 2012).
In adults, research has shown that synchronizing one’s
body with another person results in increases in inter-
personal responsiveness, social rapport and other-direct-
edness (Bernieri et al. 1994; Lakin and Chartrand 2003),
positive self-other relations (Miles et al. 2009; Seger and
Smith 2009), cooperation (Reddish et al. 2014, 2013;
Valdesolo et al. 2010; Wiltermuth and Heath 2009), and
verbal communication and comprehension (Semin 2007,
Shockley et al. 2009).

Conversely, research also suggests interpersonal syn-
chrony breaks down in social pathology. For example,
lower levels of synchronization are associated with marital
dissatisfaction (Julien et al. 2000), as well as psychological
disorders such as schizophrenia (Varlet et al. 2012; Ram-
seyer and Tschachter 2011) and borderline personality dis-
order (Gratier and Apter-Danon 2009). Synchronization of
speech and gesture is also disrupted in ASD (de Marchena
and FEigsti 2010), as is the timing of facial mimicry (Ober-
man et al. 2009). In addition, Landa et al. (2011) found
that an interpersonal synchrony intervention that created
many opportunities for practicing initiating and respond-
ing to joint attention and sharing positive affect resulted in
improvements in imitation but not joint attention or shared
positive affect.

Some preliminary evidence also indicates that individu-
als with ASD may have social motor synchronization dif-
ficulties. For example, Fitzpatrick et al. (2013) and Fitzpat-
rick et al. (under review) found that school-age children
with ASD had lower social motor synchronization abilities
than controls, and Marsh et al. (2013) found that preschool-
ers with ASD were less able to exhibit spontaneous social
rocking than controls. Similarly, Fitzpatrick et al. (2016)
found that adolescents with ASD performed worse on
social motor synchronization tasks than controls.

Given the importance of social bodily coordination,
one might argue that the ability to successfully engage in
social motor synchronization is important for understand-
ing the processes underlying the social deficits evident in
ASD. An early dysfunction in the ability for social motor
synchronization could lead to difficulties in building social
and emotional bonds with caregivers, learning language,
understanding and responding to social cues, and develop-
ing joint attention. Joint attention is a set of behaviors that
allow for a person to gain, follow, and share in the atten-
tion of another person. Typically, joint attention begins to
develop around 9 months of age and continues developing
into the child’s second year of life (Mundy 2009; Mundy
and Newell 2007; Tomasello 1999). In addition, joint atten-
tion has been correlated with individual differences in the
development of social competence later in life (Vaughan
Van Hecke et al. 2007). One theory of autism proposes that
impaired development of joint attention is a critical feature
of the disorder (e.g., Mundy et al. 1990) and deficiencies
in joint attention hinder the development of social skills
and language ability. In contrast, Leekam et al. (1997) have
suggested that poor joint attention skills may be due to dif-
ficulties making self-generated, spontaneous responses
rather than a lack of joint attention skill. As a consequence,
they have attributed joint attention problems to a lack of
social motivation.

However, perhaps a disruption in social motor synchro-
nization ability during the neonatal period is a critical defi-
cit, disrupting the development of joint attention during the
second half of infancy. Tunggeng et al. (2015) have found
that synchrony begins to guide social preferences at around
12 months. A neonatal deficit in social motor synchroni-
zation might disrupt the development of this ability. This
early social motor synchronization deficit could, in turn,
have cascading consequences for difficulties in developing
other social cognitive functions, like theory of mind (ToM)
and cooperation. Theory of mind is defined as the ability to
understand the thoughts and beliefs of others and develops
between the second and fourth year of life. Whereas verbal
theory of mind tasks suggest that theory of mind develops
after 4-years-of age (e.g., Wellman et al. 2001), non-verbal
theory of mind tasks and tasks that demonstrate emulation
of unfulfilled goals suggest that theory of mind begins to
emerge much earlier (Carpenter et al. 2001, 2002; Melt-
zoff 1995; Onishi and Baillargeon 2005; Woodward 1998).
Warneken et al. (2006) also suggest that ToM emerges
before 4-years as their research found that typically devel-
oping children between 18 and 24 months successfully
completed complex cooperation tasks that require under-
standing the goal of another, sharing the goal, and coordi-
nating actions.

One prominent theory of autism proposes that a defin-
ing feature of ASD is a deficit in theory of mind skills
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(Baron-Cohen et al. 1985; Happé 1993). According to this
theory, an inability to understand the perspectives and emo-
tions of other people underlies the social interaction prob-
lems evident in autism (Peterson and Siegal 2000). Some
researchers are exploring whether performance on ToM
tasks may be a consequence of other processes, such as
neuromotor impairments (Dowd et al. 2010; Gernsbacher
et al. 2008). In contrast, there is growing evidence ques-
tioning whether there is a lack of ToM since contextual
factors related to ToM tasks affect performance and many
children with ASD perform as well if not better than their
typically-developing counterparts. Alternatively, the find-
ing that children with ASD had poorer social competence
on complex cooperation tasks (Colombi et al. 2009; Liebal
et al. 2008) raises questions about whether the nature of the
ToM deficits are a result of an inability to share goals or
coordinate complex action sequences. Again, however, one
could argue that specific impairments in social motor syn-
chrony could also be an underlying mechanism influencing
the development of ToM.

A social motor synchrony model of autism might also
provide a framework for understanding the incredible
heterogeneity evident in the disorder. If the mechanisms
responsible for basic social motor synchronization become
damaged at different points in development that would have
different consequences for the types of behavioral disrup-
tions that would ensue. For example, an infant born with
a dysfunction in social motor synchronization would be
expected to have more profound problems—the inability
to develop language, joint attention, and theory of mind.
In contrast, if the mechanisms underlying social motor
synchronization become damaged after the age of two, the
behavioral symptomology could be very different—the
child could have started to develop language, joint atten-
tion, and theory of mind.

However, other researchers have argued that the criti-
cal deficit in ASD may lie in a general attention process-
ing impairment that leads to disruptions in social interac-
tions of those with ASD (Hayes 1987; O’Riordan et al.
2001). For example, the “sticky attention” hypothesis
claims that individuals with autism have trouble switch-
ing their attention from objects because their attention
gets “stuck” on the objects (Landry and Bryson 2004).
Other research contends that the fundamental problem
lies with an inability of social stimuli to capture atten-
tion (Chawarska et al. 2010). The claim is that the prob-
lem is a fundamentally social one, rather than a problem
with attention (e.g., Fischer et al. 2014; Klin et al. 2003;
Schultz 2005). Certainly, attention would appear to play a
role in social motor synchrony. The ability to attend to the
rhythms of another person is important for being able to
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produce the rhythm oneself and combine sensory infor-
mation and motor production (Phillips-Silver et al. 2010).
In fact, spontaneous synchronization with both social and
non-social thythmic stimuli appears to be determined by
the amount of information picked up and attended to by a
person (Varlet et al. 2015).

Given the importance of social motor synchrony for
developing, initiating, and maintaining social connec-
tions, understanding its relationship to ASD traits is well
warranted. The research reported here is designed to
explore how social motor synchronization is related to
ASD traits. We are extending the work of (a) Fitzpatrick
et al. (2013) preliminary findings that children with ASD
had difficulty performing social motor synchronizing
tasks and (b) Fitzpatrick et al. (under review) who found
that social motor synchronization differentiated chil-
dren with and without ASD such that children with ASD
exhibited weaker and less stable patterns of social motor
synchronization that were not fully explained by poor
motor skill. Rather than examining group differences, our
focus is on evaluating social synchronization relation-
ships across the full range of social and communicative
abilities. This is important because ASD is considered
to be a spectrum disorder due to the wide variation in
the way it affects individuals, with the level of disabil-
ity and the combination of problems varying greatly from
individual to individual. In addition, given the work of
Baron-Cohen et al. (2001), we know that autistic traits
can be found in typically developing populations.

Our approach involves relying on the tools of behav-
ioral dynamics, which provides researchers with method-
ologies and techniques that enable a fine-grained analy-
sis of an individual’s movements as they unfold in time.
These techniques result in dynamical measures that can
be used to identify the patterning and strength of coor-
dinative processes. In addition, the degree to which the
movement variability (i.e., statistical noise) inherent
in a coordinative process is stochastic or deterministic
(i.e., random versus that produced by chaotic dynamics)
can also be determined (Richardson et al. 2007, 2008a,
b, 2014; Thiel et al. 2002). Such innovative techniques
provide a new way to understand the complex, inter-
active and time-dependent emergent nature of social
interactions.

Here, we explored the relationships between dynamical
measures of social motor synchronization and motor con-
trol ability (reported in Fitzpatrick et al., under review)
and clinical and social cognitive assessments of autistic
traits. We implemented the multi-method research meth-
odology piloted by Fitzpatrick et al. (2013) with a larger
and more diverse sample and added clinical assessments
to the experimental protocol.
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Method
Participants

A total of 103 children, 50 with a diagnosis of ASD and
53 controls, participated. Five of the children in the ASD
group were classified as non-spectrum and were elimi-
nated from the analysis, resulting in a final sample of 98
children (mean age of ASD group 103.8 months, range
72-129 months; mean age of controls 99.70 months, range
75-131). There were 76 white, 14 African-American, 6
multi-racial, and 2 Asian participants. The gender, ethnic-
ity, and age distributions of the participants are found in
Table 1.

All parents of participants gave informed, written con-
sent for their children to take part in the study, and releases
were also obtained for the video recordings. A waiver of
written assent was granted for this study because many of
the children were too young to fully understand the assent
process. Participants received a $100 gift certificate for
participating in the study. The project was approved by the
Cincinnati Children’s Hospital Medical Center’s (CCHMC)
Institutional Review Board and participants were recruited
from CCHMC and local communities through print adver-
tising, a recruitment brochure, email, social media, and
community events.

Male and female participants were eligible for the study
if they were between the ages of 6 years, 0 months and
10 years, 11 months and had previously been diagnosed
with ASD or were typically developing children with no
developmental disorders or clinical diagnoses (non-ASD).
They had to be able to speak in at least short phrases to
ensure they understand task demands. All participants had
a nonverbal mental age of at least 24 months. Nonverbal
mental age was calculated from the age equivalent scores
of the Differential Abilities Scales, 2nd Edition (DAS-II,

calculations explained below). Males and females of all
races/ethnicities were eligible for participation.

The tasks in this study required the ability to use words
to communicate and complete simple motor tasks for
5-10 min while seated at a table. The following exclusion
criteria were applied to ensure standardized testing pro-
cedures. Children who could not complete simple motor
tasks due to limited language abilities, deafness, blindness,
serious motor impairment (e.g., severe cerebral palsy), or
nonverbal mental age below 24 months were excluded.
Participants were also excluded if they are unable to walk
independently, or if they had any other medical condition
that precluded the valid administration of the study meas-
ures. Information regarding disorders and medical condi-
tions was obtained during the parent pre-screening inter-
view. Children who had a genetic disorder (e.g. Fragile X,
Down syndrome) were excluded. Children with non-ASD
developmental disorders (e.g., intellectual disability, recep-
tive—expressive language disorder) or clinical diagnoses
(e.g., Attention Deficit Hyperactivity Disorder, anxiety,
learning disorder) were excluded from the study. Children
whose caregivers were not familiar with their early devel-
opmental history (e.g., foster children) were excluded
because the study measures rely on the caregiver to report
about both the child’s current and past behaviors and symp-
toms. Participants for whom English was not a primary
spoken language were also excluded.

The participants with ASD had previously been diag-
nosed by a licensed clinical psychologist or medical doc-
tor based on DSM-IV_TR criteria (American Psychiatric
Association 2000) and diagnosis was confirmed using the
Autism Diagnostic Observation Schedule, Second Edi-
tion (ADOS-2, Lord et al. 2012). The ADOS-2 is a semi-
structured, standardized assessment of communication,
social interaction, and play for individuals who have been
referred because of possible autism. Five participants were

T.abl.e 1 .Age and gend@r. Gender Age (in years)
distributions of the participants
Male Female 6 7 8 9 10
ASD 39 6 8 8 8 11 10
Ethnicity
White 34 4 8 7 5 9 9
African American 3 1 0 1 0 2 1
Multi-racial 0 0 0 2 0 0
Asian 1 0 0 1 0 0
Control 40 13 13 11 10 10 9
Ethnicity
White 28 10 9 8 8 5 8
African American 8 2 3 2 1 3 1
Multi-racial 0 1 1 2 0
Asian 0 1 0 0 0 0
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administered Module 2 and 40 were administered Mod-
ule 3. The mean ADOS social affect (SA), restricted and
repetitive behavior (RRB) and comparison scores for the
ASD group are reported in Table 2. There were technical
difficulties with two participants (one from each diagnostic
group) and the video recording of the session could not be
used for data coding of the social cognitive measures.

Clinical Phenotyping

The Clinical Evaluation of Language Fundamentals-4
(CELF 4) and Differential Abilities Scales, 2nd Edition
(DAS-II) were administered at the first visit. The CELF-4
(Semel et al. 2003) is a standardized language assess-
ment appropriate for individuals 5 through 21 years of
age. The concepts and following directions subscale (C
& FD) was chosen to verify the child’s ability to under-
stand directions during the experimental protocol and
the formulated sentences subscale (FS) was administered
to assess the child’s ability to communicate with sen-
tences. The DAS-II (Elliot 2007) was used as a measure
of cognitive ability. The School Age form was used for 74
participants. The Early Years form was used for 24 par-
ticipants (21 were 6-years old and 3 failed to receive the

minimum score on a subtest of the DAS-II School Age).
The general conceptual ability score (GCA) measured
verbal ability and the special nonverbal composite score
(SNC) measured nonverbal ability. Nonverbal mental age
was calculated from the DAS age equivalent scores. For
the Early Years form, the average of the age equivalent
scores (in months) that make up the Special Nonverbal
Composite (SNC, Copying, Pattern Construction, Pic-
ture Similarities, and Matrices) was calculated. For the
School-age form, the average of the age equivalent scores
(in months) that make up the Special Nonverbal Com-
posite (SNC, Matrices, Sequential & Quantitative Rea-
soning, Recall of Designs, & Pattern Construction) was
calculated.

In addition, a parent completed the Social Responsive-
ness Scale (SRS) and Achenbach Child Behavior Check-
list (CBCL) at the first visit. The SRS (Constantino and
Gruber 2005) is a rating scale that measures the sever-
ity of autism spectrum symptoms as they occur in natu-
ral social settings. The CBCL (Achenbach and Rescorla
2001) provides a measure of behavioral and emotional
problems. The attention problems, social problems, and
ADHD subscales were used in data analysis because
these are common co-occurring problems in ASD.

Table 2 Participant

o . ASD (n=45) Control (n=53) Group difference
characteristics and clinical
phenotyping Mean SD Mean SD 1 (96) p
CA (months) 103.8 16.06 99.70 17.24 1.18 24
CELF FD 7.58 3.62 10.11 3.21 —3.57%%* <.001
CELF FS 8.31 4.35 11.64 292 —4.40%%* <.001
DAS GCA 95.82 15.18 108.06 14.03 —4.12%%% <.001
DAS SNC 97.50 16.22 109.08 14.24 —3.74%%% <.001
Nonverbal mental age 100.99 26.42 114.81 29.96 —2.40%* .02
ADOS
SA 9.51 3.76
RRB 3.07 1.68
Comparison score 7.12 1.66
SRS (t-score) 82.5 13.21 45.66 6.92 17.61%** <.001
CBCL
Attention problems 68.84 9.37 51.51 2.44 12.96%** <.001
Social problems 64.57 9.55 51.49 1.12 9.60%** <.001
ADHD 63.89 7.77 51.49 3.10 10.65%** <.001
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CA chronological age, CELF FD Clinical Evaluation of Language Fundamentals-4, concepts and follow-
ing directions subscale, CELF FS Clinical Evaluation of Language Fundamentals-4, formulated sentences
subscale, DAS GCA Differential Abilities Scales, general conceptual ability score, DAS SNC Differential
Abilities Scales, special nonverbal composite score, ADOS SA Autism Diagnostic Observation Schedule,
Social Affect, ADOS RRB Autism Diagnostic Observation Schedule, Restricted and Repetitive Behaviors,
SRS Social Responsiveness Scale, CBCL attention Achenbach Child Behavior Checklist attention sub-
scale, CBCL social problems Achenbach Child Behavior Checklist social problems subscale, CBCL ADHD

Achenbach Child Behavior Checklist ADHD subscale

#p<.05, #* p<.01, *** p< 001
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Social Cognitive Behavioral Tasks

The social cognitive coordination between the child and the
experimenter was measured with tasks that have been used
successfully in children with and without ASD, ranging in
age from 5 to 17 years. All of the tasks were video-recorded
using a Microsoft Kinect camera. The camera was placed at
a height of 1.5, 3 m away from corner of the table-top clos-
est to the participant and experimenter at approximately
a 45-degree angle. A custom software application (http://
www.xkiwilabs.com) using the free Windows Kinect SDK
version 1.5 (Microsoft LTD) was used to record the video
images at an approximate image rate of 30 Hz. The videos
were coded by two research assistants who were blind to
the diagnosis group of the participants.

Joint Attention Tasks

Responding to Joint Attention (RJA) was assessed by using
the gaze-monitoring task (Leekam et al. 1997; Warreyn
et al. 2005). The child received 1 point for each correct
fixation on the picture or object the examiner looked at, for
a total of 4 possible points. Initiating joint attention (IJA)
was assessed using the active joint attention task (eye con-
tact in ambiguous situations) developed by Warreyn et al.
(2005), in which the experimenter covers the child’s hands
while he/she is playing with a toy (blocking task), or offers
the child a toy but withdraws before the child can take it
(teasing task), to see if the child will make eye contact with
the experimenter. There were two trials of the blocking task
and two trials of the teasing task. The child received 1 point
for each trial in which eye contact was made, for a maxi-
mum of 4 points.

Cooperation Tasks

Two cooperation tasks were used. The first was a double-
tube task adopted from Grifenhain et al. (2009). The child
took turns in either catching pegs dropped down a tube
(child catching trials) or dropping the pegs down the tube
(child dropping trials). After 15 s of playing, the experi-
menter stopped his role for 10 s and then resumed playing
(behavioral interruption trial). The experimenter and child
switched roles after six trials. There were six catching tri-
als, and the child received 0 points for no attempt to play, 1
point if attempted catch but missed, 2 points if caught peg,
for a maximum total of 12 points. There were six dropping
trials, and the child received O points for no attempt to play,
1 point if dropped the peg, an additional 1 point if he/she
tapped or counted 3 times, and 1 point if alternated tubes,
for a maximum score of 17 points. There were two behav-
ioral interruption trials and the child received O points for
disengagement, 1 point for individual attempt, and 2 points

for partner orientation. The percent correct catching trials
and dropping trials was calculated.

The second cooperation task was a turn-taking drum-
ming game described in Fitzpatrick et al. (2013). Three
cylinders and a drum stick were placed on one side of a
turntable. The experimenter picked up the drum stick and
tapped the cylinders in sequence, put the drum stick on the
turntable and rotated the cylinders in front of the child to
take a turn. After 15 s of playing, the experimenter stopped
his role for 10 s and then resumed playing (behavioral
interruption trial). There were six trials of the turn-taking
game. The child received 1 point for no attempt to play, 1
point for drumming, .5 points for drumming in sequence, 1
point for placing the drum stick on turn-table, .5 points for
handing the experimenter the drum stick, 1 point for turn-
ing turn-table for a maximum 3.5 points per trial, 21 points
possible for the task. The percent correct turn taking trials
was then calculated. The behavioral interruption trial was
coded as above, the sum of all three behavioral interruption
trials was calculated, and the percentage of trials in which
the child re-engaged the experimenter was then calculated
from the sum.

Theory of Mind Tasks

Children completed four theory of mind (ToM) tasks—
three verbal and one non-verbal—to measure understanding
of intentionality. The “Smarties” candy task (Luckett et al.
2002; Perner et al. 1987) was the first verbal task. In this
task children are shown a familiar confectionery carton and
asked what they thought was inside. Once children have
responded with whatever candy it says, the lid is removed
from the carton to reveal the true contents—a pencil. The
lid is replaced, and children are asked what another child,
who has not seen inside the carton, will think is inside.
To succeed on the Smarties task, children are required to
understand that another child who is not aware of informa-
tion to the contrary will be likely to assume that the carton
contains the candy. The child received 1 point for each false
belief, reality, memory, and justification question answered
correctly, for a total of 4 points. The Contents False Belief
task (Wellman and Liu 2004) was the second verbal task.
In this task, the child judges another person’s false belief
about what is in a distinctive container when child knows
what it is in the container. The child received 1 point for
each question answered correctly for a total of 2 points. The
“Sally-Ann” theory of mind task (Baron-Cohen et al. 1985)
was used as the third verbal task and children received 1
point for each correct answer on the false belief, reality, and
memory questions, for a total of 3 points. The choose-a-
drawing task (Peterson 2002) was used as the non-verbal
task. In this task, the child picks a drawing of what is in
a box, sees what is in a box, and judges the knowledge

@ Springer


http://www.xkiwilabs.com
http://www.xkiwilabs.com

2098

J Autism Dev Disord (2017) 47:2092-2107

of another person who does not see what is in a box. The
child received 1 point for each false belief and reality ques-
tion answered correctly, for a total of 2 points. Due to the
lengthy experimental procedure, the experimenter did not
always ask each child all 11 questions. Therefore, a mean
was calculated for each of the four tasks (number correct/
total number of questions for each task) and the sum of
the mean for each ToM task was calculated and used as
the ToM total score (out of a possible 4 points) in the data
analysis.

Social Motor Synchronization Tasks

Children completed a battery of simple social motor imita-
tion and synchrony tasks as an assessment of social motor
synchronization. Namely, four action sequences were used
that involved the interpersonal coordinating of objects,
bodies, and faces. Children were instructed to tap a drum-
stick on a drum cylinder or use their finger to tap on a drum
cylinder, tap in space, or tap their body (on their shoulders,
arms and head). These sequences were completed as an
imitation task after the experimenter demonstrated (social
motor coordination imitation battery) or a synchroniza-
tion task performing the sequences with the experimenter
(social motor coordination synchrony battery). The social
motor battery can be characterized as an intentional social
motor synchronization task. In addition, an interpersonal
hand-clapping task (patacake) was used as second social
motor synchronization task that was somewhat less ste-
reotyped, more dynamic, required more precise movement
timing, and was more socially interactive. This task is a
spontaneous social motor synchronization task as the syn-
chronization arises implicitly. These tasks were reported in
Fitzpatrick et al. (under review). In this paper, the weighted
coherence from these tasks was used to evaluate the rela-
tionship between social motor synchronization ability and
clinical and social cognitive measures of social skill, rela-
tionships that were not evaluated in Fitzpatrick et al. (under
review). Weighted coherence is a dynamical measure of the
coordination that occurred between the child and experi-
menter by estimating the degree of correlation between
their movements. The movements were measured by sen-
sors placed on the wrists. A coherence of 1 reflects perfect
correlation of the movements (absolute synchrony) and 0
reflects no correlation (no synchrony).

Motor Control Tasks

Motor control ability was assessed with a two-handed
drumming task that was either performed in-phase (so the
two drum sticks moved together and hit the drum at the
same time) or anti-phase (the two drum sticks moved and
hit the drum in an alternating fashion). These motor tasks
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were reported in Fitzpatrick et al. (under review). Weighted
coherence was used to assess the degree of synchroniza-
tion between the two limbs. Of interest in this paper is how
these measures of motor control ability are related to clini-
cal and social cognitive measures of social skill, relation-
ships that were not evaluated in Fitzpatrick et al. (under
review).

Procedure

Participants completed two sessions, no more than 1-month
apart. In the first session, clinical phenotyping was com-
pleted and lasted approximately 3 h. The examiner who
conducted the clinical assessment has extensive experience
in the assessment of children with ASD and has obtained
research reliability on ADOS-2. After the screening for
medical and psychopathology was conducted, participants
completed the appropriate ADOS-2 module based on their
language- and developmental level, and the DAS-II and
CELF-4 were administered. Only the ASD group com-
pleted the ADOS-2. The SRS and CBCL were completed
by a parent for participants in both groups.

In the second visit, the social cognitive, social motor
synchronization tasks, and motor coordination tasks were
completed. The study was conducted in a 10 ft by 12 ft
laboratory room at Cincinnati Children’s Hospital Medical
Center (University of Cincinnati, Cincinnati, OH). Children
came into the laboratory room and were asked to sit at a 2
ft wide X 4 ft long X 2 ft high table next to the seated experi-
menter [see Fitzpatrick et al. (under review) for a depiction
of the experimental arrangement]. Four Polhemus Latus
transmitters were attached to the underside of the tabletop,
one in each corner, to create a 10X 12 X 8 ft capture volume
around the table. As soon as the child was seated, the four
Polhemus wireless sensors were placed in wristbands and
slipped over the child’s and experimenter’s wrists (one sen-
sor on each wrist of the child and experimenter). In order
to ensure fidelity of the lengthy experimental protocol, the
order of presentation of the experimental conditions was
identical for all participants: (1) imitation or synchrony
sequence (completed in order, object—object, body—object,
body—body, body-alone, face-body); (2) Smarties ToM
task; (3) motor control tasks (completed in the following
order, single-handed drumming, in-phase drumming, anti-
phase drumming); (4) interpersonal hand-clapping; (5)
choose-a-drawing ToM; (6) IJA task; (7) double-tube coop-
eration task; (8) RJA task; (9) contents false belief ToM;
(10) turn-table cooperation task; (11) Sally-Anne ToM task.
Half of the participants in each diagnostic group were ran-
domly assigned to complete the imitation sequence and half
randomly assigned to complete the synchrony sequence.

Behavioral coding of the social cognitive tasks was
conducted by two research assistants (CC and AG) blind
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to diagnostic group. CC was the primary coder for 85 par-
ticipants and AG was the primary coder for 13 participants.
Both coders coded 40 participants and inter-rater reliabil-
ity was calculated for each task: initiating joint attention,
r (39)=.96; responding to joint attention, r (40)=.89;
cooperation total, r (40)=.90; behavioral interruption, r
(41)=.71; and theory of mind total, r (40)=.99.

To summarize the research design, the clinical pheno-
typing dependent variables were chronological age, CELF
(FD and FS score), DAS (GCA and SNC scores) ADOS
(SA, RRB, Comparison Score), SRS, and CBCL (Atten-
tion Problems, Social Problems, and ADHD scores). Social
cognitive dependent variables were IJA, RJA, spontane-
ous imitation, behavioral interruption, and ToM. Social
synchronization dependent variables were interpersonal
hand-clapping coherence and social motor battery coher-
ence. Motor control dependent measures were in-phase
drumming coherence and anti-phase drumming coherence.
Diagnostic group (ASD, control) was a between-subjects
variable.

Group differences in clinical phenotyping and social
cognitive tasks were evaluated with independent samples
t-tests. Correlations were calculated using pooled data
from both groups to evaluate the relationship between
social motor synchronization, motor control, and clinical,
and social cognitive variables. We conducted the corre-
lations with data from both groups in order to include an
unrestricted range of social and communicative abilities to
reflect the full spectrum of abilities and ensure sufficient
power. A factor analysis was conducted with the data from
the ASD participants only to understand the relationship
between ASD severity and social motor synchronization
because ADOS scores were not available for the control

group.

Results
Group Differences in Clinical Phenotyping

The groups did not differ in chronological age and the
DAS-II GCA scaled score for both groups was in the nor-
mal range of 85-115, although the score of the ASD group
was slightly lower than the control group (see Table 2). As
seen in Table 2, independent samples ¢-tests revealed sig-
nificant group differences for all the clinical phenotyping
measures. The children in the ASD group had higher scores
for attention problems, social problems, ADHD, and social
impairments than the children in the control group.

Group Differences in Social Cognitive Measures

The majority of the social cognitive measures differenti-
ated the two diagnosis groups, as seen in Table 3. Children
with ASD had significantly lower scores than controls on
responding to joint attention, cooperation, and theory of
mind. In contrast, the children in the ASD group had higher
scores than controls on measures of behavioral interrup-
tion. There were no significant differences in initiating joint
attention.

Relationship Between Social Motor Synchronization
and Clinical Measures

Fitzpatrick et al. (under review) previously reported that
children with ASD had lower social motor synchroniza-
tion scores in both the interpersonal hand-clapping task
and the social motor battery. To evaluate the relationship
between social motor synchronization ability and clinical
measures of social skill, bivariate correlations were calcu-
lated between the clinical measures reported here and the
weighted coherence scores for the interpersonal hand-clap-
ping and social motor battery. As seen in Table 4, interper-
sonal hand-clapping coherence was significantly correlated
with all the clinical measures except for the measures of
language and intelligence (CELF-4 FD, DAS-II GCA, and

Tal?le 3 GFQUP differences in ASD (n=44) Control (n=52) Group difference
social cognitive measures
Mean SD Mean SD t(94) P

DA .92 18 .95 11 -1.07 .29
RJA .68 29 .90 21 —4.36%** <.001
Spontaneous imitation .98 .68 .60 .66 2.78%%* .006
Cooperation total 7.12 1.10 7.63 .63 —2.88%%* .005
Behavioral interruption 18.14 4.50 15.08 2.98 3.08%** .001
ToM total 2.99 1.01 3.57 .66 —3.35%%* <.001

RJA responding to joint attention, /JA initiating joint attention, ToM theory of mind

#p<.05, #p< 01, #%p < 001
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Table 4 Correlations between synchronization ability and clinical
measures

Social motor bat-
tery coherence

Interpersonal hand-
clapping coherence

r P r P

CELF FD 20 .06 .16 15
CELF FS 20%% .007 .19 .07
DAS GCA 21 .052 .14 .18
DAS SNC 13 24 A5 .16
ADOS

SA —.35% .03 —-.10 .55

RRB —.39%* .01 .006 97

Comparison score —.32% .05 -.19 24
SRS (t-score) —42xx* <.001 —ALFF* <.001
CBCL

Attention problems —.34%* .001 —.40FH* <.001

Social problems —.30%* .005 —.30%* .004

ADHD —.36%** <.001 —.33%%% .001

CELF FD Clinical Evaluation of Language Fundamentals-4, concepts
and following directions subscale, CELF FS Clinical Evaluation of
Language Fundamentals-4, formulated sentences subscale, DAS GCA
Differential Abilities Scales, general conceptual ability score, DAS
SNC Differential Abilities Scales, special nonverbal composite score,
ADOS SA Autism Diagnostic Observation Schedule, Social Affect,
ADOS RRB Autism Diagnostic Observation Schedule, Restricted and
Repetitive Behaviors, SRS Social Responsiveness Scale, CBCL atten-
tion Achenbach Child Behavior Checklist attention subscale, CBCL
social problems Achenbach Child Behavior Checklist social problems
subscale, CBCL ADHD Achenbach Child Behavior Checklist ADHD
subscale

#p<.05, #¥p<.01, #¥p<.001

Table 5 Correlations between synchronization ability and social cog-
nitive and motor measures

Social motor
battery coher-

Interpersonal hand-
clapping coherence

ence
r p r p
A 12 .28 22% .04
RJA 23% .03 17 11
Spontaneous imitation —.12 25 —.29%* .006
Cooperation total 45%* <.001 15 .16
Behavioral interruption —.32%%* .003 —.22% .04
ToM total 40%* <001 21% .05
In-phase drum coherence 31 .003 .03 78
Anti-phase drum coherence 15 17 .06 .56

RJA responding to joint attention, /JA initiating joint attention, ToM
theory of mind

#p<.05, **p < .01, ***p<.001
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DAS-II SNC). Interpersonal hand-clapping coherence was
negatively correlated with ADOS-2, SRS, and the CBCL
measures of attention problems, social problems, and
ADHD. Similarly, the social motor battery coherence was
(a) negatively correlated with SRS and CBCL measures;
and (b) not correlated with measures of language and intel-
ligence (CELF-4 FD, CELF-4 FS, DAS-II GCA, and DAS-
II SNC). However, the coherence observed for the social
motor battery was not correlated with the ADOS-2.

Relationship Between Social Motor Synchronization
and Social Cognitive and Motor Measures

Bivariate correlations were also calculated to examine the
relationship between social motor synchronization abil-
ity and social cognitive and motor measures. As seen in
Table 5, interpersonal hand-clapping coherence had sig-
nificant, positive correlations with RJA, cooperation, ToM,
and in-phase drumming and a significant, negative correla-
tion with behavioral interruption. Interpersonal hand-clap-
ping coherence was not correlated with IJA, or anti-phase
drumming. Similarly, social motor battery coherence was
positively correlated with ToM and was not correlated with
JA, RJA, cooperation, or in-phase or anti-phase drumming
(Table 5).

Relationship Between Motor Ability and Clinical
and Social Cognitive Measures

In-phase drumming weighted coherence was negatively
correlated with SRS, CBCL attention problems, social
problems, ADHD, and behavioral interruption (see
Table 6). In-phase drumming coherence was positively cor-
related with RJA, and ToM. No other correlations were sig-
nificant. In contrast, anti-phase drumming coherence had
significant negative correlations only with CBCL attention
problems and behavioral interruption. No other correlations
were significant.

Factor Analysis

We ran a factor analysis with the data from the ASD par-
ticipants and included variables that measured a range of
behaviors and assessed a range of social and communica-
tive abilities—social motor synchronization ability (inter-
personal hand-clapping and social motor battery coher-
ence), motor ability (in-phase drumming coherence),
autism severity (ADOS-2 comparison score), attention
(CBCL ADHD), communication ability and social respon-
siveness (SRS), cooperation (cooperation total), joint atten-
tion (RJA), and theory of mind (ToM total). Some of the
behaviors were measured multiple ways so we chose the
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Table 6 Correlations between motor ability and clinical and social
cognitive measures

In-phase drum Anti-phase drum

coherence coherence
r )4 r )4
CELF FD .08 47 .14 .19
CELF FS .20 .06 .14 .19
DAS GCA .14 .19 .08 A7
DAS SNC 13 22 .06 .54
ADOS
SA .07 .67 .01 .96
RRB .01 93 -.11 51
Comparison score 12 48 -.02 90
RBSR total -.19 .07 —-.10 .37
SRS (t-score) —.26%* .01 -.20 .056
CBCL
Attention problems —.24% .02 —21% .04
Social problems -.17 11 -.11 .30
ADHD —.28%* .006 -.20 .056
A —-.01 .96 .04 .70
RJA 22% .03 -.05 .66
Spontaneous imitation -.03 18 —-.16 .14
Cooperation total .16 .14 .06 .59
Behavioral interruption —.20%%* .006 —.27F* .01
ToM total 22% .04 12 27
*p<.05, #¥*p<.01, **¥*p <.001
Table 7 Factor analysis
Component
1 2 3 4
ADOS comparison score —.69
CBCL ADHD 90
SRS .89
ToM total .63 41
RJA .85
Cooperation total 7
Interpersonal hand-clapping coherence .82
Social motor battery coherence .88
In-phase drumming coherence .85

measure with the strongest correlation for inclusion in this
factor analysis.

The performed factor analysis satisfied several adequacy
criteria. First, all items correlated at least .4 with at least
one other item, suggesting reasonable factorability. Second,
the Kaiser-Meyer—Olkin measure of sampling adequacy
was .55 (above the recommended value of .5), and Bar-
tlett’s test of sphericity was significant (y> (36)=70.52,
p=.001). Additionally, the communalities were all above

.5, confirming that each item shared some common vari-
ance with other items.

A factor analysis using varimax (orthogonal) rotation
found that the four factors explained 74.04% of the vari-
ance. The loadings <0.40 were excluded. The results of
this solution are shown in Table 7. Four items, the ADOS-2
composite, theory of mind, cooperation, and interper-
sonal hand-clapping coherence loaded onto Factor 1 and
explained 23.69% of the variance. We interpret Factor 1 as
indexing the more implicit cognitive knowledge needed to
understand another’s mentalizing in order to behaviorally
cooperate in a spontaneous and less conscious manner. Two
items loaded onto Factor 2: attention and social responsive-
ness, and explained an additional 20.83% of the variance.
Factor 2 gauges the ability to perceptually attend to social
information in order to respond to others. The third factor
loaded two items: RJA and motor ability, and explained an
additional 16.90% of the variance and indexes the motor
underpinning of responding to others. The final factor
was comprised of theory of mind and social motor battery
coherence, and explained an additional 12.61% of the vari-
ance. Factor 4 captures the more explicit cognitive ability
of understanding another’s mental state in order to inten-
tionally perform joint actions.

Interestingly, the two social motor synchrony measures
loaded onto separate factors (1 and 4), but both loaded
with theory of mind, suggesting that social motor synchro-
nization may be an embodied measure of our ability to
understand another’s mental state. However, the implicit
knowledge needed for more spontaneously arising synchro-
nization (Interpersonal Hand-clapping in Factor 4) may
have different underlying mechanisms from the explicit
knowledge needed for more intentionally synchronization
actions performed with another person (Social Motor Bat-
tery in Factor 1). The other two factors seem to establish
the importance of perceptual motor abilities in our social
interactions. The ability to pick up perceptual information
and the ability to coordinate motor movements are impor-
tant for responding to others socially. Also of note is the
finding that neither of the social motor synchrony meas-
ures loaded onto the same factor as motor ability, suggest-
ing that social motor synchronization difficulties cannot be
accounted for by pure motor deficits.

Discussion

The goal of this study was to explore the relationships
between dynamical measures of social motor synchroni-
zation and assessments of ASD traits. The results over-
all demonstrate that dynamical measures of social motor
synchronization ability were related to various measures
of social competence (i.e., the perceptual, cognitive and
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emotional skills that facilitate communication and interac-
tion with others) that index ASD traits and provide prelimi-
nary support for a social motor synchrony model of autism.
They suggest that objective dynamical measures of social
motor synchronization have the ability to provide new
insights into understanding ASD and could ultimately aid
clinical diagnosis and prognosis.

Social Motor Synchronization is Related
to Experimental and Clinical Measures of Social
Cognition

Group differences reflecting differences in autism traits
were found for both measures of social motor synchroni-
zation as well as measures of social cognition. Significant
group differences for this data were previously reported
for social motor synchronization for both interpersonal
hand-clapping and social motor battery (Fitzpatrick et al.,
under review). However, significant group differences were
also found for all the social cognitive measures except for
initiating joint attention. Children with ASD had signifi-
cantly lower scores than controls on measures of respond-
ing to joint attention, cooperation, and ToM. Interestingly,
scores of the ASD children were significantly higher on
measures of behavioral interruption during a cooperation
game, which may indicate the importance of social context
in influencing whether a child persists in engaging another
person when they are non-responsive. These finding points
to difficulties in being able to know when to engage another
person based on social context.

Importantly, we found significant correlations between
both types of social motor synchronization (interpersonal
hand clapping and social motor battery) and behavioral
interruption and ToM. However, only interpersonal hand-
clapping (spontaneous social motor synchronization) was
correlated with RJA and cooperation and only the social
motor battery (intentional social motor synchronization)
was correlated with IJA. These correlations suggest that the
different types of synchronization tasks may be tapping into
different dimensions of cognitive competence needed for
social interactions. The more fluid, implicit, and dynamic
exchange characteristic of the interpersonal clapping game
which arises spontaneously is somewhat different from the
more stereotyped and explicitly intentional interaction dur-
ing the social motor battery. These different social motor
interactions may require slightly different cognitive pro-
cesses to maintain. This interpretation is reinforced by the
factor analysis in which interpersonal hand-clapping coher-
ence and social motor battery loaded on separate factors.
This interpretation is also consistent with the findings of
Fitzpatrick et al. (2016) who found deficits in spontane-
ous and intentional social motor synchronization in ASD
and control adolescents, with spontaneous and intentional
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social motor synchronization also loading onto separate
factors. This disruption in both spontaneous and intentional
social motor synchronization may be a unique feature of
ASD traits, as Varlet et al. (2012) found that participants
with schizophrenia had a different pattern of social motor
synchronization deficit. In particular, participants with
schizophrenia were equivalent to controls in spontaneous
social motor synchronization but had deficits in intentional
social motor synchronization. Future research is planned to
explore social motor synchronization in more spontaneous
and less scripted tasks as found, for example, in the coordi-
nation of body movements during conversations (Ramseyer
and Tschachter 2011; Schmidt et al. 2014). More research
is needed to distinguish the social motor synchronization
deficits evident in ASD from other disorders.

In addition, social motor synchronization ability was
correlated with a number of clinical measures—SRS and
CBCL attention, social problems, and thought problems
sub-scales typically thought to be ASD traits. The finding
that problems in social motor synchronization are associ-
ated with problems in social and emotional skills under-
scores the need for a fuller understanding of the role of
social motor synchronization in ASD. As coordinating
one’s movements with another person typically helps to
facilitate social connection (e.g., Hove and Risen 2009;
Wiltermuth and Heath 2009), these findings raise the pos-
sibility that children with ASD have disruptions in social
motor synchronization ability that may interfere with the
formation of social bonds (Feldman 2007). Further research
is necessary to differentiate whether social motor synchro-
nization ability is a critical deficit that causes disruptions
in the development of social and emotional skills Relately,
research is needed to investigate whether disruptions in
social motor synchrony are the consequence of other under-
lying mechanisms: neuromotor impairments (Dowd et al.
2010; Gernsbacher et al. 2008), attention processing (Hayes
1987; Landry and Bryson 2004; O’Riordan et al. 2001) or
social attention (Chawarska et al. 2010; Fischer et al. 2014;
Klin et al. 2003; Schultz 2005) are all potential underlying
mechanisms that should be explored.

Social Motor Synchronization Varies with ASD Severity
and may Provide Insights into the Heterogeneous ASD
Population

The ADOS-2 comparison score was used as an index
of ASD severity and the only clinical or social cognitive
measure that was correlated with it was ToM. No other
relationships were significant. This finding reinforces the
extensive literature that points to the importance of ToM
for characterizing ASD traits (Baron-Cohen et al. 1985;
Happé 1993). Interestingly, however, there was a signifi-
cant correlation between ADOS-2 comparison score and
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interpersonal hand-clapping coherence and both social
motor synchronization measures were correlated with SRS
and CBCL. These findings suggest that dynamical meas-
ures of social motor synchronization ability are better able
to capture the unique and complex constellation of ASD
traits.

These findings are also consistent with some research-
ers who have argued that traditional tasks may not be suf-
ficient measures of the type of social adaptation skills
needed in actual social interactions (e.g., Klin 2000). It has
been argued that tasks and measurement techniques that
are better able to capture the essential qualities of social
performance in naturalistic situations are needed. Measur-
ing social motor synchronization ability could be such a
technique. Its evaluation of the embodied social stability
over time may be an avenue into understanding the hetero-
geneity in ASD and for researching ASD traits across the
spectrum. Moreover, such an objective measure of social
impairment could make an important contribution to phe-
notype studies, etiology studies, as well as studies evalu-
ating the effectiveness of different treatments for specific
ASD clinical profiles. For example, clinical measures of
social functioning in ASD and schizophrenia are non-
specific and highly variable, in part because most rely on
subjective patient and parent report and/or clinician ratings.
Thus, identifying objective biomarkers with well-defined
mechanistic underpinnings will greatly enhance targeting
of interventions to particular subgroups of patients. How-
ever, because our sample did not include participants across
the spectrum, more research is needed to evaluate these
potential implications.

Social Motor Synchronization Differences are not Fully
Explained by a Motor Control Deficit

While previous research (Fitzpatrick et al., under review;
Isenhower et al. 2012) has found that children with ASD
displayed a motor deficit both in terms of their ability to
synchronize their arms during a drumming task (as indi-
cated by lower coherence scores) and the ability to make
consistent, smooth movements (as indicated by higher vari-
ability), only interpersonal hand-clapping coherence was
correlated with in-phase drumming coherence. The corre-
lation between interpersonal hand-clapping coherence and
anti-phase drumming was not significant nor was the social
motor battery coherence correlated with either in-phase or
anti-phase drumming performance. Additionally, in-phase
drumming coherence loaded on a separate factor than either
interpersonal hand clapping or social motor coordination
battery. This finding suggests that although children with
ASD exhibited poorer motor coordination, social motor
synchronization may not be fully explained by a motor
control deficit. Rather than an over-arching neuromotor

impairment contributing to ASD traits (Dowd et al. 2010;
Gernsbacher et al. 2008), our results suggest that the under-
lying mechanism is a social motor synchronization one, as
evidenced by the finding that social motor synchronization
loaded onto the two factors that contained ToM (i.e., abil-
ity to understand another’s mental state). In addition, two
factors in the factor analysis seem to indicate that there
is a non-social perceptual motor deficit that is not explic-
itly tied to social knowledge (e.g., ToM) but to attentional
processes. We found that one of these factors indexed the
motor underpinnings of responding to others (motor ability
and responding to joint attention) while the other factor was
related to the ability to perceptually attend to social infor-
mation (SRS and CBCL ADHD). These factors raise the
possibility that perceptual and motor processes play a role
in social interactions that is somewhat different from social
cognition and likely have different underlying mechanisms.
The incredible heterogeneity in autism may be due to the
fact that it is possible to have disruptions in some of these
processes, but not others. Additional research is needed to
explore the role of motor execution and attention processes
in contributing to ASD traits and to determine whether the
mechanisms are separate, independent, and can break down
in isolation.

Limitations

Several limitations of this study should be noted and taken
into account when evaluating the implications of the find-
ings. First, only higher functioning individuals with ASD
were evaluated in this study. Therefore, caution is needed
before generalizing our findings to lower functioning indi-
viduals. In addition, our groups were only matched on
age (not IQ or language level, for example), which could
be responsible for some group differences seen. Finally,
in order to ensure fidelity of the experimental procedure,
order of presentation of conditions was the same for all par-
ticipants and could contribute to potential order effects. It
is possible that since children have been shown to prefer
adults with whom they synchronize and/or imitate (Car-
penter et al. 2013; Fawcett and Liszkowski 2012; Tung-
geng et al. 2015), performance on subsequent tasks could
be affected by the prior motor coordination. While our ini-
tial findings are promising, additional research is needed to
research these issues.

Conclusion and Clinical Implications

Research efforts to identify the critical deficit or defi-
cits underlying ASD have largely been contradictory and
inconclusive. While the research presented here is not able
to definitively identify the critical deficit(s) or underlying
mechanisms, nor provide definitive support for a social
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motor synchrony model of autism, it does provide a prom-
ising pathway for future research. Our findings suggest that
spontaneous, more implicit social motor synchronization is
related to ASD traits in a different way than more explicit,
intentional social motor synchronization, although both are
related to social knowledge. Quantification of social motor
synchronization ability using dynamical measures thus
reflects a potential neurophysiological biomarker that is
significantly associated with social functioning and severity
of ASD traits. Alternatively, perceptual (i.e., attention) and
motor processes were found to be related more to social
performance than social knowledge. Furthermore, our
results provide evidence that social motor synchronization
ability is related to ASD traits across a range of social and
communicative abilities and extends the literature that has
found group differences in synchronization ability for chil-
dren with and without ASD (e.g., Fitzpatrick et al. 2013,
2016; Fitzpatrick et al., under review; Marsh et al. 2013).
Given that ASD traits are distributed across a spectrum and
can be found in typically developing populations (Baron-
Cohen et al. 2001), it is important to investigate the con-
tinuum of ASD traits that are included across both control
and ASD subgroups.

These findings have potentially important clinical
implications for early diagnosis and early intervention
because social motor synchronization can be easily and
objectively measured at an early age. For example, Ferro-
nato, Domell6f, and Ronnqvist (2014) argue that coupling
between motor activity and acoustic stimuli is evident very
early in postnatal life and is important for the development
of gesturing, language, and social communication. They
call for more research to evaluate these couplings in pre-
term, at risk infants. We would argue that disruptions in
the synchronization of motor activity and acoustic stimuli
could also be helpful in identifying children at-risk for
autism and targeting them for early intervention services.
In addition, social motor synchronization ability does not
depend on language ability and as such may be a useful
tool for (a) assessing individuals across a range of autism
severity; and (b) designing social-motor based interven-
tions appropriate for individuals from mild to severe ASD.
Additionally, the factor analysis findings identifying sepa-
rate components of social ability may provide a framework
for understanding the heterogeneity in autism because dif-
ferent individuals may have different clusters of abilities
and weaknesses and this method of evaluating specific
impairments for each individual could be used to develop
targeted treatments.

Since social motor synchronization has been largely
overlooked as a contributor to ASD traits, its relationship to
them need careful and systematic investigation in order to
isolate the difference between cause and effect. While the
research reported here is not able to answer these questions,
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it is an important first step. Given the evidence that that
social motor synchronization may be an embodied meas-
ure of our ability to understand another’s mental state, fur-
ther research that relies on objective dynamical measures
of social motor synchronization and perceptual and motor
processes is needed to determine whether enhancing social
motor synchronization ability has the potential to increase
social competence in clinically relevant ways. Research is
needed to determine whether social synchronization inter-
ventions can improve social skills in children with ASD as
well as provide insights to aid clinical diagnosis and prog-
nosis of ASD.
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