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Abstract

Lay Abstract—Children with Autism Spectrum Disorder (ASD) have numerous impairments in 

social interaction that can severely impede mental and physical development, learning, and 

behavioral functioning at home and in the community and also make treatment difficult. In 

addition, many individuals have difficulty performing movements of the body that involve both 

large and small actions. We explored the role of an overlooked dimension of social interaction, 

social motor synchrony, in ASD, and evaluated its relationship with body movement. In particular 

we examined the ability of children with and without ASD to perform body movements alone or 

with another individual. We found that children with ASD were less able to synchronize their body 

with an experimenter and children with ASD performed single-person motor movements that were 

slower and more variable in both spacing and timing. Children with ASD had trouble performing 

movements that were of a consistent size and tempo over the course of the interaction. Such lack 

of consistency in movement likely makes coordination with another person more difficult. This 

raises the possibility that these types of body movements could provide new insights into 

understanding the social problems in ASD.

Scientific Abstract—Impairments in social interaction and communicating with others are core 

features of autism spectrum disorder (ASD) but the specific processes underlying such social 

competence impairments are not well understood. An important key for increasing our 

understanding of ASD-specific social deficits may lie with the social motor synchronization that 

takes place when we implicitly coordinate our bodies with others. Here, we tested whether 

dynamical measures of synchronization differentiate children with ASD from controls and further 

explored the relationships between synchronization ability and motor control problems. We found 

(a) that children with ASD exhibited different and less stable patterns of social synchronization 

ability than controls; (b) children with ASD performed motor movements that were slower and 

more variable in both spacing and timing; and (c) some social synchronization that involved motor 
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timing was related to motor ability but less rhythmic synchronization was not. These findings raise 

the possibility that objective dynamical measures of synchronization ability and motor skill could 

provide new insights into understanding the social deficits in ASD that could ultimately aid 

clinical diagnosis and prognosis.
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Impairments in social interaction and communication are core 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, Goode, Hutton, & Rutter, 2004). One noteworthy characteristic 

of most social interactions is the coordination of bodies that occurs in turn-taking and jointly 

created actions. For example, neonates have been found to coordinate their body movements 

to human speech almost immediately after birth (Condon & Sander, 1974a, 1974b) and 4- 

and 9-month-olds coordinate their gaze and vocalizations based on when mothers start or 

stop talking (Feldstein et al., 1993; Jasnow & Feldstein, 1986). While problems with 

fundamental motor skills have been widely documented in ASD (Ghaziuddin & Butler, 

1998; Pan et al., 2009; Fournier et al., 2010), much of the research relies on behavioral 

observation or self or parental reports of motor skill rather than a more objective analysis of 

the patterning of the dynamic movement structure itself. In addition, social motor 

synchronization remains a largely overlooked dimension of social interaction and 

communication in ASD research.

This is unfortunate because in the developmental literature, behavioral coordination and 

synchrony have been found to play important roles in social development. For example, 

Condon and Sander (1974a, 1974b) proposed that the interactional synchrony found in 

mother-infant interactions is important not only for language learning but also for the 

development of social relations and intersubjectivity whereby movement abnormalities may 

have numerous consequences for cognitive and emotional development (Feldman, 2007; 

Trevarthen & Delafield-Butt, 2013; Jaffe, Bebe, Feldstein, Crown, & Jasnow, 2001). Other 

research has shown that bodily coordination influences infant and toddler’s social 

perceptions. For example, toddlers prefer to play with or help adults who have mimicked 

their actions (Carpenter, Uebel, & Tomasello, 2013; Fawcett & Liszkowski, 2012) and 12-

month old infants demonstrate a preference for social stimuli that moved synchronously with 

them, although 9-month old infants had not yet developed the social preference for 

synchronously moving objects (Tunçgenç, Cohen, & Fawcett, 2015). This type of behavioral 

coordination and synchronization is typically learned implicitly and deficits in such implicit 

learning could result in social problems. In fact, Klinger, Klinger, and Pohlig (2007) have 

found that individuals with ASD do indeed have impairments in implicit learning and argue 

that this impacts their ability to attend to and integrate information in the environment.

Some preliminary evidence suggests that children with ASD may have difficulty 

synchronizing their movements with another person. For example, Fitzpatrick et al. (2013) 

reported pilot data in which they found that school-age children with ASD had lower 
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synchronization abilities than controls and Marsh et al. (2013) found that preschoolers with 

ASD were less able to exhibit spontaneous social rocking than controls. Similarly, 

Fitzpatrick et al. (2015) found that adolescents with ASD performed worse on 

synchronization tasks than controls.

Other research points to other types of motorically-based connections to others, such as 

those in imitative matching, as important in the early development of social competence. 

Imitation, for example, is evident within hours after birth (Meltzoff & Moore, 1977) and has 

been proposed to be a precursor to more complex social cognition such as joint attention and 

understanding agency that continues to develop during the first few years of life (Meltzoff, 

1990; Meltzoff, 2009). Indeed some researchers have proposed that understanding early 

deficits in the ability to imitate others, along with the possible role of an atypically 

functioning mirror neuron system, are key to understanding the social deficits in ASD 

(Charman et al., 1997; Colombi et al., 2009; Gallese, 2006; Oberman & Ramachandran, 

2007; Rizzolatti, & Fabbri-Destro, 2010; Rogers et al., 2003; Rogers & Pennington, 1991; 

Williams et al., 2001). Other research, however, suggests that some children with ASD do 

not have deficits in imitative movements and that the mirror neuron system of the social 

brain may not be damaged (Fan, et al., 2010; Hamilton et al., 2007; Gowen et al., 2008). The 

lack of consensus with regards to impairments in imitation may be due to methodological 

differences, including variability in task difficulty and participant characteristics. 

Alternatively, perhaps important clues to understanding the imitative movements of those 

with ASD lies more in understanding the nature of how the movements are performed rather 

than whether or not imitation occurs.

Other research points to the importance of early impairments in motor functioning, rather 

than impairments in imitation, for understanding social problems in ASD. Almost 80% of 

individuals diagnosed with ASD also have problems performing motor activities (Fournier et 

al., 2010; Ghaziuddin & Butler,1998; Pan et al., 2009) and research has documented that 

individuals with ASD can have difficulties in fine and gross motor coordination, control of 

posture and sway, bimanual arm coordination and performance of gestures and complex 

movement sequences (Henderson & Sugden, 1992; Ghaziuddin et al., 1994; Ghaziuddin & 

Butler, 1998; Isenhower et al., 2012; Jansiewicz et al., 2006; Minshew et al., 2004; 

Mostofsky et al., 2006). Importantly, there is evidence that these problems in motor 

functioning appear early in development during the first year of life. Flanagan, Landa, Bhat, 

and Bauman (2012), for example, found that infants at high risk for ASD demonstrated head 

lag during pull to sit at 6 months, and head lag was associated with ASD at 36 months. In 

addition, Esposito and colleagues report that lower levels of motor symmetry in sitting and 

lying differentiated infants with and without ASD (Esposito, Venuti, Meastro, & Juratori, 

2009; Esposito & Venuti, 2009).

The development of language, communication, interaction with others and play all rely on 

using motor skills (Gernsbacher et al., 2008; Blaesi and Wilson, 2010; Clearfield, 2011) so 

motor difficulties can have potentially far-reaching consequences for individuals with ASD. 

For example, Bedford, Pickles, and Lord (2016) recently found that gross motor skill was a 

predictor of expressive and receptive language development in children with ASD. Dowd et 

al. (2010) have argued for the importance of understanding motor impairments in autism 
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because motor impairments happen in parallel with social and behavioral deficits, may 

contribute to the social deficits and may share similar neural circuits. Similarly, Bhat et al. 

(2011) also suggests that motor problems may contribute to the social difficulties of those 

with ASD.

Our approach involves relying on the tools of behavioral dynamics, which provides 

researchers with methodologies and techniques that enable a fine-grained analysis of an 

individual’s movement as it unfolds in time. These techniques can be used to identify the 

degree of coordination between the movements of two people, as well as analyze the 

patterning of the movement variability (Richardson et al., 2007a; 2007b; 2008, 2014; Thiel 

et al., 2002). Such innovative techniques provide a new, more objective way to understand 

the complex, interactive and time-dependent emergent nature of social interactions and thus 

hold much promise for uncovering an ASD-specific movement signature underlying social 

interactions.

Given the importance of social synchrony for developing, initiating and maintaining social 

connections, understanding its possible role in the social problems evident in ASD seems 

well warranted. This research explored whether social motor synchronization is disrupted in 

ASD and evaluated the relationship between motor ability and social motor synchronization. 

In particular, we tested whether dynamical measures of social synchronization and motor 

ability differentiate children with ASD from controls and evaluated whether the degree of 

synchronization depended on whether the movements were performed at the same time as 

another person (synchrony condition), as an imitative sequence after a demonstration 

(imitation condition) or as a more free-flowing interactive two-person movement game 

(interpersonal hand-clapping). We also compared dynamical measures of motor ability of 

children with and without ASD and explored the relationship between synchronization 

ability and motor ability. Based on preliminary findings of Fitzpatrick et al. (2013), 

Isenhower et al. (2012), and Marsh et al. (2013), we predicted that children with ASD would 

demonstrate weaker synchronization ability and more variable and less coordinated motor 

ability. We also predicted that there would be an association between synchronization ability 

and motor ability (Bhat et al., 2011; Dowd et al., 2010).

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 eliminated from the 

analysis, resulting in a final sample of 98 children (mean age of ASD group 103.8 months, 

range 72–129; mean age of controls 99.70 months, range 75–131). The gender and age 

distribution of the participants is found in Table 1. The sample was chosen to reflect the 

prevalence of ASD in males and females.

The groups did not differ in chronological age (see Table 2) and the language and cognitive 

ability (as measured by the CELF-4 and DAS-II, see below) for both groups was in the 

normal range of 7–13 and 85–115, respectively. However, the language and cognitive scores 

of the ASD group were slightly lower than the control group (see Table 2). All parents of 
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participants gave informed, written consent for their children to take part in the study and 

releases were also obtained for the video recordings. 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 advertising, a recruitment 

brochure, email, social media and community events.

The participants with ASD had previously been diagnosed by a licensed clinical 

psychologist or medical doctor based on DSM-IV_TR criteria (APA, 2000) and diagnosis 

was confirmed using the Autism Diagnostic Observation Schedule, Second Edition 

(ADOS-2, Lord et al., 2012). The ADOS-2 is a semi-structured, standardized assessment of 

communication, social interaction, and play for individuals referred because of possible 

autism. Five participants were administered Module 2 and 40 were administered Module 3. 

The mean ADOS scores for the ASD group are reported in Table 2.

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, Wiig, 

& Secord, 2003) is a standardized language assessment appropriate for individuals 5 through 

21 years of age. The concepts and following directions subscale (C & FD) was used to 

assess the child’s ability to follow directions and the formulated sentences subscale (FS) was 

used to assess the ability to communicate with sentences. The general conceptual ability 

score (GCA) and the special nonverbal composite score (SNC) from the DAS-II (Elliot, 

2007) were used as measures of cognitive ability. The School Age form was used for 74 

participants and the Early Years form for 24 participants (21 of whom were 6-years old and 

hence needed to be administered the Early Years form and 3 who failed to receive the 

minimum score on a subtest of the DAS-II School Age). Additional parental-report 

questionnaires were administered as part of a larger study but are not being reported here.

Social Motor Tasks

Children completed a battery of simple social motor imitation and synchrony tasks in order 

to examine the dynamic unfolding of social motor synchronization. The session was video 

recorded and small light weight wireless motion tracking sensors (Polhemus Liberty Latus, 

Polhemus Corporation, Colchester, VT) were also attached to the wrists of the child and 

experimenter using comfortable nylon sleeves in order to obtain high resolution recordings 

of the child and experimenter’s movements during the tasks. The motion data recording and 

reduction is explained in the Appendix.

Social Motor Coordination Battery—Five action sequences were used that involved the 

interpersonal coordinating of objects, bodies and faces to evaluate imitation and 

synchronization ability. These sequences were chosen to standardize the types of movements 

involved while varying the object of the coordination (physical objects, bodies or faces, see 

Figure 1). Half of the participants performed the sequences as an imitation task (the child 

watched the experimenter perform one of the sequences and then child then imitated the 

sequence) and half as a synchronization task (the child performed the actions at the same 
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time as the experimenter). The manner in which the experimenter interacted with the 

participants was standardized across participants to minimize uncontrolled influences. There 

were six replications of each of the six movement sequences. The weighted coherence was 

used as the dependent variable to assess synchronization ability. Weighted coherence was 

calculated from the movement time series and is a measure of the coordination that occurred 

between the child and experimenter by estimating the correlation between their movements. 

A coherence of 1 reflects perfect correlation of the movements (absolute synchrony) and 0 

reflects no correlation (no synchrony).

Interpersonal Hand-Clapping Task—An interpersonal hand-clapping task was also 

used as a second interpersonal motor coordination task. This task was somewhat less 

stereotyped, more dynamic, required more precise movement timing, and was more socially 

interactive. For the clapping task, the experimenter played a two-person pat-a-cake game 

with the child (see Figure 2a and 2b). As mentioned, this task was more social than the 

imitation/synchrony battery since the experimenter and child sat facing each other and made 

body contact with their hands. Two replications of the task were completed and weighted 

coherence was calculated from the time series movements of the child and experimenter as a 

measure of synchronization ability.

Motor Control Tasks

Motor control ability was assessed with a drumming task. This task has been used in 

previous research to successfully differentiate children with and without ASD (Isenhower et 

al., 2012). Participants were handed one drumstick and completed a single-handed 

drumming trial with their dominant hand and in-phase drumming (see Figure 2c) and anti-

phase drumming condition (see Figure 2d) with two sticks for the two-handed drumming 

tasks. The experimenter demonstrated each drumming task before the trial and the child was 

told to drum at a steady tempo until the experimenter said to stop. Drumming was recorded 

for 15s bouts. In the single-handed drumming task, period, period standard deviation (SD), 

amplitude and amplitude SD were calculated from the dominant hand wrist-movement time 

series as measures of movement patterning and variability. For the two-handed drumming 

tasks, weighted coherence was calculated from the child’s right and left wrist movement 

time-series to measure the degree of synchronization between the two limbs.

Procedure

Participants completed two sessions, no more than one-month apart. In the first session 

clinical pheonotyping was completed and lasted approximately three hours. 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. 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 completed the ADOS-2. Additional parental reports were 

completed as part of a larger study but are not being reported here.

In the second visit, the social motor coordination and motor coordination tasks were 

completed. (Additional social cognitive tasks were also completed as part of a larger study 
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but are not being reported here.) The study was conducted in a 10 by 12 foot 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 foot 

wide × 4 foot long × 2 foot high table next to the seated experimenter (see Figure 1). Four 

Polhemus Latus receptors were attached to the underside of the tabletop, one in each corner, 

to create a 10 × 12 × 8 foot capture volume around the table. As soon as the child was 

seated, the four Polhemus wireless markers/sensors were placed in wristbands and slipped 

over the child’s and experimenter’s wrists (one marker on each wrist of the child and 

experimenter). The complete experimental protocol for the larger study was quite lengthy 

and in order to ensure fidelity, the order of presentation of the experimental conditions was 

identical for all participants. For the two tasks being reported in this study, the imitation or 

synchrony sequence (completed in order, object-object, body-object, body-body, body-alone, 

face-body) was completed first followed by the motor control tasks, in the following order: 

single-handed drumming, two-hand in-phase drumming and two-handed anti-phase 

drumming). Half of the participants in each diagnostic group were randomly assigned to 

complete the imitation sequence and half randomly assigned to complete the synchrony 

sequence.

Diagnostic group (ASD, control) and type of social motor coordination (imitation or 

synchrony) were between-subjects variables. Group differences in interpersonal hand-

clapping and single-handed drumming were evaluated with independent samples t-tests. To 

evaluate the level of synchrony demonstrated in the social motor coordination battery, 

ANOVAs were performed with diagnostic group and type of social motor coordination as 

between-subjects variables, and type of action sequence (object-object, body-object, body-

body, body-alone, body-face) as a within-subjects variable. To evaluate motor control ability, 

ANOVAs were performed with diagnostic group as a between-subjects variable and type of 

drumming (in-phase or anti-phase) as a within-subjects variable. Bivariate correlations were 

calculated to evaluate the relationship between the motor and social motor variables and 

motor and social motor variables and language and cognitive abilities. These correlations 

were calculated using the data from both the ASD and control groups.

Results

Group Differences in Synchronization Ability

Social motor coordination battery—For the social motor coordination battery, a 2 

(diagnostic group) × 2 (social motor coordination type, imitation or synchrony) × 5 (action 

sequence type) mixed ANOVA with weighted coherence as the dependent variable resulted 

in significant main effects of diagnostic group (F (1, 89) = 27.87, p < .001, η2 = .24), type of 

social motor coordination (F (1, 89) = 59.42, p<.001, η2 = .40) and action sequence type (F 
(4,356) = 9.34, p <.001, η2 =.10). The main effect of diagnostic group indicated that 

children with ASD had lower coherence scores (.56) than the control group (.70) for both 

social motor coordination types and for all action sequences (see Figure 3). In addition, the 

social motor coordination type and action sequence type 2-way interaction was significant (F 
(4,356) = 10.47, p <.001, η2 =.11). As seen in Figure 4, coherence scores were lower for the 

imitation task than the synchrony task for all action sequences. However, the body-body, 
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body-alone and face-body sequences differentiated the imitation and synchrony tasks the 

best. No other two-way interactions were significant, nor was the 3-way interaction 

significant.

Interpersonal hand-clapping—A one-way ANOVA with diagnosis group as the 

independent variable revealed that the ASD group had significantly lower coherence scores 

(.84) than the control group (.93) for the interpersonal hand-clapping task (F (1, 88) = 16.30, 

p < .001, η2 = .17).

Group Differences in Motor Coordination

Single-handed drumming—To analyze differences in single-handed drumming 

performance, independent samples t-tests were conducted on the period, period standard 

deviation, amplitude and amplitude standard deviation. Results revealed that the ASD group 

had a higher movement period than the control group (.88 and .76, respectively, t (89) = 

2.67, p = .009) but the movement amplitude of the ASD group was not significantly different 

than the control group. These results indicate that the ASD group drummed more slowly but 

covered the same spatial extent with their movements. The ASD group had significantly 

higher movement variability on measures of both period SD (.50 and .20, for ASD and 

control, respectively, t (89) = 4.44, p < .001) and amplitude SD (.78 and .60, for ASD and 

control, respectively, t (89) = 1.95, p = .05) indicating that in the ASD group drumming was 

more variable in both space and time.

Bimanual drumming—A 2 (diagnostic group) × 2 (type of drumming, in-phase and anti-

phase) mixed ANOVA with weighted coherence as the dependent variable resulted in main 

effects of diagnosis group (F (1, 90) = 13.84, p < .001, η2 = .13) and type of drumming (F 
(1, 90) = 25.12, p < .001, η2 = .22). The ASD group had significantly lower coherence (.54) 

than the control group (.73) and both groups performed better on the in-phase drumming 

(coherence = .73 and .55 for in-phase and anti-phase, respectively). The interaction between 

diagnostic group and type of drumming was not significant.

Relationship Between Social Synchronization and Motor Measures

Bivariate correlations were calculated to examine the relationship between synchronization 

ability and motor measures. As seen in Table 3, interpersonal hand-clapping coherence had 

significant, negative correlations with single-handed drumming period, period SD, and 

amplitude SD and a significant positive correlation with in-phase drumming coherence. The 

correlations with amplitude and anti-phase drumming were not significant. The synchrony/

imitation battery was not correlated with any of the motor measures for single-handed or 

two-handed drumming.

Correlations of Social Motor and Motor Measures with Language and Cognitive Ability

Although the language (as measured by the CELF) and cognitive (as measured by the DAS) 

ability of both groups was in the normal range, the scores of the ASD group were lower than 

the control group for both (see Table 2). As a result, we calculated bivariate correlations to 

evaluate the relationship between social motor synchronization ability and language and 

cognitive ability. Interpersonal hand-clapping and imitation/synchrony battery coherence 
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were not correlated with language and cognitive ability, except for one significant 

correlation between interpersonal hand-clapping and CELF formulated sentences (see Table 

4). We also examined the relationship between motor ability and language and cognitive 

ability. As seen in Table 5, there were no significant correlations between motor ability and 

language and cognitive ability.

Discussion

In summary, this research demonstrated (a) that children with ASD exhibited lower social 

synchronization ability than controls in all three types of social motor synchronization tasks 

(synchrony battery, imitation battery, and interpersonal hand-clapping); and (b) social 

synchronization was highest in interpersonal hand-clapping, moderate in the synchrony 

battery and lowest in the imitation battery for both groups. In addition, the children with 

ASD performed drumming movements that were slower and more variable in both spacing 

and timing than those of control children. Finally, social synchronization ability was 

correlated with motor skill and sentence formation for the interpersonal hand-clapping game 

but not for either the synchrony battery or the imitation battery.

As stated above, children with ASD had significantly poorer movement synchrony (as 

indexed by the dynamical measure coherence) during both an interpersonal hand-clapping 

task that involved more implicit and dynamic movement matching and a social motor 

coordination battery that involved more explicit, intentional coordination of a simple, well-

specified movement sequence that involved actions on objects or the body. This disruption in 

synchronization ability was found both for the imitation and synchrony version of the tasks. 

This replicates previous research which has found individuals with ASD demonstrate 

problems in imitation (Charman et al., 1997; Colombi et al., 2009; Gallese, 2006; Oberman 

& Ramachandran, 2007; Rizzolatti, & Fabbri-Destro, 2010; Rogers et al., 2003; Rogers & 

Pennington, 1991; Williams et al., 2001) as well as other research which has found lower 

levels of synchronization ability in children and adolescents with ASD (Fitzpatrick et al., 

2013; Fitzpatrick et al., 2015, 2016; Marsh et al., 2013). Our research makes two important 

contributions to this literature. First, we found that the manner in which movements are 

performed is different in children with ASD and such an analysis of the dynamics of the 

movement structure has not been investigated previously in imitation tasks. Children with 

ASD had trouble performing movements that were of a consistent size and tempo over the 

course of the interaction. Such lack of consistency in movement production likely makes 

coordination with another person more difficult. This suggests that how movements are 

performed may be an important component of the social information that can facilitate or 

hinder social connection. Second, previous research investigating synchronization has been 

conducted with small sample sizes and we found group differences with strong effect sizes 

using a much larger sample.

Synchronizing one’s body with another person does involve a number of cognitive and 

communicative abilities—the ability to follow directions as well as non-verbal and spatial 

reasoning. We would argue, however, that it is unlikely that the synchronization differences 

we found are due to cognitive and language differences between the groups. First, the 

language and cognitive ability measures fell within the average range for both groups. 
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Second, synchronization ability was not correlated with language and cognitive ability, 

except for one correlation between interpersonal handclapping coherence and formulated 

sentences. The lack of correlation between most of the measures suggests that difficulties in 

following directions or non-verbal and spatial reasoning abilities are unlikely to be 

underlying factors responsible for the social synchronization differences we observed. The 

finding that synchronization was correlated with sentence formation is, however, potentially 

important because both synchronization ability and speech prosody require rhythmic timing 

and anticipation. These findings raise the intriguing possibility that the difficulty some 

children with ASD have in acquiring language (Eigsti, Schuh, Mencl, Schultz, & Paul, 2012) 

and their difficulties synchronizing with another person may be due to fundamental 

problems with rhythm production during social interactions. Additional research is needed 

to explore these relationships across a larger range of language, cognitive and 

synchronization abilities.

Importantly, the synchronization of the movements of the child and experimenter was lower 

for the imitation battery than synchrony battery for both groups. One essential difference 

between the imitation battery and the synchrony battery is that imitation requires performing 

the movements in terms of both spacing and timing from memory while the synchrony 

version requires sustained attention and monitoring of the other person’s movements while 

the task is being performed. Thus, it is unclear whether the increased memory load is 

responsible for this difference or if there is another feature of the imitation task that results 

in poorer performance. Future research should be designed to disentangle this issue. Either 

way, however, these findings suggest that how movements are performed may be important 

for understanding both the imitative and synchronization abilities of those with ASD.

It should also be noted that the difference in coherence scores between groups was greater 

for the synchrony battery than the imitation battery, suggesting behavioral synchrony tasks 

(having the child attempt to match the behavior or movements of the experimenter at the 

same time) may be better at differentiating children with ASD than imitation tasks. One 

possible reason for this is that synchronizing movements in time requires more social 

monitoring of the other person’s movements, which may make it an inherently more social 

task.

In addition to the differences in synchronization ability for the imitation and synchrony 

batteries noted above, we also found that coherence was somewhat higher for the 

interpersonal hand-clapping game than the imitation or synchrony batteries. This is 

somewhat surprising given that the interpersonal hand-clapping could be considered more 

social since it was completed with the child sitting face-to-face with the experimenter rather 

than side-to-side as in the imitation and synchrony batteries. One might also say the 

interpersonal hand-clapping game had more social ecological validity since it is a dynamic, 

fluid exchange between two people.

However, three important differences between the interpersonal hand-clapping game and the 

social motor batteries may account for this difference. First, the social motor battery was a 

novel task while the interpersonal hand-clapping game was a more familiar childhood game. 

It is widely known that individuals with ASD have a strong preference for familiarity and 
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routines (Schaaf et al., 2011) so understanding the role of novelty in contributing to the 

social interaction difficulties is a factor that should be systematically explored in future 

research. Second, one could argue that since the interpersonal hand-clapping game is more 

familiar and consequently the coordination mechanism is easily assembled and the 

coordination can be executed with less on-going monitoring. In contrast, the social motor 

battery is a somewhat more discrete and novel series of movements and more attention to the 

on-going execution of the task may be needed. Finally, the child was performing the 

movements independently during the social motor batteries while the synchronization was 

jointly created by both the child and the experimenter in the interpersonal hand-clapping 

game. The degree to which the experimenter compensated for the child’s inability to 

synchronize could have resulted in the higher performance during the interpersonal hand-

clapping game. Future research should be designed to explore this bi-directional influence. 

While more research is needed to understand the underlying mechanisms involved in these 

differences, the poorer performance of children with ASD on all three tasks suggests 

disruptions in all three of these factors—novelty, task initiation, and task execution.

Furthermore, children with ASD displayed a motor deficit both in terms of their ability to 

coordinate their arms during two-handed drumming (as indicated by lower coherence 

scores) and the ability to make consistent, smooth movements in both space and time during 

single-handed drumming (as indicated by higher variability). These findings are similar to 

work that found poor drumming performance in participants with ASD (Isenhower et al., 

2012). It is important to note, however, that these motor measures rely on rhythmic timing of 

movements. While these findings are consistent with other research that indicates motor 

impairments across a range of motor behaviors are pervasive in ASD (Fournier, Hass, Naik, 

Lodha, & Cauraugh, 2010), additional research is needed to explore the relationship between 

motor coordination measures that focus on timing of movements and those that do not. 

Moreover, further research is needed to more closely evaluate the relationship between ASD 

deficits in rhythmic timing and in motor anticipation (Brisson et al, 2011) as well as how 

these more generally affect social interaction outcomes (Sebanz & Knoblich, 2009).

In addition, coherence was lower for anti-phase than in-phase drumming for both groups. 

This replicates other research which has found that anti-phase coordination is less stable 

than in-phase coordination (Turvey, Rosenblum, Schmidt, & Kugler, 1986) and can also be 

explained by the finding that interlimb coordination continues to develop throughout 

childhood (Fitzpatrick, Schmidt, & Lockman, 1996) and is not mature until the corpus 

callosum has fully developed after the age of 10 (Jeeves, Silver, & Milne, 1988; Wolff, 

Kotwica, & Obregon, 1998).

Interestingly, however, only interpersonal hand-clapping coherence was correlated with the 

motor measures. This suggests that the relationship between motor skill and social motor 

synchronization may not be straightforward. Both the hand-clapping game and the 

drumming were familiar, very rhythmic movements that are timed in space and time and also 

highlight movement initiation. The hand-clapping game also requires anticipating the 

partner’s movement, which was more difficult due to the highly variable movements of the 

child with ASD. This may account for the association between them and suggest there may 

be shared underlying mechanisms in both motor performance and social motor interactions. 
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In contrast, the imitation and synchrony batteries were less rhythmic and hence depended 

less on perfect timing. Instead, these batteries may have relied more on sustained attention 

and continuous monitoring of the other person’s movements, which could have been 

heighted due to the novelty of the task. The lack of association with motor skills may 

suggest that this dimension of social motor coordination is unique to the social context. It is 

also possible, however, that measures of motor ability that do not require precise timing of 

movements may demonstrate a different pattern. Future research is needed to explore 

whether the relationship between motor coordination that does not rely on timing has similar 

relationships with two types of social motor synchronization. Clearly, more research is 

needed to understand whether an overarching neuromotor impairment is contributing to the 

social problems in ASD (Dowd et al., 2010; Gernsbacher et al., 2008) or whether there are 

underlying mechanisms that are unique to social motor synchronization. Alternatively, it is 

possible there may be some shared underlying mechanisms that contribute to both motor and 

social motor synchronization problems.

Our finding that motor ability was not correlated with language or cognitive ability is 

somewhat surprising given that other research suggests there may be a connection between 

the two. This difference could be due to the fact that much of the other research relies on 

behavioral observation of gross motor skill that typically does not involve movement timing 

like our measure did. Bedford et al. (2016), for example, used the gross motor subscale of 

the Mullen Scales of Early Learning and found it was a was a predictor of expressive and 

receptive language development in children with ASD. This suggests that motor ability that 

involves movement timing may be different in important ways from overall gross motor 

behavior. In addition, we used objective, time-dependent measures of motor ability that 

provide a more fine-grained analysis of movement than is possible with behavioral coding 

which can be subjective. Another possible reason for the different pattern of results could be 

due to the fact that Bedford et al.’s (2016) sample was infants and toddlers and ours was 

school-aged children. It is possible that the relationship between motor and language ability 

changes developmentally. Finally, our language measures involved concepts and following 

directions and formulated sentences while Bedford et al. (2016) measured receptive and 

expressive language. This may mean that the relationship between motor ability and 

language is different for different dimensions of language ability. These are important issues 

that need to be disentangled in future research.

Conclusion and Clinical Implications

Taken together, these findings suggest that children with ASD have difficulty synchronizing 

their movements with another person and highlight the need for further research to 

understand the contribution of synchronization ability to the social interaction problems 

evident in individuals with ASD. In particular, the roles of novelty, sustained attention/

ongoing-monitoring of information, and movement initiation should be evaluated. Social 

interactions are complex—they are dynamic events that unfold over time, can be inherently 

unpredictable and thus require ongoing attention and monitoring and anticipation of the 

partner’s actions. In addition, each social interaction is a unique and novel situation that 

needs to be negotiated anew each time. This research makes an important contribution to the 

literature by demonstrating that individuals with ASD are less able to synchronize their 
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movements with another person, which may be an important factor contributing to their 

problems initiating and maintaining social interactions. In addition, our findings implicate a 

number of dimensions of sociality that are important in social interactions that need to be 

more fully and systematically investigated in future research.

Furthermore, our research focuses on the importance of understanding how behavior unfolds 

during social interactions. This is noteworthy because the meaning behind our movements 

may depend not only on whether we perform certain actions, but whether they are performed 

at the appropriate time and in a manner that facilitates social connection. Such a focus may 

provide new insights for understanding underlying mechanisms and new pathways for 

designing interventions for ASD. Current interventions, such as social skills training, focus 

on teaching individuals what to do in a social interaction and have been only moderately 

successful (Rao, Beidel, & Murray, 2008). Our research raises the important possibility that 

perhaps by creating a learning environment that better facilitates implicit learning (Klinger 

et al., 2007) we can change how social interactions unfold over time through interventions 

that provide opportunities for improving social motor coordination. This could be a potential 

path for new interventions that could be successful for individuals across the autism 

spectrum because synchronization ability is non-verbal.

These findings also have potentially important clinical implications for early diagnosis and 

early intervention because movement synchronization can be easily and objectively 

measured at an early age. For example, neonates have been found to synchronize their 

movements to adult speech (Condon & Sander, 1974) and disruptions in such 

synchronization could be helpful in identifying children for early intervention services.

Quantification of synchronization ability thus reflects a potential neurophysiological 

biomarker. Social synchronization has been largely overlooked as a contributor to the social 

skills deficit in ASD and our research indicates that it is disrupted in ASD. In addition, the 

relationship between sentence formation and social synchronization suggests that disruptions 

in rhythmic timing and motor anticipation could be contributing to communication problems 

evident in ASD that manifest in difficulties acquiring language and synchronizing with 

another person. Further research that relies on objective dynamical measures of social 

synchronization and perceptual and motor processes is needed to determine whether 

enhancing synchronization ability has the potential to increase social competence in 

clinically relevant ways. If that turns out to be the case, synchronization intervention 

programs could provide an alternative intervention for improving social skills in children 

with ASD. Objective measures of social synchronization may also offer insights to aid 

clinical diagnosis and prognosis of ASD.
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Appendix Motion Data Recording and Reduction

All of the data extraction and analysis methods for the dynamical measures were completed 

using custom MATLAB (Mathworks, Inc., Natick, MA) applications and functions 

developed by the authors. These MATLAB applications and functions, as well as example 

time-series can be downloaded from www.xkiwilabs.com.

The x-plane (left-right), y-plane (forward-back) and z-plane (up-down) positional 

coordinates of the Polhemus Latus sensors placed on the wrists of the experimenter and 

child were recorded for each task. These sensors have been used extensively in previous 

research (e.g., see Schmidt & Richardson (2008) for a review of research employing such 

sensors in interpersonal coordination work) and use a passive magnetic field to track 

movements in 3-dimension space. The motion of the Polhemus sensors was recorded at 94 

Hz on a Dell PC computer using a custom software application written by the authors using 

the Polhemus Latus C/C++ SDK Library.

To best determine the stability and patterning of the behavioral coordination that occurred 

between the child and experimenter, we first isolated the primary plane of motion for each 

task. Since the primary plane of motion for the drumming and pointing tasks was in the left-

right plane, the x-plane movement time-series was used to assess the behavioral coordination 

that occurred for these two tasks. For the interpersonal hand-clapping task, the largest 

amplitude of movement was in the up-down, z-plane, with the intrapersonal clapping events 

occurring at a lower height than the interpersonal clap events. Accordingly, this plane of 

motion was employed to assess the behavioral coordination that occurred for this task.

For the tapping and pointing tasks, we then performed an analysis of interpersonal 

coordination (see below for details) using the primary plane of motion time-series of the 

experimenter’s right forearm (the experimenter always used his right hand/arm for all the 

tasks) and the primary plane of motion time-series of the forearm used by the child for 

analysis. Note that for the tapping and pointing tasks the child was free to use either left or 

right arm/hand. Although both arms/hands were employed by the experimenter and child for 

the hand clapping game, we only extracted the right forearm movements of the experimenter 

and child for analysis, as the coordination that occurred between the left forearm movements 

was completely redundant with the right forearm movements.

Prior to analysis all of the pre- and post- non-task relevant movement transient periods were 

cropped from the different time-series. These final motion time-series were then low-passed 

filtered using 10 Hz 4th order Butterworth filter to removed system measure noise. To 
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determine the stability and patterning of the social motor coordination that occurred between 

the children and the experimenter for each task and condition the bidirectional weighted 

cross spectral coherence (Porges et al., 1980; Goldfield, Wolff, & Schmidt, 1999) was 

calculated. Commonly referred to as coherence, this measure evaluated the coordination that 

occurred between the child and experimenter by estimating the correlation between their 

movements across the frequency band from 0 to 2 Hz that captures time scales of the 

rhythms inherent in the movement time series. The weighted coherence is a weighted 

average measure of the correlation (actually an r2 value) of the two time series across this 

frequency range and ranges on a scale from 0 to 1. A coherence of 1 reflects perfect 

correlation of the movements (absolute synchrony) and 0 reflects no correlation (no 

synchrony).
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Figure 1. 
Experimental set-up for the social motor coordination tasks. A body alone sequence (BA) 

involved the child tapping his/her finger in front of his/her body (in front of the right 

shoulder, in front of midline, in front of the left shoulder). A body-body sequence (BB) 

required the child to tap his/her own body in sequence (shoulder-head-shoulder) with his/her 

index finger. In the body-face sequence (BF), the child tapped his left ear, nose, right ear 

with his finger. In the body-object sequence (BO), the child tapped the cylinders in sequence 

with his/her index finger. In the face alone sequence (FA) the child stuck his tongue out in 

three locations (in front of the right shoulder, in front of midline, in front of the left 

shoulder). In the object-object sequence (OO), three cylinders were arranged on a table and a 

stick was used to tap each of the cylinders in sequence.
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Figure 2. 
The experimenter sang the pat-a-cake song and alternated individual claps with two-handed 

claps with the child in the hand-clapping task (panels a and b). In the in-phase drumming 

task (panel c), the child had one drumstick in each hand and moved them up and down so 

that the two sticks were moving together at the same tempo and both sticks contacted the 

drum together and were up in the air at the same time. In the anti-phase drumming condition 

(panel d), the participant drummed in an alternating pattern so that one stick was up in the 

air while the other stick contacted the drum.
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Figure 3. 
Synchronization ability differences for the ASD and control group. The main effect of 

diagnosis condition revealed that the children with ASD had lower coherence scores than the 

control group in both the imitation and synchrony tasks and for all action sequence types.
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Figure 4. 
Synchronization ability differences for the social motor coordination battery. For both the 

ASD and control groups, the imitation task had overall lower coherence scores than the 

synchrony task. However, the body-body, body-alone, and face-body sequences better 

differentiated the imitation and synchrony tasks.
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Table 3

Correlations between Synchronization Ability and Motor Measures

Interpersonal Hand-clapping Imitation/Synchrony Battery

r p r p

Single-handed Drumming

 Period −.53** <.001 −.08 .45

 Period SD −.50** <.001 −.19 .06

 Amplitude −.02 .83 −.02 .83

 Amplitude SD −.27** .008 −.16 .11

Two-handed Drumming

 In-phase .29** .004 .04 .70

 Anti-phase Drum .13 .20 .08 .45

Note: all correlations calculated using the data from both the ASD and control groups

*
p < .05

**
p < .01
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Table 4

Correlations between Social Motor Synchronization and Language and Cognitive Ability

Interpersonal Hand-clapping Imitation/Synchrony Battery

r p r p

CELF FD .20 .06 .16 .15

CELF FS .29** .007 .19 .07

DAS GCA .21 .052 .14 .18

DAS SNC .13 .24 .15 .16

Note: all correlations calculated using the data from both the ASD and control groups

*
p < .05

**
p < .01
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Table 5

Correlations between Motor Ability and Language and Cognitive Ability

In-phase Drum Anti-phase Drum

r p r p

CELF FD .08 .47 .14 .19

CELF FS .20 .06 .14 .19

DAS GCA .14 .19 .08 .47

DAS SNC .13 .22 .06 .54

Note: all correlations calculated using the data from both the ASD and control groups

*
p < .05

**
p < .01
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