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Article 

Quantifying Body Motion Synchrony in  

Autism Spectrum Disorder Using a Phase  

Difference Detection Algorithm: Toward a Novel 

Behavioral Biomarker 

Jinhwan Kwon 1,* and Hiromi Kotani 1,2 

1 Department of Education, Kyoto University of Education, Kyoto, Japan 
2 Clinic of the Second Child Welfare Center, Kyoto City 
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Abstract: Background/Objectives: Nonverbal synchrony—the temporal coordination of physical 

behaviors such as head movement and gesture—is a critical component of effective social 

communication. Individuals with autism spectrum disorder (ASD) are often described as having 

impairments in such synchrony, but objective and scalable tools to measure these disruptions remain 

limited. This study aims to assess body motion synchrony in ASD using phase-based features as 

potential markers of social timing impairments. Methods: We applied a phase difference detection 

algorithm to high-resolution triaxial accelerometer data obtained during structured, unidirectional 

verbal communication. Seventy-two participants (36 typically developing [TD]–TD and 36 TD–ASD) 

were divided into dyads. ASD participants always assumed the listener role, enabling the isolation 

of receptive synchrony. Four distribution-based features—synchrony activity, directionality, 

variability, and coherence—were extracted from the phase difference data to assess synchrony 

dynamics. Results: Compared to the TD group, the ASD group exhibited significantly lower 

synchrony activity (ASD: 5.96 vs. TD: 9.63 times/min, p = 0.0008, Cohen’s d = 1.23), greater temporal 

variability (ASD: 384.4 ms vs. TD: 311.1 ms, p = 0.0036, d = 1.04), and reduced coherence (ASD: 0.13 

vs. TD: 0.81, p = 0.036, d = 0.73). Although the mean phase difference did not differ significantly 

between groups, the ASD group displayed weaker and more irregular synchrony patterns, indicating 

impaired temporal stability. Conclusions: Our findings highlight robust impairments in nonverbal 

head motion synchrony in ASD, not only frequency but also in terms of temporal stability and 

convergence. The use of phase-based synchrony features provides a continuous, high-resolution, 

language-independent metric for social timing. These metrics offer substantial potential as behavioral 

biomarkers for diagnostic support and intervention monitoring in ASD. 

Keywords: autism spectrum disorder; body motion synchrony; phase difference detection algorithm; 

behavioral biomarker; diagnostic marker 

 

1. Introduction 

Autism spectrum disorder (ASD) is a neurodevelopmental condition characterized by persistent 

deficits in social communication and interaction, as well as restricted, repetitive patterns of behavior, 

interests, or activities [1]. According to the DSM-5 [1], individuals with ASD often struggle with 

nonverbal communication, including eye contact, gestures, facial expressions, and body language. 

Whereas typically developing (TD) individuals are capable of integrating both verbal and nonverbal 

cues to infer others’ intentions, individuals with ASD tend to rely more heavily on verbal information 

due to impairments in central coherence [2,3]. This often results in inefficient referential processing, 
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such as difficulty identifying the target of a gesture or overreliance on mouth movements rather than 

the eyes for emotion recognition [4]. 

Interpersonal synchrony—particularly in body movements—reflects the dynamic structure of 

communication between individuals [5–7]. This phenomenon, known as body motion synchrony, 

refers to the temporal alignment of physical behaviors during communication and is increasingly 

recognized as a meaningful metric for evaluating interaction quality [8,9]. Previous studies have 

shown that synchronized movements enhance cooperation [10], create favorable impressions [11], 

and are positively associated with feelings of closeness [12], intimacy [13], bonding [14], and empathy 

[15,16]. For instance, physical synchrony is known to occur more frequently with familiar partners 

[17] and has been linked to enhanced positive affect in dyadic interactions [18,19]. Moreover, 

counselors who exhibit higher levels of body motion synchrony with clients tend to receive more 

favorable evaluations [20]. Thus, body motion synchrony is now viewed as a powerful and 

quantifiable indicator of communication quality and social attunement.  

Previous studies have increasingly shown that individuals with ASD exhibit reduced 

frequencies of body motion synchrony compared to TD peers. Marsh et al. [21], using rocking chairs 

to measure synchrony between children with ASD and their caregivers, reported significantly fewer 

synchrony events in ASD dyads. Comparable results were found in Fitzpatrick et al.'s [22] pendulum-

swinging experiment, and in a communicative finger-tapping task [23], where ASD participants 

displayed reduced synchrony and empathy relative to TD individuals. Furthermore, Isaksson et al. 

[24] found that ASD participants not only tapped with less synchrony but also exhibited faster and 

more variable timing than their TD counterparts. These findings suggest that synchrony in ASD is 

both less frequent and more temporally irregular; however, relatively few studies have examined 

such disruptions under naturalistic verbal communication settings. 

In recent years, Motion Energy Analysis (MEA) has emerged as a widely used tool for 

quantifying interpersonal synchrony in naturalistic conversations, including studies on autism 

spectrum disorder (ASD) that examine real-time social dynamics during dyadic interactions. For 

example, studies by Georgescu et al. (2019) and Koehler et al. (2022) have successfully applied MEA 

to analyze movement synchrony between autistic and neurotypical individuals during semi-

structured interviews and diagnostic assessments [25,26]. MEA offers several advantages: it is non-

invasive, requires no physical markers or wearable sensors, and can be applied retrospectively to 

video recordings [27]. These features have made MEA especially appealing for clinical and 

ecologically valid research settings [9]. However, MEA also has several methodological limitations. 

As a 2D, pixel-based technique with low temporal resolution (10 fps), MEA is sensitive to video 

quality, camera angle, lighting conditions, and background noise. [27–29]. More critically, it tends to 

capture global motion energy rather than fine-grained movement dynamics, making it difficult to 

distinguish between temporally aligned versus misaligned micro-movements. Moreover, MEA 

provides limited insight into the temporal structure of coordination—such as lag patterns, 

convergence strength, or variability—which are increasingly recognized as key features of nonverbal 

synchrony.  

To address these shortcomings, the present study introduces a phase difference detection 

algorithm grounded in triaxial accelerometer data, as a robust and temporally precise alternative to 

video-based methods [30,31]. Unlike MEA, this algorithm captures three-dimensional head motion 

with high temporal resolution and minimal environmental constraints. Building on prior work by 

Kwon et al. [30], the algorithm computes the instantaneous phase of acceleration signals along each 

axis and derives phase differences between interlocutors, thereby quantifying the temporal 

alignment of head movements. Critically, this method extracts distribution-based synchrony 

features—including relative frequency of synchrony, mean phase difference, standard deviation 

(SD), and kurtosis—which together provide a multifaceted profile of interpersonal coordination. 

These metrics go beyond simple co-occurrence by capturing not only how often synchrony occurs, 

but also its temporal alignment, consistency and convergence strength, essential for evaluating the 

quality of alignment. Recent studies have demonstrated the algorithm's utility in distinguishing 
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bidirectional vs. unidirectional verbal communication dynamics [31]. Thus, the phase difference 

framework enables a more nuanced, scalable, and quantitative assessment of nonverbal synchrony, 

making it highly suitable for both basic research and diagnostic innovation in autism studies. 

The current study builds on this methodological advancement by analyzing head motion 

synchrony during structured, face-to-face communication between typically developing (TD) 

individuals and individuals with ASD. Critically, we employed a unidirectional verbal 

communication paradigm in which the ASD participants always assumed the listener role, thereby 

isolating the receptive aspect of synchrony without the confound of role-switching or expressive 

language production. Prior work suggests that listener behaviors—particularly backchannel 

feedback such as nodding or brief vocal affirmations—are tightly coupled with speaker rhythms and 

contribute to mutual alignment [32–34]. Thus, this design allowed for a precise investigation of 

implicit synchrony in ASD under ecologically valid yet experimentally controlled conditions. Our 

approach utilized triaxial accelerometers and a phase difference detection algorithm to extract high-

resolution head motion data, from which we computed four statistical descriptors of synchrony: 

relative frequency, mean phase difference, SD, and kurtosis. These features captured both the activity 

level and the temporal precision of interpersonal alignment. 

By comparing TD–TD dyads (TD condition) with TD–ASD dyads (ASD condition), this study 

aimed to: 

1. Quantify group differences in body motion synchrony under unidirectional verbal 

communication; 

2. Characterize the variability and timing of listener synchrony in ASD; 

3. Assess the utility of phase-based synchrony features as potential behavioral markers for ASD. 

Ultimately, this research contributes to the growing body of work linking sensorimotor timing 

to social cognition and offers a framework for objective, scalable, and clinically meaningful 

assessments of nonverbal social function in autism.  

2. Materials and Methods 

2.1. Participants 

A total of 72 participants took part in this study, divided equally into the typically developing 

(TD) group and the autism spectrum disorder (ASD) group. Each group comprised 36 participants 

(18 males and 18 females). The mean age of the TD group was 21 years (SD = 0.92), and that of the 

ASD group was 23 years (SD = 1.65). All participants were native Japanese speakers with normal or 

corrected-to-normal vision and normal hearing. To control for the potential effects of interpersonal 

familiarity on body motion synchrony [12,14,17], each dyad was composed of two same-gender 

individuals who had no prior acquaintance. Gender ratios were strictly balanced (1:1) across all 

conditions. In every dyad, one participant was assigned the role of speaker and the other the listener. 

In the TD condition, speaker–listener roles were randomly assigned. In the ASD condition, the TD 

participant always served as the speaker, while the ASD participant was always assigned the listener 

role. 

Inclusion criteria for the ASD group required a formal diagnosis of ASD by a licensed physician, 

along with official diagnostic documentation. Individuals with intellectual disabilities, severe 

psychiatric comorbidities, or major neurological conditions were excluded. TD participants reported 

no history of psychiatric, developmental, or neurological disorders. For all participants, information 

regarding comorbid conditions, current medication use (if any), and intellectual functioning—

measured via either intelligence quotient (IQ) or developmental quotient (DQ)—was obtained from 

participants themselves or their legal guardians. All ASD participants (n = 18; 9 males, 9 females) 

provided written informed consent, with additional parental consent obtained for 17 of them. Prior 

to participation, all individuals completed the Japanese version of the Autism-Spectrum Quotient 

(AQ) for adults. 

Table 1 summarizes the clinical, cognitive, and diagnostic characteristics of participants in the 

ASD group, including comorbidities, medication status (noted as [+] for current medication, [–] for 
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no medication), IQ or DQ scores, and AQ scores. Comorbid conditions such as attention-

deficit/hyperactivity disorder (ADHD), specific learning disorder (SLD), epilepsy, and color vision 

deficiency are indicated on an individual basis. For some participants, IQ or DQ values were not 

explicitly reported but confirmed to be within the normal range (WNR). Missing or unavailable 

information is marked with an em-dash (“—”). These data were used to evaluate individual 

differences within the ASD group and to explore potential associations between participant profiles 

and synchrony performance. 

Table 1. Clinical, cognitive, and diagnostic characteristics of ASD participants. 

ASD Participant No. 

（Gender） 

Comorbidities & Medication 

(+/–) 
IQ/DQ AQ 

A1（F） ADHD (-) 92 30 

A2（F） — 
Average 

Range 
28 

A3（F） — 
Average 

Rage 
30 

A4（F） — 97 21 

A5（M） Epilepsy (+) 87 38 

A6（M） — 121 33 

A7（M） — 102 35 

A8（M） — 75 34 

A9（F） ADHD (+) 87 38 

A10（M） ADHD (-) 115 36 

A11（M） SLD 86 35 

A12（F） — 139 30 

A13 (M) — 86 10 

A14 (M) Color Vision Deficiency 93 32 

A15 (M) — 93 22 

A16 (F) SLD, ADHD (-) 111 37 

A17 (F) — 97 38 

A18 (F) — 69 23 

This study was approved by the Ethics Committee of Kyoto University of Education (Approval 

No. 1805) and conducted in accordance with the Declaration of Helsinki. Written informed consent 

was obtained from all participants after they were provided with a comprehensive explanation of the 

study's objectives, procedures, and data confidentiality measures. For ASD participants, verbal and 

written instructions were provided with time allocated for clarification. A trained researcher 

remained present to monitor for signs of fatigue or discomfort throughout the session. 

2.2. Experimental Environment and Apparatus 

Figure 1 illustrates the experimental setting. Each participant pair sat face-to-face at a table 

spaced 1.8 meters apart, without wearing face coverings or headwear. The room temperature was 

maintained at an average of 20.7°C, illumination was 1,432 lx (CANA-0010, Tokyo Photoelectric Co., 

Japan), and ambient noise was 31.4 dB (CHE-SD1, Sanwa Supply, Japan). 

Body motion synchrony was measured using three wireless, three-axis accelerometers. Two 

sensors (TSND121, ATR-Promotions, Japan) were attached to each participant’s forehead with 

hypoallergenic adhesive tape. A third sensor (TSND151, ATR-Promotions, Japan) served as a 

synchronization marker by recording timestamped signals at the start and end of each trial. Each 
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device (37 mm × 46 mm × 12 mm; weight 22 g) transmitted time-series data via Bluetooth to a personal 

computer (Inspiron 15 7000, Dell Inc., USA) at a sampling rate of 100 Hz. Data quality was monitored 

in real time to prevent Bluetooth dropouts, and sessions with >5% missing data were excluded. 

Calibration of accelerometers was performed prior to each session using the manufacturer's protocol. 

To capture behavioral cues, a video camera (HDC-TM45, Panasonic, Japan) recorded both 

participants during the experiment. These recordings were used only to verify behavioral compliance 

and were not subjected to further analysis. Video data were securely stored and anonymized. 

 

 

Figure 1. Experimental setup and placement of the acceleration sensors. 

2.3. Experimental Procedures 

The procedure followed the paradigms developed in previous studies on head motion 

synchrony during communication [31]. Participants engaged in a unidirectional verbal 

communication task, seated face-to-face. Prior to each trial, participants were randomly assigned as 

either speaker or listener. 

Speakers were provided with a Japanese Wikipedia article titled "Cashless Society" before the 

experiment and instructed to prepare to explain its contents in their own words. The article contained 

2,599 characters, which was sufficient for a 5–10-minute explanation. Participants (particularly 

listeners) who were familiar with the topic were excluded from participation. 

Speakers were instructed to maintain natural eye contact and speak clearly without deviating 

from the assigned topic. Listeners were not permitted to ask questions or initiate conversation, but 

were encouraged to demonstrate engagement through nonverbal behaviors such as nodding, facial 

expressions, and short vocal acknowledgments (e.g., “un,” “hai,” “ee,” which are equal to “mmhm,” 

“uh huh”, and “yeah” in English) [35–37]. Participants were instructed not to touch or adjust the 

sensors during the session. 

Each session began with the experimenter announcing, "The experiment is starting," and 

clapping once to log a timestamp on the synchronization accelerometer. The experimenter then exited 

the room. Upon completing the explanation, the speaker rang a bell to indicate the end of the task. 

The experimenter re-entered the room and concluded the session with the statement, "The 

experiment is ending," accompanied by a single clap, which was again recorded by the 

synchronization sensor. 
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After the experiment, participants completed a brief questionnaire to assess subjective 

concentration and comprehension using the following items: 

Q1: "Were you able to concentrate on the explanation?" 

Q2: "Was the content of the explanation easy to understand?" 

Each item was rated on a five-point semantic differential (SD) scale ranging from 1 (strongly 

disagree) to 5 (strongly agree). 

3. Data Analysis 

3.1. Phase Difference Detection Algorithm 
To detect body motion synchrony, we employed a phase difference detection algorithm 

previously proposed by Kwon et al. [30,31], which identifies temporal coordination in head 

movements based on acceleration signals. The raw tri-axial (X, Y, Z) acceleration data, corresponding 

to sagittal, coronal, and transverse planes of head motion, were collected at a sampling frequency of 

100 Hz (10 ms intervals). 

The magnitude of the acceleration vector was computed as the Euclidean norm:  

𝑎(𝑡𝑖) = √𝑎𝑥
2(𝑡𝑖) + 𝑎𝑦

2(𝑡𝑖) + 𝑎𝑧
2(𝑡𝑖) for i = 0, 1, 2, …. (1) 

To eliminate individual differences in head movement amplitude caused by variation in 

speaking style or head size, normalization was performed using the z-score method: 

𝑎′(𝑡𝑖) =
𝑎(𝑡𝑖)−𝑎

𝜎𝑎
. (2) 

Here, 𝑎 and 𝜎𝑎 are calculated as 

𝑎 = ∑
𝑎(𝑡𝑖)

|𝑇|𝑡𝑖∈𝑇
, (3) 

𝜎𝑎 = √
∑ (𝑎−𝑎(𝑡𝑖))

2
𝑡𝑖∈𝑇

|𝑇|−1
, (4) 

where 𝑎 and 𝜎𝑎 denote the mean and standard deviation of the acceleration over the entire 

recording duration, respectively. 

To reduce high-frequency noise, the normalized signal was smoothed using a moving average 

over a 100 ms window: 

𝑎′(𝑡𝑖) =
1

11
∑ 𝑎′(𝑡𝑙)
𝑖+10
𝑙=𝑖     for i =0, 1, 2, …. (5) 

The smoothed signal was then used to detect local maxima (peaks), which indicate rhythmic 

head movements such as nodding or speaking-related oscillations. A sample was considered a peak 

if it satisfied the following condition: 

𝑎′(𝑡𝑖) − 𝑎′(𝑡𝑖±1) > 0. (6) 

To ensure that only meaningful movements were captured (i.e., strong enough to reflect 

communicative behavior), a peak amplitude threshold of 2.0 was applied, as established in previous 

studies [30,31]. 

𝑎′(𝑡𝑖) − 2.0 ≥ 0. (7) 

For each pair of participants, the phase difference was defined as the smallest temporal offset 

between a peak from participant A and the nearest peak from participant B within a ±1.0 second 

window: 

−1.0𝑠 ≤ 𝑡𝑗 − 𝑡𝑖 ≤ 1.0𝑠. (8) 

Here, ti  and tj denote the timestamps of the detected peaks for participant A and B, 

respectively. The resulting set of phase differences formed the basis for synchrony analysis. 
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3.2. Synchrony Feature Extraction 

Using the distribution of detected phase differences over the course of each session, four 

statistical features were extracted to quantitatively characterize head motion synchrony: 

1. Density (Synchrony Activity): The number of synchronized events per minute, reflecting the 

overall activity level of synchrony within a dyad. 

2. Mean Phase Difference (Synchrony Directionality): The average temporal lead or lag between 

paired movements. Positive values indicate that the speaker's movements consistently preceded 

those of the listener, while negative values indicate the opposite. This measure captures the 

directional dynamics of synchrony and reflects potential leader–follower roles within the 

interaction. 

3. Standard Deviation (Synchrony Variability): The dispersion of phase differences around the 

mean. Smaller values indicate more temporally precise alignment, whereas larger values reflect 

greater inconsistency in coordination. 

4. Kurtosis (Synchrony Coherence): A measure of the peakedness of the phase difference 

distribution. Higher kurtosis indicates stronger convergence of synchronized movements 

around the mean phase, implying greater coherence and temporal stability. 

Together, these four features—activity, directionality, variability, and coherence—offer a 

multidimensional representation of body motion synchrony during interpersonal communication. 

 

Figure 2. Representative time-series data of head movement during the unidirectional verbal communication 

task [31]. The black line represents the speaker’s head acceleration, while the red line depicts the listener’s head 

acceleration. 

4. Results 

4.1. Phase Difference Distributions 

To assess the temporal characteristics of head motion synchrony, we examined the distribution 

of phase differences between speaker and listener head movements in both the TD and ASD groups. 

Figure 3 illustrates the normalized distributions of head motion phase differences for the TD and 

ASD groups, aggregated across all dyads. The x-axis represents the temporal offset in milliseconds 

between peak head movements of paired participants (with positive values indicating that the 

listener lagged behind the speaker), while the y-axis indicates the relative frequency within 100 ms 

bins. 

In the TD group, approximately 67.4% of all synchrony events occurred within the ±300 ms 

window centered around the mean phase difference, indicating tightly clustered, highly coordinated, 

and temporally precise alignment. The distribution was sharply peaked and symmetrically centered 

near the mean, consistent with high temporal coherence and rapid mutual entrainment. The phase 

difference distribution showed a rapid decline on either side of the peak, suggesting that most 

synchrony events occurred with minimal temporal delay. 

In contrast, the ASD group exhibited a significantly flatter and more dispersed distribution, with 

only 41.7% of events falling within the ±300 ms range. The distribution showed long tails extending 

beyond ±500 ms, particularly toward positive lags, indicating delayed and inconsistent listener 

responses. In addition, the histogram revealed irregular, non-uniform fluctuations across the entire 

distribution, including an unexpected secondary rise near –1000 ms, which may reflect atypical 
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anticipatory movements, or mismatched rhythmic cycles. These patterns suggest that head motion 

synchrony in the ASD group not only lacks precision but also exhibits unstable entrainment dynamics. 

Collectively, these findings reflect lower synchrony precision and weaker temporal convergence in 

the ASD group, consistent with the increased standard deviation and reduced kurtosis observed in 

the statistical analysis. 

Together, these findings support the interpretation that TD pairs exhibit stronger and more 

temporally precise synchrony, while ASD pairs show weaker and temporally diffuse coordination. 

These distributional patterns are consistent with the statistical results reported in the subsequent 

sections for standard deviation and kurtosis. 

(A) 

 

(B) 
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Figure 3. Phase difference distributions of head movements across all dyads in the TD group (A) and the ASD 

group (B). The horizontal axis denotes the phase difference between speaker and listener head movements (in 

milliseconds), where positive values indicate that the listener’s movement lags behind the speaker’s, and 

negative values indicate the reverse. The vertical axis represents the relative frequency of phase difference 

occurrences, binned in 100 ms intervals. The grey vertical line marks the overall mean of the distribution, and 

the red curve represents a smoothing spline fitted to the data. The TD group displays a sharply peaked, 

symmetrical distribution centered near the mean, reflecting high temporal precision in interpersonal synchrony. 

In contrast, the ASD group exhibits a flatter, more dispersed distribution, indicative of reduced synchrony 

precision and greater temporal variability. 

4.2. Synchrony Metrics Across Groups 

To characterize body motion synchrony, we employed four quantitative indices derived from 

the phase difference distributions: synchrony activity, directionality, variability, and coherence. 

Figure 4 shows raincloud plots illustrate group-level differences between TD and ASD participants 

across four synchrony-related metrics. Each violin plot shows the distribution of data, boxplots show 

the median and interquartile range, and individual observations are marked with scatter points. 

Detailed pair-level data for each group are provided in the Supplementary Materials. 

Synchrony Activity 

The mean relative frequency was 9.63 times/min (SD = 3.23) for the TD group and 5.96 times/min 

(SD = 2.73) for the ASD group. An independent samples t-test revealed a statistically significant 

difference in synchrony activity between groups, t(34) = 3.68, p = 0.0008, Cohen’s d = 1.23, indicating 

a large effect size. ASD participants exhibited less frequent synchronized head movements compared 

to TD participants. 

Synchrony Directionality 
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The mean phase difference was 90.0 ms (SD = 61.6) for the TD group and 84.4 ms (SD = 187.2) 

for the ASD group. Although both groups exhibited positive phase differences, suggesting listener-

delayed responses, the ASD group showed considerably larger variance and more outliers. However, 

the difference between groups was not statistically significant, t(34) = 0.12, p = 0.91, Cohen’s d = 0.04. 

Synchrony Variability 

The TD group exhibited a mean standard deviation of 311.1 ms (SD = 51.8), while the ASD group 

showed a significantly greater mean of 384.4 ms (SD = 86.1). This difference was statistically 

significant, t(34) = -3.10, p = 0.0039, Cohen’s d = -1.03, indicating a large effect size, with ASD dyads 

showing greater temporal variability than TD dyads. 

Synchrony Coherence 

Kurtosis, which reflects the convergence of the phase difference distribution toward the mean, 

was higher in the TD group (M = 0.81, SD = 0.84) than in the ASD group (M = 0.13, SD = 1.01). This 

difference was statistically significant, t(34) = 2.20, p = 0.036, Cohen’s d = 0.73, suggesting weaker 

temporal convergence and reduced synchrony coherence in ASD interactions. 

 

Figure 4. Raincloud plots illustrate group-level differences between TD and ASD participants across four 

synchrony-related metrics. Each plot combines a violin plot (distribution), a boxplot (median and interquartile 

range), and individual data points. Panels show: (A) Relative Frequency, (B) Mean Phase Difference, (C) 

Standard Deviation, and (D) Kurtosis. Asterisks indicate statistically significant differences (*p < .05, **p < .01, *p 

< .001); “n.s.” denotes non-significance. 

5. Discussion 

This study provides novel insights into the temporal dynamics of nonverbal synchrony in face-

to-face communication between typically developing (TD) individuals and individuals with autism 

spectrum disorder (ASD). Using a phase difference detection algorithm and four statistical 

measures—relative frequency, mean phase difference, standard deviation, and kurtosis—we have 
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systematically quantified synchrony not only in terms of frequency but also in terms of its temporal 

consistency and convergence strength. Our results demonstrate clear group-level differences, 

particularly in the dispersion and stability of synchrony patterns, shedding light on the sensorimotor 

basis of social interaction in ASD. This study advances the field by refining methodological 

approaches to measuring synchrony and by identifying novel markers of impaired coordination that 

can contribute to both theoretical models of autism and clinical applications. 

Methodological Advancements and Novel Contributions to Synchrony Research 
A key contribution of this study lies in its methodological innovation using a phase difference 

detection algorithm, which enables high-resolution, time-continuous quantification of nonverbal 

synchrony based on triaxial acceleration data. Unlike traditional approaches that rely on cross-

correlation [25] or discrete event counts of co-occurring behaviors [17], this algorithm captures the 

instantaneous phase relationship between dyadic movements, offering a finer-grained analysis of 

temporal coordination. By computing phase differences at each moment in time and constructing full 

distributions, the method provides dynamic, directional, and data-rich insights into interpersonal 

alignment. This level of temporal precision is particularly advantageous in studying ASD, where 

subtle disruptions in synchrony may occur even in the absence of gross behavioral abnormalities. 

Furthermore, the integration of distribution-based statistical features enhances the utility of the 

phase difference detection algorithm by enabling multidimensional characterization of synchrony 

patterns. Relative frequency quantifies the overall activity level of synchrony within a session, while 

mean phase difference captures the directional lead-lag structure between speaker and listener. 

Standard deviation reflects temporal variability, and kurtosis indicates the convergence strength of 

synchronization events around the central phase. Together, these features allow researchers to move 

beyond binary classifications of synchrony presence or absence, and instead to evaluate the richness, 

consistency, and directionality of coordination over time. This level of granularity is particularly 

valuable for identifying atypical social timing profiles in ASD populations, and for exploring 

individual differences that may relate to cognitive, sensory, or affective traits. 

Additionally, this study uniquely focuses on a controlled unidirectional communication context, 

in which ASD participants exclusively assumed the listener role. This design isolates the receptive 

dimension of social timing and allows for a more precise assessment of implicit synchrony processes. 

Many prior studies on ASD-related synchrony deficits have focused on interactive or reciprocal 

paradigms [22,24,38,39], where compensatory mechanisms—such as explicit effortful imitation—

may obscure underlying impairments in automatic timing mechanisms. By eliminating bidirectional 

conversational demands, our study provides a cleaner test of nonverbal entrainment deficits. 

Synchrony Activity and Temporal Precision: Quantitative and Qualitative Divergences 

Consistent with prior research emphasizing the role of sensorimotor coupling in social bonding 

[11–14,40,41], we found that TD pairs exhibited significantly higher relative frequencies of 

synchronized head movements compared to ASD pairs. This suggests that TD individuals engage in 

spontaneous, fine-grained sensorimotor alignment more frequently, even in the absence of explicit 

verbal cues and during structured, one-way verbal communication. Such synchronization has been 

considered an implicit social mechanism for enhancing rapport and shared understanding 

[13,15,16,40].  It has also been linked to affiliation, social cohesion, and shared attention, reflecting 

both the interpersonal quality of dyadic interactions and the broader social bonding functions of 

synchrony [12,14,18,42–44].  

In contrast, the ASD group demonstrated significantly reduced frequency of synchronized 

movements. These findings extend previous reports of attenuated social motor synchronization in 

individuals with ASD [22,25] and suggest that even in the absence of explicit conversational turn-

taking, implicit nonverbal synchrony is diminished. These outcomes align with findings by Koehler 

et al. (2022), who reported reduced synchrony in adults with ASD across various social dyad types, 

especially in head and upper body motion [26].  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2025 doi:10.20944/preprints202504.0115.v1

https://doi.org/10.20944/preprints202504.0115.v1


 12 of 17 

 

Additionally, the ASD group exhibited significantly greater variability in phase differences, as 

reflected in increased standard deviation and reduced kurtosis. These results indicate that even when 

synchrony occurs, it is more temporally dispersed and lacks the convergence observed in TD dyads. 

Notably, the presence of extreme phase lags (exceeding ±500 ms) suggests that while ASD individuals 

can align their head movements with their communication partners, the reliability and precision of 

that alignment are impaired. This pattern is consistent with findings from Oberman et al. (2009) [24] 

and Isaksson et al. (2018) [45], who reported timing irregularities in motor and social behaviors 

among individuals with ASD. Given the growing evidence that ASD-related social difficulties may 

stem, at least in part, from predictive coding deficits [46,47], our findings further support the idea 

that disruptions in temporal coordination may underlie broader social impairments. 

Phase Distributions and Entrainment Signatures 

A key insight from this study comes from the distributional analysis of phase differences. TD 

dyads displayed tightly clustered, symmetrical phase distributions centered near zero, whereas ASD 

dyads exhibited flatter and broader distributions, with long tails—particularly toward positive lags. 

These patterns suggest a breakdown in fine-grained interpersonal entrainment [48,49]. In 

neurotypical interactions, phase distributions are expected to exhibit a sharp peak near zero, 

reflecting robust and temporally stable coordination. The flatter distributions observed in ASD dyads 

indicate that synchrony, when present, is highly inconsistent and less precisely timed. 

This divergence aligns with research on neural and behavioral entrainment in ASD, which has 

demonstrated weaker phase-locking to external stimuli [50–52]. Importantly, disrupted synchrony is 

not merely a consequence of general motor impairments; rather, it appears to be specifically linked 

to difficulties in dynamically adjusting one’s behavior to social cues in real time [53]. 

Contextual and Individual Variability in ASD Synchrony Patterns 

Although group-level differences were robust, notable within-group variability was observed 

among ASD participants. While some ASD pairs (e.g., participants A4, A10, A11, A12) demonstrated 

high synchrony frequency, others (e.g., A1, A5, A9) showed minimal synchrony. One pair (A11) 

showed high frequency but low synchrony strength. Video analyses revealed that high-synchrony 

ASD participants exhibited frequent backchannel feedback, whereas low-synchrony pairs rarely 

displayed such behavior. This suggests that frequent backchannel behaviors—such as nodding and 

vocal affirmations ("uh-huh", "yes")—are strongly associated with higher synchrony scores, 

supporting prior research linking feedback timing to interpersonal fluency [54–58]. It also raises the 

possibility that individuals with ASD may engage in such feedback through camouflage and masking 

behaviors [59,60]. 

Moreover, comparisons of AQ and IQ/DQ scores suggest that cognitive and neuropsychological 

factors may influence synchrony outcomes. ASD participants with lower synchrony scores tended to 

show higher levels of autistic traits (as measured by AQ) and lower intellectual functioning (IQ/DQ), 

with some also receiving psychiatric medication or presenting comorbidities. These patterns indicate 

a possible association between synchrony characteristics and ASD symptom severity, cognitive 

profile, and medical status. Importantly, they highlight the need for a dimensional, rather than 

categorical, framework for understanding synchrony impairments—one that accounts for the 

heterogeneity within the ASD population. These factors warrant further investigation in studies with 

larger, more diverse cohorts. 

Implications for ASD Assessment and Intervention 

The synchrony metrics used in this study—particularly standard deviation and kurtosis—offer 

promising new tools for ASD assessment. Unlike traditional behavioral coding, which relies on 

subjective interpretation, these measures provide continuous, quantifiable, and nonverbal indices of 

dyadic coordination. Such metrics could be particularly valuable for individuals with limited 

expressive language, as they do not require explicit verbal responses. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 April 2025 doi:10.20944/preprints202504.0115.v1

https://doi.org/10.20944/preprints202504.0115.v1


 13 of 17 

 

From a clinical perspective, synchrony-based interventions may be beneficial for individuals 

with ASD. Sensorimotor training programs, virtual reality social simulations, and biofeedback 

paradigms could leverage synchrony metrics to provide real-time feedback and improve social 

coordination skills. Recent studies have shown that targeted motor and rhythm training can enhance 

social responsiveness in ASD [23,61–64], suggesting that synchronization-based therapies may hold 

promise for intervention. 

Furthermore, these findings align with dynamical systems models of social interaction, which 

emphasize continuous real-time coupling between agents [53]. Understanding ASD-related 

impairments in social timing from this perspective shifts the focus away from static social "deficits" 

and toward more dynamic, context-dependent explanations. 

Limitations and Future Directions 

Despite its contributions, this study has several limitations. First, while our use of unidirectional 

verbal communication allowed for controlled comparisons, it does not fully capture the complexities 

of natural social interactions. Future studies should examine synchrony in both dyadic and multi-

party conversations involving reciprocal turn-taking to provide a more holistic understanding of 

interpersonal coordination. Furthermore, incorporating multimodal data encompassing 

multisensory input, nonverbal behavior, and physiological signals may enhance the analytical 

framework for investigating complex social dynamics [65–69]. 

Second, future work could benefit from the integration of Kinect-based motion capture systems, 

which offer markerless, three-dimensional tracking of full-body movements with high spatial and 

temporal resolution. Recent work by Kwon (2025) demonstrated the feasibility of using Kinect and 

phase difference analysis to detect subtle synchrony patterns in naturalistic settings, suggesting that 

such systems could enhance ecological validity while maintaining analytical rigor [70]. Incorporating 

Kinect technology may allow for a richer depiction of bodily coordination beyond head motion alone, 

including postural shifts and gesture synchrony. 

Third, the use of machine learning techniques—such as support vector machines or logistic 

regression—could enable the classification of ASD based on synchrony features. By training models 

on features like relative frequency, standard deviation, and kurtosis, researchers may identify distinct 

synchrony profiles predictive of diagnostic status. This approach has already shown promise in pilot 

studies and could pave the way for scalable, data-driven tools to support early detection and 

individualized intervention strategies. 

Finally, while synchrony metrics show promise as potential diagnostic markers, they should be 

integrated with other behavioral indicators to enhance sensitivity and specificity. Given the observed 

variability within the ASD group, personalized approaches to assessment and intervention may be 

necessary. 

6. Conclusions 

This study provides compelling evidence that individuals with ASD exhibit significant 

impairments in nonverbal synchrony, particularly in the temporal precision and stability of 

interpersonal coordination. By leveraging a phase difference detection algorithm and distribution-

based features, we offer a robust and high-resolution framework for quantifying synchrony and 

identifying its disruptions in ASD. These synchrony metrics—continuous, nonverbal, and language-

independent—show strong potential as behavioral biomarkers for autism, supporting scalable, 

objective tools for clinical assessment. Our findings contribute to the growing literature emphasizing 

social timing as a core component of autism-related difficulties and highlight the clinical utility of 

synchrony-based approaches in both research and practice. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org 
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